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ABSTRACT 

GENE EXPRESSION DURING LATE EMBRYOGENESIS IN PEA 
(Pisum sativum L.)• 

A t h e s i s submitted by Melinda Jane Mayer, B.Sc.(Bristol) 
i n accordance w i t h the requirements of the U n i v e r s i t y of 
Durham f o r the degree of Doctor of Philosophy. Department of 
B i o l o g i c a l Sciences, August 1993. 

Two cDNA l i b r a r i e s were constructed from d e s i c c a t i n g pea 
cotyledons. D i f f e r e n t i a l screening of the l i b r a r i e s w i t h 
cDNA from an e a r l i e r developmental stage ( p h y s i o l o g i c a l 
m a t u r i t y ) demonstrated t h a t the abundant message population 
d u r i n g dehydration shows some noticeable d i f f e r e n c e s t o the 
message populations present before desiccation. 

Clones h y b r i d i s i n g t o a p o l y u b i q u i t i n probe were 
i s o l a t e d from a cDNA l i b r a r y . These clones were i d e n t i f i e d 
as messages f o r the two types of u b i q u i t i n extension proteins 
( w i t h 52 and 79 residue t a i l s ) , already characterised i n 
other species as being involved i n ribosome biogenesis. The 
pea u b i q u i t i n extension t a i l amino acid sequences showed 
considerable homology t o t a i l s from other p l a n t s , animals, 
yeast and protozoa, i n c l u d i n g a nuclear l o c a l i s a t i o n s i t e and 
a p u t a t i v e z i n c - b i n d i n g nucleic acid binding domain, the 
p o s i t i o n s of which are conserved w i t h i n the t a i l sequences. 
Sequencing of a second p o l y u b i q u i t i n cDNA from pea l e a f 
demonstrated t h a t pea contains a u b i q u i t i n multigene f a m i l y 
of a t l e a s t f o u r members. 

The expression of several genes associated w i t h plant 
response t o st r e s s and two abundant seed messages {Leg A and 
J) was examined i n developing and dehydrating cotyledons and 
axes. This confirmed conspicuous v a r i a t i o n s i n the message 
l e v e l s of the genes examined as the cotyledons aged, w i t h 
d i f f e r e n t members of the u b i q u i t i n and legiimin multigene 
f a m i l i e s showing d i f f e r e n t i a l expression w i t h age. I t was 
also demonstrated t h a t the expression p a t t e r n of c e r t a i n 
messages i n the cotyledons was d i f f e r e n t t o t h a t i n the axes 
and other seed t i s s u e s . This was confirmed by an analysis of 
t o t a l and albumin p r o t e i n f r a c t i o n s i n cotyledons and axes. 

The e f f e c t on s p e c i f i c message and p r o t e i n l e v e l s of 
premature d e s i c c a t i o n treatments i n d i c a t e d t h a t the temporal 
expression o f several seed genes i s r e l a t e d t o the s t a t e of 
hy d r a t i o n of the seed, a r t i f i c i a l d e s i c c a t i o n leading t o 
premature maturation. Seed storage p r o t e i n message and 
p r o t e i n l e v e l s were e s p e c i a l l y increased by premature 
d e s i c c a t i o n . Legumin seed storage p r o t e i n messages were also 
shown t o be responsive t o exogenous ABA applied t o immature 
cotyledons d u r i n g the seed f i l l i n g stage. However, the other 
s t r e s s - r e l a t e d messages examined i n pea ( u b i q u i t i n and a pea 
p u t a t i v e m e t a l l o t h i o n e i n ) were not responsive t o exogenous 
ABA a t t h i s developmental stage. 
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CHAPTER 1 - INTRODUCTION 

1.1 PLANT RESPONSES TO DESICCATION 

1.1.1 The E f f e c t of Water Stress 

Water i s e s s e n t i a l i n p l a n t c e l l s , both f o r the 
maintenance of c e l l u l a r and macromolecular s t r u c t u r e s and f o r 
the b i o l o g i c a l a c t i v i t y of the c e l l . Higher plants have the 
a b i l i t y t o maintain a water p o t e n t i a l t h a t i s much higher 
than t h a t of t h e i r e x t e r n a l environment, as long as a water 
supply i s a v a i l c i b l e . Apart from the f r e e water i n the 
protoplasm and associated w i t h the c e l l membranes, pl a n t 
c e l l s also contain a c e r t a i n amount of 'bound' water, w i t h i n 
macromolecular s t r u c t u r e s such as p r o t e i n s , t h a t can only be 
removed by extreme temperatures. I f the water supply f a i l s , 
or p l a n t s are exposed t o other e x t e r n a l desiccating 
c o n d i t i o n s such as high winds or intense heat, the r e s u l t i n g 
loss of c e l l u l a r water can have several e f f e c t s on the p l a n t 
c e l l , v a r y i n g i n s e v e r i t y and r e v e r s i b i l i t y (reviewed by 
L e v i t t , 1980 and by Bewley and Black, 1985 and references 
t h e r e i n ) . 

1.1.1.1 E f f e c t s of a Loss of Turgor 

A r e l a t i v e l y small loss of water from the p l a n t 
w i l l lead t o a f a l l i n c e l l t u r g o r . I n response t o t h i s , 
p l a n t growth, which requires f u l l t u r g o r , i s i n h i b i t e d both 
r a p i d l y and severely, preventing c e l l enlargement and 
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d i v i s i o n . The second response t o t u r g o r loss i s the closure 
of stomata, which i s c o n t r o l l e d by the t u r g o r of the 
surrounding guard and epidermal c e l l s . This i n t u r n leads t o 
metabolic disturbance, as the decrease or cessation of gas 
exchange causes a r a p i d drop i n photosynthesis and a slower 
f a l l i n r e s p i r a t i o n . Dehydration has also been shown t o 
i n h i b i t the a c t i v i t y of several metabolic enzymes i n c l u d i n g 
the c h l o r o p h y l l a/b p r o t e i n i n corn, PSII i n sunflower and 
ribulosebisphosphate carboxylase i n bean, cotton, barley and 
wheat (reviewed i n L e v i t t , 1980). A l l of these e f f e c t s are 
r e v e r s i b l e upon the supply of water being returned. However, 
an increase i n dehydration w i l l lead t o a greater loss of 
c e l l u l a r water and the production of f l a c c i d i t y or w i l t i n g . 

1.1.1.2 E f f e c t s of C e l l F l a c c i d i t y 

Dehydration t o the p o i n t of c e l l f l a c c i d i t y has a 
complex range of e f f e c t s upon p l a n t development, depending 
upon the p o i n t i n the p l a n t l i f e cycle a t which i t i s exposed 
t o water s t r e s s , the s e v e r i t y of and length of exposure t o 
s t r e s s and the type of p l a n t . Stress during e a r l y 
reproduction can i n h i b i t development and decrease y i e l d s i n 
some p l a n t s (e.g. soybean, cowpea) but increases y i e l d s i n 
others (e.g. potato, maize, c o t t o n ) , while dehydration during 
the l a t e r stages of development o f t e n accelerates m a t u r i t y 
(reviewed by L e v i t t , 1980 and references t h e r e i n ) . 
Desiccation t o c e l l f l a c c i d i t y also produced the metabolic 
e f f e c t s mentioned above due t o stomatal closure and enzyme 



i n h i b i t i o n . As w i t h the loss of t u r g o r these metabolic 
e f f e c t s are r e v e r s i b l e , and although the developmental 
i n h i b i t i o n may give a loss i n y i e l d or reproductive p o t e n t i a l 
the p l a n t s s u f f e r no l a s t i n g damage. But i f the water stress 
continues, p l a n t c e l l s experience more serious i n j u r i e s . 

1.1.1.3 E f f e c t s of Prolonged Dehydration 

Continued dehydration has a v a r i e t y of s t r u c t u r a l 
and metabolic e f f e c t s on p l a n t c e l l s (reviewed by L e v i t t , 
1980 and by Bewley and Black, 1985). The loss of water and 
subsequent r e h y d r a t i o n both cause extensive damage t o 
membranes and p r o t e i n s , a f f e c t i n g c e l l and p l a s t i d s t r u c t u r e 
and f u n c t i o n s , and i n a c t i v a t i n g enzymes. The d i s r u p t i o n of 
plasma membranes leads not only t o an increase i n 
p e r m e a b i l i t y , a l l o w i n g the leakage of ions and solutes, but 
also t o the rearrangement or loss of p r o t e i n and ion 
t r a n s p o r t systems which, together w i t h the increased 
concentration of the cytoplasm, i n h i b i t s the uptake of 
e s s e n t i a l ions such as phosphorus. Apart from the d i r e c t 
consequences of water l o s s , there are a v a r i e t y of metabolic 
e f f e c t s . The cessation of photosynthesis and r e s p i r a t i o n 
leads t o a lack of r e s p i r a b l e m a t e r i a l and the i n a b i l i t y t o 
t r a n s l o c a t e photosynthate, leading t o eventual s t a r v a t i o n 
i n j u r y , despite the presence of reserves. Dehydration also 
has several e f f e c t s on c e l l u l a r p r o t e i n . Desiccation stress 
causes a r a p i d breakdown of p r o t e i n s t o amino acids, together 
w i t h an equa l l y r a p i d f a l l i n p r o t e i n synthesis (both of 



which are r e v e r s i b l e ) due i n p a r t t o a loss of energy and 
enzyme i n a c t i v a t i o n . Certain amino acids, notably p r o l i n e , 
have been shown t o accumulate i n plants under desiccation 
s t r e s s (e.g. wheat, barley, tobacco), although some (e.g. 
sunflower, soybean) r e q u i r e a very severe desiccation stress 
before p r o l i n e accumulation (reviewed by L e v i t t , 1980 and 
references t h e r e i n ) . Part of the increase i n p r o l i n e i s due 
t o de novo synthesis and i t i s assumed t o have some as yet 
u n i d e n t i f i e d r o l e i n drought resistance, p o s s i b l y by 
a s s o c i a t i o n w i t h hydrophobic side chains i n p r o t e i n s t o give 
o v e r a l l h y d r o p h i l i c i t y and so maintain hydration of 
macromolecules (Schobert, 1977). As w e l l as unspecific 
p r o t e i n breakdown there i s a general i n a c t i v a t i o n of enzymes 
due t o p r o t e i n loss and conformational changes; despite t h i s , 
c e r t a i n h y d r o l y t i c enzymes and oxidases may increase i n 
a c t i v i t y upon d e s i c c a t i o n , notably RNase. 

Nucleic acids are also broken down upon prolonged 
dehydration; the RNA content (and thus p r o t e i n synthesis) and 
the polyribosome l e v e l s are both shown t o decrease, 
presumably due t o the increased l e v e l s of RNase, and a f a l l 
i n the synthesis of n u c l e i c acids has also been demonstrated. 
This i s i n c o n t r a s t t o the nucleic acid response t o s l i g h t 
dehydration, which has been reported t o lead t o an increase 
i n the RNA content. A f u r t h e r f a c t o r t h a t i s influenced by 
d e s i c c a t i o n i s the hormone balance. Generally, w i l t i n g leads 
t o a decrease i n growth promoters and an increase i n growth 
r e t a r d a n t s , such as ABA, the l a t t e r response being r a p i d and 



due i n p a r t t o de novo synthesis (see sec t i o n 1.2.4). 
Many of these responses t o dehydration are 

i n t e r r e l a t e d ; some suggest an attempt by the plant t o p r o t e c t 
i t s e l f from the s t r e s s : the synthesis o f ABA c l o s i n g stomata 
and so reducing t r a n s p i r a t i o n loss; the decrease i n growth 
promoters r e i n f o r c i n g the cessation of c e l l growth; the 
breakdown of p r o t e i n s t o avoid damaged forms and produce free 
amino acids, some of which may have a p r o t e c t i v e r o l e . 
However, on prolonged exposure t o desiccation the sum of 
these i n j u r i e s may lead t o death of the pl a n t tissues 
(although some younger, less damaged areas of the pl a n t may 
s u r v i v e ) . Accordingly, those p l a n t s whose h a b i t a t s have a 
high incidence of water loss or drought have evolved a number 
of s t r a t e g i e s t o minimise the dangers of desiccation damage. 

1.1.2 Adaptation Strategies 

Plants can avoid serious damage from desiccation by 
drought avoidance, drought tolerance, or a combination of the 
two (reviewed by L e v i t t , 1980). Avoidance i s a more complete 
adaptation t o water s t r e s s as i t allows growth and possibly 
development w i t h a very low water supply; tolerance merely 
allows the p l a n t t o survive during the period of desiccation 
s t r e s s and resume growth upon rehydration. Drought avoiders 
maintain high i n t e r n a l water l e v e l s by a v a r i e t y of 
morphological adaptations, i n c l u d i n g c u t i c l e and root 
adaptations, decreased exposed l e a f area, water storage 
organs and the use of a l t e r n a t i v e pathways, such as 



crassulacean a c i d metabolism and C4 photosynthesis. Drought 
t o l e r a t o r s survive decreased c e l l u l a r water p o t e n t i a l s ; the 
mechanisms are not f u l l y understood but are thought t o 
include s o l u t e and reserve accumulation, an increased 
p r o p o r t i o n of bound water and aggregation of p r o t e i n 
molecules. 

Such s t r a t e g i e s are u s u a l l y employed by plants 
which are l i k e l y t o be exposed t o desiccation stress or 
drought i n t h e i r usual h a b i t a t s (xerophytes) - most higher 
p l a n t s cannot survive a loss of 40-90% of t h e i r normal water 
content (mesophytes). However, the c e l l u l a r consequences of 
prolonged dehydration, and more recent research i n t o the 
expression of new p r o t e i n s or messages on exposure t o 
d e s i c c a t i o n s t r e s s or ABA treatment, have i n d i c a t e d t h a t most 
higher p l a n t s do contain some i n - b u i l t resistance t o water 
loss (discussed f u r t h e r i n s e c t i o n 1.3). One of the obvious 
approaches t o examine how p l a n t t i s s u e survives dehydration 
i s t o look a t a p a r t of the p l a n t which i s 'programmed' t o 
s u r v i v e extensive water loss - the seed, which f i r s t acts as 
a c t i v e l y d i v i d i n g , then expanding and synthesising t i s s u e , 
before undergoing severe d e s i c c a t i o n stress while r e t a i n i n g 
i t s v i a b i l i t y , then withstands a r a p i d i n f l u x of water t o 
germinate and grow. I t i s reasonable t o assume t h a t any 
systems f o r p r o t e c t i n g the p l a n t c e l l from dehydration i n j u r y 
w i l l be expressed i n the seed at at l e a s t one stage of i t s 
development; examination of the r e g u l a t i o n and f u n c t i o n of 
such systems may a i d understanding of dehydration resistance 



i n the whole p l a n t and, eventually, have some economical 
s i g n i f i c a n c e i n the improvement of crop p l a n t s . 

1.2 SEED DEVELOPMENT 

1.2.1 The Seed as a Biological System 

Seeds of higher p l a n t s undergo a v a r i e t y of 
metabolic stages d u r i n g the t r a n s i t i o n from f e r t i l i s e d ovule 
t o seedling. The seed has the a b i l i t y t o respond e i t h e r to 
some e x t e r n a l or i n t e r n a l stimulus, or as pa r t of a 
developmental programme, t o 'switch' metabolic and synthetic 
modes (Bewley, Kermode and Misra, 1989; Goldberg, Barker and 
Perez-Grau, 1989). These changes can occur at several stages 
throughout the l i f e of the seed: from r a p i d c e l l d i v i s i o n t o 
the anabolic stage, where the c e l l s expand and synthesise and 
accumulate p r o t e i n , carbohydrate and l i p i d reserves f o r 
storage; through the maturation of the embryo, i n c l u d i n g 
synthesis of new polypeptides and the production of long-
l i v e d mRNA; t o a period o f developmental a r r e s t (and i n some 
cases dormancy), where the seed remains v i a b l e i n a 
desiccated s t a t e ; and then the synthesis of germination- and 
post - g e r m i n a t i o n - s p e c i f i c messages and pro t e i n s and the 
catabolism of stored reserves, t o allow r a p i d germination and 
growth of the young seedling (reviewed by Harada et al, 
1988). These phases i n v o l v e very d i f f e r e n t metabolic 
processes, r e q u i r i n g the a b i l i t y t o r e d i r e c t enzymatic a c t i o n 
and the c o n t r o l of gene expression t o allow the seed t o 



develop, germinate and grow normally when under s u i t a b l e 
c o n d i t i o n s . Further, the seed, or i t s maternal environment, 
needs some mechanism of preventing germination and/or growth 
i n c o n d i t i o n s which are not conducive t o seedling s u r v i v a l . 
Thus the d i f f e r e n t stages of seed development necessitate a 
range of s y n t h e t i c and degradative a c t i v i t i e s combined not 
only w i t h e f f i c i e n t c o n t r o l systems f o r changing the emphasis 
of seed metabolism but also w i t h some method(s) of perception 
and response t o environmental c o n d i t i o n s . Seed development 
also encompasses some unique features, such as the f a c u l t y t o 
withstand extreme d e s i c c a t i o n , a capacity not usually found 
i n other p l a n t organs of mesophytes; t h i s allows the seed t o 
remain v i a b l e f o r long periods under conditions which would, 
i n other t i s s u e s , cause severe and i r r e v e r s i b l e damage. 
Another s p e c i a l i s e d a b i l i t y i s the production and storage of 
l o n g - l i v e d mRNA (reviewed by Payne, 1976). This, when i n 
con j u n c t i o n w i t h the r a p i d r e - i n i t i a t i o n of 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 from a very low l e v e l (Misra and Bewley, 1985; 
Lalonde and Bewley, 1986) immediately a f t e r i m b i b i t i o n , 
allows germination t o commence r a p i d l y i n response t o water 
uptake (Thompson and Lane, 1980; reviewed by Harada et al, 
1988) . 

I t i s c l e a r t h a t seeds provide a unique b i o l o g i c a l 
system w i t h which t o study many aspects of temporal and 
s p a t i a l gene c o n t r o l , p r o t e i n synthesis, and the responses of 
p l a n t t i s s u e s t o stress and environmental change. To 
understand how the p l a n t e f f e c t s t h i s complex development i t 



i s necessary t o examine not only the changes i n nucleic acid 
and p r o t e i n synthesis, but also t h e i r a c t i v i t y w i t h i n the 
seed and t h e i r r e l a t i o n t o the age of the seed, the 
environmental c l i m a t e , and i n t e r n a l c o n d i t i o n s , such as the 
l e v e l s of reserves, the hormone balance and the seed moisture 
content. 

1.2.2 The Events from F e r t i l i s a t i o n to Growth 

The phases of seed development and the s t r u c t u r e of 
seeds vary widely among higher p l a n t s . As w e l l as the period 
of development and the size of the seed, the primary reserve 
m a t e r i a l and the t i s s u e s used f o r storage also d i f f e r , some 
s t o r i n g reserves i n the endosperm, others w i t h reduced 
endosperm and e i t h e r one or two cotyledons as the major 
storage t i s s u e . However, the general p a t t e r n of seed 
formation and growth i s s i m i l a r i n a large number of species, 
although the ac t u a l t i m i n g of development w i l l vary w i t h the 
species or c u l t i v a r used. Development i s usu a l l y measured as 
days a f t e r p o l l i n a t i o n (DAP) or days post anthesis (dpa); i n 
p l a n t s such as pea, where f e r t i l i s a t i o n occurs w i t h i n 24 
hours of the f u l l opening of the flower, development i s 
measured i n days a f t e r f l o w e r i n g (DAF). 

A f t e r f e r t i l i s a t i o n of the ovule, the embryonic 
a x i s and surrounding c e l l u l a r s t r u c t u r e s are formed by 
c e l l u l a r d i v i s i o n and d i f f e r e n t i a t i o n u n t i l a s u i t a b l e c e l l 
number i s reached (reviewed by Boulter et a i , 1990); during 
t h i s p e r i o d of morphogenesis, which i n pea comprises less 



than one t h i r d of the developmental time scale, the seed i s 
small w i t h a high water content. The seed then begins a 
f i l l i n g stage, i n v o l v i n g c e l l expansion. Here i t increases i n 
weight and seed diameter as the embryo develops and the 
storage t i s s u e s synthesise and accumulate n u t r i e n t s (Le 
Deunff and Rachidian, 1988; reviewed by Boulter et al, 1990). 
I n p l a n t s such as Brassica napus and the legvimes the 
cotyledons are the primary reserve t i s s u e , whereas the 
endosperm f i l l s t h i s r o l e i n others (e.g. cereals, castor 
bean, tobacco). The f r e s h and dry weights of the seed 
continue t o increase u n t i l i t reaches p h y s i o l o g i c a l m a t u r i t y 
(see F i g . l ) , the end of development of the seed organs. The 
expansion and accumulation period takes approximately h a l f of 
the term o f development and at i t s end the seed i s 
p h y s i o l o g i c a l l y mature, having accumulated s u f f i c i e n t 
carbohydrates, storage p r o t e i n s and ( i n some seeds) l i p i d s , 
t o s u s t a i n germination and growth u n t i l the new seedling can 
synthesise i t s own reserves. By t h i s stage the seed has 
reached a decreased moisture content of between 55 and 60% 
(reviewed by Bewley, 1979 and Boulter et al, 1990). A f t e r 
maturation, the seed becomes dehydrated on the p l a n t as the 
vascular connections between the pod and the mother plant 
break down (Le Deunff and Rachidian, 1988); the moisture 
content of the seed f a l l s t o a f i n a l l e v e l (between 5 and 15% 
i n most species), accompanied by a decrease i n metabolic 
a c t i v i t i e s as the seed reaches a s t a t e of guiescence (Boulter 
et al, 1990). Further growth occurs only a f t e r rehydration. 
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Figure 1. Changes i n mean seed f r e s h weights (A) and dry 
weights (B) durin g development of pea cv. Feltham 
F i r s t , taken from Boulter et al (1990). 1, 2 and 3 
i n d i c a t e the end of the developmental phases of 
c e l l d i v i s i o n and d i f f e r e n t i a t i o n , seed f i l l i n g and 
seed d e s i c c a t i o n r e s p e c t i v e l y , w i t h 2 i n d i c a t i n g 
the p o i n t of p h y s i o l o g i c a l m a t u r i t y 

0 End of Phase 1, etc 

I I I 1 I I I I I I I I I I I I I I 
3 5 7 9 11 13 15 17 19 n 23 25 27 29 31 

(d.a.f.) 
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where the seed imbibes water and undergoes c e l l expansion, 
d i v i s i o n and elongation t o produce a seedling. 

1.2.3 Water Relations of the Seed 

To f u n c t i o n e f f i c i e n t l y , the seed needs t o be able 
t o respond q u i c k l y t o s t i m u l i , both i n t e r n a l and e x t e r n a l . 
This perception mechanism must be s e n s i t i v e enough t o allow a 
r a p i d response t o environmental change and yet be able t o 
withstand weaker s t i m u l i caused by minor environmental 
f l u c t u a t i o n s . I n the l a t t e r respect, the mother p l a n t and 
surrounding seed s t r u c t u r e s (pod, t e s t a , p e r i c a r p etc.) may 
act as a b u f f e r . As i m b i b i t i o n of water i s the impetus f o r 
germination, and d e s i c c a t i o n of the mother p l a n t has been 
shown t o accelerate maturation of developing seeds i n some 
species (reviewed by L e v i t t , 1980), i t i s obvious t h a t l e v e l s 
of water w i t h i n and around the seed are an important 
c o n s i d e r a t i o n i n the r e g u l a t i o n of seed development. I t has 
been demonstrated t h a t most seeds undergo dehydration towards 
the end o f the maturation p e r i o d (reviewed by Bewley, 1979). 
I t i s t h e r e f o r e reasonable t o assume t h a t the loss or 
r e d i s t r i b u t i o n o f water may pl a y an important p a r t i n 
i n i t i a t i n g o r enhancing the production of n u c l e i c acids and 
p r o t e i n s t o prepare the seed f o r extreme d e s i c c a t i o n and, 
l a t e r , germination. Thus the loss of water could e f f e c t the 
t r a n s i t i o n from an a s s i m i l a t i v e phase t o a mature, dry seed, 
capable of germination and seedling growth (Saab and 
Obendorf, 1989). Several groups have studied varying water 
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l e v e l s i n seeds and how they r e l a t e t o the a b i l i t y of the 
seed or i s o l a t e d embryo t o germinate, both in vivo and in 
vitro. 

1.2.3.1 Moisture Content of the Seed 

Young immature seeds usually have a f a i r l y high 
water content. The percentage of water i n r e l a t i o n t o seed 
weight g r a d u a l l y f a l l s as the seed grows and assimilates 
n u t r i e n t s ; t h i s i s followed by a sharper decrease as the 
mature seed dehydrates. I n soybean {Glycine max) the 
i n i t i a l l y high water l e v e l s decrease continuously during 
growth, w i t h a sharp decline at the p o i n t where the seed 
approaches i t s maximum dry weight (Saab and Obendorf, 1989). 
F i n k e l s t e i n and Crouch (1986) found s i m i l a r r e s u l t s w i t h 
Brassica napus, the young seeds (before a s s i m i l a t i o n ) 
c o n t a i n i n g from 80 t o 90% water, which declines t o 5 t o 15% 
at m a t u r i t y . An i n v e s t i g a t i o n of the seed moisture content 
of pea by Le Deunff and Rachidian (1988) d i v i d e d the 
v a r i a t i o n i n water content i n t o three phases. I n phase one 
( P I ) , a f t e r f e r t i l i s a t i o n , , the moisture content i s constant 
at 85% ( r e l a t i v e t o f r e s h weight). This decreases during P2, 
as the seed weight increases, t o 55% at p h y s i o l o g i c a l 
m a t u r i t y , the same l e v e l as t h a t found i n soybean (Rosenberg 
and Rinne, 1986). The subsequent d e s i c c a t i o n of the seed 
leads t o a f a l l i n both seed weight and moisture content, the 
dry seed c o n t a i n i n g 14 t o 18% water. Le Deunff and Rachidian 
(1988) also c a r r i e d out an examination of the r e l a t i o n s h i p 
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between the seeds, the pod and the mother p l a n t , using 
leakage c o n d u c t i v i t y t o approximate the flow of sap from 
parent t o seed. This demonstrated t h a t the a r r i v a l of sap 
from the mother p l a n t t o the t e s t a and apoplast decreases 
slowly d u r i n g P2, and very r a p i d l y a f t e r m a t u r i t y . Around 
t h i s stage, the pod (having reached i t s maximum weight) 
begins t o senesce, as the vascular connections between pod 
and p l a n t are d i s r u p t e d . This engenders a water d e f i c i t , 
i n s t i g a t i n g the r a p i d dehydration seen i n P3. 

Thus, the seed f i r s t undergoes slow r e l a t i v e 
moisture loss as i t accvimulates macromolecules without t a k i n g 
i n l a r g e amounts of water, so t h a t the percentage water 
decreases by comparison; then loses water w i t h increasing 
speed as the connections w i t h the mother p l a n t , the seed's 
source of water, break down and then sever. Consequently, 
the seed has a period of gradual water loss i n which t o 
prepare i t s e l f f o r more severe dehydration. I t i s 
conceivable t h a t t h i s loss could be used as a stimulus, 
e i t h e r d i r e c t or i n d i r e c t , f o r the i n i t i a t i o n of p r o t e c t i v e 
measures. 

1.2.3.2 Desiccation Tolerance i n the Seed 

I t i s v i t a l t h a t the seed p r o t e c t s i t s e l f against 
s u b s t a n t i a l l oss of water, the presence of which i s so 
necessary f o r normal c e l l u l a r a c t i v i t y . I n many seeds, the 
removal of pods, seeds or embryos f o r c u l t u r e or germination 
in vitro has shown t h a t there i s a t r a n s i t i o n from 
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d e s i c c a t i o n i n t o l e r a n c e t o desiccation tolerance during 
development. I n most seeds t h i s occurs midway through 
development - f o r example between 20 and 25DAP i n castor bean 
(Kermode and Bewley, 1985); 20 and 26DAP i n Phaseolus 
vulgaris (Misra and Bewley, 1985); 38 and 44DAF i n soybean 
(Blackman et al, 1991); and around 35DAP i n maize (Oishi and 
Bewley, 1992) - while pea seeds achieve desiccation tolerance 
g r a d u a l l y d u r i n g the P2 seed f i l l i n g phase (Le Deunff and 
Rachidian, 1988). The a c q u i s i t i o n of desiccation tolerance 
i n b a r l e y {Hordeum vulgare) occurs somewhat e a r l i e r , between 
12 and 16DAP, and allows the embryo t o remain v i a b l e a f t e r 
extreme water loss - 16DAP excised embryos ret a i n e d the 
a b i l i t y t o germinate precociously upon rehydration a f t e r a 
de s i c c a t i o n treatment which removed 96-98% of the embryo's 
water ( B a r t e l s , Singh and Salamini, 1988). These workers 
also found t h a t concommitant w i t h the a c q u i s i t i o n of 
d e s i c c a t i o n tolerance was the appearance of a group of 25-30 
p r o t e i n s whose l e v e l s were no t i c e a b l y enhanced, or newly 
expressed, between 10 and 16DAP. The mRNA population also 
a l t e r e d between 12 and 16DAP, i n d i c a t i n g some switch i n 
expression. As t h i s occurs f a i r l y e a r l y i n the development 
of the barl e y g r a i n - between the stages of c e l l d i v i s i o n and 
t i s s u e d i f f e r e n t i a t i o n - t h i s change i s not r e l a t e d t o the 
synthesis of storage p r o t e i n s , or t o a response t o 
d e s i c c a t i o n , as the maturation d r y i n g occurs much l a t e r i n 
the developmental perio d . B a r t e l s and co-workers concluded 
t h a t these p r o t e i n s may be connected w i t h desiccation 
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t o l e r a n c e and are apparently developmentally programmed, as 
no d e s i c c a t i o n cue occurs at t h i s stage of development. 
Blackman e t al (1991) also i d e n t i f i e d a set of p r o t e i n s i n 
soybean axes, expressed l a t e r i n seed development during l a t e 
embryogenesis, but whose t i m i n g and l e v e l of expression 
corresponded t o the a c q u i s i t i o n and loss of desiccation 
t o l e r a n c e d u r i n g seed development and germination. Their 
experiments showed t h a t these 'maturation p r o t e i n s ' were 
induced by slow d r y i n g o f immature excised soybean seeds, and 
also by the i n c u b a t i o n o f immature i s o l a t e d seeds at high 
r e l a t i v e humidity; however, de s i c c a t i o n tolerance was only 
induced by the former treatment and Blackman et al concluded 
t h a t the p r o t e i n s were not s u f f i c i e n t f o r the i n d u c t i o n of 
d e s i c c a t i o n t o l e r a n c e , although they may c o n t r i b u t e t o 
t o l e r a n c e . 

Desiccation tolerance i s l o s t as the seed 
germinates and i s not found i n seedlings or p l a n t s of any of 
the species mentioned - i n soybean, tolerance i s l o s t only 18 
hours a f t e r i m b i b i t i o n (Blackman et al, 1991), while other 
p l a n t s such as pea become i n t o l e r a n t t o d e s i c c a t i o n a f t e r the 
emergence of the r a d i c l e (Lalonde and Bewley, 1986). Thus i t 
appears t h a t d e s i c c a t i o n tolerance i s developmentally 
programmed and confined t o the seed i n mesophytes ( B a r t e l s , 
Singh and Salamini, 1988; Blackman et aJ, 1991). However, i n 
xerophytes which e x h i b i t d e s i c c a t i o n tolerance i n the whole 
p l a n t the a b i l i t y t o withstand protoplasmic dehydration i s 
r e t a i n e d . When B a r t e l s et al (1990) examined several ABA-
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i n d u c i b l e genes i s o l a t e d from leaves and embiryos of the 
r e s u r r e c t i o n p l a n t Craterostigma plantagineum they i d e n t i f i e d 
several areas of sequence homology t o ABA-responsive genes 
found i n the embryos of mesophytes. They suggested t h a t some 
of the same f a c t o r s associated w i t h desiccation tolerance i n 
seeds could be expressed i n the whole pl a n t i n xerophytes, 
w i t h such s p e c i a l i s e d p l a n t s being able t o override the 
developmental 's h u t - o f f ' or down-regulation seen i n 
mesophytes t o extend the seed's i n v u l n e r a b i l i t y t o the whole 
p l a n t . 

1.2.3.3 Precocious Germination and Water Loss 

I t has been demonstrated i n many species t h a t , 
d u r i n g in planta seed development, the seed i s unable t o 
germinate before maturation; however, once the immature seeds 
are removed from the maternal environment and placed under 
s u i t a b l e c o n d i t i o n s a small percentage of germination can be 
observed, the germination frequency increasing w i t h seed age 
{ f o r example pea (Le Deunff and Rachidian, 1988) and soybean 
(Rosenberg and Rinne, 1986)}. I n other, species, i s o l a t i o n of 
the embryo from the whole seed or kernel i s necessary t o give 
germination, as i n castor bean (Kermode and Bewley, 1985), 
b a r l e y (Evans, Black and Chapman, 1975) and maize (Oishi and 
Bewley, 1992). I n pea the germination of detached seeds 
d u r i n g the P2 f i l l i n g stage gave f a i r l y weak seedling growth 
(Le Deunff and Rachidian, 1988); t h i s was also noted by 
Rosenberg and Rinne (1986) w i t h soybean seeds i s o l a t e d at 
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35DAF (68-79% moisture c o n t e n t ) . However, most groups noted 
a s i g n i f i c a n t increase i n germination frequency and the 
attainment of normal seedling growth when immature seeds were 
exposed t o a slow d r y i n g treatment before i m b i b i t i o n . This 
dehydration/rehydration treatment was only e f f e c t i v e i n 
inducing germination a f t e r d e s i c c a t i o n tolerance had been 
achieved. Looking at the seedling growth of precociously 
germinated soybeans, Rosenberg and Rinne (1986) concluded 
t h a t although the a b i l i t y of the seed t o germinate r e l i e d on 
the seed being a c e r t a i n developmental age and being placed 
under the c o r r e c t c o n d i t i o n s , the i n i t i a t i o n of c e l l d i v i s i o n 
f o r seedling growth and the synthesis of c e r t a i n polypeptides 
r e q u i r e d the d r y i n g treatment, b r i n g i n g the seed moisture 
content t o below 60% and g i v i n g seed germination and growth 
equivalent t o t h a t seen i n n a t u r a l l y matured seeds. 

Kermode and Bewley (1985) showed t h a t 100% 
germination of castor bean seeds removed from the capsule and 
t e s t a and placed i n water d i d not occur u n t i l the seeds were 
mature (60DAP); however, a dehydration/rehydration treatment 
a p p l i e d a f t e r the a c q u i s i t i o n of d e s i c c a t i o n tolerance (20-
25DAP) gave germination and normal seedling growth (Kermode 
and Bewley, 1988). Precocious germination of whole immature 
seeds a f t e r premature dehydration has also been seen i n 
Phaseolus vulgaris (Dasgupta and Bewley, 1982) and maize 
(Oi s h i and Bewley, 1992)^ Kermode and Bewley (1988) 
concluded t h a t a d r y i n g treatment applied a f t e r desiccation 
tolerance was achieved was an absolute requirement f o r 
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successful germination and seedling growth i n castor bean and 
p o s s i b l y other species. Bewley, Kermode and Misra (1989) 
also showed t h a t a p a r t i a l d r y i n g treatment g i v i n g only 
l i m i t e d water loss i n immature castor bean and P.vulgaris 
seeds gave the same high frequency of germination and 
seedling v i a b i l i t y , i n d i c a t i n g t h a t the dehydration treatment 
d i d not have t o be severe i n these species. I n contrast, 
O i s h i and Bewley (1992) found t h a t minimal d r y i n g of maize 
kernels detached from the p l a n t and kept i n high r e l a t i v e 
humidity d i d not lead t o germination. 

I n the whole excised seed i t would appear t h a t 
d e s i c c a t i o n i s the cue f o r e f f i c i e n t germination and seedling 
growth. However, somewhat d i f f e r e n t r e s u l t s are seen when 
the immature embryos are removed from the whole seed 
environment. Precocious germination of immature embryos, 
non-dried and placed i n water, has been shown i n several 
species, i n c l u d i n g P.vulgaris (Dasgupta and Bewley, 1982); 
rape ( F i n k e l s t e i n and Crouch, 1986); castor bean (Kermode and 
Bewley, 1988); maize ( O i s h i and Bewley, 1992); wheat, where 
f u n c t i o n a l m a t u r i t y of the embryo has been demonstrated at 
15dpa ( n a t u r a l m a t u r i t y at 60dpa) when removed from the seed 
environment (Morris et al, 1991); and barley, whose detached 
embryos can germinate precociously at only 8DAP, before the 
a c q u i s i t i o n of d e s i c c a t i o n tolerance ( B a r t e l s , Singh and 
Salamini, 1988). This l a s t example demonstrates t h a t 
d e s i c c a t i o n tolerance i s not v i t a l f o r the a b i l i t y t o 
germinate, only f o r the resistance t o dehydration treatments; 
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from the l i t e r a t u r e i t appears t h a t d e s i c c a t i o n tolerance 
appears soon a f t e r the excised embryo i s able t o germinate. 
Cook e t al (1988) showed t h a t precocious germination of pea 
could be induced i n i s o l a t e d c u l t u r e d embryos using a medium 
w i t h low osmotic pressure, although the percentage of 
germination and seedling vigour were not as high as i n 
n a t u r a l l y matured embryos. They also found t h a t c u l t u r e on a 
high osmoticiam prevented germination and encouraged the same 
developmental processes seen in vivo, as had previously been 
observed i n rape ( F i n k e l s t e i n and Crouch, 1986). I t appears 
t h a t i s o l a t i o n from c e r t a i n seed t i s s u e s and placement i n 
e i t h e r water or low osmoticum allows precocious germination 
and seedling growth without any desiccation treatment. The 
less vigorous growth seen a f t e r the germination of i s o l a t e d 
embryos could be ascribed t o the lack of storage reserves; 
however, f u r t h e r i n v e s t i g a t i o n s have suggested t h a t 
d e s i c c a t i o n and embryo i s o l a t i o n have d i f f e r e n t e f f e c t s on 
the metabolism of the seed and the c a p a b i l i t y f o r vigorous 
seedling growth. 

1.2.3.4 The E f f e c t s of Premature Desiccation eind Embryo 
Is o l a t i o n on the Seed Metabolism 

Rosenberg and Rinne (1986) found t h a t although 
immature soybean seeds i s o l a t e d from the p l a n t had the 
a b i l i t y t o germinate a f t e r 35DAP, the germination d i d not 
lead t o appreciable seedling growth u n t i l the seeds were 
p h y s i o l o g i c a l l y mature between 50 and 60DAP, when the 
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moisture content was below 60%. I t was only at t h i s l a t e r 
stage t h a t seeds were able t o synthesise malate synthase and 
i s o c i t r a t e lyase ( r e q u i r e d f o r l i p i d u t i l i s a t i o n ) upon 
germination, and Rosenberg and Rinne detected a c o r r e l a t i o n 
between the production of these enzymes and the a b i l i t y of 
the germinated seed t o commence successful seedling growth. 
They f u r t h e r demonstrated t h a t premature desiccation of 33DAP 
seeds not only gave l e v e l s of malate synthase and i s o c i t r a t e 
lyase upon germination equivalent t o those seen i n germinated 
mature seeds and 100% normal seedling growth and vigour, but 
also gave a r a p i d loss o f c h l o r o p h y l l from the developing 
seed t i s s u e s d u r i n g premature dehydration due t o degradation, 
as seen i n n a t u r a l maturation. Later experiments (Rosenberg 
and Rinne, 1987) showed t h a t the changing l e v e l s of starch, 
s o l u b l e sugars, p r o t e i n s and o i l s d u r i n g germination and 
seedling growth o f prematurely matured seeds were comparable 
t o those seen i n n a t u r a l l y matured seeds; they were able t o 
conclude t h a t premature d e s i c c a t i o n applied t o d e s i c c a t i o n -
t o l e r a n t seeds induces the same metabolism seen a f t e r n a t u r a l 
maturation d r y i n g and so could be used t o examine the e f f e c t s 
of d e s i c c a t i o n on seed metabolism. Kermode and Bewley (1988) 
also i n v e s t i g a t e d the production of post-germinative enzymes, 
when comparing the e f f e c t s on normal castor bean seed 
metabolism o f premature d e s i c c a t i o n and embryo i s o l a t i o n . 
They found t h a t upon germination both prematurely desiccated 
seeds and i s o l a t e d embryos e x h i b i t e d the same p a t t e r n of 
reserve m o b i l i s a t i o n as t h a t seen i n n a t u r a l l y matured seeds. 

21 



but the synthesis o f post-germinative enzymes LeuNAase (L-
leucyl-beta-naphthylamidase) and i s o c i t r a t e lyase was lower 
i n i s o l a t e d embryos than the usual high l e v e l s seen i n 
n a t u r a l l y and a r t i f i c i a l l y matured germinated seeds. A 
s i m i l a r d i f f e r e n c e between the metabolism of i s o l a t e d 
embryos, prematurely d r i e d and n a t u r a l l y d r i e d kernels of 
maize was seen by Oish i and Bewley (1992). They showed t h a t 
although a f t e r premature d e s i c c a t i o n 35DAP maize kernels 
e x h i b i t e d a completely germinative and post-germinative 
p a t t e r n o f p r o t e i n synthesis upon rehydration, comparable t o 
t h a t seen i n n a t u r a l l y matured germinated seeds, i s o l a t e d 
embryos from 35DAP kernels continued t o synthesise some 
developmental p r o t e i n s as w e l l as some of those associated 
w i t h germination. From t h e i r r e s u l t s , Bewley and co-workers 
concluded t h a t although embryo i s o l a t i o n gives the same 
immediate morphological response as premature and n a t u r a l 
d r y i n g ( i . e . germination) and allows the i n s t i g a t i o n of some 
post-germinative processes, d e s i c c a t i o n i s necessary t o give 
a permanent switch between developmental, germinative 
and growth pathways. Further experiments (Bewley, Kermode 
and Misra, 1989) showed t h a t t h i s 'switch' i n metabolic modes 
i n P.vulgaris and castor bean occurs a t the l e v e l of 
t r a n s c r i p t i o n , w i t h d e s i c c a t i o n leading t o a h a l t i n the 
synthesis of developmental p r o t e i n mRNAs and the i n d u c t i o n of 
germination- and growth-associated messages upon i m b i b i t i o n , 
accompanied by some p o s t - t r a n s c r i p t i o n a l c o n t r o l , as the 
remaining developmental messages are s p e c i f i c a l l y degraded 
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upon r e h y d r a t i o n . Apart from these q u a l i t a t i v e changes, 
Kermode, Pramanik and Bewley (1989) also found t h a t the 
changes i n q u a n t i t a t i v e l e v e l s of t o t a l RNA were comparable 
between n a t u r a l l y matured and prematurely d r i e d castor bean 
seeds, both showing a f a l l i n t o t a l RNA content upon 
d e s i c c a t i o n and an increase upon i m b i b i t i o n , again by 
t r a n s c r i p t i o n a l and p o s t - t r a n s c r i p t i o n a l c o n t r o l s ; however, 
the f i n a l l e v e l of t o t a l RNA reached i n prematurely 
desiccated germinated seeds was less than t h a t found i n 
n a t u r a l l y matured germinated seeds. 

Rosenberg and Rinne (1986, 1988, 1989) also 
examined the synthesis of polypeptides which were accumulated 
i n soybean seeds d u r i n g both n a t u r a l and premature 
maturation. They i s o l a t e d several soluble, non-storage 
•maturation polypeptides' from seeds which were capable of 
seedling growth, the polypeptides being absent from younger 
or undried seeds. They demonstrated de novo synthesis of 
both the polypeptides and t h e i r messages upon desiccation and 
found t h a t the three most abundant polypeptides - 21, 31 and 
128K - which accumulated gradually i n maturing seeds were 
also synthesised during e a r l y germination (5-30HAI), t h e i r 
l e v e l s f a l l i n g at the onset of seedling growth (30-72HAI). 
Rosenberg and Rinne (1989) suggested t h a t the presence of 
these polypeptides could be associated w i t h the a b i l i t y of 
the germinated seed t o i n i t i a t e seedling growth; 
a l t e r n a t i v e l y , such maturation polypeptides could be 
associated w i t h the p r o t e c t i o n of the seed against 
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d e s i c c a t i o n , as suggested by Blackman et al (1991). 
These r e s u l t s supply several t h e o r i e s on the 

r e l a t i o n s h i p s between the seed's a b i l i t y t o germinate and 
grow, i t s i n t e r n a l water l e v e l s , the presence of the mother 
p l a n t and the presence of surrounding seed ti s s u e s . F i r s t l y , 
i t seems t h a t i n some seeds (such as soybean and pea) the 
maternal p l a n t t i s s u e s prevent precocious germination u n t i l 
development has produced a mature seed. I n others (e.g. 
castor bean, barley, maize) the tissues surrounding the 
embryo f u l f i l the same r o l e . This i n h i b i t i o n can be removed 
e i t h e r by i s o l a t i o n of the seed/embryo or premature 
d e s i c c a t i o n of the seed; however, only desiccation w i l l 
e f f e c t the f u l l t r a n s i t i o n from seed development through 
successful germination t o seedling growth, w i t h f u l l 
expression of post-germinative enzymes and no f u r t h e r 
production of developmental p r o t e i n s . This i r r e v e r s i b l e 
change can be induced by dehydration at any p o i n t a f t e r the 
a c q u i s i t i o n of d e s i c c a t i o n tolerance; f u r t h e r , i t has been 
shown t h a t premature d e s i c c a t i o n of the seed can induce the 
synthesis of non-storage p r o t e i n s normally associated w i t h 
l a t e embryogenesis which may have a r o l e i n the c o n t r o l of 
the seed's growth p a t t e r n , or i n p r o t e c t i o n of the seed 
against the e f f e c t s of d e s i c c a t i o n . 

24 



1.2.4 Changes i n Hormone L e v e l s i n the Seed 

1.2.4.1 The Involvement of ABA i n P l a n t Systems 

I t i s g e n e r a l l y accepted t h a t phytohonnones p l a y a 

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

s y n t h e s i s t o a l l o w t h e p l a n t t o a d j u s t t o i t s environment, 

a l t h o u g h i n many cases t h e mechanism o f phytohormone a c t i o n 

and t h e d i r e c t n e s s o f i t s r o l e i n p l a n t responses t o s t r e s s 

a r e n o t f u l l y u n d e r stood ( r e v i e w e d by Kuhlemeier, Green and 

Chua, 1987, M o r r i s and Bowles, 1987 and S k r i v e r and Mundy, 

1990). The most w i d e l y researched phytohormone a s s o c i a t e d 

w i t h seed development i s a b s c i s i c a c i d (ABA). I n many o f the 

seed and p l a n t systems reviewed ABA has been shown t o be 

i n v o l v e d i n p l a n t responses t o e x t e r n a l s t i m u l i and s t r e s s e s , 

such as a l a c k o f "water, l i g h t , heat and anaerobic s t r e s s 

( r e v i e w e d by Kuhlemeier, Green and Chua, 1987). The i n c r e a s e 

i n b i o s y n t h e s i s o f ABA upon such s t r e s s e s i s induced by a 

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

a d a p t i n g t h e p l a n t t i s s u e s t o s u r v i v e w a t er l o s s and o t h e r 

adverse e f f e c t s by t h e i n h i b i t i o n o f c e l l expansion and t h e 

e x p r e s s i o n o f new p r o t e i n s and messages (r e v i e w e d by Zeevaart 

and Creelman, 1988 and S k r i v e r and Mundy, 1990). As w e l l as 

a p o s s i b l e i n v o l v e m e n t i n a d a p t a t i o n t o s t r e s s , ABA has a 

v a r i e t y o f proposed r o l e s w i t h i n t h e seed. I t has been 

demonstrated i n a number o f species (by u s i n g i s o l a t e d 

immature seeds and embryos i n c u b a t e d w i t h exogenous ABA) t h a t 

ABA enhances t h e s y n t h e s i s o f developmental and s t o r a g e 

25 



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

p r o t e i n s i n b o t h d r i e d and n o n - d r i e d embryos {e.g. b a r l e y 

( B a r t e l s , Singh and S a l a m i n i , 1988); rape ( F i n k e l s t e i n and 

Crouch, 1986); wheat ( W i l l i a m s o n and Quatrano, 1988); c a s t o r 

bean (Kermode, Dumbroff and Bewley, 1988); and maize ( O i s h i 

and Bewley, 1992); r e v i e w e d by M o r r i s and Bowles, 1987}. I n 

c a s t o r bean, g e r m i n a t i o n i s a l s o suppressed i n mature d r y 

seeds i n c u b a t e d w i t h a h i g h c o n c e n t r a t i o n o f ABA, a l t h o u g h 

t h e developmental processes are absent (Kermode, Dumbroff and 

Bewley, 1989). Ackerson (1984) a l s o showed t h a t the 

endogenous l e v e l s o f ABA c o n t r o l l e d p r e c o c i o u s g e r m i n a t i o n , 

as immature e x c i s e d soybean seeds d i d not achieve a h i g h 

percentage o f g e r m i n a t i o n u n t i l t h e ABA c o n t e n t was l e s s t h a n 

4ug/g f r e s h w e i g h t , a l e v e l u s u a l l y seen in vivo o n l y a t 

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

( r e v i e w e d by Zeevaart and Creelman, 1988). F u r t h e r p r o o f o f 

ABA'S i n v o l v e m e n t i n t h e p r e v e n t i o n o f p r e c o c i o u s g e r m i n a t i o n 

i s t h e v i v i p a r y e x h i b i t e d by A B A - d e f i c i e n t mutants o f s e v e r a l 

p l a n t s p e c i e s ( r e v i e w e d by Zeevaart and Creelman, 1988 and 

S k r i v e r and Mundy, 1990). A p a r t from t h e g e n e r a l continuance 

o f developmental p r o t e i n s y n t h e s i s , ABA has a l s o been 

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

s y n t h e s i s ( r e v i e w e d by Zeevaart and Creelman, 1988, M o r r i s 

and Bowles, 1987 and by S k r i v e r and Mundy, 1990) and a range 

o f o t h e r seed and p l a n t messages (see s e c t i o n 1.2.4.3). 

M o r r i s e t al (1991) found t h a t ABA was e s s e n t i a l f o r t h e 

onset o f seed dormancy i n wheat, and a r o l e i n i n d u c t i o n and 
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maintenance o f dormancy has a l s o been propounded i n o t h e r 

p l a n t s ( r e v i e w e d by S k r i v e r and Mundy, 1990). ABA has a l s o 

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

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

i n v o l v e m e n t have n o t y e t been e l u c i d a t e d (reviewed by S k r i v e r 

and Mundy, 1990). A f u r t h e r proposed r o l e f o r ABA was i n t h e 

c o n t r o l o f seed growth. However, experiments by Wang et al 

(1987) w i t h Pisum sativum showed t h a t t h e i n c r e a s e i n ABA 

l e v e l s seemed t o f o l l o w g rowth r a t h e r t h a n cause i t , w h i l e 

t h e use o f pea A B A - d e f i c i e n t mutants by De B r u i j n and 

V r e u g d e n h i l (1992) c o n f i r m e d t h a t ABA had no s i g n i f i c a n t 

e f f e c t on seed growth r a t e . 

1.2.4.2 Changes i n ABA L e v e l s and S e n s i t i v i t y During Natural 

and Premature Maturation. 

I n Pisum sativum, Ross and McWha (1990) found t h a t 

o v e r 90% o f t h e p l a n t ' s t o t a l ABA c o n t e n t was p r e s e n t i n t h e 

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

phytohormone d u r i n g development. I n s e v e r a l species i t has 

been shown t h a t ABA l e v e l s r i s e i n t h e embryo and seed 

t i s s u e s d u r i n g development, t h e n decrease f a i r l y r a p i d l y upon 

d e s i c c a t i o n t o low l e v e l s { e.g. pea (Wang et al, 1987; Ross 

and McWha, 1990); c a s t o r bean (Kermode, Dumbroff and Bewley, 

1989); Brassica napus (Harada e t al, 1988); wheat and b a r l e y 

( M o r r i s e t al, 1 9 8 8 ) } . Ross and McWha (1990) and Wang et al 

(1987) b o t h found t h a t ABA l e v e l s i n t h e pea embryo i n c r e a s e d 

i n p a r a l l e l w i t h t h e f r e s h w e i g h t o f t h e seed; however, t h e 
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l e v e l i n t h e t e s t a was low e r and peaked b e f o r e t h a t i n t h e 

embryo, g i v i n g a b i p h a s i c p a t t e r n o f ABA accumulation i n t h e 

whole seed. A p a r t from t h e changes i n a b s o l u t e l e v e l s , 

s e v e r a l groups have r e c o r d e d a f a l l i n s e n s i t i v i t y t o 

exogenous ABA upon m a t u r a t i o n , as i n t e r n a l l e v e l s f a l l 

( r e v i e w e d by Zeevaart and Creelman, 1988); f o r example, 

M o r r i s , Jewer and Bowles (1991) found t h a t t h e c o n c e n t r a t i o n s 

o f ABA whi c h i n h i b i t e d p r e c o c i o u s g e r m i n a t i o n i n immature 

embryos o f wheat and b a r l e y were not s u f f i c i e n t t o p r e v e n t 

g e r m i n a t i o n o f more mature seeds. Kermode, Dumbroff and 

Bewley (1989) showed t h a t premature d e s i c c a t i o n c o u l d induce 

t h e r a p i d f a l l i n ABA l e v e l s seen i n n a t u r a l l y m a t u r i n g seeds 

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

t i s s u e o f i n c r e a s e d l e v e l s o f ABA on d e s i c c a t i o n s t r e s s . 

Such embryos e x h i b i t e d a h i g h g e r m i n a b i l i t y ; however, 

p a r t i a l l y d r i e d immature embryos a l s o germinated w e l l , w h i l e 

t h i s t r e a t m e n t gave o n l y a s m a l l decrease i n t h e endogenous 

l e v e l o f ABA. Kexrmode, Dumbroff and Bewley concluded t h a t 

t h i s l a c k o f agreement between g e r m i n a b i l i t y and endogenous 

ABA l e v e l s c o u l d be e x p l a i n e d by s e n s i t i v i t y , w i t h n a t u r a l , 

premature and p a r t i a l d r y i n g a l l l e a d i n g t o a d e c l i n e i n 

s e n s i t i v i t y o f t i s s u e s t o ABA. T h i s c o n c l u s i o n was supported 

by t h e f a c t t h a t n a t u r a l , premature and p a r t i a l d r y i n g a l l 

decreased t h e s e n s i t i v i t y o f i s o l a t e d embryos t o exogenous 

ABA by 1 0 - f o l d . Benech A r n o l d , Fenner and Edwards (1991) 

showed t h a t a g r e a t e r d e s i c c a t i o n s t r e s s , achieved by growing 

p l a n t s o f Sorghum bicolour under drought c o n d i t i o n s , gave 
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v e r y h i g h l e v e l s o f ABA d u r i n g e a r l y development w i t h a sharp 

decrease a t m a t u r a t i o n ; however, such s t r e s s e d p l a n t s had a 

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

m a t u r a t i o n t h a n t h e c o n t r o l p l a n t s . Again, t h e y were able t o 

e x p l a i n t h e l a c k o f c o r r e l a t i o n between ABA l e v e l s and t h e 

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

s e n s i t i v i t y o f i s o l a t e d embryos grown under drought s t r e s s t o 

exogenous ABA was o n l y one t e n t h o f t h a t o f t h e c o n t r o l s . 

Kermode, Dumbroff and Bewley (1989) suggested t h a t t h i s 

d e s i c c a t i o n - i n d u c e d f a l l i n embryo s e n s i t i v i t y t o ABA may 

p l a y an i m p o r t a n t p a r t i n t h e ' s w i t c h ' from development t o 

g e r m i n a t i o n and grow t h , removing ABA's i n h i b i t i o n o f 

p r e c o c i o u s g e r m i n a t i o n and pr o m o t i o n o f developmental p r o t e i n 

s y n t h e s i s . O i s h i and Bewley (1992) proposed t h a t , in vivo, 

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

g e r m i n a t i o n i n d e v e l o p i n g seeds b e f o r e m a t u r a t i o n , w h i l e 

a f t e r m a t u r a t i o n t h e n e g a t i v e water p o t e n t i a l o f t h e seed 

w i l l i n h i b i t g e r m i n a t i o n ( F i n k e l s t e i n and Crouch, 1986; 

M o r r i s , Jewer and Bowles, 1991) as b o t h ABA l e v e l s and embryo 

s e n s i t i v i t y f a l l d u r i n g d e s i c c a t i o n . I t has been suggested 

t h a t t h i s a l t e r a t i o n i n s e n s i t i v i t y t o hormones may be 

mediated by d r y i n g (Kermode, Dumbroff and Bewley, 1989). A 

change i n s e n s i t i v i t y t o hormones upon d e s i c c a t i o n has been 

demonstrated i n o t h e r p l a n t s as a f a c t o r o f seed development 

- f o r example, e i t h e r n a t u r a l o r premature d e s i c c a t i o n i s 

necessary t o enable alpha-amylase genes i n c e r e a l g r a i n s t o 

be r e s p o n s i v e t o g i b e r e l l i c a c i d (GA) (Evans, Black and 
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Chapman, 1975). As GA i n d u c e s t h e e x p r e s s i o n o f a range o f 

genes w h i c h f u n c t i o n i n r e s e r v e m o b i l i s a t i o n and growth the 

use o f d e s i c c a t i o n t o induce (GA) o r reduce (ABA) s e n s i t i v i t y 

t o hormones may p r o v i d e a mechanism f o r t h e • s w i t c h ' between 

de v e l o p m e n t a l and g e r m i n a t i v e modes. 

1.2.4.3 The E f f e c t o f ABA on Message and P r o t e i n L e v e l s 

A l a r g e number o f ABA-inducible o r rab ( r e s p o n s i v e 

t o ABA) genes have been i s o l a t e d from b o t h seeds and whole 

p l a n t s ( r e v i e w e d by Zeevaart and Creelman, 1988 and S k r i v e r 

and Mundy, 1990). Most o f these can be d i v i d e d i n t o two 

groups - seed s t o r a g e p r o t e i n s and LEA ( l a t e embryogenesis 

abundant) p r o t e i n s o r d e h y d r i n s . 

The use o f exogenous ABA on c u l t u r e d embryos showed 

t h a t s t o r a g e p r o t e i n s and t h e i r messages from rape, soybean 

and wheat can be i n d u c e d by ABA, w h i l e i n c u b a t i o n o f e x c i s e d 

soybean c o t y l e d o n s w i t h f l u o r i d o n e , an i n h i b i t o r o f ABA 

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

p r o t e i n b e t a - c o n g l y c i n i n ( r e v i e w e d by Zeevaart and Creelman, 

1988). Another phytohormone, jasmonic a c i d , has a l s o been 

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

o f Mason and M u l l e t (1990) suggested t h a t jasmonic a c i d may 

mediate t h e i n d u c t i o n o f v e g e t a t i v e s t o r a g e p r o t e i n s by water 

s t r e s s i n soybean. However, F i n k e l s t e i n and Crouch (1986) 

showed t h a t t h e presence o f h i g h l e v e l s o f endogenous ABA was 

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

c u l t u r e d rape embryos. The use o f A B A - d e f i c i e n t mutants 
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showed t h a t t h e a c c u m u l a t i o n o f s t o r a g e p r o t e i n s i n tomato 

and Arabidopsis d i d n o t depend on t h e presence o f endogenous 

ABA ( r e v i e w e d by Zeevaart and Creelman, 1988). These 

f i n d i n g s , combined w i t h t h e f a c t t h a t t h e i n d u c t i o n o f 

s t o r a g e p r o t e i n s such as n a p i n and c r u c i f e r i n i s n o r m a l l y 

slow and n o t t o v e r y h i g h l e v e l s , and t h a t t h e e x p r e s s i o n o f 

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

ABA a c c u m u l a t i o n , have l e d r e v i e w e r s t o conclude t h a t ABA i s 

n o t a major f a c t o r i n s t o r a g e p r o t e i n r e g u l a t i o n (Zeevaart 

and Creelman, 1988; S k r i v e r and Mundy, 1990). I n d u c t i o n o f 

s t o r a g e p r o t e i n gene e x p r e s s i o n by exogenous ABA may merely 

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

g e r m i n a t i o n i n h i b i t i o n and t h e c o n t i n u a t i o n o f development. 

Rab genes and p r o t e i n s have been i s o l a t e d from a wide v a r i e t y 

o f p l a n t s ( r e v i e w e d by S k r i v e r and Mundy, 1990 and Espelund 

et al, 1992). Of those t h a t are found i n t h e seed t h e 

m a j o r i t y a re LEAs ( l a t e embryogenesis abundant p r o t e i n s ) , 

whose e x p r e s s i o n i n c r e a s e s a t t h e same t i m e as t h e peak o f 

endogenous ABA i s reached a t t h e end o f t h e seed o r g r a i n 

f i l l i n g p e r i o d . Many o f these have been shown t o be induced 

i n immature seeds by t h e a p p l i c a t i o n o f exogenous ABA {e.g. 

i n maize (Gomez e t al, 1988); c o t t o n (Baker, S t e e l and Dure, 

1988); wheat ( M o r r i s e t al, 1988); rape (Harada e t al, 1989); 

and b a r l e y (Hong, Barg and Ho, 1992) } . B a r r a t t and C l a r k 

(1991) a l s o i s o l a t e d two ABA-responsive LEA p r o t e i n s from pea 

whi c h showed s i g n i f i c a n t homology t o a pea disease r e s i s t a n c e 

p r o t e i n . S e v e r a l can a l s o be induced i n s e e d l i n g s o r t h e 
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whole p l a n t by t h e a p p l i c a t i o n o f exogenous ABA o r 

d e s i c c a t i o n s t r e s s and a r e o f t e n c l a s s i f i e d as 'dehydrins' 

{ e . g . b a r l e y and maize d e h y d r i n s (Close, K o r t t and Chandler, 

1989); r i c e (Mundy and Chua, 1988); tomato (Cohen and Bray, 

1992); and pea d e h y d r i n s (Robertson and Chandler, 1992)}. 

However, t h e a b i l i t y t o induce these n o r m a l l y s e e d - s p e c i f i c 

genes i n t h e whole p l a n t by s t r e s s i s not u n i v e r s a l : an 

aleurone-and e m b r y o - s p e c i f i c LEA gene from b a r l e y i s 

i n d u c i b l e i n a l l organs o f 3 day o l d s e e d l i n g s by ABA o r 

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

t h e s e e d l i n g s age, s u g g e s t i n g developmental r e g u l a t i o n (Hong, 

Barg and Ho, 1992); w h i l e an ABA-responsive LEA i s o l a t e d from 

c a r r o t seeds cannot be induced i n t h e whole p l a n t a f t e r 

g e r m i n a t i o n ( G o u p i l e t al, 1992). I n most o f these cases ABA 

i n d u c t i o n i s l i n k e d w i t h osmotic s t r e s s and many groups have 

suggested t h a t i t i s t h e s t r e s s t h a t i s t h e p r i m a r y f a c t o r i n 

gene e x p r e s s i o n and r e g u l a t i o n , ABA b e i n g e i t h e r a p a r t o f 

t h e response o r a s i d e e f f e c t ( F i n k e l s t e i n and Crouch, 1986; 

M o r r i s e t al, 1990). However, many LEA and d e h y d r i n genes 

have been shown t o c o n t a i n ABA-responsive elements ( M a r c o t t e , 

B a y l e y and Quatrano, 1988; Mundy and Chua, 1988; reviewed by 

S k r i v e r and Mundy, 1990; see s e c t i o n 1.3). Moreover, 

t r e a t m e n t o f d e s i c c a t i o n - i n t o l e r a n t c a l l i o f Craterostigma 

plantagineum (which c o n t a i n s s e v e r a l genes which are 

r e s p o n s i v e t o ABA and d e s i c c a t i o n ) w i t h exogenous ABA can 

in d u c e d e s i c c a t i o n t o l e r a n c e , presumably by t h e i n d u c t i o n o f 

such genes ( B a r t e l s e t al, 1990). S k r i v e r and Mundy (1990) 
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suggested t h a t some o f t h e rab genes form p a r t o f a gen e r a l 

response t o osmotic s t r e s s , which i s d e v e l o p m e n t a l l y 

r e g u l a t e d i n m a t u r i n g seeds b u t may a l s o be induced i n 

e a r l i e r stages o f seed development o r v e g e t a t i v e t i s s u e s by 

ABA o r osmotic s t r e s s . Perhaps connected w i t h t h i s i s t h e 

o b s e r v a t i o n by some groups t h a t some rab p r o t e i n s may b i n d 

n u c l e i c a c i d s and a c t as r e g u l a t o r y p r o t e i n s (reviewed by 

S k r i v e r and Mundy, 1990). The f a c t t h a t t h e p h y s i o l o g i c a l 

response t o ABA can be e i t h e r r a p i d (e.g. LEA message 

i n d u c t i o n i n s t r e s s e d s e e d l i n g s ) o r slow w i t h l o n g term 

e f f e c t s ( e .g. s t o r a g e p r o t e i n s ) i n d i c a t e s t h a t ABA a f f e c t s 

gene e x p r e s s i o n by d i f f e r e n t mechanisms, and p o s s i b l y u s i n g 

d i f f e r e n t r e c e p t o r s (Zeevaart and Creelman, 1988). 

1.2.5 Changes i n mRNA eind P r o t e i n L e v e l s i n the Developing 

and Germinating Seed 

1.2.5.1 Changes i n mRNA Mass and Complexity during 

Development 

I n g e n e r a l , most r e s e a r c h e r s have found t h a t mRNA 

l e v e l s i n c r e a s e t o a peak d u r i n g mid t o l a t e embryogenesis, 

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

s y n t h e s i s , t h e n f a l l t o a low l e v e l i n t h e mature d r y seed 

( M i s r a and Bewley, 1985 w i t h Phaseolus vulgaris} I s h i b a s h i 

and Minamikawa, 1989 w i t h cowpea; reviewed by Harada e t al, 

1988). The same p a t t e r n was seen w i t h t o t a l RNA i n c a s t o r 

bean endosperm (Kermode, Pramanik and Bewley, 1989) and 
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p.vulgaris (on a per seed a x i s b a s i s , M i s r a and Bewley, 

1985), a l t h o u g h I s h i b a s h i and Minamikawa (1989) d i d not see 

such a l a r g e f a l l i n t o t a l RNA c o n t e n t i n cowpea and M i s r a 

and Bewley (1985) r e c o r d e d an i n c r e a s e i n t o t a l RNA on th e 

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

v a r i e s w i t h seed age, i n c r e a s i n g t o a maximum a t mid-

development, a g a i n c o r r e s p o n d i n g t o t h e peak o f major seed 

p r o t e i n s y n t h e s i s , t h e n f a l l i n g t o a lower l e v e l i n t h e 

d e h y d r a t e d seed ( M i s r a and Bewley, 1985; I s h i b a s h i and 

Minamikawa, 1989). The d e c l i n e i n mRNA, t r a n s l a t i o n a l 

a c t i v i t y and ( i n some cases) t o t a l RNA corresponds t o t h e 

decreased r a t e s o f RNA and p r o t e i n s y n t h e s i s and metabolism 

and a l o s s o f pol y r i b o s o m e s d u r i n g seed d e s i c c a t i o n ( M i s r a 

and Bewley, 1985; Rosenberg and Rinne, 1986; reviewed by 

Goldberg, B a r k e r and Perez-Grau, 1989 and Harada e t al, 

1988). Upon i m b i b i t i o n , however, t h e r a t e s o f RNA and 

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

Pramanik and Bewley, 1989; reviewed by Harada e t al, 1988); 

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

a l t h o u g h i n cowpea t h e r e i s a l a g p e r i o d o f 12HAI ( I s h i b a s h i 

and Minamikawa, 1989). S e v e r a l groups have attempted t o 

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

changes i n t h e whole mass o f t h e mRNA o r s p e c i f i c r e g u l a t i o n 

o f c e r t a i n genes a t d i f f e r e n t developmental stages. 

I n an e x t e n s i v e s t u d y o f t h e h y b r i d i s a t i o n k i n e t i c s 

o f an excess o f seed mRNA fro m soybean cv. Dare t o homologous 

cDNA, Goldberg e t a i (1981) showed t h a t i n terms o f d i v e r s i t y 



most o f t h e 14,000 t o 18,000 d i f f e r e n t embryonic mRNA species 

were p r e s e n t t h r o u g h o u t development and i n t h e mature d r y 

seed. However, t h e f r e q u e n c y d i s t r i b u t i o n s o f d i f f e r e n t 

groups o f spe c i e s - c l a s s i f i e d l o o s e l y as r a r e , abundant and 

superabundant - changed s u b s t a n t i a l l y d u r i n g seed growth. 

D u r i n g c e l l d i v i s i o n (30DAF) t h e mRNA p o p u l a t i o n c o n s i s t s 

m a i n l y o f abundant (800 m o l e c u l e s / c e l l / s e q u e n c e ) and r a r e 

(17m/c/s) messages, w i t h superabundant sequences f o r m i n g o n l y 

4% o f t h e mass. However, a t m i d - m a t u r a t i o n (75DAF) t h i s 

c l a s s o f 7 t o 10 superabundant messages (>19,OOOm/c/s) 

i n c r e a s e d d r a u n a t i c a l l y t o form 50% o f t h e mRNA mass, t h e r e s t 

b e i n g comprised o f f a i r l y abundant (550m/c/s) and r a r e 

(3m/c/s) messages, t h e former p r e s e n t as a g r e a t e r p r o p o r t i o n 

o f t h e m i d - m a t u r a t i o n mass t h a n a t t h e e a r l i e r stage, and t h e 

l a t t e r f o r m i n g o n l y 9% o f t h e mass. 

The superabundant messages are embryo s p e c i f i c , 

encoded by low fr e q u e n c y r e p e t i t i v e DNA sequences (presumed 

t o be s m a l l m u l t i g e n e f a m i l i e s ) and are t h o u g h t t o code f o r 

t h e abundant seed p r o t e i n s s y n t h e s i s e d a t t h i s developmental 

s t a g e , such as seed s t o r a g e p r o t e i n s , seed l e c t i n s and 

t r y p s i n i n h i b i t o r s . A l t h o u g h p r e s e n t i n t h e d r y seed t h e y 

seem t o be a t lower c o n c e n t r a t i o n s t h a n expected, s u g g e s t i n g 

t h a t t h e superabundant mRNA mass f a l l s f a i r l y r a p i d l y b e f o r e 

o r d u r i n g d e s i c c a t i o n . V i s u a l i s a t i o n o f t h e superabundant 

mRNAs on g e l showed, as expected, no separate bands d u r i n g 

c e l l d i v i s i o n b u t 7-10 bands, f o r m i n g 50% o f t h e t o t a l mRNA 

mass, a t m i d - m a t u r a t i o n . The p a t t e r n changed s l i g h t l y d u r i n g 
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l a t e m a t u r a t i o n ; s e v e r a l o f t h e m i d - m a t u r a t i o n bands 

decreased i n i n t e n s i t y o r were not v i s i b l e , w h i l e a t l e a s t 

one o f t h e r e m a i n i n g 5-6 bands was not seen a t t h e mid-

m a t u r a t i o n s t a g e . A n a l y s i s o f mRNA from axes and c o t y l e d o n s 

i n d i c a t e d t h a t t h e m a j o r i t y o f superabundant messages were 

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

t o s t o r a g e p r o t e i n s . No sepa r a t e bands were seen i n p o s t -

g e r m i n a t i o n mRNA, c o n f i r m i n g t h e f a l l i n superabundant 

message c o n c e n t r a t i o n a f t e r m i d - m a t u r a t i o n . Most o f th e 

superabundant messages were n o t found i n l e a f polysomes; 

however, t h e m a j o r i t y o f t h e o t h e r d i v e r s e embryonic mRNA 

spe c i e s were p r e s e n t i n l e a f polysomes, a l t h o u g h a t veiry low 

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

S i m i l a r r e s u l t s on t h e c o m p l e x i t y and abundance o f 

mRNA sp e c i e s were o b t a i n e d from c o t t o n and wheat, as reviewed 

by Goldberg, B a r k e r and Perez-Grau (1989) who concluded t h a t 

t h e m a j o r i t y o f d i f f e r e n t mRNA species found i n t h e embryo 

are p r e s e n t t h r o u g h o u t development and i n t h e d r y seed and 

mature p l a n t . However, t h e r e s u l t s o f Morton e t a i (1983) 

f r o m Pisum sativum cv Feltham F i r s t , w h i l e c o n f i r m i n g t h e 

r i s e i n v e r y abundant messages d u r i n g m a t u r a t i o n i n p a r a l l e l 

w i t h t h e i n c r e a s e i n major seed p r o t e i n s y n t h e s i s ( s t o r a g e 

p r o t e i n s legumin, v i c i l l i n and c o n v i c i l l i n ; p o s s i b l y pea 

l e c t i n and t h e major a l b u m i n ) , suggested t h a t t h e number o f 

d i v e r s e s p e c i e s f e l l d u r i n g development from ca.20,000 t o 

ca.200, due t o t h e l o s s o f r a r e (<10^ c o p i e s / c e l l ) sequences 

whose l e v e l s f e l l f r o m 9DAF (end o f c e l l d i v i s i o n ) and were 
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absent by 19DAF (towards t h e end o f s t o r a g e p r o t e i n 

s y n t h e s i s ) . I t i s h a r d t o c o r r e l a t e these r e s u l t s w i t h t h e 

p r e v i o u s f i n d i n g s ; i t i s p o s s i b l e t h a t pea has a d i f f e r e n t 

system o f r e g u l a t i o n t o soybean, but t h i s seems u n l i k e l y as 

t h e y are i n t h e same f a m i l y and t h e soybean p a t t e r n o f 

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

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

e x p eriments were not t a k e n t o c o m p l e t i o n so t h e f i g u r e s may 

no t be c o m p l e t e l y a c c u r a t e ; f u r t h e r , t h e f a c t t h a t Morton and 

co-workers used c o t y l e d o n s r a t h e r t h a n t h e whole seed may 

b i a s t h e r e s u l t s - as Goldberg e t a i (1981) showed t h a t t h e 

m a j o r i t y o f t h e superabundant messages were l o c a t e d i n t h e 

c o t y l e d o n s , t h e p r e v a l e n c e o f such messages i n pea c o t y l e d o n s 

may make t h e presence o f r a r e messages h a r d t o d e t e c t . 

1.2.5.2 P a t t e r n s of mRNA and P r o t e i n Accumulation 

S e v e r a l groups have demonstrated t h a t t h e p r e v a l e n t 

mRNA p o p u l a t i o n changes q u i t e s u b s t a n t i a l l y d u r i n g 

development and t h a t t hese a l t e r a t i o n s can be r e l a t e d t o t h e 

stage o f development, t h e s y n t h e s i s and accumulation o f seed 

p r o t e i n s and t h e p r e p a r a t i o n o f th e seed f o r g e r m i n a t i o n and 

gro w t h ( r e v i e w e d by Goldberg, Barker and Perez-Grau, 1989). 

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

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

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

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

'housekeeping' genes; these i n c l u d e t h e components o f t h e 
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e n e r g y - g e n e r a t i n g systems and p r o t e i n s y n t h e s i s , some o f 

w h i c h form p a r t o f t h e f r a c t i o n Goldberg e t al (1981) d e f i n e d 

as 'abundant'; f o r example t h e r i b u l o s e bisphosphate 

c a r b o x y l a s e s m a l l s u b u n i t and r i b o s o m a l p r o t e i n s (reviewed by 

Gatehouse e t al, 1986). Towards m i d - m a t u r a t i o n t h e 

'superabundant' messages become p r e v a l a n t , a t a t i m e o f h i g h 

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

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

m a t u r a t i o n and are s t o r e d i n t h e d r y seed, some a t v e r y low 

l e v e l s (Kermode, Pramanik and Bewley, 1989; reviewed by 

Goldberg, Barker and Perez-Grau, 1989). Storage p r o t e i n and 

seed l e c t i n s y n t h e s i s may c o n t i n u e a f t e r t h e message l e v e l s 

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

( I s h i b a s h i and Minamikawa, 1989). As these superabundant 

messages become l e s s p r e v a l a n t a t h i r d dominant p o p u l a t i o n o f 

LEA messages appears, accompanied by t h e s y n t h e s i s o f LEA o r 

' m a t u r a t i o n ' p r o t e i n s , many o f which are t h o u g h t t o be 

necessary f o r seed s u r v i v a l and s e e d l i n g growth (Rosenberg 

and Rinne, 1988; Kermode, Pramanik and Bewley, 1989; reviewed 

by Goldberg, Barker and Perez-Grau, 1989). The LEA messages 

p e r s i s t d u r i n g d r y i n g , some showing an i n c r e a s e i n abundance 

upon d e h y d r a t i o n , and are s t o r e d i n t h e d r y seed a t f a i r l y 

h i g h l e v e l s , a l o n g w i t h t h e i r p r o t e i n s (see s e c t i o n 1.3). 

U n d e r l y i n g these major p o p u l a t i o n changes t h e r e i s 

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

e m b r y o - s p e c i f i c t r a n s c r i p t s , i n c l u d i n g embryonic enzymes such 

as c o t y l e d o n a r y alpha-amylase. I n a d d i t i o n t h e r e i s a l e s s 
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p r e v a l e n t p o p u l a t i o n o f messages which appears around mid-

m a t u r a t i o n , i s s t o r e d i n t h e seed and c o n t i n u e s t o be 

expressed i n t h e g e r m i n a t i n g seed and growing s e e d l i n g ; t h e 

e x p r e s s i o n o f t h i s l a s t group has been o f g r e a t i n t e r e s t , as 

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

messages whic h are i n v o l v e d i n g e r m i n a t i o n may a i d an 

u n d e r s t a n d i n g o f t h e ' s w i t c h ' from developmental t o 

g e r m i n a t i o n and growth processes ( r e v i e w e d by Goldberg, 

Barker and Perez-Grau, 1989). 

Of t h e messages s t o r e d i n t h e d r y seed, most are 

degraded upon i m b i b i t i o n * (Cuming, 1984; M i s r a and Bewley, 

1985; Lalonde and Bewley, 1986; Kermode, Pramanik and Bewley, 

1989; r e v i e w e d by Goldberg, Barker and Perez-Grau, 1989). 

However, t h e r e i s a f u r t h e r subset o f messages - ' l o n g - l i v e d 

mRNA' - t h e m a j o r i t y o f which appear i n t h e seed d u r i n g mid-

[*FOOTNOTE - The r e s u l t s o f Goldberg e t a i (1981) suggest 

t h a t f o r t h e m a j o r i t y o f messages, except perhaps t h e seed-

s p e c i f i c superabundant f r a c t i o n , t h i s d e g r a d a t i o n and 

i n i t i a t i o n o f messages i s not eibsolute; however, t h e 

c o n t i n u a t i o n o f s y n t h e s i s i s a t such a low l e v e l , as 

demonstrated by t h e i r r e s u l t s f rom l e a f polysomes, t h a t i t 

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

w h i c h are i m p o r t a n t a t t h i s stage o f development and growth, 

except t o s u p p o r t t h e t h e o r y o f gene enhancement and 

r e p r e s s i o n f o r r e g u l a t i o n r a t h e r t h a n t h a t o f an o n / o f f 

s w i t c h mechanism] 
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m a t u r a t i o n and i n c r e a s e i n t r a n s c r i p t c o n c e n t r a t i o n upon 

g e r m i n a t i o n ( r e v i e w e d by Payne, 1976 and by Goldberg, Barker 

and Perez-Grau, 1989; Thompson and Lane, 1980; Lalonde and 

Bewley, 1986). T h i s s t o r e d mRNA sup p o r t s p r o t e i n s y n t h e s i s 

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

and tRNA which q u i c k l y reassemble upon i m b i b i t i o n ( r eviewed 

by Payne, 1976), u n t i l t h e g e r m i n a t i n g seed resumes a c t i v e 

t r a n s c r i p t i o n . A c c o r d i n g t o Thompson and Lane (1980) t h i s 

can occur as e a r l y as 40 minutes a f t e r i m b i b i t i o n , w i t h new 

mRNA becoming r e s p o n s i b l e f o r t h e m a j o r i t y o f t r a n s l a t i o n 

w i t h i n 24HAI ( I s h i b a s h i and Minamikawa, 1989). The messages 

t r a n s c r i b e d d u r i n g g e r m i n a t i o n i n c l u d e those necessary f o r 

g e r m i n a t i o n t h a t were s t o r e d i n t h e seed, whose l e v e l s 

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

p r e v a l e n c e as t h e seed f i n i s h e s g e r m i n a t i n g , and a new se t o f 

p o s t - g e r m i n a t i o n messages f o r m o b i l i s a t i o n o f r e s e r v e s and 

gro w t h , g i v i n g a v e r y d i f f e r e n t p a t t e r n o f seed p r o t e i n s t o 

t h a t i n t h e seed d u r i n g development (Thompson and Lane, 1980; 

M i s r a and Bewley, 1985; Lalonde and Bewley, 1986; W i l l i a m s o n 

and Quatrano, 1988). Payne (1976) suggested t h a t l o n g - l i v e d 

mRNA sp e c i e s were t r a n s c r i b e d d u r i n g g r a i n f i l l i n g . I s h i b a s h i 

and Minamikawa (1989) showed t h a t i n cowpea a l l o f t h e 

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

were p r e s e n t i n t h e seed a t t h e p o i n t o f p h y s i o l o g i c a l 

m a t u r i t y a t 17 t o 19DAF (cowpeas, u n l i k e many seeds, do not 

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

and g r o w t h , a l t h o u g h m a t u r a t i o n d r y i n g does occur as p a r t o f 
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the developmental p l a n ) ; the mRNA population at t h i s 
developmental stage showed no d i f f e r e n c e t o the mature dry 
seed, but a considerable d i f f e r e n c e t o the prevalent mRNA 
popu l a t i o n of mid- t o l a t e maturation (13-15DAF), i n d i c a t i n g 
t h a t some change i n expression occurred t o reduce the 
messages f o r seed storage p r o t e i n s and increase those f o r 
germination and post-germinative processes - the increase 
need not be great, as the mass of poly(A)+RNA decreases 
n o t i c e a b l y between 13-15 and 17-19DAF. Harada, Baden and 
Comai (1988) and Harada e t a i (1988) conducted a d e t a i l e d 
survey of the mRNAs found during germination and post-
germination i n rape. They found t h a t although most of the 
post-germination abundant mRNAs were not detectable i n 
developing or dry seeds there was a set of messages which was 
also found i n immature and dry seeds and showed s p a t i a l as 
w e l l as temporal r e g u l a t i o n . As the cotyledons and axes have 
very d i f f e r e n t physiology i t was proposed t h a t d i f f e r e n t sets 
of genes may be expressed i n the two t i s s u e s . Harada and co­
workers found t h a t although many post-germination abundant 
messages were present i n both t i s s u e s , some accumulated 
p r e f e r e n t i a l l y i n the cotyledons and others i n the axis. Two 
cloned axis-abundant genes showed d i f f e r e n t patterns of 
accumulation t o each other; however, the cotyledon-abundant 
genes appeared t o be regulated coordinately. The messages of 
cotyledon-abundant genes accximulated i n l a t e maturation (35-
40DAF) but only t o f a i r l y low l e v e l s , due e i t h e r t o some 
t r a n s c r i p t i o n a l or p o s t - t r a n s c r i p t i o n a l c o n t r o l , or t o the 
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general f a l l i n RNA and p r o t e i n synthesis during maturation 
d r y i n g . Their t r a n s c r i p t l e v e l then increased w i t h i n 8-
16HAI, reaching maximal expression w i t h i n IDAI. Two members 
of t h i s set were i d e n t i f i e d as i s o c i t r a t e lyase and malate 
synthase, both of which show the same p a t t e r n of accumulation 
and t i s s u e d i s t r i b u t i o n as each other and the r e s t of the 
cotyledon-abundant set. I n c o n t r a s t , the axis-abundant 
messages accumulated i n young embryos, f a l l i n g t o minimal 
l e v e l s a t 35-40DAF and not i n c r e a s i n g again u n t i l i m b i b i t i o n . 
This p a t t e r n of expression may suggest an involvement of such 
messages w i t h d i v i s i o n and d i f f e r e n t i a t i o n , both of which 
occur d u r i n g e a r l y embryogenesis, are absent during the r e s t 
of seed development, then occur again i n germination and 
growth, the messages presumably being down-regulated when not 
needed but maintained at low l e v e l s t o enable the r a p i d 
resumption of d i v i s i o n upon i m b i b i t i o n . The accumulation of 
messages necessary f o r germination i n the axes during e a r l y 
embryogeny may e x p l a i n the a b i l i t y of very young barley and 
wheat embryos t o germinate when i s o l a t e d from the whole seed 
and allowed t o imbibe ( B a r t e l s , Singh and Salamini, 1988). 
Although germination-and post-germination s p e c i f i c messages 
have been i s o l a t e d from embryonic polysomes i n developing 
seeds, the p r o t e i n s do not accumulate and no germination-
r e l a t e d events occur u n t i l a f t e r i m b i b i t i o n (Harada et a i , 
1988). Thus the r e s u l t s i n d i c a t e t h a t post-germination genes 
have more than one mechanism of r e g u l a t i o n which coordinates 
the expression of both genes and p r o t e i n s w i t h respect t o the 
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seed's developmental stage and the f u n c t i o n of the t i s s u e . 
Harada, Baden and - Comai (1988) suggested t h a t a 'cascade' of 
events i s required f o r germination and i s i n i t i a t e d only on 
i m b i b i t i o n of a s u i t a b l y developed seed. 

1.2.5.3 The Effec t of Desiccation on mRMA and Protein 
Populations 

As s t a t e d before, the exposure of developing seeds 
t o premature d e s i c c a t i o n causes accelerated maturation w i t h a 
co i n c i d e n t a l change i n the seed mRNA population t o give a 
p a t t e r n veiry s i m i l a r t o t h a t seen i n n a t u r a l l y matured seeds 
(Kermode, Pramanik and Bewley, 1989). As i t has been 
es t a b l i s h e d t h a t the messages f o r germination and post-
germinative growth accumulate upon maturation and desiccation 
and also upon premature d e s i c c a t i o n , i t has been suggested 
t h a t d e s i c c a t i o n may act as a cue f o r the preparation of the 
seed f o r germination (Dasgupta and Bewley, 1982; Kermode, 
Pramanik and Bewley, 1989; Rosenberg and Rinne, 1986, 1988; 
Saab and Obendorf, 1989; reviewed by Bewley, 1979). However, 
i t has been noted t h a t changes i n mRNA and p r o t e i n synthesis 
i n prematurely d r i e d seeds occur a f t e r rehydration, and the 
i m b i b i t i o n of water f o l l o w i n g germination may also be 
important i n the 'switch' from development t o germination 
(Bewley, Kermode and Misra, 1989); i t i s at l e a s t c l e a r t h a t 
one or both of these f a c t o r s i s of greater importance than 
the developmental age of the seed as imposed desiccation 
a u t o m a t i c a l l y a l t e r s the n a t u r a l developmental programme of 
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immature seeds t o the germinative program usually only seen 
l a t e r i n ontogeny ( p r o v i d i n g desiccation tolerance has been 
achieved). Lalonde and Bewley (1986) examined the e f f e c t of 
de s i c c a t i o n then r e h y d r a t i o n during the germination of pea 
axes. The treatment enhanced the degradation of some 
developmental-specific mRNAs upon rehydration, implying a 
c o n t r o l by de s i c c a t i o n / r e h y d r a t i o n of s p e c i f i c degradation 
mechanisms. However, another set of r e s i d u a l mRNAs, usually 
l o s t on i m b i b i t i o n , was stimul a t e d by desiccation and 
re h y d r a t i o n ; t h i s group could possibly represent the stress 
p r o t e i n s which are thought t o be expressed during l a t e 
embryogenesis f o r p r o t e c t i o n against desiccation (see section 
1.3), or f o r r e p a i r of damaged p r o t e i n s and c e l l u l a r 
s t r u c t u r e s . The set of messages whose l e v e l usually 
increases upon germination continues t o increase a f t e r the 
d e s i c c a t i o n / r e h y d r a t i o n treatment but the germination process 
i t s e l f takes longer, p o s s i b l y due t o the need t o r e p a i r 
damage caused by the treatment. Further, Lalonde and Bewley 
i s o l a t e d a t l e a s t one message a f t e r the treatment which was 
not detectable i n the mature dry seed o r i n e a r l y 
germination. 

1.2.5.4 The Regulation of mRMA cind Protein Levels diiring Seed 
Development and Germination 

The r e g u l a t i o n of gene expression i n the seed i s 
t i g h t l y c o n t r o l l e d and conserved; however, i t can also change 
i n response t o environmental s t i m u l i such as water loss or 
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low sulphur - the c o n t r o l mechanisms the r e f o r e need t o be 
able t o adapt, both t o i n t e r n a l developmentally programmed 
changes and t o e x t e r n a l f a c t o r s , and s t i l l produce a v i a b l e 
embryo (reviewed by Gatehouse et aJ, 1986 and Goldberg, 
Barker and Perez-Grau, 1989). Most major seed-specific genes 
(e.g. storage p r o t e i n genes, l e c t i n s , protease i n h i b i t o r s ) 
show a general increase i n expression during development t o a 
peak, then f a l l ; however t h i s p a t t e r n of expression varies 
considerably among the p r o t e i n s , s t a r t i n g at d i f f e r e n t points 
i n development, having v a r y i n g lengths of peak expression and 
d e c l i n i n g at d i f f e r e n t stages - f o r example, the expression 
of the pea v i c i l i n storage p r o t e i n s t a r t s before t h a t of the 
legumin (reviewed by Gatehouse et a i , 1986). Apart from 
t h e i r v a r i e d temporal r e g u l a t i o n , most prominent seed 
p r o t e i n s appear t o e x h i b i t seed s p e c i f i c i t y , being 'switched' 
on and o f f at the beginning and end of seed development. 
This, however, has been c a l l e d i n t o doubt by a number of 
st u d i e s . Goldberg et a i (1981) demonstrated t h a t although 
the superabundant messages were not detected i n soybean l e a f 
polysomes, the m a j o r i t y of other messages expressed i n the 
seed were; despite t h e i r presence they were expressed at very 
low l e v e l s - lower than the l e a f ' s own rare messages -
i m p l y i n g severe 'down' r e g u l a t i o n , but i t appears from these 
r e s u l t s t h a t very few genes were a c t u a l l y 'shut o f f a f t e r 
embryogenesis. Boulter e t a i (1990), looking at the 
expression of major pea seed p r o t e i n genes i n r u n - o f f 
t r a n s c r i p t i o n assays from l e a f n u c l e i , found t h a t although 
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Leg A messages could not be detected, i t seemed t h a t Leg J, S 
and pea l e c t i n were expressed at very low l e v e l s . Walling et 
a i (1986) found s i m i l a r r e s u l t s i n soybean; the messages f o r 
storage p r o t e i n s beta-conglycinin, g l y c i n i n and a 15K p r o t e i n 
were shown t o be present i n l e a f n u c l e i , but t r a n s c r i p t i o n 
r a t e s were 50-100 f o l d less than those i n embryo n u c l e i . 
Further, the steady s t a t e l e v e l s of these sequences i n l e a f 
nuclear RNA were over 10,000 f o l d lower than i n embryonic 
n u c l e i , i m p l y i n g t h a t the down-regulation of 'seed-specific' 
genes occurs a t both t r a n s c r i p t i o n a l and p o s t - t r a n s c r i p t i o n a l 
l e v e l s . Perhaps the most convincing proof f o r the expression 
o f u s u a l l y seed-specific genes i n non-seed tissues i s the 
a b i l i t y of many pla n t s t o form somatic embryos, w i t h 
morphological and genetic events equivalent t o those i n 
zygotic embryos, i n c l u d i n g the expression of seed storage 
p r o t e i n genes, despite the absence of a seed environment 
(reviewed by Goldberg, Barker and Perez-Grau, 1989). These 
r e s u l t s i n d i c a t e t h a t although c e r t a i n seed-specific genes 
may not be expressed i n non-seed tissu e s they are at least 
present i n a s t a t e where t r a n s c r i p t i o n can be induced, while 
others are t r a n s c r i b e d and accumulate at very low l e v e l s but 
can be 'up-regulated' i f necessary. A f u r t h e r feature of the 
r e g u l a t i o n of seed genes i s the s p a t i a l r e g u l a t i o n reviewed 
by Harada et al (1988) and Harada, Baden and Comai (1988), 
i n d i c a t i n g t h a t s p e c i f i c genes or gene sets accumulate to 
d i f f e r e n t l e v e l s i n t i s s u e s w i t h d i f f e r e n t p h y s i o l o g i c a l 
f u n c t i o n s and t h a t t h i s accumulation i s c o n t r o l l e d i n varied 
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fashions. Further, as w e l l as s p a t i a l r e g u l a t i o n w i t h respect 
t o organs, there i s also some evidence t h a t messages can 
accumulate t o d i f f e r e n t l e v e l s w i t h i n s p e c i f i c c e l l s 
(reviewed by Goldberg, Barker and Perez-Grau, 1989). 

Many groups have concluded t h a t the major c o n t r o l 
of p r o t e i n expression d u r i n g seed development, germination 
and growth i s a t the l e v e l of t r a n s c r i p t i o n (reviewed by 
Gatehouse e t a i , 1986, Goldberg, Barker and Perez-Grau, 1989 
and Boulter e t a i , 1990). However, p o s t - t r a n s c r i p t i o n a l 
c o n t r o l i n the form o f processing, t r a n s p o r t , t r a n s c r i p t 
s t a b i l i t y and s p e c i f i c degradation also plays an important 
p a r t i n the response t o maturation d r y i n g ; a f t e r desiccation 
and i m b i b i t i o n any r e s i d u a l developmental mRNAs 
are s e l e c t i v e l y degraded (Kermode, Pramanik and Bewley, 1989; 
reviewed by Goldberg, Barker and Perez-Grau, 1989). Post-
t r a n s c r i p t i o n a l c o n t r o l also appears t o be important during 
development: Morton et al (1983) found t h a t of the mRNA 
t r a n s c r i p t s present i n the n u c l e i of pea seeds during e a r l y 
development (9DAr) only 50% were represented i n the 
cytoplasm; Gatehouse e t a i (1986) found t h a t although the 
l e v e l s o f seed p r o t e i n mRNAs and the amount of p r o t e i n 
synthesis both increased d u r i n g e a r l y t o mid-development they 
d i d not do so i n p a r a l l e l , the r a t e of increase of p r o t e i n 
synthesis being less than t h a t of t r a n s c r i p t i o n ; i n soybean. 
W a l l i n g e t a i (1986) showed t h a t although seed-specific 
p r o t e i n and non-seed p r o t e i n genes had s i m i l a r t r a n s c r i p t i o n 
r a t e s , the accumulation o f the two types of mRNA varied by up 
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t o 10,000 f o l d . 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 has also 
been c i t e d as the l e v e l at which seeds respond t o 
environmental c o n d i t i o n s ; Beach et al (1985) found t h a t peas 
on low sulphur d i d not accumulate legumin (a sulphur-
c o n t a i n i n g p r o t e i n ) , although the r a t e of t r a n s c r i p t i o n was 
not a l t e r e d . There i s also some i n d i c a t i o n of t r a n s l a t i o n a l 
or p o s t - t r a n s l a t i o n a l c o n t r o l i n the prevention of 
accumulation of germination-specific and growth-related 
p r o t e i n s (despite the presence of t h e i r messages on 
cotyledonairy polyribosomes) during development and i n the 
p o s t - t r a n s l a t i o n a l phosphorylation of ABA-inducible 
maturation polypeptides i n maize (Harada et al, 1988; Goday 
et a i , 1988). 

The i s o l a t i o n of conserved sequences which are 
s p e c i f i c t o gene f a m i l i e s i n the promoters of seed p r o t e i n 
genes suggest the presence of elements f o r t r a n s c r i p t i o n a l 
c o n t r o l (reviewed by Gatehouse et a i , 1986). Several groups 
have demonstrated t h a t 5' f l a n k i n g regions of seed p r o t e i n 
genes contai n a l l of the i n f o r m a t i o n necessary t o d i r e c t not 
only seed-specific expression but also temporal r e g u l a t i o n 
(see s e c t i o n 1.4.1; reviewed by Goldberg, Barker and Perez-
Grau, 1989). Further work has i s o l a t e d p u t a t i v e . t r a n s - a c t i n g 
f a c t o r s - DNA b i n d i n g p r o t e i n s - which may associate w i t h 
these c i s r e g u l a t o r y elements (Meakin and Gatehouse, 1990; 
reviewed by Goldberg, Barker and Perez-Grau, 1989). Such 
r e s u l t s , along w i t h the i s o l a t i o n of ABA-responsive elements, 
support the view t h a t t r a n s c r i p t i o n a l c o n t r o l i s a major part 
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of the d i f f e r e n t i a l expression of genes during development 
and growth and i s probably involved i n e f f e c t i n g the switch 
from developmental t o germination and growth r e l a t e d 
processes. The t i m i n g and mechanism of t h i s switch have not 
yet been elu c i d a t e d : as mentioned before, the a b i l i t y of many 
seeds t o germinate and grow precociously, w i t h or without a 
d e s i c c a t i o n treatment, i n d i c a t e s t h a t the required f a c t o r s 
f o r germination and growth are present at l e a s t by the point 
of p h y s i o l o g i c a l m a t u r i t y (Dasgupta and Bewley, 1982; Kermode 
and Bewley, 1985; Rosenberg and Rinne, 1988; I s h i b a s h i and 
Minamikawa, 1989; O i s h i and Bewley, 1992); but i n most cases 
the switch does not seem t o be a c t u a l l y e f f e c t e d u n t i l a f t e r 
r e h y d r a t i o n f o l l o w i n g a d e s i c c a t i o n treatment (Comai and 
Harada, 1990; Bewley, Kermode and Misra, 1989;). The r e s u l t s 
obtained from i s o l a t e d , non-dried embryos f u r t h e r suggest 
t h a t there may be two switches - one t o allow germination t o 
proceed, which may or may not give complete i n h i b i t i o n of 
developmental processes and a second t o a c t i v a t e the post-
germinative programme t o give enzyme synthesis and seedling 
growth (Rosenberg and Rinne, 1986; Kermode and Bewley, 1988). 
The r e s u l t s so f a r i n d i c a t e t h a t d e s i c c a t i o n , r a t h e r than 
developmental age, i s the primary inducer of the f u l l change 
i n d i r e c t i o n of seed metabolism and morphology. Bewley, 
Kermode and Misra (1989) suggested t h a t the desiccation 
stimulus could be e f f e c t e d by a minimal d r y i n g t o a c r i t i c a l 
water content, r a t h e r than the extensive dehydration usually 
seen duri n g seed maturation; however the demonstration by 
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O i s h i and Bewley (1992) t h a t t h i s minimal drying treatment i s 
i n e f f e c t i v e i n maize kernels suggests t h a t d i f f e r e n t species 
may r e q u i r e d i f f e r e n t l e v e l s of water loss. 

1.3 LEA PROTEINS AND DEHYDRINS 

A set of messages and p r o t e i n s which are expressed 
p r i m a r i l y from mid-maturation through l a t e embryogenesis has 
been i s o l a t e d from a wide range of both monocotyledons and 
dicotyledons. The polypeptides remain i n the dry seed and 
are degraded upon i m b i b i t i o n ; they have been termed v a r i a b l y 
'maturation polypeptides' (Rosenberg and Rinne, 1986; Bewley, 
Kermode and Misra, 1989; Kermode, Pramanik and Bewley, 1989; 
Blackman et al, 1991) and more r e c e n t l y LEA, rajb or dehydrin 
p r o t e i n s . The l a s t two have been more commonly i s o l a t e d from 
stressed seedling t i s s u e , but were subsequently shown t o 
e x h i b i t l a t e embryogenesis abundance i n seeds and t o share 
s i g n i f i c a n t sequence homology w i t h LEA genes i s o l a t e d from 
seeds. Proteins e x h i b i t i n g t h i s expression p a t t e r n i n seeds 
are thought t o occur i n a l l p l a n t s (reviewed by Dure et a i , 
1989, Goldberg, Barker and Perez-Grau, 1989 and Skriver and 
Mundy, 1990). As a group, LEA and dehydrin pro t e i n s are 
heat-stable, s t r o n g l y h y d r o p h i l i c and have been shown t o be 
synthesised i n response t o ABA and osmotic stress, applied t o 
the immature or germinating seed, seedlings or (less 
f r e q u e n t l y ) a d u l t p l a n t s . Cotton LEA genes are also 
t r a n s i e n t l y expressed i n immature seeds upon excision, before 
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premature germination begins (Baker, Steele and Dure, 1988). 
The r a p i d response of the genes t o such exte r n a l s t i m u l i , 
together w i t h the i n d u c t i o n of c e r t a i n LEAs by cold, s a l t and 
heat suggests t h a t they f u n c t i o n as stress p r o t e i n s (Morris 
et a i , 1990; Hong, Barg and Ho, 1992). The response t o 
osmotic s t r e s s , t h e i r h y d r o p h i l i c i t y and the s t r u c t u r e of 
t h e i r polypeptides have l e d t o the general conclusion t h a t 
most of the LEA p r o t e i n s and dehydrins are involved i n the 
p r o t e c t i o n of p l a n t t i s s u e s during dehydration, f u n c t i o n i n g 
p r i m a r i l y i n the seed and e i t h e r absent or present at lower 
l e v e l s i n the mature p l a n t , but i n d u c i b l e i n seedlings and i n 
some cases vegetative t i s s u e s on osmotic stress (Gomez et a i , 
1988; Harada et al, 1989; Dure et a i , 1989; Blackman et a i , 
1991). LEAs and dehydrins have been i s o l a t e d from cotton 
(Baker, Steele and Dure, 1988); r i c e (Mundy and Chua, 1988); 
wheat (Williamson, Quatrano and Ciiming, 1985); barley 
(dehydrins, Close, K o r t t and Chandler, 1989; Hong, Barg and 
Ho, 1992; Espelund et a i , 1992); maize (dehydrin. Close, 
K o r t t and Chandler, 1989; Gomez et a i , 1988); rape (Harada et 
a i , 1989); r a d i s h (Raynal et a i , 1990); Craterostigma 
plantagineum ( B a r t e l s et al, 1990); tomato (Bray, 1991; Cohen 
and Bray, 1992); Arabidopsis thallana (dehydrin. Rouse, 
Gehring and Parish, 1992); c a r r o t (Goupil et a i , 1992 and see 
Dure et a i , 1989) and pea (dehydrin, Robertson and Chandler, 
1992; B a r r a t t and Clark, 1991). I n 1989, Dure et a i divided 
several o f the LEAs t h a t had been characterised at t h a t time 
i n t o three groups on the basis of amino acid sequence 
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homology or, i n the cases of groups 2 and 3, on the basis of 
possession of areas of conserved homology. 

1.3.1 Group 1 LEAs 

To the o r i g i n a l two members of t h i s group - the 
wheat Em message (Williamson, Quatrano and Cuming, 1985) and 
the c o t t o n D19 (Baker, Steel and Dure, 1988) can be added the 
other Em genes from maize and r i c e (see section 1.4.2); three 
messages from b a r l e y - B19.1, B19.3, B19.4 (Espelund et a i , 
1992), c o t t o n D132, maize Emb564, c a r r o t EMBl and radish p8B6 
(reviewed i n Espelund et al, 1992). A l l of these share very 
s t r o n g amino acid homology, i n c l u d i n g the c h a r a c t e r i s t i c 
h y d r o p h i l i c i t y and a lack of cysteine (Cys) and tryptophan 
(Trp) residues. The three barley messages are c l a s s i f i e d by 
the number of repeats of a 20 amino acid m o t i f t h a t they 
c o n t a i n (B19.4 having f o u r repeats, B19.3 three, e t c . ) ; t h i s 
m o t i f i s the most h y d r o p h i l i c region of the polypeptides and 
i s found twice i n c o t t o n D132, but i s only present as a 
monomer i n c o t t o n D19 and the other members of t h i s group. 
Like most LEAs, the B19 messages are encoded by a multigene 
f a m i l y ; however, the three members show d i f f e r e n t i a l 
expression (Espelund et a i , 1992). They share the same 
temporal expression d u r i n g normal seed development, but B19.1 
accumulates t o l e v e l s at l e a s t 10-fold greater than 
B19.4 and B19.3 messages (the l a t t e r being the l e a s t 
abundant) and t h i s p a t t e r n i s also seen i n the dry seed. I n 
the immature embryo and germinating seeds a l l three messages 

52 



are responsive t o ABA or mannitol, but t o d i f f e r e n t l e v e l s ; 
f u r t h e r , w h i l e the l e v e l of B19.1 mRNA i s noticeably 
increased by treatment of immature embryos w i t h 200mM NaCl, 
the B19.3 message i s unaffected and the B19.4 t r a n s c r i p t 
shows only a s l i g h t r i s e . This response t o s a l t i s not seen 
i n germinating seeds and so appears t o be developmentally 
dependent. B19.1 mRNA also seems t o accximulate t o higher 
l e v e l s upon c o l d s t r e s s , but i t i s thought t h a t the e f f e c t of 
the c o l d s t r e s s i s mediated by s t a b i l i s a t i o n of the 
t r a n s c r i p t s and not by enhanced t r a n s c r i p t i o n of messages, as 
seen i n c e r t a i n other LEAs (e.g. r i c e RAB21, group 2) (see 
Espelund et a i , 1992). The response t o s a l t and cold can 
t h e r e f o r e be separated from t h a t t o mannitol and ABA, despite 
the f a c t t h a t ABA has o f t e n been proposed as the mediator of 
responses t o such stresses. Unlike many LEAs, the B19 fa m i l y 
are not expressed i n non-embryonic t i s s u e , being i n d u c i b l e 
only i n zygotic and somatic embryos and young germinating 
seedlings; t h i s o r g a n - s p e c i f i c i t y has also been described i n 
s i m i l a r genes i n barley and cotton (see Espelund et a i , 
1992). 

1.3.2 Group 2 LEAs 

As group 3, t h i s set of LEA and dehydrin messages 
e x h i b i t considerably less amino acid homology t o each other 
than the more c l o s e l y r e l a t e d group 1 messages, instead 
sharing c e r t a i n conserved sequence m o t i f s . Dure et a i (1989) 
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f i r s t placed i n t h i s group the cotton LEA D l l (Baker, Steele 
and Dure, 1988) and the r i c e RAB21 (Mundy and Chua, 1988); i t 
can be extended t o contain the barley and maize dehydrins 
(Close, K o r t t and Chandler, 1989), an Arabidopsis dehydrin 
(Rouse, Gehring and Parish, 1992), pea dehydrin B12 
(Robertson and Chandler, 1992), a dehydrin from Craterostigma 
( B a r t e l s et a i 1990), seed LEAs from radish (Raynal et a i , 
1990), tomato LE4 (Bray, 1991) and maize RAB17 (see Raynal et 
a i , 1990). A l l have a high glycine content, no Trp residues 
and conserved sequence m o t i f s which include a l y s i n e - r i c h 
block and a s t r e t c h of from 7-9 serine residues, the only 
exception being pea dehydrin B12 which has no serine run. 
A l l have been shown t o be i n d u c i b l e by ABA and water stress 
i n seedlings (e.g. Close, K o r t t and Chandler, 1989; Robertson 
and Chandler, 1992), immature seeds (e.g. D l l , Baker, Steele 
and Dure, 1988), leaves (e.g. Raynal et a i , 1990), shoots 
and r o o t s (Bray, 1991). I n t e r e s t i n g l y , i n water-stressed 
seedlings B12 pea dehydrin p r o t e i n only accumulated i n 
cotyledons and shoots, even though the message i s av a i l a b l e 
i n r o o t s ; Robertson and Chandler (1992) suggested t h a t t h i s 
may be pu r e l y an e f f e c t of the r a p i d cessation of p r o t e i n 
synthesis i n roots upon de s i c c a t i o n . 

1.3.3 Group 3 LEAs 

Members of t h i s group include cotton LEA D7 (Baker, 
Steele and Dure, 1988), rape pLEA76 (Harada et a i , 1989), 
barl e y pHVAl and c a r r o t DC3 and DC8 (see Dure et a i , 1989). 
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Again the deduced p r o t e i n s , which cover a range of sizes, are 
h i g h l y h y d r o p h i l i c ; but i n t h i s case they contain a varying 
number of conserved 11 amino acid repeats which may allow the 
formation of an a m p h i c i l i c alpha h e l i x (Dure et a i , 1989). 
A l l are Cys and Trp f r e e (except c a r r o t DC3 which has one Cys 
r e s i d u e ) . The accumulation of rape pLEA76 mRNA i n seeds 
occurs around the time of peak ABA l e v e l s and can also be 
induced by ABA i n immature embryos and by water stress i n 
seedlings (Harada et a i , 1989). The c a r r o t LEA DC8 i s also 
i n d u c i b l e by ABA i n the immature seeds but cannot be induced 
i n seedlings or vegetative t i s s u e , t h i s s t r i c t seed 
s p e c i f i c i t y being r e t a i n e d i n transgenic tobacco (Goupil et 
a i , 1992). I n d u c t i o n of the barley HVAl message and p r o t e i n 
by drought s t r e s s i n seedlings also decreases as the 
seedlings age, suggesting developmental r e g u l a t i o n ; however, 
another smaller p r o t e i n showing some s i m i l a r i t y t o HVAl i s 
induced i n seedlings by ABA but not i n seeds, suggesting 
d i f f e r e n t i a l developmental r e g u l a t i o n of e i t h e r a gene f a m i l y 
or s i m i l a r genes (Hong, Barg and Ho, 1992). HVAl i s also 
induced by s a l t , c o l d or heat s t r e s s . 

1.3.4 Other Unclassified LEAs 

Cotton LEA D113 (Baker, Steele and Dure, 1989) and 
tomato LE25 share 50% amino acid homology and areas of 
homology i n t h e i r 5' f l a n k i n g region; these include a 
proposed ABA-responsive element (5'-TACGTGGC-3•) t h a t has 
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been found i n several other ABA-responsive genes, and a novel 
l l b p sequence (5•-TACTGAAAAAC-3'), which are thought t o be 
inv o l v e d i n r e g u l a t i o n (Cohen and Bray, 1992). Again, the 
p r o t e i n s are very h y d r o p h i l i c w i t h no Cys or Trp residues. 
Baker, Steele and Dure (1989) proposed t h a t the frequency of 
gl y c i n e and hydroxylated residues i n D113 (also found i n D l l , 
group 2) favoured the existence of the polypeptide as a 
random c o i l , s i m i l a r t o t h a t suggested f o r the Em p r o t e i n by 
Dure et a i (1989). Both D113 and LE25 are expressed i n the 
seed and i n d u c i b l e by exogenous ABA and drought stress i n 
seedlings, although LE25 message i s expressed at much higher 
l e v e l s d u r i n g maturation than i n drought stressed shoots and 
ro o t s (Bray, 1991). 

Other LEAs which show no homology t o group 1, 2 and 
3 LEAs are the two ABA-responsive albumins i s o l a t e d from pea 
by B a r r a t t and Clark (1991) - ABR17 and ABR18. These bear no 
r e l a t i o n i n sequence or p r o t e i n s t r u c t u r e t o other i d e n t i f i e d 
LEAs, although they are expressed i n f a i r l y high l e v e l s i n 
the seed duri n g l a t e embryogenesis and t h e i r l e v e l s can be 
increased i n young seeds by incubation on low osmotica or 
w i t h ABA ( B a r r a t t , Domoney and Wang, 1989a). Instead, they 
appear t o be r e l a t e d t o a set of p r o t e i n s involved i n disease 
reponse i n pea and t o a b i r c h p o l l e n a l l e r g e n . ABR18 
expression f o l l o w s the peaks of ABA expression, f i r s t i n the 
t e s t a and then i n the embryo and although the p r o t e i n usually 
disappears on germination i t can be induced i n germinating 
seedlings by exogenous ABA. I n contrast ABR17 was absent 
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from the t e s t a , showed t y p i c a l l a t e embryogenesis abundance 

i n the embryo and was present throughout germination and i n 

non-stressed leaves ( B a r r a t t and Clark, 1991). This 

d i f f e r e n t i a l expression of c l o s e l y r e l a t e d p r o t e ins could 

imply d i f f e r e n t i a l developmental r e g u l a t i o n of a gene family, 

as i n b a r l e y (Hong, Barg and Ho, 1992). 

1.3.5 Induction and Regulation of LEAs 

I n most cas e s , LEA and dehydrin polypeptide l e v e l s 

p a r a l l e l the mRNA l e v e l s f a i r l y c l o s e l y , suggesting that the 

p r o t e i n l e v e l s are regulated at the l e v e l of message 

accvunulation r a t h e r than a t the l e v e l of t r a n s l a t i o n (Baker, 

S t e e l and Dure, 1988; Close, Kortt and Chandler, 1989). 

There i s some c o n t r o l at the l e v e l of the r a t e of 

t r a n s c r i p t i o n (Willicimson and Quatrano, 1988; Comai and 

Harada, 1990); s e v e r a l conserved elements have been i s o l a t e d 

i n the 5' f l a n k i n g regions of LEA genes (e.g. Cohen and Bray, 

1992; Espelund et al, 1992) and Oeda, S a l i n a s and Chua (1991) 

i s o l a t e d a nuclear f a c t o r found i n r i c e and tobacco that 

shows s p e c i f i c binding to a motif I seguence (5'-GTACGTGGCG-

3') found i n r i c e RAB and cotton LEA genes. Post-

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 a l s o seems to play a part, 

e s p e c i a l l y a f t e r ABA treatment; s t a b i l i s a t i o n of t r a n s c r i p t s 

has been i n d i c a t e d as p a r t of the regulatory mechanism i n 

response to ABA, d e s i c c a t i o n and cold s t r e s s (Williamson 

and Quatrano, 1988; Marcotte, R u s s e l l and Quatrano, 1989; 

Espelund et al, 1992). There are many examples of 
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d i f f e r e n t i a l r e g u l a t i o n of LEAs i n the same plant. Baker, 

S t e e l e and Dure (1988) demonstrated d i f f e r e n t temporal 

accumulation of two s e t s of cotton LEAs. D i f f e r e n t s p a t i a l 

accumulation has been noted, for example of tomato LE4, LE16 

and LE25 i n see d l i n g s (Bray, 1991) and pea ABR17 and ABR18 i n 

the seed t i s s u e s ( B a r r a t t and Clark, 1991). The ABR17 and 

ABR18 p r o t e i n s a l s o e x h i b i t d i f f e r e n t i a l developmental 

c o n t r o l ( B a r r a t t and Clark, 1991), a feature seen i n the 

expression of s e v e r a l other LEA proteins {e.g. the HVAl 

message and p r o t e i n i n b a r l e y (Hong, Barg and Ho, 1992) and 

c a r r o t DCS (Goupil et al, 1992)}. Accumulation of messages 

and p r o t e i n s to d i f f e r e n t l e v e l s i n normal and t r e a t e d (with 

environmental s t r e s s or ABA) seeds has a l s o been documented, 

f o r example b a r l e y B19 (Espelund et al, 1992) and r i c e RAB21 

(Mundy and Chua, 1988). The b a s i s of t h i s d i f f e r e n t i a l 

e xpression i s not yet understood, although both t r a n s c r i p t i o n 

and s t a b i l i s a t i o n of t r a n s c r i p t s may be involved (Espelund et 

al, 1992). Seed s p e c i f i c i t y seems to vary, being absolute i n 

some LEAs and absent i n others; Goupil et al (1992) suggested 

t h a t the s p e c i f i c i t y to embryonic t i s s u e s exhibited by c a r r o t 

DC8 was due to the absence i n vegetative n u c l e i of a c e r t a i n 

embryo n u c l e a r binding f a c t o r which a s s o c i a t e s with part of 

the DCS promoter, i n d i c a t i n g that t r a n s c r i p t i o n a l control 

through t r a n s a c t i n g f a c t o r s may play a major r o l e i n seed 

s p e c i f i c i t y . 

The r o l e of ABA i n the induction of LEAs and 

dehydrins i s confusing. I t has been suggested that ABA i s 
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i n v o l v e d i n the response of the LEAs to dehydration. This 

has been supported i n some cases with the use of ABA-

d e f i c i e n t mutants; f o r example, tomato LE4, LE16 and LE25 are 

responsive to drought s t r e s s i n w i l d type tomato but not i n 

the tomato mutant flacca, which does not accumulate ABA 

(Bray, 1991). ABA-responsive elements have been i s o l a t e d i n 

s e v e r a l LEA genes (Williamson and Quatrano, 1988; Mundy and 

Chua, 1988; reviewed by S k r i v e r and Mundy, 1990), along with 

p u t a t i v e t r a n s a c t i n g f a c t o r s which show a f f i n i t y to these 

elements (see Espelund et al, 1992), suggesting a d e f i n i t e 

r o l e f o r ABA i n at l e a s t p a r t of the expression of LEA genes. 

ABA could merely account f o r the a c t i v a t i o n of such genes, 

l a t e r expression being c o n t r o l l e d by other f a c t o r s , as i n 

most p l a n t s LEAs begin to accumulate at or j u s t a f t e r the 

peak of embryonic ABA i s reached (Goldberg, Barker and Perez-

Grau, 1989). S e n s i t i v i t y to ABA, the balance with 

a n t a g o n i s t i c GA l e v e l s and the presence of ABA metabolites 

such as phaseic a c i d may a l s o be involved i n the gene 

response to ABA (Kermode, Dumbroff and Bewley, 1989; Benech 

Arnold, Fenner and Edwards, 1991; Robertson and Chandler, 

1992). ABA may a l s o merely a c t as a general s t r e s s 

transducer, as with the p u t a t i v e d i s e a s e response proteins 

ABR17 and ABR18 ( B a r r a t t and Clark, 1991). 

1.3.6 Proposed Roles of LEAs 

The majority of LEAs i s o l a t e d to date are thought 

to be i n v o l v e d i n the p r o t e c t i o n of plant c e l l s during 
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dehydration, by a s s o c i a t i o n with membranes or p r o t e i n s i n the 

c y t o s o l (Harada et al, 1989; Dure et al, 1989; reviewed by 

S k r i v e r and Mundy, 1990). Baker, S t e e l e and Dure (1988) 

suggested t h a t t h e i r high s o l u b i l i t y and high concentration 

during l a t e embryogenesis, together with t h e i r non-

compartmentalisation, made a s t r u c t u r a l r o l e u n l i k e l y but 

allowed functions such as the 'sol v a t i o n ' of c y t o s o l i c 

s t r u c t u r e s and p o s s i b l e a s s o c i a t i o n with highly charged 

p r o t e i n s by s a l t bridges. Those LEA p r o t e i n s with v i r t u a l l y 

unbroken h y d r o p h i l i c i t y are u n l i k e l y to be able to span 

membranes, although they may s t a b i l i s e c e r t a i n membrane 

s t r u c t u r e s ; however, those polypeptides which can e x i s t as a 

random c o i l (e.g. Em, D l l , D113 e t c . ) could i n t e r c a l a t e with 

macromolecules to maintain hydration of the c y t o s o l i n 

protein-water-protein matrices, p r o t e c t i n g against both water 

l o s s and the p o t e n t i a l damage caused by rehydration (Dure et 

al, 1989; Morris et a i , 1990; Robertson and Chandler, 1992). 

I t has been proposed t h a t the conserved sequences found i n 

many LEAs may be important i n t h e i r a b i l i t y to a c t i n 

dehydration p r o t e c t i o n of p r o t e i n s and c e l l u l a r s t r u c t u r e s , 

notably those which allow formation of a m p h i c i l i c alpha 

h e l i c e s and f u r t h e r s t r u c t u r e s (Dure et al, 1989; reviewed by 

S k r i v e r and Mundy, 1990). Further, a recent review by Dure 

(1993) proposed that the those LEAs i n Group 3, containing 

tandem repeats of an 11 amino a c i d sequence, may a c t as 'ion 

c a r r i e r s ' , sequestering ions to prevent p r e c i p i t a t i o n and/or 

c r y s t a l l i s a t i o n i n the high s a l t conditions produced by 
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d e s i c c a t i o n ; such a funct i o n may ex p l a i n the r e l a t i v e l y high 

l e v e l s of these p r o t e i n s during l a t e embryogenesis and the 

conservation of amino a c i d sequence between s p e c i e s . LEAs 

may a l s o be involved i n other s t r e s s responses to f a c t o r s 

such as s a l t , cold, heat and dis e a s e ( B a r r a t t and Clark, 

1991; Hong, Barg and Ho, 1992), while Morris et al (1990) 

suggested t h a t , due to t h e i r expression pattern i n seeds and 

r e l a t i o n s h i p to ABA, some may be involved i n the maintenance 

of development and the i n h i b i t i o n of germination. 

1.4 GENES AND PROTEINS USED IN EXPRESSION STUDIES 

1.4.1 Leg\imin Storage Protein 

Seed storage p r o t e i n s are synthesised during embryo 

development and accumulate to form the most abundant form of 

seed p r o t e i n , comprising up to 80% of the t o t a l p r o t e i n 

( B o u l t e r et al, 1990). They are important not only 

economically, c o n t r o l l i n g the n u t r i t i o n a l value and content 

of seeds, but a l s o as a model f o r the study of gene 

expression, by v i r t u e of t h e i r s e e d - s p e c i f i c and 

developmentally-regulated accumulation. One of the proteins 

which has been i n v e s t i g a t e d e x t e n s i v e l y i s legumin, an I I S 

p r o t e i n t h a t i s one of the major storage proteins of pea and 

i s r e l a t e d to a range of legumin-type p r o t e i n s found i n other 

legumes and some non-legumes (Gatehouse et al, 1988). 

Legumin i s a heterogeneous hexameric p r o t e i n composed of 6 
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disulphide-bonded subunit p a i r s , of which there are s e v e r a l 

s p e c i e s , t h e i r arrangement w i t h i n the f i n a l p r o t e i n g i v i n g 

i t s heterogeneous nature. Each subunit p a i r contains an 

a c i d i c (alpha, MW ca.40,000) and a b a s i c (beta, MW ca.20,000) 

polypeptide which are s p e c i f i c a l l y l i n k e d , being synthesised 

at the endoplasmic reticulum (ER) as a precursor of ca.60,000 

MW, then transported through the Golgi apparatus to vacuolar 

p r o t e i n bodies where the disulphide bond between alpha and 

beta subunits i s formed before separation of the polypeptides 

(reviewed by Croy and Gatehouse, 1985). The subunit p a i r s 

have been d i v i d e d i n t o two types, 'major' and 'minor', 

depending on t h e i r r e l a t i v e abundance i n the legumin protein 

(Casey, 1979). The 'major' c l a s s , L4, are thought to be 

coded f o r by a small, h i g h l y homologous gene sub-family of 5 

genes, A-E, s e v e r a l of which have been c h a r a c t e r i s e d and 

sequenced (reviewed by Croy and Gatehouse, 1985); these genes 

have been mapped to a s i n g l e locus, Lg-1 on chromosome 7 

(Domoney, E l l i s and Davies, 1986). The 'minor' subunit 

p a i r s , designated L1-L3 and L5 by Matta et al (1981), can be 

d i v i d e d i n t o at l e a s t two c l a s s e s : L1-L3 (minor 'big') are 

thought to be the products of the Leg J subfamily, J-L 

(Gatehouse et al, 1988, Thompson et al, 1991) and map to Lg-2 

on chromosome 1 (Domoney, E l l i s and Davies, 1986); other 

'minor' subunit polypeptides map to a d i f f e r e n t locus and may 

be the product of more than one gene subfamily (March et al, 

1988, Thompson, 1989). 
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1.4.1.1 The Leg A Subfamily 

F i v e h i g h l y homologous members of the Leg A 

subfamily, designated A to E, have been i s o l a t e d and 

sequenced { L y c e t t et al, 1984 {Leg A); L y c e t t et al, 1985 

{Leg B and C); Bown et al, 1985 {Leg D); Rerie et al, 1990 

{Leg E)). A l l are present i n the same area of the 

chromosome, four o c c u r r i n g as a d i r e c t tandem repeat (Casey, 

Domoney and E l l i s , 1986). T r a n s c r i p t s have been detected f o r 

a l l of the genes except Leg Dj the sequence of t h i s gene, 

which i s s i t u a t e d ca.l.Skb 3' of the Leg A gene i n the same 

o r i e n t a t i o n , shows that Leg i? i s a pseudogene (Bown et al, 

1985). The complete sequence of the Leg A gene i s o l a t e d by 

L y c e t t et a i (1984) included the 5' f l a n k i n g sequence, coding 

sequence f o r a s i g n a l peptide, a 36.44K alpha polypeptide, a 

20.19K beta polypeptide and a 3' f l a n k i n g sequence with three 

a l t e r n a t i v e polyadenylation s i t e s . L y c e t t et a i (1985) 

showed t h a t Leg A, B and C have highly homologous sequences 

i n the immediate 5' f l a n k i n g sequences and 100% homology i n 

the e a r l y coding sequence u n t i l 300bp from the s t a r t s i t e , 

the complete homology between B and C continuing f o r another 

550bp. Leg E has s i m i l a r conservation of sequence i n the 5' 

f l a n k i n g and coding region (Rer i e et al, 1990). A l l of the 

members of t h i s subfamily have three i n t r o n s found i n the 

same p o s i t i o n s and showing p a r t i a l homology. Less homology 

i s found between the 3' f l a n k i n g sequences of the genes, but 

a l l have m u l t i p l e polyadenylation s i t e s ( L y c e t t et al, 1984; 

L y c e t t et al, 1985; Bown et al, 1985; Rerie et al, 1990). 
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The major legumin polypeptide i s f a i r l y r i c h i n sulphur, 

c o n t a i n i n g f i v e c y s t e i n e and four methionine residues per 

polypeptide. 

1.4.1.2 The Leg J Subfamily 

Of the three proposed members of the Leg J 

subfamily, only J and K have been f u l l y c h a r a c t e r i s e d and 

sequenced. Gatehouse e t a i (1988) i s o l a t e d a genomic clone of 

Leg J and p a r t of Leg K which demonstrated that the genes 

were arranged i n tandem i n the same o r i e n t a t i o n , separated by 

6.5kb. The Leg J gene contained 616bp 5' f l a n k i n g sequence, 

611bp 3' f l a n k i n g sequence and a coding region of 1742bp 

co n t a i n i n g two i n t r o n s . The predicted polypeptide of 503 

amino a c i d s e x h i b i t s the t y p i c a l legvimin subunit 

c h a r a c t e r i s t i c s : a lead e r sequence (22 amino a c i d s ) ; an 

a c i d i c alpha polypeptide (300 amino a c i d s ) containing a Cys 

res i d u e a t p o s i t i o n 87 f o r formation of the disulphide bond, 

a h y d r o p h i l i c and glutamate-rich C terminus and an Asp 

res i d u e a t the C ter m i n a l end, the probable point of 

p r o t e o l y t i c cleavage; a b a s i c beta polypeptide (181 amino 

a c i d s ) with a Cys residue a t p o s i t i o n 7. The coding sequence 

of Leg J i s 97% homologous to that of Leg K, confirming them 

as members of the same subfamily. T h i s homology extends for 

ca.250bp of the 3' f l a n k i n g region a f t e r the stop codon, 

i n c l u d i n g a t l e a s t four p o t e n t i a l polyadenylation s i g n a l s , 

before homology i s l o s t . F u l l c h a r a c t e r i s a t i o n of the Leg K 

gene from cv. Feltham F i r s t (Thompson et al, 1991) 

64 



demonstrated that there was a l s o s i g n i f i c a n t homology between 

Leg J and Leg K i n the area of 5' f l a n k i n g sequence i s o l a t e d 

(up to ca.-560), i n c l u d i n g conserved sequence elements such 

as the Leg box (Gatehouse et al, 1986). The f u l l sequence of 

Leg K from cv. Feltham F i r s t showed that the gene was 

t r a n s l a t i o n a l l y i n e f f e c t i v e , due to a mutation of the ATG 

s t a r t codon to GTG ( v a l i n e ) , and the Leg K message did not 

accumulate to detectable amounts (Thompson et al, 1991). 

However, Domoney and co-workers have cloned a f u n c t i o n a l Leg 

K cDNA from Pisum sativum cv. B i r t e , i n d i c a t i n g that Leg K i s 

expressed i n other pea l i n e s (Domoney and Casey, 1987). 

Although the products of Leg A and Leg J gene 

s u b f a m i l i e s r e a c t with the same anti-legumin antibodies, 

t h e i r t r a n s c r i p t s do not c r o s s - h y b r i d i s e and they have an 

o v e r a l l homology of only 48% i n the coding region, although 

t h i s homology i s stronger i n some areas than others 

(Gatehouse et al, 1988). The in t r o n s of Leg J and the second 

two i n t r o n s of Leg A show only a weak homology, as do the 3' 

f l a n k i n g sequences; however, s i g n i f i c a n t homology i s seen i n 

the 5' u n t r a n s l a t e d and f l a n k i n g region. As the la c k of 

homology between the two sub f a m i l i e s i n d i c a t e s an e a r l y 

e v o l u t i o n a r y divergence, with a much l a t e r divergence of 

genes w i t h i n s u b f a m i l i e s , the strong conservation of the 5' 

f l a n k i n g region suggests a f u n c t i o n a l c o n s t r a i n t (Gatehouse 

e t al, 1988). The Leg J gene a l s o e x h i b i t s s i g n i f i c a n t 

homology to the Vfa LeB4 legumin gene from Vicia faba, from 

-450 i n the 5' f l a n k i n g sequence to 265bp 3' of the Leg J 
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stop s i t e , with approximately 90% homology w i t h i n exons 1 and 

3 of the coding sequence (Gatehouse et al, 1988). The second 

exon codes f o r the C terminal region of the alpha 

polypeptide, which i s the most v a r i a b l e portion of the 

sequence between legumin genes and shows only ca.75% homology 

between pea Leg J and Vfa LeB4. Leg J, K and Vfa LeB4 a l s o 

show 60% homology to two B-type (A- and B-type being 

analagous to 'major' and 'minor' r e s p e c t i v e l y ) legumin genes 

from soybean (Gatehouse e t al, 1988). 

1.4.1.3 Expression of Legumin Genes and Proteins 

The general p a t t e r n of legumin s y n t h e s i s i s t y p i c a l 

of seed storage p r o t e i n s (Gatehouse et al, 1986): deposition 

of the p r o t e i n i s observed from e a r l y cotyledon expansion (9 

DAF), with abundant s y n t h e s i s occurring at mid-development 

and continuing u n t i l the legumin f r a c t i o n forms 40-50% of the 

t o t a l p r o t e i n (reviewed by Croy and Gatehouse, 1985, Boulter 

et al, 1990). However, w i t h i n the legumin pattern of 

accumulation, the expression of d i f f e r e n t gene products may 

vary (Domoney and Casey, 1987, Gatehouse et al, 1986). 

Domoney and Casey (1987), using Pisum sativum cv. B i r t e and 

dot b l o t a n a l y s i s , showed that the l e v e l of a message 

homologous to the-Leg A gene (pCD43) incre a s e d r a p i d l y 

between 15 and 19DAF, was comparatively constant u n t i l 22DAF, 

then i n c r e a s e d again to a maximum at 24DAF before decreasing, 

showing a 13-fold i n c r e a s e i n message l e v e l between 15 and 

24DAF. The r e s u l t s from Northern a n a l y s i s confirmed the r i s e 
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to around 18DAF and a s l i g h t i n c r e a s e a t 24DAF. These 

r e s u l t s c o n t r a s t with those of Thompson et a i (1989), using 

cv. Feltham F i r s t , who demonstrated a peak of Leg A 

expression, as measured by dot bl o t a n a l y s i s , at 18DAF and a 

peak at 18-20DAF by Northern a n a l y s i s , with no peak at 24DAF. 

These workers noted a 35-fold r i s e i n Leg A message from 

e a r l y cotyledon expansion (8-9DAF) to the peak at 18DAF, when 

the t r a n s c r i p t formed 0.3% of the t o t a l RNA; however, they 

a l s o found l a r g e d i f f e r e n c e s i n message l e v e l s between 

d i f f e r e n t batches of the same l i n e (e.g. 30-40% d i f f e r e n c e i n 

the l e v e l of Leg A t r a n s c r i p t at 18DAF between two batches) 

which makes q u a n t i f i c a t i o n of r e s u l t s u n r e l i a b l e . Further 

experiments by Thompson (1989) and Boulter et a i (1990) 

looking a t steady s t a t e l e v e l s of mRNA a l s o found the peak of 

Leg A expression at 18DAF looking at seeds aged from 8-22DAF, 

although a second batch of 18-28DAF seeds showed a second 

p o s s i b l e peak a t 22DAF. I t was suggested that the 

disagreement between these r e s u l t s came from the use of 

d i f f e r e n t pea l i n e s and/or environmental growth conditions. 

Using a probe of a Leg K cDNA (pCD40), Domoney and 

Casey (1987) noted an i n c r e a s e i n message l e v e l to a peak at 

19DAF, a f t e r which the l e v e l f e l l s l i g h t l y before a second 

p o s s i b l e peak a t 24DAF, another s l i g h t f a l l and the l e v e l was 

then maintained u n t i l the l a s t reading at 29DAF. These dot 

b l o t r e s u l t s were c o n t r a d i c t e d by Northern a n a l y s i s where the 

message l e v e l rose from 14DAF to around 18DAF but appeared to 

be s i g n i f i c a n t l y lower then 14DAF at 24DAF. The i n c r e a s e 
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from 15-19DAF by dot b l o t a n a l y s i s was only 2.5-fold, much 

l e s s than t h a t seen with Leg A. Thompson et al (1989), 

looking at Leg J expression, a l s o noted that the l e v e l of 

'minor' legiimin message expression was much l e s s than that of 

'major'. T h e i r dot b l o t s showed an i n c r e a s e of expression 

from a low l e v e l a t e a r l y cotyledon expansion (8-9DAF) to a 

peak at 16DAF; the l e v e l then f e l l s l i g h t l y before a second 

peak at 22DAF, then decreased as the seed continued to 

d e s i c c a t e . Measurement of the steady s t a t e l e v e l s of the Leg 

J subfamily again showed peaks at 16 and 22DAF, followed by a 

d e c l i n e i n message l e v e l during l a t e r d e s i c c a t i o n ; f u r t h e r 

dot b l o t s with a d i f f e r e n t batch of peas gave peaks at 18 and 

24DAF but the same p a t t e r n of expression, the a c t u a l timing 

p o s s i b l y v a r y i n g between batches (Thompson, 1989). Northern 

b l o t s gave a more d e t a i l e d p i c t u r e of Leg J subfamily 

e x p r e s s i o n i n cv. Feltham F i r s t , the probe pCD40 h y b r i d i s i n g 

to two bands of ca.l860 and 1660b which increased equally to 

a peak at 16DAF; the upper band seeemed to maintain i t s l e v e l 

u n t i l 20DAF then decreased slowly, while the lower band 

continued to i n c r e a s e i n i n t e n s i t y to a peak at 24DAF, a f t e r 

which the l e v e l f e l l (Thompson et al, 1989). Thompson et al 

(1989) suggested that t h i s b i p h a s i c pattern of expression may 

be due to the combination of d i f f e r e n t gene expression 

p a t t e r n s from d i f f e r e n t members of the Leg J subfamily. The 

pCD40 probe used by Domoney and Casey (1987), Thompson (1989) 

and Thompson et al (1989) contains 0.91kb of the coding and 

3' f l a n k i n g region of Leg K and so should be homologous to 
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a l l three members of the subfamily, J, K and L. (Domoney, 

E l l i s and Davies, 1986). Thompson et a i (1991) i n v e s t i g a t e d 

t h i s f u r t h e r by t r e a t i n g the RNA samples (12-28DAF) with 

RNase H to reduce poly(A) t a i l s and decrease the v a r i a t i o n i n 

t r a n s c r i p t length. H y b r i d i s a t i o n to pCD40 showed three c l e a r 

bands and one f a i n t band; densitometric a n a l y s i s divided 

these i n t o two groups by t h e i r expression p a t t e r n s . The low 

mo b i l i t y bands (ca.68 and 70mm) increased equally to a peak 

a t 16DAF ( l a t e cotyledon expansion); the higher m o b i l i t y 

bands (ca.72 and 74mm) a l s o maintained an equal r a t i o but 

reached t h e i r maximum l e v e l at 24DAF, during d e s i c c a t i o n , the 

l e v e l having f a l l e n by 28DAF. Members of the subfamily were 

i d e n t i f i e d using o l i g o s of Leg J and Leg K coding regions 

from an area of sequence divergence and a second Leg J o l i g o 

of the 3' f l a n k i n g sequence (+1988 to +2010). The Leg J 

coding o l i g o h y b r i d i s e d only to the high mobility bands, 72 

and 74mm, while the Leg K o l i g o showed no h y b r i d i s a t i o n above 

background, explained by i t s low steady s t a t e l e v e l i n t h i s 

l i n e (Thompson e t al, 1989). They concluded that the 

t r a n s c r i p t s whose - l e v e l s i n c r e a s e d during l a t e development 

and d e s i c c a t i o n were from Leg J, and assumed that the lower 

m o b i l i t y bands, which showed a more t y p i c a l storage p r o t e i n 

gene expression p a t t e r n of a r i s e to l a t e cotyledon expansion 

then a f a l l a t maturation, corresponded to the as yet 

u n c h a r a c t e r i s e d Leg L, on the b a s i s of c r o s s - h y b r i d i s a t i o n to 

the pCD40 probe. T h i s would e x p l a i n the apparent b i p h a s i c 

accumulation of the Leg J message, the two peaks representing 
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peaks i n message l e v e l of t r a n s c r i p t s from d i f f e r e n t members 

of the Leg J subfamily. The second Leg J o l i g o from the 3' 

f l a n k i n g region h y b r i d i s e d only to the 72mm band; from t h i s 

i t was concluded that the messages i n the shorter 74mm band 

used the f i r s t polyadenylation s i t e a t 1869-1874, while the 

messages with 72mm mo b i l i t y used the l a s t s i t e at 2015-2020. 

T h i s use of a l t e r n a t i v e polyadenylation s i t e s does not seem 

to be r e l a t e d to the developmental c o n t r o l of Leg J 

expression, as the r a t i o between the two bands remained 

constant as the seed aged. 

Domoney and Casey (1987) and Thompson et al (1989) 

a l s o examined the expression of another 'minor' legumin gene, 

termed Leg S. Domoney and Casey, using cv. B i r t e , showed a 

peak of expression a t 19DAF, g i v i n g a 4-fold i n c r e a s e from 

15DAF, followed by an i r r e g u l a r expression pattern with 

s m a l l e r apparent peaks a t 24 and 27DAF, then an obvious 

decrease to 29DAF. Again, the l e v e l of expression of t h i s 

message was markedly l e s s than that of Leg A, although i t 

appeared to be greate r than t h a t of the Leg J subfamily, even 

though i t i s thought to be coded f o r by only one gene. 

Thompson e t al (1989), using cv. Feltham F i r s t , a l s o found 

the expression l e v e l of Leg S to be l e s s than Leg A and 

s l i g h t l y g r e a t e r than the Leg J subfamily, but showed a peak 

of expression a t 16DAF followed by a f a l l i n message l e v e l 

encompassing a second p o s s i b l e peak at 24DAF; t h i s pattern of 

expres s i o n suggested by dot b l o t a n a l y s i s was, however, 

markedly d i f f e r e n t to th a t seen by Northern a n a l y s i s , which 
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showed the Leg S message l e v e l i n c r e a s i n g from 12DAF to a 

maximum a t 14, 16 and 18DAF, then f a l l i n g r a p i d l y . I n 

essence, i t showed the same expression pattern as Leg A but 

at an e a r l i e r stage, with a shorter period of maximum 

expression ending a t l a t e cotyledon expansion. 

1.4.1.4 Control of Legumin Gene Expression 

S e v e r a l groups have demonstrated that control of 

legumin expression occurs a t both t r a n s c r i p t i o n a l and post-

t r a n s c r i p t i o n a l , and p o s s i b l y t r a n s l a t i o n a l , l e v e l s 

(Gatehouse et al, 1986; Thompson et al, 1989; Boulter et al, 

1990). Domoney et al (1980) detected legximin message at very 

low l e v e l s very e a r l y i n seed development, before any 

no t i c e a b l e i n c r e a s e i n t r a n s c r i p t l e v e l . A measurement of 

t r a n s c r i p t i o n r a t e s showed t h a t from 8-12DAF both Leg A and 

Leg J t r a n s c r i p t i o n r a t e s i n c r e a s e d r a p i d l y , suggesting that 

the 'up-regulation' of legumin gene expression occurred at 

the l e v e l of t r a n s c r i p t i o n (Boulter e t al, 1990); however, 

between 12 and 16DAF the t r a n s c r i p t i o n r a t e s of Leg A 

continued to r i s e while those of Leg J and S remained 

constant, the t r a n s c r i p t i o n r a t e s showing l i t t l e agreement 

with the steady s t a t e mRNA l e v e l s and so suggesting post-

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 (Thompson e t al, 1989). Post-

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 was a l s o noted i n response to 

environmental conditions by Beach et al (1985) who observed a 

f a l l i n steady s t a t e l e v e l s of legumin mRNA i n p l a n t s exposed 

to sulphur d e f i c i e n c y , d e s p i t e the maintenance of the normal 
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t r a n s c r i p t i o n r a t e . Thus i t appears that the steady s t a t e 

l e v e l of legumin messages i s c o n t r o l l e d mainly by post-

t r a n s c r i p t i o n a l processes (Thompson, 1989). T r a n s c r i p t i o n a l 

c o n t r o l , however, i s thought to be responsible for the timing 

of legiimin message accumulation and f o r i t s t i s s u e s p e c i f i c 

e xpression (Thompson et a i , 1989). I t i s not c l e a r whether 

the organ s p e c i f i c i t y of legumin expression i s due to an 'on/ 

o f f developmental switch (Gatehouse et a i , 1986) or to 

g r e a t l y enhanced t r a n s c r i p t i o n combined with i n h i b i t i o n of a 

p o s t - t r a n s c r i p t i o n a l c o n t r o l which could prevent message 

accumulation i n non-seed t i s s u e , as suggested by Thompson et 

a i (1989). 

S e v e r a l seed storage p r o t e i n genes contain 

sequences i n t h e i r 5• f l a n k i n g regions which are s p e c i f i c to 

and conserved w i t h i n gene f a m i l i e s and i t has been suggested 

t h a t these sequences are involved i n gene r e g u l a t i o n 

(Gatehouse et a i , 1986; reviewed by Goldberg, Barker and 

Perez-Grau, 1989). Croy et a i (1988) showed that a Leg A 

c o n s t r u c t c ontaining 1239bp 5' f l a n k i n g sequence, the f u l l 

coding region and 633bp 3' f l a n k i n g region was s u f f i c i e n t to 

give not only seed s p e c i f i c expression of legumin message i n 

transformed tobacco but a l s o to ensure accurate protein 

s y n t h e s i s at the ER, t r a n s p o r t to p r o t e i n bodies and 

p r o c e s s i n g to the mature p r o t e i n as i n pea seeds. The amount 

of legumin s y n t h e s i s i n such transgenic tobacco p l a n t s , as a 

percentage of t o t a l seed p r o t e i n , was much lower than i n pea, 

suggesting t h a t some other sequence or t r a n s a c t i n g f a c t o r was 
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necessary to a t t a i n the f u l l Leg A expression seen i n pea 

seeds ( E l l i s e t al, 1988). Using 5' d e l e t i o n mutants of the 

Leg A gene t r a n s f e r r e d i n t o tobacco, S h i r s a t et aJ (1989) 

found t h a t , as has been noted i n other s p e c i e s , a short 

promoter sequence of 9 7bp i n c l u d i n g the CAAT and TATA boxes 

d i d not d i r e c t legumin gene expression. They showed that 

sequences between -97 and -549 gave legumin expression, 

i n c l u d i n g seed s p e c i f i c i t y and temporal reg u l a t i o n , while 

sequences between -549 and -1203 contained enhancer-like 

elements which i n c r e a s e d l e v e l s of expression s i g n i f i c a n t l y . 

The sequence between -97 and -549 contains the Leg box - a 

28bp sequence h i g h l y conserved among l i s legumin-type 

p r o t e i n s from a number of s p e c i e s i n c l u d i n g pea, Glycine max, 

Vicia faba and Helianthus (Gatehouse et al, 1986) - and i t 

was assumed, due to i t s strong conservation, that t h i s 

sequence was necessary f o r gene expression, or at l e a s t had a 

r o l e i n the r e g u l a t i o n of gene expression. However, l a t e r 

experiments i n t r a n s g e n i c tobacco showed that 124bp of the 

Leg A 5' f l a n k i n g sequence (to the t r a n s c r i p t i o n s t a r t ) 

i n c l u d i n g the Leg box d i d not give gene expression and, 

f u r t h e r , t h a t no n u c l e a r p r o t e i n s could be seen to bind to 

t h i s a r e a ( S h i r s a t , Meakin and Gatehouse, 1990; Meakin and 

Gatehouse, 1991). Baiomlein e t al (1991) conducted s i m i l a r 

experiments with the legiiinin gene Vfa LeB4 from Vicia faba 

group B (analagous to 'minor') i n transgenic tobacco and 

showed t h a t while Ikb of the 5' f l a n k i n g sequence to the 

t r a n s c r i p t i o n a l s t a r t gave a high l e v e l of expression. 
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d e l e t i o n of the Leg box had no e f f e c t on gene a c t i v i t y . L i k e 

S h i r s a t e t a i (1989), they a l s o found i n d i c a t i o n s of the 

presence of enhancer elements i n t h i s Ikb fragment, as a 

d e l e t i o n mutant of only 200bp of the 5' f l a n k i n g sequence 

gave a f a l l i n gene expression to l e s s than 10% of that seen 

with the Ikb promoter fragment. Bogue et a i (1990) a l s o 

proved the c a p a b i l i t y of a 2.4kb fragment from the 5' 

f l a n k i n g region of the major sunflower l i s seed p r o t e i n 

h e l i a n t h e n i n , which i s s t r u c t u r a l l y s i m i l a r to other legumin-

type p r o t e i n s , to d i r e c t seed s p e c i f i c and temporally-

regulated expression i n transgenic tobacco. 

F u r t h e r examination of the a s s o c i a t i o n of the Leg A 

promoter with p r o t e i n s has i s o l a t e d two areas, -316 to -549 

and -582 to -833 which show strong binding to seed nuclear 

p r o t e i n s , but not to l e a f nuclear p r o t e i n s ; one putative 

t r a n s c r i p t i o n f a c t o r , LABFl, was thought to i n t e r a c t with 

both of these regions (Meakin and Gatehouse, 1991). The 

a c t i v i t y of LABFl i s s p e c i f i c both to the seed and to the 

developmental period when Leg A mRNA sy n t h e s i s i s i n c r e a s i n g , 

although Leg A t r a n s c r i p t i o n does occur when LABFl appears to 

be absent or i n a c t i v e ; Meakin and Gatehouse (1991) suggest 

from these r e s u l t s t h at LABFl a c t s as an enhancer of 

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

1.4.2 The Wheat Em Late Embryogenesis Abundant Protein 

The Em (early-methionine l a b e l l e d ) polypeptide was 

f i r s t c h a r a c t e r i s e d as an a c i d - s o l u b l e p r o t e i n which i s 
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abundant i n dry wheat embryos and synthesised at the 

beginning of germination (0-3HAI), a f t e r which the l e v e l of 

both p r o t e i n and message decreased r a p i d l y (Thompson and 

Lane, 1980; Grzelczak et a i , 1982). L a t e r experiments showed 

t h a t the Em message i s detectable at very low l e v e l s i n 

immature embryos during e a r l y embryogenesis (around 14dpa), 

then i n c r e a s e s s i g n i f i c a n t l y a f t e r ca.l7dpa to give high 

s u s t a i n e d l e v e l s during l a t e embryogenesis and i n the mature 

seed ( a t 60dpa) (Williamson, Quatrano and Cuming, 1985; 

Morris et a i , 1990); the message then becomes undetectable 

a f t e r three days of germination (Cuming, 1984; Williamson, 

Quatrano and Cuming, 1985). The l e v e l s of Em p r o t e i n 

p a r a l l e l those of the message, the p r o t e i n beginning to 

accumulate by 21dpa (Marcotte, Bayley and Quatrano, 1988), 

being f a i r l y abundant during l a t e embryogenesis and the dry 

seed, but i s undetectable i n immature embryos and germinating 

seeds a f t e r 12 hours of i m b i b i t i o n (Cuming, 1984; Williamson, 

Quatrano and Cuming, 1985). The mature message i s 

approximately 780bp i n length (Williamson, Quatrano and 

Cuming, 1985) and i s coded by a gene family of about 10 

members which e x h i b i t considerable homology to each other 

( L i t t s e t a i , 1987). The deduced polypeptide from the 282bp 

coding region has a r e l a t i v e molecular weight of ca.9.9K, i s 

h i g h l y h y d r o p h i l i c and i s very r i c h i n g l y c i n e and both b a s i c 

and a c i d i c r e s i d u e s ( L i t t s et a i , 1987). The high gl y c i n e 

content, the abundance of the p r o t e i n i n dry embryos and i t s 

apparent embryogenesis s p e c i f i c i t y l e d to suggestions that Em 

75 



functioned as a major storage p r o t e i n ; however, Thompson and 

Lane (1980) discovered that i t i s found not i n protein bodies 

(as the m a j o r i t y of storage p r o t e i n s are) but i n the c y t o s o l , 

and, f u r t h e r , i t appears to have no s i g n a l peptide (Cuming, 

1984; L i t t s e t a i , 1987). McCubbin, Kay and Lane (1985) 

suggested t h a t the Em polypeptide may a c t as a c r y p t o b i o t i c 

p r o t e i n to p r o t e c t the wheat embryo during d e s i c c a t i o n . 

T h e i r hydrodynamic and o p t i c a l data i n d i c a t e that the 

polypeptide i s present i n the cytoplasm as a random c o i l 

whose h y d r o p h i l i c r e s i d u e s allow i t both to bind water, 

forming a protein-water-protein matrix to maintain a c e r t a i n 

l e v e l of hydration during d e s i c c a t i o n , and a l s o to 

i n t e r c a l a t e between macromolecules c o n f e r r i n g protection 

a g a i n s t the damage caused by water l o s s (Morris et al, 1990). 

Although Em may s t i l l f u n c t i o n as a storage p r o t e i n i n these 

circiimstances, Marcotte, Bayley and Quatrano (1988) have 

shown t h a t i t i s not e s s e n t i a l f o r s e e d l i n g production, as 

immature embryos w i l l germinate precociously int o normal 

s e e d l i n g s when removed from the gr a i n , without any 

accumulation of Em. 
S e v e r a l workers have demonstrated enhancement of 

the Em message and p r o t e i n l e v e l s by ABA (Williamson, 

Quatrano and Cuming, 1985; Marcotte, Bayley and Quatrano, 

1988; Williamson and Quatrano, 1988). T h e i r r e s u l t s suggest 

t h a t r e g u l a t i o n by ABA occurs at the l e v e l of both 

t r a n s c r i p t i o n and . s p e c i f i c message s t a b i l i t y (Williamson, 

Quatrano and Cuming, 1985; Williamson and Quatrano, 1988); 
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the c o r r e l a t i o n between message l e v e l s and p r o t e i n s y n t h e s i s 

i n d i c a t e s t h a t t r a n s l a t i o n a l control i s u n l i k e l y , but 

Williamson, Quatrano and Cuming (1985) found that there was a 

c e r t a i n amount of r e g u l a t i o n of p r o t e i n s t a b i l i t y i n immature 

embryos c u l t u r e d without ABA which, though s y n t h e s i s i n g the 

Em p r o t e i n , d i d not accumulate i t to detectable l e v e l s . They 

a l s o concluded that ABA was probably not involved i n the 

observed embryo-specific expression of the Em message. 

Examination of the Em promoter i n r i c e p r o t o p l a s t s i s o l a t e d a 

650bp fragment which conferred ABA-regulated expression to a 

gene c o n s t r u c t i n c l u d i n g GUS (beta-glucuronidase), exposure 

to 10-'*M ABA g i v i n g a r a p i d ( w i t h i n 1 hour) 30-fold i n c r e a s e 

i n GUS a c t i v i t y (Marcotte, Bayley and Quatrano, 1988). 

F u r t h e r a n a l y s i s of the 5' f l a n k i n g region of the Em message 

by Marcotte, R u s s e l l and Quatrano (1989) i d e n t i f i e d an ABA-

responsive element (-152 to -103), a c t i v e i n e i t h e r 

o r i e n t a t i o n i n r i c e t r a n s i e n t assays, and an element from +6 

to +86 t h a t i n c r e a s e d the ABA response 10-fold. 

Despite the evidence that ABA s p e c i f i c a l l y 

r e g u l a t e s Em message and p r o t e i n l e v e l s i n c u l t u r e , the r i s e 

i n endogenous ABA during development in planta i s not 

s u f f i c i e n t to give the observed i n c r e a s e i n Em mRNA based on 

the responses seen in vitro (Morris et al, 1990). Morris and 

co-workers (1990) i n v e s t i g a t e d the e f f e c t of osmotic s t r e s s 

on the l e v e l s of Em message and demonstrated a r a p i d (within 

24 hours) accumulation of message a f t e r exposure to osmotic 

s t r e s s , the l e v e l of i n d u c t i o n r i s i n g with i n c r e a s i n g 
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s e v e r i t y of s t r e s s . No corresponding r i s e i n endogenous ABA 

was seen upon t h i s treatment, but the presence of ABA was 

shown to be necessary to maintain high l e v e l s of the Em 

t r a n s c r i p t , p o s s i b l y by s p e c i f i c s t a b i l i s a t i o n of messages 

(Williamson and Quatrano, 1988; Morris et a i , 1990). Morris 

et a i (1990) a l s o e s t a b l i s h e d that the message could be 

induced a f t e r embryogenesis i n e a r l y germination by osmotic 

s t r e s s or by ABA; Em t r a n s c r i p t expression i n non-embryogenic 

t i s s u e had a l s o been demonstrated i n 5-10 DAI wheat 

s e e d l i n g s , and i n r i c e suspension c u l t u r e s t r e a t e d with 

exogenous ABA (Marcotte, Bayley and Quatrano, 1988). This 

suggests t h a t the t i s s u e - s p e c i f i c expression of the Em 

message can be overridden by ABA and osmotic s t r e s s , lending 

f u r t h e r support to the theory that the Em p r o t e i n i s 

important i n p r o t e c t i n g p l a n t t i s s u e s from d e s i c c a t i o n 

(Morris et a i , 1990). 

L i t t s et a i (1992) r e c e n t l y i s o l a t e d a r i c e Em 

gene which e x h i b i t s a very s i m i l a r p a t t e r n of expression to 

the wheat Em and contains sequences i n i t s 5' f l a n k i n g region 

which bear a c l o s e r e l a t i o n s h i p to the ABA responsive 

elements i n wheat Em and another r i c e gene ( S k r i v e r and 

Mundy, 1990). Em has a l s o been found i n maize, where i t 

fo l l o w s the same developmental pattern as that seen i n wheat, 

and can be induced r a p i d l y and s u b s t a n t i a l l y by osmotic 

s t r e s s or ABA during embryo development or i n e a r l y 

germination ( B u t l e r and Cuming, 1991). As i n wheat the 

presence of ABA i s necessary f o r the response to osmotic 
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s t r e s s ; there i s a l s o an absolute requirement for the 

perception of ABA i n maize, as a mutant with an i n a b i l i t y to 

respond to ABA (vpJ) produced no Em mRNA, despite a p p l i c a t i o n 

of exogenous ABA or osmotic s t r e s s ( B u t l e r and Cuming, 1991). 

More recent r e s e a r c h (see s e c t i o n 1.3) has i d e n t i f i e d 

polypeptides showing s i g n i f i c a n t amino a c i d homology to the 

Em sequence i n s e v e r a l other p l a n t s i n c l u d i n g cotton, c a r r o t 

and r a d i s h (reviewed by Espelund e t al, 1992); these 

f i n d i n g s , together with the i s o l a t i o n of a range of proteins 

analagous i n t h e i r expression patterns and i n d u c i b i l i t y by 

ABA and water s t r e s s (see s e c t i o n 1.3) imply not only that Em 

polypeptides may be found i n a range of pl a n t s , both 

monocotyledons and dicotyledons, but a l s o i n d i c a t e a p o s s i b l e 

range of f u n c t i o n - r e l a t e d p r o t e i n s a s s o c i a t e d with protection 

from d e s i c c a t i o n s t r e s s . 

1.4.3 Ubiqiiitin 

U b i q u i t i n i s a small (76 amino a c i d s ) heat-stable 

p r o t e i n whose presence has been demonstrated i n both the 

nucleus and cytoplasm of a l l eukaryotic c e l l s examined 

(reviewed by Hershko and Ciechanover, 1982 and by F i n l e y and 

Varshavsky, 1985). Although the majority of work has been on 

animal systems, i n v e s t i g a t i o n s of higher plant systems have 

r e v e a l e d t h a t the u b i q u i t i n amino a c i d sequence, which i s 

t o t a l l y conserved among animals, d i f f e r s from the 

c h a r a c t e r i s e d conserved plan t sequences by only three amino 
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a c i d s , with the yeast u b i q u i t i n amino a c i d sequence d i f f e r i n g 

from the p l a n t sequence by two amino ac i d s (Causing and 

B a r k a r d o t t i r , 1986). T h i s strong conservation of sequence 

argues a corresponding s i m i l a r i t y of function f o r the 

u b i q u i t i n p r o t e i n i n animal, plant and fungal systems and i n 

e u k a r y o t i c micro-organisms. 

I n the cytoplasm u b i q u i t i n e x i s t s e i t h e r f r e e or 

conjugated to a range of cytoplasmic and c e l l surface 

p r o t e i n s , while i n the nucleus u b i q u i t i n has been found i n 

a s s o c i a t i o n with h i s t o n e s ; the functions of u b i q u i t i n appear 

to revolve around t h i s a b i l i t y to conjugate to eukaryotic 

p r o t e i n s , a primary func t i o n being the degradation of damaged 

or s h o r t - l i v e d p r o t e i n s (reviewed by Hershko and Ciechanover, 

1982 and by Hershko, 1991). 

1.4.3.1 Dbiquitin-Protein Conjugation and Protein Degradation 

The removal of unwanted or damaged pro t e i n s to 

prevent i n c o r r e c t a s s o c i a t i o n s and r e c y c l e f r e e amino ac i d s 

i s an important process f o r the maintenance of c e l l 

v i a b i l i t y . Research has shown that one pathway for the 

p r o t e o l y s i s of s e l e c t e d p r o t e i n s i n v o l v e s the covalent 

linkage of a u b i q u i t i n polypeptide to the t a r g e t protein, 

followed by the formation of a m u l t i u b i q u i t i n chain i n a 

pathway e l u c i d a t e d by Hershko and Ciechanover (1982) and 

r e c e n t l y reviewed by Hershko (1991). I n the f i r s t step of 

the pathway, u b i q u i t i n i s 'activated' by a s p e c i f i c enzyme, 

termed E i , which f a c i l i t a t e s the t r a n s f e r of u b i q u i t i n to one 
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of a v a r i e t y of u b i q u i t i n c a r r i e r p r o t e i n s ( E 2 S ) . The E2 

c a r r i e r p r o t e i n can t r a n s f e r the a c t i v a t e d u b i q u i t i n to 

t a r g e t p r o t e i n s e i t h e r d i r e c t l y or, more generally, i n 

conjunction with a u b i q u i t i n - p r o t e i n l i g a s e , E3. Examination 

of one E3 u b i q u i t i n p r o t e i n l i g a s e from yeast (Eaalpha) 

suggests t h a t i t has a v a r i e t y of s p e c i f i c binding s i t e s , 

i n c l u d i n g ones for u b i q u i t i n , E2 c a r r i e r proteins and at 

l e a s t three types of p r o t e i n s u b s t r a t e , while other l i g a s e s 

recognise f u r t h e r p r o t e i n s u b s t r a t e s ; i t i s proposed that 

t h i s system i s important i n s e l e c t i n g proteins for 

degradation (reviewed by Hershko, 1991). I n the f i n a l step 

of u b i q u i t i n conjugation, the u b i q u i t i n molecules form 

covalent attachments to the t a r g e t p r o t e i n by isopeptide 

l i n k s from the u b i q u i t i n ' s C-terminal g l y c i n e residue to e-

amino groups on the s u b s t r a t e p r o t e i n ' s l y s i n e r e s i d u e s . For 

the degradation process t h i s i s followed by the formation of 

a m u l t i u b i q u i t i n chain. Recent re s e a r c h by Johnson et aJ 

(1992), using a constructed f u s i o n p r o t e i n of u b i q u i t i n -

p r o l i n e - b e t a g a l a c t o s i d a s e i n yeast (Saccharomyces 

cerevisiae), has demonstrated that the presence of a s i n g l e 

N-terminal u b i q u i t i n polypeptide i s a s u f f i c i e n t s i g n a l for 

the formation of a m u l t i u b i q u t i n chain (with the help of at 

l e a s t one of s e v e r a l u b i q u i t i n - c o n j u g a t i n g enzymes) and 

subsequent degradation of the p r o t e i n . The degradation 

process i t s e l f has not been f u l l y e l u c i d a t e d . I t i s thought 

to i n v o l v e a 26S ATP-dependent protease complex, composed of 

three u n i t s termed conjugate degrading f a c t o r s ; one of these 
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has been i d e n t i f i e d as a 20S ' m u l t i c a t a l y s t ' protease 

component (reviewed by Hershko,.1991). A f t e r p r o t e o l y s i s i t 

i s thought that the p r o t e i n monomers are regenerated for 

reuse by the a c t i o n of isopeptidases, although the enzymes 

and mechanisms remain unclear. 

U b i q u i t i n i s thought to be involved i n a number of 

r o l e s other than s e l e c t i v e p r o t e o l y s i s : an examination of the 

seven c a r r i e r p r o t e i n s i s o l a t e d from yeast i n d i c a t e s that 

only three E2S are thought to be a s s o c i a t e d with p r o t e i n 

degradation; two others have been shown to be the products of 

genes RAD6 and CDC34, involved i n DNA r e p a i r and i n c e l l 

c y c l e p rogression r e s p e c t i v e l y (reviewed by F i n l e y , B a r t e l 

and Varshavsky, 1989). U b i q u i t i n has a l s o been implicated i n 

c e l l s u r f a c e r e c o g n i t i o n and gene r e g u l a t i o n (reviewed by 

Burke, C a l l i s and V i e r s t r a , 1988) and i t has f u r t h e r been 

proposed that a r e v e r s i b l e a s s o c i a t i o n of u b i q u i t i n with an 

acceptor p r o t e i n may modify the function of that p r o t e i n 

without producing degradation or denaturation (reviewed by 

F i n l e y , B a r t e l and Varshavsky, 1989 and by Hershko, 1991). 

That the u b i q u i t i n conjugation and degradation processes are 

an e s s e n t i a l p a r t of c e l l u l a r a c t i v i t y has been demonstrated 

by the use of mutants i n y e a s t : d e l e t i o n of the genes for E i , 

or the three degradation-related E2S, or the 26S protease 

complex are a l l l e t h a l (reviewed by Hershko, 1991). 

Obviously i n t r a c e l l u l a r p r o t e o l y s i s must be very t i g h t l y 

c o n t r o l l e d ; damaged p r o t e i n s must be removed q u i c k l y while 

a c t i v e p r o t e i n s are not a f f e c t e d , while undamaged but 
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unwanted p r o t e i n s must be degraded when t h e i r usefulness i s 

a t an end. For example, u b i q u i t i n i s thought to be 

instrumental i n the degradation of c y c l i n s , whose s y n t h e s i s 

and removal i s c a r e f u l l y c o n t r o l l e d to allow the c e l l c y c l e 

to proceed normally. The c o n t r o l of u b i q u i t i n a c t i v i t y can 

occur at many points - at the presence or a c t i v i t y of the 

many enzymes a s s o c i a t e d with u b i q u i t i n a c t i v a t i o n , at 

u b i q u i t i n - p r o t e i n conjugation, p r o t e i n s e l e c t i v i t y , u b i q u i t i n 

c h a i n formation and a l s o at the l e v e l s of f r e e usable 

u b i q u i t i n . Some or a l l of these f a c t o r s may respond to 

c e l l u l a r and developmental conditions to allow complex 

r e g u l a t i o n of u b i q u i t i n a c t i v i t y , both i n degradation and i n 

i t s other proposed f u n c t i o n s . Further information of the 

a c t i v i t y , f u n c t i o n s and p o s s i b l e r e g u l a t i o n of u b i q u i t i n may 

be provided by an examination of u b i q u i t i n coding genes. 

1.4.3.2 Dbiquitin Multigene Families 

I n a l l systems examined u b i q u i t i n i s coded for by 

multigene f a m i l i e s , producing messages of various s i z e s 

(Gausing and B a r k a r d o t t i r , 1986; Ozkaynak et al, 1987; Burke, 

C a l l i s and V i e r s t r a , 1988; Baker and Board, 1991). 

I n v e s t i g a t i o n of the u b i q u i t i n multigene f a m i l i e s i n a range 

of organisms has l e d to the d i v i s i o n of u b i q u i t i n genes i n t o 

two types: p o l y u b i q u i t i n , where a v a r i a b l e number of p r e c i s e 

repeats of the 228bp u b i q u i t i n coding sequence are present i n 

tandem, head to t a i l with no spaces; and hybrid u b i q u i t i n 

extension genes, c o n s i s t i n g of a s i n g l e u b i q u i t i n sequence 
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followed by an unrelated C-terrainal t a i l (Ozkaynak et a i , 

1987, reviewed by Neves et a i , 1991 and by Baker and Board, 

1991). These f i n d i n g s l e d Ozkaynak and co-workers (1987) to 

d e s c r i b e u b i q u i t i n genes i n yeast as being a 'family of 

n a t u r a l gene f u s i o n s ' with f r e e u b i q u i t i n polypeptides being 

produced only upon p o s t - t r a n s l a t i o n a l processing of 

p r e c u r s o r s . 

The number of u b i q u i t i n repeats i n the 

p o l y u b i q u i t i n genes v a r i e s both between spe c i e s and w i t h i n 

multigene f a m i l i e s of s p e c i e s which have more than one 

p o l y u b i q u i t i n gene; the nucleotide sequences of the u n i t s 

a l s o v a r i e s s l i g h t l y w i t h i n the same p o l y u b i q u i t i n gene, 

although the amino a c i d sequence i s completely conserved 

(Ozkaynak et a i , 1987; reviewed by Causing and B a r k a r d o t t i r , 

1986). A l l p o l y u b i q u i t i n genes contain 1-3 e x t r a unrelated 

amino a c i d s at the end of the f i n a l u b i q u i t i n repeat 

(reviewed by Pollmann, Kampen and Wettern, 1991). Ozkaynak 

et a i (1987) suggested t h a t the e x t r a r e s i d u e ( s ) , which vary 

between s p e c i e s , may p r o h i b i t the a s s o c i a t i o n of the 

u b i q u i t i n polyprecursor with proteins f o r degradation, or 

other u b i q u i t i n functions, u n t i l the polyprecursor has been 

processed. 

Ozkaynak and co-workers (1987) f i r s t described the 

hybrid u b i q u i t i n f u s i o n p r o t e i n s i n yeast, from which they 

i s o l a t e d three hybrid (UBIl-3) and one p o l y u b i q u i t i n gene 

(UBI4). Examination of the genes showed a t o t a l conservation 

of u b i q u i t i n amino a c i d sequence, despite divergence of 
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n u c l e o t i d e sequence. The C-terminal ' t a i l s ' of UBIl and 2 

c o n s i s t e d of 52 amino a c i d s coding f o r the same protein, 

while the UBI3 t a i l was 76 amino a c i d s i n length and bore no 

s i g n i f i c a n t homology to the 52 residue t a i l , apart from 

s h a r i n g c e r t a i n common f e a t u r e s . Both t a i l s are highly 

b a s i c , U B I l containing 31% l y s i n e and arginine and UBI3 29% 

Lys and Arg. Some of these b a s i c residues go to form a 

consensus nu c l e a r l o c a l i s a t i o n s i g n a l , present at the end of 

the 52 amino a c i d and near the beginning of the 76 amino a c i d 

t a i l s , of the forms Arg-Pro-Lys-Lys-Lys-Leu-Lys (UBIl and 2) 

and Lys-Lys-Arg-Lys-Lys-Lys-Val (UBI3). Further, both t a i l s 

c o n t a i n a c y s t e i n e - r i c h consensus sequence forming a putative 

zinc-binding, n u c l e i c a c i d binding domain, sometimes termed a 

'zinc f i n g e r ' , of the form Cys-X2.4-Cys-X2-i5-Cys-X2_4-Cys 

(where X i s any amino a c i d r e s i d u e ) . The apparent 

l o c a l i s a t i o n of these p r o t e i n s to the nucleus, t h e i r b a s i c 

nature and the proposed a b i l i t y to a s s o c i a t e with n u c l e i c 

a c i d s l e d to the suggestion by Ozkaynak et al (1987) that 

these u b i q u i t i n extension p r o t e i n s could be involved i n the 

r e g u l a t i o n of gene expression, e i t h e r as n u c l e i c a c i d binding 

p r o t e i n s , with or without u b i q u i t i n , or by enhancing the 

a s s o c i a t i o n of u b i q u i t i n at s p e c i f i c s i t e s on the chromosome; 

a l t e r n a t i v e l y , these workers a l s o proposed that the t a i l may 

ac t to r e g u l a t e u b i q u i t i n conjugation or degradation, or to 

conjugate i t s e l f to p r o t e i n s i n a s i m i l a r manner to 

u b i q u i t i n . However, l a t e r work by F i n l e y , B a r t e l and 

Varshavsky (1989), using a range of yeast d e l e t i o n mutants. 
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demonstrated t h a t the f u s i o n p r o t e i n i s cleaved to produce 

f r e e u b i q u i t i n and t a i l p r o t e i n s , which play an important 

r o l e i n ribosome biogenesis, the UBIl and 2 t a i l s being 

a s s o c i a t e d with the l a r g e (60S) ribosomal subunit and the 

UBI3 t a i l with the small (40S) subunit. As the binding 

between the t a i l p r o t e i n s and t h e i r r e s p e c t i v e ribosomal 

subunits has been shown to be very strong i n the a c t i v e 

ribosome, F i n l e y and co-workers concluded that the t a i l 

p r o t e i n s are a c t u a l l y components of the ribosome r a t h e r than 

f a c t o r s involved i n assembly or processing, with the putative 

n u c l e i c a c i d binding area being a s s o c i a t e d with ribosomal 

RNA. The presence of u b i q u i t i n i n the o r i g i n a l fusion 

p r o t e i n i s not e s s e n t i a l f o r the a c t i o n of the ribosomal t a i l 

p r o t e i n s ; however, i t does give more e f f i c i e n t ribosome 

b i o s y n t h e s i s . Thus, r a t h e r than the t a i l p r o t e i ns 

f a c i l i t a t i n g the t r a n s p o r t or a c t i o n of u b i q u i t i n i t 

t r a n s p i r e s t h a t the u b i q u i t i n may act as a 'chaperone', 

enhancing the t r a n s p o r t or assembly of the t a i l p roteins i n t o 

ribosomes ( F i n l e y , B a r t e l and Varshavsky, 1989). 

Work i n other s p e c i e s has demonstrated that 

u b i q u i t i n extension p r o t e i n t a i l s are highly conserved 

between a v a r i e t y of organisms. The human 52 and 80 residue 

t a i l p r o t e i n s have a l s o been i d e n t i f i e d as ribosomal proteins 

( i n the l a r g e and small subunits r e s p e c t i v e l y ) , with the 

u b i q u i t i n p a r t of the extension p r o t e i n again i n c r e a s i n g the 

e f f i c i e n c y of the a s s o c i a t i o n of the t a i l p r o t e i n s i n t o 

ribosomes (Baker and Board, 1991). The promoter and 5' 
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f l a n k i n g sequences of the 52 amino a c i d t a i l extension 

p r o t e i n gene have been shown to hold s e v e r a l components 

commonly found i n mammalian ribosomal p r o t e i n genes (Baker 

and Board, 1991). Yeast u b i q u i t i n extension genes have also 

been shown to contain points of s i m i l a r i t y with yeast 

ribosomal genes, i n c l u d i n g a T - r i c h s t r e t c h and areas bearing 

some resemblance to the ribosomal consensus upstream 

a c t i v a t i o n s i t e i n the promoter, and the presence of i n t r o n s , 

which are r a r e i n non-ribosomal yeast genes (Ozkaynak et a i , 

1987; F i n l e y , B a r t e l and Varshavsky, 1989). Other highly 

homologous u b i q u i t i n extension t a i l s of 52-53 amino a c i d s and 

76-81 amino a c i d s , a l l containing the c h a r a c t e r i s t i c b a s i c 

nature, n u c l e a r l o c a l i s a t i o n s i t e and c y s t e i n e - r i c h putative 

z i n c - b i n d i n g n u c l e i c a c i d binding s i t e (both i n conserved 

p o s i t i o n s ) , have been described i n s e v e r a l other s p e c i e s . 

These i n c l u d e a 53 residue t a i l i n the protozoa Tetrahymena 

pyriformis (Neves et a i , 1991) and 52 residue t a i l s i n the 

a l g a Chlamydomonas reinhardii (Pollmann, Kampen and Wettern, 

1991), Drosophila (Cabrera y Poch, A r r i b a s and Izquierdo, 

1990) and Arabidopsis thaliana ( C a l l i s , Raasch and V i e r s t r a , 

1990). A s i m i l a r t a i l sequence has a l s o been i d e n t i f i e d i n 

tobacco, but i s unusual i n having an e x t r a 20 residues 

i n s e r t e d i n t o the 52 residue sequence (Genschik et a i , 1990). 

T a i l s having a very s i m i l a r sequence to the yeast 76 amino 

a c i d and human 80 amino a c i d u b i q u i t i n extension t a i l 

p r o t e i n s have been described i n potato, tomato and 

Arabidopsis (reviewed by Garbarino, Rockhold and Belknap, 
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1992). Because of the s i m i l a r i t y of t a i l p r o t e i n amino a c i d 

sequence between s p e c i e s , the i n e v i t a b l e fusion to u b i q u i t i n , 

and the conservation of p u t a t i v e nuclear l o c a l i s a t i o n and 

binding s i t e s i t i s g e n e r a l l y assumed that the r o l e i n 

ribosome biogenesis discovered i n yeast and humans i s common 

to a l l s p e c i e s i n which the t a i l p r o t e i ns have been 

i d e n t i f i e d , and p o s s i b l y to a l l organisms (Ozkaynak et aJ, 

1987; Baker and Board, 1991; Pollmann, Kampen and Wettern, 

1991). However, despite the s i m i l a r i t y of ubiquitin-coding 

genes w i t h i n and between s p e c i e s , i n v e s t i g a t i o n s of t h e i r 

e x p r e s s i o n between d i f f e r e n t t i s s u e s and i n response to 

s t r e s s has i n d i c a t e d t h a t genes which code f o r the same 

u b i q u i t i n polypeptides may have very d i f f e r e n t patterns of 

e x p r e s s i o n and p o s s i b l y gene r e g u l a t i o n . 

1.4.3.3 D i f f e r e n t i a l Expression of Ubiquitin Genes 

I n s e v e r a l of the organisms examined u b i q u i t i n has 

been shown to respond to heat shock, while the use of yeast 

mutants has demonstrated that u b i q u i t i n i s involved i n the 

response of c e l l s both to heat shock and to other s t r e s s e s 

( F i n l e y and Varshavsky, 1985). Work by Ozkaynak et a i (1987) 

on the u b i q u i t i n genes of y e a s t showed that the p o l y u b i q u i t i n 

gene (UBI4) i s s p e c i f i c a l l y required f o r the a b i l i t y of yeast 

c e l l s to r e s i s t s t r e s s e s ( i n c l u d i n g high temperature and 

s t a r v a t i o n ) and i s a l s o s t r o n g l y induced by these s t r e s s e s , 

although i t was shown to be not e s s e n t i a l f o r the existence 

of non-stressed y e a s t c e l l s . Examination of the UBI4 
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promoter showed the presence of a sequence with strong 

s i m i l a r i t y to the consensus 'heat shock box' sequence; t h i s 

box, when po s i t i o n e d upstream of heterologous promoters, has 

been shown to confer s t r e s s i n d u c i b i l i t y (Ozkaynak et al, 

1987). Heat shock boxes have a l s o been found i n the 

promoters of other p o l y u b i q u i t i n genes (reviewed by Pollmann, 

Kampen and Wettern, 1991). I n c o n t r a s t , i n Chlamydomonas 

reinhardii both p h o t o i n h i b i t i o n and heat shock led to a large 

f a l l i n the l e v e l of RNA h y b r i d i s i n g to a 52 residue t a i l 

u b i q u i t i n extension probe, the r e p r e s s i o n of message l e v e l 

continuing f o r a longer period a f t e r removal of s t r e s s than 

t h a t r e q u i r e d by the a l g a to regain normal photosynthesis 

(3.5 h ours); i t was proposed that t h i s decrease occurred to 

balance the g r e a t l y induced expression of a l g a l p o l y u b i q u i t i n 

upon s t r e s s (Pollmann, Kampen and Wettern, 1991). The 53 

re s i d u e t a i l u b i q u i t i n extension p r o t e i n from the protozoa 

Tetrahymena pyriformis was found to be unaffected by heat 

s t r e s s (Neves et al, 1991); s i m i l a r l y , the 80 amino a c i d 

u b i q u i t i n extension p r o t e i n message from potato tubers i s not 

induced by heat shock, although i t does respond to wounding 

or ethylene treatment (Garbarino, Rockhold and Belknap, 

1992). An i d e n t i c a l 80 amino a c i d t a i l extension message 

from tomato shows lowered t r a n s c r i p t l e v e l s a f t e r heat 

s t r e s s , while an 81 residue t a i l extension p r o t e i n message 

from Arabidopsis i s unaffected (reviewed by Garbarino, 

Rockhold and Belknap, 1992). The r e s u l t s would appear to 

imply t h a t u b i q u i t i n from the p o l y u b i q u i t i n genes i s 
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r e s p o n s i b l e f o r the response to heat and some other s t r e s s e s . 

However, i n v e s t i g a t i o n of organisms with more than one 

p o l y u b i q u i t i n gene i n d i c a t e s that the induction upon s t r e s s 

i s not u n i v e r s a l . I n potato, three p o l y u b i q u i t i n genes show 

very d i f f e r e n t responses to s t r e s s : one {xibi7, 1.6kb, 6 

u b i q u i t i n r e p e a t s ) , which i s not detectable i n unstressed 

tubers, i s induced by ethylene treatment, heat shock and 

wounding; a second {ubil6, 1.8kb, 7 repeats) i s a l s o 

undetectable i n unstressed tubers, induced s l i g h t l y by 

ethylene treatment and s t r o n g l y induced by heat shock and 

wounding; the t h i r d {ubi9, 1.8kb), although having the same 

number of u b i q u i t i n repeats as ubil6, i s abundant i n control 

tubers but undetectable i n s t r e s s t i s s u e (Garbarino, Rockhold 

and Belknap, 1992). Arabidopsis has a multigene family of 

about 11 members and a t l e a s t four t r a n s c r i p t s i z e c l a s s e s 

(800-1900b); one of these messages (1.7kb) i n c r e a s e s a f t e r 

two hours of heat shock, but another (1.35kb) shows a f a l l i n 

t r a n s c r i p t l e v e l upon the same s t r e s s (Burke, C a l l i s and 

V i e r s t r a , 1988). However, the f a l l i n t h i s smaller message 

occurs only i n the flowers and buds, not i n the leaves 

(Burke, C a l l i s and V i e r s t r a , 1988). A s i m i l a r d i s p a r i t y of 

response to s t r e s s i n d i f f e r e n t t i s s u e s i s seen i n r i c e : 

B o r k i r d e t al (1991) i d e n t i f i e d a r i c e p o l y u b i q u i t i n message 

(ca.2.4kb) which was responsive to heat shock and water 

s t r e s s i n the l e a f blades, where i t s expression was u s u a l l y 

undetectable; very s t r o n g l y induced by heat shock only i n the 

roo t s , where the expression was u s u a l l y low to undetectable; 
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and to heat shock, drying, s a l t and PEG treatments i n the 

l e a f sheath, which u s u a l l y has a low l e v e l of expression, 

with heat shock being the most e f f e c t i v e inducer. There are 

many other examples of d i f f e r e n t i a l expression of u b i q u i t i n 

genes without s t r e s s i n d i f f e r e n t t i s s u e s . T r a n s c r i p t s from 

a p o l y u b i q u i t i n gene i n Arabidopsis accumulate to higher 

l e v e l s i n flowers, buds, germinating t i s s u e and e t i o l a t e d 

t i s s u e than i n mature l e a v e s , stems and roots (Burke, C a l l i s 

and V i e r s t r a , 1988). I n y e a s t , although a l l four u b i q u i t i n 

genes are expressed during exponential growth, the l e v e l s of 

the 52 amino a c i d t a i l u b i q u i t i n extension messages (UBIl and 

2) are repressed i n the s t a t i o n a r y phase, while the l e v e l of 

the p o l y u b i q u i t i n message (UBI4) i s i n c r e a s e d (Ozkaynak et 

al, 1987). T h i s phenomenon i s a l s o seen i n barley leaves, 

where Gausing and B a r k a r d o t t i r (1986) found that although the 

l a r g e t r a n s c r i p t s of the u b i q u i t i n multigene family (which 

produces messages from 700-2000 nucleotides) were expressed 

c o n s t i t u t i v e l y , the s m a l l e r 700b messages, presumably 

r e p r e s e n t i n g u b i q u i t i n extension messages, were found only i n 

c e l l s undergoing a c t i v e d i v i s i o n . S i m i l a r d i f f e r e n t i a l 

e x p r e s s i o n of u b i q u i t i n extension t r a n s c r i p t s between 

a c t i v e l y d i v i d i n g and mature t i s s u e has a l s o been noted i n 

tomato, Arabidopsis and potato (reviewed by Garbarino, 

Rockhold and Belknap, 1992). Garbarino and co-workers (1992) 

suggested t h a t the observed i n c r e a s e i n u b i q u i t i n extension 

p r o t e i n expression upon wounding or ethylene treatment was 

due to an i n c r e a s e i n metabolic a c t i v i t y i n the t r e a t e d 
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t i s s u e ; they corroborated t h i s proposal with evidence that 

the s t r e s s treatments a l s o induced a noticeable i n c r e a s e i n 

the t r a n s c r i p t i o n of ribosomal RNA. This i n d i c a t e s that 

u b i q u i t i n extension p r o t e i n expression i s highest i n t i s s u e s 

with high ribosome biogenesis and a c t i v i t y , e i t h e r n a t u r a l or 

induced, which agrees with the function of the extension t a i l 

p r o t e i n . Garbarino, Rockhold and Belknap (1992) suggested 

t h a t the u b i q u i t i n polypeptides coded for by the u b i q u i t i n 

extension genes were expressed s p e c i f i c a l l y for f a c i l i t a t i n g 

the assembly of the c o - t r a n s l a t e d ribosomal proteins, while 

the p o l y u b i q u i t i n genes provided the u b i q u i t i n proteins for 

general c e l l u l a r a c t i v i t y . T h i s does not appear to be true 

i n y e a s t , where the s i n g l e p o l y u b i q u i t i n gene i s not 

e s s e n t i a l f o r c e l l v i a b i l i t y , the three u b i q u i t i n extension 

p r o t e i n s producing s u f f i c i e n t f r e e u b i q u i t i n f o r c e l l u l a r 

a c t i v i t y ; however, the p o l y i i b i q u i t i n gene i s e s s e n t i a l for 

r e s i s t a n c e of the c e l l s to s t r e s s , when i t i s responsible for 

producing l a r g e q u a n t i t i e s of f r e e u b i q u i t i n (Ozkaynak et al, 

1987). I t i s p o s s i b l e that the u b i q u i t i n produced by both 

types of genes has a v a r i e t y of r o l e s i n the c e l l , the 

p r o t e i n s o r i g i n a l l y used f o r 'chaperoning' the t a i l ribosomal 

p r o t e i n s being r e c y c l e d and used fo r other processes i n the 

nucleus, and u b i q u i t i n from p o l y u b i q u i t i n genes being 

r e c y c l e d a f t e r p r o t e i n degradation/conjugation. 

A l t e r n a t i v e l y , the observed d i f f e r e n t i a l expression of genes 

w i t h i n a multigene family, both between t i s s u e types and i n 

response to s t r e s s may suggest that i n those organisms with 
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l a r g e multigene f a m i l i e s the r e g u l a t i o n of genes could be 

r e l a t e d to t h e i r function, some being d i r e c t e d to rapid 

u b i q u i t i n s y n t h e s i s f o r s t r e s s response, others providing 

u b i q u i t i n f o r other r o l e s . Ozkaynak et al (1987) noted that 

although the two yeast 52 residue t a i l u b i q u i t i n extension 

genes coded f o r i d e n t i c a l p r o t e i n s t h e i r f l a n k i n g sequences 

were l a r g e l y non-homologous, perhaps suggesting d i f f e r e n t i a l 

r e g u l a t i o n ; f o r example, the upstream region of UBI2 contains 

s t r e t c h e s of poly(dA).poly(dT), a l s o present i n UBI3 but 

absent i n U B I l , which are thought to be r e l a t e d to 

c o n s t i t u t i v e expression i n y e a s t . S i m i l a r l y , two 

p o l y u b i q u i t i n genes from potato which both contain 7 

u b i q u i t i n repeats \ubi9 and ubil6) have completely d i f f e r e n t 

p a t t e r n s of expression i n response to s t r e s s , despite coding 

f o r the same polyprotein. Obviously the u b i q u i t i n system, 

though common to a wide range of organisms, i s very 

complicated. Examination of the f l a n k i n g regions and 

r e g u l a t i o n of the members of u b i q u i t i n multigene f a m i l i e s may 

a i d not only the understanding of the extent of u b i q u i t i n ' s 

r o l e i n the c e l l and how the p r e c i s e c o n t r o l s required for 

p r o t e i n degradation and s t r e s s response are e f f e c t e d , but 

a l s o p o s s i b l y the mechanisms of d i v e r s i f i c a t i o n of genes 

w i t h i n a subfamily and between r e l a t e d organisms and s p e c i e s . 

I t i s c l e a r t h a t u b i q u i t i n p l a y s an important r o l e 

i n s t r e s s response and i t would be i n t e r e s t i n g to examine i t s 

e x p r e s s i o n i n the developing seed, a system which should 

undergo i n c r e a s i n g s t r e s s as i t d e s i c c a t e s , then i s l i a b l e to 
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f u r t h e r c e l l u l a r and p r o t e i n damage due to rapid i n f l u x of 

water i n t o d e s i c c a t e d t i s s u e upon i m b i b i t i o n . The i s o l a t i o n 

of two p o l y u b i q u i t i n cDNAs from a pea l e a f l i b r a r y by Watts 

and Moore (1989) provided the means with which to i n v e s t i g a t e 

the nature of p o l y u b i q u i t i n i n pea and the expression of 

u b i q u i t i n coding messages during seed maturation and 

d e s i c c a t i o n . 

1.4.4 Chaperonin 60 - A Molecular Chaperone 

Molecular chaperones are a group of unrelated 

p r o t e i n s which engineer the c o r r e c t assembly and transport of 

other polypeptides, but are not part of the r e s u l t i n g mature 

p r o t e i n ; i t i s g e n e r a l l y agreed that t h i s a s s o c i a t i o n with 

polypeptides p r o t e c t s p o t e n t i a l l y a c t i v e s i t e s exposed during 

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

thus preventing i n c o r r e c t a s s o c i a t i o n s w i t h i n the 

polypeptide, or with other molecules, which would render the 

polypeptide b i o l o g i c a l l y unfunctional (reviewed by E l l i s , 

1987 and 1990). The binding of the chaperones to the target 

polypeptide has been shown to be s p e c i f i c and non-covalent 

and i s rev e r s e d when co n d i t i o n s are favourable f o r the 

formation of the f u n c t i o n a l s t r u c t u r e , the r e l e a s e of the 

chaperone sometimes r e q u i r i n g the h y d r o l y s i s of ATP. Apart 

from the p r o t e c t i o n of a c t i v e s i t e s , both i n the mediation of 

c o r r e c t p r o t e i n assembly and during polypeptide transport 

w i t h i n the c e l l , chaperones have a l s o been imp l i c a t e d i n the 

disassembly of p r o t e i n aggregates - e i t h e r f o r rearrangement 

94 



during c e l l u l a r c y c l e s or a f t e r s t r e s s , or f o r degradation of 

unwanted p r o t e i n s t r u c t u r e s (reviewed by E l l i s , 1987 and by 

Gething and Sambrook, 1992). Many heat shock p r o t e i n s have 

l a t e r been i d e n t i f i e d as chaperones (e.g. hsp60, hsp70, 

hsp90) and the i n c r e a s e i n chaperone l e v e l s seen a f t e r such 

environmental s t r e s s e s s e rves both to protect vulnerable 

polypeptides and a l s o to disassemble i n c o r r e c t s t r u c t u r e s or 

aggregates caused by the s t r e s s ( E l l i s , 1990). 

The m a j o r i t y of molecular chaperones belong to 

three h i g h l y conserved f a m i l i e s , found i n b a c t e r i a , p l a n t s 

and animals - • s t r e s s - 7 0 ' , • s t r e s s - 9 0 ' and chaperonins; 

although the p r o t e i n s t r u c t u r e s are unrelated between 

f a m i l i e s , many show a s i m i l a r i t y of function (Gething and 

Sambrook, 1992). The chaperonins are a s e t of sequence-

r e l a t e d chaperones which have been found i n a l l b a c t e r i a l , 

mitochondrial and p l a s t i d systems examined. T h e i r expression 

i s c o n s t i t u t i v e , g i v i n g high l e v e l s of pr o t e i n , but can al s o 

be i n c r e a s e d by s t r e s s e s such as heat shock (reviewed i n 

E l l i s , 1990 and Gething and Sambrook, 1992 and references 

t h e r e i n ) . The main group of chaperonins contains those that 

show homology to the E.coli GroEL subfamily, a l s o c a l l e d 

hsp60 and now defined as chaperonin 60 ( E l l i s , 1990). 

Chaperonin-60 p r o t e i n s are la r g e oligomers formed of fourteen 

60K subunits i n two r i n g s of seven subunits. I n E.coli they 

f u n c t i o n mainly i n p r o t e i n f o l d i n g and oligomer assembly; 

however they have a l s o been shown in vitro to bind unfolded 

p r e c u r s o r s of s e c r e t o r y p r o t e i n s and, in vivo, are necessary 
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f o r the s e c r e t i o n of beta-lactamase (reviewed by Gething and 

Sambrook, 1992). Chaperonin-60 has been i s o l a t e d i n 

mitochondria of maize, animals and y e a s t c e l l s . The yeast 

hsp60 i s encoded by a n u c l e a r gene and has been shown to be 

necessary f o r the c o r r e c t assembly of c e r t a i n proteins i n the 

mitochondrial matrix; c h l o r o p l a s t chaperonin-60, which 

f u n c t i o n s i n the formation of plant Rubisco, i s a l s o nuclear-

encoded. Unlike b a c t e r i a l and mitochondrial chaperonin-60, 

c h l o r o p l a s t chaperonin can be separated int o two subunits of 

6IK (alpha) and 6OK ( b e t a ) ; however, the chaperonins r e t a i n 

f u n c t i o n a l homology, as demonstrated by the a s s o c i a t i o n of 

the wheat Rubisco small subunit with the b a c t e r i a l GroEL 

(reviewed i n Gething and Sambrook, 1992). 

1.4.5 PSMTA - A Putative Metallothionein Gene 

M e t a l l o t h i o n e i n s are seemingly ubiquitous proteins 

which have been shown to occur throughout the animal kingdom 

and more r e c e n t l y have been demonstrated i n higher p l a n t s , 

e u k a r y o t i c micro-organisms and some prokaryotic micro­

organisms (reviewed by Kagi and Schaffer, 1988). They 

commonly bind Cd, Cu and Zn and some a l s o a s s o c i a t e with 

other heavy metal ions such as Hg, B i , Ag, Au and Pt; t h i s 

a b i l i t y , t h e i r high conservation of s t r u c t u r e i n metal-

binding regions, t h e i r apparently u n i v e r s a l occurrence and 

t h e i r a b i l i t y to be induced by the presence of metal ions, 

hormones, c y t o t o x i c agents and p h y s i c a l or chemical s t r e s s 
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a l l i n d i c a t e t h a t metallothioneins play an important part i n 

the metal r e l a t i o n s of the c e l l . 

I t has been suggested that metallothioneins may act 

to sequester or dispense e s s e n t i a l metal ions (e.g. Zn and 

Cu), e i t h e r u n s p e c i f i c a l l y as a metal-buffering ligand or 

s p e c i f i c a l l y , performing a s p e c i a l i s e d function i n c e l l u l a r 

maintenance, d i f f e r e n t i a t i o n and r e p a i r . I t i s a l s o assumed 

t h a t they a c t i n short-term d e t o x i f i c a t i o n of heavy metal 

ions , although the extent of t h e i r usefulness i n t h i s 

c a p a c i t y has been questioned. A t h i r d p o s s i b l e r o l e i s as a 

m e t a l l o r e g u l a t o r y u n i t , functioning by a s s o c i a t i o n with 

DNA e i t h e r d i r e c t l y or v i a c e r t a i n DNA binding proteins which 

have been shown to have s i m i l a r Zn-binding motifs (functions 

reviewed by Kagi and Sch a f f e r , 1988). 

Metallothioneins have been divided i n t o three 

c l a s s e s : the f i r s t two c l a s s e s ( I and I I ) occur as s i n g l e 

chain p r o t e i n s and are c h a r a c t e r i s e d by an abundance of Cys 

and the motif Cys-X-Cys (where X i s any amino a c i d other than 

C y s ) . C l a s s I I I i s a t y p i c a l , i t s polypeptides containing 

gamma-glutamylcysteinyl u n i t s . An examination of the 

m e t a l l o t h i o n e i n genes and expression has demonstrated that 

they are i n d u c i b l e by a v a r i e t y of f a c t o r s (as before), the 

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

and g i v i n g a maximum concentration of the metallothionein 

w i t h i n 24-48 hours of induction. Further, metal responsive 

elements have been i d e n t i f i e d i n the promoters of some animal 

m e t a l l o t h i o n e i n s . There i s l i t t l e information a v a i l a b l e on 
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the presence of metallothioneins i n the seeds of higher 

p l a n t s ; however, r e c e n t l y the wheat Ec ( e a r l y c y s t e i n e 

l a b e l l e d ) polypeptide has been i d e n t i f i e d as a Zn-binding 

c l a s s I I m e t a l l o t h i o n e i n , containing the c h a r a c t e r i s t i c Cys-

X-Cys sequence (Lane, K a j i o k a and Kennedy, 1987). The Ec 

message accumulates during embryogenesis (as do mammalian Zn 

m e t a l l o t h i o n e i n genes) with the highest l e v e l s occurring i n 

immature embryos (15dpa) and decreasing as the embryo 

matures, being conserved i n the mature embryo but 

undetectable i n germinated seeds (Kawashima et al, 1992). 

The gene has been shown to have a known ABA-responsive 

element i n i t s promoter (CACGTGCA); however, i t has no metal 

responsive sequences l i k e those seen i n animal systems and 

the Ec message i s not induced by the addition of Zn to 

germinating mature wheat embryos (Kawashima et al, 1992). 

The same workers suggested t h a t , due to t h i s l a c k of metal 

responsiveness and the f a c t t h at only ca.5% of the t o t a l Zn 

i n a mature wheat embryo i s a s s o c i a t e d with the Ec protein, 

i t may a c t i n Zn homeostasis r a t h e r than as a detoxicant. 

Evans e t al (1990) i s o l a t e d a gene from pea roots 

{Pisum sativum cv. Feltham F i r s t ) with an open reading frame 

t h a t coded f o r a p u t a t i v e p r o t e i n of 75 amino a c i d s and had 

some s i m i l a r i t y to m e t a l l o t h i o n e i n s , although the p r o t e i n was 

not i s o l a t e d . Further i n v e s t i g a t i o n showed that the gene 

t r a n s c r i p t , which was present i n the root as a s i n g l e , f a i r l y 

abundant message of ca.640 bases, was a l s o present i n both 

green and e t i o l a t e d l e a v e s and i n cotyledons during e a r l y 
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development (14-15DAF). I n both cases the t r a n s c r i p t was 

l e s s abundant i n these t i s s u e s and a l s o v a r i e d i n s i z e -

ca.670b i n l e a f and ca.600b i n developing seeds (L.Gatehouse, 

unpublished); r e s u l t s from h y b r i d i s a t i o n s to the r e s t r i c t e d 

pea genome suggested that the messages came from a small 

multigene family. The p r e d i c t e d p r o t e i n was not i s o l a t e d 

from pea but, by computer a n a l y s i s , was shown to have 

s i g n i f i c a n t homology to metallothionenins. I t shared two 

regions of homology, containing the c h a r a c t e r i s t i c Cys-X-Cys 

motif, with a c l a s s I m e t a l l o t h i o n e i n from Neurospora crassa, 

the homologous area being on e i t h e r s i d e of a sequence with 

no Cys r e s i d u e s and no r e l a t i o n s h i p to other metallothionein 

coding regions. The metal-binding p r o p e r t i e s of the gene 

product were confirmed by Tommey et al (1991) when they 

cloned the i s o l a t e d gene i n t o E.coli as a carboxyterminal 

extension of g l u t a t h i o n e - S - t r a n s f e r a s e ; a f t e r growth of the 

transformed b a c t e r i a i n metal-supplemented media (Cd, Cu or 

Zn) they were able to i s o l a t e the expressed fusion protein 

and e s t a b l i s h that there was a greater a s s o c i a t i o n of ions to 

the f u s i o n p r o t e i n than to the o r i g i n a l GST pro t e i n . They 

a l s o demonstrated the a s s o c i a t i o n of Zn with the PsMT^ 

p o r t i o n a f t e r cleavage of the fusion p r o t e i n . Their r e s u l t s 

i n d i c a t e d t h a t PSMTA has r e l a t i v e l y high a f f i n i t i e s for some 

metal ions when expressed i n E.coli. 

1.4.6 CpTI - Cowpea Trypsin Inhibitor Protein 

P l a n t protease i n h i b i t o r s function i n the protection of 
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p l a n t t i s s u e s against i n s e c t attack, a f f e c t i n g the metabolism 

of the i n s e c t s (reviewed by Richardson, 1977). They are 

present i n the leaves of a wide range of plant species and, 

i n some cases, have been shown to be ind u c i b l e by i n s e c t 

a t t a c k ( H i l d e r et al, 1987). A large c l a s s which i n h i b i t s 

s e r i n e proteases ( t r y p s i n , chymotrypsin, e l a s t a s e e t c . ) are 

common i n var i o u s s p e c i e s , both mono- and dicotyledons, and 

are e s p e c i a l l y abundant i n seeds and storage organs (reviewed 

by Richardson, 1977). P l a n t s e r i n e protease i n h i b i t o r s are 

primary gene products and f a l l i n t o three main s t r u c t u r a l l y 

d i s t i n c t f a m i l i e s : wound induced i n h i b i t o r s I and I I from 

tomato and potato, whose expression can be induced upon 

wounding or i n s e c t a t t a ck; Kunitz type protease i n h i b i t o r s ; 

and Bowman-Birk type i n h i b i t o r s , i n t o which category the 

t r y p s i n i n h i b i t o r i s o l a t e d from cowpea f a l l s ( H i l d e r et al, 

1989) . 

Bowman-Birk type protease i n h i b i t o r s have been 

i s o l a t e d from seeds of a range of legumes, and r e l a t e d 

p r o t e i n s have been i s o l a t e d from c e r e a l s (reviewed by Hilder, 

Gatehouse and Boulter, 1990). The protease i n h i b i t o r s are 

'double-headed', being able to i n h i b i t two protease enzymes 

simultaneously. The Bowman-Birk i n h i b i t o r s can therefore be 

di v i d e d i n t o s e v e r a l types, i n h i b i t i n g t r y p s i n / t r y p s i n , 

trypsin/chymotrypsin or t r y p s i n / e l a s t a s e ( H i l d e r et al, 

1989). The pr o t e i n s are small, ca.8K, and share a t y p i c a l 

core area with a high c y s t e i n e and s e r i n e content and 

consi d e r a b l e d i s u l p h i d e c r o s s l i n k i n g . There i s a lower 
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degree of homology between proteases of d i f e r e n t types i n the 

amino- and carboxy-terminal regions; however, the proteins 

are s y n t h e s i s e d as precursors with a leader sequence which i s 

h i g h l y conserved between d i f f e r e n t members of the Bowman-Birk 

type family. As the p r o t e i n s function mainly i n the c y t o s o l 

t h i s leader sequence i s thought to be a s s o c i a t e d with the 

a c t i o n of the p r o t e i n r a t h e r than i t s transport and 

l o c a l i s a t i o n i n the c e l l ; H i l d e r et al (1989) suggested that 

the c l e a v i n g of the leader sequence may occur on i n s e c t 

a t t a c k and so a c t i v a t e the protease i n h i b i t o r , a function 

which would e x p l a i n i t s high conservation. 

I n cowpea, Bowman-Birk type i n h i b i t o r s are encoded 

by a small gene family containing at l e a s t four a c t i v e genes 

producing three t r y p s i n / t r y p s i n and one trypsin/chymotrypsin 

i n h i b i t o r s (reviewed by H i l d e r , Gatehouse and Boulter, 1990). 

The cowpea t r y p s i n i n h i b i t o r p r o t e i n s i s o l a t e d have been 

shown to a f f e c t the metabolism of a wide range of i n s e c t s , 

i n c l u d i n g a number of important p e s t s ; f u r t h e r , the gene 

CpTI, encoding a t r y p s i n / t r y p s i n protease i n h i b i t o r , has been 

shown to remain a c t i v e when cloned i n t o transgenic tobacco, 

the transformed p l a n t s producing a f u n c t i o n a l CpTI 

polypeptide which confers i n s e c t r e s i s t a n c e to a major i n s e c t 

pest of tobacco ( H i l d e r et al, 1987). This a b i l i t y , together 

with i t s n o n - t o x i c i t y to mammals and the f a c t that the 

protease i n h i b i t o r a c t s upon the c a t a l y t i c s i t e s of more than 

one enzyme i n the i n s e c t (and so i t i s extremely d i f f i c u l t 

f o r i n s e c t s to develop r e s i s t a n c e to the protein) makes the 
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CpTI gene a prime s u b j e c t f o r the engineering of i n s e c t 

r e s i s t a n c e i n a range of p l a n t s ( H i l d e r et al, 1987; reviewed 

by H i l d e r , Gatehouse and Boulter, 1990). J.A. Gatehouse and 

co-workers (unpublished) found that the CpTI protein 

accvunulated towards the end of seed development, perhaps 

s h a r i n g a p a t t e r n of expression with LEA genes for seed 

p r o t e c t i o n a g ainst other s t r e s s e s , such as the ABA-responsive 

p r o t e i n s thought to be a s s o c i a t e d with disease r e s i s t a n c e 

i s o l a t e d from pea seeds ( B a r r a t t and Clark, 1991). Further 

i n v e s t i g a t i o n of i t s expression i n the developing seed and 

the whole p l a n t , under both normal growth conditions and 

i n s e c t a t t a c k , may a i d understanding of the r e g u l a t i o n of the 

p l a n t ' s n a t u r a l and i n d u c i b l e defence against i n s e c t damage. 

1.5 AIMS OF THE PROJECT 

I n 1989, I.M. Evans and R. Swinhoe (unpublished) 

conducted an examination of the t o t a l p r o t e i n from pea 

cotyledons at a range of ages, from 16 to 34DAF, with 

maturation o c c u r r i n g between 16 and 18DAF and d e s i c c a t i o n of 

the mature seed beginning at 20DAF. They used both Coomassie 

blue s t a i n i n g , to give an i n d i c a t i o n of the proteins present 

i n the seed, and pulse l a b e l l i n g with ^*C-containing amino 

a c i d s to show those p r o t e i n s which were a c t i v e l y synthesised 

at each developmental age. They demonstrated that the 

p a t t e r n of p r o t e i n s y n t h e s i s changed during l a t e 

embryogenesis and d e s i c c a t i o n , and i n p a r t i c u l a r they noted a 
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group of p r o t e i n s whose s y n t h e s i s appeared at the onset of 

d e s i c c a t i o n and disappeared upon germination. Further 

examination of the cotyledon albumin f r a c t i o n using ^*C- and 

^^S- ( c y s t e i n e and methionine) containing amino a c i d s 

i d e n t i f i e d the appearance of at l e a s t four new bands on 

d e s i c c a t i o n , a t 30K, ca.21K, 17.5K and ca.9K. Prot e i n bands 

which were f a i r l y r i c h i n methionine and occurred upon 

d e s i c c a t i o n were a l s o seen i n a ^^S-methionine l a b e l l e d 

p r o t e i n e x t r a c t from the embryonic a x i s (e.g. 14.3K, 9K). 

The presence of a methionine-rich 9K p r o t e i n synthesised 

during d e s i c c a t i o n suggested that pea may contain a protein 

with some s i m i l a r i t y to the wheat Em polypeptide which 

e x h i b i t s s i m i l a r p r o p e r t i e s and expression. These r e s u l t s 

i n d i c a t e d t h a t pea seeds, i n common with seeds of many other 

p l a n t s , e x h i b i t n o t i c e a b l e changes i n the proteins 

s y n t h e s i s e d during development and a l s o produce proteins 

which are abundant during l a t e embryogenesis and d e s i c c a t i o n 

but do not appear to be s y n t h e s i s e d e a r l i e r i n seed 

development or upon germination. The a c t i v e s y n t h e s i s of 

p r o t e i n s a t a developmental stage when p r o t e i n s y n t h e s i s i n 

general i s decreasing, the m a j o r i t y of storage proteins have 

a l r e a d y been accumulated and the p r o t e i n s f o r germination 

and post-germinative processes are not yet expressed 

i n d i c a t e s t h a t p r o t e i n s expressed at t h i s time have a 

d e f i n i t e r o l e i n the seed which i s not connected with storage 

or germination. 

The aim of t h i s p r o j e c t was to i n v e s t i g a t e the 
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hypothesis t h a t the expression of genes i n the developing 

seed (measured both by message and p r o t e i n l e v e l s ) changes as 

the seed ages i n p a r a l l e l with the p h y s i o l o g i c a l and 

f u n c t i o n a l changes; t h a t the timing of these changes can be 

i n f l u e n c e d by e x t e r n a l environmental f a c t o r s , such as 

d e s i c c a t i o n or ABA; and, f u r t h e r , that included w i t h i n the 

messages expressed as the seed ages may be those which code 

f o r p r o t e i n s to protect the seed from the e f f e c t s of 

dehydration and rehydration and from other s t r e s s e s to which 

the developing and quiescent seed may be exposed. 
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CHAPTER 2 - MATERIALS 

2.1 MATERIALS FOR PLAMT GROWTH 

Seeds of Pisum sativum L. cv. Felthain F i r s t were 
obtained from Sutton Seeds, Reading, Berks, UK. 

Phostrogen^ was from Phostrogen Ltd., Corwen, 

Clwyd, UK. 

2.2 GLASSWARE AND PLASTICWARE 

A l l glassware and plasticware f o r use w i t h DNA or 
RNA was autoclaved before use. Tubes f o r p r e c i p i t a t i o n and 
storage of RNA were s i l i c o n i s e d w i t h d i m e t h y l d i c h l o r o s i l a n e 
s o l u t i o n (2% i n 1,1,1-trichloromethane), a f t e r which 
glassware was rin s e d w i t h DEPC-treated water before being 
autoclaved. 

For c e n t r i f u g a t i o n , Corex tubes (Corning Glass 
Works, New York, USA), Falcon tubes (Becton Dickinson and 
Co., New Jersey, USA) and Eppendorf tubes were used, 
depending on volume and speed. 

S t e r i l i s e d CryoTubes (NUNC, Interned, Roskilde, 
Denmark) were used f o r storage of RNA under l i q u i d n i t r o gen. 

2.3 KITS FOR MOLECXJLAR BIOLOGY 

The mRNA P u r i f i c a t i o n K i t (spun column 

chromatography) was obtained from Pharmacia Biosystems Ltd., 

M i l t o n Keynes, Bucks, UK. 
The PolyATtract™ mRNA I s o l a t i o n System, the 
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Protoclone^ Lambda-gtlO System ( i n c l u d i n g host c e l l s C600 and 
c e o O H f l ) and the Packagene^ Lambda DNA Packaging System were 
from Promega L t d . , Southampton, UK. 

The cDNA Synthesis K i t was produced by Boehringer 
Mannheim UK (Diagnostics and Biochemicals) L t d . , Lewes, East 
Sussex, U.K. 

The Qiagen lambda midiprep k i t was purchased from 
Hybaid L t d . , Teddington, Middlesex, UK. 

2.4 BIOCHEMICALS, CHEMICALS AND CONSDMABLES 

PUC18 and PBR322 vectors, Klenow enzyme, T4 
p o l y n u c l e o t i d e kinase, T4 DNA l i g a s e , Taq polymerase and 
r e s t r i c t i o n enzymes and t h e i r b u f f e r s were a l l obtained from 
NBL - Northurabria B i o l o g i c a l s L t d . , Cramlington, 
Northumberland, UK., as were the lambda-EcoRI/Hindlll and 
lambda-PstI r e s t r i c t i o n markers and the X-gal. 

A l k a l i n e phosphatase, dNTPs and HGT agarose were 

obtained from Boehringer Mannheim UK. 
Competent c e l l s f o r the c l o n i n g of PUC vectors -

DHSalphaME and DHSalphaSE - were supplied by Gibco BRL L t d . , 
Cambridge, UK, as was electrophoresis-grade agarose. 

Sepharose^ CL4B, Sephadex'^ G50 and F i c o l l type 400 
were obtained from Pharmacia Biosystems Ltd. 

Radiochemicals, Hybond-N nylon membrane and the ECL 
d e t e c t i o n system were supplied by Amersham I n t e r n a t i o n a l Pic, 
Amersham, Bucks, UK. 

Ecoscint s c i n t i l l a t i o n f l u i d was from National 
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Diagnostics L t d . by B.S. and S. (Scotland L t d . ) , Edinburgh. 
O l i g o ( d T ) - c e l l u l o s e type 3 was purchased by 

Universal B i o l o g i c a l s L t d . , London, UK. 
N i t r o c e l l u l o s e f i l t e r s were obtained from 

Schleicher and Schuell, Dussel, FRG. 

3mm paper and GF/C f i l t e r s were from Whatmann Ltd., 

Maidstone, Kent, UK. 
Hydroxyapatite powder (Bio-Gel HTP) and HRP-

conjugated a n t i - r a b b i t antibody were obtained from Bio-Rad 
Laboratories L t d . , Hemel Hempstead, Herts, UK. 

Components of b a c t e r i a l c u l t u r e media were supplied 
by Oxoid L t d . , Hamps, UK (yeast e x t r a c t ) ; Becton Dickinson 
Microbiology Systems, Cockeysville, MD, USA ( t r y p t i c a s e 
peptone); and Difco Laboratories, D e t r o i t , Michigan, USA 
(Bacto-agar). 

X-ray f i l m s were F u j i RX, from F u j i Photo Film Co. 

Lt d . , Japan. 
A l l other chemicals (AnalaR grade) were supplied by 

BDH Chemicals, Poole, Dorset and Sigma Chemical Co., Poole, 

Dorset, UK. 

2.5 LINKERS, ADAPTORS AND PRIMERS 

EcoRI/NotI adaptors, EcoRI l i n k e r s and BamHI 12mer 

l i n k e r s were obtained from Pharmacia Biosystems Ltd. and are 

shown o v e r l e a f : 
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EcoRI/NotI Adaptor - 5'-d[AATTCGCGGCCGCT]-3• 

(GCGCCGGCGA)p-3' 

EcoRI 8mer li n k e r - 5•-pd[GGAATTCC]-3' 

BamHI 12iner l i n k e r - 5 '-d[ CCCGGATCCGGG]-3 ' 

Primers f o r PGR were homologous t o sequences on 
e i t h e r side of the lambda-gtlO c l o n i n g s i t e and were 
synthesised on an Applied Biosystems 38lA DNA Synthesiser by 
J. G i l r o y 

No.288 AGCAAGTTCAGCCTGGTTAAG 21mer; T̂  62°C 

No.289 CTTATTGAGTATTTCTTCCAGGGTA 24mer; T̂  66°C 

2.6 PLASMID DNA FOR HYBRIDISATION AND SUBCLONING 

2.6.1 PJC5.2 

The plasmid PJG5.2 was used as a probe f o r the Leg 
J message. I t contains a 1.42kb EcoRI r e s t r i c t i o n fragment 
from the 3' t r a n s c r i b e d area of a genomic clone lambda-JC5, 
donated by the John Innes I n s t i t u t e (Norwich, U.K.), 
subcloned i n t o PUC18 (Gatehouse et al, 1988). 

2.6.2 PRC3.1 

PRC3.1 was provided by Dr. R.R.D. Croy ( U n i v e r s i t y 
of Durham, UK) and contains a 2.4kb H i n d l l l r e s t r i c t i o n 
fragment of a genomic clone of Leg A i n PUC18. 
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2.6.3 PCDl and PCU2 

PCUl (Watts and Moore, 1989) contains a 1.6kb EcoRI 
r e s t r i c t i o n fragment and PCU2 a l.OSkb EcoRI fragment from 
pea l e a f p o l y u b i q u i t i n cDNA i n PUC19; both plasmids were 
donated by Dr. F.Z. Watts ( U n i v e r s i t y of Sussex, UK). 

2.6.4 PMuge Kla 

PMuge Kla was donated by Dr. A.C. Cuming 
( U n i v e r s i t y of Leeds, UK) and contains a 670bp Kpnl 
r e s t r i c t i o n fragment from a wheat Em cDNA, encompassing the 
f u l l mRNA sequence, subcloned i n t o pBluescript KS"*̂. 

2.6.5 PASDl 

PASDl contains a 205bp P s t I r e s t r i c t i o n fragment 
from the CptI (cowpea t r y p s i n i n h i b i t o r p r o t e i n ) cDNA i n 
PUC18 and was provided by A.S. Dale ( U n i v e r s i t y of Durham). 

2.6.6 PSMTA 

The probe f o r PsMT^ was provided by Dr. A. Tommey 
( U n i v e r s i t y of Durham) and.contains a 235bp PCR product, 
a m p l i f i e d from a f u l l l e n gth cDNA clone i n PUC19, subcloned 
i n t o the EcoRI s i t e of PGEX3X. The o r i g i n a l cDNA was 
i s o l a t e d from a pea ro o t cDNA l i b r a r y by L. Gatehouse 
( U n i v e r s i t y of Durham). 
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2.7 ANTISERUM 

A p o l y c l o n a l antiserum t o pea l e a f p l a s t i d 
chaperonin 60 was prepared by Dr. L. Barnett and donated by 
Prof. R.J. E l l i s ( U n i v e r s i t y of Warwick, UK). 
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CHAPTER 3 - METHODS 

3.1 GROWTH AND TREATMENT OF PLANT MATERIAL 

3.1.1 Growth and Harvesting of Peas 

Seeds of Pisim sativum cv. Feltheim F i r s t were 
germinated f o r 4-5 days i n a dark spray room at 25°C w i t h 
frequent water m i s t i n g t o give a r e l a t i v e humidity of ca. 
100%. Seedlings were grown hydroponically i n 2 l i t r e c u l t u r e 
b o t t l e s of Phostrogen^ ( 0 . 5 5 g / l i t r e ) i n a c o n t r o l l e d 
environment cabinet. The growth conditions consisted of 16 
hours of l i g h t ( i n c l u d i n g morning and evening phases), 
temperatures of 25°C and 18°C (day and night r e s p e c t i v e l y ) 
and a r e l a t i v e humidity of c.70-80% (Evans et al, 1979). The 
Phostrogen s o l u t i o n was replaced every two weeks. 

Flowers were l a b e l l e d on the day of f u l l f l o w e r i n g 
and pods harvested on the required day a f t e r f l o w e r i n g 
(DAF). The cut peduncle was s t e r i l i s e d b r i e f l y i n 70% 
ethanol and the required seed organs (embryonic axes or 
cotyledons) removed a s c e p t i c a l l y and f l a s h frozen i n l i q u i d 
n i t r o g e n before being stored at -80°C. 

3.1.2 Premature Desiccation Treatments 

3.1.2.1 A i r Drying 

Pods were harvested at 14DAF and s t e r i l i s e d b r i e f l y 
i n 70% ethanol. They were then a i r - d r i e d a t ambient 
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c o n d i t i o n s i n the c o n t r o l l e d environment cabinet f o r 24, 48 
and 72 hour periods. Control pods were removed i n the same 
way and placed w i t h t h e i r peduncles i n s t e r i l e water f o r 24, 
48 and 72 hours. Cotyledons were removed and t r e a t e d as 
above. 

3.1.2.2 S i l i c a Drying 

14DAF pods were harvested and d r i e d i n a closed 
container over a c t i v a t e d s i l i c a gel f o r 48 and 72 hours and 8 
days before removal and storage of the cotyledons. 

3.1.3 Treatment with Exogenous ABA 

14DAF pods were removed from the pea p l a n t s as 
before and placed i n p e t r i dishes w i t h t h e i r peduncles 
immersed i n a s o l u t i o n of e i t h e r 10~^, 10"^ or lO'̂ M ABA i n 
s t e r i l e water, or i n s t e r i l e water f o r a c o n t r o l . Cotyledons 
and embryonic axes were harvested together a f t e r 24 or 72 
hour treatments and stored at -80°C. 

3.2 RNA EXTRACTION AND ISOLATION PROCEDURES 

3.2.1 Extraction of Total RNA from Pea Cotyledons 

T o t a l RNA was extract e d from cotyledons (or 
cotyledons plus embryonic axes) by an adaptation of the 
method of H a l l et al (1978). The frozen cotyledons were 
warmed t o -20°C before homogenisation i n hot SDS b u f f e r (0.2M 
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b o r i c a c i d , 1% SDS, 30mM EGTA, 5mM DTT, pH 9.0, at 100°C, 
30ml b u f f e r per lOg t i s s u e ) i n a Polytron^ (Kinematica, 
Luzern, Switzerland) f o r 20 seconds at speed 10. Isoamyl 
alcohol ( i a a ) was added t o reduce foaming, then the mixture 
was cooled t o below 40°C, The s o l u t i o n was incubated f o r 1 
hour at 37-40°C w i t h 0.3mg/ml proteinase K. The dodecyl 
sulphate was then removed by p r e c i p i t a t i o n w i t h 2M KCl ( f i n a l 
c o ncentration 0.14M) on i c e f o r 30 minutes, followed by 
c e n t r i f u g a t i o n f o r 10 minutes at 10,840g (Sorvall'^ RC-5B 
r e f r i g e r a t e d superspeed c e n t r i f u g e , 4x50ml swing-out r o t o r ) . 
The c l e a r supernatant was removed and p r e c i p i t a t e d overnight 
w i t h L i C l ( f i n a l concentration 2M) at 4°C. The r e s u l t i n g 
p e l l e t was c o l l e c t e d by c e n t r i f u g a t i o n as above, washed twice 
w i t h 5ml co l d 2M L i C l (shaking followed by c e n t r i f u g a t i o n ) 
then di s s o l v e d i n 0.2M potassium acetate pH 5.5. The 
supernatant from a f u r t h e r spin was p r e c i p i t a t e d f o r at le a s t 
3 hours w i t h 2.5 volumes of ethanol at -20°C; the RNA was 
p e l l e t e d by another 10 minute spin, then resuspended i n 
s t e r i l e d i s t i l l e d water and extracted twice w i t h an equal 
volume of phenol:chloroform:iaa (25:24:1) before being 
r e p r e c i p i t a t e d w i t h 3 volumes of 100% ethanol and 0.1 volumes 
3M sodiiam acetate pH 5.2. The p u r i f i e d RNA was c o l l e c t e d by 
c e n t r i f u g a t i o n f o r 30 minutes, washed twice w i t h 70% ethanol 
and vacuum d r i e d , l e a v i n g the p e l l e t s l i g h t l y damp. The RNA 
was resuspended i n s t e r i l e d i s t i l l e d water and i t s 
c o n c e n t r a t i o n measured at 260nm i n a PU 8740 UV/VIS scanning 
spectrophotometer (using a conversion f a c t o r of a Img/ml 
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s o l u t i o n of RNA having an o p t i c a l density of 24 absorbance 
u n i t s a t 260nra). The RNA s o l u t i o n was then f l a s h - f r o z e n and 
stored under l i q u i d n i t r o g e n . 

3.2.2 Extraction of Total RNA from Pea Embryonic Axes 

T o t a l RNA was extracte d from small amounts of 
t i s s u e (e.g. embryonic axes) by a m o d i f i c a t i o n of the 
guanidine hydrochloride e x t r a c t i o n method described by 
Logemann et al (1987). The frozen axes were ground w i t h a 
pe s t l e and mortar i n l i q u i d n i t r o g e n u n t i l a f i n e powder was 
obtained. This was then homogenised f o r 1 minute i n a 
Po l y t r o n i n 4ml e x t r a c t i o n b u f f e r (8M guanidine 
hydrochloride, 20mM MES, 20mM EDTA and SOmM 2-mercaptoethanol 
at pH 7.0). The homogenate was extracted w i t h an equal 
volume of phenol/chloroform/iaa (25:24:1) by a g i t a t i o n and 
c e n t r i f u g a t i o n of the r e s u l t i n g emulsion at 10,840g at room 
temperature f o r 45 minutes. The aqueous phase was removed 
and r e - e x t r a c t e d w i t h phenol/chloroform/iaa, the new aqueous 
phase being c o l l e c t e d by a 30 minute spin at 10,840g. The 
RNA was p r e c i p i t a t e d overnight at -20°C w i t h 0.7 volumes 100% 
ethanol and 0.2 volumes a c e t i c acid. The s o l u t i o n was 
c e n t r i f u g e d f o r 10 minutes as above; the r e s u l t i n g p e l l e t was 
then resuspended g e n t l y i n 3M Na-acetate pH 5.2 at room 
temperature t o dissolve the low molecular weight RNA and 
polysaccharides. The RNA was c o l l e c t e d by c e n t r i f u g a t i o n f o r 
5 minutes as before and the resuspension procedure repeated 
w i t h f r e s h sodium acetate. The RNA p e l l e t was washed 
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c a r e f u l l y w i t h 70% ethanol and cen t r i f u g e d immediately t o 
avoid d i s s o l u t i o n . The RNA was a i r - d r i e d ( l e a v i n g the 
surface of the p e l l e t damp) and then dissolved 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. A sample was taken f o r 
spectrophotometric analysis and the remainder f l a s h - f r o z e n 
and stored under l i q u i d n i t r o g e n . 

3.2.3 I s o l a t i o n of Poly(A)+RNA 

3.2.3.1 Oligo(dT)-Cellulose Spun Column Chromatography 

Poly(A)+RNA was i s o l a t e d from t o t a l cotyledon RNA 
by 2 rounds of a f f i n i t y p u r i f i c a t i o n w i t h o l i g o ( d T ) -
c e l l u l o s e , using a spun column method (Pharmacia mRNA 
p u r i f i c a t i o n k i t , according t o the method of Jacobson, 1987). 
The sample, c o n t a i n i n g up t o 2mg t o t a l RNA, was heat-
denatured at 65°C f o r 5 minutes then quenched and i t s s a l t 
c o ncentration r a i s e d t o 0.5M NaCl w i t h sample b u f f e r (lOmM 
Tris-HCl pH 7.4, ImM EDTA, 3M NaCl). I t was then applied t o 
a spun column co n t a i n i n g O.lg o l i g o ( d T ) - c e l l u l o s e 
e q u i l i b r a t e d i n high s a l t b u f f e r (lOmM Tris-HCl pH 7.4, ImM 
EDTA, 0.5mM NaCl) and l e f t t o soak i n under g r a v i t y . The 
column was c e n t r i f u g e d a t low speed (2 minutes at 350g) t o 
remove the loading b u f f e r ; i t was then washed twice w i t h high 
s a l t b u f f e r and 3 times w i t h low s a l t b u f f e r (lOmM Tris-HCl 
pH 7.4, ImM EDTA, 0.IM NaCl), c e n t r i f u g i n g between each wash 
t o remove unbound RNA. Bound poly(A)+RNA was elute d w i t h 
f o u r a p p l i c a t i o n s of prewarmed (65°C) e l u t i o n b u f f e r (lOmM 
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Tris-HCl pH 7.4, ImM EDTA), the eluate again being c o l l e c t e d 
by c e n t r i f u g a t i o n . The eluate was then heat-denatured again 
and t r e a t e d as the f i r s t sample, using a fres h colximn. The 
f i n a l eluate was p r e c i p i t a t e d overnight w i t h 2.5 volumes 
ethanol, 0.1 volume sample b u f f e r and 0.01 volume glycogen 
s o l u t i o n (lOmg/ml) at -20°C and the poly(A)+RNA c o l l e c t e d by 
c e n t r i f u g a t i o n f o r 30 minutes at 10,840g and 4°C. The p e l l e t 
was washed w i t h 70% ethanol (10 minutes at 10,840g) and 
vacuum d r i e d ( l e a v i n g the p e l l e t s l i g h t l y damp) before 
resuspension i n a small volume of RNase-free water at 0°C. 
The concentration of the RNA was measured by 
spectrophotometry; i t was then f l a s h - f r o z e n and stored under 
l i q u i d n i t r o g e n . The o l i g o ( d T ) - c e l l u l o s e was regenerated by 
repeated washings i n e l u t i o n b u f f e r , then O.IM NaOH, then 
e l u t i o n b u f f e r again and e q u i l i b r a t e d i n high s a l t b u f f e r 
before being desiccated overnight and stored at -80°C. 

3.2.3.2 I s o l a t i o n of mRNA using Magnetic P a r t i c l e s 

Poly(A)+RNA was also i s o l a t e d from t o t a l RNA using 
the PolyATtract™ mRNA i s o l a t i o n k i t (Promega). Up to 5mg 
t o t a l RNA was denatured f o r 10 minutes at 65°C before the 
a d d i t i o n of a b i o t i n y l a t e d - o l i g o ( d T ) probe (SOOpmoles) and 
20xSSC (3M NaCl, 0.3M Tr i N a C i t r a t e b u f f e r , pH 7,2, f i n a l 
c o n centration 0.48xSSC). While the mixture was cooling to 
room temperature (up t o 30 minutes) the provided S t r e p t a v i d i n 
Paramagnetic p a r t i c l e s (SA-PMPs) were resuspended and washed 
3 times w i t h 0.5xSSC using a magnetic rack t o capture 
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p a r t i c l e s between washes. The SA-PMPs were then resuspended 
i n 0.5XSSC (0.5ml) and the RNA/biotinylated probe mixture was 
added. The r e a c t i o n was incubated at room temperature f o r 10 
minutes t o allow annealing of the probe t o the SA-PMPs, which 
were then c o l l e c t e d at the side of the tube by the magnetic 
rack t o enable removal of the supernatant. The p a r t i c l e s 
were washed f o u r times as before (resuspension and magnetic 
capture) w i t h O.lxSSC, then resuspended gently i n RNase-free 
water t o e l u t e the poly(A)+RNA. The SA-PMPs were washed w i t h 
a f u r t h e r 1ml of water t o ensure e l u t i o n and the two eluates 
p r e c i p i t a t e d w i t h 2.5 volumes ethanol and 0.1 volume 3M Na-
acetate pH 5.2. Poly(A)+RNA was c o l l e c t e d by c e n t r i f u g a t i o n , 
washed and resuspended as before; i t s concentration was 
measured by spectrophotometry and i t was stored i n a l i q u o t s 
under l i q u i d n i t r o g e n . 

3.3 ANALYSIS OF NUCLEIC ACIDS BY GEL ELECTROPHORESIS 

3.3.1 Analysis of RNA by Formaldehyde Gel Electrophoresis 

RNA formaldehyde gels were prepared and riin by the 
method of M i l l e r (1987). A 1% HGT agarose gel containing 
2.2M formaldehyde and IxMOPS/EDTA (20mM MOPS, 5mM Na-acetate, 
ImM EDTA, pH 7.0) was poured and allowed t o set f o r 30-60 
minutes a t room temperature, then pre-electrophoresed i n 
IxMOPS/EDTA f o r 5-30 minutes at 60V. Small volumes of RNA 
samples were denatured i n 0.8xM0PS/EDTA, 44% formamide and 
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1.9M formaldehyde f o r 10 minutes at 70°C then quenched on 
i c e . 1.5ul gel loading b u f f e r (0.7xM0PS/EDTA, 5mg xylene 
cyanol, 5mg bromocresol green, 400mg sucrose, 1.55M 
formaldehyde and 35% formamide) was added t o each sample 
before loading. The gel was electrophoresed at 60V f o r 5-6 
hours ( u n t i l the leading dye f r o n t had migrated ca.9cm) w i t h 
the b u f f e r being mixed every hour. The gel was stained i n 
5ug/ml ethidium bromide f o r 5 minutes i n the dark and 
destained f o r 2 hours or overnight i n water i n the dark. The 
g e l was v i s u a l i s e d and photographed on a 300nm uv t r a n s -
i l l u m i n a t o r . DNA size markers f o r RNA gels were ethanol 
p r e c i p i t a t e d before use and t r e a t e d as the RNA samples. 

For quick a n a l y s i s of RNA, 1.5% formaldehyde 
mi n i g e l s were poured, the RNA samples t r e a t e d as above and 
loaded w i t h l u l of Img/ml ethidium bromide i n the w e l l . 

3.3.2 Analysis of DNA by Agarose Gel Electrophoresis 

3.3.2.1 Re s t r i c t i o n and P u r i f i c a t i o n of DNA 

Endonuclease r e s t r i c t i o n s of DNA were c a r r i e d out 
as described by Sambrook, F r i t s c h and Maniatis (1989) i n the 
appropriate b u f f e r supplied w i t h the enzyme. Techniques of 
phenol/chloroform/iaa (25:24:1) e x t r a c t i o n and ethanol 
p r e c i p i t a t i o n t o p u r i f y and concentrate DNA are also i n 
Sambrook, F r i t s c h and Maniatis (1989). 
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3.3.2.2 Size Analysis of DNA 

DNA fragments were separated and analysed by 
ele c t r o p h o r e s i s i n agarose gels of a range of concentrations 
(depending upon fragment s i z e ) as given i n Sambrook, F r i t s c h 
and Maniatis (1989). Large gels (18cmx22cm) were cast and 
run i n IxTAE (40mM Tr i s - a c e t a t e pH 7.7, ImM EDTA), minigels 
i n I x TBE (90mM Tr i s - b o r a t e pH 8.0, 2mM EDTA) w i t h both gels 
and running b u f f e r s c o n t a i n i n g 0.4ug/ml ethidium bromide. 
Samples were loaded w i t h 2ul gel loading b u f f e r (0.1% orange 
G, 20% F i c o l l 400, O.IM EDTA pH 8.0). A f t e r electrophoresis 
( a t 50-lOOV) the gels were v i s u a l i s e d and photographed as 
above. 

3.3.2.3 I s o l a t i o n of DNA Fragments by Electroelution 

DNA fragments were recovered from 0.6% agarose gels 
by e l e c t r o e l u t i o n f o r 25 minutes at 50V i n s t e r i l e d i a l y s i s 
t u b i n g and the b u f f e r used f o r electrophoresis (Sambrook, 
F r i t s c h and Maniatis, 1989). The DNA s o l u t i o n was extracted 
once w i t h phenol/chloroform/iaa and twice w i t h chloroform/iaa 
before ethanol p r e c i p i t a t i o n w i t h 0.1 volume 3M Na-acetate pH 
5.2 and 2.5 volumes ethanol a t -20°C. The DNA was recovered 
by c e n t r i f u g a t i o n as described p r e v i o u s l y . 

3.3.2.4 I s o l a t i o n of DNA Fragments using S i l i c a Fines 

S i l i c a f i n e s were donated by Dr. R.G. Alexander 
(now a v a i l a b l e as 'Finebind' - Amersham I n t e r n a t i o n a l L t d . , 
Bucks, UK). Fragments excised from a 0.7% agarose gel were 
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melted at 65°C f o r 10 minutes w i t h 1ml Nal s o l u t i o n (6.05M 
Nal, 0.1IM Na2S03, f i l t e r s t e r i l i s e d and saturated w i t h 
Na2S03). The mixture was cooled t o room temperature f o r 5 
minutes then 5ul of s i l i c a f i n e s were added and mixed gently 
before i n c u b a t i o n f o r 10 minutes at room temperature ( w i t h 
i n t e r m i t t a n t i n v e r s i o n ) . The f i n e s and bound DNA were 
p e l l e t e d by c e n t r i f u g a t i o n (15 seconds at 12,000g) and the 
supernatant removed and replaced w i t h 1ml 70% ethanol. The 
p e l l e t was resuspended t o wash the f i n e s , then c o l l e c t e d by 
another c e n t r i f u g a t i o n . The d r i e d p e l l e t was then 
resuspended and incubated i n 50ul TE b u f f e r pH 8.0 (lOmM 
Tris-HCl pH 8.0, ImM EDTA) at 37°C f o r 10 minutes t o elu t e 
the bound DNA, which was then ready f o r use without f u r t h e r 
p u r i f i c a t i o n or concentration. 

3.3.2.5 Alkaline Agarose Gels 

F i r s t and second strand cDNA synthesis was 
confirmed and analysed by a l k a l i n e agarose gel 
e l e c t r o p h o r e s i s as described by Sambrook, F r i t s c h and 
Maniatis (1989). A 10ml, 1% a l k a l i n e agarose gel made i n I x 
a l k a l i n e b u f f e r (0.3M NaOH, 0.02M EDTA) was set on a small 
glass s l i d e . The samples were loaded i n 2x loading b u f f e r 
(25mM NaOH, 20% g l y c e r o l , 4.6% saturated bromophenol blue) 
and the gel run i n I x a l k a l i n e b u f f e r at 100mA. The gel was 
then sealed i n a p l a s t i c bag and exposed t o X-ray f i l m t o 
loc a t e the r a d i o a c t i v e cDNA. 
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3.4 ANALYSIS OF NUCLEIC ACIDS BY BLOTTING AND HYBRIDISATION 

3.4.1 Northern Blotting of RNA Formaldehyde Gels 

Before b l o t t i n g , RNA formaldehyde gels were washed 
several times i n d i s t i l l e d water (or destained overnight i n 
water) t o remove the formaldehyde. The t o t a l RNA f o r 
Northern analysis was then b l o t t e d overnight onto Hybond™-N 
nylon membrane by the c a p i l l a r y t r a n s f e r method found i n 
Sambrook, F r i t s c h and Maniatis (1989) i n a b u f f e r of 20xSSC. 
A f t e r the b l o t t i n g apparatus was dismantled and the p o s i t i o n 
o f the w e l l s marked, the nylon membrane was a i r - d r i e d f o r 30 
minutes, wrapped i n c l i n g f i l m and u v - i r r a d i a t e d f o r 5 
minutes on a uv t r a n s i l l u m i n a t o r (300nm). The c l i n g f i l m was 
then removed and the b l o t was baked f o r 1 hour i n an 80°C 

vacuum oven. Nylon; b l o t s were stored i n sealed p l a s t i c bags. 
I 

1 

3.4.2 RNA Dot BlotSj 
1 

RNA was immobilised t o nylon membrane using a BRL 
Hybridot™ manifold iaccording t o the method of Kafatos et al 

(1979). 5ug samples of RNA were denatured i n a s o l u t i o n of 
6XSSC, 12% formaldehyde (0.05ug/ul RNA) at 60°C f o r 15 
minutes. The samples were quenched on i c e and the so l u t i o n s 
d i l u t e d w i t h 20xSSC t o give a f i n a l concentration of 
0.02ug/ul RNA and ISxSSC i n ca.lOOul. The nylon membrane was 
dampened i n d i s t i l l e d water and e q u i l i b r a t e d i n ISxSSC f o r 20 
minutes; the manifold was assembled i n ISxSSC and attached t o 
a water pump. Duplicate samples were then applied t o the 
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sides of the w e l l s , the samples i n c l u d i n g E.coli rRNA f o r a 
negative c o n t r o l and d i l u t i o n s of the relevant probe DNA f o r 
a p o s i t i v e c o n t r o l (denatured as the RNA). Each w e l l was 
r i n s e d w i t h lOOul 15xSSC; the manifold was then dismantled 
and the membrane washed i n 6xSSC before a i r - d r y i n g f o r 30 
minutes. The nylon b l o t was then uv-treated, baked and 
stored as before. 

3.4.3 Hybridisation of DNA Probes to Immobilised RNA 

3.4.3.1 Preparation of a Radlolabelled DNA Probe 

The probe DNA was separated from plasmid DNA by 
r e s t r i c t i o n and el e c t r o p h o r e s i s and i s o l a t e d by 
e l e c t r o e l u t i o n or s i l i c a f i n e s , as described previously. The 
DNA concentration was measured by spectrophotometry, given 
t h a t 20OD=lmg/ml f o r DNA at 260nm. Up t o 0.25ug was then 
l a b e l l e d by random priming by the method of Feinberg and 
Vogelstein (1983, 1984). The DNA was b o i l e d f o r 3 minutes t o 
denature then quenched on i c e before mixing w i t h lOul OLB 
(hexadeoxyribonucleotides at 450D units/ml and dATP, dCTP, 
dGTP and dTTP (each at 0.096mM) i n 240mM Tris-HCl pH 8.0, 
24mM MgCl2, IM HEPES pH 6.6, 0.35% 2-mercaptoethanol), 
0.04ug/ul BSA, 50uCi [alpha-^^pj^CTP and 2U Klenow enzyme i n 
a f i n a l volume of 50ul. The r e a c t i o n was incubated at room 
temperature f o r 2.5 hours or overnight, then stopped by the 
a d d i t i o n of 5ul 10% SDS. The l a b e l l e d probe was separated 
from unincorporated nucleotides by chromatography on a 5ml 
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Sephadex G50 column e q u i l i b r a t e d and run i n 50mM Tris-HCl 
b u f f e r pH 7.5, c o n t a i n i n g ISOmM NaCl, lOmM EDTA and 0.1% SDS. 
Probe s o l u t i o n was then stored at -20°C u n t i l required. 

3.4.3.2 Treatment of Blots and Hybridisation of Probes 

RNA immobilised t o nylon membranes was hybridised 
t o r a d i o l a b e l l e d DNA probes by the method found i n Sambrook, 
F r i t s c h and Maniatis (1989). The b l o t s were prehybridised 
f o r 1 hour a t 42°C i n sealed polythene bags i n a shaking 
water bath. The p r e h y b r i d i s a t i o n s o l u t i o n consisted of 50% 
formamide, 2x Denhardts s o l u t i o n (0.04% each of F i c o l l 400, 
PVP and BSA), SxSSPE (0.75M NaCl, 50mM NaH2P04, 5mM EDTA), 
0.1% SDS and lOOug/ml h e r r i n g sperm DNA, the l a t t e r denatured 
by b o i l i n g f o r 7 minutes before being added t o the s o l u t i o n 
at 42°C. The DNA probe was denatured by b o i l i n g f o r 7 
minutes, quenched on i c e f o r 2 minutes and then added 
d i r e c t l y t o the p r e - h y b r i d i s a t i o n s o l u t i o n . The b l o t s were 
h y b r i d i s e d overnight at the same temperature. 

To remove unbound DNA, the b l o t s were washed ( w i t h 
a g i t a t i o n ) twice at room temperature f o r 15 minutes i n a 
s o l u t i o n of 2xSSC, 0.1% SDS, then once at 42°C f o r 10 minutes 
i n IxSSC, 0.1% SDS. The membranes were then placed on 
Whatman 3mm f i l t e r paper wrapped i n c l i n g f i l m , then covered 
w i t h another wrapping of c l i n g f i l m t o prevent moisture loss, 
and exposed at -80°C t o s e n s i t i s e d FUJI RM X-ray f i l m w i t h an 
i n t e n s i f y i n g screen. The h y b r i d i s a t i o n s o l u t i o n was stored 
at -20°C and could be re-used a f t e r heating t o 65°C f o r 10 
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minutes. The b l o t s could also be re-used a f t e r radiography, 
provided they had remained damp, by s t r i p p i n g the membranes 
w i t h b o i l i n g 0.1% SDS, le a v i n g f o r 30 minutes, then 
d i s c a r d i n g the SDS s o l u t i o n and repeating w i t h f r e s h b o i l i n g 
0.1% SDS. The membranes were then autoradiographed t o ensure 
t h a t the probe was removed and stored wrapped i n c l i n g f i l m 
i n sealed p l a s t i c bags at 4°C. Results from RNA dot b l o t s 
and Northern b l o t s were analysed by densitometric scanning 
(Chapman et al, 1983). 

3.4.4 Southern Blotting of DNA Agarose Gels 

DNA fragments i n agarose gels were t r a n s f e r r e d t o 
n i t r o c e l l u l o s e f i l t e r s by the method of Southern (1975). The 
gel was denatured f o r two 30 minute periods i n denaturing 
s o l u t i o n (0.5M NaOH, 1.5M NaCl, ImM EDTA) then n e u t r a l i s e d , 
again f o r two 30 minute washes, i n 3M NaCl, 0.5M Tris-HCl, 
ImM EDTA, pH 7.0. The gel was then ri n s e d i n d i s t i l l e d water 
and b l o t t e d overnight onto a n i t r o c e l l u l o s e f i l t e r (soaked i n 
water then e q u i l i b r a t e d i n 20xSSC) by c a p i l l a r y t r a n s f e r w i t h 
20xSSC as the t r a n s f e r b u f f e r . A f t e r b l o t t i n g , the f i l t e r 
was marked, a i r - d r i e d f o r 30 minutes and baked f o r 1-2 hours 
in vacuo a t 80°C. 

3.4.5 Hybridisation of a DNA Probe to Immobilised DNA 

Southern b l o t s were prehybridised f o r at le a s t 3 

hours a t 65°C (shaken) i n a p r e h y b r i d i s a t i o n s o l u t i o n 
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c o n t a i n i n g 5xSSC, 5x Denhardts s o l u t i o n (0.1% each of F i c o l l , 
p o l y v i n y l p y r r o l i d o n e and BSA), 0.1% SDS, lOOug/ml h e r r i n g 
sperm DNA ( b o i l e d t o denature before a d d i t i o n ) . The 
p r e h y b r i d i s a t i o n s o l u t i o n was then replaced w i t h a smaller 
volume of the same s o l u t i o n , preheated t o 65°C, the denatured 
probe was added and the f i l t e r s were hybridised overnight at 
65°C. For homolgous probes, the f i l t e r s were washed twice 
(30 minutes a t 65°C w i t h shaking) i n 2xSSC, 0.5% SDS; f o r 
heterologous probes the s a l t concentration of the wash was 
r a i s e d ( t o a maximum of 5xSSC) and the SDS lowered (minimum 
0.1% SDS). The washing temperature may also be lowered f o r 
heterologous probes, although t h i s was not usually necessary. 
Washed f i l t e r s were wrapped i n c l i n g f i l m and exposed as 
Northern b l o t s . The h y b r i d i s a t i o n s o l u t i o n was stored at 
-20°C and could be reused by heating t o 90°C f o r 10 minutes 
t o denature the DNA. 

3.4.6 Colony Hybridisation 

DNA from b a c t e r i a l colonies was immobilised on 
n i t r o c e l l u l o s e f i l t e r s and hy b r i d i s e d t o a DNA probe as 
described i n Sambrook, F r i t s c h and Maniatis (1989). Putative 
transformants were t r a n s f e r r e d t o d u p l i c a t e n i t r o c e l l u l o s e 
f i l t e r s on YT p l a t e s ( 8 g / l i t r e t r y p t i c a s e peptone, 5g/l yeast 
e x t r a c t , 5 g /l NaCl, 15g/l Bactoagar) i n c o r p o r a t i n g 40mg/l X-
gal and 50mg/l a m p i c i l l i n ; colonies were grown up overnight 
on i n v e r t e d p l a t e s at 37°C. One f i l t e r was then t r e a t e d 
(colony side up) on Whatman 3mm paper soaked i n 10% SDS (3 
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minutes); denaturing s o l u t i o n (0.5M NaOH, 1.5M NaCl, f o r 5 
minutes); n e u t r a l i s i n g s o l u t i o n (1.5M NaCl, 0.5M Tris-HCl pH 
7.4, f o r 5 minutes); and 2xSSC, again f o r 5 minutes, w i t h the 
f i l t e r being b l o t t e d on dry 3mm paper between each treatment. 
The f i l t e r was then a i r - d r i e d f o r 30 minutes at room 
temperature and baked f o r 1-2 hours i n an 80°C vacuum oven. 
H y b r i d i s a t i o n t o a DNA probe and exposure of the f i l t e r were 
by the same procedure o u t l i n e d f o r Southern b l o t s . 

3.5 CONSTRUCTION OF A PEA cDNA LIBRARY FROM DESICCATING 
COTYLEDONS 

3.5.1 Construction of a cDNA Library using PUC18 as a Cloning 

Vector 

3.5.1.1 cDNA Synthesis 

Double-stranded cDNA was synthesised from poly(A)* 
RNA i s o l a t e d from 18DAF and 24,26,28DAF (pooled) cotyledons 
according t o the method of Gubler and Hoffman (1983) using a 
cDNA synthesis k i t (Boehringer Mannheim). 0.2-2ug of 
poly(A)+RNA was incubated i n the b u f f e r supplied by the k i t 
w i t h a deoxyribonucleotide mixture (dATP, dCTP, dGTP, dTTP, 
each at a f i n a l concentration of ImM), primer o l i g o ( d T ) i 5 (2 
A260/111I)/ l u C i [alpha-^2p]dCTP, AMV reverse t r a n s c r i p t a s e and 
RNase i n h i b i t o r , i n a f i n a l volume of 20ul. The f i r s t strand 
synthesis r e a c t i o n was incubated at 42°C f o r one hour, a f t e r 
which l u l samples were taken t o analyse the i n c o r p o r a t i o n 
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r a t e by TCA p r e c i p i t a t i o n . For the second strand synthesis 
r e a c t i o n , 0.5ul RNase H s o l u t i o n was added ( h a l f the amount 
suggested i n the k i t p r o t o c o l t o avoid damage t o the DNA) 
along w i t h a second b u f f e r s o l u t i o n , a f u r t h e r 9uCi [alpha-
^2p]dCTP and E.coli DNA polymerase I (endonuclease-free), the 
volume being r a i s e d t o lOOul. This r e a c t i o n was incubated 
f o r 1 hour at 15°C, 1 hour at 22°C and 10 minutes at 65°C. 
Samples were again taken f o r analysis, then T4 DNA polymerase 
was added, and the cDNA s o l u t i o n incubated f o r 10-15 minutes 
at 37°C t o ensure b l u n t ends. The r e a c t i o n was terminated by 
the a d d i t i o n of lOul EDTA (0.2M, pH 7.2) and 2ul Sarkosyl 
s o l u t i o n (10% w/v). The cDNA was then extracted once w i t h an 
equal volume o f phenol/chloroform/iaa and p r e c i p i t a t e d f o r at 
l e a s t 1 hour at -20°C w i t h lOug glygogen, 0.1 volume 3M Na-
acetate pH 5.2 and 2.5 volumes ethanol (the glycogen being 
omitted i n the second p r e c i p i t a t i o n ) . The p r e c i p i t a t e was 
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 4°C f o r 30 minutes at 
12,000g, washed w i t h 70% ethanol and vacuum d r i e d before 
resuspension i n s t e r i l e d i s t i l l e d water. 

The y i e l d of cDNA was estimated using the equation: 

y i e l d (g) = cpm(incorporation) x mol.dCTP x 4 x 330(MW) 
cpm(input) 

The cpm incorporated i n the f i r s t and second strand syntheses 
were measured by l i q u i d s c i n t i l l a t i o n counting: l u l samples 
of cDNA (2 per synthesis r e a c t i o n ) were adsorbed t o Whatman 
GF/C g l a s s - f i b r e f i l t e r s (2.4cm diameter); one of each p a i r 
was washed f r e e of unincorporated l a b e l by TCA p r e c i p i t a t i o n 
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(Sambrook, F r i t s c h and Maniatis, 1989) and the f i l t e r s d r i e d ; 
they were then placed i n 1ml Ecoscint s c i n t i l l a t i o n f l u i d and 
the r a d i o a c t i v i t y counted by a Packard 2000CA TriCarb L i q u i d 
S c i n t i l l a t i o n Analyser. 

3.5.1.2 Preparation of the PUC18 Vector 

PUC18 DNA was r e s t r i c t e d f o r at lea s t 2 hours w i t h 
the r e q u i r e d r e s t r i c t i o n enzyme and b u f f e r . Where 
appropriate, the vector was dephosphorylated d i r e c t l y a f t e r 
r e s t r i c t i o n f o r 30 minutes at 37°C w i t h lU a l k a l i n e 
phosphatase (as i n Sambrook, F r i t s c h and Maniatis, 1989). 
The vector was then e x t r a c t e d w i t h phenol/chloroform/iaa, 
ethanol p r e c i p i t a t e d and stored at -20°C. Samples were 
analysed by agarose gel electrophoresis t o confirm complete 
r e s t r i c t i o n . 

3.5.1.3 Ligation of cDNA to PDC18 using EcoRI/NotI Adaptors 

L i g a t i o n r eactions were c a r r i e d out according t o 
the method of Sambrook, F r i t s c h and Maniatis (1989). Up t o 
2ug 18DAF CDNA was l i g a t e d overnight at 15°C t o 0.02U (800-
lOOOng) EcoRI/NotI adaptors i n a l i g a t i o n b u f f e r of 50mM 
Tris-HCl pH 7.6, lOmM MgClz, lOmM DTT, 0.5mM ATP w i t h 2U T4 
DNA l i g a s e . The mixture was heated f o r 10 minutes at 65°C t o 
denature the l i g a s e , then quenched on i c e . The adaptors were 
kinased f o r 30 minutes a t 37°C w i t h lOuCi [gamma-^^pj^Tp^ 
O.lmM ATP and 7U T4 polynucleotide kinase (Sambrook, F r i t s c h 
and Maniatis, 1989). The kinase was i n a c t i v a t e d by heating 
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at 65°C f o r 10 minutes; the r e a c t i o n was then quenched and 
ex t r a c t e d once w i t h phenol/chloroform/iaa. The adapted cDNA 
was separated from the f r e e adaptors on a 5ml Sepharose CL-4B 
column run i n lOmM Tris-HCl pH 7.6, ImM EDTA pH 8.0, 0.IM 
NaCl. The e f f l u e n t was c o l l e c t e d i n 200ul f r a c t i o n s ; l u l 
samples of each f r a c t i o n were d i l u t e d i n 1ml Ecoscint 
s c i n t i l l a t i o n f l u i d and the s p e c i f i c a c t i v i t y (cpm) counted 
by l i q u i d s c i n t i l l a t i o n . The relevant f r a c t i o n s were pooled, 
ethanol p r e c i p i t a t e d and 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 
12,000g and 4°C f o r 30 minutes. The p e l l e t e d DNA was washed 
i n 70% ethanol, d r i e d and resuspended i n a small volume of 
s t e r i l e d i s t i l l e d water. 

The adapted DNA was l i g a t e d overnight at 15°C t o 
Ec o R I - r e s t r i c t e d PUC18 vector (both phosphorylated and non-
phosphorylated) i n the same conditions as the f i r s t l i g a t i o n , 
w i t h a molar r a t i o of e i t h e r 1:2 (cleaved vector : i n s e r t ) or 
2:1 (dephosphorylated vector : i n s e r t ) . The re a c t i o n was 
terminated by heating a t 65°C f o r 10 minutes, then quenched 
on i c e . 

3.5.1.4 Ligation of cDNA to PDC18 using EcoRI Phosphorylated 

Linkers 

cDNA was end-labelled as described by Sambrook, 
F r i t s c h and Maniatis (1989) w i t h 1-2U Klenow enzyme i n a 
b u f f e r c o n t a i n i n g 20uCi [alpha-^^pjd^rpp^ -^Q^ g^^^j^ dCTP, 
dGTP, dTTP, 50mM Tris-HCl pH 7.5, lOmM MgS04 and O.lmM DTT 
f o r 15 minutes a t room temperature. The r e a c t i o n was heated 
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a t 70°C f o r 5 minutes t o denature the enzyme and ethanol 
p r e c i p i t a t e d twice. The l a b e l l e d cDNA was then l i g a t e d 
overnight t o 2U (800-lOOOng) EcoRI phosphorylated l i n k e r s . 
A f t e r heating f o r 10 minutes a t 65°C, the cDNA was r e s t r i c t e d 
w i t h 20U EcoRI ( w i t h the a d d i t i o n of the appropriate 
r e s t r i c t i o n b u f f e r ) f o r up t o 2 hours at 37°C. The l i n k e r e d 
cDNA was ex t r a c t e d once w i t h phenol/chloroform/iaa, separated 
from the f r e e l i n k e r s on a Sepharose CL-4B column, as before, 
and ethanol p r e c i p i t a t e d . The l i n k e r e d cDNA was then l i g a t e d 
overnight t o e i t h e r E c o R I - r e s t r i c t e d PUC18 (1 vector : 2 
i n s e r t ) or E c o R I - r e s t r i c t e d dephosphorylated PUC18 (2 vector 
: 1 i n s e r t ) . 

3.5.1-5 Ligation of cDNA to PUC18 using BamHI 12mer Linkers 

End-labelled cDNA was l i g a t e d overnight t o 2U BamHI 
12mer l i n k e r s by the aforementioned procedure. A f t e r heating 
t o denature the l i g a s e , the l i n k e r s were r e s t r i c t e d w i t h lOU 
BamHI; the r e a c t i o n was then phenol/chloroform/iaa extracted 
and the l i n k e r e d cDNA c o l l e c t e d as before and l i g a t e d 
overnight t o e i t h e r BamHI-restricted PUC18 or BamHI-
r e s t r i c t e d dephosphorylated PUC18. 

3.5.1.6 Assessment of Linker A c t i v i t y 

To confirm t h a t the EcoRI l i n k e r s were performing 
as s p e c i f i e d , a l i n k e r check was c a r r i e d out by the method 
described i n Sambrook, F r i t s c h and Maniatis (1989). Samples 
of kinased l i n k e r s , l i g a t e d kinased l i n k e r s , and kinased. 
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l i g a t e d then r e s t r i c t e d l i n k e r s were analysed on a 10% 
acrylamide g e l cast and run i n O.SxTBE; t h i s was then 
autoradiographed at -80°C t o t e s t the e f f i c i e n c y of the 
various r e a c t i o n s . 

3.5.1.7 Transformation of Bacteria with Plasmid DNA 

Transformation was c a r r i e d out using an adaptation 
of the p r o t o c o l provided w i t h DH5alphaME (maximum e f f i c i e n c y ) 
c e l l s (BRL), modified from Hanahan (1983). The l i g a t i o n 
mixture was d i l u t e d 5 - f o l d and l u l p o r t i o n s used t o transform 
20ul a l i q u o t s of competent c e l l s DHSalphaME: the DNA was 
added t o the c e l l s on i c e and mixed w i t h the p i p e t t e t i p ; the 
c e l l s were incubated on i c e f o r 30 minutes, heat shocked f o r 
45 seconds a t 42°C and returned t o i c e f o r 2 minutes; 80ul 
SOC b r o t h (2% t r y p t i c a s e peptone, 0.5% yeast e x t r a c t , lOmM 
NaCl, 2.5mM KCl, lOmM MgClz, lOmM MgS04, 20mM glucose) was 
added t o each tube; the tubes were shaken f o r 1 hour at 37°C 
and 20ul a l i q u o t s p l a t e d out onto YT pl a t e s supplemented w i t h 
0.02mg/ml X-gal and 0.05mg/ml a m p i c i l l i n , which were 
incubated overnight a t 37°C. Transformants were i d e n t i f i e d 
by the i n t e r r u p t i o n of the beta-galactosidase gene, g i v i n g 
l a r g e white colonies as opposed t o small blue untransformed 
c o l o n i e s . 

For t e s t transformations, DH5alphaME c e l l s were 

transformed as above w i t h 1-lOng PUC18 DNA, e i t h e r untreated 

or r e s t r i c t e d and r e l i g a t e d . 
For subcloning, SOul a l i q u o t s of DHSalphaSE 
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(subcloning e f f i c i e n c y ) c e l l s were used. The method was as 
above, except t h a t 200ul of SOC broth was added instead of 
80ul and the b a c t e r i a l c u l t u r e spread i n 50ul and 200ul 
a l i q u o t s . 

3.5.1.8 Preparation of Competent C e l l s 

As an a l t e r n a t i v e t o DH5alpha c e l l s , T BIl c e l l s 
were made competent by the calcium c h l o r i d e method found i n 
Sambrook, F r i t s c h and Maniatis (1989). A s i n g l e colony of 
T B I l was taken from a freshly-grown p l a t e and incubated f o r 
ca.3 hours (shaken at 37°C) i n 100ml LB bro t h ( l O g / l i t r e 
t r y p t i c a s e peptone, 5g/l yeast e x t r a c t , 5g/l NaCl, pH 7.5) 
u n t i l the c u l t u r e reached a concentration of ca.lO' c e l l s / m l . 
The c e l l s were t r a n s f e r r e d t o 50ml s t e r i l e polypropylene 
tubes (Falcon 2098) and l e f t on i c e f o r 10 minutes t o cool. 
The 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 f o r 10 minutes at 
4,000g and 4°C. A f t e r removal of the supernatant and 
d r a i n i n g , the p e l l e t s were resuspended i n 10ml O.IM CaClj at 
0°C and stored on i c e . The c e l l s were recovered by 
c e n t r i f u g a t i o n as before, drained and resuspended i n 2ml O.IM 
CaCl2 at 0°C. The competent c e l l s could be ali q u o t e d , f l a s h -
frozen i n l i q u i d n i t r o g e n and stored a t t h i s p o i n t at -80°C. 
200ul a l i q u o t s of the TB I l competent c e l l s were transfonned 
w i t h up t o 50ng plasmid DNA. A f t e r a d d i t i o n of the DNA and 
gentle mixing, the c u l t u r e was incubated f o r 30 minutes on 
i c e , heat shocked f o r 90 seconds at 42°C and cooled on i c e 
f o r 2 minutes; 800ul SOC b r o t h was then added and the c u l t u r e 
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incubated a t 37°C f o r 45 minutes w i t h gentle shaking. 200ul 
a l i q u o t s were grown up overnight on YT/X-gal/ampicillin 
p l a t e s as before. 

3.5.1.9 Preparation of Plasmid DNA for Restriction Analysis 

and Subcloning 

Plasmids c o n t a i n i n g DNA i n s e r t s were i s o l a t e d 
according t o the method of Birnboim and Doly (1979). 
Transformed colonies were grown up overnight at 37°C (shaken) 
i n 10ml a l i q u o t s of YT b r o t h ( 8 g / l i t r e t r y p t i c a s e peptone, 
5g/l yeast e x t r a c t , 5 g/l NaCl) containing 50ug/ml a m p i c i l l i n . 
The b a c t e r i a 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 f o r 10 minutes 
at 3600g a t room temperature and the supernatant discarded. 
The p e l l e t s were resuspended i n 200ul of a s o l u t i o n 
c o n t a i n i n g 2mg/ml lysozyme, 50mM glucose, lOmM EDTA, 25mM 
Tris-HCl, pH 8.0 and incubated i n s t e r i l e eppendorf tubes on 
i c e f o r 30 minutes. 600ul of a s o l u t i o n of 0.2M NaOH, 1% SDS 
was added t o each tube, mixed by i n v e r s i o n and incubated f o r 
5 minutes on i c e ; 450ul of 3M Na-acetate pH 4.8 was then 
added, mixed by several inversions u n t i l a white DNA c l o t 
formed and incubated at 0°C f o r 1 hour. The so l u t i o n s were 
c e n t r i f u g e d a t 12,000g f o r 10 minutes at 4°C t o obtain a 
c l e a r supernatant, which was p r e c i p i t a t e d w i t h 0.45 volume of 
isopropanol a t -20°C. The p e l l e t from a f u r t h e r 10 minute 
c e n t r i f u g a t i o n was resuspended i n 200ul 0.05M Tris-HCl b u f f e r 
pH 6.0 co n t a i n i n g O.IM sodium acetate, then p r e c i p i t a t e d f o r 
10 minutes w i t h 100% ethanol a t -20°C. The l a s t 

135 



c e n t r i f u g a t i o n and resuspension was repeated and the 
r e s u l t i n g s o l u t i o n e x t r a c t e d w i t h an equal volume of 
phenol/chloroform/iaa before r e p r e c i p i t a t i o n w i t h 4 volumes 
of 100% ethanol. A f t e r c e n t r i f u g a t i o n and vacuum dr y i n g , the 
plasmid DNA was redissolved i n s t e r i l e water and a l i q u o t s 
were r e s t r i c t e d w i t h the appropriate enzyme i n the presence 
of RNase A ( f i n a l concentration O.lug/ul) and analysed by 
agarose g e l e l e c t r o p h o r e s i s . 

3.5.1.10 Preparation of Plasmid DNA for Direct Sequencing 

The above procedure was modified (Mierendorf and 
P f e f f e r , 1987) t o give plasmid DNA ready f o r sequencing. 
Transformed b a c t e r i a were grown up by shaking overnight at 
37°C i n 5ml LB b r o t h supplemented w i t h lOOug/ml a m p i c i l l i n . 
1.5ml of each c u l t u r e was t r a n s f e r r e d t o a 1.5ml s t e r i l e 
Eppendorf tube and spun at 12,000g f o r 1 minute t o p e l l e t the 
b a c t e r i a . The supernatant was discarded, another 1.5ml of 
the c u l t u r e was added t o the same tube and the c e n t r i f u g a t i o n 
was repeated. As much as possible of the supernatant was 
removed and the p e l l e t was resuspended by vo r t e x i n g i n lOOul 
of a s o l u t i o n of 50mM glucose, 25mM Tris-HCl pH 8.0 and lOmM 
EDTA, at 0°C. The suspended c e l l s were incubated f o r 5 
minutes at room temperature then 200ul of 0.2M NaOH, 1% SDS 
was added and mixed by i n v e r s i o n before incubation f o r 5 
minutes a t 0°C. 150ul of a s o l u t i o n of potassium acetate pH 
4.8 (3M w i t h respect t o potassium, 5M w i t h respect t o 
acetate) a t 0°C was added t o the lysed c e l l s and mixed by 
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i n v e r s i o n f o r 10 seconds, then l e f t at 0°C f o r a f u r t h e r 5 
minutes. Chromosomal DNA was p e l l e t e d by c e n t r i f u g a t i o n f o r 
5 minutes at 10,000g and 4°C and the supernatant removed and 
re - c e n t r i f u g e d t o ensure t h a t a l l of the p r e c i p i t a t e was 
removed. I t was then incubated w i t h RNase A ( f i n a l 
c o n c entration 20ug/ml) f o r 20 minutes at 37°C. The plasmid 
DNA was ext r a c t e d w i t h an equal volume of phenol/chloroform/ 
i a a and the aqueous phase p r e c i p i t a t e d w i t h 2.5 volumes 
ethanol a t -70°C f o r 30 minutes. The p r e c i p i t a t e was 
c o l l e c t e d by c e n t r i f u g a t i o n (30 minutes at 10,000g, 4°C), 
ri n s e d w i t h 70% ethanol (5 minutes at 10,000g) and vacuum 
d r i e d before resuspension i n 16ul s t e r i l e d i s t i l l e d water. 
The DNA was then p r e c i p i t a t e d w i t h 6.5% PEG (MW 8000) and 
0.4M NaCl f o r 20 minutes at 0°C and c o l l e c t e d by 
c e n t r i f u g a t i o n as before. The r e s u l t i n g dry DNA p e l l e t was 
resuspended i n water and analysed by r e s t r i c t i o n , gel 
el e c t r o p h o r e s i s and sequencing. 

3.5.2 Construction of a cDNA Library using Lambda-gtlO as a 

Cloning Vector 

A cDNA l i b r a r y was constructed i n lambda-gtlO using 
the Protoclone lambda-gtlO system (Promega), based on the 
method described by Huynh et a i (1985) and Sambrook, F r i t s c h 
and Maniatis (1989). 

155 



3.5.2.1 Growth of Host C e l l s and Lambda 

Single colonies of C600 or C600Hfl c e l l s were grown 
up (according t o the Promega pr o t o c o l ) f o r 8-16 hours i n 50ml 
LB medium supplemented w i t h lOmM MgS04 and 0.2% maltose, i n 
Erlemeyer f l a s k s shaken at 37°C. The c u l t u r e s were stored at 
4°C u n t i l r e q u i r e d , w i t h a maximum storage time of 48 hours. 

Lambda phage p a r t i c l e s were d i l u t e d w i t h phage 
b u f f e r (20mM Tris-HCl pH 7.4, lOOmM NaCl, lOmM MgS04) and 
adsorbed t o host c e l l s f o r 30 minutes at 37°C. They were 
then mixed w i t h molten (45-47°C) TB top agar ( l O g / l i t r e 
t r y p t i c a s e peptone, 5g/l NaCl, 8g/l Bactoagar, supplemented 
w i t h lOmM MgS04) - 3ml f o r small (85mm) plates and 50ml f o r 
l a r g e (22.5x22.5cm2) p l a t e s - mixed g e n t l y and poured onto LB 
p l a t e s (LB medium w i t h 15g/l Bactoagar). The hardened plates 
were then incubated e i t h e r during the day (8-9 hours) or 
overnight at 37°C. C600 c e l l s were used f o r the t i t r a t i o n of 
recombinant lambda-gtlO a f t e r c l o n i n g , producing t u r b i d 
plaques from p a r e n t a l phage and c l e a r plaques from 
recombinant phage. C600Hfl gives only recombinant ( c l e a r ) 
plaques and was used f o r recombinant s e l e c t i o n and l i b r a r y 
a m p l i f i c a t i o n ; C600Hfl was maintained on LB supplemented w i t h 
t e t r a c y c l i n e . 

3.5.2.2 Ligation of cDNA to Lambda-gtlO Arms using EcoRI/NotI 

Adaptors 

Radiolabelled cDNA was synthesised from 24,26,28DAF 

poly(A)+RNA as described p r e v i o u s l y , up t o and i n c l u d i n g the 
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phenol/chloroform/iaa e x t r a c t i o n . The aqueous phase was then 
applied t o a Sml Sephadex G50 column i n a b u f f e r of SOmM 
Tris-HCl pH 7.5, ISOinM NaCl, lOmM EDTA and 0.1% SDS t o remove 
f r e e nucleotides which may i n h i b i t l i g a t i o n . A f t e r ethanol 
p r e c i p i t a t i o n , the cDNA was l i g a t e d overnight t o 0.05U 
EcoRI/NotI adaptors w i t h 2U l i g a s e . The r e a c t i o n was 
terminated by heating a t 65°C f o r 10 minutes, then c h i l l e d 
on i c e ; the adaptors were then kinased w i t h 5U T4 poly­
nu c l e o t i d e kinase i n the presence of 3mM ATP f o r 30 minutes 
at 37°C. The r e a c t i o n mix was made up t o lOOul w i t h TE 
b u f f e r (lOmM Tris-HCl pH 7.4, ImM EDTA), phenol/chloroform/ 
i a a e x t r a c t e d and run through a 6ml Sepharose CL-4B column i n 
TE c o n t a i n i n g O.IM NaCl t o remove f r e e adaptors. Fractions 
c o n t a i n i n g cDNA were i d e n t i f i e d by l i q u i d s c i n t i l l a t i o n 
counting, pooled and ethanol p r e c i p i t a t e d . Samples from the 
t r a i l i n g edge of the peak of cDNA from the column were not 
included i n the p r e c i p i t a t i o n , so as t o avoid short, p a r t i a l 
cDNAs and ensure avoidance of fre e l i n k e r s . 

L i g a t i o n t o lambda-gtlO and packaging took place 
according t o the Promega p r o t o c o l s . Small scale l i g a t i o n s 
were packaged and d i l u t i o n s adsorbed t o b a c t e r i a and grown 
overnight t o confirm successful c l o n i n g and t o determine the 
most e f f i c i e n t r a t i o of v e c t o r : i n s e r t DNA. I n the large 
scale r e a c t i o n , l u g adapted cDNA was l i g a t e d f o r 3 hours at 
room temperature t o 4ug Protoclone lambda-gtIO DNA w i t h 2U 
l i g a s e i n a b u f f e r of 40mM Tris-HCl pH 7.5, lOmM MgClz, lOmM 
DTT, ImM ATP, 50ug/ul BSA. The l i g a t i o n r e a c t i o n was then 
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mixed g e n t l y w i t h the provided Packagene^ e x t r a c t (Packagene 
in vitro packaging system, Promega) and incubated at 22°C f o r 
2 hours. The packaged lambda was stored at 4°C i n phage 
b u f f e r w i t h chloroform. 

3.5.2.3 T i t r e , Amplification and Storage of Lambda-cDNA 
Library 

D i l u t i o n s of the recombinant phage were adsorbed t o 
C600 b a c t e r i a , p l a t e d and grown overnight at 37°C t o 
c a l c u l a t e the number of recombinants obtained. The packaging 
mix was then a m p l i f i e d by adsorption of a l l the packaged 
phage t o f r e s h C600Hfl c e l l s which were grown up on an 85mm 
p l a t e f o r 8-9 hours. The phage p a r t i c l e s were elut e d 
overnight a t 4°C i n 6ml phage b u f f e r . The r e s u l t i n g s o l u t i o n 
was d i l u t e d and t i t r e d on LB pla t e s as before t o give the 
number of plaque-forming u n i t s (pfu) per ml, then stored at 
4°C w i t h chloroform (0.01 volume). The lambda l i b r a r y was at 
f i r s t stored i n 1ml a l i q u o t s i n s t e r i l e Eppendorfs; however, 
because of the s u b s t a n t i a l drop i n t i t r e noted under these 
storage c o n d i t i o n s , i t i s now considered advisable t o store 
lambda l i b r a r i e s i n glass. 

3.6 SCREENING A LAMBDA-cDNA LIBRARY WITH DNA PROBES 

3.6.1 Immobilisation of Plated Lambda Library DNA to 
Nitrocellulose F i l t e r s 

N i t r o c e l l u l o s e plaque l i f t s were taken and screened 
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by h y b r i d i s a t i o n according t o the methods of Sambrook, 
F r i t s c h and Maniatis (1989). A f r e s h l y - d i l u t e d a l i q u o t of 
the lambda-cDNA l i b r a r y was adsorbed t o freshly-grown C600Hfl 
c e l l s and grown on a large (22.5x22.Scm^) LB p l a t e f o r 8-16 
hours. The p l a t e was stored a t 4°C f o r at l e a s t 10 minutes 
t o allow the agar t o harden. Two plaque l i f t s were then 
taken using 20x20cm2 n i t r o c e l l u l o s e f i l t e r s ; the f i r s t f i l t e r 
was l e f t on the p l a t e f o r 5 minutes upside-down at 4°C, the 
second f o r 15 minutes. Both f i l t e r s were marked w i t h 
i n d e l i b l e i n k when on the p l a t e . The f i l t e r s were placed 
plaque-side up on Whatman 3mm paper soaked i n denaturing 
s o l u t i o n (0.5M NaOH, 1.5M NaCl) f o r 10 minutes, then b l o t t e d 
on dry 3mm paper and t r e a t e d s i m i l a r l y w i t h n e u t r a l i s i n g 
s o l u t i o n (IM Tris-HCl, 1.5M NaCl, pH 7.2) f o r 10-15 minutes 
and 2XSSCP (120mM NaCl, 13mM KH2PO4, 15mM Tri N a C i t r a t e , 2mM 
EDTA) f o r 10 minutes, b l o t t i n g i n between each treatment. 
They were then a i r - d r i e d f o r 30 minutes and baked i n a vacuum 
oven at 80°C f o r 1.5 t o 2 hours. 

3.6.2 Hybridisation of DNA Probes to an Immobilised Lambda-
cDNA Library 

The f i l t e r s were prehybridised i n sealed p l a s t i c 
bags i n a 65°C shaken water bath f o r 3 hours i n h y b r i d i s a t i o n 
s o l u t i o n as given f o r Southern b l o t h y b r i d i s a t i o n (3.4.4). 
The s o l u t i o n was then replaced w i t h a smaller volume of 
h y b r i d i s a t i o n s o l u t i o n ( a t 65°C) containing the denatured 
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probe. For plasmid i n s e r t s , 0.25ug of DNA was l a b e l l e d by 
random priming, as described i n section 3.4.3.1, and used f o r 
h y b r i d i s a t i o n ; when using t o t a l cDNA as a probe, lug was 
l a b e l l e d i n a scaled-up r e a c t i o n and hybridised t o the 
f i l t e r s f o r 48 hours r a t h e r than overnight. F i l t e r s were 
washed and exposed t o X-ray f i l m as set out i n section 
3.4.3.2. 

Areas co n t a i n i n g plaques which were shown to 
h y b r i d i s e s t r o n g l y t o the probe i n the primary screen were 
removed w i t h a s t e r i l e cork borer (7mm) and stored at 4°C i n 
phage b u f f e r w i t h chloroform. The phage eluted from the 
p o s i t i v e plugs was d i l u t e d ( u s u a l l y t o 10"* or 10"^) and 
adsorbed t o freshly-grown C600Hfl c e l l s , then grown overnight 
on 85inm LB p l a t e s . Duplicate n i t r o c e l l u l o s e f i l t e r s were 
taken from each p l a t e and t r e a t e d as given f o r the primary 
screen, the r a d i o a c t i v e probe being heated t o 90°C f o r 10 
minutes before use t o denature the DNA. I s o l a t e d p o s i t i v e 
plaques from the secondary screen were removed w i t h a s t e r i l e 
s i l i c o n i s e d Pasteur p i p e t t e and stored at 4°C i n phage b u f f e r 
w i t h 0.01 volume chloroform. 

3.7 PREPARATION OF A SUBTRACTED cDNA PROBE 

A subtracted probe c o n s i s t i n g of cDNA from 
d e s i c c a t i n g cotyledons (24,26,28DAF) subtracted w i t h 18DAF 
poly(A)+RNA was prepared and r a d i o l a b e l l e d t o a high s p e c i f i c 
a c t i v i t y by an adaptation of the method found i n Sambrook, 
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F r i t s c h and Maniatis (1989). 

3.7.1 Synthesis of Poly(A)+RNA 

T o t a l RNA was synthesised from 18DAF and 
24,26,28DAF cotyledons by the hot SDS method ( H a l l et al, 
1978, s e c t i o n 3.2.1). Poly(A)+RNA from both developmental 
stages was i s o l a t e d using the Promega PolyATtract system 
(3.2.3.2). As a 10- t o 30 - f o l d excess of 18DAF:24,26,28DAF 
nu c l e i c acids was req u i r e d , e x t r a 18DAF mRNA was i s o l a t e d on 
regenerated o l i g o ( d T ) c e l l u l o s e spun columns (sect i o n 
3.2.3.1). 

3.7.2 Synthesis and Treatment of cDNA 

Single stranded cDNA was synthesised from 5mg 
24,26,28DAF poly(A)+RNA as described by Sambrook, F r i t s c h and 
Maniatis (1989) i n a r e a c t i o n mix of 0.2ug/ul o l i g o ( d T ) i 2 _ i 8 ; 
dATP, dCTP, dTTP, dGTP (each at a f i n a l concentration of 
ImM), 50uCi [alpha-^2p]jjcTP ( s p e c i f i c a c t i v i t y 3000Ci/mmole, 
l O u C i / u l ) , SOmM Tris-HCl pH 7.6, 70mM KCl, lOmM MgClj, 4mM 
DTT, 30U RNase i n h i b i t o r and 200U AMV reverse t r a n s c r i p t a s e , 
i n a f i n a l volume of 60ul. A f t e r gentle mixing and a b r i e f 
s p i n , the r e a c t i o n was incubated f o r 2 hours at 37°C. l u l 
samples were taken f o r y i e l d e stimation by TCA p r e c i p i t a t i o n 
and the r e a c t i o n was stopped by the a d d i t i o n of EDTA pH 8.0 
and SDS ( t o 19mM and 0.38% r e s p e c t i v e l y ) . The RNA was 
removed by a l k a l i n e h y d r o l y s i s , the s o l u t i o n being incubated 
f o r 30 minutes at 68°C w i t h 0.3N NaOH then n e u t r a l i s e d w i t h 
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0.26M Tris-HCl pH 7.4 and 0.14N HCl. This s o l u t i o n was then 
e x t r a c t e d w i t h an equal volume of phenol/chloroform/iaa and 
the aqueous l a y e r passed through a Sephadex G50 spun column 
e q u i l i b r a t e d i n IxTEN (lOmM Tris-HCl pH 8.0, ImM EDTA pH 8.0, 
lOOmM NaCl) by c e n t r i f u g a t i o n at 16,000g u n t i l the f u l l 
volume was recovered (ca.5 minutes). A 20-fold excess by 
weight of 18DAF poly(A)+RNA was added t o the l a b e l l e d cDNA 
and the nuc l e i c acids p r e c i p i t a t e d by incubation f o r 15-30 
minutes at 0°C w i t h 2.5 volumes ethanol at -20°C and 0.2 
volume 5M ammonium acetate. The nucleic acids were c o l l e c t e d 
by a 5 minute spin at 12,000g, the ethanol removed by 
a s p i r a t i o n and the p e l l e t d r i e d at room temperature. 

3.7.3 Hybridisation of 18DAF Poly(A)+RNA to 24,26,28DAF 
Radiolabelled cDNA 

A f t e r resuspension i n 6ul RNase-free water, the 
h y b r i d i s a t i o n r e a c t i o n was set up by the a d d i t i o n of 488mM 
sodium phosphate pH 6.8, 6mM EDTA pH 8.0 and 0.24% SDS, w i t h 
gentle mixing. The s o l u t i o n was o v e r l a i d w i t h mineral o i l 
and placed i n b o i l i n g water f o r 5 minutes. The tube was 
removed t o a 68°C water bath and h y b r i d i s a t i o n took place f o r 
up t o 24 hours. The mineral o i l was then removed and the 
h y b r i d i s a t i o n s o l u t i o n d i l u t e d w i t h 1ml SS b u f f e r (0.12M 
sodium phosphate pH 6.8, 0.1% SDS). Single stranded cDNA was 
then separated from double stranded DNA/RNA hybrids on a 
hydroxyapatite column. 
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3.7.4 Hydroxyapatite Chromatography 

Hydroxyapatite (HAP) powder (Bio-Gel HTP) was 
suspended i n 0.0IM sodium phosphate. A disposable 3ml 
p l a s t i c syringe was assembled w i t h a 2.4cm diameter Whatman 
GF/C f i l t e r covering the i n s i d e base and an 18 guage s t e r i l e 
hypodermic needle f i t t e d t o the end through a Neoprene 
gasket. Thin-walled 5mm p l a s t i c t i i b i n g leading t o and from a 
60°C water bath was wrapped around the syringe, held i n place 
w i t h masking tape and wrapped i n aluminium f o i l . Water from 
the bath was pumped through t h i s tube t o maintain the 
temperature of the HAP column at 60°C (method devised by J. 
Davies, unpublished). The suspended HAP was added c a r e f u l l y 
t o the syringe t o give a packed volume of 1ml and was washed 
several times w i t h 0.0IM sodium phosphate pH 6.8 at 60°C. 
The needle was then sealed w i t h a Neoprene stopper. 

The h y b r i d i s a t i o n r e a c t i o n was d i l u t e d w i t h water 
t o b r i n g the sodium phosphate concentration down t o below 
0.08M ( t o t a l volume 1.5ml). The sample was then loaded, the 
stopper removed and the s o l u t i o n allowed t o flow i n t o the 
column under g r a v i t y . The HAP column was washed w i t h 3ml of 
O.OIM sodium phosphate at 60°C then re-sealed. One column 
volume (1ml) of 0.15M sodium phosphate ( a t 60°C) was added 
and l e f t t o soak i n under g r a v i t y f o r 5 minutes; the stopper 
was then removed and the e f f l u e n t ( c o n t a i n i n g the r a d i o -
l a b e l l e d s i n g l e stranded cDNA) was c o l l e c t e d i n 0.5ral 
a l i q u o t s . Two f u r t h e r 1ml volumes of 0.15M sodium phosphate 
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were added, absorbed and the eluates c o l l e c t e d i n t h i s way. 
The procedure was then repeated 3 times w i t h 1ml volumes of 
0.5M sodium phosphate at 60°C t o el u t e the double stranded 
DNA/RNA hybrids. 

The f r a c t i o n s c o n t a i n i n g the r a d i o l a b e l l e d single 
stranded cDNA were pooled and concentrated by several 
e x t r a c t i o n s w i t h an equal volume of 2-butanol ( v o r t e x i n g f o r 
20 seconds and c e n t r i f u g a t i o n at 12,000g f o r 30 seconds at 
room temperature followed by the removal and disposal of the 
upper organic phase) u n t i l the f i n a l aqueous volume was 
approximately lOOul. The DNA s o l u t i o n was then desalted on a 
Sephadex G50 spun column e q u i l i b r a t e d i n TE pH 8.0 and 
p r e c i p i t a t e d w i t h 2 volumes ethanol and 0.1 volume 3M Na-
acetate pH 5.2 overnight at -20°C. 

3.7.5 Radiolabelling of Subtracted cDNA Probe to a High 

S p e c i f i c A c t i v i t y 

The subtracted cDNA was l a b e l l e d t o a high s p e c i f i c 
a c t i v i t y using a scaled-up version of the random priming 
method ( s e c t i o n 3.4.3.1). The resuspended DNA was heated t o 
60°C f o r 5 minutes t o denature any secondary s t r u c t u r e s , 
cooled t o room temperature, then incubated w i t h 20ul OLB ( t o 
give f i n a l dNTP concentrations of 0.02mM each), 0.04ug/ul 
BSA, 4U Klenow enzyme and 250uCi [alpha-^^pj^jcTp ( f i n a l 
voliime lOOul) overnight at room temperature. lOul 10% SDS 
was added t o stop the r e a c t i o n , which was then phenol/ 
chloroform/iaa e x t r a c t e d and p u r i f i e d on a 5ml G50 Sephadex 
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column run i n 50mM Tris-HCl pH 7.5, 150mM NaCl, lOmM EDTA, 
0.1% SDS, the f r a c t i o n s c o n t a i n i n g the cDNA being i d e n t i f i e d 
by l i q u i d s c i n t i l l a t i o n counting and pooled. 

3.7.6 H y b r i d i s a t i o n o f Subtracted cDNA Probe t o Immobilised 

Lambda-cDNA L i b r a r y 

The r a d i o l a b e l l e d cDNA was denatured f o r 7 minutes 
at 100°C before h y b r i d i s a t i o n f o r 48 hours at 65°C (shaken) 
t o d u p l i c a t e f i l t e r s of the lambda-cDNA l i b r a r y , prepared and 
preh y b r i d i s e d as described p r e v i o u s l y (3.6). A f t e r 
h y b r i d i s a t i o n , the f i l t e r s were washed 2 times f o r 30 minutes 
at 65°C i n 2xSSC, 0.5%SDS and exposed t o X-ray f i l m f o r 4 
days, then f o r a longer exposure of 3 weeks. 

3.8 SIMULTANEOUS SCREENING OF ISOLATED LAMBDA-cDNA CLONES 

A method of screening several d i f f e r e n t i s o l a t e d 
lambda-cDNA clones on the same f i l t e r was used. The cDNA 
l i b r a r y was screened w i t h a probe of the l i b r a r y i t s e l f 
a m p l i f i e d by PCR and r a d i o l a b e l l e d by random priming (see 
s e c t i o n 3.9.2.2). 49 plaques were i s o l a t e d , the m a j o r i t y 
e x h i b i t i n g high expression but w i t h a few medium and low-
expressing clones taken f o r comparison. A 20x20cm2 g r i d w i t h 
49 (7x7) spaces was drawn on the base o f a large (22.5x 
22.5cm2) p e t r i d i s h . Fresh LB agar was poured i n t o the p l a t e 
and allowed t o dry i n a s t e r i l e a i r flow cabinet f o r 2-3 

145 



hours. 1ml of a f r e s h overnight c u l t u r e of C600Hfl was then 
added t o molten (45-47°C) TB top agar, poured and l e f t t o dry 
f o r up t o 20 minutes. The phage s o l u t i o n s were d i l u t e d i n 
phage b u f f e r and 50ul p o r t i o n s of each lambda clone applied 
t o separate squares of the l a b e l l e d g r i d i n a 37°C room; 
a f t e r a l l the l i q u i d was absorbed t o the b a c t e r i a l layer (45-
60 minutes) the p l a t e s were sealed, i n v e r t e d and incubated 
overnight a t 37°C. Duplicate n i t r o c e l l u l o s e f i l t e r s were 
taken from the p l a t e and t r e a t e d as o u t l i n e d i n section 3.6. 
The f i l t e r s were prehybridised overnight and hybridised f o r 
48 hours, one w i t h the o r i g i n a l lambda-library-PCR probe, the 
ot h e r w i t h 18DAF t o t a l cDNA, r a d i o l a b e l l e d by random priming. 
A f t e r exposure, the f i l m s were compared t o assess 
d i f f e r e n t i a l expression of the chosen clones. 

3.9 PREPARATION AND ANALYSIS OF CLONED cDNA INSERTS 

3.9.1 Prepcuration of Recombinant Lambda DNA for Analysis 

3.9.1.1 Qiagen Lambda DNA Midipreparation 

DNA was prepared from 50ml phage l i q u i d c u l t u r e s 
using a Qiagen m i d i p r e p a r a t i o n k i t , which i s based on an 
adaptation o f the method found i n Sambrook, F r i t s c h and 
Maniatis (1989). Lambda p a r t i c l e s from plaques f o r 
p r e p a r a t i o n were e l u t e d overnight i n lOOul phage b u f f e r at 
4°C. To t h i s was added 300ul of an overnight c u l t u r e of 
C600Hfl c e l l s grown i n LB medium supplemented w i t h lOmM 
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MgS04, and the mixture was incubated f o r 20 minutes at 3 7°C 
t o allow adsorption. The s o l u t i o n was then used t o inoculate 
50ml prewarmed (37°C) LB medium (containing lOmM MgS04) i n an 
Erlemeyer f l a s k . The c u l t u r e was shaken at 37°C f o r 3.5-5 
hours u n t i l l y s i s occurred, w i t h the a d d i t i o n of chloroform 
( f i n a l concentration 1%) before the l a s t 15 minutes of the 
inc u b a t i o n , t o a i d l y s i s . The b a c t e r i a l debris was p e l l e t e d 
by c e n t r i f u g a t i o n i n 100ml polypropylene tubes f o r 10 minutes 
at 8,000g. The supernatant was removed t o a fresh tube and, 
i f necessary, could be stored at 4°C overnight. 

The phage suspension was incubated at 37°C f o r 30 
minutes w i t h a s o l u t i o n of 20mg/ml RNase A, 6mg/ml DNase 1 i n 
lOOmM Tris-HCl, 300mM NaCl, lOmM EDTA and 0.2mg/ml BSA, pH 
7.5, then f o r 1 hour on ic e w i t h a s o l u t i o n of 30% PEG (MW 
6000^, 3M NaCl. The DNA was p e l l e t e d by c e n t r i f u g a t i o n f o r 
10 minutes a t 10,000g, d r i e d b r i e f l y and resuspended by 
p i p e t t i n g i n lOOmM Tris-HCl, lOOmM NaCl, 25mM EDTA, pH 7.5; 
4% SDS was then added, mixed gently by in v e r s i o n and the 
s o l u t i o n incubated at 70°C f o r 20 minutes t o break the lambda 
p r o t e i n coat, before c o o l i n g on i c e . Next, 2.55M K-acetate 
pH 4.8 was added, the tube i n v e r t e d and the s o l u t i o n 
c e n t r i f u g e d f o r 30 minutes at 10,000g. The supernatant was 
then removed w i t h care (avoiding the potassium dodecyl 
sulphate l a y e r ) and app l i e d t o a Qiagen-pack 100 column, 
e q u i l i b r a t e d i n 750mM NaCl, SOmM MOPS, 15% ethanol, pH 7.0. 
The coliamn was washed twice w i t h IM NaCl, SOmM MOPS, 15% 
ethanol, pH 7.0 and the DNA elute d slowly w i t h 1.2M NaCl, 
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50mM MOPS, 15% ethanol, pH 8.0. A f t e r p r e c i p i t a t i o n at room 
temperature w i t h 0.8 volume isopropanol, the DNA was 
c e n t r i f u g e d f o r 30 minutes as above, washed w i t h 70% ethanol, 
d r i e d by vacuum and redissolved i n TE b u f f e r pH 8.0. The 
lambda DNA was then analysed by r e s t r i c t i o n and agarose gel 
el e c t r o p h o r e s i s . 

3.9.1.2 Small-scale I s o l a t i o n of Lambda DNA 

Small q u a n t i t i e s of lambda DNA were prepared f o r 
anal y s i s and subcloning by an adaptation of the method found 
i n Sambrook, F r i t s c h and Maniatis (1989), devised by A. 
Tommey (unpublished). D i l u t i o n s of phage containing the 
r e l e v a n t p o s i t i v e plaques were prepared i n phage b u f f e r , 
adsorbed t o freshly-grown C600Hfl b a c t e r i a and grown 
overnight at 37°C on LB p l a t e s w i t h both bottom and top agar 
prepared w i t h 1.5% elec t r o p h o r e s i s grade agarose instead of 
Bactoagar (some of whose contaminants i n h i b i t l a t e r 
r e s t i c t i o n s t e p s ) . The plaque density f o r DNA i s o l a t i o n 
s h o u l d be close t o confluent l y s i s . The phage p l a t e lysate 
was e l u t e d i n t o 4ml SM (20mM Tris-HCl pH 7.4, lOOmM NaCl, 
lOmM MgS04, 0.1% g e l a t i n ) by shaking at room temperature f o r 
at l e a s t 2 hours. The suspension was t r a n s f e r r e d t o a glass 
corex tube, w i t h another 1ml of SM used t o ri n s e the p l a t e . 
The b a c t e r i a l debris was then p e l l e t e d by c e n t r i f u g a t i o n f o r 
10 minutes a t 8,000g and 4°C and the supernatant removed and 
t r e a t e d w i t h lug/ml each of RNase A and DNase 1 f o r 30 
minutes at 37°C. The phage p a r t i c l e s were p r e c i p i t a t e d by 
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i n c u b a t i o n a t 0°C w i t h an equal volume of 20% PEG (MW 8000), 
2M NaCl i n SM f o r at l e a s t 2 hours. The s o l u t i o n was spun at 
10,000g f o r 20 minutes at 4°C, the supernatant discarded and 
the drained p e l l e t resuspended overnight w i t h 0.5ml SM. 

A f t e r t r a n s f e r t o a s t e r i l e Eppendorf tube, the 
phage s o l u t i o n was spun f o r 2 minutes at 8,000g t o remove any 
remaining d e b r i s , then t r e a t e d again w i t h RNase A f o r 20 
minutes at 37°C. The s o l u t i o n was extracted 3 times w i t h an 
equal volume of chloroform/iaa (24:1); the aqueous phase was 
then incubated f o r 15 minutes at 68°C w i t h 5ul each of 10% 
SDS and 0.5M EDTA pH 8.0 ( f i n a l concentrations approximately 
0.1% and 5mM r e s p e c t i v e l y ) t o break the p r o t e i n coat and 
release the lambda DNA. The p r o t e i n was removed by 
e x t r a c t i o n w i t h an equal volume of phenol, then once w i t h 
phenol/chloroform/iaa and f i n a l l l y w i t h chloroform/iaa, then 
p r e c i p i t a t e d overnight a t -80°C w i t h an equal volume of 
isopropanol. A f t e r thawing, the lambda DNA was c o l l e c t e d by 
c e n t r i f u g a t i o n f o r 30 minutes at 4°C, 12,000g, rinsed w i t h 
70% ethanol and d r i e d under vacuum before resuspension i n 
50ul TE b u f f e r pH 8.0. 

3.9.1.3 Res t r i c t i o n of Recombinant Lambda DNA 

To release cloned cDNA i n s e r t s , recombinant lambda 
DNA was cut w i t h r e s t r i c t i o n enzymes at the cloning s i t e s 
(EcoRI/NotI). 5-lOug lambda DNA was r e s t r i c t e d i n the 
appropriate b u f f e r w i t h a 3 - f o l d excess of the r e s t r i c t i o n 
enzyme i n a f i n a l volume of 50ul, the incubation t a k i n g place 
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at 37°C f o r at l e a s t 2 hours. I f required, the lambda arms 
were heated a t 68°C f o r 10 minutes t o separate the cohesive 
ends, before analysis by gel electrophoresis. Where other 
combinations of r e s t r i c t i o n enzymes were used t o i s o l a t e cDNA 
i n s e r t s , the r e s t r i c t i o n b u f f e r most appropriate f o r the 
l e a s t a c t i v e endonuclease was used. 

3.9.2 Amplification eind I s o l a t i o n of cDNA Clones by PCR 
Technology 

3.9.2.1 Amplification of Inserts from Recombinant Lambda-cDNA 
Clones by PCR 

The cDNA i n s e r t s from p o s i t i v e plaques i s o l a t e d 
from secondary screens were a m p l i f i e d by the polymerase chain 
r e a c t i o n (PCR) according t o the methods of Sambrook, F r i t s c h 
and Maniatis (1989). DNA from p o s i t i v e plaques was eluted 
overnight at 4°C i n 1ml phage b u f f e r ( w i t h 1% chloroform). 
40ul of t h i s s o l u t i o n was denatured by b o i l i n g f o r 5 minutes; 
20ul was then taken, cooled t o room temperature and added t o 
a s o l u t i o n c o n t a i n i n g a l l f o u r dNTPs at s a t u r a t i n g conditions 
(200uM each, at pH 7.0), lOOpmoles each of primers 288 and 
289 (homologous t o s i t e s e i t h e r side of the lambda EcoRI 
i n s e r t i o n s i t e ) and 4.SU Tag polymerase, i n a b u f f e r supplied 
by Promega (standard b u f f e r : SOmM KCl, lOmM Tris-HCl pH 8.3 
[ a t room temperature], l.SmM MgCla, 0.01% g e l a t i n ) t o give a 
f i n a l volume of lOOul. The samples were o v e r l a i d w i t h lOOul 
mineral o i l and a m p l i f i e d i n a Pharmacia LKB Gene ATAQ 
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C o n t r o l l e r . The a m p l i f i c a t i o n conditions consisted of 29 
cycles o f 1.5 minutes at 94°C (d e n a t u r a t i o n ) , 1 minute at 
50°C (annealing) and 2 minutes at 72°C (po l y m e r i s a t i o n ) ; t h i s 
was followed by 1 cycle of 1.5 minutes at 94°C, 1 minute at 
50°C and 5 minutes at 72°C. The a m p l i f i e d i n s e r t s were 
sto r e d a t -20°C before analysis and i s o l a t i o n by agarose gel 
el e c t r o p h o r e s i s and e l e c t r o e l u t i o n . 

3.9.2.2 Amplification of Lambda-cDNA Library for Use as a 

Probe 

20ul of the u n d i l u t e d lambda l i b r a r y was a m p l i f i e d 
by PCR as above t o give an a l t e r n a t i v e probe t o 24,26,28DAF 
cDNA. A f t e r a m p l i f i c a t i o n and removal of the mineral o i l , 
the s o l u t i o n was ext r a c t e d once w i t h phenol/chloroform/iaa 
and twice w i t h chloroform/iaa then ethanol p r e c i p i t a t e d t o 
remove f r e e nucleotides. A small sample of the a m p l i f i e d 
l i b r a r y was checked by gel electrophoresis and up t o lug was 
l a b e l l e d overnight as described previously (section 3.4.3.1) 
f o r use i n d i f f e r e n t i a l screening experiments. 

3.9.3 Subcloning of PCR Products 

E f f i c i e n t subcloning of cDNA i n s e r t s a m p l i f i e d by 
PCR was achieved using a method devised by Jung, Pestka and 
Pestka (1990). The p u r i f i e d and concentrated i n s e r t s were 
phosphorylated f o r 45 minutes at 37°C w i t h 7U polynucleotide 
kinase and 0.6mM ATP i n l i n k e r - k i n a s e b u f f e r (66mM Tris-HCl 
pH 7.6, lOmM MgCl2, lOmM DTT). The kinase was destroyed by 
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heating f o r 10 minutes at 65°C; the s o l u t i o n was ethanol 
p r e c i p i t a t e d t o o b t a i n a small volume f o r l i g a t i o n and the 
fragments were concatamerised by l i g a t i o n overnight at 15°C 
w i t h lU l i g a s e . The l i g a s e was destroyed at 65°C f o r 10 
minutes; the concatamers were then r e s t r i c t e d w i t h EcoRI, 
phenol/chloroform/iaa e x t r a c t e d , ethanol p r e c i p i t a t e d and 
l i g a t e d overnight t o PUC18 cut w i t h EcoRI. The l i g a t i o n mix 
was d i l u t e d and used t o transform DH5alphaME c e l l s . 

3.9.3.4 Sequencing of Subclones 

DNA from transformants was prepared by the d i r e c t 
sequencing method ( s e c t i o n 3.5.1.10) and sequenced on a 373A 
DNA Sequencer (Applied Biosystems), using the method 
described i n the ABI user manual, adapted from Sanger et al 

(1977) and McBride et al (1989). 

3.10 PROTEIN EXTRACTION AND ANALYSIS 

3.10.1 Extraction of Protein from Pea Cotyledons emd 
Embryonic Axes 

3.10.1.1 Extraction i n PBS 

Samples of frozen embryonic axes were ground i n a 
mortar and p e s t l e i n l i q u i d nitrogen, then extracted 
overnight i n IxPBS (phosphate-buffered s a l i n e - 8 g / l i t r e 
NaCl, 0.2g/l KCl, 1.44g/l Na2HP04, 0.24g/l KH2PO4), 20ug/ml 
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l e u p e p t i n , 720ug/inl PMSF ( i n dry ethanol) and lOOuM EDTA 
(lOOmg tissue/ml) w i t h continuous shaking at 4°C. The 
e x t r a c t s were t r a n s f e r r e d t o 15inl corex tubes and spun f o r 10 
minutes a t 10,840g. The supernatant was removed and 
p r e c i p i t a t e d w i t h TCA ( f i n a l concentration 10%) f o r 1 hour at 
0°C. The p e l l e t 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 as above, 
washed i n 70% ethanol, d r i e d under vacuum and resuspended i n 
I x SDS sample b u f f e r (O.IM Tris-HCl pH 6.8, 10% g l y c e r o l , 1% 
SDS, 0.001% bromophenol blue, 0.5% DTT) t o a f i n a l 
c o n centration of 5mg/ml. Samples were stored at -20°C and 
analysed by polyacrylamide gel electrophoresis (PAGE). 

3.10.1.2 Extraction i n SDS Sample Buffer 

T o t a l p r o t e i n was extracted from cotyledons or 
embryonic axes by g r i n d i n g t o a powder (as above) and 
suspending i n IxSDS sample b u f f e r ( o m i t t i n g the DTT) t o 
40mg/ml and shaking overnight at 4°C. Debris was p e l l e t e d as 
above and the supernatant removed and stored at -20°C. DTT 
was added t o 0.5% before the samples were analysed by PAGE. 

3.10.2 Pulse Labelling and Extraction of Total Protein from 
Pea Cotyledons 

Half cotyledons were i s o l a t e d a s c e p t i c a l l y from the 
t e s t a and embryonic axis and placed i n a s t e r i l e p e t r i d i s h , 
f l a t surface down, on 20ul drops of a ̂''C amino acid mix 
(Amersham, 50uCi/ml). The cotyledons were incubated i n the 
closed p e t r i d i s h , w i t h damp f i l t e r paper i n the l i d , at room 
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temperature f o r 4 hours. They were then rinsed b r i e f l y i n 
s t e r i l e water and a t h i n s l i c e taken from the f l a t surface of 
each h a l f cotyledon w i t h a s t e r i l e razor blade. The t i s s u e 
was homogenised i n IxSDS sample b u f f e r ( w i t h no reducing 
agent) using a P o l y t r o n ; t o t a l p r o t e i n was then extracted by 
shaking overnight at 4°C (20mg t i s s u e per ml b u f f e r ) , b o i l e d 
f o r 5 minutes and spun at 12,000g f o r 10 minutes before 
a n a l y s i s by gel e l e c t r o p h o r e s i s . 

3.10.3 Extraction of Albumins from Pea Cotyledons and 
Embryonic Axes 

Frozen t i s s u e from e i t h e r pea cotyledons or 
embryonic axes was ground t o a f i n e powder as above. The 
albumin f r a c t i o n was then extracted by shaking the powder 
overnight at 4°C i n 25mM Na-acetate b u f f e r pH 4.8 at a 
concentration of 40mg tissue/ml. The e x t r a c t s were spun f o r 
10 minutes a t 12,000g and the supernatants stored at -20°C. 

3.10.4 Analysis of Proteins by Polyacrylamide Gel 
Electrophoresis 

3.10.4.1 One-dimensional Gel Electrophoresis 

Polyacrylamide gels were cast and run according t o 
the methods of Hames (1981) using a minigel apparatus. The 
main g e l , c o n s i s t i n g of 12.5% polyacrylamide (30% acrylamide: 
1% Bis-acrylamide), 1.5M Tris-HCl pH 8.8, 0.38mg/ml ammonium 
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persulphate, 0.1% SDS and 0.03% TEMED was set f o r 30 minutes, 
then o v e r l a i d w i t h s t a c k i n g gel (4.6% polyacrylamide [30% 
acrylamide: 0.344% Bis-acrylamide], 0.5M Tris-HCl pH 6.8, 
0.51mg/ml ammonium persulphate, 0.1% SDS and 0.1% TEMED), set 
f o r 20 minutes. Samples and markers were loaded i n IxSDS 
sample b u f f e r , being b o i l e d f o r 3-5 minutes then cooled t o 
room temperature before loading i n t o w e l l s under the running 
b u f f e r (0.25M Tris-HCl pH 8.3, 1.92M g l y c i n e , 1% SDS). Gels 
were run at 80-lOOV f o r 2-4 hours, u n t i l the dye edge was at 
the bottom of the g e l . They were then f i x e d i n a s o l u t i o n of 
20% methanol and 10% g l a c i a l a c e t i c acid u n t i l the 
bromophenol blue turned yellow, r i n s e d and stained f o r 4 
hours or overnight w i t h gentle shaking i n 5 volumes of 
Coomassie blue s t a i n (0.05% Coomassie blue, 50% methanol, 7% 
g l a c i a l a c e t i c a c i d ) . Gels were destained f o r 4-8 hours 
(again shaken at room temperature) i n a s o l u t i o n c ontaining 
50% methanol and 7% a c e t i c a c i d , then r i n s e d i n water. Gels 
were d r i e d at room temperature between 2 layers of wet 
d i a l y s i s membrane (cellophane) f o r 1-2 days and stored at 
room temperature. 

3.10.4.2 Fluorography of i*C-lcibelled Protein Separated by 
Polyacrylamide Gel Electrophoresis 

Polyacrylamide gels containing r a d i o a c t i v e l y -
l a b e l l e d p r o t e i n s were run as above and f i x e d overnight i n 
10% TCA, 30% methanol. They were then t r e a t e d by shaking f o r 
two 30 minute washes i n DMSO, then f o r 3 hours i n 20% (w/w) 
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PPO i n DMSO and 1 hour i n 7% a c e t i c a c i d (Hames, 1981). The 
gel was d r i e d f o r 48 hours i n d i a l y s i s membrane at room 
temperature then exposed t o X-ray f i l m at -80°C. 

3.10.5 Analysis of Proteins by Western Blotting 

3.10.5.1 Immobilisation of Proteins on Nitrocellulose 

T o t a l p r o t e i n s separated by electrophoresis on 
polyacrylamide minigels were b l o t t e d onto n i t r o c e l l u l o s e 
f i l t e r s by the method of Khyse-Anderson (1974). The gel was 
placed i n a stack comprising o f : anode p l a t e ; 2 layer of 3mm 
paper soaked i n anode b u f f e r 1 (0.3M T r i s , 20% (v/v) 
methanol, pH 10.4); 1 l a y e r of 3mm paper soaked i n anode 
b u f f e r 2 (25mM T r i s , 20% (v/v) methanol, pH 10.4); prewetted 
n i t r o c e l l u l o s e f i l t e r ; 1 l a y e r of 3mm paper soaked i n cathode 
b u f f e r (25mM T r i s , 40mM 6-aminohexanoic acid, 20% (v/v) 
methanol, pH 9.4); one l a y e r of d i a l y s i s membrane soaked i n 
d i s t i l l e d water; 2 more layers of 3mm paper soaked i n cathode 
b u f f e r ; cathode p l a t e . The gel was b l o t t e d at 0.2A f o r 45 
minutes and the f i l t e r s tored at room temperature. 

3.10.5.2 Immunological Detection of Proteins 

S p e c i f i c p r o t e i n s were i d e n t i f i e d using an ECL 
d e t e c t i o n system (Amersham, modified by Marion L o n g s t a f f ) . 
N i t r o c e l l u l o s e f i l t e r s were blocked f o r 1 hour at room 
temperature ( o r overnight a t 4°C) w i t h shaking i n IxPBS, 5% 
Marvel and 1% Tween 20. The f i l t e r was incubated w i t h the 
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primary antibody, d i l u t e d 1 i n 5000 or 1 i n 10,000 i n 
a n t i s e r a b u f f e r (IxPBS, 5% Marvel, 0.1% Tween 20) f o r at 
l e a s t 2 hours (shaken) at room temperature or overnight at 
4°C. The f i l t e r was then washed three times i n a n t i s e r a 
b u f f e r before i n c u b a t i o n w i t h the secondary antibody (HRP-
conjugated a n t i - r a b b i t antibody [Bio-Rad]) at a 1 i n 2000 
d i l u t i o n f o r at l e a s t 1.5 hours as above. The f i l t e r was 
washed by shaking at room temperature f i r s t i n PBS, 0.1% 
Tween 20 f o r two incubations of 5 minutes and one of 15 
minutes, then i n water f o r two 5 minute periods. The f i l t e r 
was then drained q u i c k l y before o v e r l a y i n g ( p r o t e i n side 
uppermost) w i t h a mixture of equal volumes of d e t e c t i o n 
reagents 1 and 2 (Amersham, t o t a l volume 0.125ml/cm f i l t e r ) 
f o r 1 minute. A f t e r d r a i n i n g , the f i l t e r was placed between 
acetate sheets and exposed t o X-ray f i l m f o r 15 seconds, then 
one minute, or whatever time needed t o o b t a i n a s a t i s f a c t o r y 
autoradiograph. F i l t e r s could be s t r i p p e d and reused i f 
desired. 
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CHAPTER 4 - CONSTRUCTION AND SCREENING OF A cDNA LIBRARY 
FROM DESICCATING PEA COTYLEDONS 

4.1 RESULTS 

The q u a n t i t a t i v e and q u a l i t a t i v e changes i n the 
mRNA popu l a t i o n of the seed during l a t e embryogenesis are a 
necessary pr e p a r a t i o n f o r the s u r v i v a l of the seed during 
extreme d e s i c c a t i o n and a preparation f o r germination. To 
examine the message population i n pea seeds during 
dehydration i t was considered necessary t o construct a cDNA 
l i b r a r y . This would allow an i n v e s t i g a t i o n of the expression 
o f messages which are abundant during l a t e embryogenesis, and 
also provide i n f o r m a t i o n on the expression of messages f o r 
seed-specific p r o t e i n s and p l a n t p r o t e i n s associated w i t h 
responses t o stress i n the dehydrating seed. Pea cotyledons 
were used as an abundant source of poly(A)+RNA and an age of 
24,26,28DAF was chosen, based on the observation by I.M. 
Evans and R. Swinhoe (unpublished) of new p r o t e i n synthesis 
i n pea cotyledons at t h i s p o i n t i n the dehydration of the 
mature seed (see s e c t i o n 1.5). 

4.1.1 The Construction of a cDNA LibrsLry from Desiccating Pea 
Cotyledons using PUC18 as a Cloning Vector 

I n i t i a l attempts t o construct a cDNA l i b r a r y used 
the plasmid PUC18 as a c l o n i n g vector. To car r y out the 
cl o n i n g , the synthesised cDNA was l i g a t e d t o adaptors or 
l i n k e r s , separated from f r e e o l i g o n u c l e o t i d e s and 
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l i g a t e d t o PUC18 DNA which had been r e s t r i c t e d w i t h an 
appropriate r e s t r i c t i o n enzyme (as described i n section 3.5). 
T o t a l RNA was extracte d from pea cotyledons using a hot SDS 
method as described i n sec t i o n 3.2.1; Figure 2 shows the 
q u a l i t y and q u a n t i t y of t o t a l RNA from 18DAF and 24,26,28DAF 
cotyledons. Poly(A)+RNA was i s o l a t e d by o l i g o ( d T ) - c e l l u l o s e 
spun column chromatography, i t s concentration estimated by 
spectrophotometry and used f o r cDNA synthesis (see Fig.2). 
T y p i c a l y i e l d s i n cDNA synthesis reactions from t h i s mRNA 
were 2ug cDNA per ug 18DAF poly(A)''"RNA, and ca.0.45ug cDNA 
per ug o f 24,26,28 DAF poly(A)+RNA. As large q u a n t i t i e s of 
poly(A)'^RNA from d e s i c c a t i n g cotyledons were d i f f i c u l t t o 
o b t a i n , cDNA synthesised from 18DAF poly(A)+RNA was used t o 
develop an e f f e c t i v e c l o n i n g procedure. A f t e r p u r i f i c a t i o n , 
18DAF cDNA was l i g a t e d t o EcoRI/NotI adaptors, which were 
then kinased w i t h [ gamma-^^p-j-^TP. Analysis of the f r a c t i o n s 
c o l l e c t e d from a Sepharose column used t o separate the fr e e 
kinased adaptors from the adapted cDNA showed two peaks of 
r a d i o a c t i v i t y , c o n f i r m i n g l i g a t i o n of the adaptors t o the 
CDNA. However, the amount of r a d i o a c t i v i t y associated w i t h 
the cDNA i n d i c a t e d t h a t o n l y a small p o r t i o n of the cDNA had 
been adapted. Subsequent l i g a t i o n of the p u r i f i e d adapted 
cDNA i n t o E c o R I - r e s t r i c t e d PUC18 and transformation of 
competent c e l l s (DH5alphaME) gave no white transformed 
c o l o n i e s . 

18DAF cDNA was end-labelled w i t h [alpha-^^pj.^^TP 
and Klenow enzyme then l i g a t e d t o phosphorylated EcoRI 8mer 
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Figure 2. cDNA synthesis from 18DAF and 24,26,28DAF RNA 
i s o l a t e d from pea cotyledons f o r use i n the 
c o n s t r u c t i o n of a PUC18 cDNA l i b r a r y . 

a) Spectrophotometric scan of t o t a l RNA extracted from 18DAF 
pea cotyledons; the y i e l d was 1.09mg RNA/g t i s s u e . 

b) Spectrophotometric scan of t o t a l RNA extracted from 24,26, 
28DAF pea cotyledons; the y i e l d was 0.43mg RNA/g t i s s u e . 

c) Formaldehyde gel electrophoresis of 18DAF ( t r a c k 1) and 
24,26,28DAF ( t r a c k 2) pea cotyledon t o t a l RNA. 

d) Spectrophotometric scan of poly(A)+RNA i s o l a t e d from 18DAF 
pea cotyledon t o t a l RNA; the y i e l d was 15ug poly(A)+RNA/mg 
t o t a l RNA. 

e) Spectrophotoraetric scan of poly(A)+RNA i s o l a t e d from 
24,26,28DAF pea cotyledon t o t a l RNA; the y i e l d was 3.75ug 
poly(A)+RNA/mg t o t a l RNA. 

f ) Double stranded cDNA synthesised from 18DAF pea cotyledon 

poly(A)+RNA: 
Track 1 - E c o R I / H i n d l l l - r e s t r i c t e d lambda DNA size marker 

(21226, 5148, 4973, 3530, 2027, 1904, 1709, 
1375, 947, 831, 564bp) 

Track 2 - 18DAF pea cotyledon cDNA (lug) 
Track 3 - 18DAF pea cotyledon cDNA (0.5ug) 

g) Double stranded cDNA synthesised from 24,26,28DAF pea 

cotyledon poly(A)+RNA: 
Track 1 - E c o R I / H i n d l l l - r e s t r i c t e d lambda DNA size marker 
Track 2 - 24,26,28DAF pea cotyledon cDNA (0.5ug) 
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l i n k e r s . The constructs were r e s t r i c t e d w i t h EcoRI and the 
l i n k e r e d cDNA was separated from l i n k e r fragments on a 
Sepharose column, then l i g a t e d i n t o both EcoRI-restricted 
PUC18 and EcoRI-restricted-dephosphorylated PUC18 i n two 
separate l i g a t i o n r e a c t i o n s . Transformation of both 
DH5alphaME and TB I l competent c e l l s w i t h both l i g a t i o n mixes 
gave no white transformants. Control experiments 
demonstrated f i r s t l y t h a t the EcoRI l i n k e r s were f u n c t i o n i n g 
as s p e c i f i e d and could be l i g a t e d t o each other, kinased and 
r e s t r i c t e d s u c c e s s f u l l y , and secondly t h a t the transformation 
of both DH5alphaME and TB I l competent c e l l s w i t h untreated 
PUC18 was successful, as was t r a n s f o r a t i o n w i t h PUC18 
r e s t r i c t e d w i t h H i n d i ( t o give b l u n t ends) and then 
r e l i g a t e d , although the e f f i c i e n c y of t h i s transformation was 
s u b s t a n t i a l l y reduced compared t o t h a t w i t h untreated PUC18. 

The l i g a t i o n of end-labelled 18DAF cDNA t o BamHI 
12mer l i n k e r s , r e s t r i c t i o n of the constructs w i t h BamHI and 
l i g a t i o n of the i s o l a t e d and p u r i f i e d l i n k e r e d cDNA t o BamHI-
r e s t r i c t e d PUC18 gave recombinant plasmids which transformed 
DH5alphaME c e l l s t o give a large p r o p o r t i o n of white 
transformed colonies. Preparation and r e s t r i c t i o n analysis 
of the recombinant plasmids from a number of these 
transformed colonies demonstrated the presence of i n s e r t s 
from ca.800 t o 2500bp, which were excised from the PUC18 DNA 
by BamHI. 

This c l o n i n g procedure was repeated w i t h 
24,26,28DAF cDNA ( F i g . 2 ) , synthesised from poly(A)+RNA 
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i s o l a t e d by spun column chromatography, using the same BamHI 
12mer l i n k e r s and BamHI-restricted PUC18. When the f i n a l 
l i g a t i o n mix was used t o transform DH5alphaME c e l l s , no white 
transformed colonies were obtained. R e p e t i t i o n of t h i s 
c l o n i n g experiment w i t h f u r t h e r batches of newly synthesised 
24,26,28DAF cDNA from t h i s and a f u r t h e r preparation of 
24,26,28DAF poly(A)''"RNA gave no recombinant plasmids w i t h the 
a b i l i t y t o transform the competent c e l l s , and cl o n i n g 
experiments using EcoRI l i n k e r s were also unsuccessful. At 
t h i s p o i n t i t was considered unproductive t o continue 
attempts t o construct a cDNA l i b r a r y from 24,26,28DAF cDNA i n 
PUC18. 

4.1.2 The Construction of a cDNA Library from Desiccating Pea 
Cotyledons using Lambda-gtlO as a Cloning Vector 

A cDNA l i b r a r y was constructed i n a lambda-gtlO 
c l o n i n g v e c t o r using the Protoclone k i t (Promega). Total RNA 
was e x t r a c t e d from 24,26,28DAF cotyledons and 24,26,28DAF 
cDNA was synthesised from poly(A)+RNA i s o l a t e d by spun column 
chromatography (see F i g . 3 ) . The cDNA was separated from f r e e 
n u cleotides on a Sephadex column, p u r i f i e d and l i g a t e d t o 
EcoRI/NotI adaptors. The adaptors were kinased w i t h [gamma-
^2p]-ATP t o allow the separation of adapted cDNA from f r e e 
kinased adaptors on a Sepharose column. A f t e r p u r i f i c a t i o n , 
p o r t i o n s of the adapted cDNA were l i g a t e d t o 0.5ug a l i q u o t s 
of the provided E c o R I - r e s t r i c t e d lambda arms; these l i g a t i o n 
mixes were packaged using the Packagene system (Promega), 
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Figure 3. cDNA synthesis from 24,26,28DAF RNA i s o l a t e d from 
pea cotyledons f o r use i n the co n s t r u c t i o n of the 
f i r s t lambda cDNA l i b r a r y . 

a) Spectrophotometric scan o f t o t a l RNA extracted from 24,26, 
28DAF pea cotyledons; the y i e l d was 0.5mg RNA/g t i s s u e . 

b) Spectrophotometric scan of poly(A)+RNA i s o l a t e d from 
24,26,28DAF pea cotyledon t o t a l RNA; the y i e l d was 4ug/mg 
t o t a l RNA. 

c) Formaldehyde gel ele c t r o p h o r e s i s of 24,26,28DAF pea 

cotyledon t o t a l RNA. 
d) Double stranded cDNA synthesised from 24,26,28DAF poly(A)+ 

RNA: 
Track 1 - P s t l - r e s t r i c t e d lambda DNA size marker (11501, 

5077, 4749, 4507, 2838, 2556, 2459, 2443, 2140, 
1986, 1700, 1159, 1093, 805, 514, 468, 448, 339, 
264, 247, 216, 211, 200, 164, 150, 94, 87, 72, 
15bp) 

Track 2 - 24,26,28DAF cDNA (lug) 
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along w i t h a c o n t r o l l i g a t i o n of vector DNA w i t h no cDNA. 
D i l u t i o n s of the packaged phage were adsorbed t o C600 
b a c t e r i a which were p l a t e d and grown overnight t o determine 
both the optimum r a t i o of i n s e r t : v e c t o r DNA f o r cloning and 
the l e v e l of background l i g a t i o n , i n d i c a t e d by the c o n t r o l . 
The remaining vector DNA was then l i g a t e d t o the adapted 
cDNA, the recombinant lambda DNA was packaged and d i l u t i o n s 
adsorbed t o C600 c e l l s , p l a t e d and grown overnight t o 
estimate the size of the l i b r a r y . The r e s u l t s from these 
p l a t e s i n d i c a t e d t h a t a l i b r a r y of approximately 23,500 
clones had been obtained; t h i s f i g u r e was lower than could be 
expected i n an ordi n a r y l i b r a r y c o n s t r u c t i o n . The k i t 
p r o t o c o l suggests t h a t the number of transformed plaques 
( c l e a r ) should be 100-1000 f o l d greater than the number of 
untransformed ( t u r b i d ) plaques; i n f a c t the y i e l d of 
transformed plaques was only 10-30 times greater than 
untransformed plaques. Nevertheless t h i s l i b r a r y was 
considered t o be s u f f i c i e n t f o r the i n v e s t i g a t i o n of f a i r l y 
abundant messages. The l i b r a r y was a m p l i f i e d and stored at a 
concen t r a t i o n o f 3.4x10^^ pfu/ml i n a l i q u o t s a t 4°C w i t h 
chloroform and at -80°C. 

Upon the advent of a new method of poly(A)*RNA 
i s o l a t i o n using magnetic oligospheres, the c o n s t r u c t i o n of a 
second l a r g e r cDNA l i b r a r y from d e s i c c a t i n g cotyledons was 
attempted using 24,26,28DAF cDNA synthesised from poly(A)+ 
RNA i s o l a t e d using the PolyATtract mRNA i s o l a t i o n k i t 
(Promega; see Fi g . 4 ) . The 24,26,28DAF poly(A)+RNA i s o l a t e d 
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Figure 4. F i r s t strand cDNA synthesis from 18DAF and 
24,26,28DAF RNA from pea cotyledons f o r use 
i n the d i f f e r e n t i a l screening of cDNA 
l i b r a r i e s and f o r the synthesis of double 
stranded cDNA f o r the c o n s t r u c t i o n of the 
second 24,26,28DAF lambda cDNA l i b r a r y . 

a) Spectrophotometric scan of t o t a l RNA extracted from 18DAF 
pea cotyledons; the y i e l d was 1.13mg RNA/g t i s s u e . 

b) Spectrophotometric scan of t o t a l RNA extracted from 24,26, 
28DAF pea cotyledons; the y i e l d was 0.53mg RNA/g t i s s u e . 

c) Formaldehyde gel elec t r o p h o r e s i s of 18DAF (t r a c k 1) and 
24,26,28DAF ( t r a c k 2) pea cotyledon t o t a l RNA. 

d) Spectrophotometric scan of poly(A)'^RNA i s o l a t e d from 18DAF 
pea cotyledon t o t a l RNA; the y i e l d was 13.75ug poly(A)+RNA 
/mg t o t a l RNA, using the PolyATtract mRNA i s o l a t i o n k i t . 

e) Spectrophotometric scan of poly(A)+RNA i s o l a t e d from 
24,26,28DAF pea cotyledon t o t a l RNA; the y i e l d was 6.25ug 
poly(A)''"RNA/mg t o t a l RNA, using the PolyATtract mRNA 
i s o l a t i o n k i t . 

f ) Single stranded cDNA synthesised from pea cotyledon 
poly(A)+RNA: 
Track 1 - 18DAF pea cotyledon cDNA (2ug) 
Track 2 - 24,26,28DAF pea cotyledon cDNA (1.5ug) 
Track 3 - P s t l - r e s t r i c t e d lambda DNA size marker 
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u s i n g t h i s k i t gave t y p i c a l y i e l d s o f l u g cDNA per ug 24,26, 

28DAF poly(A)+RNA. The p u r i f i e d cDNA was adapted and cloned 

i n t o lambda v e c t o r s as above u s i n g a second lambda gt-10 

P r o t o c l o n e k i t . Growth and a n a l y s i s o f t h e recombinant phage 

p a r t i c l e s from s m a l l s c a l e l i g a t i o n s o f t h e adapted cDNA t o 

pr e p a r e d lambda arms demonstrated s u c c e s s f u l l i g a t i o n , t h e 

optimum r a t i o g i v i n g a p p r o x i m a t e l y 15,500 clones from 0.5ug 

cDNA. I n t h e packaging o f these s m a l l - s c a l e l i g a t i o n s t h e 

a d d i t i o n o f c h l o r o f o r m t o t h e packaged phage p a r t i c l e s b e f o r e 

t i t r i n g (as i n d i c a t e d by t h e Packagene p r o t o c o l ) was o m i t t e d . 

C h l o r o f o r m was added i n t h e l a r g e s c a l e r e a c t i o n and 

a d s o r p t i o n and growth o f phage p a r t i c l e s from t h i s r e a c t i o n 

gave no pl a q u e s , a l t h o u g h a b a c t e r i a l lawn was o b t a i n e d . A 

r e p e a t o f t h i s experiment u s i n g t h e r e m a i n i n g prepared lambda 

arms produced t h e same r e s u l t . Consequently a f a i r l y s m a l l 

l i b r a r y was o b t a i n e d by p o o l i n g and packaging t h e recombinant 

DNA i n t h e r e m a i n i n g t e s t l i g a t i o n s , g i v i n g a p p r o x i m a t e l y 

26,000 c l o n e s . The l i b r a r y was a m p l i f i e d and s t o r e d i n 

a l i q u o t s a t 4°C ( w i t h f r e s h c h l o r o f o r m ) and a t -80°C, a t a 

c o n c e n t r a t i o n o f 2.2x10' p f u / m l . 

4.1.3 Screening of the Lambda-cDNA L i b r a r i e s with a Probe f o r 

Leg J 

To assess t h e q u a l i t y o f t h e 24,26,28DAF cDNA 

l i b r a r i e s , t h e y were screened w i t h a subclone o f t h e Leg J 

gene (PJC5.2) which i s known t o be p r e s e n t i n pea c o t y l e d o n s 
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a t t h i s developmental stage (see s e c t i o n 1.4.1). 

H y b r i d i s a t i o n o f t h e r a d i o l a b e l l e d PJC5.2 i n s e r t t o 

t h e f i r s t lambda-cDNA l i b r a r y i m m o b i l i s e d on n i t r o c e l l u l o s e 

f i l t e r s was a t 65°C w i t h washing c o n d i t i o n s o f 2xSSC, 0.5%SDS 

a t 65°C, as d e s c r i b e d i n s e c t i o n 3.6. I n a p r i m a r y screen o f 

ca.53,000 plaques (2.26x l i b r a r y ) t h e probe h y b r i d i s e d t o 52 

pla q u e s , g i v i n g s i g n a l s o f v a r y i n g s t r e n g t h s . Agar p l u g s 

c o r r e s p o n d i n g t o some o f t h e areas o f s t r o n g e s t h y b r i d i s a t i o n 

were i s o l a t e d and t h e phage p a r t i c l e s e l u t e d ; f o u r p o s i t i v e 

p l aques were i s o l a t e d f rom a secondary screen o f these phage 

s o l u t i o n s . The recombinant phage p a r t i c l e s from these 

plaques were e l u t e d , grown up i n l i q u i d l y s a t e s and t h e i r DNA 

p r e p a r e d by t h e Qiagen lambda m i d i p r e p system (see s e c t i o n 

3.9.1.1). A l t h o u g h t h i s method demonstrated t h e presence o f 

i n s e r t s o f over I k b , v e r y s m a l l y i e l d s were o b t a i n e d . To 

o b t a i n l a r g e r q u a n t i t i e s o f c l o n e d DNA t h e cDNA i n s e r t s were 

a m p l i f i e d by PCR t e c h n o l o g y u s i n g p r i m e r s (288 and 289) 

ma t c h i n g t h e lambda arms on e i t h e r s i d e o f t h e c l o n i n g s i t e 

(see s e c t i o n 2.5), t h u s o b t a i n i n g c l o n e d cDNA f o r a n a l y s i s 

and s u b c l o n i n g w i t h o u t t h e s u r r o u n d i n g lambda DNA. Using 

t h i s t e c h n i q u e , a m p l i f i e d i n s e r t s o f c a . l 7 5 0 , 1600 (see 

F i g . 5 ) , 800 and 550bp were o b t a i n e d and Southern b l o t and 

h y b r i d i s a t i o n a n a l y s i s demonstrated t h a t a l l f o u r i n s e r t s 

h y b r i d i s e d s t r o n g l y t o t h e Leg J probe. When t h e 800bp 

i n s e r t was subcloned i n t o PUC18 u s i n g t h e method o f Jung, 

Pestka and Pestka (1990, s e c t i o n 3.9.3) and sequenced by 

d i r e c t p l a s m i d sequencing, t h e n u c l e o t i d e sequence showed 
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F i g u r e 5. PGR a m p l i f i c a t i o n p r o d u c t o f a cl o n e i s o l a t e d from 

a screen o f t h e f i r s t 24,26,28DAr cDNA l i b r a r y 

w i t h a probe f o r Leg J (PJC5.2). 

Track 1: E c o R I / H i n d l l l - r e s t r i c t e d lambda DNA s i z e marker* 

Track 2: PGR a m p l i f i e d Leg J cDNA i n s e r t 

Track 3: P s t l - r e s t r i c t e d lambda DNA s i z e marker**. 

1 2 3 

^ 1600bp 

* 12216, 5148, 4973, 4268, 3530, 2027, 1904, 1709, 1375, 947, 

831, 564, 140bp. 

** 11501, 5077, 4749, 4507, 2838, 2556, 2459, 2443, 2140, 

1986, 1700, 1159, 1093, 805, 514, 468, 448, 339, 264, 247, 

216, 211, 200, 164, 150, 94, 87, 72, 15bp. 
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99.4% homology t o t h e p u b l i s h e d sequence o f a Leg J genomic 

c l o n e Lambda JC5 (Gatehouse et al, 1988); t h e cl o n e r a n from 

p o s i t i o n +1123 i n t h e genomic clone t o t h e p o l y ( A ) t a i l , 

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

EcoRI/NotI a d a p t o r a t t h e p a r t o f t h e subclone homologous t o 

+1123 i n d i c a t e s t h a t t h i s c l o n e i s a p a r t i a l cDNA, but t h e 

1750bp fragment i s o l a t e d from t h e same screen i s t h e r i g h t 

s i z e t o cor r e s p o n d t o t h e f u l l l e n g t h Leg J cDNA. 

The second l a r g e r 24,26,28DAF cDNA l i b r a r y was 

screened w i t h t h e PJC5.2 i n s e r t as above t o i s o l a t e cDNA 

c l o n e s w i t h homology t o t h e Leg J sequence. A c l e a r p r i m a r y 

s c r e e n o f ca.85,500 i m m o b i l i s e d plaques (3.29x l i b r a r y ) was 

o b t a i n e d , w i t h t h e probe h y b r i d i s i n g s t r o n g l y t o 20 plaques; 

t h i s i n d i c a t e d t h a t t h e Leg J, o r Leg J s u b f a m i l y , messages 

formed 0.007% o f t h e t o t a l messages i n t h i s l i b r a r y , compared 

t o an apparent f r e q u e n c y o f 0.04% i n t h e f i r s t s m a l l e r cDNA 

l i b r a r y , s u g g e s t i n g t h a t a more e x t e n s i v e l i b r a r y had been 

o b t a i n e d . However, i s o l a t i o n o f some o f t h e p o s i t i v e 

p l a q u e s , a m p l i f i c a t i o n o f t h e cDNA i n s e r t s by PCR and 

a n a l y s i s by Southern b l o t t i n g and h y b r i d i s a t i o n f a i l e d t o 

i d e n t i f y any f u l l l e n g t h cDNAs, t h e l a r g e s t i s o l a t e d i n s e r t 

showing homology t o t h e Leg J probe b e i n g o n l y 900bp l o n g , 

w i t h t h e m a j o r i t y o f c l o n e s b e i n g under 500bp i n l e n g t h . 

4.1.4 Screening of Lambda-cDNA L i b r a r i e s with Probes f o r 

Seed and P u t a t i v e S t r e s s P r o t e i n Messages 

To a t t e m p t t o assess t h e e x p r e s s i o n o f s t r e s s 
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p r o t e i n s i n d e s i c c a t i n g pea c o t y l e d o n s t h e 24,26,28DAF 

lambda-cDNA l i b r a r i e s were screened w i t h subclones o f t h e 

messages fr o m s e v e r a l p r o t e i n s which have been observed t o 

respond t o s t r e s s i n t h e whole p l a n t and i n seeds o f o t h e r 

p l a n t s p e c i e s , t o a s c e r t a i n whether any such p r o t e i n s were 

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

p r o t e c t i o n o f t h e seed a g a i n s t water s t r e s s and en v i r o n m e n t a l 

damage. 

4.1.4.1 Cowpea T r y p s i n I n h i b i t o r P r o t e i n 

The 24,26,28DAF lambda-cDNA l i b r a r i e s were screened 

f o r t h e presence o f a message showing homology t o t h e cowpea 

t r y p s i n i n h i b i t o r p r o t e i n u s i n g a subclone o f t h e CpTI gene 

(PASDl) as a probe. The r a d i o l a b e l l e d PASDl i n s e r t f a i l e d t o 

h y b r i d i s e t o t h e i m m o b i l i s e d f i r s t lambda-cDNA l i b r a r y under 

h y b r i d i s a t i o n c o n d i t i o n s o f 65°C and washing c o n d i t i o n s o f 

2xSSG, 0.5% SDS a t 65°C. A f u r t h e r h y b r i d i s a t i o n experiment 

where t h e f i l t e r s were washed a t a lower s t r i n g e n c y w i t h 

5xSSC and 0.1%SDS a t 55°G a l s o gave no h y b r i d i s a t i o n o f t h e 

probe t o t h e c l o n e d cDNA fr o m d e s i c c a t i n g pea c o t y l e d o n s . A 

sc r e e n o f t h e second l a r g e r 24,26,28DAF cDNA l i b r a r y , u s i n g a 

low s t r i n g e n c y wash as above, a l s o gave no evidence o f 

homology between t h e CpTI subclone and any o f t h e l i b r a r y 

cDNA c l o n e s . 
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4.1.4.2. PSMTA - A Pea P u t a t i v e Metallothionein 

The second 24,26,28DAF cDNA l i b r a r y was screened 

w i t h a probe f o r a pea message t h a t has sequence s i m i l a r i t i e s 

t o c l a s s I m e t a l l o t h i o n e i n genes and whose p r o t e i n i s known 

t o possess t h e a b i l i t y t o b i n d m e t a l s , t o determine whether 

t h e message f o r t h i s gene was expressed d u r i n g seed 

d e s i c c a t i o n . W i t h h y b r i d i s a t i o n o c c u r r i n g a t 65°C and 

washing c o n d i t i o n s o f 2xSSC, 0.5%SDS a t 65°C, no s t r o n g 

h y b r i d i s a t i o n s i g n a l s were observed on t h e l i b r a r y f i l t e r s 

a f t e r s e v e r a l days exposure; however, a l a r g e amount o f 

e i t h e r background h y b r i d i s a t i o n o r veiry weak h y b r i d i s a t i o n 

was observed. Plaques c o r r e s p o n d i n g t o s e v e r a l o f these 

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

DNA p r e p a r e d by t h e lambda m i n i p r e p procedure (see s e c t i o n 

3.9.1.2). R e s t r i c t i o n o f t h e r e s u l t a n t DNA and a n a l y s i s by 

Southern b l o t t i n g and h y b r i d i s a t i o n showed no homology 

between t h e i s o l a t e d c l o n e s and t h e PsMT^ probe. A l a t e r 

s c r e e n o f t h e f i r s t s m a l l e r cDNA l i b r a r y proved s i m i l a r l y 

n e g a t i v e . 

4.1.4.3. Wheat Em Late Embryogenesis Abundant Polypeptide 

A subclone o f t h e wheat Em cDNA sequence (PMuge 

K l a ) was used t o screen t h e lambda cDNA l i b r a r i e s made from 

d e s i c c a t i n g pea c o t y l e d o n s t o at t e m p t t o i s o l a t e a pea cDNA 

c l o n e showing homology t o t h e Em message, which codes f o r an 

amino a c i d sequence t h a t i s h i g h l y conserved between group 1 
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F i g u r e 6. R e s t r i c t i o n map o f lambda-gtlO. ( t a k e n from 

Sambrook, F r i t s c h and M a n i a t i s , 1989). 
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LEA p r o t e i n s i s o l a t e d f rom a number o f species (see s e c t i o n 

1.3). H y b r i d i s a t i o n o f t h e r a d i o l a b e l l e d probe t o t h e second 

i m m o b i l i s e d cDNA l i b r a r y was a t 65°C, w i t h washing c o n d i t i o n s 

o f f a i r l y low s t r i n g e n c y (5xSSG, 0.1% SDS a t 65°C) t o a l l o w 

f o r t h e h e t e r o l o g o u s n a t u r e o f t h e probe. H y b r i d i s a t i o n t o 

s e v e r a l p o i n t s on t h e f i l t e r was observed, some o f which 

r e t a i n e d t h e bound probe a f t e r t h e f i l t e r s were rewashed w i t h 

2xSSC, 0.5%SDS a t 65°C. Four agar p l u g s c o r r e s p o n d i n g t o the 

areas o f s t r o n g e s t h y b r i d i s a t i o n were t a k e n , t h e phage 

p a r t i c l e s e l u t e d and screened a g a i n u s i n g t h e same c o n d i t i o n s 

t o i s o l a t e s i n g l e p o s i t i v e plaques, whose phage p a r t i c l e s 

were a g a i n e l u t e d and t h e recombinant DNA prepared by t h e 

lambda m i n i p r e p procedure. 

D e s p i t e t h e use o f EcoRI/NotI a d a p t o r s i n t h e 

c l o n i n g p r o c e dure, r e s t r i c t i o n o f t h e recombinant lambda DNA 

and a n a l y s i s by Southern b l o t t i n g and h y b r i d i s a t i o n t o the 

PMuge K l a i n s e r t probe showed t h a t EcoRI f a i l e d t o e x c i s e t h e 

c l o n e d i n s e r t from t h e lambda DNA and t h a t o n l y one EcoRI 

s i t e appeared t o be f u n c t i o n a l i n t h e recombinant DNA, 

r e l e a s i n g t h e 10.63kb lambda arm and l e a v i n g t h e cDNA i n s e r t 

a t t a c h e d t o t h e 32.71kb arm. The i n s e r t was e x c i s e d by 

r e s t r i c t i o n o f t h e DNA w i t h EcoRI and H i n d l l l , g i v i n g a 

r e s t r i c t i o n fragment o f t h e cDNA i n s e r t a t t a c h e d t o 240bp o f 

lambda DNA (see F i g . 6 ) , and subcloned i n t o PUC18. The Em 

probe showed c l e a r h y b r i d i s a t i o n t o t h e t r a n s f o r m e d c o l o n i e s 

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

w i t h a l l h y b r i d i s a t i o n t a k i n g p l a c e a t 65°C and washing 
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c o n d i t i o n s o f 5xSSC, 0.1% SDS. A l l o f t h e c l o n e d i n s e r t s 

were s m a l l , f r o m 300 t o 350bp, i n c l u d i n g t h e 240bp o f lambda 

DNA. Sequencing o f a 340bp i n s e r t by d i r e c t p l a s m i d 

sequencing showed t h a t t h e i n s e r t c o n s i s t e d o f t h e 240bp 

lambda sequence, t h e f i r s t G r e s i d u e o f t h e EcoRI/NotI 

a d a p t o r and t h e n a l o n g p o l y ( A ) t a i l o f 104bp; sequencing o f 

t h e o t h e r subclones i s o l a t e d f rom t h i s l i b r a r y gave t h e same 

r e s u l t s . 

The s m a l l e r 24,26,28DAF cDNA l i b r a r y was a l s o 

screened w i t h t h e probe f o r t h e wheat Em message, by t h e same 

method as b e f o r e , and a l s o gave c l e a r p r i m a r y and secondary 

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

t h e r e s u l t i n g lambda DNA m i n i p r e p s showed t h a t t h e samples 

c o n t a i n e d i n s e r t s o f ca.l20bp which were e x c i s e d by EcoRI and 

w h i c h h y b r i d i s e d s t r o n g l y t o t h e Em probe on a Southern b l o t 

washed w i t h 5xSSG, 0.1%SDS a t 65°C. Attempts t o subclone 

t h e s e EcoRI r e s t r i c t i o n fragments i n t o PUC18 f a i l e d . 

However, t h e s u b c l o n i n g o f a B g l l l / H i n d l l l r e s t r i c t i o n 

f ragment f r o m t h e lambda m i n i p r e p s c o n t a i n i n g 240bp lambda 

DNA, ca.l20bp cDNA i n s e r t and another 900bp lambda DNA was 

s u c c e s s f u l f o r b o t h o f t h e two lambda m i n i p r e p s which showed 

s t r o n g h y b r i d i s a t i o n t o t h e Em probe. The subcloned DNA from 

t h e two recombinant p l a s m i d s was sequenced by d i r e c t p l a s m i d 

sequencing and showed i n b o t h cases t h e 240bp lambda DNA, an 

i n t a c t EcoRI/NotI s i t e and a l o n g p o l y ( A ) t a i l o f over 80bp, 

beyond w h i c h t h e sequencer would n o t read. The r e v e r s e 

sequence i d e n t i f i e d t h e 900bp fragment o f lambda DNA which 
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c o n t a i n e d no r e s t r i c t i o n s i t e s . As i t was c l e a r t h a t a l l o f 

t h e sequences showing s t r o n g h y b r i d i s a t i o n t o t h e Em probe 

c o n s i s t e d m a i n l y , i f n o t e n t i r e l y , o f p o l y ( A ) and t h e l e n g t h 

o f t h e i n s e r t s i n d i c a t e d t h a t no c o d i n g sequence c o u l d be 

p r e s e n t , t h e search i n t h e 24,26,28DAF cDNA l i b r a r i e s f o r a 

pea c l o n e showing c o d i n g sequence homology t o t h e wheat Em 

probe was n o t t a k e n f u r t h e r . 

4.1.4.4 Pea Leaf P o l y u b i q u i t i n 

The s c r e e n i n g o f t h e second 24,26,28DAF cDNA 

l i b r a r y w i t h a c l o n e o f a pea l e a f p o l y u b i q u i t i n cDNA (PCUl) 

gave v e r y c l e a r h y b r i d i s a t i o n t o DNA from s e v e r a l i m m o b i l i s e d 

p l a q u e s , f o u r o f which were i s o l a t e d by a secondary screen 

and t h e i r DNA pr e p a r e d by t h e lambda m i n i p r e p t e c h n i q u e . As 

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

r e s t r i c t i o n and h y b r i d i s a t i o n a n a l y s i s o f t h e recombinant DNA 

fro m t h e p o l y u b i q u i t i n screen demonstrated t h a t t h e i n s e r t s 

c o u l d n o t be e x c i s e d w i t h EcoRI. Two o f t h e lambda m i n i p r e p s 

showed no r e s t r i c t i o n w i t h EcoRI; r e s t r i c t i o n o f t h e o t h e r 

two m i n i p r e p s showed t h e presence o f one EcoRI s i t e , b u t 

Southern b l o t and h y b r i d i s a t i o n a n a l y s i s i n d i c a t e d t h a t t h e 

s i t e was w i t h i n t h e cDNA i n s e r t , r e l e a s i n g t h e s h o r t 10.63kb 

lambda arm and a s m a l l p o r t i o n o f t h e i n s e r t , w i t h t h e b u l k 

o f t h e i n s e r t r e m a i n i n g w i t h t h e l o n g e r 32.71kb arm. F u r t h e r 

r e s t r i c t i o n a n a l y s i s w i t h E c o R I + H i n d l l l and B g l l l + H i n d l l l 

showed t h a t t h e i n s e r t s which h y b r i d i s e d t o t h e PCUl probe 

were a l l s m a l l - l e s s t h a n 200bp - and at t e m p t s t o subclone 
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b o t h E c o R I / H i n d l l l fragments c o n t a i n i n g 240bp lambda DNA 

a t t a c h e d t o t h e i n s e r t DNA and B g l l l / H i n d l l l fragments 

c o n t a i n i n g t h e i n s e r t w i t h i n 240 and 900bp lambda DNA f a i l e d 

t o produce any sequence w i t h homology t o t h e p o l y u b i q u i t i n 

c o d i n g sequence o r t h e s u r r o u n d i n g lambda p r i m e r s . 

The f i r s t cDNA l i b r a r y was a l s o screened w i t h PCUl 

and s t r o n g h y b r i d i s a t i o n t o s e v e r a l plaques was observed. 

A n a l y s i s o f t h e r e s u l t a n t recombinant lambda DNA gave f o u r 

c l o n e s showing s t r o n g h y b r i d i s a t i o n t o t h e PGUl probe w i t h 

a p p a r e n t l y i n t a c t EcoRI c l o n i n g s i t e s ( F i g . 7 ) . The DNA was 

r e s t r i c t e d and subcloned i n t o PUC18 u s i n g b o t h EcoRI and 

B g l l l + H i n d l l l , as t h e f u l l p o l y u b i q u i t i n sequence c o n t a i n s 

b o t h EcoRI and B g l l l r e s t r i c t i o n s i t e s . F i v e subclones w i t h 

i n s e r t s showing s t r o n g h y b r i d i s a t i o n t o t h e PCUl probe were 

sequenced and shown t o c o n t a i n cDNA i n s e r t s o f 221, 450, 458, 

513 and 549bp, each c o n t a i n i n g p a r t o f t h e u b i q u i t i n c o d i n g 

sequence. These sequences are analysed below. 

4.1.5 An I n v e s t i g a t i o n of Pea Leaf and Cotyledon 

U b i q u i t i n Messages 

4.1.5.1 Sequence of a Second Poly\ i b i q u i t i n cDNA from Pea 

Leaves 

As w e l l as t h e f u l l y - s e q u e n c e d PGUl p o l y u b i q u i t i n 

cDNA subclone, F.Z. Watts a l s o p r o v i d e d a second 

p o l y i i b i q u i t i n cDNA i s o l a t e d from a pea l e a f cDNA l i b r a r y , 

teinmed PCU2. T h i s subclone, w i t h an i n s e r t o f 1.05kb, had 
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F i g u r e 7. R e s t r i c t i o n and h y b r i d i s a t i o n a n a l y s i s o f 

recombinant lambda DNA from clones i s o l a t e d from 

a screen o f t h e f i r s t 24,26,28DAF cDNA l i b r a r y 

w i t h a probe f o r pea p o l y u b i q u i t i n (PCUl). 

a) Lambda DNA m i n i p r e p s r e s t r i c t e d w i t h B g l l l + H i n d l l l 

Track 1: PUl 

Track 2; PU2 

Track 3: P s t l - r e s t r i c t e d lambda DNA 

Track 4: PU3 

Track 5: PU4; 

b) Southern b l o t a n a l y s i s o f g e l a) probed w i t h r a d i o l a b e l l e d 

PCUl t o i s o l a t e r e s t r i c t i o n fragments c o n t a i n i n g cDNA 

i n s e r t s w i t h homology t o pea p o l y u b i q u i t i n . 
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been p a r t i a l l y sequenced and shown t o have a s l i g h t l y 

d i f f e r e n t r e s t r i c t i o n map t o PCUl. The e n t i r e PCU2 sequence 

was o b t a i n e d and c o n f i r m e d by s e v e r a l s u b c l o n i n g s u t i l i s i n g 

two i n t e r n a l S a d s i t e s ( F i g . 8 ) . The p u b l i s h e d sequence o f 

PCUl has 5 e n t i r e tandem r e p e a t s , each o f 76 amino a c i d s , 

w i t h 19bp 5' u n t r a n s l a t e d sequence and 76bp 3' u n t r a n s l a t e d 

sequence (Watts and Moore, 1989); t h e 1050bp sequence o f PCU2 

c o n s i s t s o f 816bp c o d i n g sequence, which s t a r t s i n t h e middle 

o f a u b i q u i t i n r e p e a t and has 3 f u r t h e r complete r e p e a t s , 

e n d i n g i n an e x t r a p h e n y l a l a n i n e (Phe) r e s i d u e , as PCUl. I t 

a l s o has 157bp 3' u n t r a n s l a t e d sequence c o n t a i n i n g a 

p o l y a d e n y l a t i o n s i t e AATAAA and a 77bp p o l y ( A ) t a i l . I f t h e 

two DNA c l o n e s are ar r a n g e d so t h a t t h e i r f i n a l t±)iquitin 

r e p e a t w i t h t h e t e r m i n a l Phe r e s i d u e are a l i g n e d (as i n F i g . 

8) t h e y show 100% amino a c i d homology and 81.7% n u c l e o t i d e 

homology i n t h e c o d i n g sequence. However,the 3' u n t r a n s l a t e d 

sequences share o n l y 26.3% homology. 

F i g u r e 8. A comparison o f t h e sequences o f two p o l y u b i q u i t i n 

cDNAs i s o l a t e d from pea leaves (AA = amino a c i d ) 

PCUl GAATTCCGATAATTATAAGATGGAAATTTTCGTTAAGAGCCTGACCGGCA 50 
AA M Q I F V K T L T G 

PCUl AGACCATCACTCTTGAAGTTGAGAGTTCAGATACCATAGACAATGTTAAG 100 
AA K T I T L E V E S S D T I D N V K 

PCUl GCCAAGATTCAAGACAAGGAAGGGATCCCTCCTGACCAGCAGCGTCTCAT 150 
AA A K I Q D K E G I P P D Q Q R L I 

PCUl TTTTGCTGGCAAGCAACTCGAGGATGGGCGTACTCTTGCTGATTACAACA 200 
AA F A G K Q L E D G R T L A D Y N 
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PCUl TACAGAAGGAGTCCACCCTCCATCTTGTGTTGCGACTTCGTGGTGGGATG 250 
AA I Q K E S T L H L V L R L R G G M 

PCUl CAAATCTTTGTGAAGACTCTCACTGGAAAGACCATCACCCTTGAGGTGGA 300 
AA Q I F V K T L T G K T I T L E V E 

PCU2 > 2 
PCUl AGCTCTGATACCATTGACAATGTCAAGGCCAAGATCCAGGACAAAGAGGG 350 
AA S S D T I D M V K A K I Q D K E G 

PCU2 A G G C T G C C A G A T G 52 
PCUl CATTCCCCCAGACCAACAAAGGCTCATCTTTGCTGGCAAACAGCTCGAAG 400 
AA I P P D Q Q R L I F A G K Q L E 

PCU2 C C T C C T C G T 102 
PCUl ATGGCAGAACTTTGGCCGATTACAACATCCAGAAAGAATCCACCCTCCAT 450 
AA D G R T L A D Y N I Q K E S T L H 

PCU2 CC T T C A C T C 152 
PCUl CTTGTGTTGCGACTTCGTGGTGGTATGCAGATTTTTGTGAAGACCCTTAC 500 
AA L V L R L R G G M Q I F V K T L T 

PCU2 A C C CC C A C T C 202 
PCUl CGGCAAGACAATTACTTTGGAGGTTGAGAGCTCTGACACAATTGACAATG 550 
AA G K T I T L E V E S S D T I D N 

PCU2 A T C A A A C A G T G 252 
PCUl TGAAGGCCAAGATACAGGACAAGGAGGGTATTCCTCCAGACCAGCAAAGG 600 
AA V K A K I Q D K E G I P P D Q Q R 

PCU2 C C G AA G CC C T 302 
PCUl TTGATTTTTGCTGGAAAGCAGCTCGAAGATGGCCGAACTTTGGCCGACTA 650 
AA L I F A G K Q L E D G R T L A D Y 

PCU2 C G T C G CTG 352 
PCUl CAACATTCAGAAAGAATCAACCCTCCATCTTGTTTTGAGACTTCGTGGTG 700 
AA N I Q K E S T L H L V L R L R G 

PCU2 A C C G T T T T A T CCT 402 
PCUl GTATGCAGATTTTTGTGAAAACCCTCACCGGCAAGACAATTACTTTGGAG 750 
AA G M Q I F V K T L T G K T I T L E 

PCU2 G C C C C A 452 
PCUl GTAGAGAGCTCAGACACAATTGACAATGTGAAGGCCAAGATACAGGACAA 800 
AA V E S S D T I D N V K A K I Q D K 

PCU2 A A A T G C C T T 5 0 2 
PCUl GGAGGGTATCCCTCCAGACCAGCAAAGGTTGATTTTTGCTGGAAAGCAGC 850 
AA E G I P P D Q Q R L I F A G K Q 

PCU2 G A A G C T G T C T 5 5 2 
PCUl TTGAAGATGGCCGAACTTTGGCTGATTACAACATTCAGAAGGAGTCCACC 900 
AA L E D G R T L A D Y N I Q K E S T 
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PCU2 C T G G TC T T A C 602 
PCUl CTTCACCTTGTCCTTCGTCTGAGGGGAGGTATGCAGATCTTTGTGAAGAC 950 
AA L H L V L R L R G G M Q I F V K T 
PCU2 C T T C C C G G G C T T T T 652 
PCUl TTTGACAGGAAAGACTATTACCTTAGAGGTAGAAAGTTCAGACACAATCG 1000 
AA L T G K T I T L E V E S S D T I 
PCU2 A G T A T G 702 
PCUl ATAATGTGAAGGCAAAAATACAGGACAAGGAGGGAATCCCACCAGATCAG 1050 
AA D N V K A K I Q D K E G I P P D Q 
PCU2 C G C 752 
PCUl CAGAGGTTGATCTTTGCTGGGAAGCAATTGGAGGATGGAAGGACTCTTGC 1100 
AA Q R L I F A G K Q L E D G R T L A 
PCU2 AG C GC C 802 
PCUl TGACTACAACATTCAGAAGGAGTCTACTCTTCACCTTGTTTTGCGTCTTC 1150 
AA D Y N I Q K E S T L H L V L R L 
PCU2 G GCTGTTTGTGTTATGTTGTGTTTGTAATCTTGGTTA 852 
PCUl GTGGTGGATTTTAAGAATTGTATTGGGACCGAAACCGTAAACCGTTTATA 1200 
AA R G G F * 
PCU2 TTTTGAAATGGAAGTTGTGAACTGATGATCTTTTTGGGTCCTATATTGAG 902 
PCUl GTCTTTGGCTTTTATGTTTCAGAACTTGTATAATGGATCC 1240 
PCU2 GCCCCCTAGAATAAATTCGATTTTATGTACTGTTATCATATGGTTGTGAA 952 
PCU2 TAATTAGTATTTTGCCTTTGTAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1002 
PCU2 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1050 

4.1.5.2 Sequences of Ubiquitin cDNA Clones Isolated from 
Desiccating Pea Cotyledons 

When analysed, f o u r of the sequences obtained from 
the f i v e siibclones i s o l a t e d from the f i r s t cDNA l i b r a r y 
( d erived from lambda minipreps PUl and PUS, Fig.7) could be 
combined t o produce a confirmed 550bp sequence (PCU3, Fig.9) 
of a s i n g l e p a r t i a l u b i q u i t i n coding sequence (without the 
f i r s t two codons, which were l o s t throught the use of B g l l l 
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i n the siibcloning procedure), containing 222bp of coding 
sequence (74 amino a c i d s ) . This u b i q u i t i n repeat was 
foll o w e d by a C-terminal extension of 52 amino acids before a 
stop s i t e , 141bp 3' untranslated sequence and an 18b poly(A) 
t a i l . The f i f t h 583bp i n s e r t (derived from lambda miniprep 
PU4, Fig.7) also contained 222bp of t y p i c a l u b i q u i t i n coding 
sequence, beginning and ending at the same points as PCU3, 
again followed by a C-terminal extension of 79 amino acids 
(showing no s i g n i f i c a n t homology t o the extension sequence i n 
PCU3) then a stop s i t e , 109bp 3' f l a n k i n g sequence and a 13b 
poly(A) t a i l (PCU4, F i g . 9 ) . This sequence analysis 
i d e n t i f i e s the cDNAs i s o l a t e d from d e s i c c a t i n g pea t i s s u e as 
coding f o r the two types of u b i q u i t i n extension p r o t e i n s 
which have p r e v i o u s l y been shown i n other organisms t o be 
inv o l v e d i n ribosome biogenesis, the ' t a i l ' p r o t e i n s forming 
components of the large and small ribosomes (52-53 residue 
and 76-81 residue t a i l s r e s p e c t i v e l y ) . 

Figure 9. A comparison of the sequences of two u b i q u i t i n 
extension p r o t e i n cDNAs i s o l a t e d from desiccating 

pea cotyledons. 

PCU3 ATCTTCGTGAAAACCCTAACCGGGAAAACCATCACCCTCGAGGTTGAGAG 50 
PCU4 C G G C TC 
AA I F V K T L T G K T I T L E V E S 
PCU3 CAGCGACACCATCGACAATGTCAAGGCCAAGATTCAAGACAAGGAAGGTA 100 
PCU4 TTC A A C T A 
AA S D T I D N V K A K I Q D K E G 
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PCU3 TTCCTCCGGATCAGCAGCGTTTGATTTTCGCCGGTAAGCAGCTTGAAGAT 150 
PCU4 C A C A A C C T C A A C 
AA I P P D Q Q R L I F A G K Q L E D 
PCU3 GGACGCACCTTGGCCGATTACAATATCCAGAAGGAATCTACTCTTCATCT 200 
PCU4 C T C T C C C C C C 
AA G R T L A D Y N I Q K E S T L H L 
AA I I E P S L M A L 
PCU3 TGTTCTCAGGCTTCGCGGTGGAATCATTGAACCTTCTTTGATGGCTTTGG 250 
PCU4 C T C GCCAAGAAGCGTAAGAAGAAGACCTACA 
AA V L R L R G G A K K R K K K T Y 
AA A R K Y N Q D K T I C R K C Y A R 
PCU3 CTAGGAAATACAACCAAGACAAAACCATTTGCCGCAAATGCTATGCTCGT 300 
PCU4 CCAAGCCGAAGAAGATTAAGCACAAGCATAGGAAGGTGAAGCTAGCTGTT 
AA T K P K K I K H K H R K V K L A V 
AA L H P R A V N C R K K K C G H S N 
PCU3 CTTCATCCCAGGGCTGTTAACTGCCGCAAGAAGAAGTGTGGACACAGCAA 350 
PCU4 CTTCAGTTTTACAAGGTCGATGATTCTGGGAAGGTTCAGAGGTTGAGGAA 
AA L Q F Y K V D D S G K V Q R L R K 
AA Q L R P K K K I K * 
PCU3 TCAATTGAGGCCAAAGAAGAAGATCAAGTAGATTGTGGTTGATATTGTTT 400 
PCU4 GGAGTGCCCGAATGCGGAGTGCGGTGCGGGGACTTTTATGGCGAATCACT 
AA E C P N A E C G A G T F M A N H 

PCU3 CTCTTTTGCTGTTTGTTCTGAGATACTTTTCATTGTTTTGGTTGTTAATT 450 
PCU4 TTGATCGTCACTACTGTGGCAAGTGTGGTTTGACCTATGTTTATCAGAAA 
AA F D R H Y C G K C G L T Y V Y Q K 
PCU3 CTATCATGACTAAAGATTTTGTTTTTCTTAATGTTTAATGTAGTTGGAGT 500 
PCU4 GCTGATGCTTGATTTTTGTTATGTTTAATTTTATAATTTAGTTTTTGAGA 
AA A D A * 
PCU3 TTAATTTGGTATAATCATTTTGTTATGACATTAAAAAAAAAAAAAAAAAA 550 
PCU4 TTGTTTAGATTTTGGTATTTGGTGACATTTGTATTTCATGCCATGATGGT 

PCU4 TAAATAACCGGTAGTTTCCTTAAAAAAAAAAAAA 583 

The u b i q u i t i n p a r t of these cDNAs show 100% 
amino a c i d homology t o each other and t o the published p l a n t 
p o l y u b i q u i t i n sequence. W i t h i n the u b i q u i t i n coding 
sequence, PCU3 and PCU4 share 82% nucleotide homology. Like 
the other u b i q u i t i n extension t a i l p r o t e i n s examined (see 
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Figs.10 and 11), the t a i l s of PCU3 and PCU4 are h i g h l y basic, 
c o n t a i n i n g ca.30% and 28% l y s i n e and argi n i n e residues 
r e s p e c t i v e l y . Both t a i l s contain a consensus sequence f o r 
nuclear l o c a l i s a t i o n (PCU3: Arg-Pro-Lys-Lys-Lys-Ile-Lys; PCU4 
: Lys-Lys-Arg-Lys-Lys-Lys); i n both cases the p o s i t i o n of 
t h i s sequence i s conserved i n the t a i l sequences from other 
species. S i m i l a r l y , there i s 100% conservation of the 
p o s i t i o n of the cysteine residues involved i n the p u t a t i v e 
z i n c - b i n d i n g , n u c l e i c a c i d b i n d i n g domain i n the 76-81 
residue t a i l s , g i v i n g a m o t i f of the form Cys-X4-Cys-Xi4-Cys-
X2-Cys, and almost 100% i n the 52-53 residue t a i l s , of the 
form Cys-X2-Cys-Xio~Cys-X4-Cys; the only observed exception 
i s tobacco which appears t o have only two cysteine residues 
i n common w i t h the other observed sequences followed by an 
i n s e r t e d sequence of 20 apparently unrelated amino acids, 
which i n t e r r u p t s the area of the consensus t a i l 'zinc f i n g e r ' 
domain (Genschik et al, 1990). Tables 1 and 2 give the amino 
a c i d percentage homologies of the pea t a i l p r o t e i n s w i t h 
those o f several other species. 

Figure 10. A comparison of the deduced amino acid sequence of 
the pea 52 residue u b i q u i t i n extension p r o t e i n 
t a i l w i t h 52 and 53 residue t a i l s from a range of 
other species: 

A.t.= Arabidopsis thaliana, r e f . C a l l i s , Raasch and V i e r s t r a 

(1990); tobacco, r e f . Genschik et al (1990); C.r.= 

Chlamydomonas reinhardii, r e f . Pollmann, Kampen and Wettern 
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(1991); S.c.= Saccharomyces cerevisiae, r e f . Ozkaynak et a i 
(1987); hximan, r e f . Baker and Board (1991); D.m.= Drosophlla 
melanogaster, r e f . Cabrera y Poch, Arribas and Izquierdo 
(1990) ; T.p.= Tetrahymena pyriformis, r e f . Neves et a i 
(1991) . The proposed nuclear l o c a l i s a t i o n s i g n a l i s 
underlined and the cysteine residues thought t o be involved 
i n the zi n c - b i n d i n g nucleic a c i d binding domain are 
h i g h l i g h t e d (Ozkaynak et a i , 1987). I n the tobacco sequence, 
* denotes the p o s i t i o n of 20 ex t r a amino acids 
(PRRTPQRTCRVLTWIPQARL). 

PCU3 l i e l i e Glu Pro Ser Leu Met Ala Leu Ala Arg Lys 12 
A.t. Met 
Tobacco Lys Ser 
C. r . Gin 
S.c. Lys Ser 
Human Arg Gin Gin 
D. m. Arg l i e Gin 
T.p. Gly Met Thr He Ala Lys 

PCU3 Tyr Asn Gin Asp Lys Thr He Cys Arg Lys Cys Tyr 24 
A.t. Met 
Tobacco Phe Cys Met 
C. r. Glu Met 
S.c. Cys Ser Val 
Human Cys Met 
D. m. Cys Met 
T.p. Cys Glu Lys Val Asp 

PCU3 Ala Arg Leu His Pro Arg Ala Val Asn Cys Arg Lys 36 
A.t. 
Tobacco Val Cys*Pro Thr 
C.r. Lys 
S.c. Pro Thr 
Human 
D.m. Thr 
T.p. Pro Lys Thr 
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PCU3 
A.t. 
Tobacco 
C. r . 
S.c. 
Human 
D. m. 
T.p. 

PCU3 
A.t. 
Tobacco 
C. r. 
S.c. 
Human 
D. m. 
T.p. 

Lys Lys Cys Gly His Ser Asn Gin Leu Arg Pro Lys 
Gly 

48 

Arg 
Arg 

Arg 

Ser 
Thr 
Thr 
Thr 
Thr 
Thr 

Lys l i e Lys 
Leu 
Leu 
Leu 
Val 
Leu 
Pro 

His Val 

Asn 
Asn 
Ser Leu 

52 

Glu 53 

Table 1. Percentage amino acid sequence homologies between 
the deduced pea 52 amino acid u b i q u i t i n extension 
p r o t e i n t a i l sequence and 52 and 53 residue t a i l 
sequences from other p l a n t s , animals, yeast and 
micro-organisms. 

Abbreviations and references as i n Fig.10; percentages are 
c a l c u l a t e d using the number of amino acids i n the t a i l 
sequences of the species l i s t e d v e r t i c a l l y and are rounded up 
to 0 decimal places. 

PCU3 A. t. C.r. S.c. Human D.m. T.p. 

PCU3 ( p l a n t ) — 94 87 81 85 83 65 

A.t. ( p l a n t ) 94 — 85 77 87 85 63 

C.r. (alga) 87 85 — 81 83 85 63 

S.c. (yeast) 81 77 81 — 81 85 73 

Human (animal) 85 87 83 81 — 94 63 

D.m. (animal) 83 85 85 85 94 — 65 

T.p. (protozoa) 64 62 62 72 62 64 — 
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Figure 11. A comparison of the deduced amino acid sequence of 
the pea 79 residue u b i q u i t i n extension p r o t e i n 
t a i l w i t h 80-81 residue t a i l s from other plants 
and a 7 6 residue t a i l from yeast: 

A.t.= Arabidopsis thaliana, r e f . C a l l i s , Raasch and V i e r s t r a 
(1990); tomato, r e f . Hoffman et al (1991); potato, r e f . 
Garbarino, Rockhold and Belknap (1992); S.c.= Saccharomyces 
cerevisiae, r e f . Ozkaynak et al (1987). Markings as i n Fig. 
10; < denotes end of coding sequence. 

PCU4 Ala Lys Lys Arg Lys Lys Lys Thr Tyr Thr Lys Pro 12 
A.t. 
Tomato 
Potato 
S.c. Gly Val Thr 

PCU4 Lys Lys l i e Lys His Lys His Arg Lys Val Lys Leu 24 
A.t. Lys 
Tomato Lys Lys 
Potato Lys Lys 
S.c. Lys 

PCU4 Ala Val Leu Gin Phe Tyr Lys Val Asp Asp Ser Gly 36 
A.t. Gly 
Tomato Thr 
Potato Thr 
S.c. Ser Tyr Ala Glu 

PCU4 Lys Val Gin Arg Leu Arg Lys Glu Cys Pro Asn Ala 48 
A.t. 
Tomato 
Potato 
S.c. Thr Lys Arg Ser Pro 

PCU4 Glu Cys Gly Ala Gly Thr Phe Met Ala Asn His Phe 60 
A.t. Thr Ser 
Tomato 
Potato 
S.c. Thr Val Leu Lys 
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PCU4 Asp Arg His Tyr Cys Gly Lys Cys Gly Leu Thr Tyr 72 
A.t. 
Tomato 
Potato 
S.c. Leu His Ser Val 

PCU4 Val Tyr Gin Lys Ala Asp Ala < 7 9 
A.t. Gin Gly Gin Glu < 81 
Tomato Asn Gly Gly Asp < 80 
Potato Asn Gly Gly Asp < 80 
S.c. Lys Val Asn Ala < 76 

Table 2. Percentage amino aci d sequence homologies between 
the deduced pea 79 amino acid u b i q u i t i n extension 
p r o t e i n t a i l sequence and 76-81 residue t a i l 
sequences from other p l a n t s and yeast. 
Abbreviations and references as i n Fig.11; 
percentages are c a l c u l a t e d using the number of amino 
acids i n the t a i l sequences of the species l i s t e d 
v e r t i c a l l y and are rounded up t o 0 decimal places. 

PCU4 A.t. Tomato Potato S.c. 

PCU4 ( p l a n t ) — 92 92 92 65 
A.t. ( p l a n t ) 90 ~ 89 89 64 
Tomato ( p l a n t ) 91 88 — 100 65 
Potato ( p l a n t ) 91 88 100 — 65 
S.c. (yeast) 67 68 68 68 
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4.1.6 D i f f e r e n t i a l Screening of the Lambda-cDNA Library 

To i d e n t i f y l a t e embryogenesis abundant clones 
which may have a r o l e i n p r o t e c t i n g the seed from 
d e s i c c a t i o n , i t was decided t o screen the 24,26,28DAF cDNA 
l i b r a r y w i t h 18DAF cDNA ( a t which stage the seed i s at 
m a t u r i t y but has not begun t o desiccate) t o i s o l a t e those 
clones which are newly expressed or whose expression i s 
increased upon d e s i c c a t i o n of the seed. 

4.1.6.1 24,26,28DAF cDNA Library Screened with 18DAF cDMA 

Four f i l t e r s taken from the same p l a t e of the f i r s t 
cDNA l i b r a r y (ca.53,000 clones, 2.26x the l i b r a r y ) were 
screened w i t h 0.7ug r a d i o l a b e l l e d t o t a l 18DAF cDNA. Although 
some h y b r i d i s a t i o n was observed, the autoradiographs were 
very f a i n t and the plaques were too close together t o allow 
i d e n t i f i c a t i o n of 'negative' plaques - i . e . those not 
h y b r i d i s i n g or h y b r i d i s i n g t o a very small p r o p o r t i o n of the 
probe. The experiment was repeated using two dupl i c a t e 
f i l t e r s of a s l i g h t l y l e ss dense p l a t e (ca.47,000 clones, 2x 
the l i b r a r y ) and 1.4ug cDNA r a d i o l a b e l l e d overnight t o a high 
s p e c i f i c a c t i v i t y . The probe hybr i d i s e d successfully and 
some small negative areas were observed on both f i l t e r s . 
However, the s t r e t c h i n g o f n i t r o c e l l u l o s e f i l t e r s during 
treatment and h y b r i d i s a t i o n , together w i t h the f a c t t h a t the 
vast m a j o r i t y of plaques h y b r i d i s e d t o the cDNA probe, made 
i t impossible t o i d e n t i f y matching spaces on the f i l t e r s w i t h 
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any accuracy, or t o extend t h i s t o the master p l a t e . 

4.1.6.2 24,26,28DAF cDNA Library Screened with a Subtracted 
Probe 

I n order t o i d e n t i f y clones which are 
d i f f e r e n t i a l l y expressed between 18 and 24,26,28DAF i n pea 
cotyledons without i n t e r f e r e n c e from abundant messages common 
to both ages a probe of 24,26,28DAF cDNA subtracted w i t h 
18DAF poly(A)'^RNA was constructed. This should allow the 
i d e n t i f i c a t i o n of l i b r a r y clones whose expression increases 
or i s i n i t i a t e d d u r i n g seed des i c c a t i o n . 

F i r s t strand cDNA synthesised from 24,26,28DAF 
poly(A)''"RNA i s o l a t e d by the Promega PolyATtract system was 
subtracted by one round of h y b r i d i s a t i o n w i t h a 30-fold 
excess (by weight) of 18DAF poly(A)+RNA, as described i n 
s e c t i o n 3.7. Measurement of r a d i o a c t i v i t y i n the f r a c t i o n s 
from the f i n a l column, separating the subtracted cDNA from 
f r e e nucleotides a f t e r l a b e l l i n g t o high s p e c i f i c a c t i v i t y , 
demonstrated the presence of a peak of subtracted cDNA ( t o t a l 
ca.0.86ug) l a b e l l e d t o high s p e c i f i c a c t i v i t y , which was 
pooled and used t o probe d u p l i c a t e f i l t e r s of the lambda-cDNA 
l i b r a r y (ca.75,000 plaques per f i l t e r ) . A f t e r 4 days then 3 
weeks of exposure, no c l e a r d u p l i c a t e p o i n t s of h y b r i d i s a t i o n 
t o the probe could be seen. 

4.1.6.3 D i f f e r e n t i a l Screening of Selected Clones 

Duplicate f i l t e r s of the lambda-cDNA l i b r a r y were 
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screened w i t h a r a d i o l a b e l l e d probe of the 24,26,28DAF cDNA 
l i b r a r y i n s e r t s a m p l i f i e d by PCR. Autoradiographs were 
developed a f t e r very b r i e f exposures (2 hours and 5 hours) 
and 50 p o s i t i v e plaques were i s o l a t e d ; the m a j o r i t y of the 
selected plaques e x h i b i t e d strong h y b r i d i s a t i o n t o the probe, 
w i t h a few plaques showing medium and weak h y b r i d i s a t i o n 
taken f o r comparison. The i n s e r t s from the recombinant phage 
i s o l a t e d from the secondary screens were a m p l i f i e d by PCR. 
When the PCR products were analysed on gel the r e s u l t s were 
u n c h a r a c t e r i s t i c of a normal PCR a m p l i f i c a t i o n , e x h i b i t i n g i n 
most cases a long smear of DNA and a d i f f u s e band of 
fragments of between 200 and 300bp. A m p l i f i c a t i o n of the 
stock s o l u t i o n s of the selected clones gave more concentrated 
s o l u t i o n s of phage p a r t i c l e s and the PCR a m p l i f i c a t i o n 
procedure was repeated, but gave a s i m i l a r PCR product (Fig. 
12). 80ul of each PCR product from the second a m p l i f i c a t i o n 
was run on gel w i t h size markers and 18DAF cDNA f o r a 
p o s i t i v e c o n t r o l (Figs.13a and 13b), and the DNA t r a n s f e r r e d 
t o n i t r o c e l l u l o s e f i l t e r s by Southern b l o t t i n g . The b l o t s 
were probed w i t h r a d i o l a b e l l e d 18DAF cDNA (Figs.13c and 13d). 
Although i t i s hard t o compare the clones w i t h each other, 
due t o large v a r i a t i o n s i n the concentrations of the 
a m p l i f i e d i n s e r t s , when comparing the gels and the 
autoradiographs i t i s c l e a r t h a t several clones are 
h y b r i d i s i n g very weakly t o the 18DAF cDNA, despite having a 
high concentration of DNA on the g e l . The clones showing 
the most obvious d i f f e r e n t i a l expression are 6, 8, 10, 21, 
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Figure 12. PCR a m p l i f i c a t i o n of stored phage p a r t i c l e 
s o l u t i o n s . 

Track 1: clone 1 i s o l a t e d from the f i r s t 24,26,28DAF cDNA 
l i b r a r y by screening w i t h a PCR-amplified l i b r a r y 
probe 

Track 2: P s t l - r e s t r i c t e d lambda DNA size marker 
Track 3: PCR a m p l i f i c a t i o n of the Leg J cDNA clone shown i n 

Fig. 5 a f t e r 4-5 months storage of the phage :. 

s o l u t i o n . 

I 2 3 

-339 bp 
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Figure 13. D i f f e r e n t i a l screening by Southern b l o t 
h y b r i d i s a t i o n of 50 selected clones from the 
f i r s t 24,26,28DAF cDNA l i b r a r y a m p l i f i e d by PCR. 

a) and b) Gel ele c t r o p h o r e s i s of PCR products (80ul of PCR 
product loaded per t r a c k ) 

Tracks 1 and 14: P s t l - r e s t r i c t e d lambda DNA size marker 
Tracks 2-13 and 15-26: PCR products from clones 1-25 (gel a) 

and clones 26-50 (gel b) 
Track 28: 18DAF f i r s t strand cDNA ( p o s i t i v e c o n t r o l ) ; 

c) and d) Southern b l o t analysis of gels a) and b) 
r e s p e c t i v e l y , probed w i t h r a d i o l a b e l l e d f i r s t 
s t rand 18DAF cDNA. 
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22, 25, 33, 35 and 43; the m a j o r i t y of these had shown strong 
h y b r i d i s a t i o n t o the 24,26,28DAF probe, the exceptions being 
43 (showing weak h y b r i d i s a t i o n ) and 6 and 25 (showing medium 
h y b r i d i s a t i o n ) . Five of these were chosen f o r subcloning: 6, 
8, 21, 33 and 35; 19, which hybridised s t r o n g l y t o the 18DAF 
cDNA was also taken f o r subcloning as a p o s i t i v e c o n t r o l . 
The remaining PCR products were run on gel and the area of 
electrophoresed DNA corresponding t o the area of 
h y b r i d i s a t i o n on the Southern b l o t was e l e c t r o e l u t e d , 
p u r i f i e d and subcloned i n t o E c oRI-restricted PUC18 using the 
method of Jung, Pestka and Pestka (1990). White transformed 
colonies were obtained from each subcloning experiment; 
however, sequencing of the plasmids demonstrated t h a t a l l of 
the i n s e r t sequences consisted of an i n t a c t EcoRI/NotI 
adaptor, a poly(A) t a i l of between 46 and 76bp and a second 
EcoRI/NotI adaptor, before the PUC18 sequence was resumed. 
There was no r e l a t i o n s h i p between the i n t e n s i t y of the 
h y b r i d i s a t i o n t o the 18DAF cDNA probe and the length of the 
subcloned poly(A) t a i l - the subclone of the p o s i t i v e c o n t r o l 
19 has 76 adenine bases, w h i l e the subclone of 8, which gave 
considerably weaker h y b r i d i s a t i o n t o the cDNA probe, 
contained 82 adenine bases. 

Further attempts t o subclone and sequence the PCR 
products of clones 8 and 35 gave c l o n i n g a r t i f a c t s of PUC18 
co n t a i n i n g one or more copies of the lambda PCR primers, 
extended by PCR t o the EcoRI s i t e s , i n c l u d i n g i n the case of 
the subclone of 35 a short (30bp) poly(A) sequence attached 
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an a t one end t o an EcoRI/NotI adaptor and at the other t o 
extended primer (Fig.14). Although subcloning experiments 
were repeated several times, no coding sequence was i s o l a t e d . 

Figure 14. A r t i f a c t u a l sequence obtained from the subcloning 
of the PCR product of clone 35 i s o l a t e d from the 
f i r s t 24,26,28DAF cDNA l i b r a r y i n t o EcoRI-
r e s t r i c t e d PUC18. 

EcoRI / NotI extended lambda 
GAATTCGCGGCCGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACTTATGAGTATTTCTT 

reverse primer EcoRI 
CCAGGGTAAAAAGCACTTATGAGTATTTCTTCCAAGGGTAAAAAGCGAATTC 

4.1.6.4 D i f f e r e n t i a l Screening of Selected Clones from the 
Second 24,26,28DAF Lambda-cDNA Library 

An a l i q u o t of the second newly-constructed lambda 
CDNA l i b r a r y was a m p l i f i e d by PCR. The PCR product was 
p u r i f i e d and up t o lug was r a d i o a c t i v e l y l a b e l l e d and used t o 
screen d u p l i c a t e f i l t e r s of ca.85,500 plaques from the 
iifimobilised l i b r a r y , t o i d e n t i f y those clones e x h i b i t i n g high 
expression a t t h i s developmental stage. 49 agar plugs were 
i s o l a t e d , the m a j o r i t y showing strong h y b r i d i s a t i o n t o the 
r a d i o a c t i v e probe but some showing a weaker s i g n a l f o r 
comparison (numbers 16̂ , 22, 26̂ , 38, 47 and 48). The phage 
p a r t i c l e s were e l u t e d and screened again t o i s o l a t e separate 
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p l a q u e s ; t h e s e were e l u t e d i n phage b u f f e r and t h e 49 

s o l u t i o n s were t i t r e d t o c a l c u l a t e an approximate niunber o f 

p f u / m l . 

A 20x20cm2 g r i d o f 49 squares (7x7) was drawn on 

t h e base o f a l a r g e (22. 5x22. Scm^) LB agar p l a t e . The agar 

was o v e r l a i d w i t h t o p agar c o n t a i n i n g C600Hfl b a c t e r i a , as 

d e s c r i b e d i n s e c t i o n 3.8, and a 50ul a l i q u o t o f an 

a p p r o p r i a t e d i l u t i o n o f each phage s o l u t i o n was added t o one 

o f t h e squares (one c l o n e p e r square) t o g i v e a c o n c e n t r a t e d 

area o f a d s o r p t i o n w e l l s e p a r a t e d from t h e o t h e r drops o f 

phage s o l u t i o n . When t h e l i q u i d was f u l l y adsorbed, t h e 

p l a t e was i n v e r t e d and i n c u b a t e d t o a l l o w development o f 

plaques w h i c h were t h e n i m m o b i l i s e d on d u p l i c a t e 

n i t r o c e l l u l o s e f i l t e r s . One f i l t e r was screened w i t h t h e 

r a d i o l a b e l l e d a m p l i f i e d l i b r a r y o f 24,26,28DAF cDNA, t h e 

second w i t h r a d i o l a b e l l e d IBDAF cDNA ( F i g s 15a and 15b). 

A l t h o u g h t h e f i r s t f i l t e r screened w i t h t h e 24,26,28DAF cDNA 

a m p l i f i e d probe gave a much s t r o n g e r r a d i o a c t i v e s i g n a l t h a n 

t h e second f i l t e r probed w i t h t h e 18DAF cDNA, t h e screen 

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

24,26,28DAF l i b r a r y PGR probe b u t not t o t h e 18DAF cDNA probe 

( 3 , 5, 6, 10, 12, 14-17, 19-25, 29-37, 39, 41, 42, 44-47, 

4 9 ) , o t h e r s which showed f a i n t h y b r i d i s a t i o n t o t h e 18DAF 

cDNA probe ( 1 , 7-9, 18, 28, 40, 43) and a few which showed 

r e l a t i v e l y s t r o n g h y b r i d i s a t i o n t o b o t h probes {2, 4, 13̂ , 

26, 27, 38, 4 8 ) . 
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F i g u r e 15. D i f f e r e n t i a l screen o f 49 s e l e c t e d clones i s o l a t e d 

f rom t h e second 24,26,28DAF cDNA l i b r a r y . Clones 

were i n u n o b i l i s e d on n i t r o c e l l u l o s e f i l t e r s and 

screened w i t h : 

a) 24,26,28DAF cDNA l i b r a r y a m p l i f i e d by PGR; 

b) 18DAF CDNA. 

(Clone numbers r u n from l e f t t o r i g h t as i n d i c a t e d ) 
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4.1.6.5 A n a l y s i s and Subcloning of D i f f e r e n t i a l l y - e x p r e s s e d 

Clones I s o l a t e d from the Second 24,26,28DAF cDNA 

L i b r a r y 

The phage s o l u t i o n s o f a number o f clones which 

e x h i b i t e d s t r o n g h y b r i d i s a t i o n t o t h e 24,26,28DAF probe and 

weak o r no h y b r i d i s a t i o n t o t h e 18DAF cDNA probe were 

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

recombinant lambda DNA was t h e n a m p l i f i e d and i s o l a t e d f o r 

a n a l y s i s by t h e lambda m i n i p r e p procedure. R e s t r i c t i o n 

a n a l y s i s o f t h e r e s u l t a n t DNA showed t h a t t h e m a j o r i t y o f 

c l o n e s had l o s t one o r b o t h EcoRI c l o n i n g s i t e s , a r e s u l t 

a l r e a d y n o t e d w i t h cDNA c l o n e s from t h i s l i b r a r y i s o l a t e d 

u s i n g t h e Em probe. M i n i p r e p a r a t i o n s were r e s t r i c t e d w i t h 

B g l l l + H i n d l l l w hich s h o u l d g i v e a r e s t r i c t i o n fragment 

c o n t a i n i n g t h e cDNA i n s e r t w i t h i n 240 and 900bp o f lambda 

DNA (see F i g . 6 ) , g i v i n g an i n s e r t which i s easy t o see and 

i s o l a t e on g e l . R e s t r i c t i o n a n a l y s i s o f t h e prepared 

recombinant DNA showed t h a t i n t h e m a j o r i t y o f cases t h e 

r e s t r i c t i o n fragment o f 1140bp lambda DNA p l u s t h e cDNA 

i n s e r t r a n j u s t above o r l e v e l w i t h an 1159bp fragment i n t h e 

lambda P s t I marker; o f t h e 35 clones a m p l i f i e d and prepared 

o n l y one - 46 - had a s u b s t a n t i a l cDNA i n s e r t o f ca.770bp 

w i t h i n t h e a p p r o p r i a t e r e s t r i c t i o n fragment, t h e o t h e r s 

a p p e a r i n g t o have no i n s e r t s o r i n s e r t s o f l e s s t h a n 50bp 

( F i g . 1 6 ) . As w e l l as th o s e c l o n e s e x h i b i t i n g weak o r no 

h y b r i d i s a t i o n t o t h e 18DAF cDNA probe, a lambda m i n i p r e p o f a 
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F i g u r e 16. R e s t r i c t i o n a n a l y s i s o f recombinant lambda DNA 

f r o m t h r e e c l o n e s i s o l a t e d from a d i f f e r e n t i a l 

s creen o f t h e second 24,26,28DAF cDNA l i b r a r y . 

The c l o n e s were r e s t r i c t e d w i t h B g l l l + H i n d l l l ; 

markers i n d i c a t e t h e r e s t r i c t i o n fragments which 

c o n t a i n t h e c l o n i n g s i t e . 

Track 1: c l o n e 18 

Track 2: E c o R I / H i n d l l l r e s t r i c t e d lambda DNA s i z e marker 

Track 3: c l o n e 37 

Track 4: c l o n e 46. 

1 2 3 4 

-1900 
hll60bp 
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phage s o l u t i o n whose recombinant plaques showed s t r o n g 

h y b r i d i s a t i o n t o t h e 18DAF cDNA probe (4) was tak e n as a 

p o s i t i v e c o n t r o l ; r e s t r i c t i o n a n a l y s i s o f t h e recombinant DNA 

showed a s i m i l a r l a c k o f i n s e r t . 

The ca.l900bp B g l l l / H i n d l l l r e s t r i c t i o n fragment 

f r o m t h e p r e p a r a t i o n o f c l o n e 46 was i s o l a t e d and subcloned 

i n B a m H I / H i n d l l l - r e s t r i c t e d PUC18. P a r t i a l sequencing and 

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

t h a t b o t h EcoRI c l o n i n g s i t e s were f u n c t i o n a l and t h e cDNA 

i n s e r t was e x c i s e d from t h e p l a s m i d and subcloned i n t o EcoRI-

r e s t r i c t e d PUC18 t o g i v e t h e p l a s m i d PM46. The p l a s m i d was 

sequenced i n b o t h d i r e c t i o n s t o g i v e a 78 7bp sequence which 

matched w i t h t h e f i r s t p a r t i a l sequence ( F i g . 1 7 ) . The 

sequence b e g i n s w i t h an i n t a c t EcoRI s i t e from t h e EcoRI/NotI 

a d a p t o r b u t o n l y 3bp o f t h e N o t I s i t e ; t h i s i s f o l l o w e d by 

770bp o f sequence, a p p a r e n t l y r e p r e s e n t i n g a p a r t i a l cDNA, 

w i t h a deduced open r e a d i n g frame o f 248bp i n c l u d i n g a stop 

s i t e TAA. When t h e n u c l e o t i d e sequence o f PM46 was checked 

a g a i n s t e n t r i e s i n t h e EMBL Database l i m i t e d areas o f 

homology were seen t o sequences from r i c e and tobacco 

c h l o r o p l a s t genome DNA and t o a l a t e embryogenesis abundant 

gene, LEAS, fro m c o t t o n . However, a comparison o f t h e 

deduced amino a c i d sequence w i t h c o d i n g sequences i n t h e 

SwissProt database d i d n o t i d e n t i f y any o f these o r o t h e r 

p l a n t sequences as showing h i g h homology t o t h e i s o l a t e d 

c l o n e . 
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F i g i i r e 17. Sequence o f t h e p a r t i a l cDNA i n s e r t from c l o n e 

PM46, i s o l a t e d and subcloned from t h e second 

24,26,28DAF cDNA l i b r a r y . 

PM46 AAAAAACGGGGCGTGGGCAACGAGTCACCATGTCAATGCAGGATGCCGTA 50 
AA K T G R G Q R V T M S M Q D A V 

PM46 TTGAACCTTTGCCGCGTGAAATTACGTGACCAGCAGCGTCTCGATAAATT 100 
AA L N L C R V K L R D Q Q R L D K L 

PM46 GGGTTATCTGGAAGAATACCCGCAGTATCCGAATGGTACATTTGGTGATG 150 
AA G Y L E E Y P Q Y P N G T F G D 

PM46 CAGTTCCCCGCGGTGGTAATGCAGGTGGTGGCGGTCAGCCTGGCTGGATC 200 
AA A V P R G G N A G G G G Q P G W I 

PM46 CTGAAATGTAAAGGTCGCTATTTCAGTAGCGAAAAAAGTAAAATATAAAA 250 
AA L K C K G R Y F S S E K S K I * 

PM46 GTCTGACTCGCTATGTGCTGCTTTCGGTGTGCATCTCAACGGTTGTTAAC 300 

PM46 CTGCTTACTATCAGCCCGTTGCGTAACAGTGATTCTTTTGTGACAGAGGG 350 

PM46 GCAGTGGTTAACGTTTAAATCGATAATTGCATTGCTCATTCTTTGTGGCG 400 

PM46 TAGTGTTGGCGATTAATCTGTTTTTCTGCGCTTCTCCAAGCGGTACGCTT 450 

PM46 TTCTGGGCAGGCTTTTTTTGCAGGAAATCGATCTGTTTTTCTCCAGTGAA 500 

PM46 AATGCGTTGTCGACCTTTTTTGCCAAGCCGCTTTGGCTTCGGTTATTCAT 550 

PM46 ATTGCTGGTTATTGAAGTGATGTGGATTACGCTGGTGTCGGTATTGGCAA 600 

PM46 CGCTTGTAGAATGGCGGATTTGGTTTGAAGCCTATTTTTTACTCTGCTAT 650 

PM46 GTACCGTGCTTAATTTACTATTTTTTCTATTGTCGATTCCTCTGGCATAA 700 

PM46 CGATTTTATGATGGCATGTGACATGTATTTCCGTTGGGGGCATTTTAATA 750 

PM46 AGTGAGGAAGTGAT 764 

The ca.lieobp B g l l l / H i n d l l l r e s t r i c t i o n fragments 

f r o m DNA p r e p a r a t i o n s o f c l o n e s 18 and 32 ( F i g . 1 6 ) were a l s o 

i s o l a t e d , subcloned i n t o B a m H I / H i n d l l l - r e s t r i c t e d PUC18 and 
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p a r t i a l l y sequenced. 3̂ 7 showed medium h y b r i d i s a t i o n t o t h e 

24,26,28DAF probe and no d e t e c t a b l e h y b r i d i s a t i o n t o the 

18DAF cDNA probe, w h i l e 18 showed s t r o n g h y b r i d i s a t i o n t o the 

24,26,28DAF probe and f a i r l y weak b u t c l e a r b i n d i n g t o t h e 

18DAF probe. The sequence showed 240bp i n t a c t lambda DNA up 

t o t h e EcoRI c l o n i n g s i t e , a s l i g h t l y damaged EcoRI s i t e , 

t h e n p o r t i o n s o f two N o t I s i t e s and another damaged EcoRI 

s i t e b e f o r e t h e lambda DNA sequence resumed ( F i g . 1 8 ) . 

F i g u r e 18. Sequences o f t h e c l o n i n g s i t e s o f two clones 

i s o l a t e d from t h e second 24,26,28DAF cDNA l i b r a r y , 

showing a l o s s o f cDNA i n s e r t s . 

a) C l o n i n g s i t e o f normal c l o n e , | d e n o t i n g 

p o s i t i o n o f cDNA i n s e r t ; sequence f l a n k e d by 

lambda DNA ( ) ; 

b) Clone 18̂ , f l a n k e d by lambda DNA; 

c) Clone 37, f l a n k e d by lambda DNA. 

a) GAATTCGCGGCCGC j GCGGCCGCGAATC-

b) GAATTGGCGGCCG GGCCGAAATC-

C ) GAATTGGCGGCCG GGCCGAAATC-
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4.2 DISCUSSION 

4.2.1 Construction of a cDNA L i b r a r y from D e s i c c a t i n g Pea 

Cotyledons 

The problems e x p e r i e n c e d w i t h t h e c l o n i n g o f cDNA 

from c o t y l e d o n s i n t o PUC18 seem t o r e s t w i t h t h e attachment 

o f a d a p t o r s o r l i n k e r s t o t h e cDNA and subsequent r e s t r i c t i o n 

o f t h e l i n k e r s . The f i r s t problem can be e x p l a i n e d by t h e 

s t a t e o f t h e ends o f t h e cDNA. A l t h o u g h t h e cDNA s y n t h e s i s 

p rocedure i n c l u d e s a 10 minute i n c u b a t i o n w i t h T4 DNA 

polymerase i t i s p o s s i b l e t h a t t h i s s t e p i s not s u f f i c i e n t t o 

g i v e b l u n t ends on a l l o f t h e cDNA i n s e r t s , i n h i b i t i n g b l u n t 

end l i g a t i o n t o t h e N o t I s i t e o f t h e EcoRI/NotI adaptor. 

T h i s would e x p l a i n t h e r e l a t i v e l y s m a l l q u a n t i t i e s o f adapted 

cDNA observed, d e s p i t e an excess o f adap t o r s i n t h e l i g a t i o n 

r e a c t i o n . T h i s problem i s decreased s l i g h t l y when u s i n g 

EcoRI and BamHI l i n k e r s , as t h e end l a b e l l i n g o f t h e cDNA 

w i t h Klenow enzyme may produce a l a r g e r p r o p o r t i o n o f b l u n t 

ends. The i n a b i l i t y t o c l o n e cDNA i n t o PUC18 u s i n g t h e 8mer 

EcoRI l i n k e r s may be e x p l a i n e d by i n e f f i c i e n t r e s t r i c t i o n o f 

t h e EcoRI s i t e s when a t t a c h e d t o t h e cDNA i n s e r t s : a l t h o u g h 

t h e c o n t r o l l i n k e r check experiment demonstrated t h a t t h e 

l i n k e r s were r e s t r i c t e d e f f i c i e n t l y by EcoRI when 

conca t a m e r i s e d , o t h e r workers have noted t h a t r e s t r i c t i o n o f 

s i t e s a t t h e extreme ends o f DNA i s o f t e n i n h i b i t e d (see 

Jung, Pestka and Pestka, 1990). R e s t r i c t i o n o f t h e l o n g e r 

BamHI 12mer l i n k e r s appeared t o be e f f i c i e n t , however, and 
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enabled t h e c l o n i n g o f 18DAF cDNA i n s e r t s i n PUC18, t h e 

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

o f f u l l l e n g t h cDNAs had been clo n e d . The i n a b i l i t y t o clone 

24,26,28DAF cDNA i n t h e same manner must t h e r e f o r e be due t o 

th e q u a l i t y o f t h e 24,26,28DAF cDNA. I t was noted t h a t 

24,26,28DAF t o t a l RNA gave a s i g n i f i c a n t l y s m a l l e r y i e l d o f 

poly(A)+RNA p e r mg t o t a l RNA t h a n 18DAF t o t a l RNA ( F i g s . 2 , 3 

and 4 ) . I t has been e s t a b l i s h e d t h a t l e v e l s o f t o t a l mRNA 

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

c e r t a i n amount o f d e g r a d a t i o n o f mRNA due b o t h t o t h e 

developmental programme and t o damage from d e s i c c a t i o n . cDNA 

s y n t h e s i s f r o m 24,26,28DAF poly(A)+RNA was l e s s e f f i c i e n t 

t h a n t h a t f r o m 18DAF poly(A)+RNA - ca.0.45ug cDNA b e i n g 

produced p e r ug 24,26,2aDAF poly(A)+RNA as opposed t o 2ug 

cDNA p e r ug 18DAF poly(A)+RNA. I t i s p o s s i b l e t h a t t h e mRNA 

fro m d e s i c c a t i n g c o t y l e d o n s has s l i g h t l y damaged ends due t o 

th e a p p a r e n t l y h i g h l e v e l s o f mRNA d e g r a d a t i o n a t t h i s seed 

age, and, f u r t h e r , t h e mRNA may experienc e g r e a t e r 

d e g r a d a t i o n on i s o l a t i o n and/or form secondary s t r u c t u r e s 

w h i c h produce low y i e l d s o f cDNA w i t h uneven ends, t o which 

e i t h e r BamHI and EcoRI l i n k e r s w i l l n o t a t t a c h , o r which w i l l 

i n h i b i t l i n k e r r e s t r i c t i o n and c l o n i n g i n t o r e s t r i c t e d PUC18. 

The 24,26,28DAF cDNA used f o r t h e l i b r a r y 

c o n s t r u c t e d i n lambda g t l O was i n c u b a t e d w i t h T4 DNA 

polymerase f o r 30 minutes a f t e r cDNA s y n t h e s i s r a t h e r t h a n 

t h e suggested 10 mi n u t e s , t o g i v e a h i g h e r p r o p o r t i o n o f 

b l u n t ends. cDNA was a l s o s e p a r a t e d from f r e e n u c l e o t i d e s 
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w h i c h may i n h i b i t l i g a t i o n on a Sephadex column b e f o r e 

l i g a t i o n t o EcoRI/NotI a d a p t o r s . L i g a t i o n o f t h e cDNA t o t h e 

ad a p t o r s and t o t h e pr e p a r e d lambda c l o n i n g v e c t o r was 

s u c c e s s f u l , a l t h o u g h t h e c l o n i n g e f f i c i e n c y was a t l e a s t 10-

f o l d l o w e r t h a n expected, p o s s i b l y due t o a low p r o p o r t i o n o f 

a d a p t i o n o f t h e cDNA. Screening o f t h i s f i r s t cDNA l i b r a r y 

w i t h a probe f o r t h e Leg J gene demonstrated t h a t t h e 

messages h y b r i d i s i n g t o t h e Leg J sequence are pr e s e n t i n 

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

w o r k e r s (Thompson et al, 1989; Thompson et al, 1991). The 

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

t h e plaques h y b r i d i s i n g t o t h e probe c o u l d be e x p l a i n e d by 

t h e presence o f messages f o r Leg L, whose h y b r i d i s a t i o n t o 

t h e probe may be s l i g h t l y weaker t h a n t h a t t o t h e Leg J 

message, and a l s o by t h e presence o f p a r t i a l cDNAs o f t h e Leg 

J s u b f a m i l y . 

The use o f t h e Qiagen m i d i p r e p system was found t o 

be u n r e l i a b l e ; p r e p a r a t i o n s o f lambda DNA were o b t a i n e d and 

c o u l d be r e s t r i c t e d b u t t h e y i e l d s were v e r y s m a l l , and as 

t h e i n s e r t s formed o n l y a s m a l l p r o p o r t i o n o f t h e t o t a l 

l e n g t h o f lambda DNA, t h e y c o u l d not be i s o l a t e d from 

m i d i p r e p r e s t r i c t i o n s f o r s u b c l o n i n g . Other workers have 

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

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

DNA p r e p a r a t i o n . PGR a m p l i f i c a t i o n u t i l i s i n g p r i m e r s i t e s on 

e i t h e r s i d e o f t h e lambda-gtlO c l o n i n g s i t e gave a b e t t e r 

y i e l d o f i n s e r t DNA i s o l a t e d from t h e s u r r o u n d i n g lambda DNA. 
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A m p l i f i c a t i o n o f s e v e r a l o f t h e Leg J clones from t h e l i b r a r y 

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

as w e l l as p a r t i a l cDNAs. 

The e f f i c i e n c y o f cDNA s y n t h e s i s from poly(A)+RNA 

i s o l a t e d u s i n g t h e P o l y A T t r a c t system was n o t i c e a b l y h i g h e r 

t h a n f r o m t h a t i s o l a t e d by spun column chromatography, g i v i n g 

c a . l u g cDNA p e r ug 24,26,28DAF poly(A)+RNA. The speed and 

e f f i c i e n c y o f t h i s i s o l a t i o n procedure s h o u l d g i v e p o l y ( A ) + 

RNA w i t h no f u r t h e r d e g r a d a t i o n t h a n t h a t a l r e a d y p r e s e n t i n 

t h e seed. However, t h e c l o n i n g e f f i c i e n c y o f t h e cDNA i n t h e 

c o n s t r u c t i o n o f t h e second cDNA l i b r a i r y was no h i g h e r t h a n 

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

t h a t t h e r e may s t i l l be a problem w i t h t h e l i g a t i o n o f t h e 

ad a p t o r s t o t h e cDNA o r o f t h e adapted cDNA t o t h e c l o n i n g 

v e c t o r . I t i s p o s s i b l e t h a t t h e sample o f poly(A)+RNA 

c o n t a i n e d a h i g h l e v e l o f RNase, c a r r i e d o ver d u r i n g t h e 

i s o l a t i o n process f r o m t h e presumably h i g h l e v e l s d i r e c t i n g 

mRNA d e g r a d a t i o n i n t h e d e s i c c a t i n g seed; t h i s c o u l d have 

a c t e d t o g i v e damaged ends o r a c e r t a i n degree o f d e g r a d a t i o n 

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

mRNA i s o l a t i o n system t o produce cDNA w i t h a h i g h c l o n i n g 

e f f i c i e n c y . The l e v e l o f RNase i n poly(A)'^RNA samples o f 

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

w i t h RNA f o l l o w e d by g e l e l e c t r o p h o r e s i s t o determine whether 

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

be t a k e n i n f u t u r e c l o n i n g a t t e m p t s . 

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

c h l o r o f o r m used was a l a r g e communal s u p p l y ; i t was concluded 

t h a t t h e s t o c k s o l u t i o n must have been contaminated w i t h some 

o t h e r chemical t h a t was d e l e t e r i o u s t o lambda p a r t i c l e s . 

T h i s e f f e c t had been noted i n t h e past by o t h e r workers. I t 

was a l s o observed i n these experiments t h a t t h e a d d i t i o n o f 

f r e s h c h l o r o f o r m reduced t h e t i t r e o f phage p a r t i c l e s , 

a l t h o u g h n o t so c o m p l e t e l y as t h e c h l o r o f o r m used i n t h e 

l i b r a r y c o n s t r u c t i o n . U n f o r t u n a t e l y t h e chlorofoinm was not 

i d e n t i f i e d as t h e cause o f t h e problem u n t i l a l l o f t h e 

lambda arms had been used. Thus t h e second cDNA l i b r a r y was 

o n l y s l i g h t l y l a r g e r t h a n t h e f i r s t ; n e v e r t h e l e s s , due t o t h e 

use o f t h e P o l y A T t r a c t i s o l a t i o n system i t was assumed t h a t 

t h e l i b r a r y would be o f good q u a l i t y and c o n t a i n a l a r g e 

p r o p o r t i o n o f f u l l l e n g t h cDNAs. 

The s c r e e n i n g o f t h e second lambda cDNA l i b r a r y 

w i t h PJC5.2 s u p p o r t s t h e assumption t h a t t h e l i b r a r y 

c o n t a i n e d a g r e a t e r d i v e r s i t y o f messages, as t h e messages 

wh i c h h y b r i d i s e d t o t h e Leg J sequence formed a s m a l l e r 

p e rcentage o f t h e l i b r a r y . However, i s o l a t i o n o f clones w i t h 

homology t o t h e Leg J probe by b o t h PGR a m p l i f i c a t i o n and 

lambda m i n i p r e p a r a t i o n gave no i n s e r t s above 900bp, 

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

p a r t i a l cDNAs. 
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4.2.2 The Occurrence of Seed and Put a t i v e S t r e s s P r o t e i n 

Messages i n D e s i c c a t i n g Pea Cotyledons 

4.2.2.1 Cowpea T r y p s i n I n h i b i t o r P r o t e i n 

The r e s u l t s i n d i c a t e t h a t n e i t h e r o f t h e cDNA 

l i b r a r i e s c o n s t r u c t e d f r o m cDNA from 24,26,28DAF d e s i c c a t i n g 

pea c o t y l e d o n s c o n t a i n e d sequences possessing s u f f i c i e n t 

homology t o t h e CpTI probe t o a l l o w b i n d i n g . T h i s does not 

n e c e s s a r i l y r u l e o u t t h e presence o f a gene w i t h s i m i l a r i t y 

t o t h e cowpea CpTI gene i n t h e pea genome: a l t h o u g h i n cowpea 

t h e p r o t e i n accumulates d u r i n g l a t e seed d e s i c c a t i o n (J.A. 

Gatehouse, u n p u b l i s h e d ) i t i s p o s s i b l e t h a t a pea cDNA w i t h 

homology t o t h e CpTI sequence occurs a t a v e r y low abundance 

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

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

such low abundance; o r such a message may be absent d u r i n g 

t h i s s t age o f development b u t p r e s e n t i n t h e seed o r p l a n t 

t i s s u e s a t o t h e r t i m e s . The r e s u l t s a l s o do n ot p r e c l u d e t h e 

presence i n t h e pea seed o f a d i f f e r e n t p r o t e a s e i n h i b i t o r 

s p e c i f i c t o pea which may be expressed d u r i n g l a t e 

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

h e t e r o l o g o u s cowpea probe. T h i s i s d i s c u s s e d f u r t h e r i n 

Chapter 5. 

4.2.2.2 Pea PSMTA 

The PsMTj^ t r a n s c r i p t has p r e v i o u s l y been i s o l a t e d 

f r o m pea r o o t , l e a f and 14DAF c o t y l e d o n s (Evans e t a i , 1990). 
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The i n a b i l i t y t o i s o l a t e a c l o n e w i t h homology t o t h e PSMTA 

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

d e s i c c a t i n g c o t y l e d o n s i n d i c a t e s t h a t PsMT^ i s e i t h e r r a r e o r 

absent i n t h e mRNA p o p u l a t i o n o f mature d e h y d r a t i n g 

c o t y l e d o n s and so cannot be c l a s s e d as a l a t e embryogenesis 

abundant gene. The changes i n PsMT^ t r a n s c r i p t l e v e l s i n the 

seed are i n v e s t i g a t e d f u r t h e r i n Chapter 5. 

4.2.2.3 Wheat Em P r o t e i n 

I n a l l h y b r i d i s a t i o n experiments t o t h e wheat Em 

subclone t h e r a d i o a c t i v e probe bound s t r o n g l y t o t h e 

a p p a r e n t l y p o s i t i v e plaques w i t h a low s t r i n g e n c y washing and 

t h i s s t r e n g t h o f h y b r i d i s a t i o n was r e t a i n e d t h r o u g h o u t DNA 

p r e p a r a t i o n and s u b c l o n i n g . I n a l l cases t h e clones which 

h y b r i d i s e d t o t h e Em probe were s h o r t and a l o n g p o l y ( A ) t a i l 

made up most i f n o t a l l o f t h e i r l e n g t h . I f a gene w i t h some 

amino a c i d and n u c l e o t i d e sequence homology t o t h e wheat Em 

message d i d e x i s t i n t h e pea genome, i t i s u n l i k e l y t h a t t h e 

3' u n t r a n s l a t e d sequence would be conserved - no homology i s 

seen between t h e 3' f l a n k i n g sequences o f t h e Em genes from 

t h e more c l o s e l y r e l a t e d wheat and maize ( L i t t s e t al, 1987; 

L i t t s e t al, 1992). I t can t h e r e f o r e be concluded t h a t t h e 

probe was h y b r i d i s i n g t o c l o n e s c o n t a i n i n g l o n g p o l y ( A ) t a i l s 

o f between 50 and lOObp and n o t t o any s p e c i f i c sequence 

w h i c h bore homology t o t h e Em c o d i n g sequence. The plaques 

i s o l a t e d from t h e l i b r a r y screen were those showing t h e 

s t r o n g e s t h y b r i d i s a t i o n t o t h e Em probe; consequently, i f any 
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pea sequence e x i s t s which shows homology t o t h e wheat Em LEA 

message t h e homology i s e i t h e r v e r y weak and h y b r i d i s a t i o n 

between t h e probe and cDNA can be broken by washing a t SxSSC, 

0.1%SDS a t 65°C, o r t h e sequence i t s e l f i s r a r e o r absent a t 

t h i s d evelopmental s t a g e , i n c o n t r a s t t o t h e e x p r e s s i o n o f 

Em-like genes i n o t h e r p l a n t s . The presence i n pea seeds o f 

a message w i t h homology t o t h e wheat Em sequence i s discussed 

f u r t h e r i n Chapter 5. 

4.2.3 An I n v e s t i g a t i o n of cDNAs Coding f o r Pea U b i q u i t i n 

4.2.3.1 Attempted I s o l a t i o n of U b i q u i t i n Clones from the 

Second 24,26,28DAF cDNA L i b r a r y 

From t h e r e s u l t s i t i s c l e a r t h a t u b i q u i t i n 

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

24,26,28DAF, a l t h o u g h t h e y do n ot appear t o be p a r t i c u l a r l y 

abundant a t t h i s d evelopmental stage, f o r m i n g a p p r o x i m a t e l y 

SxlO-H and 1.4X10-H o f t h e cDNA c o n t e n t o f t h e f i r s t and 

second cDNA l i b r a r i e s r e s p e c t i v e l y . However, i n s p i t e o f t h e 

presence o f lambda-cDNA c l o n e s showing s t r o n g h y b r i d i s a t i o n 

t o t h e p o l y u b i q u i t i n probe, u b i q u i t i n sequences c o u l d not be 

i s o l a t e d e a s i l y from t h e second cDNA l i b r a r y . As w i t h t h e 

r e s u l t s f r o m t h e Em scre e n , r e s t r i c t i o n a n a l y s i s showed t h a t 

b o t h EcoRI s i t e s i n t h e c l o n i n g adaptors had been l o s t , which 

made e x c i s i o n o f t h e c l o n e s f o r s u b c l o n i n g and sequencing 

d i f f i c u l t . However, a f u r t h e r problem was noted w i t h t h e 

c o n t i n u e d g r o w t h and p r e p a r a t i o n o f i n s e r t DNA - i n s e r t s were 
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c o n t i n u a l l y being l o s t or shortened during f u r t h e r growth, 

lambda mini-preparations and subcloning. I n the primary 

s c r e e n of the f i r s t lambda cDNA l i b r a r y the plugs which were 

e l u t e d contained approximately 10 plaques, i n c l u d i n g the 

p o s i t i v e plaque. Yet on secondary screens of f i l t e r s 

c o n t a i n i n g between 100 and 200 plaques, only one or two 

plaques on each f i l t e r showed h y b r i d i s a t i o n to the 

p o l y u b i q u i t i n probe. Further, when white c o l o n i e s obtained 

by transformation of DHSalphaME c e l l s with r e s t r i c t i o n 

fragments containing the i n s e r t DNA were grown overnight at 

37°C f o r colony h y b r i d i s a t i o n , i t was noted that over h a l f of 

the white c o l o n i e s turned p a r t i a l l y blue, although they s t i l l 

gave a strong s i g n a l when h y b r i d i s e d to the r a d i o l a b e l l e d 

PCUl i n s e r t . T h i s phenomenon was not observed i n the 

subcloning of other types of cDNA. I t i s p o s s i b l e that the 

p o l y u b i q u i t i n cDNA i s unstable i n the lambda-gtlO clones 

during storage and propagation - being composed of tandem 

repeats i t would be e s p e c i a l l y s u s c e p t i b l e to recombination 

i f allowed by the host bacterium - and that some or a l l of 

the p o l y u b i q u i t i n coding sequence was 'jumping out' of the 

lambda DNA during growth and r e p l i c a t i o n . The c e l l s provided 

with the lambda-gtIO Protoclone cloning k i t for maintenance 

and s c r e e n i n g of cDNA l i b r a r i e s are not i d e n t i f i e d i n the k i t 

p r o t o c o l as RecA". A s i m i l a r l a c k of s t a b i l i t y of 

p o l y u b i q u i t i n was proposed f o r p o l y u b i q u i t i n messages from 

y e a s t c e l l s (Ozkaynak et al, 1987); these workers f i r s t 

i s o l a t e d a p o l y u b i q u i t i n clone containing 6 u b i q u i t i n repeats 
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from a lambda-gtll l i b r a r y , but a l a t e r i s o l a t i o n (presumably 

from the same gene as yea s t i s thought to have only one 

p o l y u b i q u i t i n gene) from a plasmid-based l i b r a r y y i e l d e d a 

sequence of 5 repeats. However, they a l s o s t a t e d that the 

d i f f e r e n c e i n repeat number may be a case of n a t u r a l 

v a r i a t i o n between y e a s t s t r a i n s . 

4.2.3.2 I s o l a t i o n of Two Pea Ubiquitin Extension Protein cDNA 
Clones from the F i r s t 24,26,28DAF cDNA Library 

Screening of the f i r s t cDNA l i b r a r y with a 

p o l y u b i q u i t i n probe was more s u c c e s s f u l , producing cDNA 

clones whose sequences corresponded very w e l l to those of the 

two i d e n t i f i e d u b i q u i t i n extension p r o t e i n s , seen i n other 

s p e c i e s to be involved i n ribosome biogenesis, with the t a i l 

p r o t e i n s forming part of the ribosomes and the u b i q u i t i n 

a c t i n g t emporarily as a 'chaperone' ( F i n l e y , B a r t e l and 

Varshavsky, 1989). The u b i q u i t i n amino a c i d sequences are 

t o t a l l y conserved with those of other plant s p e c i e s although, 

as i n most cas e s , there i s some divergence a t the nucleotide 

sequence l e v e l . The two t a i l p r o t e i n sequences are al s o very 

h i g h l y conserved with s i m i l a r t a i l s from s e v e r a l other 

s p e c i e s . I n the small number of sequences analysed i n Tables 

1 and 2 the highest degree of t a i l amino a c i d conservation 

appears to be w i t h i n p l a n t s (52 amino a c i d t a i l s , pea PCU3 

and A.thaliana; 76-81 amino a c i d t a i l s , pea PCU4, A.thaliana, 

tomato and potato), w i t h i n animals (52 amino a c i d t a i l s , 

hiaman and Drosophila) and between p l a n t s and animals. A 
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s l i g h t l y lower l e v e l of conservation i s seen between the 52-

53 r e s i d u e t a i l s of p l a n t s and animals and those of the alga 

Chlamydomonas reinhardii or the yeast Saccharomyces 

cerevisiae, with the protozoa Tetrahymena pyrifozrmis showing 

the l e a s t conservation of amino a c i d sequence. I n the 76-81 

residue t a i l the yea s t sequence shows a considerably lower 

l e v e l of homology to the p l a n t sequences, although over a 

quart e r of the d i s p a r a t e r e s i d u e s are i n the l a s t 8 amino 

a c i d s of the yea s t sequence ( F i g . 1 1 ) . Despite v a r i a t i o n i n 

amino a c i d s , the p o s i t i o n s w i t h i n the two t a i l types of the 

p u t a t i v e n u c l e a r l o c a l i s a t i o n s i t e and the proposed c y s t e i n e -

r i c h z i n c - b i n d i n g n u c l e i c a c i d binding domain are conserved 

i n a l l c a s e s except i n a 52 residue-type t a i l i s o l a t e d from 

tobacco, which has an i n s e r t of 20 amino a c i d s (reviewed by 

Pollmann, Kampen and Wettern, 1991). T h i s high conservation 

between very d i f f e r e n t organisms has been taken to imply a 

s i m i l a r i t y of function of the u b i q u i t i n extension proteins of 

d i f f e r e n t s p e c i e s (Ozkaynak et al, 1987; Baker and Board, 

1991; Pollmann, Kampen and Wettern, 1991). I t may therefore 

be assumed t h a t the pea u b i q u i t i n extension p r o t e i n s coded by 

these cDNAs are involved i n ribosome biogenesis, with the 

u b i q u i t i n p o s s i b l y performing some f u r t h e r function i n the 

c e l l a f t e r i t s a s s o c i a t e d t a i l p r o t e i n has been incorporated 

i n t o a ribosomal subunit. Ribosomal RNA and ribosomes have 

been shown to be s y n t h e s i s e d during seed growth and 

maturation and sto r e d i n the d r i e d seed f o r use upon 

germination (reviewed by Payne, 1976). Thus the presence of 
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messages coding fo r the u b i q u i t i n extension p r o t e i n s , 

assuming they are used i n ribosome production, i s co n s i s t e n t 

with the c o n s t i t u t i v e expression of these extension proteins 

to b u i l d up ribosomes both f o r use and storage, and a l s o 

perhaps to form part of the lo n g - l i v e d mRNA f r a c t i o n to allow 

r a p i d s y n t h e s i s of ribosomal proteins upon germination. The 

apparently low l e v e l of t r a n s c r i p t s h y b r i d i s i n g to the 

u b i q u i t i n probe seen i n the l i b r a r y screens may be due to a 

n a t u r a l l y low l e v e l of of p o l y u b i q u i t i n and u b i q u i t i n 

extension p r o t e i n expression: Causing and B a r k a r d o t t i r (1986) 

found t h a t higher p l a n t s seem to have a low l e v e l of 

u b i q u i t i n , determined by antibody p r e c i p i t a t i o n , while a 

number of r e s e a r c h e r s have shown that u b i q u i t i n extension 

p r o t e i n messages are only abundant i n a c t i v e l y d i v i d i n g c e l l s 

or t i s s u e (reviewed by Garbarino, Rockhold and Belknap 

(1992). A l t e r n a t i v e l y , i t may be due to a general lower 

l e v e l of expression as the seed d e s i c c a t e s and the RNA and 

p r o t e i n s y n t h e s i s mechanisms become l e s s a c t i v e . 

4.2.3.3 Polyubiquitin cDNAs i n Pea 

Despite the use of a p o l y u b i q u i t i n probe, no 

p o l y u b i q u i t i n cDNA sequences were i s o l a t e d from e i t h e r 

24,26,28DAF cDNA l i b r a r y , although t h e i r presence has 

p r e v i o u s l y been demonstrated i n pea le a v e s . This suggests 

e i t h e r t h a t p o l y u b i q u i t i n i s absent i n d e s i c c a t i n g pea seeds, 

e x h i b i t i n g d i f f e r e n t i a l expression between t i s s u e types or 

upon seed aging, or i s present at low l e v e l s . I f the l a t t e r 
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case i s t r u e , the l e v e l s of the p o l y u b i q u i t i n messages were 

e i t h e r so low as to avoid d e t e c t i o n i n the screen used or the 

cDNAs were d i f f i c u l t to clone, p o s s i b l y due to the proposed 

i n s t a b i l i t y of repeated t r a n s c r i p t s i n t h i s c l o n ing system. 

I t seems probable that f r e e u b i q u i t i n would be required i n 

the developing seed f o r p r o t e i n degradation and i t s other 

proposed f u n c t i o n s . I t would a l s o presumably be required i n 

the e a r l y stages of dehydration f o r the same r o l e s u n t i l the 

seed becomes quiescent. However, as i t i s thought that 

u b i q u i t i n polypeptides can be r e c y c l e d i t i s p o s s i b l e that 

any requirement fo r u b i q u i t i n can be f i l l e d by the expression 

of u b i q u i t i n extension p r o t e i n s and/or of p o l y u b i q u i t i n genes 

i n the young seed, b u i l d i n g up enough u b i q u i t i n to allow the 

seed to f u n c t i o n through maturation and d e s i c c a t i o n without 

the need f o r continued expression of p o l y u b i q u i t i n genes. 

The expression of messages h y b r i d i s i n g to a u b i q u i t i n probe 

i n d i f f e r e n t seed ages and pea t i s s u e s i s examined f u r t h e r i n 

Chapter 5. 

The f u l l sequencing of the second p o l y u b i q u i t i n 

p a r t i a l cDNA from pea l e a v e s (donated by F.Z. Watts) 

demonstrated t h a t pea contains two d i f f e r e n t p o l y u b i q u i t i n 

genes with non-homologous 3' f l a n k i n g sequences. Thus pea 

c o n t a i n s a u b i q u i t i n multigene family of at l e a s t four 

members, i n c l u d i n g two p o l y u b i q u i t i n and two u b i q u i t i n 

extension p r o t e i n genes. Unfortunately, although the PCU2 

clone was shown to code f o r three f u l l and one p a r t i a l 

u b i q u i t i n repeats, the complete number of u b i q u i t i n repeats 
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i n t h i s message could not be determined, nor was any 5' 

f l a n k i n g sequence cloned. S i m i l a r l y , the 5' f l a n k i n g 

sequences of the pea u b i q u i t i n extension p r o t e i n cDNAs were 

not i s o l a t e d ; the use of B g l l l during subcloning r e s t r i c t e d 

the cDNA a f t e r the f i r s t two codons of the u b i q u i t i n 

sequence and attempts to subclone the remaining r e s t r i c t i o n 

fragment c o n t a i n i n g the 5' f l a n k i n g sequence were not 

s u c c e s s f u l . Thus the 5' f l a n k i n g regions of the PCU2 

p o l y u b i q u i t i n and PCU3 and 4 u b i q u i t i n extension protein 

cDNAs could not be compared with the short 5' f l a n k i n g 

sequence i n the p o l y u b i q u i t i n PCUl cDNA clone (Watts and 

Moore, 1989) or with p o l y u b i q u i t i n and u b i q u i t i n extension 

p r o t e i n genes and messages from other s p e c i e s . Further 

r e s e a r c h i s necessary to determine the f u l l number of 

u b i q u i t i n coding genes i n the pea genome, and to i s o l a t e and 

examine the promoters and f l a n k i n g regions of these genes to 

attempt to i d e n t i f y c h a r a c t e r i s t i c f e a t u r e s or regulatory 

elements which may a i d understanding of the expression of 

these genes. 

4.2.4 D i f f e r e n t i a l Screening of 24,26,28DAF Lambda-cDNA 

L i b r a r i e s 

4.2.4.1 24,26,28DAF cDNA Library Screened with 18DAF cDNA 

From the screening of the f i r s t cDNA l i b r a r y with 

18DAF t o t a l cDNA i t appears t h a t the majority of messages 

present i n the 24,26,28DAF l i b r a r y from d e s i c c a t i n g 
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cotyledons are present i n the mature seed before d e s i c c a t i o n . 

T h i s could merely be a consequence of the p e r s i s t e n c e of 

messages throughout seed development as proposed by Goldberg 

et al (1981); another explanation (which does not exclude the 

p e r s i s t e n c e of messages) i s that the s y n t h e s i s of messages 

present i n d e s i c c a t i n g cotyledons begins or i n c r e a s e s as the 

seed moisture content f a l l s gradually during seed f i l l i n g . 

The presence of LEA messages has been observed i n seeds from 

the mid embryogenesis stage (reviewed by Goldberg, Barker and 

Perez-Grau, 1989), and the s y n t h e s i s of messages stored for 

use upon germination, which, though not n e c e s s a r i l y 

abundantly s y n t h e s i s e d before germination, are expected to 

form pa r t of the t o t a l message population i n the d e s i c c a t i n g 

seed, has a l s o been noted during l a t e maturation. Abundant 

s e e d - s p e c i f i c messages f o r seed storage p r o t e i n s , l e c t i n s 

e t c . are s t i l l present a t t h i s developmental stage, although 

t h e i r l e v e l s are f a l l i n g , and messages f o r c o n s t i t u t i v e 

p r o t e i n s may a l s o be present a t decreased l e v e l s . Some 

p l a c e s of weak or negative h y b r i d i s a t i o n of the immobilised 

plaques to the 18DAF cDNA were noted on short exposure of the 

h y b r i d i s e d f i l t e r s , some perhaps representing the messages 

fo r the p r o t e i n s that Evans and Swinhoe found to be 

s y n t h e s i s e d upon d e s i c c a t i o n (see s e c t i o n 1.5). 

Unfortunately the overwhelming h y b r i d i s a t i o n to the majority 

of plaques combined with the s t r e t c h i n g of n i t r o c e l l u l o s e 

f i l t e r s during processing made i s o l a t i o n of these few plaques 

i m p r a c t i c a b l e . 
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4.2.4.2 Screening of the 24,26,28DAF cDNA Library with a 
Subtracted Probe 

The r e s u l t s i n d i c a t e that a cDNA probe of 

24,26,28DAF cDNA subtracted with 18DAF poly(A)+RNA was 

obtained, but that there was i n s u f f i c i e n t DNA or 

r a d i o a c t i v i t y present i n the probe to give detectable 

h y b r i d i s a t i o n to the small plaques used i n the cloning 

experiment. Sambrook, F r i t s c h and Maniatis (1989) suggest 

two rounds of h y b r i d i s a t i o n to ensure f u l l s u b t r a c t i o n ; 

however, i t i s not only any newly-expressed clones which are 

r e l e v a n t to LEA message s t u d i e s , but a l s o those clones whose 

expre s s i o n i n c r e a s e s between 18 and 28DAF. Consequently, i t 

was not d e s i r a b l e to s u b t r a c t a l l of the messages which were 

present a t 18DAF, but r a t h e r to remove that proportion which 

i s there a t both developmental stages, and so h i g h l i g h t any 

d i f f e r e n t i a l expression. To t h i s end, only one round of 

s u b t r a c t i v e h y b r i d i s a t i o n was c a r r i e d out to avoid the 

s u b t r a c t i o n of those messages which are present at 18DAF but 

whose l e v e l s i n c r e a s e s i g n i f i c a n t l y during d e s i c c a t i o n . 

Unfortunately the one round of h y b r i d i s a t i o n appears to have 

been s u f f i c i e n t to e x t r a c t n e a r l y a l l of the messages which 

are common to both ages, l e a v i n g a probe which, although 

l a b e l l e d to high s p e c i f i c a c t i v i t y , was i n s u f f i c i e n t to 

screen the cDNA l i b r a r y . Due to the expense of t h i s 

procedure i t was not repeated. 
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4.2.4.3 Screening of Selected Clones from the F i r s t 
24,26,28DAF cDNA Library with IBDAF cDNA 

To i s o l a t e those messages which are abundant during 

seed d e s i c c a t i o n , the f i r s t cDNA l i b r a r y was probed with the 

l i b r a r y i t s e l f , a m p l i f i e d by PCR and r a d i o l a b e l l e d . The 

i n s e r t s from the s e l e c t e d and i s o l a t e d clones were then 

a m p l i f i e d by PCR. Due to the time spent on other 

d i f f e r e n t i a l and s p e c i f i c screens, the lambda cDNA had been 

stor e d f o r s e v e r a l months before t h i s experiment was 

conducted, and the i s o l a t e d clones were stored f o r a fur t h e r 

month before PCR a m p l i f i c a t i o n . T h i s l e d to a drop i n t i t r e 

w i t h storage a t 4°C and required a m p l i f i c a t i o n of the phage 

p a r t i c l e s by overnight growth i n plated C600Hfl c e l l s and 

e l u t i o n of the phage p a r t i c l e s . The PCR a m p l i f i c a t i o n of 50 

clones a f t e r t h i s storage and repeated growth gave no c l e a r 

bands of DNA, only fragments of s e v e r a l s i z e s causing a f a i n t 

smear of DNA down the g e l and a concentrated band of 

fragments of 200-300bp. The use of d i f f e r e n t primer stocks, 

Tag Polymerase, dNTP and bu f f e r stocks a l l gave no d i f f e r e n c e 

i n the PCR product, while t e s t s of the PCR technique with 

plasmid DNA gave a t y p i c a l c o r r e c t a m p l i f i c a t i o n . T h i s 

im p l i e d t h a t the problem was i n the lambda DNA i t s e l f : 

p o s s i b l y the i n s e r t s were being l o s t on storage and growth, 

l e a d i n g to a m p l i f i c a t i o n of p a r t i a l i n s e r t s ; t h i s induced 

heterogeneity of the clones, with the stored stocks 

c o n t a i n i n g phages which had l o s t d i f f e r e n t lengths of 
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i n s e r t s , and so g i v i n g a range of s i z e s of ampl i f i e d 

fragments; a l t e r n a t i v e l y the lambda primer s i t e s could have 

s u s t a i n e d some sequence a l t e r a t i o n , leading to i n e f f i c i e n t 

annealing of the primers during a m p l i f i c a t i o n with the 

production of d i f f e r e n t s i z e s of ampl i f i e d i n s e r t s . This 

e f f e c t of attempted PCR a m p l i f i c a t i o n on stored lambda stocks 

was a l s o seen with clones i s o l a t e d from the Leg J screen. 

The stock s o l u t i o n t h a t contained a ca.l600bp i n s e r t a f t e r 

i s o l a t i o n ( F i g . 5 ) only produced an i n d i s t i n c t ca.800bp i n s e r t 

a f t e r 3 months storage ( F i g . 1 2 ) . 

Despite the shortness of the PCR products, a screen 

of a Southern b l o t of the am p l i f i e d i n s e r t s with 18DAF cDNA 

showed d i f f e r e n t i a l expression of s e v e r a l clones. I n 

accordance with previous r e s u l t s and the fin d i n g s of Goldberg 

et a i (1981) n e a r l y a l l of the i n s e r t s showed some 

h y b r i d i s a t i o n to the 18DAF cDNA, but a proportion 

(approximately one i n f i v e ) of the i n s e r t s which had 

e x h i b i t e d strong h y b r i d i s a t i o n to the 24,26,28DAF PCR l i b r a r y 

probe showed comparatively weak h y b r i d i s a t i o n to the 18DAF 

cDNA probe. I s o l a t i o n , subcloning and sequencing of the PCR 

products of 5 clones which showed weak h y b r i d i s a t i o n and one 

clone which showed strong h y b r i d i s a t i o n to the 18DAF cDNA 

probe r e v e a l e d t h a t only poly(A) t a i l s had been subcloned, 

w h i l e f u r t h e r experiments a l s o f a i l e d to subclone any cDNA 

sequence. I t i s very u n l i k e l y that the i s o l a t e d clones 

c o n s i s t s o l e l y of poly(A) cloned with EcoRI/ NotI adaptors 

i n t o lambda-gtlO: i n the c o n s t r u c t i o n of the cDNA l i b r a r y the 
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cDNA was s i z e - s e l e c t e d to avoid short fragments of cDNA; 

f u r t h e r , the c l e a r d i f f e r e n c e seen between the strengths of 

h y b r i d i s a t i o n of the s e l e c t e d clones to 18DAF cDNA i n d i c a t e s 

t h a t some cDNA sequence other than the poly(A) i s o l a t e d i s 

present, but could not be i s o l a t e d . Presumably the subclones 

obtained are a r t i f a c t s , some c o n s i s t i n g of two p a r t i a l l y 

a m p l i f i e d poly(A) sequences with one EcoRI/NotI adaptor each 

j o i n e d i n the middle, others containing one poly(A) sequence 

with an adaptor and primers a m p l i f i e d to the EcoRI s i t e then 

cut by EcoRI. T h i s i n d i c a t e s that a t l e a s t some of the 

primers d i d anneal to the lambda-cDNA clones and extend, but 

the short primer fragments and ampli f i e d poly(A) fragments 

are subcloned i n preference to any non poly(A) cDNA sequence. 

4.2.4.4 Screening of Selected Clones from the Second 
24,26,28DAF cDNA Library with 18DAF cDNA 

The 24,26,28DAF screen gave a much stronger 

r a d i o a c t i v e s i g n a l than the 18DAF cDNA screen. Part of t h i s 

may be due to the f a c t t h a t there i s a c e r t a i n amount of 

background h y b r i d i s a t i o n of the PCR primers at the ends of 

the PCR products to the homologous primer s i t e s i n the lambda 

DNA. The 18DAF probe was a l s o used to probe the second 

f i l t e r , which u s u a l l y gives a somewhat weaker s i g n a l . I t i s 

a l s o g e n e r a l l y agreed t h a t the complexity of abundant 

messages i s gr e a t e r a t 18DAF than at 24,26,28DAF and t h i s may 

have c o n t r i b u t e d to the d i f f e r e n c e i n h y b r i d i s a t i o n l e v e l s of 

the two probes to the i s o l a t e d clones. However, i t i s 
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p o s s i b l e to i d e n t i f y those clones whose expression i s 

n o t i c e a b l y g r e a t e r at 24,26,28DAF than at 18DAF. Fewer 

clones appear to be present at both stages from the 

d i f f e r e n t i a l screen of t h i s l i b r a r y , as compared to the f i r s t 

d i f f e r e n t i a l screen; however, i n both cases i t i s probable 

t h a t some of the clones occur more than once i n the 50 or 49 

s e l e c t e d plaques, the f i r s t screen perhaps c o l l e c t i n g s e v e r a l 

copies of p r o t e i n s which are present at both stages, such as 

seed storage p r o t e i n s , the second containing a higher 

proportion of d i f f e r e n t i a l l y - e x p r e s s e d clones. 

The subcloning and sequencing of the B g l l l / H i n d l l l 

1160bp fragments of clones 18^ and 37 e x p l a i n the lac k of 

i n s e r t s i n the maj o r i t y of lambda DNA minipreparations. I t 

would appear t h a t recombination i s occurring between the two 

NotI s i t e s - which by t h e i r sequence appear to be a good 

t a r g e t s i t e f o r crossing-over - and the i n s e r t s are being 

l o s t . I f i t was simply a matter of the subcloning of free 

adaptors, one would have expected them to be i n t a c t and not 

to have shown up on the 24,26,28DAF screen, 23bp of sequence 

out of 43,340bp not being s u f f i c i e n t f o r the strength of 

h y b r i d i s a t i o n observed. Also, the cDNA used fo r cloning was 

separated c a r e f u l l y from f r e e adaptors on a Sepharose column. 

Furt h e r , 18 and 3J7 showed d i f f e r e n t l e v e l s of h y b r i d i s a t i o n 

both to the 24,26,28DAF and the 18DAF probes i n the 

d i f f e r e n t i a l screen, with the 18DAF cDNA binding quite 

c l e a r l y to the plaques of clone 18 but showing no noticeable 

h y b r i d i s a t i o n to clone 37. I t i s p o s s i b l e that the degraded 
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s t a t e of the 24,26,28DAF poly(A)+RNA gave i r r e g u l a r i t i e s at 

the ends of the cDNA, desp i t e the T4 polymerase step at the 

end of cDNA s y n t h e s i s ; these damaged ends could form unstable 

attachments to the NotI s i t e , h i g h l i g h t i n g t h i s area for 

recombination. T h i s could a l s o e x p l a i n the l o s s of 

r e s t r i c t i o n s i t e s , due to mending of the damaged DNA, 

r e s u l t i n g i n the i n s e r t i o n of d i f f e r e n t bases as the DNA i s 

store d and r e p l i c a t e d . Recently, one of the manufacturers of 

lambda c l o n i n g k i t s . New England Biolabs, mentioned i n t h e i r 

catalogue t h a t EcoRI s i t e s are frequently l o s t during cDNA 

clo n i n g , although t h i s has not been admitted by any of the 

other companies. 

The i n a b i l i t y to i s o l a t e more than one cDNA i n s e r t 

from the plaques used i n the d i f f e r e n t i a l screen c a l l s i n t o 

question the v a l i d i t y of the apparent d i f f e r e n c e s i n message 

populations between 18 and 24,26,28DAF. However, as with the 

f i r s t d i f f e r e n t i a l screen of PCR products, three points 

support the i n d i c a t e d d i f f e r e n t i a l expression of messages 

between the two developmental stages. F i r s t l y , the f i l t e r 

screened with r a d i o l a b e l l e d 18DAF cDNA c l e a r l y shows that 

some clones h y b r i d i s e and others do not. T h i s could merely 

i n d i c a t e t h a t those clones which h y b r i d i s e to the probe 

co n t a i n cDNA i n s e r t s and the clones to which the probe does 

not bind have l o s t t h e i r i n s e r t s ; however, the a m p l i f i c a t i o n , 

i s o l a t i o n and r e s t r i c t i o n a n a l y s i s of lambda DNA from a clone 

which showed f a i r l y strong h y b r i d i s a t i o n to the 18DAF cDNA 

probe as a p o s i t i v e c o n t r o l (4) was found to contain no 
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i n s e r t of any d i s c e r n i b l e length, i n d i c a t i n g t h at i n s e r t s 

were being l o s t from the lambda clones a f t e r the screening 

experiment. T h i r d l y , clone 46 which was i s o l a t e d and 

sequenced to show -a cDNA i n s e r t e x h i b i t e d strong 

h y b r i d i s a t i o n to the 24,26,28DAF l i b r a r y PCR probe but no 

det e c t a b l e h y b r i d i s a t i o n to the 18DAF cDNA probe, i n d i c a t i n g 

t h a t even i f the message f o r clone 46 i s present at 18DAF i t s 

l e v e l s , e i t h e r a c t u a l (implying up-regulation) or 

pro p o r t i o n a l (implying a continuation of message accumulation 

when the ma j o r i t y of other message l e v e l s are f a l l i n g ) are 

s i g n i f i c a n t l y i n c r e a s e d during seed d e s i c c a t i o n . A n a l y s i s of 

clone 46̂  i t s e l f shows t h a t i t i s a p a r t i a l cDNA, the majority 

of the sequenced length apparently c o n s i s t i n g of 3' non-

coding sequence. The l o s s of part of the NotI s i t e at one 

end of the clone i n d i c a t e s t h at a portion of the clone may 

have been l o s t during c l o n i n g and a m p l i f i c a t i o n ; 

s u r p r i s i n g l y , the clone has no poly(A) t a i l - t h i s may a l s o 

have been l o s t during c l o n i n g or growth. Unfortunately, no 

sequences showing s i g n i f i c a n t homology to the PM46 deduced 

coding sequence were i d e n t i f i e d i n the nucleotide and amino 

a c i d sequence databases. The expression of PM46 i n the seed 

i s examined f u r t h e r i n Chapter 5. 

The l o s s of both r e s t r i c t i o n s i t e s and i n s e r t s i s 

not n e c e s s a r i l y as complete as the r e s u l t s suggest. I t must 

be remembered t h a t the s i z e of the lambda DNA means that any 

cDNA i n s e r t s form only a small percentage of the DNA mass; i n 

r e s t r i c t i o n a n a l y s i s of the DNA small q u a n t i t i e s of any s i z e 
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fragment, or even f a i r l y l a r g e q u a n t i t i e s of DNA fragments 

under 500bp, are very d i f f i c u l t to see on g e l . I t i s 

p o s s i b l e t h a t the a m p l i f i c a t i o n and maintenance procedures 

cause some, or even the majority, of lambda p a r t i c l e s to lose 

t h e i r i n s e r t s ; i n -t h i s case the remaining i n s e r t s may w e l l be 

too f a i n t to see and i s o l a t e . Unfortunately i t i s impossible 

to separate phage containing cDNA i n s e r t s from those with no 

i n s e r t s as the remnants of the EcoRI/NotI adaptors act as 

i n s e r t s and allow plaque formation i n C600Hfl (which do not 

allow plaque formation of lambda p a r t i c l e s with no i n s e r t s ) . 

I t appears t h a t the main f a u l t s with the procedures used i n 

t h i s t h e s i s were the use of the C600HF1 c e l l s provided with 

the k i t f o r growth and maintenance of the lambda clones, 

which c l e a r l y allowed recombination; the use of EcoRI/NotI 

adaptors, which are used commonly mainly because of the low 

frequency of NotI s i t e s i n animal systems and which seem to 

provide a prime s i t e f o r recombination, e s p e c i a l l y i f 

attached to incomplete or damaged ends; and the length of 

time used to t e s t d i f f e r e n t methods of lambda DNA 

preparation, subcloning of PCR products and d i f f e r e n t i a l 

s c r eening, as the long storage l e d to s i g n i f i c a n t drops i n 

t i t r e which then r e q u i r e d f u r t h e r overnight growth of lambda 

p a r t i c l e s to amplify the DNA, g i v i n g f u r t h e r opportunity for 

recombination and l o s s of i n s e r t s . The use of Eppendorfs for 

storage a t 4°C with chloroform i s now a l s o thought to be 

det r i m e n t a l to the t i t r e of phage p a r t i c l e s and the q u a l i t y 

of lambda DNA, as the chloroform i s thought to leach 
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p l a s t i c i s e r s from the tubes. I n re t r o s p e c t i t i s recommended 

to use a RecA" s t r a i n of b a c t e r i a for growth of clones, 

s t o r i n g the l i b r a r y f o r as short periods as po s s i b l e i n g l a s s 

w ith f r e s h chloroform. As the problem with l o s s of 

r e s t r i c t i o n s i t e s appears to be f a i r l y common, the choice of 

a lambda c l o n i n g vector with a l t e r n a t i v e r e s t r i c t i o n s i t e s 

f a i r l y c l o s e to the cDNA i n s e r t p o s i t i o n would a l s o be 

recommmended. 
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CHAPTER 5 - CHANGES IN THE LEVELS OF SPECIFIC MESSAGES AND 

PROTEINS IN DEVELOPING AND TREATED PEA SEEDS 

Seeds have been i d e n t i f i e d as s p e c i a l i s e d organs 

w i t h a p r e - s e t developmental programme which determines major 

changes i n p a t t e r n s o f mRNA and p r o t e i n l e v e l s . A l t h o u g h 

t h i s programme must be c o n t r o l l e d t o t h e e x t e n t t h a t a l l 

e v ents necessary t o t h e p r o d u c t i o n o f a v i a b l e seed occur 

(e.g. t h e s y n t h e s i s o f s u f f i c i e n t s t o r a g e r e s e r v e s and mRNA 

t o be s t o r e d f o r g e r m i n a t i o n ) , and abnormal development ( i . e . 

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

c e r t a i n ' p l a s t i c i t y ' t o a l l o w t h e seed t o adapt t o 

e n v i r o n m e n t a l c o n d i t i o n s w h i l e r e m a i n i n g v i a b l e (reviewed by 

Gatehouse et al, 1986). A major p a r t o f t h e seed's 

m a t u r a t i o n t o a l l o w g e r m i n a t i o n and growth upon i m b i b i t i o n i s 

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

s u c c e s s f u l g e r m i n a t i o n and growth i n seeds o f many species 

(Bewley, 1979). As d e h y d r a t i o n i s known t o cause a v a r i e t y 

o f i n j u r i e s i n p l a n t c e l l s (see s e c t i o n 1.1; reviewed by 

L e v i t t , 1980) i t i s i m p o r t a n t f o r t h e seed t o have t h e 

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

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

r e s y n t h e s i s e damaged s t r u c t u r e s and macromolecules. To 

remain v i a b l e , t h e seed must a l s o p r o t e c t i t s e l f d u r i n g 

development and quiescence from a t t a c k by i n v e r t e b r a t e s ; 

f u r t h e r , upon g e r m i n a t i o n t h e seed may need not o n l y t o be 

a b l e t o absorb and b i n d e s s e n t i a l m e t a l s from t h e environment 
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f o r c e l l u l a r processes and enzyme s t r u c t u r e b u t a l s o t o 

possess a defence a g a i n s t t o x i c heavy metals which may a l s o 

be absorbed d u r i n g i m b i b i t i o n . To examine t h e seed's a b i l i t y 

t o remain v i a b l e d e s p i t e p o t e n t i a l i n t e r n a l and en v i r o n m e n t a l 

damage t h e presence o f messages o r p r o t e i n s from s e v e r a l 

• s t r e s s - r e s p o n s e ' p r o t e i n s was examined i n pea seed; a 

p u t a t i v e pea m e t a l l o t h i o n e i n message, PSMTA, thought t o be 

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

t e r m d e t o x i f i c a t i o n o f heavy m e t a l s ; cowpea t r y p s i n i n h i b i t o r 

p r o t e i n , w h i c h p r o t e c t s i t s n a t i v e p l a n t from i n s e c t a t t a c k ; 

pea u b i q u i t i n , a p r o t e i n which i s t h o u g h t t o be u n i v e r s a l and 

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

t h e d e g r a d a t i o n o f damaged o r unwanted p r o t e i n s and, i n t h e 

f o r m o f a u b i q u i t i n e x t e n s i o n p r o t e i n , ribosome b i o g e n e s i s ; a 

m o l e c u l a r chaperone, c h a p e r o n i n 60, which has a l s o been 

i m p l i c a t e d i n t h e d e g r a d a t i o n and reassembly o f damaged 

p r o t e i n s and macromolecular s t r u c t u r e s , a l t h o u g h i t s b e s t -

c h a r a c t e r i s e d r o l e i s i n normal c e l l u l a r metabolism f o r 

p r o t e i n assembly and t r a n s p o r t w i t h i n t h e c e l l . Another 

p u t a t i v e s t r e s s p r o t e i n message examined was t h a t o f t h e 

wheat Em p o l y p e p t i d e - a t y p i c a l LEA p r o t e i n t h o u g h t t o be 

i n v o l v e d i n d e s i c c a t i o n p r o t e c t i o n which shows s i g n i f i c a n t 

amino a c i d homology t o s i m i l a r p o l y p e p t i d e s found i n b o t h 

mono- and d i c o t y l e d o n s . H y b r i d i s a t i o n o f t h e pea p a r t i a l 

cDNA c l o n e PM46, i s o l a t e d from a d i f f e r e n t i a l screen o f t h e 

24,26,28DAF lambda cDNA l i b r a r y w i t h 18DAF cDNA, t o t o t a l RNA 

fro m d e v e l o p i n g peas was a l s o i n v e s t i g a t e d . As w e l l as those 
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messages and p r o t e i n s t h o u g h t t o be a s s o c i a t e d w i t h s t r e s s 

response, t h e e x p r e s s i o n o f components o f one o f t h e major 

s t o r a g e p r o t e i n s o f pea were examined - Leg A and Leg J, 

messages f o r a major and a minor p o l y p e p t i d e ( r e s p e c t i v e l y ) 

o f t h e he t e r o p o l y m e r legximin which, t o g e t h e r w i t h v i c i l i n , 

forms up t o 50% o f t h e pea seed's t o t a l p r o t e i n c o n t e n t . The 

normal e x p r e s s i o n o f these messages and p r o t e i n s from mid-

c o t y l e d o n expansion (12DAF) t o l a t e d e s i c c a t i o n (30DAF) was 

compared w i t h t h e e f f e c t o f premature d e s i c c a t i o n and t h e 

a p p l i c a t i o n o f exogenous ABA, th o u g h t t o be somehow i n v o l v e d 

i n osmotic and o t h e r s t r e s s t r a n s d u c t i o n , t o t r y and g a i n an 

u n d e r s t a n d i n g o f how t h e p a t t e r n o f gene e x p r e s s i o n i n the 

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

a vic±>le, p r o t e c t e d organ w i t h t h e a b i l i t y t o germinate and 

grow upon i m b i b i t i o n . 

The e x p r e s s i o n o f these messages was examined u s i n g 

N o r t h e r n b l o t s o f t o t a l RNA from d e v e l o p i n g and t r e a t e d 

c o t y l e d o n s e x t r a c t e d by t h e h o t SDS method o f H a l l et al 

(1978) and fr o m d e v e l o p i n g embryonic axes e x t r a c t e d by the 

g u a n i d i n i u m h y d r o c h l o r i d e method o f Logemann, S c h e l l and 

W i l l m i t z e r (1987). N o r t h e r n b l o t s were commonly loaded a t 

lOug p e r t r a c k and t h e RNA v i s u a l i s e d b e f o r e b l o t t i n g t o 

ensure t h a t t h e RNA w e i g h t s were e q u a l . The comparison o f 

t h e s t r e n g t h s o f h y b r i d i s a t i o n t o RNA samples o f d i f f e r e n t 

ages s h o u l d g i v e some i n d i c a t i o n o f how t h e message l e v e l s o f 

th e p r o t e i n s under s t u d y v a r y , i f a t a l l , d u r i n g development 

and a f t e r t r e a t m e n t ; however i t must be noted t h a t t h e 
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r e s u l t s are o n l y from s i n g l e batches o f peas and are not 

q u a n t i t a t e d , and s h o u l d be t a k e n o n l y as p r e l i m i n a r y 

i n d i c a t i o n s o f message l e v e l . Dot b l o t s o f t o t a l RNA were 

a l s o screened t o g i v e a more c o n c e n t r a t e d area o f 

h y b r i d i s a t i o n and t o a l l o w comparison between a l a r g e r number 

o f RNA samples on t h e same b l o t . The amount o f h y b r i d i s a t i o n 

o f each d o t i n these b l o t s was not measured q u a n t i t a t i v e l y , 

as i n most cases t h e l e n g t h o f exposure r e q u i r e d was over two 

weeks and made c o u n t i n g o f t h e r a d i o a c t i v i t y by l i q u i d 

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

s e r i e s o f t e s t s and c o n t r o l s r e q u i r e d t o a l l o w a c c u r a t e 

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

were n o t a t t e m p t e d . However, d e n s i t o m e t r i c scans o f t h e two 

o r more d o t b l o t s used f o r each probe, averaged and c o r r e c t e d 

t o t a k e i n t o account t h e d i a m e t e r o f t h e spot o f 

h y b r i d i s a t i o n , gave a rough u n q u a n t i t a t i v e p a t t e r n o f message 

e x p r e s s i o n d u r i n g development and between t i s s u e s . 

5.1 RESULTS 

5.1.1 The E f f e c t of Cotyledon Age on S p e c i f i c Message L e v e l s 

The changes i n message l e v e l s o f s e l e c t e d probes 

f o r s e e d - s p e c i f i c messages and messages a s s o c i a t e d w i t h 

s t r e s s response as t h e seed ages and d e s i c c a t e s were examined 

u s i n g c o t y l e d o n s from peas o f ages from 12 t o 20DAF. Each 

RNA sample was composed o f RNA from c o t y l e d o n s from s e v e r a l 
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pods. 

5.1.1.1 PSMTA 

mRNA species d e t e c t e d by t h e PsMT^ gene e x h i b i t a 

c o n s i d e r a b l e decrease i n l e v e l w i t h seed age ( F i g . 1 9 a ) . The 

probe h y b r i d i s e s q u i t e s t r o n g l y t o t h e t o t a l RNA f r a c t i o n 

f r o m 12DAF c o t y l e d o n s , d e t e c t i n g a s i n g l e band o f 

a p p r o x i m a t e l y 600b. However, a t 14DAF t h e message l e v e l had 

decreased s i g n i f i c a n t l y and c o n t i n u e d t o f a l l u n t i l i t was 

u n d e t e c t a b l e , even a f t e r a 3 week exposure, a t 26DAF. Th i s 

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

RNA on a d o t b l o t w i t h t h e PSMTA probe ( F i g s . 20a and 21a); 

t h i s demonstrates t h e r a p i d decrease i n message c o n c e n t r a t i o n 

a f t e r 14DAF w i t h t h e l e v e l o f probe h y b r i d i s a t i o n t o seed RNA 

a p p e a r i n g t o f a l l below t h e l e v e l o f t h a t t o t h e n e g a t i v e 

c o n t r o l (E.coli rRNA) by 22DAF. 

5.1.1.2 Pea D b i q u i t i n 

An un e x p e c t e d l y c o m p l i c a t e d p a t t e r n o f e x p r e s s i o n 

i s seen f r o m t o t a l RNA samples o f v a r y i n g c o t y l e d o n ages 

probed w i t h a pea p o l y u b i q u i t i n cDNA i s o l a t e d from leaves 

(PCUl). The t r a n s c r i p t s h y b r i d i s i n g t o t h e u b i q u i t i n c o d ing 

sequence appear t o e x i s t a t f a i r l y low l e v e l s w i t h i n t h e seed 

- 40ug o f t o t a l RNA had t o be loaded onto a N o r t h e r n b l o t 

exposed f o r over two weeks b e f o r e c l e a r h y b r i d i s a t i o n c o u l d 

be seen ( F i g . 1 9 b ) . The changes i n l e v e l s o f pea u b i q u i t i n -

c o d i n g messages are a l s o shown on a d o t b l o t ( F i g . 2 0 b ) . 
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F i g u r e 19. N o r t h e r n b l o t a n a l y s i s o f t o t a l RNA from 

d e v e l o p i n g pea c o t y l e d o n s , probed w i t h a)PsMTf^; 

b)PCUl (pea p o l y u b i q u i t i n ) ; c) PJC5.2 {Leg J); d) 

PRC3.1 (Leg A). A l l b l o t s c o n t a i n lOug RNA per 

t r a c k except b l o t b) which c o n t a i n s 40ug RNA per 

t r a c k . Average s i z e o f h y b r i d i s i n g bands i s 

i n d i c a t e d . 

Tracks 1-10: t o t a l RNA from 12, 14, 16, 18, 20, 22, 24, 26, 

28 and 30DAF c o t y l e d o n s r e s p e c t i v e l y . 
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F i g u r e 20. Dot b l o t a n a l y s i s o f t o t a l RNA from d e v e l o p i n g pea 

c o t y l e d o n s , embryonic axes and non-seed t i s s u e s , 

probed w i t h a)PsMTj^', b)PCUl (pea p o l y u b i q u i t i n ) ; 

c) PJC5.2 (Leg J). 2.5ug RNA loaded per w e l l . Pea 

l e a f , stem and r o o t RNA was k i n d l y donated by Dr. 

I.M. Evans, and E.coli rRNA by Dr. D. Bown. 

Columns 1 and 2: t o t a l RNA from u n t r e a t e d d e v e l o p i n g 

c o t y l e d o n s from 12 t o 30DAF (rows 1-10); 

Columns 3 and 4: t o t a l RNA from d e v e l o p i n g embryonic axes 

from 16 t o 30DAF (rows 3-10); 

Columns 5 and 6: t o t a l RNA from non-seed t i s s u e s (rows 2-4); 

E.coli rRNA (Er - n e g a t i v e c o n t r o l , row 5 ) ; 

0.1-lng p l a s m i d i n s e r t DNA (P - p o s i t i v e 

c o n t r o l , row 10). 

Column 

Row 

1 2 3 4 5 6 

1 12 12 — — — — 
2 14 14 — — l e a f l e a f 

3 16 16 16 16 stem stem 

4 18 18 18 18 r o o t r o o t 

5 20 20 20 20 ET Er 

6 22 22 22 22 — — 
7 24 24 24 24 — — 
8 26 26 26 26 — — 
9 28 28 28 28 — — 

10 30 30 30 30 P P 
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F i g u r e 21. A t e n t a t i v e , u n q u a n t i t a t i v e a n a l y s i s o f t h e 

p a t t e r n o f e x p r e s s i o n o f s e l e c t e d pea p r o t e i n 

messages e s t i m a t e d by d e n s i t o m e t r i c a n a l y s i s o f 

d o t b l o t s o f t o t a l RNA from d e v e l o p i n g pea 

c o t y l e d o n s , embryonic axes and non-seed t i s s u e s 

probed w i t h di)PsMTA} b)PCUl (pea p o l y u b i q u i t i n ) ; 

c) PJC5.2 (Leg J). T i n d i c a t e s t h e l e v e l o f 

h y b r i d i s a t i o n o f t h e probes t o non-seed t i s s u e 

t o t a l RNA. 
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Because o f t h e observed f a i r l y low l e v e l o f u b i q u i t i n c o d i n g 

messages i n t h e pea seed t h i s b l o t was exposed f o r over two 

weeks and t h e background h y b r i d i s a t i o n makes a n a l y s i s 

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

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

e x p r e s s i o n ( F i g . 2 l b ) . I t i s d i f f i c u l t t o know how f a r t o 

i n t e r p r e t t hese d o t b l o t r e s u l t s , as most o f them f a l l below 

t h e l e v e l o f h y b r i d i s a t i o n t o t h e n e g a t i v e c o n t r o l . However, 

o t h e r work (Thompson, 1989) has shown t h a t t h e E.coli rRNA 

h y b r i d i s e s t o a range o f pea messages and so i t should be 

t a k e n as an i n d i c a t i o n o f t h e background l e v e l o f 

h y b r i d i s a t i o n r a t h e r t h a n an a b s o l u t e measure. The 

d e n s i t o m e t r i c a n a l y s i s does n o t agree w i t h t h e d i s p l a y e d d o t 

b l o t r e s u l t s a t 12DAF - a l l o t h e r N o r t h e r n and d o t b l o t s 

showed t h a t t h e l e v e l o f h y b r i d i s a t i o n o f t h e u b i q u i t i n probe 

t o 12DAF seed RNA was n o t i c e a b l y g r e a t e r t h a n t h a t t o 14DAF 

RNA and so t h e e s t i m a t e d p a t t e r n o f e x p r e s s i o n i n Fig.21b has 

been a d j u s t e d i n accordance w i t h these o t h e r r e a d i n g s ; t h e 

lo w e r l e v e l o f h y b r i d i s a t i o n t o 12DAF RNA i n Fig.20b was 

presumably caused by u n d e r l o a d i n g o r t h e use o f a not f u l l y 

thawed sample. 
The d o t and N o r t h e r n b l o t s suggest t h r e e peaks o f 

e x p r e s s i o n w i t h i n t h e t i m e p e r i o d s t u d i e d , t h e f i r s t 

o c c u r r i n g a t o r b e f o r e 12DAF i n t h e d e v e l o p i n g seed. The 

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

u b i q u i t i n c o d i n g sequence t h e n f a l l s t o a t r o u g h a t 18DAF, 

b e f o r e a peak a t 20DAF ( a t t h e onset o f seed d e s i c c a t i o n i n 
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most pea b a t c h e s ) ; a l t h o u g h t h e dot b l o t r e s u l t s i n d i c a t e 

t h a t t h i s peak i s f a i r l y low, t h e N o r t h e r n b l o t (which i s 

assumed t o be more r e l i a b l e ) suggests a v e r y s t r o n g peak o f 

u b i q u i t i n message l e v e l a t t h i s t i m e . The l e v e l o f 

h y b r i d i s a t i o n t o t h e u b i q u i t i n probe t h e n f a l l s a g a i n b e f o r e 

a r i s e t o i t s a p p a r e n t l y h i g h e s t l e v e l a t 30DAF. As w e l l as 

t h e p a t t e r n o f t o t a l u b i q u i t i n - c o d i n g message e x p r e s s i o n i n 

t h e d e v e l o p i n g c o t y l e d o n s , t h e N o r t h e r n b l o t i n Fig.19b a l s o 

shows t h e changes i n e x p r e s s i o n o f s e v e r a l d i f f e r e n t 

u b i q u i t i n t r a n s c r i p t s . U n f o r t u n a t e l y , a degree o f 

d e g r a d a t i o n i n t h e samples, e s p e c i a l l y a t 16DAF, confuses t h e 

r e s u l t s somewhat. However, i t i s c l e a r from t h i s and o t h e r 

N o r t h e r n b l o t s t h a t t h e h y b r i d i s i n g band a t ca.l.Skb which i s 

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

j o i n e d a t 20DAF by a second band o f h y b r i d i s a t i o n a t ca. 

1.4kb. The two bands appear t o be e q u a l l y s t r o n g l y expressed 

a t 20DAF and are p r e s e n t t h r o u g h o u t t h e r e s t o f t h e 

developmental p e r i o d i n v e s t i g a t e d (which i s undergoing 

d e s i c c a t i o n a t and a f t e r 20DAF), f o l l o w i n g t h e p a t t e r n o f a 

b r i e f f a l l t h e n a r a p i d r i s e i n b o t h bands o f h y b r i d i s a t i o n 

t o a peak a t 28 and 30DAF, a l t h o u g h i t seems t h a t t h e 1.4kb 

band achieves prominence a t 30DAF. T h i s r i s e d u r i n g l a t e 

development i s a l s o seen i n a t h i r d message, c a . l . 3 k b , which 

becomes apparent a t 24DAF, a l t h o u g h i t may be p r e s e n t a t low 

l e v e l s a t 22DAF. There a l s o appears t o be a v e r y f a i n t band 

o f h y b r i d i s a t i o n a t around 1.3kb i n t h e 14DAF sample, 

a l t h o u g h t h i s i s n ot p r e s e n t a t 12 o r 18DAF and may be due t o 
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d e g r a d a t i o n ; a n o t h e r apparent band a t ca.l.35kb i n t h e 12DAF 

sample was seen on t h e a u t o r a d i o g r a p h t o be caused by 

background h y b r i d i s a t i o n . 

5.1.1.3 Leg J 

An a n a l y s i s o f t h e p a t t e r n o f e x p r e s s i o n o f t h e Leg 

J message shows t h a t i t i s abundant d u r i n g l a t e 

embryogenesis, b u t t h e i n c r e a s e i n t r a n s c r i p t c o n c e n t r a t i o n 

w i t h age i s n o t even. The r e s u l t s o b t a i n e d from t h e 

h y b r i d i s a t i o n o f t h e Leg J probe t o a N o r t h e r n b l o t o f t o t a l 

RNA from d e v e l o p i n g c o t y l e d o n s , r u n v e r y s l o w l y t o g i v e good 

s e p a r a t i o n o f RNA, (F i g . 1 9 c ) g i v e a d e t a i l e d p i c t u r e o f Leg J 

s u b f a m i l y e x p r e s s i o n , l i g h t i n g up two o r p o s s i b l y t h r e e 

t r a n s c r i p t s which e x h i b i t d i f f e r e n t i a l e x p r e s s i o n . At 12DAF 

t h e two main upper bands, a t ca.l880 and 1680b, are o f 

a p p r o x i m a t e l y equal i n t e n s i t y ; b o t h bands f a l l t o an equal 

l e v e l a t 14DAF, t h e n i n c r e a s e i n i n t e n s i t y a t 16DAF. At 

18DAF t h e l e v e l o f b o t h messages has f a l l e n , t h e l e v e l o f 

h y b r i d i s a t i o n t o t h e message a t 1880b app e a r i n g t o be lower 

t h a n t h a t t o t h e band a t 1680b, a l t h o u g h t h i s may be caused 

by d e g r a d a t i o n o f t h e RNA sample. Both bands reach a 

s u s t a i n e d peak o f message l e v e l a t 20, 22 and 24DAF; on 

s h o r t e r exposures o f t h i s b l o t i t can be seen t h a t t h e lower 

band becomes more prominent a f t e r 20DAF, t h e upper band 

a p p e a r i n g t o decrease i n i n t e n s i t y and t o be absent by 28 and 

30DAF. H y b r i d i s a t i o n o f t h e Leg J probe t o t o t a l RNA a t 

28DAF i n d i c a t e s a r a p i d peak i n message c o n c e n t r a t i o n - t h i s 
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appears t o i n c l u d e b o t h upper and lower bands, a l t h o u g h t h e 

s t r e n g t h o f t h e s i g n a l makes s e p a r a t i o n o f t h e bands 

d i f f i c u l t . A t 20DAF (and p o s s i b l y 18DAF) t h e r e i s t h e 

p o s s i b l e e x p r e s s i o n o f a t h i r d band a t ca.1350b; t h i s s i g n a l 

reaches a maximum a t 24DAF (seen on a lower exposure) t h e n 

seems t o d i s a p p e a r . 

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

RNA w i t h PJC5.2 g i v e s s i m i l a r r e s u l t s (Figs.20c and 21 c ) , 

a l t h o u g h no n o t i c e a b l e f a l l i n Leg J s u b f a m i l y message l e v e l 

i s seen a t 18DAF from t h e d o t b l o t r e s u l t s , which a l s o 

suggest t h a t t h e l e v e l o f h y b r i d i s a t i o n t o t h e Leg J probe 

reaches a minimum a t 30DAF, r a t h e r t h a n a t 14DAF as suggested 

by N o r t h e r n b l o t s . 

5.1.1.4 Leg A 

The t e m p o r a l p a t t e r n o f ac c u m u l a t i o n o f t h e Leg A 

t r a n s c r i p t i s shown by N o r t h e r n b l o t ( F i g . l 9 d ) . As w i t h t h e 

Leg J r e s u l t s t h e r e i s a f a l l i n message c o n c e n t r a t i o n 

between 12 and 14DAF, t h e h y b r i d i s a t i o n o f t h e probe t o t h e 

t o t a l RNA t h e n i n c r e a s i n g n o t i c e a b l y a t 16DAF and f a l l i n g 

a g a i n a t ISDAF. H y b r i d i s a t i o n t h e n i n d i c a t e s a peak o f 

message l e v e l a t 20, 22 and 24DAF, which i s f o l l o w e d by a 

r a p i d drop i n t r a n s c r i p t l e v e l a t 26DAF, a second i s o l a t e d 

peak a t 28DAF and t h e n t h e minimum, w i t h b a r e l y d e t e c t a b l e 

h y b r i d i s a t i o n o f t h e Leg A probe, a t 30DAF. Comparing t h e 

r e s u l t s from Leg J and Leg A ( F i g . 19c and d) i t appears t h a t 

t h e n o t i c e a b l e i n c r e a s e i n t h e l e v e l o f h y b r i d i s a t i o n t o t h e 
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probe between t h e e a r l i e r (12-18DAF) and l a t e r (20-30DAF) 

RNA samples i s o f a s m a l l e r magnitude when u s i n g the Leg A 

probe t h a n when u s i n g t h e Leg J probe. L i k e the r e s u l t s 

o b t a i n e d by h y b r i d i s a t i o n w i t h a probe f o r Leg J, i t appears 

t h a t more t h a n one t r a n s c r i p t can be seen a t some o f t h e 

c o t y l e d o n ages: one band i s apparent t h r o u g h o u t development 

a t ca.1800b, b u t below t h i s a t 22 and 24DAF (and p o s s i b l y 18 

and 20DAF) t h e r e appear t h r e e s h o r t e r bands a t ca.l400, 1050 

and 570 n u c l e o t i d e s . As these do not correspond t o t h e 

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

assumed t h a t these are s p e c i f i c d e g r a d a t i o n p r o d u c t s , o r t h e 

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

t r a n s c r i p t s . 

The r e s u l t s o b t a i n e d from a s i m i l a r screen o f a dot 

b l o t o f t o t a l c o t y l e d o n a r y RNA are s i m i l a r t o those o f t h e 

N o r t h e r n , except f o r t h e l a c k o f a n o t i c e a b l e f a l l i n message 

l e v e l a t 18DAF, as n o t e d i n t h e Leg J screen ( F i g . 2 3 d ) . 

5.1.2 The E f f e c t of P l a n t T i s s u e - S p e c i f i c Message L e v e l s i n 

the Developing Embryonic Axis and i n Non-seed T i s s u e s 

The changing l e v e l s o f t h e s e l e c t e d messages was 

examined i n t o t a l RNA e x t r a c t e d from embryonic axes from t h e 

same pea seeds used f o r c o t y l e d o n a r y RNA e x t r a c t i o n . The 

l e v e l o f e x p r e s s i o n i n t h e seed was a l s o compared t o t h a t i n 

non-seed t i s s u e s o f pea. 
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5.1.2.1 PSMTA 

From t h e d o t b l o t r e s u l t s i t appears t h a t t h e l e v e l 

o f t h e PSMTA t r a n s c r i p t i n t h e embryonic a x i s i s o n l y j u s t 

above h y b r i d i s a t i o n t o t h e n e g a t i v e c o n t r o l {E.coli rRNA) a t 

16DAF and below t h a t t h e r e a f t e r (Figs.20a and 21a); i t 

f o l l o w s t h e p a t t e r n o f e x p r e s s i o n found i n t h e c o t y l e d o n , but 

a t l o w e r l e v e l s , w i t h t h e messages i n b o t h t i s s u e s r e a c h i n g a 

p l a t e a u a t 26DAF. H y b r i d i s a t i o n o f t h e PsMT^ probe t o a 

N o r t h e r n b l o t c o n t a i n i n g lOug samples o f t o t a l RNA from 

embryonic axes was n o t d e t e c t a b l e , presumably due t o t h e low 

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

PsMTji t r a n s c r i p t i n non-seed t i s s u e s i s a l s o i n d i c a t e d i n 

Figs.20a and 21a. L e v e l s o f t h e PsMT^ message i n t h e l e a f 

a r e f a i r l y low, t h e h y b r i d i s a t i o n t o l e a f t o t a l RNA appearing 

t o be l e s s t h a n t h a t t o 14DAF c o t y l e d o n a r y RNA. However, the 

message l e v e l i n t h e r o o t ( f r o m which t h e gene was o r i g i n a l l y 

i s o l a t e d ) and t h e stem are s i g n i f i c a n t l y h i g h e r t h a n i n t h e 

seed t i s s u e a t a l l ages examined. 

5.1.2.2 Pea U b i q i d t i n 

The s c r e e n i n g o f a N o r t h e r n b l o t o f lOug samples o f 

embryonic RNA w i t h a p o l y u b i q u i t i n probe gave no c l e a r 

h y b r i d i s a t i o n ^ However, t h e probe d i d h y b r i d i s e t o embryonic 

RNA on a d o t b l o t (Fig.2Ob), a l t h o u g h as w i t h t h e 

h y b r i d i s a t i o n t o t h e t o t a l c o t y l e d o n a r y RNA much o f t h e 

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

t o t h e n e g a t i v e c o n t r o l . The amount o f h y b r i d i s a t i o n o f t h e 
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u b i q u i t i n c o d i n g sequence t o t h e embryonic RNA seems t o be 

g r e a t e r t h a n t h a t t o t h e c o t y l e d o n s a t most developmental 

s t a g e s . The e x p r e s s i o n p a t t e r n seen i n t h e embryonic a x i s , 

o f a f a l l i n u b i q u i t i n c o d i n g message l e v e l from 16DAF t o a 

s l i g h t peak a t 20DAF, a n o t h e r f a l l t h e n a r i s e t o a f i n a l 

peak a t 30DAF, seems t o correspond w e l l t o t h e p a t t e r n seen 

i n t h e c o t y l e d o n s , a l t h o u g h t h e peak a t 20DAF i s much l e s s 

pronounced and t h e f i n a l l e v e l o f h y b r i d i s a t i o n a t 30DAF does 

n o t seem t o be q u i t e as h i g h i n t h e embryonic a x i s as i n t h e 

c o t y l e d o n s . 

The h y b r i d i s a t i o n o f t h e probe t o t o t a l RNA from 

non-seed t i s s u e s i n d i c a t e s t h a t t h e maximum l e v e l o f 

u b i q u i t i n - c o d i n g messages i s found i n t h e stem, c l o s e l y 

f o l l o w e d by t h a t i n t h e r o o t ; b o t h o f these organs appear t o 

have h i g h e r l e v e l s o f h y b r i d i s a t i o n t o t h e u b i q u i t i n probe 

t h a n t h a t seen a t t h e p o i n t o f peak e x p r e s s i o n i n t h e seed 

( a t 30DAF) and c o n s i d e r a b l y h i g h e r l e v e l s t h a n are seen 

d u r i n g most o f a x i s and c o t y l e d o n development. The l e v e l o f 

h y b r i d i s a t i o n o f t h e u b i q u i t i n probe t o l e a f t o t a l RNA 

appears t o be lowe r t h a n t h a t seen i n stem and r o o t ; f u r t h e r , 

a l t h o u g h t h e l e a f u b i q u i t i n - c o d i n g t r a n s c r i p t l e v e l s seem t o 

be h i g h e r t h a n those found i n t h e m a j o r i t y o f seed ages 

examined, a p p e a r i n g t o be a p p r o x i m a t e l y equal t o t h e l e v e l 

seen a t 16DAF i n embryonic axes, t h e y are a p p a r e n t l y lower 

t h a n t h e seed's maximum l e v e l o f u b i q u i t i n h y b r i d i s a t i o n t o 

seed t i s s u e s i n b o t h embryonic axes and c o t y l e d o n s a t 30DAF, 

when t h e seed i s under c o n s i d e r a b l e water s t r e s s . 
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5.1.2.3 Leg J 

The l e v e l s o f messages h y b r i d i s i n g t o t h e Leg J 

probe i n t o t a l RNA from embryonic axes are shown i n Figs.20c 

and 22. I n b o t h cases t h e Leg J s u b f a m i l y t r a n s c r i p t l e v e l s 

are s u b s t a n t i a l l y lower i n t h e a x i s t h a n i n t h e c o t y l e d o n s 

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

e x p r e s s i o n as t h e a x i s ages. The N o r t h e r n b l o t a n a l y s i s 

( F i g . 2 2 ) i n d i c a t e s t h a t t h e l e v e l o f Leg J s u b f a m i l y 

t r a n s c r i p t s i n c r e a s e s i n t h e embryonic axes from a low, 

v i r t u a l l y u n d e t e c t a b l e l e v e l a t 16DAF t o a maximum a t 22DAF, 

t h e n f a l l s a g a i n , b e i n g u n d e t e c t a b l e a f t e r 26DAF. The 

s e p a r a t i o n o f t h e two 1880b and 1680b bands i s not obvious, 

b u t t h e w i d t h o f t h e h y b r i d i s i n g band suggests t h a t b o t h 

t r a n s c r i p t s i z e s are p r e s e n t , a l t h o u g h t h i s r e q u i r e s 

c o n f i r m a t i o n by t h e use o f s p e c i f i c probes. I n c o n t r a s t , t h e 

r e s u l t s o b t a i n e d from h y b r i d i s a t i o n o f t h e Leg J probe t o 

embryonic RNA on a d o t b l o t suggest a peak o f e x p r e s s i o n a t 

20DAF r a t h e r t h a n 22DAF and a l s o i n d i c a t e a h i g h e r l e v e l o f 

h y b r i d i s a t i o n t o t h e 16DAF sample t h a n was i n d i c a t e d i n t h e 

N o r t h e r n b l o t . However, n o t i c e a b l e h y b r i d i s a t i o n o f t h e 

PJC5.2 probe t o 16DAF embryonic t o t a l RNA on o t h e r s i m i l a r 

d o t b l o t s ( n o t shown) was n o t observed; t h i s d i s c r e p a n c y was 

p o s s i b l y caused by u n i n t e n t i o n a l o v e r l o a d i n g o f t h e 16DAF 

sample due t o inadequate t h a w i n g . 

The i n c l u s i o n o f non-seed t i s s u e s i n t h e dot b l o t 

( F i g . 2 0 c ) demonstrates t h a t t h e h y b r i d i s a t i o n o f t h e Leg J 
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F i g u r e 22. N o r t h e r n b l o t a n a l y s i s o f t o t a l RNA e x t r a c t e d from 

d e v e l o p i n g pea embryonic axes probed w i t h PJC5.2 

{Leg J). lOug RNA loaded per t r a c k . 

Tracks 1-8: RNA from 16, 18, 20, 22, 24, 26, 28 and 30DAF 

embryonic cixes, r e s p e c t i v e l y . 

1 2 3 4 5 6 7 8 
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message t o non-seed t i s s u e s i s e i t h e r v e r y low o r absent. 

The h y b r i d i s a t i o n t o b o t h stem and l e a f appears t o be l e s s 

t h a n t h a t t o t h e n e g a t i v e c o n t r o l (E.coli rRNA). The s i g n a l 

f r o m r o o t RNA seems s l i g h t l y s t r o n g e r t h a n t h a t from t h e 

n e g a t i v e c o n t r o l and t h e lower l e v e l s found i n t h e embryonic 

a x i s ; however, i t i s low e r t h a n t h e l e v e l s found i n t h e 

c o t y l e d o n s a t a l l developmental ages examined. 

5.1.2.4 Leg A 

As w i t h Leg J, t h e l e v e l o f Leg A message i n t h e 

embryonic a x i s i s v e r y much lower t h a n i n t h e c o t y l e d o n s and 

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

(PRC3.1) t o a N o r t h e r n b l o t o f embryonic a x i s t o t a l RNA 

( l O u g / t r a c k ) was not o b t a i n e d . Dot b l o t a n a l y s i s gave a v e r y 

s i m i l a r p a t t e r n o f h y b r i d i s a t i o n o f t o t a l RNA t o t h e Leg A 

message as t h a t t o t h e Leg J probe, w i t h an o v e r a l l low l e v e l 

and a s l i g h t maximum a t 20DAF, a l t h o u g h u n l i k e t h e Leg J 

r e s u l t s t h i s was not c o n t i n u e d t o 22DAF; t h e r e was no 

a p p r e c i a b l e h y b r i d i s a t i o n o f t h e probe t o t h e 16DAF sample. 

The h y b r i d i s a t i o n o f t h e Leg A probe t o t o t a l RNA from l e a f , 

stem and r o o t t i s s u e i n a l l cases seemed t o be l e s s t h a n t h e 

background h y b r i d i s a t i o n t o t h e n e g a t i v e c o n t r o l {E.coli 

rRNA) and t h e h y b r i d i s a t i o n l e v e l s t o a l l c o t y l e d o n ages 

examined. 
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5.1.3 The E f f e c t of Premature D e s i c c a t i o n on S p e c i f i c Message 

L e v e l s i n Immature Cotyledons 

Immature pea pods were e x c i s e d from t h e p l a n t and 

exposed t o a d r y i n g t r e a t m e n t t o t r y t o separate t h e e f f e c t s 

o f d e s i c c a t i o n on t h e d e v e l o p i n g seed from t h e message l e v e l 

changes observed i n t h e normal developmental programme, and 

so i n v e s t i g a t e t h e e f f e c t s o f d r y i n g on t h e seed. Two 

methods o f premature d e s i c c a t i o n o f 14DAF c o t y l e d o n s were 

examined: a i r d r y i n g f o r 24, 48 and 72 hours and d r y i n g over 

s i l i c a g e l ( s i l i c a d r y i n g ) , presumed t o g i v e more r a p i d 

d e s i c c a t i o n , f o r 48 and 72 hours and 8 days. The main 

problem w i t h t h ese t r e a t m e n t s arose from t h e c o n t r o l s . To 

ensure t h a t t h e presence o f water was t h e o n l y d i f f e r e n c e 

between t r e a t e d and c o n t r o l seeds, c o n t r o l pods were taken 

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

w a t e r f o r 24, 48 and 72 h o u r s , t o p a r a l l e l t h e a i r d r y i n g 

t r e a t m e n t s . However, a l l o f t h e t o t a l RNA e x t r a c t e d from 

such c o n t r o l s was s u b s t a n t i a l l y degraded. I t i s p o s s i b l e 

t h a t t h e i s o l a t i o n f r o m t h e p l a n t n u t r i e n t s and hormones and 

t h e exposure t o water induces t h e seed t o t r y t o germinate; 

o r t h a t t h e shock o f removal from t h e p l a n t induces 

d e g r a d a t i o n processes w h i c h r e q u i r e w a t er and so are not seen 

i n t h e d e s i c c a t i o n t r e a t m e n t s . Whatever t h e cause, an 

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

message between t r e a t m e n t s and c o n t r o l s was d i f f i c u l t t o 

o b t a i n . On most N o r t h e r n b l o t s t h e c o n t r o l was loaded i n 

l a r g e r amounts so t h a t t h e i n t e n s i t y o f t h e r i b o s o m a l bands 
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was comparable t o t h a t o f t h e t r e a t e d samples. T h i s r e s u l t e d 

i n a l a r g e r degree o f h y b r i d i s a t i o n t o t h e degraded samples 

t h a n c o u l d be expected, c o n f u s i n g t h e r e s u l t s . When an equal 

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

smeared s i g n a l which i s h a r d t o compare w i t h t h e t r e a t e d 

samples. I t was c o n s i d e r e d more s e n s i b l e , t h e r e f o r e , t o 

compare t h e message l e v e l found i n t r e a t e d samples t o t h a t i n 

c o t y l e d o n s o f t h e same age h a r v e s t e d s t r a i g h t from t h e p l a n t , 

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

f o u n d between most batches w i l l not a f f e c t t h e r e s u l t s 

s u b s t a n t i a l l y . 

5.1.3.1 PSMTA 

Premature d e s i c c a t i o n o f 14DAF c o t y l e d o n s appears 

t o have a n e g a t i v e e f f e c t on t h e l e v e l o f t h e PSMTA 

t r a n s c r i p t (see Figs.23a and 24a). A f t e r 24 hours o f a i r 

d r y i n g t h e message l e v e l i n t h e t r e a t e d seed, which has a 

b i o l o g i c a l age o f 15DAF, i s v e r y s i m i l a r t o t h a t o f t h e 16DAF 

u n t r e a t e d sample; however, t h e message l e v e l drops on f u r t h e r 

d r y i n g and a f t e r 72 hours t h e l e v e l appears t o have been 

b r o u g h t down t o t h a t n o r m a l l y seen a t around 24DAF on t h e 

p l a n t , w h i l e t h e c o t y l e d o n s are o n l y a t 17DAF. The s i l i c a 

d r y i n g g i v e s a s i m i l a r e f f e c t t o t h e a i r d r y i n g a t 48 and 72 

ho u r s , w h i l e 8 days o f s i l i c a d r y i n g a p p a r e n t l y causes t h e 

t r a n s c r i p t l e v e l t o f a l l t o t h a t u s u a l l y seen around 26DAF 

when t h e c o t y l e d o n s a r e o n l y a t 22DAF. 
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F i g u r e 23. Dot b l o t a n a l y s i s o f t o t a l RNA e x t r a c t e d from 

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

and from pods i s o l a t e d from t h e p l a n t and 

exposed t o premature d e s i c c a t i o n . 

2.5ug loaded per w e l l . B l o t s are probed w i t h a)PsMTA} b)PCUl 

(pea p o l y u b i q u i t i n ) ; c) PJC5.2 (Leg J); d) PRC3.1 {Leg A). 

Columns 1 and 2: t o t a l RNA from u n t r e a t e d d e v e l o p i n g 

c o t y l e d o n s from 12 t o 30DAF (rows 1-10); 

E.coli rRNA {Er, row 11); 

Columns 3 and 4: t o t a l RNA from c o t y l e d o n s from pods taken 

f r o m t h e p l a n t a t 14DAF e i t h e r a i r d r i e d (A, 

rows 2-4) o r s i l i c a d r i e d (S, rows 6-8) f o r 

24, 48, 72 hours o r 8 days; 0.1-lng p l a s m i d 

i n s e r t DNA (P, row 11). 

Column 

Row 

1 2 3 4 

1 12 12 —_ 

2 14 14 A24 A24 

3 16 16 A48 A48 

4 18 18 A72 A72 

5 20 20 

6 22 22 S48 S48 

7 24 24 872 S72 

8 26 26 S8 S8 

9 28 28 

10 30 30 

11 Er Er P P 
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a) b) 

c) d) 
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F i g u r e 24. A t e n t a t i v e , u n q u a n t i t a t i v e a n a l y s i s o f t h e 

p a t t e r n o f e x p r e s s i o n o f s e l e c t e d pea p r o t e i n 

messages e s t i m a t e d by d e n s i t o m e t r i c a n a l y s i s o f 

d o t b l o t s o f t o t a l RNA from pea c o t y l e d o n s from 

u n t r e a t e d d e v e l o p i n g pods and from pods ( f r o m a 

se p a r a t e b a t c h ) i s o l a t e d from t h e p l a n t and 

exposed t o premature d e s i c c a t i o n , probed w i t h 

a.)PsMTj^} b)PCUl (pea p o l y u b i q u i t i n ) ; c) PJC5.2 

{Leg J)', d) PRC3.1 {Leg A) . 
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5.1.3.2 Pea D b i q u i t i n 

H y b r i d i s a t i o n o f t h e pea p o l y u b i q u i t i n probe was 

b a r e l y d e t e c t a b l e on N o r t h e r n b l o t s o f c o n t r o l and 

d e s i c c a t i o n t r e a t m e n t s c o n t a i n i n g lOug t o t a l RNA per sample: 

v e r y f a i n t h y b r i d i s a t i o n was seen o n l y t o t h e 8 day s i l i c a 

d r i e d sample, a t around 18S; t h u s t h e u b i q u i t i n - c o d i n g 

messages do n o t appear t o be induced t o a h i g h l e v e l by 

premature d e s i c c a t i o n o f 12DAF c o t y l e d o n s . However, 

h y b r i d i s a t i o n o f t h e probe t o a dot b l o t (Figs.23b and 24b) 

i n d i c a t e s t h a t a l t h o u g h 24 t o 72 hours o f d e s i c c a t i o n , b o t h 

by a i r and s i l i c a , g i v e s message l e v e l s s i m i l a r t o o r 

s l i g h t l y below those seen i n t h e u n t r e a t e d p l a n t , t h e r e i s a 

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

probe a f t e r 8 days s i l i c a d r y i n g , r e a c h i n g a l e v e l o f 

h y b r i d i s a t i o n u s u a l l y seen o n l y between 28 and 30 DAF a t a 

b i o l o g i c a l age o f 22DAF, and 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 e 

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

5.1.3.3 Leg J 

The i m p o s i t i o n o f premature d e s i c c a t i o n on 

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

l e v e l o f message h y b r i d i s i n g t o t h e Leg J probe. From t h e 

N o r t h e r n b l o t (Fig.25a) i t appears t h a t t h e l e v e l o f 

h y b r i d i s a t i o n t o t h e 14DAF sample i s g r e a t e r t h a n t h a t t o t h e 

24 hour a i r - d r i e d sample, a l t h o u g h o t h e r s i m i l a r N o r t h e r n 

b l o t s d i d n o t i n d i c a t e such a l a r g e d i f f e r e n c e between t h e 

two samples. N e v e r t h e l e s s , i t i s c l e a r t h a t c o n t i n u e d a i r 
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F i g u r e 25. N o r t h e r n b l o t a n a l y s i s o f t o t a l RNA e x t r a c t e d from 

immature pea c o t y l e d o n s from pods which were 

e i t h e r u n t r e a t e d , p r e m a t u r e l y d r i e d by a i r o r 

s i l i c a d r y i n g , o r i n c u b a t e d i n water. B l o t s were 

probed w i t h : a) PJC5.2 (Leg J ) ; b) PRC3.1 {Leg A) 

and c o n t a i n e d t o t a l RNA from: 

Track 1: 14DAF c o t y l e d o n s ( u n t r e a t e d ) 

Track 2: a i r d r i e d , 24 hours 

Track 3: wa t e r c o n t r o l . 24 hours 

Track 4: a i r d r i e d , 48 hours 

Track 5: w a t e r c o n t r o l . 48 hours 

Track 6: a i r d r i e d , 72 hours 

Track 7: w a t e r c o n t r o l , 72 hours 

Track 8: s i l i c a d r i e d . 48 hours 

Track 9: s i l i c a d r i e d , 72 hours 

Track 10: s i l i c a d r i e d . 8 days 

( U n t r e a t e d and d r i e d samples are loaded a t lOug RNA per 

t r a c k ; t h e w a t e r c o n t r o l s were loaded t o g i v e 2IS and 18S 

r i b o s o m a l bands o f a p p r o x i m a t e l y equal i n t e n s i t y t o t h e d r i e d 

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

Leg J s u b f a m i l y probe. T h i s p a t t e r n i s repeated i n t h e 

r e s u l t s from 48 and 72 hour s i l i c a d r y i n g , w i t h t h e message 

l e v e l t h e n f a l l i n g s u b s t a n t i a l l y a f t e r 8 days s i l i c a d r y i n g . 

The c o n t r o l s are degraded, b u t i t i s c l e a r t h a t , w i t h t h e 

e x c e p t i o n o f t h e 24 hour a i r d r i e d sample, t h e l e v e l o f 

h y b r i d i s a t i o n t o t h e d r i e d samples i s c o n s i d e r a b l y g r e a t e r 

t h a n t h a t t o t h e water c o n t r o l s when comparing t h e area a t 

18S. The h y b r i d i s a t i o n o f PJC5.2 t o t o t a l RNA from 

d e v e l o p i n g and p r e m a t u r e l y d r i e d c o t y l e d o n s on a dot b l o t 

( F i g s . 2 3 c and 24c) appears t o g i v e r e s u l t s which agree v e r y 

w e l l w i t h t h e N o r t h e r n b l o t r e s u l t s . 

From t h e N o r t h e r n b l o t i n Fig.25a i t i s d i f f i c u l t 

t o s e p a r a t e t h e two bands (1880b and 1680b). However, 

s i m i l a r N o r t h e r n b l o t s t a k e n from g e l s which were 

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

l o w e r 1680 band which responds f i r s t t o a i r d r y i n g , t h e 1880 

band a p p e a r i n g a f t e r 48 hours and t h e two bands r e a c h i n g an 

almost e q u a l i n t e n s i t y a f t e r 72 hours a i r d r y i n g . The same 

p a t t e r n i s found w i t h s i l i c a d r y i n g , w i t h t h e 1880b band 

showing t h e g r e a t e s t decrease i n h y b r i d i s a t i o n t o t h e probe 

a f t e r 8 days s i l i c a d r y i n g . 

5.1.3.4 Leg A 

A screen o f t h e same N o r t h e r n b l o t used i n Fig.25a 

w i t h a probe f o r Leg shows t h a t premature d e s i c c a t i o n leads 

t o an i n c r e a s e i n t h e l e v e l o f Leg A s u b f a m i l y messages which 
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i s s l i g h t l y s i m i l a r t o b u t o f a much s m a l l e r magnitude th a n 

t h e i n c r e a s e seen w i t h t h e Leg J s u b f a m i l y messages. 

A l t h o u g h t h e l e v e l o f h y b r i d i s a t i o n t o t h e PRCS.1 probe 

i n c r e a s e s n o t i c e a b l y from 24 t o 72 hours a i r d r y i n g , t h e r e i s 

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

t h e 48 and 72 hour w a t e r c o n t r o l s . Thus a l t h o u g h t h e dot 

b l o t r e s u l t s ( Fig.23d) i n d i c a t e s i g n i f i c a n t l y h i g h e r l e v e l s 

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

d e s i c c a t i o n , t h e i n c r e a s e does not seem t o be a s o l e r e s u l t 

o f d e s i c c a t i o n . I n c o n t r a s t , t h e r e appears t o be no 

s i g n i f i c a n t i n c r e a s e i n t h e l e v e l o f Leg A s u b f a m i l y messages 

between 48 and 72 hours s i l i c a d r y i n g , w h i l e f u r t h e r s i l i c a 

d r y i n g g i v e s a f a l l i n message l e v e l t o a b a r e l y d e t e c t a b l e 

l e v e l , w e l l below t h e c o n c e n t r a t i o n u s u a l l y seen a t t h i s seed 

age (22DAF). 

5.1.4 The E f f e c t of Exogenous ABA on S p e c i f i c Message L e v e l s 

i n Immature Cotyledons 

Immature pods were e x c i s e d from t h e p l a n t and 

t r e a t e d w i t h c o n c e n t r a t i o n s o f ABA from 10-'*M t o IQ-^M t o 

assess t h e e f f e c t s o f a p p l i e d ABA on s p e c i f i c message l e v e l s 

i n t h e d e v e l o p i n g seed. 

5.1.4.1 PSMTA 

The a p p l i c a t i o n o f exogenous ABA appeared t o have 

no e f f e c t on t h e e x p r e s s i o n o f t h e PsMTj^ message. 
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H y b r i d i s a t i o n t o t h e PsMT^ message was seen on a N o r t h e r n 

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

was no g r e a t e r t h a n t h a t t o t h e 14DAF u n t r e a t e d sample o r t o 

t h e w a t e r c o n t r o l and showed no v a r i a t i o n w i t h i n c r e a s i n g ABA 

c o n c e n t r a t i o n . F u r t h e r , t h e r e was o n l y v e r y f a i n t 

h y b r i d i s a t i o n t o t h e samples t r e a t e d f o r 72 hours, g i v i n g t h e 

same i n t e n s i t y as t h e w a t e r and u n t r e a t e d c o n t r o l s ; t h i s 

agrees w i t h t h e observed low l e v e l o f PsMT^ t r a n s c r i p t a t 

t h i s d e velopmental stage and i n d i c a t e s t h a t t h i s range o f ABA 

c o n c e n t r a t i o n s n e i t h e r induces nor reduces l e v e l s o f t h e 

PSMTA t r a n s c r i p t . 

5.1.4.2 Pea D b i q u i t i n 

ABA appeared t o have no n o t i c e a b l e e f f e c t on t h e 

e x p r e s s i o n o f u b i q u i t i n - c o d i n g t r a n s c r i p t s when a p p l i e d 

exogenously t o d e v e l o p i n g c o t y l e d o n s . Long exposure o f a 

N o r t h e r n b l o t o f c o n t r o l and ABA-treated RNA (20ug) d i d show 

h y b r i d i s a t i o n o f t h e p o l y u b i q u i t i n probe t o t h e seed RNA, 

b u t , as w i t h PSMTA, t h e h y b r i d i s a t i o n o f t h e probe t o t r e a t e d 

samples was comparable t o t h a t t o u n t r e a t e d samples and 

c o n t r o l s . 

5.1.4.3 Leg J 

Treatment o f d e v e l o p i n g c o t y l e d o n s w i t h exogenous 

ABA induces a d e f i n i t e i n c r e a s e i n t h e l e v e l o f Leg J 

t r a n s c r i p t , as demonstrated by N o r t h e r n b l o t a n a l y s i s ( F i g . 

2 6 a ) . A l t h o u g h t h e N o r t h e r n b l o t does n o t d i s t i n g u i s h 
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F i g u r e 26. N o r t h e r n b l o t a n a l y s i s o f t o t a l RNA e x t r a c t e d from 

pea c o t y l e d o n s from u n t r e a t e d pods and from pods 

( f r o m a se p a r a t e b a t c h ) i s o l a t e d from t h e p l a n t 

and i n c u b a t e d w i t h v a r y i n g c o n c e n t r a t i o n s o f ABA 

and water. 

a) N o r t h e r n b l o t probed w i t h PJC5.2 {Leg J ) / 

b) B l o t a) s t r i p p e d and reprobed w i t h PRC3.1 (Leg A). 

Track 1: 14DAF c o t y l e d o n s ( u n t r e a t e d ) 

Track 2: w a t e r c o n t r o l , 24 hours 

Track 3: 10-^M ABA, 24 hours 

Track 4: lO-^M ABA, 24 hours 

Track 5: lO-"*!*! ABA, 24 hours 

Track 6: w a t e r c o n t r o l , 72 hours 

Track 7: 10-^M ABA, 48 hours 

Track 8: 10-^M ABA, 48 hours 

Track 9: 10-"M ABA, 48 hours 

Track 10: 18DAF c o t y l e d o n s ( u n t r e a t e d ) . 

( A l l samples were loaded a t lOug RNA per t r a c k except t h e 

w a t e r c o n t r o l s , which were loaded t o g i v e r i b o s o m a l bands o f 

a p p r o x i m a t e l y t h e same i n t e n s i t y as t h e o t h e r samples). 
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between any sep a r a t e bands, i t i s c l e a r t h a t t h e l e v e l o f Leg 

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

w i t h ABA t h a n i n e i t h e r t h e water c o n t r o l s o r t h e t o t a l RNA 

Scimples from c o t y l e d o n s l e f t on t h e p l a n t . The water 

c o n t r o l s , t a k e n from t h e same b a t c h o f p l a n t s as t h e ABA-

t r e a t e d samples, were a g a i n s u b s t a n t i a l l y degraded. There i s 

a n o t i c e a b l e r i s e i n h y b r i d i s a t i o n t o t h e Leg J probe between 

t h e 14DAF sample and t h e 24 hour water c o n t r o l , b u t t h e l e v e l 

o f h y b r i d i s a t i o n t o t h e 24 hour ABA-treated samples i s 

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 t o t h e water c o n t r o l i n t h e 

area a t 18S. The l e v e l s o f h y b r i d i s a t i o n t o t h e 72 hour 

w a t e r c o n t r o l and t h e 18DAF samples appear t o be 

a p p r o x i m a t e l y equal a t 18S and c o n s i d e r a b l y lower t h a n t h a t 

seen t o t h e 72 hour ABA-treated samples. Given t h e s t r e n g t h 

o f h y b r i d i s a t i o n t o t h e ABA-treated samples i t i s v e r y 

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

d i f f e r e n c e between t h e t h r e e c o n c e n t r a t i o n s o f ABA and t h e 

two i n c u b a t i o n t i m e s ; s h o r t e r exposures a l s o d i d n o t suggest 

any s i g n i f i c a n t d i f f e r e n c e between t h e s i x ABA-treated 

samples, a l t h o u g h by eye i t appears t h a t t h e l o n g e r exposure 

t o ABA gave s l i g h t l y lowered l e v e l s o f h y b r i d i s a t i o n t o t h e 

Leg J probe. 

5.1.4.4 Leg A 

H y b r i d i s a t i o n o f t h e Leg A probe t o t h e same 

N o r t h e r n b l o t screened w i t h Leg J (Fig.26b) i n d i c a t e s t h a t , 

l i k e Leg J, i n c u b a t i o n o f pods w i t h ABA leads t o an i n c r e a s e 
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i n c o t y l e d o n a r y Leg A s u b f a m i l y message l e v e l . However, 

a l t h o u g h t h e h y b r i d i s a t i o n o f t h e probe t o t h e ABA-treated 

samples i s much h i g h e r t h a n t h a t t o t h e 14DAF sample, t h e 

h y b r i d i s a t i o n t o t h e wa t e r c o n t r o l s and t h e 18DAF sample i s 

a l s o f a i r l y h i g h . When comparing t h e area a t 18S i t s t i l l 

appears t h a t ABA t r e a t m e n t g i v e s an i n c r e a s e d l e v e l o f 

h y b r i d i s a t i o n t o t h e probe b u t , as w i t h t h e premature 

d e s i c c a t i o n r e s u l t s , t h e apparent i n c r e a s e i n Leg A s u b f a m i l y 

message l e v e l s upon exposure t o ABA when compared t o t h e 

c o n t r o l s i s l e s s t h a n t h a t seen w i t h t h e Leg J s u b f a m i l y 

l e v e l s . As b e f o r e , i t i s d i f f i c u l t t o assess on t h i s 

o v e r n i g h t exposure whether t h e t h r e e c o n c e n t r a t i o n s and two 

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

e f f e c t on message l e v e l ; however, u n l i k e t h e Leg J r e s u l t s , 

i t appears by eye t h a t c o n t i n u e d exposure t o t h e two lowest 

l e v e l s o f ABA (lO'^M and lO'^M) g i v e s a s l i g h t i n c r e a s e i n 

t h e l e v e l o f h y b r i d i s a t i o n t o t h e probe. 

5.1.5 Em Message L e v e l s i n Pea 

No s p e c i f i c h y b r i d i s a t i o n was d e t e c t e d when 

N o r t h e r n b l o t s o f t o t a l pea c o t y l e d o n RNA were probed w i t h a 

subclone o f t h e wheat Em cDNA (PMuge K l a ) , o n l y a degree o f 

n o n - s p e c i f i c b i n d i n g t o t h e 18S and 23S ri b o s o m a l bands. The 

same r e s u l t was seen w i t h N o r t h e r n b l o t s o f p r e m a t u r e l y 

d e s i c c a t e d and ABA-treated c o t y l e d o n s , i n d i c a t i n g t h a t t h e 

pea seed does n o t c o n t a i n a message showing s u f f i c i e n t 

homology t o t h e Em cDNA t o a l l o w h y b r i d i s a t i o n . 
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5.1.6 Cowpea T r y p s i n I n h i b i t o r L e v e l s i n Pea 

A probe f o r t h e CpTI gene f a i l e d t o b i n d s t r o n g l y 

t o t o t a l RNA fr o m t r e a t e d and u n t r e a t e d c o t y l e d o n s , embryonic 

axes o r non-seed t i s s u e s when h y b r i d i s e d a t 42°C w i t h 

formeimide and washed w i t h 5xSSC, 0.1%SDS, t w i c e a t room 

t e m p e r a t u r e and once a t 42°C. D e n s i t o m e t r i c a n a l y s i s o f t h e 

f a i n t background h y b r i d i s a t i o n showed t h a t t h e low l e v e l s o f 

b i n d i n g o f t h e probe t o a l l t r e a t e d , u n t r e a t e d and non-seed 

samples was a p p r o x i m a t e l y t h e same and was no g r e a t e r t h a n 

t h e h y b r i d i s a t i o n t o t h e n e g a t i v e c o n t r o l {E.coli rRNA). 

5.1.7 H y b r i d i s a t i o n of the PM46 cDNA I n s e r t to Pea RNA 

I t was v e r y d i f f i c u l t t o observe c l e a r 

h y b r i d i s a t i o n o f t h e PM46 cDNA i n s e r t , i s o l a t e d from a 

24,26,28DAF l i b r a r y , t o t o t a l RNA from d e v e l o p i n g pea 

c o t y l e d o n s . A s i g n a l was d e t e c t e d on a N o r t h e r n b l o t 

c o n t a i n i n g 30ug RNA per t r a c k and exposed f o r over two weeks 

( F i g . 2 7 ) . However, t h e background h y b r i d i s a t i o n i s ex t r e m e l y 

h i g h and t h e h y b r i d i s a t i o n t o t h e RNA i n t h e area o f 18S, 

( w i t h a f a i n t l e v e l o f h y b r i d i s a t i o n a l s o seen t o t h e 23S 

area) d i d n o t appear t o show any p a r t i c u l a r p a t t e r n o f 

e x p r e s s i o n . H y b r i d i s a t i o n o f t h e probe t o t o t a l RNA i n d o t 

b l o t s produced s i m i l a r r e s u l t s w i t h a h i g h background, f a i n t 

h y b r i d i s a t i o n t o t h e t o t a l RNA and no d i s c e r n i b l e p a t t e r n o f 

e x p r e s s i o n . No h y b r i d i s a t i o n was d e t e c t e d t o a N o r t h e r n b l o t 
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F i g u r e 27. N o r t h e r n b l o t a n a l y s i s o f t o t a l RNA from 

d e v e l o p i n g pea c o t y l e d o n s , probed w i t h PM46. 30ug 

t o t a l RNA was loaded per t r a c k . 

a) Formaldehyde g e l e l e c t r o p h o r e s i s o f t o t a l RNA from 

d e v e l o p i n g c o t y l e d o n s : 

Tracks 1-10: t o t a l RNA from 12, 14, 16, 18, 20, 22, 24, 

26, 28 and 30DAF c o t y l e d o n s r e s p e c t i v e l y ; 

b) N o r t h e r n b l o t a n a l y s i s o f g e l (a) probed w i t h PM46. 
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o f lOug samples o f embryonic a x i s RNA o r t o a b l o t o f 

d e s i c c a t i o n - t r e a t e d c o t y l e d o n s (20ug RNA per t r a c k ) . 

S c r e e n i n g o f a N o r t h e r n b l o t o f ABA-treated c o t y l e d o n s and 

c o n t r o l s ( 3 0 u g / t r a c k ) a g a i n produced a s i g n a l o f 

h y b r i d i s a t i o n t o t h e 18S area and f a i n t e r h y b r i d i s a t i o n t o 

t h e 23S area and a h i g h l e v e l o f background h y b r i d i s a t i o n . 

5.1.8 The E f f e c t of Seed Age and T i s s u e on the T o t a l and 

Albumin P r o t e i n F r a c t i o n s i n Developing Peas 

F i g s . 28a and 28b show t h e t o t a l albumin p r o t e i n 

f r a c t i o n f rom 14-32DAF c o t y l e d o n s and embryonic axes 

r e s p e c t i v e l y , each sample c o n t a i n i n g 40mg f r e s h w e i g h t / m l . 

I n b o t h t h e c o t y l e d o n s and t h e embryonic axes t h e t o t a l 

a l b u m i n l e v e l s i n c r e a s e s t e a d i l y w i t h age (loa d e d on a f r e s h 

w e i g h t b a s i s ) , t h e major bands o c c u r r i n g a t ca.26K and ca.l2K 

i n t h e c o t y l e d o n s ( c o r r e s p o n d i n g t o t h e major and low MW 

albumins r e s p e c t i v e l y ) . The p r o t e i n mass appears t o be more 

e v e n l y d i s t r i b u t e d between t h e bands i n t h e a x i s ; t h e p a t t e r n 

o f bands i n t h e albumin e x t r a c t s from embryonic axes i s 

s i m i l a r t o t h a t i n t h e c o t y l e d o n s , b u t t h e major albumin a t 

26K i s n o t as n o t i c e a b l e . F u r t h e r , a band o f p r o t e i n a t 

ca.lSK appears i n t h e embryonic a x i s a t 24DAF, r e m a i n i n g 

f a i r l y c l e a r u n t i l t h e l e v e l f a l l s a t 32DAF; t h i s band i s not 

conspicuous i n t h e c o t y l e d d n s o r i n t h e embryonic a x i s a t 

e a r l i e r developmental stages and appears t o be t h e o n l y 

p r o m i n e n t albumin band whic h does show a sudden i n c r e a s e i n 

d e n s i t y as t h e seed ages. Other bands which are f a i r l y 
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F i g u r e 28. P o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s o f albumin 

and t o t a l p r o t e i n f r a c t i o n s from d e v e l o p i n g 

and d e s i c c a t e d c o t y l e d o n s and embryonic axes. 

P r o t e i n was e x t r a c t e d a t 40mg/ml and 

e l e c t r o p h o r e s e d under r e d u c i n g c o n d i t i o n s . 

a) Albumin p r o t e i n s from d e v e l o p i n g c o t y l e d o n s 

Tracks 1 and 12: SDS-7 s i z e marker* 

Tracks 2-11: albumin p r o t e i n s from 14, 16, 18, 20, 22, 

24, 26, 28, 30 and 32DAF c o t y l e d o n s ; 

b) Albumin p r o t e i n s f r o m d e v e l o p i n g embryonic axes 

Tracks 1 eind 12: SDS-7 s i z e marker 

Tracks 2-11: albumin p r o t e i n s from 14, 16, 18, 20, 22, 

24, 26, 28, 30 and 32DAF embryonic axes; 

c) T o t a l p r o t e i n from d e s i c c a t e d c o t y l e d o n s and embryonic 

axes 

Tracks 1, 2 and 6: t o t a l p r o t e i n from d e s i c c a t e d embryonic 

axes (10, 20 and 5 u l loaded r e s p e c t i v e l y ) 

Tracks 3, 4 and 7: t o t a l p r o t e i n from d e s i c c a t e d c o t y l e d o n s 

(10, 20 and 5 u l loaded r e s p e c t i v e l y ) 

Track 5: SDS-7 marker. 

*SDS-7 s i z e marker: 66K, 45K, 36K, 29K, 24K, 20.IK, 14.2K 

(Marker and p r o t e i n band s i z e s shown are approximate) 
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c o n c e n t r a t e d i n t h e a x i s are a t ca.70-80K, whose l e v e l 

appears t o i n c r e a s e t o 28DAF t h e n f a l l and which i s not 

o b v i o u s i n t h e albumin Scimples from c o t y l e d o n s ; and a t 

ca.32K, t h e pea c o t y l e d o n s c o n t a i n i n g a band i n a s i m i l a r 

a r e a . 

The ca.26K major albumin observed i n c o t y l e d o n s and 

embryonic axes i s a l s o v i s i b l e i n Fig.29a which shows t o t a l 

p r o t e i n e x t r a c t s from c o t y l e d o n s from 16-32DAF. Again, i t s 

l e v e l appears t o i n c r e a s e w i t h age on a f r e s h w e i g h t b a s i s 

b u t forms o n l y a s m a l l p a r t o f t h e t o t a l p r o t e i n mass. 

A comparison o f t o t a l p r o t e i n samples from 

c o t y l e d o n s and embryonic axes from c o m p l e t e l y d e s i c c a t e d pea 

seeds (shown i n F i g 28c) c o n f i r m s t h a t t h e d r y embryonic a x i s 

c o n t a i n s p r o t e i n bands which are absent o r p r e s e n t a t lower 

l e v e l s i n d r y c o t y l e d o n s ; t h e y i n c l u d e a band a t ca.lSK, 

ca.27K and p o s s i b l y a t ca..22K, ca.67K and ca.70-80K. None o f 

t h e s e bands are p a r t i c u l a r l y prominent i n t h e d r y a x i s t o t a l 

p r o t e i n f r a c t i o n . 

5.1.9 The E f f e c t of Seed Age and Premature D e s i c c a t i o n on 

L e v e l s of the Molecular Chaperone Chaperonin 60 

A Western b l o t o f t o t a l c o t y l e d o n a r y p r o t e i n probed 

w i t h c h a p e r o n i n 60 antiseriam i n d i c a t e s t h a t t h e presence o f 

c h a p e r o n i n 60 c o n t i n u e s t h r o u g h o u t seed development from 16 

t o 32DAF a t a l e v e l comparable t o t h a t i n t h e l e a f p o s i t i v e 

c o n t r o l ( F i g . 2 9 ) . From t h e r e s u l t s i t appears t h a t t h e 
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F i g u r e 29. Western b l o t a n a l y s i s o f t o t a l p r o t e i n 

e x t r a c t e d from d e v e l o p i n g c o t y l e d o n s and l e a f 

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

60. 

a) P o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s o f t o t a l p r o t e i n from 

d e v e l o p i n g pea c o t y l e d o n s and l e a f t i s s u e s , e x t r a c t e d a t 

40mg/ml and r u n under r e d u c i n g c o n d i t i o n s 

Track 1: SDS-7 marker 

Tracks 3-10: t o t a l p r o t e i n from 16, 18, 20, 22, 24, 26, 28, 

30 and 32DAF c o t y l e d o n s 

Track'11: t o t a l p r o t e i n from f r e s h pea l e a f ; 

b) Western b l o t a n a l y s i s o f g e l a) r e a c t e d w i t h a n t i s e r u m f o r 

c h a p e r o n i n 60 a t a d i l u t i o n o f 1/5000. Antiserum was 

k i n d l y donated by Dr. L. B a r n e t t and P r o f . R.J. E l l i s . 

(Marker and p r o t e i n band s i z e s shown are approximate) 
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amount o f t h i s p r o t e i n decreases s l i g h t l y a f t e r 24DAF during 
d e s i c c a t i o n , but the s i g n a l a t 60K remains strong. 

Fig.30 shows a Western b l o t , probed w i t h chaperonin 
60 antiservim, of t o t a l cotyledonary p r o t e i n from seeds which 
have been exposed t o a desi c c a t i o n treatment ( a i r d r y i n g of 
i s o l a t e d pods) f o r 24, 48 and 72 hours, compared t o t o t a l 
p r o t e i n e x t r a c t e d from cotyledons of peas of the same 
b i o l o g i c a l age (15, 16 and 17DAF) and batch i s o l a t e d s t r a i g h t 
from the p l a n t . I t appears t h a t the l e v e l s of chaperonin 60 
are s l i g h t l y reduced a f t e r 48 and 72 hours desiccation 
compared t o the untreated samples, despite a higher 
con c e n t r a t i o n of p r o t e i n i n the prematurely desiccated 
samples (Fig.30a). 

5.1.10 The E f f e c t of Premature Desiccation on Cotyledonary 

Total Protein 

Fig.30a shows t o t a l p r o t e i n extracted at 40mg/ml 
from cotyledons taken from 14DAF pods which were excised from 
the p l a n t and a i r d r i e d f o r 24, 48 and 72 hours, together 
w i t h p r o t e i n samples taken from untreated cotyledons from the 
same p l a n t s at 15, 16 and 17DAF t o give comparable b i o l o g i c a l 
ages. The p r o t e i n l e v e l s increase s l i g h t l y w i t h age from 15 
t o 17DAF; however, p r o t e i n samples from 24 hour a i r d r i e d 
cotyledons appear t o give higher p r o t e i n l e v e l s , some of the 
bands c o n t i n u i n g t o increase i n i n t e n s i t y w i t h continuing 
d e s i c c a t i o n , i n p a r t i c u l a r bands at 50K, 33K and 19K 
( v i c i l i n ) , ca,40K and ca.20K (major and minor leg\imin 
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Figure 30. Western b l o t analysis of t o t a l p r o t e i n from 
pea cotyledons from immature and prematurely 
desiccated pods reacted w i t h antiserum f o r 
chaperonin 60. 

a) Polyacrylamide gel electrophoresis of t o t a l p r o t e i n from 
immature cotyledons from untreated and a i r d r i e d pods, 
e x t r a c t e d a t 40mg/ml and run under reducing conditions. 

Track 1: 14DAF cotyledons, a i r d r i e d f o r 24 hours 
Track 2: 15DAF cotyledons, untreated 
Track 3: 14DAF cotyledons, a i r d r i e d f o r 48 hours 
Track 4: 16DAF cotyledons, untreated 
Track 5: 14DAF cotyledons, a i r d r i e d f o r 72 hours 
Track 6: 17DAF cotyledons, untreated 
Track 7: SDS-7 size marker; 

b) Western b l o t a nalysis of t o t a l p r o t e i n from immature 
cotyledons from untreated and a i r d r i e d pods, reacted w i t h 
antiserum f o r chaperonin 60 at a d i l u t i o n of 1/10000 

Track 1: SDS-7 size marker 
Track 2: 14DAF cotyledons, a i r d r i e d f o r 24 hours 
Track 3: 15DAF cotyledons, untreated 
Track 4: 14DAF cotyledons, a i r d r i e d f o r 48 hours 
Track 5: 16DAF cotyledons, untreated 
Track 6: 14DAF cotyledons, a i r d r i e d f o r 72 hours 
Track 7: 17DAF cotyledons, untreated. 
(Marker and p r o t e i n band sizes shown are approximate) 
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subunits r e s p e c t i v e l y ) and 26K (major albumin). A l l of these 
bands are seen t o be present i n cotyledons from 12DAF, t o 
increase i n abundance d u r i n g n a t u r a l maturation and 
d e s i c c a t i o n (Fig.29a) and are stored i n the dry seed (Fi g . 
28c). No prominent p r o t e i n bands appear i n the desiccated 
cotyledons which were absent i n the untreated immature 
cotyledons at 15-17DAF. 

Fig.31 shows the p r o t e i n s being a c t i v e l y 
synthesised i n immature and prematurely desiccated cotyledons 
pulse l a b e l l e d w i t h a ^*C-amino acid mix, loaded on a fresh 
weight basis. The major bands seem t o represent the storage 
p r o t e i n s v i c i l i n (50K, 33K, 19K), legumin (60K) and 
c o n v i c i l i n (70K) w i t h a f a i n t e r band above c o n v i c i l i n 
p o s s i b l y representing the minor Leg S subunit p a i r s . I n a l l 
cases the r a d i o l a b e l l e d p r o t e i n bands appeared stronger i n 
the desiccated samples than i n the corresponding untreated 
cotyledons, the greatest d i f f e r e n c e being observed between 
15DAF and 24 hour d r i e d samples. The l e v e l s of v i c i l i n 
synthesis show the greatest increase upon 24 hours of 
d e s i c c a t i o n , then appear t o f a l l s l i g h t l y upon f u r t h e r 
d r y i n g . I n c o n t r a s t , the l e v e l s of legumin and c o n v i c i l i n 
appear t o increase s l i g h t l y w i t h continued dehydration. No 
abundant bands appear t o be synthesised upon up t o 72 hours 
premature d e s i c c a t i o n t h a t are not already present i n the 
untreated cotyledons. 
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Figure 31. Fluorograph of t o t a l p r o t e i n extracted from 
pea cotyledons from immature and prematurely 
desiccated pods, pulse l a b e l l e d f o r four hours 
w i t h a ^*C-amino acid mixture. The p r o t e i n was 
extr a c t e d a t 20mg/ml and electrophoresed under 
non-reducing conditions ( 2 0 u l / t r a c k ) . 

Track 1: 15DAF cotyledons, untreated 
Track 2: 14DAF cotyledons, a i r d r i e d f o r 24 hours 
Track 3: 16DAF cotyledons, untreated 
Track 4: 14DAF cotyledons, a i r d r i e d f o r 48 hours 
Track 5: 17DAF cotyledons, untreated 
Track 6: 14DAF cotyledons, a i r d r i e d f o r 72 hours 

(Major p r o t e i n bands are marked w i t h approximate sizes) 
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Table 3. R a d i o a c t i v i t y (cpm) of t o t a l p r o t e i n e x t r a c t s from 
immature and prematurely desiccated cotyledons pulse 
l a b e l l e d w i t h a ^^C-Amino Acid Mixture, l u l samples 
from 20mg/ml e x t r a c t s . 

Sample cpm/ul 

15DAF, untreated 175.2 
a i r d r i e d , 24 hours 176.6 
16DAF, untreated 236.8 
a i r d r i e d , 48 hours 270.8 
17DAF, untreated 205.0 
a i r d r i e d , 72 hours 233.4 

5.2 DISCUSSION 

5.2.1 The Analysis of Northern and Dot Blot Results 

Several p o i n t s must be kept i n mind when assessing 
the p a t t e r n s of message l e v e l s from Northern and dot b l o t s . 
F i r s t l y , i t must be remembered t h a t the actual mass of mRNA 
decreases d u r i n g l a t e embryogenesis as the m a j o r i t y of 
messages become less prevalent (see 1.2.5.1); thus, i f the 
l e v e l of a c e r t a i n t r a n s c r i p t appears t o r i s e w i t h seed age 
i t does not n e c e s s a r i l y imply a large increase i n 
t r a n s c r i p t i o n r a t e or s p e c i f i c s t a b i l i s a t i o n of the message. 
I t could merely be t h a t as fewer other abundant messages are 
present the t r a n s c r i p t forms a l a r g e r p r o p o r t i o n of the t o t a l 
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message f r a c t i o n than formerly, achieving a greater 
prominence. S i m i l a r l y , the r i s e i n abundance of sets of 
messages such as those f o r seed storage p r o t e i n s or long-
l i v e d mRNA f o r germination during mid and l a t e maturation may 
cause an apparent decrease i n the p r o p o r t i o n of other 
messages, such as u b i q u i t i n . Secondly, some autoradiographs 
showed s l i g h t d i f f e r e n c e s between the changes i n t r a n s c r i p t 
l e v e l suggested by Northern b l o t and those derived from dot 
b l o t a n a l y s i s . I n such cases i t would seem more advisable t o 
take the r e s u l t s from the Northern b l o t , as i t i s possible t o 
v i s u a l i s e the RNA before b l o t t i n g and confirm t h a t the same 
weight of RNA has been loaded i n each w e l l . A f u r t h e r p o i n t 
t o consider i s the v a r i a t i o n i n message l e v e l and t i m i n g of 
expression between d i f f e r e n t batches of the same c u l t i v a r . 
Thompson et al (1989) demonstrated t h a t the absolute l e v e l s 
of Leg A mRNA at the peak l e v e l at 18DAF d i f f e r e d by 30-40% 
between two batches of pea cv. Feltham F i r s t ; f u r t h e r , the 
r e s u l t s o f Thompson (1989) on l e v e l s of the Leg J message 
showed t h a t although peak l e v e l s occurred at 16 and 22DAF i n 
one batch, i n another they appeared at 18 and 24DAF. Thus 
although c u l t i v a r s seemed t o r e t a i n the same p a t t e r n and 
rough t i m i n g of expression the actual peaks of expression and 
concen t r a t i o n of t r a n s c r i p t s may vary. This may explain the 
f a i l u r e of the h y b r i d i s a t i o n t o 12DAF t o t a l RNA t o f o l l o w the 
general t r e n d of expression ( i n Leg A and J ) , as the 12DAF 
RNA was e x t r a c t e d from a d i f f e r e n t batch of peas t o the 14-
30DAF RNA. To gain a more accurate representation, several 
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batches o f peas should be used f o r each examination and 
treatment, and t h i s was u n f o r t u n a t e l y outside the scope of 
t h i s p r o j e c t . Consequently, when comparing the e f f e c t s of 
premature d e s i c c a t i o n and exogenous ABA on message l e v e l s 
(both treatments having been applied t o two f u r t h e r batches 
of Felthcun F i r s t ) i t i s the p a t t e r n of increase or decrease 
i n message l e v e l t h a t should be examined r a t h e r than the 
absolute t r a n s c r i p t l e v e l s . This caveat also applies t o 
comparing l e v e l s of h y b r i d i s a t i o n t o d i f f e r e n t probes: due t o 
va r y i n g exposure times and d i f f e r i n g s p e c i f i c a c t i v i t i e s of 
the probes used the absolute q u a n t i t i e s of each species 
cannot be estimated or compared w i t h any accuracy; however, 
i t was noted d u r i n g experimentation t h a t longer exposure 
times and l a r g e r q u a n t i t i e s of RNA were required t o detect 
messages w i t h PCUl and PM46 probes, while the legumin probes 
gave the strongest h y b r i d i s a t i o n t o t o t a l RNA i n the shortest 
time. 

A f u r t h e r f e a t u r e o f the r e s u l t s which appears 
misleading i s the apparent h y b r i d i s a t i o n of several probes t o 
the supposedly negative c o n t r o l , E.coli rRNA. This was most 
notic e a b l e w i t h PCUl and PSMTA, but a small l e v e l of non­
s p e c i f i c h y b r i d i s a t i o n also occurred w i t h legumin probes, a 
r e s u l t also observed by Thompson (1989). Although t h i s non­
s p e c i f i c b i n d i n g does not necessarily i n v a l i d a t e the p a t t e r n 
of expression below the l i n e o f the negative c o n t r o l , i t does 
i n d i c a t e a low message content i n those ages which show less 
h y b r i d i s a t i o n of the probe t o the message than t o the 
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negative c o n t r o l , an observation o f t e n supported by the 
corresponding Northern b l o t s . 

5.2.2 The E f f e c t of Cotyledon Age on Specific Message Levels 
i n Developing Pea Seeds 

The t r a n s c r i p t l e v e l of the PSMTA p u t a t i v e 
m e t a l l o t h i o n e i n f o l l o w s a p a t t e r n thought t o be t y p i c a l of 
non-seed s p e c i f i c messages, f a l l i n g from mid-cotyledon 
expansion t o a low l e v e l towards maturation then continuing 
t o d e c l i n e as the seed desiccates and the seed mRNA mass i s 
reduced. The noticeable drop from 14-16DAF, before the more 
gradual decrease as general message l e v e l s f a l l , may be due 
to s p e c i f i c down-regulation, e i t h e r t r a n s c r i p t i o n a l or post-
t r a n s c r i p t i o n a l ; however, i t i s also possible t h a t the f a l l 
i s o nly p r o p o r t i o n a l as the l e v e l s of v i c i l i n and then 
legumin increase (Boulter et al, 1990). Although a PsMT^ 
p r o t e i n has not been i s o l a t e d from pea seeds, the expression 
of i t s message during e a r l y and mid-embryogenesis implies 
t h a t a c e r t a i n amount of the p r o t e i n may be synthesised and 
accumulated d u r i n g seed f i l l i n g and t h a t the m e t a l l o t h i o n e i n 
i s s t o red i n t h i s form r a t h e r than as l o n g - l i v e d mRNA, as the 
t r a n s c r i p t accumulation p a t t e r n does not resemble t h a t of 
stored messages. I n r e l a t i o n t o i t s proposed f u n c t i o n as a 
det o x i c a n t , there i s l i t t l e i f any need f o r such a system i n 
pea seeds, as during development the m e t a l l o t h i o n e i n s i n 
r o o t s and stems w i l l sequester any heavy metals before they 
reach the seed, while a f t e r i n t e r r u p t i o n of the vascular 
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connections there i s no i n f l u x of metals u n t i l i m b i b i t i o n . 
Upon germination, the l e v e l s of PsMT^ p r o t e i n may be 
s u f f i c i e n t u n t i l the seedling i s competent t o produce i t s own 
m e t a l l o t h i o n e i n s ; the r e s u l t s of Evans et al (1990) confirmed 
t h a t the PsMT^ message was present i n 14DAF cotyledons, 
absent i n the dry seed and present i n the roots of seedlings 
14 days a f t e r germination. I t has also been suggested t h a t 
m e t a l l o t h i o n e i n s may be important i n the seed t o bind and 
s t o r e metal ions; i f v a l i d , t h i s could explain why the PsMT^ 
t r a n s c r i p t l e v e l f a l l s as the seed matures and severs 
connection w i t h the maternal p l a n t , during which the supply 
of metal ions decreases then stops. This r o l e was proposed 
f o r the Ec class I I m e t a l l o t h i o n e i n i n wheat, whose message 
i s abundant i n immature embryos, conserved at a lower l e v e l 
i n the dry seed and undetectable a f t e r germination; however, 
only 5% of the wheat grain's Zn content was found t o be 
associated w i t h Ec (Kawashima et al, 1992). This does not 
n e c e s s a r i l y r u l e out a r o l e of metal i o n storage f o r other 
m e t a l l o t h i o n e i n s , as the Ec message, u n l i k e most 
m e t a l l o t h i o n e i n s , i s not i n d u c i b l e by metal ions and may be 
more important i n another aspect of metal r e l a t i o n s . A t h i r d 
p o s s i b l e and as yet unsubstantiated reason f o r the apparent 
storage of m e t a l l o t h i o n e i n p r o t e i n i n the seed r a t h e r than 
the messages may be as a l i m i t e d store of cysteine, due t o 
the abundance of t h i s residue i n m e t a l l o t h i o n e i n s . 

Although not seed-specific, the u b i q u i t i n - c o d i n g 

message l e v e l s show a d i f f e r e n t p a t t e r n t o those of PsMTj^. 
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F i r s t , l i k e PsMT^, the amount of RNA h y b r i d i s i n g t o the 
p o l y u b i q u i t i n probe f a l l s from 12DAF t o maturation, between 
16 and 18DAF; the l e v e l of h y b r i d i s a t i o n then appears t o 
increase t o an i s o l a t e d peak at 20DAF ( a t the onset of 
d e s i c c a t i o n ) , f a l l s again and then r i s e s again a f t e r 24DAF t o 
give strong expression during l a t e d e siccation. This p a t t e r n 
could be the r e s u l t of several f a c t o r s . F i r s t l y , as w e l l as 
being r e q u i r e d i n normal c e l l u l a r metabolism during 
development, f r e e u b i q u i t i n and u b i q u i t i n extension p r o t e i n s 
would presiimably be i n great demand during germination f o r 
p r o t e i n degradation, ribosome biogenesis and the other 
proposed f u n c t i o n s of u b i q u i t i n (see s e c t i o n 1.4.3); 
consequently, e i t h e r the messages coding f o r u b i q u i t i n or the 
u b i q u i t i n p r o t e i n s would be expected t o be present at f a i r l y 
c o n s t i t u t i v e l e v e l s d u r i n g development and stored i n the dry 
seed. The p a t t e r n of u b i q u i t i n - c o d i n g t r a n s c r i p t 
accumulation could thus be a steady l e v e l of message 
expression f o r t r a n s l a t i o n and f o r storage, w i t h apparent 
f a l l s i n message l e v e l t o 18DAF and a f t e r 20DAF being caused 
by a p r o p o r t i o n a t e r i s e i n other seed t r a n s c r i p t s , f i r s t of 
seed storage p r o t e i n s then LEA genes, and the r i s e from 28-
30DAF being a consequence of continued u b i q u i t i n message 
accumulation while other gene t r a n s c r i p t l e v e l s f a l l t o low 
l e v e l s . However, the peaks of expression at 20 and 28-30DAF 
imply t h a t i t i s possible t h a t superimposed on t h i s low l e v e l 
of expression i s a response t o stress: at 20DAF a f t e r the 
damage caused by the severance of vascular connections and 
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the onset of water s t r e s s , and l a t e r at 28-30DAF during 
extreme dehydration s t r e s s . This i s supported by the f a c t 
t h a t , instead o f the u b i q u i t i n - c o d i n g messages merely being 
stored f o r use upon germination, the u b i q u i t i n p r o t e i n has 
been shown t o be synthesised during l a t e embryogenesis, 
becoming prevalent a t 24DAF and increasing i n abundance t o 
30DAF (Haidar and Gatehouse, 1992, submitted). However, a 
t h i r d p o s s i b i l i t y f o r the changes i n u b i q u i t i n message l e v e l 
i s the appearance d u r i n g d e s i c c a t i o n of two new t r a n s c r i p t s 
which h y b r i d i s e t o the p o l y u b i q u i t i n probe (Fig.19b), one at 
ca.1400b appearing at 20DAF and a second at ca.1300b at 
24DAF, both of which, along w i t h the o r i g i n a l ca.1800b 
message, increase i n abundance t o 30DAF. U b i q u i t i n i s known 
t o be encoded by a multigene f a m i l y and the presence of 
several p o l y u b i q u i t i n t r a n s c r i p t s of d i f f e r e n t lengths and 
e x h i b i t i n g d i f f e r e n t expression between p l a n t t i s s u e s and 
upon s t r e s s has been demonstrated i n barley, Arabidopsis and 
r i c e (see 1.4.3). Watts and Moore (1989) have also shown the 
presence of two d i s t i n c t p o l y u b i q u i t i n messages i n pea l e a f 
(PCUl and PCU2) and the r e s u l t s from cotyledonary t o t a l RNA, 
probed w i t h one of these pea l e a f cDNAs, support r e s u l t s seen 
i n Chapter 4, i n d i c a t i n g the presence of a number of 
t r a n s c r i p t s i n the seed, two of which appear t o be s p e c i f i c 
e i t h e r t o l a t e embryogenesis or t o i n c r e a s i n g desiccation 
s t r e s s . I t i s conceivable t h a t the l.Skb band of 
h y b r i d i s a t i o n (seen i n Fig.19b) represents a c o n s t i t u t i v e l y 
expressed u b i q u i t i n gene, which i s e i t h e r responsive t o 
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damage and d e s i c c a t i o n s t r e s s or runs i n p a r a l l e l w i t h a 
second, stress-responsive 1.8kb t r a n s c r i p t , while f u r t h e r 
stress-responsive and/or l a t e embryogenesis-specific 
t r a n s c r i p t s are represented by the bands at ca.1.4 and 1.3kb. 
I t i s assxamed t h a t the three bands of h y b r i d i s a t i o n observed 
on the Northern b l o t of developing cotyledons represent 
p o l y u b i q u i t i n t r a n s c r i p t s ; although u b i q u i t i n extension 
p r o t e i n cDNAs have been i s o l a t e d from 24-28DAF seed t i s s u e , 
a l l other u b i q u i t i n extension p r o t e i n s examined have been 
shown t o produce short t r a n s c r i p t s of between approximately 
600-800b, wh i l e p o l y u b i q u i t i n messages are commonly longer, 
from 1-2.5kb (Neves et al, 1991; Baker and Board, 1991; 
Garbarino, Rockhold and Belknap, 1992). No smaller 
t r a n s c r i p t s which may correspond t o the pea u b i q u i t i n 
extension p r o t e i n messages were noticecible on the Northern 
b l o t s of t o t a l cotyledonary RNA probed w i t h a pea 
p o l y u b i q u i t i n cDNA. As the m a j o r i t y of research has shown 
t h a t u b i q u i t i n extension p r o t e i n messages are most prevalent 
i n a c t i v e l y d i v i d i n g c e l l s or t i s s u e (Ozkaynak et al, 1987; 
reviewed by Garbarino, Rockhold and Belknap, 1992) i t i s 
understandable t h a t i n the maturing and dehydrating seed the 
u b i q u i t i n extension p r o t e i n message l e v e l may be f a i r l y low, 
producing a small amount of t r a n s c r i p t s f o r ribosome 
synthesis and po s s i b l y f o r storage f o r use upon germination. 
To i n v e s t i g a t e t h i s f u r t h e r i t would be necessary t o probe 
t o t a l RNA w i t h the coding sequence j u s t f o r the t a i l 
extension p r o t e i n s of PCU3 (52 residue) and PCU4 (79 residue) 
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t o a s c e r t a i n the approximate lengths of these t r a n s c r i p t s and 
to examine t h e i r expression during mid-late embryogenesis. 

I n c o n t r a s t , although the PsMTj^ gene i s also p a r t 
of a small multigene f a m i l y , work by L.Gatehouse and others 
(unpublished) i n d i c a t e d t h a t only one type of t r a n s c r i p t i s 
expressed i n each t i s s u e - a 600b t r a n s c r i p t i n the seed, 
670b i n stems and 640b i n r o o t s . As the t r a n s c r i p t s are so 
s i m i l a r i n le n g t h the Northern b l o t s of t o t a l cotyledon RNA 
n e i t h e r confirm nor deny t h i s , the PsMT^ probe h y b r i d i s i n g t o 
an i n d i s t i n c t band which may contain one or several 
t r a n s c r i p t s . However, i f d i f f e r e n t t r a n s c r i p t s are expressed 
i n pea seeds t h e i r expression would appear t o be coordinate, 
as no change i n band s i z e d u r i n g development was observed. 

The Leg A message appears t o e x h i b i t a t y p i c a l 
p a t t e r n o f seed storage p r o t e i n accumulation. The t r a n s c r i p t 
l e v e l increases from 14DAF ( i t i s assumed t h a t the f a l l from 
12 t o 14DAF i s caused by the d i f f e r e n c e i n batches), the 
steepest r i s e o c c u r r i n g between 16 and 20DAF, and reaches a 
peak at 20DAF; the l e v e l then remains high before f a l l i n g 
a f t e r 24DAF. This p a t t e r n agrees w i t h those obtained f o r Leg 
A expression i n cv. Feltham F i r s t by Thompson (1989), 
Thompson et al (1989) and Boulter et aJ (1990), although i n 
most of the cases peaks occurred e a r l i e r at 18DAF and f e l l 
a f t e r 22DAF. A d i f f e r e n t p a t t e r n was obtained by Domoney and 
Casey (1987) w i t h cv. B i r t e ; although they described a 
s i m i l a r r i s e between 15 and 19DAF, t o give a steady message 
l e v e l u n t i l 22DAF, they also observed a second considerably 
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higher peak at 24DAF by dot b l o t analysis, although t h e i r 
Northern analysis d i d not suggest such a large increase i n 
message l e v e l . This d i f f e r e n c e i n t r a n s c r i p t accumulation 
may be a t t r i b u t a b l e t o the use of d i f f e r e n t c u l t i v a r s and/or 
environmental growth c o n d i t i o n s . 

Unexpectedly, the r e s u l t s shown here suggest a 
second i s o l a t e d peak a t 28DAF, a f t e r a s u b s t a n t i a l drop at 
26DAF, which i s also noted w i t h Leg J t r a n s c r i p t l e v e l s . 
This apparent peak disagrees w i t h a l l recorded r e s u l t s of 
storage gene message l e v e l s , which show a steady and usually 
r a p i d f a l l a f t e r 24DAF (reviewed by Goldberg, Barker and 
Perez-Grau, 1989); i t seems reasonable t o conclude t h a t t h i s 
c±)errant expression i s an a r t i f a c t caused e i t h e r by an 
abnoirmally low l e v e l of legumin t r a n s c r i p t expression i n the 
26DAF t o t a l RNA sample or an unexpectedly high l e v e l i n the 
28DAF sample, r e s u l t s from other groups supporting the l a t t e r 
o p t i o n . Neither of these ages show u n c h a r a c t e r i s t i c l e v e l s 
of the other probes examined, the e f f e c t appearing t o be 
s p e c i f i c t o legumin messages. Aside from t h i s problem, the 
Leg A message i s shown t o f a l l t o very low l e v e l s ( j u s t above 
h y b r i d i s a t i o n t o the negative c o n t r o l ) by l a t e d esiccation at 
30DAF, confirming the r e s u l t s of Thompson et al (1989) and 
Domoney and Casey (1987). 

The p a t t e r n of Leg J subfamily message accumulation 

also agrees very w e l l w i t h the r e s u l t s already obtained by 

Thompson (1989), Thompson et al (1989) and Boulter et a i 

(1990), i n c r e a s i n g f i r s t t o 16DAF and then reaching a second 
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peak of expression at 24DAF, four days a f t e r the onset of 
d e s i c c a t i o n . This demonstrates, as noted by Thompson et al 
(1991), t h a t a t l e a s t p a r t of the Leg J subfamily expression 
increases d u r i n g seed d e s i c c a t i o n w h i l e , according t o the 
m a j o r i t y of r e s u l t s , other storage p r o t e i n message l e v e l s are 
f a l l i n g . However, again, the p a t t e r n of expression of the 
Leg J subfamily minor legumin described by Domoney and Casey 
(1987) i n cv. B i r t e i s d i f f e r e n t , the f i r s t peak occurring 
l a t e r a t 19DAF and being greater than t h a t seen at 24DAF. 
This d i s p a r i t y i n peak height between the two c u l t i v a r s can 
be explained i f the theory of the d i f f e r e n t i a l accumulation 
of members of the Leg J subfamily suggested by Thompson et a i 
(1989) holds t r u e ; the f i r s t peak at 16-19DAF (depending on 
cv.) being composed mainly of the as yet uncharacterised Leg 

L and, i n cv. B i r t e , the Leg K message, and the second peak 
representing the increased accumulation of the Leg J 
t r a n s c r i p t . I n cv. Feltham F i r s t the Leg J peak i s higher 
than t h a t of Leg L, suggesting a degree of d i f f e r e n t i a l 
r e g u l a t i o n (Leg K, being t r a n s l a t i o n a l l y i n e f f e c t i v e i n t h i s 
cv. does not accumulate), but i n cv. B i r t e the combined mass 
of the Leg L and K messages i s greater than t h a t of Leg J, 
making the second peak of expression at 24DAF ( c o n s i s t i n g 
mainly of Leg J t r a n s c r i p t s ) smaller i n comparison. Thus 
these r e s u l t s support the proposal t h a t the apparent biphasic 
accumulation of Leg J subfamily messages i s due t o the 
d i f f e r e n t i a l expression of genes w i t h i n the subfamily, w i t h 
respect t o both t i m i n g and the l e v e l of accumulation, w i t h 
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Leg K and L a c t i n g as 'normal' seed p r o t e i n genes and Leg J 

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

message l e v e l s f a l l a t l a t e d e s i c c a t i o n t o t h e minimum seen 

w i t h o t h e r s t o r a g e p r o t e i n messages. 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 s u p p o r t e d by t h e changing l e v e l s o f 

h y b r i d i s a t i o n o f t h e Leg J probe t o d i f f e r e n t bands i n t h e 

t o t a l RNA samples ( F i g . 1 9 c ) . The s i m i l a r r e s u l t s o f Thompson 

e t al (1991) demonstrated t h a t t h e lower band (1680b), 

showing a maximum a t 24DAF, corresponds t o t h e Leg J 

t r a n s c r i p t and proposed t h a t t h e upper band, w i t h a maximum 

a t 16DAF, r e p r e s e n t e d t h e Leg L message. The t h i r d message 

a t ca.1350b was n o t observed by o t h e r workers: i t i s p o s s i b l e 

t h a t t h i s f a i n t message, whose l e v e l i n c r e a s e s from 20 t o 

24DAF t h e n d i s a p p e a r s , i s a g e n e r a l o r s p e c i f i c d e g r a d a t i o n 

p r o d u c t o f t h e Leg J message, as no o t h e r evidence has been 

o b t a i n e d f o r t h e presence o f another minor legvimin gene w i t h 

homology t o t h e i e g J seguence i n t h i s c u l t i v a r . 

Both t h e Leg J and t h e Leg A probes show a 

decreased l e v e l o f h y b r i d i s a t i o n t o t h e 18DAF sample, d e s p i t e 

t h e o v e r a l l i n c r e a s e i n message l e v e l between 16 and 20DAF i n 

b o t h t y p e s o f legumin s u b u n i t messages. T h i s c o m p a r a t i v e l y 

low l e v e l o f h y b r i d i s a t i o n t o t h e IBDAF sample was c o n f i r m e d 

by o t h e r N o r t h e r n b l o t s , i n c l u d i n g those showing ABA 

t r e a t m e n t s ( F i g . 2 6 ) . I t i s p o s s i b l e t h a t t h e f a l l i s caused 

by a p r o p o r t i o n a t e peak i n t h e e x p r e s s i o n o f o t h e r abundant 

seed messages: Domoney and Casey (1987) demonstrated a peak 

o f h y b r i d i s a t i o n t o a Leg S probe a t 19DAF i n cv. B i r t e , t h e 
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Leg 3 message b e i n g s i g n i f i c a n t l y more abundant t h a n t h e 

l e v e l o f t r a n s c r i p t s h y b r i d i s i n g t o a Leg J f a m i l y probe; 

f u r t h e r , Thompson et al (1989) noted a peak o f l e c t i n 

e x p r e s s i o n i n pea cv. Feltham F i r s t a t 18DAF ( a l t h o u g h , as 

w i t h l egumin messages, t h e t i m i n g o f t h e peak v a r i e s s l i g h t l y 

between d i f f e r e n t b a t c h e s ) . I t i s a l s o p o s s i b l e t h a t t h e 

s l i g h t l y l o w e r l e v e l o f h y b r i d i s a t i o n o f t h e Leg A probe t o 

18DAF c o t y l e d o n a r y RNA i s a r e s u l t o f d i f f e r e n t i a l e x p r e s s i o n 

o f s u b f a m i l y members, w i t h t h e b u l k o f e x p r e s s i o n b e f o r e and 

a f t e r 18DAF b e i n g caused by d i f f e r e n t members o f t h e same 

s u b f a m i l y , b o t h r u n n i n g i n p a r a l l e l a t ca.1800b. The 

phenomenon o f d i f f e r e n t i a l e x p r e s s i o n o f genes w i t h i n a 

s u b f a m i l y d u r i n g pea seed development, a l r e a d y demonstrated 

by t h e u b i q u i t i n m u l t i g e n e f a m i l y and t h e Leg J s u b f a m i l y , i s 

a l s o suggested by a N o r t h e r n b l o t o f t h e Leg A probe 

h y b r i d i s e d t o t o t a l c o t y l e d o n RNA, where s e v e r a l bands o f 

h y b r i d i s a t i o n below t h e major Leg A band were seen a t 18, 22, 

24 and p o s s i b l y 28DAF. However, t h e RNA on t h i s b l o t was 

f a i r l y o l d and showed a c e r t a i n amount o f d e g r a d a t i o n and, 

f u r t h e r , t h e r e were no l o w e r bands v i s i b l e i n t h e undegraded 

20DAF sample; t h e s e p o i n t s , t o g e t h e r w i t h t h e f a c t t h a t 

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

t h e known l e n g t h s o f Leg A s u b f a m i l y members, suggested t h a t 

t h e l o w e r bands were merely p r o d u c t s o f d e g r a d a t i o n . D e s p i t e 

t h i s , t h e p a t t e r n o f Leg A s u b f a m i l y message ac c u m u l a t i o n 

shown by Domoney and Casey (1987) i n cv. B i r t e does suggest 

an almost b i p h a s i c d i s t r i b u t i o n o f message ac c u m u l a t i o n 
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s i m i l a r t o t h a t seen i n Leg J, w i t h a f i r s t peak a t 16DAF and 

a second a t 24DAF (20-24DAF i n cv. Feltham F i r s t ) ; i t i s 

c o n c e i v a b l e t h a t , i f t h e observed f a l l i n t h e l e v e l o f 

h y b r i d i s a t i o n o f t h e Leg A probe t o 18DAF RNA i s not caused 

by t h e i n c r e a s e d e x p r e s s i o n o f o t h e r abundant messages, 

one o f t h e members o f t h e Leg A s u b f a m i l y may e x h i b i t a l a t e r 

peak o f e x p r e s s i o n i n a p a t t e r n s i m i l a r t o t h a t o f t h e Leg J 

t r a n s c r i p t . F u r t h e r s c r e e n i n g o f seed RNA w i t h s p e c i f i c 

probes f o r t h e d i f f e r e n t Leg A s u b f a m i l y members i s necessary 

t o i n v e s t i g a t e t h i s p o s s i b i l i t y o f Leg A s u b f a m i l y 

d i f f e r e n t i a l e x p r e s s i o n . I t does appear from a comparison o f 

t h e N o r t h e r n b l o t s (Fig.19c and d) t h a t w h i l e t h e b u l k o f 

h y b r i d i s a t i o n t o t h e Leg A probe does appear t o occur a t 20, 

22 and 24DAF t h e d i f f e r e n c e i n t h e l e v e l o f h y b r i d i s a t i o n 

between these l a t e r ages and t h e e a r l i e r (12-18DAF) stages i s 

o f a s m a l l e r magnitude t h a n t h a t seen between t h e 12-18DAF 

and 20-30DAF stages on t h e b l o t probed w i t h PJC5.2. 

5.2.3 The E f f e c t of Pleuat T i s s u e - S p e c i f i c Message L e v e l s i n 

the Developing Embryonic Axis and i n Non-seed T i s s u e s 

I n soybean, Meinke, Chen and Beachy (1981) found 

t h a t t h e e x p r e s s i o n o f seed s t o r a g e p r o t e i n genes was not 

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

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

e f f e c t was seen w i t h t h e Leg A and J messages i n t o t a l RNA 

f r o m pea embryonic axes, i s o l a t e d from t h e same b a t c h o f peas 
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as t h e c o t y l e d o n a r y t o t a l RNA: b o t h messages are p r e s e n t a t 

v e r y low l e v e l s i n t h e axes, e x h i b i t i n g a s m a l l p o s s i b l e peak 

a t 20-22DAF d u r i n g t h e b e g i n n i n g o f seed d e s i c c a t i o n , t h e n 

d e c r e a s i n g t o m i n i m a l l e v e l s e i t h e r j u s t above (Leg J) o r 

j u s t below {Leg A) t h e apparent l e v e l o f h y b r i d i s a t i o n t o t h e 

n e g a t i v e c o n t r o l . I t i s assumed t h a t t h e unexpectedly h i g h 

l e v e l o f h y b r i d i s a t i o n o f t h e Leg A probe t o 16DAF embryonic 

a x i s RNA on t h e d o t b l o t i n Fig.20c was due t o u n i n t e n t i o n a l 

o v e r l o a d i n g o r t h e use o f an i m p r o p e r l y thawed sample, as 

t h i s l e v e l o f h y b r i d i s a t i o n was not seen on t h e N o r t h e r n b l o t 

o r on a d o t b l o t screened w i t h a probe f o r Leg A. 

Thus s t o r a g e p r o t e i n genes show s p a t i a l r e g u l a t i o n 

i n t h e seed w i t h t h e message f a i l i n g t o accumulate t o h i g h 

l e v e l s i n t h e non-storage t i s s u e . F u r t h e r s p a t i a l r e g u l a t i o n 

was seen when t h e t o t a l RNA from pea stems, leaves and r o o t s 

was probed w i t h Leg A and J subclones. I n a l l non-seed 

t i s s u e h y b r i d i s a t i o n t o t h e Leg A probe i s l e s s t h a n t h a t t o 

t h e n e g a t i v e c o n t r o l and t h e seed t i s s u e s , i m p l y i n g e i t h e r no 

t r a n s c r i p t i o n o f t h e message o r a v e r y low l e v e l o f 

t r a n s c r i p t i o n and no a c c u m u l a t i o n . However, a l t h o u g h 

h y b r i d i s a t i o n o f t h e Leg J probe t o stem and l e a f RNA appears 

t o be j u s t below t h a t t o t h e n e g a t i v e c o n t r o l , t h e l e v e l o f 

h y b r i d i s a t i o n t o r o o t RNA seems t o be s l i g h t l y h i g h e r t h a n 

t h a t t o stem, l e a f and E.coli rRNA. The r e s u l t s o f B o u l t e r 

et al (1990) a l s o i m p l i e d complete seed s p e c i f i c i t y o f Leg A, 

b u t i n d i c a t e d a low l e v e l o f t r a n s c r i p t i o n o f Leg J, S and 

pea l e c t i n i n l e a f n u c l e i ; s i m i l a r m i nimal l e v e l s o f seed 
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s t o r a g e p r o t e i n s were a l s o seen i n l e a f n u c l e i o f soybean 

( W a l l i n g e t al, 1986; see 1.2.5.4). I t i s t h e r e f o r e not 

c l e a r whether t h e s e e d - s p e c i f i c i t y o f legumin i s a b s o l u t e a t 

t h e l e v e l o f t r a n s c r i p t i o n , b u t t h e messages do not 

accumulate t o d e t e c t a b l e l e v e l s i n most non-seed t i s s u e s and 

no t r a n s l a t i o n p r o d u c t s have been i d e n t i f i e d o u t s i d e o f t h e 

seed i n e i t h e r pea o r t r a n s f o r m e d tobacco (Croy e t al, 1988). 

These r e s u l t s l e n d some s u p p o r t t o t h e maintenance o f 

t r a n s c r i p t d i v e r s i t y t h r o u g h development and growth suggested 

by Goldberg et al ( 1 9 8 1 ) , f a v o u r i n g up- and d o w n ^ r e g u l a t i o n 

o f gene e x p r e s s i o n f o r 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 f o r 

most genes, r a t h e r t h a n i n i t i a t i o n and i n a c t i v a t i o n o f 

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

U n l i k e t h e legumin messages, t h e l e v e l s o f t h e 

PSMTA and u b i q u i t i n t r a n s c r i p t s i n t h e embryonic a x i s seem t o 

f o l l o w t h e same p a t t e r n as t h a t seen i n t h e c o t y l e d o n s . The 

l e v e l o f t h e PsMT^- t r a n s c r i p t i n t h e a x i s seems t o be 

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

c o n c e n t r a t i o n s i n t h e two t i s s u e s f a l l a t t h e same t i m e . I n 

c o n t r a s t , t h e embryonic axes appear t o have h i g h e r l e v e l s o f 

t h e u b i q u i t i n t r a n s c r i p t t h a n t h e c o t y l e d o n s , u n t i l 30DAF. 

T h i s may be caused by a l o w e r requirement f o r u b i q u i t i n i n 

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

most o f seed development, w i t h an i n c r e a s e d l e v e l o f 

u b i q u i t i n b e i n g necessary i n t h e c o t y l e d o n s o f t h e d r y seed 

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

However, t h e apparent d i f f e r e n c e between t i s s u e s may a l s o be 
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due t o t h e l o w e r l e v e l o f seed s t o r a g e p r o t e i n message i n t h e 

embryo, whic h means t h a t even i f u b i q u i t i n has t h e same l e v e l 

o f message a c c u m u l a t i o n i n t h e axes and t h e c o t y l e d o n s , t h e 

t r a n s c r i p t s i n t h e a x i s form a g r e a t e r p r o p o r t i o n o f t h e 

mass. A l t h o u g h t h e l e v e l o f t h e u b i q u i t i n - c o d i n g messages i n 

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

probe t o lOug samples o f a x i s t o t a l RNA, and so separate 

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

p a t t e r n o f u b i q u i t i n message ac c u m u l a t i o n i n t h e embryo t o 

t h a t i n t h e c o t y l e d o n s s u p p o r t s t h e appearance o f new s i z e s 

o f t r a n s c r i p t s a t 20 and 24DAF i n t h e a x i s , as i n t h e 

c o t y l e d o n s . I t would be i n t e r e s t i n g t o probe a N o r t h e r n b l o t 

o f embryonic RNA w i t h sequences f o r t h e u b i q u i t i n e x t e n s i o n 

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

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

messages w i t h t i m e between t h e a x i s , which w i l l r e q u i r e r a p i d 

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

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

s y n t h e s i s d u r i n g development b u t change t o a p r i m a r y r o l e o f 

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

The l e v e l s o f b o t h PsMTJ^ and u b i q u i t i n messages 

were c o n s i d e r a b l y h i g h e r i n stem and r o o t t h a n i n e i t h e r t h e 

seed o r t h e l e a f . Evans e t al (1990) a l s o found t h a t PSMTA 

messages are more abundant i n r o o t s t h a n i n leaves and 

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

unexpected: w i t h u b i q u i t i n i t i s p o s s i b l e t h a t l e a f message 

l e v e l s ( a l t h o u g h g r e a t e r t h a n those seen d u r i n g most o f seed 

501 



development) are c o m p a r a t i v e l y low (as suggested by Causing 

and B a r k a r d o t t i r , 1986) u n t i l t h e l e a f ages o r undergoes 

s t r e s s and so had not accumulated i n t h e leaves from which 

t h e RNA was e x t r a c t e d ; w h i l e f o r d e t o x i f i c a t i o n and 

s e q u e s t r a t i o n o f me t a l s PsMT^ would be r e q u i r e d i n g r e a t e r 

amounts i n t h e organs o f uptake and t r a n s p o r t t h a n i n t h e 

l e a v e s . However, a s i m p l e r e x p l a n a t i o n c o u l d be t h a t t h e r e 

i s a g r e a t e r d i v e r s i t y o f abundant messages i n t h e l e a f (and, 

t o some e x t e n t , t h e seed) t h a n i n t h e stem and r o o t , and so 

the s e two messages a t t a i n g r e a t e r prominence i n t h e t o t a l RNA 

mass i n r o o t s and stems. A f u r t h e r p o i n t t o remember i s t h e 

presence o f s e v e r a l d i f f e r e n t t r a n s c r i p t s o f u b i q u i t i n - c o d i n g 

genes and PSMTA; t h e phenomenon o f members o f t h e same 

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

d i f f e r e n t l e v e l s i n d i f f e r e n t t i s s u e s has a l r e a d y been 

observed w i t h u b i q u i t i n t r a n s c r i p t s i n Arabidopsis thaliana, 

b a r l e y , p o t a t o and tomato (Burke, C a l l i s and V i e r s t r a , 1988; 

Causing and B a r k a r d o t t i r , 1986; reviewed by Carbarino, 

Rockhold and Belknap, 1992). I n most cases i t was t h e 

u b i q u i t i n e x t e n s i o n p r o t e i n messages*which e x h i b i t e d 

d i f f e r e n t i a l e x p r e s s i o n , between a c t i v e l y d i v i d i n g and mature 

t i s s u e (see s e c t i o n 1.4.3). However, Garbarino and co­

wor k e r s (1992) demonstrated independent r e g u l a t i o n o f t h r e e 

p o t a t o p o l y u b i q u i t i n genes i n response t o s t r e s s , and i t i s 

p o s s i b l e t h a t d i f f e r e n t members o f t h e u b i q u i t i n and PsMT^ 

gene f a m i l i e s show d i f f e r e n t p a t t e r n s o f e x p r e s s i o n i n 

d i f f e r e n t t i s s u e s . 
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5.2.4 The E f f e c t of Premature D e s i c c a t i o n on S p e c i f i c Message 

L e v e l s i n Immature Cotyledons 

I n t h e cases o f PsMT^ and u b i q u i t i n , premature 

d e s i c c a t i o n a p p l i e d t o immature pea c o t y l e d o n s w i t h i n 

i s o l a t e d pods appeared t o a c c e l e r a t e a g i n g , g i v i n g premature 

m a t u r a t i o n comparable t o t h a t seen i n soybean and c a s t o r bean 

(Rosenberg and Rinne, 1986, 1987; Kermode and Bewley, 1988). 

W i t h PSMTA t h i s t a k e s t h e f o r m o f a f a s t e r d e c l i n e i n message 

l e v e l ; due t o t h e problems w i t h t h e c o n t r o l i t i s not c l e a r 

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

t h e d r y i n g o r a normal p a t t e r n o f message d e g r a d a t i o n a f t e r 

removal o f t h e pod f r o m t h e p l a n t . However, w i t h a u b i q u i t i n 

probe t h e message l e v e l i n t h e t r e a t e d c o t y l e d o n s f i r s t 

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

r i s e s i m i l a r t o t h a t seen towards t h e end o f n a t u r a l 

m a t u r a t i o n . T h i s i m p l i e s t h a t removal from t h e p l a n t and 

premature d e s i c c a t i o n w i t h i n t h e pod does n o t cause u n i v e r s a l 

d e g r a d a t i o n o f messages. A l t h o u g h i t i s p o s s i b l e t h a t t h e 

r i s e i n u b i q u i t i n l e v e l s i s caused by t h e s t r e s s o f p r o l o n g e d 

i s o l a t i o n o f t h e immature seed from t h e m a t e r n a l p l a n t , work 

f r o m o t h e r groups (Rosenberg and Rinne, 1986; Bewley and co­

w o r k e r s , see s e c t i o n 1.2.5.3) s u p p o r t s t h e t h e o r y t h a t t h e 

r i s e i n u b i q u i t i n message i s a r e s u l t o f premature 

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

p r e m a t u r e l y aged c o t y l e d o n s b e i n g due e i t h e r t o developmental 

programming (which i s a f f e c t e d by premature m a t u r a t i o n ) o r t o 
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t h e s t a t e o f d e s i c c a t i o n s t r e s s experienced by t h e 30DAF and 

8 day s i l i c a d r i e d c o t y l e d o n s , o r a c o m b i n a t i o n o f t h e two. 

A p o l y u b i q u i t i n gene from r i c e has been shown t o be 

r e s p o n s i v e n o t o n l y t o heat shock ( l e a f b l a d e s , l e a f sheaths 

and r o o t s ) b u t a l s o t o w a t e r s t r e s s ( l e a f blades and 

s h e a t h s ) , a l t h o u g h i n a l l cases heat shock was most e f f e c t i v e 

( B o r k i r d e t al, 1991). I t was noted from these experiments 

t h a t t h e r i s e i n e x p r e s s i o n o f these genes caused by water 

s t r e s s c o n t i n u e d , and even i n c r e a s e d , a f t e r t h e s t r e s s e d 

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

o f e x p r e s s i o n c o n t i n u i n g f o r a f u r t h e r t h r e e days. The 

a u t h o r s suggest a r e l a t i o n s h i p between heat shock genes and 

w a t e r a d a p t a t i o n . However, t h e e f f e c t c o u l d a l s o be a d i r e c t 

r e s u l t o f t h e u b i q u i t i n ' s response t o p r o t e i n damage, t h e 

w a t e r s t r e s s c a u s i n g a c e r t a i n amount o f harm t o p r o t e i n s and 

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

damage, so t h a t t h e c o n t i n u e d e x p r e s s i o n o f u b i q u i t i n i s 

r e q u i r e d . 

I t was noted t h a t t h e s e v e r i t y o f d r y i n g t r e a t m e n t 

appeared t o have no s i g n i f i c a n t e f f e c t , b o t h d r y i n g regimes 

g i v i n g s i m i l a r message l e v e l s , and i t i s t h e l e n g t h o f 

i n c u b a t i o n t h a t seems t o be t h e most i m p o r t a n t f a c t o r i n 

d e t e r m i n i n g message l e v e l s . F u r t h e r , i t i s n o t i c e a b l e t h a t 

i n pea seeds t h e r e i s no apparent b u i l d - u p o f u b i q u i t i n 

messages b e f o r e t h e seed b e g i n s t o d e s i c c a t e . A p a r t from t h e 

peak o f u b i q u i t i n e x p r e s s i o n a t t h e onset o f d e s i c c a t i o n , 

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

504 



c o n n e c t i o n s between t h e p l a n t , pod and seed, a f a i r l y severe 

degree o f d e s i c c a t i o n s t r e s s i s r e q u i r e d b e f o r e t h e message 

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

d e s i c c a t e d c o t y l e d o n s . Thus i t seems u n l i k e l y t h a t u b i q u i t i n 

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

c o n t e n t s a g a i n s t t h e onset o f d e s i c c a t i o n , b e i n g i n s t e a d more 

i m p o r t a n t i n removing damaged p r o t e i n s t o a l l o w new s y n t h e s i s 

and metabolism. However, as i t has been suggested t h a t 

u b i q u i t i n c o n j u g a t e s t o a range o f c y t o p l a s m i c and c e l l 

s u r f a c e p r o t e i n s , and t h a t s e v e r a l u b i q u i t i n p r o t e i n s can 

a s s o c i a t e w i t h t h e same t a r g e t p r o t e i n , i t i s p o s s i b l e t h a t 

t h e presence o f u b i q u i t i n i n a s s o c i a t i o n w i t h c e r t a i n 

p r o t e i n s may a f f o r d a degree o f p r o t e c t i o n d u r i n g severe 

d e s i c c a t i o n s t r e s s . There i s no evidence as y e t f o r a 

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

response t o s t r e s s b e i n g commonly a s s o c i a t e d w i t h d e g r a d a t i o n 

o f t h e damaged p r o t e i n s e t c . , b u t i t s c o n j u g a t i v e a b i l i t i e s 

suggest t h a t a p r o t e c t i v e r o l e may be w o r t h i n v e s t i g a t i n g . 

I n c o n t r a s t , PsMT^ showed no i n d u c t i o n upon 

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

t h i s agrees w i t h o t h e r s t u d i e s which, a l t h o u g h showing t h a t 

m e t a l l o t h i o n e i n s are i n g e n e r a l r e s p o n s i v e t o a v a r i e t y o f 

s t r e s s e s , have n o t r e c o r d e d any p o s i t i v e response t o 

d e h y d r a t i o n . 

The premature d e s i c c a t i o n o f immature c o t y l e d o n s 

produced an i n c r e a s e i n t h e l e v e l o f h y b r i d i s a t i o n o f b o t h 

t h e Leg A and Leg J probes t o t o t a l RNA. The samples 
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s u b j e c t e d t o 24 hours a i r d r y i n g e x h i b i t a s l i g h t l y lower 

l e v e l o f h y b r i d i s a t i o n t o b o t h t h e Leg A and Leg J probes 

t h a n t h a t seen t o RNA from u n t r e a t e d c o t y l e d o n s ( a l t h o u g h t h e 

o t h e r N o r t h e r n b l o t s screened d i d n o t show such a l a r g e 

d i f f e r e n c e between t h e two samples as t h a t i n d i c a t e d by t h e 

b l o t i n F i g . 2 5 , where t h e 14DAF sample was seen on g e l t o be 

s l i g h t l y o v e r l o a d e d ) . T h i s d i f f e r e n c e c o u l d be due t o a 

d i s r u p t i o n i n t h e e x p r e s s i o n o f legumin messages and/or 

d e g r a d a t i o n o f e x i s t i n g messages upon t h e shock o f pod 

removal and w a t e r d e p r i v a t i o n ; however, as t h e u n t r e a t e d and 

t r e a t e d c o t y l e d o n s were from d i f f e r e n t batches i t may merely 

be t h a t t h e f i r s t u n t r e a t e d b a t c h had a n a t u r a l l y h i g h e r 

l e v e l o f Leg J and A messages a t t h i s developmental age. The 

d o t b l o t r e s u l t s do n o t appear t o i n d i c a t e a n o t i c e a b l y lower 

l e v e l o f h y b r i d i s a t i o n o f t h e legumin probes t o t h e 24 hour 

a i r d r i e d sample t h a n t o t h e 14 DAF seunple; however, t h e h i g h 

degree o f s a t u r a t i o n i n these dot b l o t s makes an a c c u r a t e 

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

h y b r i d i s a t i o n t o t h e 24 hour water c o n t r o l i s u n u s u a l l y h i g h ; 

f r o m t h e r e s u l t s o f 24 hour water c o n t r o l s from another b a t c h 

o f pea p l a n t s i n Fig.26 i t can be seen t h a t t h e removal o f 

t h e pod f r o m t h e p l a n t and subsequent i n c u b a t i o n i n water 

does l e a d t o an i n c r e a s e i n t h e l e v e l o f RNA h y b r i d i s i n g t o 

t h e l e gumin message probes, w i t h c o n t i n u e d i n c u b a t i o n l e a d i n g 

t o a f a l l i n t h e l e v e l o f h y b r i d i s a t i o n t o t h e Leg J probe 

( a l t h o u g h n o t w i t h t h e Leg A p r o b e ) . However, t h e l e v e l o f 

h y b r i d i s a t i o n t o t h e 24 hour water c o n t r o l i n t h e d e s i c c a t i o n 
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t r e a t m e n t b a t c h i s s t i l l much h i g h e r t h a n would be expected 

and i s t h o u g h t t o be due t o t h e e x t e n s i v e d e g r a d a t i o n o f t h i s 

sample, whi c h l e d t o problems i n t h e a c c u r a t e e s t i m a t i o n o f 

y i e l d and so r e s u l t e d i n o v e r l o a d i n g . 

W i t h t h e Leg J probe, 48 and 72 hours a i r d r y i n g 

g i v e s a s i g n i f i c a n t r i s e i n message l e v e l , as compared t o t h e 

w a t e r and u n t r e a t e d c o n t r o l s . S i l i c a d r y i n g has a s i m i l a r 

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

s i g n i f i c a n t f a l l i n message l e v e l , i m p l y i n g n o t o n l y a l a c k 

o f i n d u c t i o n o f t h e Leg J s u b f a m i l y messages but a l s o 

d e g r a d a t i o n o f t h e l a r g e p o o l o f messages accumulated a f t e r 

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

on Leg A s u b f a m i l y message l e v e l s i s l e s s pronounced, w i t h 

c o n t r o l s c o n t a i n i n g h i g h e r l e v e l s o f Leg A s u b f a m i l y 

t r a n s c r i p t s so t h a t t h e observed r i s e i n h y b r i d i s a t i o n upon 

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

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

u n t r e a t e d samples a t 18S. However, i n c o n t r a s t t o t h e Leg J 

r e s u l t s , s i l i c a d r y i n g does n o t appear t o have a 

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

t o t h e Leg A probe, a l t h o u g h 8 days o f s i l i c a d r y i n g d i d g i v e 

a l a r g e f a l l i n message l e v e l s i m i l a r t o , b u t a p p a r e n t l y 

g r e a t e r t h a n , t h a t seen w i t h t h e Leg J r e s u l t s . 

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

o f l e gumin messages between d i f f e r e n t batches does not a l l o w 

a d i r e c t a c c u r a t e comparison between p r e m a t u r e l y d r i e d 

samples and samples o f u n t r e a t e d pea seeds t h r o u g h o u t 
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development. From t h e d o t b l o t r e s u l t s t h e apparent 

steepness o f t h e r i s e upon 48 and 72 hours d r y i n g would seem 

t o i n d i c a t e s p e c i f i c i n d u c t i o n o f t h e Leg J and A s u b f a m i l y 

messages. However, comparing t h e N o r t h e r n b l o t s i n Figs.19 

and 25 i t i s p o s s i b l e t h a t t h e r i s e i n leg\imin message l e v e l 

i s caused by premature m a t u r a t i o n . W i t h Leg J t h i s would 

account f o r t h e peak o f e x p r e s s i o n a f t e r 72 hours a i r and 

s i l i c a d r y i n g , and t h e f a l l i n e x p r e s s i o n a f t e r 8 days s i l i c a 

d r y i n g ; t h i s f a l l appears s i m i l a r t o t h e d e v e l o p m e n t a l l y 

programmed drop i n t r a n s c r i p t a c c u m u l a t i o n seen d u r i n g 

d e s i c c a t i o n i n t h e n a t u r a l l y matured seed. However, t h e 

d e s i c c a t i o n - i n d u c e d i n c r e a s e i n h y b r i d i s a t i o n t o t h e Leg A 

probe i s much s m a l l e r t h a n t h a t seen w i t h t h e Leg J probe, 

d e s p i t e a n a t u r a l l y g r e a t e r abundance o f t h e Leg A s u b f a m i l y 

messages (Thompson e t al, 1989), and, f u r t h e r , 72 hours o f 

s i l i c a d r y i n g does n o t g i v e a n o t i c e a b l e i n c r e a s e i n t h e 

l e v e l o f Leg A s x i b f a m i l y messages from 48 hours s i l i c a d r y i n g 

o r 48 hours w a t e r c o n t r o l . T h i s suggests t h a t t h e r e may be 

an added i n d u c t i o n o f Leg J s u b f a m i l y messages upon 

d e s i c c a t i o n . T h i s proposed i n d u c t i o n does not seem t o 

o p e r a t e under severe d e s i c c a t i o n s t r e s s , g i v e n t h e 

s u b s t a n t i a l f a l l i n h y b r i d i s a t i o n t o t h e PJC5.2 probe a f t e r 8 

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

i s o l a t i o n f rom t h e p l a n t and i n c r e a s e d d e s i c c a t i o n leads t o a 

c e s s a t i o n o f t h e i n d u c t i o n response, f o l l o w e d by t h e 

d e g r a d a t i o n o f messages t h a t i s seen i n normal m a t u r a t i o n . 

A l t e r n a t i v e l y , t h e normal developmental programme o f down-
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r e g u l a t i o n a t a c e r t a i n age o r s t a t e o f d e h y d r a t i o n may 

o v e r r i d e any i n d u c t i o n response, l e a d i n g t o a f a l l i n 

t r a n s c r i p t l e v e l s . 

As w i t h normal m a t u r a t i o n t h e r e i s a d i f f e r e n c e i n 

t h e e x p r e s s i o n o f t h e Leg J and t h e p u r p o r t e d Leg L 

t r a n s c r i p t s ; a n a l y s i s o f a N o r t h e r n b l o t t a k e n from a g e l 

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

h y b r i d i s a t i o n t o t h e 1680b band r e p r e s e n t i n g Leg J i n c r e a s e s 

upon premature d e h y d r a t i o n b e f o r e t h a t t o t h e 1880b band, 

whic h a l s o d i s a p p e a r s f i r s t upon s i l i c a d r y i n g . As t h e l e v e l 

o f t h e Leg J message i n c r e a s e s n a t u r a l l y d u r i n g seed 

d e s i c c a t i o n i t i s q u i t e understandable t h a t i t s t r a n s c r i p t 

l e v e l r i s e s upon t h e d e h y d r a t i o n induced by up t o 72 hours 

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

appears t o be g r e a t e r t h a n expected; w h i l e t h e Leg L and A 

s u b f a m i l y messages decrease i n l e v e l s d u r i n g l a t e 

d e s i c c a t i o n , t h e b u l k o f t h e messages h a v i n g been produced by 

24DAF. Thus t h e apparent s p e c i f i c i n d u c t i o n by d e s i c c a t i o n 

o f t h e Leg J message may be a p a r t o f normal gene e x p r e s s i o n , 

w i t h t h e c hanging - l e v e l s o f legumin message b e i n g c o n t r o l l e d 

by t h e s t a t e o f d e s i c c a t i o n o f t h e seed, and Leg J b e i n g more 

r e s p o n s i v e t o a g r e a t e r degree o f d e h y d r a t i o n t h a n Leg A and 

L. T h i s t h e o r y i s s u p p o r t e d by two main p o i n t s . F i r s t l y , 

a l t h o u g h t h e r a p i d and f a i r l y l a r g e response o f t h e legumin 

messages t o d e s i c c a t i o n c o u l d suggest t h a t t h e p o l y p e p t i d e s 

o r t h e whole p r o t e i n are i n v o l v e d i n p r o t e c t i o n o f t h e seed 

a g a i n s t t h e e f f e c t s o f moderate d e h y d r a t i o n , t h e f a c t t h a t 
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b o t h t h e legumin p o l y p e p t i d e s and t h e f i n a l p r o t e i n e x i s t 

e n c l o s e d w i t h i n p r o t e i n b odies makes a r o l e as an osmotic 

p r o t e c t a n t u n l i k e l y . Secondly, t h e response o f legumin t o 

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

was shown t o be a t t h e l e v e l o f p o s t - t r a n s c r i p t i o n (Beach e t 

al, 1985). The f a c t t h a t t h e response t o d e h y d r a t i o n i s , 

l i k e t h e t i m i n g and s e e d - s p e c i f i c i t y o f legumin genes, a t t h e 

l e v e l o f message a c c u m u l a t i o n (reviewed by Gatehouse e t al, 

1988) i n d i c a t e s t h a t t h e response t o d e s i c c a t i o n i s not 

t y p i c a l o f legumin response t o e n v i r o n m e n t a l s t r e s s . T h i s i s 

s u p p o r t e d by t h e f a c t t h a t c o n t i n u e d d e s i c c a t i o n by 8 days 

s i l i c a d r y i n g leads t o a l a r g e f a l l i n legumin message 

l e v e l s , p o s s i b l y as s u f f i c i e n t p r o t e i n has been s y n t h e s i s e d . 

Thus t h e proposed a b i l i t y o f t h e legumin genes t o respond t o 

t h e l e v e l o f h y d r a t i o n i n t h e seed would n o t o n l y a l l o w 

r e g u l a t i o n o f seed p r o t e i n s y n t h e s i s d u r i n g normal 

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

p r o t e i n s upon t h e immature seed e x p e r i e n c i n g water s t r e s s , 

t h u s g i v i n g a s e l e c t i v e advantage by a l l o w i n g t h e seed t o 

accumulate s t o r a g e p r o t e i n s under c o n d i t i o n s o f s t r e s s . T h i s 

i s d i s c u s s e d f u r t h e r i n s e c t i o n s 5.2.11 and 6.2. 

5.2.5 The E f f e c t of Exogenous ABA on S p e c i f i c Message L e v e l s 

i n Immature Cotyledons 

Acciamulation o f b o t h t h e PSMTA and t h e u b i q u i t i n -

c o d i n g t r a n s c r i p t s was n o t a l t e r e d by t r e a t m e n t o f immature 
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c o t y l e d o n s i n t h e i r pods w i t h 10-4M, lO'^M o r lO'^M ABA. For 

u b i q u i t i n t h i s concurs w i t h p r e v i o u s r e s u l t s from B o r k i r d et 

al (1991) who found t h a t t h e e x p r e s s i o n o f a p o l y u b i q u i t i n 

message i s o l a t e d from r i c e was u n a f f e c t e d by t r e a t m e n t w i t h 

ABA. F u r t h e r , t h e d e v e l o p m e n t a l - o r d e h y d r a t i o n - i n d u c e d r i s e 

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

d u r i n g l a t e n a t u r a l o r premature d e s i c c a t i o n occurs when t h e 

s e n s i t i v i t y o f t h e seed t i s s u e s t o ABA i s decreased (see 

s e c t i o n 1.2.4.2), s u p p o r t i n g t h e t h e o r y t h a t ABA does not 

p l a y an i m p o r t a n t r o l e i n t h e e x p r e s s i o n o f u b i q u i t i n i n t h e 

seed. 

The messages o f one m e t a l l o t h i o n e i n gene, wheat Ec, 

show i n c r e a s e d a c c u m u l a t i o n i n g e r m i n a t i n g seeds on t h e 

a p p l i c a t i o n o f exogenous ABA, and t h e gene c o n t a i n s an 

i d e n t i f i e d ABA-responsive element found i n o t h e r wheat, r i c e 

and c o t t o n genes; however, t h e absence o f a metal responsive 

element i n t h e Ec promoter i n d i c a t e s t h a t t h e e x p r e s s i o n o f 

t h i s m e t a l l o t h i o n e i n i s a t y p i c a l (Kawashima et al, 1992). 

More r e c e n t l y a cDNA i s o l a t e d from b a r l e y aleurone by 

Klemsdal et al (1991) which a l s o c o n t a i n s ABA-responsive 

elements, t h e a c c u m u l a t i o n o f i t s messages i n immature 

embryos b e i n g suppressed by added ABA, has been i d e n t i f i e d as 

h a v i n g s i m i l a r i t i e s t o known m e t a l l o t h i o n e i n genes (Robinson 

et al, 1993). The presence o f abundant l e v e l s o f Ec messages 

t h r o u g h o u t seed development and upon g e r m i n a t i o n , suggest 

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

w i t h s p e c i a l i s e d f u n c t i o n s ; w h i l e PSMTA appears t o e x i s t 
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p r i m a r i l y i n the root and stem t i s s u e s , there may be f u r t h e r 
pea m e t a l l o t h i o n e i n s which are confined t o the seed and whose 
l e v e l s change throughout development i n a manner s i m i l a r t o 
t h a t of Ec, which has a proposed r o l e i n zinc homeostasis 
(Kawashima et al, 1992). 

These r e s u l t s imply t h a t although m e t a l l o t h i o n e i n 
and u b i q u i t i n messages and p r o t e i n s are known t o be 
responsive t o a v a r i e t y of stresses i n p l a n t s , the response 
of u b i q u i t i n s and some met a l l o t h i o n e i n s does not appear to be 
u n i v e r s a l l y mediated by ABA (although there are c e r t a i n 
exceptions among the m e t a l l o t h i o n e i n s which may i n d i c a t e 
s p e c i a l i s e d expression or f u n c t i o n s ) . This casts doubt on 
the suggestion by Zeevaart and Creelman (1988) t h a t ABA acts 
as a general transducer of s t r e s s . Further, these and 
previous r e s u l t s i n d i c a t e t h a t ABA i s not always involved i n 
the response of genes t o water st r e s s ; pea u b i q u i t i n shows an 
increased l e v e l of message accumulation upon severe 
dehydration i n the seed (due e i t h e r t o developmental 
r e g u l a t i o n or t o s t r e s s response) and the t r a n s c r i p t l e v e l of 
r i c e p o l y u b i q u i t i n r i s e s upon d r y i n g i n leaves, but both the 
r i c e p o l y u b i q u i t i n message and the pea u b i q u i t i n t r a n s c r i p t s 
showed no response t o ABA. 

Incubation of immature seeds w i t h i n pods w i t h ABA 
of a l l three concentrations and both incubation times gave 
s i g n i f i c a n t l y increased l e v e l s of both legumin messages when 
compared t o the water c o n t r o l s from the same batch of peas 
and t o the untreated c o n t r o l s of 14 and 18DAF. As w i t h the 

312 



response t o d e s i c c a t i o n . Leg A message l e v e l s do not seem t o 
increase upon ABA treatment as much as those of the Leg J 
subfamily, r e l a t i v e t o the c o n t r o l s . There also appears t o 
be.a s l i g h t l y d i f f e r e n t p a t t e r n of response t o the length of 
in c u b a t i o n . 72 hours incubation w i t h the two lower 
concentrations of ABA seem t o give a s l i g h t increase i n the 
l e v e l of h y b r i d i s a t i o n of the RNA t o the Leg A probe. Part 
of t h i s increase may be accounted f o r by the r i s e i n message 
l e v e l seen between the 14 and 18DAF untreated c o n t r o l s , as 
the n a t u r a l l e v e l of Leg A message increases at t h i s 
developmental stage. I n c o n t r a s t , there appears t o be a 
small decrease i n the l e v e l of the Leg J subfamily message 
between the 24 and 72 hour treatments, despite a s l i g h t 
increase i n t r a n s c r i p t l e v e l i n untreated cotyledons at t h i s 
developmental stage, although t h i s may j u s t correspond t o the 
f a l l i n message l e v e l seen between the 24 and 72 hour water 
c o n t r o l s . I t was not possible t o d i s t i n g u i s h any s i g n i f i c a n t 
d i f f e r e n c e s between the e f f e c t s of the three concentrations 
of ABA; the d e t a i l s o f the e f f e c t s of ABA concentration on 
message l e v e l s i n the seed might be b e t t e r examined w i t h a 
l a r g e r range of ABA concentrations, incubation periods and 
age of the t r e a t e d seeds. 

The observation of a pea seed storage p r o t e i n 
response t o ABA c o n t r a d i c t s the conclusions of B a r r a t t et al 
(1989). These workers took 3 day o l d pods and c u l t u r e d them 
f o r 14 days on medium e i t h e r w i t h no a d d i t i v e s , or 
supplemented e i t h e r w i t h IQ-̂ M ABA or f l u o r i d o n e ( t o i n h i b i t 
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ABA b i o s y n t h e s i s ) ; upon t r a n s l a t i o n and immunoprecipitation 
of the t o t a l embryo RNA they found no apparent dif f e r e n c e s i n 
the p r o t e i n patterns between the treatments, and the group 
concluded t h a t ABA had no s i g n i f i c a n t e f f e c t on pea seed 
p r o t e i n s . These r e s u l t s are p a r t l y i n v a l i d a t e d by a l a t e r 
experiment ( B a r r a t t , Domoney and Wang, 1989) where two ABA-
responsive p r o t e i n s (which were not induced by the pod 
c u l t u r e experiment) were i s o l a t e d from pea embryos. The 
p r o t e i n s were induced i n embryos of 30-80mg fr e s h weight 
c u l t u r e d f o r 3 days on low osmotica and t h e i r i n d u c t i o n was 
s i g n i f i c a n t l y enhanced by the i n c l u s i o n of lO'̂ M ABA i n the 
c u l t u r e media. However, the c u l t u r e of young eit±>ryos w i t h 
ABA s t i l l f a i l e d t o produce a change i n the immuno-
p r e c i p i t a t a b l e t r a n s l a t i o n products which hybridised t o 
v i c i l i n or legiomin antibodies. I t i s possible t h a t the age 
of the seed i s an important f a c t o r i n i t s response t o ABA -
the seed may have t o be w i t h i n a c e r t a i n age l i m i t where i t 
has the programmed a b i l i t y t o accumulate legumin messages and 
polypeptides ( u s u a l l y a f t e r 9DAF) but has not l o s t i t s 
s e n s i t i v i t y t o ABA. B a r r a t t , Domoney and Wang (1989) took 
embryos t h a t were s t i l l i n the l a t e stages of c e l l d i v i s i o n 
and had not begun s i g n i f i c a n t legiunin message accumulation; 
i t i s conceivable t h a t such young embryos were not able t o 
i n i t i a t e or maintain abundant legumin synthesis, while the 
14DAF seeds used i n these studies were already demonstrating 
an i n c r e a s i n g accumulation of legumin t r a n s c r i p t s before 
treatment. This proposed developmental c o n t r o l of a response 
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t o ABA suggests t h a t ABA only enhances the accumulation of 
storage p r o t e i n synthesis, r a t h e r than i n i t i a t i n g gene 
expression; such a theory i s i n accordance w i t h the review by 
S k r i v e r and Mundy (1990) which suggests t h a t the r e g u l a t i o n 
of LEA and rab genes by ABA, which can induce abundant 
message and p r o t e i n synthesis i n immature, germinating and 
even non-seed t i s s u e s , occurs by a d i f f e r e n t mechanism than 
t h a t o f storage p r o t e i n genes. I f t h i s i s the case, the pod 
c u l t u r e of B a r r a t t et al (1989) might have been expected t o 
show an increase i n legumin message l e v e l , as the pods were 
incubated t o a developmental age of 17DAF and should have 
been a c t i v e l y s y n t h e s i s i n g legiunin messages and p r o t e i n s . 
One possible theory f o r t h i s lack of a response t o ABA from 
the storage p r o t e i n messages may be t h a t the continued (14 
days) exposure of 3 day pods t o 10"̂ M ABA could e i t h e r 
accustom the seed t i s s u e s t o high i n t e r n a l ABA concentrations 
from an e a r l y age, or induce r a p i d ABA metabolism t o reduce 
the i n t e r n a l l e v e l s and so negate the e f f e c t . A l t e r n a t i v e l y , 
as the t r a n s l a t i o n products were only assessed at the end of 
the experiment, i t i s possible t h a t the storage p r o t e i n 
message l e v e l s d i d increase i n response t o ABA but f u r t h e r 
exposure l e d t o a drop i n l e v e l s and degradation of the 
accumulated messages, as seen w i t h the Leg J subfamily 
message l e v e l s a f t e r 72 hours treatment w i t h ABA, so t h a t no 
l a s t i n g e f f e c t i n the mRNA population was observed. 

Despite the r e s u l t s of B a r r a t t and co-workers, 
l e v e l s o f seed storage p r o t e i n messages from other r e l a t e d 
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p l a n t s (e.g. soybean, Vicia faha) have been shown t o be 
responsive t o ABA, as reviewed by Sk r i v e r and Mundy (1990); 
however, t h i s review concluded t h a t as the increase i n 
message l e v e l s i s slow and only a few f o l d greater than the 
n a t u r a l l e v e l the storage p r o t e i n s are u n l i k e l y t o be 
in v o l v e d i n the seed's p r o t e c t i o n from or response t o 
d e s i c c a t i o n , i n con t r a s t t o the more r a p i d and e f f e c t i v e 
i n d u c t i o n of LEA message and p r o t e i n s . The r e s u l t s shown 
here w i t h legumin dispute t h i s assumption, showing a f a i r l y 
r a p i d response t o ABA i n immature seeds which i s maintained, 
l i k e the response t o d e s i c c a t i o n s t r e s s , f o r at l e a s t three 
days. This does not neces s a r i l y prove any involvement of ABA 
i n the response t o premature dehydration - as ABA has been 
i d e n t i f i e d as an i n h i b i t o r o f precocious germination i t may 
merely have a general enhancing e f f e c t on the major 
developmental seed p r o t e i n s . The experiments of Wang et al 
(1987) and Ross and McWha (1990) i n d i c a t e t h a t endogenous 
l e v e l s of ABA increase d u r i n g pea seed f i l l i n g as seed 
p r o t e i n accumulation increases; t h i s e f f e c t could be 
m u l t i p l i e d when the seed i s exposed t o much higher 
concentrations of ABA than are found i n normal seed 
development, and may decrease s l i g h t l y w i t h time as the seed 
loses s e n s i t i v i t y t o ABA w i t h age. I t i s extremely d i f f i c u l t 
t o assess the e f f e c t s of ABA i n normal development using 
an exogenous source of ABA, because of the added and i n many 
cases inseparable e f f e c t s of i s o l a t i o n from the p l a n t or seed 
environment, o f t e n i n v o l v i n g damage, and the d e l i v e r y of ABA 
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a t concentrations which may be too high and at an i n c o r r e c t 
l o c a t i o n . I t i s gene r a l l y agreed t h a t the a c t i o n of hormones 
w i t h i n the p l a n t i s extremely complex, and d i f f e r e n t 
concentrations of hormones applied at d i f f e r e n t stages of 
development or t o d i f f e r e n t t i s s u e s can have varying or even 
opposite e f f e c t s (Morris and Bowles, 1987). Studies on how 
the absolute ABA l e v e l s change in planta may give a more 
accurate p i c t u r e of how the endogenous seed ABA r e l a t e s t o 
gene expression. I n many cases such experiments have brought 
i n t o doubt the s i g n i f i c a n c e of r e s u l t s obtained in vitro, 
showing f o r example t h a t the maximal expression of ABA-
i n d u c i b l e LEAs occurs when the seed ABA l e v e l s and 
s e n s i t i v i t y are both f a l l i n g , while the use of ABA-deficient 
and non-responsive mutants i n p l a n t s such as tomato ( s i t ) and 
Arabidopsis {aba and ajbi) has shown t h a t i n some cases ABA i s 
unnecessary f o r noraal seed development (see Zeevaart and 
Creelman, 1988). I n the experiments conducted here the only 
d i f f e r e n c e between the water c o n t r o l s and the t r e a t e d seeds 
was the presence of ABA, so any e f f e c t s of damage or 
i s o l a t i o n from n u t r i e n t sources should be common t o both 
water and ABA treatments. I t was i n t e r e s t i n g t o note the 
d i f f e r e n c e between the s t a t e of degradation of t o t a l RNA from 
water c o n t r o l s from t h i s batch of peas and the batch used f o r 
premature d e s i c c a t i o n experiments, compared t o the RNA from 
desiccated and ABA-treated cotyledons. Le Deunff and 
Rachidian (1988) demonstrated t h a t immature pea seeds had the 
a b i l i t y t o germinate when allowed t o imbibe. I t i s possible 
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t h a t i s o l a t i o n of the pod and incubation w i t h water 
encourages the seeds t o begin a germinative p a t t e r n of mRNA 
and p r o t e i n synthesis while w i t h i n the pod, degrading i t s 
unwanted messages. Incubation without water, as i n the 
premature d e s i c c a t i o n experiments, does not cause t h i s 
extensive degradation as the seed cannot begin t o germinate 
w i t h o u t water. I f t h i s i s the case, a d d i t i o n of ABA appears 
t o h a l t the general degradation process - t o t a l RNA samples 
from 24 and 72 hour ABA treatments showed no degradation - as 
w e l l as i n c r e a s i n g the accumulation of the developmentally 
s p e c i f i c legumin messages. This supports the consensus t h a t 
ABA prevents precocious germination and encourages 
development i n the immature seed. This f a c t o r may also 
c o n t r i b u t e t o the low l e v e l s of legumin messages i n the water 
c o n t r o l s - i f the seed i s attempting t o pursue a germinative 
pathway the cessation of t r a n s c r i p t i o n and s p e c i f i c 
degradation of legumin messages would be expected. However, 
although the f a l l i n Leg J t r a n s c r i p t concentration between 
24 and 72 hours i n c u b a t i o n i n water supports t h i s proposal, 
there i s no observed f a l l i n Leg A subfamily message l e v e l 
upon continued i n c u b a t i o n i n water, so no conclusions can be 
drawn. 

5.2.6 Em Message Levels i n Pea 

The i n a b i l i t y t o detect h y b r i d i s a t i o n of the Em 
probe t o t o t a l RNA b l o t s of t r e a t e d or untreated cotyledons 
or pea embryonic axes i n d i c a t e s t h a t the pea seed RNA does 
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not c o n t a i n a nucleotide sequence w i t h homology t o the Em 
message, despite the presence of s i m i l a r polypeptides showing 
extensive amino acid homology i n both monocots and d i c o t s 
(see s e c t i o n 1.4.2). This does not preclude the presence of 
a pea embryogenic p r o t e i n w i t h f u n c t i o n a l and s t r u c t u r a l 
s i m i l a r i t i e s t o the Em polypeptide. However, i n pea 
cotyledons such a-protein cannot be as abundant as i n wheat 
gr a i n s , as storage p r o t e i n s form up t o 80% of the t o t a l 
p r o t e i n . The case may be d i f f e r e n t i n the embryonic axis, 
where legumin message l e v e l s have been shown t o be 
s u b s t a n t i a l l y lower. Manickam and C a r l i e r (1980) i s o l a t e d a 
small soluble albumin from mung bean axes w i t h a MW of 12K 
and a high glutamic acid/glutamine content - although 
t e n t a t i v e l y i d e n t i f i e d as a storage p r o t e i n i t was l a t e r 
found t o have some s i m i l a r i t i e s t o the wheat Em p r o t e i n 
(Grzelczak et al, 1982); t h i s p r o t e i n was found t o be very 
abundant i n dry axes, but present at a s u b s t a n t i a l l y lower 
l e v e l i n the dry cotyledons, the axis p r o t e i n l e v e l being 
3.5-fold greater than the cotyledon l e v e l and forming 5% of 
the dry axis p r o t e i n . I t would seem more sensible t o 
concentrate f u r t h e r searches f o r h y d r o p h i l i c p r o t e i n s which 
may act i n d e s i c c a t i o n p r o t e c t i o n on the axes. 

5.2.7 Cowpea Trypsin Inhibitor Levels i n Pea 

Pea seeds do not appear t o contain a t r y p s i n 
i n h i b i t o r p r o t e i n w i t h s u f f i c i e n t nucleotide homology t o the 
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CpTI sequence t o allow h y b r i d i s a t i o n . H i l d e r et al (198 9) 
found t h a t the heterogeneity between d i f f e r e n t classes of 
protease i n h i b i t o r w i t h i n a p l a n t species was greater than 
the d i s s i m i l a r i t y between protease i n h i b i t o r s of the same 
class from d i f f e r e n t species. This i n d i c a t e s t h a t pea seeds, 
u n l i k e a range of other legumes (e.g. soybean, azuki bean, 
mung bean, lima bean and Macrotyloma axillare; H i l d e r et al, 
1989) may not contain a protease i n h i b i t o r of the Bowman-Birk 
t r y p s i n / t r y p s i n type seen i n cowpea. This does not preclude 
the presence of other t r y p s i n and protease i n h i b i t o r s , but 
the absence of a s i m i l a r p r o t e i n i n pea seeds meant t h a t the 
e f f e c t of seed age and t i s s u e , desiccation and ABA on the 
r e g u l a t i o n of such genes could not be examined. 

5.2.8 Hybridisation of the PM46 cDNA Insert to Pea Total RNA 

From the circumstances of the d i f f i c u l t y of 
d e t e c t i n g a c l e a r s i g n a l t o the PM46 probe, the f a c t t h a t the 
s i g n a l h y b r i d i s e s both t o the 18S area and, less s t r o n g l y , t o 
the 25S area, and the f a c t t h a t although the cDNA was 
i s o l a t e d from a d i f f e r e n t i a l screen no p a t t e r n of 
d i f f e r e n t i a l expression i n developing cotyledons was observed 
suggest t h a t the r e s u l t s seen are due t o non-specific binding 
of the probe t o ribosomal RNA, e s p e c i a l l y a t 18S, under the 
co n d i t i o n s of high RNA concentration and long exposure times 
used. I t i s possible that.concomittant w i t h t h i s non­
s p e c i f i c b i n d i n g i s a small degree of s p e c i f i c binding t o a 
message i n the 18S area, or t h a t there i s s p e c i f i c binding t o 
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a very r a r e message i n another p a r t of the b l o t which i s so 
f a i n t as t o be hidden by the high l e v e l of background 
h y b r i d i s a t i o n . I t would be necessary t o screen poly(A)+RNA 
r a t h e r than t o t a l RNA t o as c e r t a i n whether the PM46 cDNA i s a 
t r u e seed message or a c l o n i n g a r t i f a c t , despite the presence 
of c l o n i n g s i t e s at e i t h e r end of the cloned sequence. I t i s 
cl e a r t h a t even i f the PM46 message i s present i n developing 
peas i t i s of extremely low abundance and cannot be classed 
as an LEA message. 

5.2.9 The Ef f e c t of Seed Age and Tissue on the Total and 
Albumin Protein Fractions i n Developing Pea Seeds 

The apparent increase i n p r o t e i n content of the 
samples from 12-32DAF i s due i n p a r t t o extensive p r o t e i n 
synthesis f o r seed f i l l i n g , but during l a t e r development i t 
i s mainly caused by the dehydration of the seed - as samples 
were loaded on a f r e s h weight basis, the loss of water gives 
more concentrated p r o t e i n samples w i t h age. I n the 
cotyledons there was no obvious appearance or disappearance 
of any abundant p r o t e i n bands w i t h age, both i n the albumin 
and the t o t a l p r o t e i n f r a c t i o n s (Figs.28a and 29a). Although 
the unpublished r e s u l t s of I.M. Evans and R. Swinhoe (see 
se c t i o n 1.5) showed new synthesis of c e r t a i n albumin bands 
d u r i n g d e s i c c a t i o n ( a t 30K, ca.21K, 17.5K and ca.9K, l a b e l l e d 
w i t h ^*C-amino a c i d mix) these bands were not seen t o be 
abundant or newly synthesised i n the t o t a l cotyledon albumin 
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f r a c t i o n shown here (although the gel d i d not show bands 
below lOK), The only i n d i c a t i o n of any abundant albumin 
bands s p e c i f i c t o l a t e embryogenesis i n these r e s u l t s were i n 
the embryonic a x i s . Here, Evans and Swinhoe noted new 
synthesis d u r i n g d e s i c c a t i o n of albumin bands at 14.3K and 9K 
i n cotyledons p u l s e - l a b e l l e d w i t h ^^S-methionine. As the gel 
d i d not show bands below lOK the presence of the 9K band 
could not be assessed, but the 14.3K band was not shown t o be 
abundant i n the t o t a l albumin f r a c t i o n s from 14-32DAF. 
However, i t i s possible t h a t the band at ca.lSK which i s 
shown t o increase i n the embryonic axis albumin f r a c t i o n from 
24DAF corresponds t o the 17.5K band seen t o be newly 
synthesised i n cotyledons; possibly the synthesis of t h i s 
p r o t e i n begins or increases upon desiccation i n both tissues 
but i s more abundant i n the embryonic ax i s , e i t h e r by 
p r o p o r t i o n or by t i s s u e - s p e c i f i c expression. This has been 
noted i n other species, f o r example the low molecular weight 
(12K) albiamin which accumulated during l a t e embryogenesis i n 
mung bean and was abundant i n the embryonic axis but present 
at much lower l e v e l s i n the cotyledons (Manickam and e a r l i e r , 
1980). The f a c t t h a t the 18K or 17.5K band was not detected 
by the experiment of Evans and Swinhoe could merely i n d i c a t e 
t h a t i t does not contain methionine. The presence of a band 
of the same size i n t o t a l p r o t e i n from desiccated embryonic 
axes (Fig.28c) i n d i c a t e s t h a t the p r o t e i n i s stored i n the 
dry seed and appears t o be rare or absent i n the cotyledons. 
A high molecular weight band at 70-8OK also appears t o be 
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present d u r i n g l a t e development i n the a x i s , stored i n the 
desiccated axis and absent from the cotyledon; the synthesis 
of t h i s p r o t e i n was not detected i n cotyledons by Evans and 
Swinhoe and so may be a x i s - s p e c i f i c . 

Analysis of the t o t a l p r o t e i n f r a c t i o n from 
developing and d e s i c c a t i n g pea seeds shows a s i m i l a r absence 
of newly-synthesised abundant p r o t e i n s i n the cotyledons 
(Fig.29a). Thus although the r e s u l t s of Evans and Swinhoe 
i n d i c a t e t h a t the synthesis of new p r o t e i n s does occur during 
d e s i c c a t i o n , when the synthesis of the m a j o r i t y of non-seed 
s p e c i f i c , e a r l y and mid-embryogenesis s p e c i f i c p r o t e i n s i s 
decreasing or absent, such p r o t e i n s do not appear t o form an 
abundant p o r t i o n of the t o t a l albumin or p r o t e i n mass i n the 
cotyledons. This could be p a r t l y a r e s u l t of the bulk of 
p r o t e i n mass being formed by legumin and v i c i l i n p r o t e i n ; 
consequently any LEA p r o t e i n s could form only a small 
p r o p o r t i o n of the cotyledonary p r o t e i n . The embryonic axis 
has a much lower content of g l o b u l i n storage p r o t e i n s and 
does appear t o contain at l e a s t one LEA p r o t e i n at ca.lSK, 
which may correspond t o a newly synthesised albumin at 17.5K, 
and p o s s i b l y a high MW albumin at 70-80K, both of which 
p r o t e i n s are s u f f i c i e n t l y abundant t o be seen i n a t o t a l 
p r o t e i n e x t r a c t from dry seeds, although they are not 
prominent. These r e s u l t s i n d i c a t e t h a t pea contains few i f 
any abundant p r o t e i n s whose l e v e l s are high during l a t e 
embryogenesis i n the cotyledons; LEA p r o t e i n s may be present 
i n the embryonic axes, p o s s i b l y at 17.5-18K and 70-80K, 
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although they do not appear t o form a large percentage of the 
t o t a l albumin or t o t a l p r o t e i n f r a c t i o n . I t i s recommended 
t h a t f u r t h e r i n v e s t i g a t i o n s should be conducted on the axes 
r a t h e r than the cotyledons t o i d e n t i f y and i s o l a t e p r o t e i n 
bands which show an increase i n abundance during mid and l a t e 
embryogenesis. 

5.2.10 The E f f e c t of Cotyledon Age and Premature Desiccation 
on the Levels of Chaperonin 60 Protein 

I t i s c l e a r from the Western b l o t (Fig.29) t h a t the 
chaperonin 60 p r o t e i n i s present throughout seed development 
from 16 t o 32DAF. This i s i n agreement w i t h the observation 
t h a t molecular chaperones are abundantly and c o n s t i t u t i v e l y 
synthesised i n the p l a n t . The l e v e l of p r o t e i n i n the 
samples appears t o f a l l s l i g h t l y a f t e r 22 DAF; t h i s could be 
caused simply by accumulation of other p r o t e i n s such as the 
seed storage p r o t e i n s and l e c t i n s , so t h a t chaperonin 60 
forms a lower p r o p o r t i o n of the seed weight as the synthesis 
of the p r o t e i n f o l l o w s the general p a t t e r n of decrease during 
d e s i c c a t i o n . Levels s t i l l remain e a s i l y detectable i n the 
d e s i c c a t i n g seed, an observation t h a t complies w i t h a 
molecular chaperone's f u n c t i o n of p r o t e i n p r o t e c t i o n during 
c e l l u l a r a c t i v i t y , p r o t e i n assembly and t r a n s p o r t ; a l l of 
these f u n c t i o n s occur d u r i n g seed development and would be 
necessary immediately upon i m b i b i t i o n . However, a f u r t h e r 
f e a t u r e of the p r o t e c t i o n of a c t i v e s i t e s during t r a n s p o r t 
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and assembly may be a degree of p r o t e c t i o n from damage during 
d e s i c c a t i o n , the formation of damaged p r o t e i n s being 
prevented by t h e i r a s s o c i a t i o n w i t h i n the large molecular 
chaperone macromolecule. I t has not been documented whether 
chaperonin 60 has any a b i l i t y t o maintain hydration of i t s e l f 
or associated p r o t e i n molecules, or i f i t s p r o t e i n or message 
l e v e l s are increased upon des i c c a t i o n stress i n the whole 
p l a n t . Molecular chaperones have been shown to be responsive 
t o several environmental stresses, most notably heat shock, 
but Gething and Sambrook (1992) proposed t h a t the i n d u c t i o n 
f a c t o r i n such cases was the presence of an increased number 
of unfolded or i n c o r r e c t l y assembled p r o t e i n s rather than the 

s t r e s s per se. 
The l e v e l s of chaperonin 60 p r o t e i n do not appear 

t o increase upon premature de s i c c a t i o n of immature 
cotyledons. Compared t o the f r e s h untreated samples the 
desiccated cotyledons seem t o have lower amounts of the 
chaperonin 60 p r o t e i n , despite the p r o t e i n concentration 
being higher i n d r i e d cotyledons due t o water loss; t h i s 
agrees w i t h the observed s l i g h t decrease i n p r o t e i n l e v e l 
w i t h n a t u r a l seed dehydration and seems to support the theory 
t h a t premature d e s i c c a t i o n applied t o immature cotyledons 
w i t h i n the pod a t t h i s age leads t o premature maturation, 
t a k i n g the message and p r o t e i n populations of the p l a n t t o a 
l a t e r developmental stage w h i l e the seeds are r e l a t i v e l y 
young. As the samples were loaded on a f r e s h weight basis, 
the apparent decrease i s probably due i n p a r t t o the 
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chaperonin 60 forming a smaller p r o p o r t i o n of the t o t a l 
p r o t e i n mass as the l e v e l s of other p r o t e i n s increase and 
p a r t l y a r e s u l t of the premature maturation of the seed, 
leading t o a decrease i n message l e v e l s and p r o t e i n synthesis 
of the m a j o r i t y of non-LEA seed s p e c i f i c p r o t e i n s . 

5.2.11 The E f f e c t of Premature Desiccation on Cotyledonary 

Total Protein 

Again, dehydration of the seed leads t o a higher 
concentration of t o t a l p r o t e i n per u n i t of fres h weight and 
t h i s may e x p l a i n p a r t of the apparent increase i n p r o t e i n 
content of prematurely desiccated cotyledons compared t o 
untreated c o n t r o l s , However, the p r o t e i n l e v e l s a f t e r a 
f u r t h e r 48 and 72 hours of desi c c a t i o n appear t o be s l i g h t l y 
l e s s than those seen a f t e r 24 hours of desi c c a t i o n , even 
though p r o t e i n l e v e l s are u s u a l l y increasing at t h i s 
developmental stage, as seen w i t h the 15-17DAF samples. I t 
i s possible t h a t the st r e s s o f i s o l a t i o n of the pod from the 
p l a n t and premature d e s i c c a t i o n causes f i r s t an increase i n 
p r o t e i n s y n t h e t i c mechanisms, then a s l i g h t decline i n 
p r o t e i n synthesis upon f u r t h e r water s t r e s s , as has been 
noted i n non-seed t i s s u e s upon dehydration (see s e c t i o n 1.1). 
This i s supported by the p a t t e r n of p r o t e i n s being a c t i v e l y 
synthesised i n immature and prematurely desiccated cotyledons 
pulse l a b e l l e d w i t h ^*C-containing amino acids (Fig.31). The 
major p r o t e i n s being synthesised at t h i s developmental stage 
are a l l storage p r o t e i n s , and these also form the most 
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abundant p a r t of the t o t a l stored p r o t e i n (Fig.30a); upon 
d e s i c c a t i o n , the l e v e l s of a l l of the storage p r o t e i n s appear 
t o increase, w i t h v i c i l i n showing the f a s t e s t and l a r g e s t 
increase a f t e r 24 hours d r y i n g , then d e c l i n i n g s l i g h t l y , and 
legumin showing a slower but continuous increase, i n 
agreement w i t h the increase i n message l e v e l of Leg A and J 
observed at t h i s stage. The f a c t t h a t v i c i l i n and, t o a 
lesser extent, c o n v i c i l i n and the major storage albumin, 
appear t o share the response t o desiccation seen w i t h legumin 
polypeptide messages i n d i c a t e s t h a t the e f f e c t of premature 
d e s i c c a t i o n i s general t o storage p r o t e i n s . The f a s t e r 
response of v i c i l i n t o d e s i c c a t i o n gives f u r t h e r support t o 
the theory t h a t the l e v e l s of storage p r o t e i n s and t h e i r 
messages are r e l a t e d t o the s t a t e of hydration of the seed -
i n normal development, the abundant synthesis of v i c i l i n 
s t a r t s before t h a t of legumin and the message l e v e l s also 
d e c l i n e before the f a l l i n legumin messages (reviewed by 
Boulter et al, 1990). Thus i f the premature dehydration of 
the seed acts t o take the seed's message and p r o t e i n 
complement t o a l a t e r s t a t e of development, accumulation of 
v i c i l i n would be expected t o increase and end more r a p i d l y 
than legumin, as i n d i c a t e d by these r e s u l t s . The l e v e l of 
a c t i v e synthesis of legumin continues t o r i s e during the 
a r t i f i c i a l d e s i c c a t i o n p e r i o d ; t h i s , together w i t h the r i s e 
i n legumin message up t o 72 hours d r y i n g , i n d i c a t e s t h a t the 
premature d e s i c c a t i o n c o n d i t i o n s used do not take the seed t o 
a s t a t e equivalent t o l a t e d e s i c c a t i o n , when storage p r o t e i n 
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s y n t h e s i s i s f a l l i n g . A l o n g e r o r more severe p e r i o d o f 

d e s i c c a t i o n c o u l d l e a d t o a premature f a l l i n p r o t e i n 

s y n t h e s i s , as suggested by. t h e d e c l i n e i n l e g i i m i n p o l y p e p t i d e 

message l e v e l s a f t e r 8 days s i l i c a d r y i n g . 

No abundant p r o t e i n bands were shown i n these 

r e s u l t s t o accumulate o r be newly s y n t h e s i s e d upon premature 

d e s i c c a t i o n o f immature c o t y l e d o n s . T h i s may s i m p l y be a 

r e s u l t o f t h e s t a t e o f d e s i c c a t i o n o f t h e seed achieved by 

t h e a i r d r y i n g t r e a t m e n t ; an u n q u a n t i t a t i v e d e n s i t o m e t r i c 

a n a l y s i s o f t h e e f f e c t on premature d e s i c c a t i o n on t h e l e v e l s 

o f a non-seed s p e c i f i c message {PsMT^, Fig.24a) suggest t h a t 

72 hours a i r d r y i n g t a k e s t h e immature c o t y l e d o n s t o a s t a t e 

e q u i v a l e n t t o 22DAF. The o n l y p r o t e i n s whose p a t t e r n o f 

e x p r e s s i o n agrees w i t h l a t e embryogenesis abundance, t h e 

17.5-18K and 70-80K albumins i n F i g s . 28b and 28c, do not 

appear t o become abundant u n t i l a f t e r 24DAF and so may not be 

i n d u c e d by t h i s l e v e l o f d e h y d r a t i o n ; f u r t h e r , these p r o t e i n s 

were n o t d e t e c t e d i n t h e c o t y l e d o n s and may be embryo-

s p e c i f i c . W i t h t h e h i g h observed c o n c e n t r a t i o n o f s t o r a g e 

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

c o t y l e d o n s i t r e a l l y seems necessary t o use s p e c i f i c a n t i b o d y 

probes f o r known LEA p r o t e i n s t o examine t h e i r e x p r e s s i o n 

d u r i n g seed development and upon d e s i c c a t i o n . The d i s c o v e r y 

o f pea d e h y d r i n (Group 2 LEA) by Robertson and Chandler 

(1992) and t h e d e s c r i p t i o n by B a r r a t t and C l a r k (1991) o f two 

ABA-responsive pea LEA albumins show t h a t pea does c o n t a i n 

some t y p i c a l LEA p r o t e i n s and t h e use o f a n t i b o d i e s t o these 
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p r o t e i n s and o t h e r t y p e s o f LEA p r o t e i n s , t o g e t h e r w i t h 

n u c l e i c a c i d probes where a v a i l a b l e , s h o u l d p r o v i d e a more 

s u c c e s s f u l method o f d e t e c t i o n and c h a r a c t e r i s a t i o n o f pea 

LEA p r o t e i n s and genes and a l l o w i n v e s t i g a t i o n o f t h e i r 

e x p r e s s i o n i n t h e pea seed and non-seed t i s s u e s i n b o t h 

u n s t r e s s e d and s t r e s s e d c o n d i t i o n s . 
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CHAPTER 6 - CONCLUSIONS 

6.1 CHANGES IN MESSAGE AND PROTEIN LEVELS DURING PEA SEED 

DEVELOPMENT 

D i f f e r e n t i a l s c r e e n i n g o f a cDNA l i b r a r y from 

d e s i c c a t i n g 24,26,28DAF pea c o t y l e d o n s w i t h cDNA from 18DAF 

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

message p o p u l a t i o n s v a r y between mature c o t y l e d o n s and 

c o t y l e d o n s u n d e r g o i n g d e s i c c a t i o n , as has been i n d i c a t e d by 

o t h e r work ( r e v i e w e d by Goldberg, Barker and Perez-Grau, 

1989). T h i s was c o n f i r m e d by an ex a m i n a t i o n o f t h e changing 

message l e v e l s o f s e l e c t e d abundant and s t r e s s - r e l a t e d 

messages i n t h e d e v e l o p i n g and d e s i c c a t i n g seeds. However, 

a t t e m p t s t o i s o l a t e LEA messages which may be i n v o l v e d w i t h 

p r o t e c t i o n o f t h e seed t i s s u e s a g a i n s t d e h y d r a t i o n were 

u n s u c c e s s f u l . The cDNA l i b r a r i e s o b t a i n e d from d e s i c c a t i n g 

c o t y l e d o n s were o f poor q u a l i t y , perhaps due i n p a r t t o t h e 

d e g r a d a t i o n o f mRNA, p r o d u c i n g damaged ends and p a r t i a l 

cDNAs, o c c u r r i n g d u r i n g d e s i c c a t i o n , and i n a p p r o p r i a t e and 

p r o l o n g e d s t o r a g e and growth o f t h e l i b r a r i e s appeared t o 

l e a d t o l o s s o f cDNA i n s e r t s . A l t h o u g h d i f f e r e n t i a l 

s c r e e n i n g d i d i n d i c a t e a change i n abundant message 

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

IBDAF cDNA and t h e p r e p a r a t i o n o f a s u b t r a c t e d probe 

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

24,26,28DAF were a l r e a d y expressed a t 18DAF, a l b e i t a t 

d i f f e r e n t l e v e l s . As o t h e r r e s u l t s have i m p l i e d t h a t 
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e x p r e s s i o n o f LEA messages be g i n s d u r i n g m i d - m a t u r a t i o n i t 

may have been more p r o d u c t i v e t o screen t h e l i b r a r y w i t h cDNA 

fr o m an e a r l i e r p l a n t s t a g e , s u b t r a c t e d t o remove abundant 

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

The s c r e e n i n g o f t h e l i b r a r y w i t h probes f o r 

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

t h e p r o b i n g o f t o t a l seed RNA. The PsMT^ t r a n s c r i p t i s 

e x t r e m e l y r a r e o r absent i n d e s i c c a t i n g c o t y l e d o n s and 

embryonic axes; t h e d e c l i n e i n message l e v e l s i n t h e seed 

w i t h age i s t h o u g h t t o be t y p i c a l o f non-seed s p e c i f i c genes 

and does n o t f o l l o w t h e p a t t e r n o f messages t o be s t o r e d f o r 

g e r m i n a t i o n . I t s e x p r e s s i o n d u r i n g e a r l y t o mid-seed 

development may i n d i c a t e t h a t some p r o t e i n i s s y n t h e s i s e d and 

s t o r e d i n t h e seed f o r g e r m i n a t i o n ; a l t e r n a t i v e l y t h e 

r e q u i r e m e n t s f o r m e t a l l o t h i o n e i n s i n t h e seed may be 

f u l f i l l e d by ano t h e r as y e t u n i d e n t i f i e d m e t a l l o t h i o n e i n w i t h 

a p a t t e r n o f e x p r e s s i o n s i m i l a r t o t h a t o f t h e Ec 

m e t a l l o t h i o n e i n from wheat. Both t h e wheat Em and t h e CpTI 

messages appeared t o be absent from pea t i s s u e . 

I s o l a t i o n o f cDNA cl o n e s from a 24,26,28DAF cDNA 

l i b r a r y w h i c h h y b r i d i s e d t o cDNA clone f o r pea p o l y u b i q u i t i n 

d i d demonstrate t h a t more t h a n one t y p e o f u b i q u i t i n 

t r a n s c r i p t i s expressed i n t h e seed. cDNAs c o d i n g f o r b o t h 

p r e v i o u s l y i d e n t i f i e d t y p e s o f u b i q u i t i n e x t e n s i o n p r o t e i n s -

one w i t h a 52 amino a c i d t a i l and one w i t h a 79 amino a c i d 

t a i l - were d e s c r i b e d and shown t o have a h i g h c o n s e r v a t i o n 

o f amino a c i d sequence w i t h t h e e x t e n s i o n p r o t e i n t a i l s from 
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o t h e r p l a n t s , a n i m a l s , y e a s t and micro-organisms, i n c l u d i n g 

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

and a p u t a t i v e z i n c - b i n d i n g , n u c l e i c a c i d b i n d i n g domain. 

These p r o t e i n s and t h e i r messages had n o t been p r e v i o u s l y 

i s o l a t e d from pea, a l t h o u g h t h e y are t h o u g h t t o be u n i v e r s a l , 

w i t h a common r o l e i n ribosome b i o g e n e s i s . C h a r a c t e r i s a t i o n 

o f a second p a r t i a l p o l y u b i q u i t i n cDNA p r o v i d e d by F.Z. Watts 

demonstrated t h a t pea c o n t a i n s a t l e a s t two d i f f e r e n t 

p o l y u b i q u i t i n genes, g i v i n g a u b i q u i t i n m u l i t i g e n e f a m i l y o f 

a t l e a s t f o u r members. I t i s not known i f these t r a n s c r i p t s 

a r e expressed d i f f e r e n t i a l l y between t i s s u e s , as i n some 

o t h e r p l a n t s , b u t i t does appear from N o r t h e r n b l o t s o f t o t a l 

RNA fr o m d e v e l o p i n g seeds t h a t t h e l e v e l s o f t r a n s c r i p t s o f 

d i f f e r e n t s i z e s change d u r i n g seed development, some ( t h o u g h t 

by t h e i r l e n g t h t o r e p r e s e n t p o l y u b i q u i t i n messages) 

a p p e a r i n g t o i n c r e a s e i n abundance upon d e s i c c a t i o n o f t h e 

seed. T h i s i n c r e a s e may r e p r e s e n t a response t o severe water 

s t r e s s , w h i c h has been t e n t a t i v e l y i n d i c a t e d i n r i c e ; o r an 

a c c u m u l a t i o n o f message and/or p r o t e i n f o r use upon 

g e r m i n a t i o n ; o r a s i m p l y a response t o t h e presence o f 

damaged p r o t e i n s upon d e h y d r a t i o n ; o r a combina t i o n o f these 

f a c t o r s . By t h e s i z e s o f t r a n s c r i p t s h y b r i d i s i n g t o t h e 

u b i q u i t i n probe i n d e v e l o p i n g and d e s i c c a t i n g pea seeds i t 

does n o t appear t h a t t h e messages f o r t h e pea u b i q u i t i n 

e x t e n s i o n p r o t e i n s are abundant d u r i n g m i d - l a t e 

embryogenesis, a l t h o u g h t h e i r presence has been demonstrated 

by t h e method o f t h e i r i s o l a t i o n . T h i s o b s e r v a t i o n agrees 
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w i t h o t h e r work which i n d i c a t e s t h a t u b i q u i t i n e x t e n s i o n 

p r o t e i n s and t h e i r messages are abundant o n l y i n a c t i v e l y 

d i v i d i n g t i s s u e ; t h e low observed l e v e l o f message i n 

d e s i c c a t i n g pea c o t y l e d o n s i s presumably p r e s e n t e i t h e r f o r a 

b a s a l l e v e l o f ribosome s y n t h e s i s o r f o r s t o r a g e as l o n g 

l i v e d mRNA f o r use upon g e r m i n a t i o n . The use o f the t a i l 

n u c l e i c a c i d sequences as s p e c i f i c probes may g i v e f u r t h e r 

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

i n pea. 

An e x a m i n a t i o n o f t h e acc u m u l a t i o n o f messages f o r 

major and minor p o l y p e p t i d e s o f t h e legumin p r o t e i n c o n f i r m s 

t h a t t h e developmental e x p r e s s i o n o f s t o r a g e p r o t e i n genes i s 

t i g h t l y c o n t r o l l e d and v a r i e s not o n l y between st o r a g e 

p r o t e i n s b u t a l s o between messages f o r components o f t h e same 

p r o t e i n and even members o f t h e same gene s u b f a m i l y . There 

i s no c l e a r i n d i c a t i o n as t o why t h e maximxim accumulation o f 

t h e Leg J message s h o u l d be a f t e r t h a t o f o t h e r legumin 

p o l y p e p t i d e s ; Evans and Swinhoe ( u n p u b l i s h e d ) found t h a t t h e 

l e v e l s o f t h e Leg J p o l y p e p t i d e i n c r e a s e d t h r e e - f o l d between 

20 and 24DAF i n c o t y l e d o n s p u l s e - l a b e l l e d w i t h ^*C-amino 

a c i d s . I t would 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 whether t h e 

heterogeneous n a t u r e o f t h e legumin p r o t e i n remains t h e same 

t h r o u g h o u t seed development, o r whether p r o t e i n s s y n t h e s i s e d 

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

p o l y p e p t i d e ; and, i f so, i f t h i s a l t e r s t h e p r o p e r t i e s o f t h e 

p r o t e i n i n any way. The Leg J gene l a c k s a core enhancer 

element GCCACCTC which i s p r e s e n t i n t h e 5' f l a n k i n g 
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sequences o f pea Leg A, v i c i l i n and homologous genes, as w e l l 

as s i m i l a r s t o r a g e p r o t e i n genes from o t h e r species (Thompson 

e t a i , 1991) and i s t h o u g h t t o be i n v o l v e d i n storage p r o t e i n 

gene c o n t r o l . 
A n a l y s i s o f t h e p a r t i a l cDNA cl o n e i s o l a t e d from a 

d i f f e r e n t i a l screen o f t h e 24,26,28DAF l i b r a r y gave a 

sequence - M46 - which shows no s i g n i f i c a n t homology t o 

sequences i n t h e Daresbury d a t a bank o r t h e SwissProt data 

bank. The sequence remains u n i d e n t i f i e d and att e m p t s t o 

demonstrate t h e presence and e x p r e s s i o n o f a message 

c o r r e s p o n d i n g t o t h e p a r t i a l cDNA sequence were i n c o n c l u s i v e 

and d i d n o t d e f i n i t e l y prove t h e presence o f such a message. 

F u r t h e r work i s r e q u i r e d t o a s c e r t a i n whether t h i s i s a t r u e 

cDNA o r , d e s p i t e t h e presence o f c l o n i n g a d a p t o r s , an 

a r t i f a c t ; a screen o f poly(A)"''RNA may demonstrate whether t h e 

f a i n t b i n d i n g o f t h e c l o n e d cDNA t o t o t a l RNA was t o a 

message o r merely u n s p e c i f i c b i n d i n g t o ri b o s o m a l RNA. 

D e s p i t e t h e changes i n message p o p u l a t i o n s t h e r e 

was no obv i o u s appearance o r disappearance o f any abundant 

p r o t e i n bands i n t o t a l and albumin p r o t e i n e x t r a c t s from 

c o t y l e d o n s . T h i s c o u l d be p a r t l y due t o t h e l a r g e p r o p o r t i o n 

o f s t o r e d p r o t e i n s i n a g i n g seeds so t h a t p r o t e i n s expressed 

towards t h e end o f embryogenesis would form o n l y a s m a l l 

p o r t i o n o f t h e t o t a l p r o t e i n mass. I n t h e embryonic a x i s , 

where l e v e l s o f s t o r a g e p r o t e i n s are s u b s t a n t i a l l y lower, a t 

l e a s t one band was observed d u r i n g l a t e development t h a t 

appeared t o be a t low l e v e l s o r absent i n t h e und e s i c c a t e d 
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a x i s and i n c o t y l e d o n s , and t h i s band was a l s o found i n t h e 

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

f r o m Manickam and C a r l i e r (1980) which i n d i c a t e t h a t some LEA 

messages and p r o t e i n s may be expressed a t h i g h e r l e v e l s i n 

t h e a x i s t h a n i n t h e s t o r a g e t i s s u e suggest t h a t i t would 

have been more p r o d u c t i v e t o c o n s t r u c t a cDNA l i b r a r y from 

embryonic axes t o i s o l a t e and examine t h e e x p r e s s i o n o f genes 

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

6.2 THE EFFECT OF PREMATURE DESICCATION ON MESSAGE AND 

PROTEIN LEVELS IN DEVELOPING PEA COTYLEDONS 

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

t o immature c o t y l e d o n s a f f e c t e d t h e e x p r e s s i o n o f a l l o f the 

pea messages examined. I n t h e cases o f t h e messages f o r 

PSMTA and u b i q u i t i n t h e d r y i n g t r e a t m e n t appeared t o a c t t o 

i n s t i g a t e premature m a t u r a t i o n , an e f f e c t a l r e a d y recorded i n 

o t h e r s p e c i e s (see s e c t i o n s 1.2.3.4 and 1.2.5.3). PsMT^ 

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

w h i l e t h e l e v e l o f h y b r i d i s a t i o n t o u b i q u i t i n shows an 

i n c r e a s e upon p r o l o n g e d d e s i c c a t i o n , caused e i t h e r by 

'speeding up' o f t h e developmental programme o r by t h e severe 

d e s i c c a t i o n s t r e s s seen b o t h i n 30DAF and 8 day s i l i c a d r i e d 

seeds. The s i z e o f t h e band h y b r i d i s i n g t o t h e u b i q u i t i n 

probe i n 8 day s i l i c a d r i e d seeds i n d i c a t e s t h a t t h i s 

i n c r e a s e upon d e s i c c a t i o n i s due p r i m a r i l y t o p o l y u b i q u i t i n . 

A s i m i l a r premature m a t u r a t i o n response was seen w i t h t h e 
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l e v e l s o f c h a p e r o n i n 60. I n normal development t h e p r o t e i n 

l e v e l seems f a i r l y c o n s t a n t , w i t h a s l i g h t d e c l i n e on 

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

t o t h e f a l l i n message and p r o t e i n s y n t h e s i s seen a t t h i s 

d e v e lopmental s t a g e , o r t o a co m b i n a t i o n o f t h e two; upon 

premature d e s i c c a t i o n o f immature c o t y l e d o n s t h e same s l i g h t 

f a l l i n p r o t e i n l e v e l i s seen, presximably f o r one o r b o t h o f 

t h e same reasons. 

A s l i g h t l y d i f f e r e n t s c a l e o f response t o 

d e s i c c a t i o n was seen w i t h t h e l e v e l s o f Leg A and J messages. 

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

h y b r i d i s a t i o n t o Leg J and, t o a l e s s e r e x t e n t . Leg A probes 

t o t o t a l c o t y l e d o n a r y RNA. A l t h o u g h i t c o u l d be i n f e r r e d 

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

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

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

seed i n s i d e p r o t e i n b o d i e s , t o g e t h e r w i t h t h e o b s e r v a t i o n 

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

f a l l i n l e g i i m i n message l e v e l s , makes a r o l e f o r legumin i n 

d e s i c c a t i o n p r o t e c t i o n u n l i k e l y . I n s t e a d i t i s suggested 

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

and p o s s i b l y t h a t o f o t h e r genes expressed i n t h e seed, i s 

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

s t a t e o f h y d r a t i o n o f t h e seed t i s s u e s . T h i s would e x p l a i n 

t h e l a r g e r response o f t h e Leg J message t o d e s i c c a t i o n , as 

i t s u s u a l maximal e x p r e s s i o n occurs a t a t i m e o f g r e a t e r 

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

l e a d n o t o n l y t o an i n c r e a s e i n message l e v e l due t o 

premature m a t u r a t i o n , b u t a l s o t o an added i n d u c t i o n t o a l l o w 

t h e seed t i s s u e s t o s y n t h e s i s e a l l o f t h e legumin necessary 

f o r s u c c e s s f u l s e e d l i n g growth i n a s h o r t e r time p e r i o d ; t h i s 

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

under c o n d i t i o n s o f e n v i r o n m e n t a l s t r e s s and produce a seed 

w i t h an almost f u l l s t o r a g e p r o t e i n complement w e l l b e f o r e 

normal m a t u r a t i o n . T h i s i s supported by t h e r e s u l t s from t h e 

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

c o t y l e d o n s . These demonstrate t h a t d e s i c c a t i o n i n c r e a s e s t h e 

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

o r d e r o f s t o r a g e p r o t e i n s y n t h e s i s appears t o be m a i n t a i n e d , 

w i t h t h e peak o f v i c i l i n s y n t h e s i s o c c u r r i n g f i r s t t h e n 

d e c r e a s i n g as t h e l e v e l s o f legumin i n c r e a s e more s l o w l y . 

S e v e r a l groups have suggested t h a t t h e l o s s o f water d u r i n g 

seed development c o u l d be an i m p o r t a n t f a c t o r i n t h e 

p r o d u c t i o n o f a mature v i a b l e seed w i t h t h e a b i l i t y t o 

g e r m i n a t e upon i m b i b i t i o n ( r e v i e w e d by Bewley, 1979; Saab and 

Obendorf, 1989). Complete d e s i c c a t i o n may n o t be e s s e n t i a l 

f o r a l l seeds - i n many s p e c i e s t h e s t a t e o f d e h y d r a t i o n 

reached d u r i n g m a t u r a t i o n { e . g . soybean (Rosenberg and Rinne, 

1986), cowpea ( I s h i b a s h i and Minamikawa, 1989), pea (Le 

Deunff and R a c h i d i a n , 1988)} o r t h a t engendered by a minimal 

d r y i n g t r e a t m e n t (e.g. c a s t o r bean and Phaseolus vulgaris 

(Bewley, Kermode and M i s r a , 1989)} may be s u f f i c i e n t t o g i v e 

a seed w i t h a l l o f t h e p r o p e r t i e s necessary t o g i v e e f f i c i e n t 
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g e r m i n a t i o n and s e e d l i n g growth. As e x a m i n a t i o n o f t h e Leg A 

promoter i n t r a n s g e n i c tobacco has a l r e a d y i d e n t i f i e d s e v e r a l 

areas c o n t a i n i n g p o s s i b l e c o n t r o l elements f o r seed 

s p e c i f i c i t y and enhancement o f t r a n s c r i p t i o n ; such 

ex p e r i m e n t s c o u l d p o s s i b l y be extended t o i n v e s t i g a t e whether 

t h e d e s i c c a t i o n response o f Leg A i s r e t a i n e d i n t r a n s g e n i c 

tobacco and, i f so, which p a r t o f t h e promoter c o n t r o l s t h i s 

response. Such experiments c o u l d a l l o w t h e i s o l a t i o n o f a 

c o n t r o l element common t o seed s t o r a g e genes, and p o s s i b l y 

o t h e r seed genes showing c o n t r o l l e d changes i n message 

a c c u m u l a t i o n d u r i n g seed development. They c o u l d a l s o 

f u r t h e r u n d e r s t a n d i n g o f how t h e e x p r e s s i o n o f genes i n t h e 

seed i s r e l a t e d t o t h e stage o f seed growth and t h e s t a t e o f 

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

seed development i 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 a v i a b l e 

seed. To i n v e s t i g a t e these t h e o r i e s f u r t h e r , premature 

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

batches o f pea p l a n t s , u s i n g u n t r e a t e d pods from each b a t c h 

as c o n t r o l s so t h a t a d i r e c t comparison between t h e message 

and p r o t e i n l e v e l s i n t r e a t e d and u n t r e a t e d t i s s u e s can be 

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

d i f f e r e n t d evelopmental ages, e s p e c i a l l y t o see i f pea 

s t o r a g e p r o t e i n s o r t h e i r messages can be induced by 

d e s i c c a t i o n a f t e r maximal s t o r a g e p r o t e i n s y n t h e s i s has 

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

t h e d r y seed a f t e r normal development and a f t e r premature 

d e s i c c a t i o n t o t h e same s t a t e o f d e h y d r a t i o n c o u l d a l s o be 
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compared t o see i f premature d e s i c c a t i o n leads t o an i n c r e a s e 

i n y i e l d . 

The r e s u l t s from t h e a n a l y s i s o f t o t a l and a c t i v e l y 

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

c o t y l e d o n s d i d n o t i d e n t i f y any abundant p r o t e i n showing an 

i n c r e a s e upon d e h y d r a t i o n o f immature c o t y l e d o n s w i t h i n seeds 

o t h e r t h a n t h e major s t o r a g e p r o t e i n s , which were a l r e a d y 

u n d e r g o i n g abundant s y n t h e s i s a t t h i s developmental stage. 

I t i s p o s s i b l e t h a t t h e d e s i c c a t i o n t r e a t m e n t s were n o t 

severe enough o r o f a l o n g enough t i m e p e r i o d t o induce pea 

non-storage p r o t e i n genes u s u a l l y expressed d u r i n g l a t e 

embryogenesis, such as t h e newly s y n t h e s i s e d albumins 

d e s c r i b e d by Evans and Swinhoe and t h e pea d e h y d r i n s i s o l a t e d 

by Robertson and Chandler (1992), even though t h e l a t t e r 

c o u l d be indu c e d by 24-48 hours d e s i c c a t i o n i n s e e d l i n g s . I t 

i s p o s s i b l e t h a t t h e peas may have been t o o immature t o 

s y n t h e s i s e such p r o t e i n s ; a l t e r n a t i v e l y , t h e h i g h 

c o n c e n t r a t i o n o f s t o r a g e p r o t e i n s overwhelmed t h e lower 

l e v e l s o f LEA p r o t e i n s , which might be v i s i b l e i n samples 

f r o m w h i c h t h e s t o r a g e p r o t e i n s have been e x t r a c t e d , o r i n 

pea embryonic axes which have lower s t o r a g e p r o t e i n l e v e l s . 

The use o f s p e c i f i c probes f o r known pea and p l a n t LEAs may 

be a more e f f e c t i v e method f o r t h e i n v e s t i g a t i o n o f pea LEAs 

and t h e i r e x p r e s s i o n . 

The d e h y d r a t i o n t r e a t m e n t s a l s o gave no i n d i c a t i o n 

o f t h e presence o f p r o t e i n s which may be i n v o l v e d i n 

d e s i c c a t i o n t o l e r a n c e . Le Deunff and Rach i d i a n (1988) found 

339 



t h a t d e s i c c a t i o n t o l e r a n c e i n pea seeds was a c q u i r e d 

g r a d u a l l y t h r o u g h o u t seed f i l l i n g ( f r o m 10-20DAF). Several 

groups have i s o l a t e d p r o t e i n s which t h e y b e l i e v e t o be 

i n v o l v e d i n ( b u t n o t n e c e s s a r i l y cause) d e s i c c a t i o n t o l e r a n c e 

{ e . g . b a r l e y ( B a r t e l s , Singh and S a l a m i n i , 1988); soybean 

(Blackman et al, 1 9 9 1 ) } . The p r o t e i n r e s u l t s shown here 

i n d i c a t e t h a t e i t h e r such p r o t e i n s have been s y n t h e s i s e d and 

s t o r e d b e f o r e 15DAF and are n o t induced f u r t h e r by premature 

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

d e v e l o p m e n t a l stage and/or upon d e h y d r a t i o n a r e t o o low t o 

show up i n t h e p u l s e l a b e l l e d p r o t e i n samples. 

6.3 THE EFFECT OF EXOGENOUS ABA ON MESSAGE LEVELS IN IMMATURE 

PEA COTYLEDONS 

R e s u l t s from experiments w i t h p o l y u b i q u i t i n and 

PSMTA i n d i c a t e t h a t ABA i s n o t a u n i v e r s a l t r a n s d u c e r o f 

s t r e s s , as suggested by Zeevaart and Creelman (1988). 

However, t r e a t m e n t o f immature c o t y l e d o n s w i t h i n t h e i r pods 

w i t h exogenous ABA d i d demonstrate t h a t ABA s i g n i f i c a n t l y 

i n c r e a s e s t h e l e v e l s o f legumin s t o r a g e p r o t e i n message 

a c c u m u l a t i o n . The r e s u l t s o f B a r r a t t , Domoney and Wang 

(1989) i n d i c a t e t h a t t h i s e f f e c t o n l y a c t s when t h e messages 

are b e i n g a b u n d a n t l y s y n t h e s i s e d , s u g g e s t i n g t h a t any 

r e g u l a t i o n by ABA i s i n t h e for m o f e i t h e r enhancement o f 

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

t h a n i n i t i a t i t i o n o r s i g n i f i c a n t u p - r e g u l a t i o n o f 

t r a n s c r i p t i o n , as w i t h LEAs. The observed response t o b o t h 
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ABA and osmotic s t r e s s i m p l i e s t h a t t h i s hormone may be 

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

and premature m a t u r a t i o n ; however, t h e response c o u l d a l s o be 

m e r e l y a r e s u l t o f t h e encouragement by ABA o f t h e 

a c c u m u l a t i o n o f d e v e l o p m e n t a l - s p e c i f i c messages, w i t h t h e use 

o f c o n c e n t r a t i o n s much h i g h e r t h a n those seen i n normal seed 

development c a u s i n g an o v e r p r o d u c t i o n o f s t o r a g e p r o t e i n 

messages. 

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 have 

demonstrated t h a t t h e message l e v e l s o f s e l e c t e d genes v a r y 

d u r i n g seed development, genes w i t h d i f f e r e n t f u n c t i o n s 

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

l e v e l s o f a l l messages and p r o t e i n s examined t h a t were 

p r e s e n t i n t h e seed were a l t e r e d by premature d e s i c c a t i o n , 

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

t h e seed t h e l e v e l s o f messages and p r o t e i n s which are 

n o r m a l l y found a t a l a t e r s t age o f m a t u r a t i o n . Seed s t o r a g e 

p r o t e i n genes were shown t o be induced t o h i g h l e v e l s by 

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

upon s t r e s s . Storage p r o t e i n genes i n immature pea seeds 

were a l s o shown t o be r e s p o n s i v e t o some e x t e n t t o ABA, t h e 

hormone a p p e a r i n g t o enhance r a t h e r t h a n i n i t i a t e message 

a c c u m u l a t i o n . 
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