
Durham E-Theses

Protein deposition in developing barley endosperm

Janey Henderson

How to cite:

Henderson, Janey (1987) Protein deposition in developing barley endosperm. Doctoral thesis, Durham
University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

• a full bibliographic reference is made to the original source

• a https://etheses.durham.ac.uk/id/eprint/10349/ is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

https://etheses.durham.ac.uk

https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/10349/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk


{ 

1 I 

1 
> 

i i t * 

i 

1 i 
i 

1 

i 

1 
* 

i 



PROTEIN DEPOSITION I N DEVELOPING 

BARLEY ENDOSPERM 

by 

JANEY HENDERSON 
B.Sc. Hons. (Aberdeen) 
M.Sc. (Manchester) 

A th e s i s submitted i n accordance with the 

requirements for the degree of 

Doctor of Philosophy of the University of Durham 

Botany Department, University of Durham 

Collaborating Establishment: Biochemistry Department, 
Rothamsted Experimental Station, 
Harpenden, Herts. 

March 1987 

-A ,'[!! 1987 



TO MY PARENTS 



CONTENTS 
Page 

A b s t r a c t i 

D e c l a r a t i o n i i 

L i s t o f f i g u r e s i i i 

L i s t o f p l a t e s v 

A b b r e v i a t i o n s used i n m i c r o g r a p h p l a t e s i x 

A b b r e v i a t i o n s used i n t e x t x i i 

CHAPTER ONE; I n t r o d u c t i o n 

1.1 General Background 1 

1.2 S t r u c t u r e o f t h e B a r l e y g r a i n 3 

1.3 Development o f t h e G r a i n 5 

1.4 C l a s s i f i c a t i o n o f Seed P r o t e i n s 11 

1.4.1 On t h e B a s i s o f S o l u b i l i t y 11 

1.4.2 On t h e B a s i s o f F u n c t i o n 13 

1.4.3 The S t r u c t u r e and E x p r e s s i o n o f 
B a r l e y S t o r a g e P r o t e i n s 15 

1.4.4 The Non-Prolamin P r o t e i n s 24 

1.5 Endosperm Development 30 

1.5.1 The Temporal D e p o s i t i o n o f P r o t e i n s 30 

1.5.2 The O r i g i n and Development o f 
P r o t e i n Bodies 32 

1.5.2.1 The Non-Prolamin P r o t e i n s 39 

1.5.3 T h i c k - S e c t i o n S t u d i e s i n B o t a n i c a l 
E l e c t r o n M i c r o s c o p y 42 

1.5.3.1 I n t r o d u c t i o n 42 

1.5.3.2 Specimen P r e p a r a t i o n f o r 
T h i c k - S e c t i o n i n g 47 



1.6 E l e c t r o n M i c r o s c o p y and M o l e c u l a r 
Techniques 49 

1.6.1 I m m u n o l a b e l l i n g f o r E l e c t r o n 
M i c r o s c o p y 49 

1.6.1.1 H i s t o r i c a l A s p e c t s 50 

1.6.1.2 T i s s u e P r e p a r a t i o n f o r 
E l e c t r o n Immunocyto-
c h e m i s t r y 52 

1.6.1.3 Electron-Opaque Markers f o r 
Immunocytochemistry 57 

(a) I n t r o d u c t i o n 57 

(b) The I m m u n o f e r r i t i n 
Technique 58 

(c) Immunoperoxidase 
L a b e l l i n g f o r E l e c t r o n 
M i c r o s c o p y 59 

(d) Immunogold L a b e l l i n g 
f o r E l e c t r o n M i c r o s c o p y 61 

( i ) G e n e r a l A s p e c t s 61 

( i i ) Immunogold 
Procedures 63 

( i i i ) The S t a p h y l o c o c c a l 
P r o t e i n A-Gold 
Technique 64 

1.6.1.4 A p p l i c a t i o n o f t h e P r o t e i n 
A-Gold Technique f o r P o s t -
Embedding A n t i g e n 
L o c a l i z a t i o n 66 

1.6.1.5 P r e p a r a t i o n o f P o l y c l o n a l 
A n t i b o d i e s t o C e l l u l a r 
C o n s t i t u e n t s - t h e C e r e a l 
S t o r a g e P r o t e i n s 69 

( i ) R a i s i n g o f A n t i s e r a and 
t h e S o l u b i l i t y o f 
A n t i g e n s 70 

( i i ) I m m u n o l o g i c a l R e l a t i o n ­
s h i p s o f B a r l e y Seed 
S t o r a g e P r o t e i n s 71 



1.6.2 In situ H y b r i d i z a t i o n w i t h 
N u c l e o t i d e Probes - a H i s t o c h e m i c a l 
T o o l 72 

1.6.2.1 H i s t o r y and R a t i o n a l e 74 

1.6.2.2 In situ H y b r i d i z a t i o n u s i n g 
B i o t i n - L a b e l l e d N u c l e o t i d e 
Analogues 75 

1.6.2.3 H y b r i d i z a t i o n t o RNA a t 
t h e E l e c t r o n M i c r o s c o p e 
L e v e l 77 

1.7 Aims o f t h e Research 78 

CHAPTER TWO; M a t e r i a l s and Methods 

2.1 Sources o f Chemicals and B i o l o g i c a l 
M a t e r i a l s 81 

2.1.1 Source o f P l a n t M a t e r i a l 81 

2.1.1.1 Growing C o n d i t i o n s 81 

2.1.2 Sources o f Chemicals f o r ; 82 

2.1.2.1 L i g h t M i c r o s c o p y 82 

2.1.2.2 E l e c t r o n M i c r o s c o p y 82 

2.1.2.3 F l u o r e s c e n c e M i c r o s c o p y 83 

2.1.2.4 P r o t e i n A-Gold 83 

2.1.2.5 S u b c e l l u l a r F r a c t i o n a t i o n 83 

2.1.2.6 Gel E l e c t r o p h o r e s i s 84 

2.1.2.7 In situ h y b r i d i z a t i o n 84 

2.1.3 A n t i s e r a t o t h e S t o r a g e P r o t e i n s 
o f B a r l e y 85 

2.2 T i s s u e P r o c e s s i n g f o r O p t i c a l and 
C o n v e n t i o n a l T r a n s m i s s i o n E l e c t r o n 
M i c r o s c o p y 85 

2.1.2 E x c i s i o n and Trimming o f T i s s u e 85 

2.2.2 F i x a t i o n , D e h y d r a t i o n and Embedding 86 

2.2.3 S e c t i o n i n g 88 



2.3 S t a i n i n g and E x a m i n a t i o n o f T i s s u e f o r 
O p t i c a l M i c r o s c o p y 89 

2.3.1 T o l u i d i n e - B l u e S t a i n i n g 89 

2.3.2 F l u o r e s c e n c e m i c r o s c o p y 90 

2.4 S t a i n i n g and E x a m i n a t i o n o f T i s s u e f o r 
C o n v e n t i o n a l T r a n s m i s s i o n E l e c t r o n 
M i c r o s c o p y (CTEM) 90 

2.5 Z i n c I o d i d e - Osmium T e t r o x i d e 
I m p r e g n a t i o n f o r T h i c k - S e c t i o n i n g o f 
M a t e r i a l f o r CTEM 91 

2.6 P r e p a r a t i o n o f P r o t e i n A-Gold Complex 92 

2.7 O r i g i n o f A n t i s e r a t o t h e S t o r a g e H o r d e i n s 93 

2.8 Immunocytochemical L o c a l i z a t i o n o f S t o r a g e 
P r o t e i n s w i t h P r o t e i n A-Gold by C o n v e n t i o n a l 
T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y 95 

2.8.1 P r o t o c o l f o r Immunocytochemical 
L o c a l i z a t i o n 95 

2.8.2 C o n t r o l s f o r Immunocytochemical 
L o c a l i z a t i o n 95 

2.8.3 ' E t c h i n g ' o f Osmium-Fixed T i s s u e s 
f o r Immunocytochemical L o c a l i z a t i o n 96 

2.9 S u b c e l l u l a r F r a c t i o n a t i o n o f Endosperm 
O r g a n e l l e s 96 

2.9.1 E l e c t r o n Microscopy o f F r a c t i o n s 98 

2.10 Gel E l e c t r o p h o r e s i s o f P r o t e i n s 98 

2.11 In situ H y b r i d i z a t i o n u s i n g a B i o t i n y l a t e d 
cDNA Probe 100 

2.11.1 P r e p a r a t i o n o f B i o t i n y l a t e d cDNA 
Probes 100 

2.11.2 T i s s u e F i x a t i o n and H y b r i d i z a t i o n 101 

2.11.3 L o c a l i z a t i o n w i t h A v i d i n -
P e r o x i d a s e 102 



CHAPTER THREE: R e s u l t s 

3.1 Morphology o£the D e v e l o p i n g B a r l e y g r a i n 
(Hordeum vulgave L. cv. Bomi) 10 4 

3.1.1 Fresh and Dry Weights o f t h e 
D e v e l o p i n g B a r l e y Grain f r o m A n t h e s i s 
t o M a t u r i t y 10 5 

3.1.2 L i g h t M i c r o s c o p y o f t h e D e v e l o p i n g 
C a r y o p s i s f r o m A n t h e s i s t o M a t u r i t y 
o f Bomi B a r l e y 106 

3.1.2.1 T r a n s v e r s e S e c t i o n s o f t h e 
B a r l e y C a r y o p s i s S t a i n e d w i t h 
T o l u i d i n e B lue 106 

3.1.2.2 F l u o r e s c e n c e L i g h t M i c r o s c o p y 
o f T r a n s v e r s e S e c t i o n s o f t h e 
B a r l e y C a r y o p s i s S t a i n e d w i t h 
0.1% ANS ( 8 - a n i l i n o - l -
n a p t h a l e n e s u l p h o n i c a c i d ) 109 

3.1.3 U l t r a s t r u c t u r e o f t h e D e v e l o p i n g 
B a r l e y Endosperm fr o m T h i n S e c t i o n s 110 

3.1.4 U l t r a s t r u c t u r e o f t h e D e v e l o p i n g 
Endosperm f r o m t h e Study o f T h i c k 
(0.3 nm) S e c t i o n s by CTEM 113 

3.2 U l t r a s t r u c t u r e o f t h e D e v e l o p i n g 
Endosperm i n t h e H i g h - L y s i n e B a r l e y M u t a n t s 117 

3.2.1 U l t r a s t r u c t u r e o f D e v e l o p i n g P r o t e i n 
Bodies i n H i g h - L y s i n e B a r l e y m u t a n t s ; 
T h i n - and T h i c k - S e c t i o n E l e c t r o n 
M i c r o s c o p y 117 

3.3 S u b c e l l u l a r F r a c t i o n a t i o n s o f Homogenates 
o f B a r l e y Endosperms 122 

3.3.1 Sucrose D e n s i t y G r a d i e n t C e n t r i -
f u g a t i o n S t u d i e s 122 

3.3.2 S e p a r a t i o n on SDS-PAGE o f F r a c t i o n s 
f r o m Sucrose D e n s i t y G r a d i e n t 
S e p a r a t i o n s 124 

3.4 Immunocytochemical L o c a l i z a t i o n w i t h 
P r o t e i n A-Gold by E l e c t r o n M i c r o s c o p y 125 

3.4.1 Immunocytochemical C o n t r o l s 125 

3.4.2 Immunocytochemical L o c a l i z a t i o n o f 
Ho r d e i n s i n B a r l e y Endosperm ( c v . Bomi) 127 



3.4.3 Comparison o f Embedding Mediums f o r 
Immunocytochemical L o c a l i z a t i o n 131 

3.4.4 Comparison o f F i x a t i v e B u f f e r s 135 

3.4.5 Immunocytochemical L o c a l i z a t i o n o f 
t h e C h y m o t r y p t i c I n h i b i t o r s ^ C I - l 
and C I - 2 , i n Bomi B a r l e y 136 

3.4.6 Immunocytochemical L o c a l i z a t i o n o f 
t h e H o rdeins i n t h e H i g h - L y s i n e 
B a r l e y Endosperms 137 

3.4.7 Immunocytochemical L o c a l i z a t i o n o f 
t h e C h y m o t r y p t i c I n h i b i t o r s , C I - 1 
and C I - 2 , i n t h e H i g h - L y s i n e M u t a n t 
H i p r o l y 140 

3.4.8 Immunocytochemical L o c a l i z a t i o n o f 
C h o r d e i n on S u b c e l l u l a r I s o l a t i o n s 
f r o m Sucrose D e n s i t y G r a d i e n t 
S e p a r a t i o n Homogenates o f B a r l e y 
(cv. Bomi) Endosperms 141 

3.5 In situ H y b r i d i z a t i o n u s i n g a B i o t i n y l a t e d 
cDNA Probe 14 3 

3.5.1 L o c a l i z a t i o n o f C h y m o t r y p s i n 
I n h i b i t o r ( C I - 1 and CI-2) mRNAs i n 
t h e Endosperm o f t h e B a r l e y M u t a n t 
Ris0 1508 143 

CHAPTER FOUR: D i s c u s s i o n 146 

Acknowledgements 191 

References 193 



ABSTRACT 

The s t o r a g e p r o t e i n s o f b a r l e y a r e b o t h q u a l i t a t i v e l y 
and q u a n t i t a t i v e l y i m p o r t a n t i n d e t e r m i n i n g t h e n u t r i t i o n a l 
q u a l i t y o f t h e g r a i n and i t s t e c h n o l o g i c a l uses. 

The development o f t h e b a r l e y endosperm was f o l l o w e d 
f r o m a n t h e s i s t o g r a i n m a t u r i t y by l i g h t and e l e c t r o n 
m i c r o s c o p y . The d e p o s i t i o n o f s t o r a g e p r o t e i n s i n t h e 
su b - a l e u r o n e and s t a r c h y endosperm was s t u d i e d u s i n g 
c o n v e n t i o n a l e l e c t r o n m i c r o s c o p y . C o r r e l a t e d s t u d i e s u s i n g 
t h i c k s e c t i o n s o f z i n c i o d i d e - o s m i u m t e t r o x i d e i m p r e g n a t e d 
t i s s u e have i l l u s t r a t e d t h e t h r e e - d i m e n s i o n a l 
i n t e r r e l a t i o n s h i p s o f t h e endoplasmic r e t i c u l u m , G o l g i 
a p p a r a t u s and v a c u o l e s d u r i n g p r o t e i n d e p o s i t i o n . 

To p r o v i d e a c l e a r e r u n d e r s t a n d i n g o f p r o t e i n 
d e p o s i t i o n i n t h e w i l d - t y p e b a r l e y , p r o t e i n body f o r m a t i o n 
was a l s o i n v e s t i g a t e d i n mut a n t b a r l e y l i n e s where a redu c e d 
and m o d i f i e d s y n t h e s i s o f s t o r a g e p r o t e i n i s a s s o c i a t e d w i t h 
an a l t e r e d p r o t e i n body s t r u c t u r e . 

Immunocytochemical l o c a l i z a t i o n o f A, B, and C h o r d e i n s 
and t h e c h y m o t r y p s i n i n h i b i t o r s , C I - 1 and C I - 2 , p r i m a r y 
a n t i b o d i e s r a i s e d i n r a b b i t and s u b s e q u e n t l y l a b e l l e d w i t h 
p r o t e i n A - g o l d i l l u s t r a t e d t h e s t o r a g e p r o t e i n i n 
a c c u m u l a t i n g r e s e r v e s i n p r o t e i n b o d i e s o f t h e w i l d - t y p e 
b a r l e y , and t h e h i g h - l y s i n e m u t a n t l i n e s . S t o r a g e p r o t e i n s 
were l o c a l i z e d o n l y i n s p e c i f i c r e g i o n s o f b o t h c y t o p l a s m i c 
and v a c u o l a r p r o t e i n d e p o s i t s . 

A comparison o f specimen p r e p a r a t i o n t e c h n i q u e s 
i n c l u d i n g d i f f e r e n t f i x a t i o n and embedding p r o t o c o l s 
i n d i c a t e d t h a t f o r b a r l e y endosperm , t i s s u e p o s t - f i x e d w i t h 
osmium t e t r o x i d e and embedded i n Sp u r r r e s i n gave s u p e r i o r 
r e s u l t s t o t h o s e embedded i n LR White o r L o w i c r y l K4M r e s i n . 

In situ h y b r i d i z a t i o n was used t o l o c a t e mRNA f o r C I - 1 
and CI-2 c h y m o t r y p s i n i n h i b i t o r s i n b a r l e y endosperm u s i n g a 
b i o t i n y l a t e d cDNA pr o b e . The probe was l o c a l i z e d a t an 
u l t r a s t r u c t u r a l l e v e l by i n c u b a t i o n w i t h a v i d i n - p e r o x i d a s e 
and subsequent DAB s t a i n i n g o f t h e p e r o x i d a s e a c t i v i t y . 

The combined approach o f t h i n - and t h i c k - s e c t i o n i n g 
t e c h n i q u e s f o r e l e c t r o n m i c r o s c o p y , i n a s s o c i a t i o n w i t h t h e 
m o l e c u l a r t e c h n i q u e s o f i m m u n o c y t o c h e m i s t r y and in situ 
h y b r i d i z a t i o n ; has l e d t o t h e development o f a new model t o 
i l l u s t r a t e t h e c o u r s e o f p r o t e i n body development i n b a r l e y 
endosperm. T h i s new model a l s o e x p l a i n s t h o s e p r e v i o u s l y 
p u b l i s h e d r e s u l t s used t o s u p p o r t a p p a r e n t l y c o n t r a d i c t o r y 
e a r l i e r schemes. 
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LIST OF PLATES 

L i g h t m i c r o g r a p h s o f t r a n s v e r s e s e c t i o n s t h r o u g h d e v e l o p i n g 
Bomi b a r l e y c a r y o p s i s , s t a i n e d w i t h t o l u i d i n e b l u e : 

P l a t e 1: a,b; a t a n t h e s i s 
c,d: 3 days a f t e r a n t h e s i s (DAA). 

P l a t e 2: a,b; 5 days a f t e r a n t h e s i s 
c,d; 8 days a f t e r a n t h e s i s . 

P l a t e 3: a,b; 10 days a f t e r a n t h e s i s 
c,d; 12 days a f t e r a n t h e s i s . 

P l a t e 4: 14 days a f t e r a n t h e s i s . 

P l a t e 5: 18 days a f t e r a n t h e s i s . 

P l a t e 6: 20 days a f t e r a n t h e s i s . 

P l a t e 7: a,b; 32 days a f t e r a n t h e s i s 
c,d; 45 days a f t e r a n t h e s i s . 

F l u o r e s c e n c e l i g h t m i c r o g r a p h s o f t r a n s v e r s e s e c t i o n s 
t h r o u g h t h e d e v e l o p i n g Bomi b a r l e y c a r y o p s i s , s t a i n e d w i t h 
0.1% ANS: 

P l a t e 8: Sub-aleurone and o u t e r s t a r c h y endosperm 14 days 
a f t e r a n t h e s i s . 

P l a t e 9: S t a r c h y endosperm 14 days a f t e r a n t h e s i s . 

E l e c t r o n m i c r o g r a p h s o f t h i n s e c t i o n s t h r o u g h t h e d e v e l o p i n g 
b a r l e y c a r y o p s i s , c v. Bomi: 

a n t h e s i s . 

H i g h e r m a g n i f i c a t i o n o f 
a f t e r a n t h e s i s . 

A l e u r o n e , s u b - a l e u r o n e 
14 days a f t e r a n t h e s i s . 

H i g h e r m a g n i f i c a t i o n o f 
a f t e r a n t h e s i s . 

H i g h e r m a g n i f i c a t i o n o f 
days a f t e r a n t h e s i s . 

P l a t e 11 

P l a t e 12 

P l a t e 13 

P l a t e 14 

V 



P l a t e 15: A l e u r o n e , s u b - a l e u r o n e and s t a r c h y endosperm 18 
days a f t e r a n t h e s i s . 

P l a t e 16: H i g h e r m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e and 
s t a r c h y endosperm 18 days a f t e r a n t h e s i s . 

P l a t e 17: A l e u r o n e , s u b - a l e u r o n e and s t a r c h y endosperm 20 
days a f t e r a n t h e s i s . 

E l e c t r o n m i c r o g r a p h s o f t h i c k s e c t i o n s o f Z I O - s t a i n e d b a r l e y 
c a r y o p s i s , cv. Bomi: 

P l a t e 18: A l e u r o n e and s u b - a l e u r o n e 10 days a f t e r a n t h e s i s . 
P l a t e 19: H i g h e r m a g n i f i c a t i o n o f t h e a l e u r o n e and 

s u b - a l e u r o n e 10 days a f t e r a n t h e s i s . 

P l a t e 20: Hig h m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e 10 days 
a f t e r a n t h e s i s . 

P l a t e 2 1 : H i g h m a g n i f i c a t i o n o f t h e s t a r c h y endosperm 10 
days a f t e r a n t h e s i s . 

P l a t e 22: S t e r e o - p a i r m i c r o g r a p h s o f t h e s u b - a l e u r o n e 10 
days a f t e r a n t h e s i s . 

P l a t e 23: A l e u r o n e and s u b - a l e u r o n e 14 days a f t e r a n t h e s i s 

P l a t e 24: H i g h e r m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e and 
s t a r c h y endosperm 14 days a t e r a n t h e s i s . 

P l a t e 25: Hig h m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e ; and 
s t e r e o - p a i r m i c r o g r a p h 14 days a f t e r a n t h e s i s . 

P l a t e 26: H i g h m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e ; and 
s t e r e o - p a i r m i c r o g r a p h 20 days a f t e r a n t h e s i s . 

E l e c t r o n m i c r o g r a p h s o f t h i n s e c t i o n s t h r o u g h t h e d e v e l o p i n g 
c a r y o p s i s o f h i g h - l y s i n e b a r l e y m u t a n t s : 

P l a t e 27: H i p r o l y , 14 days a f t e r a n t h e s i s ; shows p r o t e i n 
b o d i e s o f t h e s u b - a l e u r o n e and s t a r c h y endosperm. 

P l a t e 28: H i p r o l y , 21 days a f t e r a n t h e s i s ; shows p r o t e i n 
b o d i e s o f t h e s u b - a l e u r o n e and s t a r c h y endosperm. 

P l a t e 29: Ris0 1508, 17 days a f t e r a n t h e s i s ; low and h i g h 
m a g n i f i c a t i o n o f t h e s u b - a l e u r o n e . 

P l a t e 30: R i s 0 1508, 23 days a f t e r a n t h e s i s ; p r o t e i n b o d i e s 
o f t h e s u b - a l e u r o n e and s t a r c h y endosperm. 
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P l a t e 3 1 ; Ris0 56, 17 days a f t e r a n t h e s i s ; p r o t e i n b o d i e s o f 
t h e s u b - a l e u r o n e and s t a r c h y endosperm. 

P l a t e 32; Risjzf 56, 24 days a f t e r a n t h e s i s ; p r o t e i n b o d i e s o f 
t h e s u b - a l e u r o n e and s t a r c h y endosperm. 

E l e c t r o n m i c r o g i a p h s o f t h i c k s e c t i o n s o f Z I O - s t a i n e d 
h i g h - l y s i n e b a r l e y c a r y o p s e s : 

P l a t e 33: Sub-aleurone o f Ris^r 56 and 1508, 17 days a f t e r 
a n t h e s i s . 

P l a t e 34: Sub-aleurone o f H i p r o l y , 14 days a f t e r a n t h e s i s , 
and s u b - a l e u r o n e and endosperm o f H i p r o l y . 21 days 
a f t e r a n t h e s i s . 

Immunocytochemical l o c a l i z a t i o n o f s t o r a g e p r o t e i n s w i t h 
p r o t e i n A - g o l d : 

P l a t e 35: Immunocytochemical c o n t r o l s f o r C h o r d e i n i n 
o s m i c a t e d , Spurp resin-embedded Bomi b a r l e y 14 days 
a f t e r a n t h e s i s . 

P l a t e 36: L o c a l i z a t i o n o f C h o r d e i n i n d e v e l o p i n g Bomi 
b a r l e y endosperm 10, 14 and 32 days a f t e r 
a n t h e s i s . 

P l a t e 37: L o c a l i z a t i o n o f A, B and C h o r d e i n i n Bomi b a r l e y 
c a r y o p s i s 14 days a f t e r a n t h e s i s . 

P l a t e 38: L o c a l i z a t i o n o f C h o r d e i n i n Bomi b a r l e y endosperm 
14 days a f t e r a n t h e s i s w i t h and w i t h o u t osmium 
t e t r o x i d e p o s t - f i x a t i o n ; embedded i n S p u r r r e s i n . 

P l a t e 39: L o c a l i z a t i o n o f C h o r d e i n i n Bomi b a r l e y 
s u b - a l e u r o n e ; l a b e l a s s o c i a t e d w i t h (?) 
d i c t y o s o m e . 

P l a t e 40: L o c a l i z a t i o n o f B h o r d e i n i n non-osmicated b a r l e y 
(cv. Bomi) c a r y o p s i s 14 days a f t e r a n t h e s i s ; 
embedded i n LR w h i t e r e s i n . 

P l a t e 4 1 : L o c a l i z a t i o n o f C h o r d e i n i n n o n - o s m i c a t e d b a r l e y 
(cv. Bomi) c a r y o p s i s 14 days a f t e r a n t h e s i s ; 
embedded i n LR w h i t e r e s i n . 

P l a t e 42: L o c a l i z a t i o n o f A, B and C h o r d e i n i n b a r l e y 
c a r y o p s i s ( c v . Bomi) 14 days a f t e r a n t h e s i s ; 
embedded i n L o w i c r y l K4M r e s i n . 

P l a t e 43: L o c a l i z a t i o n o f B h o r d e i n i n Bomi b a r l e y c a r y o p s i s 
14 days a f t e r a n t h e s i s ; c o m p a r i s o n o f f i x a t i v e 
b u f f e r s i n LR white-embedded t i s s u e . 
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P l a t e 44: L o c a l i z a t i o n of the chymotrypsin i n h i b i t o r s , CI-1 
and CI-2, i n Bomi b a r l e y 16 days a f t e r a n t h e s i s . 
embedded i n LR whi t e r e s i n . 

P l a t e 45: L o c a l i z a t i o n o f C ho r d e i n i n the h i g h - l y s i n e 
mutant H i p r o l y , 14 days a f t e r a n t h e s i s . 

P l a t e 46: L o c a l i z a t i o n of C ho r d e i n i n the h i g h - l y s i n e 
mutant H i p r o l y , 21 days a f t e r a n t h e s i s . 

P l a t e 47: L o c a l i z a t i o n of B ho r d e i n i n the h i g h - l y s i n e 
mutant H i p r o l y , 21 days a f t e r a n t h e s i s . 

P l a t e 48: L o c a l i z a t i o n of B and C h o r d e i n i n the h i g h - l y s i n e 
mutant Ris0 56,17 days a f t e r a n t h e s i s . 

P l a t e 49: L o c a l i z a t i o n of B and C h o r d e i n i n sub-aleurone 
p r o t e i n bodies o f the h i g h - l y s i n e mutant Ris0 56, 
17 days a f t e r a n t h e s i s . 

P l a t e 50: L o c a l i z a t i o n of the chymotrypsin i n h i b i t o r s , CI-1 
and C I - 2 , i n the endosperm o f the h i g h - l y s i n e 
mutant H i p r o l y , 21 days a f t e r a n t h e s i s . 

P l a t e 51: L o c a l i z a t i o n of C ho r d e i n on sucrose d e n s i t y 
s e p a r a t i o n homogenates of Bomi b a r l e y endosperms. 

L o c a l i z a t i o n of c\vymotrypsin i n h i b i t o r , CI-1 and CI-2, mRNA 
by in situ h y b r i d i z a t i o n w i t h a b i o t i n y l a t e d cDNA probe and 
subsequent avidin-peroxidase/DAB r e a c t i o n s : 

P l a t e 52: L o c a l i z a t i o n of CI-1 mRNA i n the h i g h - l y s i n e 
mutant R i s 0 1508, 21 days a f t e r a n t h e s i s . 

P l a t e 53: L o c a l i z a t i o n of CI-2 mRNA i n the h i g h - l y s i n e 
mutant Risj2r 1508, 21 days a f t e r a n t h e s i s . 
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ABBREVIATIONS 

( i ) A b b r e v i a t i o n s used i n micrograph p l a t e s 

I n a l l micrographs: 
urn Scale bars measured i n (p.m) micrometres . 

L i g h t micrographs: 

(a) T o l u i d i n e b l u e : P l ates 1-7 

A aleurone 
cE coenocytic endosperm 
E endosperm 
Es embryo sac 
mP m a t r i x p r o t e i n 
n n u c e l l a r l a y e r 
N nucleus 
P p e r i c a r p 
p p r o t e i n d e p o s i t s , i n d i c a t e d by arrows. 
S s t a r c h granule 
Sa sub-aleurone 
Se sta r c h y endosperm 
V vacuole 
Vb vascular bundle 

(b) Fluorescence microscopy: P l a t e s 8-9 

A aleurone 
n nucleus 
P p r o t e i n d e p o s i t s 
S s t a r c h granule 
Sa sub-aleurone 
Se s t a r c h y endosperm 

Conventional t r a n s m i s s i o n e l e c t r o n micrographs: 
(a) Thin s e c t i o n s o f developing Bomi b a r l e y c a r y o p s i s : 

P l a t e s 10-17 

A aleurone 
CW c e l l w a l l 
D dictyosome 
ER endoplasmic r e t i c u l u m 
L l i p i d body 
M mit o c h o n d r i o n 
N nucleus 
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P p r o t e i n d e p o s i t s ; p r o t e i n d e p o s i t s can be s i n g u l a r , 
aggregated or complex, and are cytoplasmic or 
vacu o l a r . 

pd 'electron-dense' component o f p r o t e i n complex 
pf ' f i b r i l l a r ' component of p r o t e i n complex 
pg g r a n u l a r component o f p r o t e i n complex 
rER rough endoplasmic r e t i c u l u m 
S s t a r c h granule 
Sa sub-aleurone 
SM membrane o f s t a r c h granule 
V vacuole 
Ve v e s i c l e s 

(b) Thick s e c t i o n s of ZIP (zi n c iodide-osmium t e t r o x i d e ) 
impregnated Bomi b a r l e y c a r y o p s i s : 
P l a t e s 18-26 

A aleurone 
cER c i s t e r n a l endoplasmic r e t i c u l u m 
CW c e l l w a l l 
D j dictyosome 
m mitochondrion 
N nucleus 
NM nuclear membrane 
P p r o t e i n d e p o s i t s ; p r o t e i n d e p o s i t s can be s i n g u l a r , 

aggregated or complex, and are cytoplasmic or 
vacuolar. 

S s t a r c h granule 
Sa sub-aleurone 
tER t u b u l a r endoplasmic r e t i c u l u m 
V vacuole 
Ve v e s i c l e s 
VM vacuolar membrane 

(c) Thin s e c t i o n s of developing h i g h - l y s i n e b a r l e y 
caryopses: 

Pl a t e s 27-32 

CN c e l l w a l l 
M mitochondrion 
P p r o t e i n d e p o s i t : p r o t e i n d e p o s i t s can be s i n g u l a r , 

aggregated or complex and are cy t o p l a s m i c or 
vac u o l a r . 

Pd 'electron-dense' component o f p r o t e i n complex 
Pf ' f i b r i l l a r ' component o f p r o t e i n complex 
Pg g r a n u l a r component o f p r o t e i n complex 
pm membrane around p r o t e i n d e p o s i t 
rER rough endoplasmic r e t i c u l u m 
S s t a r c h granule 
V vacuole 
Ve v e s i c l e s 
Vem v e s i c u l a r m a t r i x i n p r o t e i n vacuole. 
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(d) Thick s e c t i o n s o f ZIO (z i n c iodide-osmium t e t r o x i d e ) 
impregnated h i q h - l y s i n e b a r l e y caryopses: 

Pl a t e s 33-34 
cER c i s t e r n a l endoplasmic r e t i c u l u m 
CW c e l l w a l l 
D dictyosome 
N nucleus 
NM nuclear membrane 
P p r o t e i n d e p o s i t ; p r o t e i n d e p o s i t s can be s i n g u l a r , 

aggregated or complex, and are cytoplasmic or vac u o l a r . 
S s t a r c h granule 
tER t u b u l a r endoplasmic r e t i c u l u m 
V vacuole 
Ve v e s i c l e s 
Immunocytochemical l o c a l i z a t i o n i n developing endosperm of 
low- and h i g h - l y s i n e b a r l e y : 
Plates 35-51 
CW c e l l w a l l 
D dictyosome 
ER endoplasmic r e t i c u l u m 
m mitochondrion 
mP p r o t e i n m a t r i x 
N nucleus 
P p r o t e i n d e p o s i t ; p r o t e i n d e p o s i t s can be s i n g u l a r , 

aggregated or complex, and are cytoplasmic or vac u o l a r . 
Pd 'electron-dense' component of p r o t e i n complex 
Pf ' f i b r i l l a r ' component o f p r o t e i n complex 
Pg g r a n u l a r component o f p r o t e i n complex 
S s t a r c h granule 
V vacuole 
Ve v e s i c l e s . 

In situ l o c a l i z a t i o n of mRNA i n the endosperm of the b a r l e y 
mutant Risgr 1508: 
Plates 52-53 

CW c e l l w a l l 
d dictyosome 
ER endoplasmic r e t i c u l u m 
L l i p i d body 
P p r o t e i n d e p o s i t 
S s t a r c h granule 
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( i i ) A b b r e v i a t i o n s used i n Text 

ANS 8 - a n i l i n o - l - n a p t h a l e n e s u l p h o n i c a c i d . 
01-1,01-2 Chymotrypsin i n h i b i t o r s 1, and 2. 
CTEM Conventional t r a n s m i s s i o n e l e c t r o n microscopy. 
DAA Days a f t e r a n t h e s i s . 
DAB Diaminobenzidine. 
DNA Deoxyribonucleic a c i d . 
cDNA DNA complementary t o RNA, sy n t h e s i z e d from RNA, 

and subsequently c a r r i e d i n a c l o n i n g v e c t o r . 
EDTA E t h y l e n e d i a m i n e t e t r a - a c e t i c a c i d , disodium s a l t . 
ER Endoplasmic r e t i c u l u m . 
LM L i g h t microscopy. 
K2HP0^ Di-potassium hydrogen orthophosphate. 
Mg2+ Magnesium i o n s . 
NADH Nicotinamide adenine d i n u c l e o t i d e . 
NH4NO3 Ammonium n i t r a t e . 
Poly A + Polyadenylated. 
RNA Ribonucleic a c i d . 
mRNA Messenger RNA. 

SDS Sodium dodecyl s u l p h a t e . 
SDS-PAGE Sodium dodecyl sulphate - Polyacrylamide g e l 

e l e c t r o p h o r e s i s . 
TCA T r i c h l o r o a c e t i c a c i d . 
TEM Transmission e l e c t r o n microscopy. 
ZIO Zinc i o d i d e - osmium t e t r o x i d e complex. 

X Angstrom u n i t . 
|im Micrometres. 

Amino a c i d s : 
P P r o l i n e 
Q Glutamine 
F Phenylalanine. 
Y Tyrosine. 



CHAPTER ONE 

INTRODUCTION 



1.1 General Background 
A r c h a e o l o g i c a l s t u d i e s have i n d i c a t e d t h a t man's 

e x p l o i t a t i o n o f b a r l e y as a source o f food began by the 
people o f the N i l e V a l l e y 17,000 years ago (Wendorf e t a l . , 

1979) and today i t i s the world's f o u r t h most i m p o r t a n t 

c e r e a l a f t e r wheat, r i c e and maize, w i t h a t o t a l y i e l d o f 
o 

1.78 x 10 m e t r i c tonnes i n 1985 (FAO, 1986). I n 

i n d u s t r i a l i z e d c o u n t r i e s , such as t h e . U.K., b a r l e y i s 

produced p r i m a r i l y t o feed l i v e s t o c k , b u t i t also f i n d s 

some use i n m a l t i n g and d i s t i l l i n g (Hessayon, 1982). I n 

the T h i r d World c o u n t r i e s , c o n s i d e r a b l e q u a n t i t i e s o f 

b a r l e y are used f o r d i r e c t human consumption (Kent, 1978). 

The n u t r i t i o n a l value o f b a r l e y f o r feeding t o 

monogastric animals (such as p i g s , chickens and humans) i s 

l i m i t e d by the low l e v e l o f the e s s e n t i a l basic amino a c i d 

l y s i n e and t h r e o n i n e ( F u l l e r e t a l . , 1979a,b). This i s 

determined by the p r o l a m i n storage p r o t e i n s ( h o r d e i n ) , 

which account f o r about h a l f o f the t o t a l g r a i n n i t r o g e n , 

but c o n t a i n l e s s than one mol% l y s i n e (Shewry and M i f l i n , 

1983a). 

Storage p r o t e i n s can be d e f i n e d as those p r o t e i n s 

which are present i n p r o t e i n bodies and f u n c t i o n as a 

n i t r o g e n s t o r e . They are l a i d down i n one phase o f 

development but f u n c t i o n subsequently a t a l a t e r m e tabolic 

phase t o supply i n t e r m e d i a r y n i t r o g e n compounds f o r 

b i o s y n t h e s i s i n growing s e e d l i n g s d u r i n g the e a r l y growing 

p e r i o d . 
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Seed p r o t e i n s r e p r e s e n t the major source o f p r o t e i n s 

f o r humans both d i r e c t l y (e.g. i n bread) and i n d i r e c t l y by 

tWuse i n l i v e s t o c k n u t r i t i o n . As about h a l f o f the 

p r o t e i n s i n seeds are comprised o f the storage p r o t e i n s , 

the n u t r i t i o n a l q u a l i t y o f the whole seed l a r g e l y depends 

upon the amino a c i d composition o f the storage p r o t e i n s . 

I n a d d i t i o n t o t h e i r amino a c i d c o mposition, the 

physicochemical p r o p e r t i e s of storage p r o t e i n s are o f 

importance i n the food processing i n d u s t r y . Other seed 

p r o t e i n s o f importance i n i n d u s t r y i n c l u d e enzymes, 

i n v o l v e d i n food i n d u s t r i e s ^ l e c t i n s , which seem t o p l a y 

a r o l e i n r e c o g n i t i o n processes and are used i n medical 

research, p r o t e o l y t i c enzyme i n h i b i t o r s and p r o t e i n s w i t h 

a l l e r g e n i c p r o p e r t i e s . These v a r i o u s p r o t e i n s may a f f e c t 

the n u t r i t i o n a l q u a l i t y not o n l y of the seeds themselves, 

but a l s o o f o t h e r raw m a t e r i a l s o b t a i n e d from them such as 

s t a r c h and l i p i d s used i n the food i n d u s t r y . 

There has been i n t e r m i t t e n t research t o determine the 

s u b c e l l u l a r l o c a t i o n s of many o f the storage p r o t e i n s , and 

although some are known t o be i n p r o t e i n bodies t h e r e i s 

s t i l l c o n t r o v e r s y over the nature and mode of t h e i r 

d e p o s i t i o n (Cameron-Mills and von W e t t s t e i n , 1980; B r i a r t y 

e t a l . , 1979; M i f l i n e t a l . , 1983). This l a c k o f 

knowledge c r e a t e s a handicap i n the understanding o f seed 

development. Supported by world-wide pressure t o i n c r e a s e 

and improve the p r o d u c t i o n o f p l a n t p r o t e i n s , c o n s i d e r a b l e 

e f f o r t has been d i r e c t e d towards an understanding o f the 
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b i o c h e m i s t r y and g e n e t i c s o f c e r e a l g r a i n development 

( K r e i s e t a l . , 1985). This i s not o n l y due t o the 

economic importance o f the crop but a l s o because the 

developing g r a i n i s a system o f c o n s i d e r a b l e i n t e r e s t t o 

b i o l o g i s t s : the h i g h r a t e s of p r o t e i n d e p o s i t i o n i n the 

g r a i n d u r i n g development make i t a u s e f u l model f o r 

s t u d y i n g p l a n t genome expression. 

To understand the importance o f storage p r o t e i n s i n 

d e t e r m i n i n g the n u t r i t i o n a l q u a l i t y o f the b a r l e y g r a i n 

and i t s t e c h n o l o g i c a l uses, i t i s d e s i r a b l e t h a t e x i s t i n g 

c o n t r o v e r s y should be e l i m i n a t e d and the d i s t r i b u t i o n and 

d e p o s i t i o n o f accumulating p r o t e i n reserves i n the b a r l e y 

endosperm be d e f i n e d . Consequently, i t i s necessary t o 

know how these p r o t e i n s are s y n t h e s i z e d and deposited i n 

the g r a i n , and r e l a t e m o r p h o l o g i c a l d e t a i l t o molecular 

aspects o f gene expression by an i n t e g r a t e d approach t o 

the problems of c e l l and t i s s u e development and 

d i f f e r e n t i a t i o n , u t i l i s i n g t he r e c e n t l y developed 

techniques of c e l l b i o l o g y and molecular b i o l o g y and 

b i o c h e m i s t r y . 

1.2 S t r u c t u r e o f the B a r l e y Grain 

The l o n g i t u d i n a l s t r u c t u r e o f the g r a i n i s 

i l l u s t r a t e d i n F i g ure 1.1. 

Although the husk ( c o n s i s t i n g o f the lemma and the 

palea) g e n e r a l l y adheres t o the g r a i n , naked or huskless 

v a r i e t i e s are known t o e x i s t ( B r i g g s , 1978). The husk 
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C - Coleoptile 
F - Foliar Shoot 
AL-Aleurone Layer 
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FIGURE 1.1 
LONGITUDINAL SECTION OF A MATURE BARLEY GRAIN 



u s u a l l y accounts f o r about 10% o f the dry weight o f the 

g r a i n . Being a s p e c i a l i z e d l e a f s t r u c t u r e , i t c o n s i s t s 

mainly o f c e l l u l o s e , h e m i c e l l u l o s e , l i g n i n and a s m a l l 

q u a n t i t y o f p r o t e i n . The g r a i n i t s e l f i s a complex organ 

c o n t a i n i n g s e v e r a l types o f t i s s u e . 

The t e s t a and p e r i c a r p are the seed coat and f r u i t 

w a l l r e s p e c t i v e l y , and i t i s t h e i r f u s i o n which makes the 

b a r l e y g r a i n a car y o p s i s or k e r n e l . Anatomical s t u d i e s 

(Palmer, 1969) o f the p e r i c a r p show i t t o be a mass o f 

compressed c e l l u l o s i c c e l l s , separated from the husk by a 

t h i n but complete waxy c o a t i n g , and from the t e s t a by an 

i r r e g u l a r alignment o f l a r g e , f l a t , l i g n i f i e d cross c e l l s 

r u nning a t r i g h t angles t o the fu r r o w of the g r a i n . The 

t e s t a and p e r i c a r p are both maternal t i s s u e s . 

The endosperm i s a t r i p l o i d t i s s u e a r i s i n g from the 

f u s i o n o f a male gamete nucleus, from the p o l l e n c e l l , 

w i t h a d i p l o i d p o l a r c e l l ( c o n t a i n i n g the d i p l o i d p o l a r 

n u c l e i ) i n the embryo sac. The endosperm makes up about 

85% of the dry weight o f the k e r n e l (Kent, 1978) . I n 

common w i t h o t h e r c e r e a l s , i t i s the endosperm o f b a r l e y 

which i s the p r i n c i p a l s i t e o f reserve m a t e r i a l s u t i l i z e d 

by the embryo upon g e r m i n a t i o n . 

The o u t e r l a y e r o f the endosperm, the aleurone, forms 

a j a c k e t o f l i v i n g c e l l s which l i e between the t e s t a and 

the s t a r c h y endosperm. The aleurone i s t h r e e c e l l s t h i c k 

i n the m a j o r i t y of b a r l e y s (Jones, 1969) and i s 

developmentally r e l a t e d t o the s t a r c h y endosperm i t 
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encloses because both t i s s u e s d i f f e r e n t i a t e d from the same 

t r i p l o i d f u s i o n nucleus. However, the most obvious 

d i f f e r e n c e s from the r e s t o f the endosperm are t h a t the 

aleurone c o n t a i n s fewer s t a r c h g r a n u l e s , and i t s p r o t e i n 

bodies a l s o d i f f e r i n appearance. 

The embryo represents o n l y a small p a r t o f the 

k e r n e l , 2-5% of the dry weight ( B r i g g s , 1978), and i s 

d i p l o i d , being formed by the f u s i o n o f the egg c e l l w i t h a 

g e n e r a t i v e nucleus. 

1.3 Development of the Grain 

The b a r l e y ear, or i n f l o r e s c e n c e , c o n s i s t s o f t h r e e 

s p i k e l e t s which a l t e r n a t e on each s i d e o f the s p e c i a l i z e d 

stem ( r a c h i s ) ( f i g u r e 1.2). I n six-rowed b a r l e y a l l the 

s p i k e l e t s are f e r t i l e , but i n the two-rowed t y p e , t h i s i s 

o n l y t r u e o f the median ones ( B r i g g s , 19 78). 

Anthesis u s u a l l y begins i n f l o r e t s near t o the middle 

o f the ear and can take from one t o f o u r days t o complete. 

P r i o r t o a n t h e s i s the p o l l e n g r a i n s c o n t a i n t h r e e n u c l e i : 

the v e g e t a t i v e nucleus and the two sperm n u c l e i (Cass and 

Karas, 1973). The embryo sac c o n t a i n s the egg c e l l , two 

s y n e r g i d c e l l s , two p o l a r n u c l e i which are appressed t o 

each o t h e r , and polynemic a n t i p o d a l c e l l s (Cass and 

Jensen, 1970). 

At a n t h e s i s , the s t y l e s a t the t i p o f the ovary 

d i v e r g e and the stamens r a p i d l y elongate t o shed the 

p o l l e n contained i n the a n t h e r s . Most o f the p o l l e n i s 
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FIGURE 1.2 
A : The b a r l e y ear (cv. Bomi) approaching m a t u r i t y . 
B : I n s e t shows a s i n g l e g r a i n w i t h i t s awn, and the 

g r a i n d i s s e c t e d from t h e husk w i t h a d i s t i n c t 
crease r e g i o n . 



shed w i t h i n the s p i k e l e t , and some comes t o r e s t on the 

s t i g m a t i c surfaces extended by the s t y l e s , where the 

p o l l e n absorbs moisture and germinates. The emerging 

p o l l e n tube extends over the surface o f the s t i g m a t i c h a i r 

and p e n e t r a t e s the c e n t r a l lumen, c o n t i n u i n g t o grow 

downwards. Although s e v e r a l p o l l e n g r a i n s may germinate, 

o n l y one reaches the embryo sac where i t d e p o s i t s the 

v e g e t a t i v e nucleus, two sperm n u c l e i .and some s t a r c h and 

cytoplasm i n t o a degenerating s y n e r g i d c e l l (Cass and 

Jensen, 1970) . 

The f u s i o n of one o f the sperm n u c l e i w i t h the two 

p o l a r n u c l e i , forms the t r i p l o i d endosperm. This f u s i o n 

takes place 5-6 hours a f t e r p o l l i n a t i o n ( B r i g g s , 1978). 

The embryo i s formed by the f e r t i l i z a t i o n o f the egg c e l l 

by the o t h e r sperm nucleus. This occurs 18-20 hours a f t e r 

p o l l i n a t i o n , by which time the endosperm has a l r e a d y 

d i v i d e d 3-6 times (Briggs, 1978). I n i t i a l l y the endosperm 

i s a coenocytic t i s s u e , w i t h hundreds o f f r e e n u c l e i i n a 

common cytoplasm l i n i n g the edge o f the embryo sac 

(Morrison and O'Brien, 1976). The t i s s u e becomes 

m u l t i c e l l u l a r 2-3 days a f t e r a n t h e s i s , and the endosperm 

n u c l e i cease t o e x h i b i t synchronous m i t o s i s . 

P e r c i v a l (1921) described a f i v e - c e l l stage i n embryo 

growth i n wheat, reached by a d e f i n e d sequence o f c e l l 

d i v i s i o n s , l a t e r workers such as Bennett e t a l . (1973) 

suggest more than one v i a b l e embryogeny. F o l l o w i n g the 

f i v e - c e l l stage, c e l l d i v i s i o n s occur i n a l l d i r e c t i o n s , 
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and the embryo becomes a club-shaped mass o f c e l l s w i t h a 

narrow, elongated base ( P e r c i v a l , 1921). Subsequent 

development leads t o the' f o r m a t i o n of the v a r i o u s 

recognizable p a r t s of the embryo, such as the s c u t e l l u m , 

c o l e o p t i l e and c o l e o r h i z a . 

C e l l u l a r i z a t i o n proceeds by the growth of w a l l pegs 

which s p o r a d i c a l l y occur along the i n n e r edge of the 

embryo sac (Morrison and O'Brien, 19.76). These f u r r o w 

inwards t o p a r t i t i o n the cytoplasm. A f t e r two days of 

growth, the pegs commonly branch and the growing ends t u r n 

towards each other and j o i n . At t h i s stage the endosperm 

cytoplasm contains numerous small vacuoles; t h e r e i s a l s o 

a l a r g e c e n t r a l vacuole l i m i t i n g t he endosperm on the 

i n s i d e o f the embryo sac. A f t e r f o r m a t i o n the p e r i p h e r a l 

c e l l s enlarge c o n s i d e r a b l y , and l a r g e r vacuoles are formed 

w i t h i n . At about the same t i m e , the nucleus i n the c e l l 

d i v i d e s and a c e l l p l a t e begins t o form between the 

daughter n u c l e i . The p e r i p h e r a l l a y e r now begins t o 

d i v i d e both r a d i a l l y and t a n g e n t i a l l y , and a f t e r 

approximately f o u r days the e n t i r e embryo sac i s c e l l u l a r . 

C e l l d i v i s i o n continues t a n g e n t i a l l y f o r about s i x t e e n 

days i n wheat according t o Evers (1970), although Radley 

(19 78) and Donovan (19 79) have suggested much longer 

p e r i o d s . I n support o f the l a t t e r , Cochrane and Duffus 

(1981) have r e p o r t e d c e l l d i v i s i o n c o n t i n u i n g u n t i l 28-30 

days i n b a r l e y endosperm. C e l l d i v i s i o n i s f o l l o w e d by 

c e l l expansion. D i f f e r e n t i a l expansion of the d o r s a l and 
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v e n t r a l sides leads t o the f o r m a t i o n of a crease (Evers, 

1970) . 

The endosperm co n t a i n s almost a l l of the s t a r c h found 

i n the g r a i n ( B r i g g s , 1978). Starch i s d e p o s i t e d i n 

amyloplasts, and the e x t e n t o f s t a r c h d e p o s i t i o n i n a c e l l 

can be taken as a measure of i t s development since the 

c e l l s d i e a f t e r s t a r c h d e p o s i t i o n i s complete. There 

appear t o be two types of granules: l a r g e ( 2 5 |im 

diameter) and small ( ̂  5 jim diameter) ( W i l l i a m s and 

Duffus, 1977). Approximately 10% of the t o t a l s t a r c h 

weight, but 90% o f the number of granules i s accounted f o r 

by the small granules. 

B u t t r o s e (1960, 1963a) s t u d i e d the f o r m a t i o n o f 

o r g a n e l l e s i n the developing b a r l e y and wheat endosperm by 

e l e c t r o n microscopy. He r e p o r t e d the f o r m a t i o n o f s m a l l 

s t a r c h granules about two weeks a f t e r a n t h e s i s , a l t h o u g h 

an e a r l i e r , u n s p e c i f i e d , time was set f o r the i n i t i a t i o n 

o f the l a r g e g r a i n s . D i f f e r e n t reserve c e l l s are found t o 

f i l l w i t h s t a r c h a t d i f f e r e n t times and r a t e s . D e p o s i t i o n 

s t a r t s f i r s t i n the c e l l s towards the apex o f the g r a i n , 

and then i n the c e n t r a l regions near the f u r r o w . The l a s t 

c e l l s t o i n i t i a t e s t a r c h d e p o s i t i o n are those immediately 

below the aleurone l a y e r , w h i l e those next t o the 

s c u t e l l u m do not appear t o c o n t a i n any s t a r c h ( B r i g g s , 

1978). A p o s s i b l e e x p l a n a t i o n f o r t h i s , i s t h a t the 

developing embryo uses some of the s o l u b l e carbohydrates 

which would o t h e r w i s e be converted i n t o s t a r c h ( P e r c i v a l , 
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1921). 

A second c l a s s of o r g a n e l l e s prominent i n the 

endosperm are p r o t e i n bodies c o n t a i n i n g the stor a g e 

p r o t e i n s . Although B u t t r o s e (1963a) r e p o r t e d p r o t e i n 

bodies as being v i s i b l e one week a f t e r a n t h e s i s i n wheat, 

Muntz (19 82) has suggested t h a t t h e i r formation should 

p a r a l l e l the accumulation of storage p r o t e i n . T h i s i s 

g e n e r a l l y somewhat l a t e r (Bishop, 1930.; Ivanko, 1971) , 

although i t i s dependent on the growing c o n d i t i o n s . The 

c e l l s immediately below the aleurone l a y e r appear to 

co n t a i n more p r o t e i n than c e l l s f u r t h e r i n t o the s t a r c h y 

endosperm (Briggs, 1978) . The p r o t e i n bodies a l s o d i f f e r 

i n appearance. 

The aleurone, although d e r i v e d from the same t r i p l o i d 

n u c l e a r f u s i o n , d i f f e r s from the s t a r c h y endosperm i n 

having very few s t a r c h granules ( B u t t r o s e , 1963b; Jones, 

1969). I t can be d i s t i n g u i s h e d as e a r l y as ten days a f t e r 

a n t h e s i s , u n d e r l y i n g the degenerating n u c e l l u s as 

p e r i p h e r a l m e r i s t e m a t i c c e l l s which d i v i d e p e r i c l i n a l l y 

and from which the innermost c e l l s d i f f e r e n t i a t e to form 

the s t a r c h y endosperm and the outermost from the aleurone 

(Jones, 1969). At t h i s stage, the aleurone l a y e r does 

c o n t a i n some minute s t a r c h g r a i n s . B u t t r o s e (1963b) 

r e p o r t s a few s t a r c h g r a n u l e s as being s t i l l v i s i b l e a t 18 

days. By f i v e weeks the aleurone l a y e r has a 

c h a r a c t e r i s t i c appearance w i t h t i g h t l y packed p r o t e i n 

bodies almost completely surrounded by l i p i d d r o p l e t s , 
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w i t h the s t a r c h granules having disappeared ( B u t t r o s e , 

1963b). The aleurone p r o t e i n bodies d i f f e r from those i n 

the s t a r c h y endosperm, and are about 4|im i n diameter 

(Jacobsen e t a l . , 1971). 

Surrounding the aleurone are the maternal t i s s u e s of 

the g r a i n . Of the s e , the a n t i p o d a l c e l l s s l o w l y 

degenerate as the embryo and endosperm develop, p o s s i b l y 

c o n t r i b u t i n g m a t e r i a l to t h e i r growth (Bennett e t a l . , 

1975). S i m i l a r l y , the n u c e l l u s becomes absorbed as the 

ovule grows. Only the epidermis of the n u c e l l u s 

continues as a l i v i n g t i s s u e f o r some time. U l t i m a t e l y 

the r a d i a l w a l l s become absorbed and when the g r a i n 

s h r i n k s through water l o s s , the s i n g l e c e l l t i s s u e 

c o l l a p s e s l e a v i n g the upper and lower l a y e r s crushed 

together. T h i s forms a d e l i c a t e c o v e r i n g o v e r l y i n g the 

aleurone l a y e r . 

Three days a f t e r a n t h e s i s , the outer integument 

degenerates. The i n n e r integument, c o n s i s t i n g of two 

l a y e r s , r e t a i n s i t s v i t a l i t y u n t i l the g r a i n r e a c h e s 

maximum s i z e . At t h i s stage, the c e l l s i n the outer l a y e r 

c o l l a p s e . The i n n e r l a y e r can be d i s t i n g u i s h e d f o r some 

time l a t e r , and c o n t a i n s a yellow, r e s i n o u s substance, 

which g i v e s the g r a i n i t s t i n t . U l t i m a t e l y , the r a d i a l 

w a l l s become d i s o r g a n i z e d , and the outer and i n n e r l a y e r s 

are crushed together to form the t e s t a ( P e r c i v a l , 1921) . 

The p e r i c a r p i n b a r l e y c o n s i s t s of t h i n - w a l l e d 

parenchyma c e l l s i n between the i n n e r and outer e p i d e r m i s . 
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The c e l l s next to the i n n e r epidermis d u r i n g development 

are the c r o s s c e l l s , and i t has been suggested t h a t t h e s e 

have an important r o l e i n the c o n t r i b u t i o n of m e t a b o l i t e s 

to the growing ovule (Jennings and Morton, 1963; Morrison, 

1976). The c e l l s of the i n n e r epidermis and the 

parenchyma c e l l s d i s i n t e g r a t e by about 18 days, and the 

outer epidermis then l i e s next to the c r o s s c e l l s . The 

w a l l s of the c r o s s c e l l s t h i c k e n and c y t o p l a s m i c 

degeneration f o l l o w s . T h i s l a y e r of crushed c e l l s then 

covers the t e s t a ( P e r c i v a l , 1921). 

1.4 C l a s s i f i c a t i o n of Seed P r o t e i n s 

1.4.1 On the B a s i s of S o l u b i l i t y 

E a r l y s t u d i e s on the p r o t e i n components of b a r l e y 

seeds were made by Einhof (1806), who showed t h a t 

a l c o h o l - s o l u b l e p r o t e i n s were p r e s e n t . However the f i r s t 

s y s t e m a t i c e x t r a c t i o n and c l a s s i f i c a t i o n of b a r l e y seed 

p r o t e i n s was made by Osborne (1895), and Osborne and 

H a r r i s (1903). On the b a s i s of s i m i l a r s t u d i e s of other 

p l a n t and seed p r o t e i n s , Osborne (1924) put forward h i s 

system of p r o t e i n c l a s s i f i c a t i o n . He proposed the 

f o l l o w i n g groups of p r o t e i n s , which were e x t r a c t e d 

s e q u e n t i a l l y : 

Albumins: e x t r a c t e d i n water. 

G l o b u l i n s : e x t r a c t e d i n s a l t s o l u t i o n s . 

Prolamins: e x t r a c t e d i n aqueous a l c o h o l s 

( p a r t i c u l a r l y 70% e t h a n o l ) , r i c h i n glutamine 
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and p r o l i n e , a n d poor i n b a s i c amino a c i d s . 

G l u t e n i n s : e x t r a c t e d , a f t e r the above, by a l k a l i n e 

or a c i d i c s o l v e n t s . 

T h i s c l a s s i f i c a t i o n s t i l l remains i n use today. Osborne 

and other contemporary workers o r i g i n a l l y gave names f o r 

a l l the d i f f e r e n t f r a c t i o n s of each s p e c i e s ; the only one 

remaining i n common use f o r b a r l e y i s the term "hordein", 

o r i g i n a l l y used by Proust (1817), f o r the prolamin 

f r a c t i o n . The term prolamin was suggested as a g e n e r i c 

name because a l l of the a l c o h o l - s o l u b l e p r o t e i n s of c e r e a l 

seeds have a l a r g e p r o p o r t i o n of p r o l i n e and 

amide-nitrogen, now known to be d e r i v e d from glutamine. 

The s e p a r a t i o n of p r o t e i n s by t h e i r s o l u b i l i t y 

r e s u l t s i n f r a c t i o n s which d i f f e r from each other i n t h e i r 

amino a c i d compositions and t h e i r p h y s i c a l p r o p e r t i e s . 

For t h i s reason, Osborne's methods have r e t a i n e d t h e i r 

importance a t the p r e s e n t time. However, the use of 

e l e c t r o p h o r e t i c techniques has shown, as was suspected by 

Osborne h i m s e l f and o t h e r s f o r many y e a r s , and Preaux and 

L o n t i e (l975) ^ t h a t each of these f r a c t i o n s i s made up of a 

heterogeneous mixture of p r o t e i n s , and t h e i r compositions 

may o v e r l a p . For example, where e x t r a c t i o n i s done 

s e q u e n t i a l l y i n the absence and then i n the presence of 

reducing agents, the e x t r a c t s are termed p r o l a m i n - I and 

p r o l a m i n - I I r e s p e c t i v e l y ( a f t e r Sodek and Wilson, 1971). 

I n wheat,the g l i a d i n s broadly r e p r e s e n t the p r o l a m i n - I 

f r a c t i o n and the g l u t e n i n s the p r o l a m i n - I I f r a c t i o n . One 
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d i f f i c u l t y i n d e f i n i n g the prolamin and g l u t e l i n p r o t e i n s 

i s t h a t t h e r e may be a d i f f e r e n c e between s o l u b i l i t y and 

e x t r a c t a b i l i t y . Thus a polypeptide t h a t i s 

a l c o h o l - s o l u b l e may not be e x t r a c t e d i n aqueous a l c o h o l 

because i t i s p r e s e n t i n i n s o l u b l e aggregates or bound to 

other i n s o l u b l e p r o t e i n s . The i n t r o d u c t i o n of improved 

procedures f o r p r o t e i n s e p a r a t i o n and a n a l y s i s have l e d to 

m o d i f i c a t i o n s i n the s o l v e n t s used f o r e x t r a c t i o n , so t h a t 

f r a c t i o n s w i t h the minimum of c r o s s - c o n t a m i n a t i o n a r e 

obtained. Thus the prolamins have been r e c e n t l y d e f i n e d as 

those p r o t e i n s which are s o l u b l e (but not n e c e s s a r i l y 

completely e x t r a c t a b l e ) i n a l c o h o l i n the presence of a 

reducing agent and a t a c i d pH. As a r e s u l t , many of the 

pol y p e p t i d e s once p l a c e d i n the g l u t e l i n f r a c t i o n a r e now 

con s i d e r e d to be prolamins ( f o r d e t a i l e d d i s c u s s i o n see 

M i f l i n e t a l . , 1980a; Byers e t a l . , 1983). 

With the v a r i a b i l i t y between s o l u b i l i t y groups 

c l a s s i f i e d by Osborne, t h e r e i s a growing need f o r a 

nomenclature based on more e x a c t i n g c r i t e r i a . The need 

f o r such a c l a s s i f i c a t i o n p rovides a s u b j e c t f o r much 

d i s c u s s i o n and c o n t e n t i o n w i t h i n c e r e a l p r o t e i n 

l i t e r a t u r e . 

1.4.2 On the B a s i s of F u n c t i o n 

According to our c u r r e n t knowledge of the bi o l o g y of 

the developing g r a i n } c e r e a l p r o t e i n s may be 

c l a s s i f i e d on the b a s i s of t h e i r f u n c t i o n . The t h r e e 

types a r e ; c y t o s o l i c or m e t a b o l i c a l l y a c t i v e , s t r u c t u r a l , 
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and s t o r a g e . C e r t a i n seed p r o t e i n s appear to have evolved 

s o l e l y to s t o r e n i t r o g e n and carbon and g e n e r a l l y sulphur 

during seed development. These n u t r i e n t s are then 

a v a i l a b l e to the growing s e e d l i n g f o l l o w i n g t h e i r 

m o b i l i z a t i o n during germination. Seed storage p r o t e i n s 

have been d e f i n e d on the b a s i s of the f o l l o w i n g c r i t e r i a : 

( i ) t i s s u e s p e c i f i c i t y : the p r o t e i n s are u s u a l l y only 

found i n the seed t i s s u e s . 

( i i ) temporal accumulation: they accumulate during the 

l a t e r stages i n the ontogeny of the seed, and t h i s 

accumulation continues as the seed matures. 

( i i i ) e f f e c t of N n u t r i t i o n : t h e i r accumulation i s 

d i s p r o p o r t i n a t e l y decreased r e l a t i v e to other seed 

p r o t e i n s when n i t r o g e n i s s e v e r e l y l i m i t i n g , 

whereas i t i s d i s p r o p o r t i o n a t e l y i n c r e a s e d w i t h 

excess n i t r o g e n . 

( i v ) s u b c e l l u l a r l o c a t i o n : they are p r e s e n t i n 

d i s c r e t e p r o t e i n d e p o s i t s w i t h i n the c e l l . 

(v) absence of any other f u n c t i o n : those 

p r o t e i n s normally c o n s i d e r e d as major s t o r a g e 

p r o t e i n s u s u a l l y have no other known f u n c t i o n ; 

although i n some c a s e s other p r o t e i n s e.g. enzymes, 

a l s o appear to perform a storage f u n c t i o n (e.g. 

sucr o s e s y n t h e t a s e i n maize (Su and P r e i s s , 1978) 

and ^-amylase i n b a r l e y (Laberge e t a l . , 1971: 

Hejgaard and Boisen, 1 9 8 0 ) ) . 
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1.4.3 The S t r u c t u r e and E x p r e s s i cn of B a r l e y Storage 

P r o t e i n s 

The prolamins of the T r i t i c e a e can be d i v i d e d i n t o 

t h r e e major sub-groups by sodium dodecyl s u l p h a t e 

polyacrylamide g e l e l e c t r o p h o r e s i s (SDS-PAGE): the S - r i c h , 

S-poor and high molecular weight prolamins (HMW) ( M i f l i n 

e t a l . , 1983; Shewry e t a l . , 1984a; Shewry and M i f l i n , 

19 85) . The g e n e r a l c h a r a c t e r i s t i c s o.f these groups ar e 

summarized i n F i g u r e 1.3. I n a d d i t i o n , a t l e a s t two 

groups of low molecular weight (LMW) p o l y p e p t i d e s are 

p r e s e n t , the CM P r o t e i n s and the LMW h o r d e i n s . (Salcedo 

e t a l . , 1980, 1982; A r a g o n c i l l o e t a l . , 1981). These two 

groups are together c a l l e d A hordein. 

The major group of the A hordeins of b a r l e y endosperm 

can be e x t r a c t e d i n aqueous a l c o h o l or chloroform-methanol 

mi x t u r e s ; they are t h e r e f o r e c a l l e d the CM-proteins. Some 

A hordeins can a l s o be e x t r a c t e d by 0.5M NaCl and are 

t h e r e f o r e p r e s e n t i n both the s a l t - s o l u b l e p r o t e i n and 

hordein f r a c t i o n s e x t r a c t e d by s e q u e n t i a l Osborne 

procedures. Using two dimensional i s o e l e c t r i c f o c u s i n g 

p o l y a crylamide g e l e l e c t r o p h o r e s i s i n aluminium l a c t a t e 

b u f f e r a t pH 3.2, Salcedo e t a l . (1980) demonstrated the 

presence of four major components, which they subsequently 

p u r i f i e d (Salcedo e t a l . , 1982a). These have m o l e c u l a r 

weights by SDS-PAGE of 12,000-16,000, and amino a c i d 

compositions s i m i l a r to t h a t of the CM p r o t e i n s of wheat. 

They t h e r e f o r e l a b e l l e d them CMa to CMd. Salcedo e t a l . 
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(19 84) have shown t h a t CMa and CMc are encoded by genes on 

chromosome 1, and CMb and CMd by genes on chromosome 4. 

Salcedo e t a l . (1984) a l s o i d e n t i f i e d a f u r t h e r LMW 

component, CMe, which was t e n t a t i v e l y i n c l u d e d i n t h i s 

group on the b a s i s of i t s s o l u b i l i t y and e l e c t r o p h o r e t i c 

m o b i l i t y . The s t r u c t u r a l genes f o r CMe were a s s i g n e d to 

chromosome 3. Barber e t a l . (19 86) have shown t h a t CMa 

e x h i b i t s i n h i b i t o r y a c t i v i t y a g a i n s t ^-amylase from l a r v a e 

of the i n s e c t Tenebrio m o l i t o r , w h i l e CMe corresponds to 

the major g r a i n t r y p s i n i n h i b i t o r (Lazaro e t a l . , 1985) 

which was i s o l a t e d and sequenced by Odani e t a l . (1983). 

A r a g o n c i l l o e t a l . (1981) showed t h a t the LMW (under 

25,0000) f r a c t i o n from a chloroform-methanol (2:1) e x t r a c t 

of b a r l e y endosperm contained a second group of 

components, p r e s e n t i n s m a l l e r q u a n t i t i e s than the CM 

p r o t e i n s , t h a t had low m o b i l i t y on s t a r c h g e l 

e l e c t r o p h o r e s i s , and gave a major band on SDS-PAGE w i t h a 

molecular weight of 18,000. More r e c e n t l y , Salcedo e t a l . 

(1982b) p u r i f i e d the major CMW hordein (LMW hordein-1 from 

b a r l e y ) . T h i s had a molecular weight by SDS-PAGE of 

16,500 and an amino a c i d composition s i m i l a r to those of 

the low molecular weight prolamins of wheat and r y e . 

The high molecular weight prolamins are c h a r a c t e r i z e d 

by a p a r t i c u l a r l y high content of g l y c i n e . They c o n t a i n 

l e s s p r o l i n e and p h e n y l a l a n i n e than other prolamins. 

T h e i r abundance v a r i e s i n amount, from about 2% ( i n 

b a r l e y ) to about 10% ( i n wheat) of the t o t a l seed 
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prolamins. They are p r e s e n t e x c l u s i v e l y i n 

d i s u l p h i d e - l i n k e d aggregates and thus a r e e x t r a c t e d 

predominantly i n the p r o l a m i n - I I f r a c t i o n . I n b a r l e y , 

t h i s HMW f r a c t i o n i s termed D hordein and i n most 

c u l t i v a r s migrates as a s i n g l e band of molecular weight 

about 105,000 on SDS-PAGE (Shewry and M i f l i n , 1982). 

I n wheat endosperm, the high molecular weight seed 

storage p r o t e i n s a r e termed the glutenin-s, and are coded 

f o r by s e v e r a l genes on each of the group 1 chromosomes of 

wheat - 1A, IB and ID (Thompson e t a l . , 1983) . Shewry e t 

a l . (1984b) p u r i f i e d a number of HMW subunits i n c l u d i n g a t 

l e a s t one encoded by each genome. F u r t h e r sequences have 

been deduced from p a r t i a l cDNAs. Forde e t a l . (19 83) 

re p o r t e d two p a r t i a l cDNAs which encoded the COOH-terminal 

p a r t s of HMW s u b u n i t s . They were c l o s e l y homologous and 

encoded 101 and 39 r e s i d u e s . The c e n t r a l p a r t of the 

polypeptide c h a i n was shown to be based on repeated b l o c k s 

of s i x and nine amino a c i d s . The p a r t i a l cDNA clone by 

Thompson e t a l . (1983) encoded over 200 r e s i d u e s , which 

c o n s i s t e d only of hexa- and nonapeptide r e p e a t s . 

More r e c e n t l y , complete n u c l e o t i d e sequences of 

genomic c l o n e s r e l a t e d to HMW s u b u n i t s of wheat have been 

r e p o r t e d . Forde e t a l . (19 85a) have sequenced an i n a c t i v e 

g l u t e n i n gene d e r i v e d from chromosome 1A. Two f u r t h e r 

n u c l e o t i d e sequences of genes encoding f o r HMW-glutelin 

sub u n i t s have been determined by Thompson e t a l . (19 85) 

and Sugiyama e t a l . (19 8 5 ) . 
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Nothing i s known of the amino a c i d sequences of D 

hordein or the HMW s e c a l i n s . The former i s blocked to 

Edman degradation ( F i e l d e t a l . , 1982) and the l a t t e r has 

not been s t u d i e d . The two cDNA cl o n e s of Forde e t a l . 

(1983) a l s o h y b r i d i z e d to a cDNA clone i d e n t i f i e d as 

r e l a t e d to D hordein of b a r l e y . T h i s i n d i c a t e s the 

presence of a high degree of s t r u c t u r a l homology between 

the c l o n e s . 

The sulphur poor prolamins c o n t a i n no c y s t e i n e and so 

are almost completely e x t r a c t e d by aqueous a l c o h o l s 

without a reducing agent, and occur almost e x c l u s i v e l y i n 

the p r o l a m i n - I f r a c t i o n . They c o n s t i t u t e about 10-20% of 

the t o t a l prolamins i n the seeds of p l a n t s grown under 

normal c o n d i t i o n s of n u t r i t i o n . I n b a r l e y , t h i s i s c a l l e d 

C hordein, and the f r a c t i o n g i v e s a number of bands on 

SDS-PAGE w i t h molecular weights between 55,000 and 73,000. 

I t i s extremely r i c h i n glutamine (about 40 mol%), 

p r o l i n e (30 mol%) and p h e n y l a l a n i n e (9 mol % ) . Amino a c i d 

sequences have been determined f o r the N-termini of whole 

p r o t e i n s (Shewry e t a l . , 1980a, 1981) and peptides (Tatham 

e t a l . , 1985). F u r t h e r sequence i n f o r m a t i o n has been 

d e r i v e d from the n u c l e o t i d e sequence of a 

C - h o r d e i n - r e l a t e d cDNA clone (Forde e t a l . , 1985b). 

At the N-terminus a d i s t i n c t domain of 12 r e s i d u e s i s 

followed by a t l e a s t t h r e e repeated b l o c k s of f i v e 

r e s i d u e s (consensus PQQPY). The C - t e r m i n a l domain i s 

s h o r t e r being only 6 r e s i d u e s , and i s preceded by repeated 
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b l o c k s of 8 (PQQPFPQQ) r a t h e r than 5 r e s i d u e s . T h i s 

o c t apeptide appears to correspond to the N-terminal 

pentapeptide p l u s a t r i p e p t i d e . The r a t i o of amino a c i d s 

i n the octapeptide (4Q:3P:1F) i s c l o s e to t h a t i n C 

hordein (40Q:30P:9F). S i n c e glutamine (Q), p r o l i n e (P) 

and p h e n y l a l a n i n e (F) together account f o r almost 80% of 

the t o t a l r e s i d u e s , the o c t a p e p t i d e i s probably the b a s i c 

b u i l d i n g block f o r most of the p r o t e i n . The pentapeptide 

found i n the N-terminal r e g i o n may have been d e r i v e d from 

t h i s by d e l e t i o n . 

Tatham e t a l . (1985) used a combination of c i r c u l a r 

d i c h r o i s m spectroscopy and computer p r e d i c t i o n to show 

t h a t C hordein has an unusual secondary s t r u c t u r e w i t h an 

absence of a - h e l i x and 3-sheet, but the presence of 

r e g u l a r l y repeated 3-turns. T h i s i s a s s o c i a t e d w i t h the 

r e p e t i t i v e primary s t r u c t u r e . T h e i r r e s u l t s i n d i c a t e t h a t 

the conformation i s s t a b i l i z e d by s t r o n g hydrophobic 

i n t e r a c t i o n s and by e x t e n s i v e hydrogen-bonding. 

The S - r i c h prolamins vary i n t h e i r e x t r a c t i o n 

p r o p e r t i e s , some being p r e s e n t i n the p r o l a m i n - I f r a c t i o n 

and some i n the p r o l a m i n - I I . They account f o r 80-90% of 

the t o t a l prolamin f r a c t i o n i n seed g r a i n grown under 

normal n u t r i e n t c o n d i t i o n s , but d e c r e a s e 

d i s p r o p o r t i o n a t e l y under s u l p h u r - s t r e s s . T h e i r major 

c h a r a c t e r i s t i c i s t h a t they c o n t a i n r e l a t i v e l y l a r g e 

amounts (2-2.5m%) of S-amino a c i d s . The s u l p h u r - r i c h 

prolamins have l e s s glutamine and p r o l i n e , but more 
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c y s t e i n e (about 2.5m%) than C hordein. They can be 

sub-divided i n t o d i f f e r e n t groups i n wheat and rye but are 

g e n e r a l l y t r e a t e d as one group i n b a r l e y ; these are termed 

the B hordeins. With SDS-PAGE, they are shown to comprise 

of a number of polypeptides with molecular weights of 

35,000 to 46,000. The B hordeins are the major storage 

p r o t e i n s i n the b a r l e y g r a i n , accounting f or 80-90% of the 

t o t a l hordein, and 30-40% of the t o t a l seed n i t r o g e n 

(Kirkman e t a l . 1982). 

Shewry e t a l . (1985) have reported the N-terminal 

amino a c i d sequence of f r a c t i o n s c o n t a i n i n g the 3 
1 B - h o r d e i n - l i k e ' bands from the b a r l e y mutantj. The mutant 

R i s 0 56 d i f f e r s from the p a r e n t a l l i n e C a r l s b e r g I I i n a 

d e l e t i o n of most (or a l l ) of the genes a t the Hor 2 locus 

( D o l l , 1980; K r e i s e t a l . 1983a). Shewry e t a l . , (1985) 

found the sequences are homologous w i t h those of y-type 

g l i a d i n s of wheat a n d Y - s e c a l i n s of rye, i n d i c a t i n g t h a t 

they are not t y p i c a l B hordeins. The i d e n t i f i c a t i o n of 

y-type prolamins i n b a r l e y has important i m p l i c a t i o n s f o r 

prolamin e v o l u t i o n . K r e i s e t a l . (1985) made a d e t a i l e d 

comparison of a l l the a v a i l a b l e amino a c i d sequences of 

S - r i c h prolamins and concluded t h a t B-hordein was a 

de r i v e d type, most c l o s e l y r e l a t e d to the low molecular 

mass subunits of wheat g l u t e n i n . The a n c e s t r a l type of 

S - r i c h prolamin represented by the y-type g l i a d i n s and 

<y-secalins d i d not appear to be pr e s e n t i n b a r l e y . 

However, the study by Shewry e t a l . (19 85) demonstrates 
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they are p r e s e n t , although as a s m a l l p r o p o r t i o n of the 

t o t a l hordein i n normal c u l t i v a r s . Rasmussen e t a l . 

(1983) and Forde and co-workers ( M i f l i n e t a l . , 1983; 

Forde e t a l . , 1985c) have r e p o r t e d the n u c l e o t i d e and 

d e r i v e d amino a c i d sequences of cDNA c l o n e s r e l a t e d to the 

B-hordein mRNAs. Rasmussen e t a l . (1983) determined the 

n u c l e o t i d e sequences of four cDNA c l o n e s . The l o n g e s t of 

these , the pa hor 2-4 } encoded the 181 ca r b o x y - t e r m i n a l 

amino a c i d s of a polypeptide t h a t was homologous 61 

i d e n t i c a l r e s i d u e s out of 74 wi t h the B l - h o r d e i n p e p t i d e s 

sequenced by Schmitt and Svendsen (1980) . A second cDNA 

clone po hor 2-3 / encoded the 54 car b o x y - t e r m i n a l amino 

a c i d s of a second hordein polypeptide, which d i f f e r e d from 

t h a t encoded by po hor 2-4 i n nine r e s i d u e s . The other 

two cDNA c l o n e s were s h o r t e r and encoded c a r b o x y - t e r m i n a l 

r e g i o n s of p r o t e i n s w i t h the same amino a c i d sequence as 

t h a t encoded by po hor 2-3 . The most notable d i f f e r e n c e 

between the amino a c i d sequences encoded by V° hor 2-3 a n ( j 

po hor 2-4 was i n the re g i o n c l o s e to the 

carboxy-terminus. Whereas the amino a c i d sequence encoded 

by pr hor 2-3 was i d e n t i c a l i n t h i s r e g i o n to t h a t 

r e p o r t e d by Forde e t a l . (1981) f o r a B3 type of hordein 

p o l y p e p t i d e , t h a t encoded by pc hor 2-4 d i f f e r e d i n the 

s i x t h , seventh, e i g h t h and n i n t h r e s i d u e s from the 

carboxy-terminus. 

Forde e t a l . (1985b) have sequenced two longer cDNA 

cl o n e s r e l a t e d to B l and B3 ho r d e i n s . Sequences (b) and 
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(c) were determined from complete genomic and almost 

complete cDNA sequences r e s p e c t i v e l y of B l ( c l a s s I ) 

hordeins from cv. Sundance, u s i n g h y b r i d - s e l e c t i o n 

t r a n s l a t i o n s . A f u r t h e r sequence (d) was deduced from a 

p a r t i a l cDNA from B3 ( C l a s s I I I ) h o r d e i n from the same 

c u l t i v a r (Forde e t a l . , 1985c). Brandt e t a l . (1981), 

deduced a sequence (a) from genomic DNA from a d i f f e r e n t 

c u l t i v a r , C a r l s b e r g I I , but suggested i t may a l s o 

correspond to a c l a s s I / I I p o lypeptide. 

The sequences a l l show two d i s t i n c t s t r u c t u r a l 

domains. The N-terminal domain c o n s i s t s of 79 r e s i d u e s i n 

the B l hordein polypeptide from cv. Sundance (sequence b ) , 

but up to 23 r e s i d u e s l e s s i n the c l a s s I / I I polypeptide 

from C a r l s b e r g I I (sequence a ) . T h i s domain i s 

p r o l i n e - r i c h and based on repeated p e p t i d e s . I n the B l 

( c l a s s I ) hordeins (sequences a,b,c) th e s e vary i n l e n g t h 

from f i v e to e i g h t r e s i d u e s , but are a l l based on a PQQP 

t e t r a p e p t i d e . 

The r e p e a t motif i s l e s s conserved i n the B3 hordein 

(sequence d ) , and th e r e i s no apparent sequence homology 

between the N-terminal p a r t of t h i s p r o t e i n and the 

B l / C l a s s I h o r d e i n s . 

The C - t e r m i n a l domains of the p r o t e i n s c o n s i s t of 

about 200 r e s i d u e s , are n o n - r e p e t i t i v e and c o n t a i n l e s s 

p r o l i n e (11% i n sequence "b" compared w i t h 39% i n the 

r e p e t i t i v e domain). With the e x c e p t i o n of the B3 hordein, 

they a l s o c o n t a i n a l l the c y s t e i n e and methionine 
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r e s i d u e s . 

The B, C and D groups of hordein p o l y p e p t i d e s are 

encoded by s i n g l e s t r u c t u r a l l o c i d esignated Hor 2 , 

Hor land Hor 3 f r e s p e c t i v e l y . The chromosomal l o c a t i o n s of 

s t r u c t u r a l genes f o r the prolamins of the T r i t i c e a e a r e 

i l l u s t r a t e d i n F i g u r e 1.4. 

Linkage data are taken from Shewry e t a l . 1983b, 

1984c), Jensen (1983), Payne e t a l . ( 1 9 8 2 a , b ) , Jackson e t 

a l . (1985), and Singh and Shepherd (1984). 

Hor 1 , Hor 2 and Hor 3 are c o - o r d i n a t e l y r e g u l a t e d i n 

t h a t they are only expressed i n the endosperm and, a t a 

c e r t a i n stage of development. A l s o , they always appear to 

be expressed together, no one group of hordein 

p o l y p e p t i d e s being s y n t h e s i z e d without the o t h e r s . 

However, w i t h i n t h i s broadly s y n c h r o n i z e d e x p r e s s i o n t h e r e 

are d i f f e r e n c e s i n the r e l a t i v e l e v e l s of s y n t h e s i s and 

accumulation of the D-hordein, C-hordein and s u b - f a m i l i e s 

of B-hordein p o l y p e p t i d e s . These occur as a f u n c t i o n of 

the stage of endosperm development, i n response to the 

a v a i l a b i l i t y of n i t r o g e n and sulphur and as a r e s u l t of 

the presence of mutant h i g h - l y s i n e genes. 

D i f f e r e n t c l a s s e s of B-hordeins can be recog n i z e d by 

cyanogen bromide peptide mapping ( F a u l k s e t a l . , 1981), 

h y b r i d i z a t i o n of cDNA and mRNA pop u l a t i o n s (Forde e t a l . , 

1981; K r e i s e t a l . 1983a) and n u c l e o t i d e sequencing of 

cDNA c l o n e s (Forde e t a l . , 1985b), and are encoded by 

se p a r a t e s u b - f a m i l i e s of mRNAs. 
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Chromosomal l o c a t i o n s o f s t r u c t u r a l genes f o r t h e 
p r o l a m i n s o f t h e T r i t i c e a e . 
( r e p r o d u c e d by c o u r t e s y o f Dr. M. K r e i s ; i n K r e i s 
e t a l . , 1 9 8 5 ) . 



1.4.4 The Non-Prolamin P r o t e i n s 

The main s t o r a g e p r o t e i n i n t h e b a r l e y endosperm, 

h o r d e i n , a c c o u n t i n g f o r about 40% o f t h e b a r l e y g r a i n 

n i t r o g e n has a v e r y low c o n t e n t o f t h e e s s e n t i a l amino 

a c i d l y s i n e . A t t e m p t s t o improve t h e g r a i n ' s n u t r i t i o n a l 

v a l u e have t h u s c e n t r e d on f i n d i n g l i n e s i n w h i c h t h e 

l y s i n e c o n t e n t i s i n c r e a s e d . The f i r s t h i g h l y s i n e l i n e 

r e c o g n i z e d i n a c e r e a l o t h e r t h a n maize .was H i p r o l y (Munck 

e t a l . , 1 970), w h i c h was fo u n d by s c r e e n i n g t h e w o r l d 

b a r l e y c o l l e c t i o n u s i n g t h e d y e - b i n d i n g c a p a c i t y (DBC) 

t e c h n i q u e . T h i s p r o c e d u r e compares t h e amount o f 

A c i l a n e Orange G dye bound t o b a s i c amino a c i d s w i t h t h e 

n i t r o g e n (N) c o n t e n t o f t h e sample, any d e v i a n t w i t h a 

h i g h e r t h a n average DBC b e i n g l i k e l y t o have an i n c r e a s e d 

amount o f b a s i c amino a c i d s . The same p r o c e d u r e has been 

used by t h e r e s e a r c h group a t t h e Danish Atomic Research 

S t a t i o n a t R i s 0 t o s c r e e n a l a r g e number o f seeds t r e a t e d 

w i t h e i t h e r c h e m i c a l o r p h y s i c a l mutagens. From t h i s , a 

number o f m u t a n t s have been i d e n t i f i e d ( D o l l e t a l . , 1974) 

i n c l u d i n g Risja 1508 w h i c h has t h e h i g h e s t i n c r e a s e i n 

g r a i n l y s i n e c o n t e n t y e t r e c o r d e d and was o b t a i n e d by 

mutagenesis ( I n g v e r s e n e t a l . , 1973). A f u r t h e r h i g h 

l y s i n e m u t a n t i s Rispf 56, i n d u c e d by t r e a t m e n t o f t h e 

c u l t i v a r C a r l s b e r g I I w i t h Y ~ r a Y s A and i s c h a r a c t e r i z e d by 

a decrease i n t h e amount o f B h o r d e i n p o l y p e p t i d e s , i s 

b e l i e v e d t o have a d e l e t i o n i n t h e s t r u c t u r a l genes c o d i n g 

f o r one o f t h e h o r d e i n f r a c t i o n s , HOT 2 ( D o l l , 1980). 
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Four m a j o r s a l t s o l u b l e p r o t e i n s , 3-amylase, p r o t e i n 

Z and two chymotrypsin i n h i b i t o r s C I - 1 and CI-2 were 

i d e n t i f i e d i n H i p r o l y d e r i v e d l i n e s ( H e j g a a r d and B o i s e n , 

1980) . I n t h i s s t u d y i t was shown t h a t t h e f o u r p f ^ t e i n s 

a c c o u n t e d f o r 7% o f t h e g r a i n l y s i n e i n s t a n d a r d l i n e s b u t 

f o r 17% i n H i p r o l y l i n e s . The same i n v e s t i g a t i o n a l s o 

showed t h a t o n l y C I - 1 was i n c r e a s e d i n R i s 0 1508. Giese 

and Anderson (1982) s t u d i e d t h e c o u r s e o f p r o t e i n 

s y n t h e s i s d u r i n g g r a i n f i l l i n g i n Bomi and t h e h i g h l y s i n e 

b a r l e y s H i l y 82/83 and Ris^f 56, and have shown t h a t t h e 

f o u r s a l t s o l u b l e p r o t e i n s , p r o t e i n Z, 3-amylase and t h e 

c h y m o t r y p s i n i n h i b i t o r s , C I - 1 and C I - 2 , a r e s y n t h e s i z e d i n 

g r e a t e r amounts e a r l i e r i n t h e h i g h l y s i n e l i n e s t h a n i n 

Bomi. On t h e o t h e r hand, t h e h o r d e i n s a r e s y n t h e s i z e d i n 

g r e a t e r amounts e a r l i e r d u r i n g g r a i n f i l l i n g i n Bomi t h a n 

i n H i l y 82/83 and Risgf 56. Giese and Anderson a l s o f o u n d 

no i n d i c a t i o n o f a s i g n i f i c a n t r e d u c t i o n i n t o t a l p r o t e i n 

s y n t h e s i s i n t h e h i g h l y s i n e l i n e s compared t o t h e 

s t a n d a r d l i n e s . They fo u n d H i l y 82/83 and Riser 56 t o be 

v e r y s i m i l a r i n p r o t e i n c o m p o s i t i o n i n t h a t t h e y have 

l o w e r h o r d e i n c o n t e n t and h i g h e r l e v e l s o f p a r t i c u l a r l y 

3-amylase and c h y m o t r y p s i n i n h i b i t o r s t h a n Bomi. 

K r e i s e t a l . (1983b) have a n a l y z e d t h e m o l e c u l a r 

n a t u r e o f t h e Ris/zJ 56 m u t a t i o n , w h i c h r e s u l t s i n a 

d e p r e s s i o n o f h o r d e i n a c c u m u l a t i o n and c o n s e q u e n t l y a 

h i g h e r o v e r a l l l y s i n e c o n t e n t . I n p a r t i c u l a r , t h e amount 

o f B h o r d e i n , encoded f o r by t h e complex l o c u s Hor 2 , i s 
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decreased by about 75% because o f t h e absence o f ma j o r 

components. K r e i s e t a l . (1983a) f o u n d f r o m t h e a n a l y s i s 

o f endosperm RNA, by in vitro t r a n s l a t i o n and 

h y b r i d i z a t i o n t o v a r i o u s c l o n e d cDNAs d e r i v e d f r o m h o r d e i n 

mRNA, t h a t mRNA f o r t h e m a j o r B h o r d e i n s i s n o t p r e s e n t i n 

t h e endosperm. F u r t h e r m o r e , h y b r i d i z a t i o n o f a B h o r d e i n 

cDNA c l o n e t o g e l - f r a c t i o n a t e d r e s t r i c t i o n d i g e s t s o f 

mutant and w i l d - t y p e DNA i n d i c a t e s t h a t a t l e a s t 85kb o f 

DNA has been d e l e t e d f r o m t h e Hor 2 l o c u s i n t h e 

h i g h - l y s i n e m u t a n t . 

I n r e c e n t s t u d i e s on t h e c o u r s e o f p r o t e i n s y n t h e s i s 

i n t h e endosperm o f t h e s t a n d a r d v a r i e t y Bomi, t h e 

s y n t h e s i s o f t h e p r o t e i n s , 3-amylase and p r o t e i n Z, WOJS 

shown t o oc c u r a l i t t l e l a t e r d u r i n g g r a i n f i l l i n g t h a n 

t h e s y n t h e s i s o f h o r d e i n . A l s o , p r o t e i n Z was shown t o be 

t h e p r o t e i n i n t h e s a l t s o l u b l e f r a c t i o n t h a t responds 

most t o t h e i n c r e a s i n g N (Giese and H e j g a a r d , 1984). 

The c h y m o t r y p s i n i n h i b i t o r s C I - 1 and CI-2, p u r i f i e d 

i n i t i a l l y by B o i s e n e t a l . ( 1 9 8 1 ) , have been shown t o be 

i m m u n o l o g i c a l l y d i s t i n c t , and t o have s l i g h t l y d i f f e r e n t 

amino a c i d c o m p o s i t i o n s . B o t h i n h i b i t o r s have a h i g h 

l y s i n e c o n t e n t and, u n u s u a l l y f o r p r o t e a s e i n h i b i t o r s , 

d e v o i d o f c y s t e i n e . B o t h i n h i b i t o r s have been sequenced 

(Svendsen e t a l . , 1980a, 1982). The r e s u l t s s u p p o r t t h e 

o r i g i n a l s u g g e s t i o n by M i k o l a and S u o l i n n a (1971) t h a t 

t h e y a r e r e l a t e d t o p o t a t o p r o t e a s e i n h i b i t o r I . More 

s u r p r i s i n g l y , t h e y a r e a l s o homologous w i t h e g l i n , t h e 
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e l a s t a s e - c a t h e p s i n G i n h i b i t o r f r o m t h e l e e c h (Hirudo 

iedicinal is) (Svendsen e t a l . , 1980a, 1980b, 1982). Amino a c i d 

sequence comparison showed t h a t two o f t h e CI-2 i s o f o r m s 

a r e t h e same p r o t e i n s as t h e h i g h - l y s i n e p r o t e i n s S P I I A 

and B p u r i f i e d f r o m t h e h i g h - l y s i n e b a r l e y l i n e H i p r o l y 

(Svendsen e t a l . , 1980b). C I - 1 and CI-2 i n h i b i t o r s have 

been shown t o accumulate a t a b o u t t h e same t i m e as t h e 

m a j o r s t o r a g e p r o t e i n s - t h e h o r d e i n s ( K i r s i , 1973; Giese 

and Andersen, 19 8 4 ) . However, t h e y a r e n o t endosperm 

s p e c i f i c , i n t h a t t h e y a r e s y n t h e s i z e d i n t h e embryo 

d u r i n g g e r m i n a t i o n , p a r t i c u l a r l y i n t h e g r o w i n g r o o t t i p s , 

and can be f o u n d i n s m a l l amounts i n t h e m e r i s t e m a t i c 

r e g i o n s o f t h e p l a n t d u r i n g g r o w t h ( K i r s i and M i k o l a , 

1971). I n common w i t h s t o r a g e p r o t e i n s , t h e amounts o f 

t h e s e i n h i b i t o r s a ccumulated i n t h e endosperm a r e m a r k e d l y 

i n c r e a s e d by i n c r e a s i n g n i t r o g e n f e r t i l i z e r ( K i r s i , 1973; 

H e j g a a r d and B o i s e n , 1980; Giese and Andersen, 1984) and 

t h e y a r e b r o k e n down r e l a t i v e l y r a p i d l y d u r i n g g e r m i n a t i o n 

( K i r s i , 1 974). 

W i l l i a m s o n e t a l . (1986a) have i s o l a t e d s e v e r a l cDNA 

c l o n e s r e l a t e d t o C I - 1 and CI-2 u s i n g s y n t h e t i c 

o l i g o n u c l e o t i d e s as p r o b e s . R e s t r i c t i o n mapping and 

s e q u e n c i n g show t h a t t h e r e a r e a t l e a s t two s u b f a m i l i e s o f 

mRNAs f o r each i n h i b i t o r . " S o u t h e r n b l o t s " i n d i c a t e t h a t 

t h e r e a r e a b o u t 10 and 6 c o p i e s p e r h a p l o i d genome o f t h e 

s t r u c t u r a l genes f o r C I - 1 and C I - 2 , r e s p e c t i v e l y . 

" N o r t h e r n h y b r i d i z a t i o n " e x p e r i m e n t s show t h a t t h e 
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abundances o f C I - 1 and CI-2 mRNAs c o r r e l a t e w i t h changes 

i n t h e amounts o f t h e p r o t e i n s in vivo i n normal and 

h i g h - l y s i n e b a r l e y l i n e s . F i g u r e 1.5 i l l u s t r a t e s t h e 

r e l a t i v e amounts o f C I - 1 and CI-2 p r e s e n t i n t h e 

l o w - l y s i n e and h i g h - l y s i n e l i n e s o f b a r l e y . 

S i m i l a r c h y m o t r y p s i n i n h i b i t o r s have been fo u n d i n 

seeds o f o t h e r p l a n t s . H e j g a a r d (1981) has shown t h a t 

p r o t e i n a s e i n h i b i t o r s , w h i c h a r e i m m u n o l o g i c a l l y r e l a t e d 

t o CI-2 i n b a r l e y , a r e p r e s e n t i n wheat and r y e . 

C e r e a l seeds have l o n g been known t o c o n t a i n 

^-amylase i n h i b i t o r s (Kneen and S a n d s t e d t , 1943; Buonocore 

e t a l . , 1 9 7 1 ) . Three maj o r forms have been p u r i f i e d and 

a n a l y z e d f r o m wheat ( S h a i n k i n and B i r k , 1970; Redman, 

1975, 1976; Granum and W h i t a k e r , 1977; Kashlan and 

R i c h a r d s o n , 1981). These i n h i b i t o r s have been f o u n d 

c h i e f l y i n t h e endosperm and can be e x t r a c t e d f r o m t h e 

f l o u r w i t h w a t e r o r aqueous a l c o h o l ( S i l a n o e t a l . , 1973). 

Complete amino a c i d sequences o f a-amylase i n h i b i t o r s 

have been d e t e r m i n e d (Maeda e t a l . , 1985a; Maeda e t a l . , 

1 983). Maeda e t a l . , (1985b) produced m o n o c l o n a l 

a n t i b o d i e s t o d e m o n s t r a t e t h e s t r u c t u r a l r e l a t i o n s h i p o f 

numerous a-amylase i n h i b i t o r s i n wheat. 

P a r a l l e l s t u d i e s have shown t h a t c e r e a l g r a i n s 

c o n t a i n l a r g e amounts o f t r y p s i n i n h i b i t o r s (5-10% o f t h e 

t o t a l w a t e r - s o l u b l e p r o t e i n ) , p r e s e n t i n b o t h t h e embryo 

and t h e endosperm ( M i k o l i and K i r s i , 1972; H o c h s t r a s s e and 

Werle, 1969) . Endosperm i n h i b i t o r s have been 
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c h a r a c t e r i z e d f o r wheat, b a r l e y and r y e ( B o i s e n and 

D j u r t o f t , 1981a; B o i s e n and D j u r t o f t , 1981b; B o i s e n , 1983; 

and Shewry e t a l . , 1984d). Besides b e i n g s o l u b l e i n 

w a t e r , t h e t r y p s i n i n h i b i t o r s a r e a l s o s o l u b l e i n aqueous 

e t h a n o l (50%) ( M i k o l a and S u o l i n n a , 1969). 

S h i v a r a j and P a t t a b i r a m a n (1981) have shown t h a t one 

o f t h e a-amylase i n h i b i t o r s o f I n d i a n f i n g e r m i l l e t 

{Eleusine comcam)±s a l s o an a c t i v e t r y p s i n i n h i b i t o r . T h i s 

i n h i b i t o r has been sequenced (Campos and R i c h a r d s o n , 

1983) . Odani e t a l . (1983a) a l s o sequenced t h e b a r l e y 

t r y p s i n i n h i b i t o r and n o t e d t h e homology between t h e i r 

sequence and t h a t p r e v i o u s l y r e p o r t e d f o r t h e wheat 

-amylase i n h i b i t o r ( Kashlan and R i c h a r d s o n , 1981). There 

i s c o n s i d e r a b l e homology between t h e t h r e e a-amylase 

i n h i b i t o r s o f wheat, t h e t r y p s i n i n h i b i t o r s o f b a r l e y and 

maize, and t h e b i f u n c t i o n a l a-amylase t r y p s i n i n h i b i t o r o f 

f i n g e r m i l l e t . I t t h e r e f o r e appears t h a t t h e a-amylase 

and t r y p s i n i n h i b i t o r s b e l o n g t o t h e same f a m i l y and t h a t 

some a t l e a s t a r e b i f u n c t i o n a l . Odani e t a l . (1983b) 

have a l s o n o t e d sequence homology between t h e b a r l e y 

t r y p s i n i n h i b i t o r and c a s t o r - b e a n s t o r a g e p r o t e i n . 

Many o f t h e c e r e a l p r o t e a s e i n h i b i t o r s a r e 

b i f u n c t i o n a l i n t h a t t h e y a l s o i n h i b i t a -amylase a c t i v i t y . 

Mundy e t a l . (1984) c h a r a c t e r i z e d a b i f u n c t i o n a l wheat 

i n h i b i t o r on endogenous a-amylase and s u b t i l i s i n . The 

amino a c i d c o m p o s i t i o n and N - t e r m i n a l sequence (45 

r e s i d u e s ) show t h a t t h e i n h i b i t o r i s homologous w i t h 
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c e r e a l and leguminous i n h i b i t o r s o f t h e soybean t r y p s i n 

i n h i b i t o r ( K u n i t z ) f a m i l y . 

1.5 Endosperm Development 

C e r t a i n a s p e c t s o f t h e development o f t h e endosperm 

o f b a r l e y a r e p a r t i c u l a r l y r e l e v a n t t o i t s t e c h n o l o g i c a l 

uses: one such i m p o r t a n t p r o c e s s i s t h a t o f p r o t e i n 

d e p o s i t i o n . 

1.5.1 The Temporal D e p o s i t i o n o f P r o t e i n s 

S e v e r a l s t u d i e s have been made o f t h e t i m i n g o f 

p r o t e i n d e p o s i t i o n i n c e r e a l seeds. B i s h o p (1930) was 

p r o b a b l y t h e f i r s t p e r s o n t o s t u d y t h e d e v e l o p m e n t a l 

sequence i n w h i c h t h e p r o t e i n f r a c t i o n s o f t h e b a r l e y 

g r a i n a c c u m u l a t e . 

F i g u r e 1.6 i l l u s t r a t e s t h e r e s u l t s o f a r e c e n t s t u d y 

by Rahman e t a l . (1982) f o r t h e a c c u m u l a t i o n o f p r o t e i n 

f r a c t i o n s d u r i n g t h e development o f b a r l e y endosperm. 

These r e s u l t s emphasize t h e p o i n t t h a t s a l t - s o l u b l e 

p r o t e i n s a r e p r e s e n t f r o m e a r l y i n development b u t cease 

t o a c c u m u l a t e when t h e endosperm has reac h e d about h a l f o f 

i t s f i n a l w e i g h t . There may, however, be d i f f e r e n c e s i n 

t h e a c c u m u l a t i o n p a t t e r n s o f d i f f e r e n t components o f t h e 

f r a c t i o n , f o r example t h e g l o b u l i n s p r o b a b l y c o n t a i n some 

s t o r a g e p r o t e i n s and t h e i r a c c u m u l a t i o n c o n t i n u e s l a t e r i n 

development t h a n t h e al b u m i n s ( B r a n d t , 1976). I n c o n t r a s t 

t h e h o r d e i n s o n l y appear as t h e endosperm e n t e r s t h e phase 

o f r a p i d g r o w t h and t h e y c o n t i n u e t o accumulate l i n e a r l y 

u n t i l m a t u r i t y . 
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The accumulation of f r a c t i o n s during the development 
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Rahman e t a l . (19 82) have shown t h a t w i t h i n t h e 

t o t a l h o r d e i n f r a c t i o n , t h e i n d i v i d u a l components 

accummulate a t d i f f e r e n t r a t e s . A t t h e e a r l y s t a g e s , t h e 

C h o r d e i n s f o r m a r e l a t i v e l y g r e a t e r p r o p o r t i o n o f t h e 

t o t a l h o r d e i n f r a c t i o n , w i t h t h e l o w e r m o l e c u l a r w e i g h t B 

h o r d e i n s a c c u m u l a t i n g r e l a t i v e l y l a t e r t h a n t h e r e s t . 

A n a l y s e s o f RNA f r a c t i o n s f r o m such g r a i n show a c l o s e 

c o r r e l a t i o n between t h e r a t e s o f a c c u m u l a t i o n o f t h e 

d i f f e r e n t groups o f h o r d e i n p o l y p e p t i d e s and t h e 

p o p u l a t i o n s o f RNAs r e l a t e d t o them (Rahman e t a l . , 1983) . 

T h i s suggests t h a t r a t e s o f h o r d e i n s y n t h e s i s a r e 

d e t e r m i n e d l a r g e l y by t h e abundances o f mRNAs. There i s 

a l s o e v i d e n c e f r o m t h e s t u d i e s o f Rahman e t a l . (1984) on 

t h e e f f e c t s o f s u l p h u r s t a r v a t i o n , t h a t changes i n h o r d e i n 

c o m p o s i t i o n may a l s o r e s u l t f r o m d i f f e r e n c e s i n t h e 

e f f i c i e n c y o f t r a n s l a t i o n o f mRNAs ( f o r a more d e t a i l e d 

d i s c u s s i o n on t h e s t r u c t u r e and e v o l u t i o n o f seed s t o r a g e 

p r o t e i n s and t h e i r genes see : Shewry e t a l . ( 1 9 8 4 ) } and 

K r e i s e t a l . ( 1985) ) % 

The g l u t e l i n f r a c t i o n , w h i c h p r o b a b l y c o n t a i n s m a i n l y 

t h e s t r u c t u r a l p r o t e i n s o f t h e c e l l , i s formed r e l a t i v e l y 

e a r l y and c o n t i n u e s t o accumulate s l o w l y t h r o u g h o u t 

development. 

S t u d i e s o f wheat have shown a s i m i l a r p i c t u r e . 

J e n n i n g s and Mo r t o n (1963) f o u n d t h a t wheat s t o r a g e 

p r o t e i n s were o b s e r v a b l e a p p r o x i m a t e l y 12 days a f t e r 

a n t h e s i s , and c o n t i n u e d t o accu m u l a t e u n t i l day 40. I n 
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c o n t r a s t , t h e b u f f e r - s o l u b l e c y t o p l a s m i c p r o t e i n s were 

p r e s e n t a t t h e e a r l i e r s a m p l i n g d a t e (8 d a y s ) , and 

c o n t i n u e d t o accumulate up t o day 30, b u t n o t beyond. 

1-5.2 The O r i g i n a n d D e v e l o p m e n t o f P r o t e i n B o d i e s 

A l t h o u g h i t has l o n g been r e c o g n i z e d t h a t t h e s t o r a g e 

p r o t e i n s o f seeds are d e p o s i t e d i n p r o t e i n b o d i e s , much 

c o n t r o v e r s y s u r r o u n d s t h e o r i g i n o f t h e s e p r o t e i n b o d i e s 

i n c e r e a l endosperm. S e v e r a l l i n e s o f e v i d e n c e show t h a t 

t h e p r o l a m i n s t o r a g e p r o t e i n s a r e s y n t h e s i z e d on t h e ro u g h 

e n dosplasmic r e t i c u l u m (RER). T h i s e v i d e n c e i n c l u d e s 

e l e c t r o n m i c r o s c o p y o f t h e d e v e l o p i n g c e r e a l g r a i n and t h e 

in vitro s y n t h e s i s o f p r o t e i n s u s i n g mRNA f r a c t i o n s 

e x t r a c t e d f r o m i s o l a t e d RER. B r i a r t y e t a l . (1979) 

examined s e c t i o n s o f wheat endosperms f i x e d a t d i f f e r e n t 

s t a g e s o f m a t u r i t y and e s t i m a t e d t h e amount o f endoplasmic 

r e t i c u l u m (ER) by s t e r e o l o g i c a l a n a l y s i s . The s u r f a c e 

a r e a o f t h e RER was f o u n d t o i n c r e a s e f o u r f o l d d u r i n g t h e 

p e r i o d o f most r a p i d g r o w t h and p r o t e i n d e p o s i t i o n . 

The RER may be p h y s i c a l l y i s o l a t e d f r o m c e r e a l 

endosperms by h o m o g e n i z a t i o n f o l l o w e d by sucro s e d e n s i t y 

g r a d i e n t c e n t r i f u g a t i o n . I n b a r l e y and wheat, t h e 

a l c o h o l - s o l u b l e p r o t e i n s w i t h e l e c t r o p h o r e t i c 

c h a r a c t e r i s t i c s o f t h e p r o l a m i n s a r e a s s o c i a t e d w i t h t h e 

major peak o f RER i s o l a t e d f r o m d e v e l o p i n g and endosperms 

( M i f l i n e t a l . , 1981). P o l y a d e n y l a t e d RNA, i s o l a t e d f r o m 

RER f r a c t i o n s o f maize and b a r l e y , has been shown t o 

d i r e c t t h e in vitro s y n t h e s i s o f p r o l a m i n s ( C a m e r o n - M i l l s 
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and I n g v e r s e n , 1978; L a r k i n s and Hurkman, 1978). 

Polysomes a r e e i t h e r a s s o c i a t e d w i t h membranes 

(membrane-bound) o r f r e e . The membranes a s s o c i a t e d w i t h 

t h e bound f r a c t i o n a r e presumed t o be t h e ER. I n s p e c i e s 

(wheat, b a r l e y and maize) i n w h i c h t h e p r o d u c t s o f mRNA 

fr o m f r e e and bound polysomes have been compared, t h e 

membrane-bound RNA has been e n r i c h e d w i t h messenger RNAs 

c o d i n g f o r t h e p r o l a m i n s t o r a g e p r o t e i n s ( B r a n d t and 

I n g v e n s e n , 1976; Fox e t a l . , 1977; Matthews and M i f l i n , 

1980; Greene, 1981; Donovan e t a l . , 1982; O k i t a and 

Greene, 1982; Forde and M i f l i n , 1983). 

The f i n a l s i t e o f d e p o s i t i o n o f t h e p r o l a m i n s t o r a g e 

p r o t e i n s and t h e r o u t e by w h i c h t h i s i s reached a r e l e s s 

c l e a r . I n maize, t h e p r o t e i n body forms by d i l a t i o n o f 

t h e ER (Khoo and W o l f , 1970; L a r k i n s and Hurkman, 1978). 

D u r i n g development, t h e ribosomes can be seen a t t a c h e d t o 

t h e o u t s i d e o f t h e p r o t e i n body. These polysomes and t h e 

p o l y A RNA t h a t t h e y c o n t a i n , can be i s o l a t e d f r o m t h e 

p r o t e i n b o d i e s and shown t o d i r e c t t h e s y n t h e s i s o f z e i n s 

i n an in vitro wheat-germ p r o t e i n s y n t h e s i s system. ( B u r r 

and B u r r , 1976; L a r k i n s and Hurkman, 1978; V i o t t i e t a l . , 

1 978). 

F u r t h e r m o r e , p r o t e i n b o d i e s f r o m d e v e l o p i n g 

endosperms c o n t a i n 40-50% o f t h e t o t a l a c t i v i t y o f t h e ER 

marker enzyme,reduced n i c o t i n a n i d e a d e n i n e d i n u c l e o t i d e 

phosphate (NADH) cytochrome o r e d u c t a s e ( L a r k i n s and 

Hurkman, 1978; M i f l i n e t a l . , 1981). 
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There a r e d i v e r g e n t o p i n i o n s as t o what o c c u r s i n 

wheat and b a r l e y . M o r t o n e t a l . ( 1 9 6 4 ) , suggested t h a t 

p r o t e i n b o d i e s were i n d e p e n d e n t o r g a n e l l e s c a p a b l e o f 

i n t e r n a l l y s y n t h e s i z i n g p r o t e i n and c o n t a i n i n g ribosomes. 

However, some o f t h e d a t a upon w h i c h t h i s c o n c l u s i o n was 

based has been q u e s t i o n e d ( W i l s o n , 1966). Many w o r k e r s 

(e. g . Munck and von W e t t s t e i n , 1980; P a r k e r , 1980; 

B e c h t e l , 1982a, 1982b) suggest t h a t . t h e p r o l a m i n s a r e 

d e p o s i t e d i n v a c u o l e s , p a r a l l e l t o t h e s i t u a t i o n i n t h e 

legumes ( B o u l t e r , 1979). Other w o r k e r s (e.g. M i f l i n e t 

a l . , 1981, 1983) su g g e s t t h a t t h e i m p o r t a n t p a r a l l e l i s 

w i t h maize, and t h a t t h e d e p o s i t s a r e a s s o c i a t e d w i t h t h e 

endoplasmic r e t i c u l u m . T h i s c o n c l u s i o n i s based upon 

m i c r o g r a p h s t h a t show polysomes c l o s e l y a s s o c i a t e d w i t h 

t h e o u t s i d e s u r f a c e o f t h e p r o t e i n body (Barlow e t a l . , 

1974; Campbell e t a l . , 1981; Simmonds and O'Brien, 1981; 

M i f l i n e t a l . , 19 8 3 ) . However, o t h e r m i c r o g r a p h s appear 

t o show p r o t e i n d e p o s i t s p r e s e n t i n v a c u o l a r - l i k e b o d i e s 

( C a m e r o n - M i l l s and von W e t t s t e i n , 1980; P a r k e r , 1980; 

Campbell e t a l . , 1981; B e c h t e l e t a l . , 1982a; M i f l i n e t 

a l . , 1983). 

I n b a r l e y , C a m e ron-Mills and I n g v e r s e n ( 1 9 7 8 ) , and 

B r a n d t and I n g v e r s e n ( 1 9 7 8 ) , have shown t h a t t h e h o r d e i n s , 

t h e b a r l e y p r o l a m i n s , a r e v e c t o r i a l l y d i s c h a r g e d i n t o t h e 

lumen o f t h e endoplasmic r e t i c u l u m . C o n t r a r y t o t h e 

s i t u a t i o n i n maize (Khoo and W o l f , 1970), C a m e r o n - M i l l s 

and von W e t t s t e i n (1980) have n o t been a b l e t o show any 
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c o n t i n u i t y between p r o t e i n b o d i e s and t h e endoplasmic 

r e t i c u l u m . They o b s e r v e d s m a l l v a c u o l e s i m p l i c a t e d i n t h e 

t r a n s p o r t o f s t o r a g e p r o t e i n s f r o m t h e endoplasmic 

r e t i c u l u m t o t h e p r o t e i n b o d i e s , a l t h o u g h t h e y were u n a b l e 

t o d e t e r m i n e t h e o r i g i n o f t h e s e v a c u o l e s . 

Some p r o g r e s s has been made i n t h e c h a r a c t e r i z a t i o n 

and in vitro s y n t h e s i s o f b a r l e y s t o r a g e p r o t e i n s ( B r a n d t 

and I n g v e r s e n , 1976; B r a n d t , 1976). • I n each case, t h e 

endoplasmic r e t i c u l u m o f t h e endosperm c e l l s has been 

r e c o g n i z e d as t h e s i t e o f s t o r a g e p r o t e i n s y n t h e s i s , and 

t h e mRNA m o l e c u l e s c o d i n g f o r t h e s e p r o t e i n s have been 

p u r i f i e d and t r a n s l a t e d in vitro ( B r a n d t and I n g v e r s e n , 

1976) . 

The a p p l i c a t i o n o f e l e c t r o n m i c r o s c o p i c t e c h n i q u e s t o 

d e v e l o p i n g endosperms i s f r a u g h t w i t h d i f f i c u l t i e s o f 

f i x a t i o n and s e c t i o n i n g ( e.g. Campbell e t a l . , 1981) and 

t h u s s u b j e c t t o a r t e f a c t s . M i f l i n e t a l . (1983) show a 

v e r y c l o s e r e l a t i o n s h i p between t h e rough endoplasmic 

r e t i c u l u m and d e v e l o p i n g p r o t e i n d e p o s i t s ; s i m i l a r 

c o n c l u s i o n s can be drawn f r o m m i c r o g r a p h s p u b i s h e d by 

J e n n i n g s e t a l . ( 1 9 6 3 ) ; P a r k e r (1980, P l a t e 3A) and 

t h o s e o f Campbell e t a l . ( 1 9 8 1 ) . M i f l i n e t a l . (1983) 

show i n an e l e c t r o n m i r o g r a p h t h a t p r o t e i n may be b e i n g 

d e p o s i t e d i n a v a c u o l e a l s o ( e . g . see Cameron-Mills and 

von W e t t s t e i n , 1980) , b u t t h e y s u g g e s t t h i s i s due t o poor 

f i x a t i o n t e c h n i q u e s . C a r e f u l e x a m i n a t i o n r e v e a l s v e s i c l e s 

and f r a g m e n t s o f what a r e a p p a r e n t l y rough endoplasmic 
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r e t i c u l u m p r e s e n t i n s i d e t h e " v a c u o l e " , and t h e g e n e r a l 

s t a t e o f p r e s e r v a t i o n w i t h i n t h e c e l l i s poor. 

M i f l i n e t a l . (1983) s u g g e s t t h a t t h i s debate i s 

u n l i k e l y t o be r e s o l v e d by e l e c t r o n m i c r o s c o p y a l o n e , so 

t h e y i s o l a t e d p r o t e i n b o d i e s f r o m s e v e r a l s p e c i e s and 

d e m o n s t r a t e d t h a t p r o t e i n d e p o s i t i o n i n t h e s e b o d i e s i s 

p r e d o m i n a n t l y s t o r a g e p r o l a m i n i n c l u d i n g HMW s u b u n i t s . 

They have a l s o shown t h a t t h e r e i s an a s s o c i a t i o n between 

t h e s t o r a g e p r o t e i n s and t h e main f r a c t i o n o f t h e rough 

endoplasmic r e t i c u l u m i n wheat and b a r l e y . T h i s i s 

e x p e c t e d s i n c e i t i s p o s s i b l e t o e x t r a c t t h e 

membrane-bound polysomes and show t h a t t h e y d i r e c t t h e 

s y n t h e s i s o f t h e p r o l a m i n s o f b a r l e y ( B r a n d t and 

I n g v e r s e n , 1976; Fox e t a l . , 1977 Matthews and M i f l i n , 

1980). 

The a l t e r n a t i v e approach o f s u b c e l l u l a r f r a c t i o n a t i o n 

has u t i l i z e d b o t h s u c r o s e - ( I n g v e r s e n , 1975; L a r k i n s and 

Hurkman, 1978; M i f l i n e t a l . , 1981) and s i l i c a s o l - d e n s i t y 

g r a d i e n t t e c h n i q u e s ( C a m e r o n - M i l l s , 1980) t o i s o l a t e 

p r o t e i n b o d i e s . I n s u c r o s e , p r o t e i n b o d i e s band a t a 

d e n s i t y around 1.23-1.28g/cm , a l t h o u g h t h i s can change 

w i t h age ( I n g v e r s e n , 1975; M i f l i n e t a l . , 1981). I s o l a t e d 

p r o t e i n b o d i e s o f wheat and b a r l e y do n o t appear t o be 

c o m p l e t e l y s u r r o u n d e d by an i n t a c t membrane, i n c o n t r a s t 

t o t h o s e o f maize and pea. A n a l y s i s o f marker enzymes 

sugg e s t s t h a t t h e maize p r o t e i n b o d i e s a r e s u r r o u n d e d by 

ER ( L a r k i n s and Hurkman, 1978; M i f l i n e t a l . , 1981), 
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whereas legume p r o t e i n s a r e n o t ; i n c o n t r a s t , t h e legume 

p r o t e i n b o d i e s ( b u t n o t t h o s e o f maize) have marker 

enzymes c h a r a c t e r i s t i c o f v a c u o l e s a s s o c i a t e d w i t h them 

(van d e r W i l d e n e t a l . , 1980; M i f l i n e t a l . , 1981). Wheat 

and b a r l e y p r o t e i n b o d i e s have a v e r y s m a l l peak o f 

r educed NADH-cytochrome c r e d u c t a s e a s s o c i a t e d w i t h them, 

b u t no v a c u o l a r marker enzymes ( M i f l i n e t a l . , 1981). 

P r o t e i n b o d i e s were exposed t o p r o t e a s e by M i f l i n e t 

a l . (1980b) and M i f l i n and Burgess (1982) t o assess 

whether o r n o t t h e y a r e c o m p l e t e l y e n c l o s e d by a membrane. 

Since t h i s t r e a t m e n t a l m o s t c o m p l e t e l y d i g e s t e d t h e 

p r o t e i n b o d i e s , M i f l i n and h i s c o-workers suggested t h a t 

no such membrane e x i s t s . These s t u d i e s l e d M i f l i n e t a l . 

(19 83) t o p u t f o r w a r d t h r e e c o n c l u s i o n s a b o u t 

p r o l a m i n - c o n t a i n i n g p r o t e i n b o d i e s : 

(1) t h e p r o l a m i n - c o n t a i n i n g p r o t e i n b o d i e s o f c e r e a l s a r e 

n o t v a c u o l a r i n o r i g i n , 

(2) t h e p r o l a m i n s a r e s y n t h e s i z e d on t h e endoplasmic 

r e t i c u l u m and pass t h r o u g h i n t o t h e lumen where t h e y 

a g g r e g a t e , 

(3) i n maize, t h e endoplasmic r e t i c u l u m remains and 

c o m p l e t e l y e n c l o s e s t h e a g g r e g a t e , whereas i n wheat and 

b a r l e y t h e a g g r e g a t e d i s r u p t s t h e endoplasmic r e t i c u l u m 

and i s n o t c o m p l e t e l y e n c l o s e d by t h i s membrane. 

D e s p i t e t h e c o n t r o v e r s y o v e r where and how s t o r a g e 

p r o t e i n s a r e d e p o s i t e d i n c e r e a l endosperm, r e s e a r c h has 

a t t e m p t e d t o c h a r a c t e r i z e t h e e f f e c t s o f m u t a t i o n on 
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s t o r a g e p r o t e i n body f o r m a t i o n . The d e v e l o p i n g p r o t e i n 

b o d i e s i n t h e s t a r c h y endosperm o f w i l d t y p e b a r l e y 

c o n s i s t o f two components, t h e g r a n u l a r s t r u c t u r e d spheres 

and a f i b r i l l a r component i n w h i c h t h e g r a n u l a r spheres 

a r e embedded (Munck and von W e t t s t e i n , 1976). The 

homogeneous spheres c o r r e s p o n d t o p r o t e i n b o d i e s i n maize 

(Khoo and Wo l f , 1970) and wheat ( B u t t r o s e 1963). 

I n g v e r s e n (19 75) has i s o l a t e d p r o t e i n b o d i e s w h i c h e x h i b i t 

b o t h t h e s e components. These components have an 

appearance s i m i l a r t o t h e p r o t e i n b o d i e s i s o l a t e d f r o m 

b a r l e y by Ory and Henningsen (1969) . I n t h e same work, 

I n g v e r s e n i s o l a t e d p r o t e i n b o d i e s f r o m t h e endosperm o f 

t h e m u t a n t b a r l e y R i s 0 1508 a t a s i m i l a r d e v e l o p m e n t a l 

s t a g e t o t h e w i l d t y p e Bomi b a r l e y , and showed t h e p r o t e i n 

b o d i e s t o c o n s i s t m a i n l y o f a f i b r i l l a r component i n w h i c h 

few g r a n u l a r spheres a r e embedded. A comparison o f t h e 

n i t r o g e n c o n t e n t s o f t h e p r o t e i n b o d i e s o f t h e s e 

endosperms showed a v a l u e o f 7.4% f o r t h e mu t a n t compared 

w i t h 1 1 % f o r t h e w i l d t y p e . 

M i f l i n and Shewry (1979) have shown t h a t t h e p r o t e i n 

b o d i e s o f t h e s t a r c h y endosperm o f R i s 0 1508 a r e v e r y 

d i f f e r e n t i n appearance t o t h o s e o f Bomi w i l d t y p e b a r l e y . 

The m a j o r e f f e c t o f t h e h i g h - l y s i n e m u t a t i o n i n Riso 1508 

( I n g v e r s e n e t a l . , 1973; M i f l i n and Shewry, 1977) i s t o 

decrease t h e r e l a t i v e amount o f h o r d e i n . Riso* 1508 a l s o 

has an i n c r e a s e d component o f n o n - p r o t e i n N, and t h e 

endosperm i s shrunken compared t o Bomi. The h o r d e i n 
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f r a c t i o n o f Rise* 1508 c o n t a i n s more l y s i n e t h a n i n Bomi 

( 2 . 5 % compared t o l e s s t h a n 1%) b u t t h e amounts o f l y s i n e 

i n o t h e r f r a c t i o n s a r e u n a l t e r e d (Shewry e t a l . , 1978) . 

I n v e s t i g a t i o n o f t h e Risgr 1508 m u t a t i o n has shown i t 

has a d r a s t i c e f f e c t on many a s p e c t s o f t h e b i o c h e m i s t r y 

o f t h e endosperm i n c l u d i n g s t a r c h , l i p i d and p r o t e i n 

m e t a b o l i s m (see M i f l i n and Shewry, 1979) . Thus, t h e 

m u t a t i o n causes changes i n t h e s u b - c e l l u l a r s t r u c t u r e s , 

p a r t i c u l a r l y o f t h e p r o t e i n b o d i e s , and t h e e l i m i n a t i o n o f 

s m a l l s t a r c h g r a n u l e s i n Ris0, i n d i c a t i n g a g e n e r a l 

i n t e r f e r e n c e w i t h t h e s t o r a g e f u n c t i o n o f t h e endosperm. 

1.5.2.1 The Non-Prol amin P r o t e i n s 

Less work has been done on t h e s y n t h e s i s and 

d e p o s i t i o n o f t h i s group o f p r o t e i n s . Some o f t h e 

h i g h - l y s i n e p r o t e i n s o f b a r l e y have been s y n t h e s i z e d in 

vitro (Jonassen e t a l . , 1981) . The mRNAs f o r t h e 

c h y m o t r y p s i n i n h i b i t o r s and 3-amylase appear t o be p r e s e n t 

i n membrane — b o u n d polysomes, and t h e t r a n s l a t i o n p r o d u c t 

p r e c i p i t a t e d by a n t i s e r u m r a i s e d a g a i n s t c h y m o t r y s i n 

i n h i b i t o r - 1 appears t o have a h i g h e r m o l e c u l a r w e i g h t t h a n 

t h e p r o d u c t s y n t h e s i z e d in vivo . S i m i l a r l y , t h e 

CM-proteins o f b a r l e y a r e s y n t h e s i z e d by membrane-bound 

polysomes, and t h e i n i t i a l t r a n s l a t i o n p r o d u c t s appear t o 

be o f h i g h e r m o l e c u l a r w e i g h t t h a n t h e a u t h e n t i c p r o t e i n s 

(Paz-Ares e t a l . , 1 9 8 3 ) . 

Rice endosperm c o n t r a s t s w i t h t h a t o f maize and 

b a r l e y s i n c e i t has l e s s t h a n 5 p e r c e n t p r o l a m i n b u t o v e r 
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80 p e r c e n t g l u t e l i n (Palmiano e t a l . , 1968) . I s o l a t e d 

p r o t e i n b o d i e s have t h e same r a t i o o f p r o t e i n f r a c t i o n s as 

whole m i l l e d r i c e p r o t e i n ( M i t s u d a e t a l . , 1967) , 

i n d i c a t i n g t h a t g l u t e l i n i s t h e ma j o r s t o r a g e p r o t e i n o f 

r i c e p r o t e i n b o d i e s . 

E l e c t r o n m i c r o s c o p y o f d e v e l o p i n g endosperm and 

s u b c e l l u l a r s e p a r a t i o n s have b o t h shown t h a t more t h a n one 

t y p e o f p r o t e i n body i s p r e s e n t i n t h e s t a r c h y endosperm 

o f r i c e . H a r r i s and J u l i a n o (1977) and B e c h t e l and 

J u l i a n o (1980) d e s c r i b e d t h r e e t y p e s o f p r o t e i n body - t h e 

s m a l l s p h e r i c a l , t h e l a r g e s p h e r i c a l , and t h e c r y s t a l l i n e . 

B e c h t e l and J u l i a n o (1980) proposed t h a t b o t h t h e l a r g e 

and s m a l l s p h e r i c a l p r o t e i n b o d i e s were formed f r o m 

d e p o s i t s d i r e c t l y w i t h i n t h e rough endoplasmic r e t i c u l u m , 

whereas t h e c r y s t a l l i n e b o d i e s were formed i n v a c u o l e s and 

c o n t a i n e d p r o t e i n t h a t had been s e c r e t e d by t h e G o l g i 

a p p a r a t u s . I n c o n t r a s t , Wu and Chen (1978) d i s c o u n t e d t h e 

i d e a o f v e s i c u l a r t r a n s p o r t and suggested t h a t s y n t h e s i s 

was by polysomes p r e s e n t on t h e o u t e r membrane. More 

r e c e n t l y , Oparka and H a r r i s ( 1 9 8 2 ) , u s i n g b o t h t h i n and 

t h i c k s e c t i o n i n g e l e c t r o n m i c r o s c o p y , c o n f i r m e d B e c h t e l 

and J u l i a n o ' s o b s e r v a t i o n s on t h e s p h e r i c a l b o d i e s . They 

a l s o showed t h a t t h e membrane f o r t h e c r y s t a l l i n e b o d i e s 

was d e r i v e d f r o m t h e en d o p l a s m i c r e t i c u l u m b u t d i d n o t 

have a s s o c i a t e d r i b o s o m e s . They proposed a d i f f e r e n t 

r o u t e o f d e p o s i t i o n f o r t h e p r o t e i n s i n t h e c r y s t a l l i n e 

b o d i e s w h i c h may i n v o l v e t h e G o l g i a p p a r a t u s . Tanaka e t 
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a l . (1980) p h y s i c a l l y s e p a r a t e d t h e s p h e r i c a l b o d i e s 

(termed l a m e l l a r by them) and t h e c r y s t a l l i n e n o n - l a m e l l a r 

b o d i e s , u s i n g s u c r o s e d e n s i t y c e n t r i f u g a t i o n . They 

c o n c l u d e d f r o m e l e c t r o p h o r e t i c a n a l y s i s o f t h e p r o t e i n s 

t h a t t h e s p h e r i c a l , l a m e l l a r b o d i e s c o n t a i n t h e p r o l a m i n s 

and, t h e c r y s t a l l i n e , n o n - l a m e l l a r b o d i e s t h e g l u t e l i n s . 

B e c h t e l and Pomeranz (1981) s t u d i e d t h e 

u l t r a s t r u c t u r e o f t h e s t a r c h y endosperm o f mature o a t 

g r a i n s i n w h i c h t h e major s t o r a g e p r o t e i n s a r e t h e 

g l o b u l i n s and f o u n d e v i d e n c e f o r o n l y one t y p e o f p r o t e i n 

body, a l t h o u g h t h e y d i d s t a t e ^ ^ h e i r r e s u l t s d i d n o t 

p r e c l u d e some h e t e r o g e n i e t y i n c o m p o s i t i o n . P r o t e i n 

b o d i e s have been p r e p a r e d f r o m o a t endosperms by b o t h 

d i f f e r e n t i a l and sucrose d e n s i t y c e n t r i f u g a t i o n ( P e r n o l l e t 

e t a l . , 1982; P e t e r s o n and B r i n e g a r , 1983). B o t h 

p r o l a m i n s and g l o b u l i n s were p r e s e n t i n p o p u l a t i o n s o f 

p r o t e i n b o d i e s o b t a i n e d . However, i t i s p o s s i b l e t h a t two 

t y p e s o f p r o t e i n b o d i e s a r e p r e s e n t , as i n r i c e 

endosperms. Burgess and M i f l i n (1985) s u g g e s t f r o m 

s e p a r a t i o n t e c h n i q u e s t h a t g l o b u l i n s and p r o l a m i n s a r e i n 

f a c t l o c a l i z e d i n d i f f e r e n t b o d i e s i n o a t s . 

Polysomes and p o l y A + RNA have been i s o l a t e d f r o m 

d e v e l o p i n g o a t g r a i n s and shown t o d i r e c t t h e s y n t h e s i s o f 

12S g l o b u l i n s ( B r i n e g a r and P e t e r s o n , 1982a,b; 

M a t l a s h e w s k i e t a l . , 1982; R o s s i and L u t h e , 1983; Walburg 

and L a r k i n s , 1983) . The m a j o r p r o d u c t s have been 

i d e n t i f i e d i m m u n o l o g i c a l l y . These a r e a s e r i e s o f 
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p o l y p e p t i d e s o f m o l e c u l a r w e i g h t around 60,000 w i t h no 

e v i d e n c e o f l a r g e and s m a l l s u b - u n i t s . T h i s i s an e x a c t 

p a r a l l e l o f t h e legume 11S g l o b u l i n s , w h i c h have been 

shown t o be p r o c e s s e d in vivo i n t h e p r o t e i n body s h o r t l y 

a f t e r d e p o s i t i o n ( f o r a r e v i e w , see C h r i s p e e l s , 1984). 

A d e l i and A l t o s a a r (1983) used p u l s e - l a b e l l i n g methods t o 

show t h a t t h e l a r g e and s m a l l s u b - u n i t s a r e d e p o s i t e d i n 

o a t p r o t e i n b o d i e s about f o u r h o u r s a f t e r a p p l i c a t i o n o f 

t h e l a b e l . T h i s compares w i t h two hours f o r l e g u m i n 

p r o c e s s i n g i n peas ( C h r i s p e e l s e t a l . , 1982). 

1.5.3 T h i c k - S e c t i o n S t u d i e s i n B o t a n i c a l E l e c t r o n 

M i c r o s c o p y 

1.5.3.1 I n t r o d u c t i o n 

A l t h o u g h t h i c k - s e c t i o n s t u d i e s can be c a r r i e d o u t i n 

c o n v e n t i o n a l e l e c t r o n m i c r o s c o p e s , t h e m a j o r i t y o f such 

i n v e s t i g a t i o n s have been u n d e r t a k e n u s i n g H i g h V o l t a g e 

E l e c t r o n M i c r o s c o p y . The t e r m "High V o l t a g e E l e c t r o n 

M i c r o s c o p e " (HVEM) i s g e n e r a l l y a p p l i e d t o mic r o s c o p e s 

w h i c h can o p e r a t e up t o and i n some cases e x c e e d i n g one 

m i l l i o n v o l t s . A l t h o u g h such m i c r o s c o p e s have been i n 

g e n e r a l use o v e r t h e p a s t decade, m i c r o s c o p i s t s have 

t e n d e d t o i g n o r e t h e i r p o t e n t i a l f o r t h e s t u d y o f p l a n t 

u l t r a s t r u c t u r e and most b i o l o g i c a l h i g h v o l t a g e r e s e a r c h 

has been c o n f i n e d t o t h e f i e l d s o f z o o l o g y and 

b i o m e d i c i n e . 

van D o r s t e n e t a l . , (1947) p u b l i s h e d t h e f i r s t images 
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o f a b i o l o g i c a l specimen o b s e r v e d a t a c c e l e r a t i n g v o l t a g e s 

o f o v e r lOOkV. They o b s e r v e d whole y e a s t c e l l s a t 400kV, 

and d e m o n s t r a t e d t h a t w i t h i n c r e a s e d a c c e l e r a t i n g 

v o l t a g e s , i n c r e a s e d p e n e t r a t i o n o f t h e specimen by t h e 

e l e c t r o n beam c o u l d be a c h i e v e d . The f i r s t one m i l l i o n 

v o l t e l e c t r o n m i c r o s c o p e was i n t r o d u c e d t h i r t e e n y e a r s 

l a t e r , and Dupouy e t a l . (1960) p u b l i s h e d images o f 

b a c t e r i a o b s e r v e d a t 650kV and 750kV. The f i r s t use o f 

HVEM i n a b o t a n i c a l s t u d y d i d n o t t a k e p l a c e u n t i l 

c o m p a r a t i v e l y r e c e n t l y when Gunning e t a l . (1970) 

p u b l i s h e d a 1 jim t h i c k - s e c t i o n o f a xylem t r a n s f e r c e l l 

f r o m t h e p u r p l e dead n e t t l e , c l e a r l y r e v e a l i n g l a b y r i n t h s 

o f w a l l i n g r o w t h s i n t h e c e l l . The l i m i t e d l i s t o f 

p u b l i c a t i o n s f o r b o t a n i c a l p r o j e c t s i s r e v i e w e d by Hawes 

(1981) . 

The a p p a r e n t n e g l e c t o f t h e use o f h i g h a c c e l e r a t i n g 

v o l t a g e s f o r t h e s t u d y o f t h i c k b i o l o g i c a l specimens has 

been p r i m a r i l y due t o t h e r a p i d advances i n t h e 

development o f t h e u l t r a m i c r o t o m e and i n t h e p r e p a r a t i v e 

t e c h n i q u e s f o r m a t e r i a l t o be observe d by c o n v e n t i o n a l 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y (CTEM). T h i s r e s u l t e d i n 

b i o l o g i s t s c o n s i s t e n t l y s t u d y i n g t w o - d i m e n s i o n a l images 

d e r i v e d f r o m t h r e e - d i m e n s i o n a l specimens, and an i n s i g h t 

i n t o t h e t h i r d d i m e n s i o n was o n l y o b t a i n e d by t i m e 

consuming s e r i a l - s e c t i o n i n g and r e c o n s t r u c t i o n t e c h n i q u e s . 

However, s e c t i o n s up t o 10|im can be o b s e r v e d i n t h e HVEM 

w i t h o u t s u b s t a n t i a l l o s s o f r e s o l u t i o n by u s i n g h i g h 

43 



a c c e l e r a t i n g v o l t a g e s and a p p r o p r i a t e p r e p a r a t i v e 

t e c h n i q u e s , and t h r e e - d i m e n s i o n a l i n f o r m a t i o n can be 

e a s i l y e x t r a c t e d by t h e use o f s t e r e o s c o p y . 

I n t e r p r e t a t i o n o f t h e g r e a t q u a n t i t y o f i n f o r m a t i o n 

i n a t h i c k s e c t i o n can be f a c i l i t a t e d by t i l t i n g t h e 

specimen and p r o d u c i n g s t e r e o - p a i r s . Q u a n t i t a t i v e d e p t h 

i n f o r m a t i o n can be e x t r a c t e d f r o m s t e r e o - p a i r s by t h e use 

o f m e a s u r i n g m i r r o r s t e r e o s c o p e s o r by d i r e c t measurement 

f r o m each member o f a s t e r e o - p a i r . S e r i a l t h i c k 

s e c t i o n i n g can be used as an a l t e r n a t i v e t o p r o l o n g e d 

s e r i a l t h i n s e c t i o n i n g t o a i d i n t h e r e c o n s t r u c t i o n o f 

l a r g e specimens. Stereo-images can be viewed i n a v a r i e t y 

o f ways: w i t h l e n t i c u l a r p o c k e t s t e r e o s c o p e s , p r i s m a t i c 

s p e c t a c l e s , o r p o l a r i z e d s p e c t a c l e s when t h e image i s 

p r o j e c t e d o n t o a n o n - d e p o l a r i z i n g s c r e e n o r p r e s e n t e d on 

TV m o n i t o r s . For a r e v i e w see Hawes (1 9 8 1 ) . 

For p r a c t i c a l and g e o g r a p h i c a l reasons i t i s n o t 

always p o s s i b l e o r neces s a r y t o use HVEM f o r t h e s t u d y o f 

t h i c k s e c t i o n s . As an a l t e r n a t i v e , t h i c k e r s e c t i o n s may 

be viewed i n c o n v e n t i o n a l t r a n s m i s s i o n e l e c t r o n 

m i c r o s c o p e s . A t lOOkV images can be o b t a i n e d f r o m 

specimens up t o and e x c e e d i n g 1 urn. As t h e 

t h r e e - d i m e n s i o n a l c o m p l e x i t y o f most c e l l s i s so g r e a t , 

p r a c t i c a l c o n s i d e r a t i o n s o f image i n t e r p r e t a t i o n o f t e n 

r e s t r i c t HVEM s t u d i e s t o t h e use o f l-2|im s e c t i o n s , even 

t h o u g h t h e r e i s p o t e n t i a l t o p e n e t r a t e 10pm specimens. A 

d i s a d v a n t a g e o f o l d e r g e n e r a t i o n c o n v e n t i o n a l microscopes 
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w i t h r e g a r d t o t h e e x a m i n a t i o n o f t h i c k s e c t i o n s , i s t h a t 

c h r o m a t i c a b e r r a t i o n c o r r e c t i o n s may be l i m i t e d . More 

r e c e n t c o n v e n t i o n a l m i c r o s c o p e s g e n e r a l l y g i v e good 

r e s u l t s w i t h l-2|j,m s e c t i o n s a l t h o u g h , as t h e beam c u r r e n t 

i s i n c r e a s e d t o g i v e t h e r e q u i r e d b r i g h t n e s s , t h e f i l a m e n t 

l i f e i s r e d u c e d . 

T h i c k s e c t i o n work a t c o n v e n t i o n a l kVs has been 

p a r t i c u l a r l y s u c c e s s f u l when used i n c o n j u n c t i o n w i t h 

s e l e c t i v e s t a i n i n g . The e a r l i e r s t u d i e s o f P o r t e r and 

Machado (1960) used p r o l o n g e d osmium i m p r e g n a t i o n t o 

de m o n s t r a t e t h e changes i n d i s t r i b u t i o n o f endomembranes 

d u r i n g m i t o s i s i n b a r l e y . M o l l e n h a u e r and Whaley (1963) 

used p r o l o n g e d o s m i f i c a t i o n f o r s e l e c t i v e s t a i n i n g i n a 

t h i n s e c t i o n o f t h e G o l g i a p p a r a t u s . Other e f f e c t i v e 

s e l e c t i v e s t a i n i n g o f t h e endomembrane system o f p l a n t 

c e l l s i n HVEM s t u d i e s , u t i l i s i n g b o t h p r o l o n g e d osmium 

i m p r e g n a t i o n and Gomori l e a d l o c a l i z a t i o n o f a c i d 

phosphatase i n 0.5-4 urn s e c t i o n s o f a r a l d i t e - e m b e d d e d 

t i s s u e i n c l u d e : Poux ( 1 9 7 3 ) , Poux e t a l . ( 1 9 7 4 ) , 

Favard e t a l . ( 1 9 7 1 ) , and Favard and Carasso ( 1 9 7 3 ) . The 

conc e p t o f l y o s o m a l p l a n t v a c u o l e s ( M a t i l e , 1975) was 

pursued i n a s e r i e s o f HVEM s t u d i e s o f t h i c k s e c t i o n s o f 

s e l e c t i v e l y s t a i n e d t i s s u e ( M a r t y 1973a,b; 1978). T h i s 

work, u s i n g ZIO as t h e s e l e c t i v e s t a i n , d e m o n s t r a t e d t h e 

i n t e r c o n n e c t i o n s o f c i s t e r n a l and t u b u l a r e ndoplasmic 

r e t i c u l u m and t h e i r a s s o c i a t i o n s w i t h t h e G o l g i a p p a r a t u s 

and t o t h e GERL ( G o l g i - e n d o p l a s m i c r e t i c u l u m - l y s o s o m e ) , 

45 



and subsequent i n v o l v e m e n t o f t h i s i n t h e f o r m a t i o n o f 

v a c u o l e s . 

More r e c e n t l y , HVEM and CTEM t h i n and t h i c k s e c t i o n 

s t u d i e s have r e v e a l e d t h e r e l a t i o n s h i p o f t h e endoplasmic 

r e t i c u l u m (ER) and di c t y o s o m e s t o s t o r a g e p r o t e i n 

d e p o s i t i o n i n d e v e l o p i n g c e r e a l g r a i n s and legumes. 

P a r k e r and Hawes (19 82) used HVEM t o s t u d y t h e d e v e l o p i n g 

endosperm o f wheat. B u t t r o s e (1963) -had suggested t h a t 

t h e G o l g i a p p a r a t u s m i g h t be i n v o l v e d i n p r o t e i n 

d e p o s i t i o n i n d e v e l o p i n g wheat endosperm, b u t B a rlow e t 

a l . ( 1 9 7 4 ) , B r i a r t y (1976) and B r i a r t y e t a l . ( 1 9 7 9 ) , 

u s i n g an e l e c t r o n m i c r o s c o p i c a l s t e r e o l o g i c a l a n a l y s i s o f 

t h i n s e c t i o n m i c r o g r a p h s , c o n c l u d e d t h a t i n s u f f i c i e n t 

G o l g i were p r e s e n t d u r i n g t h e phase o f p r o t e i n d e p o s i t i o n 

t o s u p p o r t t h e d i c t y o s o m a l r o l e i n s t o r a g e p r o t e i n 

t r a n s p o r t . P a r k e r (1981, 1982) s u g g e s t e d t h a t membranes 

o f d i c t y o s o m e s and t h e i r a s s o c i a t e d v e s i c l e s r a r e l y s t a i n 

w e l l i n t h i n s e c t i o n s o f wheat endosperm. However, i n 

s e l e c t i v e l y s t a i n e d t h i c k s e c t i o n s , numerous di c t y o s o m e s 

a r e p r e s e n t i n d e v e l o p i n g wheat endosperm d u r i n g t h e 

p e r i o d o f p r o t e i n d e p o s i t i o n , so a d i c t y o s o m a l r o l e i n t h e 

t r a n s p o r t o f s t o r a g e p r o t e i n between t h e endoplasmic 

r e t i c u l u m and p r o t e i n b o d i e s c a n n o t be d i s c o u n t e d ( P a r k e r 

and Hawes, 1982) . 

Oparka and H a r r i s (19 82) used a c o m b i n a t i o n o f t h i n 

and t h i c k s e c t i o n s t o show t h a t a l l t y p e s o f r i c e p r o t e i n 

body, c h a r a c t e r i z e d by B e c h t e l and J u l i a n o (1980) were 
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i n i t i a t e d by d i l a t i o n o f t h e endoplasmic r e t i c u l u m 

a l t h o u g h p r o t e i n a c c u m u l a t i o n o c c u r r e d by d i f f e r e n t 

pathways. P r o t e i n d e p o s i t i o n i n d e v e l o p i n g legume seeds 

was examined w i t h a s i m i l a r c o m b i n a t i o n o f c o n v e n t i o n a l 

and t h i c k s e c t i o n t e c h n i q u e s ( H a r r i s , 1979) . U s i n g such a 

c o m b i n a t i o n o f CTEM, t h i c k - s e c t i o n CTEM and t h i c k - s e c t i o n 

HVEM t e c h n i q u e s , H a r r i s and C h r i s p e e l s (1980) examined and 

q u a n t i f i e d t h e changes o c c u r r i n g i n . t h e endoplasmic 

r e t i c u l u m d u r i n g m o b i l i z a t i o n i n s t o r a g e parenchyma c e l l s 

o f g e r m i n a t i n g mung-bean seed. I n t e r c o n n e c t i o n s o f 

endoplasmic r e t i c u l u m and di c t y o s o m e s have a l s o been 

s t u d i e d i n d e v e l o p i n g mung-beans, by H a r r i s and Oparka 

(1982) u s i n g t h i c k - s e c t i o n CTEM and, w h i l e r e s u l t s a r e i n 

g e n e r a l s i m i l a r t o t h o s e o b t a i n e d by M a r t y (1978) u s i n g 

HVEM, t h e l o w e r kVs used have r e v e a l e d p r e v i o u s l y 

u n c h a r a c t e r i z e d f i n e t u b u l a r e x t e n s i o n s f r o m t h e 

p e r i p h e r a l r e t i c u l u m o f di c t y o s o m e c i s t e r n a e . 

O ther t h i c k s e c t i o n s t u d i e s o f b o t a n i c a l t i s s u e s a l s o 

i n c l u d e s work on f u n g a l hyhae and spores ( H a r r i s , 1975), 

g e r m i n a t i n g legume seeds ( H a r r i s and C h r i s p e e l s , 1980) , 

h y p h a l t i p s (Howard and A i n s t , 1981) h a u s t o r i a ( F i n n e r a n 

e t a l . , 1978), and t h a l l u s t i s s u e (Pechak, 1980). I n a l l 

o f t h e s e s t u d i e s , t h e m a j o r advantage o f HVEM i m a g i n g has 

been i n t h e d e m o n s t r a t i o n o f t h r e e - d i m e n s i o n a l 

i n t e r - r e l a t i o n s h i p s i n t i s s u e u l t r a s t r u c t u r e . 

1.5.3.2 Specimen P r e p a r a t i o n f o r T h i c k - S e c t i o n i n g 

The same p r e p a r a t i v e t e c h n i q u e s used f o r t h e f i x a t i o n 
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o f m a t e r i a l f o r t h e CTEM a r e f r e q u e n t l y employed f o r 

m a t e r i a l t o be obs e r v e d i n t h e HVEM. As w i t h t h i n s e c t i o n 

s t u d i e s , t h e most common f i x a t i v e s used by p l a n t 

m i c r o s c o p i s t s a r e b u f f e r e d a l d e h y d e s ( e i t h e r 

g l u t a r a l d e h y d e o r a m i x t u r e o f g l u t a r a l d e h y d e and 

p a r a f o r m a l d e h y d e ) , f o l l o w e d by osmium t e t r o x i d e 

p o s t - f i x a t i o n , a l t h o u g h b o t h osmium t e t r o x i d e w i t h o u t 

p r e - f i x a t i o n and p o t a s s i u m permanganate have a l s o been 

used ( r e v i e w by Hawes, 1982). Osmium t e t r o x i d e has o f t e n 

been used as a p o s t - f i x a t i v e , a l t h o u g h i n c r e a s i n g use i s 

b e i n g made o f osmium complexes w i t h z i n c i o d i d e o r 

p o t a s s i u m f e r r o c y a n n i d e . The c h e m i s t r y o f t h e s e complexes 

i s n o t f u l l y u n d e r s t o o d , b u t t h e y r e s u l t i n t h e 

a c c u m u l a t i o n o f e l e c t r o n dense m a t e r i a l i n t h e lumen 

between d o u b l e membranes and i n membranous t u b u l e s . 

Hence, s t a i n accumulates i n t h e c i s t e r n a l endoplasmic 

r e t i c u l u m , n u c l e a r e n v e l o p e , p e r i m i t o c h o n d r i a l space, some 

di c t y o s o m e c i s t e r n a e and c h l o r o p l a s t p e r i p h e r a l r e t i c u l u m , 

a l t h o u g h seldom i n t h e c h l o r o p l a s t e n v e l o p e . S i m i l a r 

dense a g g r e g a t e s f o r m w i t h i n t h e t u b u l e s o f t h e 

endoplasmic r e t i c u l u m and a l s o i n t h e t u b u l a r l a t t i c e s o f 

p r o l a m e l l a r b o d i e s . These f e a t u r e s c o n t r a s t w i t h a 

background i n w h i c h s i n g l e membranes, c e l l w a l l s and 

c y t o p l a s m i c p r o t e i n s e t c . a r e n o t h e a v i l y s t a i n e d . 

A number o f b o t a n i c a l s t u d i e s have s u c c e s s f u l l y used 

t h e complex o f osmium t e t r o x i d e and z i n c i o d i d e (ZIO) 

a f t e r an aldehyde f i x a t i o n (Dauwalder and Whaley, 1973; 
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M a r t y , 1973a; H a r r i s , 1978, 1979; H a r r i s and C h r i s p e e l s , 

1980; Hawes, 19 80; P a r k e r and Hawes, 1982; Oparka and 

H a r r i s , 1982; H a r r i s and Oparka, 1982). Most w o r k e r s 

a v o i d phosphate b u f f e r s and use o n l y f r e s h l y p r e p a r e d ZIO 

complex ( r e c i p e s i n M a r t y , 1973a; H a r r i s , 1978). 

Besides osmium, and complexes o f osmium w i t h z i n c 

i o d i d e o r p o t a s s i u m f e r r o c y a n i d e , a c i d i f i e d 

p h o s p h o t u n g s t i c a c i d has been employed t o s e l e c t i v e l y 

s t a i n t h e plasmalemma (Syrop and B e c k e t t , 1972). Other 

t e c h n i q u e s f o r s e l e c t i v e l o c a l i z a t i o n o f c e l l components 

i n c l u d e enzyme c y t o c h e m i s t r y f o r a c i d phosphatase ( M a r t y , 

1978) and cytochrome o x i d a s e (Davison and G a r l a n d , 1975). 

However, t h e s e t e c h n i q u e s have n o t been f u l l y e x p l o i t e d 

d e s p i t e t h e enormous amount o f i n f o r m a t i o n on 

t h r e e - d i m e n s i o n a l u l t r a s t r u c t u r a l i n t e r - r e l a t i o n s h i p s t h a t 

c o u l d be o b t a i n e d . 

The use o f c y t o c h e m i c a l and immunocytochemical 

s t a i n i n g p r o c e d u r e s i n a s s o c i a t i o n w i t h HVEM has r e c e i v e d 

much more a t t e n t i o n f r o m a n i m a l t h a n f r o m b o t a n i c a l 

e l e c t r o n m i c r o s c o p i s t s ( r e v i e w , K i n g e t a l . , 1980) . K i n g 

e t a l . , (1980) a l s o r e v i e w t h e advantages o f t h i c k s e c t i o n 

HVEM f o r a u t o r a d i o g r a p h i c s t u d i e s . 

1.6 E l e c t r o n M i c r o s c o p y and M o l e c u l a r Techniques 

1.6.1 I m m u n o l a b e l l i n q f o r E l e c t r o n M i c r o s c o p y 

The l o c a l i z a t i o n o f t i s s u e a n t i g e n s by e l e c t r o n 

m icroscope i m m u n o c y t o c h e m i s t r y i s a compromise between 

r e t a i n i n g s u f f i c i e n t a n t i g e n i c a c t i v i t y w i t h i n t h e 
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specimen t o b i n d w i t h a n t i b o d y and m a i n t a i n i n g adequate 

m o r p h o l o g i c a l d e t a i l w i t h i n t h e t i s s u e f o r r e l i a b l e 

i d e n t i f i c a t i o n o f t h e s i t e o f i m m u n o l o g i c a l r e a c t i o n s . 

I n t r a n s m i s s i o n e l e c t r o n j r v i c r o s c o p y , t h e l o c a l i z a t i o n 

o f c e l l u l a r components r e q u i r e s a b a l a n c e d f i x a t i o n o f t h e 

c e l l under s t u d y . W h i l s t a n t i g e n i c d e t e r m i n a n t s must n o t 

be d e n a t u r e d d u r i n g f i x a t i o n , t h e u l t r a s t r u c t u r a l 

morphology o f t h e c e l l s h o u l d be w e l l -preserved. These 

two r e q u i r e m e n t s t e n d t o be m u t u a l l y e x c l u s i v e . Chemical 

f i x a t i o n , o r g a n i c s o l v e n t d e h y d r a t i o n and embedding i n 

r e s i n a d v e r s e l y a f f e c t s a n t i g e n i c i t y . T h i s g e n e r a l 

problem i s c l e a r l y and w i d e l y r e c o g n i z e d , and a p p r o p r i a t e 

c o n d i t i o n s have t o be d e v i s e d f o r each p a r t i c u l a r a n t i g e n . 

1.6.1.1 H i s t o r i c a l A s p e cts 

A m a j o r development i n c y t o c h e m i c a l s t u d i e s o f c e l l s 

and t i s s u e s a t t h e l i g h t m i c r o s c o p e l e v e l was t h e 

i n t r o d u c t i o n o f t h e use o f f l u o r e s c e n t a n t i b o d i e s t o 

i d e n t i f y s i t e s o f a n t i g e n - a n t i b o d y r e a c t i o n (Coons e t a l . , 

1941). To t a k e advantage o f t h e much g r e a t e r r e s o l v i n g 

power o f t h e e l e c t r o n m i c r o s c o p e , i t was n e c e s s a r y t o 

d e v e l o p markers w h i c h r e n d e r a n t i b o d i e s v i s i b l e a t t h e 

e l e c t r o n m i c r o s c o p e l e v e l so as t o i d e n t i f y a n t i g e n s 

w i t h i n o r on t h e s u r f a c e o f c e l l s . 

The i n t r o d u c t i o n by S i n g e r (1959) o f t h e 

i r o n - c o n t a i n i n g p r o t e i n f e r r i t i n as an e l e c t r o n - d e n s e 

marker w h i c h c o u l d be c o n j u g a t e d t o o t h e r p r o t e i n s such as 

a n t i b o d i e s opened a new f i e l d i i m m u n o l a b e l l i n g f o r 
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e l e c t r o n microscopy, and thereby made a s i g n i f i c a n t 

advance i n the study o f the molecular s t r u c t u r e o f c e l l s 

and t i s s u e s . A n t i b o d i e s so l a b e l l e d can be i n d i v i d u a l l y 

l o c a t e d and i d e n t i f i e d a t or near the s i t e o f i n t e r a c t i o n 

w i t h the a n t i g e n . Singer's f e r r i t i n - l a b e l l e d antibody 

technique was immediately accepted and q u i c k l y became 

w i d e l y used. An e x c e l l e n t review o f the use o f 

f e r r i t i n - c o n j u g a t e d a n t i b o d i e s i n e l e c t r o n microscopy was 

published by Morgan (1972). 

I n 1966, Nakane and Pierce a p p l i e d the r e a c t i o n o f 

horserad i s h peroxidase (HRP) and diaminobenzidine (DAB) 

p r e v i o u s l y i n t r o d u c e d i n t o h i s t o c h e m i s t r y by Graham and 

Karnovsky (1966) ; t o l o c a l i z e antigens by c o n j u g a t i n g 

antibody t o HRP. Ram e t a l . (19 66) had also shown t h a t 

the approach o f c o n j u g a t i n g enzyme ( a c i d phosphatase) t o 

antibody could be u s e f u l i n u l t r a s t r u c t u r a l s t u d i e s . 

However, a n t i b o d i e s conjugated t o a c i d phosphatase were 

found t o gi v e v a r i a b l e r e s u l t s , and t h i s l e d Nakane and 

Pierce t o t r y HRP. Thus, the i n t r o d u c t i o n of the 

enzyme-labelled antibody technique became a second major 

landmark i n immunolabelling f o r e l e c t r o n microscopy. 

Feldherr and Ma r s h a l l (1962) i n t r o d u c e d c o l l o i d a l 

g o l d p a r t i c l e s as a t r a c e r f o r e l e c t r o n microscopy, but i t 

was nine years l a t e r t h a t c o l l o i d a l g o l d was a p p l i e d as a 

s p e c i f i c marker f o r a n t i s e r a by Faulk and Taylor (1971), 

and t h r e e years l a t e r f o r i s o l a t e d a n t i b o d i e s by Romano e t 

a l . (1974). The immunogold s t a i n i n g technique has become 
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i n c r e a s i n g l y p o p u l a r d u r i n g t h e l a s t t e n y e a r s , and i t s 

use has a l s o been ex t e n d e d t o t h e s c a n n i n g e l e c t r o n 

m icroscope by H o r i s b e r g e r e t a l . ( 1 9 7 5 ) . Reviews o f t h e 

immunogold s t a i n i n g t e c h n i q u e have been p u b l i s h e d by 

H o r i s b e r g e r 1979; Goodman e t a l . ( 1 9 8 0 ) ; and H o r i s b e r g e r 

1981. 

1.6.1.2 T i s s u e P r e p a r a t i o n f o r E l e c t r o n 

I m m u n o c y t o c h e m i s t r y 

Immunocytochemistry i s p r o b a b l y t h e most demanding o f 

a l l v i z u a l i z a t i o n t e c h n i q u e s c u r r e n t l y p e r f o r m e d f o r 

e l e c t r o n m i c r o s c o p y , and i s prone t o two main sources o f 

problems. F i r s t l y , t h e r e i s t h e p r o b l e m o f t h e f a i l u r e t o 

p r e s e r v e a n t i g e n i c i t y i n t h e t i s s u e . A second d i f f i c u l t y 

concerns t h e s t e r i c h i n d r a n c e between a n t i b o d i e s , 

c o n j u g a t e d o r n o t , w h i c h can occur d u r i n g t h e s t a i n i n g 

c y c l e . These problems a l s o l i m i t t h e c h o i c e o f u s e f u l 

r e s i n s s i n c e c a r e f u l a t t e n t i o n must be p a i d t o t h e 

c h e m i c a l r e a c t i v i t y o f t h e c u r e d r e s i n , and a l s o t o t h e 

method o f c u r i n g and t h e degree o f c r o s s - l i n k i n g t h e n 

developed. A d d i t i o n a l l y , some o f t h e r e s i n s used 

s u c c e s s f u l l y a t t h e l i g h t m i c r o s c o p e l e v e l a r e e x c l u d e d 

f o r e l e c t r o n m i c r o s c o p y because t h e y do n o t e x h i b i t beam 

s t a b i l i t y . The r e s i n s t h a t g i v e t h e b e s t r e s u l t s and 

t o l e r a t e t h e w i d e s t range o f t e c h n i q u e f a l l i n t o two b r o a d 

groups: t h e epoxy c r o s s - l i n k e d systems, and t h e 

c r o s s - l i n k e d h y d r o p h i l i c a c r y l i c s . The epoxy r e s i n s w h i c h 

i n c l u d e S p u r r r e s i n ( S p u r r , 1969) . t h e A r a l d i t e s ( G l a u e r t 

52 



e t a l . , 1956) and the Epons (F i n c k , 1960), have been used 

i n many immunocytochemical s t u d i e s (Bendayan and 

Z o l l i n g e r , 1983; Hearn e t a l . , 1985). 

Optimal u l t r a s t r u c u r a l p r e s e r v a t i o n i s u s u a l l y 

obtained u s i n g osmium t e t r o x i d e i n the f i x a t i o n procedure. 

However, t h i s f i x a t i v e almost completely i n h i b i t s 

l a b e l l i n g f o r the p a n c r e a t i c p r o t e i n s (Bendayan e t a l . , 

1980, Roth e t a l . , 1981a). Bendayan and Z o l l i n g e r (1983) 

presented a m o d i f i c a t i o n of the p r o t e i n A-gold technique 

t h a t a l l o w s l a b e l l i n g on osmicated t i s s u e s embedded i n 

Epon. T h e i r r e s u l t s suggest t h a t f i x a t i o n with osmium 

t e t r o x i d e does not d e s t r o y p r o t e i n a n t i g e n i c i t y , and t h a t 

treatment of t h i n s e c t i o n s of osmium-fixed or p o s t - f i x e d , 

t i s s u e s w i th strong o x i d i s i n g agents such as sodium 

metaperiodate r e s t o r e s the p o s s i b i l i t y of r e v e a l i n g 

d i f f e r e n t antigens by the p r o t e i n A-gold technique. The 

good u l t r a s t r u c t u r a l p r e s e r v a t i o n obtained l e d to s u p e r i o r 

r e s o l u t i o n i n the l a b e l l i n g . 

The e x a c t mechanism by which osmium t e t r o x i d e a c t s as 

a f i x a t i v e i s s t i l j . p o orly understood (Pearse, 1968) and 

thus i t i s d i f f i c u l t to a n a l y s e a c c u r a t e l y the way by 

which o x i d i z i n g agents can remove the masking e f f e c t t h a t 

osmium t e t r o x i d e e x e r t s on a n t i g e n i c s i t e s . The 

r e s t o r a t i o n of the a n t i g e n i c i t y was only observed a f t e r 

treatment w i t h strong o x i d i z i n g agents. The treatment 

with o x i d i z i n g agents has been p o s t u l a t e d to a c t as a 

r e o x i d a t i o n of the reduced osmium molecules, making them 
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s o l u b l e as t e t r o x i d e s , and l e a d i n g to t h e i r removal 

(Merriam, 1958) . By r e o x i d i z i n g the low osmium oxides, 

these might be removed from the c r o s s - l i n k e d 

macromolecules, unmasking the a n t i g e n i c s i t e s . I f t h i s i s 

the c a s e , the f i x a t i v e r o l e of osmium, i n c o n t r a s t to i t s 

masking e f f e c t , i s not r e v e r s e d d u r i n g treatment as the 

t i s s u e s remain w e l l p r e s e r v e d . 

Hearn e t a l . (1985) confirmed t h a t osmium f i x a t i o n 

does not prevent I g immunolabelling. T h i s c o n c l u s i o n was 

de r i v e d from a p r o t e i n A-gold postembedding, 

immunolabelling method on t i s s u e s t h a t were f i x e d i n 

glu t a r a l d e h y d e , p o s t - f i x e d i n osmium t e t r o x i d e , and 

embedded i n epoxy r e s i n ; s e c t i o n s were p r e t r e a t e d w i t h 

sodium metaperiodate. Hearn e t a l . could d e t e c t I g i n 

specimens without any s e c t i o n pretreatment, but found the 

use of sodium metaperiodate produced a s i g n i f i c a n t 

unmasking of the antigen. The ant i g e n s could a l s o be 

l a b e l l e d i n t i s s u e s t h a t had been s t o r e d f o r many y e a r s i n 

epoxy r e s i n . C r a i g and Goodchild (1984) l o c a l i z e d the 

legume seed r e s e r v e p r o t e i n v i c i . l i n i n developing pea 

cotyledons by immunogold l a b e l l i n g on s e c t i o n s of 

glutaraldehyde osmium-fixed, Spurr resin-embedded t i s s u e . 

By t r e a t i n g s e c t i o n s w ith sodium p e r i o d a t e and 

h y d r o c h l o r i c a c i d before antibody l a b e l l i n g , a 20-f o l d 

i n c r e a s e i n s p e c i f i c antibody b i n d i n g was observed. These 

ob s e r v a t i o n s demonstrate the r e a l i t y of s u c c e s s f u l 

immunocytochemical l a b e l l i n g on t i s s u e prepared f o r 
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optimal f i n e s t r u c t u r a l p r e s e r v a t i o n . 

The a c r y l i c s t h a t a r e used i n e l e c t r o n microscopy are 

c r o s s - l i n k e d to reduce s u b l i m a t i o n of the lower 

homologues, ar>.d p r e f e r a b l y a r o m a t i c a l l y s u b s t i t u t e d to 

minimize damage by e l e c t r o n beam bombardment. For 

immunocytochemistry the hydrophobicity of the a c r y l i c i s 

important. The a c r y l i c can have h y d r o p h i l i c groups b u i l t 

i n t o them and thus avoid the need f o r peroxide or " e t c h " 

treatments. T h i s i s an advantage when d e a l i n g w i t h 

s e n s i t i v e antigens or u n f i x e d t i s s u e . The c r o s s - l i n k 

d e n s i t y of the a c r y l i c can a l s o be c o n t r o l l e d } thereby 

reducing the need f o r " e t c h i n g " . F i n a l l y , the m i l d e s t 

c u r i n g c o n d i t i o n s can be chosen, i . e . low temperatures i n 

heat-cured systems, c a r e f u l c o n t r o l of exothermy i n 

amine/peroxide room temerature c u r i n g systems and the 

s h o r t e s t p o s s i b l e i r r a d i a t i o n times f o r l i g h t - c u r e d 

systems. 

The commercial a l i p h a t i c c r o s s - l i n k e d a c r y l i c 

embedding medium L o w i c r y l (Chemische Werke/Lowi, D-8264, 

Waldkraiborg, West Germany) i s produced i n a h y d r o p h i l i c 

grade s u i t a b l e f o r immunocytchemistry (Carlemalm e t a l . , 

19 82) . I t c o n s i s t s of both hydroxypropyl and hydroxyethyl 

met h a c r y l a t e s c r o s s - l i n k e d by an a l i p h a t i c g l y c o l 

d i m e t h a c r y l a t e to reduce s u b l i m a t i o n i n the e l e c t r o n 

microscope. The a c r y l i c i s cured by exposure to 

u l t r a v i o l e t l i g h t u s i n g a benzoic a l k y l e t h e r as the 

a c t i v a t o r . The r e s i n i s very mobile even a t low 
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temperatures and i s v e r y s u i t a b l e f o r techniques t h a t 

r e q u i r e low temperature a n t i g e n p r e s e r v a t i o n . 

Embedding p l a n t c e l l s f o r immunoelectron microscopy 

p r e s e n t s i n f i l t r a t i o n problems due to r i g i d c e l l w a l l s and 

h i g h l y v a c u o l a t e d cytoplasm, and problems concerning 

adequate p r e s e r v a t i o n of a n t i g e n i c determinants. L o w i c r y l 

K4M, developed f o r low temperature embedding of animal 

t i s s u e s (Carlemalm e t a l . , 1982) has .also been found by 

Roth e t a l . (1978) , to g r e a t l y improve 

immunochistochemical techniques. Rey (1984), r e p o r t s t h a t 

the low temperature embedding r e s i n L o w i c r y l K4M appears 

to provide adequate morphological p r e s e r v a t i o n of apple 

t i s s u e and e x c e l l e n t r e t e n t i o n of a n t i g e n i c i t y . Wells 

(1985) d e v i s e d a box cooled with l i q u i d n i t r o g e n and a 

simple t i s s u e handling d e v i c e to allow low temperature 

r e s i n ( L o w i c r y l K4M) embedding of b i o l o g i c a l m a t e r i a l to 

become a convenient procedure. He r e p o r t s e x c e l l e n t 

p r e s e r v a t i o n of u l t r a s t r u c t u r e and a n t i g e n i c i t y when u s i n g 

immuno-gold s t a i n i n g of t h i n s e c t i o n s of a wide v a r i e t y of 

p l a n t , animal and b a c t e r i a l t i s s u e . 

LR White (London R e s i n company, Basingstoke, Hants.,) 

i s a polyhydroxyaromatic a c r y l i c r e s i n formulated 

s p e c i f i c a l l y to combine a high h y d r o p h i l i c c h a r a c t e r w i t h 

an e l e c t r o n beam s t a b l e c r o s s - l i n k . The r e s i n can be 

e i t h e r heat-cured a t 60°C or room-temperature-cured u s i n g 

an aromatic t e r t i a r y amine a c c e l e r a t o r . The c r o s s - l i n k 

d e n s i t y of the r e s i n i s c r i t i c a l f o r good 
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immunocytochemical r e s u l t s and Newman e t a l . (19 83) have 

demonstrated t h a t the b e s t r e s u l t s are obtained u s i n g a 

slow heat cure a t 50°C. 

C r a i g and M i l l e r (1984) combined LR White r e s i n w i t h 

post-embedding immunogold l a b e l l i n g to l o c a l i z e the 

storage p r o t e i n v i c i l i n w i t h i n developing pea seed 

cotyledons by e l e c t r o n microscopy. F i n e s t r u c t u r a l 

p r e s e r v a t i o n was comparable to t h a t obtained with Spurr's 

r e s i n ( C r a i g and Goodchild, 1984P) , and antibody l a b e l l i n g 

i s improved. More gold binds to p r o t e i n bodies, to rough 

endoplasmic r e t i c u l u m and to G o l g i v e s i c l e s and i n 

a d d i t i o n , v i c i l i n was d e t e c t e d w i t h i n G o l g i c i s t e r n a e , a 

s i t e not p r e v i o u s l y observed. 

Hence a s u i t a b l e c h o i c e of t i s s u e p r e p a r a t i o n i s one 

which combines adequate morphological p r e s e r v a t i o n along 

with e x c e l l e n t r e t e n t i o n of a n t i g e n i c i t y f o r the t i s s u e 

and antigen of i n t e r e s t . 

1.6.1.3 Electron-Opaque Markers f o r Immunocytochemistry 

(a) I n t r o d u c t i o n 

The l a b e l l i n g of c e l l s u r f a c e and i n t r a c e l l u l a r 

components f o r m i c r o s c o p i c a l o b s e r v a t i o n i s an extremely 

important technique f o r s t u d y i n g molecular o r g a n i z a t i o n 

and c e l l f u n c t i o n . Indeed, b i o c h e m i c a l a n a l y s i s alone 

would be incomplete s i n c e the data obtained r e p r e s e n t 

average v a l u e s and g i v e l i t t l e i n f o r m a t i o n regarding the 

d i s t r i b u t i o n of c e l l u l a r components. Hence, a l a r g e 

number of c y t o c h e m i c a l t e c h n i q u e s have been developed to 
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i d e n t i f y , l o c a l i z e , q u a n t i f y and understand the dynamics 

of c e l l components a t the u l t r a s t r u c t u r a l l e v e l . 

Cytochemical methods f o r t r a n s m i s s i o n e l e c t r o n 

microscopy depend upon the product of r e a c t i v e products 

which are opaque to the e l e c t r o n s , or the use of 

electron-opaque p a r t i c u l a t e markers. I d e a l l y , markers 

should be e a s i l y r ecognized and q u a n t i f i e d , and r e a d i l y 

prepared from a v a r i e t y of molecules r e c o g n i z i n g l i g a n d s 

with a narrow s p e c i f i c i t y . Although d i f f u s e markers are 

g e n e r a l l y s e n s i t i v e , because they are based on 

a m p l i f i c a t i o n e f f e c t s , p a r t i c u l a t e markers are e s p e c i a l l y 

convenient f o r p r e c i s e l o c a l i z a t i o n and q u a n t i f i c a t i o n , 

(b) The Immunoferritin Technique 

A v a s t number of i n v e s t i g a t i o n s have made use of 

f e r r i t i n as an e l e c t r o n - d e n s e marker f o r t r a n s m i s s i o n 

e l e c t r o n microscopy (e.g. Morgan, 1972; and Sternberger 

1979). The i r o n - c o n t a i n i n g core of the f e r r i t i n molecule 

i s e l e c t r o n dense and l a r g e enough, about 7 0 i l y t o a l l o w 

v i s u a l i z a t i o n a t r e l a t i v e l y low m a g n i f i c a t i o n . The 

apoprotein coat permits chemical c o n j u g a t i o n to other 

p r o t e i n s such as a n t i b o d i e s by means of b i v a l e n t r e agents. 

A major disadvantage of the i m m u n o f e r r i t i n technique i s 

t h a t i t i s dependent upon the chemical c o u p l i n g of 

f e r r i t i n to a n t i b o d i e s . T h i s can produce s e v e r a l 

problems: f i r s t l y , the l o s s of antibody a c t i v i t y , 

secondly, h e t e r o g e n e i t y of products, so the a c t i v e 

f e r r i t i n - a n t i b o d y conjugates must be i s o l a t e d , and l a s t l y , 
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i n e f f i c i e n c y of the c o u p l i n g procedures. I n i t i a l l y , 

Singer (1959) employed metaxylene d i i s o c y a n a t e i n the 

c o n j u g a t i o n r e a c t i o n , but a s i m p l e r and more adequate 

two-step c r o s s - l i n k i n g procedure u s i n g monomeric 

glutaraldehyde was suggested by Otto e t a l . (l973). The 

p r e p a r a t i o n of conjugates has been d e s c r i b e d by Hsu 

(1981) . 

The i m m u n o f e r r i t i n technique has. been a p p l i e d to a 

wide range of b i o l o g i c a l problems. Some examples of t h e s e 

s t u d i e s are -the arrangement of f i b r i n i n c l o t s , red blood 

c e l l a ntigens y components of c e l l n u c l e i and, the 

i d e n t i f i c a t i o n of components of b a c t e r i a l or fungal 

o r i g i n . 

(c) Immunoperoxidase L a b e l l i n g f o r E l e c t r o n Microscopy 

Ho r s e r a d i s h peroxidase can be used as an enzymic 

marker, and an important d i f f e r e n c e between these and the 

p a r t i c u l a t e markers such as f e r r i t i n and c o l l o i d a l gold, 

i s t h a t the c a t a l y t i c a c t i v i t y of enzymes can r e s u l t i n 

the accumulation of r e a c t i o n products which d i f f u s e away 

from the l a b e l l e d s i t e . T h i s d i f f u s i o n may be a p o s i t i v e 

f e a t u r e because i t a i d s d e t e c t i o n of the a n t i g e n i c s i t e 

(Bretton, 1970), but can a l s o be a drawback when f i n e 

l o c a l i z a t i o n of a n t i g e n i c s i t e s i s r e q u i r e d . H o r s e r a d i s h 

peroxidase can be c h e m i c a l l y coupled to l i g a n d s such as 

a n t i b o d i e s or used as the u n l a b e l l e d 

p e r o x i d a s e - a n t i p e r o x i d a s e (PAP) complex, (Sternberger e t 

a l . , 1970). The u n l a b e l l e d antibody peroxidase method was 
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found to be very s e n s i t i v e f o r the h i s t o c h e m i c a l 

l o c a l i z a t i o n of a v a r i e t y of a n t i g e n s , and q u i c k l y became 

very popular both i n l i g h t and e l e c t r o n microscopy. 

The p r e p a r a t i o n of a n t i b o d i e s conjugated to 

peroxidase was developed independently by Nakane and 

P i e r c e (1966) and Avrameas and U r i e l (1966). A n t i b o d i e s 

or other s p e c i f i c l i g a n d s are c o v a l e n t l y l i n k e d to the 

enzyme by the p e r i o d a t e method, g l u t a r a l d e h y d e or other 

b i f u n c t i o n a l coupling agents (reviewed by Sternberger, 

1979). The marker can then be r e a c t e d w i t h the t i s s u e s 

(both pre- and post-embedding techniques may be used) and 

the s i t e of the enzyme i s v i s u a l i z e d by the formation of 

o s m i o p h i l i c r e a c t i o n products of the enzyme u s i n g 

3,3'-diaminobenzidine or 4 - c h l o r o - l - n a p t h o l . The l a t t e r 

produces h i g h l y s p e c i f i c s t a i n i n g and l e s s background 

s t a i n i n g than the former. 

As with other l a b e l l i n g methods, the s e n s i t i v i t y of 

the immunoperoxidase procedures depends on the c o n d i t i o n s 

of f i x a t i o n and t i s s u e p r o c e s s i n g . A compromise has to be 

made between the requirements f o r the p r e s e r v a t i o n of the 

t i s s u e and c e l l f i n e s t r u c t u r e , good f i x a t i o n , and the 

r e t e n t i o n of a n t i g e n i c a c t i v i t y . S i n c e the i n t r o d u c t i o n 

of peroxidase-antibody conjugates f o r u l t r a s t r u c t u r a l 

s t u d i e s (Nakane and P i e r c e , 1966), m o d i f i c a t i o n s of t h i s 

immunolabelling technique have been a p p l i e d e x t e n s i v e l y to 

d e t e c t v i r u s e s , enzymes, hormones and immunoglobulins i n 

t i s s u e s e c t i o n s . 
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Some p a r t i c u l a r problems i n h e r e n t i n the 

immunoperoxidase procedures are r e l a t e d to the need to 

i n h i b i t endogenous peroxidase a c t i v i t y which may be 

achieved by the use of phenylhydrazine ( S t r a u s , 1972), and 

to the p u r i t y and t o x i c i t y of the commonly used chromogen 

diaminobenzidine ( P e l l i n i e m i e t a l . , 1980). A l s o , 

co n j u g a t i o n of immunoglobulins to peroxidase w i t h 

gl u t a r a l d e h y d e appears to impair the - a n t i g e n i c i t y more 

than the antibody s i t e i n m u l t i p l e step marking (Tougard 

e t a l . , 1979). 

(d) Immunogold L a b e l l i n g f o r E l e c t r o n Microscopy 

( i ) General Aspects 

C o l l o i d a l gold o f f e r s many advantages as a t r a c e r f o r 

e l e c t r o n microscopy. Gold i s p a r t i c u l a t e and very 

d i s t i n c t , and a g r e a t advantage i s t h a t due to t h e i r high 

e l e c t r o n d e n s i t y , gold p a r t i c l e s are e a s i l y d e t ected by 

the e l e c t r o n microscope i n c o n t r a s t to the low o p a c i t y of 

the i r o n core of f e r r i t i n . 

Gold markers were f i r s t employed i n 

immunocytochemistry bound to immunoglobulins (Faulk and 

T a y l o r , 1971) . The p r e p a r a t i o n of a s t a b l e Ig-gold i s not 

as simple as the procedure to make p r o t e i n A-gold, but has 

the advantage t h a t i t g i v e s a higher y i e l d of l a b e l than 

p r o t e i n A-gold ( S l o t and Geuze, 1981) . T h i s , however, i s 

not the r e s u l t of more e f f i c i e n t r e c o g n i t i o n of a n t i g e n s 

but a consequence of secondary a m p l i f i c a t i o n ; hence, 

Ig-gold i s a convenient marker i n c a s e s of low a n t i g e n 
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c o n c e n t r a t i o n . 

The f i r s t a p p l i c a t i o n of c o l l i d a l gold as an 

immunocytochemical marker f o r t r a n s m i s s i o n e l e c t r o n 

microscopy was d e s c r i b e d by F a u l k and T a y l o r i n 1971. 

Gold l a b e l l i n g f o r scanning e l e c t r o n microscopy was 

introduced by Horisberger e t a l . ( 1 9 7 5 ) . 

For t r a n s m i s s i o n and scanning e l e c t r o n microscopy, 

monodisperse gold c o l l o i d s are prepared by one of t h r e e 

procedures: the s m a l l e r p a r t i c l e s , Au^ - (the s u b s c r i p t of 

the gold i n d i c a t e s the mean diameter of the p a r t i c l e s i n 

nanometers (nm)) ; are obtained by reducing gold c h l o r i d e 

( c h l o r o a u r i c a c i d , HAuCl^ ) w i t h y e l l o w or white 

phosphorus (Faulk and T a y l o r , 1971; and, Horisberger and 

Rosset, 1977) . A u i 2 p a r t i c l e s are produced i n the 

presence of sodium asc o r b a t e as the reducing agent 

(Horisberger and T a c c h i n i - V o n l a nthen, 1983). For to 
A u 1 5 0 P a r t i c l e s , the reducing agent i s sodium c i t r a t e 

(Horisberger 1979; and H o r i s b e r g e r and Rosset, 1977); the 

s m a l l e r the p a r t i c l e s i z e , the h i g h e r the c o n c e n t r a t i o n of 

reducing agent r e q u i r e d . 

C o l l o i d a l gold has been l a b e l l e d w i t h a v a r i e t y of 

molecules such as t o x i n s , hormone p o l y s a c c h a r i d e s , 

g l y c o p r o t e i n s , p r o t e i n s (such as p r o t e i n A), l e c t i n s , 

immunoglobulins, enzymes and l i p o p r o t e i n s (reviewed 

Horisberger, 1981) . The b i n d i n g of such macromolecules to 

c o l l o i d a l gold r e s u l t s from a d s o r p t i o n under s p e c i f i c 

c o n d i t i o n s of pH, reagent c o n c e n t r a t i o n and i o n i c 
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s t r e n g t h s ; no chemical c o n j u g a t i o n i s i n v o l v e d . Thus the 

method i s easy, quick, and cheap because i t r e q u i r e s only 

s m a l l amounts of s p e c i f i c macromolecules. Another 

advantage i s the low n o n - s p e c i f i c a d s o r p t i o n of the coated 

gold p a r t i c l e s . 

As c o l l o i d a l gold can be produced i n a v a r i e t y of 

s i z e s , m u l t i p l e l a b e l l i n g can be achieved by the 

adso r p t i o n to d i f f e r e n t a n t i b o d i e s or macromolecules. 

Gold l a b e l l i n g w i th s m a l l p a r t i c l e s , 5-20nm, has the 

advantage of being l e s s s u s c e p t i b l e to s t e r i c hindrance 

due to the s m a l l s i z e of the l a b e l , 

( i i ) Immunogold Procedures 

The p r e p a r a t i o n of a gold marker i s based on he 

adso r p t i o n of macromolecules onto the s u r f a c e of the gold 

p a r t i c l e s . Upon adsorption, f u l l b i o l o g i c a l a c t i v i t y of 

the secondary a n t i b o d i e s i s preserved, and they remain 

g l o b u l a r (Bauer e t a l . , 1975). C a t a l a s e i s the only known 

except i o n to t h i s r u l e , l o s i n g i t s a c t i v i t y when bound to 

gold p a r t i c l e s (Horisberger and Rosset, 1977) . As a 

r e s u l t of the ads o r p t i o n of macro-molecules onto gold 

p a r t i c l e s , the hydrophobic n e g a t i v e l y charged c o l l o i d a l 

gold i s s t a b i l i z e d and " p r o t e c t e d " a g a i n s t subsequent 

aggregation by e l e c t r o l y t e s s i n c e i t becomes a l y o p h i l i c 

c o l l o i d . 

F a u lk and T a y l o r (1971) d e s c r i b e d method whereby the 

whole serum which contained the a n t i - Salmonella antibody 

was l a b e l l e d w i t h c o l l o i d a l gold. T h i s reagent was 
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demonstrated to be of v a l u e when i n v e s t i g a t i n g the 

d i s t r i b u t i o n of antigens on c e l l s u r f a c e s by e l e c t r o n 

microscopy. Romano e t a l . (1974), d e s c r i b e d an i n d i r e c t 

method i n which a f f i n i t y - p u r i f i e d horse a n t i b o d i e s to 

human IgG were l a b e l l e d w i t h c o l l o i d a l gold and used to 

mark the d i s t r i b u t i o n of Rh a n t i g e n s i t e s on human 

e r t h r o c y t e ghosts. I n l a t e r work, Romano e t a l . ( 1 9 7 5 ) 

u t i l i z e d a s i m i l a r reagent to map the d i s t r i b u t i o n of the 

A, D and C antigens of human red c e l l membranes under 

d i f f e r e n t c o n d i t i o n s . T h i s demonstrates t h a t the 

g o l d - l a b e l l e d reagent permits the study of the 

d i s t r i b u t i o n of s i t e s along w i t h q u a n t i t a t i v e a n a l y s i s . 

S i n c e 1975, many s t u d i e s have been reported which 

used c o l l o i d a l gold markers f o r l a b e l l i n g s u r f a c e antigens 

of c e l l s , v i r u s e s , b a c t e r i a , p r o t o p l a s t s , y e a s t s and a l s o 

for marking i n t r a c e l l u l a r a n t i g e n s e i t h e r w i t h 

pre-embedding or post-embedding techniques on t h i n 

s e c t i o n s 

( i i i ) The S t a p h y l o c o c c a l P r o t e i n A-Gold Technique 

As an a l t e r n a t i v e to gold coated w i t h secondary 

antibody, the p r o t e i n A-gold technique has become 

i n c r e a s i n g l y popular and i t i s now w i d e l y used f o r the 

l o c a l i z a t i o n of both s u r f a c e and i n t r a c e l l u l a r a n t i g e n s . 

P r o t e i n A i s a polypeptide (molecular weight 42,000) 

i s o l a t e d from Staphylococcus aureus , which binds 

immunoglobulin molecules without i n t e r a c t i n g a t the 

a n t i g e n i c s i t e . T h i s p r o p e r t y permits the formation of 
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t e r t i a r y complexes c o n s i s t i n g of p r o t e i n A, antibody and 

anti g e n . The method i s based on the a b i l i t y of p r o t e i n A 

to bind to the Fc p o r t i o n of the IgG molecules of many 

animal s p e c i e s ( K r o n v a l l e t a l . , 1970; 1974). T h i s 

binding i s r a p i d and reaches s a t u r a t i o n l e v e l i n about 30 

minutes. The v a l u e s f o r human and r a b b i t IgG are 

s i m i l a r to antigen-antibody r e a c t i o n s ( K r o n v a l l and 

Frommel, 1970; Myhre and K r o n v a l l , 19 80)-. 

There are numerous r e p o r t s of v a r i a t i o n i n binding to 

v a r i o u s IgG s u b c l a s s e s and i n t e r a c t i o n with other 

immunoglobulin c l a s s e s ( V i d a l and Conde 1980; Hjelm, 

1975). I n a d d i t i o n , there i s a l s o v a r i a t i o n i n r e a c t i v i t y 

of p r o t e i n A with immunoglobulins from d i f f e r e n t animal 

s p e c i e s (Goudswaard e t a l . , 1978). D e s p i t e t h i s , p r o t e i n 

A i s a u s e f u l reagent f o r bi n d i n g immunoglobulins from 

s e v e r a l animal s p e c i e s , a property r e n d e r i n g the p r o t e i n 

of g e n e r a l a p p l i c a b i l i t y i n immunocytochemistry. 

B i b e r f e l d e t a l . (1975) , i n i t i a l l y a p p l i e d 

f l u o r e s c e n c e - l a b e l l e d p r o t e i n A as a second l a y e r reagent 

i n the i n d i r e c t immunofluorescence technique. L a t e r , 

p r o t e i n A conjugated with f e r r i t i n (Bachi, 1977) or 

peroxidase (Dubois-Dalcq e t a l . , 1977) was introduced f o r 

anti g e n l o c a l i z a t i o n a t the l i g h t and e l e c t r o n microscope 

l e v e l . S i n c e the i n t r o d u c t i o n of c o l l o i d a l gold as an 

immunocytochemical marker by Fa u l k and T a y l o r (19 71) , 

c o l l o i d a l gold coated with d i f f e r e n t c l a s s e s of b i o l o g i c a l 

macromolecules has been a p p l i e d to l i g h t and e l e c t r o n 
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m i c r o s c o p i c a l c y t o c h e m i s t r y (review Roth, 1983). Romano 

and Romano (19 77) were the f i r s t to prepare a p r o t e i n 

A-gold complex f o r the pre-embedding technique f o r the 

l o c a l i z a t i o n of antigens i n the c e l l s u r f a c e . The 

u s e f u l n e s s of the p r o t e i n A-gold technique f o r 

post-embedding i n t r a c e l l u l a r a n t i g e n l o c a l i z a t i o n i n t h i s 

r e s i n embedded m a t e r i a l has a l s o been documented (re v i e w s : 

Roth e t a l . , 1978; Roth e t a l . , 1980; Roth , 1982). 

Subsequently, the p r o t e i n A-gold technique has been 

s u c c e s s f u l l y adapted f o r the s t a i n i n g of f r o z e n u l t r a t h i n 

s e c t i o n s (Geuze e t a l . , 1981). 

1.6.1.4 A p p l i c a t i o n of the P r o t e i n A-gold Technique f o r 

Post-Embedding Antigen L o c a l i z a t i o n 

The r e l i a b i l i t y of the p r o t e i n A-gold technique has 

been demonstrated by the s u c c e s s f u l l o c a l i z a t i o n of 

d i f f e r e n t c l a s s e s of p r o t e i n s such as s e v e r a l s e c r e t o r y 

p r o t e i n s and notably polypeptides i n v a r i o u s c e l l u l a r 

compartments - enzymes i n mitochondria, peroxisomes and 

granules of e o s i n o p h i l i c l e u k o c y t e s ; c y t o s k e l e t a l 

elements; e x t r a c e l l u l a r space components; c y t o s o l i c 

p r o t e i n s ; membrane i n t e g r a l p r o t e i n s e t c . (review Roth, 

1983) . 

Immunocytochemical l o c a l i z a t i o n has d e t e c t e d the 

presence of growth hormone i n human p i t u i t a r y by l i g h t 

microscopy of paraffin-embedded, formaldehyde-fixed t i s s u e 

(Roth, 1982) /and a l s o a t the e l e c t r o n microscope l e v e l i n 

Epon t h i n s e c t i o n s of osmicated and non-osmicated t i s s u e 
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(Bendayan and Z o l l i n g e r , 1983) . S i m i l a r s t u d i e s on 

e x o c r i n e p a n c r e a t i c enzymes confirmed e s t a b l i s h e d 

biochemical data on s e c r e t i o n (Palade, 1975) by 

demonstrating the presence of s e v e r a l enzymes i n the rough 

endoplasmic r e t i c u l u m , G o l g i apparatus, condensing 

v a c u o l e s , zymogen granules and a c i n a r lumen (Bendayan e t 

al.^1980) . Roth e t a l . (1981b) obtained r e s u l t s suggesting 

the involvement of the whole G o l g i stack, i n p r o c e s s i n g of 

the s e c r e t o r y products. Double l a b e l l i n g techniques have 

demonstrated the presence of d i f f e r e n t enzymes i n the same 

c e l l u l a r compartments (Roth, 1982; Bendayan, 1982). 

Q u a n t i t a t i v e e v a l u a t i o n of the l a b e l l i n g r e v e a l e d 

d i f f e r e n c e s i n l a b e l l i n g i n t e n s i t y f o r the v a r i o u s enzymes 

and c e l l u l a r compartments (Bendayan e t a l . , 1980). 

The s y n t h e s i s and accumulation of p r o t e i n s w i t h i n 

developing seeds of c e r e a l s and legumes has been 

i n v e s t i g a t e d i n t e n s i v e l y f o r s e v e r a l y e a r s . For legumes 

ther e i s both biochemical and s t r u c t u r a l evidence t h a t 

newly s y h t h e s i z e d seed p r o t e i n s a r e sequestered w i t h i n the 

endoplasmic r e t i c u l u m and r e l o c a t e d i n t o the vacuole or 

p r o t e i n bodies, the u l t i m a t e s i t e of storage ( B a i l e y e t 

a l . , 1970; B o l l i n i e t a l . , 1982). Using r a d i o l a b e l 

i n c o r p o r a t i o n and o r g a n e l l e f r a c t i o n a t i o n , C h r i s p e e l s 

(1983) showed t h a t newly s y n t h e s i z e d Phaseolus l e c t i n i s 

modified w i t h i n the G o l g i compartment en route to the 

vacuole. Immunocytochemical methods g i v e more d i r e c t 

evidence fo r the p a r t i c i p a t i o n of the Golgi i n seed 
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p r o t e i n t r a n s p o r t , f o r example, v i c i l i n , one of the pea 

seed r e s e r v e p r o t e i n s was shown w i t h i n Golgi v e s i c l e s 

( C r a i g and Goodchild, 1984b) . T h i s suggests t h a t a t l e a s t 

some p l a n t storage p r o t e i n s are s y n t h e s i z e d , packaged and 

t r a n s p o r t e d v i a a pathway s i m i l a r to t h a t e s t a b l i s h e d f o r 

p r o t e i n s d e s t i n e d to be s e c r e t e d from animal c e l l s , v i z , 

endoplasmic r e t i c u l u m — > G o l g i — > vacuole. T h i s supports 

the proposal ( C h r i s p e e l s , 1976) t h a t the p l a n t c e l l 

vacuole may be considered as an " e x t e r n a l " compartment, 

and t h a t p r o t e i n s d e s t i n e d to be sequestered w i t h i n the 

vacuole may t h e r e f o r e be considered as s e c r e t o r y p r o t e i n s . 

Most p l a n t p r o t e i n s f o r which the "ER—> G o l g i — ^ v a c u o l e " 

pathway i s e s t a b l i s h e d are g l y c o p r o t e i n s , but H a r r i s 

(19 84) demonstrated t h a t the route through the G o l g i 

apparatus i s not r e s t r i c t e d to those storage p r o t e i n s t h a t 

undergo p o s t - t r a n s l a t i o n a l g l y c o s y l a t i o n . They a l s o 

demonstrated t h a t the major storage proteins of Pisum sativum 

are t r a n s p o r t e d by d i f f e r e n t compartments of the G o l g i 

apparatus. I n animal t i s s u e s however, a l l g l y c o l s y l a t e d 

s e c r e t o r y p r o t e i n s have been shown to pass through the 

Golgi apparatus (e.g. Yang e t a l . , 1981) . 

C o l l e c t i v e l y , these data demonstrate the high degree 

of f u n c t i o n a l s p e c i a l i z a t i o n w i t h i n the G o l g i apparatus, 

on the other hand, c l e a r l y r e p r e s e n t the p o t e n t i a l of 

modern immunocytochemical procedures i n c e l l b i o l o g i c a l 

r e s e a r c h . 
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1.6.1.5. P r e p a r a t i o n of P o l y c l o n a l A n t i b o d i e s to 

C e l l u l a r C o n s t i t u e n t s - the C e r e a l Storage 

P r o t e i n s 

P o l y c l o n a l a n t i b o d i e s have been used f o r many y e a r s 

as t o o l s f o r a n a l y z i n g v a r i o u s a s p e c t s of c e l l biology 

(e.g. V i n c e n t , 1982; C u l l i m o r e and M i f l i n , 1984). The 

methods used f o r r a i s i n g these a n t i b o d i e s are w e l l 

documented i n the l i t e r a t u r e . For- the r e s u l t s of 

immuno-gold cy t o c h e m i s t r y to be unambiguous, i t i s 

e s s e n t i a l t h a t the antibody p r e p a r a t i o n should be s p e c i f i c 

to the t i s s u e c o n s t i t u e n t of i n t e r e s t . Any p o s s i b i l i t y 

t h a t the antibody p r e p a r a t i o n i s able to r e a c t w i t h other 

components i n the c e l l r a i s e s u n c e r t a i n t i e s i n the 

i n t e r p r e t a t i o n of the data concerning l o c a l i z a t i o n of a 

p a r t i c u l a r a n t i g e n . Where p r o t e i n s are i n v o l v e d , proof of 

s p e c i f i c i t y of the antibody can be achieved by v a r i o u s 

techniques i n v o l v i n g e l e c t r o p h o r e s i s (Chua and Blomberg, 

1979), e l e c t r o b l o t t i n g and immunochemical s t a i n i n g (Towbin 

e t a l . , 1979; Hawkes e t a l . , 1982). 

The use of c o n t r o l s i n immuno-gold s t a i n i n g 

experiments i s very important. A sample of preimmune serum 

i s obtained from the animal i n which the a n t i b o d i e s were 

r a i s e d . Other c o n t r o l s e s s e n t i a l f o r e s t a b l i s h i n g the 

a u t h e n t i c i t y of an a n t i g e n i n t h i n s e c t i o n s when u s i n g 

p r o t e i n A-gold s t a i n i n g , have been d i s c u s s e d by Roth 

(1982) . 
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( i ) R a i s i n g of A n t i s e r a and S o l u b i l i t y of the Antigens 

E x t r a c t e d prolamins are not u s u a l l y s o l u b l e i n 

aqueous s o l v e n t s such as phosphate b u f f e r e d s a l i n e (PBS). 

I t i s t h e r e f o r e n e c e s s a r y to d i s s o l v e them i n a detergent 

or c h a o t r o p i c reagent (e.g. urea) i n order to study t h e i r 

immunological r e l a t i o n s h i p s . Such s o l v e n t s may i n t e r f e r e 

with antibody-antigen r e a c t i o n s ( F e s t e n s t e i n and Hay, 

1982) . The commonly used s o l u b i l i z i n g agent SDS (sodium 

dodecyl s u l p h a t e ) apparently produces a n o n - s p e c i f i c 

r e a c t i o n w i t h r a b b i t serum i n double d i f f u s i o n t e s t s . 

T h i s r e a c t i o n , noted by o t h e r s (Green e t a l . , 1975; and, 

Yen e t a l . , 1976), has been minimized by u s i n g 0.1% 

SDS-PBS to suspend the hordein a n t i g e n s , but as a 

suspension r a t h e r than a s o l u t i o n ; the t e s t i s 

g e n e r a l l y u s e f u l f o r q u a l i t a t i v e r a t h e r than q u a n t i t a t i v e 

study. 

Previous work emphasized the problems of working w i t h 

p r o t e i n s w i t h such l i m i t e d s o l u b i l i t y ( F e s t e n s t e i n and 

Hay, 1982) poor a n t i g e n i c i t y (Daussant, 1977) and 

d i f f i c u l t y of o b t a i n i n g p u r i f i e d f r a c t i o n s to r a i s e 

a n t i s e r a ( L a u r i e r e e t a l . , 1983). F e s t e n s t e i n and Hay 

(1982) overcame the f i r s t two of these problems by 

developing a s e n s i t i v e nephelometric a s s a y w i t h hordein 

d i s s o l v e d i n 0.1% SDS-PBS. 

The nephelometric a s s a y p r o v i d e s a q u a n t i t a t i v e 

measure of antigen-antibody r e a c t i o n f o l l o w i n g SDS 

p r e c i p i t a t i o n of n o n - s p e c i f i c r e a c t i n g m a t e r i a l , and hence 
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provided a s u i t a b l e q u a n t i t a t i v e method f o r comparing 

d i f f e r e n t hordeins and d i f f e r e n t hordein a n t i b o d i e s . 

( i i ) Immunological R e l a t i o n s h i p s of B a r l e y Seed Storage 

P r o t e i n s 

Common a n t i g e n i c determinants have been shown to be 

prese n t on the S-poor and S - r i c h prolamins. K l i n g (19 75) 

found t h a t the a n t i s e r a to s i x hordein components gave 

c o n f l u e n t p r e c i p i t a t i o n l i n e s between a l l a n t i s e r a and a l l 

antigens except one i n d o u b l e - d i f f u s i o n t e s t s . 

F e s t e n s t e i n and Hay (19 82) demonstrated common a n t i g e n i c 

deteminants f o r A and B hordeins and a l s o B and C hordeins 

by double d i f f u s i o n t e s t s . They a l s o concluded t h a t B 

hordein c o n t a i n s e x t r a determinants not pr e s e n t on A 

hordein and a l s o not p r e s e n t on C hordein. The r e c e n t 

work of L a u r i e r e e t a l . (1983) a l s o showed common 

a n t i g e n i c determinants between B and C hor d e i n s . However, 

i n both c a s e s , a n t i s e r a used were r a i s e d a g a i n s t mixtures 

of prolamins c o n t a i n i n g both S-poor and S - r i c h hordeins 

( i . e . B p l u s C h o r d e i n s ) . More r e c e n t l y , F e s t e n s t e i n e t 

a l . (1984) used antiserum r a i s e d a g a i n s t a pure p r e p a r a t i o n 

of C hordein. Using t h i s antiserum they were able to show 

c l e a r l y t h a t B and C hordein c o n t a i n a common a n t i g e n i c 

determinant; furthermore, r e s u l t s w i t h a t o t a l - h o r d e i n 

antiserum i n d i c a t e t h a t B hordein c o n t a i n s an a d d i t i o n a l 

determinant not p r e s e n t i n C hordein. 

F e s t e n s t e i n e t a l . ( 1 9 8 4 ) a l s o examined the a n t i g e n i c 

r e l a t i o n s h i p s between the prolamins of b a r l e y , r y e and 
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wheat by s t u d y i n g the s p e c i f i c i t y of an antibody to C 

hordein i n a q u a n t i t a t i v e study using a l a s e r 

nephelometer. They found the antibody r e a c t s weakly w i t h 

B hordein and s t r o n g l y w i t h 75-K d a l t o n and 40-K d a l t o n . 

Y - s e c a l i n s from rye and Y3 ~ a n c ^ some w - g l i a d i n s from 

wheat. Absorption experiments and immuno-diffusion t e s t s 

i n d i c a t e d t h a t t h e r e are shared a n t i g e n i c determinants f o r 

most of the prolamins. A l l the s p e c i e s w i t h r e a c t i n g 

prolamins belong to the sub-family F e s t u c o i d e a e of the 

Gramineae. T h i s agreed with the e a r l i e r r e s u l t s obtained 

by K l i n g (1971, 1975). 

The prolamins of maize, p e a r l m i l l e t and sorghum, 

s p e c i e s of the sub-family Panicoideae, do not r e a c t 

(Ewart, 1966; and D i e r k s - V e n t l i n g and Cozens, 1982). The 

r e s u l t s obtained by F e s t e n s t e i n e t a l . (1984) show t h a t the 

prolamins of the Panicoideae ( B i e t z , 1982) do not r e a c t 

w i th b a r l e y C hordein antiserum. R e s u l t s a l s o i n d i c a t e d 

d i f f e r e n c e s w i t h i n the sub-family F e s t u c o i d e a e ? whereas 

a l l the members of the t r i b e T r i t i c e a e ( b a r l e y , rye and 

wheat) r e a c t e d , o a t s ( t r i b e Aveneae) r e a c t e d only weakly. 

1.6.2 In situ H y b r i d i z a t i o n w i t h Nucleotide Probes - a 

H i s t o c h e m i c a l Tool 

In situ h y b r i d i z a t i o n , a procedure f o r the 

l o c a l i z a t i o n of s p e c i f i c p o l y n u c l e o t i d e sequences, was 

introduced i n 1969 ( G a l l and Pardue, 1969; John e t a l . 

1969). T h i s technique i d e n t i f i e s s p e c i f i c RNA or DNA 

sequences and a l s o r e v e a l s t h e i r c e l l u l a r or chromosomal 
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l o c a t i o n p r o v i d i n g i n f o r m a t i o n w i t h a high degree of 

s p a t i a l r e s o l u t i o n . T h i s makes i t a v a l u a b l e t o o l f o r the 

study o f gene e x p r e s s i o n a t t h e m o r p h o l o g i c a l and c y t o l o g i c a l 

l e v e l s . 

F r e q u e n t l y , molecular b i o l o g i s t s have r e l i e d on 

methods t h a t d e t e c t the RNA or DNA content of a specimen 

a f t e r homogenization and e x t r a c t i o n . For example, 

Southern, Northern or dot b l o t s d e t e c t the presence of 

n u c l e o t i d e sequences i n a specimen, and can even i n d i c a t e 

the amount p r e s e n t . However each of these methods g i v e s 

i n f e r i o r s p a t i a l r e s o l u t i o n as compared to in situ 

h y b r i d i z a t i o n . 

T h i s technique has two important b e n e f i t s . F i r s t l y , 

the c e l l t h a t c o n t a i n s the s p e c i f i c RNA or DNA of i n t e r e s t 

i s i d e n t i f i e d p r e c i s e l y . Consequently, the e x a c t l o c a t i o n 

of the c e l l s , t h e i r number and type as determined by 

morphology or f u n c t i o n , i s a l s o known. T h i s f e a t u r e of 

the information provided by in situ h y b r i d i z a t i o n i s 

a b s o l u t e l y e s s e n t i a l f o r the examination of heterogeneous 

t i s s u e s . H a r r i s and Croy (1986) have used 

h y b r i d i z a t i o n to l o c a t e mRNA fo r the storage p r o t e i n 

legumin i n cotyledon storage parenchyma t i s s u e of 

developing pea ( Visum sativum L.) seeds. 

The second advantage i s t h a t the s u b c e l l u l a r l o c a t i o n 

of the gene or gene product can be d e t e c t e d by t h i s 

method, and i s important i n the d e t e r m i n a t i o n of the 

chromosomal l o c a t i o n of a p a r t i c u l a r gene, or the p o s i t i o n 
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of a s a t e l l i t e f r a c t i o n of DNA i n a c e l l . 

The s e n s i t i v i t y of in situ h y b r i d i z a t i o n may equal 

t h a t of any of the other techniques used to d e t e c t DNA or 

RNA i n c e l l s , e.g. Southern, Northern or d o t - b l o t 

a n a l y s i s . As a r e s u l t i t i s p o s s i b l e to d e t e c t n u c l e o t i d e 

sequences t h a t occur w i t h very low frequency i n a 

specimen. 

1.6.2.1 H i s t o r y and R a t i o n a l e 

Pardue e t a l . (1969) were among the f i r s t to use ^ 

situ h y b r i d i z a t i o n , and t h e i r work was a keystone i n the 

development of the technique as i t i s known today ( G a l l 

and Pardue, 1971). The technique was used to study the 

o r g a n i z a t i o n of the e n t i r e genome of Drosophila and 

Xenopus , i n c l u d i n g work on s a t e l l i t e sequences of DNA, and 

the 5s ribosomal gene (Mohler and Pardue, 1982; Pardue and 

Dawid, 1981; Bautch e t a l . , 1982; and F o s t e l e t a l . , 

1984). T h i s work provided a dramatic new approach to 

l o c a l i z i n g DNA sequences w i t h i n t i s s u e s , n u c l e i and 

chromosomes a t the l i g h t microscope l e v e l . 

I n i t i a l l y , many kinds of r e p e t i t i v e sequences were 

mapped (Eckhardt, 1976). Now recombinant DNA technology 

provides pure probes, which are r e q u i r e d i n order to map 

unique sequences. Nick t r a n s l a t i o n (Rigby e t a l . , 1977) 

and other enzymatic techniques a l l o w n u c l e i c a c i d probes 

to be l a b e l l e d w i t h t r i t i u m , thus g i v i n g the high s p e c i f i c 

a c t i v i t y and r e s o l u t i o n needed f o r unique sequence 

mapping. Refinements i n the h y b r i d i z a t i o n p r o t o c o l s 
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( B r a h i c and Haase, 1978; Haase e t a l . , 1982; and Gee and 

Roberts, 1983) enhanced probe a c c e s s to t a r g e t sequences, 

wh i l e the g e n e r a t i o n of probe networks (Wahl e t a l . , 

1979); Tereba e t a l . , 1979) have i n c r e a s e d the 

d e l i v e r y of the probe s i g n a l . These improvements have 

combined to all o w the mapping of s i n g l e copy sequences i n 

c e l l s and chromosomes a t the l i g h t microscope l e v e l ( H a r p e r 

and Saunders, 1981; Gerhard e t a l . , "1981; Wahl e t a l . , 

1982; and Neel e t a l . , 1982). I n a d d i t i o n , s i n c e 1975, 

a v i d i n - b i o t i n i n t e r a c t i o n s (Bayer and Wilchek, 1980) have 

been e x p l o i t e d to move in situ h y b r i d i z a t i o n away from the 

c o n s t a i n t s of autoradiography. T h i s more r e c e n t 

methodology, based on the use of a b i o t i n y l a t e d n u c l e o t i d e 

analogue, provides a new, r a p i d , high r e s o l u t i o n approach 

to in situ h y b r i d i z a t i o n a t both the morphological and 

u l t r a s t r u c t u r a l l e v e l . 

1.6.2.2 In Situ H y b r i d i z a t i o n u s i n g B i o t i n - L a b e l l e d 

Nucleotide Analogues 

U n t i l r e c e n t l y , r a d i o a c t i v e probes and 

autoradiographic d e t e c t i o n were e s s e n t i a l f o r in situ 

h y b r i d i z a t i o n . However, an i n h e r e n t l a c k of r e s o l u t i o n i n 

t r i t i u m - l a b e l l e d probes, due to the t r a c k of the decay 

p a r t i c l e and the t h i c k n e s s of the emulsion f makes the 

approach u n d e s i r a b l e f o r p r e c i s e morphological work. T h i s 

induced the e x p l o r a t i o n of a l t e r n a t i v e approaches(Manning 

e t a l . ; 1975). A number of workers attempted the use of 

n u c l e i c a c i d probes conjugated w i t h f l u o r e s c e n t molecules 
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f o r the d e t e c t i o n of in situ h y b r i d i z a t i o n s (Cheung e t 

a l . , 1977; Rudkin and S t o l l a r , 1977; Bauman e t a l . , 1981). 

Ward and h i s c o l l e a g u e s pioneered the n o n - i s o t o p i c 

l a b e l l i n g o f n u c l e o t i d e probes and the use o f in situ 

h y b r i d i z a t i o n a t the e l e c t r o n m i c r o s c o p i c l e v e l (Singer 

and Ward, 1982; Manuelidis e t a l . , 1982; Hutchinson e t 

a l . , 1982; Lawrence and Singer, 1985). T h i s i n v o l v e d the 

development o f a b i o t i n y l a t e d a n a l o g o f d U T P , ( w h i c h may be 

i n c o r p o r a t e d i n t o DNA by n i c k - t r a n s l a t i o n ) c o n t a i n i n g an 

alkylamine l i n k e r arm between the b i o t i n molecule and the 

pyrimidine arm. 

Although i n i t i a l h y b r i d d e t e c t i o n schemes were based 

on a v i d i n - b i o t i n binding, r e c o g n i t i o n of s t r o n g background 

binding between a v i d i n and DNA l e d to a l t e r n a t i v e s , 

p r i m a r i l y s t r e p t a v i d i n , a fungal analogue of egg a v i d i n , 

and a n t i b o d i e s s p e c i f i c f o r b i o t i n . Thus, a t the l i g h t 

microscope l e v e l , h y b r i d d e t e c t i o n schemes now use 

f l u o r e s c e n c e - t a g g e d secondary a n t i b o d i e s or enzymatic 

r e a c t i o n products such as immunoperoxidase s t a i n i n g f o r 

v i s u a l i z a t i o n (Langer-Safer e t a l . , 1982; and Manuelidis 

e t a l . , 1982). 

E l a b o r a t i o n of t h i s method f o r the e l e c t r o n 

microscope l e v e l r e q u i r e s the use of an e l e c t r o n - d e n s e 

d e t e c t i o n system. H y b r i d i z a t i o n probes can be v i s u a l i z e d 

by u s i n g peroxidase (Langer-Safer e t a l . , 1982; and 

Hutchinson e t a l . , 1982), or p r o t e i n s tagged w i t h 

c o l l o i d a l gold (Hutchinson e t a l . , 1983; and Wu and 
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Davidson, 1981) or by a v i d i n complexed w i t h f e r r i t i n 

( H a r r i s and Croy, 1986), to g i v e extremely high s p a t i a l 

r e s o l u t i o n under the e l e c t r o n microscope (Manuelidis et a l . , 

1982; Hutchinson et al., 19 82; Wu and Davidson, 

1981) . 

1.6.2.3 H y b r i d i z a t i o n to RNA a t the E l e c t r o n Microscope 

L e v e l 

H y b r i d i z a t i o n to c e l l u l a r RNA a t the l i g h t microscope 

l e v e l ( B r a h i c and Haase, 1978; Gee and Roberts, 1982; 

Venezky e t a l . , 1981; Edwards and Wood, 1983) has 

generated a g r e a t d e a l of i n t e r e s t . However, a t the 

u l t r a s t r u c t u r a l l e v e l , t h e r e i s a s m a l l e r body of 

l i t e r a t u r e . R e c e n t l y b i o c h e m i c a l a n a l y s e s have suggested 

s p e c i f i c s u b - c e l l u l a r l o c a l i z a t i o n of mRNAs, p a r t i c u l a r l y 

the i d e a t h a t mRNAs being a c t i v e l y t r a n s l a t e d a re attac h e d 

to the c y t o s k e l e t o n i n regions where t h e i r t r a n s l a t i o n 

products are to be used (F u l t o n e t a l . , 1980). These 

ideas can be t e s t e d w i t h the technique of u l t r a s t r u c t u r a l 

in situ h y b r i d i z a t i o n . S i n c e the b i o t i n n u c l e o t i d e system 

has r e c e n t l y been used a t the l i g h t microscope l e v e l f o r 

the l o c a l i z a t i o n of a c t i n mRNA (Singer and Ward, 1982) , 

the same technology can be u t i l i z e d f o r RNA d e t e c t i o n a t 

the e l e c t r o n microscope l e v e l to i d e n t i f y p a r t i c u l a r 

a c t i v e c e l l s w i t h i n a t i s s u e . H a r r i s and Croy (1986), 

p u b l i s h e d the f i r s t r e p o r t of in situ h y b r i d i z a t i o n of a 

b i o t i n y l a t e d cDNA to mRNA i n p l a n t t i s s u e a t e i t h e r the 

l i g h t or e l e c t r o n microscope l e v e l of r e s o l u t i o n . 
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In situ h y b r i d i z a t i o n was used to l o c a t e mRNA f o r the storage 

p r o t e i n legumin i n cotyledon storage parenchyma t i s s u e of 

developing pea (Visum sativum L) seeds. The mRNA was 

hy b r i d i z e d w i t h a b i o t i n y l a t e d probe c o n s i s t i n g of cDNA 

i n s e r t e d i n the plasmid pBR 322, and subsequently l o c a t e d 

with a v i d i n c o n j u g a t e s . Avidin-rhodamine was used f o r 

f l u o r e s c e n c e microscopy l o c a l i z a t i o n a t a t i s s u e / c e l l u l a r 

l e v e l , and a v i d i n - p e r o x i d a s e (with diaminobenzidine) and 

a v i d i n - f e r r i t i n compared f o r l o c a l i z a t i o n a t an 

u l t r a s t r u c t u r a l l e v e l . 

The r e s u l t s obtained by H a r r i s and Croy i l l u s t r a t e d 

t h a t in situ h y b r i d i z a t i o n i s p o s s i b l e i n p l a n t as w e l l as 

animal t i s s u e s , even i n the presence of a p l a n t c e l l w a l l , 

and t h a t the technique i s capable of g i v i n g information on 

the timing and p o s i t i o n of s p e c i f i c events during c e l l and 

t i s s u e d i f f e r e n t i a t i o n thatitwould not be possible to obtai n 

by e i t h e r b i o c h e m i c a l or m i c r o s c o p i c a l iiechnxques alone. 

1.7 Aims of the Research 

The s u b c e l l u l a r l o c a t i o n of many of the important 

p r o t e i n s i n b a r l e y are not known, and t h e r e i s c o n t r o v e r s y 

over the nature and ontogeny of these d e p o s i t s . T h i s l a c k 

of knowledge c r e a t e s a handicap i n the understanding of 

seed development, p a r t i c u l a r l y as the techniques of 

molecular biology are p r o g r e s s i n g q u i c k l y . 

The purpose of t h i s p r o j e c t was t h e r e f o r e to 

i n v e s t i g a t e the s y n t h e s i s and d e p o s i t i o n of v a r i o u s 

storage p r o t e i n s i n the endosperm of b a r l e y . 
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The work d e s c r i b e d i n t h i s t h e s i s i n v o l v e d the 

f o l l o w i n g s t a g e s : 

(a) the examination of the development of the barley-

endosperm from a n t h e s i s to m a t u r i t y , u s i n g o p t i c a l and 

con v e n t i o n a l t r a n s m i s s i o n e l e c t r o n microscopy. 

(b) the i n v e s t i g a t i o n of the three-dimensional 

i n t e r - r e l a t i o n s h i p s of the endoplasmic r e t i c u l u m , the 

Golgi apparatus and the p r o t e i n bodies during p r o t e i n 

s y n t h e s i s and d e p o s i t i o n u s i n g t h i c k - s e c t i o n i n g of z i n c 

iodide-osmium t e t r o x i d e impregnated t i s s u e i n the CTEM. 

(c) the determination and c h a r a c t e r i z a t i o n of the 

s u b - c e l l u l a r l o c a t i o n s of the stora g e p r o t e i n s by 

immunocytochemistry a t the t r a n s m i s s i o n e l e c t r o n 

microscope l e v e l , w i th p a r t i c u l a r a t t e n t i o n to o r g a n e l l e s 

i n v o l v e d i n t h e i r s y n t h e s i s and t r a n s p o r t as w e l l as t h e i r 

d e p o s i t i o n . 

(d) a p r e l i m i n a r y study of the l o c a t i o n of mRNA for 

storage p r o t e i n s i n b a r l e y endosperm us i n g in situ 

h y b r i d i z a t i o n techniques to r e l a t e morphological d e t a i l to 

the molecular a s p e c t s of gene e x p r e s s i o n . 

I t was hoped t h a t a combined approach u s i n g the 

techniques of e l e c t r o n microscopy i n a s s o c i a t i o n with the 

molecular techniques of immunocytochemistry and in situ 

h y b r i d i z a t i o n would y i e l d i n f o r m a t i o n t h a t b i o c h e m i s t r y or 

microscopy alone cannot g i v e , and so go some way towards 

e l i m i n a t i n g the c o n t r o v e r s y surrounding the s y n t h e s i s and 

d e p o s i t i o n of accumulating p r o t e i n r e s e r v e s i n the 



developing b a r l e y endosperm. 
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CHAPTER TWO 

MATERIALS AND METHODS 



MATERIALS AND METHODS 

2.1 Sources of Chemicals and B i o l o g i c a l M a t e r i a l s 

2.1.1 Source of P l a n t M a t e r i a l 

B a r l e y g r a i n s obtained from the Rothamsted seed 

s t o r e , were grown a t Rothamsted Experimental S t a t i o n , 

Harpenden, H e r t f o r d s h i r e . 

The bulk of the r e s e a r c h i n v o l v e d the s p r i n g c u l t i v a r 

of b a r l e y Eordeum vulgare L. cv. Bomi. Some of the work 

involved h i g h - l y s i n e b a r l e y l i n e s , these were Hip r o l y , 

Risef 1508 ( d e r i v e d from Bomi), and R i s 0 56 ( d e r i v e d from 

C a r l s b e r g I I ) . 

2.1.1.1 Growing Conditions 

B a r l e y p l a n t s f o r storage p r o t e i n s t u d i e s were e i t h e r 

field-grown or r a i s e d i n greenhouses a t Rothamsted. 

Field-grown p l a n t s were grown i n p l o t s a t Rothamsted 

under c o n d i t i o n s of normal farm p r a c t i c e (Rothamsted F i e l d 

Reports 1984, 1985) . 

Greenhouse m a t e r i a l was a v a i l a b l e a l l year round w i t h 

p l a n t s grown under c a r e f u l l y c o n t r o l l e d c o n d i t i o n s . Seeds 

(10 per pot) were sown i n E f f compost ( E f f Products, 

G u i l d f o r d , Surrey) i n 7" pots, and thinned a f t e r emergence 

to 8 p l a n t s per pot. P l a n t pots were watered v i a wet 

benches comprising wet s i l v e r - s a n d which i r r i g a t e s p l a n t 

pots standing on the s u r f a c e by c a p i l l a r y a c t i o n through 

the holes of the pot. P l a n t s were fed monthly with a 
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s o l u t i o n of 10% K 2HP0 4 and 10% NH 4N0 3 (commercial grade); 

2 : 5 d i l u t i o n w i t h water per pot. 

Temperature i n the greenhouse was c o n t r o l l e d day and 

night 18°C/12°C, and t h i s was maintained + lh°C 90% of the 

time. A photoperiod of 16 hours was achieved u s i n g 400W 

SON-T high p r e s s u r e sodium lamps g i v i n g 200H e i n s t e i n s 
-1 -2 sec m . 

Aphose ( p i r i m i c a r b ) was used monthly to c o n t r o l 

aphids, and Bayleton every 3-4 weeks c o n t r o l l e d mildew 

i n f e c t i o n . 

2.1.2 Sources of Chemicals: 

Unless otherwise s t a t e d , a l l chemicals used were of 

a n a l y t i c a l grade and obtained from e i t h e r : 

BDH, Poole, Dorset, U.K; or 

SIGMA CHEMICALS, Poole, Dorset, U.K.; o r 

POLYSCIENCE INC., Pe n n s y l v a n i a , U.S.A. 

Where a p p r o p r i a t e , c e r t a i n s p e c i a l i z e d items used are 

l i s t e d w i t h the name of the s u p p l i e r . 

2.1.2.1 L i g h t Microscopy 

T o l u i d i n e b l u e : Gurr microscopy m a t e r i a l s , BDH. 

Sodium t e t r a b o r a t e : BDH 

2.1.2.2 E l e c t r o n Microscopy 

Reagents, Spurr r e s i n , and other m a t e r i a l s such as 

g r i d s and embedding c a p s u l e s were obtained from TAAB 

L a b o r a t o r i e s , Reading, B e r k s h i r e , U.K. 

LR White Resin, and L o w i c r y l K4M low temperature r e s i n , 

were obtained from Agar Aids, S t a n s t e d , E s s e x . Absolute 
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ethanol was d r i e d over molecular s i e v e type 5A, obtained 

from BDH. 

PIPES (piperazine-N, N'-bis 2-ethane s u l f o n i c a c i d ) was 

obtained from the SIGMA Chemical Company. 

Sodium metaperiodate was obtained from BDH. 

2.1.2.3 F l u o r e s c e n c e Microscopy 

ANS ( 8 - a n i l i n o - l - n a p t h a l e n e s u l p h o n i c a c i d ) was 

obtained from SIGMA Chemical Co. (hemi-magnesium s a l t , 

p r a c t i c a l g r a d e ) , and was prepared as a 0.1% s o l u t i o n i n 

0.1m Na^HPO^/O.05M c i t r i c a c i d b u f f e r (pH 5.0). 

2.1.2.4 P r o t e i n A-Gold 

P r o t e i n A was obtained from the SIGMA Chemical Co.; 

Sodium c i t r a t e and c h l o r a u r i c a c i d were obtained from BDH; 

P r o t e i n A-Gold (4nm), and 9 o a t - a n t i - r a b b i t secondary 

antibody/gold (15nm) both EM grade were obtained from 

Janssen L i f e S c i e n c e Products, Wantage, Oxon, U.K. 

2.1.2.5 S u b c e l l u l a r F r a c t i o n a t i o n 

from SIGMA; Cytochrome-c-reductase; 3-nicotinamide adenine 

d i n u c l e o t i d e , reduced form (0 -NADH); hepes No. H-3375 

(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic a c i d ) ; 

sucrose (Grade 1, c r y s t a l l i n e ) ; and t r i c i n e (N-Tris 

hydroxymethyl methyl g l y c i n e ) . 

from BDH: EDTA ( e t h y l e n e d i a m i n e t e t r a - a c e t i c a c i d , disodium 

s a l t ) . 

from F i s o n s , F i s o n s S c i e n t i f i c Apparatus, Loughborough, 

L e i c e s t e r s h i r e : ftagnesium a c e t a t e ; potassium a c e t a t e ; and 

dipotassium hydrogen orthophosphate. 
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2.1.2.6 Gel E l e c t r o p h o r e s i s 

Chemicals f o r g e l e l e c t r o p h o r e s i s were o b t a i n e d f r o m 

two s o u r c e s ; 

SIGMA Chemicals; Urea; Bromophenol b l u e ; 

2 - m e r c a p t o e t h a n o l ; Coomassie b r i l l i a n t b l u e R250; T r i c i n e 

( N - T r i s h y d r o x y m e t h y l m e t h y l g l y c i n e ) ; and T r i s 

( 2 - a m i n o - 2 - h y d r o x y m e t h y l p r o p a n e - l , 3 - d i b l ) . 

Those o b t a i n e d f r o m BDH were: sodium d o d e c y l s u l p h a t e 

(SDS); g l y c i n e ; a c r y l a m i d e ; b i s a c r y l a m i d e ; and 

N j N j N ' - N ' - t e t r a m e t h y l e n e - e t h y l e n e - d i a m i n e (TEMED). 

2.1.2.7 In situ h y b r i d i z a t i o n 

N i c k t r a n s l a t i o n enzyme k i t : Amersham I n t e r n a t i o n a l L t d . , 

Amersham, Bucks. 

B i o t i n - l l - d U T P : Bethesda Research L a b o r a t o r i e s , P a i s l e y , 

U.K. 

G-50 Sephadex ( f i n e ) : Pharmacia F i n e Chemicals, M i l t o n 

Keynes, U.K. 

H e a t - i n a c t i v a t e d h o r s e serum: Flow L a b o r a t o r i e s , I r v i n e , 

A y r s h i r e , U.K. 

Pronase B: Calbiochem, B i s h o p S t o r t f o r d , H e r t f o r d s h i r e , 

U.K. 

From SIGMA Chemical Co.: 

A v i d i n - p e r o x i d a s e ; 

4 - c h l o r o - l - n a p t h o l ; 

H e r r i n g sperm DNA; 

Bovine serum a l b u m i n ; 
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and a l l o t h e r r e a g e n t s ( a n a l y t i c a l g r a d e ) . 

2.1.3 A n t i s e r a t o t h e S t o r a g e P r o t e i n s o f B a r l e y 

A n t i s e r a t o A, B and C h o r d e i n were o b t a i n e d f r o m 

Rothamsted E x p e r i m e n t a l S t a t i o n , by c o u r t e s y o f Dr. G.N. 

F e s t e n s t e i n . A n t i s e r a t o C I - 1 and CI-2 were o b t a i n e d f r o m 

Dr. M. K r e i s a t Rothamsted; t h e y were o r i g i n a l l y o b t a i n e d 

f r o m t h e C a r l s b e r g Research I n s t i t u t e i n Denmark. 

A l l a n t i s e r a were p o l y c l o n a l s r a i s e d by i n j e c t i o n o f 

t h e p r o t e i n i n r a b b i t s . 

2.2 T i s s u e P r o c e s s i n g f o r O p t i c a l and C o n v e n t i o n a l 

T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y 

M a t e r i a l was embedded i n epoxy o r a c r y l i c r e s i n . 

Resin-embedded m a t e r i a l p r o c e s s e d f o r t r a n s m i s s i o n 

e l e c t r o n m i c r o s c o p y was a l s o used f o r l i g h t m i croscopy. 

I n any method o f p r e p a r i n g m a t e r i a l f o r m i c r o s c o p y , 

t h e p o s s i b i l i t y o f a r t e f a c t f o r m a t i o n i s a m a j o r problem. 

No one p r o c e d u r e can e l i m i n a t e t h i s p r o b l e m e n t i r e l y , b u t 

i t can be reduced t o an a c c e p t a b l e minimum. Hence, 

s e v e r a l f i x a t i o n p r o c e d u r e s were i n i t i a l l y i n v e s t i g a t e d t o 

d e t e r m i n e t h e b e s t f i x a t i o n p r o t o c o l f o r t h e b a r l e y g r a i n . 

The p o s s i b i l i t y o f t h e o b s e r v e d image s t i l l b e i n g 

u n r e p r e s e n t a t i v e o f t h e n a t u r a l s t a t e o f t h e specimen was 

always borne i n mind. 

2.2.1 E x c i s i o n and Trimming o f T i s s u e 

G r a i n s were immersed i n f i x a t i v e i m m e d i a t e l y 

f o l l o w i n g r e m o v a l f r o m t h e b a r l e y e a r . W i t h i n 20 m i n u t e s , 
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s l i c e s (c.l-2mm t h i c k ) were t a k e n a c r o s s t h e c e n t r a l a r e a 

o f t h e b a r l e y g r a i n u s i n g a sharp r a z o r b l a d e under 

f i x a t i v e . These s l i c e s remained i n f i x a t i v e f o r a f u r t h e r 

5 o r 24 h o u r s . 

2.2.2 F i x a t i o n , D e h y d r a t i o n and Embedding 

The p r o c e s s i n g s c h e d u l e was as f o l l o w s : 

1. F i x a t i o n S e v e r a l f i x a t i o n p r o c e d u r e s were i n i t i a l l y 

i n v e s t i g a t e d t o s e l e c t t h e most e f f i c i e n t p r o t o c o l g i v i n g 

c o n s i s t e n t r e s u l t s : 

(a) 2.5% ( v / v ) g l u t a r a l d e h y d e , 1.5% (w/v) formaldehyde i n 

0.05M .sodium c a c o d y l a t e b u f f e r , pH 7.0. 

(b) 1:1 d i l u t i o n o f (a) w i t h d i s t i l l e d w a t e r . 

(c) 2.5% ( v / v ) g l u t a r a l d e h y d e y 1.0% a c r o l e i n i n 0.1M 

phosphate b u f f e r , pH 7.0. 

(d) 1:1 d i l u t i o n (a) w i t h d i s t i l l e d w a t e r . 

(e) 1.5% (w/v) for m a l d e h y d e i n 0.1M phosphate b u f f e r , pH 

( f ) 2.5% g l u t a r a l d e h y d e , 1.5% p a r a f o r m a l d e h y d e , i n 0.05M 

PIPES b u f f e r pH 6.8. 

(g) 2.5% g l u t a r a l d e h y d e , 1.5% p a r a f o r m a l d e h y d e i n 0.05M 

phosphate b u f f e r pH 7.0. 

I n i t i a l l y , samples were f i x e d f o r f i v e h o u r s , l a t e r 

samples were immersed i n f i x a t i v e f o r 24 hours a t room 

t e m p e r a t u r e on t h e bench. 

(h) 5% p o t a s s i u m permanganate s o l u t i o n f o r 30 m i n u t e s . 

Of a l l t h e f i x a t i v e s i n v e s t i g a t e d (g) (2.5% 

g l u t a r a l d e h y d e , 1.5% p a r a f o r m a l d e h y d e i n 0.05M phosphate 
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b u f f e r pH 7.0) gave t h e most c o n s i s t e n t r e s u l t s w i t h 

s u p e r i o r t i s s u e p r e s e r v a t i o n a t a l l s t a g e s o f development 

o f t h e b a r l e y g r a i n . T i s s u e s were f i x e d f o r 24 hours a t 

room t e m p e r a t u r e on t h e bench. 

2. Samples were t h e n washed i n phosphate b u f f e r (2 x 15 

m i n u t e s ) . 

3. Where p o s t - f i x a t i o n was g i v e n , samples were immersed 

i n 1.0% (w/v) aqueous osmium t e t r o x i d e ' f o r 24 h o u r s . 

4. Samples were t h e n d e h y d r a t e d : 

a. 12 % ( v / v ) e t h a n o l ; 2 x 15 m i n u t e s . 

b. 25% ( v / v ) e t h a n o l ; 2 x 15 m i n u t e s . 

c. 37 % ( v / v ) e t h a n o l ; 2 x 15 m i n u t e s . 

d. 50% ( v / v ) e t h a n o l ; 2 x 15 m i n u t e s . 

e. 75% ( v / v ) e t h a n o l ; 2 x 15 m i n u t e s . 

f . 100% d r y e t h a n o l ; 4 x 15 m i n u t e s . 

( t h e f i n a l two washes i n ( f ) i n v o l v e d 100% e t h a n o l d r i e d 

o ver m o l e c u l a r s i e v e t y p e 5 A ) . 

5. Resin i n f i l t r a t i o n . 

Three t y p e s o f r e s i n were used t o embed b a r l e y t i s s u e 

namely, S p u r r r e s i n , LR w h i t e r e s i n , and L o w i c r y l K4M. 

( i ) S p u r r r e s i n ( S p u r r , 1969) was p r e p a r e d f r o m TAAB 

premix k i t s . T i s s u e samples were r o t a t e d i n 50:50 100% 

d r y e t h a n o l and S p u r r r e s i n f o r 3 days. The t i s s u e 

samples were t h e n t r a n s f e r r e d t o 100% Spu r r r e s i n , and 

i n f i l t r a t i o n o c c u r r e d o v e r 20 days w i t h d a i l y r e s i n 

changes. A l l s t a g e s were p e r f o r m e d a t room t e m p e r a t u r e 

w i t h c o n s t a n t a g i t a t i o n o f t i s s u e i n r e s i n by r o t a t i n g 
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v i a l s on a r o t a t o r . B a r l e y s l i c e s were f l a t embedded i n 

TAAB c a p s u l e s ; r e s i n was p o l y m e r i z e d i n an oven a t c.70°C 

f o r 10 h o u r s . 

( i i ) Some samples were embedded i n LR w h i t e a c r y l i c r e s i n . 

I n f i l t r a t i o n t i m e s were t h e same as f o r Spu r r r e s i n . 

Samples were p o l y m e r i z e d i n d r i e d , a i r - t i g h t , g e l a t i n e 

c a p s u l e s a t c.60°C. 

( i i i ) B a r l e y t i s s u e was a l s o embedded i n L o w i c r y l K4M 

l o w - t e m p e r a t u r e embedding r e s i n , u s i n g a t e m p e r a t u r e 

c o n t r o l l e d l i q u i d n i t r o g e n - c o o l e d box d e v i s e d f r o m a 

d e s i g n by W e l l s ( 1 9 8 5 ) . 

T i s s u e p r o c e s s i n g i n v o l v e d d e h y d r a t i o n o f t i s s u e 

( p r e v i o u s l y f i x e d i n g l u t a r a l d e h y d e ) w i t h 30% e t h a n o l a t 

0°C, 50% e t h a n o l a t -20°C, and t h e r e m a i n i n g stages o f 

d e h y d r a t i o n up t o 100% e t h a n o l and r e s i n i n f i l t r a t i o n 

o c c u r r e d a t -35°C. P o l y m e r i z a t i o n a l s o o c c u r r e d a t -35° C 

i n f l a t c a p s u l e s , i n t h e presence o f u l t r a - v i o l e t l i g h t 

o v e r n i g h t . Specimens were r o t a t e d i n a s i m p l e box d e v i s e d 

t o c o n t r o l low t e m p e r a t u r e s by u s i n g l i q u i d n i t r o g e n . 

2.2.3 S e c t i o n i n g 

T h i c k s e c t i o n s ( l j x m ) f o r l i g h t m i c r o s c o p y and 

u l t r a t h i n s e c t i o n s ( g o l d / s i l v e r i n t e r f e r e n c e c o l o u r s -

150-60nm) f o r t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y were c u t 

u s i n g g l a s s k n i v e s on an LKB u l t r o t o m e (Type 4801A, 

Stockholm, Sweden), o r on a S o r v a l l MT2-B u l t r a m i c r o t o m e 

(Du Pont I n s t r u m e n t s ) . 

The s e c t i o n s were c o l l e c t e d on t h e s u r f a c e o f 
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d i s t i l l e d w a t e r i n a t r o u g h a t t a c h e d t o t h e k n i f e . A l l 

s e c t i o n s were f l a t t e n e d u s i n g a h e a t pen. S e c t i o n s f o r 

l i g h t m i c r o s c o p y were p i c k e d up i n a p l a t i n u m w i r e l o o p 

and t r a n s f e r r e d t o a drop o f d i s t i l l e d w a t e r on a 

microscope s l i d e . U l t r a t h i n s e c t i o n s were p i c k e d up on 

e i t h e r u n c o a t e d o r f o r m v a r - c o a t e d copper g r i d s (c.200 

mesh). 

S e v e r a l r e p l i c a t e s e c t i o n s were t a k e n b o t h f r o m t h e 

same sample and f r o m o t h e r g r a i n s l i c e s a t t h e same 

d e v e l o p m e n t a l s t a g e ; m i c r o g r a p h s i n t h i s t h e s i s a r e t h o s e 

wh i c h show t h e most c o n s i s t e n t o b s e r v a t i o n s . 

2.3 S t a i n i n g and E x a m i n a t i o n o f T i s s u e f o r 

O p t i c a l M i c r o s c o p y 

2.3.1 T o l u i d i n e - B l u e S t a i n i n g . 

A d r o p o f 1% (w/v) t o l u i d i n e b l u e s o l u t i o n made up i n 

1% (w/v) sodium t e t r a b o r a t e was added t o lp,m s e c t i o n s 

w h i c h h a d been d r i e d o n t o t h e s l i d e o v e r a h o t p l a t e . 

A f t e r warming o v e r a h o t p l a t e f o r c.30 seconds, t h e dye 

s o l u t i o n was washed o f f w i t h d i s t i l l e d w a t e r and t h e 

s e c t i o n s f i n a l l y d r i e d . 

T o l u i d i n e b l u e - s t a i n e d resin-embedded m a t e r i a l does 

no t e x h i b i t t h e same degree o f metachromasy f o u n d i n 

wax-embedded m a t e r i a l ( O ' Brien e t a l . j ! 9 6 4 ) . However, i t 

serves t o s t a i n p r o t e i n b o d i e s a d a r k e r b l u e t h a n 

c y t o p l a s m , w i t h s t a r c h r e m a i n i n g u n s t a i n e d . 

V i e w i n g and p h o t o m i c r o g r a p h y were p e r f o r m e d u s i n g a 

L e i t z O r t h o l u x L i g h t M i c r o s c o p e w i t h t r a n s m i t t e d l i g h t . 
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Images were r e c o r d e d u s i n g Kodak XP1, 400ASA, b l a c k and 

w h i t e f i l m . 

2.3.2 F l u o r e s c e n c e M i c r o s c o p y 

ljirn s e c t i o n s o f Spurr-embedded t i s s u e were d r i e d o n t o 

s l i d e s o v e r a h o t p l a t e . A d r o p o f 0.1% ANS i n sodium 

c i t r a t e b u f f e r pH5 was added t o t h e s e c t i o n s on t h e 

microscope s l i d e , and r i n s e d o f f w i t h d i s t i l l e d w a t e r 

a f t e r 2-3 m i n u t e s . A c o v e r s l i p was t h e n added and 

s e c t i o n s v i e w e d i n a N i k o n Diaphot-TMD i n v e r t e d microscope 

(N i k o n , Tokyo 100, J a p a n ) . Images were r e c o r d e d u s i n g a 

M i c r o f l e x AFX N i k o n camera on Kodak C o l o u r f i l m 400 ASA. 

2.4 S t a i n i n g and E x a m i n a t i o n o f T i s s u e f o r C o n v e n t i o n a l 

T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y (CTEM) 

For g e n e r a l u l t r a s t r u c t u r a l o b s e r v a t i o n s , u l t r a t h i n 

s e c t i o n s on copper g r i d s were d o u b l e - s t a i n e d as f o l l o w s ; 

1. g r i d s were f l o a t e d on d r o p l e t s o f s a t u r a t e d 

aqueous u r a n y l a c e t a t e j o r 15 m i n u t e s , 

2. t h o r o u g h washing o f g r i d s w i t h d i s t i l l e d 

w a t e r , 

3. ^ r i d s were t h e n f l o a t e d on d r o p l e t s o f a l k a l i n e l e a d 

c i t r a t e ( Reynolds, 1963)jJ>rl5 m i n u t e s , 

4. g r i d s were t h o r o u g h l y washed w i t h d i s t i l l e d 

w a t e r . 

O c c a s i o n a l l y a s a t u r a t e d e t h a n o l i c s o l u t i o n o f u r a n y l 

a c e t a t e was used f o r s e c t i o n s on u n c o a t e d copper g r i d s . 

D r i e d g r i d s were s t o r e d on f i l t e r paper i n p e t r i - d i s h e s . 

G r i d s were v i e w e d i n a P h i l l i p s EM400 a t 80 o r 100 kV, 
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u n l e s s s t a t e d o t h e r w i s e , and images were r e c o r d e d cn Kodak 

e l e c t r o n image f i l m 4489. 

Unless s t a t e d o t h e r w i s e , a l l t r a n s m i s s i o n e l e c t r o n 

m i c r o g r a p h s a r e o f d o u b l e - s t a i n e d s e c t i o n s . 

2.5 Zi n c I o d i d e - Osmium T e t r o x i d e I m p r e g n a t i o n f o r 

T h i c k - S e c t i o n i n g o f M a t e r i a l f o r CTEM 

M a t e r i a l was f i x e d and p r o c e s s e d as f o r c o n v e n t i o n a l 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y , e x c e p t t h a t t h e 

o s m i c a t i o n s t e p was r e p l a c e d w i t h a z i n c i o d i d e - osmium 

t e t r o x i d e i m p r e g n a t i o n s t a g e a f t e r f i x e d t i s s u e was washed 

w i t h d i s t i l l e d w a t e r . The z i n c i o d i d e s o l u t i o n was 

f r e s h l y p r e p a r e d a c c o r d i n g t o H a r r i s ( 1 9 7 8 ) ; 

1.5g powdered z i n c ; 

0.5g r e s u b l i m e d i o d i n e ; 

10 ml w a t e r . 

The s o l u t i o n was s o n i c a t e d f o r one m i n u t e , s t i r r e d f o r a 

f u r t h e r f i v e m i n u t e s and f i l t e r e d . The z i n c i odide-osmium 

t e t r o x i d e (ZIO) s o l u t i o n was made by a d d i n g an e q u a l 

volume o f 2% (w/v) aqueous osmium t e t r o x i d e t o t h e z i n c 

i o d i d e s o l u t i o n . 

P l a n t t i s s u e was a l l o w e d t o i m p r e g n a t e i n t h e z i n c 

i o dide-osmium t e t r o x i d e s o l u t i o n f o r 24 hours and t h e n 

d e h y d r a t e d and resin-embedded as f o r c o n v e n t i o n a l 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y . S e c t i o n s were c u t 

c.0.3n,m t h i c k on g l a s s k n i v e s and v i e w e d u n s t a i n e d i n t h e 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e o p e r a t i n g u s u a l l y a t 

80kV. I n some cases t h e t i l t f a c i l i t y o f t h e TEM was used 
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i n t h e p r e p a r a t i o n o f s t e r e o p a i r s . 

2.6 P r e p a r a t i o n o f P r o t e i n A-Gold Complex 

There a r e many d i f f e r e n t methods o f p r o d u c i n g g o l d 

s o l s o f d i f f e r e n t s i z e s ( r e v i e w e d , Roth, 1983). These a r e 

based on t h e c o n t r o l l e d r e d u c t i o n o f an aqueous s o l u t i o n 

o f c h l o r o a u r i c a c i d u s i n g d i f f e r e n t r e d u c i n g agents under 

v a r y i n g c o n d i t i o n s . A c c o r d i n g t o Frens (1973 ) , t h e 

a ssumption t h a t a l l g o l d ends up i n t h e reduced f o r m i s 

r e a s o n a b l e ( a t l e a s t f o r c i t r a t e g o l d ) . The s i z e o f t h e 

g o l d p a r t i c l e s i s d e t e r m i n e d by t h e number o f n u c l e i 

formed a t t h e b e g i n n i n g o f t h e r e a c t i o n , and t h e s t r e n g t h 

o f t h e r e d u c i n g agent. 

Gold c o l l o i d s were p r e p a r e d by sodium c i t r a t e 

r e d u c t i o n o f c h l o r o a u r i c a c i d f o l l o w i n g t h e method o f 

Frens (1 9 7 3 ) . The h e t e r o d i s p e r s e s o l was o b t a i n e d w i t h o u t 

t h e r e p e a t e d c e n t r i f u g a t i o n s and washing r e q u i r e d t o 

p r e p a r e monodisperse s o l s o f p a r t i c u l a r s i z e s . The s o l s 

were c o a t e d and s t a b i l i z e d w i t h P r o t e i n A f o l l o w i n g t h e 

method o f Roth e t a l . ( 1 9 7 8 ) . T h i s p r o t o c o l y i e l d s a 

h e t e r o d i s p e r s e s o l ; a f t e r complex f o r m a t i o n w i t h P r o t e i n 

A, s o l s can be s i z e d t o homogeneity by d e n s i t y - g r a d i e n t 

c e n t r i f u g a t i o n ( S l o t and Geuze, 1981) . 

F r e s h l y p r e p a r e d P r o t e i n A - g o l d can be s t o r e d i n 

a u t o c l a v e d , screw-capped g l a s s b o t t l e s f o r up t o s i x 

months a t 4°C w i t h o u t d e t e r i o r a t i o n . Each p r e p a r a t i o n o f 

g o l d marker, can be c h a r a c t e r i z e d by two methods (Goodman 

e t a l . , 1 9 8 1 ; Roth, 1983; Geoghegan e t _ a l . ; 1 9 8 0 ) : from t h e 
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a b s o r p t i o n s p e c t r a o f g o l d s o l s , and by d i r e c t measurement 

from t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s . As measurement o f 

p a r t i c l e s i z e f r o m t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s i s t h e 

o n l y e x a c t method o f d e t e r m i n a t i o n o f p a r t i c l e s i z e 

d i s t r i b u t i o n , t h i s was t h e one used t o c h a r a c t e r i z e g o l d 

markers. 

2.7 O r i g i n o f a n t i s e r a t o t h e S t o r a g e H o r d e i n s 

P o l y c l o n a l a n t i s e r a t o A, B, and C h o r d e i n s were 

o b t a i n e d f r o m Rothamsted. 

H o r d e i n samples were p r e p a r e d f r o m Eovdevm vulaare 

L. as d e s c r i b e d by Shewry e t a l . (1978, 1980band 1981). 

They were s u c c e s s i v e l y e x t r a c t e d w i t h w a t e r s a t u r a t e d 

b u t a n - l - o l ( t o remove l i p i d s ) , 0.5M sodium c h l o r i d e ( t o 

remove a l b u m i n s and g l o b u l i n s ) and f i n a l l y 55% (v/v) 

aqueous p r o p a n - 2 - o l + 2% ( v / v ) m e r c a p t o e t h a n o l t o p r o v i d e 

t h e t o t a l h o r d e i n ; e x t r a c t i o n w i t h 55% p r o p a n - 2 - o l 

f o l l o w e d by 55% p r o p a n - 2 - o l + 2% ( v / v ) m e r c a p t o e t h a n o l 

gave h o r d e i n - I and h o r d e i n - I I r e s p e c t i v e l y . 

I n d i v i d u a l A and B h o r d e i n f r a c t i o n s o f t h e b a r l e y 

v a r i e t y Bomi were s e p a r a t e d by p r e p a r a t i v e sodium 

d o d e c y l s u l p h a t e - p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s 

(SDS-PAGE) ( M i f l i n and Shewry, 1977) . B and C h o r d e i n s o f 

th e v a r i e t y J u l i a were s e p a r a t e d by i o n exchange 

chromatography and g e l f i l t r a t i o n (Shewry e t a l . j 1 9 80b). 

A n t i s e r a t o h o r d e i n s were p r e p a r e d i n r a b b i t s 

( F e s t e n s t e i n and Hay, 1982; and, F e s t e n s t e i n e t a l . , 

1984). A n t i s e r u m t o A h o r d e i n o b t a i n e d f r o m t h e mutant 
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b a r l e y l i n e R i s 0 1508 was r a i s e d by i n j e c t i n g 4 mg h o r d e i n 

( p r e v i o u s l y s e p a r a t e d by p r e p a r a t i v e SDS-PAGE, M i f l i n and 

Shewry, 1977) ) c o n t a i n i n g SDS i n complete Freund's 

a d j u v a n t . The a n t i s e r u m used was o b a i n e d 8 weeks a f t e r 

i n j e c t i o n . A n t i s e r u m t o J u l i a C h o r d e i n was r a i s e d by 

i n j e c t i n g 20 mg h o r d e i n i n 1ml 1% T r i t o n X-100 i n complete 

Freund's a d j u v a n t ( F e s t e n s t e i n e t a l . , 1984). The J u l i a C 

h o r d e i n was s t i r r e d w i t h 1% T r i t o n X-100 f o r s e v e r a l hours 

t o g i v e t h e su s p e n s i o n f o r i n j e c t i o n , and t h e a n t i s e r u m 

was o b t a i n e d e i g h t weeks a t e r i n j e c t i o n . 

B l h o r d e i n f r o m t h e b a r l e y c u l t i v a r J u l i a was 

p u r i f i e d by p r e p a r a t i v e SDS-PAGE o f reduced and 

p y r i d y l e t h y l a t e d (PE) h o r d e i n u s i n g a B i r c h o v e r MacroPAGE 

a p p a r a t u s , e s s e n t i a l l y as d e s c r i b e d by Shewry e t a l . 

( 1 9 7 7 ) . SDS was removed by chromatography on Sephadex LH30 

i n 70% f o r m i c a c i d . 50mg o f p r o t e i n was i n j e c t e d as a 

suspe n s i o n i n 6M urea w i t h Freu,nd 1 s a d j u v a n t . 

F e s t e n s t e i n and Hay (1982) have shown common 

a n t i g e n i c d e t e r m i n a n t s f o r A and B h o r d e i n s and a l s o f o r B 

and C h o r d e i n . B h o r d e i n c o n t a i n s e x t r a d e t e r m i n a n t s n o t 

p r e s e n t on A h o r d e i n and a l s o n o t p r e s e n t on C h o r d e i n . 

Immunochemical r e l a t i o n s h i p s o f t h e p r o l a m i n s t o r a g e 

p r o t e i n o f b a r l e y complementing comparisons o f t h e amino 

a c i d sequences o f t h e p r o t e i n s a r e g i v e n by F e s t e n s t e i n e t 

a l . 1986, ( m a n u s c r i p t i n p r e p a r a t i o n ) . 
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2.8 Immunocytochemical L o c a l i z a t i o n o f S t o r a g e P r o t e i n s 

w i t h P r o t e i n A-Gold by C o n v e n t i o n a l T r a n s m i s s i o n 

E l e c t r o n M i c r o s c o p y 

2.8.1 P r o t o c o l f o r Immunocytochemical L o c a l i z a t i o n 

A p p r o p r i a t e c o n d i t i o n s have t o be d e v i s e d f o r each 

a n t i g e n and a n t i s e r a d epending upon w h i c h r e s i n t h e t i s s u e 

i s embedded i n and whether t i s s u e i s o s m i c a t e d o r n o t . 

The b a s i c p r o t o c o l i n v o l v e d u l t r a t h i n s e c t i o n s o f 

t i s s u e c o l l e c t e d on f o r m v a r c o a t e d , 200 mesh, copper 

g r i d s , and i n c u b a t e d by f l o a t i n g on t o p o f an a n t i s e r u m 

d r o p l e t on p a r a f i l m a t room t e m p e r a t u r e i n a m o i s t chamber 

f o r 30 m i n u t e s . G r i d s were t h e n washed w i t h a s e r i e s o f 

PBS d r o p l e t s f r o m a P a s t e u r p i p e t t e , and f l o a t e d on a 

d r o p l e t o f P r o t e i n A - g o l d f o r a f u r t h e r 30 m i n utes t o 

l o c a l i z e bound a n t i b o d i e s . 

The i n c u b a t i o n p e r i o d , and d i l u t i o n o f a n t i b o d y and 

p r o t e i n A - g o l d , were d e t e r m i n e d f o r each p r e p a r a t i o n . 

The g r i d s were f i n a l l y washed i n a g e n t l e j e t o f 

d i s t i l l e d w a t e r , and c a r e f u l l y d r i e d by a b s o r b i n g t h e 

w a t e r f r o m b e h i n d t h e f o r c e p s - h e l d g r i d . G r i d s were t h e n 

viewed i n t h e ^ t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e . 

S e c t i o n s were a l s o c o u n t e r s t a i n e d w i t h u r a n y l a c e t a t e 

and l e a d c i t r a t e f o r 15 m i n u t e s each and viewed i n t h e 

TEM. 

2.8.2 C o n t r o l s f o r Immunocytochemical L o c a l i z a t i o n 

C o n t r o l s a r e e s s e n t i a l f o r d e t e r m i n i n g t h e 
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a u t h e n t i c i t y o f a n t i g e n l a b e l l i n g w i t h p r o t e i n A - g o l d . 

The f i r s t c o n t r o l i n v o l v e d i n c u b a t i o n o f g r i d s o f 

t i s s u e s e c t i o n s on a d r o p l e t o f p r o t e i n A - g o l d f o l l o w e d by 

washings as d e s c r i b e d p r e v i o u s l y . 

The second c o n t r o l i n v o l v e d i n c u b a t i o n o f g r i d s o f 

t i s s u e s e c t i o n s on a d r o p l e t o f pre-immune serum. 

Pre-immune serum was o b t a i n e d f r o m t h e r a b b i t p r i o r t o 

i n j e c t i o n w i t h t h e p r o t e i n t o w h i c h a n t i b o d i e s were t o be 

r a i s e d . I n c u b a t i o n w i t h pre-immune serum was f o l l o w e d by 

c o n v e n t i o n a l washings and subsequent i n c u b a t i o n i n 

p r o t e i n A - g o l d . G r i d s were washed as d e s c r i b e d i n 

p r o t o c o l . 

2.8.3 ' E t c h i n g ' o f Osmium-Fixed T i s s u e s f o r 

Immunocytochemical L o c a l i z a t i o n 

Sodium m e t a p e r i o d a t e was used t o unmask p r o t e i n 

a n t i g e n i c s i t e s on g l u t a r a l d e h y d e - f i x e d p o s t - o s m i c a t e d 

t i s s u e s f o l l o w i n g t h e method o f Bendayan and Z o l l i n g e r 

(1983) . 

T h i n s e c t i o n s were c u t and mounted on 200-mesh g o l d 

or n i c k e l g r i d s h a v i n g a f o r m v a r f i l m . T i s s u e was 

i n c u b a t e d f o r 30 m i n u t e s on a s a t u r a t e d aqueous s o l u t i o n 

o f sodium m e t a p e r i o d a t e . G r i d s were t h e n t h o r o u g h l y 

r i n s e d i n d i s t i l l e d w a t e r and p r o c e s s e d f o r 

immunocytochemical l a b e l l i n g . 

2.9 S u b c e l l u l a r F r a c t i o n a t i o n o f Endosperm O r g a n e l l e s 

B a r l e y ( Hordeum vulgare L. cv. Bomi) p l a n t s were 

grown under c o n t r o l l e d c o n d i t i o n s i n t h e greenhouse as 
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d e s c r i b e d p r e v i o u s l y . F r e s h l y - s q u e e z e d endosperm was 

o b t a i n e d f r o m b a r l e y g r a i n s d u r i n g t h e mid-phase o f 

development when p r o t e i n s y n t h e s i s was a t o r about i t s 

f a s t e s t r a t e . 

For s u b c e l l u l a r i s o l a t i o n s two i s o l a t i o n b u f f e r s were 
2 + 

used; t h e f i r s t (Mg - p l u s ) c o n s i s t e d o f T r i c i n e (50mM); 
p o t a s s i u m a c e t a t e (lOOmM); magnesium a c e t a t e (lOmM), pH 

2+ 

7.5, and t h e second (Mg - f r e e ) c o n s i s t e d o f T r i c i n e 

(50mM); p o t a s s i u m a c e t a t e (lOOmM); EDTA (5mM), pH7.5. 

F r e s h l y - s q u e e z e d endosperms were chopped w i t h a r a z o r 

b l a d e a t a t i s s u e t o medium r a t i o o f a b o u t 1:(1.5) i n 15% 

(w/w) sucrose i n e x t r a c t i o n b u f f e r u n t i l t h e m a t e r i a l was 

f i n e l y d i v i d e d (< 0.5mm c u b e s ) . A f u r t h e r 0.5 volume o f 

medium was added and t h e homogenate f i l t e r e d , w i t h 

s q u e e z i n g , t h r o u g h f o u r l a y e r s o f m u s l i n . The homogenate 

was t h e n l a y e r e d on t o suc r o s e d e n s i t y g r a d i e n t s (20-60% 
2+ 2+ w/w) made up i n e i t h e r Mg - f r e e o r Mg - p l u s b u f f e r as 

- i 

a p p r o p r i a t e , and c e n t r i f u g e d a t 25,000 r e v . min i n an SW 

27 r o t o r i n a Beckman u l t r a c e n t r i f u g e f o r 2.5 h o u r s . The 

g r a d i e n t s were t h e n f r a c t i o n a t e d u s i n g an ISCO d e n s i t y 

g r a d i e n t f r a c t i o n a t o r model 640 a t 2ml/min, c o l l e c t i n g 

1.2ml f r a c t i o n s w i t h m o n i t o r i n g o f absorbance a t 280nm. 

Peaks were i d e n t i f i e d by p o s i t i o n o f t h e marker enzyme 

NADH-cytochrome e r e d u c t a s e ( T o l b e r t , 1974) as d e s c r i b e d 

by M i f l i n e t a l . ( 1 9 8 1 ) . Sucrose c o n t e n t was d e t e r m i n e d 

by r e f r a c t o m e t r y . 

F r a c t i o n s were a n a l y s e d by SDS-PAGE; h o r d e i n was 
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e x t r a c t e d i n p r o p a n - 2 - o l + 2% 2 - m e r c a p t o e t h a n o l by t h e 

methods o f Shewry e t a l . , ( 1 9 7 8 ) . 

2.9.1 E l e c t r o n M i c r o s c o p y o f F r a c t i o n s 

A l i q u o t s o f f r a c t i o n s f r o m t h e d e n s i t y g r a d i e n t were 

mixed w i t h an e q u a l volume o f 5% (w/w) sucro s e and s t o o d 

o v e r n i g h t a t 4°C. They were t h e n d i l u t e d w i t h an e q u a l 

volume o f b u f f e r and c e n t r i f u g e d a t 12,000 g f o r 15 

minutes i n a Beckman M i c r o f u g e . The p e l l e t s were washed 

w i t h b u f f e r t h e n t r e a t e d w i t h osmium t e t r o x i d e o v e r n i g h t . 

A f t e r f u r t h e r washings t h e p e l l e t s were d e h y d r a t e d i n 

a l c o h o l , embedded i n Sp u r r r e s i n , and s e c t i o n e d as 

d e s c r i b e d f o r immunocytochemical l o c a l i z a t i o n . 

2.10 Gel E l e c t r o p h o r e s i s o f P r o t e i n s 

P r o t e i n s were a n a l y s e d by sodium d o d e c y l s u l p h a t e 

p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s (SDS-PAGE) u s i n g t h e 

modified method o f Laemmli (1970) (Forde e t a l . , 1981). A 

14% (w/v) s e p a r a t i n g g e l was used, c o n t a i n i n g 0.34% 

b i s a c r y l a m i d e , 0.1% (w/v) sodium d o d e c y l s u l p h a t e (SDS), 4M 

urea, 0.05% ( v / v ) N ,N,N'-N'-tetramethylene-ethylene-diamine 

(TEMED), 0.1% (w/v) ammonium p e r s u l p h a t e , 1.0M T r i s - H a 

pH8.8. The s t a c k i n g g e l c o n t a i n e d 3% (w/v) a c r y l a m i d e , 

0.4% (w/v) b i s a c r y l a m i d e , 0.1% SDS, 4M u r e a , 0.1% (v/v) 

TEMED, 0.06% (w/v) ammonium p e r s u l p h a t e , 60mM T r i s - H C l pH 

6.8. 

The p r o t e i n s were p r e p a r e d f o r e l e c t r o p h o r e s i s by 

h e a t i n g a t 60° C f o r 20 m i n u t e s i n g e l l o a d i n g b u f f e r 

c o n t a i n i n g 8M u r e a , 4% (w/v) SDS, 10% (v/v) 
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2 - m e r c a p t o e t h a n o l , 50mM T r i s - H C l pH 6.8, 0.005% 

bromophenol b l u e i n g l y c e r o l . They were t h e n c e n t r i f u g e d 

a t 10,000 x g ( r
a v 82mm) a t room t e m p e r a t u r e f o r 5 m i n u t e s 

p r i o r t o l o a d i n g . The g e l r u n n i n g ( e l e c t r o d e ) b u f f e r was 

192mM g l y c i n e , 25mM T r i s pH 8.3, 0.1% SDS. 

A l l g e l s were r u n u s i n g a Bio-Rad (Richmond, 

C a l i f o r n i a , USA) P r o t e a n s l a b g e l system w i t h 16 x 8 cm 

c a s s e t t e s . The s e p a r a t i n g g e l was 12.5cm l o n g , and t h e 

s t a c k i n g g e l was 1cm below t h e sample w e l l s . Up t o t w e n t y 

samples c o u l d be s e p a r a t e d on each g e l . 

E l e c t r o p h o r e s i s was a t room t e m p e r a t u r e f o r 30 

minutes a t 20mA per g e l , t h e n a t 30mA per g e l f o r 

a p p r o x i m a t e l y 3.5 h o u r s . A f t e r e l e c t r o p h o r e s i s t h e g e l s 

were f i x e d and s t a i n e d i n 10% (w/v) t r i c h l o r o a c e t i c a c i d 

(TCA), 40% met h a n o l and 0.1% Coomassie b r i l l i a n t b l u e R250 

f o r 16 hours w i t h g e n t l e a g i t a t i o n on a shaker, and t h e n 

r i n s e d and d e s t a i n e d i n 10% (w/v) TCA f o r up t o one week 

w i t h g e n t l e a g i t a t i o n ; a s m a l l p i e c e o f p a c k i n g foam was 

added t o t h e d e s t a i n i n g c o n t a i n e r t o absorb excess s t a i n . 

S tandards i n c l u d e d a marker f o r Bomi s t o r a g e h o r d e i n , 

and s t a n d a r d s o f known m o l e c u l a r w e i g h t purchased f r o m 

SIGMA Chemical Company; Myosin (205, 0 0 0 ) , g - g a l a c t o s i d a s e 

(116,000), P h o s p h o r y l a s e B ( 9 7 , 4 0 0 ) , B o v i n e Serum Albumin 

(66 , 0 0 0 ) , Ovalbumin (45,000) and Car b o n i c Anhydrase 

(29,000). 
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2.11 In situ H y b r i d i z a t i o n u s i n g a B i o t i n y l a t e d 

cDNA Probe 

B a r l e y p l a n t s o f t h e h i g h - l y s i n e l i n e Riser 1508 were 

grown i n greenhouses a t Rothamsted as d e s c r i b e d p r e v i o u s l y 

( s e c t i o n 2.1.1.1) . 

2.11.1 P r e p a r a t i o n o f B i o t i n y l a t e d cDNA Probes 

C h y m o t r y p t i c i n h i b i t o r c l o n e s were i s o l a t e d f r o m a 

cDNA bank p r e p a r e d u s i n g t h e mRNA f r o m d e v e l o p i n g b a r l e y 

g r a i n s ( W i l l i a m s o n and K r e i s , u n p u b l i s h e d ; W i l l i a m s o n e t 

a l . , 1986a,b m a n u s c r i p t s i n p r e p a r a t i o n ) . cDNAs were 

c l o n e d i n t h e v e c t o r puc9, and cDNA l i b r a r i e s were 

screened u s i n g o l i g o n u c l e o t i d e p r o b e s . 

The cDNAs f o r C I - 1 and CI-2 were n i c k t r a n s l a t e d 

u s i n g an enzyme k i t (Amersham I n t e r n a t i o n a l L t d . ) i n a 

r e a c t i o n m i x t u r e m o d i f i e d t o i n c l u d e b i o t i n - l l d U T P i n 

p l a c e o f dCTP. A t y p i c a l r e a c t i o n m i x t u r e comprised 5 n,g 

DNA, 10 u n i t s o f DNA polymerase I , 100 pg o f DNAase, 

0.04mM each o f dATP, dGTP, dTTP and bi o t i n - 1 1 - d U T P 

(Bethesda Research L a b o r a t o r i e s , U.K.) i n a f i n a l volume 

o f 5 0 j i l o f lOOmM T r i s - H C l pH7.8 w i t h lOmM magnesium 

c h l o r i d e , lOmM m e r c a p t o e t h a n o l and 10|ig/ml b o v i n e serum 

albu m i n (BSA). The l a b e l l e d DNA was s e p a r a t e d f r o m 

u n i n c o r p o r a t e d b i o t i n - l l - d U T P by passage t h r o u g h a 10ml 

column o f Sephadex G-50 s u p e r f i n e e q u i l i b r a t e d w i t h 50mM 

T r i s - H C l pH 7.5, lOmM EDTA, lOOmM NaCl/ 0- 2% S D S - T h e 

e x c l u d e d peak was c o l l e c t e d and t h e DNA c o n c e n t r a t i o n 

d e t e r m i n e d s p e c t r o p h o t o m e t r i c a l l y and a d j u s t e d t o 2-3pg/ml 
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f o r subsequent h y b r i d i z a t i o n s . 

I n c o r p o r a t i o n o f b i o t i n i n t o t h e DNAs was v e r i f i e d 

u s i n g a d o t b l o t assay system. A l i q u o t s o f b i o t i n y l a t e d 

DNA and c o n t r o l s o f u n l a b e l l e d DNAs and b i o t i n - l l - d U T P , 

were mixed w i t h salmon sperm DNA t o 250 n,g/ml, heated a t 

95°C f o r 5 m i n u t e s t h e n r a p i d l y c o o l e d on i c e . One f i f t h 

o f a volume o f 20 x SSC (0.3M sodium c i t r a t e pH 7.0, 3.0M 

sodium c h l o r i d e ) was added and a .range o f volumes 

c o n t a i n i n g between 10 and 100 ng o f p l a s m i d DNA or 0.4 |iM 

b i o t i n - l l - d U T P were a p p l i e d o n t o a g r i d d e d n i r o c e l l u l o s e 

d i s c e q u i l i b r a t e d w i t h 20 x SSC. The f i l t e r s were t h e n 

baked f o r 2 hours a t 75°C under vacuum and washed s e v e r a l 

t i m e s a t 22°C i n 4 x SSC f o l l o w e d by PBS (50mM sodium 

phosphate pH 7.5, 0.7M sodium c h l o r i d e ) . The f i l t e r was 

t h e n i n c u b a t e d f o r 1 hour i n h o r s e serum b u f f e r (PBS 

c o n t a i n i n g 10% h e a t i n a c t i v a t e d h o r s e serum) a t 40° C, 

f o l l o w e d by 2 hours a t 37°C i n t h e same b u f f e r c o n t a i n i n g 

100|ig/ml a v i d i n - p e r o x i d a s e J h o r s e serum b u f f e r and PBS . The 

bound p e r o x i d a s e was d e t e c t e d by r e a c t i o n w i t h a f r e s h l y 

made c h l o r o n a p t h o l r e a g e n t (60mg o f 4 c h l o r o - l - n a p t h o l i n 

20ml o f met h a n o l added t o 100ml o f PBS f o l l o w e d by 50^.1 o f 

hydrogen p e r o x i d e (30% w / v ) ) . 

2.11.2 T i s s u e F i x a t i o n and H y b r i d i z a t i o n 

D e v e l o p i n g b a r l e y g r a i n s were h a r v e s t e d i m m e d i a t e l y 

i n t o f i x a t i v e and w i t h i n 2-3 m i n u t e s , t h e g r a i n was c u t 

i n t o 2-3mm s l i c e s and f i x e d i n f r e s h l y made 4% 
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p a r a f o r m a l d e h y d e i n P-S b u f f e r (0.05M phosphate b u f f e r 

pH7.0 w i t h 0.05M sucr o s e ) f o r 5 hour s a t 18 °C. Grains 

o p p o s i t e t h o s e s e l e c t e d f o r f i x a t i o n , were sampled t o 

de t e r m i n e f r e s h w e i g h t s . T i s s u e s l i c e s were washed i n P-S 

b u f f e r , and t i s s u e p i e c e s were c u t t o a p p r o x i m a t e l y 100 jam 

s l i c e s u s i n g a M i c k l e t i s s u e chopper. The s l i c e s were 

washed i n P-S b u f f e r (4 x 15 m i n u t e s ) and t r e a t e d w i t h 

pronase B a t 25 >Lg/ml i n P-S/EDTA (P-S b u f f e r w i t h 5mM 

EDTA) f o r 15 m i n u t e s a t 18 °C. Pronase a c t i v i t y was 

stopped by i n c u b a t i o n i n 0.5M p h e n y l m e t h y l s u l p h o n y l 

f l u o r i d e i n P-S/EDTA w i t h 4mg/ml g l y c i n e (1 hour a t 18°C). 

I n d i v i d u a l s l i c e s were t h e n p l a c e d i n s i l i c o n i z e d 

Eppendorf tu b e s and e q u i l i b r a t e d w i t h 50% formamide i n 

0.3M NaCl/0.3M sodium c i t r a t e pH 7.0 ( h y b r i d i z a t i o n 

b u f f e r ) f o r 2 x 15 m i n u t e s . H y b r i d i z a t i o n was c a r r i e d o u t 

i n 150>L1 o f 50% formamide h y b r i d i z a t i o n b u f f e r w i t h 

0.5)ig/ml probe cDNA and 250jj.g/ml s o n i c a t e d h e r r i n g sperm 

DNA. A f t e r a d e n a t u r a t i o n s t e p a t 78°C f o r 3.5 m i n u t e s , 

t h e t u b e s were i n c u b a t e d f o r 40 hours a t 37°C. E x t e n s i v e 

washing w i t h numerous changes o f phosphate b u f f e r e d s a l i n e 

(PBS) preceeded l o c a l i z a t i o n o f t h e b i o t i n u s i n g 

a v i d i n - p e r o x i d a s e . C o n t r o l t i s s u e s were t r e a t e d as above 

ex c e p t t h a t t h e probe DNA c o n s i s t e d o f b i o t i n y l a t e d 

p l a s m i d w i t h o u t a cDNA i n s e r t . 

2.11.3 L o c a l i z a t i o n w i t h A v i d i n - P e r o x i d a s e 

A f t e r p o s t - h y b r i d i z a t i o n w a s h i n g w i t h PBS, t i s s u e 
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s l i c e s were i n c u b a t e d i n 5M-g/ml a v i d i n - p e r o x i d a s e i n PBS 

f o r 2 h o u r s a t 37°C. A f t e r a s e r i e s o f 15 m i n u t e washes 

i n PBS t h e t i s s u e s l i c e s were t h e n washed o v e r n i g h t i n a 

l a r g e volume o f PBS, w i t h c o n s t a n t a g i t a t i o n , b e f o r e 

i n c u b a t i o n w i t h d i a m i n o b e n z i d i n e t o l o c a l i z e t h e 

p e r o x i d a s e a c t i v i t y . The r e a c t i o n medium c o n t a i n e d lOmg 

d i a m i n o b e n z i d i n e i n 0.1ml 3% hydrogen p e r o x i d e and 4.9ml 

50mM 2 - a m i n o - 2 - e t h y l - l , 3 p r o p a n e - d i o l pH 9.0. The t i s s u e 

s l i c e s were i n c u b a t e d f o r 30 m i n u t e s a t 37°C i n t h e d a r k 

b e f o r e PBS washing (3 x 15 m i n u t e s ) and p o s t - f i x a t i o n i n 

1% aqueous osmium t e t r o x i d e f o r 30 m i n u t e s . A f t e r 

d e h y d r a t i o n t h r o u g h a graded s e r i e s o f acetone t h e t i s s u e 

was i n f i l t r a t e d and embedded i n Spur r r e s i n ( S p u r r , 1969). 

T h i n s e c t i o n s were examined, a f t e r s t a i n i n g w i t h u r a n y l 

a c e t a t e and l e a d c i t r a t e , a t 60, 80 o r 100 kV. 
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CHAPTER THREE 

RESULTS 



RESULTS 

3.1 Morphology o f t h e D e v e l o p i n g B a r l e y G r a i n 
( Hordeum vulgare L. cv. Bomi) 

I n d i v i d u a l e a r s o f b a r l e y ( Hordeum vulgare L. cv. 

Bomi) were t a g g e d a t a n t h e s i s i n t h e f i e l d a t 

Rothamsted i n t h e summer o f 1984. A t v a r i o u s t i m e s 

a f t e r a n t h e s i s , a c a r y o p s i s was e x t r a c t e d f r o m t h e 

m i d d l e p o r t i o n o f t h e ear t o d e t e r m i n e t h e f r e s h and 

d r y w e i g h t s . 

O p p o s i t e g r a i n s t o t h o s e used f o r f r e s h and d r y 

w e i g h t measurements were f i x e d i n an aldehyde f i x a t i v e 

i n phosphate b u f f e r i m m e d i a t e l y upon h a r v e s t i n g . The 

f r e s h w e i g h t o f each c a r y o p s i s was fou n d t o c l o s e l y 

p a r a l l e l t h e i r o p p o s i n g number. Four t r e a t m e n t s were 

employed: w i t h osmium t e t r o x i d e , w i t h o u t osmium 

t e t r o x i d e , w i t h z i n c i o d i d e - o s m i u m t e t r o x i d e ( t h e s e 

t r e a t m e n t s were embedded i n Sp u r r r e s i n ) and a f i n a l 

t r e a t m e n t w i t h o u t osmium t e t r o x i d e b u t embedded i n 

L o w i c r y l K4M l o w - t e m p e r a t u r e - e m b e d d i n g r e s i n . Four 

caryopses were f i x e d i n each t r e a t m e n t . 

Resin-embedded g r a i n was s e c t i o n e d f o r l i g h t and 

e l e c t r o n m i c r o s c o p y t o s t u d y t h e development o f t h e 

g r a i n f r o m a n t h e s i s t o m a t u r i t y w i t h p a r t i c u l a r 

r e f e r e n c e t o s t o r a g e p r o t e i n d e p o s i t i o n i n t h e 

endosperm. 
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3.1.1 F r e s h and Dry Weights of the Developing B a r l e y 
G r a i n from A n t h e s i s to Maturity 

F i g u r e 3.1 shows the average f r e s h and dry weights 

of 16 i n d i v i d u a l caryopses, and the average f r e s h 

weights of 16 i n d i v i d u a l endosperms of Bomi b a r l e y a t 

v a r i o u s stages a f t e r a n t h e s i s . 

F r e s h weight of the c a r y o p s i s and endosperm 

i n c r e a s e d w i t h time u n t i l 32 days a f t e r a n t h e s i s and 

decreased t h e r e a f t e r . The endosperm was s t i l l l i q u i d 

u n t i l 14 DAA which was the f i r s t d etermination of i t s 

f r e s h weight. The endosperm weighed 15 mg 14 DAA, and 

66 mg 32 DAA, a f t e r which i t s f r e s h weight decreased. 

The weight of the c a r y o p s i s before the endosperm was 

formed was mainly due to the p a l e a , lemma and p e r i c a r p ; 

almost a l l of i t s subsequent i n c r e a s e i n weight (from 

3.5 mg a t a n t h e s i s to 76 mg 32 DAA) can be a s c r i b e d to 

growth of the endosperm. 

F i g u r e 3.1 a l s o shows the change i n dry weight 

with time of the c a r y o p s i s of Bomi b a r l e y . Values 

i n c r e a s e d r a p i d l y from 12 DAA to 32 DAA, then i n c r e a s e d 

more s l o w l y t h e r e a f t e r . The dry weight c o n s t i t u t e d an 

i n c r e a s i n g p r o p o r t i o n of the f r e s h weight a l l through 

development of the c a r y o p s i s , and was about 80% of the 

f r e s h weight 45 DAA. 
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3.1.2 L i g h t M i c r o s c o p y o f t h e D e v e l o p i n g C a r y o p s i s 
f r o m A n t h e s i s t o M a t u r i t y o f Bomi b a r l e y 

3.1.2.1 T r a n s v e r s e S e c t i o n s o f t h e B a r l e y C a r y o p s i s 
S t a i n e d w i t h T o l u i d i n e B l u e 

A t a n t h e s i s , t h e r e i s no e v i d e n c e o f endosperm 

development ( P l a t e l a ) . The n u c e l l a r l a y e r and seed 

c o a t s s u r r o u n d i n g t h e embryo sac, and t h e v a s c u l a r 

b u n d l e r e g i o n a r e shown i n m i c r o g r a p h l b . By 3 DAA 

t h e r e i s development o f t h e c o e n o c y t i c endosperm which 

l i n e s t h e embryo sac i n t o t h e c e n t r a l v a c u o l e , ( P l a t e 

l c ) ; t h e e n l a r g e d c e l l s o f t h e n u c e l l a r l a y e r a r e a l s o 

p r o m i n e n t . There i s however, no e v i d e n c e under t h e 

l i g h t m i c r o s c o p e o f any w a l l development i n t h e 

c o e n o c y t i c endosperm ( P l a t e I d ) . 

5 DAA ( P l a t e 2a, b) shows f u r t h e r development o f 

t h e c o e n o c y t i c endosperm. A t t h i s s t a g e , from 

t r a n s m i s s i o n e l e c t r o n m i c r o g r a p h s ( n o t shown), c e l l 

w a l l p r o j e c t i o n s a r e e v i d e n t f r o m t h e c e l l w a l l 

s u r r o u n d i n g t h e embryo sac. Between 5 DAA and 8 DAA, 

t h e embryo sac undergoes t r a n s f o r m a t i o n from a 

m u l t i n u c l e a t e s y n c y t i u m t o a c e l l u l a r endosperm ( p l a t e 

2 c ) . i n m i c r o g r a p h d ( p l a t e 2 ) , t h e endosperm c e l l s 

a r e l a r g e and h i g h l y v a c u o l a t e w i t h p r o m i n e n t n u c l e i . 

By 10 DAA ( P l a t e 3a, b ) , t h e o u t e r t h r e e l a y e r s o f 

t h e endosperm a r e d i f f e r e n t i a t e d t o f o r m t h e a l e u r o n e . 

D u r i n g d i f f e r e n t i a t i o n o f t h e endosperm, t h e c e l l s o f 

t h e s u b - a l e u r o n e a r e t h e l a s t t o be formed. S e v e r a l 
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rows of r a d i a l l y elongated, p r i s m a t i c endosperm c e l l s 

extend inwards from the sub-aleurone to the in n e r , 

c e n t r a l endosperm which c o n s i s t s of l a r g e r , 

i r r e g u l a r - s h a p e d c e l l s . P l a t e 3c shows t h i s t i s s u e 

d i f f e r e n t i a t i o n a t 12 DAA. At t h i s stage, s t a r c h 

begin to form i n the s t a r c h y endosperm ( P l a t e 3d). 

By 14 DAA ( P l a t e 4a, b) , f u r t h e r development has 

occu r r e d . The sub-aleurone c e l l s have many vacuoles, 

some c o n t a i n i n g p r o t e i n d e p o s i t s . F u r t h e r i n t o the 

s t a r c h y endosperm ( P l a t e 4 c ) , t h e r e are fewer p r o t e i n 

d e p o s i t s . 

There i s a marked i n c r e a s e i n the d e n s i t y of 

p r o t e i n d e p o s i t s i n the sub-aleurone 18 DAA ( P l a t e 5a, 

b ) . These d e p o s i t s are l o c a t e d i n vacuoles. I n 

micrograph c ( P l a t e 5 ) , the s t a r c h y endosperm c e l l s are 

seen to have many l a r g e and sma l l s t a r c h granules. 

There are fewer p r o t e i n d e p o s i t s f u r t h e r i n t o the inner 

s t a r c h y endosperm. 

By 20 DAA, ther e i s much s t a r c h d e p o s i t i o n ( P l a t e 

6 a ) . I n micrograph b ( P l a t e 6) ther e i s a high d e n s i t y 

of p r o t e i n d e p o s i t s i n the sub-aleurone. F u r t h e r i n t o 

the s t a r c h y endosperm, t h e r e i s a high d e n s i t y of 

s t a r c h granules embedded i n a p r o t e i n m a t r i x . I n the 

inn e r endosperm, P l a t e 6c, c e l l s have many lar g e and 

small s t a r c h g r a n u l e s , and sma l l p r o t e i n d e p o s i t s . 

P l a t e 7 compares the l a t e r stages of development. 
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I n m i c r o g r a p h a, 32 DAA, s t a r c h g r a n u l e s now e v i d e n t i n 

t h e s u b - a l e u r o n e a r e embedded i n a p r o t e i n m a t r i x . 

I n t h e s t a r c h y endosperm ( m i c r o g r a p h b), l a r g e and 

s m a l l s t a r c h g r a n u l e s a r e embedded i n a p r o t e i n m a t r i x . 

The c a r y o p s i s 45 DAA ( P l a t e 7c, d) shows l i t t l e 

d i f f e r e n c e f r o m 32 DAA c a r y o p s i s . The c e l l s o f t h e 

s u b - a l e u r o n e and endosperm a r e packed w i t h s t a r c h 

g r a n u l e s w h i c h a r e embedded i n a dense p r o t e i n m a t r i x . 
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PLATE !• Light micrographs a-d : transverse cross-sections through barley 
caryopsis, stained with toluidine blue. 
&: Low magnification of the caryopsis at anthesis. : Higher magnification of the 
vascular bundle region of a. 
£ : 3 DAA, showing coenocytic endosperm (arrows) lining the embryo sac. d : Higher 
magnification 3 DAA, showing the nucellus surrounding the embryo sac. 
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P L A T E 2. Light micrographs a-d : transverse sections through the barley 
caryopsis, stained with toluidine blue. 
a : 5 DAA, showing further development of coenocytic endosperm, : 5 DAA, higher 
magnification showing development of coenocytic endosperm in the embryo sac. 
£ : Endosperm of 8 DAA caryopsis is completely cellularized. pi: Higher magnification 
of cellularized endosperm. Nuclei are prominant in the cells. 
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P L A T E 3. Light micrographs of transverse sections through the developing barley 
caryopsis 10 DAA and 12 DAA, stained with toluidine blue. 
a.: 10 DAA shows differentiation into the starchy endosperm, sub-aleurone and young 
aleurone cells, : 10 DAA, higher magnification showing development of cell 
organelles. 
£ : 12 DAA, aleurone consists of 3 cell layers. 4 : Higher magnification of 12 DAA 
shows some protein deposits in sub-aleurone. There are many starch granules in the 
starchy endosperm. 



P L A T E 4. Light micrographs of transverse sections through the developing 
caryopsis of barley 14 DAA, stained with toluidine blue. 
a : Low magnification micrograph through the caryopsis of a developing barley grain, 
14 DAA. 
1> : Higher magnification of a. Sub-aleurone cells have many vacuoles, some containing 
protein deposits. 
c_: High magnification of the starchy endosperm shows fewer protein deposits further 
into the starchy endosperm. 



P L A T E 5. Light micrographs of transverse sections through the developing barley 
caryopsis 18 DAA, stained with toluidine blue. 
a : Low magnification of transverse section through the barley caryopsis at 18 DAA. 
b : Higher magnification shows an increase in protein deposits at this stage in 
development which appear to be in vacuoles. 
£ : High magnification of the starchy endosperm shows large and small starch granules 
with fewer protein deposits further into the starchy endosperm. 



PLATE 6. Light micrographs of transverse sections through the developing barley 
caryopsis 20 D A A , stained wi th toluidine blue. 
S.: Low magnification of transverse section through a barley caryopsis shows much 
starch deposition 20 DAA. : Higher magnification shows protein deposits in the sub-
aleurone. Further into the endosperm there is a high density of starch granules 
embedded in a protein matrix. 
£ : High magnification of the starchy endosperm shows many small protein deposits 
with numerous large starch granules and small starch granules. 
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PLATE 7. Light micrographs of transverse sections through the developing barley 
caryopsis 32 D A A and 45 D A A , stained wi th toluidine blue. 
a_ : 32 D A A , starch granules in the sub-aleurone are embedded in dense protein, b : In 
starchy endosperm 32 D A A , large and small starch granules are embedded in a protein 
matrix. 
c.: 45 D A A , shows l i t t le difference f r o m 32 D A A . Starch granules are embedded in a 
dense protein. & : Large and small starch granules are embedded in a dense protein 
matrix. The cell walls are conspicuous. 



3.1.2.2 F l u o r e s c e n c e L i g h t Microscopy of T r a n s v e r s e 
S e c t i o n s of the B a r l e y C a r y o p s i s S t a i n e d w i t h 
0.1% ANS ( 8 - a n i l i n o - l - n a p h t h a l e n e sul p h o n i c 
a c i d ) 

P l a t e 8 ( a , b) and 9 ( c , d) show t r a n s v e r s e 

s e c t i o n s through a b a r l e y c a r y o p s i s 14 DAA s t a i n e d with 

0.1% ANS to i l l u s t r a t e the d i s t r i b u t i o n of p r o t e i n 

d e p o s i t s and s t a r c h granules i n the aleurone, 

sub-aleurone, and s t a r c h y endosperm. 

The f l u o r e s c e n c e micrograph d i s t i n g u i s h e s p r o t e i n 

d e p o s i t s from s t a r c h granules by c o l o u r . The former 

are v i s i b l e as blue d e p o s i t i o n s , and the l a t t e r are 

whi t e . There i s an absence of p r o t e i n d e p o s i t s i n the 

aleurone, but many i n the sub-aleurone l a y e r 

(micrograph 8 a ) . I n micrograph 8b, the p e r i p h e r a l 

endosperm c o n t a i n s the h i g h e s t d e n s i t y of p r o t e i n 

d e p o s i t s ; t h e r e are fewer of such d e p o s i t s f u r t h e r i n t o 

the p r i s m a t i c endosperm. I n the c e n t r a l endosperm 

(micrograph 9 c ) , t h e r e are p r o g r e s s i v e l y fewer p r o t e i n 

d e p o s i t s towards the c e n t r e of the g r a i n . The l a r g e 

c e l l s of the c e n t r a l endosperm (micrograph 9 d) c o n t a i n 

many l a r g e and sm a l l s t a r c h granules w i t h only 

o c c a s i o n a l p r o t e i n d e p o s i t s . 
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PLATE 8. Transverse section through a barley caryopsis 14 DAA stained wi th 
0.1% ANS to show distribution of starch granules and protein deposits, 
a : Sub-aleurone layer has many protein deposits and few starch granules. The 
peripheral starchy endosperm has many large protein deposits. 
h' The peripheral starchy endosperm (LHS of micrograph) shows many protein bodies, 
but their numbers decrease further into the prismatic endosperm (RHS). 



9 

2& 

PLATE 9. 
c : There are fewer protein deposits in the cells of the prismatic endosperm (LHS of 
micrograph) and central endosperm cells (RHS). 
i,: In the large cells of the central starchy endosperm there are many large and small 
starch granules w i t h occasional protein deposits. 



3.1.3 U l t r a s t r u c t u r e of the Developing B a r l e y 
Endosperm from T h i n S e c t i o n s 

At 10 DAA the outer three c e l l l a y e r s of the 

endosperm are d i f f e r e n t i a t e d to form the aleurone 

( P l a t e 10A). These c e l l s are roughly cuboid i n shape 

wit h l a r g e n u c l e i , and the cytoplasm i s densely packed 

with endoplasmic r e t i c u l u m and o r g a n e l l e s . At t h i s 

stage, the endosperm d i f f e r e n t i a t e s to form the 

sub-aleurone, u n d e r l y i n g the aleurone, and the outer 

and inner s t a r c h y endosperm. 

At 10 DAA, although i n the sub-aleurone ( P l a t e 

10B) p r o t e i n bodies are both c y t o p l a s m i c and v a c u o l a r , 

there i s an absence of storage p r o t e i n bodies i n the 

aleurone. I n the outer endosperm ( P l a t e 10C) p r o t e i n 

bodies are a l s o v a c u o l a r and c y t o p l a s m i c . These 

p r o t e i n bodies are seen as i n d i v i d u a l g r a n u l a r d e p o s i t s 

w i t h v e s i c l e s around the p e r i p h e r y . Endoplasmic 

r e t i c u l u m e n c i r c l e s many of the v a c u o l e s . F u r t h e r i n t o 

the s t a r c h y endosperm, no p r o t e i n bodies are evident a t 

t h i s stage i n development. At a h i g h e r m a g n i f i c a t i o n 

( P l a t e 11A, C ) , endoplasmic r e t i c u l u m surrounds an area 

i n the cytoplasm, the contents of which appear denser 

than the cytoplasm. I n P l a t e 11B, a dictyosome i s 

evident i n the cytoplasm. T h i s i s only n o t i c e a b l e i n 

t h i c k e r - s e c t i o n i n g of a specimen s u b j e c t e d to osmium 

t e t r o x i d e for longer than i n normal f i x a t i o n regimes. 
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At 14 DAA ( P l a t e 12A) f u r t h e r development of the 

sub-aleurone i s seen. I n p a r t i c u l a r , p r o t e i n 

d e p o s i t i o n i n c r e a s e s , w i t h many of these d e p o s i t s 

l o c a t e d i n v a c u o l e s . S t a r c h g r a i n s begin to accumulate 

w i t h i n the c e l l s of the sub-aleurone. Many 

mitochondria are a l i g n e d along the c e l l w a l l s , and 

the r e i s an i n c r e a s e i n endoplasmic r e t i c u l u m . I n 

P l a t e 12B p r o t e i n aggregates are seen i n vacuoles 

surrounded by endoplasmic r e t i c u l u m . 

P l a t e 13 i l l u s t r a t e s p r o t e i n body development 14 

DAA; micrograph 13A shows s i n g l e p r o t e i n bodies i n 

vacuoles of the sub-aleurone. Mitochondria are 

r e g u l a r l y a l i g n e d along c e l l w a l l s . A l i p i d body i s 

ev i d e n t i n the cytoplasm, although such d e p o s i t s are 

more numerous i n c e l l s of the aleurone ( P l a t e 13A, 

bottom l e f t ; P l a t e 12A, t o p ) . Micrograph 13B 

i l l u s t r a t e s t h a t p r o t e i n complexes are a l s o found i n 

vacuoles of the sub-aleurone. Endoplasmic r e t i c u l u m 

surrounding the p r o t e i n vacuole i s prominent. The 

p r o t e i n complex a t t h i s developmental stage c o n s i s t s of 

a l a r g e g r a n u l a r component and a s m a l l e r proportion of 

a f i b r i l l a r component, termed ' f i b r i l l a r ' by 

Cameron-Mills and von W e t t s t e i n (1980). 

I n the endosperm a t 14 DAA ( P l a t e 14A), p r o t e i n 

bodies are both v a c u o l a r and c y t o p l a s m i c . Both types 

are w i t h i n c l o s e p r o x i m i t y to endoplasmic r e t i c u l u m . 
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p l a t e 14B, shows endoplasmic r e t i c u l u m surrounding a 

vacuole which c o n t a i n s a p r o t e i n complex i n an 

endosperm c e l l . 

I n P l a t e 15, micrograph A shows the aleurone and 

sub-aleurone 18 DAA. Within the aleurone c e l l s there 

are numerous va c u o l e s each c o n t a i n i n g a dense d e p o s i t 

of a p e r i p h e r a l m a t r i x w i t h a t r a n s p a r e n t c e n t r a l c o r e . 

I n the sub-aleurone, l a r g e p r o t e i n aggregates 

accumulate i n the v a c u o l e s of the c e l l s . I n the 

s t a r c h y endosperm ( P l a t e 15B), most p r o t e i n complexes 

are l o c a t e d i n v a c u o l e s . V e s i c l e s surround the 

p e r i p h e r i e s of the p r o t e i n complexes. 

P l a t e 16A i l l u s t r a t e s sub-aleurone p r o t e i n 

aggregates a t 18 DAA, which are mainly v a c u o l a r and 

c o n s i s t of g r a n u l a r spheres embedded i n a f i b r i l l a r 

m atrix. I n micrograph 16B the p r o t e i n complex i n the 

endosperm c o n s i s t s , a t t h i s time, of l a r g e granular 

a r e a s w i t h s m a l l e r f i b r i l l a r and electron-dense 

components. Complex p r o t e i n bodies i n the endosperm 

have v e s i c l e s around the p e r i p h e r y ( P l a t e 16C). 

At 20 DAA, the sub-aleurone s t r u c t u r e ( P l a t e 17A) 

shows l i t t l e change from t h a t observed a t 18 DAA ( P l a t e 

15A), w i t h p r o t e i n aggregates l o c a t e d mostly i n 

v a c u o l e s . I n the endosperm ( P l a t e 17B), p r o t e i n 

complexes are compressed i n t o angular shapes between 

the l a r g e and s m a l l s t a r c h granules f i l l i n g the c e l l s . 
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PLATE 10 Electron micrographs of an ul t rathin section through a barley caryopsis 
10 DAA. Tissue was f i x e d w i th aldehyde and osmium tetroxide, and post-stained. 
A : Aleurone of 26 mg barley grain. Protein deposits are absent. Bar = 3 p . 
B : In the outer starchy endosperm, single protein deposits are vacuolar and cytoplasmic. 
Bar = 4 urn. 
£ : Higher magnification of the outer starchy endosperm shows single protein deposits in 
vacuoles. These protein deposits have many small peripheral vesicles. Bar * 2 urn. 
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PLATE 11 Electron micrographs showing ultrastructure of the sub-aleurone of a 
barley caryopsis 10 DAA. Tissue was f ixed wi th aldehyde and osmium tetroxide, and 
post-stained. 
A : Endoplasmic reticulum is studded wi th ribosomes and has a circular configuration. 
Membrane round starch granule is evident. Bar = 1 urn. 
B : Single protein body in cytoplasm. Dictyosome is evident due to an "over-
osmification" effect . Bar = 0.5 urn. 
C : Contents of areas surrounded by rough endoplasmic reticulum (*) are denser than 
cytoplasm. Bar = 1.5 pm. 
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PLATE 12. Electron micrographs of an ul trathin section through a barley caryopsis 
14 DAA. Tissue was f ixed wi th aldehyde and osmium tetroxide, and post-stained. 
A : Aleurone of 42 mg barley grain. Single protein bodies are seen in vacuoles of the 
sub-aleurone. Bar = 4 um. 
B : In the outer starchy endosperm, complex protein bodies are seen in the cytoplasm 
and also in vacuoles surrounded by rough endoplasmic reticulum. Bar = 4 um. 



PLATE 13. Electron micrographs showing protein body ultrastructure of the sub-
aleurone of a barley caryopsis 14 D A A . Tissue was f ixed with aldehyde and osmium 
tetroxide, and post-stained. 
A : In the sub-aleurone, single protein bodies are in vacuoles. Bar « 1.5 urn. 
B : Protein body complexes comprised of granular and f i b r i l l a r components. As with 
single protein bodies, these are located in vacuoles which are closely associated with 
rough endoplasmic reticulum. Bar = 1 urn. 
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PLATE 14. Electron micrographs showing protein body ultrastructure in the 
endosperm of a barley caryopsis 14 DAA. Tissue was f ixed wi th aldehyde and 
osmium tetroxide, and post-stained. 
A : Single and complex protein bodies, both comprised of granular and f i b r i l l a r 
components, are found in vacuoles and in the cytoplasm of the starchy endosperm. 
Bar - 2 urn. 
B : Detail of protein aggregates found in the cytoplasm and in vacuoles. Rough 
endoplasmic reticulum surrounds the vacuole. Bar = 1 pm. 
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PLATE IS. Electron micrographs of an ul t rathin section through a barley 
caryopsis 18 DAA. Tissue was f i xed wi th aldehyde and osmium tetroxide, and 
post-stained. 
A : Large vacuoles of the sub-aleurone of a 58 mg grain are packed wi th many 
single protein bodies. Bar = 4 um. 
B : In the starchy endosperm, protein bodies are mainly complex, and are located 
in both the cytoplasm and in vacuoles. Peripheral vesicles surround multiple 
protein bodies. Large and small starch granules are seen. Bar = 3 pm. 



PLATE 1$ Electron micrographs showing the ultrastructure of protein bodies 
of a barley caryopsis 18 DAA. Tissue was f ixed wi th aldehyde and osmium tetroxidc, 
and post-stained. 
A. : In the sub-aleurone, large aggregates of protein are located in vacuoles. Bar = 4 pm. 
B : A protein body complex in the starchy endosperm cytoplasm. Complex consists 
of f i b r i l l a r , granular, and electron dense components. Bar = 2 pm. 
Q : Complex protein bodies in the endosperm wi th associated peripheral vesicles. 
Protein complex is membrane-bound. Bar = 1.5 pm. 
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PLATE 17. Electron micrographs of an uttrathin section through a barley caryopsis 
20 DAA. Tissue was f i xed wi th aldehyde and osmium tetroxide, and post-stained. 
A : Single protein bodies and vesicles are located in vacuoles of the sub-aleurone of a 
64 mg grain. Bar = 3 um. 
B : In the outer starchy endosperm, single and complex protein bodies are located in 
the cytoplasm between large and small starch granules. Bar • 8 um. 



3.1.4 U l t r a s t r u c t u r e o f t h e Developing B a r l e y 
Endosperm from t h e Study o f Thi c k (0.3 urn) 
Sections by CTEM 

The u l t r a s t r u c t u r e o f Bomi b a r l e y was i n v e s t i g a t e d 

from a n t h e s i s t o m a t u r i t y using a z i n c iodide-osmium 

t e t r o x i d e s t a i n i n g complex, w i t h subsequent 

t h i c k - s e c t i o n i n g of Spurr resin-embedded t i s s u e f o r 

c o n v e n t i o n a l t r a n s m i s s i o n e l e c t r o n microscopy. 

P l a t e 18 shows a t h i c k - s e c t i o n through the 

cary o p s i s of b a r l e y 10 DAA. Endoplasmic r e t i c u l u m i s 

accentuated f o l l o w i n g ZIO-impregnation. C i s t e r n a l and 

t u b u l a r endoplasmic r e t i c u l u m extend around l i p i d 

d r o p l e t s and vacuoles i n the aleurone ( P l a t e 18A). I n 

the sub-aleurone 10 DAA ( P l a t e 18B) t h e r e are many 

membrane-bound vacuoles, and l a r g e vacuoles c o n t a i n 

s e v e r a l smaller membrane-bound vacuoles. Numerous 

dictyosomes are present i n the cytoplasm; m i t o c h o n d r i a 

tend t o l i e close t o the c e l l w a l l . A h i g h e r 

m a g n i f i c a t i o n of the aleurone and sub-aleurone i s 

i l l u s t r a t e d i n P l a t e 19. Micrograph 19A shows the 

d i s t r i b u t i o n o f c i s t e r n a l and t u b u l a r endoplasmic 

r e t i c u l u m i n the aleurone. Numerous dictyosomes are 

seen i n t h e cytoplasm i n close p r o x i m i t y t o the 

endoplasmic r e t i c u l u m . There are numerous 

m i t o c h o n d r i a , and membrane-bound vacuoles are i n close 

a s s o c i a t i o n w i t h the endoplasmic r e t i c u l u m . I n the 

sub-aleurone (micrograph 19B), membrane-bound vacuoles 
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are again surrounded by endoplasmic r e t i c u l u m . 

Dictyosomes, w i t h prominent d e n s e l y - s t a i n e d v e s i c l e s 

and a network of anastomosing t u b u l e s , are l o c a t e d i n 

the cytoplasm. 

I n micrograph 20A 10 DAA, Z I O - s t a i n i n g shows the 

d i s t r i b u t i o n o f c i s t e r n a l and t u b u l a r endoplasmic 

r e t i c u l u m i n the sub-aleurone. Dictyosomes are l o c a t e d 

i n the cytoplasm close t o c i s t e r n a l endoplasmic 

r e t i c u l u m , and the l a r g e vacuole i s membrane-bound 

although not s t a i n e d . Micrograph 20B, shows t h a t 

c i s t e r n a l and t u b u l a r endoplasmic r e t i c u l u m , 

dictyosomes, and p r o t e i n bodies are a l l i n close 

p r o x i m i t y . The s t a r c h y endosperm 10 DAA i s shown i n 

P l a t e 21. Micrograph 21A i l l u s t r a t e s the d i s t r i b u t i o n 

o f the c i s t e r n a l and t u b u l a r endoplasmic r e t i c u l u m and 

a l s o of the l a r g e vacuoles, the membranes of which are 

not s e l e c t i v e l y s t a i n e d by the ZIO complex. Several 

m i t o c h o n d r i a are e v i d e n t i n the c e l l . At a h i g h e r 

m a g n i f i c a t i o n (micrograph 21B), s e v e r a l dictyosomes are 

seen i n the cytoplasm i n close p r o x i m i t y t o c i s t e r n a l 

endoplasmic r e t i c u l u m ; endoplasmic r e t i c u l u m i s 

pred o m i n a n t l y c i s t e r n a l . 

S t e r e o - p a i r micrographs i n P l a t e 22 i l l u s t r a t e the 

th r e e - d i m e n s i o n a l i n t e r r e l a t i o n s h i p s o f o r g a n e l l e s i n 

the sub-aleurone o f a b a r l e y c a r y o p s i s 10 DAA. 

Micrograph 22A i l l u s t r a t e s the r e l a t i o n s h i p between the 
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p r o t e i n body and c i s t e r n a l and t u b u l a r endoplasmic 

r e t i c u l u m , and t u b u l a r endoplasmic r e t i c u l u m w i t h the 

dictyosome. The i n t e r r e l a t i o n s h i p between the p r o t e i n 

body, the c i s t e r n a l endoplasmic r e t i c u l u m and the 

dictyosome i s shown i n micrograph 22B. The c i s t e r n a e 

o f the dictyosome are accentuated by the Z I O - s t a i n i n g 

complex, and t e r m i n a t e i n electron-dense sacs, 

P l a t e 23 i l l u s t r a t e s a low-power e l e c t r o n 

micrograph of the aleurone and sub-aleurone o f a b a r l e y 

c a r y o p s i s 14 DAA. I n the sub-aleurone, p r o t e i n bodies 

are v a c u o l a r . The d i s t r i b u t i o n o f c i s t e r n a l and 

t u b u l a r endoplasmic r e t i c u l u m i s i l l u s t r a t e d by the 

s e l e c t i v e s t a i n i n g 0 f the 2 1 0 complex. Numerous 

mit o c h o n d r i a are r e g u l a r l y a l i g n e d along the c e l l w a l l s 

of the sub-aleurone and, a t 14 DAA, s t a r c h d e p o s i t s are 

now more e v i d e n t . 

I n the sub-aleurone 14 DAA (micrograph 24A), a 

hi g h e r m a g n i f i c a t i o n shows dictyosomes, s t i l l e v i d e n t 

i n the cytoplasm although not as numerous as a t 10 DAA, 

having a more condensed appearance w i t h o u t the l a r g e 

network of v e s i c l e s and anastomosing t u b u l e s seen 10 

DAA (compare micrograph 19B). I n the star c h y endosperm 

14 DAA (micrograph 24B), l a r g e p r o t e i n aggregates are 

l o c a t e d c l o s e t o c i s t e r n a l endoplasmic r e t i c u l u m . 

P r o t e i n bodies have electron-dense p e r i p h e r a l v e s i c l e s . 

A h i g h e r m a g n i f i c a t i o n of the sub-aleurone o f a 
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b a r l e y c a r y o p s i s 14 DAA i s shown i n p l a t e 25. I n 

micrograph 25A, the s t e r e o - p a i r shows the 

i n t e r r e l a t i o n s h i p o f c i s t e r n a l endoplasmic r e t i c u l u m 

w i t h a p r o t e i n body. H e a v i l y - s t a i n e d v e s i c l e s are 

l o c a t e d around the p e r i p h e r y of the p r o t e i n body. A 

h i g h power of a dictyosome i n micrograph 25B shows many 

h e a v i l y - s t a i n e d v e s i c l e s around a c e n t r a l c i s t e r n a l 

p l a t e . Dictyosomes d i f f e r i n appearance from those 

seen 10 DAA. 

A t 20 DAA the sub-aleurone has l a r g e aggregates of 

p r o t e i n (micrograph 26A). A t t h i s l a t e r stage i n 

development o f the g r a i n , the c e l l s of the sub-aleurone 

become f i l l e d w i t h s t a r c h , and t h e r e i s les s 

endoplasmic r e t i c u l u m . Micrograph 26B shows a 

s t e r e o - p a i r i n the sub-aleurone i l l u s t r a t i n g the 

r e l a t i o n s h i p between a dictyosome and t u b u l a r 

endoplasmic r e t i c u l u m . Occasional dictyosomes are seen 

a t 20 DAA. 
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PLATE 18. Electron micrographs of 0.3 um sections of ZIO impregnated barley 
caryopsis 10 DAA. 
A : Aleurone of barley grain showing distribution of cisternal ER and tubular ER. 
Bar = 3 pm. 
B : Sub-aleurone cell highly vacuolate; large vacuoles contain several small membrane-
bound vacuoles. Dictyosomes evident in cytoplasm, indicated by darts. Bar = 3 pm. 



PLATE 19. Electron micrographs of 0.3 urn sections of aleurone and sub-aleurone 
tissue of ZIO impregnated barley caryopsis 10 DAA. 
A.: Distribution of cisternal and tubular ER in the aleurone. Dictyosomes are 
indicated by darts. Bar = 2.5 urn. 
B: In the sub-aleurone, membrane-bound vacuoles are surrounded by endoplasmic 
reticulum. Dictyosomes, with prominant cisternae and dense vesicles, are indicated 
by darts. Bar = 2 um. 



PLATE 2Q Electron micrographs of 0.3 urn sections of sub-aleurone of a barley 
caryopsis 10 DAA, impregnated with ZIO. 
A : Sub-aleurone showing distribution of cisternal and tubular ER. Dictyosomes 
are located in cytoplasm close to cisternal ER. Bar = 2 pm. 
fi: Higher magnification showing cisternal ER surrounding a single protein body. 
Some tubular ER is evident. Dictyosomes are indicated by darts. Bar = 0.5 pm. 
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PLATE 21. Electron micrographs of 0.3 urn sections of starchy endosperm of a 
barley caryopsis 10 DAA, impregnated with ZIO. 
A : Starchy endosperm showing distribution of cisternal and tubular ER. Bar = 3 urn. 
£: Higher magnification shows the interrelationship of the dictyosome to the ER 
(darts). Bar = 1 pm. 



PLATE 22. Stereo-pair micrographs at 4° tilt of 0.3 urn sections of a barley caryopsis 
10 DAA, impregnated with ZIO. . 
A : Stereo-pair demonstrates interrelationship between the protein body, and cisternal 
and tubular ER, and the latter with the dictyosome. Bar = 0.5 urn. 
B : Stereo-pair demonstrates interrelationships between the protein body, cisternal tK 
and dictyosome. Bar • 0.5 pm. 



PLATE 23. Electron micrograph of 0.3 um section of the aleurone and sub-aleurone 
of a barley caryopsis 14 DAA, impregnated with ZIO. 
In the sub-aleurone, protein bodies are vacuolar, and the distribution of cisternal and 
tubular ER is shown by the staining with ZIO. Bar = 6 um. 
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PLATE 24. Electron micrographs of 0.3 um sections of a barley caryopsis 14 DAA, 
impregnated with ZIO. 
A : Sub-aleurone showing dictyosomes (darts) heavily-stained by ZIO. Bar = 1.5 um. 
B. : Starchy endosperm showing a protein aggregate in close proximity to cisternal ER. 
Protein bodies have electron-dense peripheral vesicles. Bar = 1.5 um. 



PLATE 2S. Electron micrographs of 0.3 um sections of the sub-aleurone of a 
barley caryopsis 14 DAA, impregnated with ZIO. 
A : Stereo-pair at 4° tilt showing interrelationship of the cisternal ER with a single 
protein body. Electron dense vesicles are seen around the periphery of the protein 
body. Bar = 0.5um. 
B : Micrograph of the ZIO-stained vesicles of a dictyosome in the sub-aleurone. 
Bar =« 0.25 um. 



PLATE 2$. Electron micrographs of 0.3 um sections of the sub-aleurone of a 
barley caryopsis 20 DAA, impregnated with ZIO. 
A.: In the sub-aleurone there are large aggregates of protein. Bar = 4 um. 
fi: Stereo-pair at 4° tilt showing a dictyosome and tubular ER in the sub-aleurone. 
Bar - 0.25 um. 



3.2 U l t r a s t r u c t u r e o f the Developing Endosperm i n the 
High-Lysine B a r l e y Mutants 

The p r e v i o u s l y d e s c r i b e d u l t r a s t r u c t u r e of the 

development o f the g r a i n from a n t h e s i s t o m a t u r i t y , 

shows t h a t b a r l e y p r o t e i n bodies can c o n s i s t of t h r e e 

d i s t i n c t components. These are the g r a n u l a r component, 

f i b r i l l a r component and electron-dense component. 

p r o t e i n body f o r m a t i o n was i n v e s t i g a t e d i n mutant 

b a r l e y l i n e s , where a reduced and m o d i f i e d s y n t h e s i s 

o f storage p r o t e i n may be associated w i t h an a l t e r e d 

p r o t e i n body s t r u c t u r e . 

3.2.1 U l t r a s t r u c t u r e of Developing P r o t e i n Bodies i n 
t h e High-Lysine Barley Mutants; Thin-and Thick-
S e c t i o n E l e c t r o n Microscopy 

Three h i g h - l y s i n e b a r l e y mutants, Ris0 56, Rise* 

1508 and H i p r o l y , were examined by t h i n - and 

t h i c k - s e c t i o n i n g - m i c r o s c o p y . For t h i n - s e c t i o n i n g , the 

mutants were a l d e l y d e f i x e d i n phosphate b u f f e r , w i t h 

osmium t e t r o x i d e p o s t - f i x a t i o n , and subsequently 

embedded i n Spurr r e s i n . Zinc iodide-osmium t e t r o x i d e 

impregnated t i s s u e f o r t h i c k - s e c t i o n s t u d i e s was a l s o 

embedded i n Spurr r e s i n . Mutants were examined a t two 

stages i n development a f t e r a n t h e s i s ; d u r i n g the 

e a r l i e r p a r t and towards the end of the p e r i o d of 

storage p r o t e i n d e p o s i t i o n . 

P l a t e 27 shows t r a n s m i s s i o n e l e c t r o n micrographs 

of u l t r a t h i n s e c t i o n s through the c a r y o p s i s o f the 

h i g h - l y s i n e l i n e H i p r o l y 14 DAA. S i n g l e p r o t e i n bodies 
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are l o c a t e d i n the cytoplasm and i n vacuoles of the 

sub-aleurone ( P l a t e 27, micrograph A). Single p r o t e i n 

bodies comprise of a g r a n u l a r component w i t h many 

electron-dense areas; t h i s can be c o n t r a s t e d w i t h the 

w i l d - t y p e Bomi b a r l e y a t 14 DAA where p r o t e i n bodies 

are m a i n l y g r a n u l a r a t a comparable stage i n p r o t e i n 

body development. I n the starchy endosperm ( P l a t e 

27B), most s i n g l e p r o t e i n bodies are i n the cytoplasm. 

By 21 DAA, P l a t e 28A, p r o t e i n d e p o s i t s increase i n 

vacuoles of the sub-aleurone. U n l i k e Bomi b a r l e y a t 

14 DAA when p r o t e i n bodies are a t a s i m i l a r 

developmental stage t o those i n H i p r o l y 21 DAA, t h e r e 

i s a g r e a t e r accumulation of v e s i c l e s and v e s i c u l a r 

m a t e r i a l i n the vacuoles of the l a t t e r ( P l a t e 28A). 

I n the endosperm ( P l a t e 28B) cytoplasmic p r o t e i n 

bodies comprise l a r g e g r a n u l a r components w i t h 

prominent electron-dense areas. 

The mutant Ris# 1508 i s d e r i v e d from Bomi b a r l e y . 

Hordein s y n t h e s i s i s depressed i n t h i s mutant, and 

p r o t e i n body s t r u c t u r e i s c o n s i d e r a b l y a l t e r e d i n 

endosperms of 17 DAA and 21 DAA b a r l e y c a r y o p s i s , 

compared w i t h the w i l d - t y p e Bomi b a r l e y . A t 17 DAA 

( P l a t e 29A), p r o t e i n bodies of the sub-aleurone are 

va c u o l a r . U n l i k e the w i l d - t y p e p r o t e i n bodies, the 

p r o t e i n bodies o f the mutant Ris0 1508 are comprised 

predominantly o f a f i b r i l l a r component. This component 
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has been termed " f i b r i l l a r " by Cameron-Mills and von 

W e t t s t e i n (1980), b u t under hi g h e r m a g n i f i c a t i o n these 

l a r g e f i b r i l l a r r e g i o n s (see P l a t e 30B, p r o t e i n bodies 

i n the endosperm) are more l i k e an interwoven network 

of f i n e t u b u l e s and v e s i c l e s . P l a t e 29B i l l u s t r a t e s a 

d i l a t e d form o f endoplasmic r e t i c u l u m found i n some 

c e l l s o f t h e sub-aleurone; t h i s d i l a t e d endoplasmic 

r e t i c u l u m i s h e a v i l y studded w i t h ribosomes. 

By 23 DAA ( P l a t e 30B) p r o t e i n bodies i n the 

vacuoles o f the sub-aleurone of Ris0 1508 are f i b r i l l a r 

w i t h v e s i c l e s embedded i n t h i s m a t r i x . Cytoplasmic 

p r o t e i n bodies i n the endosperm 23 DAA ( P l a t e 30B) 

c o n t a i n l a r g e f i b r i l l a r regions w i t h electron-dense 

spheres round the p e r i p h e r y of the p r o t e i n body. These 

spheres are l a r g e r and more common than i n the 

w i l d - t y p e , and v e s i c l e i n c l u s i o n s i n the p r o t e i n body 

are a l s o more f r e q u e n t i n the mutant Ris0 1508. 

I n mutant Ris0 56, d e r i v e d from Carlsberg I I , the 

hor d e i n content i s reduced from 60% t o 45% of t o t a l 

seed n i t r o g e n (Shewry e t a l , 1980). Comparing t h i s 

mutant w i t h t h e w i l d - t y p e Bomi b a r l e y , i t i s 

immediately apparent t h a t the mutation r e s u l t s , as w i t h 

Ris0 1508, i n an a l t e r e d p r o t e i n body morphology. I n 

the sub-aleurone of Ris# 56 a t 17 DAA ( P l a t e 31A), the 

lar g e v a cuolar p r o t e i n complex c o n s i s t s o f many 

gra n u l a r spheres embedded i n a f i b r i l l a r component. I n 
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the endosperm however, the vacuolar p r o t e i n complex 

c o n s i s t s o f g r a n u l a r areas embedded i n an 

electron-dense m a t r i x ( P l a t e 31B) . V e s i c l e s are also 

found embedded w i t h i n the electron-dense r e g i o n of the 

p r o t e i n complex. 

By 24 DAA, the p r o t e i n d e p o s i t s i n the 

sub-aleurone of Ris0 56 ( P l a t e 32A) c o n s i s t of many-

gra n u l a r spheres embedded i n a condensed f i b r i l l a r 

m a t r i x . This micrograph a l s o i l l u s t r a t e s t h a t i n the 

vacuoles, t h e r e i s an increase i n v e s i c l e s and 

associated m a t e r i a l . I n the starchy endosperm ( p l a t e 

32B), p r o t e i n bodies are both vacuolar and cytoplasmic. 

I n b o t h types, the p r o t e i n bodies c o n s i s t of l a r g e 

spheres of g r a n u l a r p r o t e i n embedded i n an 

electron-dense m a t r i x . W i t h i n the vacuolar p r o t e i n 

bodies, t h e r e are s e v e r a l p r o t e i n d e p o s i t s . 

The u l t r a s t r u c t u r e o f the sub-aleurone of Ris0 56 

and Ris0 1508 was i n v e s t i g a t e d using a zinc 

iodide-osmium t e t r o x i d e s t a i n i n g complex ( p l a t e 33A, 

B). This demonstrates the d i s t r i b u t i o n o f both 

c i s t e r n a l and t u b u l a r endoplasmic r e t i c u l u m . I n both 

Ris0 56 and Rise* 1508, t u b u l a r endoplasmic r e t i c u l u m i s 

predominant i n the sub-aleurone 17 DAA. 

The network of c i s t e r n a l and t u b u l a r endoplasmic 

r e t i c u l u m i n t h e sub-aleurone of H i p r o l y 14 DAA ( P l a t e 

34A) i s i l l u s t r a t e d f o l l o w i n g s e l e c t i v e s t a i n i n g w i t h a 
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z i n c iodide-osmium t e t r o x i d e complex. I n P l a t e 34B, 

hi g h e r m a g n i f i c a t i o n shows a dictyosome i n the 

sub-aleurone 21 DAA i n H i p r o l y . The c i s t e r n a e and 

v e s i c l e s of the dictyosome are s e l e c t i v e l y s t a i n e d w i t h 

ZIO. I n the endosperm a t the same developmental stage, 

the p r o t e i n body has p e r i p h e r a l h e a v i l y - s t a i n e d 

v e s i c l e s . I n t h e cytoplasm t h e r e i s also a network of 

dictyosome v e s i c l e s and anatombsing t u b u l e s . 
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P L A T E 27. Electron micrographs of ultrathin sections through the caryopsis of the 
high-lysine line Hiproly 14 DAA. Tissue was fixed with aldehyde and osmium 
tetroxide, and post-stained. 
A : Single protein bodies are located in the cytoplasm and in vacuoles of the sub-
aleurone. Protein bodies are granular with electron-dense components. Bar = 2 urn. 
B : In the starchy endosperm most single protein bodies are located in the cytoplasm. 
Bar = 2 |im. 



PLATE 28. Electron micrographs of ultrathin sections through the caryopsis of 
the high-lysine line Hiproiy 21 DAA. Tissue was fixed with aldehyde and osmium 
tetroxide, and post-stained. 
A.' Protein bodies in the sub-aleurone are located in vacuoles. Vesicles and 
vesicular material are also found in the vacuoles. Bar = 1.5 urn. 
&: Cytoplasmic protein bodies of the endosperm consist of large granular areas with 
electron-dense components. Bar • 2 pm. 
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P L A T E 29 Electron micrographs of ultrathin sections of the caryopsis of the 
barley mutant 1508, 17 DA A. Tissue was fixed with aldehyde and osmium tetroxide, 
and post-stained. 
A : In the sub-aleurone, protein bodies are vacuolar. These protein bodies consist of 
fibrillar components. Bar - 2 urn. 
B : Endoplasmic reticulum in the cytoplasm of the sub-aleurone is dilated and studded 
with ribosomes. Bar - 0.25 urn. 



P L A T E 30 Electron micrographs of ultrathin sections of the caryopsis of the 
barley mutant 1508, 23 DAA. Tissue was fixed with aldehyde and osmium tetroxide, 
and post-stained. 
A : In the sub-aleurone, protein bodies are located in the vacuole. Bar = 1 urn. 
fi: Cytoplasmic protein bodies in the endosperm contain large fibrillar regions. There 
are electron-dense spheres round the periphery of the protein body. Bar • 1 um. 
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P L A T E 31 Electron micrographs of ultrathin sections through the caryopsis of the 
barley mutant Riso 56, 17 DAA. Tissue was fixed with aldehyde and osmium tetroxide, 
and post-stained. 
A : Vacuolar protein complex in the sub-aleurone consists mainly of some granular 
components embedded in a predominantly fibrillar matrix. Bar = 1 pm. 
E. : In the endosperm, vacuolar protein complexes consist of granular areas embedded 
in an electron-dense matrix. Vesicles can also be seen in the protein body. Bar - 1 urn 
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P L A T E ft? Electron micrographs of ultrathin sections through the caryopsis of the 
barley mutant Ris* 56, 24 DAA. Tissue was fixed with aldehyde and osmium tetroxide, 
and post-stained. 
4 : In the sub-aleurone, vacuolar protein consists of many granular spheres embedded 
in a fibrillar matrix. Also in the vacuole there are vesicles in a vesicular matrix. 
Bar m 1.5 um. 
£ : In the starchy endosperm, protein bodies are vacuolar and cytoplasmic. Protein 
bodies consist of large spheres of granular protein embedded in an electron-dense 
matrix. Bar - 3 urn. 



P L A T E 33. Electron micrographs of 0.3 urn sections of the sub-aleurone of the 
barley mutants Ris0 56 and 1508, impregnated with ZIO. 
A : Protein bodies in the sub-aleurone of Ris* 56 (17 DAA) are located in vacuoles. 
ZIO staining shows distribution of cisternal and tubular ER. Bar = 3 pm. 
fi: In the sub-aleurone of 1508 (17 DAA), protein bodies are in vacuoles. Tubular 
ER is predominant. Bar « 1.5 um. 
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PLATE 34 Electron micrographs of 0.3 um sections of the Hiproly caryopsis, 
impregnated with ZIO. 
A : Sub-aleurone of Hiproly, 14 DAA, shows a network of cisternal and tubular E R . 
Bar = 1 pm. 
B : Heavily-stained cisternae and vesicles of a dictyosome in the sub-aleurone, 21 DAA. 
Bar - 0.3 um. 
£ : In the endosperm 21 DAA, protein body has peripheral heavily-stained vesicles. 
A network of vesicles is also seen in the cytoplasm. Bar • 1 um. 



3.3 S u b c e l l u l a r F r a c t i o n a t i o n s o f Homogenates o f 
Barl e y Endosperms 

Homogenates were made of Bomi b a r l e y endosperms. 

M a t e r i a l was harvested from greenhouse-grown p l a n t s 

d u r i n g the mid-phase of t h e i r g r a i n development, when 

p r o t e i n s y n t h e s i s was a t or about i t s maximum 

r a t e . These homogenates were separated on sucrose 

d e n s i t y g r a d i e n t s . S u b c e l l u l a r separations were made 

i n the presence and i n the absence of magnesium; 

these two c o n d i t i o n s r e s u l t i n the r e t e n t i o n or loss of 

ribosomes from the endoplasmic r e t i c u l u m . 

P r o t e i n body f r a c t i o n s were recognized by t h e i r 

content o f storage p r o t e i n s , t h e i r d e n s i t y , and t h e i r 

appearance under the e l e c t r o n microscope. The l a t t e r 

i s d escribed l a t e r ( i n Section 3.4.8) i n c o n j u n c t i o n 

w i t h immunocytochemical l o c a l i z a t i o n techniques. 

The d i s t r i b u t i o n o f the endoplasmic r e t i c u l u m was 

fo l l o w e d by measuring the marker enzyme NADH-cytochrome 

o reductase. 

3.3.1 Sucrose D e n s i t y G r adient C e n t r i f u g a t i o n Studies 

Developing b a r l e y endosperms were chopped i n two 
2 + 

d i f f e r e n t media, one c o n t a i n i n g Mg and no EDTA and 
2 + 

the other EDTA and no Mg . The r e s u l t i n g homogenates 

were then s u b j e c t e d t o sucrose d e n s i t y g r a d i e n t 

c e n t r i f u g a t i o n . The g r a d i e n t s c o r r e s p o n d i n g l y also 
2 + 

contained e i t h e r Mg or EDTA. 
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I n b oth types o f g r a d i e n t (Figures 3.2 and 3.4) a 

prominent p r o t e i n peak was found around a d e n s i t y of 

1.25 g/ml. I n the presence o f Mg , Figure 3.2/ the 

endoplasmic r e t i c u l u m marker enzyme NADH-cytochrome c 

reductase showed a major peak of a c t i v i t y a t a s l i g h t l y 

lower d e n s i t y than the smaller o f the two p r o t e i n 

peaks. When i s o l a t i o n and s e p a r a t i o n was c a r r i e d out 

under s t r i p p i n g c o n d i t i o n s ( i . e . plus EDTA) the d e n s i t y 

o f the NADH-cytochrome c reductase peak decreased 

(Figure 3.4), w i t h a major p r o p o r t i o n o f the a c t i v i t y 

o c c u r r i n g around a d e n s i t y of 1.12 g/ml w i t h a second 

peak around 1.14 g/ml. 
2 + 

The p r o t e i n peak i n the presence of Mg (Figure 
2 + 

3.2) a t 1.21 g/ml, disappeared i n the absence of Mg ; 
2 + 

i n the absence o f Mg , th e r e were two small peaks a t 

d e n s i t i e s around 1.12 and 1.14 g/ml. 

The sucrose content o f each f r a c t i o n was 

determined by r e f r a c t o m e t r y . 
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3.3.2 Sep a r a t i o n on SDS-PAGE o f F r a c t i o n s from Sucrose 
Den s i t y G r a d i e n t Separations 

SDS-PAGE separations o f f r a c t i o n s from sucrose 

d e n s i t y g r a d i e n t separations o f homogenates of b a r l e y 
J + 

endosperms i n the presence and absence o f Mg , are 

shown i n Figures 3.3 and 3.5. 

The major p r o t e i n peaks a t d e n s i t i e s around 1.25 

g/ml showed m o b i l i t y c h a r a c t e r i s t i c s on SDS-PAGE 

eq u i v a l e n t t o a u t h e n t i c Bomi marker h o r d e i n . A 

s i g n i f i c a n t p r o p o r t i o n o f the p r o t e i n i n other peaks 

als o had c h a r a c t e r i s t i c s i n d i c a t i v e o f ho r d e i n , 

although the g r e a t e s t p r o p o r t i o n occurred i n f r a c t i o n s 

from the p r o t e i n peaks (1.21 and 1.25 g/ml i n the 
2 + 

presence o f Mg , Figure 3.2, and, 1.26 g/ml i n the 
2 + 

absence o f Mg , Figure 3.4). 
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F I G U R E 3.3 

Separation on SDS-PAGE of fract i o n s extracted from sucrose 
density gradient separations of homogenates of barley 
endosperms i n the presence of Mg 2 +. 
Numbers correspond t o gradient f r a c t i o n s (Figure 3.2); 
combined endoplasmic reticulum f r a c t i o n (ER) was t a k e * *T01!! 
around 1.16 g/ml, and combined protein body f r a c t i o n (Pb) trom 
around 1.25 g/ml. Arrows indicate approximate molecular 
weights i n ki l o d a l t o n s . 
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FIGURE 3.5 

Separation on SDS-PAGE of f r a c t i o n s e x t r a c t e d from sucrose 
density g r a d i e n t s e p a r a t i o n s of homogenates of b a r l e y 
endosperms i n the absence of Mg24". 
Numbers correspond t o g r a d i e n t f r a c t i o n s (Figure 3.4); 
combined endoplasmic r e t i c u l u m f r a c t i o n (ER) was taken from 
around 1.14 g/ml, and combined p r o t e i n body f r a c t i o n (Pb) from 
around 1.26 g/ml. Arrows i n d i c a t e approximate molecular 
weights i n k i l o d a l t o n s . 



3.4 Immunocytochemical L o c a l i z a t i o n w i t h P r o t e i n A-
G o l d by E l e c t r o n M i c r o s c o p y — 

P o l y c l o n a l a n t i b o d i e s (as d e s c r i b e d i n S e c t i o n 

2.7) were used t o i n v e s t i g a t e t h e c o m p o s i t i o n o f t h e 

p r o t e i n d e p o s i t s i n t h e s u b - a l e u r o n e and s t a r c h y 

endosperm o f t h e d e v e l o p i n g Bomi b a r l e y c a r y o p s i s . 

S e c t i o n s o f resin-embedded t i s s u e were i n c u b a t e d 

w i t h a n t i b o d i e s , and t h e s i t e s o f s p e c i f i c b i n d i n g were 

shown by subsequent i n c u b a t i o n w i t h p r o t e i n A - g o l d . 

A comparison o f t h e a c r y l i c r e s i n s ( L o w i c r y l K4M 

and LR W h i t e ) , and an epoxy r e s i n ( S p u r r r e s i n ) has 

been made. The e f f e c t o f osmium t e t r o x i d e 

p o s t - f i x a t i o n ( w i t h S p u r r r e s i n ) has been i n v e s t i g a t e d , 

as has t h e e f f e c t o f p e r i o d a t e ' e t c h i n g ' . 

As t h e u l t r a s t r u c t u r a l morphology o f t h e p r o t e i n 

b o d i e s o f t h e h i g h - l y s i n e mutants has been shown t o 

d i f f e r c o n s i d e r a b l y f r o m t h e w i l d - t y p e Bomi b a r l e y , t h e 

mutant b a r l e y l i n e s were a l s o i n v e s t i g a t e d u s i n g 

immunocytochemical l o c a l i z a t i o n t o d e t e r m i n e i f an 

a l t e r e d p r o t e i n body morphology r e s u l t s i n a d i f f e r e n t 

p r o t e i n d i s t r i b u t i o n compared w i t h t h e w i l d - t y p e . 

3.4.1 immunocytochemical C o n t r o l s 

Immunocytochemical c o n t r o l s were employed t o 

e s t a b l i s h t h e v a l i d i t y o f o b s e r v a t i o n s f o r each a n t i g e n 

used. P l a t e 35 i l l u s t r a t e s t h e c o n t r o l s used i n t h e 

immunocytochemical l o c a l i z a t i o n o f C h o r d e i n . 
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The f i r s t c o n t r o l i n v o l v e d i n c u b a t i o n w i t h p r o t e i n 

A - g o l d o n l y ( m i c r o g r a p h 35A). A t a h i g h e r 

m a g n i f i c a t i o n , m i c r o g r a p h 35B, t h e r e i s no n o n - s p e c i f i c 

b i n d i n g o f t h e p r o t e i n A - g o l d complex t o t h e s u r f a c e o f 

t h e s e c t i o n . M i c r o g r a p h 35C, i l l u s t r a t e s t h e s e c t i o n 

a f t e r i n c u b a t i o n w i t h pre-immune serum. T h i s serum was 

e x t r a c t e d f r o m t h e r a b b i t p r i o r t o i n j e c t i o n w i t h t h e 

p r o t e i n f o r w h i c h p o l y c l o n a l a n t i b o d i e s were t o be 

r a i s e d . F o l l o w i n g i n c u b a t i o n w i t h p r o t e i n A - g o l d , a 

few a n t i g e n i c s i t e s a r e l o c a t e d randomly over t h e 

s u r f a c e o f t h e s e c t i o n . 

M i c r o g r a p h 35D shows a s e c t i o n o f t h e s u b - a l e u r o n e 

o f b a r l e y l a b e l l e d f o r C h o r d e i n by p r o t e i n A - g o l d . 

Almost a l l o f t h e l a b e l l i n g i s i n t h e g r a n u l a r r e g i o n 

o f t h e p r o t e i n body. The o c c a s i o n a l c y t o p l a s m i c g o l d 

p a r t i c l e s may be n o n - s p e c i f i c , as i n d i c a t e d by a 

s i m i l a r d i s t r i b u t i o n i n t h e pre-immune c o n t r o l 

( m i c r o g r a p h 35C). 
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P L A T E 35. Immunocytochemistry controls for C hordein in osmicated tissue, 14 D A A 
(Spurr resin). 
A : Low magnification of barley incubated in P A G h o n l y . Bar = 0.5 pm. 
B : Detail of (A). No gold markers are seen over section. Bar = 0.5 pm. 
£ : Sub-aleurone protein body incubated in pre-immune serum, followed by P A G h 

labelling. Only occasional gold markers bind non-specifically. Bar = 1 pm. 
D : P A G h labelling of C hordein. Gold marker is associated with the granular area of 
the protein aggregate. Bar - 0.3 pm. 



3,4.2 Immunocytochemical L o c a l i z a t i o n o f H o r d e i n s i n 
B a r l e y Endosperm ( c v . Bomi) ~ 

P o l y c l o n a l a n t i b o d i e s t o A, B and C h o r d e i n , 

r a i s e d i n r a b b i t s were used t o d e m o n s t r a t e , i n an 

immunocytochemical s t u d y , t h e d i s t r i b u t i o n and 

c o m p o s i t i o n o f d e v e l o p i n g p r o t e i n b o d i e s i n b a r l e y ( c v . 

Bomi) endosperm. 

M i c r o g r a p h 36A, i l l u s t r a t e s immunocytochemical 

l a b e l l i n g o f C h o r d e i n i n s m a l l c y t o p l a s m i c p r o t e i n 

d e p o s i t s i n t h e s u b - a l e u r o n e o f a 26 mg g r a i n (10 DAA). 

By 14 DAA t h e b a r l e y c a r y o p s i s has i n c r e a s e d i n f r e s h 

w e i g h t t o 42 mg, and v a c u o l a r p r o t e i n a g g r e g a t e s a r e 

seen i n t h e s u b - a l e u r o n e . These p r o t e i n a g g r e g a t e s 

l a b e l d e n s e l y w i t h p r o t e i n A - g o l d a f t e r p r i o r t r e a t m e n t 

w i t h a n t i s e r a t o C h o r d e i n . The s u b - a l e u r o n e 32 DAA 

( f r e s h w e i g h t 76 mg) i s d e n s e l y packed w i t h s t a r c h , and 

p r o t e i n forms a m a t r i x i n t h e i n t e r s t i c e s between t h e 

s t a r c h g r a i n s ( m i c r o g r a p h 36C). I n m i c r o g r a p h 36D, 

p r o t e i n A - g o l d l a b e l l i n g f o r C h o r d e i n shows a h i g h 

d e n s i t y o f immunogold l a b e l l i n g i n t h e i n t e r s t i t i a l 

space between t h e s t a r c h g r a i n s . V e r y o c c a s i o n a l g o l d 

p a r t i c l e s b i n d n o n - s p e c i f i c a l l y o v e r t h e s t a r c h g r a i n s . 

I n m i c r o g r a p h 37A, immunogold l a b e l l i n g o f 

a n t i b o d i e s d i r e c t e d a g a i n s t C h o r d e i n shows s e l e c t i v e 

l a b e l l i n g o f t h e g r a n u l a r areas o f p r o t e i n b o d i e s i n 

t h e s u b - a l e u r o n e o f b a r l e y a t 14 DAA. S i m i l a r l y , i n 
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t h e endosperm ( m i c r o g r a p h 37B), l a b e l l i n g shows C 

h o r d e i n c o n f i n e d t o t h e g r a n u l a r a r e a s o f t h e p r o t e i n 

complex. The e l e c t r o n - d e n s e areas o f t h e p r o t e i n 

b o d i e s , s u r r o u n d i n g c y t o p l a s m and s t a r c h g r a n u l e s have 

no l a b e l . M i c r o g r a p h s 37C and 37D compare t h e 

d i s t r i b u t i o n o f B and A h o r d e i n i n t h e endosperm 

p r o t e i n complexes a t 14 DAA. As i n m i c r o g r a p h 37B, 

l o c a l i z a t i o n o f B and A h o r d e i n i s • i n t h e g r a n u l a r 

r e g i o n s o f t h e p r o t e i n complex. A s s o c i a t e d v e s i c l e s o f 

t h e p r o t e i n complex ( m i c r o g r a p h 37D) have no 

i m m u n o l a b e l . 

P l a t e 38 i l l u s t r a t e s i n v e s t i g a t i o n o f t h e e f f e c t 

o f osmium t e t r o x i d e p o s t - f i x a t i o n upon a n t i g e n i c i t y o f 

S p u r r resin-embedded t i s s u e . M i c r o g r a p h 38A, shows 

immunocytochemical l a b e l l i n g o f C h o r d e i n by p r o t e i n 

A - g o l d i n t h e p r o t e i n body, 14 DAA. Gold l a b e l i s 

m o s t l y c o n f i n e d t o t h e g r a n u l a r r e g i o n o f t h e p r o t e i n 

body, and s u r r o u n d i n g v e s i c l e s and t h e v a c u o l e are 

u n l a b e l l e d . P e r i o d a t e ' e t c h i n g ' o f o s m i c a t e d s e c t i o n s 

b e f o r e i n c u b a t i o n w i t h a n t i s e r u m t o C h o r d e i n , produces 

a s u b s e q u e n t l y denser l a b e l l i n g o f a n t i g e n i c s i t e s over 

t h e p r o t e i n body (compared w i t h m i c r o g r a p h 38A). I n 

m i c r o g r a p h 38B, immunogold l a b e l l i n g i s l o c a t e d over 

t h e f i b r i l l a r r e g i o n s o f t h e p r o t e i n body as w e l l as 

t h e g r a n u l a r r e g i o n s . There i s v e r y l i t t l e l a b e l l i n g 

i n t h e c y t o p l a s m . 
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M i c r o g r a p h s 38C and 38D i l l u s t r a t e t h e e f f e c t o f 

o m i t t i n g o s m i u m - t e t r o x i d e p o s t - f i x a t i o n w i t h S p u r r 

resin-embedded t i s s u e on immunocytochemical l a b e l l i n g . 

M i c r o g r a p h 38C shows a p r o t e i n body w i t h p e r i p h e r a l 

e l e c t r o n - d e n s e spheres, p o s t - s t a i n e d w i t h u r a n y l 

a c e t a t e and l e a d c i t r a t e . Immunocytochemical 

l o c a l i z a t i o n o f C h o r d e i n w i t h p r o t e i n A - g o l d shows a 

h i g h d e n s i t y o f l a b e l l i n g o v e r t h e g r a n u l a r area o f 

t h e p r o t e i n body. E l e c t r o n - d e n s e spheres a r e 

u n l a b e l l e d , and o c c a s i o n a l g o l d p a r t i c l e s a r e seen i n 

t h e c y t o p l a s m . I n m i c r o g r a p h 38D, l o c a l i z a t i o n o f C 

h o r d e i n w i t h p r o t e i n A - g o l d shows a h i g h d e n s i t y o f 

l a b e l l i n g o v e r t h e p r o t e i n body. However, o m i t t i n g 

osmium and p o s t - s t a i n i n g , r e s u l t s i n a p o o r e r c o n t r a s t . 

The reduced a n t i g e n i c i t y r e s u l t i n g f r o m osmium-

t e t r o x i d e p o s t - f i x a t i o n i s a g a i n i l l u s t r a t e d i n P l a t e 

39. A comparison was made u s i n g b a r l e y s u b - a l e u r o n e 

t i s s u e 14 DAA l a b e l l e d w i t h p r o t e i n A - g o l d a f t e r 

i n c u b a t i o n w i t h a n t i b o d i e s t o C h o r d e i n . I n m i c r o g r a p h 

39A, o f o s m i c a t e d t i s s u e , C h o r d e i n i s l o c a l i z e d i n 

compound v a c u o l a r p r o t e i n a g g r e g a t e s o f t h e s t a r c h y 

endosperm. There a r e a l s o some a n t i g e n i c s i t e s over 

t h e d i c t y o s o m e and endoplasmic r e t i c u l u m . I n 

m i c r o g r a p h 39B where osmium p o s t - f i x a t i o n has been 

o m i t t e d , g o l d l a b e l l i n g f o r C h o r d e i n i s l o c a l i z e d over 

a s t r u c t u r e i n t h e s u b - a l e u r o n e c y t o p l a s m . W h i l s t t h i s 
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has some resemblance t o a d i c t y o s o m e w i t h i t s 

p e r i p h e r a l v e s i c l e s , i t may a l s o r e p r e s e n t a t a n g e n t i a l 

s e c t i o n t h r o u g h t h e p e r i p h e r y o f a p r o t e i n complex. 
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P L A T E 36. Immunocytochemical localization of C hordein in developing barley 
endosperm. Tissue was f ixed with aldehyde and osmium tetroxide, and embedded in 
Spurr resin. 
A : Immunocytochemical labelling with P A G h of C hordein in small cytoplasmic 
protein deposits in the sub-aleurone of barley, 10 D A A . Bar = 0.25 pm. 
B : P A G 5 labelling of C hordein in vacuolar protein complex in the sub-aleurone, 14 
DAA. Bar = 0.5 pm. 
C : P A G h labelling of C hordein in barley endosperm, 32 D A A . Bar = 2 pm. 
D : P A G h labelling of C hordein is located in the protein matrix between starch 
granules. Bar = 0.5 pm. 
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P L A T E 37. Immunocytochcmical localization of hordein in the protein bodies of 
barley caryopsis, 14 D A A . Tissue was fixed in aldehyde and osmium tetroxide, and 
embedded iin Spurr resin. 
A : P A G h labelling of C hordein; label is associated with the granular area of sub-
aleurone protein body. Bar = 0.3 pm. 
B : P A G 6 labelling of C hordein in an endosperm protein complex. Bar = 2 pm. 
C : P A G 6 labelling of B hordein; label is associated with granular area of protein 
body in the endosperm. Bar - 0.5 pm. 
D : P A G 5 labelling of A hordein, shows gold label associated with the granular area of 
the protein body. Bar = 0.3 pm. 



P L A T E 38. Electron micrographs showing the effect of osmium tetroxide post-
fixation upon antigenicity. Sections of barley endosperm, 14 DAA were incubated 
with anti-C hordein and protein A-gold. 
A : P A G 5 labelling of C hordein in a vacuolar protein body in the sub-aleurone. 
Tissue was osmicated and post-stained. Bar = 1 jim. 
B : P A G 5 labelling of C hordein was intensified in osmicated tissue "etched" with 
periodate before incubation with antibodies. Bar = 0.5 urn. 
£ : P A G 1 5 labelling of C hordein is non-osmicated tissue, post-stained with uranyl 
acetate and lead citrate, shows a high density of gold label in the granular area of the 
protein body. Bar = 0.5 pm. 
D : P A G 1 5 labelling of C hordein in the protein body of non-osmicated barley sub-
aleurone, not post-stained. Bar • 1 urn. 
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P L A T E 39. Immunocytochemical localization of C hordein in barley sub-aleurone, 14 
D A A . Tissue was fixed with aldehyde and osmium tetroxide, and embedded in Spurr 
resin. 
A. • P A G 1 5 label associated with the granular areas of the protein aggregate; gold label 
is also associated with the dictyosome. Section was post-stained. Bar = 0.5 urn. 
B : P A G 1 5 label associated with a? dictyosome (see text), and cytoplasmic vesicles. 
Tissue was post-stained. Bar = 0.25 urn. 



3.4.3 Comparison o f Embedding Medici f o r Immunocyto­
c h e m i c a l L o c a l i z a t i o n 

P l a t e 40 and 41 i l l u s t r a t e t h e e f f e c t on t i s s u e 

p r e s e r v a t i o n o f a l d e h y d e f i x a t i o n i n a PIPES b u f f e r . 

Bomi b a r l e y t i s s u e was embedded i n LR w h i t e r e s i n 

f o l l o w i n g f i x a t i o n i n a P I P E S - b u f f e r e d aldehyde 

m i x t u r e . The a l e u r o n e and s u b - a l e u r o n e o f a b a r l e y 

c a r y o p s i s a t 14 DAA was l a b e l l e d w i t h p r o t e i n A - g o l d 

a f t e r i n c u b a t i o n w i t h B h o r d e i n a n t i b o d i e s . M i c r o g r a p h 

40 A and B show a v e r y low l e v e l o f n o n - s p e c i f i c 

b i n d i n g o f g o l d p a r t i c l e s over t h e c e l l o f t h e 

a l e u r o n e . I n m i c r o g r a p h s 40C and D o f t h e 

s u b - a l e u r o n e , t h e r e i s a h i g h d e n s i t y o f l a b e l over 

p r o t e i n b o d i e s . B o t h t h e f i b r i l l a r and g r a n u l a r areas 

o f t h e p r o t e i n b o d i e s a r e l a b e l l e d w i t h g o l d p a r t i c l e s , 

a l t h o u g h none a r e seen o v e r t h e e l e c t r o n - d e n s e r e g i o n s . 

The low l e v e l o f i m m u n o l a b e l l i n g i n t h e c y t o p l a s m i n 

th e immediate v i c i n i t y o f t h e p r o t e i n b o d i e s ( p l a t e 

40C), b e i n g u n i d i r e c t i o n a l ( i n d i c a t e d by w h i t e a r r o w s ) , 

i s p r o b a b l y t h e r e s u l t o f a smearing o f p r o t e i n d u r i n g 

s e c t i o n i n g . I n m i c r o g r a p h 40D, no l a b e l i s seen over 

t h e endoplasmic r e t i c u l u m . 

Immunocytochemical l o c a l i z a t i o n o f C h o r d e i n i n LR 

w h i t e embedded Bomi b a r l e y t i s s u e , shows a s i m i l a r 

d i s t r i b u t i o n t o B h o r d e i n . I n m i c r o g r a p h 41A, t h e r e i s 

a low l e v e l o f n o n - s p e c i f i c b i n d i n g o f i m m u n o l a b e l l i n g 

over t h e a l e u r o n e . I n m i c r o g r a p h 41B t h e r e i s a h i g h 

- 131 -



d e n s i t y o f g o l d p a r t i c l e s a s s o c i a t e d w i t h t h e v a c u o l a r 

and c y t o p l a s m i c p r o t e i n b o d i e s . A u n i d i r e c t i o n a l 

smearing e f f e c t i s a l s o seen c l o s e t o t h e p r o t e i n 

d e p o s i t s ( i n d i c a t e d by w h i t e a r r o w s ) . I n m i c r o g r a p h 

41C t h e g r a n u l a r r e g i o n s o f p r o t e i n b o d i e s are d e n s e l y 

l a b e l l e d w i t h p r o t e i n A - g o l d w h i c h i s m a r k i n g c 

h o r d e i n ; t h e r e i s no i m m u n o l a b e l l i n g a s s o c i a t e d w i t h 

t h e e ndoplasmic r e t i c u l u m . I n m i c r o g r a p h 41D, 

immunocytochemical l o c a l i z a t i o n o f C h o r d e i n shows g o l d 

l a b e l a s s o c i a t e d w i t h t h e p r o t e i n body. There i s no 

l a b e l i n t h e lumen o f t h e endoplasmic r e t i c u l u m , and 

t h e r e i s a u n i d i r e c t i o n a l l o w e r l e v e l o f l a b e l i n t h e 

v a c u o l e c l o s e t o t h e p r o t e i n d e p o s i t ( i n d i c a t e d by 

w h i t e a r r o w s ) . 

P l a t e 42 i l l u s t r a t e s immunocytochemical 

l o c a l i z a t i o n o f A, B, and C h o r d e i n on Bomi b a r l e y 

endosperm embedded i n L o w i c r y l K4M l o w - t e m p e r a t u r e 

embedding r e s i n . M i c r o g r a p h 42A shows C h o r d e i n i n t h e 

s u b - a l e u r o n e p r o t e i n body o f an u n s t a i n e d s e c t i o n 

i m m u n o l a b e l l e d w i t h p r o t e i n A - g o l d . The l e v e l o f 

c o n t r a s t i s poor w i t h o u t p o s t - s t a i n i n g a f t e r 

i mmunocytochemical l o c a l i z a t i o n . Improved c o n t r a s t i s 

o b t a i n e d w i t h u r a n y l a c e t a t e / l e a d c i t r a t e p o s t - s t a i n i n g 

o f t h e g r i d b e f o r e v i e w i n g on t h e e l e c t r o n microscope 

( m i c r o g r a p h 4 2 B ) . L a b e l l i n g o f C h o r d e i n i s a s s o c i a t e d 

w i t h t h e g r a n u l a r a r e a s o f t h e p r o t e i n body. I n 
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m i c r o g r a p h 42 C immunocytochemical l o c a l i z a t i o n o f A 

h o r d e i n i n t h e s u b - a l e u r o n e shows g o l d p a r t i c l e s 

a s s o c i a t e d w i t h t h e g r a n u l a r areas o f t h e p r o t e i n body. 

The low l e v e l o f c y t o p l a s m i c l a b e l c l o s e t o t h e p r o t e i n 

body ( i n d i c a t e d by w h i t e a r r o w s ) i s a u n i d i r e c t i o n a l 

smearing e f f e c t . I n m i c r o g r a p h 42D, l o c a l i z a t i o n o f B 

h o r d e i n w i t h p r o t e i n A - g o l d shows a h i g h d e n s i t y o f 

l a b e l l i n g i n t h e s u b - a l e u r o n e p r o t e i n body. There i s a 

low l e v e l o f n o n - s p e c i f i c b i n d i n g o v e r t h e s t a r c h 

g r a n u l e s and t h e c e l l w a l l s . A, B and C h o r d e i n show a 

s i m i l a r d i s t r i b u t i o n i n s t o r a g e p r o t e i n d e p o s i t s i n t h e 

s u b - a l e u r o n e and endosperm; i m m u n o l a b e l l i n g i s 

a s s o c i a t e d w i t h t h e g r a n u l a r areas o f t h e p r o t e i n body. 

The h i g h e s t degree o f a n t i g e n i c i t y i s r e t a i n e d i n 

non-osmicated, S p u r r resin-embedded t i s s u e , and i s 

c l o s e l y f o l l o w e d by t i s s u e embedded i n LR w h i t e r e s i n . 

However, w i t h LR w h i t e embedding medium, a smearing 

e f f e c t i s pr o d u c e d i n t h e d i r e c t i o n o f s e c t i o n i n g . A 

smearing phenomenon a l s o o c c u r s w i t h L o w i c r y l embedded 

t i s s u e . 

A compromise has t o be reached w i t h r e g a r d t o t h e 

degree o f c o n t r a s t r e q u i r e d , and t h e r e t e n t i o n o f 

a n t i g e n i c i t y . For h o r d e i n a n t i s e r a , o s m i f i c a t i o n o f 

Spurr resin-embedded t i s s u e a c h i e v e s a h i g h degree o f 

c o n t r a s t i n t i s s u e u l t r a s t r u c t u r e , w i t h some l o s s o f 

a n t i g e n i c i t y . Good u l t r a s t r u c t u r a l p r e s e r v a t i o n and 
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c o n t r a s t i s o b t a i n e d w i t h LR w h i t e embedding, a l o n g 

w i t h a h i g h degree o f a n t i g e n i c i t y . However, t h e r e i s 

a smearing e f f e c t n o t a p p a r e n t w i t h S p u r r 

resin-embedded t i s s u e . 
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PLATE 40. Immunocytochemical localization of B hordein in non-osmicated barley 
caryopsis, 14 DAA, embedded in LR white resin and post-stained with uranyl acetate 
and lead citrate. 
A : PAG 1 0 labelling of B hordein in the aleurone. Bar = 2 pm. 
B : Detail of (A); showing a very low level of non-specific binding over the nucleus, 
cytosplasm and vacuole. Bar = 1 pm. 
Q : PAG 1 0 labelling of B hordein in sub-aleurone shows a high density of label in the 
granular area of the protein body. Bar = 0.5 pm. 
D : Distribution of PAG 1 0 labelling of B hordein in the sub-aleurone. Gold marker is 
associated with protein bodies. Bar = 1 pm. 



ER 

— 

PLATE 41. Immunocytochcmical localization of C hordein in non-osmicated barley 
caryopsis, 14 DAA, embedded in LR white resin and post-stained with uranyl acetate 
and lead citrate. 
A : PAG 1 0 labelling of C hordein in the aleurone shows a low level of non-specific 
binding over section. Bar = 1 urn. 
B : PAG 1 0 labelling of C hordein in the sub-aleurone shows a high density of label 
associated with the protein body. Bar • 0.5 urn. 
£: PAG 1 0 labelling of C hordein is associated with the granular region of sub-
aleurone protein bodies; there is no labelling of the endoplasmic reticulum. Bar = 0.5 
urn. 
D : PAG 1 0 labelling of C hordein in the sub-aleurone protein body; there is no label 
in the lumen of the ER. Bar = 0.3 urn. 



PLATE 42. Immunocytochemical localization of A, B, and C hordein in barley 
caryopsis, 14 DAA, embedded in Lowicryl K4M low-temperature embedding resin. 
Tissue was non-osmicated. 
A • C hordein in a sub-aleurone protein body is labelled with PAG10; there is a low 
level of non-specific binding. Section was not post-stained. Bar = 1 pm. 
B : PAG 1 0 labelling of C hordein in sub-aleurone; section post-stained with uranyl 
acetate and lead citrate. Bar - 1 pm. 
£: PAG 1 0 labelling of A hordein in sub-aleurone; section was post-stained. 
Bar = 1 pm. 
D : PAG 1 0 labelling of B hordein in sub-aleurone; section was post-stained. 
Bar = 1 pm. 



3.4.4 Comparison o f F i x a t i v e B u f f e r s 

A comparison was made o f p h o s p h a t e - b u f f e r e d 

f i x a t i v e s and P I P E S - b u f f e r e d f i x a t i v e s u s i n g Bomi 

b a r l e y endosperm (14 DAA), embedded i n LR w h i t e r e s i n . 

B h o r d e i n was l o c a l i z e d i m m u n o c y t o c h e m i c a l l y i n t h e 

s u b - a l e u r o n e w i t h p r o t e i n A - g o l d ( P l a t e 4 3 ) . 

For b o t h p h o s p h a t e - b u f f e r e d f i x e d t i s s u e 

( m i c r o g r a p h s 43A, B) and PIPES-buffeired f i x e d t i s s u e , 

i m m u n o g o l d - l a b e l l i n g o f B h o r d e i n was a s s o c i a t e d w i t h 

t h e g r a n u l a r areas o f t h e p r o t e i n body. There i s 

a l m o s t no l a b e l a s s o c i a t e d w i t h t h e endoplasmic 

r e t i c u l u m . 

I n P I P E S - b u f f e r e d f i x e d t i s s u e , i m m u n o l a b e l l i n g i s 

a s s o c i a t e d w i t h t h e g r a n u l a r r e g i o n o f t h e v a c u o l a r 

p r o t e i n complex ( m i c r o g r a p h 43C). Rough microsomal 

v e s i c l e s , a l s o p r e s e n t i n t h e v a c u o l e , a r e n o t 

l a b e l l e d . I n m i c r o g r a p h 43D, an i n c r e a s e i n t h e lumen 

o f t h e endoplasmic r e t i c u l u m i s a f e a t u r e o f 

PIPES-buf f e r e d f i x . e d t i s s u e s . As w i t h 

p h o s p h a t e - b u f f e r e d f i x e d t i s s u e s , t h e r e i s no 

i m m u n o l a b e l l i n g a s s o c i a t e d w i t h t h e endoplasmic 

r e t i c u l u m . I m m u n o l a b e l l i n g i s n o t i n c r e a s e d i n 

P I P E S - b u f f e r e d f i x e d t i s s u e . 
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PLATE 43. Comparison of fixative buffers using LR white embedded tissue, 14 
DAA. Immunocytochemical localization of B hordein in sub-aleurone with PAG10. 
A : Phosphate-buffered fixative: gold markers associated with granular protein bodies. 
Bar = 1 pm. 
£ : Labelling of protein body in phosphate-buffer-fixed tissue. Bar = 0.5 pm. 
£: PIPES-buffered fixative: labelling of vacuolar protein complex. Rough 
microsomal vesicles are also present in the vacuole, but are not labelled. 
Bar » 0.3 pm. 
D : Gold marker is associated with a small cytoplasmic protein deposit. The increase 
in ER lumen contents is a feature of PIPES-buffered fixatives; immunolabelling is 
not increased. Bar = 0.3 pm. 



3.4.5 Immunocytochemical L o c a l i z a t i o n o f t h e Chyme— 
t r y p s i n I n h i b i t o r s , C I - 1 and C I - 2 , i n Bomi 
B a r l e y 

P l a t e 44 i l l u s t r a t e s immunocytochemical l a b e l l i n g 

o f t h e c h y m o t r y p sin i n h i b i t o r s , C I - 1 and CI-2, i n Bomi 

b a r l e y a t 16 DAA. The l e v e l s o f t h e s e i n h i b i t o r s a r e 

v e r y low i n t h e l o w - l y s i n e , w i l d - t y p e b a r l e y . 

I n m i c r o g r a p h 44A, g o l d - l a b e l l i n g o f CI-2 i n t h e 

a l e u r o n e shows a l o w - l e v e l o f n o n - s p e c i f i c b i n d i n g o v e r 

t h e s e c t i o n . I n m i c r o g r a p h 44B 

i m m u n o g o l d - l a b e l l i n g o f CI-2 i s a s s o c i a t e d w i t h t h e 

p r o t e i n body and c y t o p l a s m . 

Immunocytochemical l o c a l i z a t i o n o f C I - 1 i n 

m i c r o g r a p h 44C shows l a b e l l i n g i n s u b - a l e u r o n e p r o t e i n 

b o d i e s , and a low l e v e l o f c y t o p l a s m i c 

l a b e l l i n g . I n m i c r o g r a p h 44D, l a b e l l i n g o f C I - 1 i n t h e 

endosperm shows a s i m i l a r d i s t r i b u t i o n t o C I - 1 i n t h e 

s u b - a l e u r o n e . 

For b o t h C I - 1 and CI-2, i m m u n o g o l d - l a b e l l i n g , 

a l t h o u g h a t a v e r y low l e v e l , appears t o be 

p r e d o m i n a n t l y a s s o c i a t e d w i t h p r o t e i n b o d i e s . 
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PLATE 44. Immunocytochcmical localization of the chymotryptic inhibitors, CI-1 and 
CI-2, in Bomi barley, 16 DAA. Tissue was aldehyde fixed, embedded in LR White 
resin and sections post-stained after anti-body labelling. 
A : PAG 1 0 labelling of CI-2 in the aleurone shows a low level of non-specific binding. 
Bar = 1 um. 
1 : PAG 1 0 labelling of CI-2 in the endosperm. Bar • 1 pm. 
£ : PAG 1 0 labelling of CM in the sub-aleurone protein bodies and cytoplasm. 
Bar = 1 pm. 
D : PAG 1 0 labelling of CI-1 in the endosperm; shows similar label distribution to (C). 
Bar = 1 pm. 



3.4.6 Immunocytochemical L o c a l i z a t i o n o f t h e H o r d e i n s 
i n t h e H i g h - L y s m e B a r l e y Endosperms 

H i g h - l y s i n e m u t a n t b a r l e y l i n e s were i n v e s t i g a t e d 

u s i n g immunocytochemical l o c a l i z a t i o n t o compare w i t h 

t h e w i l d - t y p e b a r l e y f o r t h e d i s t r i b u t i o n o f h o r d e i n s 

and c h y m o t r y p t i c i n h i b i t o r s . The u l t r a s t r u c t u r a l 

s t u d i e s d e s c r i b e d e a r l i e r have shown an a l t e r e d p r o t e i n 

body morphology i n t h e d e v e l o p i n g h i g h - l y s i n e b a r l e y 

m u t a n t s . 

I n t h e h i g h - l y s i n e mutant H i p r o l y a t 14 DAA, 

immunocytochemical l o c a l i z a t i o n o f C h o r d e i n w i t h 

p r o t e i n A - g o l d shows l a b e l l i n g t o be a s s o c i a t e d w i t h 

t h e g r a n u l a r p r o t e i n b o d i e s ( m i c r o g r a p h 45A). I n t h e 

endosperm i m m u n o g o l d - l a b e l l i n g i s a s s o c i a t e d w i t h 

t h e g r a n u l a r r e g i o n s o f p r o t e i n b o d i e s ( m i c r o g r a p h 

45B). A t 21 DAA g o l d - l a b e l l i n g w i t h g o a t a n t i - r a b b i t -

secondary a n t i b o d y o f C h o r d e i n i s l o c a l i z e d i n 

s u b - a l e u r o n e v a c u o l a r p r o t e i n d e p o s i t s ( m i c r o g r a p h 

46A), and i n endosperm p r o t e i n b o d i e s ( m i c r o g r a p h 

46B). A t a h i g h e r m a g n i f i c a t i o n ( m i c r o g r a p h 46C), 

i m m u n o g o l d - l a b e l l i n g o f C h o r d e i n i s a s s o c i a t e d w i t h 

t h e g r a n u l a r a r e a o f t h e p r o t e i n body. 

P r o t e i n A - g o l d immunocytochemical l o c a l i z a t i o n o f 

B h o r d e i n i n H i p r o l y endosperm a t 21 DAA, shows B 

h o r d e i n t o have a s i m i l a r d i s t r i b u t i o n t o t h a t o f C 

h o r d e i n . I n P l a t e 47 i m m u n o g o l d - l a b e l l i n g o f B h o r d e i n 

i s a s s o c i a t e d w i t h s u b - a l e u r o n e v a c u o l a r p r o t e i n 
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d e p o s i t s ( m i c r o g r a p h A ) . M i c r o g r a p h 47B shows a h i g h e r 

m a g n i f i c a t i o n o f m i c r o g r a p h 47A; g o l d p a r t i c l e s a r e 

l o c a l i z e d o v e r t h e v a c u o l a r , g r a n u l a r p r o t e i n d e p o s i t s . 

No g o l d p a r t i c l e s a r e a s s o c i a t e d w i t h i n t h e v a c u o l a r 

v e s i c l e . M i c r o g r a p h 47C shows l a b e l l i n g o f t h e 

d i s t r i b u t i o n o f B h o r d e i n i n t h e endosperm p r o t e i n 

b o d i e s . A t a h i g h e r m a g n i f i c a t i o n ( m i c r o g r a p h 47D) 

t h e s e g o l d p a r t i c l e s a r e shown t o be a s s o c i a t e d w i t h 

t h e g r a n u l a r areas o f t h e p r o t e i n body. 

P l a t e 48 i l l u s t r a t e s immunocytochemical 

l o c a l i z a t i o n o f B and C h o r d e i n w i t h p r o t e i n A - g o l d i n 

t h e h i g h - l y s i n e mutant Riso- 56 a t 17 DAA. I n 

m i c r o g r a p h 48A, i m m u n o g o l d - l a b e l l i n g o f t h e 

s u b - a l e u r o n e p r o t e i n complex shows C h o r d e i n i s 

a s s o c i a t e d w i t h t h e g r a n u l a r a r e a . I n t h e endosperm, 

immunogold p a r t i c l e s are a l s o l o c a l i z e d over t h e 

g r a n u l a r areas o f t h e p r o t e i n complex ( m i c r o g r a p h 48B). 

P r o t e i n A - g o l d - l a b e l l i n g o f B h o r d e i n shows B h o r d e i n 

t o have a s i m i l a r d i s t r i b u t i o n t o C h o r d e i n ; 

i m m u n o g o l d - l a b e l l i n g o f B h o r d e i n i s a s s o c i a t e d w i t h 

t h e g r a n u l a r s u b - a l e u r o n e p r o t e i n complex i n m i c r o g r a p h 

48C. I n m i c r o g r a p h 48D, immunogold p a r t i c l e s are 

a s s o c i a t e d w i t h t h e g r a n u l a r a r e a o f t h e endosperm 

p r o t e i n complex, showing a d i s t r i b u t i o n o f B h o r d e i n 

s i m i l a r t o t h a t o f C h o r d e i n ( m i c r o g r a p h 48B). I n 

m i c r o g r a p h 48D however, l a b e l l i n g i s a l s o a s s o c i a t e d 
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w i t h t h e p r o t e i n - b o d y - v e s i c l e . 

Immunocytochemical l o c a l i z a t i o n o f B and C h o r d e i n 

i n s u b - a l e u r o n e p r o t e i n b o d i e s i n Ris0 1508, 17 DAA, i s 

shown i n P l a t e 49. I n m i c r o g r a p h 49A, 

i m m u n o g o l d - l a b e l l i n g o f C h o r d e i n shows l a b e l l i n g 

a s s o c i a t e d w i t h t h e f i b r i l l a r area o f t h e p r o t e i n body. 

T h i s f i b r i l l a r a r e a i s a more l o o s e a s s o c i a t i o n 

compared w i t h t h e f i b r i l l a r areas o f t h e p r o t e i n b o d i e s 

o f Ris0 56 and H i p r o l y , and has a f i b r i l l a r / g r a n u l a r 

appearance. S i m i l a r l y , i n m i c r o g r a p h 49B, 

i m m u n o l a b e l l i n g o f B h o r d e i n i s a s s o c i a t e d w i t h t h e 

s e m i - f i b r i l l a r a r e a o f t h e p r o t e i n body, and w i t h t h e 

g r a n u l a r r e g i o n s . 

W i t h r e g a r d t o t h e u l t r a s t r u c t u r e o f t h e p r o t e i n 

body, t h e h i g h - l y s i n e m u t ants d i f f e r f r o m t h e 

w i l d - t y p e Bomi b a r l e y . I n Bomi b a r l e y t h e p r o t e i n 

b o d i e s a r e a l m o s t e n t i r e l y g r a n u l a r ; i n t h e h i g h - l y s i n e 

m utants t h e r e i s a l a r g e i n c r e a s e i n t h e f i b r i l l a r and 

e l e c t r o n - d e n s e r e g i o n s o f t h e p r o t e i n body w i t h a 

d i m i n i s h e d g r a n u l a r a r e a . Immunocytochemical 

l o c a l i z a t i o n o f t h e h o r d e i n s w i t h p r o t e i n A - g o l d shows 

i m m u n o g o l d - l a b e l l i n g t o be a s s o c i a t e d w i t h t h e g r a n u l a r 

r e g i o n s o f t h e p r o t e i n body i n H i p r o l y and Ris0 56; i n 

Ris0 1508, c o m p r i s i n g p r e d o m i n a n t l y o f a s e m i - f i b r i l l a r 

m a t r i x , l a b e l i s a s s o c i a t e d w i t h t h i s r e g i o n . 
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PLATE 4S. Immunocytochemical localization of C hordein in the high-lysine mutant 
Hiproly, 14 DAA. Tissue was fixed with aldehyde and osmium tetroxide, and 
embedded in Spurr resin. Sections were post-stained. 
A PAG5 label associated with sub-aleurone granular protein bodies. Bar = 0.5 urn. 
B : PAG5 label associated with granular area of the endosperm protein body. 
Bar « 0.15 um. 



PLATE 46. Immunocytochemical localization of C hordein in the high-lysine mutant 
Hiproly, 21 DAA. Tissue was fixed with aldehyde and osmium tetroxide, and 
embedded in Spurr resin. Sections were post-stained. 
A : GAR15 label associated with vacuolar protein deposits in the sub-aleurone. 
Bar = 1 pm. 
B: GAR16 label associated with endosperm protein bodies. Bar = 2 pm. 
£ : GAR16 label associated with granular area of protein body. Bar = 0.5 pm. 
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P L A T E 47. Immunocytochcmical localization of B hordcin in the high-lysine mutant 
Hiproly, 21 DAA. Tissue was fixed with aldehyde and osmium tetroxide, and 
embedded in Spurr resin. Sections were post-stained. 
A : P A G 6 labelling of vacuolar protein deposits in the sub-aleurone. Bar - 2 pm. 
B : Detail of A; gold label associated with protein deposits. Bar = 0.5 pm. 
Q : P A G 6 labelling of endosperm protein bodies. Bar = 3 pm. 
D : P A G 6 label associated with granular region of the protein body. Bar « 1 pm. 
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PLATE 48. Immunocytochcmical localization of B and C hordein in the high lysine 
mutant, Rise 56, 17 DAA. Tissue was fixed with aldehyde and osmium tetroxide, and 
embedded in Spurr resin. Sections were post-stained. 
A : PAG5 labelling of C hordcin associated with the granular area of the sub-aleurone 
protein complex. Bar * 0.3 pm. 
B : PAG5 labelling of C hordein is associated with the granular area of the endosperm 
protein complex. Bar * 0.5 um. 
Q: PAG5 labelling of B hordein in granular sub-aleurone protein complex. 
Bar - 0.5 pm. 
E: PAG5 labelling of B hordein is associated with the granular area of the endosperm 
protein complex and over Ve. Bar • 0,5 pm. 
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PLATE 49. Immunocytochemical localization of B and C hordein in sub-aleurone 
protein bodies of the high-Iysine mutant, Rise 1508, 17 DAA. Tissue was fixed with 
aldehyde and osmium tetroxide, and embedded in Spurr resin. Sections were post-
stained. 
A : PAG5 labelling of C hordein shows label associated with the fibrillar region of the 
protein body. Bar = 0.3 um. 
B : PAG5 labelling of B hordein shows B hordein has a similar distribution to C 
hordein. 
Bar = 0.3 um. 



3.4-7 Immunocytochemical L o c a l i z a t i o n o f the Chymo-
t r y p s i n I n h i b i t o r s , CI-1 and CI-2, i n the High-
Lysine Mutant H i p r o l y 

P l a t e 50 i l l u s t r a t e s immunocytochemical 

l o c a l i z a t i o n o f the chymotrypsin i n h i b i t o r s CI-1 and 

CI-2 i n the h i g h - l y s i n e mutant H i p r o l y a t 21 DAA. 

L o c a l i z a t i o n o f chymotrypsin i n h i b i t o r - 2 w i t h 

p r o t e i n A-gold shows a d i s t r i b u t i o n o f a n t i g e n i c s i t e s 

over the p r o t e i n bodies and surrounding cytoplasm i n 

the sub-aleurone and endosperm. This i s shown i n the 

endosperm i n micrograph 50A. 

Immunocytochemical l o c a l i z a t i o n of chymotrypsin 

i n h i b i t o r - 1 shows t h i s i n h i b i t o r t o be p r i m a r i l y 

a s s o c i a t e d w i t h the p r o t e i n body i n the sub-aleurone 

and endosperm. I n micrograph 50B, immunogold-labelling 

i s a s s o c i a t e d w i t h the electron-dense r e g i o n of the 

p r o t e i n body. There i s a lower l e v e l of l a b e l l i n g i n 

the cytoplasm, o f which t h e r e i s a h i g h e r l e v e l around 

one side of the p r o t e i n body. This i s probably a 

smearing e f f e c t produced d u r i n g t i s s u e processing 

(arrows show d i r e c t i o n o f smearing). 

A t a h i g h e r m a g n i f i c a t i o n , micrograph 50C, 

immunogold-labellin g o f CI-1 i s predominantly 

a s s o c i a t e d w i t h the g r a n u l a r area of the endosperm 

p r o t e i n body. A smearing e f f e c t i s seen (shown by 

arrows) c l o s e t o the p r o t e i n body. This may account 

f o r i m m u n o g o l d - l a b e l l i n g over the f i b r i l l a r area of the 

p r o t e i n body. 
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PLATE SO. Immunocytochemical localization of the chymotryptic inhibitors, CI-1 and 
CI-2, in the endosperm of the high-lysine mutant Hiproly, 21 DAA. Tissue was f ixed 
wi th aldehyde and osmium tetroxide, and embedded in Spurr resin. Sections were 
post-stained. 
A : P A G 6 labelling of CI-2 shows a random distribution of gold particles. Bar = 0.25 
urn. 
B : PAG 5 labelling of CI-1 is associated wi th the electron-dense region of the protein 
body. Bar - 0.5 pm. 
C ' P A G 6 labelling of CI-1 shows high density of gold located over the protein body. 
Bar = 0.3 urn. 



3.4.8 Immunocytochemical L o c a l i z a t i o n of C Hordein on 
S u b c e l l u l a r I s o l a t i o n s from Sucrose Density-
G r a d i e n t S e p a r a t i o n Homogenates of B a r l e y ( c v . 
Bomi) Endosperms ~ 

S u b c e l l u l a r f r a c t i o n a t i o n techniques were used to 

i s o l a t e p r o t e i n body f r a c t i o n s , and endoplasmic 

r e t i c u l u m f r a c t i o n s , from a sucrose d e n s i t y g r a d i e n t 

s e p a r a t i o n of a homogenate of Bomi b a r l e y endosperms. 

T h i s o c c u r r e d i n the presence of magnesium ( P l a t e 51A, 

B ) , and i n the absence of magnesium ( P l a t e 51C, D). 

F r a c t i o n s were f i x e d w i t h a l d e l y d e and osmium t e t r o x i d e 

and embedded i n Spurr r e s i n . 15nm p r o t e i n A-gold was 

used i n immunolabelling of s e c t i o n s to l o c a l i z e C 

h o r d e i n . 

I n micrograph 51A, immunogold-labelling of C 

hordein i s a s s o c i a t e d e n t i r e l y w i t h the g r a n u l a r areas 

of the p r o t e i n body. The presence of magnesium i n the 

s u b c e l l u l a r f r a c t i o n a t i o n s t a b i l i z e s the ribosomes on 

the endoplasmic r e t i c u l u m . V e s i c l e s surrounding the 

p r o t e i n body are studded w i t h microsomes. I n 

micrograph 51B, no immunogold-labelling i s seen over 

the endoplasmic r e t i c u l u m . 

The absence of magnesium during 

s u b c e l l u l a r f r a c t i o n a t i o n of an homogenate of b a r l e y 

endosperms, induces the l o s s of ribosomes from the 

endoplasmic r e t i c u l u m . I n micrograph 51C immunogold-

l a b e l l i n g of C h o r d e i n i s a s s o c i a t e d w i t h the g r a n u l a r 
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r e g i o n s of the p r o t e i n body. Smooth v e s i c l e s are seen 

around the p r o t e i n body p e r i p h e r y . These are not 

immunolabelled w i t h gold. The smooth endoplasmic 

r e t i c u l u m f r a c t i o n i n micrograph 51D has a l s o no 

l a b e l l i n g a s s o c i a t e d w i t h i t . 

- 142 -



PLATE 51. Immunocytochemical localization of C hordein on sucrose density 
gradients separation homogenates of barley endosperms. Fractions were f ixed wi th 
aldehyde and osmium tetroxide, and embedded in Spurr resin. Sections were post-
stained. 
A Protein body fract ion ( M g + gradient) shows P A G 1 5 labelling of C hordein 
associated wi th protein body. Bar * 2 um. 
£ : (Mg+ gradient). P A G 1 5 labelling of C hordein in endoplasmic reticulum fraction. 
Bar * 0.5 um. 
C : (Mg- gradient). P A G 1 5 - labelling of C hordein in protein body fract ion. Bar • 0.3 
um. 
12: (Mg ' gradient). P A G 1 5 labelling of C hordein in endoplasmic reticulum fraction. 
Bar • 0.25 um. 



3.5 In situ H y b r i d i z a t i o n u s i n g a B i o t i n y l a t e d cDNA 
Probe " 

In situ h y b r i d i z a t i o n was used to l o c a t e mRNA for 

the chymotrypsin i n h i b i t o r s , , CI-1 and C I - 2 , i n the 

endosperm of the h i g h - l y s i n e b a r l e y mutant, R i s o 1508. 

Endosperms, w i t h a c a r y o p s i s f r e s h weight of 

40 mg, were h a r v e s t e d from R i s 0 1508 grown i n the 

greenhouse, as p r e v i o u s l y d e s c r i b e d ( S e c t i o n 2.1.1.1). 

At t h i s stage storage p r o t e i n s are being a c t i v e l y 

s y n t h e s i z e d . The b a r l e y g r a i n was immersed i n f i x a t i v e 

immediately upon h a r v e s t i n g , and subsequently a 3mm 

s l i c e was cut t r a n s v e r s e l y a c r o s s the middle region of 

the g r a i n . T i s s u e was then f u r t h e r processed f o r in 

situ h y b r i d i z a t i o n , as d e s c r i b e d i n S e c t i o n 2.11. 

3.5.1 L o c a l i z a t i o n of Chymotrypsin I n h i b i t o r ( C I - 1 and 
CI-2) mRNAs i n the Endosperm of the B a r l e y 
Mutant R i s 0 1508 

cDNAs for chymotrypsin i n h i b i t o r s (CI-1 and C I - 2 ) 

were obtained from Rothamsted (Williamson and K r e i s , 

unpublished; and Williamson e t al», 1986a, b, 

manuscripts i n p r e p a r a t i o n . ) These cDNAs r e l a t e d to 

CI-1 and C I - 2 , were prepared u s i n g s y n t h e t i c 

o l i g o n u c l e o t i d e s as probes. "Northern h y b r i d i z a t i o n " 

experiments show t h a t the abundances of CI-1 and CI-2 

mRNAs c o r r e l a t e w i t h changes i n the amounts of the 

p r o t e i n s in vivo , i n normal and h i g h - l y s i n e b a r l e y 

l i n e s . 
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Chymotrypsin i n h i b i t o r (CI-1 and C I - 2 ) mRNAs were 

l o c a l i z e d i n the endosperm of the h i g h - l y s i n e b a r l e y 

mutant R i s 0 1508 by h y b r i d i z a t i o n w i t h b i o t i n y l a t e d 

cDNA, and subsequent avidin-peroxidase/DAB r e a c t i o n s . 

Peroxidase/DAB s t a i n i n g , a f t e r a v i d i n - p e r o x i d a s e 

b i n d i n g to the b i o t i n , i s shown i n P l a t e 52 for C I - 1 , 

where s e c t i o n s have been p o s t - s t a i n e d w i t h u r a n y l 

a c e t a t e and le a d c i t r a t e . I n micrograph 52A, s t a i n 

d e p o s i t s a r e l o c a t e d i n the endoplasmic r e t i c u l u m of 

the sub-aleurone. At a higher m a g n i f i c a t i o n 

(micrograph 52B), peroxidase/DAB s t a i n i n g i s seen to be 

deposi t e d i n the lumen of the endoplasmic r e t i c u l u m . 

Micrograph 52C shows a dictyosome i n the aleurone of 

Riso 1508. The mRNA for chymotrypsin i n h i b i t o r - 1 i s 

l o c a t e d i n the c y t o s o l . I n the endosperm however, 

micrograph 52D, peroxidase-DAB s t a i n i n g i s a s s o c i a t e d 

w i t h the t u b u l a r ( f i b r i l l a r ) a r e a of the p r o t e i n body. 

P l a t e 53 i l l u s t r a t e s the l o c a l i z a t i o n of mRNA f o r 

chymotrypsin i n h i b i t o r - 2 i n the endosperm of Ri s o 

1508. H y b r i d i z a t i o n w i t h b i o t i n y l a t e d cDNA was 

followed by a v i d i n - p e r o x i d a s e binding, and subsequent 

DAB s t a i n i n g r e a c t i o n s . G r i d s were p o s t - s t a i n e d w i t h 

u r a n y l a c e t a t e and l e a d c i t r a t e before viewing i n the 

t r a n s m i s s i o n e l e c t r o n microscope. I n micrograph 

53A, s t a i n d e p o s i t s a re seen i n the 

lumen of the endoplasmic r e t i c u l u m and 
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a r e a l s o l o c a t e d i n the p r o t e i n body ( i n d i c a t e d by 

arrows) of the sub-aleurone. I n the s t a r c h y endosperm 

(micrograph 53B), s t a i n d e p o s i t s are l o c a t e d only i n 

the lumen of the endoplasmic r e t i c u l u m . 

The r e s u l t s show t h a t the mRNAs for both CI-1 and 

CI - 2 , are a s s o c i a t e d p r i m a r i l y w i t h the endoplasmic 

r e t i c u l u m , and some s t a i n i n g d e p o s i t s a re l o c a t e d i n 

p r o t e i n bodies. 

The c o n t r o l t i s s u e s f o r CI-1 and CI-2 using a 

b i o t i n y l a t e d plasmid without a cDNA i n s e r t , show no 

peroxidase/DAB s t a i n i n g d e p o s i t s i n comparison wi t h the 

cDNA probed t i s s u e , and there a re no s t a i n d e p o s i t s i n 

the lumen of the endoplasmic r e t i c u l u m of the c o n t r o l 

t i s s u e s . 
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PLATE 52, Localization of C M mRNA by hybridization with a biotinylated cDNA 
probe and subsequent avidin peroxidase/DAB reactions in the mutant 1508, 21 DAA 
(42 mg). 
A, : Peroxidase-DAB reaction product associated with the ER (arrows) in the sub-
aleurone. 
Bar = 1 pm. 
B : Detail of ( A ) ; arrows indicate stain deposits wi thin the lumen of the ER. Bar = 
0.25 pm. 
£ : No stain deposits are seen in the aleurone. Bar = 0.25 pm. 
Q : Stain deposits are associated wi th the f i b r i l l a r areas of the endosperm protein 
complex. Bar » 0.5 pm. 



PLATE 53. Localization of CI-2 mRNA by hybridization wi th a biotinylatcd cDNA 
probe and subsequent avidin-peroxidase/DAB reactions, in the mutant, Riso 1508, 21 
DAA (42 mg). 
A.: In the sub-aleurone, stain deposits are associated with the protein deposit and in 
the lumen of the ER (arrows). Bar « 0.5 pm. 
fi: In the endosperm, stain deposits are located in the lumen of the ER (arrows). Bar 
« 1 pm. 



CHAPTER FOUR 

DISCUSSION 



DISCUSSION 

The c e r e a l storage p r o t e i n s are the primary source 

of Harvested p l a n t p r o t e i n s . The p e c u l i a r p r o p e r t i e s of 

these p r o t e i n s i n p a r t determine the n u t r i t i o n a l q u a l i t y 

( f o r non-ruminants) of the g r a i n , and i t s t e c h n o l o g i c a l 

uses ( M i f l i n and Shewry, 1983). As c e r e a l g r a i n s are 

the major source of p r o t e i n consumed by man, but are 

n u t r i t i o n a l l y unbalanced, the need for b e t t e r 

n u t r i t i o n a l l y balanced c e r e a l p r o t e i n s i s urgent. The 

endosperm storage p r o t e i n s are a major component of the 

n u t r i t i o n a l l y important p r o t e i n s , but the s u b c e l l u l a r 

l o c a t i o n s of many of the storage p r o t e i n s are 

undetermined. Some are known to be l o c a t e d i n p r o t e i n 

bodies, but t h e r e i s some co n t r o v e r s y over the way i n 

which these d e p o s i t s are formed. 

The c e r e a l endosperm i s i d e a l experimental m a t e r i a l 

f o r the molecular b i o l o g i s t , being h i g h l y s p e c i a l i z e d 

t i s s u e p r i m a r i l y engaged i n the s y n t h e s i s and 

accumulation of s t a r c h and storage p r o t e i n s . Whereas 

th e r e i s a l a r g e body of l i t e r a t u r e on molecular 

composition of storage p r o t e i n s and t h e i r primary 

s t r u c t u r e and gene e x p r e s s i o n ( K r e i s e t a l . , 1985; 

Shewry and M i f l i n , 1985), c o n t r o v e r s y e x i s t s surrounding 

the s y n t h e s i s and d e p o s i t i o n of these s t o r a g e p r o t e i n s . 

B r i e f l y , f o r b a r l e y , one theory suggests t h a t a l l 
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p r o t e i n bodies are v a c u o l a r i n o r i g i n , w h i l s t o t h e r s 

argue t h a t the prolamin c o n t a i n i n g bodies are d e r i v e d 

from and a s s o c i a t e d with, the endoplasmic r e t i c u l u m . 

The c h a r a c t e r i z a t i o n of seed p r o t e i n s , and the 

improvement i n both t h e i r q u a l i t y and y i e l d , has been 

i n v e s t i g a t e d for s e v e r a l decades. Outstanding advances 

have been made i n the p a s t few y e a r s , i n p a r t i c u l a r ' ^ t h e 

m o lecular b i o l o g y and r e g u l a t i o n of s y n t h e s i s , in the 

d e p o s i t i o n and the degradation of seed p r o t e i n s , and the 

r e g u l a t i o n of enzymic a c t i v i t i e s . 

One approach to the improvement of the n u t r i t i o n a l 

q u a l i t i e s of b a r l e y has been to look f o r , and 

c h a r a c t e r i z e , the h i g h - l y s i n e b a r l e y l i n e s . The f i r s t 

h i g h - l y s i n e b a r l e y recognized, was found by s c r e e n i n g 

the world b a r l e y c o l l e c t i o n using the dye-binding 

c a p a c i t y technique (Munck e t a l . , 1970). The v a r i e t y 

H i p r o l y was found to have r e l a t i v e l y more l y s i n e i n the 

seed than other v a r i e t i e s and a l s o higher p r o t e i n 

content, but the g r a i n weight was lower. 

The same s c r e e n i n g procedure was used a t the Danish 

Atomic Energy Research S t a t i o n a t Riser to examine seeds 

t r e a t e d w i t h e i t h e r chemical or p h y s i c a l mutagens. 

Although Riser 56 and 1508 mutant l i n e s have a higher 

l y s i n e content than t h e i r parent v a r i e t i e s , making them 

of b e t t e r n u t r i t i o n a l q u a l i t y , the g r a i n y i e l d i s 

reduced to 80% of t h a t of the p a r e n t s . Attempts to 
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i n c o r p o r a t e the h i g h - l y s i n e c h a r a c t e r i s t i c of Ris*3 1508 

i n t o w e l l - f i l l e d g r a i n have so f a r been u n s u c c e s s f u l 

(Rhodes and J e n k i n s , 1978). The lower g r a i n y i e l d s have 

so f a r rendered these l i n e s commercially non-viable, but 

the production of these l i n e s has s t i m u l a t e d the 

b i o c h e m i c a l i n v e s t i g a t i o n of the development of both the 

mutant and normal l i n e s . A reduced and modified 

s y n t h e s i s of storage p r o t e i n s may be a s s o c i a t e d with an 

a l t e r e d p r o t e i n body morphology; such information may 

provide a more p r e c i s e d e s c r i p t i o n of the p r o t e i n 

d e p o s i t i o n i n normal l i n e s . 

The l a c k of knowledge concerning the ontogeny of 

p r o t e i n d e p o s i t i o n i s c r e a t i n g a handicap i n the 

understanding of seed development, p a r t i c u l a r l y as the 

m o l e c u l a r b i o l o g i c a l techniques are p r o g r e s s i n g q u i c k l y . 

Hence, the purpose of the r e s e a r c h d e s c r i b e d i n t h i s 

t h e s i s was to i n v e s t i g a t e the d e p o s i t i o n of storage 

p r o t e i n s i n the b a r l e y endosperm. 

F i r s t l y , b a r l e y endosperm development was 

i n v e s t i g a t e d by t h i n - s e c t i o n t r a n s m i s s i o n e l e c t r o n 

microscopy. The r e s u l t s were compared w i t h e x i s t i n g 

evidence used to support the v a c u o l a r or endoplasmic 

r e t i c u l u m d e r i v e d t h e o r i e s for storage p r o t e i n 

o r i g i n a t i o n . T h i c k s e c t i o n s t u d i e s of z i n c 

iodide-osmium t e t r o x i d e impregnated b a r l e y endosperm 

provided new information on s u b c e l l u l a r i n t e r -
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r e l a t i o n s h i p s . Storage p r o t e i n s were, for the f i r s t 

time, l o c a l i z e d i n developing endosperm c e l l s by 

iramunocytochemistry. 

The c o n t r o l of gene e x p r e s s i o n during seed 

development i s of major importance. So f a r , s t u d i e s 

have shown t h a t the e x p r e s s i o n of v a r i o u s genes w i t h i n 

the endosperm i s r e g u l a t e d by organ s p e c i f i c , temporal, 

n u t r i t i o n a l and t r a n s a c t i n g mutations ( M i f l i n e t a l . , 

1983; K r e i s e t a l . , 1983c; Rahman e t a l . , 1982; Rahman 

e t a1., 1984). However, f u r t h e r s t u d i e s are hampered by 

the l a c k of a p r e c i s e d e s c r i p t i o n of endosperm 

development and p r o t e i n d e p o s i t i o n . I n p a r t i c u l a r , 

although endosperm i s known to be a complex organ 

c o n s i s t i n g p a r t l y of t e r m i n a l l y d i f f e r e n t i a t e d c e l l s , 

which w i l l d i e on m a t u r i t y (the s t a r c h y endosperm), and 

p a r t l y of c e l l s which w i l l s u r v i v e dormancy and f u n c t i o n 

d u r i n g germination (the a l e u r o n e ) , almost a l l s t u d i e s 

have been done on homogenized t o t a l endosperm or t o t a l 

c a r y o p s i s (Rahman e t a l . , 1984). Furthermore, i t i s 

apparent t h a t the stage of c e l l u l a r development d i f f e r s 

w i t h i n d i f f e r e n t p a r t s of the same t i s s u e . Hence in situ 

h y b r i d i z a t i o n was a p p l i e d to study the developmental 

r e g u l a t i o n of gene e x p r e s s i o n i n b a r l e y endosperm. 

F r e s h and dry weights of the developing Bomi b a r l e y 

endosperm were followed from a n t h e s i s to m a t u r i t y 

( F i g u r e 3 . 1 ) . The r e s u l t s have shown t h a t the f r e s h 

- 149 -



weight of g r a i n s h a r v e s t e d a t Rothamsted i n the summer 

of 1984, i n c r e a s e d w i t h time u n t i l 32 days a f t e r 

a n t h e s i s and decreased a f t e r t h a t . The i n c r e a s e i n 

f r e s h weight of the c a r y o p s i s to 32 DAA was l a r g e l y due 

to an i n c r e a s e i n growth of the endosperm. The dry 

weight c o n s t i t u t e d an i n c r e a s i n g proportion of the f r e s h 

weight a l l through development of the c a r y o p s i s ; a t 45 

DAA t h i s was about 80% of the f r e s h weight. 

Del R o s a r i o e t a l . (1968) have shown t h a t , for the 

g r e a t e r p a r t of g r a i n f i l l i n g i n r i c e endosperm, 

c o n s i d e r a b l e amounts of water l o s s occur from the 

c a r y o p s i s , which undergoes a p r o g r e s s i v e r e d u c t i o n i n 

moisture content. Jenner (1980) has drawn a t t e n t i o n to 

the f a c t t h a t about h a l f of the f i n a l s t a r c h content of 

c e r e a l g r a i n s i s deposited w i t h no change i n water 

content of the endosperm. Oparka and Gates (1981) 

suggest t h a t i n r i c e , as i n other c e r e a l s , water l e a v e s 

the c a r y o p s i s during g r a i n f i l l i n g as a s s i m i l a t e s 

c ontinue to e n t e r . T h i s was found for b a r l e y endosperm 

( F i g u r e 3.1) where the dry weight c o n s t i t u t e d an 

i n c r e a s i n g proportion of the f r e s h weight i n g r a i n 

f i l l i n g . 

The developmental p a t t e r n of Rothamsted field-grown 

b a r l e y was s i m i l a r i n 1985; although a n t h e s i s occurred 

l a t e r , f r e s h and dry weights correspond c l o s e l y to those 

obtained a t the same developmental stages i n 1984 
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( r e s u l t s from 1985 are not i n c l u d e d ) . Both 1984 and 

1985 f r e s h and dry weights of c a r y o p s i s and endosperm 

development of the w i l d - t y p e Bomi b a r l e y agree with the 

r e s u l t s presented by Rahman (1982) from a n t h e s i s to 

m a t u r i t y for the b a r l e y g r a i n , cv. Sundance. 

Bishop (1930) was probably the f i r s t person to 

study the developmental sequence i n which d i f f e r e n t 

p r o t e i n f r a c t i o n s accumulate i n b a r l e y g r a i n grown a t 

Rothamsted. His r e s u l t s d i f f e r l i t t l e from the more 

r e c e n t r e s u l t s studying b a r l e y g r a i n grown i n the f i e l d 

a t Rothamsted (Rahman e t a l . , 1982). Rahman e t a l . 

(1982) found t h a t the hordeins appear i n the endosperm 

during the phase of r a p i d growth, and they continue to 

accumulate l i n e a r l y u n t i l m a t u r i t y . Controversy e x i s t e d 

i n the l i t e r a t u r e as to whether t h e r e are changes 

( B r i e d e r t and Schon, 1974) or not (Brandt, 1976) i n the 

r a t e of accumulation of d i f f e r e n t hordein p o l y p e p t i d e s . 

Rahman e t a l . (1982) have i n d i c a t e d t h a t there are 

d i f f e r e n c e s i n the composition of the hordein f r a c t i o n 

i n the b a r l e y g r a i n cv. Sundance, a t d i f f e r e n t stages of 

development. C hordein polypeptides form a g r e a t e r 

p r o p o r t i o n of the t o t a l i n the e a r l y stages of 

development, but during the l a t t e r s t a g e s , t h e r e i s an 

i n c r e a s e i n the r e l a t i v e amount of the B hordein and i n 

one s p e c i f i c group of p o l y p e p t i d e s ( B l hordein) w i t h i n 

t h i s f r a c t i o n . 

Storage p r o t e i n s have been d e f i n e d ( B o u l t e r , 1977) 
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as those p r o t e i n s l a i d down i n one phase of development 

but which f u n c t i o n a t a l a t e r metabolic phase to supply 

i n t e r m e d i a r y n i t r o g e n compounds for b i o s y n t h e s i s . Seed 

p r o t e i n r e s e r v e s are u s u a l l y deposited i n membrane-bound 

o r g a n e l l e s now commonly termed 'protein b o d i e s 1 . I n 

c e r e a l s these p r o t e i n r e s e r v e s occur mainly i n the 

t r i p l o i d t i s s u e s of the endosperm, and are found 

predominantly i n the sub-aleurone and outer s t a r c h y 

endosperm ( B r i g g s , 1978). They are hydrolysed during 

germination from n o n - l i v i n g t i s s u e s i n a r e l a t i v e l y 

u n c o n t r o l l e d manner p r i o r to peptide uptake a t the 

embryo s c u t e l l u m . By c o n t r a s t , d i c o t y l e d o n s such as the 

legume seeds, c o n t a i n s u b s t a n t i a l r e s e r v e s of p r o t e i n i n 

the p r o t e i n bodies w i t h i n the cotyledon storage 

parenchyma t i s s u e s , from which m o b i l i z a t i o n w i t h i n 

l i v i n g t i s s u e s i s r e g u l a t e d (review: C h r i s p e e l s , 1985). 

The r e s u l t s i n t h i s t h e s i s show t h a t two types of 

p r o t e i n body can be recognized i n the endosperm of the 

developing b a r l e y g r a i n . I n the sub-aleurone, p r o t e i n 

bodies are s m a l l e r i n s i z e and are g r a n u l a r i n 

appearance under the e l e c t r o n microscope, whereas i n the 

c e l l s of the s t a r c h y endosperm the p r o t e i n bodies are 

l a r g e r and more heterogeneous. The l a t t e r c o n s i s t of 

complex g r a n u l a r c l u s t e r s w i t h s m a l l e r f i b r i l l a r and 

e l e c t r o n dense components. R e s u l t s confirm some of the 

work of e a r l i e r s t u d i e s (Munck and von W e t t s t e i n , 1976; 
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von W e t t s t e i n , 1979; Cameron-Mills and von W e t t s t e i n , 

1980) . 

Two schools of thought e x i s t as to the nature and 

o r i g i n of the p r o t e i n bodies i n developing b a r l e y 

endosperm. The f i r s t suggests t h a t , i n common with 

p r o t e i n bodies of other seeds, they are d e r i v e d from 

v a c u o l e s i n t o which the p r o t e i n i s t r a n s p o r t e d and 

d e p o s i t e d ( d i s c u s s e d by M a t i l e , 1976; Ashton, 1976). 

T h i s theory has been most f u l l y supported by von 

W e t t s t e i n and c o l l e a g u e s (Munck and von W e t t s t e i n , 1976; 

Cameron-Mills and von W e t t s t e i n , 1980) and they have 

produced micrographs to show t h a t the storage p r o t e i n s 

of b a r l e y are accumulated w i t h i n v a c u o l e s . Numerous 

s m a l l v e s i c l e s aggregate around the growing p r o t e i n body 

i n s i d e the vacuole, which might imply the involvement of 

v e s i c l e s i n the t r a n s p o r t of hordein from the rough 

endoplasmic r e t i c u l u m to the vacuoles (Cameron-Mills and 

von W e t t s t e i n , 1980). 

M i f l i n and Shewry (1979) and M i f l i n e t a l . (1983) 

have, however, proposed a c o n t r a s t i n g theory. I n t h i s 

they have suggested t h a t p r o t e i n bodies of b a r l e y 

endosperm are d e r i v e d from the rough ER. Such a 

mechanism has been reported for maize (Khoo and Wolf, 

1970; L a r k i n s and Hurkman, 1978; M i f l i n e t a l . , 1981). 

The h y p o t h e s i s put forward by M i f l i n e t a l . suggests 

t h a t the hordeins are deposited i n s i d e the ER where they 
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aggregate. As the aggregate i n c r e a s e s i n s i z e so i t 

break s away from the endoplasmic r e t i c u l u m and i s 

dep o s i t e d i n the cytoplasm, and i s not considered to be 

en c l o s e d w i t h i n a membrane. Micrographic evidence i s 

presented i n support of t h i s ( M i f l i n e t a l . , 1981; 

M i f l i n and Shewry, 1979). 

M i f l i n e t a l . (1981) have presented e l e c t r o n 

micrographs of i s o l a t e d p r o t e i n bodies and propose from 

th e s e t h a t the p r o t e i n bodies are not enclosed w i t h i n a 

l i m i t i n g membrane. To t e s t t h i s h y p o t h e s i s , they 

incubated p r o t e i n bodies wi t h p r o t e i n a s e K and showed 

t h a t they were not pro t e c t e d from d i g e s t i o n . I n 

p a r a l l e l experiments, M i f l i n and Burgess (1982), found 

t h a t other s u b c e l l u l a r o r g a n e l l e s of b a r l e y and a l s o 

p r o t e i n bodies from pea cotyledons were p r o t e c t e d from 

d i g e s t i o n . 

M i f l i n and coworkers ( i n c l u d i n g Shewry and M i f l i n , 

1983) d e r i v e d a working hy p o t h e s i s suggesting t h a t the 

ho r d e i n i s not deposited i n p r o t e i n bodies of v a c u o l a r 

o r i g i n , but i s p r e s e n t as aggregates of i n s o l u b l e 

p r o t e i n a s s o c i a t e d w i t h fragments of the endoplasmic 

r e t i c u l u m . 

The u l t r a s t r u c t u r e of developing Bomi b a r l e y g r a i n s 

r e p o r t e d here, was f i r s t s t u d i e d by t h i n - s e c t i o n 

t r a n s m i s s i o n e l e c t r o n microscopy ( S e c t i o n 3.1.3). The 

endosperm d i f f e r e n t i a t e s to form the sub-aleurone, 

u n d e r l y i n g the aleurone, and the outer and in n e r s t a r c h y 
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endosperm. By 10 DAA the p r o t e i n bodies i n the 

sub-aleurone are both cytoplasmic and v a c u o l a r . Many of 

t h e s e p r o t e i n bodies are e n c i r c l e d by endoplasmic 

r e t i c u l u m . As reported by Cameron-Mills and von 

W e t t s t e i n (1980) the c e l l s of the sub-aleurone a r e the 

s m a l l e s t and l a s t to be formed. Although s t a r c h i s seen 

i n the deeper endosperm c e l l s , no g r a n u l e s are seen i n 

the sub-aleurone; c o n v e r s e l y no p r o t e i n bodies are 

e v i d e n t i n the s t a r c h y endosperm a t 10 DAA, i n d i c a t i n g 

d i f f e r e n t i a l r e g u l a t i o n of the d e p o s i t i o n of the 

d i f f e r e n t types of storage compounds i n the d i f f e r e n t 

t i s s u e s of the endosperm. 

Endoplasmic r e t i c u l u m was a l s o seen to surround and 

e n c l o s e a r e a s of cytoplasm. At the same stage i n the 

development of the b a r l e y endosperm, some dictyosomes 

were e v i d e n t i n the cytoplasm. Although dictyosomes a t 

10 DAA could be shown from z i n c iodide-osmium t e t r o x i d e 

s t a i n i n g to be numerous i n c e l l s of the sub-aleurone, 

w i t h c o n v e n t i o n a l t h i n s e c t i o n i n g they were seldom seen, 

and then o n l y i n s l i g h t l y t h i c k e r s e c t i o n s which had 

been s u b j e c t to osmium t e t r o x i d e for longer p e r i o d s than 

i n normal f i x a t i o n regimes. The f a c t t h a t dictyosomes 

are seldom seen i n t h i n s e c t i o n s of endosperm has been 

documented by Parker for wheat ( P a r k e r , 1981; 1982). 

Rapid p r o t e i n d e p o s i t i o n o c c u r r e d 14 DAA when many 

of the p r o t e i n d e p o s i t s i n the sub-aleurone were 
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v a c u o l a r . S t a r c h g r a n u l e s began to accumulate i n c e l l s 

o f the sub-aleurone which a l s o showed a marked i n c r e a s e 

i n endoplasmic r e t i c u l u m . Endoplasmic r e t i c u l u m 

e n c i r c l e d v a c u o l e s c o n t a i n i n g p r o t e i n d e p o s i t s . The 

p r o t e i n complex was mainly g r a n u l a r but had a s m a l l e r 

f i b r i l l a r component (e.g. P l a t e 1 3 ) . I n the endosperm, 

the p r o t e i n d e p o s i t s were both v a c u o l a r and c y t o p l a s m i c , 

although both types were i n c l o s e proximity to the 

endoplasmic r e t i c u l u m . 

Cameron-Mills and von W e t t s t e i n (1980) reported 

b a r l e y endosperm p r o t e i n bodies developing w i t h i n a 

v a c u o l a r membrane. These p r o t e i n bodies were seen to 

c o n s i s t predominantly of a g r a n u l a r component. At a 

l a t e r stage i n development, the p r o t e i n complex has a l s o 

a s m a l l e r f i b r i l l a r component and an e l e c t r o n - d e n s e 

component. 

By 18 DAA (e.g. P l a t e 16B), the endosperm p r o t e i n 

complex i n Rothamsted Bomi b a r l e y e x h i b i t e d the t h r e e 

components d e s c r i b e d by Cameron-Mills and von W e t t s t e i n 

( 1 9 8 0 ) . The complex c o n s i s t e d of l a r g e g r a n u l a r spheres 

embedded i n a f i b r i l l a r component w i t h s m a l l e l e c t r o n 

dense spheres. Many v e s i c l e s were seen a t the p e r i p h e r y 

of the p r o t e i n complex; Cameron-Mills and von W e t t s t e i n 

(1980) have S«ogge&b€x) the involvement of these v e s i c l e s 

i n the t r a n s p o r t of the p r o t e i n s y n t h e s i z e d on the 

endoplasmic r e t i c u l u m to the s i t e of storage i n the 
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p r o t e i n bodies. 

As a m p l i f i e d above i n the r e s u l t s s e c t i o n , the term 

" f i b r i l l a r " does not seem e n t i r e l y a p p r o p r i a t e for a 

s t r u c t u r e t h a t i s predominantly t u b u l a r . However, to 

avoid the c o n f u s i o n of i n t r o d u c i n g an a l t e r n a t i v e 

terminology, the term " f i b r i l l a r " has been r e t a i n e d . 

By 18 DAA the aleurone c e l l s of b a r l e y were h i g h l y 

v a c u o l a t e ? t h e s e vacuoles contained a dense d e p o s i t , 

w i t h a t r a n s p a r e n t c e n t r a l core, w i t h i n a p e r i p h e r a l 

m a t r i x , i n s i d e the v a c u o l e . T h i s i s s i m i l a r to the 

developing maize aleurone g r a i n (Kyle and S t y l e s , 1 9 7 7 ). 

Aleurone g r a i n s are o r g a n e l l e s of p r o t e i n and p h y t i n 

s t o r a g e . Oleosomes ( l i p i d bodies) were seen packed 

t i g h t l y around the aleurone g r a i n s . L i p i d bodies were 

o c c a s i o n a l l y observed i n the cytoplasm of the 

sub-aleurone7 Cameron-Mills and von W e t t s t e i n (1980) 

have a l s o r e p o r t e d a s i m i l a r f i n d i n g . Whereas only 

o c c a s i o n a l l i p i d bodies are found i n the sub-aleurone, 

t h e i r numbers are much highe r i n the c e l l s of the 

a l e u r o n e . H y d r o l y s i s of these l i p i d r e s e r v e s by l i p a s e s 

from aleurone g r a i n s i s probably an important source of 

f a t t y a c i d s during germination. 

By 20 DAA ( e . g . P l a t e 1 7 ) , l a r g e p r o t e i n aggregates 

were e v i d e n t i n v a c u o l e s of the sub-aleurone. I n the 

endosperm, p r o t e i n bodies became compressed i n t o angular 

shapes between the l a r g e and s m a l l s t a r c h g r a i n s ; o n l y 
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l a r g e s t a r c h g r a i n s were seen i n c e l l s of the 

sub-aleurone. At a l a t e r stage i n development (45 DAA, 

r e s u l t s not reported) s t a r c h granules were embedded i n 

the p r o t e i n a c e o u s m a t r i x . 

The a p p l i c a t i o n of e l e c t r o n m i c r o s c o p i c techniques 

t o developing endosperms i s fraught w i t h d i f f i c u l t i e s of 

f i x a t i o n and s e c t i o n i n g (see Campbell e t a l . , 1981). 

M i f l i n e t a l . (1983) suggested t h a t t h i s can produce 

a r t e f a c t s and t h a t f i x a t i o n can i n f l u e n c e the 

i n t e r p r e t a t i o n of r e s u l t s . They showed micrographs of 

p r o t e i n d e p o s i t s i n c l o s e a s s o c i a t i o n w i t h endoplasmic 

r e t i c u l u m from t h e i r b e s t f i x a t i o n regimes. Other 

micrographs show p r o t e i n d e p o s i t s w i t h i n vacuoles 

(comparable to Cameron-Mills and von W e t t s t e i n , 1980), 

but M i f l i n e t a l . i n t e r p r e t these r e s u l t s as the 

consequence of poor f i x a t i o n . Conversely, Cameron-Mills 

and von W e t t s t e i n (1980) q u e s t i o n the r e s u l t s of M i f l i n 

and Shewry (1979) which suggest t h a t p r o t e i n bodies are 

formed i n the endoplasmic r e t i c u l u m and subsequently 

r e l e a s e d i n t o the cytoplasm. Cameron-Mills and von 

W e t t s t e i n suggest t h a t a t o n o p l a s t can be seen around 

t h e s e supposedly f r e e p r o t e i n bodies i n the cytoplasm. 

The r e s u l t s of b a r l e y p r o t e i n d e p o s i t i o n i n 

endosperm c e l l s r e p o rted i n t h i s t h e s i s have been 

d e r i v e d from i n i t i a l work which a s s e s s e d the b e s t 

f i x a t i o n regime which c o n f e r r e d the most a c c u r a t e 
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i n t e r p r e t a t i o n of c e l l u l t r a s t r u c t u r e . T h i s was based 

on the f o l l o w i n g c r i t e r i a ; l a c k of p l a s m o l y s i s , 

d i s t r i b u t i o n of o r g a n e l l e s , no d i l a t i o n of the 

endoplasmic r e t i c u l u m e t c . The use of d i f f e r e n t 

f i x a t i v e s and b u f f e r s has been d e s c r i b e d above. 

Aldehyde f i x a t i o n i n phosphate b u f f e r produced the b e s t 

f i x a t i o n ; t h i s f i x a t i o n regime produced the most 

r e l i a b l e and c o n s i s t e n t u l t r a s t r u c t u r a l p r e s e r v a t i o n . 

From such f i x a t i o n s i t could be concluded t h a t most 

p r o t e i n d e p o s i t s were va c u o l a r although some were f r e e 

i n the cytoplasm. T h i s w i l l be d i s c u s s e d l a t e r w i t h 

r e s p e c t to the mode of p r o t e i n d e p o s i t i o n i n b a r l e y 

endosperm. 

D e s c r i p t i o n s of the u l t r a s t r u c t u r e of Bomi b a r l e y 

have d e f i n e d t h r e e components namely, the g r a n u l a r 

d e p o s i t s ( l ) embedded i n a f i b r i l l a r component (2) and 

f r e q u e n t l y a s s o c i a t e d w i t h e l e c t r o n dense spheres ( 3 ) . 

The u l t r a s t r u c t u r a l i n v e s t i g a t i o n of the mutant b a r l e y 

l i n e s was c a r r i e d out to provide an a d d i t i o n a l i n s i g h t 

i n t o p r o t e i n body formation as a f f e c t e d by a reduced and 

a l t e r e d p r o t e i n content. 

The condensation of the storage p r o t e i n s i s 

markedly a l t e r e d i n the b a r l e y mutants R i s 0 56 and R i s 0 

1508 (Munck and von W e t t s t e i n , 1976; Cameron-Mills, 

1980; Cameron-Mills and von W e t t s t e i n , 1980.) 

Cameron-Mills and von W e t t s t e i n (1980) have shown t h a t 

a t 20 DAA p r o t e i n bodies i n the normal b a r l e y l i n e 
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comprise c l u s t e r s of g r a n u l a r components with an 

a s s o c i a t e d f i b r i l l a r matrix and e l e c t r o n dense spheres. 

I n the h i g h - l y s i n e mutants the proportion of f i b r i l l a r 

m a t r i x to homogeneous component i s c o n s i d e r a b l y 

i n c r e a s e d . The e l e c t r o n dense component i s a l s o 

i n c r e a s e d w i t h d e p o s i t s l o c a t e d a t the per i p h e r y , and 

embedded w i t h i n , the f i b r i l l a r m a trix. Membrane 

v e s i c l e s , commonly found at the p e r i p h e r y of normal 

b a r l e y p r o t e i n bodies, are more numerous and l o c a t e d 

a l s o w i t h i n the p r o t e i n complex i n the h i g h - l y s i n e 

mutants. Cameron-Mills and von W e t t s t e i n (1980) suggest 

t h a t the f i b r i l l a r matrix appears to be a t r a n s i e n t 

stage i n the condensation of the storage p r o t e i n s i n t o 

the homogeneous s t r u c t u r e . Reduction i n hordein 

s y n t h e s i s i n c r e a s e s the proportion of the f i b r i l l a r 

m a t r i x , a p p a r e n t l y r e t a r d i n g the condensation p r o c e s s . 

The r e s u l t s presented above show t h a t i n the 

h i g h - l y s i n e mutant H i p r o l y a t 14 DAA, s i n g l e p r o t e i n 

bodies are found both i n the cytoplasm and i n vacuoles 

i n the sub-aleurone. However a t the same stage i n the 

development the c e l l s of the sub-aleurone of Bomi, many 

more p r o t e i n d e p o s i t s were observed. P r o t e i n d e p o s i t s 

of the sub-aleurone and s t a r c h y endosperm of H i p r o l y had 

many e l e c t r o n dense spheres at t h e i r p e r i p h e r y . By 21 

DAA, p r o t e i n d e p o s i t s i n c r e a s e d i n number i n the 

v a c u o l e s of the sub-aleurone, but s t i l l d i d not equal 
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the amount a t 14 DAA i n Bomi b a r l e y . There was however, 

an i n c r e a s e i n v e s i c l e s and v e s i c u l a r m a t e r i a l w i t h i n 

the sub-aleurone p r o t e i n vacuoles i n H i p r o l y . H i p r o l y 

s t a r c h y endosperm a t 21 DAA contained c y t o p l a s m i c 

p r o t e i n bodies comprising g r a n u l a r components w i t h l a r g e 

e l e c t r o n dense a r e a s . I n Bomi these e l e c t r o n dense 

components were very small and only v i s i b l e from 18 DAA. 

Among the v a r i o u s mutants examined, the g r e a t e s t 

d e p r e s s i o n i n hordein s y n t h e s i s occurs i n Ris0 1508, 

d e r i v e d from Bomi b a r l e y . T h i s d e p r e s s i o n was found to 

be accompanied by an a l t e r e d p r o t e i n body s t r u c t u r e . 

S i n g l e p r o t e i n bodies were observable i n vacuoles of the 

sub-aleurone a t 17 DAA; these c o n s i s t e d of a predominant 

f i b r i l l a r r e g i o n with some g r a n u l a r s t r u c t u r e . 

Cameron-Mills and von W e t t s t e i n (1980) reported s i m i l a r 

s t r u c t u r e s , and i n t e r p r e t e d these as i n d i c a t i n g the 

f a i l u r e of storage p r o t e i n to condense i n t o a g r a n u l a r 

component. The t i g h t l y packed f i b r i l l a r s t r u c t u r e i s 

d i s c e r n a b l e throughout the p r o t e i n body of the mutant. 

The e l e c t r o n dense component i s more p r o l i f i c than i n 

the w i l d type and the accumulation of v e s i c l e s w i t h i n 

the vacuoles i s a l s o observed. Cameron-Mills and von 

W e t t s t e i n (1980) again reported s i m i l a r r e s u l t s . 

I n the mutant Ris0 56, d e r i v e d from C a r l s b e r g I I , 

the hordein content i s reduced from 60% to 45% of t o t a l 
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seed n i t r o g e n (Shewry e t a l . , 1980c). P r o t e i n bodies 

were d i s c e r n a b l e 17 DAA i n R i s 0 56, and i n the 

sub-aleurone they c o n s i s t e d of g r a n u l a r components 

embedded i n l a r g e f i b r i l l a r a r e a s . The f i b r i l l a r a r e a 

i s more p r o l i f i c than i n the w i l d type Bomi b a r l e y t h a t 

were examined. Cameron-Mills and von W e t t s t e i n (1980) 

r e p o r t an i n c r e a s e i n the f i b r i l l a r matrix i n Risjar 56 i n 

comparison to C a r l s b e r g I I , the w i l d type i t was de r i v e d 

from. 

E l e c t r o n dense spheres were p r e s e n t i n R i s o 56 

p r o t e i n bodies both a t the p e r i p h e r y and embedded w i t h i n 

the f i b r i l l a r m a t r i x . These r e s u l t s confirm those 

r e p o r t e d by Cameron-Mills and von W e t t s t e i n (1980) t h a t 

t h e r e i s an i n c r e a s e i n membrane v e s i c l e s a s s o c i a t e d 

w i t h Ris,0 56 p r o t e i n bodies, and t h a t , u n l i k e the w i l d 

type, t h e s e are a l s o found embedded w i t h i n the p r o t e i n 

body c l u s t e r . 

I n v e s t i g a t i o n s u s i n g a z i n c iodide-osmium t e t r o x i d e 

s t a i n i n g complex i n c o n j u n c t i o n w i t h c o n v e n t i o n a l 

t r a n s m i s s i o n e l e c t r o n microscopy have been reported f or 

some seed endosperms such as wheat ( P a r k e r and Hawes, 

1982) and r i c e (Oparka and H a r r i s , 1982; B e c h t e l and 

J u l i a n o , 1980). The r e s u l t s f o r the t h i c k s e c t i o n study 

r e p o r t e d i n t h i s t h e s i s a re however, probably the f i r s t 

r e p o r t e d f o r b a r l e y endosperm. 

By 10 DAA, c e l l s of the sub-aleurone were h i g h l y 

v a c u o l a t e . These v a c u o l e s were commonly e n c i r c l e d by 
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one or more sh e e t s of endoplasmic r e t i c u l u m (e.g. P l a t e 

1 9 ) . Dictyosomes w i t h prominent c i s t e r n a e and den s e l y 

s t a i n i n g v e s i c l e s , were abundant during the e a r l y 

endosperm development and may f u n c t i o n i n producing 

membrane f o r the r a p i d l y developing c e l l s . P r o t e i n 

bodies were found i n c l o s e a s s o c i a t i o n w i t h c i s t e r n a l 

and t u b u l a r ER; the l a t t e r having c l o s e a s s o c i a t i o n s 

w i t h dictyosomes. 

By 14 DAA, when p r o t e i n d e p o s i t i o n was a t a 

maximum, there were fewer dictyosomes than seen a t 10 

DAA. C e l l s of the sub-aleurone contained fewer 

dictyosomes w i t h dense v e s i c l e s around a s i n g l e 

c i s t e r n a l p l a t e . Both cytoplasmic and v a c u o l a r p r o t e i n 

d e p o s i t s had s i m i l a r densely s t a i n i n g v e s i c l e s a t the 

pe r i p h e r y . From t h i n - s e c t i o n s t u d i e s , Cameron-Mills and 

von W e t t s t e i n (1980) have suggested the involvement of 

these v e s i c l e s i n the t r a n s p o r t of the p r o t e i n 

s y n t h e s i z e d on the endoplasmic r e t i c u l u m to the p r o t e i n 

b o d i e s . 

By 20 DAA dictyosomes were only o c c a s i o n a l l y 

e v i d e n t (e.g. P l a t e 2 6 ) . The dictyosome d i s t r i b u t i o n 

throughout development i n b a r l e y shows a s i m i l a r t r e n d 

f o r t h a t d e s c r i b e d f o r wheat ( P a r k e r , 1981, 1982; Parker 

and Hawes, 1982). Parker and Hawes (1982) have 

i m p l i c a t e d the involvement of the G o l g i apparatus i n the 

t r a n s p o r t of p r o t e i n s y n t h e s i z e d on the ER to p r o t e i n 
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b o d i e s . However, although micrographs (e.g. P l a t e s 22 

and 25) show i n t e r r e l a t i o n s h i p s between the dictyosome, 

p r o t e i n body and endoplasmic r e t i c u l u m , s i m i l a r to t h a t 

d e s c r i b e d by Parker and Hawes (1982) for wheat, the 

r e d u c t i o n i n dictyosome population during the period of 

maximum r a t e s of p r o t e i n d e p o s i t i o n suggests t h a t the 

dictyosomes do not p l a y a major r o l e i n p r o t e i n 

d e p o s i t i o n i n b a r l e y . T h i s suggestion i s f u r t h e r 

strengthened by the f a i l u r e of attempts to confirm a 

dictyosomal r o l e by immunocytochemical l o c a l i z a t i o n s . 

H i g h - l y s i n e b a r l e y mutants were a l s o i n v e s t i g a t e d 

by the t h i c k s e c t i o n i n g of z i n c iodide-osmium t e t r o x i d e 

impregnated c a r y o p s i s . I n H i p r o l y , Ris$z 56 and R i s 0 

1508 p r o t e i n was found to be deposited i n vacuoles 

surrounded by endoplasmic r e t i c u l u m , as i n the w i l d type 

Bomi. L i k e Bomi these p r o t e i n d e p o s i t s had 

e l e c t r o n - d e n s e v e s i c l e s a t t h e i r p e r i p h e r y , although 

more numerous than i n the w i l d type. An obvious 

diver g e n c e from the w i l d type i s the abundance of the 

t u b u l a r ER i n the c e l l s of the sub-aleurone of the 

h i g h - l y s i n e mutants. 

H i g h - l y s i n e mutants are c h a r a c t e r i z e d by a 

r e d u c t i o n i n g r a i n s i z e which i s mainly due to reduced 

s t a r c h accumulation (Kffie e t a l . , 1976; K r e i s , 1978; 

D o l l and Kjzfie, 1978). T h i s i s accompanied by an 

i n c r e a s e d sucrose c o n c e n t r a t i o n . I n the sub-aleurone 
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c e l l s of Bomi there i s an abundance of rough c i s t e r n a l 

ER. T h i s i s c h a r a c t e r i s t i c of c e l l s e x h i b i t i n g high 

r a t e s of p r o t e i n s y n t h e s i s f o r e i t h e r i n t r a c e l l u l a r 

accumulation w i t h i n v a c u o l a r p r o t e i n bodies or for 

e x t e r n a l s e c r e t i o n . The c i s t e r n a e are i n t e r c o n n e c t e d by 

smooth t u b u l a r ER (e.g. P l a t e 2 2 a ) . C e l l s i n v o l v e d i n 

the t r a n s p o r t or s e c r e t i o n of l i p i d s or sugars have an 

e x t e n s i v e network of t u b u l a r ER; such s t r u c t u r a l 

f e a t u r e s are the case i n the sub-aleurone c e l l s of 

h i g h - l y s i n e mutants which e x h i b i t an i n c r e a s e d sucrose 

accumulation. 

H i g h - l y s i n e b a r l e y mutants are c h a r a c t e r i z e d by an 

o v e r a l l i n c r e a s e i n the l y s i n e content of the mature 

endosperm, compared with p a r e n t a l v a r i e t i e s . I n most 

c a s e s the h i g h - l y s i n e c h a r a c t e r i n v o l v e s a r e d u c t i o n i n 

the s y n t h e s i s of the l y s i n e - p o o r prolamin f r a c t i o n . 

While the mutant R i s p 1508 ( l y s 3A) (Brandt, 1976; 

Shewry e t a l . , 1979) s y n t h e s i s e s r e l a t i v e l y l e s s of a l l 

of the prolamin p o l y p e p t i d e s when compared wit h the w i l d 

type, the mutation Risp 56 reduces s p e c i f i c a l l y the 

s y n t h e s i s of the B h ordein p o l y p e p t i d e s ( D o l l , 1980). 

The h i g h - l y s i n e mutant H i p r o l y ( l y s ) d i s p l a y s none or 

o n l y a s m a l l r e d u c t i o n i n prolamin s y n t h e s i s , the 

e l e v a t e d l y s i n e content r e s u l t i n g from a change i n the 

composition of the albumin and g l o b u l i n f r a c t i o n . The 

i n c r e a s e d d e p o s i t i o n of one p o l y p e p t i d e , S P I I albumin, 
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accounts for 37% of the o v e r a l l l y s i n e i n c r e a s e i n the 

H i p r o l y endosperm when compared w i t h a normal v a r i e t y 

(Jonassen, 1980a, 1980b; Svendsen e t a l . , 1980b). The 

g r a i n weight of the R i s o h i g h - l y s i n e mutants i s reduced 

by about 20% and the endosperm i s shrunken ( D o l l , 1976); 

the r e d u c t i o n i n g r a i n s i z e i s mainly due to reduced 

s t a r c h accumulation (K0ie e t a l . , 1976; K r e i s , 1978; 

D o l l and K0ie, 1980) which i s a s s o c i a t e d with an 

i n c r e a s e d sucrose c o n c e n t r a t i o n . The l a t t e r i s the 

p r e c u r s o r of s t a r c h s y n t h e s i s . K r e i s and D o l l (1980) 

suggest from t h e i r r e s u l t s based on s t u d i e s of the 

i n d i v i d u a l h i g h - l y s i n e genes i n the double mutants, t h a t 

the i n f l u e n c e s of these genes on prolamin and s t a r c h 

s y n t h e s i s are independent. 

As p a r t of a c e l l u l a r i n v e s t i g a t i o n of the 

m o l e c u l a r a s p e c t s of gene e x p r e s s i o n i n storage p r o t e i n 

s y n t h e s i s , mRNA for b a r l e y chymotrypsin i n h i b i t o r s was 

l o c a l i z e d using the in s<itu h y b r i d i z a t i o n technique. 

H y b r i d i z a t i o n s i t e s were l o c a t e d using a b i o t i n y l a t e d 

cDNA probe which was v i s u a l i z e d under the e l e c t r o n 

microscope using a l a b e l l e d a v i d i n complex which binds 

s t r o n g l y to b i o t i n . 

C l a s s i c a l and c o n v e n t i o n a l methodology al l o w s 

c l a s s i f i c a t i o n of c e l l s w i t h i n f u n c t i o n a l l y complex and 

c e l l u l a r l y heterogeneous t i s s u e s . These parameters 

pro v i d e i n f o r m a t i o n on u l t r a s t r u c t u r e (from t h i n 
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s e c t i o n s ) , s u b c e l l u l a r i n t e r r e l a t i o n s h i p s (from t h i c k 

s e c t i o n s ) , and the presence of p r o t e i n s i n the c e l l 

(from immunocytochemical l o c a l i z a t i o n ) . Whereas 

immunocytochemical l o c a l i z a t i o n i s a u s e f u l t o o l f o r 

d e t e c t i n g the presence of a p r o t e i n , i t i s not 

d e f i n i t i v e i n regard to f u n c t i o n of the p a r t i c u l a r gene 

concerned. At any one time i n s u f f i c i e n t p r o t e i n may be 

a v a i l a b l e for p o s i t i v e d e t e c t i o n . P r o t e i n detected i n 

c e l l s may have a r r i v e d t h e r e other than from de novo 

s y n t h e s i s e.g. s p e c i a l t r a n s p o r t systems, entrapment 

e t c . Furthermore, n o n - s p e c i f i c immunological 

c r o s s - r e a c t i o n s may l e a d to erroneous c o n c l u s i o n s . 

Hence, in situ h y b r i d i z a t i o n techniques were used to 

determine where i n the c e l l s t r a n s c r i p t i o n r a t h e r than 

t r a n s l a t i o n products are p r e s e n t . 

The d i s t r i b u t i o n of the peroxidase/DAB r e a c t i o n 

product i n d i c a t e d t h a t i n R i s 0 1508, both CI-1 and CI-2 

mRNAs were a s s o c i a t e d w i t h the c i s t e r n a l endosplasmic 

r e t i c u l u m and w i t h the p r o t e i n body ( p l a t e 52 and 5 3 ) . 

Much of the s t a i n d e p o s i t was a s s o c i a t e d w i t h the 

endoplasmic r e t i c u l u m ; e s p e c i a l l y w i t h i n the lumen of 

the endoplasmic r e t i c u l u m . S t a i n d e p o s i t i o n a p p a r e n t l y 

w i t h i n the endoplasmic r e t i c u l u m lumen may be explained 

as a consequence of l o c a l i z e d changes w i t h i n the 

s e c t i o n ; the s t a i n d e p o s i t s a r e s m a l l e r than the s e c t i o n 

t h i c k n e s s . C e l l p r e s e r v a t i o n a f t e r h y b r i d i z a t i o n and 
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peroxidase r e a c t i o n was not as good as t h a t r e v e a l e d by 

co n v e n t i o n a l f i x a t i o n , however the gen e r a l form of the 

major o r g a n e l l e s and t h e i r d i s t r i b u t i o n was s u f f i c i e n t l y 

good to give c o n f i d e n t i d e n t i f i c a t i o n . The c o n t r o l 

t i s s u e s show no peroxidase/DAB s t a i n i n g d e p o s i t s i n 

comparison w i t h the cDNA probed t i s s u e , and there are no 

s t a i n d e p o s i t s i n the lumen of the endoplasmic r e t i c u l u m 

or i n p r o t e i n bodies. 

In situ h y b r i d i z a t i o n and immunocytochemistry 

p r o v i d e s information on the timing and p o s i t i o n of 

s p e c i f i c events during c e l l and t i s s u e d i f f e r e n t i a t i o n . 

T h i s could not be obtained by e i t h e r b iochemical or 

m i c r o s c o p i c a l techniques alone. Both t r a n s c r i p t i o n and 

t r a n s l a t i o n products of CI-1 and CI-2 were l o c a l i z e d i n 

R i s 0 1508 when the g r a i n had a f r e s h weight of about 40 

mg. At t h i s time, CI-1 and CI-2 p r o t e i n s are p r e s e n t i n 

the endosperm. CI-1 and CI-2 mRNAs were a s s o c i a t e d w i t h 

the f i b r i l l a r r e g i o n of the p r o t e i n complex. 

Conventional t h i n s e c t i o n i n g , i n which t i s s u e 

p r e s e r v a t i o n i s b e t t e r than f o l l o w i n g in situ 

h y b r i d i z a t i o n , has shown t h a t many of the Ri s # 1508 

p r o t e i n complexes are v a c u o l a r , w i t h a g r a n u l a r region 

and prominent f i b r i l l a r and v e s i c u l a r components. The 

a s s o c i a t i o n of mRNAs w i t h the v e s i c u l a r and f i b r i l l a r 

r e g i o n s of these p r o t e i n d e p o s i t s , as w e l l as w i t h the 

c i s t e r n a l endoplasmic r e t i c u l u m , suggests t h a t the 
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v e s i c l e s / f i b r i l l a r m a t e r i a l of the v a c u o l a r p r o t e i n 

complex may be d e r i v e d from the endoplasmic r e t i c u l u m . 

The marking of c e l l u l a r components f o r 

m i c r o s c o p i c a l o b s e r v a t i o n i s an extremely important 

technique for studying molecular o r g a n i z a t i o n and c e l l 

f u n c t i o n . Indeed b i o c h e m i c a l a n a l y s i s alone would be 

incomplete s i n c e i t would give l i t t l e i n formation 

r e g a r d i n g the d i s t r i b u t i o n of c e l l u l a r components. 

Immunocytochemical techniques were employed to i d e n t i f y 

and l o c a l i z e s p e c i f i c p r o t e i n s with the i n t e n t i o n of 

g a i n i n g an understanding of the dynamics of c e l l 

components a t the u l t r a s t r u c t u r a l l e v e l / i n p a r t i c u l a r , 

p r o t e i n body ontogeny. 

C o n t r o l s are of enormous importance i n 

immunocytochemistry to e s t a b l i s h the v a l i d i t y of 

o b s e r v a t i o n s . These c o n t r o l s were d e s c r i b e d i n s e c t i o n 

3.4.1; t h e r e was no n o n - s p e c i f i c binding of p r o t e i n 

A-gold a f t e r 'gold-only' i n c u b a t i o n , and none a f t e r 

l a b e l l i n g of pre-immune serum i n c u b a t i o n s . C o n t r o l s 

were employed on s e c t i o n s from the same t i s s u e block as 

t h a t used f o r l a b e l l i n g of the a n t i g e n s . 

The storage p r o t e i n s are d i f f i c u l t to study 

immunologically as they a r e e x t r a c t e d by a l c o h o l i c 

s o l v e n t s ; they can be r e d i s s o l v e d i n denaturing s o l v e n t s 

such as SDS and 6M urea, but these may i n t e r f e r e w i t h 

a n t i g e n - a n t i b o d y r e a c t i o n s . F e s t e n s t e i n and Hay (1982) 
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have r e p o r t e d t h a t the n o n - s p e c i f i c r e a c t i o n of SDS w i t h 

r a b b i t serum i n double d i f f u s i o n t e s t s can be minimized 

by reducing the SDS c o n c e n t r a t i o n ; a q u a n t i t a t i v e 

measure of antigen-antibody r e a c t i o n f o l l o w i n g SDS 

p r e c i p i t a t i o n of n o n - s p e c i f i c r e a c t i n g m a t e r i a l can be 

provided by a nephelometric a s s a y . 

F e s t e n s t e i n and Hay (1982) have found reported 

common a n t i g e n i c determinants for A and B hordeins and 

a l s o f o r B and C h o r d e i n s . B hordein c o n t a i n s e x t r a 

determinants not p r e s e n t on A hordein and a l s o not 

p r e s e n t on C h o r d e i n . From immunocytochemical 

l o c a l i z a t i o n , A, B and C hordein were l o c a t e d i n p r o t e i n 

bodies of b a r l e y endosperm, s p e c i f i c a l l y w i t h i n the 

g r a n u l a r component. Although a l l a n t i s e r a were 

p o l y c l o n a l r a i s e d i n r a b b i t s and do not a l l o w the 

i d e n t i f i c a t i o n and comparison of s i n g l e a n t i g e n i c 

determinants, i t does a l l o w an assessment of the s i t e of 

d e p o s i t i o n and temporal accumulation of storage 

p r o t e i n s . 

Rahman e t a l . (1982) i l l u s t r a t e d the c h a r a c t e r i s t i c 

temporal d i f f e r e n c e s i n accumulation of the component 

p o l y p e p t i d e s of the h o r d e i n f r a c t i o n from a n a l y s i s by 

g e l e l e c t r o p h o r e s i s . These r e s u l t s showed t h a t C 

h o r d e i n s made up a r e l a t i v e l y h i g h e r percentage of t o t a l 

h o r d e i n a t the e a r l y s t a g e s , d e c r e a s i n g from 20% of the 

t o t a l a t 33% f i n a l dry weight to 15% a t m a t u r i t y , 

- 170 -



although the a b s o l u t e amount i n c r e a s e d l i n e a r l y . The 

r e l a t i v e amount of the lowest molecular weight B hordein 

band ( B l ) i n c r e a s e d throughout development from 30% of 

the t o t a l a t 33% f i n a l dry weight, to about 45% a t 

m a t u r i t y . 

The temporal accumulation of C hordein i n 

developing Bomi b a r l e y endosperm has been demonstrated 

by immunocytochemical l a b e l l i n g w i t h p r o t e i n A-gold. At 

10 DAA, t h e r e i s a low d e n s i t y of gold l a b e l over small 

c y t o p l a s m i c p r o t e i n d e p o s i t s . However, a t 14 DAA, 

during the phase of r a p i d p r o t e i n d e p o s i t i o n , p r o t e i n 

d e p o s i t s are h e a v i l y l a b e l l e d w i t h p r o t e i n A-gold. 

P r o t e i n has formed a matrix i n the i n t e r s t i c e s between 

s t a r c h g r a i n s by 32 DAA, and i s h e a v i l y l a b e l l e d with 

p r o t e i n A-gold a f t e r p r evious i n c u b a t i o n w i t h the 

primary antibody. At 14 DAA, immunocytochemical 

l o c a l i z a t i o n has shown A, B and C hordein to have a 

s i m i l a r d i s t r i b u t i o n i n Bomi endosperm. 

Many a n t i g e n s do not t o l e r a t e p o s t - f i x a t i o n w i t h 

osmium t e t r o x i d e . The reduced a n t i g e n i c i t y r e s u l t i n g 

from osmium t e t r o x i d e p o s t - f i x a t i o n was observed w i t h C 

hordein i n Bomi Spurr resin-embedded t i s s u e . Bendayan 

and Z o l l i n g e r (1983) showed t h a t the a n t i g e n i c i t y of 

c e r t a i n p r o t e i n s can be r e s t o r e d a f t e r 

p o s t - o s m i f i c a t i o n by treatment of t h i n s e c t i o n s w i t h 

sodium metaperiodate. Binding s i t e s were "unmasked" by 
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" e t c h i n g " w i t h p e r i o d a t e p r i o r to i n c u b a t i o n w i t h 

a n t i b o d i e s . Such treatment r e s u l t e d i n an i n t e n s i f i e d 

l a b e l l i n g of C hordein over p r o t e i n bodies. The e f f e c t 

of omitting osmium p o s t - f i x a t i o n i n c r e a s e s the d e n s i t y 

of l a b e l l i n g a f t e r antibody incubation^however c o n t r a s t 

i s poor although t h i s can be s l i g h t l y improved by 

p o s t - s t a i n i n g the g r i d w i t h u r a n y l a c e t a t e and l e a d 

c i t r a t e . Hearn e t a l , (1985) found t h a t p e r i o d a t e 

" e t c h i n g " of t i s s u e f i x e d i n glutaraldehyde, p o s t - f i x e d 

i n osmium t e t r o x i d e and embedded i n epoxy r e s i n 

p e rmitted m u l t i p l e a n t i g e n l a b e l l i n g i n the same t i s s u e , 

and l a b e l l i n g of antigens i n t i s s u e s t h a t had been 

s t o r e d i n epoxy r e s i n s f o r many y e a r s . 

I n r e c e n t y e a r s a number of new r e s i n embedding 

media have appeared, of which a t l e a s t two have enabled 

d i s t i n c t improvements to be made i n post-embedding 

technology. The development of the " L o w i c r y l " range has 

made p o s s i b l e the embedding of t i s s u e a t temperatures of 

-30 °C or below, where the den a t u r a t i o n and e x t r a c t i o n of 

p r o t e i n during dehydration i s minimized (Carlemalm e t 

a l . , 1982). The r e c e n t l y formulated "LR White" a c r y l i c 

r e s i n has a number of advantageous c h a r a c t e r i s t i c s and 

i s s i m p l e r to use. I t i s not used a t low temperatures, 

but l i k e " L o w i c r y l K4M", "LR White" i s h y d r o p h i l i c , so 

t h a t u l t r a t h i n s e c t i o n s permit improved p e n e t r a t i o n of 

aqueous s o l u t i o n s . The l i p i d s o l v e n c y of these two 
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r e s i n s appears to t>e s i g n i f i c a n t l y lower than t h a t of the 

epoxides and p o l y e s t e r s and t h e r e f o r e membranes and 

o r g a n e l l e s remain f or o b s e r v a t i o n even when the t i s s u e 

i s not p o s t - f i x e d i n osmium. Importantly, the p l a s t i c 

i t s e l f does not have an a v i d i t y for a n t i b o d i e s nor does 

i t prevent them from binding to t i s s u e a n t i g e n s . 

A comparison was made of l a b e l l i n g of A, B and C 

ho r d e i n i n Bomi b a r l e y endosperm embedded i n Spurr 

r e s i n , "LR White" r e s i n or " L o w i c r y l K4M". G e n e r a l l y , 

i n comparison w i t h Spurr r e s i n , there i s a high degree 

of l a b e l l i n g over the p r o t e i n bodies w i t h the a c r y l i c 

r e s i n s . C o n t r a s t and p r e s e r v a t i o n i n "LR 

White"-embedded t i s s u e i s s u p e r i o r to " L o w i c r y l 

K4M"-embedded t i s s u e , however, i n both cases a 

u n i d i r e c t i o n a l - s m e a r i n g e f f e c t i s apparent. T h i s i s 

probably due to smearing of p r o t e i n by the g l a s s - k n i f e 

during s e c t i o n i n g . With both types of r e s i n , 

immunocytochemical l a b e l l i n g of hordein a n t i b o d i e s i s 

confined to the g r a n u l a r a r e a s of p r o t e i n bodies, once 

smearing e f f e c t s have been taken i n t o c o n s i d e r a t i o n . 

T h i s smearing e f f e c t i s not evi d e n t i n Spurr 

resin-embedded t i s s u e , and u l t r a s t r u c t u r a l p r e s e r v a t i o n 

and c o n t r a s t i s b e s t i n t i s s u e p o s t - f i x e d i n osmium 

t e t r o x i d e and embedded i n Spurr r e s i n . Although osmium 

t e t r o x i d e p o s t - f i x a t i o n does l e a d to a r e d u c t i o n i n 

a n t i g e n i c i t y , f o r the h o r d e i n antigens t h i s i s not too 
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important as they do t o l e r a t e a s u b s t a n t i a l degree of 

f u r t h e r f i x a t i o n w i t h osmium. Furthermore, "e t c h i n g " 

d i d not r e v e a l any f u r t h e r s i t e s "masked" by osmium 

t e t r o x i d e ; n e i t h e r the endoplasmic r e e t i c u l u m or 

dictyosomes were l a b e l l e d . 

From a comparison of f i x a t i v e b u f f e r s ( d e s c r i b e d i n 

" M a t e r i a l s and Methods" and s e c t i o n 3.4.4) i t was found 

t h a t phosphate-buffered aldehyde f i x a t i v e produced the 

most c o n s i s t e n t r e s u l t s throughout the whole 

developmental sequence of Bomi b a r l e y from a n t h e s i s to 

m a t u r i t y . From immunocytochemical l a b e l l i n g , 

P I P E S - b u f f e r e d f i x e d t i s s u e did not r e v e a l any d i f f e r e n t 

a n t i g e n i c s i t e s fccm\ fch032. r e v e a l e d i n phosphate-buffered 

f i x e d t i s s u e . An i n c r e a s e i n the lumen of the 

endoplasmic r e t i c u l u m i s a f e a t u r e of PIPES-buffered 

f i x a t i v e s ; no gold l a b e l l i n g was a s s o c i a t e d with the 

endoplasmic r e t i c u l u m . 

U l t r a s t r u c t u r a l i n v e s t i g a t i o n r e v e a l e d t h a t the 

h i g h - l y s i n e b a r l e y l i n e s , namely R i s 0 56, R i s # 1508 and 

H i p r o l y , have a modified p r o t e i n body s t r u c t u r e i n 

comparison w i t h the normal w i l d type b a r l e y . T h i s 

m o d i f i c a t i o n comprises of a reduced g r a n u l a r p r o t e i n 

body component when compared w i t h the w i l d type, but a 

more p r o l i f i c f i b r i l l a r component and an i n c r e a s e d 

amount of e l e c t r o n - d e n s e spheres. Cameron-Mills and von 

W e t t s t e i n (1980) i n t e r p r e t e d the f i b r i l l a r matrix as a 

- 174 -



t r a n s i e n t phase i n the condensation of storage p r o t e i n s 

i n t o a g r a n u l a r component, and s t a t e d t h a t the 

pol y p e p t i d e composition of p r o t e i n bodies determines 

t h e i r u l t r a s t r u c t u r e . They found t h a t the re d u c t i o n i n 

the s y n t h e s i s of B type hordein i n mutant R i s 0 56 

i n c r e a s e s the p r o p o r t i o n of the f i b r i l l a r matrix, w h i l e 

a more d r a s t i c a l t e r a t i o n i n storage p r o t e i n 

condensation was observed i n mutant R i s p 1508, which i s 

h i g h l y d e f i c i e n t i n both B and C type p o l y p e p t i d e s . 

D e s p i t e t h i s , the g r a n u l a r a r e a s of p r o t e i n bodies 

of Riser 56 were l a b e l l e d w i t h B l hordein a n t i b o d i e s . I t 

was hoped a t the beginning of t h i s p r o j e c t t h a t a n t i s e r a 

a v a i l a b l e a g a i n s t the hordeins would be r e l a t i v e l y more 

s p e c i f i c and would i n d i c a t e the d i s t r i b u t i o n of the most 

prominent a n t i g e n . The high l e v e l of apparent l a b e l l i n g 

of B hordein i n R i s # 56 i n d i c a t e s however, t h a t t h i s i s 

not the case w i t h B/c c r o s s determinancy, s i n c e the 

l e v e l of B l a b e l l i n g would have a r i s e n only by the 

presence of C h o r d e i n . 

Immunocytochemical l o c a l i z a t i o n of B and C type 

h o r d e i n s i n the h i g h - l y s i n e b a r l e y mutants i l l u s t r a t e d , 

by p r o t e i n A-gold l a b e l l i n g , t h a t both hordeins were 

l o c a t e d i n the g r a n u l a r component of p r o t e i n bodies. 

The l a r g e f i b r i l l a r m a t r i c e s were u n l a b e l l e d i n R i s 0 56. 

I n Risja 1508 where a s m a l l g r a n u l a r component i s p r e s e n t 

around the prominent t u b u l a r / f i b r i l l a r matrix, l a b e l l i n g 
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shows storage p r o t e i n d e p o s i t i o n to be r e s t r i c t e d to the 

g r a n u l a r component. 

The chymotrypsin i n h i b i t o r s CI-1 and CI-2 have been 

the focus of much a t t e n t i o n due to t h e i r u n u s u a l l y high 

c o n t e n t s of l y s i n e which c o n t r i b u t e towards the 

i n c r e a s e d l y s i n e content of some b a r l e y l i n e s . I n 

H i p r o l y , CI-1 and CI-2 c o n t a i n 9.5% and 11.5% l y s i n e 

r e s p e c t i v e l y (Hejgaard and Boisen, 1980). The i n c r e a s e d 

l y s i n e content l e a d s to an improved n u t r i t i o n a l q u a l i t y 

of the g r a i n . 

immunocytochemical l o c a l i z a t i o n has shown CI-1 and 

CI-2 a s s o c i a t e d predominantly w i t h the p r o t e i n body. 

Although these p r o t e i n s p r i m a r i l y have a s p e c i f i c 

m e tabolic f u n c t i o n , evidence from immunocytochemical 

l o c a l i z a t i o n i n d i c a t e s t h a t as they can be p r e s e n t i n 

s u f f i c i e n t l y l a r g e amounts i n some genotypes, they 

probably have a secondary r o l e as storage p r o t e i n s . The 

l o c a l i z a t i o n of CI-2 i n membrane-bound compartments i s 

c o n s i s t e n t w i t h o b s e r v a t i o n s f o r the chymotrypsin 

i n h i b i t o r s i n tomato and potato (Graham e t a l . , 1985; 

Walker-Simmons and Ryan, 1977). A l s o , i t has been shown 

by Jonassen e t a l . (1981) and Williamson e t a l . (1986) 

t h a t CI-2 i s probably s y n t h e s i z e d on membrane-bound 

polysomes. 

The r e s u l t s d e s c r i b e d i n t h i s t h e s i s do not show a 

c l o s e f i t to e i t h e r of the e x i s t i n g , but c o n t r a d i c t o r y , 
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models proposed by Cameron-Mills and von W e t t s t e i n 

(1980), and by M i f l i n e t a l . (1983), for the development 

of b a r l e y storage p r o t e i n d e p o s i t i o n . 

S i n c e n e i t h e r of the b a r l e y models seems ap p r o p r i a t e 

the r e s u l t s of t h i s r e s e a r c h are compared wit h other 

e x i s t i n g models of p l a n t storage p r o t e i n d e p o s i t i o n . I n 

legume seeds the storage p r o t e i n s are s y n t h e s i z e d on the 

rough endoplasmic r e t i c u l u m , pass i n t o the lumen and 

then to the dictyosomes where they are packaged i n t o 

v e s i c l e s which move to vacuoles i n t o which they are 

d e p o s i t e d ( B o u l t e r , 1979; B a i l e y e t a l . , 1970; H a r r i s 

and B o u l t e r , 1976). Immunocytochemical s t u d i e s have 

confirmed the r o l e of the G o l g i apparatus i n the 

t r a n s p o r t of some storage p r o t e i n s ( C r a i g and Goodchild, 

1984; Greenwood and C h r i s p e e l s , 1985); and the c e n t r a l 

r o l e of the G o l g i apparatus i n p o s t - t r a n s l a t i o n a l 

m o d i f i c a t i o n and t r a n s p o r t has been reviewed by 

C h r i s p e e l s (1985 ) . 

However, w i t h r e s p e c t to p r o t e i n d e p o s i t i o n i n 

b a r l e y , the "legume model" does not seem to be a v i a b l e 

p r o p o s i t i o n . No evidence has been found to document the 

pathway from p r o t e i n s y n t h e s i s on the rough endoplasmic 

r e t i c u l u m i n t o the lumen, then the pathway from the 

dictyosome to v e s i c l e s . Only one micrograph i l l u s t r a t e s 

immunogold l a b e l l i n g of C h ordein over a p o s s i b l e 

dictyosome ( P l a t e 39B). However, w h i l s t t h i s s t r u c t u r e 
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has some resemblance to a dictyosome wi t h i t s p e r i p h e r a l 

v e s i c l e s , i t may a l s o r e p r e s e n t a t a n g e n t i a l s e c t i o n 

through the p e r i p h e r y of a p r o t e i n complex; the l a t t e r 

i s more probably the c a s e . The only evidence i n p a r t i a l 

support of t h i s theory i s t h a t p r o t e i n d e p o s i t s are 

mainly i n v a c u o l e s . 

I n maize, p r o t e i n d e p o s i t i o n has been e x p l a i n e d 

based on the work of Khoo and Wolf (1970). They found 

t h a t maize storage p r o t e i n s are s y n t h e s i z e d on, and 

d e p o s i t e d w i t h i n , the rough endoplasmic r e t i c u l u m . I n 

maize, t h e r e i s u l t r a s t r u c t u r a l and b i o c h e m i c a l evidence 

t o suggest t h a t (a) polyribosomes are d i r e c t l y 

a s s o c i a t e d w i t h the p r o t e i n body membrane (Burr and 

Burr, 1976) and t h a t ( b ) , rough microsomal p r e p a r a t i o n s 

are capable of s y n t h e s i z i n g the storage p r o t e i n z e i n 

(Burr and Burr, 1981) w i t h cleavage of the p r e p r o t e i n 

o c c u r r i n g c o - t r a n s l a t i o n a l l y . I n b a r l e y however, 

polyribosomes are not seen a s s o c i a t e d w i t h the v a c u o l a r 

p r o t e i n body membrane, r a t h e r e l e c t r o n - d e n s e v e s i c l e s 

(enhanced by s e l e c t i v e s t a i n i n g with z i n c iodide-osmium 

t e t r o x i d e ) are e v i d e n t a t the p e r i p h e r y of c y t o p l a s m i c 

p r o t e i n bodies and a t the p e r i p h e r y of p r o t e i n d e p o s i t s 

w i t h i n v a c u o l e s . There are no micrographs, e i t h e r 

u l t r a s t r u c t u r a l or from immunocytochemistry^ to support a 

"maize-type" d e p o s i t i o n model for b a r l e y storage p r o t e i n 

d e p o s i t i o n . 
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Cameron-Mills and Ingversen (1978) have shown from 

an in vitro r e c o n s t i t u t i o n of rough microsomes t h a t 

h o r d e i n s were d i s c h a r g e d v e c t o r i a l l y i n t o the lumen of 

the endoplasmic r e t i c u l u m . However, c o n t r a r y to maize, 

Cameron-Mills and von W e t t s t e i n (1980) have not shown 

any c o n t i n u i t y between p r o t e i n bodies and the 

endoplasmic r e t i c u l u m . They have however, observed 

s m a l l v e s i c l e s i m p l i c a t e d i n the t r a n s p o r t of storage 

p r o t e i n s from the endoplasmic r e t i c u l u m to the p r o t e i n 

b o d i e s . Small v e s i c l e s are a l s o a d i s t i n c t i v e f e a t u r e 

a t the p e r i p h e r y of p r o t e i n bodies, i l l u s t r a t e d i n t h i s 

t h e s i s . 

I n the "oat model", evidence from A d e l i and 

A l t o s a a r (1983) suggest t h a t although oat g l o b u l i n s are 

a l s o s y n t h e s i z e d by endoplasmic r e t i c u l u m - a s s o c i a t e d 

polyribosomes, the high molecular weight p r o t e i n s are 

probably t r a n s p o r t e d to the p r o t e i n bodies and c l e a v e d 

i n t o the s m a l l e r <=< and yS s u b u n i t s . The marked 

d i s s i m i l a r i t y i n types of storage p r o t e i n suggests, t h a t 

an "oat-type" model would not be a p p l i c a b l e to b a r l e y 

storage p r o t e i n s . 

R i c e has the a d d i t i o n a l f e a t u r e of having v a r i o u s 

d i s t i n g u i s h a b l e types of p r o t e i n bodies, each thought to 

c o n t a i n predominantly d i f f e r e n t storage p r o t e i n s 

( B e c h t e l and J u l i a n o , 1980). The " r i c e model" proposes 

t h a t a l l types of r i c e p r o t e i n bodies are d e r i v e d from 
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the endoplasmic r e t i c u l u m , although t r a n s p o r t from the 

G o l g i apparatus may be i n v o l v e d i n the accumulation of 

some types of p r o t e i n d e p o s i t s (Oparka and H a r r i s , 

1982) . 

The r e s u l t s presented for b a r l e y storage p r o t e i n 

d e p o s i t i o n f a i l to f i t the " r i c e model". From 

immunocytochemical l o c a l i z a t i o n t h e r e i s no evidence of 

d i f f e r e n t types of p r o t e i n bodies f o r d i f f e r e n t storage 

p r o t e i n s . There i s no evidence to support p r o t e i n body 

d e r i v a t i o n from endoplasmic r e t i c u l u m , nor to i m p l i c a t e 

the G o l g i apparatus i n the accumulation of 

p r o t e i n d e p o s i t s . 

I n wheat, u l t r a s t r u c t u r a l examination of the 

development of p r o t e i n body formation i n the endosperm 

( B e c h t e l e t a l . , 1982a; Parker, 1982) i n d i c a t e s t h a t 

s t o r a g e p r o t e i n s are i n i t i a l l y deposited w i t h i n a 

membrane-bound compartment and are subsequently r e l e a s e d 

i n t o the c y t o s o l where they may continue to aggregate 

a d d i t i o n a l p r o t e i n and membranous m a t e r i a l before 

forming a matrix during seed d e s i c c a t i o n . I n 

c o n v e n t i o n a l l y prepared m a t e r i a l , i t has been shown t h a t 

s t o r a g e p r o t e i n may accumulate d i r e c t l y w i t h i n the 

d i l a t e d lumen of the c i s t e r n a l endoplasmic r e t i c u l u m 

( B r i a r t y , 1978; Campbell e t a l . , 1981; Parker, 1982). 

T h i c k s e c t i o n s t u d i e s of wheat endosperm i n d i c a t e the 

p resence of numerous dictyosomes c l o s e l y a s s o c i a t e d w i t h 
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both c i s t e r n a l endoplasmic r e t i c u l u m and the forming 

p r o t e i n bodies (Parker and Hawes, 1982). B a r l e y p r o t e i n 

d e p o s i t s are found i n membrane-bound compartments, 

although some are a l s o seen at the same developmental 

s t a g e , f r e e i n the c y t o s o l . At m a t u r i t y , p r o t e i n forms 

a m a t r i x i n the i n t e r s t i c e s of s t a r c h g r a i n s ; t h i s 

agrees w i t h the "wheat model". However, i n c o n t r a s t to 

wheat, t h e r e i s no micrographic evidence t h a t storage 

p r o t e i n s of b a r l e y accumulate i n the d i l a t e d lumen of 

the endoplasmic r e t i c u l u m . 

Dictyosomes are numerous a t 10 DAA, during the 

e a r l y endosperm development i n b a r l e y . During the 

p e r i o d of r a p i d p r o t e i n d e p o s i t i o n (14 DAA), dictyosomes 

a r e s t i l l e v i d e n t although not so numerous, and have a 

more condensed appearance wi t h v e s i c l e s l o c a t e d around a 

c e n t r a l c i s t e r n a l p l a t e . I n the maturing b a r l e y 

endosperm (20 DAA) dictyosomes are s t i l l found, although 

l e s s f r e q u e n t l y . T h i s shows a s i m i l a r trend to the 

d i c t y o s o m a l d i s t r i b u t i o n throughout development 

d e s c r i b e d i n wheat (Parker and Hawes, 1982; Parker 1981, 

1982; B u t t r o s e , 1963a; Campbell e t a l . , 1981). Parker 

and Hawes (1982) have i m p l i c a t e d the involvement of the 

G o l g i i n storage p r o t e i n d e p o s i t i o n ; they have suggested 

from t h e i r r e s u l t s t h a t endosperm storage p r o t e i n s are 

t r a n s p o r t e d from t h e i r s i t e of s y n t h e s i s on the 

endoplasmic r e t i c u l u m to t h e i r s i t e of storage i n 
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p r o t e i n bodies, v i a the G o l g i . 

Although t h i c k - s e c t i o n micrographs have i l l u s t r a t e d 

c l o s e i n t e r r e l a t i o n s h i p s between the dictyosomes, 

endoplasmic r e t i c u l u m and p r o t e i n bodies i n b a r l e y , 

s i m i l a r to t h a t found by Parker and Hawes (1982) i n 

wheat, i t cannot be i m p l i e d t h a t the Golgi i s 

n e c e s s a r i l y i n v o l v e d i n the t r a n s p o r t of s y n t h e s i z e d 

p r o t e i n . The numerous dictyosomes'present i n b a r l e y 

endosperm 10 DAA may f u n c t i o n i n s y n t h e s i z i n g membranes 

and/or w a l l m a t e r i a l i n the r a p i d l y developing 

sub-aleurone c e l l s . 

The e s t a b l i s h e d model systems f o r wheat, r i c e , and 

maize cannot be e n t i r e l y s a t i s f a c t o r i l y a p p l i e d to the 

r e s u l t s found i n t h i s t h e s i s . A new model ( F i g u r e 4.1) 

i s thus proposed for p r o t e i n d e p o s i t i o n i n developing 

b a r l e y endosperm. T h i s model i s not o n l y c o n s i s t e n t 

w i t h the r e s u l t s of the r e s e a r c h above, but i s 

c o r r o b o r a t e d by the r e s u l t s of other workers. 

By 10 DAA, many vacuoles are seen i n the 

sub-aleurone. T h i s i s the i n i t i a l stage seen from the 

r e s u l t s , and i s r e p r e s e n t e d a t the top of f i g u r e 4.1. 

The h i g h l y v a c u o l a t e d sub-aleurone i s a f e a t u r e of t h i n 

s e c t i o n - t r a n s m i s s i o n - e l e c t r o n - m i c r o g r a p h s . I n these and 

t h i c k e r s e c t i o n s , impregnated w i t h z i n c iodide-osmium 

t e t r o x i d e , these vacuoles were seen surrounded by 

endoplasmic r e t i c u l u m . The number of surrounding 
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c i s t e r n a e can v a r y , b u t i n f i g u r e 4.1 two a r e 

r e p r e s e n t e d ; t h e s e a r e l a b e l l e d ER(1) t o ER(4), 

r e p r e s e n t i n g t h e e f f e c t i v e l a y e r s o f membrane. 

The morphology o f v a c u o l a t i o n and an e v a l u a t i o n o f 

i t s f u n c t i o n a l s i g n i f i c a n c e i n c e l l m e t a b o l i s m has been 

documented by M a t i l e and Moor ( 1 9 6 8 ) ; M a t i l e ( 1 9 6 6 ) ; 

M a r t y ( 1 9 7 3 a ) ; M a t i l e ( 1 9 6 8 ) . M a t i l e and Moor (1968) 

p r o p o s e d t h a t t h e g e n e s i s o f v a c u o l e s i n v o l v e d f i r s t l y , 

t h e f o r m a t i o n o f s m a l l e n d o p l a s m i c - r e t i c u l u m - d e r i v e d 

v e s i c l e s ( p r o v a c u o l e s ) . The f u s i o n o f t h e s e p r o v a c u o l e s 

r e s u l t s i n t h e f o r m a t i o n o f s m a l l v a c u o l e s , and t h i s i s 

f o l l o w e d by f u s i o n and e x p a n s i o n o f v a c u o l e s . Large 

d i c t y o s o m e - d e r i v e d v e s i c l e s a r e i n c o r p o r a t e d i n t o 

v a c u o l e s by i n v a g i n a t i o n o f t h e t o n o p l a s t . T h i s 

i n v a g i n a t i o n o f t h e t o n o p l a s t r e s u l t s i n t h e 

i n c o r p o r a t i o n o f c y t o p l a s m i c m a t e r i a l i n t o t h e v a c u o l e s . 

The v a c u o l e s have been shown t o c o n t a i n a number o f 

h y d r o l y t i c enzymes w h i c h c h a r a c t e r i z e t h e s e v a c u o l e s as 

lysosomes ( M a t i l e , 1966; M a t i l e and Wiemken, 1 9 6 7 ) . 

M a t i l e and Moor (1968) s u g g e s t t h a t p r o v a c u o l e s 

( E R - d e r i v e d v e s i c l e s ) a r e t h e p r i m a r y lysosomes; t h e i r 

h y d r o l a s e s a r i s e f r o m t h e endoplasmic r e t i c u l u m . 

V a c u o l e s r e p r e s e n t t h e secondary lysosomes ( d i g e s t i v e 

v a c u o l e s ) o f t h e h i g h e r - p l a n t c e l l . Hence, M a t i l e 

( 1 9 6 6 ) su g g e s t s t h a t t h e v a c u o l e s o f t h e h i g h e r p l a n t 

c e l l r e p r e s e n t o r g a n e l l e s i n w h i c h t h e p r o c e s s e s o f 
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i n t r a c e l l u l a r d i g e s t i o n t a k e s p l a c e . Marty ( M a r t y , 

1973b, c; M a r t y , 1978; M a r t y e t a l . , 1980) c o n s i d e r s 

t h a t t h e endoplasmic r e t i c u l u m and t h e v a c u o l e s a r e 

i n t e g r a t e d i n a membranous c o n t i n u u m i n l i n e w i t h t h e 

"Endomembrane Concept" o f Morre and M o l l e n h a u e r ( 1 9 7 4 ) . 

P l a n t v a c u o l e s may t h u s serve as a m u l t i f u n c t i o n a l 

compartment, i n c l u d i n g s t o r a g e p r o t e i n s e q u e s t r a t i o n . 

A u t h o r s who c o n s i d e r t h a t s t o r a g e p r o t e i n s a r e 

d e p o s i t e d i n v a c u o l e s a l s o i n c l u d e Ashton (1976) and 

p e r n o l l e t ( 1 9 7 8 ) . As v a c u o l e s i n g e n e r a l o r i g i n a t e f r o m 

t h e endoplasmic r e t i c u l u m i n p l a n t c e l l s ( M a t i l e , 1 9 7 6 ) , 

A d l e r and Muntz (1983) have proposed a u n i f o r m t h e o r y o f 

g e n e r a t i o n o f v a c u o l a r p r o t e i n b o d i e s formed e i t h e r by 

v e s i c l e s g e n e r a t e d f r o m t h e endoplasmic r e t i c u l u m o r 

f r o m v e s i c l e s d e r i v e d f r o m d i l a t e d endoplasmic 

r e t i c u l u m . 

I t i s proposed t h a t s t o r a g e p r o t e i n d e p o s i t i o n i n 

d e v e l o p i n g b a r l e y endosperm is i n i t i a l l y v a c u o l a r , w i t h 

d e p o s i t i o n i n endoplasmic r e t i c u l u m - g e n e r a t e d v a c u o l e s . 

There i s however, no m i c r o g r a p h i c e v i d e n c e t o s u p p o r t 

t h e l a t t e r v i e w o f A d l e r and Muntz (1983) t h a t p r o t e i n 

b o d i e s a r i s e as v a c u o l a r - t y p e p r o d u c t s o f s w o l l e n 

e n d o p l a s m i c r e t i c u l u m c i s t e r n a e . 

F i g u r e 4.1 i l l u s t r a t e s t h e ontogeny o f a v a c u o l a r 

p r o t e i n body. E R ( l / 3 ) and t h e o r i g i n a l t o n o p l a s t 

break-down i n t o v e s i c l e s and move i n t o t h e v a c u o l a r 
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space. ER (2/4) forms t h e "new" v a c u o l a r t o n o p l a s t . 

P r o t e i n a s s o c i a t e d w i t h t h e endoplasmic r e t i c u l u m , a t 

low l e v e l s i n t h e lumen, w i l l be i n c o r p o r a t e d i n t o t h e 

new v a c u o l e , condensing t o become a d e p o s i t as a 

consequence o f i t s h y d r o p h o b i c i t y . T h i s process may be 

r e p e a t e d as s u c c e s s i v e e n c i r c l i n g s o f endoplasmic 

r e t i c u l u m a r e i n c o r p o r a t e d i n t o t h e v a c u o l e , which t h u s 

c o n t a i n i n c r e a s i n g amounts o f p r o t e i n d e p o s i t s . The 

i n c o r p o r a t i o n o f ER-microsomal membrane and ribosomes, 

as seen by c o n v e n t i o n a l t h i n - s e c t i o n i n g , and messenger 

RNA as shown by in situ h y b r i d i z a t i o n , suggests t h e 

p o s s i b i l i t y o f p r o t e i n s y n t h e s i s w i t h i n t h e v a c u o l e were 

amino a c i d s t o be t r a n s p o r t e d a c r o s s t h e t o n o p l a s t . 

Both c y t o p l a s m i c and v a c u o l a r p r o t e i n b o d i e s are 

seen i n t i s s u e s e c t i o n s . I t i s suggested t h a t t h e 

c y t o p l a s m i c d e p o s i t s form i f t h e endoplasmic r e t i c u l u m 

e n c l o s u r e i s i n c o m p l e t e , t h e p r o t e i n complex th u s l o s i n g 

i t s s u r r o u n d i n g membrane and g i v i n g r i s e t o such p r o t e i n 

d e p o s i t s . The form o f t h e c y t o p l a s m i c complexes 

i n d i c a t e s t h a t t h e h y d r o p h o b i c p r o t e i n b o d i e s would 

c o n t i n u e t o a g g r e g a t e more m a t e r i a l f r o m t h e endoplasmic 

r e t i c u l u m and t h e d e r i v e d v e s i c l e s . 

Numerous s m a l l v e s i c l e s are found a t t h e p e r i p h e r y 

o f t h e p r o t e i n d e p o s i t w i t h i n t h e v a c u o l e ( e . g . P l a t e 

1 3 ) . Such v e s i c l e s a r e more numerous i n t h e h i g h - l y s i n e 

m u t a n t s , where t h e y can o f t e n be found embedded w i t h i n 
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t h e p r o t e i n d e p o s i t ( e . g . P l a t e 3 1 ) . These v e s i c l e s a r e 

e l e c t r o n - d e n s e when i m p r e g n a t e d w i t h z i n c i o d i d e - o s m i u m 

t e t r o x i d e w h i c h i s s e l e c t i v e f o r t h e endomembrane 

system. C a m e r o n - M i l l s and von W e t t s t e i n (1980) have 

a l s o r e p o r t e d numerous s m a l l v e s i c l e s around t h e g r o w i n g 

p r o t e i n body i n s i d e t h e v a c u o l e , have suggested t h e y may 

be i n v o l v e d i n t h e t r a n s p o r t o f h o r d e i n f r o m t h e r o u g h 

e n d o p l a s m i c r e t i c u l u m t o t h e v a c u o l e s , however t h e 

p r e s e n c e o f t r a n s p o r t v e s i c l e s a c t u a l l y w i t h i n t h e 

v a c u o l e suggests something o t h e r t h a n s i m p l y d e p o s i t i o n 

i n t o t h e v a c u o l e f r o m E R - d erived v e s i c l e s as proposed by 

C a m e r o n - M i l l s and von W e t t s t e i n ( 1 9 8 0 ) ; i t seems 

u n l i k e l y t h a t v e s i c l e s w o u l d pass t h r o u g h t h e t o n o p l a s t . 

I n t h e s u b - a l e u r o n e , t h e p r o t e i n d e p o s i t s c o n s i s t 

o f a g r a n u l a r component. I n t h e w i l d t y p e b a r l e y , 

s u b - a l e u r o n e p r o t e i n b o d i e s a r e a l m o s t e n t i r e l y g r a n u l a r 

t h r o u g h o u t development, a l t h o u g h t h e y i n c r e a s e i n s i z e 

w i t h m a t u r i t y . A t 14 DAA, t h e s t a r c h y endosperm p r o t e i n 

b o d i e s , however, have s m a l l f i b r i l l a r r e g i o n s b o t h i n 

t h e c y t o p l a s m i c and v a c u o l a r d e p o s i t s . These r e g i o n s do 

n o t l a b e l i n immunocytochemical l o c a l i z a t i o n s f o r t h e 

s t o r a g e p r o t e i n s and t h e scheme i n F i g u r e 4.1 proposes 

t h a t f i b r i l l a r r e g i o n s ^ w h i c h a c t u a l l y have a t u b u l a r 

appearance, a r e d e r i v e d f r o m v e s i c l e s . The e l e c t r o n -

dense spheres seen l a t e r i n development a r e compacted 

r e s i d u e s o f t h e v e s i c l e membranes. 
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The f i b r i l l a r and e l e c t r o n - d e n s e r e g i o n s a r e more 

p r o m i n e n t i n t h e h i g h - l y s i n e m u t a n t s , a l t h o u g h t h e 

g r a n u l a r component i s reduced i n comparison t o t h e w i l d 

t y p e . By 23 DAA, s u b - a l e u r o n e p r o t e i n b o d i e s a r e s t i l l 

s e m i - f i b r i l l a r , b u t s t a r c h y endosperm p r o t e i n b o d i e s 

c o n s i s t o f a l o o s e n e t w o r k o f t u b u l e s i n t e r s p e r s e d w i t h 

g r a n u l a r m a t r i x w i t h a s s o c i a t e d e l e c t r o n - d e n s e spheres. 

Rissz 56 f o l l o w s a s i m i l a r p a t t e r n ; s u b - a l e u r o n e p r o t e i n 

b o d i e s a t 17 DAA and 24 DAA comprise g r a n u l a r components 

embedded i n a f i b r i l l a r m a t r i x . I n t h e s t a r c h y 

endosperm, p r o t e i n complexes c o n s i s t o f g r a n u l a r spheres 

embedded i n an e l e c t r o n - d e n s e m a t r i x . 

From in situ h y b r i d i z a t i o n i n v e s t i g a t i o n s 

l o c a l i z i n g t h e c h y m o t r y p t i c i n h i b i t o r s i n t h e endosperm 

o f R i s 0 1508 ( s e c c t i o n 3 . 5 . 2 ) , t h e mRNA was f o u n d t o be 

a s s o c i a t e d w i t h t h e endoplasmic r e t i c u l u m , and f i b r i l l a r 

a r e a s o f t h e p r o t e i n complex. T h i s s u p p o r t s t h e model 

i n F i g u r e 4.1. Some o f t h e v e s i c l e s s u r r o u n d i n g t h e 

p r o t e i n body a r e E R - d e r i v e d . These v e s i c l e s g i v e r i s e 

t o t h e f i b r i l l a r m a t r i x around w h i c h s y n t h e s i z e d p r o t e i n 

i s s e q u e s t e r e d . 

The model pr o p o s e d i n F i g u r e 4.1 f i t s w e l l w i t h t h e 

p u b l i s h e d d a t a used by C a m e r o n - M i l l s and von W e t t s t e i n 

(1980) t o d e f e n d t h e i r e a r l i e r model. M i f l i n e t a l . have 

d i s a g r e e d w i t h C a m e r o n - M i l l s and von W e t t s t e i n ' s 

c o n c l u s i o n and, on t h e b a s i s o f s u b c e l l u l a r i s o l a t i o n 
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work, suggested an a l t e r n a t i v e . M i f l i n and Burgess 

( 1 9 8 2 ) , f r o m an i n v e s t i g a t i o n o f t h e e f f e c t o f 

p r o t e i n a s e - K on i s o l a t e d p r o t e i n b o d i e s , proposed t h a t 

b a r l e y endosperm p r o t e i n b o d i e s are n o t s u r r o u n d e d by a 

c o m p l e t e membrane. However, t h e y do n o t p r o v i d e 

s u b s t a n t i a l e v i d e n c e a g a i n s t t h e l i k e l i h o o d t h a t i n t a c t 

membranes p r e s e n t i n t h e o r i g i n a l endosperm were damaged 

d u r i n g i s o l a t i o n . P a r t o f t h i s e v i d e n c e came from 

M i f l i n e t a l • (1981) where p r o t e i n b o d i e s were shown t o 

be n o t v a c u o l a r ; t h i s was based on t h e absence o f 

v a c u o l a r marker enzymes i n a s s o c i a t i o n w i t h p r o t e i n 

b o d i e s , b u t i n s t e a d t h e r e was a l a r g e peak o f 

NADH-cytochrome a r e d u c t a s e a c t i v i t y a s s o c i a t e d w i t h t h e 

p r o t e i n body peak. M i f l i n and Burgess (1982) a l s o 

c r i t i c i s e d o t h e r work ( e . g . Cameron-Mills and von 

W e t t s t e i n , 1980; P a r k e r , 1980; and Campbell e t a l . , 

1 9 8 1 ) . Where e l e c t r o n m i c r o g r a p h s show p r o t e i n 

d e p o s i t e d w i t h i n v a c u o l e s ; M i f l i n and Burgess (1982) 

s u g g e s t e d t h a t as c e r e a l endosperm i s d i f f i c u l t t o f i x 

and s e c t i o n , p u b l i s h e d work does n o t c o n v i n c i n g l y show 

t h e presence o f v a c u o l a r membranes s u r r o u n d i n g p r o t e i n 

b o d i e s in vivo . Hence, M i f l i n e t a l . p r o p o s e s t o r a g e 

p r o t e i n d e p o s i t i o n o c c u r s by s y n t h e s i s o f p r o t e i n on t h e 

RER w h i c h s u b s e q u e n t l y passes i n t o t h e lumen where i t 

a g g r e g a t e s . The r e s u l t s p r e s e n t e d i n t h i s t h e s i s do 

n o t , however, s u p p o r t t h e model proposed by M i f l i n e t 
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a _ l . , a l t h o u g h t h e i r r e s u l t s can be e x p l a i n e d by t h e 

model i n F i g u r e 4 . 1 . 

F u r t h e r e v i d e n c e i n s u p p o r t o f t h e proposed model 

4.1 f o r p r o t e i n d e p o s i t i o n i n d e v e l o p i n g b a r l e y 

endosperm comes f r o m s u c r o s e d e n s i t y g r a d i e n t s e p a r a t i o n 

o f homogenates o f b a r l e y endosperms i n t h e presence and 
2 + 

absence o f Mg ( F i g u r e s 3.2 and 3 . 4 ) . I n t h e presen c e 
2 + 

o f Mg , most NADH cytochrome c r e d u c t a s e a c t i v i t y i s 
a s s o c i a t e d w i t h t h e p r o t e i n body f r a c t i o n . ( F i g u r e 3 . 2 ) . 

2+ . . . I n t h e absence o f Mg , most enzyme a c t i v i t y i s 

a s s o c i a t e d w i t h t h e endoplasmic r e t i c u l u m f r a c t i o n 
2+ 

( F i g u r e 3 . 4 ) ; peak a t 1.21 g/ml i n t h e presence o f Mg 

becomes peak 1.14 g/ml i n t h e absence o f M g 2 + i n d i c a t i n g 

e n d o p l a s m i c r e t i c u l u m - a s s o c i a t i o n w i t h t h e p r o t e i n body 

f r a c t i o n . T h i s f i t s t h e proposed model 4.1 where ER 

( 1 / 3 ) b r e a k s down and forms v e s i c l e s w i t h i n t h e p r o t e i n 

body v a c u o l e . 

I n c o n c l u s i o n , t h e work d e s c r i b e d i n t h i s t h e s i s 

p r o poses t h a t s t o r a g e p r o t e i n d e p o s i t i o n i n d e v e l o p i n g 

b a r l e y endosperm i s i n i t i a l l y v a c u o l a r , and t h e 

en d o p l a s m i c r e t i c u l u m i s i n v o l v e d n o t o n l y i n p r o t e i n 

s y n t h e s i s b u t i s a l s o i n v o l v e d i n t h e a g g r e g a t i o n o f 

s t o r a g e p r o t e i n s i n t o complex p r o t e i n b o d i e s . A 

combined approach u s i n g t h e t e c h n i q u e s o f t h i n -
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and t h i c k - s e c t i o n - c o n v e n t i o n a l - t r a n s m i s s i o n - e l e c t r o n -

m i c r o s c o p y , and t h e c o m b i n a t i o n o f e l e c t r o n m i c r o s c o p y 

i n a s s o c i a t i o n w i t h t h e m o l e c u l a r t e c h n i q u e s o f 

i m m u n o c y t o c h e m i s t r y and in situ h y b r i d i z a t i o n , y i e l d e d 

i n f o r m a t i o n t h a t c o u l d n o t be o b t a i n e d f r o m e i t h e r 

b i o c h e m i s t r y o r m i c r o s c o p y a l o n e . 
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