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THE D I F F E R E N T I A L EXPRESSION OF GENES ENCODING GLUTAMJNH SYNTHETASE IN 

DEVELOPING ROOT NODULES 

by 
Ra c h e I Te ve r s o n . 

G i u t a m i n e s y n t h e t a s e (GS) i s one o f t h e key enzymes i n v o l v e d i n t h e 
a s s i m i l a t i o n o f ammonia i n t o o r g a n i c n i t r o g e n i n p l a n t s . i t i s 
i m p o r t a n t i n legume r o o t n o d u l e s w h e r e amnion i a, p r o d u c e d by t h e 
Rhizobiurn-legume s y m b i o s i s , i s c o n v e r t e d t o o r g a n i c n i t r o g e n b e f o r e i t 
can be t r a n s p o r t e d t o o t h e r p a r t s o f t h e p l a n t , 

i n Phaseolus vulgaris t h r e e c y t o s o l i c and one p l a s t i d i c GS 
p o l y p e p t i d e h a v e been i d e n t i f i e d . One o r snore o f t h e s e p o l y p e p t i d e s 
a s s e m b l e t o f o r m d i s t i n c t o c t a r a e r i c GS i s o e n z y m e s . 

GS a c t i v i t y i n c r e a s e s s i g n i f i c a n t l y i n P. vulgaris d u r i n g n o d u l a t i o n 
and t h i s i s a s s o c i a t e d w i t h t h e i n c r e a s e d t'or r e p r e s s e d ) e x p r e s s i o n o f 
t h e t h r e e c y f o s o l i c p o l y p e p t i d e g e n e s gln-a, gJn~& and glti-y, 

The t e m p o r a l and s p a t i a l p a t t e r n of mRNA a n d p r o t e i n d i s t r i b u t i o n 
o f t h e s e g e n e s has been i n v e s t i g a t e d u s i n g in situ h y b r i d i z a t i o n and 
i. mm u n o c y t o c h e rn i s t r y , 

An in situ h y b r i d i z a t i o n p r o t o c o l has been e s t a b l i s h e d u s i n g 
p h o t o b i o t i n y I a t e d cRNA p r o b e s , v i s u a l i s e d w i t h a l k a l i n e p h o s p h a t a s e , o r 
s t r e p t a v i d i n g o l d w i t h s i l v e r e n h a n c e m e n t . The f i x a t i o n , e m b e d d i n g , 
s e c t i o n p r e t r e a t m e n ! s and h y b r i d i z a t i o n c o n d i t i o n s h a v e a l l been 
o p t i m i z e d f o r legume r o o t n o d u l e s e c t i o n s , t h e mRNA d i s t r i b u t i o n s 
c o r r e s p o n d i n g t o t h e gln-ci, g'U/j-fi and gln-y g e n e s w i t h i n F. vulgaris-
r o o t - n o d u l e s e c t i o n s i n d i c a t e t h a t t h e t h e a s s e m b l y o f t h e GS 
i s o e n z y m e s i s a t l e a s t p a r t i a l l y c o n t r o l l e d by t h e d i f f e r e n t i a l 
t e m p o r a l and s p a t i a l e x p r e s s i o n o f t h e s e g e n e s t h r o u g h o u t t h e n o d u l e 
t i s s u e s du.r 1 ng n o d u i a t i o n • 

T h ese r e s u l t s h a v e been c o m p a r e d w i t h t h e e x p r e s s i o n o f t h e B~ 
g i n c u r on i c l a s e '.GUS,> gene f u s e d wi t h t h e 5' f l a n k i n g r e g i o n s o f t h e P, 
vulgaris GS g e n e s i n c h i m a e r i c Lotus corniculatus p l a n t s . The G1JS 
e x p r e s s i o n was d e m o n s t r a t e d by t h e o p t i m i z e d in situ h y b r i d i z a t i o n 
t e e n i q u e s i n c o n j u n c t i o n w i t h i m m u n o c y t o c h e m i c a l a nd GUS 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 t e e n i q u e s . 

R e s u l t s i n d i c a t e t h e c o n t r o l o f GS gene e x p r e s s i o n i s a t t h e 
t r a n s c r i p t i o n a l l e v e l and a t l e a s t p a r t i a l l y d e t e r m i n e d by t h e 5' 
f l a n k i n g r e g i o n s o f t h e s e g e n e s . 
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1. INTRODUCTION. 

1.1. PROSPECTS FOR THE IMPROVEMENT OF NITROGEN FIXATION. 

ogen i s i s s o n * J a! l o r p l a n t .and t h e r e f o r * on i rno 1 p'vduc G v ' i , 

can be :>ocd by p l a n t s , a * mosphor i c n M r o g e r must M r s ' , be 

an a c c e p t a b l e f o r m , s u c h as ammonia, bv a b i o l o g i c a l , n a i u i a i 

nor. - o : o i OR I c a J , or i n d u s t r i a l p r o c e 

N a t u r a l r i o n - b i o i og i ca i p r o c e s s e s s u c h as l i g h t n i n g , v o l c a n i c 

a c t i v i t y a n d c o m b u s t i o n a c c o u n t t o r a p p r o x i m a t e l y 3'"1 i s e a a - i o n n e s o i 

n i t r o g e n f i x e d a n n u a l l y . I n d u s t r i a l p r o c e s s e s a c c o u n t i o r a p p r o x i m a t e l y 

50 m e g a - t o n n e s f i x e d f o r f e r t i l i s e r , and b i o l o g i c a l 1 y, a p p r o x i m a t e l y 

122 m e g a - t o n n e s a r e f i x e d a n n u a l l y , o f w h i c h 90 m e g a - t o n n e s a r e f r o m 

a g r i c u l t u r a l s o i l s ( N e w t o n , 1 9 8 7 ) . 

Newton (.1987) r e p o r t e d t h a t a p p r o x i m a t e l y h a l f o f t h e 3% i n c r e a s e 

i n w o r l d c e r e a l [ T r a i n p r o d u c t i o n o v e r a 25 y e a r p e r i o d c o u l d be 

a s s i g n e d t o t h e e x p o n e n t i a l i n c r e a s e i n t h e c o m m e r c i a l p r o d u c t i o n o f 

n i t r o g e n f e r t i l i z e r . I n many i n s t a n c e s n i t r o g e n i s t h e l i m i t i n g f a c t o r 

among s o i l n u t r i e n t s a n d , w i t h i n c e r t a i n l i m i t s , g r a i n y i e l d d i r e c t l y 

d e p e n d s on t h e amount o f s o i l n i t r o g e n w h i c h i s a v a i l a b l e t o r o o t s o f 

g r o w i n g c e r e a l ( o r f o r a g e ) p l a n t s . 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 f a r m e r s 

a p p l y a r o u n d 60 t o I 2 0 k g o f n i t r o g e n p e r h e c t a r e a n n u a l l y . The 

I n d u s t r i a l p r o c e s s e s i n v o l v e d i n t h e p r o d u c t i o n o f ammonia h a v e 

l i m i t a t i o n s ; i n d u s t r i a l p r o d u c t i o n r e q u i r e s n a t u r a l g a s o r l i q u i d 

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

n i t r o g e n f e r t i l i z e r s , t h e a v a i l a b i l i t y and c o s t o f t h e s e c o m p o n e n t s may 



p r o v e p r o h i b i t i v e i n the f u t u r e . Due to t h e i n c r e a s e d u s e of n i t r o g e n 

f e r t i l i z e r s , t h e q u e s t i o n c a n be a s k e d 1 I s t h e r e a p l a c e f o r Rhizobiurn-

based a g r i c u l t u r e ' ; t h i s i s p a r t i c u l a r l y r e l e v a n t i n a E u r o p e a n c o n t e x t 

where the t r e n d h a s been away from legume-based p a s t u r e s and g e a r e d 

t o w a r d s more i n t e n s i v e p r o d u c t i o n . T h e r e i s an e v e r - i n c r e a s i n g c o n c e r n 

over t h e r i s i n g l e v e i s of n i t r a t e s i n w a t e r s u p p l i e s i n t h i s c o u n t r y , 

and t h e r e i s a r e a l i s t i c p o s s i b i l i t y t h a t r e s t r i c t i o n s on t h e 

a p p l i c a t i o n of f e r t i l i z e r s to a g r i c u l t u r a l l a n d w i l l soon be imposed. 

In d e v e l o p i n g c o u n t r i e s t h e I n v e s t m e n t i n c o n s t r u c t i o n c o s t s , 

w h i c h t o g e t h e r w i t h the s t o r a g e and t r a n s p o r t a t i o n c o s t s , c a n be 

p r o h i b i t i v e f o r t h e p r o d u c t i o n of c h e m i c a l f e r t i l i z e r s . Newton (.1981) 

and E v a n s e t a J . ( 1 9 8 5 ) have both s u g g e s t e d t h a t t h e i d e a l model f o r 

n i t r o g e n f i x a t i o n i s the b i o l o g i c a l s y s t e m i n w h i c h t h e n i t r o g e n a s e 

c a t a l y s t i s a b l e t o f i x n i t r o g e n u s i n g t h e e n e r g y from s u n l i g h t v i a 

p h o t o s y n t h e s i s . The p r e s e n t ' g r e e n ' t r e n d t o w a r d s o r g a n i c f a r m i n g and 

r e d u c t i o n i n i n d u s t r i a l p o l l u t i o n s u g g e s t s the i m p o r t a n c e of b i o l o g i c a l 

n i t r o g e n f i x a t i o n i n t h e f u t u r e w i l l a l m o s t i n e v i t a b l y i n c r e a s e . 

S p r e n t (1986) s u g g e s t e d t h a t "many p e o p l e b e l i e v e i n t h e d e v e l o p e d 

w o r l d , e m p h a s i s s h o u l d s h i f t from a h i g h i n p u t / o u t p u t a g r i c u l t u r e to a 

low i n p u t / o u t p u t s y s t e m " . T h i s would r e s u l t , i n legumes r e t u r n i n g to a t 

l e a s t p a r t of t h e i r f o r m e r p o s i t i o n i n c r o p r o t a t i o n s and p a s t u r e s . 

A t t e m p t s to i n c r e a s e t h e n i t r o g e n s u p p l y have and w i l l c o n t i n u e t o 

i n c l u d e w o r l d - w i d e i n v e s t m e n t i n t o r e s e a r c h on b i o l o g i c a l n i t r o g e n 

f i x a t i o n . 

J u s t o v e r one hundred y e a r s ago i t was e s t a b l i s h e d t h a t t h e 

Rhizobi urn-legume s y m b i o s i s was a w i d e l y - o c c u r r i n g , n a t u r a l method f o r 

r e d u c i n g a t m o s p h e r i c n i t r o g e n t o ammonia, t h e h o s t legume then 



i n c o r p o r a t e d t h e f i : < e d n i t r o g e n i n t o o r g a n i c compounds (Nutman, 1 9 8 7 ) . 

The f i r s t c o n c l u s i v e d e m o n s t r a t i o n t h a t pea p l a n t s g r e w b e t t e r i n 

n i t r o g e n - d e f i c i e n t s o l i i f t h e y had n o d u l e s on t h e i r r o o t s was r e p o r t e d 

i n 1886, by H e l l r i e g r e l and W i l f a r t h . The no d u l e ; ; w e r e sound t o be 

i n i t i a t e d by t h e b a c t e r i u m Bacillus radicola now known as Rhizoblum 

legurninosar um. A p a t e n t f o r t h e b i o t e c h n o l o g y t o p r o d u c e a Rhizobi um 

i n n o c u l u m was s u b s e q u e n t i y t a k e n o u t t S p r e n t , 1 9 8 6 ) . 

Today m o l e c u l a r b i o i o g y t e c h n i q u e s h a v e e n a b l e d some o f t h e g e n e s 

a s s o c i a t e d w i t h n o d u l a t l o n t o be s u c c e s s f u l l y t r a n s f e r r e d a nd e x p r e s s e d 

i n t r a n s g e n i c p l a n t s . W i t h t h e a p p l i c a t i o n of s u c h t e c h n i q u e s t h e 

a b i l i t y o f legumes and e v e n n o n - l e g u m e s t o f i x n i t r o g e n a t an e v e r 

i n c r e a s i n g l e v e l o f e f f i c i e n c y i s b e c o m i n g an i m p o r t a n t t o p i c f o r 

r e s e a r c h . 

J o h n s t o n et al, (i987,> s u g g e s t e d t h a t . "The s y m b i o t i c i n t e r a c t i o n 

b e t w e e n l e g u m i n o u s p l a n t s and b a c t e r i a o f t h e g e n e r a Rhizobiurn and 

Bradyrhizobium was t h e s i n g l e most i m p o r t a n t b e n e f i c i a l a s s o c i a t i o n 

b e t w e e n p l a n t s and b a c t e r i a i n agr i c u l t u r e " and a l s o t h a t " o v e r and 

a b ove i t s a g r o n o m i c s i g n i f i c a n c e t h e i e g u m e - R h i z o b i u m s y m b i o s i s i s o f 

i n t e r e s t b e c a u s e i t r e p r e s e n t s a c o m p l e x programme o f b i o c h e m i c a l a nd 

m o r p h o l o g i c a l d i f f e r e n t i a t i o n i n t h e t w o d i f f e r e n t p a r t n e r s , i t t h u s 

o f f e r s p o t e n t i a l as a model s y s t e m f o r t h e a n a l y s i s o f d i f f e r e n t i a t i o n 

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

p a s s b e t w e e n t h e two k i n d s o f o r g a n i s m s " . 

The d e v e l o p i n g legume r o o t n o d u l e t h e r e f o r e p r o v i d e s an i d e a l 

s y s t e m i n w h i c h t o s t u d y p l a n t g ene e x p r e s s i o n , A v a r i e t y o f a s s a y s 

h a v e been c a r r i e d o u t on legume r o o t n o d u l e s i n o r d e r t o a s c e r t a i n 

t h e i r b i o c h e m i c a l and g e n e t i c f u n c t i o n i n g . Most o f t h e s e s t u d i e s h a v e 



however, been c a r r i e d out on homogenized t i s s u e , a l t h o u g h many 

s t r u c t u r a l i n v e s t i g a t i o n s have a l s o been u n d e r t a k e n . In situ s t u d i e s at 

t h e p r o t e i n and raRNA L e v e l , c a n however d i r e c t l y a s s o c i a t e t h e c o n t r o l 

of p a r t i c u l a r genes, and t h e u l t i m a t e d e s t i n a t i o n of t h e i r p r o d u c t 

w i t h i n t h e p a r t i c u l a r c e l l t y p e s w h i c h a r e u n i q u e i n the Rhizobium-

legume s y m b i o s i s , 
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1.2. THE C L A S S I F I C A T I O N , DEVELOPMENT AND STRUCTURE OF ROOT NODULES. 

The c o m p l e x i t y o f r o o t n o d u l e s was a p t l y s u m m a r i s e d by Syono ei 

al. ( 1 9 7 6 ) i n t h e s t a t e m e n t " t h e d e v e i opment ot r o o t n o d u l e s r e 1 l e c t s 

t h e g e n e t i c , s t r u c t u r a l and p h y s i o l o g i c a l c o m p l e x i t i e s o t an i n t i m a t e 

r e l a t i o n s h i p b e t w e e n p r o k a r y o t i c b a c t e r i a and t h e e u k a r y o t i c a n g i o s p e r r a 

p a r t n e r " . 

The s y m b i o t i c a s s o c i a t i o n b e t w e e n t h e legume and b a c t e r i a s t a r t s 

when t h e g r a m - n e g a t i v e , s o i . 1 - l i v i n g b a c t e r i d a r e a t t r a c t e d t o w a r d s 

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

p l a n t r o o t w i t h i n an i n f e c t i o n t h r e a d , a nd a r e s u b s e q u e n t l y r e l e a s e d 

i n t o t h e legume-host c e l l s . Some c e l l s become i n f e c t e d by t h e 

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

p e r i b a c t e r o i d membrane w i t h i n t h e h o s t p l a n t c e l l , w h i l s t o t h e r - c e l l s 

r e m a i n u n i n f e c t e d . The i n f e c t i o n p r o c e s s s t i m u l a t e s a c h a i n o f e v e n t -

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

f u n c t i o n a l r o o t n o d u l e , c a p a b l e o f f i x i n g a t m o s p h e r i c n i t r o g e n i n t o 

ammonia and s u b s e q u e n t l y a s s i m i l a t i n g t h i s ammonia i n t o an a p p r o p r i a t e 

f o r m t o be t r a n s p o r t e d t h r o u g h t h e p l a n t . The n o d u l e p r o t e c t s t h e 

b a c t e r o i d s f r o m c o m p e t i n g s o i l m i c r o - o r g a n i s m s w h i l s t t h e p l a n t h o s t 

p r o v i d e s a s o u r c e o f m i n e r a l s , w a t e r and c a r b o n v i a a v a s c u l a r s y s t e m 

t o s u p p o r t t h e n i t r o g e n f i x a t i o n , 

1.2.1. Root Nodule C l a s s i f i c a t i o n , 

Legume r o o t n o d u l e s v a r y i n t h e i r s t r u c t u r e a nd d e v e l o p m e n t . T h i s 

v a r i a t i o n i s due t o d i f f e r e n t legume s p e c i e s , and i n p a r t i c u l a r t h e 

s t r a i n o f RhJzobi urn o r Bradyrhizobiurn i n f e c t i n g t h e p a r t i c u l a r legume. 



N o d u l e s a r e o f t e n c l a s s i f i e d by t h e i r s h a p e and p a t t e r n o f 

d e v e l o p m e n t . Two m a i n d e v e l o p m e n t a l and s t r u c t u r a l t y p e s o f r o o t n o d u i e 

o c c u r i n legumes; Verraa and L o n g ( 1 9 8 3 ) d e s c r i b e d t h e s e as s p h e r i c a l o r 

o v a l , s u c h as t h o s e f o u n d on k i d n e y bean i F'haseo J us vulgaris) r o o t s , 

and c l u b s h a p e d , c y l i n d r i c a l o r e l o n g a t e s u c h as t h o s e f o u n d on pea 

(Pisum sativum) r o o t s . 

The s p h e r i c a l n o d u l e s h a v e a r e l a t i v e l y s h o r t , d e t e r m i n a t e l i f e . 

The r h l z o b i e i n f e c t c e l l s i n t h e c e n t r e o i t h e f o r m i n g n o d u l e w h i c h a r e 

s u r r o u n d e d by a r i n g o f c o r t i c a l and e n d o d e r m a l c e l l s ; o n c e f o r m e d t h i s 

d e t e r m i n a t e s t r u c t u r e no l o n g e r d i v i d e s . M e r i s t e m a t i c a c t i v i t y c e a s e s 

soon a f t e r i n f e c t i o n , and m o st o f t h e i n c r e a s e i n n o d u l e s i z e r e s u l t s 

f r o m t h e e x p a n s i o n o f t h e i n f e c t e d c e l l s . 

I n c o n t r a s t , t h e l o n g i t u d i n a l i n d e t e r m i n a t e n o d u l e s h a v e a 

p e r s i s t e n t m e r i s t e r n w h i c h c o n t i n u e s t o d i v i d e w h i l e t h e e a r i y - i n f e c t e d 

c e l l s a r e s e n e s c ing; t h e n o d u l e c o n t i n u e s t o d e v e l o p f o r a p p r o x i m a t e l y 

f i v e we e k s, 

Root n o d u l e s can a l s o be c l a s s i f i e d by t h e f o r m i n w h i c h t h e y 

expor t f i x e d n i t r o g e n t o t h e r e s t o f t h e h o s t p l a n t . T r o p i c a l l egumes, 

s u c h as s o y b e a n , cowpea and k i d n e y b e ans, e x p o r t t h e f i x e d n i t r o g e n i n 

t h e f o r m o f u r e l d e s a l l a n t o i n and a l l a n t o i c a c i d , f r o m t h e p u r i n e 

m e t a b o l i c pathway, w h i l s t t e m p e r a t e l e g u m e s s u c h as pea, l u p i n , and 

a l f a l f a , e x p o r t f i x e d n i t r o g e n i n t h e f o r m o f t h e a m i d e s a s p a r a g i n e and 

g l u t a m i n e . 



1.2.2. E a r l y Root Nodule Development, 

The e a r l y d e v e l o p m e n t o f legume r o o t n o d u l e s , whether s p h e r i c a l o r 

e l o n g a t e , c a n be d i v i d e d i n t o a s c r i e s o f s t a g e s ; a t t r a c t i o n , i n v a s i o n 

and g r o w t h o f t h e i n f e c t i o n t h r e a d and r e l e a s e o f t h e r h i z o b i a and h o s t 

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

d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n t l . 2 . 3 } , f o l l o w e d by a more s p e c i f i c 

d e s c r i p t i o n o f t h e two n o d u l e t y p e s . 

i . 2 . 2 . 1, At t r a c t i o n . 

The Rhizobiurn l i v e i n t h e r h i z o s p h e r e o f t h e i r p o t e n t i a l legume 

h o s t s , w h e r e e x u d a t e s f r o m t h e legume r o o t s s t i m u l a t e them t o 

p r o l i f e r a t e . R e c o g n i t i o n and a t tachment o f t h e Rhizobium t o t h e 

e p i d e r m a l r o o t c e i l s o f t h e legume h o s t i s t h o u g h t t o i n v o l v e a c r o s s 

r e a c t i o n , s u c h as l e c t i n s on t h e t h e r o o t h a i r s o f t h e h o s t a t t r a c t i n g 

the r h i z o b i a ( B a u e r , 1981; Graham, 1 9 8 8 ) . R e c e n t l y D i a z et a/. < i c ! 8 9 ) 

have s u c c e s s f u l l y i n t r o d u c e d a pea l e c t i n gene i n t o c l o v e r u s i n g an 

Agrobacterium rhizogenes v e c t o r , The r e s u l t i n g t r a n s f o r m a n t s e x h i b i t e d 

t h e e a r l y s t a g e s o f i n f e c t i o n a nd n o d u J a t i o n when i n o c u l a t e d w i t h 

Rhizobi um 1eguminosarum, w h i c h i s n o r m a l l y s p e c i f i c t o peas. T h i s 

d e m o n s t r a t e s t h a t l e c t i n s p l a y a m a j o r r o l e i n t h e h o s t s p e c i f i c 

a t t r a c t i o n / ' i n i ' e c t i o n p r o c e s s , a l t h o u g h f e w f u n c t i o n a l n o d u l e s r e s u l t e d 

f r o m t h i s ' c r o s s i n f e c t i o n ' i n d i c a t i n g l e c t i n s a r e n o t t h e o n l y f a c t o r s 

i n v o l v e d . 

The b a c t e r i a l r e c o g n i t i o n and r e s p o n s e i s a l s o a v e r y i m p o r t a n t 

f a c t o r i n t h e e a r l y a t t r a c t i o n and i n f e c t i o n p r o c e s s . T h i s b a c t e r i a l 

r e c o g n i t i o n and r e s p o n s e i s known t o be a t l e a s t p a r t l y m e d i a t e d by t h e 

b a c t e r i a l nod D gene. The nod g e n e s a r e a c l u s t e r o f g e n e s , l o c a t e d on 



t h e r h l z o b i a i s y m b i o t i c p l a s m i d i n v o l v e d i n t h e e a r l y s t a g e s o f 

n o d u l a t i o n . The i n d u c t i o n o f t h e nod D gene h as been r e p o r t e d t o be 

t r i g g e r e d by f l a v o n o i d s o r i s o f 1 a v o n o i d s s e c r e t e d f r o m t h e h o s t legume 

r o o t s ( F i r m i n et al., ) 98 7 >, The f l a v o n e l u t e o l i n has been shown t o be 

t h e most i m p o r t a n t i n d u c e r o f t h e R. meliloti nod g e n e s p r e s e n t i n 

a l f a l f a r o o t e x u d a t e ( P e t e r s , F r o s t and Long, 1 9 8 6 ) , and t h e f l a v o n e 

g l u c o s i d e a p i g e n i n - 7 - 0 - g l u c o s i d e , i s o l a t e d f r o m peas, was r e p o r t e d t o 

i n d u c e t h e nod g e n e s i n Rhizohium ieguminosarurn bv. v i c i a e , i n a d d i t i o n 

t o 3 o t h e r f i a v o n e s and 3 f i a v a n o n e s ( F i r m i n et al., 1 9 8 6 ) . However, 

t h e f 1 a v o n o I k a e m p f e r o l and t h e i s o f l a v o n e s g e n e s t e i n and d a i d z o i n , 

have been d e m o n s t r a t e d t o h a v e ' a n t i - i n d u c i n g ' , e f f e c t s on Rhischium 

leguminosarum bv. v i c i a e ( F i r m i n et ai.,1986). D j o r d e v i c et al. ( 1 9 8 7 ) 

have d e m o n s t r a t e d cournar i n s s u c h as umbel 1 i f e r o n e r e d u c e d t h e e f f e c t o f 

i n d u c e r s on t h e I n d u c t i o n o f t h e nod g e n e s o f Rhizobium leguminosarum 

b v. t r i f o 1 i i . 

Downie and J o h n s t o n ( 1 9 8 8 ) d e m o n s t r a t e d t h a t nod D i n d u c e s t h e 

s y n t h e s i s o f nod ABC gene p r o d u c t w h i c h i s a s o l u b l e f a c t o r r e q u i r e d 

f o r r o o t ha i r c u r l i n g a nd p o s s i b l y i n v o l v e d i n e l i c i t i n g t h e 

d e v e l o p m e n t o f t h e n o d u l e i n e r i s t e m . 

1.2.2.2. Root H a i r i n v a s i o n and G r o w t h o f t h e I n f e c t i o n T h r e a d . 

R h i z o b i a l i n f e c t i o n o f t h e legume r o o t h a i r i s a f f e c t e d by a 

v a r i e t y o f f a c t o r s s u c h as t e m p e r a t u r e , pH, m i n e r a l c o n t e n t o f t h e 

s o i l , t h e number o f r h i z o b i a p r e s e n t i n t h e s o i l , t h e d e g r e e o f 

c o m p e t i t i o n w i t h o t h e r s o i l b a c t e r i a , a nd t h e s p e c i f i c i t y o f t h e 

r h i z o b i a l s t r a i n f o r t h e p a r t i c u l a r ' p o t e n t i a l , h o s t . S a n d e r s ec al. 

(1978; s u g g e s t e d r h i z o b i a l p o l y s a c c h a r i d e s a r e imp I i c a t e d i n t h e h o s t 



s p e c i f i c i t y . Haack < 1964>, d e m o n s t r a t e d an a v e r a g e o t 2.8% o f pea r o o t 

h a i r s became i n f e c t e d , o u t o f a t o t a l o f 20,000. 

The f i r s t s i g n o f p l a n t / r h i z o b i a l r e c o g n i t i o n and a t t a c h m e n t i s 

the s w e l l i n g o f t h e r o o t h a i r c e l l w a l l . T h i s i s due t o t h e f o r m a t i o n 

o f c a l l u s , and on c l o s e e x a m i n a t i o n i n c r e a s e d c y t o p l a s m i c s t r e a m i n g of 

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

o f t h e i n f e c t e d r o o t h a i r r e s u l t s f r o m the d i s p l a c e m e n t o f c e l l w a l l 

g r o w t h by t h e b a c t e r i a and c a n r e s u l t i n a c u r v a t u r e o f 360° or more 

( C a l l a h a m and T o r r e y , 1981.), 

The i n f e c t i o n t h r e a d i s f o r m e d as t h e r h i s o b i a p e n e t r a t e t h e r o o t 

h a i r c e i l w a l l and make c o n t a c t w i t h t h e h o s t c e l l p l a s m a membrane; 

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

t h e r o o t h a i r c e l l w a i l , p r o d u c i n g a t u b u l a r i n f e c t i o n t h r e a d . C a i l a h a m 

and T o r r e y <. 19 81 .> d e m o n s t r a t e d t h a t t h e t u b u l a r i n f e c t i o n t h r e a d 

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

c e i l w a l l m a t e r i a l s . VandenBosch et.al, C1989) h a v e i d e n t i f i e d an 

i n f e c t i o n t h r e a d m a t r i x c o m p o n e n t w h i c h o c c u r s i n i n f e c t e d r o o t s and a t 

i n t e r c e l l u l a r s p a c e s w h e r e c e l l p l a t e s f u s e w i t h t h e p a r e n t c e i l w a i l . 

T hese i n t e r c e l l u l a r s p a c e s h a v e been shown t o c o n t a i n pec t i c c o m p o n e n t s 

i n v o l v e d i n t h e l o o s e n i n g and d e g r a d i n g o f c e l l w a l l s (Moore and 

S t a e h e l m , 1 9 8 8 ) , I n f e c t i o n t h r e a d s , w h i c h a r e a l s o o f t e n l o c a t e d a t 3 

way c e i l : c e l l j u n c t i o n s , c o n t a i n t h e same s o l u b l e m a t r i x m a t e r i a l , I t 

seems l i k e l y t h e r e f o r e , t h a t d e g r a d i n g enzymes a r e u s e d i n t h e c e l l t o 

c e i l movement o f t h e i n f e c t i o n t h r e a d , a n d t h a t t h e i n f e c t i o n t h r e a d 

makes an i n t r a c e l l u l a r t u n n e l t h r o u g h t h e n o d u l e c o r t e x u s i n g t h e s e 

l o o s e n i n g and d e g r a d i n g enzymes. 

The b a c t e r i a c o n t a i n e d wi t h i n t h i s i n f e c t i o n t h r e a d a r e u n a b l e t o 
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f i x n i t r o g e n a t t h i s s t a g e <.de F a r i a et al. , 1 9 8 6 ) , and o n l y t h o s e a t 

t h e a d v a n c i n g end o f t h e i n f e c t i o n t h r e a d a p p e a r t o d i v i d e , r e s u l t i n g 

i n a g r o w t h r a t e o f up t o 7pm/hour ( R o b e r t s o n and F a r n d e n , 1960). 

The i n f e c t i o n t h r e a d g r o w s t h r o u g h 3-6 l a y e r s o f o u t e r c o r t i c a l 

c e i l s w i t h t h e a i d o f t h e p e c t o l y t i c enzymes l o o s e n i n g t h e c e l l w a l l s , 

(VandenBosch e t al,, 1989) and mer i s t e m a t i c a c t i v i t y i s i n i t i a t e d i n 

t h e l a y e r s o f c e l l s d i r e c t l y i n f r o n t o f t h e i n f e c t i o n t h r e a d , 

1.2.2.3, R e l e a s e o f t h e Rhizobi um and H o s t P l a n t I n f e c t i o n , 

C e i l s d i r e c t l y i n f r o n t o f t h e t i p o f t h e i n f e c t i o n t h r e a d d i v i d e 

and d i f f e r e n t i a t e t o f o r m t h e n o d u l e t i s s u e . The b a c t e r i a a r e r e l e a s e d 

i n t o t h e p r e d o m i n a n t l y p o l y p l o i d c e n t r a l m e r i s t e m a t i c c e i l s by an 

e n d o c y t o t i c p r o c e s s i n w h i c h t h e b a c t e r i a push o u t t h e p l a s m a lemma, t h e 

i n f e c t i o n t h r e a d p i n c h e s i n b e h i n d a nd e n c l o s e s t h e b a c t e r i a i n t h e 

h o s t p l a s m a membrane. R o b e r t s o n and F a r n d e n ( 1 9 8 0 ) r e p o r t e d t h a t t h e 

end o f t h e i n f e c t i o n t h r e a d i n l u p i n a nd s o y b e a n i s v e r y t h i n o r even 

a b s e n t , c o n s i s t i n g o f o n l y u n w a l l e d and p a r t i a l l y e l e c t r o n t r a n s l u c e n t 

p r o t r u s i o n s . W i t h i n p e a s t h e r e , a r e u n w a i i e d d r o p l e t s o f h e a v i l y 

s t a i n i n g m a t r i x a r o u n d t h e t i p o f t h e i n f e c t i o n t h r e a d b o u n d by a 

p l a s m a membrane, w h i c h r e p r e s e n t t h e s i t e s o f t h e b a c t e r i a l r e l e a s e 

i n t o t h e h o s t c e l l c y t o p l a s m (Newcomb, 1 9 7 6 ) . The c o m p o s i t i o n a l c h a n g e s 

a t t h e t i p o f t h e i n f e c t i o n t h r e a d h a v e been s u g g e s t e d t o be a r e s u l t 

o f a c h a n g e i n t h e f u n c t i o n o f t h e G o l g i a p p a r a t u s w h e r e b y t h e r a t e o f 

membrane s y n t h e s i s r e m a i n s c o n s t a n t o r i n c r e a s e s , w h i l s t t h e r a t e o f 

d e p o s i t d e c r e a s e s ( G o o d c h i l d and B e r g e r s e n , 1 9 6 6 ) , t o g e t h e r w i t h 

i n c r e a s e d c e l l u l y t i c and p e c t o l y t i c a c t i v i t y . Once, t h e i n d i v i d u a l 

b a c t e r i a l c e l l s a r e i n t e r n a l i z e d t o t h e p l a n t c e l l c y t o p l a s m , t h e y 
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d e v e l o p i n t o n i t r o g e n - f i x i ng e n d o s y m b i o n t b a c t e r o i d s e n c l o s e d i n t h e 

p l a n t - d e r i v e d p e r i b a c t e r o i d membrane. T h e s e membrane e n v e l o p e s may 

p r o t e c t t r i e b a c t e r i a i rem t h e a n t i b i o t i c s u b s t a n c e s i n t h e p l a n t 

c y t o p l a s m '.Dixon, 1969;'. 

G o o d c h i I d ( 1 9 7 7 ) s u g g e s t e d t h a t t h e p o l y p l o i d c e i l s , w i t h 

c o n s i d e r a b l y e n l a r g e d n u c l e i and n u c l e o l i , t e n d t o be t h o s e w h i c h 

become s p e c i f i c a l l y i n f e c t e d , w h i l s t o t h e r d i p l o i d c e l l s r e m a i n 

u n i n f e c t e d t h r o u g h o u t t h e l i f e o f t h e n o d u l e , L i b b e n g a and S o g e r s 

U9?4.> have s u g g e s t e d t h e s e p o l y p l o i d c e i l s r e s u l t f r o m 

e n d o r e d u p l i c a t i o n , s t i m u l a t e d by b a c t e r i a l h o r m o n e s . However, Verraa and 

Long (1983.) h a v e d e m o n s t r a t e d t h a t t h e p l o i d y o f t h e c e i l s i s n o t t h e 

f a c t o r d e t e r m i n i n g w h i c h c e l l s become i n f e c t e d and w h i c h do n o t . 

The number o f b a c t e r i a w i t h i n e a c h p e r i b a c t e r o i d membrane i s 

t h o u g h t t o be u n d e r h o s t c o n t r o l ( D a r t , 1977', and v a r i e s b e t w e e n p l a n t 

s p e c i e s , P. vulgaris h a s up t o 6, w h i l s t p e as u s u a l l y 1 o r 2 (Newcomb, 

1981 >. I t h a s been s u g g e s t e d t h i s may be d e t e r m i n e d by t h e h o s t 

p e r i b a c t e r o i d membrane (Verma and L o n g ( i 9 8 3 > . As t h e b a c t e r i a m u l t i p l y 

t h e m i t o c h o n d r i a and a m y l o p l a s t s i n t h e i n f e c t e d c e l l s a r e p u s h e d t o 

t h e p e r i p h e r y , p a r t i c u l a r l y o f t h e c e l l a d j a c e n t t o t h e i n t e r c e l l u l a r 

s p a c e s ( D a r t 1 9 7 5 ) . E n d o p l a s m i c r e t i c u l u m , G o i g i a n d s m a l l c y t o p l a s m i c 

v e s i c l e s a r e o f t e n s e e n i n t h i n s e c t i o n s o f n e w l y - i n f e c t e d c e l l s and 

t h r o u g h o u t t h e c y t o p l a s m o f more h e a v i l y - i n f e c t e d c e l l s , -where t h e y may 

p l a y a r o l e i n t h e s y n t h e s i s o f t h e p l a s m a membrane as t h e i n f e c t e d 

c e l l s e x p a n d . 
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1.2.3, Root Module S t r u c t u r e . 

1.2,3. 1. Gener a 1 S t r u c t u r e. 

The d e v e l o p m e n t o f r o o t n o d u l e s v a r i e s , t o some e x t e n t , w i t h t h e 

p a r t i c u l a r n o d u l e t y p e and b e t w e e n s p e c i e s , (.as a l r e a d y d i s c u s s e d ) , 

h owever a l l h a v e b a s i c s t r u c t u r a l s i m i l a r i t i e s . D e v e l o p i n g r o o t n o d u l e s 

g e n e r a l l y c o n s i s t o f : 

1, a c e n t r a l r e g i o n o f i n f e c t e d c e l l s i n t e r s p e r s e d w i t h 

s m a l l e r n o n i n f e c t e d c e l l s . The i n f e c t e d c e l l s a r e p a c k e d 

w i t h b a c t e r o i d s , w h i c h a r e e n c l o s e d i n a p l a s m a membrane. 

2, a m e r i s t e m a t i c r e g i o n o f d i v i d i n g c e i l s . The l o c a t i o n and 

1 i f'et ime o f t h i s r e a i o n v a r i e s w i t h d i f f e r e n t t h e n o d u l e 

t y p e s . 

3. an o u t e r c o r t i c a l l a y e r , w h i c h may c o n t a i n s p e c i a l i s e d 

p a r e n c h y m a c e l l s , and c o n t a i n s a v a s c u l a r s y s t e m f o r m i n g a 

n e t w o r k a r o u n d t h e c e n t r a l l y i n f e c t e d r e g i o n o f t h e n o d u l e . 

4. an o u t e r l a y e r o f c a l l u s - l i k e c e l l s o f t e n f o r m i n g 

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

The v a s c u l a r s y s t e m f o l l o w s a s i m i l a r p a t t e r n o f d e v e l o p m e n t i n 

b o t h n o d u l e t y p e s , and t h i s common d e v e l o p m e n t i s o u t l i n e d i n 1.2.3.2., 

w i t h t h e s p e c i f i c a s p e c t s d e a l t w i t h s e p a r a t e l y i n 1,2,3.3. and 

1.2.3.4. 

1,2.3.2. The R o o t N o d u l e V a s c u l a r System. 

P a t e et. al. ( 1 9 6 9 ) d e m o n s t r a t e d t h a t a r o o t n o d u l e was c a p a b l e o f a 

n i t r o g e n t u r n o v e r 3-10 t i m e s i t s own n i t r o g e n c o n t e n t p e r day. As i t 
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d o e s n o t a c c u m u l a t e t h i s n i t r o g e n , t h e n o d u l e r e q u i r e s an e x t r e m e l y 

e f f i c i e n t e x p o r t s y s t e m . 

The p e r i p h e r a l v a s c u l a r n e t w o r k o f a r o o t n o d u l e cover's o n l y a f e w 

p e r c e n t o i t h e t o t a l n o d u l e s u r f a c e a r e a . C e n t r a l n o d u l e c e l l s a r e 

t y p i c a l l y 0. 3-1 . 3nm away f r o m t h e n e a r e s t v a s c u l a r t i s s u e . V a s c u l a r 

s t r a n d s d e v e l o p t o c o n n e c t t h e r o o t , v a s c u l a r t i s s u e t o t h e p r o v a s c u i e r 

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

t h e c e n t r a l p o l y p l o i d mer i s t e m a t 1 c zone , and f o r m as t h e v o l u m e o f 

i n f e c t e d t i s s u e i n c r e a s e s . D i f f e r e n t i a t i o n i n t o x y i e m and p h l o e m 

e l e m e n t s b e g i n s a t t h e r o o t c o n n e c t i o n a nd p r o g r e s s e s t o w a r d s t h e 

n o d u l e apex. The t y p i c a l v a s c u l a r bund 1e c o n s i s t s o f c e n t r i f u g a I l y -

o r i e n t a t e c l x y i e m e l e m e n t s , s u r r o u n d e d by c e n t r i p e t a l 1y a r r a n g e d p a t c h e s 

o f p h l o e m . Each v a s c u l a r s t r a n d h a s i t s own e n d o d e r m i s and C a s p a r i a n 

s t r i p s i m i l a r i n s t r u c t u r e , and j o i n e d t o , t h e e n d o d e r m i s o f t h e root-

v a s c u l a r s y s t e m . W i t h i n t h e e n c l o d e r r n i s t h e x y l e m and p h l o e m e l e m e n t s 

a r e s u r r o u n d e d by p e r i c y c l e , i n some legumes c e l l s i n t h i s p e r i c y I s 

l a y e r c o n t a i n d e n s e c y t o p l a s m and e l a b o r a t e c e i l w a l l i n g r o w t h s , and 

a r e o f t e n known as t r a n s f e r c e l l s . T h ese t r a n s f e r c e i l s a p p e a r t o p l a y 

a r o l e i n t h e a m i n o a c i d t r a n s p o r t away f r o m t h e n o d u l e t o t h e x y l e m , 

and s u p p l y p h o t o s y n t h a t e f r o m t h e p h l o e m t o t h e n o d u l e c e l l s 

( G o o d c h i l d , 1977; Newcomb a n d P e t e r s o n , 1 9 7 9 ) . The v a s c u l a r b u n d l e s 

d e v e l o p o u t s i d e t h e m u l t i p l y i n g c o r t i c a l c e l l s t o f o r m a c l o s e d n e t w o r k 

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

Each n o d u l e has a f u r t h e r e n d o d e r m a l l a y e r w h i c h d i f f e r e n t i a t e s I n 

t h e c o r t e x o f t h e r o o t o u t s i d e and b e y o n d t h e e n d o d e r m a l l a y e r o f e a c h 

v a s c u l a r s t r a n d . C e l l s o u t s i d e t h e e n d o d e r m i s a r e m o d i f i e d i n v a r i o u s 

ways t o f o r m a s p e c i a l i z e d c o r k y l a y e r o f c e i l s w i t h t h i c k e n e d w a 1 i s . 



F r a z e r ( 1 9 4 2 ) s u g g e s t e d t h a t t h e l a y e r s 01 t h i c k e n e d c e i l s may p r o v i d e 

a d i f f u s i o n b a r r i e r w h i c h r e s t r i c t s t h e f l o w of o x y g e n i n and o u t o f 

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

p a c k e d c e i l s , appear- t o p l a y a r o l e i n g a s e o u s d i f f u s i o n , t h e s e a r e 

l o c a t e d i m m e d i a t e l y a b o v e t h e v a s c u l a r s t r a n d s w i t h i n t h e n o d u l e 

( B e r g e r s e n a n d G o o d c h i l d , 1 9 7 3 a ) . 

P a t e et a i . (.1969) s u g g e s t e d t h a t t h e c o n v e n t i o n a l s o u r c e : s i n k 

movement o f s u b s t r a t e s i n and o u t o f t h e n o d u l e o p e r a t e s ; t h e s i e v e 

t u b e s o f t h e p h l o e m i m p o r t s u b s t r a t e s , a nd f o l l o w t h e s y m p l a s t i c r o u t e 

t h r o u g h t h e p e r i c y l e , anetodermas and c o r t e x t o t h e s i t e s o f c o n s u m p t i o n 

o f s u g a r s i n t h e b a c t e r o i d t i s s u e . Newcornb (197G) s u g g e s t e d t h a t 

t r a n s f e r c e l l s , l o c a t e d n e x t t o t h e v a s c u l a r c e i l s i n some n o d u l e s , 

p l a y an i m p o r t a n t r o l e i n t h i s t r a n s p o r t . T r a n s f e r c e l l s h a v e i n g r o w t h s 

i n t h e s e c o n d a r y c e l l w a l l w h i c h i n c r e a s e t h e s u r f a c e a r e a o f t h e 

p l a s m a membrane. Such c e i l s a r e a d a p t e d f o r t h e s h o r t d i s t a n c e movement 

o f s o l u t e s . Per i c y c l e t r a n s f e r c e l l s a r e s e e n i n t h e n o d u l a r v a s c u l a r 

b u n d l e s o f peas, a l f a l f a , c l o v e r and l u p i n s ( P a t e et.al., 1 9 6 9 ) . T h e s e 

t r a n s f e r c e l l s a r e t h o u g h t t o f a c i l i t a t e t h e movement o f s u g a r s f r o m 

t h e s i e v e e l e m e n t s t o t h e i n f e c t e d c e l l s , and a l s o f a c i l i t a t e t h e 

e x p o r t o f a m i d e s and a m i n o a c i d s t o t h e x y i e m e l e m e n t s o f t h e n o d u l a r 

v a s c u l a r b u n d l e s . P e r i c y c l e , x y i e m and p h l o e m t r a n s f e r c e l l s h a v e been 

r e p o r t e d i n r o o t t i s s u e a d j a c e n t t o t h e n o d u l e i n pea, s o y b e a n , b r o a d 

bean, rnung bean, and f r e n c h bean (Newcomb and P e t e r s o n , 1 9 7 9 ) . 

1.2.3.3. S t r u c t u r e o f E l o n g a t e / I n d e t e r m i n a t e N o d u l e s . 

I n d e t e r m i n a t e n o d u l e s , s u c h as t h o s e f o r m e d by peas and c l o v e r , 

a r e f o r m e d by i n f e c t i o n t h r e a d s w h i c h t u r n back on t h e m s e l v e s , a t t h e 
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t i p i n t h e i n f e c t e d r e g i o n of t h e n o d u l e , t o w a r d s t h e e p i d e r m i s of t h e 

p l a n t r e l e a s i n g t h e r h i z o b i a i n t o t h e i n n e r r e g i o n of t h e newly formed 

n o d u l e rneristem, New m e r i s t e m a t i c a c t i v i t y i s c o n s t a n t l y i n i t i a t e d t o 

form an a p i c a l m e r i s t e m o v e r a p e r i o d of 5-8 weeks. The n o d u l e s a r e 

c h a r a c t e r i s t i c a l l y o v a l i n s h a p e and c o n s i s t of s e v e r a l d i s t i n c t 

r e g i o n s : 

1. an a c t i v e rner i s t e m a t i c zone c l o s e to the n o d u l e apex. 

2. a zone of i n f e c t i o n / i n v a s i o n . 

3. an e a r l y - s y m b i o t i c z one c o n s i s t i n g of c e l l s c o n t a i n i n g 

d i v i d i n g b a c t e r o i d s and s t a r c h . 

4. a l a t e - s y m b i o t i c zone, c o n t a i n i n g c e l l s f i l l e d w i t h 

b a c t e r o i d s , f i x i n g n i t r o g e n , p i n k w i t h l e g h a e m a g l o b i n and 

c o n t a i n i n g much i e s s s t a r c h , t h a n t h e younger c e l l s . 

5. a s e n e s c e n t zone. 

The m a t u re n o d u l e c a n a l s o be s e p a r a t e d i n t o z o n e s by i t s c o l o u r ; 

t h e d i s t a l r e g i o n s (1 and 2 ) a r e w h i t e , t h e m i d d l e r e g i o n s (3 and 4) 

pink due to t h e l e g h a e m o g l o b i n c o n t e n t , and t h e p r o x i m a l r e g i o n ( b ) 

green/brown due t o t h e d e g r a d i n g l e g h a e m o g l o b i n . 

The a c t i v e m e r i s t e m a t i c r e g i o n c o n s i s t s of r e l a t i v e l y s m a l l c e l l s 

w i t h numerous s m a l l v a c u o l e s , p l a s t i d s and s t a r c h , few m i t o c h o n d r i a , 

and a l o t of f r e e r i b o s o m e s and e n d o p l a s m i c r e t i c u l u m . 

The i n f e c t i o n t h r e a d s p a s s v e r y c l o s e to, but not t h r o u g h , t h e 

c e l l n u c l e i i n t h e zone of i n f e c t i o n . Newcomb ( 1 9 7 6 ) , s u g g g e s t e d t h a t 

t h e p r o d u c t s of s t a r c h d e g r a d a t i o n a r e a s s i m i l a t e d by t h e r h i z o b i a , and 

the c e l l s may a c t a s an oxygen s i n k or a s a s t o r a g e t i s s u e where s t a r c h 

may be m e t a b o l i s e d . The i n f e c t e d r e g i o n of t h e n o d u l e c o n s i s t s of l a r g e 

c e l l s p a c k e d w i t h b a c t e r o i d s and r e c t a n g u l a r s t a r c h g r a i n s a round t h e 
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c e l l edges, t h e s e c e l l s a r e i n t e r s p e r s e d w i t h s m a l l e r n o n - i n f e c t e d 

c e l l s w h i c h a r e , however, l a r g e r t h a n t h o s e i n t h e m e r i s t e m . 

The s e n e s c e n t r e g i o n , c l o s e to t h e p l a n t r o o t , c o n s i s t s of d a rk 

g r e e n - b l a c k c e l l s w h i c h p r o g r e s s i v e l y l o s e t h e i r c e l l w a l l s and 

d egrade. The v a s c u l a r s y s t e m forms an open network from the p l a n t r o o t 

to t h e g r o w i n g me r i s t e r n . 

1.2.3.4. S t r u c t u r e of S p h e r i c a l Nodules. 

D e t e r m i n a t e n o d u l e s , s u c h a s t h o s e a s s o c i a t e d w i t h s o y b e a n and r e d 

k i d n e y bean, a r e c h a r a c t e r i s t i c a l l y s p h e r i c a l , and have a s h o r t e r 

l i f e s p a n t han t h e i n d e t e r m i n a t e , e l o n g a t e n o d u l e s . 

D e t e r m i n a t e n o d u l e s a r e f i r s t v i s i b l e a s s m a l l , m i l k y - w h i t e 

p r o t r u s i o n s , 9-12 d a y s a f t e r i n o c u l a t i o n . As t h e y d e v e l o p t h e y form a 

p i n k i s h - c o l o u r e d s p h e r e w h i c h e v e n t u a l l y d e g e n e r a t e s i n t o a brown 

c o l o u r o v e r a p e r i o d o f 3-4 weeks. 

The i n f e c t i o n t h r e a d grows i n t e r and i n t r a c e l l u l a r l y t h r o u g h 5-6 

l a y e r s of c e l l s , p a s s i n g c l o s e to but not t h r o u g h t h e n u c l e i , 

M i t o c h o n d r i a and rough e n d o p l a s m i c r e t i c u l u m a r e o f t e n s e e n a s s o c i a t e d 

w i t h t h e i n f e c t i o n t h r e a d , 

The n o d u l e forms 4 main r a d i a l z o n e s ; t h e c o r t i c a l c e i i s , v a s c u l a r 

s t r a n d s , n o d u l e m e r i s t e r n , and t h e c e n t r a l i n f e c t e d r e g i o n , 

The c e n t r a l c e l l s i n a young n o d u l e c o n s i s t of i n f e c t e d c e l l s , 

c o n t a i n i n g a few b a c t e r o i d s i n t h e c y t o p l a s m , i n t e r s p e r s e d w i t h s m a l l e r 

n o n i n f e c t e d c e l l s , s u r r o u n d e d by parenchyma c e l l s w i t h l a r g e v a c u o l e s . 

The d i v i s i o n of t h e i n f e c t e d c e l l s i s c o m p l e t e d w i t h i n t h e f i r s t few 

d a y s a f t e r i n f e c t i o n , and t h e s u b s e q u e n t growth of the n o d u l e i s 

l a r g e l y due to c e l l e n l a r g e m e n t a s t h e b a c t e r o i d s m u l t i p l y . The non-
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i n f e c t e d c e i l s i n t h e i n f e c t e d r e g i o n c o n t a i n l a r g e s t a r c h g r a i n s w h i c h 

a r e p o s s i b l y e n e r g y r e s e r v e s , and a r e g r a d u a l l y u s e d up a s t h e c e n t r a l 

i n f e c t e d t i s s u e e n l a r g e s w i t h t h e r a p i d l y m u l t i p l y i n g r h i z o b i a , The 

n o d u l e m e r i s t e m s u r r o u n d s t h e i n f e c t e d c e l l s and c o n s i s t s of s m a l l 

c e l l s w i t h d e n s e c y t o p l a s m and l i t t l e v acuo 1 a t i o n . 

As t h e r a p i d , m i t o t i c a c t i v i t y i n t h e c o r t i c a l c e l l s c e a s e s , 

s y m b i o t i c g r o w t h t a k e s o v e r . The b a c t e r o i d s m u l t i p l y w i t h i n t h e i r 

p e r i b a c t e r o i d membrane c a u s i n g t h e i n f e c t e d c e l l s t o s w e l l . 

The n o d u l e i s f u l l y d e v e l o p e d 18-20 d a y s a f t e r i n f e c t i o n . At t h i s 

s t a g e t h e n o d u l e s have a p i n k i s h e x t e r n a l a p p e a r a n c e w i t h r i d g e s of 

w h i t e c a l l u s - l i k e parenchyma c e l l s a r ound t h e o u t s i d e . W i t h i n t h i s i s a 

s i n g l e l a y e r of endodermal c e l l s , many of w h i c h c o n t a i n c a l c i u m o x a l a t e 

c r y s t a l s ( F r a z e r , 1942). A cambium-1 i k e c e l l l a y e r s e p a r a t e s t h e c o r t e x 

and v a s c u l a r b u n d l e s from t h e c e n t r a l p o r t i o n of t h e n o d u l e , w h i c h 

c o n s i s t s of s w o l l e n , i n f e c t e d c e i l s i n t e r s p e r s e d w i t h s m a l l e r non-

i n f e c t e d c e l l s w i t h l a r g e v a c u o l e s . The i n f e c t e d c e l l s a r e p a c k e d w i t h 

b a c t e r o i d s , and have v e r y s m a l l o r no v a c u o l e s and a pr o m i n e n t c e n t r a l 

n u c l e u s . The n o n - i n f e c t e d c e l l s , i n c o n t r a s t , a r e s m a l l w i t h a s i n g l e 

l a r g e v a c u o l e , a p e r i p h e r a l l y l o c a t e d n u c l e u s , s e v e r a l l a r g e s t a r c h 

g r a i n s , w h i c h d e c r e a s e w i t h n o d u l e age, and p e r o x i s o m e s w h i c h i n c r e a s e 

i n s i z e and number w i t h age. 

The n o d u l e s a c t i v e l y f i x d i n i t r o g e n f rom a p p r o x i m a t e l y t h e 10th 

day a f t e r i n f e c t i o n up t o t h e 2 6 t h day. T h i s u s u a l l y c o i n c i d e s w i t h t h e 

p o d - f i l l i n g s t a g e of t h e p l a n t . The n o d u l e s then b e g i n t o s e n e s c e from 

the c e n t r e of t h e n o d u l e o u t w a r d s . 
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1.3. THE BIOCHEMISTRY OF ROOT NODULES. 

S p h e r i c a l and e l o n g a t e n o d u l e s s h a r e s i m i l a r n i t r o g e n f i x a t i o n 

p a t h w a y s , u t i l i s i n g t h e n i t r o g e n a s e enzyme i n t h e p r e s e n c e o f 

1 e g h a e m o g 1 o b i n w i t h i n t h e bac t e r o l d s f o r r e d u c i n g a t m o s p h e r i c 

d i n i t r o g e n t o ammonia. The s u b s e q u e n t a s s i m i l a t i o n o f t h e ammonia, and 

t h e f o r m i n w h i c h t h e ammonia i s t r a n s p o r t e d f r o m t h e n o d u l e s v i a t h e 

r.y 1 em t o t h e r e s t o f t h e p l a n t , d i f f e r s between n o d u l e s p e c i e s . 

1.3.1.. E n e r g y R e q u i r e m e n t s f o r N i t r o g e n F i x a t i o n . 

A l t h o u g h i t i s w e l l e s t a b l i s h e d t h a t n i t r o g e n f i x a t i o n r e q u i r e s 

p h o t o s y n t h e t i c p r o d u c t s C B e r g e r s e n , 1977; Evans and B a r b e r , 1 9 7 7 ) . t h e 

e x a c t form o f c a r b o h y d r a t e s u p p l i e d t o t h e bac t e r e i d s i s n o t f u i l y 

e s t a b l i s h e d . A l l i n f e c t e d c e l l s a r e a d j a c e n t t o n o n - i n f e c t e d e e l i s , 

w h i c h c o n t a i n l a r g e numbers o f s t a r c h g r a i n s . W h e t h e r t h e s e a r e 

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

c e r t a i n , 

The c o n v e r s i o n o f a t m o s p h e r i c n i t r o g e n t o ammonia r e q u i r e s e n e r g y ; 

+ 8H- +8e- >2NH£, + H K 16 ATP + 8e" 

0.55 m o l e s o f g l u c o s e (21 m o l e s of ATP) a r e r e q u i r e d f o r t h e f i x a t i o n 

o f 1 m o l e o f n i t r o g e n ( P a t e et aJ. , 1 9 8 0 ) . The c o s t o f n i t r o g e n 

f i x a t i o n t o a p a r t i c u l a r legume v a r i e s w i t h t h e e x a c t m e t a b o l i c p a t h w a y 

u t i l i z e d , t h e p r e s e n c e o f u p t a k e h y d r o g e n a s e and t h e e f f i c i e n c y o f 

p a r t i on i rig o f e l ec t r o r i s . 

Up t o 2 2 % o f t h e n e t p h o t o s y n t h a t e p r o d u c e d by t h e h o s t p l a n t , may be 

us e d d u r i n g maximum n i t r o g e n f i x a t i o n . 

The ensyme phosphoenol py r u v a t e c a r IDOXy 1 ase shiows a r ap i d i nc r e a s e 
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i n s p e c i f i c a c t i v i t y d u r i n g n o d u l e d e v e l o p m e n t ( L a w r i e and W h e e l e r , 

1 9 7 5 ) . T h i s enzyme i s f o u n d i n t h e c y t o s o i o f legume n o d u l e s , (Vance, 

1983) and i t s m a i n f u n c t i o n i s l i k e l y t o be i n r e p l e n i s h i n g t h e c a r b o n 

r e m o v e d f r o m t h e n o d u l e s by t h e b a c t e r o i d s . 

1.3.2. The N i t r o g e n a s e Enzyme. 

B e r g e r s e n ( 1 9 7 4 ) d e m o n s t r a t e d t h a t t h e b a c t e r o i d s i n legume r o o t 

n o d u l e s c o n t a i n e d a l l t h e n e c e s s a r y enzyme s y s t e m s f o r t h e r e d u c t i o n o f 

n i t r o g e n t o ammonia. B e r g e r s e n and T u r n e r ( 1 9 6 7 ) d e m o n s t r a t e d t h a t 

n i t r o g e n f i x a t i o n was c o n t i n u e d by bac t e r o i d s i s o l a t e d f r o m i n f e c t e d 

n o d u l e c e l l s and was t h e r e f o r e i n d e p e n d e n t o f them. 

The most i m p o r t a n t enzyme r e q u i r e d i n t h i s s y s t e m i s n i t r o g e n a s e . 

C h a r a c t e r i s e d by W i n t e r and B u r r i s ( 1 9 7 6 ) , t h e n i t r o g e n a s e enzymes f r o m 

R, lupini and R. japonicum a r e c o n s i d e r e d t o be r e p r e s e n t a t i v e o f a i l t h e 

n i f r o g e n a s e s . The enzyme i s made up o f two c o m p o n e n t s , a molybdenura-

f e r r o u s - p r o t e i n M,. 200,000 c o n t a i n i n g an a c i d - l a b i l e s u l p h u r g r o u p , and 

a f e r r o u s p r o t e i n M,. 5 0 , 0 0 0 - 6 5 , 0 0 0 a l s o c o n t a i n i n g an a c i d - l a b i l e 

s u l p h u r . B o t h o x y g e n - s e n s i t i v e m e t a l 1 o - p r o f e i n c o m p o n e n t s a r e r e q u i r e d 

f o r enzyme a c t i v i t y , e x c e s s o x y g e n r e s u l t s i n t h e i r i r r e v e r s i b l e 

i n a c t i v a t i o n . 

N i t r o g e n a s e r e q u i r e s ATP, p r o d u c e d by o x i d a t i v e p h o s p h o r y i a t i o n , 

and an e l e c t r o n t r a n s p o r t s y s t e m , t o f u n c t i o n e f f i c i e n t l y i n t h e 

nodu1e. 

The n a t u r e o f t h e e l e c t r o n t r a n s p o r t s y s t e m i s not. f u l l y 

e s t a b l i s h e d ; R o b e r t s o n and F a r n d e n ( 1 9 8 0 ) s u g g e s t t h a t i t may be 

s i m i l a r t o t h a t p r o p o s e d by Y a t e s ( 1 9 8 0 ) f o r Azobacter i n w h i c h NADH 

and a chemi osmot i c s r a d i e n t a c r o s s t h e membrane a r e u s e d t o r e d u c e a 



f l a v o d o x i n s e m i q u i none t o i t s h y d r o q u i n o n e f o r m , w h i c h i n t u r n r e d u c e s 

n i t r o g e n a s e . 

1,3.3. Uptake Hydrogenase. 

D i h y d r o g e n i s e v o l v e d as a r e s u l t " , o f t h e n i t r o g e n a s e r e a c t i o n 

' B u l e n and Le Compte, 1 9 6 6 ) . A l t h o u g h most s t r a i n s o f Rhizobium f o r m 

n o d u l e s w h i c h e v o l v e h y d r o g e n and r e l e a s e i t i n t o t h e a t m o s p h e r e , t h e r e 

a r e a few t h a t , form n o d u l e s w h i c h do n o t f S c h u b e r t and E«ans, 1976' 

These s t r a i n s r e c y c l e d i h y d r o g e n ( D i x o n , 1972 >; t h e y c o n t a i n an 

' u p t a k e ' h y d r o g e n a s e w h i c h i s a b l e t o r e c y c l e t h e d i h y d r o g e n r e s u l t i n g 

f r o m t h e n i t r o g e n a s e r e a c t i o n and t h e r e f o r e c o n s e r v e h y d r o g e n (.Evans e f 

a/. 1979.). The r h i z o b i a w h i c h a r e a b l e t o r e - c y c l e . d i h y d r o g e n , 

s y n t h e s i z e t h e n e c e s s a r y enzymes t o a c t i v a t e t h e d i h y d r o g e n and 

t r a n s f e r e l e c t r o n s v i a t h e b a c t e r o i d e l e c t r o n t r a n s p o r t c h a i n t o 

o x y g e n . H a r k e r et 3 2 . ( 1 9 8 4 ) i s o l a t e d t h e h y d r o g e n a s e from B.japonicum 

and d e m o n s t r a t e d t h a t i t was composed o f two s u b u n i t s w i t h r e l a t i v e 

m o l e c u l a r masses o f 6 0 ,000 and 30,000. The p r o x i m a l e l e c t r o n a c c e p t o r 

has y e t t o be i d e n t i f i e d . 

The p o s s i b l e a d v a n t a g e s o f t h i s ' u p t a k e ' h y d r o g e n a s e a r e n o t f u l l y 

e s t a b l i s h e d , Y a t e s ( 1 9 8 0 ) and A l b r e c h t e t al. , ( 1 9 7 9 ) r e p o r t e d t h a t 

s o y b e a n s , i n o c u l a t e d w i t h R. japonicum s t r a i n s a b l e t o s y n t h e s i z e t h e 

u p t a k e h y d r o g e n a s e s , c o u l d r e c y c l e t h e hydrogen e v o l v e d , a l t h o u g h t h e y 

were a b l e t o f i x more n i t r o g e n and p r o d u c e d g r e a t e r y i e l d s than t h o s e 

i n o c u l a t e d w i t h s t r a i n s l a c k i n g h y d r o g e n u p t a k e c a p a c i t y , C u n n i n g h a m 

et. al, ( 1 9 8 5 ) r e p o r t e d t h a t t h e r e - c y c l i n g o f d i h y d r o g e n r e s u l t e d i n 

no s i g n i f i c a n t i n c r e a s e i n p l a n t g r o w t h , w h i l s t E vans e f . al, ( 1 9 8 5 ) 

d e m o n s t r a t e d a s i g n i f i a n t i n c r e a s e i n p l a n t growth due t o t h e r e c y c l i n g 



o f d i h y d r o g e n . 

A t t e m p t s a r e now b e i n g made t o i d e n t i f y t h e d i h y d r o g e n u p t a k e 

(hup) g e n e s i n hup' Rhizobia and t r a n s f e r them t o hup' Rhizohia ( E v a n s 

et. al., 3 9 8 7 ) . 

1.3.4. Oxygen M e t a b o l i s m . 

Oxygen i s r e q u i r e d f o r the s y n t h e s i s of ATP i n t h e b a c t e r o i d s and 

t h e p l a n t h o s t c e l l s . B e r g e r s e n ( 1 9 8 2 ) showed t h a t i n e x c i s e d n o d u l e s , 

n i t r o g e n f i x a t i o n a nd r e s p i r a t i o n w e r e m a r k e d l y i n c r e a s e d by o x y g e n 

p a r t i a l p r e s s u r e s a b o v e a t m o s p h e r i c . Maximum n i t r o g e n a s e a c t i v i t y i s 

h o w e v e r a c h i e v e d a t o x y g e n p a r t i a l p r e s s u r e s o f 4 0 - 5 0 % t h a t o f 

a t m o s p h e r i c l e v e l , h i g h e r l e v e l s i n a c t i v a t e t h e n i t r o g e n a s e enzyme. 

A d i f f u s i o n b a r r i e r i n t h e n o d u l e p e r i p h e r y c o n t r o l s t h e a c c e s s o f 

o x y g e n i n t o t h e n o d u l e . T h i s b a r r i e r , l o c a t e d w i t h i n t h e n o d u l e c o r t e x , 

i s s e n s i t i v e t o e n v i r o n m e n t a l c h a n g e s ( B e r g e r s e n , 1982.), Evans e t ai. 

( 1 9 8 7 ) has s u g g e s t e d t h a t t h e i n c r e a s e i n n i t r o g e n a s e a c t i v i t y a t 

r a i s e d o x y g e n p a r t i a l p r e s s u r e s , as r e p o r t e d by B e r g e r s e n ( 1 9 8 2 ) , may 

be c a u s e d by t h e e f f e c t o f t h i s d i f f u s i o n b a r r i e r l o c a t e d i n t h e n o d u l e 

p e r i p h e r y i n r e s p o n s e t o t h e d e t a c h m e n t o f t h e n o d u l e s . However M i n c h i n 

e t a i . ( 1 9 8 5 ) d e m o n s t r a t e d t h a t s o y b e a n and pea n o d u l e s w e r e not. 

a f f e c t e d by t h e a l t e r a t i o n o f o x y g e n p a r t i a l p r e s s u r e s t o 10, 2 i and 

3 0 % a t m o s p h e r i c l e v e l s . F u r t h e r i n v e s t i g a t i o n i n t h i s a r e a i s o b v i o u s l y 

r e q u i r e d t o c l a r i f y t h i s c o n f l i c t i n g e v i d e n c e , 

1.3.5. Leghaemoglobin. 

A m y o g l o b i n - 1 i k e compound, l e g h a e m o g l o b i n , f a c i l i t a t e s t h e 

d i f f u s i o n o f bound o x y g e n t o t h e b a c t e r o i d s , and i s r e s p o n s i b l e f o r t h e 
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c h a r a c t e r i s t i c p i n k c o l o r a t i o n o f r o o t n o d u l e s . ft m o n o m e r i c 

h a e m o p r o t e i n o f M,. 1 5 , 0 0 0 - 1 7 , 0 0 0 , l e g h a e m o g l o b i n was t h o u g h t t o be, 

w i t h t h e e x c e p t i o n of a 35 kD m o l e c u l e d e t e c t e d by Verrna and Long 

(1963), t h e o n l y m o l e c u l e r e s t r i c t e d t o i n f e c t e d c e l l s o f t h e r o o t 

n o d u l e . However more r e c e n t l y VandenBosch and Newcoinb (.1988) h a v e 

d e m o n s t r a t e d t h e p r e s e n c e o f 1 e g h a e m o g 1 o b i n , by i m i n u n o - g o l d l a b e l l i n g , 

i n b o t h t h e i n f e c t e d and n o n - i n f e c t e d c e l l s o t s o y b e a n r o o t n o d u l e s . 

They r e p o r t e d t h e l e g h a e m o g l o b i n was a p p r o x i m a t e l y f o u r t i m e s more 

c o n c e n t r a t e d i n t h e i n f e c t e d c e l l s , b u t was p r e s e n t i n t h e c y t o s o l o f 

both i n f e c t e d a nd n o n - i n f e c t e d c e i l s and i n b o t h t y p e s o f n u c l e i , i t 

was n o t however p r e s e n t i n any o t h e r o r g a n e l l e s o f e i t h e r c e i l t y p e , i t 

h a s been p r o p o s e d t h a t t h e f u n c t i o n o f l e g h a e m o g l o b i n i s t o f a c i l i t a t e 

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

m a i n t a i n a e r o b i c a l l y s u p p o r t e d n i t r o g e n f i x a t i o n . 

The g l o b i n o r t h e a p o p r o t e i n p o r t i o n o f l e g h a e m o g l o b i n , i s c o d e d 

f o r by t h e h o s t p l a n t chromosomes ( D i i w o r t h and W i l l i a m s , 1.969; Verraa 

et a i . , 1981 >, t h e protohaera m o i e t y h o w e v e r i s t h o u g h t t o be 

s y n t h e s i z e d by t h e Rhizohium (.Godfrey e f a i . , 1 9 7 5 ) . Soybean 

l e g h a e m o g l o b i n i s e n c o d e d by a s m a l l mult i g e n e f a m i l y c o n s i s t i n g o f 

f o u r f u n c t i o n a l g e n e s e n c o d i n g f o u r m a j o r s p e c i e s o f l e g h a e m o g l o b i n . 

The P. vulgaris l e g h a e m o g l o b i n s e q u e n c e has 7 6 % h o m o l o g y w i t h t h e 

s o y b e a n l e g h a e m o g l o b i n c o m p o n e n t 'a' ( L e h t c v a a r a and E l l f o l k , 1974 ) . 

On t h e b a s i s o f i t s c o d i n g s e q u e n c e Landsman e l a i . ( 1 9 8 6 ) 

p r o p o s e d t h a t l e g h a e m o g l o b i n may h a v e e v o l v e d f r o m a common 

p l a n t / a n i m a l a n c e s t o r . 



1.3.6. The A s s i m i l a t i o n of Ammonia I n t h e Host P l a n t C e l l s . 

LaRue et. a i . , ( 1 9 8 4 ) r e p o r t e d t h a t , I n c o n t r a s t t o t h e i n f e c t e d 

c e l l s o f r o o t n o d u l e s , " t h e r e i s l i t t l e i n f o r m a t i o n on t h e m e t a b o l i s m 

o f u n i n f e c t e d p l a n t r o o t n o d u l e c e l l s " . T h e r e i s , however, s t r o n g 

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

i n n i t r o g e n f i x a t i o n a r e l o c a t e d w i t h i n t h e s e n o n - i n f e c t e d c e i l s . 

E x c e s s f i x e d n i t r o g e n i n g r o w i n g m e d i a i s known t o d e p r e s s n o d u l a t i o n 

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

i s known t o p l a y an i m p o r t a n t r o l e i n t h e r e g u l a t i o n . 

Ammonia i s a s s i m i l a t e d i n t h e legume c y t o s o l by a c o u p l e d 

g l u t a m i n e s y n t h e t a s e / g l u t a m a t e s y n t h a s e r e a c t i o n , i l l u s t r a t e d i n F i g u r e 

1. 

ATP 
NIL 

G L U T A M I N E 

S Y N T H E T A S E 

J L U T A M A T E 

61 LUTAMINE-
ADP I P i 

NADP* 
GLUTAMAT 

GOGAT 

<x~keto a c i d 

a m i n o t r a n s f e r a s e 

- o x o g l u t a r a t e mino a c i d 
N A D P + H -

NIU* + ATP + NADPH - NADP"*" + ADP + P i 
+ H" + ot-keto a c i d + amino a c i d + H~* 

F i g u r e 1, The glutamine synthetase/GOGAT s y s t e m f o r the a s s i m i l a t i o n of 
ammonia in r o o t nodules. (From Dixon and Wheeler, 1986). 

M e a s u r e m e n t s of g l u t a m i n e s y n t h e t a s e <GS) and g l u t a m a t e s y n t h a s e 

a c t i v i t y i n n o d u l e s ( B o l a n d et. al., 1978; Bo l a n d and Benny, 1977; 

D i l w o r t h , 1 9 8 0 ) , and t h e o b s e r v a t i o n s t h a t t h e b a c t e r o i d s c o n t a i n 

r e l a t i v e l y low l e v e l s o f t h e s e enzymes and e x c r e t e ammonia, s u p p o r t t h e 

s u g g e s t i o n s by t h e s e a u t h o r s t h a t p l a n t s a s s i m i l a t e ammonia p r o d u c e d i n 



n i t r o g e n f i x a t i o n v i a t h e s y s t e m o u t l i n e d i n F i g u r e i . C u l l i m o r e et 

aJ. ( 1 9 8 3 ) d e m o n s t r a t e d t h a t t h e a c t i v i t y o f GS i n P, vulgaris n o d u l e s 

was s i g n i f i c a n t l y h i g h e r t h a n t h a t i n r o o t s , L a r a et ai. U 9 8 4 ) 

d e m o n s t r a t e d t h a t t h i s r i s e was as s o c i a t e d wi t h t h e a p p e a r a n c e o f a 

n o d u l e - s p e c i f i c f o r m o f GS i n P. vulgaris n o d u l e s , a I t h o u g h t h e 

i n c r e a s e d l e v e l s i n o t h e r n o d u l e s has n o t been a s s o c i a t e d w i t h a 

p a r t i c u l a r n o d u l e - s p e c i f i c f o r m ( t h e s p e c i f i c i s o e n z y m e s o f GS a r e 

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

o f GS f o l l o w s a s i m i l a r t i m e c o u r s e t o t h e a c c u m u l a t i o n o f 

1 e g h a e m o g l o b i n and n i t r o g e n a s e i n t h e n o d u l e ( R o b e r t s o n et a i , , 1 9 7 5 a ) . 

S c h u b e r t ( 1 9 8 6 ) a nd P a t e a nd A t k i n s ( 1 9 8 3 ) , h a v e i d e n t i f i e d t h e 

p r i m a r y n i t r o g e n o u s compounds e x p o r t e d f r o m most l e g u m e s . The m a j o r i t y 

o f t e m p e r a t e l e g u m e s f r o m t h e i n d e t e r m i n a t e n o d u l e f o r m i n g g r o u p , o f 

w h i c h l u p i n s a nd peas a r e t y p i c a l , e x p o r t n i t r o g e n i n t h e f o r m o f 

a m i d e s , s u c h a s , a s p a r a g i n e and g i u t a m i n e . The GS r e a c t i o n may be 

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

as t h e e x p o r t p r o d u c t . 

L-GL UTAMATE Mg-" L-OLUTAMI ME 
+ NH <" + | 3 L _ ' J ! ,-',M I MIT 3 Y N T I I E ! n S E , + ADP + PP1. 

L - A S PART ATE L - A SPA RAG INE 
+L-GLUTAMINE W - . - I M . M I , rrt'::;K +L-GLUTAMATE 
+ATP. + ADP r P i , 

A s p a r a g i n e s y n t h e t a s e h a s b 

et al., 1 9 7 9 ) . A s p a r t a t e , w h i c h 

s y n t h e s i s , has been r e p o r t e d 

a r n i n o s a r n i n a s e r e a c t i o n i n w h i c h 
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een d e t e c t e d i n l u p i n n o d u l e s ( B o l a n d 

i s a s u b s t r a t e f o r t h e a s p a r a g i n e 

t o be s u p p l i e d by t h e a s p a r t a t e 

o x a 1 o a c e t a t e and g J u t a m i n e r e a c t t o 
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f o r m a s p a r t a t e and a l p h a - k e t o g l u t a r a t e ( S c o t t e t al., 198?.). 

T r o p i c a l l e g u m e s , s u c h as s o y b e a n , and k i d n e y bean <P vulgar is), 

e x p o r t n i t r o g e n i n t h e f o r m o f t h e u r e i d e s , a l l a n t o i n and a l l a n t o i c 

a c i d . These u r e i d e s h a v e a h i g h e r n i t r o g e n t o c a r b o n r a t i o ( 4 : 4 ) , t h a n 

t h e a m i d e s a s p a r a g i n e , ( 2 : 4 ) , and g l u t a i n i n e , ( 2 : 5 ) , and c a n t h e r e f o r e 

use c a r b o n more e f f i c i e n t l y ( S p r e n t , 1 9 8 4 ) . U r e i d e s y n t h e s i s a p p e a r s t o 

be c o n f i n e d t o t h e n o n - i n t e c t e d c e l l s , w h e r e s i g n i f i c a n t e n l a r g e m e n t of 

t h e p e r o x i s o m e s and p r o l i f e r a t i o n o f t h e s m o o t h e n d o p l a s m i c r e t i c u l u m 

a r e e v i d e n t tMewcotnb and Tandem, 1.981). P e r o x i s o m e s i n s o y b e a n n o d u l e s , 

w h i c h c o n v e r t u r i c a c i d t o a l l a n t o i n , a p p e a r t o be c o n f i n e d t o t h e n o n -

i n f e c t e d c e i i s i Hanks et a J . , 1 9 8 1 ) . VandenBosch ef. al, ( 1 9 8 6 ) u s i n g 

u r i c a s e immunocy t o c h e n i l s t r y > h a v e d e m o n s t r a t e d t h e p r e s e n c e o f u r i c a s e 

i n t h e p e r o x i s o m e s of n o n - i n f e c t e d c e l l s i n r o o t n o d u l e s . U r i c a s e and 

x a n t h i n e d e h y d r o g e n a s e , r e q u i r e d t o p r o d u c e t h e s e u r e i d e s , a r e n o t 

g e n e r a l l y f o u n d i n r o o t s and a r e t h e r e f o r e g o o d e x a m p l e s o f n o d u l i n s . 

F i g u r e ; 2 o u t l i n e s the p r o p o s e d r e a c t i o n s and t h e c e l l u l a r l o c a t i o n s o f 

t h e r e a c t i o n s i n v o l v e d i n ammonia a s s i m i l a t i o n i n u r e l d e - p r o d u c i n g 

1 egurnes. 

The u r e i d e s a r e t r a n s p o r t e d f r o m t h e n o d u l e s , v i a t h e x y l e m t o t h e 

l e a v e s w h e r e t h e y a r e d e g r a d e d to r e l e a s e n i t r o g e n o u s compounds t o be 

i n c o r p o r a t e d i n t o p r o t e i n s . 
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1.4. GLUTAMINE SYNTHETASE 

I n h i g h e r p l a n t s g l u t a m i n e s y n t h e t a s e (OS) p l a y s a key r o l e i n t h e 

a s s i m i l a t i o n o f ammonia i n t o o r g a n i c n i t r o g e n , OS c a n a c c o u n t f o r up t o 

2% o f t o t a l s o l u b l e p r o t e i n i n l e g u m e s and i s p r e s e n t i n b o t h t h e 

c y t o s o i and c h l o r o p J a s t s ( F o r d e and C u l ! I m o r e , i 9 8 9 ) , a 1 t h o u g h o v e r 9 5 % 

o f n o d u l e OS a c t i v i t y i s p r e s e n t i n t h e p l a n t c e i l c y t o s o i ( M i f l i n and 

C u i 1 imore, 1984; . I n p. vulgaris OS e x i s t s i n a number of i«5n<=«nzym*r 

f o r m s w h i c h a r e made up o f e i g h t s u b u n i t s M,. 41 000-45 000. The l e v e l s 

o f GS r i s e i n c o n j u n c t i o n w i t h r h i z o b i a l i n f e c t i o n , i n c r e a s e i n 

1 e g h a e m o g 1 o b i n c o n t e n t and t h e o n s e t o f d i n i t r o g e n f i x a t i o n i n P. 

vulgaris r o o t n o d u l e s ( L a r a ei al. 1983;, 

H i r e l et al, ( 1 9 8 4 ) d e m o n s t r a t e d t h a t t h e c y t o s o i i c OS i s o f o r m s i n 

P. vulgaris w e r e i m m u n o l o g i c a l l y d i f f e r e n t f r o m t h e h e a v i e r 

c h l o r o p l a s t i c GS. T h e s e t w o d i s t i n c t , c h 1 c r o p 1 as t i c and c y t o s o i i c forms-

h a v e r e l a t i v e m o l e c u l a r masses o f 45 kD and 40 kD r e s p e c t i v e l y , and c a n 

be s e p a r a t e d by i o n e x c h a n g e c h r o m a t o g r a p h y ( M c N a l l y a nd H i r e l , 1 9 8 3 ) . 

L a r a et al, (1,984b) s e p a r a t e d two i s o e n z y m e s o f GS f r o m p. 

vulgaris w h i c h e l u t e c i a t d i f f e r e n t p o s i t i o n s on D E A E - S e p h a c e l , b u t w e r e 

b o t h c y t o s o i i c , a nd had s u b u n i t s w i t h s i m i l a r m o l e c u l a r masses o f 40 

kD. However, o n l y one o f t h e s e i s o e n z y m e s had a c o u n t e r p a r t i n l e a v e s 

and r o o t s , s u g g e s t i n g t h a t t h e c i t h e r was n o d u l e - s p e c i i i c . The J 6 f o l d 

i n c r e a s e i n GS a c t i v i t y w h i c h o c c u r s d u r i n g n o d u l a t i o n was f o u n d t o be 

e n t i r e l y due t o t h e a p p e a r a n c e o f t h i s n o d u l e - s p e c i f i c f o r m GS,.,, ' L a r a 

et al., 1 9 8 4 b ) . T h e s e same a u t h o r s u s e d t w o - d i m e n s i o n a l e l e c t r o p h o r e s i s 

( i s o e l e c t r i c f o c u s s i n g f o l l o w e d by SDS-PAGE) t o e x a m i n e t h e compos i t i o n 

of t h e GS I s o e n z y m e s i n P. vulgar is. They d e m o n s t r a t e d t h a t n o d u l e s 



c o n t a i n e d two GS p o l y p e p t i d e s o f m o l e c u l a r mass 40 kD, (y a n d 6 ) . They 

r e p o r t e d t h a t y was n o d u l e s p e c i f i c , a n d a b s e n t i n r o o t s a nd l e a v e s , 

w h i l s t 6 was f o u n d i n r o o f s , n o d u l e s and l e a v e s . A t h i r d 40 kD OS 

p o l y p e p t i d e , a, was a l s o d e t e c t e d i n r o o t s , a nd a t h i g h e r l e v e l s i n 

e m b r y o s ( O r t e g a e f al,, 1 9 8 6 ) . P a d i l i a et al, ( 1 9 8 7 ) h a v e more r e c e n t l y 

d e t e c t e d t h i s a p o l y p e p t i d e a t l o w l e v e l s i n n o d u i e s . 

The n o d u l e - s p e c i f i c GS isoenzyme, GS,.,, , h a s been shown t o c o n s i s t 

of b o t h Y and \l s u b u n i t s , w h i l s t GS,I::;, f o u n d i n b o t h r o o t s and n o d u l e s 

i s p r e d o m i n a n t l y composed o f t h e 6 s u b u n i t ( L a r a et al. 1 9 8 4 a ) . 

A f u r t h e r p i a s t i d l o c a t e d GS s u b u n i t P. vulgaris has been d e t e c t e d 

i n c h l o r o p l a s t s , ( C u l l i m o r e and B e n n e t t , i 9 8 8 > . 

Rhizobium p r o d u c e s ; two GS i s o e n z y m e s : a d o d e c a i n e r i c i s o e n z y m e 

(GS ,.) , a n d a h e x a r n e r i c enzyme (GS;T J :) . I n b a c t e r o i d s t h e dodecamer i c 

enzyme i s r e p r e s s e d by a d e n y 1 a t i o n , and t h e h e x a m e r i c i s o e n z y m e i s 

absent. ( R o b e r t s o n and F a r n d e n , i 9 8 0 ) . The GS i n v o l v e d i n a s s i m i l a t i o n 

o f ammonium f r o m s y m b i o t i c d i n i t r o g e n f i x a t i o n i s t h e r e f o r e a l m o s t 

e n t i r e l y o f p l a n t , o r i g i n , 

F i g . 3 . Model t o summarize t h e s y n t h e s i s of t h e c y t o s o l i c g l u t a m i n e 
s y n t h e t a s e i s o e n z y m e s i n P. vulgaris r o o t s and n o d u l e s . 

g 1 cx g 1 n—Ss g i n —'% 

T r a n s c r i p t i o n 

mRNA m R N A in R N A 

Translation 

iubunits o< B Y 

Assembly ^^-"""^ ^""^^ 



1.4.1. The Genes E n c o d i n g G l u t a m i n e S y n t h e t a s e 

F o u r f u i 1 - l e n g t h cDNA c l o n e s e n c o d i n g t h e c y t o s o i i c GS s u h u n i f c s 

w h i c h f o r m t h e i s o z y m e s , o u t l i n e d i n F i g u r e 3, i n P. vulgar is h a v e been 

o b t a i n e d ; p c G S a - 1 , p c G S g - l , p c G S y - i and pcGSS-1 ( G e b h a r d t et al. , 198b; 

L i g h t f o o l e t a i . , 1988; B e n n e t t et al., 1 9 8 9 ) , These f o u r cDNAs were 

i s o l a t e d f r o m d i f f e r e n t p l a n t o r g a n s ; pcGS|3-'l and pcGSa-1 f r o m r o o t s 

( G e b h a r d t et al., 1 9 8 6 ) , p c G S y - l f r o m n o d u l e s and pcGSS-i f r o m l e a v e s 

( L i g h t f o o t e t al., i 9 8 8 > . 

The s e q u e n c e s were shown by G e b h a r d t et a i . ( 1 9 8 6 ) t o h y b r i d i z e t o 

d i f f e r e n t r e s t r i c t i o n f r a g m e n t s , s u g g e s t i n g t h a t t h e y e n c o d e d mPNAs 

f r o m d i f f e r e n t g e n e s . T h i s d e m o n s t r a t e d t h a t GS in. P. vulgaris is 

e n c o d e d by a s m a l l m u l t i g e n e f a m i l y c o n t a i n i n g a t l e a s t f o u r e x p r e s s e d 

g e n e s . pcGSa-1, pcGSp-1 pcGS-y-1 and pcGS-t. The cDNA c l o n e s f o r t h e 

c y t o s o i i c p o l y p e p t i d e s , pcGScr-i, pcGSp-1 and p c G S ? - I , w e r e shown t o code 

f o r t h e s u b u n i t s w i t h 8 5 % o r more s e q u e n c e h o m o l o g y . The 5' and 3' 

ends, however, showed a l m o s t c o m p l e t e d i v e r g e n c e . An S i RNAse 

p r o t e c t i o n t e c h n i q u e was used t o d i s c r i m i n a t e b e t w e e n t h e s i m i l a r GS 

s e q u e n c e s , ( G e b h a r d t et al. 1986) and t o q u a n t i f y t h e d i f f e r e n t GS 

mRNAs i n t o t a l p o l y A* RNA f r o m n o d u l e s r o o t s a nd l e a v e s . The a u t h o r s 

d e m o n s t r a t e d t h a t pcGS-y mRNA was o n l y p r e s e n t i n n o d u l e s , pc GSp-l mRNA 

i n a l l t h r e e o r g a n s , and pcGSoc-1 mRNA o c c u r e d i n r o o t s a nd l e a v e s o n l y . 

More r e c e n t l y B e n n e t t et a i . ( 1 9 8 9 ) h a v e d e m o n s t r a t e d t h e s e mRNAs 

c o r r e s p o n d t o t h e d i f f e r e n t c y t o s o i i c p o l y p e p t i d e s , and i t t h u s a p p e a r s 

t h a t pcGSa-i , pcGSp-1 and pcGSy-1 e n c o d e a, g and y p o l y p e p t i d e s , t h u s 

f o r m i n g a m u i t i g e n e f a m i l y o f c y t o s o i i c GS genes . 
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1.4.2. G l u t a m l n e S y n t h e t a s e E x p r e s s i o n i n D e v e l o p i n g Nodules,. 

An S I RNAse p r o t e c t i o n t e c h n i q u e was u s e d t o d e m o n s t r a t e t h e 

r e l a t i v e a b u n d a n c y o t •y and \i a i . d i f f e r e n t s t a g e s o f n o d u i a t i o n 

( G e b h a r d t et a/. , 1 9 8 6 ) . They r e p o r t e d t h a t t h e abundance o f t h e g!n-fi 

rnRNA r e m a i n e d c o n s t a n t t h r o u g h o u t n o d u l a t i o n w h i l s t gin-y mRNA was 

f i r s t d e t e c t a b l e a r o u n d 16 d a y s a f t e r i n o c u l a t i o n , a n d r e a c h e d a 

maximum a r o u n d 19 d a y s . The i n c r e a s e i n t h e y p o l y p e p t i d e f o l l o w e d t h i s 

i n c r e a s e i n mRNA l e v e l s and, t h e y s u g g e s t e d t h a t i t was r e g u l a t e d by 

i n d u c t i o n o f t h e GS y gene. G e b h a r d t et ai, ( 1 9 8 6 ) , r e p o r t e d t h e pcGSct-1 

mRNA was c o n f i n e d t o r o o t s a nd l e a v e s , and t h a t t h i s c o r r e s p o n d e d t o 

t h e d i s t r i b u t i o n o f t h e a p o l y p e p t i d e , a l t h o u g h B e n n e t t e t a i . ( 1 9 8 9 ) , 

h a v e more r e c e n t l y d e m o n s t r a t e d t r a c e s o f t h e a mRNA a r e p r e s e n t i n 

n o d u l e s and p o s s i b l y d e c l i n e d u r i n g n o d u l a t i o n . T h i s d e c l i n e o f t h e a 

JJIRNA i s s i m i l a r t o t h a t o b s e r v e d by . P a d i l l a et ai. ',1987'', who a l s o 

d e m o n s t r a t e d a s i m i l a r t i m e c o u r s e o f e v e n t s t o t h o s e r e p o r t e d by 

G e b h a r d t e t a i . U 9 8 6 ) u s i n g in vitro t r a n s l a t i o n o f t h e p r o d u c t s o f F. 

vulgaris: mRNAs. 

1.4.3. A s s e m b l y of G l u t a m i n e S y n t h e t a s e P o l y p e p t i d e s i n P. vulgaris 

Root n o d u l e s 

I n i t i a l l y i t was s u s p e c t e d t h a t t h e y and fS GS s u b u n i t s a s s e m b l e d 

i n t o e i t h e r a y r i c h oc tamer, i n t h e c a s e o f 05,,, , t h e n o d u l e - s p e c i f i c 

GS, o r as 6 s u b u n i t s a l o n e i n t h e c a s e o f t h e r o o t a n d n o d u l e l o c a t e d 

GS GS,,;.,. I t has, however, been s u g g e s t e d t h a t a l l n i n e p o s s i b l e 

c o m b i n a t i o n s o f y and p s u b u n i t s <,y&, y , t y,~,fi:,. YH$.i>> Y«0i > 

'VrsB.T., 7 i 3 , M ( i I B > may be p r e s e n t i n n o d u l e s ( R o b e r t and Wong, 1 9 8 6 ) . 

U s i n g i o n e x c h a n g e HPLC c h r o m a t o g r a p h y C u l I i m o r e a nd B e n n e t t 119-38) , 



h a v e r e p o r t e d up t o t h r e e a c t i v i t y p e a k s o f c y t o s o i I c GS i n P. 

vulgaris; c u e c o n t a i n i n g a h i g h p r o p o r t i o n o f y s u b u n i t s , a s e c o n d w i t h 

a p p r o x i m a t e l y e q u a l a m o u n t s o f y and \i s u b u n i t s , and a t h i r d c o n s i s t i n g 

o f a i l |3 s u b u n i t s . The a s s e m b l y o i t h e a p o l y p e p t i d e has y e t t o be 

i n v e s t i g a t e d . 

1.4.4. The R e g u l a t i o n oi' GS Gene E x p r e s s i o n in. P. vulgaris r o o t 

n o d u l e s . 

M u t a n t s t r a i n s o f Rhizobium w h i c h i n d u c e t r a c e a m o u n t s o f 

l e g h a e m o g i o b i n , h a v e been r e p o r t e d t o i n d u c e t r a c e a m o u n t s o f t h e 

nodui e - s p e c i f i c GS,.,-, ( L a r a et al,, 1 9 8 4 a ) . 

F i x ' m u t a n t s o f Rhizobium o r Bradyrhizobiurn, w h i c h p r o d u c e n o n -

f i x i n g n o d u l e s , h a v e been r e p o r t e d t o c o n t a i n l e s s t h a n 5% o f t h i s 

n o d u l e - s p e c i f i c GS,.,, , f o u n d i n n o r m a l n o d u l e s , and 5 0 % l e s s o f t h e r o o t 

and n o d u l e l o c a t e d GS ( L a r a at at., 1 9 8 4 b ) . P a c i i l l a et al. 1198 7 

h a v e h o w e v e r r e p o r t e d r e s u l t s w h i c h i n d i c a t e t h a t t h e GS p o l y p e p t i d e s 

a p p e a r 3 d a y s o r more i n a d v a n c e o f n i t r o g e n a s e a c t i v i t y , a nd c o u l d 

t h e r e f o r e be i n d e p e n d e n t o f d i n i t r o g e n f i x a t i o n . T h ese o b s e r v a t i o n s and 

o t h e r a s p e c t s o f GS gene r e g u l a t i o n a r e d i s c u s s e d i n d e t a i l i n c o n t e x t 

o f t h e in situ h y b r i d i z a t i o n and i m m u n o c y t o c h e m i s t r y r e s u i t s i n C h a p t e r 

5. 

1.4.5. The E x p r e s s i o n of C h i m a e r i c G l u t a m i n e S y n t h e t a s e Genes i n 

T r a n s g e n i c P l a n t s . 

The d i f f e r e n t i a l e x p r e s s i o n o f t h e g e n e s s p e c i f y i n g t h e y arid 6 GS 

p o l y p e p t i d e s of P- vulgaris has been d e m o n s t r a t e d i n t r a n s g e n i c Lotus 

cornicu]atus p l a n t s . F o r d e et al. ( 1 9 8 9 ) d e m o n s t r a t e d , t h a t a f r a g m e n t 
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o f a p p r o x i m a t e l y 2 kb f r o m t h e 5' f l a n k i n g r e g i o n s o f t h e glrt-#, and 

gln-y g e n e s f u s e d t o t h e b a c t e r i a l p - g ! u c u r o n i d a s e (GUS) gene, r e s u l t e d 

i n t h e d i f f e r e n t i a l e x p r e s s i o n o f GUS gene i n t r a n s g e n i c L. 

cornlculatus p l a n t s . The p r e s e n c e o f t h e p, vulgaris GS f l a n k i n g 

r e g i o n s was t h e r e f o r e d e m o n s t r a t e d t o p l a y a m a j o r r o l e i n c o n t r o l l i n g 

t h e e x p r e s s i o n o f t h e s e GS g e n e s i n P. vulgaris, 

P l a n t l i n e s c o n t a i n i n g a gln-fi/QUS and two d i f f e r e n t gjn-y/GUS 

gene f u s i o n s w e r e d e m o n s t r a t e d t o e x p r e s s t h e GUS gene ( F o r d e et s i . 

1 9 8 9 ) . The gln-y/GUS f u s i o n s w e r e ; a t r a n s c r i p t i o n a l f u s i o n ( l i n e B,B,> 

•which c o n t a i n e d 52 bp o f t h e 5' f l a n k i n g r e g i o n o f t h e gln-y gene s o 

t h a t t h e t r a n s i a t i o n a 1 codon was s u p p l i e d by t h e f i r s t ATG c o d o n o f t h e 

GUS gene, and a t r a n s l a t i o n a l f u s i o n ( l i n e s J ,D, and C,E, ; w h i c h 

c o n t a i n e d an a d d i t i o n a l 44 bp o f t h e 5' f l a n k i n g r e g i o n and t h e f i r s t 

24 bp o f t h e GS gln-y c o d i n g s e q u e n c e . P l a n t s c o n t a i n i n g t h e gln-fi 

c o n s t r u c t s a i i c o n t a i n e d t h e same t r a n s l a t i o n a l f u s i o n s c o n s i s t i n g o f 

1.. 7 kb o f t h e gin'i) 5' f l a n k i n g r e g i o n and t h e f i r s t - 19 base s o f t h e 

c o d i n g s e q u e n c e . The s p a t i a l p a t t e r n s o f e x p r e s s i o n o f t h e s e gene 

c o n s r u c t s i n t r a n s g e n i c L, corniculatus p l a n t s h a v e been f u r t h e r 

i n v e s t i g a t e d i n t h i s w o r k u s i n g in situ l o c a l i z a t i o n t e c h n i q u e s 

i . 4 . 6 . The E x p r e s s i o n o f GS i n Root N o d u l e s o f O t h e r Legume S p e c i e s . 

Genomic a nd mRNA s e q u e n c e s f o r GS h a v e been r e p o r t e d f o r n i n e 

h i g h e r p l a n t s p e c i e s i n a d d i t i o n t o t h o s e i n P, vulgar is. A s i n g l e f o r m 

o f n o d u l e - s p e c i f i c GS h o i o e n z y m e h a s been d e t e c t e d i n s o y b e a n n o d u l e s 

( M c P a r l a n d et al., 1 9 7 6 ) , S e n g u p t a - G o p a 1 an et al. ( 1 9 8 6 ) , u s i n g a P. 

vulgaris GS p r o b e , d e m o n s t r a t e d t h a t GS mRNA l e v e l s i n s o y b e a n n o d u l e s 
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began t o i n c r e a s e a p p r o x i m a t e l y 12 d a y s a f t e r i n f e c t i o n . V'erina et a i . 

( 1 9 8 6 ) , d e m o n s t r a t e d t h a t an a b u n d a n t f o r m o f 03 was l o c a l i s e d i n t h e 

i n f e c t e d c e l l s o f s o y b e a n r o o t n o d u l e s . 

Two I s o e n z y r a i c f o r m s o f GS have been d e t e c t e d i n a l f a l f a r o o t 

n o d u l e s , one o f w h i c h i s n o d u l e - s p e c i f i c and i s d i s t i n g u i s h a b l e f r o m 

t h e o t h e r by i t s i n s e n s i t i v i t y t o t a b t o x i n i n e - B - l a c tarn in vivo ( K n i g h t 

and Langston-Unkepi'er, 1 9 8 8 ) . G r o a t and S c h e a d e r ( 1 9 8 2 ) h a v e r e p o r t e d 

up t o 10 c y t o s o i i c f o r m s o f GS p o l y p e p t i d e s i n a l f a l f a . 

F i v e d i s t i n c t G S p o l y p e p t i d e s h a v e a i s o been d e t e c t e d i n peas 

( T i n g e y et al,, 1 9 8 7 ) , a l t h o u g h a i l w e r e p r e s e n t i n b o t h r o o t s and 

n o d u l e s , and s u g g e s t e d t h a t t h e r e was i n c r e a s e d e x p r e s s i o n a s s o c i a t e d 

w i t h n o d u l a t i o n , b u t no e v i d e n c e o f d i f f e r e n t i a l i n d u c t i o n . 

GS a c t i v i t y has a l s o been d e m o n s t r a t e d t o i n c r e a s e s i g n i f i c a n t l y 

d u r i n g t h e d e v e l o p m e n t o f r o o t n o d u l e s i n l u p i n ( R o b e r t s o n et al,, 

I 9 7 b b ) , and e v i d e n c e h as been o b t a i n e d i n two l u p i n s p e c i e s f o r t h e 

e x i s t e n c e o f ' n o d u l e - s p e c i f i c ' GS g e n e s ( K o n i e c z n y et al., 1968;. 



1.5. IN SITU LOCALISATION TECHNIQUES 

Much o f t h e i n f o r m a t i o n c o n c e r n i n g t h e e x p r e s s i o n o f GS i n r o o t 

nodule';, h a s been o b t a i n e d f r o m work u s i n g h o m o g e n i s e d n o d u l e t i s s u e . 

One o f t h e u n i q u e c h a r a c t e r i s t i c s o f t h e Rhizobiurn/legume s y m b i o s i s i s 

h o w e v e r t h e d e v e l o p m e n t o f s p e c i a l i s e d n o d u l e s , w h i c h r e p r e s e n t 3 

u n i q u e c o m b i n a t i o n o f i n f e c t e d a n d n o n - i n f e c t e d c e l l s which, a p p a r e n t l y 

have v e r y d i f f e r e n t m e t a b o l i c f u n c t i o n s . H o m o g e n i n a t i o n t e c h n i q u e s a r e 

u n a b l e t o d e m o n s t r a t e any d i f f e r e n t i a l gene e x p r e s s i o n w i t h i n t h e s e 

d i f f e r e n t c e l l t y p e s w i t h a ny d e g r e e o f c l a r i t y . In situ h y b r i d i z a t i o n 

t e c h n i q u e s a l l o w t h e s e s p e c i f i c c e l l u l a r d i f f e r e n c e s t o be h i g h l i g h t e d 

and, i n c o m b i n a t i o n w i t h i m m u n o c y t o c h e m i s t r y , in situ h y b r i d i z a t i o n c an 

p r o v i d e i m p o r t a n t i n s i g h t s i n t o t h e c o n t r o l of g ene e x p r e s s i o n a t t h e 

mRNA and p r o t e i n l e v e l s . 

1.5.1. H y b r i d i z a t i o n t o mRNA. 

The f i r s t r e p o r t s of s u c c e s s f u l in situ h y b r i d i z a t i o n s , i n v o l v i n g 

t h e use o f DNA p r o b e s h y b r i d i z e d t o mRNA i n t i s s u e s e c t i o n s , w e r e made 

i n d e p e n d e n t l y , by G a l l a nd P a r d u e ( 1 9 6 9 ) and J o h n et a J . ( 1 9 6 9 ) . 

The t e c h n i q u e of in situ h y b r i d i z a t i o n p r o v i d e d a n o v e l m e t h o d o f 

l o c a t i n g and e x a m i n i n g t h e e x p r e s s i o n o f mRNA i n t i s s u e . As t h e m e t h o d s 

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

r a p i d l y , t h e use o f in situ h y b r i d i z a t i o n on a n i m a l t i s s u e s i n c r e a s e d 

i n p a r a l l e l . T e c h n i q u e s a d v a n c e d t o t h e use o f cRNA p r o b e s i n a d d i t i o n 

t o t h e cDNA p r o b e s , and methods w e r e a l s o i n t r o d u c e d f o r n o n - i s o t o p i c 

l a b e l l i n g o f p r o b e s (.Ward e t a J . , 1985; B r e s s e r et a i . , 19S7) 

The a p p l i c a t i o n o f t h e t e c h n i q u e t o p l a n t t i s s u e s a n d c e l l s was 
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s l o w e r . H a r r i s a n d C r o y 1.1986), Mouras et al. '.1957,' and S m i t h et si. 

( 1 9 8 7 ) w e r e some o f t h e f i r s t t o r e p o r t in situ h y b r i d i z a t i o n s on p l a n t 

e e l i s . More r e c e n t l y t h e r e h a v e been f u r t h e r r e p o r t s of t h e use o f 

p l a n t c e i l h y b r i d i z a t i o n s u s i n g b o t h r a d i o l a b e l l e d cDNA <Meeks-Wagner 

et al. 1 9 6 9 ) , a n d cRNA f.Comai et al, 1989) p r o b e s . 
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1.6. AIMS OF T H I S RESEARCH. 

T h i s i n t r o d u c t i o n h a s i l l u s t r a t e d t h e v a l u e of n i t r o g e n f i x a t i o n 

by legumes, both a s a commodity i n i t s e l f , and a s an i d e a l model i n 

which t o s t u d y t h e c o n t r o l of p l a n t gene e x p r e s s i o n t h r o u g h the 

s y m b i o t i c plant-Rhizobium r e l a t i o n s h i p . The r o l e of GS i n legume r o o t 

n o d u l e s h a s been d e m o n s t r a t e d t o be one of major i m p o r t a n c e . 

I t h a s been e s t a b l i s h e d t h a t g e n e s s p e c i f y i n g t h e t h r e e c y t o s o l i c 

GS p o l y p e p t i d e s (gln-a, gln-& and gln-y) a r e d i f f e r e n t i a l l y e x p r e s s e d 

i n d e v e l o p i n g n o d u l e s . U n t i l now v e r y few s t u d i e s on t h e e x p r e s s i o n of 

the GS g e n e s h a v e been a b l e t o d e m o n s t r a t e t h e c e l l u l a r l o c a t i o n of t h e 

p o l y p e p t i d e s . 

R e s e a r c h h a s been c a r r i e d out w i t h t h e aims to; 

1. d e s c r i b e t h e major m o r p h o l o g i c a l and u l t r a s t r u c t u r a 1 f a c t o r s of P. 

vulgaris r o o t n o d u l e development. 

2. e s t a b l i s h in situ h y b r i d i z a t i o n t e c h n i q u e s f o r P. vulgaris r o o t 

n o d u l e t i s s u e by; 

( D o p t i m i z i n g f i x a t i o n , embedding and s e c t i o n i n g methods. 

( i i ) p r e p a r i n g s u i t a b l e cRNA pr o b e s , 

( i i i ) i n v e s t i g a t i n g t h e n o n - i s o t o p i c , p h o t o - b i o t i n method of probe 

l a b e l 1 i n g 

( i v ) o p t i m i z i n g t h e in situ h y b r i d i z a t i o n c o n d i t i o n s a s f o r P. 

vulgaris r o o t n o d u l e s e c t i o n s . 

3. u s e t h i s o p t i m i z e d in situ t e c h n i q u e t o d e m o n s t r a t e t h e d i f f e r e n t i a l 

t e m p o r a l and s p a t i a l p a t t e r n s of e x p r e s s i o n of t h e gln-a, gln-$ and 

gln-a genes. 

4. d e m o n s t r a t e t h e c e l l u l a r l o c a t i o n s of GS i s o e n z y m e s i n d e v e l o p i n g P. 
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vulgaris r o o t n o d u l e s by i m m u n c y t o c h e m i s t r y . 

5. i n v e s t i g a t e t h e e x p r e s s i o n o f GS g e n e s f u s i o n s w i t h [3~g 1 u c u . r o n i c i a s e 

<GUS) i n t r a n s g e n i c Lotus corni c ulatus p l a n t s by; 

>'i) in situ h y b r i d i z a t i o n 

( i i ) i m munocytochemis t r y 

( i i i ) h i s t o c h e m i c a 1 s t a i n i n g o f GUS enzyme a c t i v i t y . 

6. c o m p a r e r e s u l t s f r o m 3, 4 and 5 and c o n s i d e r t h e o f t h e d i f f e r e n t i a 

t e m p o r o - s p a t i a l e x p r e s s i o n o f t h e c y t o s o i i c GS s e r i e s i n d e v e l o p i n g 

P. vulgaris r o o f n o d u l e s . 
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MATERIALS AND METHODS 



2. MATERIALS AND METHODS 

2.1. T I S S U E PREPARATION 

2.1.1, P l a n t Growth C o n d i t i o n s . 

2. i . 1. i . F o r Phased us vulgaris. 

Phaseoius vulgaris L. cv. t e n d e r g r e e n s e e d s o b t a i n e d f r o m D r . B . F o r d e 

'-Rot hams t e d E x p e r i m e n t a l S t a t i o n ) , w e r e washed t o r i m i n u t e i m i n ' i n 

75% e t h a n o l (.with s t i r r i n g ) t o re m o v e t h e wa:-:y c o a t i n g f r o m t h e s e e d s , 

s t e r i l i s e d i n 4% s o d i u m h y p o c h l o r i t e f o r 1-2 m i n , washed 5 t i m e s i n 

d i s t i l l e d w a t e r and s o a k e d f o r 30 m i n t o 5 h o u r s (h>. 

The s t e r i l i z e d s e e d s w e r e sown i n a 1:2 p a r t s i.autoc l a v e d ) 

s a n d : g r a v e l m i x t u r e , w i t h a p p r o x i m a t e l y 9 s e e d s p e r 10 i n c h p o t . The 

p o t s w e r e p l a c e d i n a g r o w t h c a b i n e t w i t h a 12 h day, 28'-' d a y t i m e 

t e m p e r a t u r e and 25° n i g h t i me t e m p e r a t u r e , a t 8000 l u x ( 2 0 0 - 3 0 0 j i 

E i n s t e i n s >. 

P o t s were i n o c u l a t e d a t t h e t i m e o f s o w i n g and a g a i n a t 

a p p r o x i m a t e l y f o u r d a y s a f t e r s o w i n g , w i t h RhizcbJuat phasedi s t r a i n 

3622, R h i z o b i a w e r e c u l t u r e d on a V'M a g a r s l o p e (1L a g a r c o n t a i n e d ; 

0.5g KaHPCrtj 2.0g MgSO d. 7hU0; 0.1 g NaCl; 10,0 g m a n n i t o i ; 0,4 g y e a s t 

e x t r a c t and 15 g a g a r ) , and w e r e r e s u s p e n d e d by t h e a d d i t i o n o f s t e r i l e 

w a t e r t o t h e s l o p e when r e q u i r e d . The c e l l s u s p e n s i o n o b t a i n e d was 

d i l u t e d t o 50 m l , and each p o t i n o c u l a t e d w i t h 10 m i s . The p l a n t s w e r e 

w a t e r e d w i t h R e a d i n g n u t r i e n t s o l u t i o n ( a m o d i f i e d H o a g l a n d s s o l u t i o n ) 

c o n t a i n i n g ; MgSO*, 7HX0; K:,,HP0„.; F e r r i c s o d i u m EDTA; K2S0,,., made up i n 

t a p water - w h i c h was assumed t o c o n t a i n s u f f i c i e n t m i c r o n u t r i e n t s f o r 
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p l a n t g r o w t h and n o d u l e d e v e l o p m e n t . 

Whole p l a n t s were h a r v e s t e d a t 10, 14, 17, 2 1 , 24 and 38 d a y s 

a f t e r i n o c u l a t i o n , A f t e r h a r v e s t i n g t h e r o o t s w e r e washed i n d i s t i l l e d 

w a t e r , t h e s m a l l e r y o u n g n o d u l e s w e r e c u t o f f a t t h e r o o t t o l e a v e j u s t 

t h e n o d u l e , o r were c u t o f f w i t h a p p r o x i m a t e l y 2 mm o f r o o t a t t a c h e d t o 

t h e n o d u l e . The l a r g e r n o d u l e s w e r e c u t o f f a t t h e r o o t and t h e n cut i n 

h a l f , t o a l l o w b e t t e r p e n e t r a t i o n o f f i x a t i v e and e m b e d d i n g m a t e r i a l , 

i n some c a s e s v e r y l a r g e n o d u l e s w e r e c u t i n t n t h r e e par*"?, 

2. i. 1.2. F o r Lotus corniculatvs 

T r a n s f o r m e d Lotus corn 1culatus p l a n t s c v . Leo o b t a i n e d f r o m Dr B F o r d e , 

were g r o w n i n P e t r i d i s h e s ( r a d i a l a x i s v e r t i c a l ) w i t h t h e l o w e r h a l f 

b l a c k e n e d o u t . The p l a n t s w e r e g r o w n on a g a r s l o p e s c o n t a i n i n g t h e 

c o n s t i t u e n t s o f F a h r e u s s o l u t i o n ; A 10 x s t o c k c o n t a i n e d ; 1 g 

CaCl . 2H::;:0; 1.2 g MgSCV 7H a0; 1 g KlUPCU; 1.5 g Na-,,HP0.,. 1.2H.,:0; 0.05 g 

f e r r i c c i t r a t e . P l a n t s w e r e s u b c u l t u r e d e v e r y 1-2 weeks, w i t h t h e 

n o d u l e s r e m o v e d and f i x e d ; t h e r e m a i n i n g p a r t o f t h e p l a n t was r e -

i n o c u l a t e d w i t h Rhizobium loti, and g r o w n a t 25°, 50 ( l E i n s t e i n s m 

s e c " 1 on a 16 h o u r day, 

2.1.2. F i x a t i o n . 

Phased us vulgar is cv. t e n d e r g r e e n , p l a n t s were g r o w n f o r 10-28 d a y s 

b e f o r e t h e n o d u l e s w e r e h a r v e s t e d and f i x e d . N o d u l e s w e r e washed i n 

d i s t i l l e d w a t e r , b l o t t e d d r y and c u t i n f i x a t i v e ( u s u a l l y i n h a l f ) , To 

f i n d t h e b e s t f i x a t i v e f o r b o t h c e l l a n d RNA p r e s e r v a t i o n t h e f o l l o w i n g 

f i x a t i o n m e t h o d s w e r e u s e d , 
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T a b l e i . T i s s u e F i x a t i o n C o n d i t i o n s . 

F i x a t i v e 

1. 7 0 % EtOH/30% HOAc 

2. 9 5 % EtOH/5% 

3. 75% EtOH/25% HOAc 

4. 1007. EtOH 

5. 7 0 % EtOH/30% c!H,;0 

6. 100% M e t h a n o l 

7. i 0 0 % A c e t o n e 

8. 50%. A c e t o n e / 5 0 % 

m e t h a n o l 

9. 4% p a r a i n PBS 

10.4% p a r a i n PBS 

i 1 . 10% f o r m a i d . / 9 0 % 

me t h a n o i 

1 2.2.5% p a r a , i n PBS 

13. 1 % g l u t . i n 0. 05M 

c a c o d y l a t e b u f f e r . 

14. 1 % g l u t , i n PBS 

t i m e / t e m p e r a t u r e 

20 rnin R. T. 

15 m i n " 

15 m i n 

48 h -ao oc 

20 m i n 4°C 

20 m i n -20°C 

20 m i n -20°C 

20 m i n -20°C 

20 m i n R. T. 

20 m i n 4°C 

20 m i n 4°0 

30 m i n R. T. 

3 h R.T. 

3 h R . "!'. 

i s t wash 

7 0 % EtOH 

95% " 

75% " 

100% EtOH 

75% EtOH 

70% EtOH 4"0 

7 0 % EtOH 4"C 

50 % EtOH 4"C 

PBS. 

PBS 

PBS 

PBS 

Cac. B u f f e r . 

PBS. 

p a r a - p a r a f o r m a l d e h y d e , made up f r e s h l y e a c h t i m e . P B S - p h o s p h a t e 

b u f f e r e d s a l i n e , ( 0 . 1 5 M NaCi; 3 mM KC1; 8 mM NA,;:HP0,t. 12 K-JJ; i mM 

NaH^PO^; 0 . 0 1 % T h e r m o s o l ; 0 .05% Tween 20, pH 7 . 2 ) . G l u t 

g l u t a r a i d e h y d e , tTAAB l a b . e q u i p m e n t ) . EtOH - a b s o l u t e e t h a n o l . , HOAc -

ace t i c a c i d . 

A s e c o n d s e t o f f i x a t i o n s w e r e c a r r i e d o u t u s i n g t h e a b o v e 

c o n d i t i o n s e x c e p t t h e f i x a t i o n t i m e was i n c r e a s e d t o 16 h o u r s f o l l o w e d 



by a i h o u r wash, 

F o r Immune-cytochemistry t i s s u e was f i xed f o r f o u r h o u r s i n 2.5% 

g l u t a r a 1 d e h y d e and i , 5 % p a r a f orma I d e h y d e i n 0,05 M s o d i u m c a c o d y l a t e 

b u f f e r , t h e n washed o v e r n i g h t i n t h e same b u f f e r . For s t r u c t u r a l , and 

u l t r a s t r u c t u r a i s t u d i e s t i s s u e was f i x e d as f o r inununocyf. o c h e m i s t r y , 

and p o s t - f i x e d w i t h 1% osmium t e t r o x i d e f o r f o u r h o u r s . 

2.1,3. D e h y d r a t i o n and Embedding 

2. 1.3.1. D e h y d r a t i o n 

A f t e r f i x a t i o n and w a s h i n g , t i s s u e was d e h y d r a t e d s t a r t i n g a t t h e 

a p p r o p r i a t e a l c o h o l d i l u t i o n . The f u l l a l c o h o l s e r i e s was 12.5%, 25%, 

50%, 75%, 95%, and 100% d r y a l c o h o l , w i t h a 2 :< 15 in i n i n c u b a t i o n i n 

e a c h c o n c e n t r a t i o n and 4 x 15 min i n t h e 95 and 100% e t h a n o l s o l u t i o n s . 

2, i . 3 . 2 , Embedd i n g 

F o r in situ h y b r i d i z a t i o n t i s s u e 'was i n f i l t r a t e d o v e r 4-6 d a y s a t 

37°C w i t h PEG 1000 ( p o l y e t h y l e n e g l y c o l M,. 1000 o b t a i n e d f r o m BDH). 

A f t e r 2-3 c h a n g e s o f 100% PEG, t i s s u e was p l a c e d i n p l a s t i c e m b e d d i n g 

c a p s u l e s (TAAB >, w i t h m o l t e n PEG, t h e n p l a c e d on i c e t o s e t . Embedded 

m a t e r i a l was s t o r e d a t 4°C u n t i l r e q u i r e d . 

For i m r o u n o c y t o c h e m i s t r y t i s s u e was i n f i l t r a t e d w i t h L.P.. W h i t e 

( L o n d o n R e s i n C o . ) , o v e r 2-3 d a y s , a f t e r 2-3 c h a n g e s o f f r e s h r e s i n , 

t i s s u e was p l a c e d i n p l a s t i c e m b e d d i n g c a p s u l e s wi t h f r e s h r e s i n , 

c o v e r e d t o e x c l u d e any a i r , and p o l y m e r i z e d at. 70'-'C o v e r n i g h t . T i s s u e 

f o r s t r u c t u r a l and u l t r a s t r u c t u r a i s t u d i e s was embedded i n S p u r r r e s i n 

(TAAB.), u s i n g t h e same p r o c e d u r e as f o r L.R. W h i t e e m b e d d i n g , a l t h o u g h 

c a p s u l e s w e r e n o t c o v e r e d d u r i n g p o l y m e r i z a t i o n . 
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2.1.4. S e c t i o n i n g and s t a i n i n g f o r RNA. 

iOum PEG s e c t i o n s w e r e c u t w i t h a s t e e i k n i f e , u s i n g a L e i t z 15 12 

m i c r o t o m e ; t h e y w e r e d r i e d down on s u b b e d s l i d e s ( w a s h e d s l i d e s w e r e 

s u b b e d w i t h a 0.2% g e l a t i n e (BDH), 0.02% c h r o m e a 1 urn s o l u t i o n , A i d r i c h 

c h e m i c a l Co.) and s t a i n e d wi t h a c r i d i n e o r a n g e ( S i g m a ) and m e t h y l g r e e n 

p y r o n i n , t o a s s e s t h e r e l a t i v e RNA c o n t e n t o f t h e t i s s u e a f t e r t h e 

d i f f e r e n t f i x a t i o n c o n d i t i o n s . 

S t a i n i n g p r o t o c o l s w e r e as f o l l o w s : 

A c r i d i n e o r a n g e s t a i n i n g ; s e c t i o n s w e r e s t a i n e d ( i n 0.5 mg/rol 

a c r i d i n e o r a n g e made up i n 0.2 M g l y c i n e - H C l pH2.0) f o r 30 m i n i n t h e 

d a r k t h e n washed f o r 2 x 15 m i n i n 0.2 M g l y c i n e , m o u n t e d i n 

C i t t i f J u o r ( A g a r A i d s ) , and e x a m i n e d u n d e r a N i k o n f l u o r e s c e n c e 

m i c r o s c o p e u s i n g a b l u e e x c i t a t i o n f i l t e r . 

M e t h y l g r e e n p y r o n i n s t a i n i n g : S e c t i o n s w e r e washed i n 0.2 M 

s o d i u m p h o s p h a t e b u f f e r pH 6.0, washed i n w a t e r f o r 5 m i n , t h e n i n 

W a i p o i e ' s b u f f e r pH 4.8 (60 p a r t s 0.2 M s o d i u m a c e t a t e ; 40 p a r t s 0.2 PI 

a c e t i c a c i d ) , and t h e n s t a i n e d i n m e t h y l g r e e n p y r o n i n , (9 p a r t s - 2 % aq. 

m e t h y l g r e e n ; 4 - p a r t s 2% aq. p y r o n i n ; 1 4 - p a r t s g l y c e r o l ; 2 3 - p a r t s 

Wa 1po1e's b u f f e r pH 4.8.) f o r 25 m i n u t e s . A f t e r s t a i n i n g t h e s e c t i o n s 

w ere b r i e f l y washed i n W a l p o l e ' s b u f f e r , b l o t t e d d r y , and t a k e n t h r o u g h 

1; I a c e t o n e : H i s t o s o l ( A g a r A i d s ) , H i s t o s o l , and m o u n t e d i n H i s t a m o u n t . 

C o n t r o l s e c t i o n s w e r e i n c u b a t e d i n t h e a b o v e p h o s p h a t e b u f f e r f o r 1 

h o u r a t 3 7°C, f u r t h e r c o n t r o l s e c t i o n s w e r e i n c u b a t e d u n d e r s i m i l a r 

c o n d i t i o n s w i t h 0.5 mg/ml RNase A ( S i g m a ) i n p h o s p h a t e b u f f e r . S l i d e s 

w ere e x a m i n e d u n d e r b r i g h t f i e l d i l l u m i n a t i o n f o r t h e p r e s e n c e o f RNA 

shown by t h e d e g r e e o f p i n k s t a i n i n g . 

S e c t i o n s s t a i n e d w i t h b o t h a c r i d i n e o r a n g e and m e t h y l g r e e n 

- 4 1 -



p y r o n i n w e r e s c o r e d on a s c a l e o f 1—10 f o r t h e s t a i n i n g o f RNA as shown 

up by t h e 2 s t a i n s , and f o r t h e t i s s u e p r e s e r v a t i o n f o r e a c h p a r t i c u l a r 

f i x a t i ve. 
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2.2. PROBE PREPARATION AND LABELLING 

2 . 2 . 1 . P r e p a r a t i o n , L a b e l l i n g and T e s t i n g of cDNA P r o b e s 

2 . 2 . 1 . 1. P r e p a r a t i o n o f G l u t a m i n e S y n t h e t a s e cDNA p r o b e s 

A 140 bp Hindi1I/BgiI 1 f r a g m e n t was e x c i s e d f r o m t h e 5' f l a n k i n g 

r e g i o n o f t h e # i / H 5 cDNA c l o n e , a n d a 250 bp Rssl/Pstl f r a g m e n t f r o m 

gln-y cDNA, A f t e r t h e d i g e s t s t h e DNA was e l e c t r o p h o r e s e d o v e r n i g h t on 

an u p r i g h t 6% a e r y 1amide g e l . 

The e x c i s e d f r a g m e n t s were t h e n e l e c t r o e l u t e c i f r o m t h e g e l as 

f o i l o w s ; 

The g e l was s t a i n e d i n 500 ml e l u t i o n b u f f e r ( 0 . 5 M T r i s ; 0.25 M A c e t i c 

a c i d , pH 8 . 0 ) , c o n t a i n i n g 100 p i (10 ing/mi > e t h i d i u m b r o m i d e f o r 30 

m i n u t e s , t h e n washed i n 500 ml o f t h e same b u f f e r t o r 15 rain. The 

a p p r o p r i a t e i n s e r t s w e r e c u t o u t o f t h e s t a i n e d g e l under u l t r a v i o l e t 

l i g h t , and p l a c e d i n a s i l i c o n i z e d , (.11 mm d i a m , > , g l a s s t u b e 

c o n t a i n i n g 1 ml e i u t i o n b u f f e r . The g e l s i i c e was t r a n s f e r r e d t o p r e -

wa s h e d * d i a l y s i s t u b i n g ( s i z e 2-18/32) and t i e d a t b o t h e n d s e x c l u d i n g 

a i r b u b b l e s as f a r as p o s s i b l e . 

• D i a l y s i s t u b i n g was washed by b o i l i n g i n i l i t r e 2% NaHCQ;j!, 1 rnM EDTA 

f o r 10 min, r i n s e d i n d i s t i l l e d w a t e r , t h e n b o i l e d f o r a f u r t h e r 10 

m i n u t e s i n 0. 1 mM EDTA, t h e n s t o r e d a t 4°C i n 5 0 % e t h a n o i , 5 0 % 1 mM 

EDTA. 

The d i a l y s i s t u b i n g c o n t a i n i n g t h e g e i f r a g m e n t s was p a r t i a l l y 

c o v e r e d w i t h e l u t i o n b u f f e r i n a baby g e l t r a y , and e l u t e d a t 2 10 V (15 

V/cm) f o r 1-2 h. The c u r r e n t was r e v e r s e d f o r 1 m i n a t t h e end o f t h e 

e l e c t r o e l u t i o n t o remove any DMA s t u c k t o t h e t u b i n g . The b u f f e r was 

t h e n t r a n s f e r r e d f r o m t h e t u b i n g t o 2 E p p e n d o r f t u b e s and e t h a n o i 
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p r e c i p i t a t e d by a d d i n g l / 2 0 t h t h e t o t a l v o l u m e 4 M ammonium a c e t a t e , 

f o l l o w e d by 2.5 v o l u m e s o f e t h a n o l , and l e f t a t -20°C o v e r n i g h t . The 

f o l l o w i n g day t h e t u b e s w e r e spun f o r 15 m i n a t 4'-'C, t h e s u p e r n a t a n t 

d r a i n e d o f f , and t h e p e l l e t washed i n 7 5 % e t h a n o l , s p u n f o r 5 m i n u t e s , 

d r a i n e d and vacuum d e s i c c a t e d . The f i n a l p e l l e t was d i s s o l v e d i n 10 mM 

T r i s - H C I pH 8.0; o . l rnM EDTA. ( T L E ) . 

.2. P h o t o - B i o t i n L a b e l l i n g o f P r o b e s 

A P h o t o a c t i v e b i o t i n was o b t a i n e d f r o m V e c t o r L a b o r a t o r i e s and was 

i n i t i a l l y t e s t e d on pUC9 p l a s m i d DNA. An e q u a l v o l u m e o f V e c t o r 

L a b o r a t o r i e s ' P h o t o p r o b e ' was mixed w i t h 5 p i ( 0 . 2 5 jjig) cDNA p r o b e i n 

s t e r i l e d i s t i l l e d w a t e r (SDW) u n d e r s a f e l i g h t i l l u m i n a t i o n . The 

m i x t u r e was t h e n i r r a d i a t e d f o r 40 m i n , u s i n g a m e r c u r y t u n g s t e n 500 W 

lamp, w i t h t h e s a m p l e 15 cm b e l o w t h e lamp and m a i n t a i n e d on i c e w i t h 

t h e t o p o f t h e t u b e open. 

The l a b e l l e d p r o b e was p u r i f i e d as f o l l o w s ; t h e p r o b e + b i o t i n was 

made up t o 100 p i w i t h 0. I M T r i s - H C I pH 9.5, t h e n 100 u.l B u t a n - 2 ~ o l 

was added, t h e s o l u t i o n was m i x e d , s p u n f o r 2 min t o s e p a r a t e t h e 2 

l a y e r s , t h e u p p e r l a y e r d i s c a r d e d , a f u r t h e r 100 p i b u t a n - 2 - o l was 

added, m i x e d , s p u n and t h e u p p e r l a y e r d i s c a r d e d , t h e r e m a i n i n g 

s o l u t i o n was e t h a n o l p r e c i p i t a t e d ( a s o u t l i n e d f o l l o w i n g t h e 

e l e c t r o e l u t i o n o f DNA f r a g m e n t s ) . The r e s u l t a n t p e l l e t was r e s u s p e n d e d 

i n 10 mM T r i s - H C I , 1 mM EDTA and s t o r e d a t -20°C u n t i l r e q u i r e d , 

2.2.1.3. B i o t i n D e t e c t i o n . 

A B i o t i n d e t e c t i o n k i t (BRL) was u s e d t o d e t e r m i n e t h e l e v e l o f 

b i o t i n i n c o r p o r a t i o n i n t o t h e p l a s m i d DNA, i n c o m p a r i s o n w i t h s u p p l i e d 



b i o t i n y l a t e d DNA s t a n d a r d s . 

The s t a n d a r d p r o t o c o l as s u g g e s t e d i n t h e k i t was f o l l o w e d u s i n g 

a l k a l i n e p h o s p h a t a s e and s u b s t r a t e s : 

D e f e c t i o n s t r i p s ; 0-1 ng o f b i o t i n y i a t e d DNA was d o t t e d o n t o 

n i t r o c e l l u l o s e s t r i p s i n 5 j.t 1 a i i q u o t s ( b i o t i n y i a t e d DMA. was d i l u t e d t o 

t h e a p p r o p r i a t e c o n c e n t r a t i o n s w i t h 5 x SSC, d i l u t e d f r o m a s t o c k o f 20 

x SSC; 3,0 M s o d i u m c h l o r i d e ; 0. 3 M s o d i u m c i t r a t e , pH 7 . 0 ) . F i l t e r s 

w e r e d r i e d i n a vacuum over, f o r 1-2 h a t B0°C, 

A l k a l i n e P h o s p h a t a s e D e t e c t i o n ; f i l t e r s w e r e r e h y d r a t e d f o r 1 m i n 

i n b u f f e r 1 ( 0 . 1 M T r i s - H C l pH 7.5; 0.1 M NaCL; 2 mM MgCi,;:; 0.05% ( v / v ) 

T r i t o n X - iOO), t h e n i n c u b a t e d f o r 20 m i n a t 42°C i n b u f f e r 2, ''3% <w/v> 

b o v i n e s e r u m a l b u m i n , ( S i g m a ) , i n b u f f e r 1 ) . F i l t e r s t r i p s w e r e t h e n 

b l o t t e d d r y and d r i e d i n a vacuum o v e n f o r 10-20 m i n u t e s a t 60"C. 

F i l t e r s w e r e r e h y d r a t e d i n b u f f e r 2 f o r 10 min 1 ml 2 j i g / m l BRL 

s t r e p t a v i d i n i n b u f f e r 1 was t h e n a p p l i e d t o t h e f i l t e r s t r i p s a nd 

i n c u b a t e d a t r o o m t e m p e r a t u r e f o r 10 m i n , i n a s e a l e d bag. The s t r i p s 

w e r e washed f o r 3 :•< 3 m i n u t e s i n a l a r g e v o l u m e o f b u f f e r 1, f o l l o w e d 

by a 10 m i n i n c u b a t o n i n 1 ng/ral b i o t i n y i a t e d c a l f i n t e s t i n a l a l k a l i n e 

p h o s p h a t a s e ( B l o t i n AP) . The f i l t e r s t r i p s w e r e was t i e d i n b u f f e r - j f o r 

2 x 3 m i n u t e s , t h e n b u f f e r 3, ( 0 . 1 M T r i s - H C l pH9.5; 0.1 M NaCl; 50 mM 

MgClo J, f o r 2 x 3 m i n u t e s , f o l l o w e d by i n c u b a t i o n i n t h e BRL d y e 

s o l u t i o n w h i c h was p r e p a r e d by a d d i n g , 3.3 j i l NET ( n i t r o - b l u e 

t e t r a z o 1 i urn, 75 mg/ml i n 7 0 % d i m e t h y 1 f o r marni d e ) , a nd 2,5 p-l BCIP ( 5 -

b r o r n o - 4 - c h l o r o - 3 - i n d o l y 1 p h o s p h a t e , 50 mg/ml i n d i m e t h y l f o r m a i n i d e ) , t o 

750 u l b u f f e r 3. The f i l t e r s t r i p s w e r e i n c u b a t e d i n t h e d a r k f o r 1-4 



2,2.1.4. H y b r i d i z a t i o n o i cDNA P r o b e s on F i l t e r s , 

P r e p a r a t i o n o f f i l t e r s ; pBR322 p l a s m i d s c o n t a i n i n g a, jB and y (R-

2, R - l and N - l > p r o b e s e q u e n c e s <as i l l u s t r a t e d i n s e c t i o n 2.2.2.1, w e r e 

l i n e a r i s e d w i t h EcoRl • The l i n e a r i s e d p l a s m i d s w e r e d e n a t u r e d '.by 

p l a c i n g i n a b o i l i n g w a f e r b a t h f o r 5 m i n . > , and t r a n s f e r r e d o n t o a 

' B i o d y n e ' f i l t e r w h i c h had been m o i s t e n e d i n 2 X SSC, u s i n g a B i o r a d 

' d o t b l o t ' a p p a r a t u s . The f i l t e r was t h e n s u b j e c t e d t o t h e f o l l o w i n g ; 1 

X 5 m i n i n d e n a t u r a t i o n s o l u t i o n , 1 X 5 min i n i M T r i s - H C i pH 6.0 and 

1 X 5 min i n J . 5 M N a C i , a i r d r i e d , and t h e n b a k e d a t 80°C f o r 2 h. 

H y b r i d i z a t i o n c o n d i t i o n s ; b i o t i n l a b e l l e d GS p r o b e s w e r e 

h y b r i d i z e d t o l i n e a r i z e d p l a s m i d DNA c o n t a i n i n g t h e t a r g e t i n s e r t s 

f i x e d on n y l o n ' B i o d y n e ' f i l t e r s . 

The f o l l o w i n g h y b r i d i z a t i o n c o n d i t i o n s w e r e used; p r e -

h y b r i d i z a t i o n s o l u t i o n ; 5 X D e n h a r d t s ( d i l u t e d f r o m a 50 :•; s t o c k o f , 1% 

f i c o i l 400, 1 % p o l y v i n y l - p y r o l idone, 1 % B o v i n e Serum a l b u m i n ' 1 s o l u t i o n , 

5 X SSC i ( d i l u t e d f r o m a s o l u t i o n o f 20 x SSC, 3 M s o d i u m c h l o r i d e , 0,3 

M s o d i u m c i t r a t e ) , 0. 5% SDS ( f r o m a s t o c k o i 10% s o d i u m d o d e o c y l 

s u l p h a t e ) , 100 jjig/ml d e n a t u r e d h e r r i n g s p e r m DNA, 4 5 % de i o n i z e d 

f ormamide, 25 mM s o d i u m p h o s p h a t e and 5% d e x t r a n s u l p h a t e ( S i g m a ) . 

F i l t e r s were i n c u b a t e d f o r 2 h a t 42 - : jC. The d e n a t u r e d , b i o t i n l a b e l l e d 

p r o b e was t h e n a d d e d a n d t h e f i l t e r i n c u b a t e d o v e r n i g h t a t 42,:,G. 

Washes were c a r r i e d o u t as f o l l o w s ; 2 X SSC, 0. 1 % SDS, 2 X 15 m i n 

at. r o o m t e m p e r a t u r e , 0,2 X SSC, 0. 1 % SDS, 2 X 15mins a t r o o m 

t e m p e r a t u r e , 0.1 X SSC, 0 . 1 % SDS, 1 X 15 rnin a t 65°C, f o l l o w e d by a 

r i n s e i n 2 X SSC. 

F u r t h e r h y b r i d i z a t i o n t e s t s w e r e c a r r i e d o u t u s i n g a r a n g e o f 

p l a s m i d c o n c e n t r a t i o n s . The l i n e a r i z e d p l a s m i d was f i x e d t o t h e n y l o n 



f i l t e r u s i n g a hand h e l d u l t r a v i o l e t l i g h t r a t h e r than b a k i n g a* r,0"C 

f o r 2 h r s . T h i s was d e m o n s t r a t e d by K h a n d j i a n «196"> to be an improved 

method f o r f i x i n g DNA to n y l o n f i l t e r s . 

2 . 2 . 2 . . C o n s t r u c t i o n o f cRNA P r o b e s 

2.2.2.1 P r e p a r a t i o n o f i n s e r t s 

The r e s t r i c t i o n maps i n F i g u r e 1 show t h e l o c a t i o n of t h e i n s e r t s u s e d 

t o c o n s t r u c t cRNA p r o b e s . 

F i g u r e I . D i a g r a m t o show t h e l o c a t i o n o f t h e p r o b e s u s e d f o r t h e in 

situ h y b r i d i z a t i o n s . 

I I ! 

1 £ 
«. O . y probe, a Rsal/Pszl f r a g m e n t from t h e 5' i . a n k i n g r e g i o n . 

< i i ; . Two |3 pr obes; 

a Hindi i 1 / B g l l l f r a g m e n t from t h e 5' f l a n k i n g r e g i o n , 

and a FokI/BsaHi f r a g m e n t from t h e 3' f i a n k i n g r e g i o n . 

< i i i , - . a probe, a Bgii1/£coRI f r a g m e n t from t h e 5' : T a n k i n g r e g i o n . 

F r a g m e n t s were e x c i s e d f rom cDNA c l o n e s wi th t n e a p p r o p r i a t e 

r e s t r i c t i o n enzymes. The Fokl d i g e s t f o r t h e 0 p r o b e i e : t s t i c k y ends 

w h i c h r e q u i r e d f i l l i n g i n w i t h K; enow f r a g m e n t oi DNA p o l y m e r a s e i 

p r i o r t o t h e s e c o n d Bantil d i g e s t . T h e K i e n o w t r e a t m e n t was c a r r i e c ont 
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as f o l l o w s ; t h e p r e v i o u s d i g e s t was heat i n a c t i v a t e d i or 10 rnin at 

65~C, t h e n 11 JJ] 1 mM dNTP was added and mixed, f o l l o w e d by 5 IJ Kienow 

and a 15 m:i n i n c u b a t i o n a t room t e m p e r a t u r e . The r e a c t i o n was stopped 

by t h e a d d i t i o n , of 2 ji 1 0.5 M EDTA. t o l lowed by 10 min at 65'-C t o heat 

i n a c t i v a t e the enzyme, and the d i g e s t t r a n s f e r r e d t o i c e immediately. 

A f t e r p r opanoi p r e c i p i t a t i o n , of the DMA, th e second r e s t r i c t i o n was 

c a r r i e d o u t . 

The a and 5' 6 probes were e i e c t r o e l u t e d i rom a I .','•'% agarose ce I 

(as o u t l i n e d i n 2.2.1, i ) . The 3' |3 probe was e lec t r o e i u t e d from a 6% 

a c r y l a m i d e g e l , 

2 . 2 . 2. 2 . Pr e p a r a t i. on of the Piasrnid Vector. 

The ' B l u s c r i b e ' (pBS) v e c t o r used, was o b t a i n e d from S t r a t a g e n e 

and c o n t a i n e d T3 and T7 promoters f l a n k i n g t h e c l o n i n g s i t e s . 

The f o l l o w i n g d i g e s t s were c a r r i e d out on 1.2 jig v e c t o r DMA f o r 

each i n s e r t ; 

T able 2. Ve c t o r d i g e s t s f o r su b c l o n e d cDNA fragm e n t s . 

INSERTS VECTOR promoter l i n e a r i s e d w i t h ; 
D i g e s t e d w i t h 

a EcoR l /Bamtil T3 Eco RI 

3' [3 Smal I BanMl T3 EcoRI 

5' (3 HindHl/BanHl T7 Hnd 111 

y Smal/Pstl T3 Eco RI 

The p r o m o t e r s l i s t e d above produce the probe or ant i s e n s e complementary 

probes f o r in situ h y b r i d i z a t i o n . 

L i g a t i o n of probe fragments t o v e c t o r DMA. A t a r g e t l i g a t i o n 

c o n s i s t i n g o f t h e v e c t o r + probe and a s e l f l i g a t i o n of v e c t o r alone 



were c a r r i e d out t o r each fragment. 

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

T a r get l i g a t i o n s , L u l c u t v e c t o r DMA (25 n g ) , 1 p.1 15 ng) i n s e r t DNA, i 

U (BRL> T4 DNA l i g a s e , J u l 5 X l i g a t i o n c o c k t a i l , made up to 5 p i w i t h 

s t e r i l e d i s t i l l e d water. S e l l l i g a t i o n s were the same as the t a r g e t but 

w i t h o u t the i n s e r t . DNA. I n c u b a t i o n s were c a r r i e d out a t i4"C. o v e r n i t r h t . 

The f o i l o w i n g morning the r e a c t i o n was stopped by adding 44 p i I.E. 

b u f f e r and l u i 0.5 M EDTA and the s o l u t i o n s t o r e d a t -dO'K u n t i l 

r e q u i r e d . 

2.2.2 3. P r e p a r a t i o n ol Competent C e l l s and T r a n s f o r m a t i o n . 

Frozen and f r e s h competent c e l l s were p r e p a r e d from JM101 and 

JM83 c e l l l i n e s b a c t e r i a l c e l l l i n e s u s i n g t h e f o l l o w i n g methods, 

P r e p a r a t i o n o f f r o z e n competent c e l l s ; An o v e r n i g h t c u l t u r e of 25 

mi 2 XL b r o t h + g l u c o s e <20 g b a c t o t r y p t o n e , 10 g yeast e x t r a c t , j g 

NaCl, d i s s o l v e d i n i ; i H:.,0, a d j u s t e d to pH 7.0 i f necassary, and 

a u t o c l a v e d . i % ( v / v ) 20% f i l t e r s t e r i l i s e d g l u c o s e was added b e f o r e 

use) i n a 250 mi c o n i c a l f l a s k , was i n o c u l a t e d w i t h a s i n g l e c o l o n y of 

JM101 or JM83 and shaken o v e r n i g h t a t 30°C. 100 mi 2 XL b r o t h p r e ­

war med t o 30°C i n a 500 ml c o n i c a l f l a s k was i n o c u l a t e d w i t h i ml of 

the 0/N c u l t u r e , and i n c u b a t e d at 30°C f o r a p p r o x i m a t e l y 1 h. u n t i l t h e 

0D e, o o~0. 25. < lrnl was removed f r o m the c u l t u r e a t i n t e r v a l s and the 0D,r.oo 

read, ( t h e 0D,-..o,-, of 0.25 took a p p r o x i m a t e l y 35 roin t o be re a c h e d ) . At 

t h i s s t a g e 1 ml 2 M MgCl,., was added and the c u l t u r e grown a t 30°C 

( s h a k i n g ) t o an OD^^O. 45-0. 55. The c e l l s were q u i c k l y c o o l e d on 

i c e / w a t e r , and l e f t on i c e f o r 2 h, t i n some cases c e l l s l e f t 0/N have 

shown c o n s i d e r a b l y h i g h e r l e v e l s of competence). 
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C e l l s were p e l l e t e d i n s t e r i l e 40 ml ( p l a s t i c ) tubes a t 5000 rpia f o r 5 

rain at 4,:'C, and the s u p e r n a t a n t d i s c a r d e d . Col I s were a g a i n g e n t l y 

resuspended i n h a l t t he gro w t h volume, 12.5 ml, i c e c o l d Ca*'' /Mrr :' 

s o l u t i o n <.Ca-" /Mn-*'-"; t o r 50 ml, 40 mM-0.27 g sodium a c e t a t e , 100mM-l, lOg 

CaCls,. 4H:,-;0, ?0rnM-0.69 ;i MnC 1:;.. 41^,0, pH ad j us ted t o 5.5 w i t h HC1, and 

the s o l u t i o n f i l t e r s t e r i l i s e d t h r o u g h a 22 pra f i l t e r and c o o l e d on 

i c e , made up f r e s h l y ) . C e i l s were i n c u b a t e d on i c e f o r L~2h, then spun 

a t 3000 rpro f o r 5 min a I 4-'-C, <good competent c e i l s s h o u l d f n r m •*» 

doughnut shaped p e l l e t ' . C e i l s were g e n t l y resuspended i n J/20th the 

i n i t i a l g r o w t h volume 02 . 5 ml/ tube. >, i n Ca:'"'/Mn::>' s o l u t i o n c o n t a i n i n g 

15% g l y c e r o l . 0 . 3 ml a l i q u o t s were t r a n s f e r r e d i n t o i , 5 ml Eppendort 

tubes and f r o z e n i m m e d i a t e i y i n l i q u i d n i t r o g e n , then s t o r e d a t -80''C. 

The p r e p a r a t i o n of f r e s h competent c e i l s ; iOOral of 2 X YT media 

was i n o c u l a t e d w i t h JM101 or JM83 and i n c u b a t e d o v e r n i g h t at 37''C 

w i t h o u t s h a k i n g . 25 mi of pre-warmed 2 X YT b r o t h i n a c o n i c a l f l a s k 

was i n n o c u l a t e d w i t h 0.5 ml of resuspended 0/N c u l t u r e , and i n c u b a t e d 

1.-1.5 h. w i t h s h a k i n g , u n t i l the OD^oo was 0,3-0.4. C e i l s were p e l l e t e d 

i n a Beck man SS34 r o t o r at, 5000 rpm f o r 4-5 rain a t 4°C. The s u p e r n a t a n t 

was poured o f f and the c e l l s g e n t l y resuspended i n 1/2 the gr o w t h 

volume (12.5 ml) 50 inM i c e - c o l d c a l c i u m c h l o r i d e and l e f t on i c e f o r 20 

min C e l l s were r e - p e l i e t e d and g e n t l y resuspended i n l / i 0 t h t he g r o w t h 

volume (2,5 ml) i c e - c o l d 50 rr.M c a l c i u m c h l o r i d e s o l u t i o n , then used i n 

t he t r a n s f o r ma t i o n . 



T r a n s f o r m a t i o n : An i n i t i a l t r a n s f o r m a t i o n was c a r r i e d out on c u t 

and uncut v e c t o r t o t e s t the competence of c o i i s . DMA was d i l u t e d to 

the r e q u i r e d c o n c e n t r a t i o n s ; 

Ci ) . Uncut v e c t o r t o a c o n c e n t r a t i o n of 10 pg/25jjil i n TE b u f f e r . 

<i i >. Cut v e c t o r t o a c o n c e n t r a t i o n o f 1 n g / 2 5 j j i l . 

50 p i a l i q u o t s of competent c e l l s were added t o the 25 p i d i l u t e d DMA 

at 4,;;'C (on i c e i n i . 5 ml Eppendorf t u b e s ) . 

The c e l l s + DNA were l e f t on i c e f o r 30 rain. ! . b ml ?. >'L hro+h + 

gluco s e was warmed t o 37°C i n s t e r i l e ( m e t a l capped) g l a s s tubes. C e i l s 

were heat shocked at 37,:,C f o r 5 min, t h e n added t o t h e pre-warmed 

2XL b r o t h + g l u c o s e , shaken f o r 90 min a t 37';'C. fan a p p r o p r i a t e t i m e 

f o r p o u r i n g p l a t e s ) , 1 Orals bottom agar was melted and kept at 54- 'G, I 

ml per t r a n s f e e t i o n ) . A f t e r t h e 90 min i n c u b a t i o n was complete, i nil of 

bottom agar was mixed w i t h each 1.5 mi c u l t u r e i n a 42"C water bath. 5!.) 

p i 2% X-ga 1 i n d i m e t h y l formamicle, 10 p i 100 mM IPTG (24 mg/ml i n 

s t e r i l e d i s t i l l e d w a t e r ) and 7.5 p i 20 mg/ml a m p i c i i l i n were q u i c k l y 

added and poured on t o L-agar p l a t e s c o n t a i n i n g 100 p.g/ml amp i c 111 i n . 

P l a t e s were i n c u b a t e d 0/N a t 37->C and the c o l o n i e s counted t h e 

f o l l o w i n g day. 

2.2.3.4-. S c r e e n i n g T r a n s f o r r n a n t s by Colony H y b r i d i z a t i o n and Southern 

B i o t t i n g . 

P r e p a r a t i o n of i m m o b i l i z e d c o l o n i e s on f i l t e r s : Twenty small w h i t e 

c o l o n i e s (suspected t r a n s f o r r n a n t s ) , were t r a n s f e r r e d to an L-agar 

master p l a t e and t o S c h l e i c h e r and Schnel I 32 mm 0.45 )j.m pore s i r e 3.1 

mm g r i d on a second L-agar p l a t e . The p l a t e s were i n c u b a t e d a t 3";o 
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o v e r n i g h t , then s t o r e d at 4,:,C u n t i l r e q u i r e d . The g r i d s were then used 

f o r t h e co l o n y h y b r i d i z a t i o n s i n o r d e r t o i d e n t i f y the c o l o n i e s 

c o n t a i n i n g the c o r r e c t . GS fragm e n t s . 

F i l t e r h y b r i d i z a t i o n s : P r e p a r a t i o n of f i l t e r s ; g r i d s on which 

t r a n s f o r m e d c o l o n i e s had been grown were removed from t h e L-agar p l a t e s 

and t r a n s f e r r e d to a s e r i e s of P e t r i - d i s h l i d s c o n t a i n i n g f i l t e r paper 

soaked i n the f o l l o w i n g ; 0,5 M MaOH; i M T r i s - H C l ; pH 7.5, 2 X 5 rain, 

1.5 M NaCl; 0.5 M T r i s - H C i pH 7.5, 1 X 5 mi n. G r i d s were a l l o w e d t o a i r 

dry , then baked a t 80°C f o r 2 hours under vacuum. 

P r e p a r a t i o n o f probes; the 4 cDNA fragments c o r r e s p o n d i n g t o those 

subclonecl i n t o the pBS v e c t o r were pooled, and ''-P-label 1 ed u s i n g t h e 

Arnersham n i c k t r a n s l a t i o n k i t t o use f o r h y b r i d i z a t i o n to the 

irninunomobi i 1 zed c o l o n i e s . The pooled fragments were i n c u b a t e d i n ; 2 p i 

d-GTP:dCTP: dTTP, 1:1:1, n u c l e o t i d e b u f f e r ; 250 ng po o l e d cDNA probe i n 

5 p i TLE b u f f e r , 2 ji 1 s t e r i l e d i s t i l l e d water, 1 JJ 1 n i c k t r a n s l a t i o n 

enzyme, DNA polymerase, t ::i:;-Pl dATP '.3000 Ci/m mole), at io'JC f o r 2 h. 

F o l l o w i n g t he 2 h i n c u b a t i o n t h e n i c k t r a n s l a t i o n s o l u t i o n was passed 

over a 2.8 ml Sephadex G50 column and 100 u 1 f r a c t i o n s were c o l l e c t e d . 

The f r a c t i o n s c o n t a i n i n g t h e l a b e l l e d cDNA were combined and f r o z e n a t 

-20°C u n t i l r e q u i r e d f o r the c o l o n y h y b r i d i z a t i o n s . 

F i l t e r H y b r i d i z a t i o n s : The Hybaid I b l o t p r o c e s s i n g system CHybaid 

L t d . ) was used f o r p r e - h y b r i d i z i n g , h y b r i d i z i n g and washing t h e 

n i t r o c e l l u l o s e f i l t e r s . The f i l t e r s were s e a l e d i n a 137 mm x 210 nun 

bag and pre-hybr i d i z e d minimum of 2 hours at 65°C i n the f o l l o w i n g 

s o l u t i o n CGrunstein and Hogness, 1975). 2 ml 100 X Denhardts s o l u t i o n , 

0.1 ml 20% SDS, 2 ml 20 X SSC, 200 p i f r e s h l y b o i l e d h e r r i n g sperm DNA 

<10 mg/ml), 16.7 p i SDW ( s t e r i l e d i s t i l l e d w a t e r ) . F o l l o w i n g the 



p r e h y b r i d i z a t i o n , t he combined l a b e l l e d probe was added and t h e t l i t e r s 

h y b r i d i s e d at 65°C w i t h s h a k i n g o v e r n i g h t , H y b r i d i z e d f i l t e r s were 

washed i n 1 1, 2 X SSC, 0.1% SDS, and a u t o r a d i o g r a p h e d o v e r n i g h t . 

The a l k a l i n e l y s i s ( S e c t i o n 2.2.2.5; method was used t o p r e p a r e 

p i a s m i d DMA f r o m c l o n e s which appeared t o have h y b r i d i z e d to the probe 

i n t he c o l o n y h y b r i d i z a t i o n s . 

Southern B i o t t i n g : GS cDMA fr a g m e n t s were used to i d e n t i f y t h e 

c o r r e c t i n s e r t s i n t h e pBS v e c t o r by s o u t h e r n b i o t t i n g : 

( i ) , Hind] I 1 /B a r m 1 d i g e s t o f the pR-1 cDNA c l o n e t o g e n e r a t e a 2,7 

kb p i a s m i d f r a g m e n t , a 1100 bp 3' fragment and a 350 bp 5' 

fragment t o i d e n t i f y the |3 fragments, 

< i i > . Hindi 11/BanMl d i g e s t of the pR-2 cDNA c l o n e to g e n e r a t e a 2.7 

kb, a 50 bp and a 70 bp f ragmen t , a s i n g l e BaiiMl d i g e s t was 

a l s o used t o h e l p i d e n t i f y t he c o r r e c t a fragments due t o the 

l a r g e number o f Hindi I I r e s t r i c t i o n s i t e s . . 

<iii),Ps£I d i g e s t of the pN-i cDNA c l o n e , t o p r o v i d e , a 4.3 kb 

pi a s m i d fragment and a 700 kb i n s e r t , t o i d e n t i f y t h e y 

f r a g m e n t s . 

The r e s u l t a n t f r a g m e n t s were e l e c t r o p h o r e s e d on a 1,2% agarose 

g e l . 

B l o t t i n g : The g e l was washed i n d i s t i l l e d w a t er, then i n c u b a t e d 

f o r 1 X 20 minutes i n 1 I d e n a t u r a t i o n s o l u t i o n '.0.5 M NaOH; 1.5 M 

MaCi > , f o l l o w e d by a f u r t h e r ' , 1 X 40 min i n i 1 o f the same s o l u t i o n , 

then r i n s e d i n d i s t i l l e d water f o l l o w e d by 1 X 60 min i n 1 1 

n e u t r a l i z a t i o n s o l u t i o n (1 M T r i s - H C i ; 3 M MaCI, pH 5.5), The top and 

s i d e s of the g e l were trimmrned o f f , and a wick o f Whatman 3 MM paper 

was soaked i n 20 X SSC (3 M NaCi, 0.3 M sodium c i t r a t e ) and the g e i 
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l a i d on top of t h e wick. A Biodyne f i l t e r , a f r a c t i o n 1 a r g e r than the 

g e l was l a i d on top of the g e l , f o l l o w e d by two p i e c e s of Whatman 3 MM 

paper, absorbant pads were pl a c e d on top of t h e Whatman paper w i t h a 

g i a s s t r a y and a small weight on t h e top. S t r i p s of d i s c a r d e d X-ray 

f i l m were p l a c e d around the edges of the g e l to p r e v e n t s h o r t c i r c u i t s . 

The b l o t was then checked f o r any l e a k s and s h o r t c i r c u i t s , and l e f t 

f o r 36 h, changing the pads i f r e q u i r e d . 

A f t e r b l o t t i n g the pads were removed, and the f i l t e r a l l o w e d t o 

a i r dry on f i l t e r paper, then baked a t 80°C. The g e l was s t a i n e d i n 

e t h i d i u m bromide t o check t h a t t he DNA had been s u c c e s s f u l l y 

t r a n s i e r r e d . 

The p u t a t i v e GS sub c l o n e s were e x c i s e d from the v e c t o r DNA, **p-

l a b e l l e d and h y b r i d i z e d i n d i v i d u a l l y t o the b l o t s , u s i n g the f i l t e r 

h y b r i d i z a t i o n c o n d i t i o n s o u t l i n e d e a r l i e r i n t h i s S e c t i o n . 

2 2.2.5. P r e p a r a t i o n of p l a s m i d DNA. 

Several methods of p r e p a r i n g p l a s m i d DNA were used t o bulk up-

s p e c i f i c p i a s m i d s c o n t a i n i n g i n s e r t s which h y b r i d i z e d to the c o r r e c t GS 

cDNA fragments. 

Small s c a l e p l a s m i d prep by a l k a l i n e l y s i s and PEG p r e c i p i t a t i o n ; 

A 10 ml c u l t u r e i n L - b r o t h medium c o n t a i n n i n g 100 jig/ml a m p i c i l l i n was 

shaken o v e r n i g h t a t 37°C. C e l l s were c o l l e c t e d by c e n t r i f u g a t i o n at 

4000 rpm f o r 10 rnin and resuspended i n 100 )J.i 25 mM T r i s - H C l pH 8.0 / 1 0 

mM EDTA/50 mM g l u c o s e , ( s o l u t i o n I ) , then t r a n s f e r r e d t o Eppendorf 

tubes. 20 JJ.1 lysozyme (20 mg/mi i n s o l u t i o n 1) was added to each 

Eppendorf, mixed and l e f t t o i n c u b a t e on i c e f o r 20 min 2 0 0 p i 0.2 M 

NaOH/1% SDS ( s o l u t i o n ID, was added, mixed and i n c u b a t e d on i c e f o r a 



f u r t h e r 20 min, 150 u l 3 M NaOAc pH 5.2 ( s o i u t i o n I I I ) , was added, 

mixed and i n c u b a t e d f o r 20 min. The c e l l s were spun f o r 15 min a t 4°C, 

the s u p e r n a t a n t was decanted o f f i n t o f r e s h tubes, 5 p. 1 b o i l e d RNase A 

(10 rag/ml) was added, mixed and i n c u b a t e d a t 37"C f o r 20 rain. C e l l 

p r o t e i n was e x t r a c t e d wi th 300 p i p h e n o l / c h l o r o f o r m / i s o a m y l a l c o h o l , 

(25:24:1), the f o p phase decanted to a f r e s h tube, 1 ml e t h a n o l added 

and l e f t at -20,-,C o v e r n i g h t or -30r,C f o r 1 hour and the n u c l e i c a c i d 

c o l l e c t e d by c c n t r i f u g a t i o n , The r e s u l t a n t p e l l e t was d r i e d under 

vacuum, d i s s o l v e d i n 168 p i d i s t i l l e d water. 32 p i 5 M NaC1; 200 p i 13% 

PEG (M,. 8000), was added, mixed and l e f t on i c e f o r 1 h. The p l a s m i d 

DNA was spun f o r 30 min, the p e l l e t washed i n 1 mi 70% e t h a n o l , d r i e d 

under vacuum and r e d i s s o l v e d i n 50 p i TE b u f f e r . An a l i q u o t was r u n on 

an agarose baby g e l w i t h a known q u a n t i t y of marker, to e s t i m a t e the 

q u a n t i t y o f plas m i d produced. 

Midi p l a s m i d prep by a l k a l i n e l y s i s and PEG p r e c i p i t a t i o n : 4 X 1 

1, c o n i c a l f l a s k s c o n t a i n i n g 250 mi L - b r o t h wi t h 100 p.g/mi a i n p i c i 11 i n 

were i n o c u l a t e d and shaken o v e r n i g h t a t 37°C. C e i l s were spun down t h e 

f o l l o w i n g morning a t 3000 rpm 4':vC f o r 15 rain. , t h e p e l l e t s resuspended 

i n 24 rnl s o l u t i o n 1 (25 mM T r i s - H C l , pH 7,5; 10 rnM EDTA; 1.5% sucrose; 2 

ing/rnl lysozyme, f r e s h l y p r e p a r e d and c h i l l e d on i c e ) , and d i v i d e d 

between 4, 30 ml c o r e x tubes. The resuspended c e l l s were i n c u b a t e d on 

ic e / w a t e r f o r 20 min. 48 ml s o l u t i o n 11, (0.2 M NaOH; 1% SDS) , was 

added (12 ml/4 t u b e s ) , t h e s o l u t i o n c a r e f u l l y mixed, and i n c u b a t e d f o r 

a f u r t h e r " 10-20 min. on i c e / w a t e r . 30 ml s o l u t i o n I I I , (3 M NaOAc pH 

5.2), was added, (7.5 mi t o each o f the 4 t u b e s ) . The c e l l s were mixed 

c a r e f u l l y by i n v e r s i o n and i n c u b a t e d f o r 20 min on i c e / w a t e r , then 

spun a t 12000 rpm f o r 20 min. The s u p e r n a t a n t was decanted i n t o 4 core:--: 
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tubes a v o i d i n g t h e w h i t e p r e c i p i t a t e , 200 p i RNase A <i0 mg/ml), 50 

p l / t u b e , was added and i n c u b a t e d f o r 20 rain. a t 37'**C. Two 

pheno1/ch1or o f o r m e x t r a c t i o n s were c a r r i e d o u t , t h e n t w i c e the f i n a l 

voiume 01 e t h a n o i was added t o p r e c i p i t a t e the DNA, then l e f t a t -80"C 

f o r 1 h or -20°C o v e r n i g h t . The DNA was p r e c i p i t a t e d by s p i n n i n g at 

10000 rptn f o r 20 min, t h e p e l l e t washed i n 75% e t h a n o i , d r a i n e d and 

d r i e d down. The d r i e d down p e l l e t was resuspended i n 5.12. ml (1.28 

m l / t u b e ) SOW, then 1.28 mi 4 M NaCl was added and mixed (320 i i ! / f u h e \ 

f o l l o w e d by 6.40 ml 13% PEG (1.6 m l / t u b e ) , mixed and i n c u b a t e d on 

i c e / w a t e r f o r 60 min. The DNA was spun down at 10000 rprn f o r 10 min, 

the s u p e r n a t a n t removed, t h e p e l l e t washed i n 75% e t h a n o i , (spun a t 

10000 rpm f o r 5 min) d r a i n e d and d r i e d down, t h e n resuspended i n TE 

b u f f e r (1 1, c u l t u r e s h o u l d p r o v i d e a p p r o x i m a t e l y 8 rug p l a s m i d DHA) . 

The resuspended DNA was t r a n s f e r r e d t o Eppendorf tubes, and the 

c o n c e n t r a t i o n e s t i m a t e d by r u n n i n g on an agarose g e l a g a i n s t a 

q'jan t i f i ed mar ker . 

A l t e r n a t i v e method f o r M i d i - p l a s m i d prep. (Holmes and Q u i g l e y , 

(198 1) , mod i f i ed ) . A 50 ml c u l t u r e was e s t i m a t e d t o y i e l d a p p r o x i m a t e l y 

30-40 jj.g p l a s m i d DNA: A s i n g l e c o l o n y was used t o i n o c u l a t e 10 ml L-

b r o t h + amplei 11 i n (100 pg/ml) i n a 50 ml c e n t r i f u g e tube and shaken 

o v e r n i g h t a t 37°C. C e l l s were then spun down a t 7000 rpm f o r 5 min. at 

4°C, the s u p e r n a t a n t pooured o f f and t h e p e l l e t s a l l o w e d t o d r a i n 

almost dry. P e l l e t e d c e l l s were made i n t o a p a s t e i n t h e r e m a i n i n g 

l i q u i d and taken up i n 0.7 mi STET (0.8 g sucrose; 5 ml 10% T r i t o n ; 1ml 

0.5 M EDTA; 0.5 ml 1 M T r i s HCI pH 3.0, made up t o 10 ml w i t h SDW and 

c o o l e d on i c e ) , per 10 ml o r i g i n a l volume. 50 p i lysozyme (10 rug/ml ) 

was added and mixed g e n t l y but t h o r o u g h l y , then t r a n s f e r r e d t o an 



Eppenciorf tube. The tu b e ' s ) were then p l a c e d i n a b o i i i n g water bath 

t o r 40 sec, then spun i m m e d i a t e l y f o r 10 min a t room temperature. The 

r e s u l t a n t p e l l e t s were removed w i t h a t o o t h p i c k and d i s c a r d e d (.only a 

s m a i l volume was l e f t , a p p r o x i m a t e l y 500-600 p i ) . 0.5 volumes 4M NH»UAc 

and 2 X the o r i g i n a l volume i s o p r o p a n o l <.propan-2-o i > were added, the 

s o l u t i o n mixed and l e f t a t room tem p e r a t u r e f o r 10 min,, then spun t o r 

10 min. a t room t e m p e r a t u r e , t he p e l l e t washed i n 1 mi 75'% e t h a n o l , 

spun f o r 5 min. a t room t e m p e r a t u r e , d r a i n e d and t h e p e l l e t d r i e d . The 

p e l l e t was then resuspended i n 200 p i TE (10 mM T r i s pH 8.0, 1 mM EDTA 

pH S . i ) . 20 p i RNase (10 mg/ml) was added and i n c u b a t e d f o r 2 hours a t 

37°C. The s o l u t i o n was e x t r a c t e d wi t h p h e n o l / c h l o r o f o r m t w i c e , f o l l o w e d 

by two c h l o r o f o r m e x t r a c t i o n s then t h e p i a s m i d was e t h a n o l 

p r e c i p i t a t e d , resuspended and q u a n t i f i e d on an agarose g e l as f o r the 

p r e v i o u s p i a s m i d preps. 

Once a r e a s o n a b l e y i e l d of p i a s m i d had been o b t a i n e d u s i n g one or 

more of the p i a s m i d preps o u t l i n e d above, the s u b c l o n e d i n s e r t s e x c i s e d 

from the pi a s m i d u s i n g the a p p r o p r i a t e r e s t r i c t i o n enzymes, and 

se p a r a t e d out on an a e r y l a m i d e g e l a g a i n s t the c o r r e c t OS fragm e n t s to 

check t h e i r s i z e . F u r t h e r p i a s m i d DNA c o n t a i n i n g t h e r e q u i r e d i n s e r t s 

was then p r e p a r e d u s i n g a caesium c h l o r i d e p l a s m i d prep, 

Large s c a l e i s o l a t i o n and p u r i f i c a t i o n of p i a s m i d DNA-Caesium 

c h l o r i d e p i a s m i d prep: 10 ml L - b r o t h ( c o n t a i n i n g 25 jig/ml a m p i c i i l i n ) 

was i n o c u l a t e d wi t h a s i n g l e c o l o n y c o n t a i n i n g the r e q u i r e d i n s e r t and 

shaken o v e r n i g h t a t 37°C. 200 ml L - b r o t h ( i n c l u d i n g a n t i b i o t i c ) was 

i n o c u l a t e d w i t h 2 ml o f t h e o v e r n i g h t c u l t u r e i n a 1 1, c o n i c a l f l a s k , 

and shaken f o r 3-4 h at 37°C u n t i l 0D,.-jO<., was a p p r o x i m a t e l y 1. The c e i l s 

were c o l l e c t e d by s p i n n i n g at 7000 rpm f o r 10 min. a t 4,;,C, the 



s u p e r n a t a n t poured o f f and the c e n t r i f u g e tubes p l a c e d on i c e . The 

p e l l e t was made i n t o a p a s t e i n the r e m a i n i n g l i q u i d , then resuspended 

i n 3 jfil 25% (w/w> sucrose i n 50 mM T r i s HCI pH 3.0. The suspension was 

then t r a n s f e r r e d t o SS-34 c e n t r i f u g e tubes. 1 mi iysozyme, '•. 10 mg/mi 

f r e s h i y p r e p a r e d ) , was added to t h e suspension and s w i r l e d g e n t l y . The 

suspension was then i ef t on i c e f o r 5 min. s w i r ! ing g e n t l y 

o c c a s i o n a l l y , 1 ml i c e d 0,5 M EDTA pH 8.1 was added and t h e suspension 

l e f t on i c o f o r a f u r t h e r 5 min. 9.5 rni i c e d T r i t o n s o l u t i o n '1 ml 

T r i t o n ; 12.5 ml 0.5 M EDTA; 5 ml 1 M T r i s - H C l pH 8.0; 80 ml SDW, coo l e d 

on i c e . i , was added and mixed i m m e d i a t e l y by i n v e r t i n g t h e tube s e v e r a l 

times, then l e f t on i c e f o r 10 min. The i y s a t e was spun at 18 000 rpm 

(or 12000 rpm, depending on the t u b e s ) , f o r 60 min. a t 4,;'C. 

The s u p e r n a t a n t was poured o f f i n t o a pre-weighed c e n t r i f u g e tube 

( s u i t a b l e f o r a Beckman t y p e 42,1 r o t o r ) . The s u p e r n a t a n t was weighed 

and an equal weight of CsCl was added and d i s s o l v e d . The tubes were 

then f i l l e d up and balanced «.including t h e 1 i d s ) u s i n g 50% (W7W) CsCl 

i n TE b u f f e r . 900 p i e t h i d i u m bromide was added, t h e tubes balanced 

w i t h p a r a f f i n o i l and wrapped i n f o i l . (Care was taken not t o shake the 

tubes and t o keep them i n t h e dark, i n o r d e r t o a v o i d the e f f e c t of 

e t h i d i u m bromide i n t h e l i g h t which can r a p i d l y damage the p l a s m i d DNA. 

Tubes were spun at 38 000 rpm a t 15,::,C i n a ( p r e - c o o i e d T i - 7 0 r o t o r ) at 

15'-'C f o r 4-6 h. Tubes were covered w i t h f o i l t o p r o t e c t them from the 

l i g h t when removed f r o m the c e n t r i f u g e . The g r a d i e n t s were viewed w i t h 

u l t r a v i o l e t l i g h t , and the lower ( r e d ) band removed u s i n g a bent 

p a s t e u r p i p e t t e . The band was t r a n s f e r r e d t o a c l e a n c e n t r i f u g e tube, 

the tube f i l l e d up w i t h 50% caesium c h l o r i d e , balanced, then topped up 

w i t h l i q u i d p a r a f f i n , balanced and spun f o r 19 hours. The lower band 
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was removed as b e f o r e , t he e t h i d i u m bromide e x t r a c t e d f r o m t h e 

re c o v e r e d p l a s m i d u s i n g b u t a n o l ( p r e - s a t u r a t e d w i t h 20 rnM T r i s - H C l pH 

8.0; i mM EDTA>. An equal volume of butane! t o p l a s m i d / e t h i d i u r n bromide 

was added, mixed, a l l o w e d to s e p a r a t e and the upper l a y e r removed, T h i s 

was r e p e a t e d s e v e r a l times u n t i l the upper phase was c l e a r , The p l a s m i d 

was d i a l y s e d a t 4,;,0 f o r i hour a g a i n s t 2 X i 1 10 mM T r i s - H C l pH 8.0; 1 

mM EDTA u s i n g pro-washed d i a l y s i s t u b i n g (washing was c a r r i e d out i n 

50% e t h a n o i , then b o i l e d in 10 mM NaHCO,, l 1 mM EDTA f o l l o w e d by 

r i n s i n g i n SDW and s t o r e d i n 50% EtOH). l / 2 0 t h volume 4 M NiTt0Ac + 2.5 

volumes e t h a n o i was added t o the c o n t e n t s of t h e d i a l y s i s t u b i n g ( i n 

s t e r i l e cor ex tubes >, and l e f t o v e r n i g h t a t -20°C. The DNA was spun 

down a t 12 000 rpm f o r 20 min a t 4,;,C, the s u p e r n a t a n t removed and the 

p e l l e t washed i n w i t h 75% e t h a n o i , spun, then d r a i n e d , d r i e d down i n a 

vacuum d e s s i c a t o r and re-suspended i n TE b u f f e r . The p l a s m i d was 

q u a n t i f i e d on a s p e c t r o p h o t o m e t e r . 
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2.3. THE USE OF UNA PROBES. 

2.3.1. T r a n s c r i p t i o n o f Probes. 

The pBS ' B l u e s c r i b e ' p l a s m i d v e c t o r (Stratagene./, c o n t a i n i n g t h e 

r e q u i r e d GS cDNA fr a g m e n t s f o r ?/? situ h y b r i d i z a t i o n probes, was 

l i n e a r i z e d u s i n g a r e s t r i c t i o n d i g e s t to c u t t h e p l a s m i d a t the end of 

the i n s e r t ( t o t e r m i n a t e the t r a n s c r i p t i o n c o n t i n u i n g a l o n g t h e 

p l a s m i d ) . The c u t p l a s m i d was phenol e x t r a c t e d , ethano! p r e c i p i t a t e d , 

washed i n 75% e t h a n o i , d r i e d and resuspended i n TLE b u f f e r (10 niM T r i s -

HCl pH 7.5 + 0.1 mM EDTA ). 

Probes were t r a n s c r i b e d a c c o r d i n g t o the t r a n s c r i p t i o n p r o t o c o l 

s u p p l i e d by ' S t r a t a g e n e ' : t he t r a n s c r i p t i o n medium was set up as 

f o l l o w s ; 13.5 f i t DEPC t r e a t e d d i s t i l l e d w a t e r , 5 p i 5 X t r a n s c r i p t i o n 

b u f f e r (5 x t r a n s c r i p t i o n b u f f e r ; 200 rnM T r i s - H C l pH 8.0; 40 mM MgC I •• ; 

10 mM s p e r m i d i n e ; 250 mM NaC I ; 1 ug ( I p i * DNA te m p l a t e ; J p l 10 rnM 

rATP; lp.i 10 mM rGTP; 1 p i 10 mM rUTP; 1 p i 0.75 M DTT; 1 u 1. 10 mM 

rCTP; 10 IJ T3 polymerase (or T7 polym e r a s e ) , the s o l u t i o n was i n c u b a t e d 

at 37''jC f o r 30 min. The s o l u t i o n was then made up t o 250 u I w i t h DNase 

b u f f e r , t.40 mM T r i s - H C l ; 6 mM MgCl;;.; 10 mM NaCl; 40 p. 1 1 M Trls-HC! pH 

7.5; 0.5 mg NaCl; 0.78 mg MgCl 2, made up i n 960 p i *DEPC t r e a t e d 

w a t e r ) . 1 U RNase f r e e DNase was added arid the s o l u t i o n i n c u b a t e d at 

37'-'C f o r 15 minutes. After' i n c u b a t i o n t he s o l u t i o n was e x t r a c t e d w i t h 

pheno1/ch1oroform t w i c e , f o l l o w e d by two c h l o r o f o r m e x t r a c t i o n s . The 

RNA was then e t h a n o i p r e c i p i t a t e d by adding 1/10th volume Sodium 

a c e t a t e + 2.5 volumes e t h a n o i , p r e c i p i t a t e d o v e r n i g h t at ~20'C, spun 

down th e f o l l o w i n g day, and washed i n 75% e t h a n o i . The p e l l e t , was d r i e d 

and re-suspended i n TE b u f f e r (made up i n *DEPC t r e a t e d water.). 
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An a l i q u o t of th e RNA was r u n on a i . 2 % agarose baby g e l t o check 

a l l the plasrnid DNA had been d i g e s t e d . The r e m a i n i n g RNA was q u a n t i f i e d 

on a s p e c t r o p h o t o m e t e r and s t o r e d at -80<-C u n t i l r e q u i r e d . 

•DEPC t r e a t e d water was prep a r e d from a 0. 1% s o l u t i o n of DEPC i n 

d i s t i l l e d water which was shaken, l e f t f o r 15 min a t room t e m p e r a t u r e , 

then au toe laved f o r 20 rnin. 

2.3.2. L a b e l l i n g and T e s t i n g o f RNA Probes on F i l t e r s 

2 . 3 . 2 . ! . P h o t o - B i o t i n L a b e l l i n g of RNA Probes 

Probe t o be l a b e l l e d was p r e c i p i t a t e d , resuspended i n 1-2 p. 1 

d i s t i l l e d water or 0. 1 mM EDTA and an equal volume of P h o t o - B i o t i n 

(Vector L a b o r a t o r i e s ) added under s a f e 1 i g i r t i l l u m i n a t i o n . The probe 

was i r r a d i a t e d 15 cm below a 500 W mercury vapour lamp i n an open 

Eppendorf tube on i c e , The probe was then made up t o 100 p i w i t h 0. 1 M 

Tr i s-HCL pH 9.0, p u r i f i e d w i t h an equal volume of B u t a n o l - 2 - o l , t h e t o p 

la y e r removed, and e x t r a c t e d a g a i n w i t h b u t a n o l , then e t h a n o i 

prec i p i t a t e d . 

2.3.2.2.Bio t i n D e t e c t i o n S t r i p s and Dot B l o t s . 

N i t r o c e l l u l o s e s t r i p s 1 cm x 5 cm were d i v i d e d i n t o 1 cm squares 

and s p o t t e d w i t h 5 p i s o l u t i o n c o n t a i n i n g 0, 5, 10, 20 and 50 pg of BRL 

b i o t i n y i a t e d s t a n d a r d DNA, S i m i l a r s t r i p s were made w i t h t h e 

b i o t i n y l a t e d RNA probes u s i n g 0, 10, 100 and lOOOpg per 5 p l , S t r i p s 

were a l l o w e d t o a i r d r y , then baked a t 80,:,C f o r 1-2 h under vacuum. The 

BRL b i o t i n d e t e c t i o n k i t was used to d e t e c t the RNA as o u t l i n e d i n 

Sect ion 2.2.1.2, 

Probes l a b e l l e d w i t h 11-dUTP b i o t i n i n c o r p o r a t e d i n the 



t r a n s c r i p t i o n were compared w i t h the p h o t o - b i o t i n method u s i n g the 

b i o t i n d e t e c t i o n s t r i p s . 

A m p l i f i c a t i o n o f the b i o t i n s i g n a l was i n v e s t i g a t e d on d e t e c t i o n 

s t r i p s ; a m p l i f i c a t i o n c o n s i s t e d of i n c u b a t i n g f i l t e r s w i t h r a b b i t ant i -

b i o t i n IgG ( d i l u t e d 1/100 i n PBS; 0.05 M phosphate, 0.7 M NaCl>, f o r 20 

min a f t e r t h e i n i t i a l b l o c k i n g s t e p (see S e c t i o n 2.2,1.2. >, washed 2 x 

5 min, i n PBS, t o l l owed by a f u r t h e r 20 min. i n a n t i - r a b b i t , b i o t i n f o r 

20 min. , washed i n PBS, f o l l o w e d by BRL b u f f e r 1, then i n c u b a t e d w i t h 

the BRL s t r e p t a v i d i n , b i o t i n CAP), and the BRL dye s o l u t i o n as o u t l i n e d 

i n Sec t i on 2.2, 1.2, 

A l t e r n a t i v e d e t e c t i o n methods were a l s o i n v e s t i g a t e d u s i n g 3 

c o l l o i d a l , g o l d secondary a n t i - b o d y ; a n t i - r a b b i t b i o t i n IgG was r e p l a c e d 

w i t h a n t i - r a b b i t g o l d IgG, which was then s i l v e r entranced. Experiments 

w i t h and w i t h o u t salmon sperm DMA added t o the b i o t i n y i a t e d probe 

d u r i n g the e t h a n o l p r e c i p i t a t i o n were c a r r i e d out t o check t h a t t h i s 

had no e f f e c t on the l e v e l s of background on f i l t e r s . 

2.3.3. In situ H y b r i d i z a t i o n 

A v a r i e t y of c o n d i t i o n s and t e c h n i q u e s were i n v e s t i g a t e d i n order 

to f i n d a r e l i a b l e and r e p e a t a b l e method f o r optimum h y b r i d i z a t i o n s . 

'The f o l l o w i n g in situ h y b r i d i z a t i o n p r o t o c o l , based on the methods 

used by: Bresser 1.1987), Cox ex al. (1936) and Goldberg (1986) was used. 

2.3.3. 1. P r e t r e a t m e n t s 

10 pm nodule s e c t i o n s were d r i e d on t o subbed s l i d e s (as d e s c r i b e d 

i n 2.1.4). S e c t i o n s were washed i n DEPC t r e a t e d s t e r i l e d i s t i l l e d water 

t o remove any r e m a i n i n g PEG, then i n c u b a t e d i n 0.2 M HC1 f o r 20 min. at 



room temperature, washed i n d i s t i l l e d water, i n c u b a t e d i n 2 x SSC a t 

70°C f o r 15 min,, washed i n d i s t i l l e d water, b l o t t e d d r y then i n c u b a t e d 

i n 1 pg/ml p r o t e i n a s e K i n TE b u f f e r a t 37';'C f o r 30 min. S e c t i o n s were 

b l o t t e d d r y , f i x e d i n 4% par a f o r m a l d e h y d e i n PBS f o r 15 min, washed i n 

PBS s o l u t i o n , and dehydr a t e d , 1 x 2 min 257. e t h a n o l , 1 x 2 minutes 50% 

e t h a n o l , 1 x 5 minutes 75% e t h a n o l , 1 x 2 minutes 10(3% e t h a n o l , then 

a i r d r i e d ready for- the h y b r i d i z a t i o n . 

2.3.3.2. H y b r i d i z a t i o n 

P h o t o - b i o t i n y l a t e d cRNA, or cDNA probes were t r a n s c r i b e d , l a b e l l e d 

and t e s t e d as d e s c r i b e d i n S e c t i o n 2.3.2. 20 p i of the f o l l o w i n g 

h y b r i d i z a t i o n s o l u t i o n was a p p l i e d t o the p r e t r e a t e d nodule s e c t i o n s on 

each s l i d e ; 8 ng b i o t i n y l a t o d probe, 45%. d e - i o n i z e d f ormami de, 5 x 

Denhardt's s o l u t i o n ( 1 % F i c o l l 400, 1% p o l y v i n y l - p y r o i idone, 1% B.S.A. 

d i s s o l v e d i n 500 ml p r o v i d e s a 50 x s t o c k s o l u t i o n ) , 5 mg/ml yea s t 

tRNA, 10 mM T r i s - H C l pH 7.5, 1 rnM EDTA, 0.6 M sodium c h l o r i d e , 10% 

d e x t r a n s u l p h a t e (Sigma). S l i d e s were covered wi t h a hydrogen p e r o x i d e 

t r e a t e d s i l i c o n i z e d c o v e r s l i p , ( c o v e r s l i p s were washed i n 3% hydrogen 

p e r o x i d e f o r 10 minutes, r i n s e d i n DEPC t r e a t e d s t e r i l e d i s t i l l e d 

water, d r i e d i n a warm oven and s i l i c o n i z e d ) . The s l i d e was then p l a c e d 

i n a P e t r i - d i s h w i t h s e v e r a l l a y e r s of f i l t e r paper moistened w i t h 45%. 

d e - i o n i z e d formainide, 55% d i s t i l l e d water, t h e Petr i - d i s h 'was s e a l e d 

and i n c u b a t e d o v e r n i g h t . DNA h y b r i d i z a t i o n s were c a r r i e d out a t 37°C 

and RNA h y b r i d i z a t i o n s a t 54':'C. 

Bi . o t i n l a b e l l e d cDNA probes were used as c o n t r o l probes f o r t h e 

DNA/RNA h y b r i d i z a t i o n s , w h i 1 s t s e n s e - s t r a n d b i o t i n l a b e l l e d RNA c o n t r o l 

probes were used i n the RNA/RNA hybr r i d i z a t ioris . 



2.3.3.3. P o s t H y b r i d i z a t i o n washes 

F o l l o w i n g t h e o v e r n i c r h t i n c u b a t i o n c o v e r s ] IDS. w e r e r e m o v e d , i n 4 

x SSC a t r o o m t e m p e r a t u r e , f o l l o w e d by a s e c o n d wash i n 4 x SSC, 2 x 15 

rain, washes i n 2 x SSC i n t h e c a s e o f cDNA p r o b e s . W i t h cRMA p r o b e s t h e 

s l i d e s w e r e t r e a t e d f o r 30 m i n a t 37'-'C i n 2 v. SSC + 50 j j i g / m l RNAase i n 

t h e c a s e o f cRNA p r o b e s , was f o l l o w e d by 30 m i n i n 0. 1 SSC a t 37'K 

and r i n s e d i n 2 x SSC. 

2.3.3.4. P r o b e D e t e c t i o n 

The h y b r i d i z e d b i o t i n y l a t e d p r o b e s w e r e d e t e c t e d u s i n g t h e BRL 

d e t e c t i o n k i t ; s l i d e s w e r e washed i n b u f f e r i <0. 1 M T r i s - H C l pH 7.5; 

0.1 M NaCLj 2 raM M g C J 0 . 0 5 % ( v / v > T r i t o n X - 1 0 0 ) , and b l o c k e d f o r 30 

m i n i n b u f f e r - 2 ( 3 % (w/v> b o v i n e s e r u m a l b u m i n (Sigma.:' i n b u f f e r 1) a t 

42°C. 100 p i 2 f i g / m l BRL s t r e p t a v i d i n i n b u f f e r J was a p p l i e d t o e a c h 

s l i d e a nd i n c u b a t e d a t room t e m p e r a t u r e f o r 20 m i n S l i d e s w e r e washed 

f o r 3 x 5 m i n i n a l a r g e v o l u m e o f b u f f e r I , t h e n i n c u b a t e d f o r 20 ruin 

i n 1 j i g / m l b i o t i n - ( A P ) , ( b i o t i n y l a t e d c a l f i n t e s t i n a l a l k a l i n e 

p h o s p h a t a s e ) . S l i d e s w e r e washed i n b u f f e r i f o r 2 x 5 w i n t h e n b u f f e r 

3 ( 0 . 1M T r i s - H C l pH9.5; 0,1 M N a C l ; 50 mM MgC 1 „, > , f o r 2 x 5 rain, 

f o l l o w e d by i n c u b a t i o n i n t h e BRL d y e s o l u t i o n w h i c h was p r e p a r e d by-

a d d i n g 3.3 j i l NBT ' . n i t r o - b l u e t e t r a z o l i u m , 75 mg/ml i n 70% 

d i m e t h y 1 f o r m a m i d e ) and 2.5 J J L I BCIP ( 5 - b r omo-4-ch 1 o r o - 3 - i n d o l y 1 

p h o s p h a t e , 50 mg/ml i n d i m e t h y l , f o r mam i d e ) , i n 750 p. 1 b u f f e r 3. 

C o v e r s ! i p s w e r e p l a c e d on t h e s l i d e s and i n c u b a t e d i n t h e d a r k f o r 1-4 

h. C o v e r s i i p s were r e m o v e d i n b u f f e r 3 and s e c t i o n s d e h y d r a t e d t h r o u g h 

an a l c o h o l s e r i e s , c o u n t e r s t a i n e d wi fch s a f r a n i n i n 7 0 % e t h a n o l , washed, 

and m o u n t e d i n H i s t o m o u n t . S e c t i o n s w e r e v i e w e d u n d e r a N i k o n 

- 64 -



m i c r o s c o p e us i ng e 11 h e r b r i g h t - f i e l d o r N o r a a r s k i i l l u m i n a t i o n , 

l a b e l l e d probe;: w e r e shown up as t h e b l u e p r e c i p i t a t e , a g a i n s t 

p i n k , c o u n t e r s t a i n e d b a c k g r o u n d . 

01 i g o dTT 16-18 p r o b e s w e r e p h o t o - b i o t i n y i a t e d a nd h y b r i d i z e 

s e c t i o n s u s i n g t h e cDNA h y b r i d i z a t i o n p r o t o c o l , t o i l l u s t r a t e t h e 

a c t i v e t r a n s c r i p t i o n a l a c t i v i t y w i t h i n n o d u l e s e c t i o n : ? . 

2.3.3.5. L. corniculjius H y b r i d i s a t i o n s 

A f t e r some e x p e r i m e n t a t i o n , t h e p r e a t r e a t m e n t and i n c u b a t i o n 

w e r e s h o r t e n e d f o r h y b r i d i z a t i o n s w i t h t h e s m a l l e r L. cornicu 

n o d u l e s . 

S e c t i o n s w e r e t r e a t e d w i t h ; 0.2 M HCl f o r 15 rain a t 

t e m p e r a t u r e , washed i n d i s t i l l e d w a t e r , i n c u b a t e d i n 2 :•: SSC a t 

f o r 10 m i n . washed i n d i s t i l l e d w a t e r , b l o t t e d d r y t h e n i n c u b a t e d 

u g / t f t i p r o t e i n a s e |{ I n TE b u f f e r a t 37°C f o r 20 m i n . S e c t i o n s 

b l o t t e d d r y , f i x e d i n 4% p a r a f o r m a l d e h y d e i n PBS f o r 10 rain, The 

o f t h e h y b r i d i z a t i o n p r o c e d u r e was as o u t l i n e d a b o v e f o r P. vul 

n o d u l e s e c t i o n s . 



2.4. IKMUN0-LABELL1NG AND STAINING FOR p-ULUCURONIDASE 

2.4.!. 1 miouno-Labe11ing o f PEG-Embedded Sec L i o n s f o r L i g h t M i c r o s c o p y . 

P. vulgaris and L. cornlcu! ,s t u r n c d u l e s e c t i. one w e r e l a b e l i od 

wi th a GS a n t i b o d y , ( k i n d l y p r o v i d e d by Dr. J. C u i limor« * U n i v e r s i t y 

o f W a r w i c k ) , and a GUS ' . j j - g J uc u r o n i d a s e ) a n t i b o d y k i n d l y p r o v i d e d by 

Dr-. M Watson U.lni v e r s i t y o f D u r h a m ) . I m r a u n o - g o i d -and a l k a l i n e 

p h o s p h a t a s e m e t h o d s o f a n t i b o d y d e f e c t i o n were b o t h u s ed. 

2 , 4 . 1 . 1. Immuno-Gold L a b e l l i n g o f s e c t i o n s f o r I i g h t m i c r o s c o p y . 

10 Jim PEG embedded s e c t i o n s w e r e washed i n d i s t i l l e d w a t e r t o 

remove any e x c e s s PEG, t h e n i n c u b a t e d i n L u g o i * s i o d i n e 11% i o d i n e i n 

2% a q u e o u s p o t a s s i u m i o d i d e s o l u t i o n ) f o r 13 m i n a t r o o m t e m p e r a t u r e , 

r i n s e d i n t a p w a t e r , washed i n 2.5% s o d i u m t h i o s u i pha t e un L i J t h e y 

t u r n e d c o l o u r l e s s , and t h e n washed i n r u n n i n g t a p w a t e r f o r 10 min. 

S e c t i o n s w e r e b l o c k e d i n 27,, B.S.A. f o r 30 m i n a t r o o m t e m p e r a t u r e , and 

i n c u b a t e d w i t h a n t i b o d y d i l u t e d i n PBS (GS a n t i - b o d y 1/100, GUS i / 5 0 0 > 

o r w i t h r a b b i t pre-immune s e r u m o r PBS as c o n t r o l s , f o r 1 h a t room 

t e m p e r a t u r e . A f t e r i n c u b a t i o n s e c t i o n s w e r e washed f o r 2 :•: 15 ruin i n 

PBS, f o l l o w e d by 2 x l b m i n T r i s - s a l i n e ( 0 . 1 5 M NaCi; 20 mM T r l s - H C l ; 

0 . 1 % B.S.A. ; 0 . 0 1 % Tween 20; pH 8 . 2 ) , t h e n i n c u b a t e d w i t h a 1/50 

d i l u t i o n g o a t a n t i - r a b b i t (5 nm) g o l d j n T V i s ~ s a l i n e f o r 20 min a t room 

t e m p e r a t u r e , a n d washed 2 x 15 m i n i n T r i s - s a l i n e , f o l l o w e d by 2 x '3. 

m i n i n d i s t i l l e d w a t e r . S e c t i o n s w e r e s i l v e r e n h a n c e d f o r 10 min u s i n g 

J a n s e n s i l v e r e n h a n c e m e n t k i t , washed i n d i s t i l l e d w a t e r , m o u n t e d i n 

C i t i f l u o r ( A g a r A i d s ) , and v i e w e d u n d e r a N i k o n m i c r o s c o p e u s i n g an 

e p i - p o i a r i s i n g f i l t e r w i t h f l u o r e s c e n t l i g h t ' N i k o n IGS o p t i c s * . 



2.4,1.2. A l k a l i n e P h o s p h a t a s e P r o t e i n L o c a l N a t i o n 

The i m m u n o - g o I d l a b e l l i n g m e t h o d a b o v e was f o i l owed up t o t h e g o a t 

a n t i - r a b b i t g o l d w h i c h was r e p l a c e d by 3 0 a t a n t i - r a b b i t a l k a l i n e 

p h o s p h a t a s e . T h i s was u s e d a t 3 1/100 d i i u t o n i n Tr i s / s a l ine-; t h e bound 

enzyme was l o c a l i z e d w i t h t h e BRL b l o t i n d e t e c t i o n k i t dye as o u t l i n e d 

i n 2 . 3 . 1 . 

2.4.2. Immune-Gold L a b e l l i n g o f R e s i n S e c t i o n s f o r E l e c t r o n 

M i c r o s c o p y . 

U l t r a t h i n s e c t i o n s w e r e c u t and c o l l e c t e d on j o r m v a r - c o a t o d 200 

mesh c o p p e r g r i d s . I r n t n u n o - s t a i n i n g was c a r r i e d o u t by f l o a t i n g g r i d s , 

s e c t i o n s i d e down on d r o p s o f s o l u t i o n p l a c e d on N e s c o f i l m . S e c t i o n s 

w e r e d r i e d b e t w e e n i n c u b a t i o n s and washes by t o u c h i n g wedges o f f i l t e r -

p a p e r on t h e l o w e r edge o f t h e g r i d . 

S e c t i o n s w e r e b l o c k e d w i t h 2% B.S.A. i n PBS f o r ' .30 m i n a t room 

t e m p e r a t u r e and d r i e d , t h e n i n c u b a t e d w i t h p r i m a r y a n t i b o d y oat t h e 

same c o n c e n t r a t i o n u s e d f o r t h e l i g h t m i c r o s c o p y p r o c e d u r e ) f o r i h a t 

room t e m p e r a t u r e , w i t h t h e a p p r o p r i a t e c o n t r o l s e c t i o n s , as d e s c r i b e d 

above. S e c t i o n s w e r e washed f o r 10 x 1 rain i n d r o p s o f PBS, t h e n 

i n c u b a t e d i n a i / 5 0 d i l u t i o n o f g o a t a n t i - r a b b i t 20 nrn g o l d f o r 30 m i n 

a t room t e m p e r a t u r e , washed f o r 10 i m i n i n PBS, f o l l o w e d by a s t r e a m 

o f d i s t i l l e d w a t e r , s t a i n e d i n s a t u r a t e d a q u e o u s u r a n y l a c e t a t e f o r 30 

m i n , r i n s e d i n d i s t i l l e d w a t e r and d r i e d . The s e c t i o n s w e r e t h e n 

e x a m i n e d i n a P h i l i p s EM 400 e l e c t r o n m i c r o s c o p e a t e i t h e r 60 o r 80 kV 

and images r e c o r d e d on Kodak 4489 f i l m , 



2.4.3. [ ^ - G l u c u r o n i d a s e (GUS) L o c a l i z a t i o n i n T r a n s f o r m e d L. 

cornlculaius P l a n t s 

The compound 5 - b r o m o - 4 - c h i o r o - 3 - i n d o 1 y i 3 l u c u r 0 n j . d e t X - O i u c > , 

f o r m s a b l u e p r e c i p i t a t e a t t h e s i t e o l ( ^ - - g l u c u r o n i d a s e < GUS > enzyme 

a c t i v i t y i n t i s s u e , J e f f e r s o n el al ' 1 9 8 7 ) . 

F r e s h t i s s u e , e i t h e r w h o l e o r c h o p p e d i n t o t h i c k s e c t i o n s , was 

i n c u b a t e d w i t h 2 mM X-Gluc i n 0.1 M p h o s p h a t e but f e r , 0.5 M p o t a s s i u m 

f e r r i c y a n i d e , 0.5 M p o t a s s i u m f e r r o c y a n i d e and 10 mM EDT'A. T i s s u e was 

i n c u b a t e d f o r 1-5 h, t h e n e i t h e r s q u a s h e d on a s l i d e , o r f i x e d i n 2.5% 

p a r a f o r m a l d e h y d e , 1.25% g i u t a r a l d e h y d e , d e h y d r a t e d end embedded i n 

S p u r r r e s i n and s e c t i o n e d f o r a more d e t a i l e d m i c r o s c o p i c e x a m i n a t i o n . 
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RESULTS AND DISCUSSION 



3. THE STRUCTURE AND DEVELOPMENT OF Phaseolus vulgaris ROOT NODULES 

An i n i t i a l s t u d y o f t h e d e v e l o p m e n t a l o f P. vulgaris r o o t n o d u l e s 

was c a r r i e d o u t . The m e t h o d s u s e d f o r g r o w i n g , h a r v e s t i n g , f i x i n g , 

e m b e d d i n g , s e c t i o n i n g and s t a i n i n g o f m a t e r i a l w e r e o u t l i n e d i n 2 . 1 -

2.4. 

The e x a c t t i m e f r o m i n o c u l a t i o n i s n o t n e c e s s a r i l y an a c c u r a t e 

g u i d e t o n o d u l e m a t u r i t y . Newcomb et ai ( 1 9 7 9 a ) c l a s s i f i e d s o y b e a n 

n o d u l e s by m o r p h o l o g i c a l a p p e a r a n c e b e c a u s e o f t h e c o n s i d e r a b l e 

v a r i a t i o n i n n o d u l e s i z e , number p e r p l a n t a nd t i m e o f i n i t i a t i o n . F o r 

t h e p u r p o s e o f t h i s p r o j e c t n o d u l e d e v e l o p m e n t s t a g e s h a s been d i v i d e d 

i n t o t h r e e s t a g e s e a r l y , 12-16 d a y s a f t e r i n o c u l a t i o n , i n t e r m e d i a t e , 

16-21 d a y s a f t e r i n o c u l a t i o n , and l a t e , 21-28 d a y s a f t e r i n o c u l a t i o n . 

The m o r p h o l o g i c a l c h a r a c t e r i s t i c s t y p i c a l o f e a c h s t a g e a r e 

d e m o n s t r a t e d i n P l a t e s 1-7. E a r l y , i n t e r m e d i a t e and l a t e d e v e l o p m e n t a l 

s t a g e s w e r e u s e d i n t h i s w o r k t o p r o v i d e b r o a d c a t e g o r i e s f o r t h e 

c l a s s i f i c a t i o n o f n o d u l e age and d e v e l o p m e n t . 

3.1. STAGES OF NODULE DEVELOPMENT 

3.1..1. E a r l y S t a g e N o d u l e s 

M o r r i s o n - B a i r d and W e b s t e r ( 1 9 8 2 ) r e p o r t e d t h a t t h e f i r s t s m a l l 

w h i t e p r o t r u s i o n s w e r e e v i d e n t on P. vulgaris r o o t s 9-12 d a y s a f t e r 

i n o c u l a t i o n . T h o s e shown i n P l a t e 1 w e r e h a r v e s t e d 12-16 d a y s a f t e r 

i n o c u l a t i o n , when t h e y w e r e p i n k - w h i t e i n c o l o u r , and r e p r e s e n t t h e 

t y p i c a l ' e a r l y ' s t a g e o f n o d u l e d e v e l o p m e n t . The n o d u l e t i s s u e s become 

o r g a n i s e d a c c o r d i n g t o t h e c h a r a c t e r i s t i c d e v e l o p m e n t a l p a t t e r n o f a 
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p a r t i c u l a r p l a n t s p e c i e s , t h e most m a r k e d d i f f e r e n c e b e i n g t h e 

d e v e l o p m e n t o f s p h e r i c a l , d e t e r m i n a t e n o d u l e s on p l a n t : , s u c h as bean, 

o r o v a l , i n d e t e r m i n a t e n o d u l e s on p l a n t s s u c h as pea. As w i t h s o y b e a n 

t h e s p h e r i c a l n a t u r e o f t h e n o d u l e s c a n be t r a c e d back t o t h e g l o b u l a r 

mass o f m i t o t i c a l l y - a c t i v e , c y t o p i a s m i c a J i y - r i c h , mer i s t s m a t i c c o l i c , 

w h i c h a r e d e r i v e d f r o m t h e o u t e r m o s t l a y e r s o f r o o t c o r t e x (Newcornb ei 

al. 1979b:-. 

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

i n f e c t e d a nd n o n - i n f e c t e d c e l l s ( P l a t e s l a and l b ) . A t t h i s e a r l y s t a g e 

b a c t e r i a h a v e been r e l e a s e d f r o m t h e i n f e c t i o n t h r e a d , ('there i s a 

d e t a i l e d a c c o u n t o f t h i s p r o c e s s i n 1 . 2 . 2 ) . S u r r o u n d i n g t h e c e n t r a l l y -

i n f e c t e d r e g i o n , i s a r i n g of men i s terna t i c c e i l s c o n t a i n i n g dense-

c y t o p l a s m and a r e l a t i v e l y s m a l l d e g r e e o f v a c u o l a t i o n ( P l a t e l b ) . T h i s 

c e l l l a y e r i s r e f e r r e d t o as t h e i n n e r c o r t e x i n t h i s s t u d y . On t h e 

o u t e r edge o f t h i s e e l ! l a y e r a r e t h e d e v e l o p i n g v a s c u l a r b u n d l e s . 

These v a s c u l a r b u n d l e s d e v e l o p f r o m t h e s t e l e i n t h e p l a n t r o o t , as 

I l l u s t r a t e d i n P l a t e l b , t o f o r m a c l o s e d n e t w o r k a r o u n d t h e p e r i p h e r y 

o f t h e no du1e (P r a s a d, 197 3 ) . 

A d j a c e n t t o t h e v a s c u l a r b u n d l e s and t h e m e r i s t e r a a t i c e e l I s i s a 

r i n g of l a r g e r c o r t i c a l c e l l s w h i c h o f t e n become v e r y v a c u o l a t e and 

d e v e l o p t h i c k s e c o n d a r y w a l l s and become s c h l e r e n c h y m a i i n n a t u r e 

(Newcomb, 1 9 8 1 ) . D i x o n and W h e e l e r ( 1 9 8 6 ) r e f e r t o t h e s e c e l l s as an 

e n d o d e r r a a l l a y e r ; t h e y c o n s i s t o f c e l l s w i t h s u b e r i s e d w a l l s w h i c h have-

few i n t e r c e l l u l a r s p a c e s and t h u s p r e s e n t a d i f f u s i o n b a r r i e r t o g a s s e s 

p a s s i n g i n t o a nd o u t o f t h e n o d u l e . T h i s e n a b l e s t h e l o w o x y g e n 

p a r t i a l p r e s s u r e s t o be m a i n t a i n e d w i t h i n t h e c e n t r e o f t h e n o d u l e . 

T h i s ' m i d - c o r t i c a l ' l a y e r o f t h i c k e n e d c e l l s i s i l l u s t r a t e d i n P l a t e 
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i f j a t e l_.l'ne a t t a c h m e n t ot e a r l y d e v e l o p i n g n o d u l e s t o t h e p l a n t r o o t t i s s u e , l a 
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l b . A l a y e r o f s i m i l a r endodermal c e l l s i s l o c a t e d a r o u n d t h e v a s c u l a r 

b u n d l e s . T h e s e c e l l s a r e r e f e r r e d t o h e r e as t h e v a s c u l a r e n d o d e r m a i 

c e l l s ( i 1 l u s t r a t e d i n P l a t e l b ) . The o u t e r l a y e r o f c e l l s , b e y o n d t h e 

m i d - c o r t e x f o r m t h e o u t e r - c o r t e x ; a l s o i l l u s t r a t e d i n P l a t e l b . 

I n s p h e r i c a l n o d u l e s i n f e c t i o n o c c u r s i n l o c a l i s e d z o n e s 

p a r t i c u l a r l y i n t h e r i n g o f raeristerna t i c c e l l s ( P l a t o 2a>. T h i s 

l o c a l i z e d i n f e c t i o n h a s a l s o been o b s e r v e d by R o b e r t s o n and F a r n d e n 

a . 9 8 0 ) . Syono et al. ( 3 9 8 6 ) s u g g e s t e d t h a t c e l l s s t o p d i v i d i n g i n 

d e t e r m i n a t e n o d u l e s a f t e r i n f e c t i o n ( w i t h t h e e x c e p t i o n o f p e a n u t ' 

a l t h o u g h Newcomb ( 1 9 8 1 ) s u g g e s t e d t h a t s o y b e a n d o e s u n d e r g o m i t o t i c 

a c t i v i t y a f t e r i n f e c t i o n i n o r d e r t o d i s t r i b u t e t h e Rhizobium 

t h r o u g h o u t t h e t i s s u e . 

From t h e d e v e l o p m e n t a l s t u d y c a r r i e d o u t as p a r t o f t h i s w o r k , 

c e l l d i v i s i o n d o e s a p p e a r t o c o n t i n u e a f t e r i n f e c t i o n , a l t h o u g h t h i s 

may be c o n f i n e d t o n o n - i n f e c t e d c e l l s , as t h e number o f c e i l s w i t h i n 

t h e i n f e c t e d r e g i o n i n c r e a s e s w i t h t h e age o f t h e n o d u l e , as 

i l l u s t r a t e d i n P l a t e s 2 and 4. 

The l a r g e r h i z o b i a ! l y - i n f e c t e d c e l l s , w i t h c h a r a c t e r i s t i c a l l y 

l a r g e n u c l e i and n u c l e o l i , a r e d i s t r i b u t e d a m o n g s t a l a r g e number o f 

s m a l l e r n o n - i n f e c t e d c e l l s . Verma and Long ( 1 9 8 3 ) e s t i m a t e d t h a t 20-50 

% o f c e l l s i n t h e c e n t r a l r e g i o n o f t h e n o d u l e r e m a i n e d u n i n f e c t e d . 

T h e s e n o n - i n f e c t e d c e l l s a r e r e p o r t e d t o have a r e l a t i v e l y l o w DMA 

c o n t e n t , 2-4 C, w h e r e a s i n f e c t e d c e l l s h a v e 4, 8 o r 16 C ( L i b b e n g a and 

B o g e r s 1 9 7 4 ) . I n f e c t i o n t h r e a d s have n o t been o b s e r v e d t o e n t e r t h e s e 

n o n - i n f e c t e d c e l l s (Newcomb, 1 9 8 1 ) . The r a d i a l a r r a n g e m e n t o f t h e s e 

n o n - i n f e c t e d c e l l s may be c o n n e c t e d w i t h t h e i r p o s s i b l e r o l e o f 

a e r a t i n g t h e i n t e r n a l n o d u l e t i s s u e s ( B e r g e r s e n and G o o d c h i I d , 1973a) 



Plate 2, The c e n t r a l I n f e c t e d t i s s u e ot an e a r l y nodule i s shown in more 
d e t a i l , in P l a t e 2a the inner c o r t i c a l UC>, mid c o r t i c a l KMC), o u t e r c o r t i c a l 
<QC>, and v a s c u l a r endodermal CUE), t i s s u e can be c l e a r l y d i s t i n g u i s h e d . 2b 
shows the e a r l y i n f e c t e d c e i l s ( I ) w i t h e n l a r g e d n u c l e i i n t e r s p e r s e d w i t h the 
v a c u o l a t e non i n f e c t e d c e l l s (NI). 



The h i g h l e v e l o f c a r b o h y d r a t e r e s e r v e s , i n t h e f o r m o f s t a r c h , 

w i t h i n t h e s m a l l e r n o n - i n f e c t e d c e l l s i s i l l u s t r a t e d i n P l a t e 3a, I n 

c o n t r a s t t o mung bean, w h i c h has l a r g e s p h e r i c a l s t a r c h g r a i n s i n t h e 

i n f e c t e d c e i l s , and pea (Newcornb, 1 9 7 6 ) , and a l f a l f a 'Vance et al, 

1983) which, h a v e l a r g e f l a t s t a r c h g r a i n s i n t h e i n f e c t e d c e i l s , t h e 

s t a r c h g r a i n s i n t h e I n f e c t e d c e l l s o f P. vulgaris seem to d i s a p p e a r 

r a p i d l y d u r i n g e a r l y i n f e c t i o n as t h e b a c t e r o i d s m u l t i p l y . T h e r e i s an 

i n c r e a s e d p r o l i f e r a t i o n o f endotnembrane s y s t e m s , i n c l u d i n g i o u g h 

e n d o p l a s m i c 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 e s i c l e s i n i n f e c t e d c e l l s 

( G o o d c h i i c i and B e r g e r s e n 1966; w h i c h i s d e m o n s t r a t e d i n P l a t e 3b. 

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

a r o u n d t h e c o n s i d e r a b l y - e n l a r g e d n u c l e u s , P l a t e 3b. G o o c l c h i i d and 

B e r g e r s e n ( 1 9 6 6 > s i m i l a r l y o b s e r v e d t h i s c l u s t e r i n g o f b a c t e r o i d s 

a r o u n d t h e n u c l e u s i n e a r l y s o y b e a n n o d u l e s , and r e p o r t e d t h a t t h e r e 

w e r e no a p p a r e n t c o n n e c t i o n s b e t w e e n t h e b a c t e r o i d s and t h e n u c l e u s , as 

h a d been s u g g e s t e d by Mosse (.1964) . 

3.1.2. I n t e r m e d i a t e S t a g e N o d u l e s 

A t y p i c a l i n t e r m e d i a t e s t a g e P, vulgaris n o d u l e , a p p r o x i m a t e l y 16-

21 d a y s a f t e r i n o c u l a t i o n , i s shown i n P l a t e 4, At t h i s s t a g e t h e 

n o d u l e s a r e 2-4 mm i n d i a m e t e r and s o m e t i m e s l o b e d , The n o d u l e s a r e a 

deep p i n k c o l o u r w i t h l e n t i c e l s o f w h i t e c a l l u s - l i k e t i s s u e a r o u n d t h e 

o u t s i. de. 

As Newcomb ( 1 9 7 9 b ) r e p o r t e d w i t h s o y b e a n n o d u l e s , more m a t u r e P. 

vulgaris n o d u l e s c a n d i f f e r s i g n i f i c a n t l y f r o m t h e i r y o u n g e r 

c o u n t e r p a r t s . The o l d e r n o d u l e s h a v e a much, l a r g e r c e n t r a 1 1 y - i n f e c t e d 

r e g i o n and a n a r r o w b u t w e l l - d e f i n e d , c o r t i c a l r e g i o n . P r a s a d ( 1 9 7 3 / 



r 

r l 

• 

Nl 

« 

Nl 
0 

:• 

• 

dp 
V t 

P l a t e 3 E l e c t r o n micrographs ot a s e c t i o n through an e a r l y r o o t noduie. P l a t e 
3a shows the l a r g e number ot s t a r c h g r a i n s iS>, in the v a c u o l a t e n o n - i n f e c t e d 
c e l l s <.NI). P l a t e 3b, shows the b a c t e r o i d s <.B), grouped around the n u c l e u s <N\ 
ot' an e a r l y i n f e c t e d c e l l . 
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Plate 4, shows a s e c t i o n through a mid s t a g e nodule. The i n f e c t e d c e l l s ( I ) , a r e 
more ev e n l y d i s t r i b u t e d throughout the c e n t r a l r e g i o n , w i t h the non i n f e c t e d 
c e l l s (NI>, forming a r a d i a l p a t t e r n between them. The th i c k e n e d mid c o r t i c a l 
c e l l s (MC), a r e c l e a r l y d e f i n e d between the inner c o r t e x (,IC> and the o u t e r 
c o r t e x (OC), 



d i v i d e d s p h e r i c a l n o d u l e s i n t o 4 d i s t i n c t z o n e s ; t h e c e n t r a l b a c t e r o i d 

zone, t h e n o d u l e m e r i s t e m , v a s c u l a r t i s s u e and the c o r t i c a l r e g i o n . For 

t h e p u r p o s e of t h i s p r o j e c t t h e s e r e g i o n s have been f u r t h e r s u b d i v i d e d , 

a s d e s c r i b e d i n t h e f o l l o w i n g summary of t h e s t r u c t u r e of P. vulgaris 

r o o t n o d u l e s . 

I n the c e n t r a l b a c t e r o i d r e g i o n , t h e i n f e c t e d c e l l s a r e abundant, 

r e l a t i v e l y s m a l l and h a v e a c e n t r a l l y - l o c a t e d n u c l e u s . The v a c u o l a t e , 

n o n - i n f e c t e d c e l l s , w h i c h have a p e r i p h e r a l l y - l o c a t e d n u c l e u s , a r e 

i n t e r s p e r s e d t h r o u g h o u t t h e i n f e c t e d c e l l s f o r m i n g a r a d i a l - p a t t e r n 

which may h e l p a e r a t i o n of t h e c e n t r a l r e g i o n ; l a r g e numbers of t h e s e 

n o n - i n f e c t e d c e l l s a r e c o n f i n e d t o t h e o u t e r edge of t h e i n f e c t e d 

r e g i o n ( P r a s a d , 1973). T h i s r e g i o n i s termed the i n n e r c o r t e x f o r the 

p u r p o s e of t h i s p r o j e c t . D a r t (.1977) s u g g e s t e d t h a t t h e r e was o n l y 

l i m i t e d m i t o t i c a c t i v i t y i n s o y b e a n n o d u l e s a f t e r i n f e c t i o n and t h a t 

t h i s was c o n f i n e d to t h e i n n e r c o r t i c a l r e g i o n s and a round the v a s c u l a r -

b u n d l e s , a l t h o u g h Newcomb (1981) was u n a b l e t o d e m o n s t r a t e t h i s . 

The v a s c u l a r b u n d l e s on t h e o u t e r edge of t h i s i n n e r c o r t e x 

c o n s i s t of a l a y e r of endodermal c e l l s , a l a y e r of p e r i c y c l e , and a 

r i n g of phloem s u r r o u n d i n g t h e xylern i n t h e m i d d l e ( P a t e et al., 1 9 6 8 ) . 

C a l c i u m o x a l a t e c r y s t a l s a r e l o c a t e d i n t h e o u t e r , l a r g e s u b e r i s e d 

c e l l s , w h i c h a r e termed, f o r t h e p u r p o s e of t h i s p r o j e c t , t h e mid 

c o r t e x . I t h a s been p r o p o s e d t h a t t h e s e c r y s t a l s a r e a form of w a s t e 

p r o d u c t ( S u t h e r l a n d and S p r e n t , 1984) w h i c h forms a s a r e s u l t of a 

b u i l d up of c a l c i u m , c a u s e d by t h e b a r r i e r to a p o p i a s t i c t r a n s p o r t a t 

t h e m i d - c o r t i c a l c e l l s ( H a r r i s o n - M u r r a y and C l a r k s o n 1 9 7 3 ) . The o u t e r 

l a y e r of c e l l s f o r m i n g t h e o u t e r c o r t e x , i s o f t e n i r r e g u l a r a s some of 

t h e s e c e l l s become s l o u g h e d o f f . 
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I n i n t e r m e d i a t e s t a g e n o d u l e s t h e I n f e c t e d c e l l s a r e c o n s i d e r a b l y 

l a r g e r than t h e n o n - i n f e c t e d c e l l s , and packed w i t h b a c t e r o i d s around 

the e n l a r g e d n u c l e u s , a s i l l u s t r a t e d i n P l a t e 5b. The s t a r c h r e s e r v e s 

I n t h e n o n - i n f e c t e d c e l l s , a t t h i s i n t e r m e d i a t e s t a g e , a r e c o n s i d e r a b l y 

r e d u c e d , or a b s e n t . As t h e i n f e c t e d c e l l s i n c r e a s e i n s i z e t h e 

i n t e r c e l l u l a r s p a c e s a l s o become c o n s i d e r a b l y l a r g e r . 

M i t o c h o n d r i a become c o n f i n e d t o t h e c e l l p e r i p h e r y of the i n f e c t e d 

c e l l s , and a r e c o n c e n t r a t e d i n r e g i o n s a d j a c e n t to n o n - i n f e c t e d c e l l s 

and i n t e r c e l l u l a r s p a c e s ( P l a t e 5 b ) . P e r o x i s o m e s a r e a l s o abundant i n 

the n o n - i n f e c t e d c e i l s a t t h i s s t a g e c P l a t e 5 b ) . Hanks et al ( 1 9 8 3 ) , 

have d e m o n s t r a t e d t h a t t h e p e r o x i s o m a l enzymes u r i c a s e and c a t a l a s e a r e 

a t much h i g h e r s p e c i f i c l e v e l s i n n o n - i n f e c t e d c e l l f r a c t i o n s of 

soybean. Newcomb and Tanden ( 1 9 8 1 ) r e p o r t e d t h a t t h e e n l a r g e m e n t of 

p e r o x i s o m e s and p r o l i f e r a t i o n of smooth e n d o p l a s m i c r e t i c u l u m d u r i n g 

n o d u l e development were c o n f i n e d t o n o n - i n f e c t e d c e l l s of t h e n o d u l e 

and s u g g e s t e d they had a r o l e i n t h e u r e i d e m e t a b o l i s m , and Vanden 

Bosc h et al ( 1 9 8 6 ) have c o n f i r m e d t h i s by d e m o n s t r a t i n g t h e p r e s e n c e of 

u r i c a s e i n t h e n o n - i n f e c t e d c e l l s of P. vulgaris root, n o d u l e s by 

irnmuno-gold l a b e l l i n g . 

The b a c t e r o i d s , c o n t a i n e d w i t h i n t h e i r p e r i b a c t e r o i d membrane 

w i t h i n an i n f e c t e d c e l l , a r e shown a t a h i g h m a g n i f i c a t i o n i n P l a t e 5c. 

The number o f b a c t e r o i d s w i t h i n a p e r i b a c t e r o i d membrane c a n v a r y from 

1-2 i n pea, up t o 16 In mung bean, but i s n o r m a l l y 2-6 i n beans (Verma 

and Long, 1 9 8 3 ) . The morphology o f t h e b a c t e r o i d s i s i n f l u e n c e d by t h e 

h o s t (Verma and Long, 19 8 3 ) ; d i f f e r e n t p l a n t b a c t e r o i d s assume 

d i f f e r e n t c h a r a c t e r i s t i c s , f o r example, peanut forms l a r g e s p h e r i c a l 

b a c t e r o i d s , pea and broad bean b a c t e r o i d s assume Y or X s h a p e s , w h i l s t 
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Plate b. At the raid stage, the i n f e c t e d c e i l s are packed w i t h bacteroids, Plate 
5a. 5b shows the host p i a n t organelles in the i n f e c t e d c e i l c l u s t e r e d around 
the i n t e r c e l l u l a r spaces and non Infected c e l i s , srnaii peroxisomes (P), are the 
main f e a t u r e of the non i n f e c t e d c e i i s . Plate 5c shows a higher m a g n i f i c a t i o n 
of the bacteroids contained w i t h i n the per i b a c t e r o i d membrane (PBM>, in the 
inf e c t e d c e i l s 
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they f o r m an e l o n g a t e o v a l shape i n beans (Robertson and Farnden, 

1980). The t r a n s i t i o n f r o m f r e e - l i v i n g Rhizobium t o b a c t e r o i d s i s o f t e n 

accompanied by a r e d u c t i o n i n c e l l w a l l t h i c k n e s s and r i g i d i t y , 

t o g e t h e r w i t h changes i n the o u t e r membrane (Verma and Long, 1983). 

B i s s e l i n g et a i . , ( i 9 7 7 ) , r e p o r t e d t h a t DNA l e v e l s w i t h i n the b a c t e r o i d s 

can i n c r e a s e f r o m 1.6 t o 8 f o l d . The a c c u m u l a t i o n o f f j - h y d r o x y b u t y r a t e , 

a 1 i p i d — l i k e s t o r a g e p r o d u c t , shows up as e l e c t r o n t r a n s l u c e n t r e g i o n s 

w i t h i n t h e b a c t e r o i d s , and can account f o r up t o 30% d r y w e i g h t of t h e 

b a c t e r o i d s i n soybean ( G o o d c h i l d and Bergersen 1966). 

3.1.3. La t e Stage Nodules 

At t h e l a t e s t a g e , 21-28 days a f t e r i n o c u l a t i o n , nodules t u r n a 

brownish c o l o u r due t o t h e d e g r a d i n g leghaemoglobin. I n f e c t e d c e l l s i n 

the c e n t r a l r e g i o n become very e l o n g a t e d , ( P l a t e 6) and t h e c e l l w a l l s 

b e g i n t o degenerate. 

Prasad (1973) proposed t h a t t h e senescence o f the c e n t r a l r e g i o n 

o c c u r s f r o m t h e s i d e s towards t h e c e n t r e , a l t h o u g h Goocichild ( 1977) 

suggested t h a t the o l d e r t i s s u e tends t o be l o c a t e d towards t h e c e n t r e 

of t h e i n f e c t e d area. Senescence may, however, occur almost 

s i m u l t a n e o u s l y over a major p o r t i o n o f t h e i n f e c t e d t i s s u e ( Robertson 

and Farnden, 1980). The r e s u l t s p r e s e n t e d here demonstrate t h a t i n P. 

vulgaris senescence o c c u r s f r o m t h e c e n t r e o f t h e i n f e c t e d r e g i o n 

outwards or s i m u l t a n e o u s l y a l l over. 

There a r e a l a r g e number of w e l l - d e v e l o p e d peroxisomes i n the non-

i n f e c t e d c e l l s ( P l a t e 7 a ) . 7'hese n o n - i n f e c t e d c e l l s a l s o have l a r g e 

i n t e r c e l l u l a r spaces. The i n f e c t e d c e l l s a t t h i s l a t e s t a g e become 

t i g h t l y packed w i t h r h i z o b i a ( P l a t e 7a). 
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Plate 6 shows a s e c t i o n through a l a t e stage nodule. The i n f e c t e d c e l l s have 
become very dark, due to the degrading leghaemoglobin i n these senesclng c e l l s 
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Plate 7 in l a t e stage nodules, the bacteroids, surrounded by large 
p e r i b a c t e r o i d spaces, are packed i n the i n f e c t e d c e l l s - P l a t e /a. Plate >b 
shows the large number ot peroxisomes <,P;, packed in the non i n t e c t e d c e i l s . 
~/c, shows the bacteroids c o n t a i n i n g high l e v e l s ot p h y d r o x y b u t y r a t e c r y s t a l s , 
(.shown as e l e c t r o n t r a n s l u c e n t r e g i o n s ) , surrounded by a iarge per i b a c t e r o i d 
space <PS>, w i t h i n the per i b a c t e r o i d membrane. 

7b 

< 

• 

• 
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D i l w o r t h and W i l l i a m s (1969) and B i s s e l i n g et al. (1979) have b o t h 

r e p o r t e d a r a p i d d e c l i n e i n RNA c o n t e n t , RNA/DNA r a t i o and the 

RNA/protein r a t i o w i t h i n mature ( l a t e s t a g e ) nodules. 

M o r r i s o n - B a i r d and Webster (1982) have r e p o r t e d t h a t t he 

p e r i b a c t e r o i d membrane degenerates ( t h i s i s shown i n P l a t e s 7a and 7 c ) , 

a l t h o u g h the b a c t e r i a do not a p p a r e n t l y undergo any s i g n i f i c a n t 

u l t r a s t r u c t u r a l changes u n t i l t he r e s t of the nodule has degenerated. 

Prasad (1973) suggested t h a t t h e b a c t e r o i d s do n o t degenerate 

s i g n i f i c a n t l y u n t i l t h e h o s t c y t o p l a s m and i n t e r c e l l u l a r w a l l s have 

degenerated. 

High l e v e l s of p - h y d r o x y b u t y r a t e c o l l e c t w i t h i n t h e b a c t e r o i d s , 

and l a r g e p e r i b a c t e r o i d spaces f o r m as a r e s u l t of t h e d e g r a d i n g 

p e r i b a c t e r o i d membrane, i n l a t e s t a g e nodules ( P l a t e 7a and c>. 

T h i s d e v e l o p m e n t a l s t u d y o f P. vulgaris nodules has p r o v i d e d t h e b a s i s 

on which t h e in situ h i s t o c h e r n i c a 1 s t u d i e s have been c a r r i e d o u t . 
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4. THE APPLICATION OF In situ HISTOCHEMICAL TECHNIQUES. 

The advantages t h a t can be ga i n e d from the use of in situ 

h i s t ochemi ca i t e c h n i q u e s over more co n v e n t i o n a l . b i o c h e m i c a l and 

m o l e c u l a r methods of i n v e s t i g a t i n g gene e x p r e s s i o n i n the r o o t nodule 

s y m b i o s i s , have a l r e a d y been d i s c u s s e d In Chapter !, The r o o t nodule 

p r o v i d e s a unique s i t u a t i o n i n which the planfc/bac t e r i a s y m b i o s i s 

r e s u l t s i n a p a t t e r n of d i f f e r e n t i a ] gene e x p r e s s i o n t h r o u g h o u t o f t h e 

r o o t nodule. The arrangement oi r h i z o b i a i i y - i n t e c t e c c e l l s anc non-

i n f e c t e d c e l l s makes the p h y s i c a l s e p a r a t i o n , and t h e r e f o r e a n a l y s i s of 

gene e x p r e s s i o n i n the d i f f e r e n t c e i l t y p e s , e x t r e m e l y d i f f i c u l t by 

homogenization-based t e c h n i q u e s . 

In situ h y b r i d i z a t i o n a l l o w s the l o c a l i z a t i o n of d i f f e r e n t RNA, or 

DNA sequences t o s p e c i f i c c e l l s , and t h e r e f o r e c e i l s p e c i f i c e x p r e s s i o n 

and r e g u l a t i o n of d e f i n e d mRNA s p e c i e s can be s t u d i e d . 

Immunocytocheraistry a l l o w s t h e c o r r e s p o n d i n g s p e c i f i c p r o t e i n s i o be 

l o c a l i z e d t o p a r t i c u l a r c e i l types. Jef f e r s e n (1988), however, warned 

t h a t in situ t e c h n i q u e s , p a r t i c u l a r l y hybr i d i z a t i o n s a r e not as 

s t r a i gh t f or ward as t h e y may f i r s t appear, and can r e q u i r e a great: deal 

of work to a c h i e v e a c c u r a t e , r e l i a b l e - ; and r e p r o d u c i b l e r e s u l t s . T h i s 

has c e r t a i n l y been t h e case i n t h i s p r o j e c t . 

At the s t a r t of t h i s r e s e a r c h r e l a t i v e l y few examples of In situ 

h y b r i d i z a t i o n had been d e s c r i b e d i n p l a n t b i o l o g y . H a r r i s and Croy 

(1986) , M a r t i n e a u and T a y l o r (1986), Smith et ai. (1987), P a r t h a s a n a t h y 

(1987) , and Meyerowitz (1987) were some o f t h e f i r s t t o p u b l i s h In situ 

h y b r i d i z a t i o n r e s u l t s on p l a n t s . More r e c e n t l y as t e c h n i q u e s have 

advanced t h e r e have been many more r e p o r t s of s u c c e s s f u l in situ 



h y b r i d i z a t i o n s on p l a n t t i s s u e (e. g. SchmeLzer et. al. , 1988, R a i k h e l et. 

al. , 1989, Nelson and Langdale, 1989, McFadden et al. , 1986, Meeks-

Wagner et al., 1989, Gasser e t al. , 1.989, Comai et ai. , 1989). 

Cox et al. (1984) suggested t h a t t h e u s e f u l n e s s of in situ 

h y b r i d i z a t i o n depends on the s e n s i t i v i t y of the method and the accuracy 

w i t h which s i g n a l s r e f l e c t l o c a l c o n c e n t r a t i o n s of t a r g e t mRNAs. 

Ha f e n et al. (1988.! proposed f i v e b a s i c parameters f o r s u c c e s s f u l 

in situ h y b r i d i z a t i o n s Inc Iudin«»; 

1. RNA r e t e n t i o n d u r i n g the p r e p a r a t i o n .of t i s s u e s e c t i o n s . 

2. t h e a c c e s s a b i l i t y of the t a r g e t RNA f o r h y b r i d i z a t i o n , 

3. the e f f i c i e n c y of probe h y b r i d i z a t i o n t o the complementary mRNA. 

4. the s p e c i f i c a c t i v i t y of the l a b e l l e d probe. 

5. the e f f i c i e n c y and s e n s i t i v i t y of d e t e c t i o n . 

The achievement o f optimum c o n d i t i o n s f o r legume r o o t nodule 

h y b r i d i z a t i o n s a r e d e s c r i b e d and d i s c u s s e d i n t h i s Chapter. 

4.1. TISSUE PREPARATION 

4.1.1. F i x a t i o n oi' T i s s u e 

A v a r i e t y of f i x a t i v e s were used on P. vulgaris nodules i n order 

t o a s c e r t a i n t he o p t i m a l f i x a t i v e , f o r b o t h RNA and c e l l p r e s e r v a t i o n . 

The f i x a t i o n methods t r i e d a r e o u t l i n e d i n Table 3 and th e r e s u l t s 

summarized i n Tab l e 4. 

Fi x e d m a t e r i a l was d e h y d r a t e d , embedded, s e c t i o n e d and s t a i n e d f o r 

RNA r e t e n t i o n and s t r u c t u r a l i n t e g r i t y as d e s c r i b e d i n Chapter 2, 1.3. 

The s e c t i o n s were then scored f o r both RNA s t a i n i n g and c e l l 

p r e s e r v a t i o n , The h i g h e s t s c o r i n g f i x a t i v e s were then c o n s i d e r e d on t h e 



of s e c t i o n i n g and r e p r o d u c i b i l i t y of good s e c t i o n s . P r e t r e a t m e n t s and 

h y b r i d i z a t i o n s were then c a r r i e d out and s e c t i o n s s t a i n e d f o r mRNA, and 

the degree of h y b r i d i z a t i o n compared. 

.Table 3, (as t a b l e 1) T i s s u e f i x a t i o n c o n d i t i o n s . 
F i x a t i v e t ime / temperature 1st wash — 

* 1. 70% EtOH/30% HOAc 20 m i n R. T. 70% EtOH 
'2. 95% EtOH/5% 15 min II 95% »t 

3. 75% EtOH/25% HOAc 15 min M 75% 
4. 100% EtOH 48 h -80°C 100'/ . EtOH 

70% EtOH/30% dH-,0 20 rain 4°C 75% EtOH 
6. 100% Methanol 20 m i n -20°C 70% EtOH 4'JC 
7, 100% Acetone 20 m i n -20"C 70% EtOH 4°C 
8. 50% Acetone/50% 20 min -20°C 50% EtOH 4°C 

methanol 
9. 4% para i n PBS 20 min R. T. PBS. 
10. 4% para i n PBS 20 min 4°C PBS 
11. 10% forma I d . / 9 0 % 20 min 4°C PBS 

metnana 1 
12. 2.5% para, i n PBS 30 min R. T. PBS 
13. 1% g l u t . i n 0.05M 3 h R . T. Cac. B u f f er. 

c a c o d y l a t e Duf f e r . 
14. 1% g l u t , i n PBS 3 h R . T. PBS. 

r 

EtOH - a b s o l u t e e t h a n o i , HOAc - a c e t i c a c i d , para - para f o r m a l d e h y d e , 
g l u t - g l u t a r a i d e h y d e . 

A second s e t of f i x a t i o n s were c a r r i e d out under s i m i l a r 

c o n d i t i o n s t o those l i s t e d above but f i x e d o v e r n i g h t . The s h o r t 

f i x a t i o n s are denoted 'a', and the o v e r n i g h t f i x a t i o n s 'b', i n the 

f o l l o w i n g r e s u l t s . 



Table 4. R e s u l t s of f i x a t i v e assessment. 
F i x a t i v e S t a i n i n g C e l l p r e s e r v a t i o n O v e r a l 1 
l a 3 i n f e c t e d s t r o n g 3 r e a s o n a b l e 6 
2a 2 f a i n t 2 poor 4 
3a 4 n o n - i n f e c t e d f a i n t 4 good 8* 
4a 0 3 r e a s o n a b l e 3 

5 a 1 i n f e c t e d v. f a i n t 4 good rr 

6a 2 f a i n t 3 r e a s o n a b l e 5 
7a 4te good 4& v, good 9:l': 

8a 4& good A-Vi v. good 9* 
9a 4 p a t c h y 4 good 8* 

10a 2 v. patchy 4 good 6 
i l a 2 v. patchy v. broken 3V> 

12a 4 good 3 hard t o s e c t i o n 7 

13a 4& v, good 4& v. good 
14a 3& p a l e 3(4 b i t t y 7 
l b 4 good 3 b i t t y 7 

2 b 4 good 3 r e a s o n a b l e 7 

3b 1 f a i n t 2 poor 3 

4b c o u l d ' n t s e c t i o n 0 0 
5b 2 p a l e 1 3 
6 b 3 3 6 
7 b 2 v, patchy 2 poor 4 
8b 4& good 3te 8J-

9b 2 Z\k 5te 
10b 1 v. f a i n t IVi 2 IS 
l i b 2 f a i n t 2 4 
12b 3 1<A 4& 
13b 4 good 4 good 8' 
14b 4 good 3& 7 J* 

* S e c t i o n s s c o r i n g 8 or more were c o n s i d e r e d f u r t h e r . 

P l a t e 8 demonstrates some of t h e c o n t r a s t s o b e r s e r v e d w i t h t h e 

d i f f e r e n t f i x a t i v e s . 
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Plate tt I he d i t i e r e n c e s in tne R N A p r e s e r v a t i o n D V d i f f e r e n t t i x a t i v e s ; Plates 
8a and b, show sect i o n s s t a i n e d w i t h methyl green pyronin. oa, shows a w e i i 
i lxed s e c t i o n , in c o n t r a s t the s e c t i o n in 8b snows l i t t l e or no pmK s t a i n i n g 
and r e p r e s e n t i n g very poor R N A p r e s e r v a t i o n . although the c e l l u l a r p r e s e r v a t i o n 
is good. Piate 8c shows a s e c t i o n w i t h gooo R N A p r e s e r v a t i o n s t a i n e d w i t h 
a c r i d i n e orange, tne orange/yellow s t a i n i n g represents the R N A . 

i 
• 

*4' 
.Mi I I I ' ! 



The b e t t e r f i x a t i v e s were assessed i n v a r i o u s pr©treatments and 

h y b r i d i z a t i o n s . The best f i x a t i v e which r e s u l t e d i n the p r o d u c t i o n of 

good r o o t n o d u l e s e c t i o n s , which were a b l e t o w i t h s t a n d the 

h y b r i d i z a t i o n c o n d i t i o n s and produce r e l i a b l e r e s u l t s , was IX 

g T u t a r a l d e h y d o i n 0.05 M sodium cacody1 a t e b u f f e r f o r 3 h (13 a ) . 

I n t h i s s t u d y the e t h a n o i and a c e t i c a c i d based f i x a t i v e s , 

r e s u l t e d i n very poor c e l l p r e s e r v a t i o n . D i e t r i c h et aJ. (1986), found 

t h a t an o v e r n i g h t f i x a t i o n i n 10% f o r m a l i n . 5% acel i c a c i d and 50 , y 

e t h a n o i was the best f i x a t i v e f o r Brassica napus s e e d l i n g t i s s u e used 

f o r in siiu h y b r i d i z a t i o n . B r a h i c and Haase '.1978) a l s o suggested t h a t 

the a c e t i c ac id-rnethanol and methanol-acetone f i x a t i v e s gave the best 

h y b r i d i z a t i o n e f f i c i e n c i e s . E x p e r i m e n t s on pea c o t y l e d o n s i n our 

l a b o r a t o r y a l s o i n d i c a t e d the e t h a n o l - a c e t i c a c i d f i x a t i v e s were 

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

accessi. b i. 1 i t y. 

Angerer and Angerer (1981) suggested t h a t g i u t a r a I d e h y d e - f i x e d 

t i s s u e showed b e t t e r RNA r e t e n t i o n than e t h a n o i a c e t i c a c i d f i x a t i v e s . 

T h i s , t o g e t h e r w i t h t h e good c e l l p r e s e r v a t i o n , was the case w i t h P. 

vulgar i s r oo t nodu 1 e t i ssue. 

Perrot-Rechenmann et al. (1989) i n c o n t r a s t , r e p o r t e d t h a t 

p a r a f o r m a l d e h y d e was b e t t t e r than g l u t a r a i d e h y d e as a f i x a t i v e f o r in 

situ h y b r i d i s a t i o n s on maize leaves. T h i s was a l s o found t o be 

p r e f e r a b l e by Harper et al, (1986) who suggested t h a t p a r a f o r m a l d e h y d e 

f i x a t i v e s were p r e f e r a b l e p r o v i d e d t h e y were f o l l o w e d by p r e • 

h y b r i d i z a t i o n t r e a t m e n t s t o make t h e t i s s u e more a c c e s s i b l e . Singer et 

al. (1986) found p a r a f o r m a l d e h y d e a good f i x a t i v e and g l u t a r a l d e h y d e 

a l s o good p r o v i d e d i t was used w i t h p r o t e a s e p r e t r e a t m e n t s and s m a l l 
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probes. 

Mc Fa del en et ai. ':i988> found a parat ormaldehyde-gl u t a r a idehycle 

c o m b i n a t i o n gave b e t t e r m o r p h o l o g i c a l p r e s e r v a t i o n of p l a n t t i s s u e s 

than p a r a f o r m a l d e h y d e alone as d i d SchmeLzer et ai. C1988). G u i i t e n y 

et ai. (1988) suggested an i n c r e a s i n g formaldehyde c o n c e n t r a t i o n i n t h e 

f i x a t i v e decreased the s i g n a l i n t e n s i t y , w h i l s t Godard and Jones (1978) 

found g1utara1dehyde to be a super i o r f i x a t i v e as d i d Angerer, Cox and 

Anger or (1981 > p a r t i c u l a r i y a* a. [% cone en t r a f i on , as was found i n t h i s 

work . 

From the wide v a r i e t y of r e p o r t e d f i x a t i o n p r e f e r e n c e s , Bresser et 

al. (1986) suggested t h a t ' o n l y one or two f i x a t i v e s a r e s u i t a b l e f o r 

each p a r t i c u l a r t i s s u e ' , and i t i s thus i m p o r t a n t t h a i - o p t i m a l 

f i x a t i v e s are d e t e r m i n e d e m p i r i c a l l y f o r each p a r t i c u l a r t i s s u e type, 

4.1.2. Embedding o f T i s s u e 

D i f f e r e n t embedding p r o t o c o l s were used w i t h t h e best f i x a t i v e s 

and t i s s u e then compared f o r RNA p r e s e r v a t i o n , c e i l p r e s e r v a l i o n , and 

s e c t i o n i n g q u a l i t y . The f o l l o w i n g embedding media were assessed t o u t of 

a maximum s c o r e of 5 ) . 

T a b l e 5. The assessment o f embedding media 

Embedding S e c t i o n i n g C e l l RNA 
m a t e r i a 1 p r e s e r v a t i o n p r e s e r v a t i o n 
FEG 1500 2 4 4 
PEG 1000 5 4 4 
WAX 5 3 5 
L. R. Wh i t e 4 5 0 
L.R, Gold 4 5 !4 
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The r e s u l t s d emonstrate t h a t each embedding medium lias i t s own 

advantages, PEG 1000 was s u p e r i o r t o PEG 1500 due t o the s e c t i o n i n g 

p r o p e r t i e s which t h e r e f o r e a l l o w e d a much h i g h e r q u a l i t y of s e c t i o n ; ; t o 

be o b t a i n e d . 

Wax, d e s p i t e t h e Rood s e c t i o n i n g and RNA p r e s e r v a t i o n , r e s u l t e d i n 

a poorer q u a l i t y of c e l l p r e s e r v a t i o n (as i l l u s t r a t e d i n P l a t e 9 . The 

L.R. Gold and L.R. White r e q u i r e d an u l t r a m i crotorne f o r s e c t i o n i n g . 

A l t h o u g h t h i s a l l o w e d semi t h i n and t h i n s e c t i o n s t o be c u t . which ecu i d 

a l s o be used at t h e e l e c t r o n microscope l e v e l , the RNA p r e s e r v a t i o n was 

almost n o n - e x i s t e n t , a l t h o u g h the c e i l p r e s e r v a t i o n was e x c e l l e n t . 

McFaclden er al. t1988) embedded tobacco p i s t i l s , a n t h e r s and 

mature p o l l e n i n L. R. Gold and r e p o r t e d good R.N A p r e s e r v a t i o n ana 

s u c c e s s f u l in situ h y b r i d i z a t i o n s , but I have been unable to r e p e a t 

t h i s . T h i s t e c h n i q u e may be w o r t h w h i l e i n v e s t i g a t i n g f u r t h e r , as i t 

would a l l o w in situ h y b r i d i z a t i o n t o be c a r r i e d out a t both t h e 

e l e c t r o n and l i g h t microscope l e v e l . 

For the in situ h y b r i d i z a t i o n work PEG 1000 was found to be the 

best embedding medium, D e s p i t e i t s low RNA p r e s e r v a t i o n (or 

a c c e s s i b i l i t y ) , L, R. White does p r o v i d e good p r e s e r v a t i o n of a n t i g e n i c 

s i t e s ( C r a i g and M i l l e r , 1984), and i s t h e r e f o r e v e r y good f o r 

immunolabel 1 i n g s t u d i e s a t both t h e l i g h t and e l e c t r o n microscope 

l e v e l s . T h i s i s p a r t i c u l a r l y good f o r e l e c t r o n m i c r o s c o p i c 

immune l a b e l 1ing, where PEG 1000 s e c t i o n s c o u l d not be used. 

Perrot-Rechenman et al. (1989) and Schmelzer et al. (1988) found 

f r o z e n s e c t i o n s p r e f e r a b l e t o embedded s e c t i o n s , a l t h o u g h Larsson el 

al. (1988) found p a r a f f i n - w a x embedded se c t i o n s , were f a r s u p e r i o r t o 

c r y o s e c t i o n s . Frozen r o o t n o d u l e s were found d i f f i c u l t t o handle, and 



c r y o s e c t i o n s were i n f e r i o r t o t h e embedded ones i n my e x p e r i m e n t s . 

P l a t e 9a i l l u s t r a t e s a r o o t nodule s e c t i o n f i x e d i n 1% 

g l u t a r a l d e h y d e , PEG embedded and h y 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; 

annealed probe was l o c a l i z e d by t h e b l u e a l k a l i n e phosphatase s t a i n i n g . 

T h i s i s compared w i t h s i m i l a r l y t r e a t e d wax-embedded t i s s u e a l s o 

h y 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 ( P l a t e 9 b ) . The s u p e r i o r c e i l 

morphology i n the PEG s e c t i o n i s q u i t e e v i d e n t . T i s s u e s e c t i o n s f i x e d 

as i n 9a, were a l s o s t a i n e d f o r RNA w i t h methyl green p y r o n i n , a f t e r 

p r e t r e a t m e n t s and h y b r i d i z a t i o n . The pi n k s t a i n i n g shown i n P l a t e 9c 

i l l u s t r a t e s t he d i s t r i b u t i o n of r e t a i n e d / a c c e s s i b l e RNA. 
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Plate 9 9a and b, I l l u s t r a t e the d i f f e r e n c e s between embedding media; 9a, shows 
a se c t i o n t i x e d in 1% g l u t a r a l d e h y d e , embedded in PEG lOuO, h y 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, and l a b e l l e d w i t h a l k a l i n e phosphatase. 9b shows a wax 
embedded se c t i o n t r e a t e d in the same way. 
Plate 9c shows a s e c t i o n i lxed in \% gl u t a r a l d e h y d e , embedded in PEG lGOO, and 
sta i n e d f o r RNA w i t h methyl green pyronin a f t e r the h y b r i d i z a t i o n steps. 

•5mm 



4.2. In situ HYBRIDIZATION TO CYTOSOLIC mRNAs 

4.2.1. Pr e p a r a t i o n and L a b e l l i n g of Probe3 

Over t h e l a s t f i v e years t h e t e c h n i q u e s a v a i l a b l e f o r o b t a i n i n g 

and p r e p a r i n g probes, and l a b e l l i n g them have shown c o n s i d e r a b l e 

advances. Most e a r l y i n situ h y b r i d i z a t i o n s u t i l i s e d cDNA probes 

(Brahic and Haase, 1973; Smith e t al, , 1987, Hafen e t a i . , 1983; 

H a r r i s and Croy, 1986). cDNA probes a r e however g e n e r a l l y d o u b l e -

s t r a n d e d and r e q u i r e d e n a t u r a t i o n by b o i l i n g p r i o r t o h y b r i d i z a t i o n . 

D u r i n g h y b r i d i z a t i o n t h e s e p a r a t e d DNA s t r a n d s may re a n n e a i t o a 

v a r i a b l e axtent and t h e r e f o r e l i m i t t he e f f e c t i v e c o n c e n t r a t i o n of t h e 

h y b r i d i z a t i o n probe. RNA and o l i g o n u c l e o t i d e probes have the advantage 

of b e i n g s i n g l e - s t r a n d e d , and t h e r e f o r e e l i m i n a t e t h e r e a n n e a i i n g 

problem. RNA probes a l s o a l l o w t h e use of a r i b o n u c l e a s e enzyme a f t e r 

the h y b r i d i z a t i o n t o c l e a n up any n o n - s p e c i f i c background. Cox et ai. 

(1984) r e p o r t e d t h a t a d r a m a t i c i n c r e a s e i n h y b r i d i z a t i o n e f f i c i e n c y 

was o b t a i n e d by u s i n g s i n g l e s t r a n d e d RNA probes. Meyerowitz (1987) and 

Angerer, Cox and Angerer (1987) b o t h used RNA probes which they 

r e p o r t e d r e s u l t e d i n lower n o n - s p e c i f i c l a b e l l i n g than t h a t produced by 

cDNA probes. L a t h e (1984) f i r s t r e p o r t e d t h e use of o l i g o n u c l e o t i d e 

probes and Larsson et al. (1988) s u c c e s s f u l l y used these probes f o r in 

situ h y b r i d i z a t i o n s . 

With t h i s e v i d e n c e and some e a r l y e x p e r i m e n t s , i t was d e c i d e d t o 

c o n s t r u c t and use RNA probes. Bresser et ai. (1987) suggested t h a t 

s mall probes (75-100 bp) were s u p e r i o r f o r in situ h y b r i d i z a t i o n s the 

medium s i z e d (100-400), or l a r g e (500-1000 bp) ones. Small t o medium 

s i z e d i n s e r t s ( i l l u s t r a t e d i n F i g u r e 1 Chapter 2.2.2.1.) were t h e r e f o r e 
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c h o s e n f r o m t h e 5' and 3' u n t r a n s l a t e d r e g i o n s o f t h e a, p and y GS 

cDNA s e q u e n c e s . 

The s e q u e n c e s f r o m t h e 3' e n d s o f t h e y a n d (3 g e n e s had s h o r t p o l y 

( A " ) t a i l s , a l t h o u g h p r o v i d e d t h e h y b r i d i z a t i o n and w a s h i n g c o n d i t i o n s 

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

p r o b l e m s . L a r s s o n et a i . ( 1 9 8 8 ) u s e d o l i g o n u c l e o t i d e p r o b e s w i t h 

h o m o p o l y m e r t a i l s ; t h e y r e p o r t e d t h a t e v e n l o n g - t a i l e d p r o b e s d i d n o t 

c a u s e n o n - s p e c i f i c b i n d i n g . The a d d i t i o n o f p o l y dT o r p o l y dC i n t h e 

p r e h y b r 1 d i z a t i on o r h y b r i d i z a t i o n b u f f e r s p r o d u c e d no n o t i c e a b l e 

e f f e c t s when t h e s t r i n g e n c y o f c o n d i t i o n s was c o r r e c t , a nd t h e y 

s u b s e q u e n t l y o m i t t e d them. 

D i e t r i c h e t ai, ( 1 9 8 4 ) d e m o n s t r a t e d t h a t p r o b e s o f d i f f e r e n t 

l e n g t h s and c o n c e n t r a t i o n s c a n n o t be q u a n t i t a t i v e l y c o m p a r e d . T h i s h a s 

a l s o been d e m o n s t r a t e d w i t h t h e u, |3 and y p r o b e s u s e d i n t h i s p r o j e c t 

as i l l u s t r a t e d i n t h e f o l l o w i n g s e c t i o n . 

The s p e c i f i e d cDNA i n s e r t s were s u c c e s s f u l l y s u b c l o n e d i n t o a pBS 

B l u e s c r i b e v e c t o r as d e s c r i b e d i n C h a p t e r 2.2.2. The s u b c l o n e d i n s e r t s 

were t h e n e x c i s e d a nd u s e d t o p r o b e a S o u t h e r n b l o t c o n t a i n i n g t h e 

r e q u i r e d i n s e r t s ( d e s c r i b e d i n C h a p t e r 2 , 2 , 2 . 4 . ) A l l t h e p r o b e s b o u n d 

s p e c i f i c a l l y t o t h e c o r r e c t s e q u e n c e s , and d e m o n s t r a t e d t h a t t h e 

c o r r e c t i n s e r t s h ad been c l o n e d . The r e s u l t s o f t h i s b l o t a r e shown i n 

P l a t e 10a, 

S e v e r a l d i f f e r e n t m e t h o d s o f p r o b e l a b e l l i n g , b o t h r a d i o a c t i v e a n d 

n o n - r a d i o a c t i v e , h a v e been u s e d f o r in situ h y b r i d i z a t i o n s , b o t h i n 

t h i s p r o j e c t a nd i n p r e v i o u s l y r e p o r t e d w o r k . 

R a d i o l a b e l 1 i n g h a s p r o v e d s u c c e s s f u l i n many i n s t a n c e s ; D i e t r i c h 

e t a i . ( 1 9 8 4 ) s u c c e s s f u l l y u s e d RNA p r o b e s l a b e l l e d w i t h 3 i S S , T a n e j a 
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P l a t e 10 10a shows the r e s u l t s of Southern b l o t s , probed w i t h the g l u t a m i n e 
s y n t h e t a s e a, and fi probes, to check f or t h e i r s p e c i f i c i t y , a s d e s c r i b e d in the 
methods. 
P l a t e 10b, shows a t y p i c a l s e t of 'detection s t r i p s ' used to determine the l e v e l 
of probe l a b e l l i n g . 
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and S i n g e r ( 1 9 8 7 ) u s e d J- ? r a d i o l a b e l l e d p r o b e s s u c c e s s f u l l y , and 

S c h m e l z e r e t al. 1 .1988) u t i l i s e d J H - J a b e l l e d RNA p r o b e s . Mouras et al. 

( 1 9 8 9 ) u s e d b o t h t r i t i a t e d and b i o t i n 11-dUTP l a b e l s ; t h e y r e p o r t e d 

t h a t t h e t r i t i a t e d p r o b e s r e s u l t e d i n a h i g h e r l a v e l o f l a b e l l i n g t h a n 

t h e p r o b e s l a b e l l e d by b i o t i n i n c o r p o r a t i o n . However, A r a k a k i et al. 

(.1988) s u g g e s t e d t h e use o f ' r a d i o l a b e l l e d p r o b e s s h o u l d be r e s t r i c t e d 

t o s p e c i a l i z e d l a b o r a t o r i e s w i t h t h e n e c e s s a r y e q u i p m e n t t o c o p e w i t h 

t h e s a f e t y p r o b l e m s e n c o u n t e r e d w i t h t h e u s e o f r a d i o l a b e l l e d p r o b e s 

f o r in situ h y b r i d i z a t i o n s . 

Gebeyehu et al. ( 1 9 8 7 ) r e p o r t e d t h e u s e f u l n e s s o f b l o t i n p r o b e s 

f o r in situ h y b r i d i z a t i o n s , C u n n i n g h a m et ai. ( 1 9 8 5 ) c o m p a r e d : 3 2 P -

i a b e l i e d p r o b e s w i t h b i o t i n - l a b e l l e d RNA p r o b e s and f o u n d b i o t i n 

p r o b e s , a t l e a s t as s p e c i f i c a n d as g o o d as r a d i o l a b e l l e d p r o b e s . 

L a r s s o n et al. ( 1 9 8 8 ) r e p o r t e d t h a t ^ - - p - l a b e l l e d p r o b e s d i d n o t g i v e 

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

a l k a l i n e p h o s p h a t a s e d e t e c t i o n , and h e n c e t h e d e t e c t i o n u t i l i t y was f a t -

b e t t e r t h a n a u t o r a d i o g r a p h i c d e t e c t i o n e v e n w i t h t h e most p r e c i s e :n 

i s o t o p e . They a l s o s u g g e s t e d t h a t t h e d e t e c t i o n m e t h o d s u s e d w i t h 

b i o t i n , r e s u l t e d i n no b a c k g r o u n d , w h i l s t r a d i o l a b e l l e d p r o b e s a l w a y s 

l e f t a l o w l e v e l o f b a c k g r o u n d . G u l t t e n y et al. ( 1 9 8 8 ) s i m i l a r l y 

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

e n h a n c e d w i t h b i o t i n y l a t e d p r o b e s , S y r j a n e n e t al. ( 1 9 8 8 ) s u g g e s t e d 

t h a t b i o t i n p r o b e s w e r e p r e f e r a b l e t o : 3 S S - l a b e l l e d p r o b e s . McFadden e t 

al. ( 1 9 8 8 ) a l s o d e m o n s t r a t e d t h a t t h i s n o n - r a d i o a c t i v e l a b e l l i n g g a v e 

s u p e r i o r r e s o l u t i o n t o r a d i o l a b e l l e d p r o b e s and was t h e r e f o r e much 

b e t t e r s u i t e d t o e l e c t r o n m i c r o s c o p e t e c h n i q u e s . 

P e r r o t - R e c h a n m a n et al. ( 1 9 8 9 ) o b t a i n e d i n i t i a l in situ 
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h y b r i d i z a t i o n r e s u l t s u s i n g a b i o t i n y l a t e d p r o b e , a l t h o u g h t h e y 

e x p e r i e n c e d p r o b l e m s w i t h n o n - s p e c i f i c b i n d i n g o f s t r e p t a v i d i n i n some 

p l a n t s e c t i o n s , As a r e s u l t o f t h i s P e r r o t - R e c h e n m a n et. al. ( 1 9 6 9 ) u sed 

s u l f o n a t e d cDNA p r o b e s w h i c h had been r e p o r t e d by L e b a c q e f aJ. ( 1 9 8 8 ) 

t o be a t l e a s t a s s e n s i t i v e a s r a d i o l a b e l l e d p r o b e s on f i l t e r s . 

I n t h i s p r o j e c t e a r l y work on r o o t n o d u l e s u s i n g r a d i o l a b e l l e d 

cDNA p r o b e s r e s u l t e d i n h i g h l e v e l s o f b a c k g r o u n d , n o n - s p e c i f i c 

l a b e l l i n g , p a r t i c u l a r l y a r o u n d t h e a m y l o p i a s t s p o s s i b l y due t o 

p h o t o g r a p h i c e m u l s i o n b e c o m i n g t r a p p e d i n t h e s e c t i o n s , and a l a c k o f 

s e n s i t i v i t y , B i o t i n - l a b e l 1 i n g p r o v e d t o be more s p e c i f i c and p r e c i s e , 

r e q u i r i n g l e s s t i m e t o p r o d u c e r e s u l t s , more e c o n o m i c a l and a l s o 

a l l o w e d l a b e l l e d p r o b e s t o be s t o r e d f o r p e r i o d s o f up t o s i x m o n t h s 

b e f o r e u s e. 

P r o b e s can be l a b e l l e d w i t h b i o t i n by t h e i n c o r p o r a t i o n o f b i o t i n -

11-dUTP. ' . H a r r i s a nd C r o y , 1986) a l t h o u g h M c C r a c k e n ( 1 9 8 6 ) d e m o n s t r a t e d 

v e r y l o w l e v e l s o f RNA w e r e o b t a i n e d when t h i s m e t h o d o f b i o t i n 

i n c o r p o r a t i o n was used. 

F o r s t e r et al, ( 1 9 8 5 ) r e p o r t e d a n o v e l m e t h o d o f l a b e l l i n g p r o b e s , 

u s i n g p h o t o b i o t i n . M c l n n e s e t al. ( 1 9 8 7 ) r e p o r t e d t h e s u c c e s s f u l use o f 

p h o t o b i o t i n f o r l a b e l l i n g S o u t h e r n , N o r t h e r n a n d d o t b l o t s . C h i I d s et 

al, ( 1 9 8 ? ) u s e d p h o t o b i o t i n y l a t e d p r o b e s f o r in situ h y b r i d i z a t i o n s 

( a n d s i m u l t a n e o u s i m r n u n o l a b e i 1 i n g ) . T h ey r e p o r t e d t h a t t h e 

p h o t o l a b e l 1 i n g r e s u l t e d i n m i n i m a l damage t o t h e p r o b e , and was e q u a l 

o r s u p e r i o r t o t h o s e l a b e l l e d by t h e i n c o r p o r a t i o n o f b i o t i n y l a t e d 

n u c l e o t i d e s . B r e s s e r e t al, ( 1 9 8 7 ) i n v e s t i g a t e d m e t h o d s t o o p t i m i z e t h e 

l a b e l l i n g o f p r o b e s w i t h p h o t o b i o t i n , a nd r e p o r t e d t h a t t h e u s e o f 

p h o t o b i o t i n y l a t e d p r o b e s , i n s t e a d o f 11-d U TP b i o t i n i n c o r p o r a t i o n , 
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i n c r e a s e d t h e s e n s i t i v i t y o f in S I T U h y b r i d i z a t i o n s by 2-3 f o l d . 

I n t h i 2 w o r k t h e use o f p h o t o b i o t i n , as o u t l i n e d i n s e c t i o n 

C h a p t e r 2.2.1.2. p r o v i d e d a s e n s i t i v e , s u c c e s s f u l and r e p r o d u c i b l e 

m e t h o d f o r l a b e l l i n g RNA p r o b e s . 

A t y p i c a l p r o b e d e t e c t i o n s t r i p o f b i o t i n y l a t e d RNA p r o b e s 

c o m p a r e d w i t h q u a n t i f i e d s t a n d a r d s , i s shown i n P l a t e 10b. T h i s 

' d e t e c t i o n s t r i p ' t e c h n i q u e was u s e d t o p r o v i d e a g u i d e t o t h e d e g r e e 

o f b i o t i n - l a b e i i i n g o f e a c h probe. 

4.2.2. H y b r i d i z a t i o n P r e t r e a t m e n t s 

C a r e f u l p r e t r e a t m e n t o f b o t h s l i d e s and s e c t i o n s was f o u n d t o be 

e x t r e m e l y i m p o r t a n t i n t h i s r e s e a r c h . The i n t r o d u c t i o n of' RNA p r o b e s , 

w h i c h a r e l e s s s t a b l e t h a n DMA and more s u s c e p t i b l e t o v e r y a b u n d a n t 

RNases, meant t h a t c a r e w i t h t h e s l i d e s u s e d f o r t h e h y b r i d i z a t i o n s was 

v e r y i m p o r t a n t . 

S l i d e s a n d s e c t i o n s w e r e h a n d l e d t h r o u g h o u t w i t h c l o v e s , and a i l 

s o l u t i o n s u s e d w e r e D E P C - t r e a t e d t o e l i m i n a t e a n y RNase a c t i v i t y . A l l 

g l a s s w a r e u s e d up t o and d u r i n g t h e h y b r i d i z a t i o n , was t r e a t e d w i t h 5% 

h y d r o g e n p e r o x i d e s o l u t i o n , f o l l o w e d by D E P C - t r e a t e d s t e r i l e d i s t i l l e d 

w a t e r . 

I n i t i a l p r o b l e m s , o f k e e p i n g s e c t i o n s s t u c k o n t o s l i d e s t h r o u g h o u t 

t h e h y b r i d i z a t i o n and s u b s e q u e n t washes and d e t e c t i o n s , w e r e o v e r c o m e 

by t h e use o f a 2% g e l a t i n e s o l u t i o n as d e s c r i b e d i n C h a p t e r 2. i . 4 . 

O t h e r s l i d e f i x a t i v e s s u c h as p o l y - L - l y s l n e , and p o l y - v i n y l - a l c o h o l -

v i n y l t r i e t h o x y s i l a n e , e i t h e r f a i l e d t o h o l d s e c t i o n s on t h e s l i d e s , o r 

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

s e c t i o n s were a l l o w e d t o d r y down on ' s u b b e d s l i d e s ' was f o u n d t o be a n 
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i m p o r t a n t f a c t o r i n r e t a i n i n g s e c t i o n s . Mc F a d den et. al . ( 1 9 8 8 ) and 

Per r o t - R e c h e n r n a n n e t a i , (.1989) a l s o r e p o r t e d t h e i m p o r t a n c e o f d r y i n g 

s e c t i o n s on s l i d e s b e f o r e p r e t r e a t m e n t s and h y b r i d i z a t i o n . 

B r a h i c and Haase ( 1 9 7 8 ) and Mouras ei al. ( 1 9 8 7 ) f o u n d t h a t t h e 

i n i t i a l ' b l o c k i n g ' o f s l i d e s was an i m p o r t a n t s t e p , w h i l s t S i n g e r et 

al. (1.986) and G o l d b e r g ( 1 9 8 6 ) u s e d a c e t i c a n h y d r i d e t r e a t m e n t s t o 

r e d u c e n o n - s p e c i f i c b a c k g r o u n d on s l i d e s . N e i t h e r of t h e s e two 

t r e a t m e n t s w e r e f o u n d n e c e s s a r y i n my s t u d i e s . B r e s s e r et al. ( 1 9 8 7 ) 

s u g g e s t e d t h a t no p a r t i c u l a r f i x e d p r e h y b r I d i z a t i o n s t e p was n e c e s s a r y , 

arid t h a t b l o c k i n g o f 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 b e and f a c i l i t a t i n g 

p r o b e e n t r y c o u l d be a c c o m p l i s h e d i n t h e h y b r i d i z a t i o n s o l u t i o n . 

I n t h i s w o r k e x p e r i m e n t s w i t h p r e t r e a t i n e n t s f o r in situ 

h y b r i d i z a t i o n s w e r e c a r r i e d o u t t o t e s t a w i d e r a n g e o f t e c h n i q u e s . 

T hese r a n g e d f r o m no p r e t r e a t m e n t s a t a l l , t o l e n g t h y p r o t o c o l s w h i c h 

w e r e t r i e d i n c o n j u n c t i o n w i t h v a r i o u s h y b r i d i z a t i o n p r o t o c o l s u n t i l 

t h e o p t i m u m f o r r o o t n o d u l e s , d e s c r i b e d i n C h a p t e r 2,3.3. was a c h i e v e d . 

The o p t i m u m p r e t r e a t i n e n t s as o u t l i n e d i n 2 . 3 . 3 . 1 . w e r e based on t h o s e 

o f S c h m e l z e r e t a i , ( 1 9 8 8 ) , S m i t h et al. ( 1 9 8 7 ) , M e y e r o w i t z ( 1 9 8 7 ) , 

and C h i I d s et al. ( 1 9 8 7 ) , D u r i n g o p t i m i z a t i o n w o r k s e c t i o n s w e r e 

s t a i n e d f o r RNA a f t e r e a c h p r e t r e a t m e n t t o e n s u r e t h e r e was no 

s i g n i f i c a n t RNA l o s s as a r e s u l t o f any p a r t i c u l a r t r e a t m e n t . G o d a r d 

and J o n e s ( 1 9 7 8 ) s u g g e s t e d t h a t HCi t r e a t m e n t o f s e c t i o n s r e s u l t e d i n 

t h e l o s s o f RNA, a l t h o u g h no s i g n i f i c a n t l o s s was o b s e r v e d i n r o o t 

n o d u l e t i s s u e , t e s t e d i n t h i s way, McFadden e t a i ( 1 9 8 8 ) a l s o u s ed 

h y b r i d i z a t i o n p r e t r e a t m e n t s i n i t i a l l y , b u t l a t e r d r o p p e d t h e m 

s u g g e s t i n g t h a t t h e n e c e s s a r y b l o c k i n g s t e p s c o u l d be a c c o m p l i s h e d i n 

t h e h y b r i d i z a t i o n . 
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L a r s s o n et ai. ( 1 9 8 8 ) d e m o n s t r a t e d t h a t p r o t e i n a s e K p r e t r e a t m e n t 

o f s e c t i o n s r e s u l t e d i n a c o n s i d e r a b l y e n h a n c e d s i g n a l h o w e v e r , as 

r e p o r t e d by B r i g a t i e f al. ( 1 9 8 3 ) , o v e r - d i g e s t i o n c a n r e s u l t i n a l o s s 

o f RNA i n t h e s e c t i o n . The i n c l u s i o n o f EDTA and a p r e - d i g e s t i o n o f t h e 

p r o t e i n a s e K, was f o u n d t o be u s e f u l i n e l i m i n a t i n g t h e p o s s i b i l i t y o f 

any c o n t a m i n a t i n g RNases. 

S i n g e r et al. ( 1 9 8 6 ) , s u g g e s t e d t h a t t h e d e h y d r a t i o n o f s e c t i o n s 

i m m e d i a t e l y p r i o r t o t h e h y b r i d i z a t i o n s t e p h e l p e d t o s o l u b i l i z e l i p i d s 

i n t h e c e l l membrane and make c e l l s more p e r m e a b l e t o t h e p r o b e . T h i s 

s t e p was a l s o f o u n d t o be b e n e f i c i a l i n t h i s work, w i t h r o o t n o d u l e s , 

4.2.3. H y b r i d i z a t i o n C o n d i t i o n s 

F o l l o w i n g t h e p r e t r e a t m e n t s , t h e h y b r i d i z a t i o n , b a s ed on m e t h o d s 

u s e d by B r a h i c a n d Haase ( 1 9 7 8 ) , C h i i d s e f al. ( 1 9 8 7 ) , B r e s s e r et ai. 

( 1 9 8 7 ) , S m i t h e t a i . ( 1 9 8 7 ) , M e y e r o w i t z ( 1 9 8 7 ) , G o l d b e r g ( 1 9 8 6 ) , and 

S c h r n e l z e r et al. ( 1 9 8 8 ) , was c a r r i e d o u t as o u t l i n e d i n C h a p t e r 

2.3.3.2. 

The p r e t r e a t m e n t and s i i i c o n i z a t i o n o f t h e c o v e r s 1 i p s used i n t h e 

h y b r i d i z a t i o n was f o u n d t o be i m p o r t a n t , as was t h e i n c l u s i o n o f 

d e x t r a n s u l p h a t e i n t h e h y b r i d i z a t i o n s o l u t i o n . D e x t r a n s u l p h a t e was 

f i r s t r e p o r t e d by Wahi e t al. ( 1 9 7 9 ) t o i n c r e a s e t h e s p e e d and 

e f f i c i e n c y o f h y b r i d i z a t i o n , Hafen et al. ( 1 9 8 3 ) r e p o r t e d t h a t t h e 

i n c l u s i o n o f 10% d e x t r a n s u l p h a t e p r o d u c e d a f o u r f o l d i n c r e a s e i n t h e 

s i g n a l d e t e c t i o n s e n s i t i v i t y o f in situ h y b r i d i z a t i o n s t u d i e s . 

A l t h o u g h y e a s t tRNA was s u c c e s s f u l l y u s e d i n t h i s w o r k , Cox e t al. 

( 1 9 8 4 ) h a d s u g g e s t e d t h a t t h e i n c l u s i o n o f a c a r r i e r s u c h as y e a s t 

t r a n s f e r RNA (tRNA) had v e r y l i t t l e e f f e c t on t h e e f f i c i e n c y o f in situ 
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h y b r i d i z a t i o n . 

M o u r a s e t al. ( 1 9 8 7 ) used 12-20 ng p r o b e p e r s l i d e , a nd r e p o r t e d 

t h a t t h e q u a n t i t y o f p r o b e , a s s u m i n g i t was i n e x c e s s o f t h e message t o 

be d e t e c t e d , was n o t c r i t i c a l . A p p r o x i m a t e l y 8 ng o f p r o b e p e r s l i d e 

was f o u n d t h e most e f f e c t i v e i n t h i s work w i t h r o o t n o d u l e s . 

4.2.4. P o s t - H y b r i d i z a t i o n Washes 

P o s t - h y b r i d i z a t i o n washes w e r e c a r r i e d o u t a c c o r d i n g t o t h e d e g r e e 

o f s t r i n g e n c y r e q u i r e d t o g e t r e p e a t a b l e a n d r e l i a b l e r e s u l t s , w i t h t h e 

s e n s e s t r a n d h y b r i d i z a t i o n s c l e a n and t h e a n t i - s e n s e p r o d u c i n g a 

s p e c i f i c and r e p e a t a b l e p a t t e r n o f l a b e l l i n g . 

One o f t h e a d v a n t a g e s o f RNA p r o b e s i s t h e u s e o f RNase A a f t e r 

t h e h y b r i d i z a t i o n ; t h i s p r e c l u d e s t h e p o t e n t i a l a m p l i f i c a t i o n o f 

s i g n a l s by h y p e r p o i y m e r f o r m a t i o n on t a r g e t RNAs a n d r e d u c e s n o n ­

s p e c i f i c b a c k g r o u n d . The u s e o f S i n u c l e a s e w i t h cDNA p r o b e s i s a l s o 

p o s s i b l e , a l t h o u g h G o d a r d ( 1 9 8 3 ) r e p o r t e d t h a t h i g h c o n c e n t r a t i o n s o f 

S I n u c l e a s e may l e a d t o r e l o c a l i z a t i o n o f t h e p r o b e s bound In situ. 

B r e s s e r e f al. ( 1 9 8 7 ) s u g g e s t e d t h a t t h e d e l a y i n g o f p o s t -

h y b r i d i z a t i o n w a s h i n g b e y o n d t h e f i r s t i n c u b a t i o n w i t h s t r e p t a v i d i r i , 

t h u s e l i m i n a t e d t h e r e - b l o c k i n g s t e p b e t w e e n t h e washes and t h e 

d e t e c t i o n ; t h i s p r o c e d u r e was n o t t r i e d i n t h i s w o r k . 

4.2.5. Methods o f Prob e D e t e c t i o n 

E a r l y e x p e r i m e n t s w i t h t h e s t r e p t a v i d i n b i o t i n y l a t e d - p e r o x i d a s e 

(ABC) d e t e c t i o n s y s t e m , u s e d by C h i I d s et al. ( 1 9 8 7 ) d i d n o t p r o v e as 

s u c c e s s f u l as t h e s t r e p t a v i d i n - b i o t i n y l . a t e d - a 1 k a l i n e p h o s p h a t a s e , 

s y s t e m w h i c h was d e t e c t e d by 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l y l p h o s p h a t e 



(BCIP) and n i t r o b l u e t e t r a z o l i u m CNBT) t o p r o d u c e a p u r p l e p r e c i p i t a t e 

CLeary et al. ''.1983) . T h i s s y s t e m h a s been e f f e c t i v e l y u s e d f o r t h e 

d e t e c t i o n o f b i o t i n y l a t e d p r o b e s h y b r i d i z e d in situ i n many i n s t a n c e s 

( e , g , A r a k a k i et al., 1988; L a r s s o n et al., 1 9 8 8 ) . 

A l t h o u g h t h i s d e t e c t i o n m e t h o d p r o d u c e d r e l i a b l e a nd r e p r o d u c i b l e 

r e s u l t s , t h e b l u e p r e c i p i t a t e was n o t a l w a y s c l e a r l y d i s t i n g u i s h a b l e on 

10 jiin r o o t n o d u l e s e c t i o n s . I n an a t t e m p t t o c l a r i f y t h i s l a b e l l i n g , 

d e t e c t i o n m e t h o d s u t i l i z i n g p r o t e i n A - g o l d and s i l v e r enhancement-

methods w e r e a l s o u s e d . 

From t h e d e t e c t i o n m e t h o d s o u t l i n e d on t h e f o l l o w i n g page, m e t h o d 

3 p r o d u c e d s i g n i f i c a n t q u a n t i t i e s o f n o n - s p e c i f i c b a c k g r o u n d ; t h i s was 

p o s s i b l y due t o t h e o m i s s i o n o f t h e s t r e p t a v i d i n i n some e x p e r i m e n t s 

w h i c h h a s a v e r y h i g h a f f i n i t y f o r b i o t i n , and i n c u b a t i o n s w i t h 

a n t i b o d i e s w h i c h a r e l i a b l e t o b i n d n o n - s p e c i f i c a i 1 y, M e t h o d 2, a s 

d e m o n s t r a t e d i n P l a t e s 16 and 18, g a v e some v e r y s p e c i f i c r e s u l t s , b u t 

p r o v e d n o t t o be q u i t e s o r e l i a b l e a n d r e p r o d u c i b l e as m e t h o d 1. 



D e t e c t i o n Methods 

1 2 3 

STREPTAVIDIN 

B i o t i n 

S t r e p t a v i d i n 

B i o t i n 
i 

a I k . p hos. 

STREPTAVIDIN 

B i o t i n 

S t r e p t a v i d i n 

g o l d 

s i 1 v e r 

e n h a n c e d 

ANT I - B I O T I N 

an t i — b i o t i n 

IGG 

g o a t a n t i - r a b b i t 

g o l d 

s i 1 v e r 

e n h a n c e d 

NBT/BCIP 

b l u e p p t . 
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4.3. IMMIJNOCYTQCHEMISTRY FOR PROTEIN LOCALIZATION 

Immunocy t o c h e r n i c a i t e c h n i q u e s p r e v i o u s l y e s t a b 1 i s h e d f r o m t h i s 

l a b o r a t o r y ( e . g . H a r r i s and C r o y , 1986; H a r r i s et al. 1 9 8 9 ) , p r o v i d e d a 

s u c c e s s f u l b a s i s on w h i c h t o c a r r y o u t t h e p r o t e i n l o c a l i z a t i o n s . 

S i m i l a r s t u d i e s h a v e been c a r r i e d o u t by VandenBosch and Newcotob 

( 1 9 8 6 ) , Sasakawa et al. ( 1 9 8 8 ) and Vanden B o s c h and Newcorab ( 1 9 8 6 ) on 

legume r o o t n o d u l e s . S e v e r a l m e t h o d s o f a n t i b o d y d e t e c t i o n w e r e used. 

A n t i b o d y D e t e c t i o n 

1 

1 ° a n t i body a n t : body 

g o a t , a n t i - r a b b i t 

go 1 d 

r a b b i t 

a l k a l i n e phosphayas< 

s i l v e r e n h a n c e d NBT/BCIP 

( f o r l i g h t . b l u e p p t . 

m i c r o s c o p y ) . 

The a l k a l i n e p h o s p h a t a s e v i s u a l i s a t i o n m e t h o d was u s e d as a 

c o m p a r i s o n w i t h t h e s i l v e r l a b e l l i n g ; r e s u l t s a r e p r e s e n t e d i n C h a p t e r 

3 . 3 . The a l k a l i n e p h o s p h a t a s e m e t h o d p r o v e d t o be a r a p i d a nd r e l i a b l e 

t e c h n i q u e , and p r o v i d e d a b a s i s o n w h i c h t o c o m p a r e t h e s i l v e r a nd 

a l k a l i n e p h o s p h a t a s e d e t e c t i o n m e t h o d s u s e d f o r t h e in situ 

h y b r i d i z a t i o r i s . 

PEG 1000 was f o u n d t h e b e s t e m b e d d i n g medium f o r 

i mmunocy t ocherni s t r 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 l t h o u g h L.R. w h i t e 

s e c t i o n s w e r e a l s o u s e d . L.R. W h i t e embedded m a t e r i a l was u s e d f o r t h e 
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imrnuno l a b e l 1 i n g 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 . McFadden et ai. 

(.1938) s u g g e s t e d t h a t t h e use o f L.R, G o i d f o r imrnuno l a b e l i i n g 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 i s p o s s i b l y s u p e r i o r t o L.R. W h i t e , a l t h o u g h 

t h i s h a s n o t been i n v e s t i g a t e d h e r e . 



5, THE USE OF in situ HISTOCHEMICAL TECHNIQUES TO LOCALIZE GLUTAMINE 

SYNTHETASE wRNA AND PROTEIN IN Phaseolur> vulgaris ROOT NODULES 

5.1. RESULTS 

The r e s u l t s o f t h e in situ h y b r i d i z a t i o n s p r e s e n t e d h e r e 

d e m o n s t r a t e t h e l o c a t i o n o f t h e gln-a, gin-fi and gln-y mRNAs i n 

d e v e l o p i n g P. vulgaris n o d u l e s ( 5 . I . J ) , and t h e r e s u l t a n t p r o t e i n 

l e v e l s d e t e c t e d by i m m u n o c y t o c h e m i s t r y ( 5 . 1 . 2 ) , T hese r e s u l t s a r e t h e n 

d i s c u s s e d i n r e l a t i o n t o p r e v i o u s r e p o r t s on t h e t e m p o r a l and s p a t i a l 

r e g u l a t i o n o f g l u t a m i n e s y n t h e t a s e p o l y p e p t i d e s and i s o e n z y m e s i n P. 

vulgar i s <.5 , 2 > . 

5.1.1. The L o c a l i z a t i o n o f GS mRNA 

The o p t i m i z e d in situ h y b r i d i z a t i o n t e c h n i q u e was u s e d m 

c o n j u n c t i o n w i t h b i o t i n y l a t e d cRNA p r o b e s as d i s c u s s e d i n C h a p t e r 4. 

P. vulgaris n o d u l e s e c t i o n s , h y 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 a RNA 

p r o b e a n d v i s u a l i z e d w i t h a 1ka 1 i ne p h os p ha t a s e sub s t r a t e t o g i ve t he 

b l u e / p u r p l e c o l o u r a t i o n , a r e shown i n P l a t e 11. T h i s P l a t e d e m o n s t r a t e s 

c l e a r l y t h a t t h e gin-a mRNA i s most a b u n d a n t i n t h e i n n e r , mid. and 

o u t e r c o r t e x , and t h e n o n - i n f e c t e d c e i l s o f t h e c e n t r a l r e g i o n 

t h r o u g h o u t n o d u 1 a t i o n . 

I n c o n t r a s t , s e c t i o n s l a b e l l e d w i t h t h e \5 p r o b e ( P l a t e 12a-c > show 

h e a v y l a b e l l i n g t h r o u g h o u t t h e n o d u l e t i s s u e i n t h e e a r l y s t a g e s . 

However t h e s e l e v e l s d e c l i n e r a p i d l y wi th n o d u l e m a t u r i t y . The decrease-

i n \i mRNA i s p a r t i c u l a r l y m a r k e d i n t h e i n f e c t e d c e l l s o f c e n t r a l 
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11a 

m 

P l a t e 11 S e c t i o n s h y 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 a probe, demonstrate the 
t r a n s c r i p t i o n of the a p o l y p e p t i d e s i s l a r g e l y c o n f i n e d to the inner, mid and 
o u t e r c o r t i c a l r e g i o n s in both the e a r l y (E ) , and l a t e (LJ, s t a g e s , shown in 
P l a t e 11a, heavy l a b e l l i n g i s a l s o shown around the major v a s c u l a r t i s s u e , (V). 
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 l i b , i t can be seen t h a t the l a b e l l i n g i s 
c o n c e n t r a t e d in the root and nodule c o r t i c a l t i s s u e , and a t a lower l e v e i in 
the non i n f e c t e d c e l l s , of the c e n t r a l r e g i o n . 

K 4 
t 



12a 

P l a t e 12 E a r i y - m i d 
nodule s e c t i o n s h y 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 (1 probe. 
P l a t e s a and b show heavv 
l a b e l l i n g throughout, 
p a r t i c u l a r l y in the 
i n f e c t e d c e l l s . P l a t e 12c 
shows a marked drop in the 
i e v e l ot e x p r e s s i o n oi the 
H polypeptide, p a r t i c u l a r l y 
in the i n f e c t e d c e l l s . 

12b 

1J 

X 

i 

/ 

5 m m 

12 c 

i 

ftfc 

r: 
4 

•2mm 



r e g i o n , ( P l a t e 1 3 a ) . The h i g h e s t l e v e l o f e x p r e s s i o n becomes c o n f i n e d 

t o t h e i n n e r c o r t e x , w i t h t h e l e v e l s i n t h e mid and o u t e r c o r t i c a l 

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

v a s c u l a r e n d o d e r m a l c e i l s o f l a t e n o d u l e s ( P l a t e 3 3 a ) . C o n t r o l 

s e c t i o n s , h y b r i d i z e d w i t h t h e b i o t i n y l a t e d s e n s e - s t r a n d o f t h e |3 p r o b e , 

d e m o n s t r a t e a v e r y l o w l e v e l o f b a c k g r o u n d s t a i n i n g ( P l a t e s i 4 a and b>. 

S e c t i o n s h y b r i d i z e d w i t h t h e fi p r o b e , but. v i s u a l i z e d w i t h t h e 

a l t e r n a t i v e s t r e p t a v i d i n - g o l d a n d s i l v e r t e c h n i q u e , show a s i t n i l a r 

p a t t e r n o f l a b e l l i n g as s e e n w i t h t h e a l k a l i n e p h o s p h a t a s e l a b e l l e d 

s e c t i o n s ( P l a t e 1 5 ) . The 13 inRNA i s p r e s e n t a t h i g h l e v e l s t h r o u g h o u t 

t h e e a r l y n o d u l e ( P l a t e 1 5 a ) , a l t h o u g h t h i s becomes p r e d o m i n a n t l y 

c o n f i n e d - t o t h e i n n e r , m i d and o u t e r c o r t i c a l r e g i o n s i n t h e i n t h e 

i n t e r m e d i a t e and l a t e s t a g e n o d u l e s ( P l a t e 1 5 b ) . O n l y a l o w l e v e l o f 6 

mRNA r e m a i n s i n t h e i n f e c t e d c e i l s i n a l a t e s t a g e n o d u l e ( P l a t e 1 5 c ) . 

The c o n c e n t r a t i o n o f y mRNA i n t h e i n n e r c o r t e x and c e n t r a l , 

i n f e c t e d r e g i o n i n e a r l y n o d u l e s i s d e m o n s t r a t e d i n P l a t e 15a. The 

l a b e l l i n g i n t h e i n f e c t e d c e l l s i s e v i d e n t ; when c o m p a r e d wl t h a c o n t r o l 

s e c t i o n w h i c h was h y b r i d i z e d w i t h a s e n s e - s t r a n d y p r o b e ( P l a t e 1Gb). 

The y l a b e l 1 i n g becomes r e s t r i c t e d t o a band o f c e l l s i n t h e i n n e r 

c o r t e x i n a l a t e s t a g e n o d u l e ( P l a t e 1 6 c ) , 

A b e t t e r i l l u s t r a t i o n o f t h e l a b e l l i n g i n t h e i n f e c t e d e e l I s i s 

o b t a i n e d when t h i c k e r s e c t i o n s a r e used ( P l a t e 1 7 ) , a l t h o u g h t h e 

d e t a i l e d m o r p h o l o g y i n t h e s e t h i c k e r s e c t i o n s i s l o s t . A h i g h e r 

m a g n i f i c a t i o n o f an i n t e r m e d i a t e s t a g e n o d u l e l a b e l l e d w i t h t h e 7 p r o b e 

( P l a t e 17b) i l l u s t r a t e s t h e d e g r e e o f y l a b e l l i n g when c o m p a r e d w i t h a 

c o n t r o l s e c t i o n h y b r i d i z e d w i t h t h e y s e n s e - s t r a n d p r o b e ( P l a t e 17c/. 

The a l t e r n a t i v e s t r e p t a v i d i n - g o l d and s i l v e r d e t e c t i o n m e t h o d , used t o 
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P l a t e 13 Mid stage nodule s e c t i o n s h y b r i d i z e d w i t h a p probe demonstrate how 
the l e v e l s of fj expression remain high in the nodule c o r t e x , and p a r t i c u l a r l y 
h igh in the vascular endodermis. Plate 13b shows the l a b e l l i n g in the c e n t r a l 
r e g i o n is l a r g e l y confined to the non i n t e c t e d c e l l s a t t h i s stage. 
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Plate 1_4 Cont r o l nodule s e c t i o n s h y 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 p sense s t r 
probe and l a b e l l e d w i t h a l k a l i n e phosphatase 
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Plate lb. Early <a;,mid ib>, 
and l a t e Cc), sections h y 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 p probe detected by the 
a l t e r n a t i v e s t r e p t a v i d i n gold and 
s i l v e r technique, demonstrates a high 
l e v e l o f expression in the i n t e c t e d 
region of e a r l y nodules. This 
becomes confined to the outer cortex, 
w i t h only a low i e v e i ot d e t e c t a b l e 
expression in the i n t e c t e d c e l l s , 
Plates 15b and c. 



Plate 16, nodule sec t i o n s 
h y b r i d i z e d w i t h b i o t i n y l a t e d y 
probes, l a b e l l e d w i t h a l k a l i n e 
phosphatase, demonstrate the 
•y expression i s predominantly 
confined to the inner c o r t i c a l , 
and i n f e c t e d regions <a>. 
Plate 16b, shows a 
c o n t r o l s e c t i o n h y b r i d i z e d w i t h 
a sense s t r a n d y probe. 
In l a t e stage nodules the y 
expression becomes confined 
to the inner cortex. 



17a 

I 

•?mm 

P l a t e 17 A thick s e c t i o n h y b r i d i z e d w i t h the -y probe, demonstrates the heavy 
l a b e l l i n g in the i n f e c t e d c e l l s of a young nodule (a), and l a b e l l i n g throughout 
the i n f e c t e d area and inner cortex. A normal UOjinw s e c t i o n , i s demonstrated i n 
Plate 17b, 17c shows a s e c t i o n h y b r i d i z e d w i t h a c o n t r o l sense probe. 
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l a b e l t h e h y b r i d i z e d y probe i s demonstrated i n P l a t e 18. T h i s method 

a g a i n demonstrates the h i g h l e v e l of y e x p r e s s i o n i n t h e i n f e c t e d , non-

i n f e c t e d and i n n e r c o r t i c a l c e l l s o f t h e c e n t r a l i n f e c t e d r e g i o n i n an 

e a r l y nodule ( P l a t e 18a), but s u b s e q u e n t l y becomes c o n f i n e d t o t h e 

in n e r c o r t e x as the nodule matures ( P l a t e 18b). A h i g h e r m a g n i f i c a t i o n 

shows how t h e y l a b e l l i n g becomes c o n c e n t r a t e d i n the i n n e r c o r t e x i n a 

l a t e - s t a g e n o dule s e c t i o n ( P l a t e i 8 c ) . 

T a b l e 6. Summary o f the in situ h y b r i d i z a t i o n r e s u l t s on P. vulgaris 
r o o t nodules. 
Developmental c e l l mRNA 
Stage type or (3 y 

I - ++ ++ 
NI + ++ -M-

EARLY IC ++ ++ + + 
MC + t 
OC + + 
VE ++ ++ 

I - + ++ 
Nl t + ++ 
IC ++• ++ ++ 

MID MC + + -
OC + + 
VE ++ t 

I -
NI + + 
IC ++ + ++ 

LATE MC + + 
OC + + 
VE ++ + + 

I - i n f e c t e d c e l l s ; NI - non - i n f e c t e d c e l l s ; IC - inner cortex; MC - mid 
cortex; OC - outer cortex; VE - vascular endodermis. 

An i n t e r m e d i a t e s t a g e n o d u l e s e c t i o n h y b r i d i s e d w i t h a 

b l o t i n y l a t e d o l i g o - d T probe was used t o demonstrate t h e major s i t e s of 

t r a n s c r i p t i o n a l a c t i v i t y w i t h i n t he nodule ( P l a t e 19a). The 

c o n c e n t r a t i o n of t r a n s c r i p t i o n a l a c t i v i t y around the v a s c u l a r t i s s u e 

was p a r t i c u l a r l y e v i d e n t i n the i n t e r m e d i a t e and l a t e s t a g e s e c t i o n s 

( P l a t e 19b). 



P l a t e 16. shows the a l t e r n a t i v e 
method of probe d e t e c t i o n , using 
s t r e p t a v i d i n gold enhanced w i t h 
s i l v e r . The high l e v e l of 
l a b e l l i n g in 'a' i s c h a r a c t e r i s t i c 
of the y d i s t r i b u t i o n i n a 
young nodule, the l a b e l l i n g in 
the i n f e c t e d area and inner 
cortex becomes confined to the 
non i n f e c t e d c e l l s , and the 
inner cortex, Plates 18b and c, 
in the l a t e r stages. 
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Plate 19 Sections h y b r i d i z e d w i t h an o i i g o dT probe, demonstrate the regions ot 
highest t r a n s c r i p t i o n a l a c t i v i t y . Plate 19a shows high l e v e l s In the inner and 
outer cortex, 'b' demonstrates the highest l e v e l s of t r a n s c r i p t i o n a l a c t i v i t y 
are in the vascular endodermal t i s s u e i n mature nodules. 
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5.1.2. The Inuiiunocytochemica 1 L o c a l i z a t i o n o f Gl u t a m i n e S y n t h e t a s e i n 

P. vulgaris Root Nodules 

The d i v e r g e n c e of t he GS genes, which has been d i s c u s s e d i n 

Chapter 1, i s l a r g e l y c o n f i n e d t o t h e i r f l a n k i n g r e g i o n s . The d i f f e r e n t 

mRNAs can t h e r e f o r e be d i s t i n g u i s h e d u s i n g probes which co r r e s p o n d tc 

these f l a n k i n g r e g i o n s . The a n t i s e r u m r a i s e d t o the isoenzymes i s not , 

however, a b l e t o d i s t i n g u i s h between p o l y p e p t i d e s . C u i i i m o r e and M i f i i n 

'.1963) demonstrated t h a t t h i s a n t i s e r u m was a b l e lc> r e c o g n i s e both 

c y t o s o l i c GS isoenzymes of P, vulgaris, GS,.,, and GS,.,,e. The 

Immunol a be 11 i n g methods used i n t h i s work t h e r e f o r e can o n l y 

demonstrate t o t a l GS p r o t e i n i n nodules. 

5.1.2.1. Immuno-gold L o c a l i s a t i o n of GS p r o t e i n 

The d i s t r i b u t i o n of GS, as demonstrated by immunocytochernistry i n 

an e a r l y t o i n t e r m e d i a t e stage nodule s e c t i o n , i s shown i n P l a t e 20. 

S p e c i f i c a l l y bound a n t i b o d y I s l o c a l i z e d w i t h a c o 1 i o i d a 1-void 

secondary a n t i b o d y , and enhanced w i t l i s l i v e r . T a k i n g i n t o account t h e 

d i f f e r e n t i a l d i s t r i b u t i o n of c y t o p l a s m GS appears t o be r e l a t i v e l y 

e v e n l y d i s t r i b u t e d t h r o u g h o u t t h e i n f e c t e d and n o n - i n f e c t e d c e l l s , on a 

per c y t o p l a s m b a s i s but n o t per c e l l b a s i s , of the c e n t r a l r e g i o n of 

the nodule. High l e v e l s a r e a l s o p r e s e n t i n t he in n e r and o u t e r c o r t e x , 

a l t h o u g h the m i d - c o r t e x o n l y Las a low l e v e l . The v a s c u l a r endodermis 

has r e l a t i v e l y h i g h l e v e l s , s i m i l a r t o t h a t of t h e i n n e r c o r t e x , w h i l s t 

the v a s c u l a r bundles a r e themselves almost, d e v o i d of GS. 

Very e a r l y n o d u l e s show h i g h c o n c e n t r a t i o n s o f GS i n the 

d e v e l o p i n g c e n t r a l t i s s u e . Two r e g i o n s o f e a r l y i n f e c t i o n are shown i n 

P l a t e s 21a and b, the younger r e g i o n , on the r i g h t hand s i d e of the 



b 
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P l a t e 20, Early-mid stage Phaseows s e c t i o n l a b e l l e d w i t h g i u t a m i n e synthetase 
IgG, v i s u a l i z e d w i t h p r o t e i n - g o l d and s i l v e r enhanced. Low m a g n i f i c a t i o n b r i g h t 
f i e l d (a), and dark f i e l d <,b), demonstrate the d i s t r i b u t i o n ot l a b e l l i n g 
throughout the nodule. Plate 20c shows the c o n c e n t r a t i o n of l a b e l l i n g in the 
i n f e c t e d c e l l s and p a r t i c u l a r l y the inner cortex. 



nodule, shows a s i g n i f i c a n t l y h i g h e r c o n c e n t r a t i o n o f GS p a r t i c u l a r l y 

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

r e g i o n has more l a b e l l i n g c o n c e n t r a t e d i n t h e c e n t r a l , i n f e c t e d area, 

the m i d - c o r t e x has a r e l a t i v e l y low l e v e l of l a b e l l i n g . The v a s c u l a r 

endodermal t i s s u e has s i m i l a r l e v e l s t o the i n n e r c o r t e x and the 

v a s c u l a r bundles are a g a i n d e v o i d of GS p r o t e i n . 

C o n t r o l s e c t i o n s o f P, vulgaris nodules t r e a t e d w i t h r a b b i t p r e -

immune serum, f o l l o w e d by t h e g o l d and s i l v e r d e t e c t i o n method showed 

very l i t t l e or no l a b e l l i n g ( P l a t e 2 1 c ) . 

GS l e v e l s drop c o n s i d e r a b l y i n l a t e stage nodules ( P l a t e 2 2 ) , and 

are almost absent i n t h e i n n e r c o r t e x and some of the v e r y e l o n g a t e 

i n f e c t e d c e l l s ( P l a t e 22a). The GS p r o t e i n becomes p r e d o m i n a n t l y 

c o n f i n e d t o t h e o u t e r p e r i m e t e r ( t h e host c y t o p l a s m ) o f t h e i n f e c t e d 

c e l l s ( P l a t e 22b). GS s t i l l remains i n t h e v a s c u l a r endodermal c e l l s of 

l a t e - s t a g e nodules ( P l a t e 2 2 c ) . 

5.1.2.2. A l k a l i n e Phosphatase V i s u a l i z a t i o n of GS P r o t e i n 

As w i t h t h e in situ h y b r i d i z a t i o n s , i n a d d i t i o n t o t h e g o l d and 

s i l v e r d e t e c t i o n method of v i s u a l i z a t i o n , an a l k a l i n e phosphatase 

d e t e c t i o n method was used f o r t h e immunocytochemistry. The a l k a l i n e 

phosphatase method of GS p r o t e i n v i s u a l i s a t i o n shows a s i m i l a r p a t t e r n 

o f l a b e l l i n g t o t h a t shown w i t h the s i l v e r ; t h e r e i s a p a r t i c u l a r l y 

h i g h l e v e l of l a b e l l i n g i n t h e o u t e r c o r t e x , i n e a r l y n o dule s e c t i o n s , 

but t o a l e s s e r e x t e n t i n t h e c e n t r a l i n f e c t e d r e g i o n ( P l a t e 23a). As 

found w i t h the in situ h y b r i d i z a t i o n s , a low l e v e l of a l k a l i n e 

phosphatase l a b e l l i n g i s n o t so r e a d i l y d e t e c t a b l e as a low l e v e l of 

s i l v e r - e n h a n c e d g o l d . I n i n t e r m e d i a t e s t a g e n o d u l e s the l a b e l l i n g i s 
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Plate 21. A b r i g h t f i e l d (a;, and dark f i e l d cb), demonstrates the c o n c e n t r a t i o n 
ol glutamine synthetase in the very e a r l y i n f e c t e d areas ( I ) , and the lack of 
l a b e l l i n g on the vascular bundles (VB). Plate 21c shows a c o n t r o l s e c t i o n 
l a b e l l e d w i t h r a b b i t pre-immune serum. 
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Plate 22. A sec t i o n through 
a very l a t e nodule, shows the 
drop in giutamine synthetase 
le v e l s in the i n f e c t e d c e l l s . 
At a higher m a g n i t i c a t i o n , the 
drop in giutamine synthetase 
can be lo c a l i z e d to the centre 
of the i n f e c t e d c e l l s (b). 
Plate 22c shows r e l a t i v e l y 
high l e v e l s of giutamine 
synthetase remain i n the 
vascular endodermis vVB; 
but not on the vascular 
bundles. 
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Plate 23, Sections l a b e l l e d w i t h glutamine synthetase lgG, v i s u a l i z e d w i t h 
a l k a l i n e phosphatase, demonstrate a s i m i l a r d i s t r i b u t i o n ot glutamine 
synthetase as t h a t shown by the s i l v e r i n both e a r l y stage nodules (a), and 
mid stage nodules (b). 
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l e s s apparent i n the n o n - i n f e c t e d c e l l s and in n e r c o r t e x ( P l a t e 23b) 

than was e v i d e n t w i t h t h e s i l v e r method ( P l a t e 20c). A h i g h e r 

m a g n i f i c a t i o n of the i n f e c t e d c e l l s of an i n t e r m e d i a t e stage n o d u l e 

shows t h a t t h e l a b e l l i n g of the n o n - i n f e c t e d c e l l s i s o n l y d e t e c t a b l e 

when c l o s e l y compared w i t h a c o n t r o l s e c t i o n t r e a t e d wi t h r a b b i t p r e -

imrnune serum ( P l a t e 24c). Heavy l a b e l l i n g i n t h e v a s c u l a r endoderinf 5, 

but v e r y l i t t l e i n t he v a s c u l a r bundle, as demonstrated w i t h t h e 

s i l v e r , i s a common f e a t u r e i n s e c t i o n s o f a i l s t a g e s CPlate 24b'). GS 

becomes c o n f i n e d t o the i n n e r and o u t e r c o r t i c a l and v a s c u l a r 

endodermal t i s s u e , i n l a t e stage nodules and l e v e l s i n the i n f e c t e d 

c e l l s d e c l i n e c o n s i d e r a b l y ( P l a t e s 25a and b.>. 

5,1.2.3. Immuno-gold L o c a l i z a t i o n of GS P r o t e i n a t the E l e c t r o n 

Microscope l e v e l 

A low m a g n i f i c a t i o n e l e c t r o n m i c r o g r a p h of the c e n t r a l i n f e c t e d 

r e g i o n of an i n t e r m e d i a t e , s t a ge P. vulgaris n o d u l e i l l u s t r a t e s the-

d i s t r i b u t i o n of i n f e c t e d and n o n - i n f e c t e d c e l l s ( P l a t e 26a). Immuno-

g o l d l o c a l i z a t i o n o f GS to the host c y t o p l a s m of t h e i n f e c ted c e l l s i s 

d emonstrated i n P l a t e 26b, w i t h a lower l e v e l i n t h e n o n - i n f e c t e d c e i l s 

i n P l a t e 26c, 

5.1.3. Summary o f R e s u l t s O b t a i n e d by t h e in situ L o c a l i z a t i o n o f GS 

mRNA and P r o t e i n i n P. vulgaris Root Nodules 

Only the r e l a t i v e , r a t h e r than a b s o l u t e , degree of l a b e l l i n g 

a s s o c i a t e d w i t h each probe can be compared due t o t h e d i f f e r e n t i a l s i z e 

of probes. A l t h o u g h the e x p e r i m e n t a l p r o c e d u r e s used were designed to 

keep p o s s i b l e age and f i x a t i o n v a r i a b l e s t o a minimum, t h e i r p o s s i b l e 
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P l a t e 24 Sections l a b e l l e d w i t h 
glutaraine synthetase IgG, and 
a l k a l i n e phosphatase, show 
high l e v e l s ot l a b e l l i n g i n 
the i n f e c t e d c e l l s of a raid 
stage nodule (a), and heavy 
l a b e l l i n g around the vascular 
bundles (b). Plate 24c shows 
a c o n t r o l s e c t i o n , incubated 
w i t h r a b b i t pre-immune serum 
and l a b e l l e d w i t h a l k a l i n e 
phosphatase. 
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Plate 25, A l a t e nodule s e c t i o n l a b e l l e d w i t h giutaraine synthetase igG, ana 
a l k a l i n e phosphatase, demonstrates the high l e v e l s of glutamine synthetase 
around the vascular bundles. A higher m a g n i f i c a t i o n t.b), shows a c o n c e n t r a t i o n 
of glutamine synthetase in the inner c o r t e x , w i t h lower l e v e l s in the non 
i n f e c t e d c e l l s . 
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Plate 26 Thin s e c t i o n s l a b e l l e d w i t h glutamine synthetase IgG, and examined 
under the e l e c t r o n microscope, demonstrate the presence of glutamine 
synthetase in the host cytoplasm of the i n f e c t e d c e l l s , and a t a low l e v e l in 
the non i n f e c t e d c e l l s , 
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e f f e c t s on l a b e l l i n g cannot be i g n o r e d . 

T a k i n g i n t o c o n s i d e r a t i o n these p o s s i b l e v a r i a b l e s , r e s u l t s are 

summarized and then d i s c u s s e d i n t h e c o n t e x t of p r e v i o u s r e p o r t s on the 

e x p r e s s i o n of GS i n P, vulgaris i n 5.2. 

R e s u l t s suggest thai, gln-o. i s expressed i n a i l t i s s u e s except t h e 

i n f e c t e d c e l l s , wi t h r e l a t i v e l y h i g h l e v e l s i n the i n n e r c o r t e x and 

vaseu1ar endodermis. 

glp.-$ shows e x p r e s s i o n t h r o u g h o u t the noduie at the e a r l y and 

i n t e r m e d i a t e stages. P a r t i c u l a r l y h i g h l e v e l s of gln-$ were found i n 

the i n f e c t e d , n o n - i n f e c t e d , i n n e r c o r t i c a l and v a s c u l a r encloderma 1 

c e l l s i n e a r l y nodules. These l e v e l s d e c l i n e i n t h e i n f e c t e d , non-

i n f e c t e d and v a s c u l a r endodermal c e i l s a t t h e i n t e r m e d i a t e s t a g e , and 

become very low or absent i n the i n f e c t e d c e l l s at the l a t e stage. gj/t~ 

(3 IURNA a l s o d e c l i n e s i n t h e i n n e r c o r t i c a l e e l I s a t t h e l a t e s t a g e , but 

remains the same, or i n c r e a s e s i n t h e v a s c u l a r endodermis. 
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T a b l e /. Summary o f t h e e x p r e s s i o n o f t h e a, p and y raRNAs and t o t a l GS 
p r o t e i n i n P. vulgaris n o d u l e s e c t i o n s . 

Developmen ta1 c e l l mRNA P r o t e i n 
Stage type a Y 

1 - + + ++ + + 
NI + + + ++ + + 

EARLY IC + + + + ++ ++ 
MC + 
OC + + - + + 
VE ++ + + - + + 

I _ + ++ + + 
NI + + ++ + 
IC + + + + ++ ++ 

MID MC + - T 
OC + -
VE ++ + - + 

I 
NI t + 

-
+ 

IC + + 
LATE MC + + - + 

OC + + - + 
VE ++ + + - + 

I - i n f e c t e d c e l l s ; NI - noninf e c t e d c e l l s ; IC - inner cortex; MC - mid 
cortex; OC - outer cortex; VE - vascular endodermis. 

•y mRNA i s p r e s e n t a t h i g h l e v e l s i n the i n f e c t e d , n o n - i n f e c t e d and 

i n n e r c o r t i c a l c e l l s , but i s absent, or below d e t e c t i o n l i m i t s , i n the 

r e s t of the nodule i n both t he e a r l y and i n t e r m e d i a t e stages, and 

becomes c o n f i n e d t o t h e i n n e r c o r t e x a t the Late stage. 

GS p r o t e i n l e v e l s , as demonstrated by the immunocytochemistiy, 

a r e h i g h t h r o u g h o u t the nodule, w i t h a s l i g h t l y lower l e v e l i n the mid-

c o r t e x a t the e a r l y s t a g e . GS p r o t e i n d e c l i n e s i n the n o n - i n f e c t e d , mid 

c o r t i c a l and v a s c u l a r endodermai c e l l s a t t h e i n t e r m e d i a t e stage. The 

h i g h l e v e l s i n t h e i n n e r c o r t e x and i n f e c t e d c e l l s d e c l i n e i n the l a t e 

s t a g e ( P l a t e 2 2 ) . I n f e c t e d c e l l s a t t h e l a t e s t a g e show e a r l y s i g n s of 

senescence demonstrated by t h e d e c l i n e i n GS p r o t e i n . 
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5,2, DISCUSSION 

The model system of the e x p r e s s i o n of GS i n d e v e l o p i n g r o o t 

nodules can p r o v i d e some v e r y i m p o r t a n t i n s i g h t s i n t o p l a n t gene 

e x p r e s s i o n and r e g u l a t i o n . There has been a range of s t u d i e s c a r r i e d 

out on the e x p r e s s i o n of GS i n r o o t nodules, a t the isoenzyme, 

p o l y p e p t i d e and more r e c e n t l y the mRNA l e v e l . 

From the e a r l y s e p a r a t i o n of two c y t o s o i i c isoenzymes of GS from 

nodules by i o n exchange chromatography ( C u l l i m o r e et si. 1984), Lara 

et al. (1984) went, on t o r e p o r t t he p u r i f i c a t i o n and p o l y p e p t I do 

a n a l y s i s of r o o t and no d u l e GS isoenzymes. They r e p o r t e d t h a t these 

were composed of d i s t i n c t i ve p o l y p e p t i d e s , and the nodule i s o f o r m s GS,,, 

and GS,,.;;, were composed of d i f f e r e n t r a t i o s of the y and (3 p o l y p e p t i d e s , 

The c o n f i r m a t i o n of t h e e x i s t e n c e o f d i f f e r e n t -y and p c o n j u g a t e s 

( C u l l i m o r e and Bennett 1989; s u p p o r t e d t he s u g g e s t i o n by Robert and 

Wong (1986) t h a t t h e d i f f e r e n t e 1 e c t r o p h o r e t i c m o b i l i t i e s of no d u l e GS 

d u r i n g development c o u l d be due to a c o n t i n u o u s d i s t r i b u t i o n of the 

p o l y p e p t i d e s f o r m i n g h e t e r o 1 i garner i c enzymes. 

P r e v i o u s r e p o r t s of t h e occurence ot the c y t o s o i i c GS mRNAs, 

p o l y p e p t i d e s and isoenzymes P. vulgaris nodules and t h e i r pat Semis of 

a c c u m u l a t i o n d u r i n g n o d u l e development are now d i s c u s s e d i n r e l a t i o n t o 

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 . 

5.2.1. The L o c a t i o n o f GS i n P. vulgaris Root Nodules 

Cui 1 imore and M i f l i n (1983) r a i s e d GS a n t i s e r a t o GS,,., and GS,,; , 

and r e p o r t e d t h a t each r e c o g n i s e d both forms of nodule GS. The s p e c i f i c 



a c t i v i t y o f GS,nS a n t i s e r a was h i g h e r than t h a t o f GS,.,-, , and they 

t h e r e f o r e o n l y worked w i t h t h e former. They r e p o r t e d t h a t no 

p o l y p e p t i d e s c o u l d be d e t e c t e d when a n t i s e r u m was i n c u b a t e d w i t h 

e x t r a c t s of f r e e - l i v i n g Rhizobium. They a i s o r e p o r t e d t h a t a n t i s e r a d i d 

not c r o s s r e a c t w i t h GS from f r e e l i v i n g or b a c t e r o i d Rhizobium 

phaseoii, but the a n t i s e r u m was a b l e t o r e c o g n i s e a l l t h e c y t o s o i i c and 

l e a f forms of GS f r o m P. vulgaris. Some of t h i s a n t i s e r u m was donated 

f o r use i n my work. T h i s a n t i s e r u m has been used t o l o c a l i z e t o t a l GS 

p r o t e i n , e x c l u d i n g t h a t from t h e Rhizobium, i n t h e P. vulgaris r o o t 

nodule t i s s u e s t u d i e d . 

C u l l i m o r e and M i f l i n (1983) demonstrated t h a t a b s o r p t i o n of 

a n t i s e r a w i t h r o o t GS removed most of the a n t i b o d i e s which would c r o s s 

r e a c t w i t h both forms, r e s u l t i n g i n the p r e p a r a t i o n o f a n t i s e r u m which 

would s p e c i f i c a l l y r e c o g n i s e GS,.,,. T h i s l e d the way f o r a more 

e x t e n s i v e i n v e s t i g a t i o n i n t o t he l o c a l i z a t i o n and i d e n t i f i c a t i o n of GS 

isoenzymes and p o l y p e p t i d e s . 

Lara et al. (1984) r e p o r t e d t h a t t h e a and B p o l y p e p t i d e s were 

r e a d i l y d e t e c t a b l e i n r o o t s , but t h e r e were no d e t e c t a b l e y 

p o l y p e p t i d e s . C u l l i m o r e et al. (1984) were t h e f i r s t t o r e p o r t t h e 

presence of the y p o l y p e p t i d e which was i n i t i a l l y c o n s i d e r e d t o be a 

n o d u l i n , i n t h a t i t was n o d u l e - s p e c i f i c , as n e i t h e r t h e p o l y p e p t i d e nor 

the gln-y mRNA were d e t e c t e d i n r o o t s or leaves (Lara et al. 1984; 

Gebhardt e t al. 1986). However Bennett et al. (1989) have r e p o r t e d t h a t 

gln-y mRNA and p o l y p e p t i d e s are d e t e c t a b l e a t ve r y low l e v e l s i n r o o t s , 

which suggests gin-y i s t h e r e f o r e 'nodule-enhanced' r a t h e r than 

' n o d u l e - s p e c i f i c 1 and not s t r i c t l y a n o d u l i n . 

Lara et al. (1988) suggested t h a t t h e y p o l y p e p t i d e c o u l d be 

-106-



l o c a t e d i n the p e r i b a c t e r o i d space, s u r r o u n d i n g t h e b a c t e r o i d s and not 

the host c e l l c y t o s o l . T h i s has, however, been suggested as u n l i k e l y as 

the -y cDNA (Ben n e t t et al., 1989), and the genomic (Forde et al. , 

1989) c l o n e s have shown t h a t the y p o l y p e p t i d e i s n o t s y n t h e s i z e d w i t h 

a d d i t i o n a l transmembrane t a r g e t i n g sequences, and t h e y p o l y p e p t i d e s 

assemble w i t h t h e (3 p o l y p e p t i d e s which a r e almost c e r t a i n l y i n the 

c y t o s o l ( C u l l i m o r e and Be n n e t t , 1.988). Awonaike e t al. (1981) used 

sucrose g r a d i e n t s t o s e p a r a t e o u t nodule c o n t e n t s , i n c l u d i n g t he 

s u c c e s s f u l s e p a r a t i o n of p l a n t m i t o c h o n d r i a f r o m b a c t e r o i d s , They 

c o n c l u s i v e l y demonstrated t h e presence of GS i n t h e plan!, c y t o s o i . T h i s 

does not however e x c l u d e t h e p o s s i b i l i t y of t h e c o n t e n t s of t h e 

p e r i b a c t e r o i d space b e i n g i n c l u d e d w i t h t h e p l a n t c y t o s o l as a r e s u l t 

of p e r i b a c t e r o i d membrane r u p t u r e . The imrnunocytochemical r e s u l t s which 

I have o b t a i n e d a t t h e e l e c t r o n microscope l e v e l have shown no evidence 

of t h e presence of any GS i n t h e p e r i b a c t e r o i d space. 

In summary, t h e o r g a n - s p e c i f i c e x p r e s s i o n of t h e a, (3 and y 

p o l y p e p t i d e s lias been c o n s i d e r e d a t t h e isoenzyme, p o l y p e p t i d e and mRNA 

l e v e l s . I n i t i a l l y t h e isoenzyme GS,.,, which c o n t a i n s a h i g h p r o p o r t i o n 

of t h e -y p o l y p e p t i d e was c o n s i d e r e d t o be nodule s p e c i f i c , w h i l s t t he \i 

(malting up GST,--t.) and a p o l y p e p t i d e s were c o n s i d e r e d t o be more 

widespread and found i n r o o t and l e a f t i s s u e , as w e l l as h i g h l e v e l s i n 

embryo r a d i c l e s and young r o o t s (Ortega et al. 1986). More r e c e n t 

r e p o r t s have however suggested t h a t t h e a p o l y p e p t i d e i s p r e s e n t i n 

nodules ( P a d i l l a et al. , 1987), and t h a t y i s p r e s e n t i n o t h e r p l a n t 

t i s s u e s ( B e n n e t t et al., 1989), a l t h o u g h a t a v e r y low l e v e l . Thus a i s 

not n o d u l e - e x c l u s i v e , nor -y n o d u l e - s p e c i f i c . 

C u l l i m o r e and Bennett (1988) suggested t h a t t he t i s s u e and 
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c e l l u l a r ( r a t h e r than organ) s p e c i f i c i t y of t h i s GS e x p r e s s i o n needs t o 

be d e t e r m i n e d . S i m i l a r l y P a d i l i a e t al. (1987) suggested that, 

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

GS p o l y p e p t i d e s i n P. vulgar is n o d u l e s had not been demonstrated, and 

t h a t the mechanism f o r r e g u l a t i o n may i n c l u d e t h e p o s s i b i l i t y of a 

d i f f e r e n t i a l c o n t r i b u t i o n f r o m d i s t i n c t c e l l t y p e s found i n nodule 

t i s s u e s (e.g. i n f e c t e d and n o n - i n f e c t e d c e l l s ) , t o the a c c u m u l a t i o n of 

GS p o l y p e p t i d e s or t o t h e c o r r e s p o n d i n g s y n t h e s i s o f mRNAs. 

Few r e p o r t s of t h e c e l l u l a r l o c a t i o n of t h e p o l y p e p t i d e s have been 

made. The in situ h y b r i d i z a t i o n r e s u l t s p r e s e n t e d here agree w i t h the 

o b s e r v a t i o n by Chen and C u l l i m o r e (1989) who d i s s e c t e d n odule t i s s u e 

and d e m o n s t r a t e d y and p p o l y p e p t i d e s i n t h e c e n t r a l r e g i o n , but o n l y 

p i n the o u t e r c o r t e x . I n my i n v e s t i g a t i o n s gln~$ mRNA was 

c o n s i s t e n t l y d e t e c t e d i n bo t h t h e c e n t r a l and c o r t i c a l t i s s u e , w h i l s t 

the gln-y mRNA was predominant i n t h e c e n t r a l r e g i o n . The l o c a t i o n of 

the gln-a mRNA i n both the c o r t i c a l and c e n t r a l r e g i o n a l s o c o r r e s p o n d s 

w i t h t h a t r e p o r t e d by P a d i i l a et al, (1987). 

The s p e c i f i c c e l l u l a r l o c a t i o n s , and i m p l i c a t i o n s t h e y have f o r 

the c o n t r o l o f the GS e x p r e s s i o n are d i s c u s s e d i n Chapter 7. B e f o r e 

t h i s however t h e o t h e r f a c t o r s , such as t h e time course and 

q u a n t i f i c a t i o n of bo t h t h e e x p r e s s i o n and appearance of these 

p o l y p e p t i d e s a r e d i s c u s s e d . 

5.2.2. The Temporal P a t t e r n of E x p r e s s i o n of GS mRNA and P r o t e i n i n P. 

vulgaris Root Nodules 

P a d i i l a et al. (1987) demonstrated t h a t t h e a p o l y p e p t i d e was 

pres e n t a t a r e l a t i v e l y low c o n c e n t r a t i o n t h r o u g h o u t n o d u l a t i o n , t h e $ 
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p o l y p e p t i d e showed an i n c r e a s e , f r o m a r e l a t i v e l y h i g h l e v e l , up t o 32 

days a f t e r i n o c u l a t i o n , w h i l s t t he y p o l y p e p t i d e was d e t e c t a b l e a t a 

low l e v e l a t day 10, and showed a peak 12-13 days a f t e r i n o c u l a t i o n , 

and was as abundant or more abundant than t h e 6 p o l y p e p t i d e s f r o m days 

14-32. They found t h a t y was t h e most abundant GS p o l y p e p t i d e f o r a 

t r a n s i e n t p e r i o d . 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 f o r the ti m e 

course of t h e a c c u m u l a t i o n of GS mRNA demons t r a t e d by in situ 

h y b r i d i z a t i o n f o l l o w a s i m i l a r p a t t e r n . 

From in vitro s t u d i e s , P a d i l l a et al. (1987) were a b l e t o 

demonstrate t h e presence of a t r a n s l a t a b l e p r o d u c t s up to day 13, and 

the i n c r e a s e i n y t r a n s l a t a b l e p r o d u c t s from day 13 onwards. The c l o s e 

c o r r e l a t i o n between t h e t r a n s l a t a b l e p r o d u c t s and p r o t e i n l e v e l s 

suggested t h a t t h e p o s s i b i l i t y of p o s t - t r a n s c r i p t i o n a l r e g u l a t i o n c o u l d 

be excluded. T h i s agrees w i t h t h e s u g g e s t i o n s by C u l l i m o r e and Bennett 

(1988) and Forde and C u l l i m o r e (1989). 

The a p o l y p e p t i d e has been shown t o be the major GS p o l y p e p t i d e i n 

embryo r a d i c l e s up t o 5 days a f t e r g e r m i n a t i o n , when g then 

predominates (Ortega et al., 1986). P a d i l l a et ai. (1987) suggested 

t h a t t h i s may be analogous t o the s i t u a t i o n i n nodules where e a r l y 

s y n t h e s i s of t h e a p o l y p e p t i d e d e c l i n e s as t h e n o d u l e matures. 

Lara et al, (1984) demonstrated t h a t GS,.,, i n c r e a s e d s i g n i f i c a n t l y 

d u r i n g n o d u l a t i o n , w h i l s t GS r i 2 remained c o n s t a n t t h r o u g h o u t n o d u l a t i o n . 

Up t o day 10 they r e p o r t e d o n l y GS,-,;;.. was d e t e c t a b l e . GS,-,-, was then 

d e t e c t a b l e a t day 12 and i n c r e a s e d t o a h i g h e r l e v e l t h a n GS,,:;£ by day 

18, a t which p o i n t GS,.,, accounted f o r 84% of t h e t o t a l GS i n r o o t 

nodules, w h i l s t GSV,2 remained c o n s t a n t or decreased s l i g h t l y , and 

showed no d i f f e r e n c e i n l e v e l s f r o m n o n - n o d u l a t e d r o o t s . Gebhardt et 
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a i . <1986) however measured t h e abundancies of mRNA l e v e l s by an SI 

nuclease p r o t e c t i o n t e c h n i q u e . They suggested t h a t gln-y raRNA was f i r s t 

d e t e c t a b l e a t a p p r o x i m a t e l y day 16, and r o s e up t o day 19 (because of 

d i f f e r e n c e s i n r a t e s of development t h i s c o r r e s p o n d s w i t h t h e e a r l y 

stage used i n t h i s w o r k ) . Bennett et ai. (1989) measured the abundance 

of t h e GS mRNAs q u a l i t a t i v e l y u s i n g a sequence s p e c i f i c RNase 

p r o t e c t i o n t e c h n i q u e , and r e p o r t e d s i m i l a r r e s u l t s ( i l l u s t r a t e d i n 

Fi g . 5 ) t o th o s e r e p o r t e d by P a d i l l a et. ai. (1987) from in vitro 

t r a n s l a t i o n s t u d i e s . These r e s u l t s show t h a t t h e gin-y mRNA l e v e l s 

i n c r e a s e s h a r p l y f r o m day 5, t o peak a t day 12- 13, then show a sharp 

d e c l i n e . The gln-$ mRNA l e v e l s s t a r t a t a r e l a t i v e l y h i g h l e v e l , peak 

around day 13, and then d e c l i n e , w h i l s t t h e gln-a mRNA shows a s l i g h t 

d e c l i n e around day 13, and remains a t a ve r y low i e v e l . 

Forde and C u l l i r n o r e (1989) suggested t h a t t h e r e l a t i v e c onstancy 

i n abundance o f gln-$ mRNA d u r i n g n o d u l a t i o n i n P. vulgaris may b e l i e 

more complex changes a t the c e l l u l a r l e v e l . The r e s u l t s p r e s e n t e d here, 

on the c e l l u l a r l e v e l s of GS mRNA, suggest t h e r e a r e d i f f e r e n c e s and 

changes a t t h e c e l l u l a r l e v e l . 

F i g u r e 6 shows the l e v e l s o f a, 6 and y mRNAs d e t e c t e d i n t h e 

d i f f e r e n t n o d ule c e l l t y p e s , a t t h e e a r l y , i n t e r m e d i a t e and l a t e s t a g e s 

of n o dule development, These r e s u l t s show how the e x p r e s s i o n of t h e GS 

mRNAs does v a r y c o n s i d e r a b l y b o t h w i t h t i m e and w i t h t h e d i f f e r e n t c e l l 

types. A l t h o u g h i t i s d i f f i c u l t t o compare the mRNA l e v e l s 

q u a n t i t a t i v e l y , t h e r e appears t o be a good c o r r e l a t i o n between t h e 

t o t a l GS p r o t e i n l e v e l s d e t e c t e d by imraunocytochemistry and the l e v e l s 

of mRNA. 
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Fig- 5. Graph to show giutaraine synthetase polypeptide mRNA levels i n fhaseoius 
detected in homogenized nodule t i s s u e using an RNase protection tecnique, ( i r o s 
Bennett et al. 1989). 



F i g 16. ot, B and y mRNA levels detected by in situ h y b r i d i z a t i o n 
d i f f e r e n t nodule c e l l types over a 30 day l i f e s p a n - s o i i d i i n e s . and 
glutamme synthetase le v e l s shown by imrauno label ling-broken i i n e s . 
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5.2.3. The Assembly of the GS Polypeptides i n P. vulgaris 

I t i s now r e l a t i v e l y w e l l e s t a b l i s h e d (Robert and Wong, 1986; 

C u l l i r n o r e and Bennet t , 1988; Forde and C u l l i m o r e , 1989; Bennett et al., 

1989) t h a t the y and f3 p o l y p e p t i d e s form h e t e r o c t a r a e r i c isoenzymes, 

made up of d i f f e r i n g p r o p o r t i o n s of the -y and |3 p o l y p e p t i d e s . P a d i l l a 

et al. (1986) r e p o r t e d t h a t t h e r a t i o s of t r a n s f e r a s e t o s y n t h e t a s e 

a c t i v i t i e s of t o t a l GS which a l t e r d u r i n g n o d u l a t i o n (Lara et al., 

1984), d i d not co r r e s p o n d d i r e c t l y w i t h t h e i n d u c t i o n of GS,.,, . T h i s 

lack o f c o r r e l a t i o n between a c t i v i t y r a t i o s and r e p o r t e d appearance of 

the GS isoenzymes i s a l s o v e r y l i k e l y due t o the d i f f e r e n t i a l assembly 

of t h e p o l y p e p t i d e s , However i t has been r e p o r t e d t h a t the p r o p o r t i o n s 

of the 8 a t o 6/7 isoenzymes i s g r e a t e r than would be expe c t e d i f t h e 

f o r m a t i o n of t h e h e t e r o l o g o u s isoenzymes was t o t a l l y random ( P a d i l l a et 

al., 1986; C u l l i r a o r e and Bennet t , 1988). The (3 p o l y p e p t i d e may 

t h e r e f o r e have a h i g h e r a f f i n i t y t o combine w i t h i t s e l f , than w i t h t h e 

Y p o l y p e p t i d e s . The v a r i a t i o n i n the c e l l u l a r l o c a t i o n and the r e l a t i v e 

l e v e l s o f p o l y p e t i d e mRNA and p o l y p e p t i d e s may p l a y an i m p o r t a n t r o l e 

i n the r e g u l a t i o n of heteromer f o r m a t i o n , i . e . where t h e (3 p o l y p e p t i d e 

predominates i t assembles w i t h i t s e l f , but where y dominates i n t h e 

same c e l l t y p e t h e f o r m a t i o n o f heteromers i s encouraged. 

C u l l i m o r e and Bennett (1988) r e p o r t e d t h a t the assembly of the a 

s u b u n i t had not been i n v e s t i g a t e d . From these r e s u l t s the p o s s i b i l i t y 

a r i s e s t h a t isoenzymes c o m p r i s i n g of o; and (3, or even a, j3 and y 

s u b u n i t s e x i s t i n some nodule c e l l types. 

The r e l a t i v e l e v e l s of a mRNA have been found t o be h i g h e r than 

expected i n t h i s work. P r e v i o u s r e p o r t s have suggested the gln-$ mRNA 

i s a p p r o x i m a t e l y 5-10 f o l d more abundant than gln-a, (Forde and 
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C u l l iiuore, 1989; O u l l i m o r e and Ben n e t t , 1988). I t seems u n l i k e l y t h a t 

the a probe used f o r these in situ h y b r i d i z a t i o n s was e i t h e r much more 

e f f i c i e n t , or the a mRNA i n the s e c t i o n s was s i g n i f i c a n t l y more 

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

r e l a t i v e l y low a mRNA l e v e l s r e p o r t e d i n homogenized t i s s u e and t h e 

r e l a t i v e l y h i g h l e v e l s d e t e c t e d in situ. T h i s c o u l d be due t o the 

d i f f e r e n t i a l c o n t r i b u t i o n of c y t o p l a s m f r o m each c e i l type i n 

homogenized t i s s u e p r e p a r a t i o n s , which would a f f e c t a l l t h r e e c y t o s o l i c 

GS rnRNAs t o d i f f e r e n t e x t e n t s , depending on t h e p a r t i c u l a r c e l l u l a r 

1 ocat i o n s . 

5.2.4. I m p l i c a t i o n s f o r the S p a t i a l and Temporal E x p r e s s i o n of GS in 

P. vulgaris Root Nodules 

Evidence suggests t h a t t h e abundance o f t h e GS mRNAs i s d i r e c t l y 

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

c o n t r o l , i f pr e s e n t a t a l l , does n o t s i g n i f i c a n t l y a f f e c t t h e 

p o l y p e p t i d e l e v e l s ( M i f i i n et al. , 1985; Gebhardt e t a l . , 1986; P a d i l l a 

et al., 1987; C u l l i m o r e and Bennet t , 1988). The in situ 

h y b r i d i z a t i o n s t u d i e s p r e s e n t e d here have shown t h a t t h e r e i s a 

complex s p a t i a l and tem p o r a l v a r i a t i o n i n d i s t r i b u t i o n of t h e t h r e e 

c y t o s o l i c GS mRNAs. The c o m p o s i t i o n of the GS isoenzymes w i t h i n t he 

nodule i s t h e r e f o r e l i k e l y t o be det e r m i n e d by t h i s d i s t r i b u t i o n . 

Robert and Wong (1986) suggested t h a t t he assembly of the y and 6 

p o l y p e p t i d e s may be r e g u l a t e d by temporal and/or s p a t i a l s e p a r a t i o n of 

the two s u b u n i t s , which i s i n agreement w i t h t h e 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 . P a d i l l a et al. (1987) r e p o r t e d t h e presence of a, B and y 

p o l y p e p t i d e s i n nodul e s between days 10-13 a f t e r i n o c u l a t i o n , however 



as t he y l e v e l s rose t h e l e v e l s o f a t r a n s c r i p t i o n were r e p o r t e d to 

f a l l , w h i l s t t h e 8 remained c o n s t a n t . T h i s r e p r e s e n t s t he d i f f e r e n t i a l 

s y n t h e s i s of the t h r e e t r a n s c r i p t s i n the emerging nodule t i s s u e . They 

r e p o r t e d t h a t a t the onset o f n i t r o g e n a s e a c t i v i t y o n l y p. and 7 

t r a n s c r i p t s were detoc.tal.ile, and the B: y r a t i o s remained s i m i l a r i n 

n odules of t h e same age. Gebhardt et al. f 1986) demonstrated t h a t t h e 

GS,. isoenzyme ( t h o u g h t t o c o n s i s t of p r e d o m i n a n t l y a s u b u n i t s ) c o u i d be 

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

gln-o. mRNA was not v e r y e v i d e n t from in situ h y b r i d i z a t i o n r e s u l t s 

r e p o r t e d here. However, i f t h e a p o l y p e p t i d e i s i n c l u d e d i n the y/$ 

isoenzymes GS,.,, and/or GS,, an ct.:i isoenzyme (GS..) , would be n e i t h e r 

p r e s e n t nor d e t e c t a b l e i n n odules .i.e. t he a s u b u n i t may be p r e s e n t i n 

n odules as a minor component of GS,.,-, and/or GS,. 

The in situ h y b r i d i z a t i o n r e s u l t s have shown a marked c e l l u l a r and 

temporal v a r i a t i o n i n the GS subuni t mRNA l e v e l s , i t seems very l i k e l y 

t h a t a fo r m of temporal and s p a t i a l r e g u l a t i o n a t the organ and a l s o , 

the c e l l u l a r l e v e l e x i s t s , and c o n t r o l s the s u b u n i t c o m p o s i t i o n of t h e 

GS Isoenzymes. 

Lara et. al. (1984) suggested t h a t the GS p o l y p e p t i d e s , 

p a r t i c u l a r l y y, i n c r e a s e d t o h i g h l e v e l s d u r i n g n o d u l a t i o n t o 

a s s i m i l a t e the ammonia produced by t h e b a c t e r o i d s . T h i s does n o t 

however account f o r the d i f f e r e n t isoenzymes or how they a r e induced. 

The a c t i v e s i t e of t h e Sal mane]la typhimurium enzyme, and p r o b a b l y 

t h a t of t h e h i g h e r p l a n t enzymes, i s formed by a c o m b i n a t i o n of two 

a c t i v e h a l f - s i t e s donated by a d j a c e n t s u b u n i t s (Forde and Cul1irnore, 

1989). I t i s p o s s i b l e t h a t i n P. vulgaris Gs D e t a i n e r s have d i f f e r e n t 

k i n e t i c p r o p e r t i e s , and f u n c t i o n a t t h e i r optimum under d i f f e r e n t 
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c o n d i t i o n s ; d i f f e r e n t c e l l t y pes, p a r t i c u l a r l y i n an organ such as a 

r o o t nodule where they have d i f f e r e n t m e t a b o l i c f u n c t i o n s would c o n t a i n 

d i f f e r e n t m i c r o - e n v i r o n m e n t s , i . e . t h e i n f e c t e d c e i l s i n the c e n t r a l 

r e g i o n , have v e r y d i f f e r e n t m e t a b o l i c demands, and as a r e s u l t , a v e r y 

d i f f e r e n t m i c r o - e n v i r o n m e n t , f r o m t h e v a s c u l a r endodermai, or c o r t i c a l 

c e l l s , which a r e l e s s c l o s e l y i n v o l v e d w i t h t h e b a c t e r o i d s , and the 

ammonia produced by them. The c e l l s o f t h e c e n t r a l i n f e c t e d r e g i o n are 

a s s o c i a t e d w i t h h i g h e r l e v e l s of leghaemoglobin and t h e r e f o r e Lower 

oxygen l e v e l s (Vanden Bosch and Newcomb, 1988). I t has been suggested 

t h a t the m i d - c o r t i c a l c e l l s f orm a d i f f u s i o n b a r r i e r between t h e 

c e n t r a l nodule t i s s u e and the o u t e r c e l l s , ( F r a z e r , 1942). I t would be 

unusual t o f i n d an enzyme which i s a b l e t o f u n c t i o n a t an optimum i n 

both t h e c e n t r a l i n f e c t e d t i s s u e s and the o u t e r c o r t i c a l t i s s u e s , of a 

r o o t nodule. T h i s i s one p o s s i b l e f a c t o r which may account f o r the 

d i f f e r e n t i a l e x p r e s s i o n o f GS i n P. vulgaris r o o t nodules. T h i s does 

not however e x p l a i n how t h i s d i f f e r e n t i a l e x p r e s s i o n i s c o n t r o l l e d . 

One of t h e s i g n a l s f o r the i n d u c t i o n of gene e x p r e s s i o n i n a 

d e v e l o p i n g r o o t n o dule may be the onset of d i n i t r o g e n f i x a t i o n . P a d i l i a 

et al. (1987) have demonstrated t h a t the y p o l y p e p t i d e f i r s t appears at 

l e a s t t h r e e days b e f o r e n i t r o g e n a s e a c t i v i t y . I t has a l s o been shown 

t h a t t h e l e v e l o f gln-y mRNA i s a f f e c t e d by n i t r o g e n f i x a t i o n (Forde 

and C u l l i r n o r e , 1989). E x p e r i m e n t s w i t h r h i z o b i a l mutants, which are 

unable t o f i x n i t r o g e n but produce the normal nodule c y t o l o g y , have 

shown t h a t the gln-y gene i s s t i l l e xpressed a l t h o u g h a t a lower l e v e l 

i n t h e s e f i x " n o dules (Lara et al., 1983). However no i n c r e a s e i n 

nodule GS above t h a t d e t e c t e d i n u n i n o c u l a t e d r o o t s , c o u l d be d e t e c t e d 

i n r o o t s i n f e c t e d w i t h r h i z o b i a l mutant s t r a i n s which produce n o d u l a r 
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s w e l l i n g s but l a c k i n g i n t r a c e l i u i a r r h i z o b i a , (Vanden-Bosch et a;.. 

1936; Noel et al. . 1986). 

The i n d u c t i o n of gln-y (and p o s s i b l y £in-|3 and glrt-a.) mRNA 

t h e r e f o r e seems t o r e q u i r e a c e r t a i n s t a ge of n o d u l a t i o n to be reached 

which may i n c l u d e the i n v a s i o n by the i n f e c t i o n t h r e a d , or r e l e a s e of 

the r h i z o b i a . However t h e e x p r e s s i o n of t h e gln-y gene cannot be 

o b l i g a t e l y dependent on t h e syrabiont, as i t i s d e t e c t a b l e a t low l e v e l s 

i n o t h e r t i s s u e s . 

I t t h e r e f o r e seems t h a t e x p r e s s i o n of the c y t o s o i i c OS genes 

a s s o c i a t e d w i t h n o d u l a t i o n i s at l e a s t p a r t i a l l y a f f e c t e d by two or 

more f a c t o r s ; the i n v a s i o n of r h i z o b i a , which c o u l d t r i g g e r the 

s i g n i f i c a n t r i s e i n gene e x p r e s s i o n a s s o c i a t e d w i t h n o d u l a t i o n , and the 

onset of n i t r o g e n f i x a t i o n and the p r o d u c t i o n of ammonia, which 

p o s s i b l y s e r v e s t o enhance or p r o l o n g e x p r e s s i o n . I t i s p o s s i b l e t h a t 

these same r e g u l a t o r y mechanisms may a l s o o p e r a t e i n a n e g a t i v e manner 

on t h e glrr-a gene, but t h e r e i s no evidence f o r t h i s . 



6. THE EXPRESSION OF GS/GUS GENE FUSIONS IN NODULES OF TRANSGENIC 

Lotus corniculatUs PLANTS 

6.1. In situ HISTOCHEMICAL RESULTS 

As a f u r t h e r i n v e s t i g a t i o n i n t o t he e x p r e s s i o n of t he OS 

isoenzymes, the t e c h n i q u e s o p t i m i z e d on P. vulgaris have been a p p l i e d 

t o t r a n s g e n i c Lotus corniculatlss p l a n t s c o n t a i n i n g t h e 5' f l a n k i n g 

r e g i o n s from the P. vulgaris 'gln-$ and gin-y genes which had been f u s e d 

t o t h e GUS r e p o r t e r gene (Forde et al., 1989). 

The in situ h y b r i d i z a t i o n , and irnmunocytochernica 1 t e c h n i q u e s , 

r e q u i r e d o n l y a s m a l l amount o f a d a p t a t i o n f r o m t h o s e used f o r t h e P. 

vulgaris nodules, The same 8 probe, f r o m t h e 5' f l a n k i n g r e g i o n of t h e 

P. vulgaris gln-$ cDNA, was used f o r the 8/GUS c o n s t r u c t s , S i m i l a r 

r e s u l t s were o b t a i n e d u s i n g a GUS cDNA probe. The y RNA probe used f o r 

the P. vulgaris s t u d i e s was fro m t h e 3' f l a n k i n g r e g i o n of t h e gln-y 

gene and was t h e r e f o r e n o t s u i t a b l e f o r h y b r i d i z a t i o n w i t h t h e y 

c o n s t r u c t s ; a GUS cDNA probe (.provided by Miss M. Gibbs, U n i v e r s i t y of 

Durham) was used f o r a n a l y s i s of t h e gin y/GUS l i n e s , i n s t e a d . Root 

s e c t i o n s proved d i f f i c u l t t o keep on s l i d e s d u r i n g h y b r i d i z a t i o n s . 

Thick s e c t i o n s were s t a i n e d f o r GUS u s i n g 5-bromo-4-chioro-3-

i n d o l y l g l u c u r o n i d e CX-gluc), as d e s c r i b e d i n 2.4.3. Forde et al. 

(.1989) have p u b l i s h e d some e x c e l l e n t r e s u l t s of t h i c k s e c t i o n s of t h e 

same t r a n s g e n i c p l a n t l i n e s s t a i n e d w i t h X-giuc (.and t h i s t e c h n i q u e was 

t h e r e f o r e n o t pursued i n my wo r k ) . The s t a i n i n g of t h i n s e c t i o n s , or 

the post-embedding and s e c t i o n i n g of t i s s u e s a f t e r s t a i n i n g , was found 
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t o be u n r e l i a b l e and d i f f i c u l t t o reproduce. E a r l y r e s u l t s however, d i d 

i n d i c a t e , t h a t post f i x a t i o n and embedding of X - g l u c - t r e a t e d t i s s u e 

e f f e c t i v e l y m a i n t a i n e d the s t a i n i n g i n t e n s i t y . The subsequent 

v i s u a l i z a t i o n of t h e b l u e p r e c i p i t a t e i n t h i n s e c t i o n s was however 

o f t e n d i f f i c u l t and i n s u f f i c i e n t to show up i n ph o t o m i c r o g r a p h s . Whole 

r o o t i n c u b a t i o n s w i t h X-gluc showed v a r i a t i o n w i t h s i z e , age and 

l o c a t i o n on the p l a n t , and proved s u s c e p t i b l e t o damage which induced 

f u r t h e r s t a i n i n g . 

Iramunocytochernical l a b e l l i n g o f s e c t i o n s w i t h a GUS a n t i b o d y , from 

Dr M Watson. U n i v e r s i t y of Durham was found t o be a more r e l i a b l e and 

r e p r o d u c i b l e method, which p e r m i t t e d a h i g h e r r e s o l u t i o n than X-gluc. 

I t was t h e r e f o r e used t o l o c a l i z e t h e GUS enzyme i n s e c t i o n s of 

t r a n s g e n i c L. corniculatgs. The nodules used i n these e x p e r i m e n t s were 

g e n e r a l l y i n t h e i n t e r m e d i a t e t o l a t e s tages of development, and 

co r r e s p o n d t o t h e i n t e r m e d i a t e and l a r g e - p i n k s t a g e s ( r e s p e c t i v e l y ) 

d e s c r i b e d by Forde et a 1. Oiff^). ' 

6.1.1. The E x p r e s s i o n o f t h e j3'/GUS C o n s t r u c t 

S e c t i o n s of an i n t e r m e d i a t e s t a ge L. cornicuJ aids nodule on p l a n t s 

c o n t a i n i n g t h e (J/GUS c o n s t r u c t were h y b r i d i z e d w i t h the (3 RNA probe 

used f o r P. vulgaris and t h e b i o t i n y l a t e d probe was d e t e c t e d w i t h 

a l k a l i n e phosphatase. fJ/'GUS mRNA was demonstrated i n t h e n o n - I n f e c t e d 

c e l l s of t h e c e n t r a l r e g i o n , the i n n e r c o r t e x , and p a r t i c u l a r l y t h e 

v a s c u l a r endodermal c e l l s ( P l a t e 27a). For comparison a c o n t r o l L. 

cornicul atd s nodule, which does not c o n t a i n the GUS gene, but a l s o 

h y b r i d i z e d w i t h the same (3 probe, i s i l l u s t r a t e d i n P l a t e 27/b. S e c t i o n s 

c o n t a i n i n g t h e v/GUS c o n s t r u c t and h y b r i d i z e d w i t h t h i s p probe showed 
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Plate 27. Plate 27a shows the Phaseoius probe h y b r i d i z e d to a s e c t i o n trom 
transgenic Lotus corniculatls nodule, expressing the 3-g lucuronidase r e p o r t e r 
gene, from the Phaseoius gin g/GUS c o n s t r u c t . 
Plate 27b shows a c o n t r o l s e c t i o n from a Lotus p l a n t w i t h o u t the GUS gene, 
h y b r i d i z e d w i t h the same probe. 
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c o n t a i n i n g the y/GUS c o n s t r u c t and h y b r i d i z e d w i t h t h i s (3 probe showed 

no d e t e c t a b l e l a b e l l i n g , 

A p a r t i c u l a r l y h i g h l e v e l o f p/GUS mRNA i s demon s t r a t e d i n t h e 

v a s c u l a r endodermal c e l l s of a s l i g h t l y o l d e r n o dule '-Plate 28a) from 

the same l i n e as t h a t shown i n P l a t e 27a. T h i s a l s o shows t h e r e i s a 

g r e a t e r i n t e n s i t y of l a b e l l i n g around the r o o t c o n n e c t i o n , w i t h a lower 

l e v e l i n the n o n - i n f e c t e d c e l l s i n t h e c e n t r a l r e g i o n . A s i m i l a r 

p a t t e r n of GUS d i s t r i b u t i o n was found i n t h i c k s e c t i o n s s t a i n e d w i t h X-

gl u c ( P l a t e 28b). Immunocytochernical l a b e l l i n g w i t h g o l d c o l l o i d 

v i s u a l i z a t i o n on s e c t i o n s f r o m t h e same l i n e d e m o n s t r a t e d a s i m i l a r 

d i s t r i b u t i o n f o r t h e GUS p r o t e i n , as f o r t h e rnRNA. 

6.1.2. E x p r e s s i o n o f t h e y/GUS c o n s t r u c t 

Very e a r l y emerging n o d u l e s f r o m t r a n s g e n i c L, corniculatLts p l a n t s 

c o n t a i n i n g t h e gln-y t r a n s c r i p t i o n a l f u s i o n ( l i n e J,D,), were s e c t i o n e d 

and h y b r i d i z e d w i t h a GUS cDNA probe. These showed, even at the very 

e a r l y stage, that, t h e y/GUS mRNA was pre s e n t i n t h e d e v e l o p i n g t i s s u e 

( P l a t e 29a). The r o o t a t t a c h m e n t , i n n e r c o r t i c a l and i n f e c t e d c e i l s of 

the o l d e r nodule i l l u s t r a t e d i n the lower h a l f of P l a t e 29a a l s o shows 

the presence of y/GUS mRNA. An e a r l y t o i n t e r m e d i a t e s t a g e nodule ( l i n e 

J i D , ) , showed y/GUS mRNA i n the i n f e c t e d and n o n - i n f e c t e d c e l l s of t h e 

c e n t r a l r e g i o n , and p a r t i c u l a r l y i n the i n n e r c o r t e x , i n c l u d i n g t h e 

v a s c u l a r endodermis ( P l a t e 29b). There was no d e t e c t a b l e e x p r e s s i o n i n 

the s u r r o u n d i n g mid and o u t e r - c o r t i c a l , o r r o o t t i s s u e . A s l i g h t l y 

o l d e r n o dule f r o m t h e same l i n e a g a i n showed t h e presence of y/GUS mRNA 

i n t h e i n f e c t e d , n o n - i n f e c t e d and i n n e r c o r t i c a l r e g i o n s ( P l a t e 30a), 

A s i m i l a r p a t t e r n of GUS p r o t e i n d i s t r i b u t i o n t o t h a t demonstrated 
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Plate 28. 28a shows a m i d - l a t e stage s e c t i o n from a transgenic Lotus p l a n t 
c o n t a i n i n g the 6-GUS c o n s t r u c t , h y b r i d i s e d w i t h the Phaseolus RNA 0 probe; the 
expression ot the GUS c o n s t r u c t is p a r t i c u l a r l y h i g h in the vascular endodermal 
t i s s u e at t h i s stage. Plate 28b shows a t h i c k s e c t i o n lrorn a p l a n t c o n t a i n i n g 
the same c o n s t r u c t , l a b e l l e d w i t h X-gluc, which again shows hi g h l e v e l s ot GUS 
a c t i v i t y around the vascular t i s s u e . A s i m i l a r p a t t e r n of l a b e l l i n g was also 
demons ta ted by immuno label l i n g , (not shown). 
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Plate 29. Sect ions from a Lotus p l a n t c o n t a i n i n g the HHbes c o n s t r u c t , l i n e 
J,D, , h y 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 GUS cDNA probe, and l a b e l l e d w i t h a l k a l i n e 
phosphatase, shows a high l e v e l ot t r a n s c r i p t i o n a l a c t i v i t y i n a very e a r l y 
nodule, and the r o o t attachment of a mature nodule (a;. A p a r t i c u l a r l y high 
l e v e l of expression was detected in the inner c o r t i c a l t i s s u e in nodules from 
t h i s l i n e Cb>. 

b 

3fc 

•2mm 



Plate 30 A sect i o n from a l a t e stage nodule ot a transgenic Lotus p l a n t 
containing the y/G\)S c o n s t r u c t , l i n e J,D, , h y b r i d i z e d w i t h \he GUS probe, shows 
p a r t i c u l a r l y high l e v e l s ot GUS expression, in the inner c o r t e x and non 
in f e c t e d c e l l s of the i n f e c t e d r e g i o n <a>. 

Plate 30b, shows a s e c t i o n 
iramunolabelled t o r GUS, 
using a c o l l o i d a l g o l d 
secondary antibody, and 
s i l v e r enhanced. The 
l a b e l l i n g shows a p a t t e r n 
of l a b e l l i n g s i m i l a r to 
t h a t shown in 30a, w i t h 
p a r t i c u l a r l y high i a v e l s 
of GUS in the non i n f e c t e d 
c e l l s of the c e n t r a l 
region. 



l a b e l l i n g ( P l a t e 30b), The GUS p r o t e i n was l o c a l i z e d t o the non-

i n f e c t e d c e i l s , and t o a l e s s e r e x t e n t t he i n f e c t e d and i n n e r - c o r t i c a ! 

c e l l s of t h e nodule. The ve r y i n t e n s e s i l v e r s t a i n i n g i n t h r e e c e l l s of 

the m i d - c o r t i c a l r e g i o n , demonstrated i n P l a t e 30b, r e p r e s e n t s non­

s p e c i f i c l a b e l l i n g of t h e p o i y p h e n o 1 i c , f l a v o i a n s c h a r a c t e r i s t i c of L. 

cornicuiatus (Poland et al. , 1978; Pankhurst e t al. , 1979; Vance et. 

al. , 1982). The l e v e l s of these f l a v o i a n s d i f f e r e d c o n s i d e r a b l y between 

the v a r i o u s p l a n t i i n e s . 

S l i g h t l y o l d e r nodule s e c t i o n s from t h e same p l a n t l i n e , l a b e l l e d 

w i t h the GUS a n t i b o d y and s u b s e q u e n t l y v i s u a l i z e d w i t h t he a l k a l i n e 

phosphatase t e c h n i q u e , are shown i n P l a t e 31, The s e c t i o n s were not 

c o u n t e r s t a i n e d i n o r d e r to show up any low l e v e l of s t a i n i n g i n t h e 

i n f e c t e d c e l l s . I n these l a t e s t a ge nodule s e c t i o n s t h e GUS a c t i v i t y 

was p r e d o m i n a n t l y c o n f i n e d to the n o n - i n f e c t e d , and in n e r c o r t i c a l 

c e l l s . There was no d e t e c t a b l e enzyme i n t he i n f e c t e d c e l l s . 

A d i f f e r e n t p a t t e r n o f e x p r e s s i o n was seen i n l i n e B, B, which 

c a r r i e s the gln-y t r a n s c r i p t i o n a l f u s i o n ( P l a t e 3 2). I n t h i s case y/GUS 

mRNA was d e t e c t e d p r e d o m i n a n t l y i n the i n f e c t e d c e i l s of the nodule 

( P l a t e 32a), The i m m u n o - l o c a l i z a t i o n s of GUS by g o l d and s i l v e r ( P l a t e 

32b), and a l k a l i n e phosphatase ( P l a t e 3 2 c ) , a l s o suggest t h a t the 

e x p r e s s i o n was p r e d o m i n a n t l y i n t h e i n f e c t e d c e l l s of the nodule, 

a l t h o u g h P l a t e 32b suggests GUS may a l s o be pr e s e n t i n the n o n - i n f e c t e d 

c e l l s . The l e v e l o f f l a v o i a n s i n t h i s l i n e i s a l s o h i g h . The B,B, p l a n t 

l i n e c o n t a i n e d t he t r a n s c r i p t i o n a l as opposed to the t r a n s n a t i o n a l 

Y/GUS f u s i o n i n l i n e s J,D, , and C,E,. 

The l o c a l i z a t i o n of GUS i n the t h i r d y/GUS i i n e C-, E, , c o n t a i n i n g 

the same t r a n s l a t i o n a l f u s i o n as t h e J , D, l i n e , was a l s o examined by 
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Plate 31, M i d - l a t e stage nodule s e c t i o n s trom transgenic Lotus p l a n t s , l i n e 
J T D , , incubated w i t h the G U S anti-body, and l a b e l l e d w i t h a l k a l i n e phosphatase, 
as i n Plate 3 0 , show heavy l a b e l l i n g in the non i n f e c t e d c e i l s <.a), i n c o n t r a s t 
to the c o n t r o l s e c t i o n l a b e l l e d w i t h r a b b i t pre-immune serum UD>. Plate 31c 
shows a higher m a g n i f i c a t i o n of 'a', 

ft 
A '7 

: 

£2 

s '1 i i ( 

1 ; 

m s > 

1 rrun -



I 

2mm 

Plate 32. BA66 y/GUS 
c o n s t r u c t s , l i n e B-,, In 
Lotus. 32a shows a se c t i o n 
h y b r i d i z e d w i t h the 
•GUS cDNA probe, in 
t h i s l i n e , expression is 
la r g e l y confined to the 
in f e c t e d c e l l s only. 
Immuno l a b e l led s e c t i o n s f o r GUS, w i t h gold and s i l v e r (b), and a l k a l i n e 
phosphatase (c), show a 
detecteable a t a low l e v e l . 

s i r a i a l r p a t t e r n of GUS d i s t r i b u t i o n , although only 

•2mm 



h i s t o c h e i u i c a 1 X-giuc s t a i n i n g . A l t h o u g h the s e c t i o n s a r e v e r y t h i c k and 

t h e r e f o r e the c e l l u l a r r e s o l u t i o n bad, the l e v e l of GUS i s p a r t i c u l a r 1/ 

h i g h i n t h e i n f e c t e d and i n n e r - c o r t i c a l c e l l s i n both the very e a r l y 

n o d u le ( P l a t e 33a.) , and the i n t e r m e d i a t e s t a ge nodule ( P l a t e 33b). 

A l t h o u g h t h e d i f f e r e n t c e l l types cannot be c l e a r l y d i s t i n g u i s h e d , the 

i n f e c t e d c e i l s appear t o show th e most i n t e n s e s t a i n i n g , s i m i l a r to 

t h a t demonstrated i n l i n e B, B, (.Plate 3 2 ) : A l t h o u g h the i n n e r c o r t i c a l 

t i s s u e a l s o shows s t a i n i n g f o r GUS, the r e s o l u t i o n i s not s u i f i c i e n + I y 

c l e a r to r u l e o u t the p o s s i b i l i t y of a h i g h l e v e l of s t a i n i n g i n tin? 

n o n - i n f e c t e d c e l l s w i t h i n the c e n t r a l area, as shown by the 7/GUS 

t r a n s l a t i o n a l f u s i o n l i n e J,D, , '.Plates 29 - 3 i > . The p r e f e r e n t i a l 

s t a i n i n g o f damaged t i s s u e cannot be e l i m i n a t e d w i I h these u n f i l e d 

t i s s u e s e c t i o n s . The pH and oxygen/perox i de l e v e l s w i t h i n t h e t i s s u e , 

which u n d o u b t e d l y va r y between c e i l t y p e s i n a r o o t n o d u l e can a l s o 

a f f e c t the l e v e l of X-giuc s t a i n i n g c o n s i d e r a b l y . The use of o t h e r 

t e c h n i q u e s such as in situ h y b r i d i z a t i o n , and immunocy tochemica I 

l a b e l l i n g were not as r e p r o d u c i b l e i n t h i s l i n e C, E, , as i n the o t h e r 

i i nes. 

S i m i l a r v a r i a t i o n s i n e x p r e s s i o n to t h o s e seen between the J, D , 

and C1E, l i n e s which c o n t a i n t h e same c o n s t r u c t , may a l s o be 

r e s p o n s i b l e f o r the d i f f e r e n c e s i n e x p r e s s i o n between the two 

t r a n s l a t i o n a l f u s i o n s ( p l a n t l i n e s J, D, and C,E,) and the 

t r a n s c r i p t i o n a l f u s i o n ( B, B, a l t h o u g h the d i f f e r e n t p a t t e r n s of 

e x p r e s s i o n may a l s o be a consequence of the d i f f e r e n t gene c o n s t r u c t s . 

S t u d i e s of a number of plant, l i n e s f o r each c o n s t r u c t may h e l p t o 

c l a r i f y t h i s problem. 



1 

k 

Plate 33 An e a r l y nodule from a Lotus p l a n t c o n t a i n i n g the HHba y/GUS 
co n s t r u c t , l i n e C l / E l , l a b e l l e d w i t h X-gluc shows a high l e v e l ot GUS 
expression in the c e n t r a l i n f e c t e d r e g i o n (a). Plate 33b, demonstrates the 
l a b e l l i n g i s also in the Inner cortex, as seen in the J,D 1 ( l i n e c o n t a i n i n g the 
same c o n s t r u c t , although In t h i s l i n e there i s a p p a r e n t l y a higher l e v e i ot GUS 
a c t i v i t y in the i n f e c t e d c e l l . 



The l o c a l i z a t i o n of the GS/GUS mRNA by In situ h y b r i d i z a t i o n , G'JG 

p r o t e i n l o c a l i z a t i o n by iminunocytochomica1 s t a i n i n g and the 

l o c a l i z a t i o n of GUS enzyme a c t i v i t y by X-g1uc s t a i n i n g i s summarized i n 

Table 8 on the f o l l o w i n g page. R e s u l t s were o b t a i n e d u s i n g i n t e r m e d i a t e 

t o l a t e s t a g e nodules. In situ h y b r i d i z a t i o n s were c a r r i e d out on the 

most r e p r o d u c i b l e p l a n t l i n e s , t h e r e f o r e two of t h e le s s r e p r o d u c i b l e 

p l a n t l i n e s were o n l y assayed f o r p r o t e i n . 



TABLE g . Summary o f t h e niRNA and GUS p r o t e i n l e v e l s I n t r a n s g e n i c L. 
corniculaUis r o o t n o d u l e s a t t h e i n t e r m e d i a t e t o l a t e s t a g e o f 
development. 

C e l l type mRNA 
p / G U S y/GUSGiDi ) • y / G U S ^ B , ) 

I - - f - ++ 
NI + + +? 
IC + -
MC - -
oc - - -
V E + -

PROTEIN 
P / G U S Y / G U S < J - , D , > Y / G U S O ^ B T ) S - V / G U S C C T E , > 

1 - +? + ++ 
NI + ++ +? 
IC + + - + 
MC ? - - -
OC - - - -
V E + -

I - i n f e c t e d c e l l s , Nl-non i n f e c t e d c e l l s , IC-inner cortex, MC-mid corte x 
OC-outer cortex, VE-vascular endodermis, *GUS enzyme a c t i v i t y measured by 
X-gluc s t a i n i n g . 



6.2. DISCUSSION 

6.2.1. The E x p r e s s i o n o f t h e GS/GUS gene Fus i o n s i n L. cornlculatis 

P l a n t s 

A n o t a b l e f e a t u r e of t h e r e s u l t s summarized i n T able 3 i s t h a t , 

d e s p i t e the v a r i a t i o n s between t h e c o n s t r u c t s , a l l of the 1 i n o c 

c o n t a i n i n g the -y/GUS c o n s t r u c t s (whether t r a n s c r i p t i o n a l or 

t r a n s 3 a t i o n a I ) showed d e t e c t a b l e rnRN'A and p r o t e i n l e v o i s . T h i s <-»as 

p a r t i c u l a r l y e v i d e n t a t the e a r l i e r stages, i n the i n f e c t e d c e i l s o f 

the nociuie t i s s u e , a l t h o u g h n e i t h e r rnRNA nor p r o t e i n was d e t e c t e d i n 

the i n f e c t e d c e l l s of the p l a n t l i n e s w i t h the ji/GUS c o n s t r u c t s . Forde 

et al. (.1989) r e p o r t e d t h a t nodules c o n t a i n i n g the ji/GUS c o n s t r u c t 

s t a i n e d w i t h X-giuc showed s t a i n i n g t h r o u g h o u t the nodule i n t h e e a r l y 

s tages of development. However they r e p o r t e d t h a t t h i s s t a i n i n g became 

c o n f i n e d t o the v a s c u l a r t i s s u e o n l y i n the l a t e r s tages of 

deveiopment. T h i s same pat t e r n of e x p r e s s i o n o f the 6/GUS mRNA and 

p r o t e i n has been demonstrated i n t h i s t h e s i s . The f a i n t s t a i n i n g i n t h e 

c e n t r a l r e g i o n of the e a r l y nodules, r e p o r t e d by Forde et aJ. C iy t i 9 > , 

most l i k e l y c o r r e s p o n d s to t h e s t a i n i n g of t he n o n - i n f e c t e d c e l l s . 

Forde et al. (1989) suggest " t h e i n t e n s e s t a i n i n g a s s o c i a t e d w i t h the 

v a s c u l a r t r a c e s f i n the (3/GUS l i n e s ] may r e f l e c t h i g h e r o v e r a l l 

t r a n s c r i p t i o n a l and t r a n s l a t i o n a l a c t i v i t y i n t h i s r e g i o n , and/or a 

g r e a t e r c e l l d e n s i t y " . The exper iments w i t h P. vulgaris, p r e s e n t e d 

here, have demonstrated the v a s c u l a r endoderma 1. c e l l s were areas of 

h i g h t r a n s c r i p t i o n a l a c t i v i t y , p a r t i c u l a r l y i n mature nodules ( P l a t e 

19). J e f f e r s o n et al. (1937) d e m o n s t r a t e d h i g h l e v e l s of s t a i n i n g i n 

the v a s c u l a r t i s s u e , i n t r a n s g e n i c tobacco p l a n t s const i t u t i ve1y 



e x p r e s s i n g t h e GUS gene. Peterman et al. ( 1 9 8 9 ) . however s u g g e s t e d t h a t 

i n t e n s e X - g l u c s t a i n i n g i n v a s c u l a r t i s s u e may r e p r e s e n t bad 

p e n e t r a t i o n o f t h e X - g l u c s u b s t r a t e i n t o t h e t i s s u e . T h i s p o s s i b i l i t y 

c a n n o t be e x c l u d e d where whole n o d u l e s a r e s t a i n e d a s t h e t h i c k e n i n g i n 

the c e i l w a l l s i n t h e m i d - c o r t e x c a n form an I n t e r c e l l u l a r d i f f u s i o n 

b a r r i e r between t h e c e n t r a l and o u t e r n o d u l e t i s s u e . The X - g i u c 

s t a i n i n g of s e c t i o n s , and t h e in situ h y b r i d i z a t i o n r e s u l t s p r e s e n t e d 

h e r e however, a l s o show a h i g h l e v e l of 8/GUS raRNA i n t h e v a s c u l a r 

endodermal c e i l s ( P l a t e 2 8 ) , w h i c h c o u l d c a u s e t h e v a s c u l a r t r a c e s to 

ap p e a r v e r y dark i n t h i c k s e c t i o n s . 

The r e s u l t s r e p o r t e d h e r e show some d i f f e r e n c e s between l i n e s 

c o n t a i n i n g t h e -y/GUS t r a n s l a t i o n a l f u s i o n , a l t h o u g h both l i n e s showed 

c o n c l u s i v e e v i d e n c e o f Y/GUS mRNA i n t h e i n f e c t e d c e l l s , and a l l t h r e e 

l i n e s had d e t e c t a b l e l e v e l s of GUS p r o t e i n o r enzyme a c t i v i t y i n the 

i n f e c t e d c e l l s . The d i s t r i b u t i o n of GUS a c t i v i t y d e m o n s t r a t e d by t h e X-

g l u c s t a i n i n g i n t h e B i B , l i n e by F o r d e e t al. ( 1 9 8 9 ) , i s c o n s i s t e n t 

w i t h t h e y/GUS mRNA and p r o t e i n d i s t r i b u t i o n s d e m o n s t r a t e d h e r e , 

a l t h o u g h t h e h i g h e r r e s o l u t i o n i m m u n o c y t o c h e m i c a i t e c h n i q u e showed some 

d e t e c t a b l e GUS i n t h e n o n - i n f e c t e d c e l l s of t h e c e n t r a l r e g i o n . 

The v a r i a t i o n between d i f f e r e n t l i n e s d e m o n s t r a t e d h e r e i s not 

u n u s u a l . F o r d e et al. ( 1 9 8 9 ) r e p o r t e d c o n s i d e r a b l e q u a n t i t a t i v e 

v a r i a t i o n between d i f f e r e n t p l a n t l i n e s ( f r o m whom w h i c h t h e s e 

t r a n s g e n i c p l a n t s were o b t a i n e d ) , and s u g g e s t s t h a t "some of t h e 

v a r i a b i l i t y t h a t we o b s e r v e i n o r g a n - t o - o r g a n d i s t r i b u t i o n of GUS 

a c t i v i t y i n d i f f e r e n t . l i n e s c a r r y i n g t h e same c o n s t r u c t may be 

a t t r i b u t a b l e t o d i f f e r e n c e s i n t h e s e v e r i t y of the h a i r y r o o t 

phenotype". Dean et al. (1988) a l s o s u g g e s t t h a t t h e v a r i a b i l i t y , i n 
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t h e o v e r a l l , e x p r e s s i o n i n d i f f e r e n t c e i l i i n e s w i t h t h e same c o n s t r u c t , 

i s a we I I ~ e s t a b i i s h e d phenomenon i n t r a n s g e n i c p l a n t s and d o e s n o t seem 

t o be r e l a t e d t o t h e number o f c o p i e s o f t h e i n t r o d u c e d g e n e , but i s 

due t o ' p o o r l y u n d e r s t o o d p o s i t i o n a l e f f e c t s ' . 

D e s p i t e t h e v a r i a t i o n b e t w e e n d i f f e r e n t l i n e s , a i l o f t h e -y/OUS 

l i n o s showed e x p r e s s i o n i n t h e i n f e c t e d c e l l s w h i c h was n o t s e e n i n t h e 

(3/GUS c o n s t r u c t s . The d i f f e r e n c e s b e t w e e n the two 'y/'GUS c o n s t r u c t s seem 

u n l i k e l y t o be r e s p o n s i b l e f o r t h e s l i g h t l y d i f f e r e n t p a t t e r n ? o f 

e x p r e s s i o n , The t r a n s 1 at i.ona 1 f u s i o n s ( i i n e s J,D,, and C i E, > b o t h 

showed e x p r e s s i o n , a l t h o u g h t o s l i g h t l y d i f f e r e n t es: t e n t s , i n t h e 

i n f e c t e d , n o n - i n f e c t e d , i n n e r c o r t i c a l , and v a s c u l a r e n c i o d e r m a l c e l l s . 

B o t h 7/GUS c o n s t r u c t s ( a s o u t l i n e d i n 1.4,5) c o n t a i n e d 2 kb o f t h e 5' 

f l a n k i n g r e g i o n o f t h e gln-y gene, b u t t h e t r a n s 1 a t i o n a 1 f u s i o n s 

c a r r i e d an a d d i t i o n a l 44 bp i n c l u d i n g 24 bp o f t h e c o d i n g r e g i o n . I n 

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

by t h e GUS gene. The p l a n t l i n e c o n t a i n i n g t h i s t r a n s c r i p t i o n a l f u s i o n 

(B-, B,) was f o u n d t o h a v e r e l a t i v e l y h i g h e r l e v e l s o f rr.RNA i n t h e 

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

t h e o t h e r t wo ̂ /GUS i i n e s . 

I f t h e d i f f e r e n c e i n e x p r e s s i o n was due t o t h e s e d i f f e r e n t 

c o n s t r u c t s , r a t h e r t h a n v a r i a t i o n b e t w e e n t h e d i f f e r e n t l i n e s , t h e 

t r a n s c r i p t i o n a l f u s i o n w i t h t h e GUS i n i t i a t i o n c o d o n , m i g h t be e x p e c t e d 

t o show a l e s s s p e c i f i c p a t t e r n o f e x p r e s s i o n , t h a n t h a t o f t h e 

t r a n s 1 a t i o n a 1 f u s i o n ; t h i s h o w e v e r was n o t t h e c a s e . 



6.2.2. C o m p a r i s o n o f GS E x p r e s s i o n i n C h i m a e r i c L. cornlculatus and P. 

vulgaris p l a n t s 

T h e r e a r e d i f f e r e n c e s b e t w e e n L. cornicu1 a t u s and P. vulgaris r o o t 

n o d u l e s , w h i c h c o u l d i n f l u e n c e t h e p a t t e r n o f gene e x p r e s s i o n . Vance et 

al. i 1 9 8 2 ) r e p o r t e d t h a t L. cornleu 1 ai us n o d u l e s w e r e o f t h e s p h e r i c s ! 

d e t e r m i n a t e t y p e , t h e p r o d u c t i o n o f u r s i d e s and a m i d e s as expo;' 1: 

p r o d u c t s h a d n o t t o t h e i r k n o w l e d g e been i n v e s t i g a t e d . T h e r e f o r e t h e r e 

may be m e t a b o l i c d i f f e r e n c e s b e t w e e n t h e L. comic ula ius and p. 

vulgar1s n o d u l e s . 

The e x p r e s s i o n o f t h e GUS g e n e s d e t e r m i n e d by t h e gln-$ and glrry 

5' f l a n k i n g r e g i o n s g e n e r a l l y show a v e r y s i m i l a r p a t t e r n t o t h a t 

d e m o n s t r a t e d i n P. vulgaris. In t h e p/GUS l i n e no e x p r e s s i o n was 

d e t e c t e d i n t h e i n f e c t e d c e i l s , w h i l s t h i g h l e v e l s o f |3 rnRNA were 

d e t e c t e d i n t h e i n f e c t e d c e l l s o f e a r l y P. vulgaris n o d u l e s , However 

e a r l y L. cornlculatus n o d u l e s o f 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 were n o t 

e x a m i n e d i n s u f f i c i e n t n u m b e r s , due t o s e c t i o n i n g d i f i ' i c u l t i e s . F o r d e 

et al. ( 1 9 8 9 ) d i d r e p o r t some e x p r e s s i o n t h r o u g h o u t t h e n o d u l e i n e a r l y 

p/GUS t r a n s g e n i c p l a n t s b u t t h e y a l s o r e p o r t e d t h a t i t was n o t p o s s i b l e 

t o d i s t i n g u i s h b e t w e e n t h e c e l l t y p e s . I n t e r m e d i a t e s t a g e P. vulgaris 

n o d u l e s h a v e been d e m o n s t r a t e d , i n my s t u d y t o h a v e a r e d u c e d l e v e l o f 

mRNA i n t h e i n f e c t e d c e l l s . 

The e x p r e s s i o n o f gln-y i n P. vulgaris f o l l o w s a v e r y s i m i l a r 

p a t t e r n t o t h a t s e e n i n t h e J,D, l i n e o f t h e t r a n s g e n i c L. corniculatis 

p l a n t s , a l t h o u g h t h e r e d o es seem t o be some d e t e c t a b l e e x p r e s s i o n i n 

t h e v a s c u l a r endodermal c e l l s i n L. cornlculatus not s e e n i n P. 

vulgaris. T h i s i s p o s s i b l y d ue t o t h e s l i g h t l y d i f f e r e n t m o r p h o l o g y o f 

t h e t w o n o d u l e t y p e s . The P. vulgar 1s v a s c u l a r b u n d l e s a r e l o c a t e d on 



t h e edge of t h e i n n e r and m i d - c o r t e x , w h i l s t t h o s e i n L. corniculaivs 

a r e a p p a r e n t l y l o c a t e d i n t h e m i d d l e o f t h e i n n e r c o r t s : : , w h e r e t h e 

gJn-y e x p r e s s i o n i s h i g h , i n i n b o t h P, vulgaris t h e J, D, and C,E, 

L. corniculatis p l a n t l i n e s . 

6.2.3. The I n f l u e n c e o f t h e 5' f l a n k i n g r e g i o n on GS gene E x p r e s s i o n 

The p a t t e r n o f e x p r e s s i o n o f t h e gin~y and gln-$ g e n e s i n P. 

vulgaris, and t h a t o f t.he GUS ge n e c o n t r o l l e d by t r i e r e s p e c t i v e /'. 

vulgar i s p r o m o t e r s i n t h e t r a n s g e n i c L. corniculatus p l a n t s , show 

r e m a r k a b l e s i m i l a r i t y d e s p i t e any m o r p h o l o g i c a l o r m e t a b o l i c 

d i f f e r e n c e s and t a k i n g i n t o a c c o u n t t h e p o s s i b l e v a r i a t i o n s b e t w e e n 

t r a n s f o r m e d l i n e s . The two legume s p e c i e s a p p a r e n t l y t h e r e f o r e r e s p o n d 

t o t h e same c o n t r o l l i n g e l e m e n t s w i t h i n t h e 5' f l a n k i n g r e g i o n s o f t h e 

GS g e n e s . 

J e n s e n et al, 0 9 8 6 ) r e p o r t e d t h e e x p r e s s i o n o f t h e s o y b e a n 

1 eghaemog l o b i. n g o n e i n t r a n s g e n i c L. corn i cul a tus p l a n t s . They 

s u g g e s t e d t h a t , t h e n o d u l e - s p e c i f i c e x p r e s s i o n was u n d e r t.he c o n t r o l o f 

t h e 5' u p s t r e a m r e g i o n o f t h e s o y b e a n gene and t h a t i t f o l l o w e d t h e 

c o r r e c t d e v e l o p m e n t a l t i m i n g , De B r u i j n et al. ( 1 9 8 9 ) h a v e c l o n e d and 

s e q u e n c e d t h e l e g h a e m o g i o b i n g e n e s f r o m t h e s t e m - n o d u l a t e d t r o p i c a l 

l egume Sesbania rostrata. F r a g m e n t s o f t h i s S. rostrata l e g h a e m o g l o b i n 

( S r g ' l b S ) 5' u p s t r e a m r e g i o n w e r e f u s e d t o t h e GUS r e p o r t e r gene w i t h 

e i t h e r i t s own CAAT and TATA box p r o m o t e r r e g i o n s , o r t h o s e o f t h e 

c a u l i f lower m o s a i c v i r u s 35S p r o m o t e r s . The e x p r e s s i o n o f GUS was t h e n 

m e a s u r e d i n l e a v e s , r o o t s a nd n o d u l e s o f c h i m a e r i c L. cornlculatus 

p l a n t s c o n t a i n i n g t h e s e c o n s t r u c t s . They d e m o n s t r a t e d t h e Srglb'5 CAAT 

and TATA box p r o m o t e r r e g i o n s , t o g e t h e r w i t h ' u p s t r e a m e n h a n c e r - t y p e 
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e l e m e n t s ' were e s s e n t i a l f o r n o d u l e - s p e c i f i c e x p r e s s i o n . S i m i l a r l y 

Schrn.id et al. ( 1 9 8 9 ) h a v e d e m o n s t r a t e d t h a t t i s s u e - s p e c i f i c e x p r e s s i o n 

o f t h e P. vulgaris c h a l c h o n e s y n t h a s e gene was d e t e r m i n e d by i t s "5' 

f l a n k i n g s e q u e n c e s . 

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

legume s p e c i e s , s u c h as F, vulgaris and L. cor inculat us demonstrate.': 

how s p e c i f i c DNA s e q u e n c e s i n v o l v e d i n n o d u l e - e n h a n c e d e x p r e s s i o n o f 

p l a n t n o d u i a l i o n g e n e s h a v e been c o n s e r v e d t h r o u g h o u t legume Rhizobium 

s y r n b i o s e s . T h e s e s p e c i f i c s e q u e n c e s a r e a p p a r e n t l y i n d u c e d by .3 

p u t a t i v e b e c t e r o i d , o r o t h e r f o r m o f m e t a b o l i c o r d e v e l o p m e n t s 1 s i g n a l . 

A s i m i l a r common i n d u c t i o n i s d e m o n s t r a t e d by t h e a b i l i t y o f some 

Rhizohi um s t r a i n s t o c r o s s i n o c u l a t e a nd i n d u c e n o d u l e s i n o t h e r iegurae 

s p e c i e s ( J e n s e n et al. , 1 9 8 6 ) . 

The h o m o l o g y b e t w e e n t h e c y t o s o l i c P. vulgaris GS g e n e s h as been 

e s t a b l i s h e d <Cui 1 imore et al. , i 9 8 3 ; L a r a et a i . , 1964; G e b h a r d t et 

al. , 1 9 8 6 ) , and t h e d i v e r g e n c e b e t w e e n t h e gin-p and gJir-y g e n e s i n t h e 

'5' t h a n k i n g r e g i o n r e p o r t e d CCul l i m o r e and B e n n e t t , 1988; F o r d e et al., 

1989: F o r d e and C u l 1 i m o r e , 1 9 8 9 ) . The d i v e r g e n c e h a s has been s u g g e s t e d 

t o r e f l e c t , a t l e a s t t o some e x t e n t , t h e a c q u i s i t i o n by e a c h g e n e o f 

d i s t i n c t c i s - a c t i n g e l e m e n t s t h a t c o n f e r r e s p o n s i v e n e s s t o d i f f e r e n t 

s e t s o f r e g u l a t o r y s i g n a l s ( F o r d e et aJ. , i 9 8 9 ) . 

I t seems l i k e l y , on t h e b a s i s o f e v i d e n c e a l r e a d y d i s c u s s e d , t h a t 

t h e c / s - a c t i n g r e g u l a t o r y e l e m e n t s w i l l be i d e n t i f i e d w i t h i n t h e 5' 

f l a n k i n g r e g i o n s o f t h e GS giii-y and gln-\i g e n e s . 
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7. DISCUSSION: THE EXPRESSION OF GS IN LEGUME ROOT NODULES 

The d e v e l o p m e n t o f P. vulgaris r o o t n o d u l e s , h a s been d e s c r i b e d i n 

C h a p t e r 3, and t h e o p t i mi z a t i on and use o f In situ h y b r i d i z a t i o n 

t e c h n i q u e s t o i n v e s t i g a t e t h e d i f f e r e n t i a l e x p r e s s i o n o f GS i n 

d e v e l o p i n g n o d u l e s i n C h a p t e r 4. The r e s u l t s o f t h e s e i n v e s t i g a t i o n s 

and t h e i r p o s s i b l e i m p ] i c a t i o n s a r e p r e s e n t e d and d i s c u s s e d i n C h a p t e r 

5, w i t h f u r t h e r in situ r e s u l t s on t i a l l o g e n i c L. corn i c u 1 a t us p l a n t s 

c o n t a i n i n g GS/GUS c o n s t r u c t s p r e s e n t e d and d i s c u s s e d i n C h a p t e r 6. 

R e p o r t s o f work on t h e e x p r e s s i o n and c o n t r o l o f GS i n d e v e l o p i n g 

r o o t n o d u l e s o f o t h e r legume s p e c i e s a r e d i s c u s s e d i n t h i s C h a p t e r . 

They a r e c o n s i d e r e d w i t h t h e r e s u l t s , p r e s e n t e d h e r e a nd e l s e w h e r e 

c o n c e r n i n g t h e c o n t r o l a nd r e g u l a t i o n o f t h e e x p r e s s i o n o f GS i n 

d e v e l o p i n g ; P. vulgaris r o o t n o d u l e s , 

7.1. THE CONTROL OF GENE EXPRESSION IN OTHER NODULE SYSTEMS 

S e n g u p t a - G o p a 1 an e f al. (1986J r e p o r t e d t h a t i n c r e a s e d GS a c t i v i t y 

d u r i n g n o d u l e d e v e l o p m e n t i n s o y b e a n was due t o a n o v e l set. o f f o u r 

g enes. These a r e d e t e c t a b l e 11-12 d a y s a f t e r i n f e c t i o n and w e r e 

r e p o r t e d t o i n d e p e n d e n t o f n i t r o g e n f i x a t i o n . The r o o t - s p e c i f i c GS, 

GS,., and t h e n o d u l e - s p e c i f i c , GS,..,, w e r e b o t h shown t o i n c r e a s e i n 

a c t i v i t y d u r i n g n o d u l a t i o n ( S e n g u p t a - G o p a l a n and P i t a s , 1 9 8 6 ) . These 

o b s e r v a t i o n s c o r r e s p o n d w i t h t h e i n c r e a s e i n GS,,.. and the i s o f o r m s o f 

GS,.,., d u r i n g P. vulgaris n o d u l e development. B o t h GS,, and 1 eghaernog 1 ob i n 

i n s o y b e a n were shown t o f o l l o w a d i f f e r e n t p a t t e r n o f e x p r e s s i o n when 
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w i t h t h e n i n e o t h e r s o y b e a n n o d u l i n s . T h i s l e d Sengupta-Gopa1 an and 

P i t a s ( 1 9 8 6 ) t o suggest, t h a t t h e GS and l e g h a e m o g i o b i n g e n e s were not 

under t h e same c o n t r o l mechanism a s t h e o t h e r n o d u l i n s . 

T i n g e y e t al. U 9 8 8 ) d e m o n s t r a t e d an i n c r e a s e i n pea r o o t GS by 

a p p r o x i m a t e l y 2 0 - f o l d d u r i n g m o d u l a t i o n . They i d e n t i f i e d t h r e e 

p o l y p e p t i d e s r e s p o n s i b l e f o r t h i s i n c r e a s e , w h i c h th e y d e m o n s t r a t e d 

a r o s e from t h r e e d i f f e r e n t t r a n s l a t i o n a l p r o d u c t s encoded by t h r e e 

homologous, but d i s t i n c t n u c l e a r g e n e s , w h i c h they c o l l e c t i v e l y termed 

GS,.,. T h e s e g e n e s r e p r e s e n t a n o t h e r s m a l l m u l t i g e n e f a m i l y , s i m i l a r to 

t h o s e i n P. vulgaris and soybean. The p r o d u c t s of t h e pea r n u l t i g e n e 

f a m i l y , a l t h o u g h c o n s i d e r a b l y i n c r e a s e d i n n o d u l e s , a r e a l s o found at a 

lower l e v e l i n o t h e r t i s s u e s , and a r e t h e r e f o r e n o d u l e - e n h a n c e d r a t h e r 

than n o d u l e - s p e c i f i c , T h i s i s a s i m i l a r s i t u a t i o n to t h a t i n P. 

vulgaris. A c y t o p l a s m i c GS p o l y p e p t i d e h a s been shown to i n c r e a s e 

d r a m a t i c a l l y d u r i n g n o d u l a t i o n i n a l f a l f a ( T i s c h e r e t al. , 1 9 8 6 ) . Dunn 

et al. ( 1 9 8 8 ) have i s o l a t e d t h e cDNA f o r t h i s p o l y p e p t i d e from a n o d u l e 

l i b r a r y but d i d not d e t e r m i n e w h e t h e r i t was n o d u l e - e n h a n c e d or 

spec i f i c . 

E v i d e n c e from o t h e r legume s p e c i e s t h e r e f o r e s u g g e s t s t h a t there-

i s a s i m i l a r i n c r e a s e i n one or more GS i s o f o r m s d u r i n g n o d u l a t i o n to 

t h a t d e m o n s t r a t e d i n P. vulgaris . 
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7.2. THE CONTROL OF GS GENE EXPRESSION IN P. vulgaris 

I n n i t r o g e n - f i x i n g b a c t e r i a the p r o b l e m of r e g u l a t i n g t h e 

e x p r e s s i o n of th e s t r u c t u r a l g e n e s e n c o d i n g GS has been s o l v e d by t h e 

use of t a n d e m l y - a r r a n g e d p r o m o t e r s w h i c h a r e a c t i v e u n d e r d i f f e r e n t 

c o n d i t i o n s of n i t r o g e n n u t r i t i o n (.Dixon, 1984-), The GS m u l t i g e n e 

f a m i l i e s p r o v i d e e v i d e n c e t h a t h i g h e r p l a n t s may have a d o p t e d t h e 

a l t e r n a t i v e s o l u t i o n of e v o l v i n g a s e t of i n d e p e n d e n t l y r e g u l a t e d 

s t r u c t u r a l genes, a t l e a s t some of w h i c h a p p e a r t o h a v e f u n c t i o n a l i y 

s i m i l a r c o d i n g s e q u e n c e s . 

The c o n t r o l of t h e e x p r e s s i o n of t h e s e GS g e n e s s t i l l r e m a i n s an 

i n t r i g u i n g q u e s t i o n , and one to w h i c h a n s w e r s c o u l d p r o v i d e i m p o r t a n t 

i n s i g h t s i n t o t h e c o n t r o l of p l a n t gene e x p r e s s i o n , 

The h i s t o c h e m i c a l 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 h a v e 

d e m o n s t r a t e d t h a t t h e f o r m a t i o n of t h e d i f f e r e n t GS i s o e n z y m e s d u r i n g 

n o d u l a t i o n i s a t l e a s t p a r t i a l l y d e t e r m i n e d by; 

1, the 5' f l a n k i n g r e g i o n s e n c o d i n g i s o e n z y m e s u b u n i t s , and 

2. the d i f f e r e n t i a l , s p a t i a l and t e m p o r a l e x p r e s s i o n of t h e g e n e s 

e n c o d i n g t h e is o e n z y m e s u b u n i t s . 

The i n f l u e n c e of t h e s e 5' f l a n k i n g r e g i o n s of t h e GS g e n e s i s 

c o n s i d e r e d below i n 7.2,1., t h e way i n w h i c h t h e s e f l a n k i n g r e g i o n s may 

i n t e r a c t w i t h d e v e l o p m e n t a l ' s i g n a l s ' to i n d u c e t h e e x p r e s s i o n of t h e s e 

g enes i s c o n s i d e r e d i n 7.2.2, and t h e i n f l u e n c e of t h e s p a t i a l and 

t e m p o r a l e x p r e s s i o n of t h e g e n e s o v e r t h e r e s u l t a n t i s o e n z y m e 

c o m p o s i t i o n c o n s i d e r e d i n 7,2.3. 
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7.2. 1., The I n f l u e n c e o f Gene S t r u c t u r e on t h e E x p r e s s i o n of GS 

R e s u l t s o f s t u d i e s on GS i n legumes a l l s u g g e s t t h a t c h a n g e s i n GS 

mRNA l e v e l s a r e r e f l e c t e d i n t h e p o l y p e p t i d e l e v e l s and t h e r e f o r e , t h e 

r e g u l a t i o n o f t h e s e g e n e s i s p r i m a r i l y a t t h e t r a n s c r i p t i o n a l l e v e l 

( A u g e r and Verme, 1981; P a d i l l a et al. , 1987; B e n n e t t and C u ) 1 i m o r e , 

1 9 8 8 ) . However, as F o r d e and C u l I i m o r e ( 1 9 8 9 / s u g g e s t , t h i s a s s u m p t i o n 

must be t r e a t e d w i t h c a u t i o n , as c h a n g e s i n s t e a d y s t a t e l e v e l s o f mRNA 

may a l s o r e f l e c t p o s t - I r a n s c r i p l i o n a i e v e n t s o c c u r i ng d u r i n g mRNA 

s y n t h e s i s i n t h e n u c l e u s a n d / o r c h a n g e s i n mRNA s t a b i l i t y . 

The a b i l i t y o f t h e 5' f l a n k i n g r e g i o n t o c o n f e r d e v e l o p m e n t a l 

e x p r e s s i o n o f t h e gln-y and gln-$ GS g e n e s i n P, vulgaris was 

d e m o n s t r a t e d i n C h a p t e r 6. R e p o r t s o f t h e r e g u l a t o r y i n f l u e n c e o f t h e 

5* f l a n k i n g r e g i o n s i n o t h e r i n s t a n c e s o f n o d u l e - e n h a n c e d e x p r e s s i o n 

h a v e a l s o been d i s c u s s e d ( J e n s e n et al. , 1986; d e B r u i j n et a i . , !989; 

Schrnid et al., 1 9 8 9 ) . 

F o r d e and C u l l i m o r e U.989) r e p o r t e d f r o m s e q u e n c i n g i n f o r m a t i o n 

t h a t t h e t h r e e c y t o s o l i c GS g e n e s show p u t a t i v e TATA box s e q u e n c e s 

<TATAAT/A> a p p r o x i m a t e l y 30 bp u p s t r e a m o f t h e m a j o r c a p s i t e s , b u t t h e y 

a l s o r e p o r t e d t h a t t h e r e s t o f t h e 5' f l a n k i n g r e g i o n s o f t h e GS 

c y t o s o l i c g e n e s w e r e poor i y c o n s e r v e d . The f o r m e r c o r r e s p o n d s t o t h e 

e s s e n t i a l . TATA and CAAT s e q u e n c e s i d e n t i f i e d by cie B r u i j n e t al. ( 1 9 8 9 ) 

t o be r e s p o n s i b l e f o r t h e n o d u l e - s p e c i f i c r e g u l a t i o n o f 1 e g h a e m o g I o b i n 

g e n e s i n S. rostra ta. Mauro et al. ( 1 9 8 5 ) i d e n t i f i e d p u t a t i v e 

r e g u l a t o r y e l e m e n t s i n t h e 5' f l a n k i n g r e g i o n s o f t h r e e n o d u l e - s p e c i f i c 

g e n e s i n s o y b e a n , De Br u i . j n et al. (1.989) r e p o r t e d t h a t t h e r e was 

c o n s i d e r a b l e h o m o l o g y b e t w e e n t h e s e e l e m e n t s i d e n t i f i e d i n s o y b e a n and 

t h o s e i n S. rostrata. Verraa et al. U 9 8 6 ) r e p o r t e d t h a t o u t of t h e 



f o u r n o d u i i n g e n e s e n c o d i n g 1 e g h a e m o g i o b i n i n s o y b e a n , a l l e x c e p t one 

(n o d 35) s h a r e d t h r e e r e g i o n s o f h o m o l o g y i n t h e i r '5' e n d s , and t h e y 

s u g g e s t e d t h a t i t was u n l i k e l y t h a t t h i s was a c h a n c e o c c u r r e n c e . 

Verma et al. (1986.) s u g g e s t e d t h a t t h e p r e s e n c e o f t h e s e i h o r t 

s e q u e n c e s , common t o t h e 5' f l a n k i n g r e g i o n s o i g e n e s , may p r o v i d e a 

s t r u c t u r a l b a s i s f o r i n d u c t i o n , as i s t h e c a s e w i t h h e a t s h o c k g e n e s i n 

Drosophila and t h e y e a s t I r i s t i d i n e gene. O t h e r e u k a r y o t i c d e v e l o p m e n t a l 

g e n e s h a v e been r e p o r t e d t o h a v e 5' r e g u l a t o r y e l e m e n t s s u c h as t h e 

g l u c o c o r t i c o i d ' r e g u l a t o r y g e n e s t C o c h e t et al. 1 9 8 2 ) , and t h e s t e r o i d 

i n d u c e d g e n e s ( G r a y e t al., 1 9 8 1 ) . 

E v i d e n c e t h e r e f o r e seems t o sus-crest t h a t s h o r t c o n s e r v e d r e g i o n s , 

i n t h e 5' f l a n k i n g r e g i o n s , o r c / s - a c t i n g e l e m e n t s , i n a number o f 

n o d u l e - s p e c i f i c g e n e s , a r e a t l e a s t p a r t i a l l y r e s p o n s i b l e f o r t h e i r 

r e g u l a t i o n . F o r d e and C u l i i m o r e ( 1 9 8 9 ) s u g g e s t t h a t , now t h e y h a v e 

c l o n e d t h e gln-y gene i n P. vulgaris, i t w i l l be i n t e r e s t i n g t o 

i n v e s t i g a t e w h e t h e r d i f f e r e n t c / s - a c t i n g r e g u l a t o r y e l e m e n t s a r c 

r e s p o n s i b l e f o r e x p r e s s i o n i n d i f f e r e n t , o r g a n s . However, i f c / s - a c t i n g 

e l e m e n t s a r e t o r e g u l a t e n o d u l e - s p e c i f i c , ( o r n o d u l e - e n h a n c e d ) 

e x p r e s s i o n , t h e c o r r e s p o n d i n g trans-activator m o l e c u l e s s t i l l n e e d t o 

be i d e n t i f i e d . 

Verma et al, ( 1 9 8 6 ) h a v e d e m o n s t r a t e d t h a t t h e t r a n s c r i p t i o n o f 

n o d u l i n s 23 and 24 i n s o y b e a n b e g i n s a t t h e same t i m e , w h i c h t h e y 

s u g g e s t p r o v i d e s a r a t i o n a l e f o r 5' c / s - s e q u e n c e s b e i n g c a p a b l e o f 

b i n d i n g t h e same t r a n s - a c t i v a t o r m o l e c u l e s . They s u g g e s t t h a t i n f e c t i o n 

by, o r some p r o d u c t f r o m , t h e m i c e o - s y m b i o n t may p r o d u c e t h e r e q u i r e d 

trans-activator m o l e c u l e , t h i s c o u l d a l s o be t h e c a s e i n P. vulgaris. 



7.2.2. F a c t o r s I n v o l v e d i n t h e I n d u c t i o n o f GS g e n e s i n Root N o d u l e s 

The u s e of r h i z o b i a l m u t a n t s , c a p a b l e of i n i t i a t i n g v a r i o u s s t a g e s 

of n o d u l e development, h a v e been u s e d to d e m o n s t r a t e t h e r e q u i r e m e n t 

f o r c e r t a i n s t a g e s of n o d u l a t i o n to be a c h i e v e d f o r t h e f u l l o r p a r t i a l 

i n d u c t i o n of v a r i o u s g e n e s . L a r a et al. ( 1 9 8 4 ) d e m o n s t r a t e d f i x ' m u t a n t s 

of R. phaseoli i n d u c e d n o d u l e s w h i c h e x h i b i t e d l e s s t h a n 5% the normal 

GS,.,, a c t i v i t y , and 5 0 % t h e normal GS r, : 2 a c t i v i t y . P a d i l l a et al, <j987> 

d e m o n s t r a t e d t h a t t h e GS y p o l y p e p t i d e s a p p e a r e d t h r e e d a y s b e f o r e 

n i t r o g e n a s e a c t i v i t y , and were t h e r e f o r e a t l e a s t p a r t i a l l y i n d e p e n d e n t 

of d i n i t r o g e n f i x a t i o n . Nodule s p e c i f i c / e n h a n c e d GS g e n e s have however 

been shown not to be e x p r e s s e d i n f i x " n o d u l e s , i n w h i c h the b a c t e r i a 

do n o t p e n e t r a t e c e l l s , or i n n o d u l e s l a c k i n g e l o n g a t e b a c t e r o i d s , but 

a r e i n d u c e d i n f i x " n o d u l e s c o n t a i n i n g d i f f e r e n t i a t e d b a c t e r o i d s (Dunn 

et al., 1988; N o r r i s et al., 1 9 8 8 ) . 

Such o b s e r v a t i o n s w i t h r h i z o b i a l m u t a n t s s u p p o r t t h e s u g g e s t i o n by 

P a d i l l a et al. (1987) t h a t t h e i n v a s i o n of t h e c e l l s by b a c t e r i a , and 

p o s s i b l y the d i f f e r e n t i a t i o n of the b a c t e r o i d s i s r e q u i r e d f o r t h e 

i n d u c t i o n , o r a t l e a s t p a r t i a l i n d u c t i o n , of n o d u l e s p e c i f i c / e n h a n c e d 

genes. 

The development of a complex o r g a n s u c h a s t h e r o o t n o d u l e 

a p p a r e n t l y h a s no s i n g l e , s i m p l e , i n d u c t i o n mechanism, a l t h o u g h 

i n v a s i o n by t h e b a c t e r o i d s i s e v i d e n t l y i m p o r t a n t , but not t h e o n l y 

f a c t o r i n v o l v e d . Verma and B a l 1976) d e m o n s t r a t e d t h a t i n e f f e c t i v e 

s o y b e a n n o d u l e s p r o d u c e d by t h r e e d i f f e r e n t Rhizohium s t r a i n s , i n d u c e d 

v e r y d i f f e r e n t l e v e l s of e x p r e s s i o n of t h e l e g h a e m o g l o b i n genes. Auger 

and Verma ( 1 9 8 1 ) s u g g e s t e d t h a t n o d u l e - s p e c i f i c s e q u e n c e s , p r e s e n t a t 

v a r i a b l y - r e d u c e d c o n c e n t r a t i o n s i n n o d u l e s i n d u c e d by t h e d i f f e r e n t 

-134-



m u t a n t s , c o u l d be a r e s u l t of n i t r o g e n s t a r v a t i o n , a n d / o r a l o w e r 

p r o p o r t i o n o f i n f e c t e d c e i l s t h a n i n n o r m a l n o d u l e s . However, t h i s 

w o u l d be e x p e c t e d t o a f f e c t a l l n o d u l i n s , b u t i t o n l y s e l e c t i v e l y 

a f f e c t e d 1 e g h a e m o g 1 o b i n and n o d u l e - s p e c i f i c GS i n t h e s o y b e a n . 

Sengup t a - G o p a l a n and P i t a s ( 1 9 8 6 ) d e m o n s t r a t e d t h a t f i x 

Rhizobium, w h i c h i n d u c e d f i x ' r o o t n o d u l e s i n w h i c h no p e r i b a c t e r o i d 

membrane was f o r m e d , i n d u c e d t h e 1 eghaemog 1 o b i n g e n e s I'rr,,, l b c : ; and 

ibc - j , i n s o y b e a n b u t n o t GS,.,. T h e r e f o r e i e g h a m o g l o b i n and GS a r f not. 

n e c e s s a r i l y i n d u c e d by t h e same e l e m e n t s . 

The t r a n s c r ipt i o n o f GS i n s o y b e a n h a s been shown t o be s t i m u l a t e d 

by t h e a v a i l a b i l i t y o f ammonia p r o d u c e d by c! i n i t r ogen l i x a t i o r s 

< Sengup t a-Gopa 1 an a nd P i t a s , 1 9 8 6 ) . H i r e ! el ai. <J98"^ h a v e a l s o 

d e m o n s t r a t e d t h a t ammonia i s i m p o r t a n t , a i t h o u g h n o t t h e p r i m a r y 

e f f e c t o r i n t h e i n d u c t i o n o f GS I n P. x'ulgaris and may be p r o b a b l y 

i n v o l v e d i n t h e m a g n i t u d e and m a i n t e n a n c e o f e x p r e s s i o n r a t h e r t h a n i t s 

i n i t i a l i n d u c t i o n . I n c o n t r a s t t o t h e s e r e p o r t s , C o r r u z z i et ai. U 989> 

hav e d e m o n s t r a t e d t h a t i n p e a s nlf D r h i z o b i a i m u t a n t s , w h i c h i n d u c e 

n o d u l e s l a c k i n g i n n i t r o g e n a s e , s t i l l a c c u m u l a t e d GS mRNA t o t h e n o r m a l 

l e v e l s ; t h e GS g e n e s do n o t t h e r e f o r e seem t o d e p e n d e n t on t h e 

a c c u m u l a t i o n o f ammonia i n t h i s c a s e . 

O t h e r s t u d i e s h a v e been c o n d u c t e d on t h e e f f e c t o f ammonium by 

g r o w i n g n o d u l e s i n an e n v i r o n m e n t of* 8 0 % a r g o n and 2 0 % o x y g e n . I n s u c h 

an e n v i r o n m e n t n i t r o g e n a s e i s p r o d u c e d b u t no amnion i a , o n l y h y d r o g e n 

( A t k i ns e f. 5 i , , 1984; H i r e ! e f a./. , 198/) . P. j g&r i ̂  p l a n t s gt own 

un d e r t h e s e c o n d i t i o n s w e r e shown t o c o n t a i n 2 2 % GS,-,,, and 6 6 % norma I 

GS,,i; l e v e l s . S i m i l a r l y H i r e l e t a i . < 1987) d e m o n s t r a t e d t h a t a l t h o u g h 

C-S l e v e l s w e r e s i g n i f i c a n t l y r e d u c e d i n s o y b e a n u n d e r t h e s e c o n d i t i o n s , 



1 e g h a e m o g 1 o b i n l e v e l s w e r e n o r m a l u n t i l t h e l a t o s t a g e s . They a l s o 

d e m o n s t r a t e d t h a t t h e a d d i t i o n o f amnioniurn t o s o y b e a n r o o t s , p r e v i o u s l y 

s t a r v e d o f n i t r o g e n , r e s u l t e d i n an i n c r e a s e i n c y t o s o l i c GS mRNA 

wi t h i n e i g h t h o u r s , w h i l s t , the a d d i t i o n o f n i t r a t e p r o d u c e d no e t f e c t . 

Cock et. al. < 1989) r e p o r t e d t h a t t h i s e f f e c t was n o t h o w e v e r s e e n i n P. 

vulgaris. The e x o g e n o u s a p p l i c a t i o n o f ammonium s a l t s t o n o d u l e s h a s 

been r e p o r t e d t o i n d u c e e a r l y n o d u l e s e n e s c e n c e '.Vezina et al, , 1989? 

and t h e r e f o r e cannot, be us e d t o t e s t o u t t h e p o s s i b l e i n d u c t i o n o f g i n 

•y mRNA i n n o d u l e s by ammonia. 

From s u c h e x p e r i m e n t s i t seems e v i d e n t , t h a t b a c t e r i a a r e e i t h e r 

d i r e c t l y o r i n d i r e c t l y i n v o l v e d i n t h e i n d u c t i o n o f n o d u l e -

spec i f i c /enhanced g e n e s . The p e n e t r a t i o n and b a c t e r i a l r e l e a s e a p p e a r 

t o be i m p o r t a n t f a c t o r s ; w h e t h e r t h i s r e l a t e s t o t h e r e l e a s e o f trans­

acting f a c t o r s , w h i c h b i n d t o c i s - a c t i n g e l e m e n t s i n o r d e r t o i n d u c e 

s p e c i f i c g e n e s , h a s y e t t o be e s t a b l i s h e d . 

The i n f l u e n c e o f h o r m o n e s i n GS gene i n d u c t i o n c a n n o t be r u l e d 

o u t , A uger and Verma ( 1 9 8 1 ) s u g g e s t e d t h a t t h e i n c r e a s e i n 

c o n c e n t r a t i o n o f commonly o r m o d e r a t e l y a b u n d a n t s e q u e n c e s a p p e a r e d t o 

be m o d e r a t e d by a u x i n s , w h i l s t C o r r u z z i et ai. ( 1 9 8 9 ) a l s o s u g g e s t e d 

t h a t GS,., i n pea r o o t n o d u l e s c o u l d be a t l e a s t p a r t l y r e g u l a t e d by 

hormones. S c h e r e s et al. ( 1 9 8 9 ) , a nd Schmid et ai. ( 1 9 8 9 ) , h a v e a l s o 

d e m o n s t r a t e d t h a t e a r l y n o d u l i n g e n e s c a n be i n d u c e d by hormone s . 

I n summary, i t a p p e a r s t h a t a t a t r a n s c r i p t i o n a l l e v e l o f 

r e g u l a t i o n , c i s - a c t i n g e l e m e n t s i n t h e 5' f l a n k i n g r e g i o n s o f n o d u l e -

s p e c i f i c / e n h a n c e d g e n e s may r e s p o n d t o t r a n s - a c t i n g f a c t o r s , a s s o c i a t e d 

w i t h i n v a d i n g r h i z o b i a , a n d / o r development s i g n a l s , w h i c h t h e n i n 

c o m b i n a t i o n i n i t i a t e t h e ge n e i n d u c t i o n . O t h e r m a j o r r e g u l a t o r y 



compounds s u c h as ammonia a p p e a r t o p l a y a key r o l e , p o s s i b i l y i n the-

m a g n i t u d e o r m a i n t e n a n c e o f e x p r e s s i o n , Wi +h some i n s i g h t i n t o t h e 

c o n t r o l o f n o d u l e s p e c i f i c / e n h a n c e d g ene e x p r e s s i o n a t t h e 

t r a n s c r i p t i o n a l i e v e i , t h e p o s s i b l e c o n t r o l s a t t h e p o l y p e p t i d e and 

i s o e n z y m e l e v e l s can be c o n s i d e r e d . 

7.2.3. The Te m p o r a l and S p a t i a l C o n t r o l o f GS Isoe n z y m e A s s e m b l y 

The t e m p o r a l and s p a t i a l e x p r e s s i o n o f t h e t h r e e cy t o - j o i i u GS 

mRNAs was d e m o n s t r a t e d i n C h a p t e r 5, and t h e way i n w h i c h t h i s t e m p o r a l 

and s p a t i a l e x p r e s s i o n c o u l d d e t e r m i n e t h e i s o e n z y m e c o m p o s i t i o n I n a 

p a r t i c u l a r c e i l t y p e w i t h i n a r o o t n o d u l e was d i s c u s s e d , 

On t h e b a s i s o f t h e L. corniculat us h i s t o c h e r a i c a J d a t a , F o r d e et 

al. U.989) s u g g e s t e d t h a t some c e l l s s u c h as t h e i n f e c t e d c e l l s 

s y n t h e s i z e both y and 8 p o l y p e p t i d e s , w h i l s t o t h e r s s y n t h e s i z e o n l y B 

p o l y p e p t i d e s . T h i s s p a t i a l s e p a r a t i o n o f t h e p o l y p e p t i d e s may a t l e a s t 

p a r t i a l l y d e t e r m i n e t h e i r a s s e m b l y i n f o i s o e n z y m e s . From t h e r e s u l t s 

r e p o r t e d h e r e on t h e e x p r e s s i o n o f GS i n P. vulgaris and L. 

corniculatus i t seems t h e GS i s o e n z y m e a s s e m b l y i s a t l e a s t p a r t i a l l y 

c o n t r o l l e d by a t e m p o r a l a nd s p a t i a l s e p a r a t i o n o f t h e s u b u n i t s . 

The e a r l y e x p r e s s i o n o f t h e B p o l y p e p t i d e a t h i g h e r l e v e l s t h a n y, 

w o u l d l e a d t o t h e f o r m a t i o n o f C-S,.,=:. As t h e y gene i s t h e n e x p r e s s e d a t 

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

c o r t i c a l t i s s u e , t h e r a t i o o f y:(3 i n c r e a s e s a nd i s r e f l e c t e d i n t h e 

i s o e n z y m e c o m p o s i t i o n o f GS,.,, . The e a r l y d e c l i n e i n t h e e x p r e s s i o n o f 

t h e gln-fi gene i n t h e i n f e c t e d c e i l s , as d e m o n s t r a t e d i n C h a p t e r s 5 and 

6, w o u l d a l s o c o n t r i b u t e t o t h e h i g h r a t i o o f y. $, w h i c h on t h i s b a s i s 

w o u l d be e x p e c t e d t o be. h i g h e r i n t h e i n f e c t e d c e l l s , t h a n t h e n o n -



i n f e c t e d and c o r t i c a l c e l l s . The p o s s i b l e I n v o l v e m e n t o f t h e a 

p o l y p e p t i d e has been d i s c u s s e d i n C h a p t e r 5. 

On t h e b a s i s o f t h e r e s u l t s p r e s e n t e d h e r e i t seems l i k e l y t h a t i n 

n o d u l e s w h i c h a r e a c t i v e l y f i x i n g n i t r o g e n t h e y p o l y p e p t i d e i s a t i t s 

h i g h e s t l e v e l s i n t h e i n f e c t e d c e l l s and p r e s e n t a t lower- l e v e l s , o r 

a b s e n t i n t h e m i d and o u t e r - c o r t i c a l c e i l s , w h e r e t h e l e v e l s o f ammonia 

a s s i m i l a t i o n w o u l d be e x p e c t e d t o be s i g n i f i c a n t l y l o w e r , i . e . t h e y 

p o l y p e p t i d e may be r e q u i r e d i n t h e h i g h e s t r a t i o s t o cope e f f e c t i v e l y 

wi th t h e c o n d i t i o n s i n t h e i n f e c t e d c e i l s , w h i l s t i n t h e c o r t i c a l 

t i s s u e s t h e c o n d i t i o n s a r e s u c h t h a t a l o w e r l e v e l o f y and h i g h e r -

l e v e l o f B p o l y p e p t i d e s f o r m t h e o p t i m u m i s o e n z y m e , The o u t e r - c o r t i c a l 

a nd r o o t t i s s u e p r o v i d e t h e c o n d i t i o n s i n w h i c h t h e 8 1 S, o r GS,,,;. 

i soenzyme t u n c t i oris b e s t . 

S i m i l a r t e m p o r a l and s p a t i a l e x p r e s s i o n o f o t h e r n o d u l e -

spec i. f i c / e n h a n c e d g e n e s ha.ve been r e p o r t e d . Verma e t si, < 1976> 

r e p o r t e d t h e r e was a t i m e d i f f e r e n c e b e t w e e n t h e a p p e a r a n c e of t w o 

m a j o r e l e c t r o p h o r e t i c a l l y - d i s t i n g u i s h a b l e f o r m s o f 1 e g h e a i n o g i o b i n i n 

s o y b e a n , As w e l l as b e i n g e x p r e s s e d a t d i f f e r e n t , s t a g e s o f n o d u i a f i o n , 

t h e y w e r e shown t o h a v e d i f f e r e n t t u r n o v e r r a t e s , a l t h o u g h t h e a u t h o r s 

w e r e u n a b l e t o d e t e r m i n e w h e t h e r t h e e x p r e s s i o n a l s o d i f f e r e d 

s p a t i a l l y . 

The s u g g e s t i o n by C u l 1 i m o r e a n d B e n n e t t ( 1 9 8 8 ) t h a t p o l y p e p t i d e s 

wi t h d i f f e r e n t , p r o p e r t i e s may be r e q u i r e d i n d i f f e r e n t s u b c e l l u l a r 

c o m p a r t m e n t s , has now been d e m o n s t r a t e d by t h e 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 and t h o s e r e p o r t e d by F o r d e et al. ( 1 9 8 9 ) . and a t l e a s t 

p a r t i a l l y d e t e r m i n e t h e r e s u l t a n t i s o e n z y m e c o m p o s i t i o n . 

A c o m p l e t e e l u c i d a t i o n o f t h e c o m p l e x gene c o n t r o l and e x p r e s s i o n 

- 1 3 8 -



p a r t i c u l a r l y t h a t o f GS i n P. vulgaris, i n v o l v e d i n n o d u l e d e v e l o p m e n t 

i s g e t t i n g c l o s e r and w i l l p r o v i d e i m p o r t a n t i n s i g h t s i n t o t h e c o n t r o l 

a n d r e g u l a t i o n o f p l a n t g ene e x p r e s s i o n . 

-1.39-



7.3. FUTURE WORK 

The r e s u l t s p r e s e n t e d h e r e p r o v i d e d a b a s i s on which to e x t e n d 

both the in situ h i s t o c h e r n i c a l t e c h n i q u e s and t h e i r a p p l i c a t i o n i n 

s t u d i e s of gene e x p r e s s i o n d u r i n g iegurne r o o t n o d u l e development. 

7.3.1. F u r t h e r Use o f in situ H y b r i d i z a t i o n T e c h n i q u e s 

T e c h n i q u e s f o r in situ h y b r i d i z a t i o n s on legume r o o t n o d u l e s have 

been e s t a b l i s h e d and t h e v a r i o u s p a r a m e t e r s d i s c u s s e d i n C h a p t e r 4. 

T h e s e t e c h n i q u e s c o u l d now be d e v e l o p e d f u r t h e r by: 

1. e x t e n d i n g t h e in situ h y b r i d i z a t i o n t e c h n i q u e s t o the e l e c t r o n 

m i c r o s c o p e l e v e l , to a l l o w more d e t a i l e d s t u d i e s on t h e c e l l u l a r 

l o c a t i o n of mRNA. 

2. d e v e l o p i n g a more r e p r o d u c i b l e s i l v e r d e t e c t i o n method, w h i c h may 

p r o v i d e a more s p e c i f i c l o o c a i i z a t i o n o f mRNA than a l k a l i n e 

p h o s p h a t a s e . 

3. i n v e s t i g a t i n g a l t e r n a t i v e methods of probe l a b e l l i n g , 

p a r t i c u l a r l y where t i s s u e s b e i n g s t u d i e d c o n t a i n h i g h l e v e l s of 

b i o t i n. 

7.3.2. F u r t h e r I n v e s t i g a t i o n s i n t o Gene E x p r e s s i o n i n Legume Root 

N o d u l e s 

The i n v e s t i g a t i o n s i n t o t h e t e m p o r a l and s p a t i a l e x p r e s s i o n of GS 

i n d e v e l o p i n g P. vulgaris r o o t n o d u l e s c o u l d be expanded i n many ways. 

T h e s e i n c l u d e : 

1. i n v e s t i g a t i n g t h e t e m p o r a l and s p a t i a l e x p r e s s i o n of GS i n 

i n e f f e c t i v e P. vulgaris r o o t n o d u l e s . 



2. i n v e s t i g a t i n g t h e p o s s i b l e d i f f e r e n t i a l e x p r e s s i o n of t h e GS 

genes i n d e v e l o p i n g embryos of P. vulgar is 

3. i n v e s t i g a t i n g t h e e x p r e s s i o n of GS i n r o o t n o d u l e s of o t h e r 

legume s p e c i e s s u c h a s s o y b e a n and pea. 

4. e x t e n d i n g the work r e p o r t e d by Vanden-»Bosch and Newcomb ( 1 9 8 8 ) , 

by i n v e s t i g a t i n g t h e t e m p o r a l and s p a t i a l d i s t r i b u t i o n of 

i e g h a e m o g l o b i n rriRNAs i n soy b e a n . 

-141-



8. SUMMARY 

A s u r v e y of t h e s t r u c t u r a l development of P. vulgaris n o d u l e s was 

u n d e r t a k e n and a c t e d a s a b a s i s f o r s u b s e q u e n t h i s t o c h e m i c a i 

l o c a l i z a t i o n of t h e 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 p r o d u c t s of GS gene 

e x p r e s s i o n . E a c h s t a g e of t i s s u e p r e p a r a t i o n f o r h i s t o c h e r a i c a 1 -work was 

o p t i m i z e d i n c l u d i n g f i x i n g , s e c t i o n i n g and embedding methods were 

c o n s i d e r e d i n ,depth t o f i n d an optimum, w h i c h combined w i t h t h e 

p r e h y b r i d i z a t i o n and h y b r i d i z a t i o n t r e a t m e n t s p r o d u c e d a r e l i a b l e and 

r e p r o d u c i b l e in situ h y b r i d i z a t i o n method. S u i t a b l e cRNA p r o b e s were 

p r e p a r e d and methods of n o n - i s o t o p i c l a b e l l i n g and d e t e c t i o n 

i n v e s t i g a t e d . The o p t i m i z e d in situ h y b r i d i z a t i o n method, u s i n g 

p h o t o b i o t i n l a b e l l e d cRNA p r o b e s and a l k a l i n e p h o s p h a t a s e or 

s t r e p t a v i d i n g o l d e n h a n c e d w i t h s i l v e r , methods of v i s u a l i z a t i o n were 

a p p l i e d t o P. vulgaris r o o t n o d u l e s e c t i o n s , i n c o m b i n a t i o n w i t h 

immunocytochernical p r o t e i n l o c a l i z a t i o n t e c h n i q u e s , the d i f f e r e n t i a l 

t e m p o r o - s p a t i a l e x p r e s s i o n of t h e GS p o l y p e p t i d e s i n P. vulgaris was 

d e m o n s t r a t e d : 

The gln-ct gene i s e x p r e s s e d a t a low l e v e l i n a l l but t h e 

r h i z o b i a l l y i n f e c t e d c e l l s t h r o u g h o u t n o d u l e development. The gin-fi 

gene i s e x p r e s s e d a t a h i g h l e v e l d u r i n g e a r l y n o d u l e development, but 

becomes c o n f i n e d t o t h e v a s c u l a r endodermal and c o r t i c a l t i s s u e s i n t h e 

l a t e s t a g e s of n o d u l a t i o n , The gln-y gene e x p r e s s i o n i s c o n c e n t r a t e d i n 

the c e n t r a l i n f e c t e d , n o n - i n f e c t e d and i n n e r - c o r t i c a l t i s s u e s i n e a r l y 

n o d u l e s , and becomes c o n f i n e d to t h e i n n e r c o r t e x o n l y i n t h e late-

s t a g e s of n o d u l a t i o n . 



The same In situ h i s t o e h u m i c a l t e c h n i q u e s w e r e a d a p t e d , and used 

t o d e m o n s t r a t e t h e 5' f l a n k i n g r e g i o n s o f t h e P, vulvar in OS g e n e s 

f u s e d t o t h e GUS r e p o r t e r g e n e i n L. corniculsius showed a s i mi J a r 

p a t t e r n o f t e m p o r a l and s p a t i a l e x p r e s s i o n . 

On t h e b a s i s o f t h e s e r e s u i i s o b t a i n e d by in c- i t u h y b r i d ! 2 a ' i o n , 

i t c an be s u g g e s t e d t h a t t h e d i f f e r e n t i a i t e m p o r e - s p a t i a i e x p r e s s i o n o f 

t h e P. vulgarjs GS mRNA end p o l y p e p t i d e s may d e t e r m i n e t h e i s o e n z y m e 

c o m p o s i t i o n w i t h i n a p a r t i c u l a r c e i l t y p e . 

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

l e a s t p a r t i a l l y d e t e r m i n e d by t h e i r 5' f l a n k i n g r e g i o n s , as 

d e m o n s t r a t e d i n t h e " t r a n s g e n i c L. corniculatus p l a n t s . The c o n t r o l l i n g 

e l e m e n t s w i t h i n t h i s f l a n k i n g r e g i o n may be l o c a l i z e d t o p u t a t i v e cls-

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

p r o d u c t i o n o f ammonia. 
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