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ABSTRACT 

Erwinia carotovora subsp. carotovora s t r a i n 379 

(Ecc 379) produced a p a r t i c u l a t e b a c t e r i o c i n c a l l e d 

c a r o t o v o r i c i n - 3 7 9 which resembled a bact e r i o p h a g e 

t a i l . C a r o t o v o r i c i n - 3 7 9 , producing both c l e a r and 

d i f f u s e zones of growth i n h i b i t i o n , was a c t i v e 

a g a i n s t s e v e r a l other Erwinia carotovora s t r a i n s . 

I t was dete c t e d i n the f i l t e r - s t e r i l i z e d 

supernatant of Ecc 379 under standa r d c u l t u r a l 

c o n d i t i o n s . I t s c o n c e n t r a t i o n s i n the supernatant 

f r a c t i o n of c u l t u r e d Ecc 379 were i n c r e a s e d by 

i n d u c t i o n with mitomycin C (0.2 ug/ml). I n d u c t i o n 

was f o l l o w e d by c e l l l y s i s , which was r e f l e c t e d by 

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

Ecc 379 at 37 C with or without mitomycin C 

r e s u l t e d i n the l o s s of p a r t i c u l a t e c a r o t o v o r i c i n -

379 p r o d u c t i o n . Under these c o n d i t i o n s , a low 

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

component was de t e c t e d which produced l a r g e d i f f u s e 

zones of i n h i b i t i o n w i t h t h r e e of the f o u r sta n d a r d 

Erwinia carotovora i n d i c a t o r s t r a i n s used. C e l l 

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

r e s i s t a n c e to erythromycin and chloramphenicol were 
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a l s o temperature s e n s i t i v e . 

C a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n was i n v e s t i g a t e d 

by i s o l a t i n g i n t e r m e d i a t e s at s e v e r a l times a f t e r 

i n d u c t i o n . These i n t e r m e d i a t e s were analysed by 

e l e c t r o n microscopy (EM) and Sephacryl S-300 column 

chromatography. EM showed a s u b u n i t - l i k e 

arrangement of b a c t e r i o c i n components around a 

c e n t r a l core. C a r o t o v o r i c i n - 3 7 9 p a r t i c l e s were 

i n i t i a t e d as f i m b r a e - l i k e p r o j e c t i o n s which matured 

by the gradual e x t e r n a l a d d i t i o n o f b a c t e r i o c i n 

components. T h i s maturation process was 

accompanied by a gene r a l i n c r e a s e i n molecular 

weight, b i o a c t i v i t y and u l t r a s t r u c t u r a l appearance 

of p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 . By u s i n g a 

mo d i f i e d negative s t a i n i n g p r o t o c o l , c e l l 

p r o j e c t i o n s which resembled c a r o t o v o r i c i n - 3 7 9 

i n t e r m e d i a t e s were seen p h y s i c a l l y a t t a c h e d to 

i n t a c t producing c e l l s . On the b a s i s of these 

r e s u l t s a h y p o t h e t i c a l model f o r c a r o t o v o r i c i n - 3 7 9 

p r o d u c t i o n was o u t l i n e d . 

G e n e t i c a n a l y s i s of a temperature s e n s i t i v e , 

p a r t i c u l a t e b a c t e r i o c i n p r o d u c t i o n i n Erwinia 

carotovora subsp. carotovora s t r a i n 379 {Ecc 379) 

was performed w i t h and without m o b i l i z a t i o n v e c t o r 
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R68.45. E. coli t r a n s c o n j u g a n t s which both produced 

p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 and degraded c r y s t a l 

v i o l e t p e c t a t e medium (CVP) were produced o n l y when 

R68.45 was used. In a d d i t i o n , the t r a n s f e r 

f r e q u e n c i e s obtained were i n d i c a t i v e of 

chromosomally d e r i v e d determinants. Erythromycin-

and c h l o r a m p h e n i c o l - r e s i s t a n t t r a n s c o n j u g a n t s were 

o b t a i n e d r e g a r d l e s s of R68.45 mediation. DNA 

a n a l y s i s by agarose g e l e l e c t r o p h o r e s i s showed that 

Ecc c o n t a i n e d a r e s i d e n t megaplasmid which was 

s e l f - t r a n s m i s s i b l e . T h i s plasmid coded f o r 

erythromycin and chloramphenicol r e s i s t a n c e along 

with the pr o d u c t i o n of the low molecular weight 

c a r o t o v o r i c i n - 3 7 9 component s i m i l a r to that 

produced by heat t r e a t e d Ecc 379. A n a l y s i s of 

transc o n j u g a n t s by e l e c t r o n microscopy showed a 

protuberance of s u r f a c e " b l e b s " or v e s i c l e s . In 

a d d i t i o n , a l k a l i n e phosphatase (a p e r i p l a s m i c 

enzyme) was detected i n supernatants of 

tra n s c o n j u g a n t s . These f a c t s i m p l i e d that the 

megaplasmid may a l s o be i n v o l v e d i n the r e l e a s e of 

many exo- p r o t e i n s of Erwinia. 

P o l y c l o n a l r a b b i t antiserum was developed 

a g a i n s t p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 . This 
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antiserum was tested against culture supernatants 

from wild-type Erwinia and several Erwinia x E. 

coli transconjugants using r a d i a l immunodiffusion 

(RID), immunosensitive electron microscopy (ISEM) 

and Western b l o t t i n g . The polyclonal antiserum 

against p a r t i c u l a t e carotovoricin-379 reacted with 

supernatant fractions from a l l transconjugants. 

CVP+ transconjugants consistently showed a wider 

range of reactive bacteriocin components than CVP" 

transconjugants. A low molecular weight p a r t i a l l y 

active carotovoricin-379 component was detected in 

CVP- transconjugants by antiserum raised against 

p a r t i c u l a t e carotovoricin. This suggested a 

relatedness between the two major bacteriocin 

components of carotovoricin-379. 
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GENERAL INTRODUCTION 

Erwinia carotovora s u b s p . carotovora ( J o n e s ) 

B e r g e y et al. i s r e s p o n s i b l e f o r s o f t - r o t o f a 

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

c r o p s . T hese b a c t e r i a a r e o p p o r t u n i s t i c p a t h o g e n s 

and s u r v i v e as s a p r o p h y t e s . They do n o t a t t a c k 

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

wounded, weakened o r o l d p l a n t t i s s u e s . W i t h i n 

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

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

enzymes w h i c h d e g r a d e t h e m i d d l e l a m e l l a and c e l l 

w a l l components. T h i s r e s u l t s i n a s o f t e n i n g and 

s e p a r a t i o n o f p l a n t c e l l s f o l l o w e d by w a t e r l o s s 

and e v e n t u a l p l a n t c e l l d e a t h . B e c a u s e t h e s e 

p o t e n t i a l p a t h o g e n s may be f o u n d i n s o i l as n a t u r a l 

m i c r o f l o r a , one p o s s i b l e means o f c o n t r o l i n v o l v e s 

t h e s e l e c t i v e i n h i b i t i o n o f t h e s e o r g a n i s m s by non

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

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

be t h e p r o d u c t i o n o f an i n h i b i t o r y s u b s t a n c e ( i e . a 

b a c t e r i o c i n ) by some n o n - p a t h o g e n i c o r g a n i s m w h i c h 

was s p e c i f i c a l l y a c t i v e a g a i n s t Erwinia carotovora. 

An a l t e r n a t i v e a p p r o a c h might i n v o l v e t h e 
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transfer of genetic information for bac ter ioc in 

production to a non-pathogenic rhizosphere 

inhabitant . This l a t t e r approach requires a 

genetic segregation of bac ter ioc in production from 

other c e l l funct ions . In some extensively 

invest igated animal-pathogen systems, th i s 

segregation has been shown to be a natural rather 

than a r t i f i c i a l l y constructed separat ion. In some 

such systems bac ter ioc in and/or v irulence factors 

have been shown to be segregated on independent 

genetic elements c a l l e d plasmids. In Erwinia the 

genetic basis for bac ter ioc in production has not 

been establ ished; however, cer ta in species of 

Erwinia have been checked for plasmid content. 

Erwinia stewartii was shown to contain between 11 

to 13 plasmids ranging in s ize from 2.8 to 210 

megadaltons (Coplin er al. 1980). Likewise in 

Erwinia carotovora both large and small molecular 

weight plasmids have been noted (Zink et al. 1984, 

Forbes 1981). In a l l cases noted, the plasmids of 

Erwinia have been c l a s s i f i e d as c r y p t i c with no 

a t t r i b u t a b l e phenotypes. However, the maintenance 

of these plasmids suggests that some yet 

un ident i f i ed t r a i t s may be plasmid coded in 



3 

Erwinia. 

Plasmids are d e f i n e d as independently 

r e p l i c a t i n g extrachromosomal g e n e t i c s t r u c t u r e s 

(Brock 1979). The e s s e n t i a l f e a t u r e of a plasmid 

i s that i t must c o n t a i n the g e n e t i c i n f o r m a t i o n f o r 

i t s own r e p l i c a t i o n and maintenance, u t i l i z i n g the 

metabolic machinery of the harbouring organism. 

Most plasmids can be d i l u t e d to the p o i n t of 

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

treatments. These approaches r e l y upon the f a c t 

that the e l i m i n a t i o n of most plasmids i s not l e t h a l 

to the host organism. Thus, plasmids code f o r 

f u n c t i o n s that are not e s s e n t i a l f o r the s u r v i v a l 

of the host. They have been i s o l a t e d from a wide 

v a r i e t y of organisms, s u g g e s t i n g that although 

plasmid-encoded f e a t u r e s are not e s s e n t i a l , they 

are probably b e n e f i c i a l . In e v o l u t i o n a r y terms, 

the s u r v i v a l of the plasmid must be due to an 

o v e r a l l i n c r e a s e i n the f i t n e s s of the harbouring 

organism. 

P h y s i c a l evidence f o r the presence of a plasmid 

hinges upon the f a c t that a l l plasmids are 

s u b s t a n t i a l l y s m a l l e r than the c i r c u l a r b a c t e r i a l 

chromosome and e x i s t as a c o v a l e n t l y c l o s e d 
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s u p e r c o i l e d or t w i s t e d c i r c l e (CCC). This i s the 

most compact form w i t h i n a c e l l ; however, DNA 

i s o l a t i o n procedures can i n t r o d u c e a nick or break 

i n one or both of the DNA s t r a n d s . A n i c k i n one 

s t r a n d r e s u l t s i n an open c i r c u l a r (OC) DNA which 

i s not s u p e r c o i l e d , while a n i c k i n both strands 

r e s u l t s i n a l i n e a r DNA molecule. 

DNA e x t r a c t i o n and subsequent s e p a r a t i o n of 

plasmid molecules i n v o l v e s c e l l l y s i s f o l l o w e d by 

orga n i c e x t r a c t i o n of p r o t e i n and carbohydrates. 

Even the most g e n t l e l y s i s p r o t o c o l s r e s u l t i n the 

sh e a r i n g of chromosomal DNA i n t o l i n e a r fragments. 

Plasmid DNA i s however, l a r g e l y l e f t i n t a c t i n a 

s u p e r c o i l e d conformation. Plasmid DNA can e a s i l y 

be separated from l i n e a r DNA u s i n g cesium c h l o r i d e -

ethidium bromide (C s C l - E t B r ) d e n s i t y g r a d i e n t 

c e n t r i f u g a t i o n . This technique i s based upon the 

f a c t that when a homogeneous s o l u t i o n of cesium 

c h l o r i d e i s s u b j e c t e d to e x c e s s i v e g r a v i t a t i o n a l 

f o r c e s such as u l t r a c e n t r i f u g a t i o n , a g r a d i e n t of 

the s a l t s o l u t i o n i s formed. This s a l t g r a d i e n t 

s e t s up a d e n s i t y g r a d i e n t and DNA d i s s o l v e d i n the 

s a l t s o l u t i o n i s separated upon the b a s i s of t h i s 

d e n s i t y g r a d i e n t . The i n c o r p o r a t i o n of ethidium 



5 

bromide into the sa l t gradient serves two purposes. 

F i r s t l y , ethidium bromide in terca la tes into DNA and 

RNA and provides a v i s u a l , r evers ib l e tag for 

l o c a l i z a t i o n of the nuc le ic ac ids . Secondly, 

ethidium bromide i n t e r c a l a t i o n d i f f e r e n t i a l l y 

lowers the density of the nuc le ic ac ids . Linear 

and open c i r c u l a r DNA bind more ethidium than 

highly compact supercoi led DNA. This resu l t s in a 

banding of plasmid supercoi led DNA at a higher 

density than l i n e a r or open c i r c u l a r DNA. A l l 

species of plasmid DNA's which are supercoi led w i l l 

band at approximately the same densi ty . 

S i m i l a r i l y , nicked plasmid molecules w i l l band in 

the same region as l inear chromosomal DNA. Thus, 

the successful separation of plasmid from 

chromosomal DNA r e l i e s upon an e f fec t ive 

l y s i s / e x t r a c t i o n protocol which minimizes the 

amount of plasmid n i ck ing . 

A plasmid molecule may be nicked by phys ica l 

shearing or enzymatic cleavage; The s u s c e p t i b i l i t y 

of a plasmid to n ick ing i s due p r i m a r i l y to i t s 

phys ica l s i z e . Larger plasmids provide more s i t e s 

for enzymatic cleavage and are more suscept ible to 

shearing. In add i t ion , larger plasmids are in 
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general under a more str ingent contro l by the 

harbouring c e l l and are found at a l eve l of one to 

two copies per c e l l (low copy number). In 

contrast , small plasmids are under a more relaxed 

contro l and are found in much higher copy number. 

Furthermore, larger plasmids require cer ta in host 

components and are thus not ampli f ied to higher 

leve ls by the addit ion of a prote in synthesis 

i n h i b i t o r such as chloramphenicol. In s t r i k i n g 

contrast , smaller plasmids may be ampli f ied to 

l eve ls of one thousand copies per c e l l . 

Although large plasmids present p r a c t i c a l 

problems with respect to t h e i r p u r i f i c a t i o n and 

subsequent inves t iga t ion , they are usual ly 

conjugative which f a c i l i t a t e s t h e i r rapid spread 

throughout a populat ion. In add i t ion , large 

plasmids may spend a cer ta in proportion of time 

integrated or covalent ly l inked to the b a c t e r i a l 

chromosome. Subsequent conjugation and transfer of 

these integrated plasmids f a c i l i t a t e s a transfer of 

both plasmid and l inked chromosomal determinants. 

Thus plasmids, as mobile and var iab le genetic 

elements, provide important tools for the 

understanding of prokaryot ic metabolism and 
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r e g u l a t i o n . 

Plasmids are a l s o important t o o l s f o r the 

i n v e s t i g a t i o n of s e v e r a l b i o l o g i c a l and e c o l o g i c a l 

phenomena. The best s t u d i e d and most widespread 

group of plasmids c o n t a i n r e s i s t a n c e t r a n s f e r 

f a c t o r s (R f a c t o r s ) which confer m u l t i p l e 

r e s i s t a n c e to a n t i b i o t i c s . These R plasmids came 

i n t o prominence at the end of the Second World War 

when a n t i b i o t i c s were used widely to c o n t r o l 

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

s e l e c t i o n f o r b a c t e r i a harbouring plasmids coding 

f o r a n t i b i o t i c r e s i s t a n c e . These R f a c t o r s were 

able to t r a n s f e r v i a co n j u g a t i o n i n a s u r p r i s i n g l y 

short time to v a r i o u s human and animal pathogens. 

Plasmids are a l s o i n v o l v e d i n the p r o d u c t i o n of 

va r i o u s v i r u l e n c e f a c t o r s and t o x i n s r e l a t e d to 

dis e a s e m a n i f e s t a t i o n . In some e n t e r i c pathogens, 

the a b i l i t y to c o l o n i z e the small i n t e s t i n e i s due 

to the presence of a s u r f a c e p r o t e i n (K antigen) 

which i s coded f o r by a plasmid. Alpha-hemolysin 

which l y s e s red blood c e l l s , and e n t e r o t o x i n which 

causes e x c e s s i v e s e c r e t i o n of water and s a l t s are 

two plasmid-coded t o x i n s produced by 

enteropathogenic Escherichia coli. 
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The c o n t r o l of both p l a n t and animal pathogens 

has i n v o l v e d the use of substances which i n h i b i t 

t h e i r growth. A n t i b i o t i c s were f i r s t i s o l a t e d from 

n a t u r a l i n h a b i t a n t s of s o i l . These substances had 

i n general a wide spectrum of a c t i v i t y , i n h i b i t i n g 

many d i f f e r e n t organisms. The e f f e c t s of 

a n t i b i o t i c s were e i t h e r b a c t e r i o s t a t i c (stopped 

growth) or b a c t e r i o c i d a l ( k i l l e d a f f e c t e d 

organisms). The compounds themselves were simple 

organic molecules which t a r g e t e d p r i m a r i l y on the 

p r o t e i n - s y n t h e s i z i n g machinery. However as 

mentioned above, the widespread use of a n t i b i o t i c s 

to combat dise a s e s p r o v i d e d an extremely high 

s e l e c t i o n pressure f o r the development of an 

e f f i c i e n t r e s i s t a n c e f a c t o r . The r e s u l t was the 

e v o l u t i o n of R plasmids which u s u a l l y c o ntained 

m u l t i p l e drug r e s i s t a n c e and were s e l f -

t r a n s m i s s i b l e (Broda 1979). 

The b a s i s of R f a c t o r r e s i s t a n c e was the 

pr o d u c t i o n of enzymes which m o d i f i e d the incoming 

a n t i b i o t i c s and rendered them u s e l e s s (Brock 1979). 

S i m i l a r i l y the s o l u t i o n to R f a c t o r r e s i s t a n c e , 

from a di s e a s e c o n t r o l s t a n d p o i n t , was the o r g a n i c 

s y n t h e s i s of a l t e r e d a n t i b i o t i c s which were not 
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recogni z e d by the a n t i b i o t i c - m o d i f y i n g enzymes. 

This p r a c t i c e set up an ongoing p o s i t i v e feedback 

c y c l e between chemist and pathogen. As a r e s u l t , 

b a c t e r i o c i n s were c o n s i d e r e d as a p o s s i b l e 

a l t e r n a t i v e to a n t i b i o t i c therapy. 

In 1925, G r a t i a found that a c e r t a i n s t r a i n of 

E. coli produced a h i g h l y s p e c i f i c a n t i b i o t i c which 

i n h i b i t e d another s t r a i n ( B i r g e 1981). Fur t h e r 

r e s e a r c h by many workers showed that most b a c t e r i a 

produced proteinaceous agents which k i l l e d or 

i n h i b i t e d c l o s e l y r e l a t e d s p e c i e s . These 

b a c t e r i o c i n s , as d e f i n e d by Nomura i n 1967, formed 

a d i v e r s e group of substances f r e q u e n t l y of high 

molecular weight (with r e s p e c t to a n t i b i o t i c s ) , but 

u n l i k e a n t i b i o t i c s , showed a very narrow a c t i v i t y 

spectrum. 

B a c t e r i o c i n nomenclature r e f l e c t s attempts to 

name these u b i q u i t o u s agents s y s t e m a t i c a l l y . 

I n d i v i d u a l b a c t e r i o c i n s are u s u a l l y named a f t e r the 

producing organisms. For example: i n f l u e n z a c i n s 

are produced by H. influenzae^ s u b t i l i n s by B. 

subtilis, pyocins by P. aeruginosa ( o r i g i n a l l y P. 

pyocyanea) , c o l i c i n s by E. coli and c a r o t o v o r i c i n s 

by Erwinia carotovora. Subclasses of b a c t e r i o c i n 
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are i d e n t i f i e d by l e t t e r s and/or numbers a f t e r the 

c l a s s d e s i g n a t i o n . In a d d i t i o n , as s l i g h t l y 

d i f f e r e n t forms of a p a r t i c u l a r b a c t e r i o c i n may be 

produced by d i f f e r e n t s t r a i n s , a complete 

d e s i g n a t i o n a l s o i n c l u d e s the s t r a i n of producer. 

Thus, c o l i c i n V-K357 i n d i c a t e s a c o l i c i n V produced 

by s t r a i n K357. The nomenclature i s an important 

f a c t o r i n the d e s c r i p t i o n of a b a c t e r i o c i n as c e l l s 

from a producing s t r a i n are immune to t h e i r own 

b a c t e r i o c i n , but may be s e n s i t i v e to b a c t e r i o c i n 

produced by another s p e c i e s ( B i r g e 1981). 

Most b a c t e r i o c i n o g e n i c s t r a i n s produce low 

l e v e l s under normal c u l t u r a l c o n d i t i o n s . However, 

b a c t e r i o c i n y i e l d s may be i n c r e a s e d from s e v e r a l to 

a thousand-fold by the same s o r t s of treatments 

which cause i n d u c t i o n of lambda prophage ( B i r g e 

1981). Such i n d u c t i o n s come from u l t r a v i o l e t (UV) 

l i g h t or treatment with DNA-damaging chemicals such 

as mitomycin C. In some temperature s e n s i t i v e or 

auxotrophic mutants of E. coli, i n d u c t i o n can a l s o 

be accomplished by heat treatment or n u t r i e n t 

d e p r i v a t i o n r e s p e c t i v e l y (Mayr-Harting et al. 

1972). P a r a l l e l s to phage i n d u c t i o n can a l s o be 

drawn from the f a c t that most producing c e l l s 
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undergo l y s i s or q u a s i - l y s i s i n r e l e a s i n g 

b a c t e r i o c i n . T h i s i s probably due to the f a c t that 

the l a r g e s i z e of these p r o t e i n s exceeds the 

f u n c t i o n a l p e r m e a b i l i t y of most membranes. 

Genetic a n a l y s i s of b a c t e r i o c i n p r o d u c t i o n has 

shown that these determinants are plasmid and/or 

chromosomally coded ( B i r g e 1981). D i f f u s i b l e lower 

molecular weight b a c t e r i o c i n s such as c o l i c i n s 

( u s u a l l y l e s s than 100 KD) were found to be coded 

f o r by plasmids whereas, l a r g e p a r t i c u l a t e 

b a c t e r i o c i n s (>500 KD) were found to be p r i m a r i l y 

coded f o r by the b a c t e r i a l chromosome. As 

expected, c o l i c i n s or E. coli b a c t e r i o c i n s have 

been the most e x t e n s i v e l y s t u d i e d group. Genetic 

a n a l y s i s has shown that i n a l l cases i n v e s t i g a t e d 

so f a r , c o l i c i n s have been coded f o r by plasmids 

(Broda 1979). The plasmids f a l l i n t o two major 

c l a s s e s . Some of these plasmids are l a r g e ( g r e a t e r 

than 60 megadaltons), c o n j u g a t i v e , and present i n 

low copy number (one to two per c e l l ) while others 

are small ( l e s s than 6 megadaltons), non-

c o n j u g a t i v e and present i n high copy numbers (10-30 

per c e l l ) . C o l i c i n - p r o d u c i n g plasmids have always 

been denoted by Col f o r c o l i c i n f o l l o w e d by an 
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a p p r o p r i a t e l e t t e r . These plasmids have been made 

i n v a l u a b l e by g e n e t i c d e l e t i o n and i n s e r t i o n of 

markers forming v a r i o u s u s e f u l c l o n i n g v e h i c l e s 

with c o l i c i n plasmid r e p l i c a t i v e f u n c t i o n ( c o l 

r e p l i c o n s ) . 

C o l i c i n s were c l a s s i f i e d on the b a s i s of 

a c t i v i t y a g i n s t s e v e r a l E. coli s t r a i n s . T h i s was 

however complicated by the f a c t that most s t r a i n s 

produced s e v e r a l c o l i c i n s . As an a l t e r n a t i v e , 

c o l i c i n s have been c l a s s i f i e d by a c t i v i t y on 

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

s t r a i n s ( c r o s s r e s i s t a n c e grouping) (Broda 1979). 

Thus, d e r i v a t i v e s of c e l l s which are t o l e r a n t to 

a l l c o l i c i n s i n the cr o s s r e s i s t a n c e group A are 

designated t o l A. C e l l s designated phage T l 

r e s i s t a n t (tonB) or e n t e r o c h e l i n e x c r e t i o n (exbB) 

are r e s i s t a n t to a l l c o l i c i n s i n the cross 

r e s i s t a n c e group B. S e v e r a l c o l i c i n r e c e p t o r s have 

been l o c a l i z e d on the outer membrane and r e s i s t a n c e 

to a p a r t i c u l a r c o l i c i n can i n most but not a l l 

cases be t r a c e d to an a l t e r a t i o n or l o s s of t h i s 

r e c e p t o r (Broda 1979). 

Bi n d i n g and subsequent a c t i o n of a c o l i c i n to a 

s e n s i t i v e c e l l u s u a l l y r e s u l t s i n a k i l l i n g of that 
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c e l l . There are three general ways i n which 

c o l i c i n s are known to k i l l c e l l s (Broda 1979). 

Some c o l i c i n s act at the c e l l membrane and act as 

energy uncouplers ( c o l E l and K), while others 

cause a degradation of DNA ( c o l E2) or RNA ( c o l E3) 

(Broda 1979). As mentioned above, producing c e l l s 

are immune to the b a c t e r i o c i n they produce. The 

molecular b a s i s f o r t h i s immunity has been 

i d e n t i f i e d f o r both c o l i c i n E2 and E3. C e l l s 

producing these p r o t e i n s a l s o produce a small 

molecular weight immunity p r o t e i n (about 10,000 D) 

which complexes with each c o l i c i n i n a r a t i o of 

1:1. D i s s o c i a t i o n of t h i s p r o t e i n from the 

a p p r o p r i a t e c o l i c i n r e s u l t s i n an i n c r e a s e i n the 

i n v i t r o a c t i v i t y of the c o l i c i n ( B i r g e 1981). 

The marked s i m i l a r i t i e s i n i n d u c t i o n p r o t o c o l s 

and assay c o n d i t i o n s f o r both b a c t e r i o c i n s and 

bacteriophage, together with t h e i r p o s s i b l e co

e x i s t e n c e i n a p a r t i c u l a r c e l l n e c e s s i t a t e s a 

method of d i s t i n c t i o n . The o l d e s t and p o s s i b l y 

s i m p l e s t method takes advantage of the f a c t that 

bacteriophage, u n l i k e b a c t e r i o c i n s , m u l t i p l y i n 

t h e i r host c e l l s r e s u l t i n g i n l o c a l i z e d areas of 

i n c r e a s e d t i t r e . Thus, a s e r i e s of d i l u t i o n s of 
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the sample under t e s t , s p o t t e d on an i n d i c a t o r lawn 

of b a c t e r i a produces d i f f e r e n t i a l r e s u l t s f o r phage 

and b a c t e r i o c i n . D i l u t i o n of phage r e s u l t s i n a 

de c r e a s i n g number of d i s c r e t e phage plaques whereas 

b a c t e r i o c i n d i l u t i o n r e s u l t s i n a gradual t h i n n i n g 

of growth, which i s more marked at the highest 

d i l u t i o n s (Mayr-Harting et al. 1972). 

The d i s t i n c t i o n between b a c t e r i o c i n s and 

bacteriophage became p a r t i c u l a r l y d i f f i c u l t with P. 

aeruginosa. This organism produces a l a r g e 

p a r t i c u l a t e p y ocin whose estimated molecular weight 

was s e v e r a l m i l l i o n . E l e c t r o n microscopy of pyocin 

r e v e a l e d a phage t a i l - l i k e p a r t i c l e complete with 

base p l a t e , f i b r e s , core and sheath. Routine spot 

assays of producing s t r a i n s on lawns of i n d i c a t o r 

showed no zones of c l e a r i n g due to the poor 

d i f f u s i b i l i t y of pyoc i n . In a d d i t i o n , almost a l l 

s t r a i n s of P. aeruginosa contained one or more 

bacteriophage with v a r i o u s degrees of d e f e c t i v e n e s s 

(Mayr-Harting et al. 1972). These bacteriophage 

t a i l s had b a c t e r i o c i d a l a c t i v i t y , s i m i l a r to pyocin 

(Shinomiya et al, 1979). Both types of p a r t i c l e s 

were induced by standard i n d u c t i o n regimes u s i n g 

mitomycin C or UV l i g h t . 
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A comparative study of the s o - c a l l e d R-type 

pyocins of P. aeruginosa showed that a l l types 

c r o s s r e a c t e d immunologically and appeared almost 

i d e n t i c a l under EM. In a d d i t i o n a l l pyocins were 

shown to have a s i m i l a r mode of a c t i o n which 

r e s u l t e d i n a shut-down of p r o t e i n and 

macromolecular s y n t h e s i s (Ohsumi et al. 1980). 

P r o t e i n subunit composition of v a r i o u s pyocins was 

found to be almost i d e n t i c a l except f o r a p r o t e i n 

component of the t a i l f i b e r which d i f f e r e d i n 

molecular weight. It has been i m p l i e d that 

d i f f e r e n c e s i n t h i s t a i l f i b e r r e g i o n are 

r e s p o n s i b l e f o r the s p e c i f i c b i n d i n g of d i f f e r e n t 

pyocins to the l i p o p o l y s a c c h a r i d e r e c e p t o r s of 

s e n s i t i v e s t r a i n s (Ohsumi et al. 1980). 

Due to r e s i s t a n c e problems encountered i n 

medicine, the widespread use of a n t i b i o t i c s i n 

pl a n t pathology has not been a common p r a c t i c e . As 

an a l t e r n a t i v e , the prospect f o r c o n t r o l of 

phytopathogenic b a c t e r i a by bacteriophage and 

b a c t e r i o c i n s was i n v e s t i g a t e d (Vidaver 1976). 

B a c t e r i o c i n s were i d e a l narrow spectrum s p e c i f i c 

a n t i b a c t e r i a l compounds which were l e s s p e r s i s t e n t , 

and e n v i r o n m e n t a l l y a c c e p t a b l e . U n f o r t u n a t e l y few 
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b a c t e r i o c i n s of phytopathogenic b a c t e r i a were w e l l 

c h a r a c t e r i z e d (Vidaver 1976). The use of agocin-84 

f o r the c o n t r o l of crown g a l l was the only w e l l 

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

However agrocin-84 by d e f i n i t i o n d i d not f a l l i n t o 

the category of a b a c t e r i o c i n as i t was not 

proteinaceous (Vidaver 1976). 

In 1961 Hamon and Peron showed that Erwinia 

carotovora subspecies carotovora (van H a l l ) Dye 

produced a b a c t e r i o c i n which they c a l l e d 

c a r o t o v o r i c i n . An ap p a r e n t l y s i m i l a r b a c t e r i o c i n 

was p u r i f i e d to homogeneity and c h a r a c t e r i z e d i n 

1978 ( I t o h et al. 1978). C a r o t o v o r i c i n - E R was 

shown to be a t h e r m o l a b i l e , p a r t i c u l a t e p r o t e i n , 

s e n s i t i v e to sodium dodecyl sulphate (SDS), 

unstable to high or low pH, but s t a b l e to 

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

i n n a t i v e conformation ( I t o h et al. 1978). 

Syn t h e s i s of c a r o t o v o r i c i n - E R was i n d u c i b l e by UV 

l i g h t and was accompanied by c e l l l y s i s 3-5 hours 

a f t e r i n d u c t i o n . C a r o t o v o r i c i n - E R v i s u a l i z e d by EM 

showed a s t r i k i n g resemblance to pyocin R ( I t o h et 

al. 1978, Kamimiya et al. 1977) 

B a c t e r i o c i n a d d i t i o n to s e n s i t i v e c e l l s caused 
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a r a p i d and e x t e n s i v e l y s i s . T h i s l y s i s was 

i n h i b i t e d by the a d d i t i o n of magnesium (I t o h et al. 

1980). Further s t u d i e s with a phospholipase A" 

mutant s t r a i n of Erwinia showed that c a r o t o v o r i c i n -

ER b i n d i n g r e s u l t e d i n the a c t i v a t i o n of a membrane 

bound phospholipase A l e a d i n g to c e l l l y s i s . T h i s 

l y s i s was v i r t u a l l y i n h i b i t e d i n the phospholipase 

A mutant. However the c e l l s although i n t a c t , were 

s t i l l k i l l e d by c a r o t o v o r i c i n - E R , s u g g e s t i n g that 

phospholipase A a c t i v a t i o n i s not the primary 

b a c t e r i c i d a l a c t i o n of t h i s c a r o t o v o r i c i n ( I t o h et 

al. 1981). C a r o t o v o r i c i n - E R was l a t e r shown to 

cause a r e d u c t i o n i n i n t e r n a l ATP l e v e l which was 

not due to an a c t i v a t i o n of ATPase but to an 

i n a c t i v a t i o n of the e n e r g i z e d s t a t e of the 

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

and t r a n s p o r t of amino a c i d s ( I t o h et al. 1982). 

E s s e n t i a l l y c a r o t o v o r i c i n - E R reduced the proton 

motive f o r c e (combination of chemical p o t e n t i a l and 

proton g r a d i e n t ) which d r i v e s ATP s y n t h e s i s most 

probably by the i n t r o d u c t i o n of n o n - s p e c i f i c 

membrane channels. 

In order to use a b a c t e r i o c i n as a p o s s i b l e 

c o n t r o l agent, a thorough understanding of the 
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a c t i v i t y spectrum, mode of a c t i o n and g e n e t i c and 

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

a c t i v i t y spectrum of c a r o t o v o r i c i n - 3 7 9 produced by 

Erwinia carotovora subsp. carotovora s t r a i n 379 has 

been i n v e s t i g a t e d p r e v i o u s l y ( J a i s 1982). In 
r 

a d d i t i o n , the mode of a c t i o n of c a r o t o v o r i c i n - E R 

had been e x t e n s i v e l y i n v e s t i g a t e d ( I t o h et al. 

1980a, 1980b, 1980c, 1981, 1982). The aim of t h i s 

t h e s i s was to study the pr o d u c t i o n of 

c a r o t o v o r i c i n - 3 7 9 . 

S p e c i f i c o b j e c t i v e s were: 

1) To i n v e s t i g a t e the s t r u c t u r a l b a s i s of 

c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n u s i n g e l e c t r o n 

microscopy. 

2) To determine i f c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n i s 

chromosomally and/or plasmid coded. 

3) To determine the s e r o l o g i c a l r e l a t i o n s h i p s of 

the v a r i o u s components of c a r o t o v o r i c i n - 3 7 9 . 
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CHAPTER 1 

ULTRASTRUCTURAL EVIDENCE FOR BACTERIOCIN SECRETION 

BY ERWINIA CAROTOVORA 

INTRODUCTION 

B a c t e r i o c i n s are p roteinaceous a n t i m i c r o b i a l 

agents produced by c e r t a i n s t r a i n s of b a c t e r i a 

which are d i r e c t e d a g a i n s t c l o s e l y r e l a t e d s t r a i n s 

(Nomura 1967). The b i o l o g i c a l r o l e of b a c t e r i o c i n s 

i n v o l v e s c o n f e r r i n g a s e l e c t i v e advantage to 

producing s t r a i n s , by k i l l i n g r e l a t e d s t r a i n s . 

Some b a c t e r i o c i n s , such as pyocins, have h i g h l y 

complex p r o t e i n s t r u c t u r e s which resemble 

bacteriophage t a i l s . In f a c t , most b a c t e r i o c i n s 

are induced by prophage-inducing agents such as 

mitomycin C or u l t r a v i o l e t i r r a d i a t i o n . L i k e 

lambda prophage, b a c t e r i o c i n s may be r e l e a s e d 

e i t h e r by a l y s i s , or q u a s i - l y s i s mechanism 

depending on the molecular weight of the p r o t e i n 

and inherent p e r m e a b i l i t y of the producing s t r a i n 

( B i r g e 1981). These o b s e r v a t i o n s imply that 

b a c t e r i o c i n p r o d u c t i o n may have e v o l u t i o n a r y l i n k s 
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to d e f e c t i v e phage components. 

B a c t e r i o c i n p r o d u c t i o n by Erwinia carotovora, 

which causes potato b l a c k l e g and s o f t r o t of a 

v a r i e t y of economically important a g r i c u l t u r a l 

crops, was f i r s t shown by Hamon and Peron i n 1961. 

Subsequently they coined the term c a r o t o v o r i c i n f o r 

b a c t e r i o c i n s produced by Erwinia carotovora (Ecc). 

F u r t h e r r e s e a r c h has demonstrated the e x i s t e n c e of 

two types of b a c t e r i o c i n a c t i v i t y i n some s t r a i n s . 

One i s c h a r a c t e r i z e d by l a r g e d i f f u s e zones of 

i n h i b i t i o n and the other by small c l e a r zones of 

i n h i b i t i o n (Crowley and DeBoer 1980, J a i s 1982). 

P h y s i c a l c h a r a c t e r i z a t i o n of p u r i f i e d c a r o t o v o r i c i n 

p r e p a r a t i o n s having the l a t t e r a c t i v i t y e s t a b l i s h e d 

that t h e r m o l a b i l e , p a r t i c u l a t e , t r y p s i n - r e s i s t a n t 

p r o t e i n s were i n v o l v e d ( I t o h et al. 1978). Phage 

t a i l - l i k e p a r t i c l e s with a c o n t r a c t i l e sheath, 

core, b a s e - p l a t e and f i b r e s were observed by 

e l e c t r o n microscopy (EM) (It o h et al. 1978). 

I n i t i a l work with c a r o t o v o r i c i n s i m p l i e d that 

r e l e a s e o f these b a c t e r i o c i n s i s due to c e l l l y s i s 

f o l l o w i n g i n d u c t i o n . However, some s t r a i n s of 

Erwinia produce s u b s t a n t i a l amounts of 

c a r o t o v o r i c i n c o n s t i t u t i v e l y with no s i g n i f i c a n t 
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r e d u c t i o n i n t u r b i d i t y or c e l l v i a b i l i t y . 

Moreover, l y s i s was dete c t e d only a f t e r i n d u c t i o n 

by mitomycin C or u l t r a v i o l e t i r r a d i a t i o n and 

f o l l o w i n g an i n c r e a s e i n c a r o t o v o r i c i n t i t e r s ( I t o h 

et al. 1978). These o b s e r v a t i o n s suggested that 

p o s s i b l y some mechanism other than c e l l l y s i s was 

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

In t h i s study, c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n i n 

Erwinia carotovora subspecies carotovora s t r a i n 379 

(Ecc 379) was i n v e s t i g a t e d by u l t r a s t r u c t u r a l 

examination of b a c t e r i o c i n - p r o d u c i n g c e l l s at 

va r i o u s times a f t e r i n d u c t i o n . The obs e r v a t i o n s 

made support the hypothesis that the p a r t i c u l a t e 

component of c a r o t o v o r i c i n - 3 7 9 i s s e c r e t e d on 

membrane enclosed, f i m b r a e - l i k e p r o j e c t i o n s , the 

t i p s of which s w e l l to form detachable v e s i c u l a r 

heads. 
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MATERIALS AND METHODS 

Culture of Erwinia carotovora S tra ins and Induction 

of Bacter ioc in Production: 

Erwinia carotovora subsp. carotovora s t r a i n 379 

was chosen as a b a c t e r i o c i n producer. This s t r a i n 

c o n s t i t u t i v e l y produces p a r t i c u l a t e b a c t e r i o c i n but 

can be induced to produce i t at much higher t i t r e s . 

Three s t r a i n s of E. carotovora subspecies 

atroseptica and one s t r a i n of E. carotovora subsp. 

carotovora were used as i n d i c a t o r s (Table 

1). B a c t e r i a were grown i n L u r i a Broth (Ma n i a t i s 

et al. 1984) pH 7.4 or minimal M9 medium pH 7.4 

(Man i a t i s et al. 1984) at 20 C on a r o t a r y shaker 

(100 rpm). Enhanced b a c t e r i o c i n p r o d u c t i o n was 

induced by the a d d i t i o n of mitomycin C at 0.2 ug/ml 

2 hours (h) a f t e r i n o c u l a t i o n . 

Bacter ioc in Plate Assays: 

C u l t u r e s were vortexed at hig h speed f o r 30 

seconds (s) at 8, 12 and 24 h a f t e r i n d u c t i o n , and 

supernatants were viewed by e l e c t r o n microscopy 

(EM) as d e s c r i b e d below. B a c t e r i o c i n a c t i v i t y was 



T a b l e 1: C a r o t o v o r i c i n p r o d u c i n g and s e n s i t i v e 
s t r a i n s o f Erwinia carotovora 

P r o d u c e r : 

Erwinia carotovora 
s e r o g r o u p XI 

S e n s i t i v e s t r a i n s : 

Erwinia carotovora 
s e r o g r o u p I 

Erwinia carotovora 
s e r o g r o u p XXII 

Erwinia carotovora 
s e r o g r o u p XX 

Erwinia carotovora 
s e r o g r o u p X V I I I 

s u b s p . carotovora s t r a i n 379 

s u b s p . atroseptica s t r a i n SR8 

s u b s p . atroseptica s t r a i n 496 

s u b s p . atroseptica s t r a i n 530 

s u b s p . carotovora s t r a i n 504 
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assayed by p l a c i n g 5 u l of t e s t samples on a lawn 

of i n d i c a t o r s t r a i n s seeded i n peptone s o f t agar 

(0.85% NaCl, 1% Bacto-Peptone, 0.45% Bacto-Agar pH 

7.4) . 

Concentration of Carotovoric in-379: 

A l i q u o t s of induced c u l t u r e s were p e l l e t e d at 

10,500 x g f o r 20 min. The supernatant f r a c t i o n s 

were b r i e f l y vortexed (15 s at high speed) and 

f i l t e r - s t e r i l i z e d u s i n g a 0.22 um f i l t e r . 

S t e r i l i z e d 18% (w/v) p o l y e t h y l e n e g l y c o l (PEG) M.W. 

8000 was d i s s o l v e d i n the s t e r i l e supernatants at 

22 C and the mixtures were allowed to stand on i c e 

overnight to f a c i l i t a t e 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 s were c o l l e c t e d by c e n t r i f u g a t i o n at 

13,500 x g f o r 25 min and the p e l l e t s were 

d i s s o l v e d i n 1/100 the o r i g i n a l volume of 5OmM 

sodium phosphate b u f f e r pH 7.4. I n s o l u b l e m a t e r i a l 

was removed by low speed c e n t r i f u g a t i o n at 8000 x g 

f o r 10 min at 4 C. The r e s u l t i n g c a r o t o v o r i c i n - 3 7 9 

p r e p a r a t i o n s were analysed by column chromatography 

or e l e c t r o n microscopy. 
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Column Chromatography: 

Concentrated c a r o t o v o r i c i n - 3 7 9 (0.5 ml) was 

a p p l i e d to the top of a 35 cm x 1.8 cm column 

packed with S e p a c r y l S-300. The running b u f f e r was 

5OmM sodium phosphate pH 7.4 and the flow r a t e was 

maintained at about 0.5 ml/min. E l u a t e was 

monitored at 280 nm, and peaks were c o l l e c t e d and 

bioassayed as d e s c r i b e d above. 

Electron Microscopy: 

Concentrated c a r o t o v o r i c i n - 3 7 9 (10 u l ) was 

loaded onto copper g r i d s coated with c o l l o d i o n -

carbon and incubated at room temperature f o r 3 to 5 

min. G r i d s were then s t a i n e d with 10 to 12 drops 

of 2% phosphotungstic a c i d (PTA) pH 7.0, allowed to 

dry, and viewed i n a P h i l l i p s EM-300 e l e c t r o n 

microscope ( H i l l 1984). 

Modified Negative Sta in ing of Whole C e l l s : 

In order to i n c r e a s e the r e s o l u t i o n of 

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

p r o t o c o l s f o r c e l l pretreatment were used. In the 

f i r s t procedure, c u l t u r e s were p r e f i x e d i n 0.2% 

osmium t e t r a o x i d e ( f i n a l c o n c e n t r a t i o n added 
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d i r e c t l y to growth media) f o r 1 h at 20 C, washed 

t h r i c e with s t e r i l e b r o t h and s t a i n e d with 2% PTA 

pH 7.0. 

In the second pretreatment procedure, reagent 

grade toluene was added at 1:2 (v/v) to an a l i q u o t 

of b a c t e r i a l c e l l s . The tubes were capped and 

g e n t l y i n v e r t e d 10 times a l l o w i n g complete 

s e p a r a t i o n of the two phases a f t e r each i n v e r s i o n . 

The c e l l suspension was then removed and s t a i n e d as 

be f o r e with PTA. 

Fixation and Embedding: 

C e l l s were f i x e d i n agar a c c o r d i n g to the 

R y t e r - K e l l e n b e r g e r procedure (1958) u s i n g \% osmium 

t e t r o x i d e i n v e r o n a l a c e t a t e b u f f e r supplemented 

with c a l c i u m c h l o r i d e ( K e l l e n b e r g e r b u f f e r ) , f o r 14 

to 16 h at room temperature. Blocks of c e l l s were 

s u b j e c t e d to a s e r i a l a l c o h o l dehydration and 

embedded i n EPON. Thin s e c t i o n s were s t a i n e d f o r 

15 to 20 min i n 5* u r a n y l a c e t a t e . 
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RESULTS 

Mitomycin C Induced Cultures: 

U l t r a s t r u c t u r a l examination of induced c u l t u r e s 

of E. carotovora subsp. carotovora a f t e r 48 h at 20 

C showed b a c t e r i a l c e l l s with a p r o l i f e r a t i o n of 

f i m b r a e - l i k e p r o j e c t i o n s of v a r i o u s lengths ( F i g . 

1). Low l e v e l s of p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 

were seen i n c l o s e a s s o c i a t i o n with i n t a c t 

b a c t e r i a l c e l l s ( F i g . I d ) . Thin s e c t i o n s of 

induced c e l l s r e v e a l e d p r o j e c t i o n s with a subunit 

s t r u c t u r e at v a r i o u s stages of e l o n g a t i o n ( F i g . 

I c ) . In some p r e p a r a t i o n s , v e s i c u l a r p r o j e c t i o n s 

were a l s o present i n a d d i t i o n to f i m b r a l 

p r o j e c t i o n s ( F i g . l a - b ) . 

Examination of the Supernatant Fract ions: 

F i l t e r s t e r i l i z a t i o n (0.22 um f i l t e r ) of 

supernatants from induced c u l t u r e s markedly reduced 

b a c t e r i o c i n a c t i v i t y . However, a b r i e f (15 s) 

sh e a r i n g by vortex b e f o r e f i l t r a t i o n r e s u l t e d i n a 

r e t e n t i o n of a c t i v i t y . M i c r o s c o p i c examination of 

n o n - f i l t e r - s t e r i l i z e d p r e p a r a t i o n s showed that 
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F i g u r e 1. E l e c t r o n micrographs of mitomycin C 
induced c u l t u r e s of Erwinia carotovora subsp. 
carotovora s t r a i n 379 48 h a f t e r i n d u c t i o n at 
20 C (Bars=100nm). 

a-b. Negative s t a i n e d c e l l s showing both 
v e s i c u l a r and f i m b r a e - l i k e p r o j e c t i o n s ; 

c. Thin s e c t i o n of a producing c e l l showing 
subunit s t r u c t u r e of f i m b r a e - l i k e p r o j e c t 
ions at v a r i o u s stages of e l o n g a t i o n . 
I n s e r t : area c o n t a i n i n g e a r l y stages of 
p r o j e c t i o n ; 

d. Negative s t a i n e d c e l l showing f i m b r a e - l i k e 
p r o j e c t i o n s and c l o s e a s s o c i a t i o n of 
p a r t i c u l a t e c a r o t o v o r i c i n with i n t a c t 
c e l l . 
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c a r o t o v o r i c i n p a r t i c l e s were aggregated and 

p h y s i c a l l y attached by a c e n t r a l core to v e s i c l e s 

( F i g . 2a) This o b s e r v a t i o n e x p l a i n e d the l o s s of 

a c t i v i t y upon s t e r i l i z a t i o n as v e s i c l e s and 

attached c a r o t o v o r i c i n - 3 7 9 would be r e t a i n e d on the 

f i l t e r . The b r i e f s h e a r i n g presumably detached 

these p a r t i c l e s . V e s i c l e s o f t e n had long t h r e a d 

l i k e p r o j e c t i o n s attached to them which were of 

e x a c t l y the same diameter as c a r o t o v o r i c i n cores 

( F i g . 2b). 

S e r i a l Subunit Structure of P a r t i c u l a t e 

Carotovoric in-379: 

C a r o t o v o r i c i n p a r t i c l e s c o n s i s t e d of subunits 

arranged around a c e n t r a l core which extended 

through the sheath ( F i g . 2c-g). In r a r e i n s t a n c e s 

the core was attached t e r m i n a l l y to a v e s i c u l a r 

head ( F i g . 2g). Although attached heads were 

uncommon, numerous detached heads were found i n 

concentrated p r e p a r a t i o n s s u g g e s t i n g a r a t h e r weak 

a s s o c i a t i o n with the core ( F i g . 2g). 
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F i g u r e 2. Negative s t a i n e d p r e p a r a t i o n s of 
p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 concentrated from the 
supernatant f r a c t i o n of mitomycin C induced Erwinia 
carotovora subsp. carotovora s t r a i n 379 
(Bars=100nm). 

a. C a r o t o v o r i c i n - 3 7 9 attachment to v e s i c l e s by 
c e n t r a l core; 

b. V e s i c l e with long c o r e - l i k e p r o j e c t i o n s 
attached; 

c. C o n t r a c t e d form of c a r o t o v o r i c i n - 3 7 9 showing 
core surrounded by sheath. Note d i a g o n a l l y 
d i s p l a c e d , d i s r u p t e d p a r t i c l e i l l u s t r a t i n g a 
c e n t r a l core with a modular arrangement of 
surrounding sheath; 

d. P a r t i a l l y d i s r u p t e d c a r o t o v o r i c i n - 3 7 9 sheath 
exposing a connecting core. Note the ova l 
upper terminus of the core; 

e. C a r o t o v o r i c i n - 3 7 9 p a r t i c l e with an i n t a c t 
sheath surrounding the lower h a l f and a 
p a r t i a l l y d i s r u p t e d sheath surrounding the 
upper h a l f . This d i s r u p t e d sheath p a r t i a l l y 
obscures a c e n t r a l core which terminates i n 
a b l o c k - l i k e s t r u c t u r e ; 

f. Two separated sheath components each 
c o n t a i n i n g a p r o t r u d i n g core; 

g. C o n t r a c t e d form of c a r o t o v o r i c i n - 3 7 9 showing 
atta c h e d head. Attachment i s f a c i l i t a t e d by 
ste m - l i k e p r o j e c t i o n s . Note numerous f r e e 
f l o a t i n g v e s i c u l a r heads. 
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Developmental Stages of C a r o t o v o r i c i n - 3 7 9 

Production by Mitomycin C Induced C e l l s : 

P a r t i c l e s found i n the concentrated 

supernatants 8 h a f t e r i n d u c t i o n appeared to be 

immature c a r o t o v o r i c i n on the b a s i s of appearance 

and a c t i v i t y on known i n d i c a t o r s s t r a i n s ( F i g . 3a-

f ) . In some cases these immature p a r t i c l e s were 

f u l l y e ncapsidated while others had a d e f i n i t e 

s w e l l i n g ( F i g . 3b). Other p a r t i c l e s were open at 

both ends sugge s t i n g i n t e r m e d i a t e p o s i t i o n s on a 

b a c t e r i o c i n p a r t i c l e ( F i g . 3c and d). These 

p a r t i c l e s were observed to aggregate end to end at 

a low frequency, s u g g e s t i n g a s e r i a l a s s o c i a t i o n 

( F i g . 3d). 

P a r t i c l e s found i n 12 h p r e p a r a t i o n s resembled 

mature c a r o t o v o r i c i n - 3 7 9 . They were l a r g e r i n 

diameter and more elongate than 8 h p a r t i c l e s with 

a d e f i n i t e beaded s t r u c t u r e ( F i g . 4a). At t h i s 

stage, cores i n the process of t h i c k e n i n g were 

observed ( F i g . 4b). Whole c e l l p r e p a r a t i o n s were 

a l s o observed with r e l e a s e d p a r t i c l e s , or p a r t i a l l y 

formed p a r t i c l e s with subunit a d d i t i o n to surround 

and enclose the numerous p r o j e c t i n g core f i l a m e n t s 

( F i g . 4 c ) . F u l l y mature p a r t i c l e s were r e l e a s e d 



34 

Fi g u r e 3. Negative s t a i n e d immature 
c a r o t o v o r i c i n - 3 7 9 sheared from producing c e l l s of 
Erwinia carotovora subsp. carotovora s t r a i n 379 8 h 
a f t e r mitomycin C i n d u c t i o n and the plaque types 
they induce i n s e n s i t i v e i n d i c a t o r s t r a i n s . 

a. Negative s t a i n e d p a r t i c l e s found i n 
supernatant (Bar=100nm); 

b. Immature p a r t i c l e s showing t e r m i n a l 
v e s i c u l a r s w e l l i n g and p a r t i a l e n c a p s i d a t i o n 
(Bar=100nm); 

c. S h e a t h - l i k e p a r t i c l e without p r o j e c t i n g core 
(Bar=10nm); 

d. Two s h e a t h - l i k e p a r t i c l e s as seen i n 3c 
l i n k e d end-on (Bar=10nm); 

e. T y p i c a l c l e a r plaques produced by l a r g e 
molecular weight c a r o t o v o r i c i n - 3 7 9 (Seph
a c r y l S-300 peak 1); 

f. T y p i c a l d i f f u s e plaques produced by low 
molecular weight immature c a r o t o v o r i c i n - 3 7 9 
(Sephacryl S-300 peaks 2 to 4). 
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F i g u r e 4. Negative s t a i n e d c a r o t o v o r i c i n - 3 7 9 
p a r t i c l e s and c e l l u l a r p r o j e c t i o n s produced by 
mitomycin C induced c u l t u r e s of Erwinia carotovora 
subsp. carotovora s t r a i n 379. C u l t u r e f l u i d s were 
e i t h e r n e g a t i v e l y s t a i n e d with 2% phosphotungstic 
a c i d pH 7.0 (a to d), or p r e t r e a t e d with 0.2* 
osmium t e t r o x i d e (e) or an equal volume of toluene 
( f to i ) p r i o r to negative s t a i n i n g . A l l bars = 
100 nm. 

a. C a r o t o v o r i c i n - 3 7 9 p a r t i c l e s 12 h a f t e r 
i n d u c t i o n which appear elongated and 
thick e n e d due to the a d d i t i o n of m a t e r i a l to 
the developing c e n t r a l core; 

b. I s o l a t e d c e n t r a l core i n the process of 
t h i c k e n i n g ; 

c. C a r o t o v o r i c i n - 3 7 9 p a r t i c l e s e i t h e r r e l e a s e d 
( l e f t ) or i n the process of t h i c k e n i n g 
( r i g h t ) i n a s s o c i a t i o n with i n t a c t c e l l s 12 
h a f t e r i n d u c t i o n ; 

d. F u l l y mature c a r o t o v o r i c i n - 3 7 9 p a r t i c l e s 
r e l e a s e d 24 h a f t e r i n d u c t i o n with 
c o n t r a c t e d ( l e f t ) or extended ( r i g h t ) 
sheaths; 

e. I n t a c t mature c a r o t o v o r i c i n - 3 7 9 p a r t i c l e 
w ith attached head p r o t r u d i n g from a 
producing c e l l ; 

f . C o r e - l i k e p r o j e c t i o n with t e r m i n a l v e s i c l e 
attached to b a c t e r i a l c e l l 8 h a f t e r 
i n d u c t i o n ; 

g. B a c t e r i o c i n - l i k e p r o j e c t i o n attached to a 
producing c e l l 12 h a f t e r i n d u c t i o n ; 

h. P a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 attached to 
and r e l e a s e d from an i n t a c t producing c e l l 
16 h a f t e r i n d u c t i o n ; 

i . P r o t r u d i n g p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 
with attached head surrounded by i n t a c t 
outer membrane 24 h a f t e r i n d u c t i o n . 
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into the supernatant and were readily detected in 

contracted or extended forms 24 h after induction 

(Fig. 4d). 

Extrusion of Carotovoricin through the Membrane: 

The modified staining procedure using osmium 

tetroxide provided more d e t a i l and c l e a r l y showed 

carotovoricin-379 p a r t i c l e s with attached heads 

extruded through the membrane (Fig. 4e). The 

disadvantage of the procedure was that the washings 

resulted in a loss of b a c t e r i a l surface appendages 

(Fig. 4e) and p a r t i a l disruption of bacteriocin 

p a r t i c l e s . 

B a c t e r i o c i n - l i k e projections at 8, 12, 16 and 

24 h respectively, after induction (Fig. 4 f - i ) were 

vi s u a l i z e d with the modified staining procedure 

using a toluene pretreatment. These p a r t i c l e s 

corresponded well in appearance and dimensions with 

the immature p a r t i c l e s i s o l a t e d in the sheared 

supernatant preparations described previously. 

However, these preparations showed physical 

association of bacteriocin intermediates with 

intact c e l l s . Pretreatment with toluene presumably 

p a r t i a l l y disrupted the outer membrane allowing 
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p e n e t r a t i o n of PTA. As no washing steps were 

necessary, b a c t e r i a l s u r f a c e u l t r a s t r u c t u r e 

remained i n t a c t . 

S e p h a c r y l S - 3 0 0 C o l u m n C h r o m a t o g r a p h y : 

Gel f i l t r a t i o n of concentrated c a r o t o v o r i c i n -

379 harvested at 44, 52, 58 and 62 h a f t e r 

i n d u c t i o n showed a d e f i n i t e s h i f t to higher 

molecular weight b a c t e r i o c i n ( F i g . 5). At 44 h, 

two major peaks corresponding to g l o b u l a r p r o t e i n 

molecular weights of 300,000 da l t o n s (peak 1) and 

20,000 da l t o n s (peak 2) r e s p e c t i v e l y had 

b a c t e r i o c i n a c t i v i t y . In a d d i t i o n a minor peak 

e q u i v a l e n t to 15,000 da l t o n s (peak 3) was present 

and had b a c t e r i o c i n a c t i v i t y . This minor peak 

appeared with an even s m a l l e r molecular weight peak 

(about 10,000 da l t o n s ) (peak 4) at 52 h a f t e r 

i n d u c t i o n . At t h i s time peak 2 was almost at the 

l e v e l of peak 3 and peak 1 had doubled i n 

c o n c e n t r a t i o n . This general trend was seen i n the 

s h i f t from 58 to 62 h a f t e r i n d u c t i o n with the 

appearance of s t i l l another b a c t e r i o c i n peak ( l b ) 

corresponding to 180,000 daltons at 62 h. 

Bioassays of these f r a c t i o n s d e t e c t e d b a c t e r i o c i n 
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0.06 

F i g u r e 5. Sephacryl S-300 column chromatograms 
c a r o t o v o r i c i n - 3 7 9 at (a) 44, (b) 52, (c) 58 and 
(d) 62 h a f t e r mitomycin C i n d u c t i o n i n 
concentrated supernatants of Erwinia carotovora 
subsp. carotovora s t r a i n 379. 
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a c t i v i t y with d i f f e r e n t degrees of c l e a r i n g 

depending on the i n d i c a t o r s t r a i n used. S t r a i n SR8 

c o n s i s t e n t l y showed the g r e a t e s t s e n s i t i v i t y to a l l 

peaks. A l l s t r a i n s of i n d i c a t o r were most 

s e n s i t i v e to peaks l a and lb and produced c l e a r 

zones of i n h i b i t i o n ( F i g . 3e). The low molecular 

weight peaks gave v a r y i n g degrees of d i f f u s e 

i n h i b i t o r y zones ( F i g . 3f) on a l l i n d i c a t o r s except 

s t r a i n 530 which was r e s i s t a n t to low molecular 

weight c a r o t o v o r i c i n - 3 7 9 . 

E l e c t r o n micrographs of the separated 

b a c t e r i o c i n components i n d i c a t e d that as subunits 

were added to b a c t e r i o c i n p a r t i c l e s over time, 

there was an i n c r e a s e i n molecular weight ( F i g . 6). 

However, the e x i s t e n c e of a s o l u b l e low molecular 

weight component was s t i l l p o s s i b l e as peak 4 

showed d i f f u s e - t y p e a c t i v i t y on s t r a i n SR8, but no 

p a r t i c u l a t e s t r u c t u r e c o u l d be r e s o l v e d by e l e c t r o n 

microscopy. 

Induced c u l t u r e s which were re-induced and 

d i l u t e d with an equal volume of medium (to maintain 

a mitomycin C c o n c e n t r a i o n of 0.2 ug/ml) showed 

that a l l peaks i n Figures 5a-d were present i n a 

s i n g l e scan at 8 h a f t e r the second i n d u c t i o n ( F i g . 



42 

F i g u r e 6 . Sephacryl S-300 column chromatograms of 
c a r o t o v o r i c i n - 3 7 9 produced by Erwinia carotovora 
subsp. carotovora s t r a i n 379 48 h a f t e r mitomycin C 
i n d u c t i o n and e l e c t r o n micrographs of the 
corresponding negative s t a i n e d peak contents. 
Bar=100nm. 
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7a). T h i s suggested that the second i n d u c t i o n 

i n i t i a t e d another round of c a r o t o v o r i c i n - 3 7 9 

p r o d u c t i o n which appeared as s a t e l l i t e peaks on the 

S-300 chromatogram ( F i g . 7a). 

A l l supernatant b a c t e r i o c i n a c t i v i t y was 

detected i n one major peak when 20mM magnesium 

s u l f a t e was added to the medium f o l l o w e d by 

i n d u c t i o n ( F i g . 7b). T h i s peak p r o f i l e was 

i d e n t i c a l to the p r o f i l e of c a r o t o v o r i c i n - 3 7 9 

concentrated from induced c e l l s grown i n minimal M9 

media which a l s o contained magnesium ( F i g . 7c). 

D I S C U S S I O N 

C e l l l y s i s , as seen by a r e d u c t i o n i n 

t u r b i d i t y , o c c u r r e d i n induced c u l t u r e s of Erwinia 

carotovora subsp. carotovora s t r a i n 379 (Ecc 379) 

36 h a f t e r i n d u c t i o n . However c a r o t o v o r i c i n 

p a r t i c l e s were seen i n c u l t u r e supernatants and 

bioas s a y e d at 8 h a f t e r i n d u c t i o n . Although no 

c e l l l y s i s or r e d u c t i o n i n c e l l v i a b i l i t y was 

detec t e d i n non-induced c u l t u r e s , b a c t e r i o c i n 

p r o d u c t i o n was e a s i l y d e t e c t e d by bioas s a y s and 
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F i g u r e 7. S e p h a c r y l S-300 chromatograms o f 
c a r o t o v o r i c i n - 3 7 9 p r o d u c e d by Erwinia carotovora 
s u b s p . carotovora s t r a i n 379 i n m i t o m y c i n C i n d u c e d 
c u l t u r e s grown u n d e r d i f f e r e n t c o n d i t i o n s . 

a. E f f e c t o f a s e c o n d i n d u c t i o n a f t e r 8 h w i t h 
m i t o m y c i n C i n L u r i a b r o t h (no added 
magnesium); 

b. E f f e c t o f t h e a d d i t i o n o f 20mM magnesium 
s u l p h a t e t o L u r i a b r o t h p r i o r t o i n d u c t i o n ; 

c. E f f e c t o f magnesium p r e s e n t as a component 
o f m i n i m a l M9 media. 
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e l e c t r o n microscopy. 

C e l l l y s i s f o l l o w i n g i n d u c t i o n i s a common 

f e a t u r e i n the prod u c t i o n of l a r g e and small 

molecular weight b a c t e r i o c i n s and i s s i m i l a r to 

temperate phage i n d u c t i o n . Recent work with 

c o l i c i n s has shown that l y s i s i s dependent on 

expr e s s i o n of a l y s i s gene which a c t i v a t e s a 

phospholipase a l t e r i n g the membrane p e r m e a b i l i t y . 

This gene product may be d i r e c t l y i n v o l v e d i n 

membrane t r a n s p o r t of c o l i c i n . The e f f e c t on c e l l 

i n t e g r i t y by the l y s i s gene can be i n a c t i v a t e d by 

i n c o r p o r a t i o n of 20mM magnesium i n the medium 

(Pugsley and Schwartz 1984). 

In our experiments, a d d i t i o n of 20mM magnesium 

to the c u l t u r e media f o l l o w e d by i n d u c t i o n delayed 

l y s i s by 6-8 h. Under these c o n d i t i o n s , g e l 

f i l t r a t i o n of c a r o t o v o r i c i n - 3 7 9 c o n t a i n i n g 

supernatants showed a l o s s of s m a l l e r molecular 

weight, l e s s a c t i v e peaks. A l l c a r o t o v o r i c i n 

a c t i v i t y was detected i n the l a r g e molecular weight 

f r a c t i o n . The magnesium ions probably s t a b i l i z e d 

the outer membrane s u f f i c i e n t l y to prevent r e l e a s e 

of p a r t i a l l y a c t i v e b a c t e r i o c i n i n t e r m e d i a t e s . 

These o b s e r v a t i o n s suggest that i n a d d i t i o n to c e l l 
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l y s i s another mechanism may be i n v o l v e d i n 

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

Erwinia carotovora subsp. carotovora produces a 

wide v a r i e t y of p e c t o l y t i c and c e l l u l o l y t i c 

enzymes. There have been s e v e r a l r e p o r t s of a 

simultaneous i n d u c t i o n of p e c t i n l y a s e and 

p a r t i c u l a t e c a r o t o v o r i c i n or temperate 

bacteriophage i n Erwinia carotovora ( C h a t t e r j e e 

1984, Itoh et al. 1980 and Kamimiya et al. 1977). 

These enzymes and c a r o t o v o r i c i n s appear e x t e r n a l l y 

i n the supernatant f r a c t i o n of c u l t u r e d c e l l s and 

c o - i n d u c t i o n c o u l d be e x p l a i n e d by an i n a c t i v a t i o n 

of a common r e p r e s s o r of an e x i s t i n g s e c r e t o r y 

system. 

The outer membrane of the E n t e r o b a c t e r i a c e a e 

p r o v i d e s an e f f e c t i v e b a r r i e r to the r e l e a s e of 

substances > 700-1000 d a l t o n s (Nikaido and Vaara 

1985). Thus, there i s a need f o r a s e c r e t o r y 

system f o r exo-enzymes. The s e c r e t i o n of enzymes 

from Pseudomonas and endotoxin p r o d u c t i o n by 

Neisseria i s thought to occur v i a the formation and 

subsequent r e l e a s e of c e l l w a l l blebs or outer 

membrane v e s i c l e s (Devoe et al. 1973). These b l e b s 

are s i m i l a r to those observed i n t h i s study. In 
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c o n j u n c t i o n with the numerous f i m b r a e - l i k e 

p r o j e c t i o n s , these blebs may form a s e c r e t o r y 

mechanism f o r b a c t e r i o c i n and p o s s i b l y macerating 

enzymes. 

On the b a s i s of u l t r a s t r u c t u r a l o b s e r v a t i o n s 

and experimental data we propose the f o l l o w i n g 

h y p o t h e t i c a l model f o r c a r o t o v o r i c i n - 3 7 9 assembly 

and s e c r e t i o n ( F i g . 8). The c o n s t r u c t i o n of 

b a c t e r i o c i n occurs w i t h i n an outer membrane v e s i c l e 

or "bleb". This v e s i c l e p r o v i d e s a general 

mechanism f o r s e c r e t i o n of a l l Erwinia e x o p r o t e i n s . 

Macerating enzymes and c a r o t o v o r i c i n components are 

produced i n the cytoplasm and are t r a n s p o r t e d 

across the plasmalemma probably by the model of 

Randal l and Hardy (1984). The s e c r e t i o n of these 

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

an outer membrane v e s i c l e . C a r o t o v o r i c i n - 3 7 9 

c o n s t r u c t i o n occurs w i t h i n a v e s i c l e which a l s o 

c o n t a i n s a f i m b r i a l p r o j e c t i o n . This f i m b r i a l 

p r o j e c t i o n u l t i m a t e l y becomes the core of 

c a r o t o v o r i c i n - 3 7 9 . Some b a c t e r i o c i n p r o t e i n s are 

added e x t e r n a l l y to the f i m b r i a l p r o j e c t i o n 

r e s u l t i n g i n the formation of a c o n t r a c t i l e sheath. 

Other b a c t e r i o c i n p r o t e i n s are t r a n s p o r t e d i n t o the 
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F i g u r e 8. H y p o t h e t i c a l model f o r t h e p r o d u c t i o n o f 
c a r o t o v o r i c i n by Erwinia carotovora s u b s p . caroto
vora s t r a i n 379. 

a. Erwinia e x o p r o t e i n s ( m a c e r a t i n g enzymes and 
c a r o t o v o r i c i n ) a r e p r o d u c e d i n t h e c y t o p l a s m 
and a r e t r a n s p o r t e d a c r o s s t h e c y t o p l a s m i c 
membrane (cm) i n t o t h e p e r i p l a s m i c s p a c e 
( p s ) . T hese p r o t e i n s a r e s u b s e q u e n t l y 
s e c r e t e d w i t h i n an o u t e r membrane v e s i c l e 
(omv). 

b. C a r o t o v o r i c i n c o n s t r u c t i o n o c c u r s i n d u c i b l y 
w i t h i n an o u t e r membrane v e s i c l e w h i c h a l s o 
c o n t a i n s a f i m b r a e - l i k e p r o j e c t i o n ( a ) . 
Under n o n - i n d u c e d c o n d i t i o n s t h e s e 
p r o j e c t i o n s e x t e n d o u twards and f o r m t h e 
numerous f i m b r a e p r e s e n t on c a r o t o v o r i c i n 
p r o d u c i n g s t r a i n s . 

c. Under i n d u c t i o n , c a r o t o v o r i c i n components 
t r a n s l o c a t e d i n t o t h e p e r i p l a s m i c s p a c e a r e 
added t o t h e f i m b r a e - l i k e p r o j e c t i o n . T h e s e 
added components e v e n t u a l l y f o r m t h e 
s h e a t h ( s ) o f t h e p a r t i c u l a t e c a r o t o v o r i c i n . 
D u r i n g t h e f i n a l s t a g e s o f c o n s t r u c t i o n , 
c a r o t o v o r i c i n components r e s p o n s i b l e f o r t h e 
f o r m a t i o n o f a b a s e p l a t e (bp) a r e added a t 
th e b a s e o f t h e c a r o t o v o r i c i n p a r t i c l e . 

d. Some c a r o t o v o r i c i n components may be 
t r a n s l o c a t e d t h r o u g h t h e c e n t r a l c o r e t o an 
e x p a n d i n g t e r m i n a l v e s i c l e o r head (h) . 

e. R e l e a s e o f t h e c a r o t o v o r i c i n i s f a c i l i t a t e d 
by t h e a c t i v a t i o n o f a p h o s p h o l i p a s e w h i c h 
b r e a k s open t h e e n c l o s i n g o u t e r membrane 
r e l e a s i n g i n t a c t c a r o t o v o r i c i n w i t h t a i l 
f i b r e s ( t f ) and b a s e p l a t e ( b p ) . 

f , g . The head (h) o f t h e c a r o t o v o r i c i n may 
d i s s o c i a t e f r o m t h e r e s t o f t h e p a r t i c l e i n 
t h e s u p e r n a t a n t o f a p r o d u c i n g s t r a i n . The 
r e s t o f t h e c a r o t o v o r i c i n may e x i s t i n two 
forms e i t h e r e x t e n d e d (F) o r c o n t r a c t e d ( G ) . 
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h o l l o w c o r e and s u b s e q u e n t l y t r a n s l o c a t e d t o a 

t e r m i n a l v e s i c l e . Upon c o m p l e t i o n o f an i n t a c t 

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

v e s i c l e . The r e l e a s e o f c a r o t o v o r i c i n f o l l o w e d by 

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

t h e a c t i v a t i o n o f a p h o s p h o l i p a s e . T h i s 

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

b a c t e r i o c i n o r may be a c t i v a t e d w i t h i n t h e 

p e r i p l a s m by some i n d u c e d b a c t e r i o c i n component. 

DNA damage by c h e m i c a l o r p h y s i c a l a g e n t a c t i v a t e s 

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

r e p r e s s o r ( G l a s s 1985) o f b o t h b a c t e r i o c i n and 

l y t i c components. T h i s r e s u l t s i n an i n c r e a s e i n 

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

w i t h t h e a c t i v a t i o n o r p r o d u c t i o n o f a 

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

p r o d u c i n g c e l l . 

In t h e n o n - i n d u c e d s t a t e t h e c o n s t r u c t i o n and 

s e c r e t i o n o f t h e b a c t e r i o c i n and some o f i t s 

components a r e r e p r e s s e d ; however, t h e e x o c y t o s i s 

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

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

components as w e l l as t h e s e c r e t i o n o f m a c e r a t i n g 

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

d i f f e r e n t i a l low l e v e l o f n o n - i n d u c e d p a r t i c u l a t e 

b a c t e r i o c i n p r o d u c t i o n . 
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C H A P T E R 2 

G E N E T I C DETERMINANTS OF C A R O T O V O R I C I N P R O D U C T I O N 

I N ERWINIA CAROTOVORA 

I N T R O D U C T I O N 

B a c t e r i o c i n s a r e p r o t e i n a c e o u s a n t i m i c r o b i a l 

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

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

s t r a i n s (Nomura 1967). B a c t e r i o c i n p r o d u c t i o n i s 

common i n a number o f g e n e r a and i s g e n e r a l l y 

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

p r o d u c i n g s t r a i n s ( B i r g e 1981). B a c t e r i o c i n 

p r o d u c t i o n i n Erwinia carotovora, w h i c h c a u s e s s o f t 

r o t o f v e g e t a b l e s and b l a c k l e g o f p o t a t o was f i r s t 

d e s c r i b e d by Hamon and P e r o n ( 1 9 6 1 ) . S u b s e q u e n t 

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

f i r s t i s c h a r a c t e r i z e d by a s m a l l c l e a r zone o f 

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

z o n e. A t h e r m o l a b i l e , t r y p s i n - r e s i s t a n t , phage 

t a i l - l i k e p a r t i c u l a t e b a c t e r i o c i n , c a l l e d 

c a r o t o v o r i c i n - E R , was i d e n t i f i e d as c a u s i n g t h e 
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s m a l l c l e a r zones ( I t o h et al. 1978). This 

b a c t e r i o c i n resembled the pyocins produced by 

c e r t a i n Pseudomonas s t r a i n s and l i k e the pyocins 

was i n d u c i b l e by u l t r a v i o l e t i r r a d i a t i o n , mitomycin 

C or other DNA damaging agents (Birge 1981). 

Recent i n v e s t i g a t i o n s have shown that both p e c t i n 

l y a s e a c t i v i t y and b a c t e r i o c i n a c t i v i t y are co-

i n d u c i b l e i n E. carotovora (Kamimiya er al. 1977) 

and i n E. chrysanthemi ( C h a t t e r j e e et al. 1984). 

Genetic a n a l y s i s of b a c t e r i o c i n p r o d u c t i o n i n 

other genera has shown that the determinants can be 

plasmid or chromosomally encoded (B i r g e 1981). Low 

molecular weight b a c t e r i o c i n s causing l a r g e d i f f u s e 

zones of i n h i b i t i o n , such as the c o l i c i n s were 

found to be plasmid encoded. P a r t i c u l a t e 

b a c t e r i o c i n s causing sma l l c l e a r zones of 

i n h i b i t i o n were p r i m a r i l y coded f o r by the 

b a c t e r i a l chromosome. Although both small and 

la r g e plasmids have been i s o l a t e d from s e v e r a l 

d i f f e r e n t s t r a i n s of Erwinia carotovora ( C o p l i n et 

al. 1980, Forbes 1981, Zink et al. 1984), no 

phenotypes could be assigned and they were 

concluded to be c r y p t i c . 

Previous work i n t h i s l a b o r a t o r y has shown that 
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both types of b a c t e r i o c i n a c t i v i t y are a s s o c i a t e d 

with Ecc s t r a i n 379 ( J a i s 1982) and that the 

b a c t e r i o c i n i s produced i n i n t i m a t e a s s o c i a t i o n 

with i n t a c t c e l l s p o s s i b l y v i a e x t r u s i o n (Chapter 

1). The purpose of t h i s study was to determine 

whether the determinants f o r b a c t e r i o c i n p r o d u c t i o n 

i n Ecc s t r a i n 379 were chromosomally and/or plasmid 

encoded. 

MATERIALS AND METHODS 

Media and Growth Condit ions: 

A l l s t r a i n s (Table 1) were grown i n L u r i a Broth 

(LB) pH 7.4. Erwinia carotovora was incubated at 

20 C while Escherichia coli was grown at 37 C. 

A n t i b i o t i c s obtained from the Sigma Chemical 

Company were d i s s o l v e d i n water or a l c o h o l and used 

i n p l a t e s or l i q u i d c u l t u r e at the recommended 

c o n c e n t r a t i o n ( M a n i a t i s et al. 1982). Erythromycin 

was d i s s o l v e d i n a l c o h o l and added to LB pH 8.0 at 

a f i n a l c o n c e n t r a t i o n of 30 ug/ml. 

C r y s t a l v i o l e t pectate (CVP) media was made 



Table 1 . B a c t e r i a l s t r a i n s used 

C a r o t o v o r i c i n Producer: 

Erwinia carotovora subsp. 
serogroup XI 

C a r o t o v o r i c i n I n d i c a t o r s : 

Erwinia carotovora subsp. 
serogroup I 

Erwinia carotovora subsp. 
serogroup XX 

Erwinia carotovora subsp. 
serogroup XXII 

Erwinia carotovora subsp. 
serogroup XVIII 

Other S t r a i n s : 

carotovora s t r a i n 379 

atroseptica 

atroseptica 

atroseptica 

carotovora s 

s t r a i n SR8 

s t r a i n 530 

s t r a i n 496 

t r a i n 504 

Escherichia coli s t r a i n HB101 ( v i r g i n ) 
Escherichia coli s t r a i n HB101 + plasmid pBR322 
Escherichia coli s t r a i n HB101 + plasmid R68.45 
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a c c o r d i n g to Cuppels and Kelman (1974). CVP (20 

ml) p l a t e s were spread with a p p r o p r i a t e volumes of 

a n t i b i o t i c stock s o l u t i o n to give the recommended 

f i n a l c o n c e n t r a t i o n . P a s s i v e d i f f u s i o n f o r 24 

hours (h) at room temperature was allowed before 

use. Using t h i s same technique, CVP + 1% LB was 

prepared to a c c e l e r a t e growth of E. coli. 

Mating P r o t o c o l s : 

A l l matings were performed at room temperature. 

R68.45 was t r a n s f e r r e d from an E. coli harbouring 

s t r a i n to Erwinia carotovora subsp. carotovora 

s t r a i n 379 u s i n g a standard p l a t e mating technique 

(Puhler and Riess 1984) and transconjugants were 

s e l e c t e d on CVP + kanamycin (50 ug/ml). These 

transconjugants were mated back to v i r g i n E. coli 

s t r a i n HB101 and transconjugants were s e l e c t e d on 

LB + kanamycin (50 ug/ml) + streptomycin (25 

ug/ml). 

For w i l d - t y p e matings, (without R68.45), 1 ml 

of a mid-log phase c u l t u r e of E. carotovora subsp. 

carotovora s t r a i n 379 and E. coli s t r a i n HB101 

(with and without PBR322) were added to 20 ml of 

s t e r i l e LB. These mixtures were allowed to stand 
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at room temperature f o r 4 h. A l i q u o t s of c e l l s 

were s e l e c t e d on LB + erythromycin (30 ug/ml) + 

streptomycin (25 ug/ml). A l l transconjugants were 

t e s t e d f o r : a b i l i t y to produce c a r o t o v o r i c i n - 3 7 9 , 

a b i l i t y to grow on CVP and r e s i s t a n c e to 

erythromycin (30 ug/ml) and chloramphenicol (15 

ug/ml). 

Bacter ioc in Plate Assays: 

Assays were performed by p l a c i n g 5 u l f i l t e r -

s t e r i l i z e d c u l t u r e supernatant, or contents of a 

peak from a column, on a lawn of i n d i c a t o r seeded 

i n peptone s o f t agar (PSA) c o n t a i n i n g 0.85% NaCl, 

1% Bacto Peptone, 0.45% Bacto Agar pH 7.4. 

C a r o t o v o r i c i n c o n c e n t r a t i o n , column 

chromatography and e l e c t r o n microscopy were 

executed a c c o r d i n g to procedures o u t l i n e d i n 

Chapter 1. 

Tota l DNA Extrac t ion and Elec trophores i s : 

Late l o g phase c e l l s (10 ml) were harvested by 

c e n t r i f u g a t i o n and resuspended i n 600 u l of 0.05M 

T r i s , 0.02M EDTA; pH 8.0 (TE) b u f f e r + 20% sucrose. 

One hundred m i c r o l i t e r s of a 5 mg/ml stock s o l u t i o n 
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of lysozyme (Sigma) i n TE was added and incubated 

f o r 10 minutes (min) at room temperature. One 

hundred m i c r o l i t e r s of a 0.5M EDTA stock s o l u t i o n 

pH 8.0 were then added and incubated f o r 20 min at 

room temperature. Two hundred m i c r o l i t e r s of a 10% 

stock s o l u t i o n of SDS were then added. The tubes 

were g e n t l y i n v e r t e d 10 times and incubated at 50 C 

f o r 20 min. This l y s a t e was e x t r a c t e d twice with 

phenol:chloroform (50:50 v/v) and twice 

subsequently with chloroform, u n t i l a c l e a r 

i n t e r f a c e was seen ( M a n i a t i s et al. 1982). The 

aqueous phase was ad j u s t e d to 0.IM NaCl from a 5M 

NaCl stock s o l u t i o n , and DNA and RNA were 

p r e c i p i t a t e d with 2 volumes of 99% ethanol at -50 C 

ov e r n i g h t . 

P r e c i p i t a t e d n u c l e i c a c i d s were p e l l e t e d at 

13,000 x g at -20 C f o r 25 min. Re s i d u a l ethanol 

was removed i n a vacuum d e s s i c a t o r and the p e l l e t 

was d i s s o l v e d i n 50 u l of TE. Ten m i c r o l i t e r 

a l i q u o t s of these samples were removed, t r e a t e d 

with 2 u l of DNase-free RNase (10 mg/ml s t o c k ) , f o r 

30 min at 37 C and analysed by agarose g e l 

e l e c t r o p h o r e s i s (AGE) ( P e r b a l l 1984; Hames et al. 

1984; Glover 1985). 
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E l e c t r o p h o r e s i s was performed on a homemade 20 

x 20 cm submerged, h o r i z o n t a l apparatus. 

E l e c t r o p h o r e s i s was c a r r i e d out i n 90mM T r i s , 90mM 

Borate, 2.5mM EDTA (TBE) pH 8.2 at 1.5 V/cm f o r 18-

24 h. Gels used were 0.5% agarose (w/v) (Sigma), 

poured to a depth of 0.3 mm. DNA was s t a i n e d i n 

1.0 ug/ml of ethidium bromide (Sigma) f o r 1 h and 

viewed with a mid-wave u l t r a v i o l e t t r a n s i l l u m i n a t o r 

(U.V. Products Inc. San G a b r i e l , C a l i f o r n i a ) . 

A l k a l i n e phosphatase was assayed by combining 

100 u l of f i l t e r - s t e r i l i z e d supernatant with 100 u l 

of s u b s t r a t e b u f f e r (0.1M T r i s - H C l pH 9.0) 

c o n t a i n i n g 1 mg/ml p-nitropheny1 phosphate (Sigma) 

i n 1.5 ml p o l y a l l o m e r Eppendorf tubes. Tubes were 

incubated at 4 C ov e r n i g h t . P o s i t i v e r e s u l t s were 

i d e n t i f i e d by a v i s u a l d e t e c t i o n of a yellow 

s o l u b l e r e a c t i o n product. 
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RESULTS 

Sephacryl S-300 Column Chromatography and Bioassays: 

Column chromatography of concentrated 

c a r o t o v o r i c i n from non-induced c u l t u r e s of Ecc 

s t r a i n 379 a f t e r 52 h at 20 C showed that the t o t a l 

p r o t e i n was d i s t r i b u t e d between two peaks ( F i g . 

l a ) . U n l i k e the s i t u a t i o n i n induced c u l t u r e s 

(Chapter 1), the m a j o r i t y of the p r o t e i n was found 

i n the lower molecular weight f r a c t i o n . Bioassays 

of these two peaks showed that the l a r g e molecular 

weight f r a c t i o n (peak 1) produced c l e a r plaques on 

i n d i c a t o r s , while the s m a l l molecular weight 

f r a c t i o n (peak 2) produced d i f f u s e plaques ( F i g . 

2b) . 

Ecc s t r a i n 379 showed a t e m p e r a t u r e - s e n s i t i v e 

r e s i s t a n c e to erythromycin (30 ug/ml) and 

chloramphenicol (15 ug/ml). R e s i s t a n c e to these 

a n t i b i o t i c s was expressed at 20 C i n LB but was 

l o s t at temperatures above 35 C. Ecc s t r a i n 379 

was a l s o able to grow and p i t CVP a f t e r 24 h at 24 

C or 37 C. Mitomycin induced c u l t u r e s of Ecc 

s t r a i n 379 grown at 37 C produced no l a r g e 
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F i g u r e 1. Sephacryl S-300 column chromatograms of 
c a r o t o v o r i c i n from Erwinia and E. c o l i 
t r a n s c o n j u g a n t s . 

a. Erwinia carotovora subsp. carotovora (Ecc) 
s t r a i n 379 non-induced; 

b. Ecc s t r a i n 379 + mitomycin (0.2 ug/ml) at 
37 C; 

c. R68.45 mediated CVP~ E. c o l i transconjugant; 
d. R68.45 mediated CVP + E. c o l i transconjugant; 
e. Wild-type mated CVP~ E. c o l i t r a n s c o n j u g a t e s . 
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F i g u r e 2 . C a r o t o v o r i c i n p l a t e assays of c o l o n i e s 
and Sephacryl S-300 f r a c t i o n a t e d peaks from 
con c e n t r a t e d supernatants of E. coli t r a n s c o n 
jugants and E. carotovora subsp. carotovora (Ecc) 
s t r a i n 379. 

a. C a r o t o v o r i c i n p l a t e assays of c o l o n i e s and 
f r a c t i o n a t e d l a r g e (peak 1) and small (peak 2) 
molecular weight b a c t e r i o c i n components from 
supernatants of CVP+ and CVP" E. coli 
t r a n s c o n j u g a n t s . 

CVP- C V P + CVP" 
colony peak 1 colony 

C V P + CVP" C V P + 

peak 2 colony peak 1 

C V P + C V P + C V P + 

colony peak 2 colony 

b. C a r o t o v o r i c i n p l a t e assays of c o l o n i e s and 
separated l a r g e and small molecular weight 
b a c t e r i o c i n components from supernatants of 
Ecc 379. 

peak 2 peak 1 peak 2 

peak 2 producing producing 
colony colony 
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molecular weight c a r o t o v o r i c i n as detected by 

bi o a s s a y or S-300 column chromatography ( F i g . l b ) . 

Column chromatography of concentrated 

c a r o t o v o r i c i n from mitomycin-induced c u l t u r e s of 

Ecc s t r a i n 379 grown at 37 C showed only one peak 

corresponding to the low molecular weight component 

( F i g . l b ) . Bioassays of t h i s peak produced 

d i f f u s e - t y p e plaques on a l l i n d i c a t o r s except 530 

which was r e s i s t a n t . In a d d i t i o n , Ecc s t r a i n 379 

grown at 37 C showed no v i s i b l e s i g n s of c e l l s 

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

Column chromatography of supernatants of R68.45 

mediated CVP" E. coli transconjugants showed two 

peaks ( F i g . l c ) . However only the low molecular 

weight component had d i f f u s e - t y p e c a r o t o v o r i c i n 

a c t i v i t y . Chromatography of concentrated 

b a c t e r i o c i n from w i l d - t y p e mated CVP", E. coli 

transconjugants a l s o showed one small molecular 

weight b i o a c t i v e component ( F i g . I e ) . In c o n t r a s t , 

column chromatography of R68.45 mediated CVP +, E. 

coli gave a peak p r o f i l e s i m i l a r to that of non-

induced Ecc s t r a i n 379 ( F i g . Id) and produced 

c a r o t o v o r i c i n s i m i l a r to Ecc 379 ( F i g . 2a). 

The a b i l i t y to grow on CVP was t r a n s f e r r e d at a 
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frequency of 1 x 10~ 5. Re s i s t a n c e to erythromycin 

( e r y r ) (30 ug/ml) and chloramphenicol (cam r) (15 

ug/ml) was t r a n s f e r r e d at a frequency of 1 x 1 0 - 3 . 

When the erythromycin and chloramphenicol r e s i s t a n t 

t ransconjugants were t e s t e d f o r growth on CVP and 

produ c t i o n of c a r o t o v o r i c i n , most were CVP" and 

produced d i f f u s e - t y p e plaques on a l l i n d i c a t o r s 

except s t r a i n 530 which was r e s i s t a n t . However 

1.7% were CVP + and produced w i l d - t y p e b a c t e r i o c i n 

a g a i n s t a l l four i n d i c a t o r s . 

Transconjugants from w i l d - t y p e matings were 

obtained at a frequency o f 10~ 4. When these were 

bioassayed f o r b a c t e r i o c i n p r o d u c t i o n , they 

produced d i f f u s e - t y p e plaques on three of the fou r 

i n d i c a t o r s . A l l of these transconjugants were CVP -

and r e s i s t a n t to erythromycin (30 ug/ml) and 

chloramphenicol (15 ug/ml). In a l l 

transconjugants, a l k a l i n e phosphatase which i s 

normally r e s t r i c t e d to the per i p l a s m of E. coli, 

was found i n the f i l t e r - s t e r i l i z e d supernatants. 

No a l k a l i n e phosphatase a c t i v i t y was found i n the 

supernatants of wi l d - t y p e E. coli. 
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DNA Content: 

Plasmid p r o f i l e s of CVP", e r y r , cam r, kanamycin 

r e s i s t a n t (kan r) transconjugants showed that they 

contained both R68.45 and a second l a r g e r molecular 

weight plasmid found i n w i l d - t y p e Ecc s t r a i n 379. 

These plasmids e x i s t e d i n the transconjugant E. 

coli as separate e n t i t i e s and R68.45 i n these 

transconjugants contained no i n s e r t ( F i g . 3a). 

Plasmid p r o f i l e s of transconjugants obtained i n 

wi l d - t y p e matings i l l u s t r a t e d the t r a n s f e r of the 

l a r g e Erwinia plasmid (Erwp) ( F i g . 3b) along with 

the phenotypes of erythromycin r e s i s t a n c e , 

chloramphenicol r e s i s t a n c e and d i f f u s e - t y p e 

b a c t e r i o c i n p r o d u c t i o n . U n l i k e the Erwinia donors, 

e x p r e s s i o n of the r e s i s t a n t phenotypes was not 

a f f e c t e d at 37 C i n the E. coli t r a n s c o n j u g a n t s . 

E l e c t r o n Microscopy: 

E l e c t r o n micrographs of supernatants of 

transconjugant E. coli showed numerous membrane-

bound v e s i c l e s . E l e c t r o n microscopy of i n t a c t CVP" 

transconjugants showed a protuberance of many 

s u r f a c e v e s i c l e s or " b l e b s " ( F i g . 4a) which were 

absent i n non-transconjugant E. coli. 
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F i g u r e 3. T o t a l DNA a n a l y s i s o f w i l d - t y p e E. coli, 
w i l d - t y p e E. carotovora s u b s p . carotovora s t r a i n 
379 (Ecc 379) and Ecc 379 x E. coli t r a n s c o n j u g a n t s 
w i t h and w i t h o u t R68.45 m e d i a t i o n . Samples were 
run on a 0.5% a g a r o s e g e l u s i n g T r i s - B o r a t e EDTA 
(TBE) a t 1 t o 1.5 V/cm f o r 18-24 h. 

a. R68.45 m e d i a t e d E. coli t r a n s c o n j u g a n t s : 
Lanes: 
1) E. coli w i t h pBR325; 
2) R68.45 m e d i a t e d CVP" E. coli 

t r a n s c o n j u g a n t ; 
3) E. coli w i t h pBR322; 
4) Ecc s t r a i n 379 w i t h Erwinia p l a s m i d (Ewrp) 

10 u l sample l o a d ; 
5) Ecc s t r a i n 379 w i t h Ewrp 5 u l sample l o a d ; 

b. W i l d - t y p e mated E. coli t r a n s c o n j u g a n t s : 
Lanes: 
1) HB101 w i t h R68.45 
2) E. coli t r a n s c o n j u g a n t w i t h pBR322 and 

Erwp; 
3) Ecc 379 w i t h Erwp; 
4) HB101 t r a n s c o n j u g a n t w i t h Erwp. 



Figure 4. E l e c t r o n micrographs of c e l l s and 
supernatants of E. c o l i transconjugants 
(Bar=100nm). 

a. T y p i c a l negative s t a i n e d E. c o l i 
transconjugant c e l l showing s u r f a c e v e s i c l e s ; 

b,c. Supernatants of CVP + E. c o l i 
transconjugants showing p a r t i c u l a t e 
c a r o t o v o r i c i n . Note presence of t a i l f i b r e s 
i n c. 
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E l e c t r o n micrographs of the l a r g e molecular 

weight f r a c t i o n from CVP + E. coli transconjugants 

showed p a r t i c u l a t e b a c t e r i o c i n s i d e n t i c a l to those 

i s o l a t e d from Ecc p r e p a r a t i o n s ( F i g . 4b-c). 

DISCUSSION 

Genetic a n a l y s i s of c a r o t o v o r i c i n p r o d u c t i o n i n 

Erwinia proved to be a s u b s t a n t i a l problem as 

convenient, w i l d - t y p e markers were not a v a i l a b l e . 

However, t e s t s used i n the taxonomy of Erwinia 

s p e c i e s have c o n s i s t e n t l y used r e s i s t a n c e to 

erythromycin to separate E. carotovora subsp. 

carotovora and E. carotovora subsp. atroseptica 

from other Erwinia (Schaad 1980). 

Erythromycin r e s i s t a n c e (30 ug/ml) i n Ecc 

s t r a i n 379 was shown to be temperature s e n s i t i v e 

with a l o s s of t h i s phenotype at 37 C. When 

s e v e r a l other a n t i b i o t i c s were t e s t e d on Ecc s t r a i n 

379, a chloramphenicol r e s i s t a n t (15 ug/ml) 

phenotype was found which, l i k e erythromycin 

r e s i s t a n c e , was a l s o temperature s e n s i t i v e . C e l l 
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l y s i s , as seen by a r e d u c t i o n i n t u r b i d i t y of 

induced c e l l s was a l s o i n h i b i t e d at 37 C, as was 

p r o d u c t i o n of p a r t i c u l a t e b a c t e r i o c i n . The 

temperature s e n s i t i v i t y of the phenotypes suggested 

a p o s s i b l e plasmid involvement due to the general 

c u r i n g p r o p e r t i e s of growth at e l e v a t e d 

temperatures (Brock 1979) . 

In order to d i s t i n g u i s h between chromosomal 

and/or plasmid involvement i n these temperature 

s e n s i t i v e phenotypes, t r a n s f e r of g e n e t i c 

i n f o r m a t i o n from Ecc s t r a i n 379 to a model system, 

namely E. coli, was necessary. The c o n j u g a t i v e 

m o b i l i z a t i o n v e c t o r R68.45 was chosen because of 

i t s wide host range, chromosome m o b i l i z a t i o n 

a b i l i t y (cma +) from many o r i g i n s , (Haas and 

Holloway 1976) and a b i l i t y to m o b i l i z e r e s i d e n t 

plasmids at high frequency ( W i l l e t t s and Crowther 

1980). The m o b i l i z a t i o n a b i l i t y of R68.45 i s 

thought to occur v i a a c o - i n t e g r a t i o n and 

subsequent r e s o l u t i o n i n the r e c i p i e n t c e l l . The 

r e s o l u t i o n of the c o - i n t e g r a t e i s thought to be 

recA dependent (Puhler and Riess 1984) with co-

i n t e g r a t e maintenance i n recA minus r e c i p i e n t s . 

Furthermore, R68.45 con t a i n s the a n t i b i o t i c markers 
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f o r kanamycin, t e t r a c y c l i n e , and a m p i c i l l i n (or 

c a r b e n i c i l l i n ) r e s i s t a n c e which make i t convenient 

to f o l l o w t h i s plasmid through a p o p u l a t i o n . 

The a b i l i t y to grow on CVP was t r a n s f e r r e d to 

E. c o l i at a frequency of 10" 5 per r e c i p i e n t of 

R68.45. A l l CVP + transconjugants produced 

p a r t i c u l a t e b a c t e r i o c i n . These f a c t s suggested 

chromosomally d e r i v e d determinants. Erythromycin 

(30 ug/ml) and chloramphenicol (15 ug/ml) 

r e s i s t a n c e s were t r a n s f e r r e d at a frequency of 10~ 3 

per r e c i p i e n t c e l l . This high frequency suggested 

plasmid d e r i v e d determinants. DNA a n a l y s i s by 

agarose g e l e l e c t r o p h o r e s i s of CVP + e r y r , cam r 

transconjugants showed the presence of a plasmid 

which corresponded to that found i n w i l d - t y p e 

Erwinia. However, these transconjugants were a l s o 

kan r and b a c t e r i o c i n p o s i t i v e . These phenotypes 

were presumably t r a n s f e r r e d as an R68.45 co-

i n t e g r a t e from the Erwinia chromosome. The s i z e of 

such a c o - i n t e g r a t e would be too l a r g e to r e s o l v e 

i n t a c t e l e c t r o p h o r e t i c a l l y . 

DNA a n a l y s i s by AGE of CVP", e r y r , cam1", kan r 

transconjugants confirmed the presence of two 

plasmids. One of the plasmids was i d e n t i f i e d by 
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s i z e as R68.45 with no i n s e r t and the other 

corresponded to a l a r g e molecular weight plasmid 

found i n wil d - t y p e Ecc s t r a i n 379. Because the 

r e c i p i e n t c e l l (E. coli HB101) was a recA" s t r a i n , 

v i s u a l i z a t i o n of separate plasmids suggested that 

the Erwinia plasmid t r a n s f e r r e d independently of 

R68.45. Bioassays u s i n g these transconjugants 

showed that they produced small molecular weight 

d i f f u s e - t y p e plaques. T h i s b a c t e r i o c i n behaved 

i d e n t i c a l l y to that obtained from Ecc induced at 37 

C or the small molecular weight component of 

c a r o t o v o r i c i n - 3 7 9 produced at 20 C. 

Transconjugants obtained i n wi l d - t y p e matings 

between Ecc and E. coli confirmed the s e l f -

t r a n s m i s s i b i l i t y of the l a r g e molecular weight 

plasmid i n Ecc 379. A l l of these transconjugants 

were a l s o CVP -, e r y r , cam r and produced a small 

molecular weight b a c t e r i o c i n component i d e n t i c a l to 

that produced by the CVP - R68.45 mediated 

tr a n s c o n j u g a n t s . From these r e s u l t s we conclude 

that t h i s s e l f - t r a n s m i s s i b l e Erwinia megaplasmid 

coded f o r erythromycin and chloramphenicol 

r e s i s t a n c e and a small molecular weight b a c t e r i o c i n 

component. The pr o d u c t i o n i n E. coli 
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transconjugants of p a r t i c u l a t e b a c t e r i o c i n 

i d e n t i c a l to that of Ecc 379 was only d e t e c t e d when 

chromosomal c o n s t i t u e n t s were t r a n s f e r r e d along 

with the megaplasmid. This f a c t suggests that 

c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n i n Ecc s t r a i n 379 i s 

coded f o r by both chromosomal and plasmid 

const i t u e n t s . 

E l e c t r o n microscopy of a l l transconjugants 

showed that they produced many s u r f a c e v e s i c l e s or 

blebs not found i n wi l d - t y p e E. coli. Blebs have 

been a s s o c i a t e d with endotoxin s e c r e t i o n i n 

Neisseria meningitidis (Devoe and G i l c h r i s t 1973), 

exo-enzyme p r o d u c t i o n i n Pseudomonas aeruginosa 

(Thompson et al. 1985) and r e l e a s e of a l k a l i n e 

phosphatase i n Pseudomonas (Ingram and Dainty 

1973). The presence of blebs on transconjugants 

and w i l d - t y p e Erwinia (Chapter 1), intro d u c e s the 

p o s s i b i l i t y that t h i s megaplasmid i s i n v o l v e d i n 

the s e c r e t i o n of p e r i p l a s m i c p r o t e i n s . This 

suggestion i s supported by the f a c t that i n the E. 

coli transconjugants, a l k a l i n e phosphatase which i s 

normally found i n the periplasm, was found i n 

f i l t e r - s t e r i l i z e d supernatants. It would a l s o 

e x p l a i n why i n cosmid and shot-gun c l o n i n g 
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experiments with Erwinia, p e c t i n - d e g r a d i n g enzymes 

were found to accumulate i n the perip l a s m of E. 

coli t r a n s f e c t a n t s or transformants and were not 

e f f e c t i v e l y t r a n s p o r t e d out i n t o the supernatant 

(Collmer et al. 1985; Zink and C h a t t e r j e e 1985; 

Kotoujansky et al. 1985). These methods d i d not 

take i n t o account the p o s s i b l e involvement of a 

r e s i d e n t megaplasmid i n the s e c r e t i o n of 

p e r i p l a s m i c p r o t e i n s i n Erwinia. 
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C H A P T E R 3 

S E R O L O G I C A L R E L A T I O N S H I P S AMONG T H E D I F F E R E N T 

FORMS O F ERWINIA B A C T E R I O C I N D E T E C T E D BY 

P O L Y C L O N A L A N T I S E R U M A G A I N S T P A R T I C U L A T E 

CAROTOVORICIN - 3 7 9 

I N T R O D U C T I O N 

P a r t i c u l a t e b a c t e r i o c i n produced by Erwinia 

carotovora subsp. carotovora (Ecc) s t r a i n 379 bears 

a s t r i k i n g resemblance to the R-type pyocins of 

Pseudomonas. However, previous work (Chapter 1 and 

2) has shown that c a r o t o v o r i c i n - 3 7 9 a c t i v i t y u n l i k e 

pyocin a c t i v i t y can be d i v i d e d i n t o s e v e r a l 

f r a c t i o n s based on molecular weight. P r o d u c t i o n of 

the l a r g e molecular weight ( p a r t i c u l a t e ) f r a c t i o n , 

which produced a c l e a r - t y p e plaque on s e v e r a l 

i n d i c a t o r s , was temperature s e n s i t i v e whereas the 

sm a l l e r molecular weight f r a c t i o n s were temperature 

independent and produced sparse or d i f f u s e plaques. 

The a d d i t i o n of an outer membrane s t a b i l i z i n g agent 

r e s u l t e d i n the d e t e c t i o n of t o t a l c a r o t o v o r i c i n 
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a c t i v i t y at 20 C i n one l a r g e molecular weight peak 

which contained p a r t i c l e s resembling pyocins and 

when bioassayed, produced c l e a r - t y p e plaques. 

The R-type pyocins of Pseudomonas aeruginosa 

have s t r u c t u r e s which are c l o s e l y r e l a t e d both 

m o r p h o l o g i c a l l y and s e r o l o g i c a l l y to bacteriophage 

t a i l s (Oshumi et al. 1980). They have been 

con s i d e r e d model systems f o r p a r t i c u l a t e 

b a c t e r i o c i n s . The d i s t i n g u i s h i n g c h a r a c t e r i s t i c of 

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

against a range of i n d i c a t o r s t r a i n s . T h i s has l e d 

to a d i v i s i o n of the R-type pyocins i n t o f i v e 

s p e c i f i c i t y groups (Shinomiya et al. 1979). 

A n a l y s i s of the p r o t e i n subunits of these pyocins 

showed an almost i d e n t i c a l composition with s m a l l 

d i f f e r e n c e s noted i n the t a i l f i b e r r e g i o n (Oshumi 

et al. 1980). These small d i f f e r e n c e s were 

detected i n c r o s s - a d s o r p t i o n s t u d i e s u s i n g s p e c i f i c 

a n t i s e r a and has l e d to the c o n c l u s i o n that these 

f i b e r s are a major determinant i n the a c t i v i t y 

spectrum of a given pyocin (Oshumi et al. 1980). 

The g e n e t i c determinants f o r pyocin p r o d u c t i o n are 

thought to be l o c a t e d on the b a c t e r i a l chromosome 

and i n most cases pyocin p r o d u c t i o n i s not a 
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temperature s e n s i t i v e t r a i t . 

G enetic t r a n s f e r from an Erwinia c a r o t o v o r i c i n 

producer (Ecc s t r a i n 379) to Escherichia coli 

showed that a l a r g e molecular weight s e l f -

t r a n s m i s s i b l e plasmid i n Ecc s t r a i n 379 coded f o r 

erythromycin and chloramphenicol r e s i s t a n c e , the 

pro d u c t i o n of a small molecular weight b a c t e r i o c i n 

component and the p r o l i f e r a t i o n of s u r f a c e v e s i c l e s 

or blebs (Chapter 2). The small molecular weight 

c a r o t o v o r i c i n component produced by E. coli 

transconjugants had the same a c t i v i t y spectrum as 

the small molecular weight f r a c t i o n i s o l a t e d from 

non-induced c u l t u r e s of wi l d - t y p e Ecc s t r a i n 379 

grown at 20 C or induced Ecc 379 grown at 37 C. 

The purpose of t h i s study was to develop antiserum 

to the l a r g e molecular weight f r a c t i o n of 

c a r o t o v o r i c i n - 3 7 9 and to determine the r e l a t e d n e s s 

of the mature i n t a c t p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 

and the p a r t i c u l a t e and s o l u b l e forms of 

c a r o t o v o r i c i n produced by wi l d - t y p e Ecc 379 and 

s e v e r a l Ecc x E. coli t r a n s c o n j u g a n t s . 
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MATERIALS AND METHODS 

B a c t e r i a l s t r a i n s 

B a c t e r i a l s t r a i n s used and transconjugants were 

obtained as o u t l i n e d i n Chapters 1 and 2. Media 

and growth c o n d i t i o n s were d e s c r i b e d i n Chapters 1 

and 2. C o n c e n t r a t i o n and f r a c t i o n a t i o n of 

c a r o t o v o r i c i n were performed as o u t l i n e d i n Chapter 

1. 

Development of Antiserum 

C a r o t o v o r i c i n - 3 7 9 was concentrated as 

p r e v i o u s l y d e s c r i b e d from Ecc s t r a i n 379 grown i n 

minimal M9 media at 20 C, 48 h a f t e r i n d u c t i o n . 

Concentrated p r o t e i n from 100 ml of c u l t u r e 

supernatant was analysed by Sephacryl S-300 column 

chromatography as p r e v i o u s l y d e s c r i b e d (Chapter 1 

and 2). The l a r g e molecular weight peak was pooled 

and bioassayed to confirm a c t i v i t y . Ten m i l l i g r a m s 

of p r o t e i n was mixed and e m u l s i f i e d with an equal 

volume of Freunds complete adjuvant (Sigma). This 

was i n j e c t e d i n t r a m u s c u l a r l y i n t o the hind l e g of a 

r a b b i t , once a week, f o r 5 cons e c u t i v e weeks. On 

the 6th week, 20 ml of blood, c o l l e c t e d from the 
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ear v e i n , was allowed to c l o t at room temperature 

f o r 1 hour (h) f o l l o w e d by 12 h ( o v e r n i g h t ) at 4 C. 

The remaining serum was c l a r i f i e d by low speed 

c e n t r i f u g a t i o n (8000 x g) f o r 25 minutes (min). 

C l a r i f i e d serum was s t o r e d i n 1 ml a l i q u o t s at -20 

C. 

R a d i a l Immunodiffusion 

C l a r i f i e d serum was d i l u t e d 1/100 i n 0.5% noble 

agar ( D i f c o ) i n 5OmM sodium phosphate b u f f e r pH 7.4 

+ 0.85% NaCl (PBS) and poured i n t o p e t r i dishes to 

a depth of 0.3 cm. Twenty u l of c u l t u r e 

supernatant were added to pre-cut w e l l s and the 

p l a t e s incubated f o r 24-48 h at 25 C. 

Immuno-sensitive E l e c t r o n Microscopy (ISEM) 

P o l y c l o n a l antiserum was used to " t r a p " 

b a c t e r i o c i n p a r t i c l e s on EM g r i d s ( H i l l 1984) by 

s e q u e n t i a l l y f l o a t i n g carbon c o l l o i d i o n g r i d s on 

one drop of the f o l l o w i n g s o l u t i o n s f o r the 

i n d i c a t e d times: a) 1/2000 d i l u t i o n of antiserum 

i n PBS f o r 15 min at 22 C; b) PBS pH 7.4 f o r 10 min 

at 22 C; and c) f i l t e r - s t e r i l i z e d c u l t u r e f l u i d f o r 

15 min at 22 C. Grids were s t a i n e d with 10-12 
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drops of 2% phosphotungstic a c i d (PTA) pH 7.0 and 

viewed on a P h i l l i p s EM-300 e l e c t r o n microscope. 

Subsequent d e c o r a t i o n of trapped p a r t i c l e s 

( H i l l 1984) was accomplished by f u r t h e r i n c u b a t i o n s 

on PBS pH 7.4 f o r 10 min at 22 C f o l l o w e d by 1/1000 

d i l u t i o n of antiserum i n PBS f o r 15 min at 22 C. 

Gr i d s were s t a i n e d and viewed as above. 

Sodium Dodecyl Sulphate P o l y a c r y l a m i d e Gel 

E l e c t r o p h o r e s i s (SDS-PAGE) 

E l e c t r o p h o r e s i s was c a r r i e d out i n 0.5 mm 8.0% 

acrylamide u s i n g T r i s - g l y c i n e - S D S , e s s e n t i a l l y 

f o l l o w i n g the d i s c o n t i n u o u s system o u t l i n e d by 

Laemmili (Laemmili 1970; Laemmili and F a r r e 1973). 

Concentrated supernatants were d i s s o l v e d i n l o a d i n g 

b u f f e r (lOOmM T r i s - H C l pH 6.8 with 2% SDS and 5% 

beta-mercaptoethanol), b o i l e d f o r 2 min and 

e l e c t r o p h o r e s e d at 18 mA f o r 1.5 h u s i n g a m i n i -

v e r t i c a l s l a b g e l u n i t (Hoefer S c i e n t i f i c SE-200). 

Gels were s t a i n e d e i t h e r f o r p r o t e i n or used f o r 

Western b l o t s ( e l e c t r o b l o t t i n g ) . 

P r o t e i n d e t e c t i o n was accomplished by s t a i n i n g 

g e l s with 0.5% Coomassie b r i l l i a n t blue R-250 i n 

45% methanol, 10% a c e t i c a c i d (v/v) f o r 1 h 
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f o l l o w e d by d e s t a i n i n g i n 20% methanol, 10% a c e t i c 

a c i d ( v / v ) . Gels were preserved by d r y i n g at 65 C 

on a homemade s l a b - g e l dryer. Gels f o r b l o t t i n g 

were soaked i n t r a n s f e r b u f f e r (25mM T r i s , 192raM 

G l y c i n e , 20% Methanol; pH 8.3) f o r 1 h f o l l o w e d by 

e l e c t r o b l o t t i n g and immuno-detection of p r o t e i n s . 

P r o t e i n standards (Sigma) ranged from 30-200 

k i l o d a l t o n s . 

Western B l o t t i n g 

The t r a n s f e r of p r o t e i n s to n i t r o c e l l u l o s e 

(Western B l o t t i n g ) (Towbin et al. 1979; Gershoni 

and Palade, 1983) was accomplished at 40 V, 150 mA 

f o r 12 h i n a homemade b l o t t i n g apparatus with 

s t a i n l e s s s t e e l rod e l e c t r o d e s . A f t e r b l o t t i n g , 

n i t r o c e l l u l o s e with t r a n s f e r r e d p r o t e i n s was washed 

t h r i c e f o r 15 min each i n 20mM T r i s 500mM NaCl, pH 

7.5 (TBS). P r o t e i n b i n d i n g s i t e s were blocked with 

a mixture of 2% g e l a t i n and bovine serum albumin 

(BSA) (Sigma) (1 mg/ml) i n TBS f o r 2 h at 37 C. 

The b l o t was washed twice f o r 15 min each i n TBS 

and incubated i n a 1/1000 d i l u t i o n of p o l y c l o n a l 

antiserum + 0.1% BSA i n TBS f o r 2 h at 37 C. This 

was f o l l o w e d by two 15-minute washes i n TBS and 
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i n c u b a t i o n i n a 1/1500 d i l u t i o n of goat a n t i - r a b b i t 

IgG-horseradish peroxidase conjugate (Sigma) i n TBS 

+ 0.1% BSA f o r 2 h at 37 C. The b l o t was washed 

twice f o r 15 min each i n TBS and incubated f o r 5-15 

min i n s u b s t r a t e b u f f e r (50mM T r i s - H C l pH 7.5) 

c o n t a i n i n g 1 mg/ml diaminobenzidine (DAB) + 1% 

hydrogen peroxide (added immediately before use). 

The r e a c t i o n was stopped by r a p i d d i l u t i o n of 

s u b s t r a t e i n TBS. B l o t s were d r i e d and s t o r e d 

between paper towels. 

RESULTS 

Antiserum a g a i n s t the l a r g e molecular weight 

f r a c t i o n ( p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 ) r e a c t e d 

with the homologous antigen and produced s e v e r a l 

c i r c u l a r p r e c i p i t i n l i n e s i n r a d i a l immunodiffusion 

(RID) ( F i g . 1). These p a t t e r n s were i d e n t i c a l 

r e g a r d l e s s of the growth medium used (LB or minimal 

medium). Non-induced c u l t u r e s of Ecc s t r a i n 379 

a l s o produced b a c t e r i o c i n which r e a c t e d i n RID with 

antiserum against p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 

( F i g . 1). CVP + E. coli transconjugants 
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379 i n d u c e d (M9) 

CVP" w i l d - t y p e 
t r a n s c o n j u g a n t 

1/5 d i l u t i o n 
o f 379 i n d u c e d 

379 i n d u c e d (M9) CVP + E. coli 
t r a n s c o n j u g a n t 

379 i n d u c e d (LB) 379 n o n - i n d u c e d 

E. coli HB101 
c o n t r o l 

379 n on-
i n d u c e d (LB) 

ft) x s p i l l 

CVP" R68.45 
m e d i a t e d 
t r a n s c o n j u g a n t 

E. coli 
R68.45 c o n t r o l 

F i g u r e 1. R a d i a l i m m u n o d i f f u s i o n a n a l y s i s o f t h e 
r e l a t i o n s h i p between p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 
p r o d u c e d by Erwinia carotovora s u b s p . carotovora 
s t r a i n 379 (Ecc 379) and Ecc 379 x E. coli t r a n s 
c o n j u g a n t s . Agar c o n t a i n i n g a f i n a l d i l u t i o n o f 
1/100 o f p o l y c l o n a l a n t i s e r u m a g a i n s t p a r t i c u l a t e 
c a r o t o v o r i c i n - 3 7 9 was p o u r e d . Cut w e l l s were 
f i l l e d w i t h s u p e r n a t a n t s from Ecc 379, Escherichia 
coli and E. coli t r a n s c o n j u g a n t s . 
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c o n s t i t u t i v e l y produced b a c t e r i o c i n s with 

p r e c i p i t i n p a t t e r n s s i m i l a r to those of induced 

c u l t u r e s of Ecc s t r a i n 379. A l l CVP" 

transconjugants produced only one major p r e c i p i t i n 

band ( F i g . l ) . 

Immuno-sensitive E l e c t r o n Microscopy (ISEM) 

Antiserum d i r e c t e d a g a i n s t p a r t i c u l a t e 

b a c t e r i o c i n "trapped" a s i g n i f i c a n t l y h i g h e r number 

of p a r t i c l e s from 5 u l of an induced c u l t u r e 

supernatant ( F i g . 2a and 2b). Trapped p a r t i c l e s 

i n c l u d e d : i n t a c t c a r o t o v o r i c i n with and without 

attached heads, empty sheaths, cores and heads. In 

a d d i t i o n , p a r t i a l l y formed or d i s r u p t e d b a c t e r i o c i n 

p a r t i c l e s were a l s o trapped on the same g r i d ( F i g . 

2b arrow). 

When trapped p a r t i c l e s were exposed to 

a d d i t i o n a l antiserum they became coated ( F i g . 2c). 

Although they resembled i n t a c t p a r t i c u l a t e 

c a r o t o v o r i c i n - 3 7 9 , t h e i r o u t l i n e s appeared l e s s 

d i s t i n c t ( F i g . 2 c ) . In most cases these decorated 

p a r t i c l e s appeared out of focus but c l o s e 

examination r u l e d out t h i s p o s s i b i l i t y . The 

p a r t i c l e s were i n f a c t h e a v i l y coated with 



8 6 

Figure 2. D e t e c t i o n o f b a c t e r i o c i n s p r o d u c e d by 
m i t o m y c i n C i n d u c e d Erwinia carotovora s u b s p . 
carotovora s t r a i n 379 by i m m u n o s e n s i t i v e e l e c t r o n 
m i c r o s c o p y e m p l o y i n g p o l y c l o n a l a n t i s e r u m r a i s e d 
a g a i n s t t h e l a r g e m o l e c u l a r w e i g h t peak o b t a i n e d by 
S e p h a c r y l S-300 f r a c t i o n a t i o n o f s u p e r n a t a n t s 
(Bars=100nm). 

a. B a c t e r i o c i n p a r t i c l e s r e t a i n e d on u n c o a t e d 
g r i d r e c e i v i n g 5 u l o f s u p e r n a t a n t f r o m an 
i n d u c e d c u l t u r e ; 

b. 5 u l o f s u p e r n a t a n t from an i n d u c e d c u l t u r e 
a p p l i e d t o a g r i d p r e - c o a t e d w i t h p o l y c l o n a l 
a n t i s e r u m t o b a c t e r i o c i n ( t r a p p e d b a c t e r 
i o c i n ) . (Arrow shows p a r t i a l l y d i s r u p t e d 
p a r t i c l e ) . 

c. T r a p p e d b a c t e r i o c i n as i n b, e x p o s e d t o a 
s e c o n d i n c u b a t i o n w i t h p o l y c l o n a l a n t i s e r u m 
( d e c o r a t i o n ) . 
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a n t i b o d i e s and as a r e s u l t were sometimes curved or 

s l i g h t l y d i s t o r t e d ( F i g . 2 c). 

SDS-PAGE 

Poly a c r y l a m i d e gel e l e c t r o p h o r e s i s showed that 

the supernatant p r o t e i n composition of Ecc 379 was 

complex and dependent on both the i n c u b a t i o n 

temperature of the producing s t r a i n , and the 

i n c o r p o r a t i o n of an i n d u c i n g agent ( F i g . 3a). At 

20 C, i n d u c t i o n with mitomycin C (0.2 ug/ml) 

r e s u l t e d i n a marked i n c r e a s e i n s e v e r a l high and 

low molecular weight p r o t e i n subunits i n a d d i t i o n 

to a general i n c r e a s e i n a l l p r o t e i n subunits found 

i n non-induced c u l t u r e supernatants ( F i g . 3a). 

Incubation at 37 C reduced supernatant p r o t e i n 

c o n c e n t r a t i o n s by approximately 5 0 - f o l d and 

a b o l i s h e d the i n d u c t i o n mechanism a c t i v e at 20 C 

( F i g . 3a). 

A l l E. coli transconjugants showed a general 

i n c r e a s e i n p r o t e i n content i n supernatants when 

compared with w i l d - t y p e E. coli ( F i g . 3b and 3c). 

CVP + E. coli transconjugants produced supernatant 

p r o t e i n p r o f i l e s i n d i s t i n g u i s h a b l e from induced Ecc 

s t r a i n 379 ( F i g . 3b and 3c). However, u n l i k e Ecc 
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F i g u r e 3. SDS-polyacrylamide g e l e l e c t r o p h o r e s i s 
of concentrated supernatants of Erwinia carotovora 
subsp. carotovora s t r a i n 379 and Escherichia coli 
t r a n s c o n j u g a n t s . 

a. E f f e c t of temperature and mitomycin C on 
pro d u c t i o n of supernatant p r o t e i n s by Ecc 379: 
Lanes: 
1) Induced at 20 C; 

2,3) Peak 2 from Sephacryl S-300 f r a c t i o n a t e d 
non-induced c u l t u r e at 20 C; 

4) Induced at 20 C; 
5,6) Non-induced at 20 C; 

7) Non-induced at 37 C; 
8) Induced at 37 C; 

9,10) Induced at 20 C. 

b. Comparison of Ecc 379 with E. coli 
t r a n s c o n j u g a n t s : 
Lanes: 
1) Sigma standards (30 to 200 KD); 
2) R68.45 CVP" transconjugants; 
3) CVP~ wi l d - t y p e mated transconjugant; 
4) CVP + R68.45 transconjugant; 
5) Ecc 379 induced at 20 C; 
6) Ecc 379 non-induced at 20 C; 
7) E. coli HB101 c o n t r o l ; 

8,9) Sigma standards (30 to 200 KD). 

c. Comparison of Ecc 379 with E. coli 
transconjugants: 
Lanes: 
1) Sigma standards (30 to 200 KD) ; 
2) E. coli HB101/R68.45 c o n t r o l ; 
3) Ecc 379 non-induced at 20 C; 
4) Ecc 379 induced at 20 C; 
5) E. coli R68.45 CVP + transconjugant; 
6) CVP" R68.45 transconjugant; 
7) HB101 wi l d - t y p e mated transconjugant CVP -; 

8,9) Ecc 379 at 37 C; 
10) Sigma standards (30 to 200 KD). 



89 



90 

s t r a i n 379, the p r o t e i n s produced by CVP + E. coli 

were independent of both an in d u c i n g agent or 

temperature. CVP" E. coli transconjugants i n 

genera l , produced higher l e v e l s of e x t r a c e l l u l a r 

p r o t e i n than w i l d - t y p e E. coli HB101. A comparison 

of p r o t e i n s produced by CVP + E. coli or induced 

Erwinia, with CVP" E. coli transconjugants showed 

that s e v e r a l h i g h and low molecular weight p r o t e i n 

subunits were not produced by CVP" transconjugants 

( F i g . 3b and 3c), and no p a r t i c u l a t e b a c t e r i o c i n 

was seen by EM. 

Western B l o t t i n g 

Most p r o t e i n bands of the homologous antigen, 

when b l o t t e d to n i t r o c e l l u l o s e , r e a c t e d with the 

antiserum a g a i n s t p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 

( F i g . 4). The most r e a c t i v e subunits of the 

homologous antigen were the high and low molecular 

weight components ( F i g . 4 ) . These components were 

i n lower c o n c e n t r a t i o n i n non-induced c u l t u r e s and 

absent from CVP" transc o n j u g a n t s . A comparison of 

immuno-reactive supernatant p r o t e i n s from CVP + E. 

c o l i transconjugants with those of induced Ecc 

i l l u s t r a t e d some d i f f e r e n c e s i n the low molecular 
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1 2 3 4 5 6 7 8 

Fi g u r e 4. Western b l o t on n i t r o c e l l u l o s e of 
supernatant p r o t e i n s from Erwinia carotovora subsp. 
carotovora s t r a i n 379 and Escherichia coli t r a n s 
conjugants f o l l o w e d by immunodetection u s i n g 
p o l y c l o n a l antiserum against p a r t i c u l a t e 
c a r o t o v o r i c i n - 3 7 9 . Lanes: 

1) Wild-type mated CVP" E. coli transconjugant; 
2) Non-induced Ecc 379 at 20 C; 
3) Induced Ecc 379 at 20 C; 
4) CVP + R68.45 mediated E. coli transconjugant; 
5) CVP" R68.45 mediated E. coli transconjugant; 
6) Wild-type mated CVP" E. coli transconjugant 

with pBR322; 
7) E. coli HB101 with R68.45 c o n t r o l ; 
8) CVP" R68.45 mediated E. coli transconjugant 

with pBR322. 
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weight region, in sp i te of no apparent dif ferences 

in bac ter ioc in a c t i v i t y or appearance (v ia EM or 

SDS-PAGE). CVP+ transconjugants showed a 

r e l a t i v e l y smaller percentage of immuno-reactive 

subunits ( F i g . 4) when compared to the react ive 

proteins of Ecc ( F i g . 3b and 3c). 

D I S C U S S I O N 

The prote in subunit composition of 

carotovoric in-379 as analysed by SDS-PAGE and 

Western b l o t t i n g i l l u s t r a t e d a complex s tructure 

cons i s t ing of over 20 subunits with a wide range of 

molecular weights. The prote in composition of 

supernatants of CVP* E. coli transconjugants as 

seen by SDS-PAGE was i d e n t i c a l to wi ld-type 

Erwinia. These CVP* transconjugants produced 

b a c t e r i o c i n at 37 C without an inducing agent ( F i g . 

3c and 4) . In contrast , an inducing agent 

dramat ica l ly increased the bac ter ioc in t i t r e at 20 

C in Erwinia but had no effect at 37 C ( F i g . 4). 

CVP~ transconjugants released prote ins , some of 

which corresponded to bands present in wi ld-type 
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c a r o t o v o r i c i n - 3 7 9 . The most obvious d i f f e r e n c e was 

the absence of high and low molecular weight 

p r o t e i n s u b u n i t s . 

Immuno-detection of b l o t t e d p r o t e i n s by 

antiserum against p a r t i c u l a t e b a c t e r i o c i n 

demonstrated that p a r t i c u l a t e b a c t e r i o c i n produced 

by CVP + E. coli was very c l o s e l y r e l a t e d to w i l d -

type c a r o t o v o r i c i n - 3 7 9 produced by Ecc s t r a i n 379. 

However, small d i f f e r e n c e s were noted i n the low 

molecular weight r e g i o n . The most obvious 

d i f f e r e n c e was the presence i n the Ecc b a c t e r i o c i n 

of a s t r o n g l y immuno-reactive band corresponding to 

about 15,000 MW. This i s most l i k e l y due to an 

outer membrane component of the c a r o t o v o r i c i n - 3 7 9 

and the a n t i g e n i c d i f f e r e n c e s i n the outer membrane 

components of the Ecc and E. coli producers. In 

a d d i t i o n , some p r o t e i n subunits were detected with 

g r e a t e r s e n s i t i v i t y . This was most l i k e l y due to 

t h e i r d i f f e r e n t immunogenic p r o p e r t i e s and 

p o s i t i o n s i n the i n t a c t p a r t i c u l a t e b a c t e r i o c i n . 

CVP" transconjugants showed three immuno-reactive 

small molecular weight subunits and one l a r g e 

subunit which was a l s o present i n CVP + 

t r a n s c o n j u g a n t s . CVP + transconjugants contained an 
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a d d i t i o n a l l a r g e molecular weight (about 150 kd) 

p r o t e i n and s e v e r a l very low molecular weight 

components ( l e s s than 20,000) not present i n CVP" 

trans c o n j u g a n t s . A comparison of p r o t e i n s t a i n e d 

bands with immuno-stained bands showed that a l a r g e 

number of p r o t e i n subunits d i d not s t a i n 

immunogenically i n CVP" t r a n s c o n j u g a n t s . This 

r e d u c t i o n i n immunoreactive p r o t e i n s does not seem 

to be as obvious i n CVP + transconjugants and may 

r e f l e c t a pre f e r e n c e i n a h y p o t h e t i c a l s e c r e t i o n 

system f o r Erwinia-derived p r o t e i n s . CVP -

transconjugants produced fewer Erwinia-Aerived 

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

s u b s t i t u t i o n of E. coli p e r i p l a s m i c p r o t e i n s . This 

hypothesis was supported by the f a c t that CVP" 

transconjugants produce s u r f a c e v e s i c l e s and that 

a l k a l i n e phosphatase was found i n the supernatant 

of these transconjugants (Chapter 2). 

The p o l y c l o n a l antiserum developed a g a i n s t 

p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 c o n s i s t e n t l y r e a c t e d 

with the homologous an t i g e n . In a d d i t i o n , t h i s 

antiserum a l s o r e a c t e d with c a r o t o v o r i c i n produced 

by a l l E. coli t r a n s c o n j u g a n t s . This f a c t suggests 
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t h a t t h e low m o l e c u l a r w e i g h t c a r o t o v o r i c i n i s a 

component o f i n t a c t p a r t i c u l a t e c a r o t o v o r i c i n . 
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G E N E R A L D I S C U S S I O N 

U l t r a s t r u c t u r a l examination of c a r o t o v o r i c i n -

379 and c a r o t o v o r i c i n - p r o d u c i n g c e l l s l e d to the 

hypothesis of a c a r o t o v o r i c i n r e l e a s e without l y s i s 

(Chapter 1). Supporting evidence f o r t h i s 

h y pothesis came from the f a c t t h at non-induced Ecc 

s t r a i n 379 produced p a r t i c u l a t e b a c t e r i o c i n 

c o n s t i t u t i v e l y with no d e t e c t a b l e r e d u c t i o n i n c e l l 

t u r b i d i t y or v i a b i l i t y . Examination of 

c a r o t o v o r i c i n - 3 7 9 w i t h i n the supernatant of non-

induced Ecc s t r a i n 379 showed that a c t i v i t y c o u l d 

be f r a c t i o n a t e d i n t o two components (Chapter 2). 

The higher molecular weight component was much more 

e f f e c t i v e at i n h i b i t i n g i n d i c a t o r s t r a i n s than the 

s m a l l e r molecular weight component (Chapters 1 and 

2). Induction with DNA damaging agents skewed the 

p r o p o r t i o n of b a c t e r i o c i n i n the supernatant 

towards the higher molecular weight component 

(Chapter 1). A more c a r e f u l examination of t h i s 

i n d u c t i o n process i l l u s t r a t e d a gradual stepwise 

i n c r e a s e i n the molecular weight of c a r o t o v o r i c i n -

379 (Chapter 1). 
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Examination of induced producing c e l l s 

i n d i c a t e d that a small p r o p o r t i o n (about 10%) of 

these c e l l s contained s u b u n i t - l i k e s u r f a c e 

p r o j e c t i o n s at v a r i o u s stages of e l o n g a t i o n 

(Chapter 1). S t r u c t u r a l examination of 

c a r o t o v o r i c i n - 3 7 9 showed that the c e l l u l a r 

p r o j e c t i o n s resembled the c e n t r a l cores of 

p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 (Chapter 1). In 

a d d i t i o n , the e n t i r e c a r o t o v o r i c i n p a r t i c l e seemed 

to be arranged i n a modular manner surrounding 

these c e n t r a l cores (Chapter 1). It was 

hypothesized that these c e l l u l a r p r o j e c t i o n s 

represented the c e n t r a l cores of c a r o t o v o r i c i n and 

that i n t a c t p a r t i c u l a t e b a c t e r i o c i n may be formed 

by an i n d u c i b l e a d d i t i o n of components to these 

cores r e s u l t i n g i n an i n c r e a s e i n molecular weight 

and b i o a c t i v i t y . In order to 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 , c a r o t o v o r i c i n p a r t i c l e s and c e l l u l a r 

p r o j e c t i o n s were examined by EM at s e v e r a l stages 

a f t e r i n d u c t i o n (Chapter 1). The r e s u l t s showed 

that c a r o t o v o r i c i n - 3 7 9 p a r t i c l e s g r a d u a l l y 

i n c r e a s e d i n s i z e , molecular weight, and 

b i o a c t i v i t y a f t e r i n d u c t i o n . In a d d i t i o n , c e l l u l a r 

p r o j e c t i o n s were observed which resembled these 
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d i f f e r e n t c a r o t o v o r i c i n p a r t i c l e s (Chapter 1). 

An examination of f r a c t i o n a t e d c a r o t o v o r i c i n -

379 showed that the high molecular weight component 

contained i n t a c t p a r t i c u l a t e c a r o t o v o r i c i n i n both 

extended and c o n t r a c t e d forms, whereas the low 

molecular weight component contained separated 

components of c a r o t o v o r i c i n - 3 7 9 (Chapter 1). Based 

on these o b s e r v a t i o n s , a h y p o t h e t i c a l model f o r 

c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n was developed i n 

Chapter 1. The model o u t l i n e d the c o n s t r u c t i o n of 

c a r o t o v o r i c i n - 3 7 9 at the l e v e l of the outer 

membrane by induced or non-induced c e l l s . 

In the model, c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n was 

hypothesized as an i n d u c i b l e a d d i t i o n of p r o t e i n 

subunits to a f i m b r a e - l i k e p r o j e c t i o n . This 

p r o j e c t i o n formed the c e n t r a l core of 

c a r o t o v o r i c i n - 3 7 9 and swe l l e d t e r m i n a l l y i n a 

v e s i c l e or head. In the non-induced s t a t e 

p a r t i a l l y a c t i v e c a r o t o v o r i c i n components 

accumulated i n the p e r i p l a s m i c space and were 

s e c r e t e d i n membrane v e s i c l e s or b l e b s . 

An i n t e r e s t i n g f e a t u r e of p a r t i c u l a t e 

c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n was that i t i s 

temperature s e n s i t i v e (Chapter 2). Sev e r a l other 
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phenotypes, i n c l u d i n g c e l l l y s i s f o l l o w i n g 

i n d u c t i o n and a n t i b i o t i c r e s i s t a n c e , were a l s o 

temperature s e n s i t i v e i n Ecc 379 (Chapter 2). This 

f a c t i n t r o d u c e d the p o s s i b l e involvement of plasmid 

DNA i n the pr o d u c t i o n of c a r o t o v o r i c i n - 3 7 9 . 

Genetic t r a n s f e r from Ecc to E. coli mediated by 

R68.45 (Chapter 2) suggested that p a r t i c u l a t e 

b a c t e r i o c i n was coded f o r by chromosomal 

c o n s t i t u e n t s (Chapter 2). However, conjugation 

s t u d i e s without a m o b i l i z a t i o n v e c t o r showed that 

Ecc 379 harboured a l a r g e molecular weight plasmid 

which was s e l f - t r a n s m i s s i b l e , and coded f o r 

erythromycin and chloramphenicol r e s i s t a n c e and the 

pr o d u c t i o n of a low molecular weight b a c t e r i o c i n 

component (Chapter 2). This component corresponded 

i n a c t i v i t y and s i z e to the p a r t i a l l y a c t i v e low 

molecular weight component of c a r o t o v o r i c i n - 3 7 9 . 

A n a l y s i s of transconjugants by EM (Chapter 2) 

showed a p r o l i f e r a t i o n of s u r f a c e v e s i c l e s or 

"bl e b s " . In a d d i t i o n , membrane v e s i c l e s and the 

p e r i p l a s m i c enzyme a l k a l i n e phosphatase were found 

i n the supernatant of these c e l l s (Chapter 2). 

The p r o d u c t i o n of membrane v e s i c l e s and 

e x t e r n a l a l k a l i n e phosphatase has been shown i n 
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s e v e r a l pseudomonad s p e c i e s . Some are i n v o l v e d i n 

food s p o i l a g e and membrane v e s i c l e s have been shown 

to i n c r e a s e the presence of a p a r t i c u l a r s o l i d 

s u b s t r a t e (Wing 1984). These v e s i c l e s have 

r e c e n t l y been shown to be i n v o l v e d i n enzyme 

s e c r e t i o n (Thompson et al. 1985) U n l i k e most 

b a c t e r i a , Erwinia produces a wide v a r i e t y of 

exoenzymes, some of which may be i n v o l v e d i n 

p a t h o g e n i c i t y . The outer membrane of gram negative 

b a c t e r i a provides a s u b s t a n t i a l b a r r i e r to r e l e a s e 

of p r o t e i n s (Nikaido 1985). Thus a s e c r e t o r y 

system f o r macerating enzymes and p o s s i b l y 

c a r o t o v o r i c i n components i n Erwinia i s necessary. 

The formation of membrane v e s i c l e s i n E. coli 

transconjugants and the e x t e r n a l r e l e a s e of 

a l k a l i n e phosphatase (Chapter 2) along with a 

general i n c r e a s e i n p r o t e i n s found i n 

transconjugant supernatants (Chapter 3) i n t r o d u c e s 

an a d d i t i o n a l involvement of the Erwinia 

megaplasmid i n s e c r e t i o n . In a d d i t i o n , the 

p r o d u c t i o n of a low molecular weight b a c t e r i o c i n 

component which corresponds in a c t i v i t y and plaque 

morphology to the low molecular weight 

c a r o t o v o r i c i n components i s o l a t e d i n Chapter 1 
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suggests that carotovoricin-379 production may 

involve both plasmid and chromosomal const i tuents . 

The low molecular weight carotovoricin-379 

component was shown in Chapter 1 to be dependent 

upon induction and the incorporat ion of magnesium 

in media. The model (Chapter 1) explained th i s 

component as a prematurely released, p a r t i a l l y 

act ive b a c t e r i o c i n component. The effect of 

magnesium presumably s t a b i l i z e d outer membrane 

ves i c l e s i n h i b i t i n g th i s premature release (Chapter 

1). The representation in the model assumed that 

the low molecular weight component was a subset of 

components phys i ca l l y associated with intact 

p a r t i c u l a t e carotovoricin-379. Support for th i s 

came from the fact that po lyc lonal antiserum, 

developed against p a r t i c u l a t e carotovoricin-379 

reacted with the low molecular weight component 

produced by CVP" transconjugants (Chapter 3). One 

poss ible explanation for th i s cross react ion may be 

that the plasmid encoded low molecular weight 

component could represent a group of proteins which 

have some bac ter ioc in a c t i v i t y but are required for 

the assembly of p a r t i c u l a t e carotovoricin-379. 

This i s not a novel explanation as K88 fimbrae in 
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E. coli have been shown to r e q u i r e a plasmid-

encoded outer membrane p r o t e i n f o r f i m b r a l 

assembly. The absence of t h i s p o l y p e p t i d e r e s u l t s 

i n the accumulation of f i m b r a l conponents i n the 

p e r i p l a s m (Hammond et al. 1984). 

In order to s p e c u l a t e f u r t h e r on the nature of 

the low molecular weight component of Ecc 379, an 

examination of the mode of a c t i o n of c a r o t o v o r i c i n 

r e q u i r e s c o n s i d e r a t i o n . Itoh et al. (1980a) found 

that b i n d i n g of p a r t i c u l a t e c a r o t o v o r i c i n by 

i n d i c a t o r s had at l e a s t two d i s t i n c t d i r e c t 

e f f e c t s . These two e f f e c t s were c e l l l y s i s and 

metabolic death. In phospholipase A minus mutants, 

no d e t e c t a b l e c e l l l y s i s was seen. The c e l l s , 

however, were m e t a b o l i c a l l y i n a c t i v e ( I t o h et al. 

1981). This metabolic death was shown to be due to 

a l o s s i n the e n e r g i z e d s t a t e of the membrane which 

i s used f o r ATP s y n t h e s i s and n u t r i e n t uptake ( I t o h 

et al. 1982). In e a r l i e r work by Itoh's group, i t 

was shown that p a r t i c u l a t e c a r o t o v o r i c i n c o ntained 

an a c t i v a t o r of membrane bound phospholipase. This 

a c t i v a t o r was shown to cause c e l l l y s i s i n w i l d -

type i n d i c a t o r s but not i n phospholipase mutants. 

It was assumed that t h i s phospholipase a c t i v a t i o n 
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was the primary mode of a c t i o n of c a r o t o v o r i c i n . 

However, the phospholipase A mutants which bound 

c a r o t o v o r i c i n although i n t a c t were s t i l l 

m e t a b o l i c a l l y i n a c t i v e ( I t o h er a i . 1982). 

In view of the complex s t r u c t u r e of 

c a r o t o v o r i c i n , i t i s q u i t e c o n c e i v a b l e that a 

phospholipase a c t i v a t o r may be coded f o r by the 

s e l f - t r a n s m i s s i b l e plasmid observed i n Erwinia. 

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

s p e c t r a dependent upon the amount and type of 

phospholipase present i n i n d i c a t o r s t r a i n s . 

However, the primary mode of a c t i o n of 

c a r o t o v o r i c i n i s the i n a c t i v a t i o n of the energized 

s t a t e of the membrane which may be due to the 

formation of n o n - s p e c i f i c ion channels by the 

c e n t r a l core of the p a r t i c l e . This s t a t e would 

r e s u l t i n a degeneration of the proton motive f o r c e 

(pmf) which r e s u l t s from metabolism. The constant 

r e g e n e r a t i o n of t h i s chemical and pH gr a d i e n t 

allows c e l l s to couple thermodynamically f a v o u r a b l e 

tendencies to ATP s y n t h e s i s and n u t r i e n t uptake. 

Degeneration of the pmf would r e s u l t i n a c e s s a t i o n 

of metabolism. This type of k i l l i n g a c t i v i t y has 
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been r e p o r t e d u s i n g mutant T4 phage w h i c h c o n t a i n 

empty heads (T4 g h o s t ) ( L e w i n 1977). 
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S U M M A R Y 

1) S e v e r a l forms of c a r o t o v o r i c i n - 3 7 9 which 

d i f f e r e d i n appearance, molecular weight and 

b i o a c t i v i t y e x i s t e d i n the supernatant of 

producing c e l l s of Erwinia carotovora subsp. 

carotovora s t r a i n 379 (Ecc 379) grown i n the 

absence of magnesium. 

2) The l a r g e molecular weight p a r t i c u l a t e form of 

c a r o t o v o r i c i n - 3 7 9 , which gave a small c l e a r 

zone of i n h i b i t i o n when bioassayed, resembled a 

bacteriophage t a i l , was temperature sens

i t i v e and was i n d u c i b l e by mitomycin C. 

3) Prod u c t i o n of the low molecular weight form of 

c a r o t o v o r i c i n - 3 7 9 , which gave a d i f f u s e zone of 

i n h i b i t i o n when bioassayed, was e l i m i n a t e d i n 

media c o n t a i n i n g magnesium. 

4) S e v e r a l c e l l u l a r p r o j e c t i o n s were a l s o observed 

on producing c e l l s . These p r o j e c t i o n s may 

represent d i f f e r e n t stages of induced p a r t i c -
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u l a t e c a r o t o v o r i c i n c o n s t r u c t i o n on a fimbrae-

l i k e p r o j e c t i o n which s w e l l s to a detachable 

v e s i c u l a r head. 

5) Ecc 379 showed temperature s e n s i t i v e p r o d u c t i o n 

of p a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 , c e l l l y s i s 

a f t e r i n d u c t i o n , and r e s i s t a n c e to erythromycin 

and chloramphenicol. 

6) Ecc 379 contained a s e l f - t r a n s m i s s i b l e 

megaplasmid which coded f o r erythromycin and 

chloramphenicol r e s i s t a n c e , a low molecular 

weight component of c a r o t o v o r i c i n - 3 7 9 , and 

v e s i c l e formation which p o s s i b l y r e p r e s e n t s a 

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

7) The smal l molecular weight c a r o t o v o r i c i n - 3 7 9 

component coded f o r by the Erwinia plasmid i s 

s e r o l o g i c a l l y r e l a t e d to p a r t i c u l a t e b a c t e r i o 

c i n and con t a i n s p r o t e i n subunits found i n 

p a r t i c u l a t e b a c t e r i o c i n . 

8) P a r t i c u l a t e c a r o t o v o r i c i n - 3 7 9 p r o d u c t i o n i s 

coded f o r by both chromosomal and plasmid 
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d e t e r m i n a n t s as w i l d - t y p e p a r t i c l e s were o n l y 

p r o d u c e d i n E. coli when a chromosome m o b i l 

i z a t i o n v e c t o r (R68.45) was u s e d . 

C a r o t o v o r i c i n p r o d u c t i o n may be l i n k e d t o 

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

Erwinia e x o p r o t e i n s . 
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