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Materials and Methods
Page 60, line 21 : the tips of the leaves were embedded in the agar and held 
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SUMMARY

The e ffec ts  o f a number o f in h ib i to rs  of polyamine biosynthesis on the 

growth o f two species of b io tro p h ic  fung i, f iv e  species of necrotrophic 

fungi and one hemibiotroph were stud ied. The fungi used were:

1. Erysiphe qraminis DC. ex Herat f .s p .  hordei Marchai

2. U s t i1aqo maydis (DC.) Corda

3. Pythiurn ultimum Trow

4. Septori a nodorum (Berk.) Berk, apud and Br.

5. Pyrenophora teres Drechsler

6. Gaeumannomyces qraminis (Sacc.) v. Arx and O l iv ie r  f .s p .  t r i t i c i  

Walker

7. Fusarium culmorum (W.G.Sm.) Sacc.

8. Phytophthora infestans (Montague) de Bary.

The work carried out involved the fo llow ing  in h ib i to rs :

1. 2 -d if luo rom ethy lo rn ith ine  (DFMO)

2. (E )-2-(f luorom ethy l) dehydroornith ine (&-MFMO)

3. (E )-2-(f luorom ethy l) dehydroornithine methyl ester (&-MFMO.Me)

4. (2R, 5R)-6-heptyne-2, 5-diamine (RR-MAP)

5. 2-hydrazinoornith ine

6. 2-d if luorom ethylarg in ine (DFMA)

7. Methylglyoxal-bis (guanylhydrazone) (MGBG)

8. Cyclohexylamine (CHA)

Compounds 1-5 are in h ib i to rs  o f  o rn ith in e  decarboxylase, 6 in h ib i ts  

arg in ine decarboxylase, 7 is  an in h ib i to r  of S-adenosylmethionine 

decarboxylase and 8 in h ib i ts  spermidine synthase.
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The e ffec ts  o f each of these in h ib i to rs  on in fec t ion  o f barley leaves 

by mildew were examined. Leaves o f barley cv. Golden Promise were 

sprayed with various concentrations o f the in h ib ito rs  as post- inocu la 

t io n  treatments. DFMO, MGBG and a combination of the two were also 

applied as pre-inoculation treatments. A ll of the in h ib i to rs  s i g n i f i 

can tly  reduced mildew in fe c t io n .  With the exception o f the DFMA t r e a t 

ments, post-inoculation sprays were more e f fe c t ive  than p re - inocu la t ion  

ones. When DFMO, MGBG and DFMA were sprayed onto leaves at d i f fe re n t  

time in te rva ls ,  DFMO and MGBG most e f fe c t iv e ly  con tro lled  mildew when 

sprayed on the th i rd  day a f te r  inocu la t ion . DFMA was more e f f ic ie n t  as 

a pre-inocula tion treatment. Addition of polyamines to DFMO sprays 

increased mildew in fec t ion  compared to tha t resu lt ing  from the DFMO 

treatment alone, although in fe c t io n  was less than in the con tro l.  

Whereas pre-inoculation sprays o f putrescine and spermidine resulted in 

an increase in mildew in fe c t io n  by the f in a l  day o f measuring, the 

post- inocu la tion  treatments o f polyamines reduced mildew growth.

Several of the in h ib ito rs  (1-4 and 6-8) were used to examine th e i r  

e ffec ts  on growth of the remaining fungi iri v i t r o . This was achieved 

by supplementing growth media w ith  the in h ib ito rs  and also w ith po ly

amines, both alone and in combination with DFMO. Species-dependent 

responses to the in h ib i to rs  were observed and although growth o f some 

fungi (notably G. qraminis) was reduced by various in h ib i to rs ,  some 

increases in growth were noted a f te r  treatment. This was possib ly a 

re s u lt  of secondary enzyme production o r  overproduction o f the ta rge t 

enzyme, leading to an i n i t i a l  surge o f polyamine synthesis and enhanced 

growth. The effec ts  o f DFMO were reversed by the add it ion  of 

polyamines to the growth medium.
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Once i t  had been established th a t  the in h ib ito rs  did have an e f fe c t  on 

fungal growth, an attempt was made to  understand the processes involved 

in uptake of polyamines, precursors and DFMO by the fun g i.  F, culmorum 

and G. qraminis were selected fo r  th is  work because o f t h e i r  d i f fe re n t  

responses to the in h ib i to rs .  Uptake of the polyamines, o rn ith in e  and 

arg in ine appeared to  be b iphasic , w ith one system operating at low sub

s tra te  concentrations and another at high substrate concentrations. 

DFMO was taken up l in e a r ly  and was non-saturable over the concentra

t ions  studied. Uptake o f the amino acids and polyamines by F. culmorum 

was pH dependent and competition work suggests tha t pu trescine, spermi

dine and orn ith ine  have d i f fe re n t  uptake systems. However, uptake of 

DFMO was inh ib ited  in the presence of putrescine, spermidine and o rn i

th ine suggesting tha t i t s  uptake may not be l im ited  to  one uptake 

system. The reduction in uptake o f putrescine and DFMO by F. culmorum 

when sodium azide (a re sp ira to ry  in h ib i to r )  was added suggests a 

p a r t ia l  energy requirement. This was not the case fo r  spermidine 

uptake.

The fung i, when grown in the presence of DFMO did not generally show 

enhanced uptake of polyamines as may have been expected, perhaps 

because the in h ib i to r  can be rendered re la t iv e ly  in e f fe c t iv e  in long 

term studies by in t r a c e l lu la r  decarboxylation. Exposure to  MGBG, 

however, resulted in a decrease in uptake, possib ly due to 

mitochondrial damage or non-spec if ic  e ffec ts  o f th is  in h ib i to r .

Cations present w ith in  the growth and assay media affected uptake of 

polyamines by both F. culmorum and G. qraminis, w ith magnesium ions 

causing the greatest in h ib i to ry  e f fe c ts .
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SECTION 1 

INTRODUCTION



FIGURE 1. Crystals o f spermine phosphate in human semen. (Taken from 

Smith, 1972).
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1.1 POLYAMINES AND THEIR BIOSYNTHESIS

Research in to  polyamines (PAs) in plants, microorganisms and 

animals is  rap id ly  expanding. The importance o f these compounds 

came to l ig h t  in the 1970's when Merrell-Dow Pharmaceuticals 

synthesized spec if ic  in h ib i to rs  o f polyamine biosynthesis ca lled  

2-d if luo rom ethy lo rn ith ine  (DFMO) and 2-d if luorom ethy larg in ine  

(DFMA) (Metcalf et a jy , 1978; K a l l io ,  McCann and Bey, 1981). The 

use o f these and more recen tly  synthesized in h ib i to rs  is  helping 

researchers to understand the complexities of polyamine metabolism 

in various organisms, and is  proving to be a very e xc it in g  new 

weapon in the continuing f ig h t  against animal and p lant diseases.

1.1.1 Polyamines

Polyamines were f i r s t  discovered in 1678 by van Leeuwenhoek who 

observed crysta ls  o f spermine w ith in  samples of human semen 

(Figure 1), However, in sp ite  of th is  early discovery, i t  is 

only re la t iv e ly  recently  th a t research in to  polyamines has 

developed.

Polyamines are simple organic compounds which have low molecular 

weights, are soluble in water and are ca tion ic  at c e l lu la r  pH. 

Although the term polyamine is  widely used, i t  is  s t r i c t l y  a 

misnomer, as the compounds are actua lly  a l ip h a t ic  diamines, 

triamines and tetraamines. Average pos it ive  charges at c e l lu la r  

pH are two, two po in t f iv e  and three fo r  putrescine (Put), 

spermidine (Spd) and spermine (Spm) respective ly (Stevens and 

Winther, 1979).
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A number of polyamines occur na tu ra l ly  but the most widely d is 

tr ib u te d  ones are the diamine putrescine (1 ,4-diaminobutane), 

the triamine spermidine (4 azaoctane-1, 8-diamine) and the 

tetraamine spermine (4,9 diazadodecane-1, 12-diamine) (Table 

1). These are the major polyamines in eukaryotes, including 

fung i. Studies so fa r  carr ied  out on bacteria  ind ica te  tha t 

synthesis of spermine is  non-existent or rare (Tabor and Tabor, 

1972). Spermidine appears to be the predominant polyamine in 

most fung i, with spermine and putrescine also being present in 

yeasts and many filamentous fungi (Stevens and Winther, 1979; 

Nickerson, Dunkle and van Etten, 1977; Bushnell and B u l l ,  1974).

A ll l iv in g  ce l ls  contain at least one of these three amines. 

Other polyamines have also been id e n t i f ie d ,  but these are less 

widely d is tr ib u te d  than putrescine, spermidine and spermine. 

Examples of such polyamines are 1,3-diaminopropane (Smith, 1970; 

North and Turner, 1977), 1,5-diaminopentane and 2-hydroxyputre- 

scine (Dion and Cohen, 1972).

Putrescine, spermidine and spermine occur e i th e r  as free bases 

or they may be conjugated. In microorganisms i t  is  more usual 

fo r  the amines to be fre e , although Tabor and Dobbs (1970) and 

Tabor and Tabor (1975) report the existence o f amines conjugated 

as acetyl or g lu ta th io ny l derivatives in Escherichia c o l i . In 

higher plants, however, conjugated forms o f polyamines are 

generally found and may be important in regu la ting  leve ls of 

free polyamines (Slocum and Galston, 1985a).



TABLE 1
CHEMICAL STRUCTURES OF POLYAMINES 

(Pegg and McCann, 1988)

POLYAMINE STRUCTURE

Putrescine H2N (CH2)4 NH2

Spermidine H2N (CH2)3 NH (CH2)4 NH2

Spermine H2N (CH2)3 NH (CH2)4 NH (CH2)3 NH2



Polyamines have also been found in a lka lo ids (Smith, 1971) and 

nucleotides (Kelln and Warren, 1973). There are a number of 

problems in determining the d is t r ib u t io n  of polyamines w ith in  a 

c e l l .  As a d ire c t  re s u l t  o f  th e i r  s o lu b i l i t y  and charge, poly

amines are prone to becoming re -d is tr ib u te d  w ith in  the ce l l  when 

organelles are iso la ted  (Stevens and Winther, 1979).

The c e l lu la r  concentrations o f polyamines range between 10"^ and 

10^2 molar (M) depending on the species studied. More speci

f i c a l l y ,  concentrations vary between p a r t ic u la r  s tra ins  of 

organisms, with cu ltu re  conditions and state o f growth (Cohn, 

Tabor and Tabor, 1978; Stevens and Winther, 1979). The polya

mine content is  h igh ly  regulated by several b iosyn the tic  enzymes 

which rap id ly  respond to  changes in concentrations o f the 

amines.

1.1.2 Polyamine Biosynthesis

The synthesis of polyamines occurs d ire c t ly  by one pathway in 

mammalian c e l ls ,  fungal c e l ls  and possibly most protozoa, 

whereas in plant and b a c te r ia l c e l ls ,  two routes may be employed 

(Figure 2). In mammalian c e l ls ,  the f i r s t  step in the bioge

nesis of polyamines is  decarboxylation of o rn ith in e  to form 

putrescine. This reaction  is catalyzed by the enzyme o rn ith ine  

decarboxylase (ODC; EC 4 .1 .1 .17 ). Higher p lants and bacteria 

can form putrescine in a s im ila r  manner. In add it ion , putre

scine can be produced from agmatine which i t s e l f  is  formed by 

the decarboxylation o f  arg in ine  by the enzyme arg in ine decar

boxylase (ADC; EC 4 .1 .1 .1 9 ).



FIGURE 2, Biosynthetic pathway o f putrescine, spermidine and spermine 

and points at which in h ib ito rs  act. 1 = arg in ine decarboxylase, 2 = 

o rn ith in e  decarboxylase, 3 = arginase, 4 = agmatine iminohydrolase, 5 = 

N-carbamoylputrescine aminohydrolase, 6 = S-adenosylmethionine decar

boxylase, 7 = spermidine synthase, 8 = spermine synthase. Points at 

which in h ib i to rs  act: A = DFMO, i^-MFMO, A-MEMO.Me, RR-MAP; B = MGBG; C

= CHA.
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Spermidine and spermine are formed by the subsequent addit ion of 

ami nopropyl groups to putrescine. These ami nopropyl groups are 

formed by the decarboxylat ion of S-adenosylmethionine by the 

enzyme S-adenosylmethionine decarboxylase (SAMDC; EC 4.1 .1 .50).  

Spermidine is then formed by the addit ion o f  an ami nopropyl 

group to putrescine in a reaction catalyzed by the enzyme sper

midine synthase (EC 2 .5 .1 .16) ,  whi le spermine is formed by the 

addit ion of an ami nopropyl group to spermidine, in a reaction 

catalyzed by spermine synthase (EC 2.5.1.22) (Stevens and 

Winther, 1979; Pegg and McCann, 1982; Smith, 1985; Walters, 

1989; Tabor and Tabor, 1985). S-adenosylmethionine is required 

not only by the polyamine biosynthetic  machinery, but also fo r  

ethylene biosynthesis. Thus, an increase in ethylene biosyn

thesis, depleting S-adenosylmethionine concentrat ions, w i l l  

often lead to a reduction in polyamine synthesis and vice versa 

(Bakanashvi 1 i et ^ . ,  1987). This in te rac t ion  between polya

mines and ethylene has important implicat ions f o r  the regulat ion 

of  senescence in p lants .

The main rate l im i t i n g  enzymes in these reactions are o rn i th ine  

decarboxylase and S-adenosylmethionine decarboxylase. I t  has 

been shown that in a number of organisms there is a dramatic 

increase in o rn i th ine  decarboxylase a c t i v i t y  at the onset of 

ce l l  p ro l i f e ra t io n .  This has been observed in fungi during 

germination of conidi a of Asperqi11 us nidulans (Stevens, 

McKinnon and Winther, 1976) and Neurospora crassa (Sikora and 

McDougall, 1978). The way in which orn i th ine decarboxylase is 

contro l led is not f u l l y  understood but the enzyme has a rapid
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turnover rate which may be important in con t ro l l ing  i t s  a c t i v i t y  

(Tabor and Tabor, 1976).

Morris and Fi l l ingham (1974) suggest that there are two forms of 

orn i th ine  decarboxylase -  a biodegradative type which regulates 

the pH of the medium and a biosynthetic form which is involved 

in putrescine synthesis. I t  has been found tha t  Physarum poly- 

cephalum possesses two forms of  the enzyme which d i f f e r  in t h e i r  

a f f i n i t y  fo r  pyridoxal phosphate (Mitchel l  and Carter,  1977; 

Mitchel l  and Kottas, 1979; M i tch e l l ,  Carter and Rybski, 1978). 

However, Stevens and Stevens (1981) examined regula t ion o f  o rn i 

thine decarboxylase a c t i v i t y  during conidial germination of A. 

nidulans and found no evidence fo r  mult ip le  forms of  the 

enzyme. They were unable to  conclude whether o rn i th ine  decar

boxylase is degraded or inactivated because o f  d i f f i c u l t i e s  

involved in pu r i fy ing  the enzyme. Nevertheless, several 

theories regarding regu la t ion  of  orn i th ine decarboxylase have 

been proposed, inc luding an interconversion between the enzyme 

forms (Mitchel l  and Carter , 1977) and the production o f  a speci

f i c  i n h ib i t o r  (Canellakis et , 1979). I t  is  probable that

orn i th ine decarboxylase a c t i v i t y  is contro l led both by i t s  syn

thesis and breakdown. Indeed, Stevens and Winther (1979) report 

that a c t i v i t y  of a non-spec i f ic  proteinase has been detected in 

conidia of A. nidulans a f t e r  germination had occurred.

More recently. Holm, Persson and Stjernborg (1989) showed that  

the synthesis of o rn i th in e  decarboxylase was con tro l led  by poly

amines in Ehrl ich asc ites tumour ce l ls ,  mainly at the level of 

t rans la t ion  e f f ic iency .  Thus, polyamine deprivat ion resu l ts  in
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enhanced orn i th ine decarboxylase synthesis and enzyme a c t i v i t y ,  

whi le elevation of i n t r a c e l l u l a r  polyamine levels  leads to 

greatly  reduced o rn i th ine  decarboxylase synthesis and a c t i v i t y .

S-adenosylmethionine decarboxylase has been p u r i f ie d  from 

Saccharomyces cerevisiae (Poso, S inerv ir ta  and Janne, 1975), E. 

c o l i , yeast, mammalian c e l l s ,  plants and P. polycephalum 

(Williams-Ashman and Pegg, 1981; Pegg, 1984; Tabor and Tabor, 

1984; Yamanoha and Cohen, 1985). The enzymes iso la ted from the 

d i f fe re n t  organisms vary in s tructure  and cation requirement but 

they a l l  contain pyruvate as a covalently bound prosthetic  

group. The enzyme obtained from Sacch. cerevisiae is act ivated 

by putrescine and recent work has shown that  polyamines also 

exert a feedback contro l on the synthesis of S-adenosylmethio

nine decarboxylase in Ehrl ich ascites tumour c e l l s  (Persson, 

Khomutov and Khomutov, 1989).

Very l i t t l e  information has been obtained about spermidine and 

spermine synthases. These are also termed putrescine aminopro- 

pyltransferase and spermidine aminopropyltransferase respec

t i v e l y .  Spermidine synthase has been isolated from E. co l i  

(Bowman, Tabor and Tabor, 1973), bovine brain and ra t  prostate

(Raina et ^ . , 1984) and i t  has been p a r t i a l l y  separated from

Sacch. cerevisae (Janne, Williams-Ashman and Schenone, 1971). 

The two synthases are not considered to be rate l im i t i n g  enzymes 

and are regulated by substrate a v a i la b i l i t y .  The reactions 

brought about by spermidine and spermine synthases are con

sidered to be i r re v e rs ib le .  However, an Interconversion does

occur between spermidine and spermine into putrescine which has
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been establ ished in mammalian c e l l s .  The conversion is  carr ied 

out by the enzymes spermidine-N'-acety ltransferase and polyamine 

oxidase (PAO; EC 1.4.3.4) (Pegg et 1981). However, the

reactions involving polyamine oxidase in mammalian c e l ls  occur 

in the presence of aldehyde act iva tors at levels which would not 

be present i j i  v iv o . Polyamine oxidase a c t i v i t y  has also been 

found in the Gramineae (Smith, 1985) and in species of Asper

g i l l u s , Penici11ium, Mucor, Rhizopus, Absid ia , P u l l u l a r i a , 

Fusarium, G ibbere l la , Phytophthora, Cylindrocarpon and V e r t i -  

c i I l iu m  (Yamada, Isobe and Tani, 1980). Fungal polyamine 

oxidase is thought to  act in a s im i la r  manner as the mammalian 

enzyme, although i t  has not been confirmed whether i t  is funda

mental in polyamine regu la t ion  or turnover.

1.2 FUNCTIONS OF POLYAMINES

Polyamines are very important in the functioning o f  a l l  c e l l s .  

This is largely because ca t ion ic  polyamines in te rac t  with nucleic 

acids, negatively charged functional  groups on ce l l  membranes, and 

proteins with in the c e l l .  The pos i t ive  charge of a polyamine is 

d is t r ibu ted  over the whole molecule as opposed to  being on a 

spec i f ic  point as is the case fo r  inorganic ions. The determina

t ion  of  the many and varied functions of polyamines has been made 

possible by the synthesis of  spec i f ic  in h ib i to rs  o f  polyamine 

biogenesis. However, in sp i te  of the progress which has been 

made, there are s t i l l  many grey areas in the understanding of the 

complex roles which polyamines play. A greater comprehension of 

the c e l lu la r  compartmental ization of polyamines is  necessary to 

f u l l y  elucidate the funct ions.
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In th is  section, the fundamental functions of polyamines w i l l  be 

discussed. Since arguably the most important function of  polya

mines is in inf luencing growth, probably yja e f fec ts  on membranes 

and nucleic acids, these s p e c i f ic  ef fects w i l l  be discussed before 

considering growth i t s e l f .  The use of inh ib i to rs  to study and 

manipulate ce l l  growth w i l l  be discussed in sections 1.4 to 1.7.

1.2.1 Regulation of  Cell Membrane Properties

The s t a b i l i t y  and cha rac te r is t ics  of ce l l  membranes can be 

altered by the binding o f  polyamines onto phospholipid and other 

anionic groups on membranes. I t  has been shown tha t  in th is  

way, polyamines can s ta b i l i z e  chloroplast thy lako id  membranes 

and reduce loss of  ch lorophyl l  in senescing barley lea f  t issue 

(Cohen, Popovic and Z a l ik ,  1979).

Altman, Kaur-Sawhney and Galston (1977) have shown that  spermi

dine and spermine have a s ta b i l i z in g  inf luence on oat proto

plasts in re la t ion  to l y s i s .  Also, Altman (1982) and Naik and 

Srivastava (1978) demonstrated a reduction in leakage of beta- 

cyanin from beet storage t issue when spermidine and spermine 

were applied.

In addit ion to in f luenc ing s t a b i l i t y ,  polyamines have been 

implicated in membrane f l u i d i t y  changes. I t  is thought that 

th is  af fects enzymes which are associated wi th the ce l l  mem

brane. For example, i t  has been shown that during senescence of 

apple t issue the membrane v iscos i ty  is reduced with associated 

ef fects  on the ethylene-synthesiz ing complex associated with the
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plasma membrane. Addit ion of spermine in h ib i t s  ethylene produc

t ion  in a manner re la ted to decreasing membrane v iscos i ty  which 

induces conformational changes in the ethylene-synthesizing com

plex (Ben-Arie, Lurie and Mattoo, 1982).

Polyamines have also been found to s ta b i l ize  bacter ia l  proto

plasts (Tabor, 1962; Mager, Benedict and Artman, 1962). Tabor 

(1962) showed that low concentrat ions of spermine were adequate 

in preventing pro top last l y s i s .  As th is  concentration (1.0 mM) 

is smaller than the necessary concentration of  sucrose (0.5 M) 

they proposed that spermine s tab i l izes  the membrane by forming 

complexes with ac id ic groups and these reduce repulsive forces. 

Mammalian membranes are also s tab i l ized  by polyamines. L i t t l e  

(1962) showed that spermine can p a r t i a l l y  i n h ib i t  re t icu locy te  

haemolysis brought about by treatment with sal ine and Chun et 

a l . (1976) working on humans suf fe r ing  from s ick le  ce l l  anaemia, 

observed increased polyamine levels in the blood and also that 

e lec t rok ine t ic  propert ies of the membrane can be changed by 

polyamines. More recent ly ,  Schindler, Koppel and Sheetz (1980) 

found that mobi l i ty  of  glycoproteins wi th in the erythrocyte 

membrane is reduced by spermine. In addi t ion, Bal ias ^  

(1983) demonstrated tha t  polyamines on the ce l l  membrane could 

not be replaced by calcium or magnesium ions and therefore ,  the 

charge was not the only fa c to r  in reducing deformabi1i t y  of  the 

c e l l s .  Since increased polyamine levels and decreased 

deformabi1i t y  in red blood ce l ls  have been associated with 

several haematological diseases, there is scope fo r  much 

exc i t ing and benef ic ia l  research in th is  area.
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1.2.2 Associations with Nucleic Acids

There is much evidence to ind icate that polyamines are associa

ted with nucleic acids in viruses, bacteria  and mammalian 

c e l l s .  However, information regarding the exact character of 

the association is lack ing. The connection may be spec i f ic  or 

non-specif ic and the polyamines function at a number of organi

zational levels.

Work carr ied out ind icates tha t  speci f ic  t ra n s fe r  RNAs (tRNAs) 

have d i f fe re n t  sto ichiometry and nature of binding of  polyamines 

(Marton and Morris, 1987). I t  was shown in 1983 by Tropp and 

Redfield that the secondary and te r t i a r y  s t ruc ture  of  tRNA was 

s tab i l ized  by spermidine and in 1985 Nothig-Laslo et (c i ted 

by Marton and Morris, 1987), found that spermine enhances the 

binding of manganese to tRNA. In addition to the mammalian work 

carr ied out, i t  has been observed that spermidine is a component 

of plant v i ra l  RNA cores (Cohen and Greenberg, 1981).

Polyamines also bind to DNA. I t  was suggested by Bloomfield and 

Wilson (1981) that polyamines bind to DNA as a funct ion of sa l t  

concentration but wi thout a spec i f ic  s i te .  They describe DNA as 

being negatively charged in a l inear  fashion wi th polyamines 

p o s i t ive ly  charged at point concentrations. This is  termed 

counterion condensation theory.

Spermidine and spermine have an e f fec t  on the t r a n s i t io n  of DNA

(B-DNA > A-DNA; A-DNA is  the form containing 11 residues per

turn of the he l ix ,  whi le  the B-DNA is the form containing 10
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residues per turn; see S tryer ,  1981), and also on conformational 

changes in methylated synthetic  polynucleotides (Behe and 

Felsenfeld, 1981; c i ted  by Slocum, Kaur-Sawhney and Galston,

1984).

In a s im i la r  vein. Hung et (1983) applied the polyamine b io

synthetic i n h ib i to r  2-d i  f luoromethylorn ith ine to ra t  brain 

tumour ce l ls  in order to deplete the ce l ls  of polyamines. They 

found that DNA conformation was altered by the treatment with 

DFMO, an ef fec t  which was reversed by the addit ion of exogenous 

putrescine. The manipulation of  DNA conformation using polya

mines could be of importance to patients who have undergone 

chemotherapy where polyamine biosynthetic  in h ib i to rs  have been 

used as the remedial drug. However, most work has been carr ied 

out on isolated DNA and the re la t ionship  between polyamines and 

the nucleic acid w i th in  the in ta c t  ce l l  must be c l a r i f i e d .

1.2.3 Effect on Protein Synthesis

Many studies have been carr ied out which point to an enhancement 

of protein synthesis when exogenous polyamines are added to a 

system. For example, spermidine increases the rate of  peptide 

chain i n i t i a t i o n  and elongation in wheat germ j j i  v i t r o  

(Takemoto, Nagamatsu and Oka, 1983). Cocucci and Bagni (1968) 

(c i ted by Smith, 1972) broke dormancy of Helianthus using auxin 

and reported a re la t ionsh ip  between the synthesis of polyamines 

and proteins. Here the presence of spermidine and spermine 

bound to ribosomes from the act ive tissue was greater than that 

from the dormant t issue .  Morris and Jorstad (1973) studied
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growth of polyamine-defic ient  mutants of E. co l i  and found 

protein synthesis and growth to be reduced when not supplied 

with exogenous polyamines.

Polyamines would appear to have dual ef fects  in t h e i r  associa

t ion  with protein synthesis. That is ,  they function on the one 

hand, as a simple non-speci f ic  resul t  of t h e i r  ca t ion ic  charge 

and, on the other hand, also influence ribosomal function ing or 

structure in a d e f in i t e  manner yet to be c l a r i f i e d .  I t  would 

seem that polyamines p r e fe re n t ia l l y  st imulate the genesis of 

larger polypeptides than low-molecular-weight prote ins. This 

has been observed in mammalian and plant systems (Atkins et a l ., 

1975; Takemoto, Nagamatsu and Oka, 1983).

1.2.4 D i f fe ren t ia t ion ,  Growth and Development

Polyamines are thought to  inf luence the a c t i v i t y  of c e l ls  in a 

number of ways, but perhaps the most s ta r t l i n g  resu l ts  have 

arisen from work carr ied out on th e i r  e f fec ts  on growth and 

development. In 1948, Herbst and Snell discovered tha t  putre

scine was essential f o r  the growth of Haemophi1 us parainf luen- 

zae, and since then many experiments have been performed in 

order to determine the e f fec ts  polyamines have on growth and 

d i f fe re n t ia t io n .  Overa l l ,  i t  has been found tha t  act ive growth 

and ce l l  d iv is ion  are associated with substantial  polyamine b io 

synthesis, in plants, animals and microorganisms. Thus, Palavan 

and Galston (1982) found enhanced polyamine biosynthesis and 

increased polyamine concentrat ions in growing buds and leaves of 

Phaseolus vu lg a r is , and Bagni, Malucel l i and To r r ig ian i  (1980)
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reported a s im i la r  trend in buds of Jerusalem art ichoke tubers 

during the breaking of  dormancy. In the tomato p lant ,  f r u i t  

formation is associated wi th increased polyamine biosynthesis 

and orn i th ine decarboxylase a c t i v i t y .  Indeed, Cohen et 

(1982) found that  DFMO inh ib i ted  f r u i t  development and that  

putrescine reversed the in h ib i t o r y  ef fec ts ,  thus suggesting a 

connection between f r u i t  formation and orn i th ine  decarboxylase 

a c t i v i t y .  There is also evidence of a re la t ionsh ip  between 

orn i th ine  decarboxylase a c t i v i t y  and growth in mammalian c e l l s .  

Thus, orn i th ine decarboxylase levels and polyamine biosynthesis 

increase during embryogensis in rodents (Guha and Janne, 1975; 

Fozard, et , 1980) and embryonic development can be retarded 

by the addit ion of DFMO.

In re la t ion  to microbes, Stevens, McKinnon and Winther (1976) 

found that both o rn i th ine  decarboxylase and S-adenosylmethionine 

decarboxylase a c t i v i t i e s  were increased over a hundred-fold 

during germ-tube emergence of Aspergi l lus n id u lans. Here cyclo-  

heximide applicat ions, intended to delay germination, produced a 

s im i la r  postponement of  the increase in enzyme a c t i v i t y .

The evidence that polyamines play an important ro le  in growth 

and d i f fe re n t ia t io n  is  convincing, but i t  is often d i f f i c u l t  to 

determine separate e f fec ts  on ce l l  p ro l i fe ra t io n  and d i f fe re n 

t i a t i o n .  This aspect w i l l  be discussed more f u l l y  in sections

1.4 to 1.7 inc lus ive .

F ina l ly ,  polyamines also play other less well establ ished roles 

w i th in  ce l ls  such as metabol ic buffer ing of pH in plants exposed
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to aerial po l lu t ion  (Priebe, Klein and Jager, 1978) or to  acid 

stress (Young and Galston, 1983). Polyamines have also been 

implicated in p lant responses to osmotic stress (Slocum, 

Kaur-Sawhney and Galston, 1984), c h i l l i n g  stress (Guye, Vigh and 

Wilson, 1986) and in funga l- in fected plants (see Walters, 1989), 

when i t  is l i k e l y  tha t  they in te rac t  with ce l l  membranes. A 

ro le  fo r  polyamines in the regulat ion of p lant senescence has 

been proposed (Kaur-Sawhney and Galston, 1979), since i t  is  well 

known that elevated polyamine levels normally accompany t issue 

j u v e n i l i t y  and the exogenous addit ion of polyamines to excised 

t issue delays senescing. The senescence-delaying e f fec ts  of 

polyamines appear to be due, in fac t ,  to in h ib i t i o n  of  protease 

and RNase a c t i v i t y  and to decreased ethylene biosynthesis 

(Kaur-Sawhney and Galston, 1979).

The roles of polyamines w i th in  ce l ls  are numerous and not as yet 

f u l l y  determined. I t  does appear, however, tha t  polyamines are 

a prerequis ite f o r  the normal functioning of a l l  l i v i n g  c e l l s .

1.3 INHIBITORS OF POLYAMINE BIOSYNTHESIS

The determination of the roles of  polyamines w i th in  l i v i n g  ce l ls  

has been made possible by the synthesis of spec i f ic  in h ib i to rs  of 

polyamine biogenesis. Most of  the work carried out to  date refers 

to in h ib i to r  e f fec ts  w i th in  mammalian systems. This is because 

the products were o r ig in a l l y  designed as anti-cancer drugs. As a 

resu l t ,  comparatively l i t t l e  is known about the mechanisms of 

action of the in h ib i to rs  w i th in  plant and fungal systems. I t  is 

r e la t i v e ly  recent ly tha t  in te res t  has grown in the potent ia l  of
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using the drugs as an t i - funga l  agents, p a r t i c u la r ly  in re la t ion  to

a g r ic u l tu ra l l y  important pathogens.

Inh ib i to rs  of polyamine biosynthesis general ly f a l l  in to  one of

three catergories:

a) analogues of o rn i th ine  or putrescine which are competi t ive 

in h ib i to rs ;

b) antagonists of pyridoxal phosphate -  molecules which in te rac t  

or combine with the cofactor ;

c) compounds which act against spec i f ic  enzymes w i th in  the path

way - fo r  example, amino acid decarboxylases, S-adenosylmeth

ionine decarboxylase and spermidine and spermine synthases.

Only inh ib i to rs  w i th in  group c) are i r re ve rs ib le .

1.3.1 Inh ib i to rs  of  Ornithine Decarboxylase

Ornithine decarboxylase is  an important rate l im i t i n g  enzyme 

wi th in  the polyamine b iosynthet ic  pathway. I t  i s ,  thus, an 

obvious target  fo r  at tack and many of the in h ib i to rs  are 

designed to restra in  production of th is  enzyme. Competitive 

inh ib i to rs  in the form o f  o rn i th ine  and putrescine analogues 

have been studied. Thus, several diamines supress o rn i th ine  

decarboxylase a c t i v i t y  by inducing the production of an a n t i -  

zyme. The antizyme, which is a protein, reacts wi th the o rn i 

th ine decarboxylase prote in  thus forming an inac t ive  o rn i th ine  

decarboxylase-antizyme complex. Examples of such diamines are 

1,3-diami nopropane, 1, 5-diaminopentane and 1,6-diami nohexane 

(Danzin and Mamont, 1987).
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other competit ive, revers ib le  inh ib i to rs  of o rn i th ine  decarboxy

lase include DL-oi-hydrazino-<S-aminovaleric acid (DL-HAVA) and 

diaminobutene (Inoue et aj_., 1975; Kameji, Murakami and Hayashi, 

1979; ci ted by Danzin and Mamont, 1987). These in h ib i to rs  are 

not without drawbacks. Diaminobutene is metabolized to a sper

midine analogue and may act as an endogenous polyamine and DL- 

HAVA reacts with other enzymes which also require pyridoxal 

phosphate. The o rn i th ine  analogue 2-hydrazinoornithine competes 

with orn i th ine decarboxylase and the inh ib i to ry  e f fec ts  produced 

can be reversed by adding pyridoxal phosphate. This fac t  in fers  

that  the compound does not in te rac t  with the phosphate, unl ike 

some orn i th ine analogues such as canaline. Rather, th is  oxya- 

mino analogue funct ions by forming a Sch i f f  base product with 

pyridoxal phosphate leading to an inh ib i to ry  e f fe c t .  I t  can 

also react with other phosphate requir ing enzymes (Rahiala et 

a l ., 1971). 2-Hydrazinoornithine is disappoint ing because i t  is 

not especial ly potent in mammalian systems, is  not se lec t ive  and 

increases the h a l f - l i f e  of  orn i th ine decarboxylase hence 

creating an accumulation of  the enzyme.

Generally speaking, analogues produced to date are not f u l f i l l 

ing th e i r  i n i t i a l  p o te n t ia l ,  mainly because they are not speci

f i c  and show signs of t o x i c i t y .  They are also rap id ly  metabol i

zed and may behave in a s im i la r  manner to endogenous polyamines 

(Hol tta,  Korpela and Hovi, 1981).

Perhaps the most promising resu l ts  have been obtained from the 

th i r d  category of in h ib i t o r s .  That is ,  those which act against 

spec i f ic  enzymes and are i r re v e rs ib le .  These include the o rn i 
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th ine analogues 2-d i f luoromethy lorn i th ine  (DFMO), (E ) -2 - ( f lu o ro -  

methyl) dehydroornithine (Ù-MFMO) and (E)-2-( f luoromethyl)  dehy

droornithine methyl ester (A-MFMO.Me), the putrescine analogue 

(2R, 5R)-6-heptyne-2,5-diamine (also termed methyl acetylenic 

putrescine, or RR-MAP) and analogues of spermidine and spermine 

termed bis (benzyl) polyamine analogues.

DFMO was one of the f i r s t  to be studied (Figure 3) . I t  was 

synthesized by Merrell-Dow Pharmaceuticals (C inc innat i )  in the 

early  1970's with the in ten t ion  of carrying out research in to  

i t s  anti-cancer propert ies.  I t  has been widely used ever since 

and has been invaluable in e luc idating the metabol ic functions 

of polyamines. This enzyme-activated i r re v e rs ib le  i n h ib i t o r  

binds to orn i th ine decarboxylase and in so doing forms an a ld i -  

mine between the aldehyde of the pyridoxal phosphate and the 

o^-amino group of the DFMO. The DFMO then undergoes decarboxyla

t ion  and the enzyme is inact iva ted due to a lky la t ion  of  a nucle- 

op h i l ic  residue at the act ive s i te .  The Merrell-Dow team con

cluded that DFMO is an i r re v e rs ib le  in h ib i to r  as they could not 

detect any enzyme a c t i v i t y  even a f te r  extensive d ia lys is  

(Metcalf et , 1978).

Although DFMO depletes the ce l l  of polyamines, the process is 

incomplete because spermine is not el iminated. This leads to 

cy tos ta t ic  rather than cy to tox ic  effects  in mammalian and t r y -  

panosomal systems. However, in ce l ls  where the drug can remove 

spermine the e f fec ts  are cyto tox ic  (Sunkara et aj_., 1983).

Thus, DFMO is p a r t i c u la r l y  e f fe c t ive  against trypanosomes where 

o rn i th ine decarboxylase a c t i v i t y  is inh ib i ted ,  as is  DNA and RNA



FIGURE 3. Chemical structures of 5 i n h ib i t o r s  of  polyamine biosynthesis 

(Fera et , 1986; Pegg and McCann, 1988).
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synthesis and ce l l  p r o l i f e ra t io n  (Bacchi et al_., 1987). Another 

l im i ta t io n  in the usefulness of the compound is tha t  i t  enters 

mammalian ce l ls  pass ively. This fac t  dictates that  high extra

c e l lu la r  concentrations must be used in order to reach a reason

able in t r a c e l lu la r  dose (Erwin and Pegg, 1982).

DFMO has been used as the prototype by Merrell-Dow fo r  other 

more recently synthesized in h ib i to rs .  These include the o rn i 

th ine analogues A-MFMO and A-MFMO.Me (Figure 3) . A-MFMO is more 

e f f i c i e n t  than DFMO, having a Ki of 2.7 juM compared to tha t  of 

40.0 jjM fo r  DFMO. A-MFMO.Me is more e f f i c i e n t  again, although 

the Ki is assumed to be the same as that of the non-es te r i f ied  

form of the in h ib i t o r .  However, c e l lu la r  uptake of A-MFMO.Me is 

greater than fo r  A-MFMO, but once inside the ce l l  i t  is de- 

e s te r i f ie d .  These in h ib i to r s  appear to have some po ten t ia l  in 

con t ro l l ing  tumours and trypanosomes (Pera et ^ . , 1986).

The putrescine analogue RR-MAP has been synthesized as the race- 

mic mixture and as ind iv idua l  stereoisomers (Casara e t a l ., 

1985; ci ted by Danzin and Mamont, 1987), although the in h ib i t o r y  

e f fects  are associated mainly with the (2R, 5R) stereoisomer. 

This has a high a f f i n i t y  f o r  ODC with a Ki value of 3.0 juM. The 

drug appears to be taken up by ce l ls  more read i ly  than the o r n i 

th ine analogues, and is  ten times more potent than DFMO, 

possibly because i t  is able to deplete c e l ls  of spermidine 

(Danzin ^  ^ . ,  1983). Other putrescine analogues which act as 

i r re ve rs ib le  in h ib i to rs  o f  o rn i th ine  decarboxylase are c^-mono- 

(f luoromethyl )-putrescine and oC-d i- ( f luoromethy l) -putresc ine.  

However, these have a lower e f f icacy  than RR-MAP.



“ 2 0 “

The most recent work to be carr ied out in th is  area is on b is -  

ethyl derivat ives of spermidine and spermine. These compounds 

have been found to be e f fe c t i v e  in in h ib i t in g  polyamine biosyn

thesis in PIasmodium falciparum and rat hepatoma ce l ls  (B i ton t i  

et 1989; B i to n t i ,  Bush and McCann, 1989).

Recent research has shown that these analogues cause a rapid 

decrease in the a c t i v i t i e s  of both orn i th ine decarboxylase and 

S-adenosylmethionine decarboxylase and deplete ra t  hepatoma 

ce l ls  of putrescine and spermidine (B i ton t i ,  Bush and McCann, 

1989). This work also showed that the bis (benzyl) polyamine 

analogues were acted upon by in t r a c e l lu la r  polyamine oxidase and 

converted to a free-amine analogue. This free-amine analogue 

was then responsible fo r  the in h ib i t io n  of polyamine synthesis.

Most of the information regarding the mode of  act ion of these 

inh ib i to rs  of o rn i th ine  decarboxylase synthesis re la tes to 

animal systems. There is  l i t t l e  or no information about the 

mechanism of action w i th in  plant and fungal c e l l s .  There is 

thus, a great deal o f  exc i t ing  research to be carr ied out in 

th is  f i e l d ,  with the po ten t ia l  fo r  being able to u t i l i z e  i n h ib i 

tors which may not be su i tab le  in mammalian c e l ls  and even fo r  

use of d i f fe ren t  stereoisomers of the products.

1.3.2 Inh ib i to rs  of S-Adenosylmethionine Decarboxylase

A f te r  orn i th ine decarboxylase, S-adenosylmethionine decarboxy

lase is perhaps the next most obvious enzyme to ta rget  an attack 

upon. Inh ib i to rs  of t h is  enzyme may be classed as e i the r  

diguanidines or analogues of S-adenosylmethionine.
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A number of analogues of  S-adenosylmethionine have been produced 

but only two to date have any real e f fec t  against the decarboxy

lase. These are S-adenosyl-3-methylthiopropylamine and 5 ' - ( d i -  

methylsul fonio)- 5 ' -deoxyadenosine. The Ki values obtained from 

S-adenosylmethionine decarboxylase isolated from Sacch. cerev i- 

sae and E, co l i  range from 7.0 -  13.0 jaM. No work has been 

carr ied out on these compounds jn  vivo (Pegg and Jacobs, 1983).

The group of in h ib i to rs  classed as diguanidines include methyl- 

glyoxal bis (guanylhydrazone) (MGBG), ethylg lyoxal bis (guanyl- 

hydrazone) (EGBG), and ethylmethylglyoxal bis (guanylhydrazone) 

sulphate (EMGBG). MGBG (Figure 3) was one of the f i r s t  i n h ib i 

tors  of polyamines to be recognised. I t  competes wi th S-adeno

sylmethionine and i t s  i n h ib i t i o n  is revers ib le (Cort i  et a l . ,  

1974; Holtta, Hanonnen, Pi spa and Janne, 1973). Although S-ade

nosylmethionine decarboxylase is a variable enzyme depending on 

which species i t  is  iso la ted from, the response of each type to 

the in h ib i to r  is the same. However, S-adenosylmethionine decar

boxylase from E. co l i  is  less sensit ive to MGBG than the mamma

l ian  form (Williams-Ashman and Schenone, 1972) and therefore , a 

greater concentration of  MGBG is required to e f fe c t  a response. 

Although MGBG in h ib i t s  polyamine biosynthesis and reduces the 

c e l lu la r  content of  spermidine and spermine, i t  is  regarded as a 

non-specif ic i n h ib i t o r .  This is because the a n t i - p r o l i f e r a t i v e  

action of the drug may be due to ef fects  on processes other than 

polyamine deplet ion.  Thus, there is evidence tha t  MGBG causes 

morphological damage to mitochondria and in h ib i t s  DNA synthesis 

w i th in  the organelle (Feverstein, Porter and Dave, 1979). More

over, Nikula et (1984) suggest that MGBG could a f fec t  l i p i d
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metabolism by in h ib i t in g  f a t t y  acid oxidation. These workers 

found that ca rn i t ine  reverses th is  in h ib i t io n ,  providing low 

concentrations of MGBG are used. The carn i t ine  is e f fe c t iv e  in 

th is  reversal because i t  is  l i k e l y  that MGBG in h ib i t s  oxidat ion 

of f a t t y  acids -  a reaction dependent on ca rn i t ine .  I t  is  also 

thought that the deplet ion of spermine by MGBG has an e f fe c t  on 

mitochondrial metabolism.

In addit ion to the above, MGBG is also known to i n h ib i t  the d ia 

mine oxidase enzyme (DAO; EC 1 .4 .3 .6) causing levels of putres

cine to r ise .  This is  a problem in patients being treated with 

the in h ib i to r  (Holtta et aj_., 1973). The non-speci f ic  e f fec ts  

caused by MGBG lead to problems of  t o x i c i t y  in patients when i t  

is used c l i n i c a l l y  in the treatment of leukaemias. To combat 

t o x i c i t y  e f fec ts ,  ce l l s  have been treated with DFMO p r io r  to 

adding MGBG. This pre-treament reduces polyamine content w i th in  

ce l ls  and at the same time there is a st imulat ion of uptake of 

spermidine to compensate. However, since MGBG can compete with 

spermidine fo r  uptake, the i n h ib i t o r  is rap id ly  taken up in to  

ce l ls  (Sunkara ^  , 1983).

Theoret ica l ly ,  lower concentrations of MGBG can be used to i n i 

t i a t e  good responses by such pre-treatment with DFMO, although 

i t  is l i k e l y  that uptake in to  the tumour is not se lec t ive  and 

t o x i c i t y  w i l l  s t i l l  be a problem.

EGBG, the ethyl analogue o f  MGBG, is a superior i n h ib i t o r  o f  S- 

adenosylmethi onine decarboxylase. However, there are some 

discrepancies in the l i t e r a t u r e  regarding th is  compound. Accor-
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ding to Porter and Sufr in  (1985), EGBG is a potent i n h ib i t o r  of 

mitochondrial a c t i v i t y ,  whereas Elo et al_. (1986) state that 

th is  is not the case.

Another analogue of  MGBG, EMGBG, is also a competi t ive i n h ib i t o r  

of  S-adenosylmethionine decarboxylase. Elo et (1986) state 

that  th is  compound d i f f e r s  from MGBG in that i t  does not i n h ib i t  

p ro l i fe ra t io n  of mouse leukaemia ce l ls  i j i  v i t r o  and hence 

resembles EGBG more c lose ly .  In spite of t h i s ,  they declare the 

product to be the most vigorous in h ib i to r  of S-adenosylmethio

nine decarboxylase.

1.3.3 Inh ib i to rs  of  Spermidine Synthase

S-adenosyl- 1 ,8-d i  ami no-3-thiooctane in h ib i t s  spermidine syn

thase. I t  is based on the t ra n s i t io n -s ta te  s t ruc tu re  of the 

synthase reaction and i s ,  therefore, spec i f ic  to  th is  enzyme 

(Tang, Pegg and Coward, 1980). The compound is  very e f fe c t ive  

in v i t r o  but i t s  e f f ica cy  has not been establ ished j j i  v i v o . 

Although i t  depletes spermidine, i t  causes an increase in putre

scine and spermine and thus, w i l l  only be t r u l y  e f fe c t iv e  i f  

used in conjunction with other inh ib i to rs  (Por ter and Sufr in , 

1986).

Cyclohexylamine is an i n h ib i t o r  of spermidine synthase which 

acts by competing with  putrescine in the synthase reaction. 

Cyclohexylamine has previously been referred to as dicyclohexy- 

lamine but th is  term is  incorrect  (Batchelor, Smith and Watson,

1985). The actual mechanism of action has yet  to be discerned.
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as have s e le c t i v i t y  and t o x i c i t y  of the in h ib i t o r .  However, in 

animal work, the l i f e  span of  mice with leukaemia was increased, 

although some doubts were expressed as to whether th is  was a 

resu l t  of in h ib i t in g  spermidine synthase. Doubts arose because 

concentrations which affected tumour growth were lower than 

those required to upset the balance of polyamines ( I t o  et , 

1982).

1.3.4 Ce l lu la r  Compensatory Reactions Resulting from Polyamine Depri- 
vat ion

Polyamines are extremely important compounds and no l i v i n g  ce l l  

can function without them. Due to th is ,  polyamine biosynthesis 

is very t i g h t l y  regulated (see Janne et 1981). I t  is  not

surpr is ing, therefore, tha t  c e l ls  w i l l  compensate fo r  any i n t e r 

ference in polyamine metabolism. The in h ib i t o r  treated ce l ls  

respond in ways designed to conserve in t r a c e l l u la r  polyamine 

levels. These include enhanced uptake of e x t ra c e l lu la r  polya

mines, the manufacture of  secondary enzymes, increased produc

t ion  of the target enzyme resu l t ing  from gene am p l i f ica t ion  and 

formation of polyamine analogues not normally found w i th in  the 

c e l l .  The research so fa r  carr ied out has been mostly on 

carcinoma ce l ls  in cu l tu re .  However, i t  is l i k e l y  tha t  s im i la r  

reactions could take place in plant and fungal c e l l s .

One of the d i f f i c u l t i e s  encountered when attempting to i n h ib i t  

o rn i th ine decarboxylase and S-adenosylmethionine decarboxylase, 

is that of rapid turnover of the enzymes due to t h e i r  short 

h a l f - l i v e s .  For example, o rn i th ine decarboxylase a c t i v i t y  in

ce l ls  treated with the o rn i th ine  analogue 2-hydraz inoorn i th ine
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is reduced j_n v i t r o  but enzyme a c t i v i t y  increased i_n v iv o . This 

l a t t e r  e f fec t  is a re s u l t  of a diminution of enzyme degradation 

but may also be the re s u l t  o f  increased orn i th ine  decarboxylase 

synthesis (Holm, Persson and Stjernborg, 1989). MGBG has the 

same ef fec t  on S-adenosylmethionine decarboxylase and resu l ts  in 

a build-up of enzyme (A1honen-Hongisto, Poso and Janne, 1980; 

Pegg, 1979). In fac t  S-adenosylmethionine decarboxylase can 

also be produced when c e l l s  are treated with o rn i th ine  decar

boxylase in h ib i to rs ,  although reasons fo r  th is  are unknown.

Studying these compensatory methanisms in de ta i l  A1honen- 

Hongisto (1980), found tha t  the depletion of spermidine and 

spermine caused an increase in S-adenosylmethionine decarboxy

lase but the same e f fe c t  did not occur when diamine concentra

t ions were reduced. I t  is  probable that the quant i ty  of  S-aden- 

osylmethionine decarboxylase is control led at the level o f  t ran 

scr ip t ion  by spermidine and/or spermine. Indeed, recent work on 

Ehrlich ascites tumour c e l l s  has shown that polyamines exert a 

feedback control on S-adenosylmethionine decarboxylase synthe

s is ,  although fu r the r  work is needed to p in-po in t the p a r t i c u la r  

polyamines involved (Persson, Khomutov and Khomutov, 1989).

Cells treated with o rn i th in e  decarboxylase in h ib i t o r s  often 

possess high levels o f  spermine. The compensatory mechanisms 

discussed possibly account fo r  th is ,  as the increased amounts of 

S-adenosylmethionine w i l l  be avai lable fo r  use in the production 

of decarboxylated S-adenosylmethionine. This in turn w i l l  be 

used in spermine synthesis. Also, reduced levels of  putrescine 

brought about by the act ion of the ornith ine decarboxylase i n h i 
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b i t o r  w i l l  encourage spermine production as, the diamine acts as 

a natural i n h ib i t o r  o f  spermine synthase (Hannonen, Janne and 

Raina, 1972).

Polyamine conservation and enhanced uptake are also pract iced in 

order to counterbalance any reductions in the v i t a l  amines. 

Thus, Melvin and Keir (1978) observed that BHK-21 ce l ls  treated 

with DFMO and MGBG did not expel as great concentrat ions in to  

the medium as did untreated ce l l s .  However, putrescine analo

gues acting as o rn i th in e  decarboxylase in h ib i to rs  caused an 

increase in excret ion in to  the medium. This is possibly because 

the diamines competed wi th  the polyamines fo r  binding s i tes  and 

hence dislodged amines would be expelled. The mechanism of 

increased uptake when polyamine deprivat ion occurs is unknown. 

Nevertheless, cul tured carcinoma ce l ls ,  a f te r  being treated with 

DFMO, took up polyamines very e f f i c i e n t l y  (Janne et aj^., 1981). 

This observation could be used to our advantage by encouraging 

enhanced uptake of MGBG in to  tumour ce l ls  a f te r  DFMO treatment. 

Howevever, t o x i c i t y  e f fec ts  do have to be taken in to  account.

A1honen-Hongisto and Janne (1980), report tha t  cadaverine is 

produced in response to polyamine reductions. Increased levels 

of decarboxylated S-adenosylmethionine lead to  conversion of 

cadaverine to analogues o f  spermidine and spermine cal led amino- 

propylcadaverine and bis (aminopropyl) cadaverine. These func

t ion  as polyamines w i th in  the c e l l .  Cadaverine production may 

be a resu l t  of decarboxylat ion of lysine by o rn i th ine  decarboxy

lase or by a spec i f ic  lys ine  decarboxylase, although according
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to Pegg and McGill (1979), orn i th ine decarboxylase does not 

decarboxyl ate lys ine very e f f i c i e n t l y .

The a b i l i t y  of the carcinoma ce l ls  to modify t h e i r  metabolism to 

counteract the e f fec ts  of  the biosynthetic i n h ib i to rs  could 

indicate that i f  appl ied ind iv id ua l ly ,  t h e i r  use w i l l  be 

l im i ted .  This view is  enhanced by the observations tha t  DFMO- 

res is tant  tumour c e l ls  develop i f  grown in the presence of the 

in h ib i t o r  fo r  substantia l  periods. The resistance is  in ferred 

by over production of  the target enzyme which maintains the 

polyamine levels (Alhonen-Hongisto et 1982). The a n t i 

p ro l i f e ra t i v e  e f fec t  o f  the DFMO is thus reduced. I t  has been 

concluded that th is  e f f e c t  is  due to ampl i f ica t ion  of  the o rn i 

thine decarboxylase gene (Alhonen-Hongisto et 1985).

1.4 CANCER RESEARCH

I t  is important to remember tha t  the early compounds, fo r  example 

DFMO, were o r ig in a l l y  synthesized as ant i-cancer drugs. Thus, 

before the use of these in h ib i to r s  against plant pathogenic fungi 

is examined, some of the more important and useful work on in h ib i 

t ion  of polyamine biosynthesis and the growth o f  tumours w i l l  be 

considered. This is espec ia l ly  important since there are many 

lessons to be learnt from the innovative research carr ied out in 

th is  area and in the f i e l d  of  protozoal chemotherapy over the past 

f i f t e e n  years. I t  has been observed that o rn i th ine  decarboxylase 

a c t i v i t y  wi th in tumours is  h igh ly  increased and in h ib i t o r s  of the 

enzyme are capable o f  leading to a reduction in tumour develop

ment. Thus, Scalabrino et a l .  (1978) when studying diaminoazoben-
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zene-induced l i v e r  carcinogenesis found that o rn i th ine  decarboxy

lase and S-adenosylmethionine decarboxylase levels were heightened 

and remained so u n t i l  the appearance of tumours. W i l1iams-Ashman, 

Coppoc and Weber (1972) attempted to correlate polyamine concen

t ra t ions  with the growth ra te  o f  hepatomas in ra t  l i v e r .  They 

concluded that putrescine and orn i th ine  decarboxylase leve ls  were 

elevated in cancerous l i v e r  wi th putrescine being excessively en

hanced in the most vigorously growing hepatoma. Pegg and McCann 

(1988) report that Luk and Bayl in (1984) found elevated o rn i th ine  

decarboxylase levels in the colonic mucosa of patients su f fe r ing  

from fa m i l ia l  polyposis. In te re s t ing ly ,  the enzyme level o f  imme

diate family of the ind iv idua ls  was greater than that of unrelated 

people. From th is ,  Luk and Bayl in suggested that i t  may be 

possible to id e n t i fy  asymptomatic re la t ives who carry the genotype 

by assessing orn i th ine decarboxylase levels.

This idea of Luk and Bayl in (1984) to assess orn i th ine  decarboxy

lase levels in an attempt to  i d e n t i f y  r isk  groups, was in essence 

examined by Russell et a i .  (1971) and Russell (1977) when they 

reported the presence of polyamines in urine. I t  is log ica l  that  

i f  high concentrations of  polyamines are being produced in 

response to tumours then they should be excreted in body f l u id s .  

Russell (1977) concluded tha t  u t i l i z i n g  th is  information w i l l  not 

be useful in diagnosing cancer, but may be helpful in assessing 

reduction in tumour size a f t e r  chemotherapy.

The main object ive of chemotherapy is one of s e le c t i v i t y .  DFMO 

f u l f i l s  th is  aim as i t  is  enzyme spec i f ic .  DFMO applied to a 

var ie ty  of cancerous growths has given some encouraging re su l ts .
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but there are also l im i ta t io n s  to i t s  use. Prakash et (1978) 

analyzed the e f fec t  of the in h ib i t o r  on L1210 leukaemia in mice 

and showed that frequent treatment gave r ise to an increased l i f e  

span of twenty-three per cent compared to untreated contro ls .  

In terest ing results have been obtained from DFMO appl icat ions to 

mice with Lewis lung tumours. Approximately three weeks a f te r  

i n i t i a l  tumour t ransp lan ta t ion  the tumour metatasizes (migrates) 

to the lung. Treatment wi th  DFMO led to a fo r ty - th re e  per cent 

in h ib i t io n  of primary tumour growth, with a corresponding decrease 

in putrescine and spermidine leve ls . The metatases in the lungs 

were reduced by seventy-nine per cent and a quarter  of the animals 

appeared to be free of metatases. This e f fec t  could be reversed 

by addit ion of putrescine. The way in which DFMO in h ib i t s  the 

secondary tumours is not known.

DFMO would seem to be c y to s ta t ic  rather than cy to tox ic ,  resu l t ing  

in incomplete in h ib i t i o n  of  cancerous growths. In 1979, c l i n i c a l  

tests  on humans were car r ied  out, but these did not prove to be 

very successful, possibly because the purpose of the t r i a l s  was to 

determine human tolerance to the drug rather than i t s  e f f icacy .  

Also, in rodent t r i a l s  the time l im i t  between tumour development 

and treatment was minimal in comparison to tha t  of  the human 

tes ts .  DFMO may, there fore ,  be exert ing a prophylact ic  instead of 

a curat ive e f fec t  in rodents (Sjoerdsma and Schechter, 1984).

I t  has been proposed tha t  DFMO cannot f u l l y  prevent rapid cel l  

p ro l i fe ra t io n  because i t  is  not able to deplete spermine leve ls . 

In order to cause to ta l  polyamine deficiency, DFMO could be used 

in conjunction with other i n h ib i to rs .  Drug combination s trategies
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could include other in h ib i t o r s  of polyamine biosynthesis, or 

possibly immunomodulators. MGBG has been used in conjunction with 

DFMO, but the tox ic  e f fec ts  o f  th is  diguanidine must be determined 

more f u l l y .  A promising synerg is t ic  combination is  DFMO and the 

immunomodulator in te r fe ron .  The biochemistry o f  the in te rac t ion  

is unknown but Sunkara and Prakash (1984) found a synerg is t ic  

e f fec t  between the two compounds when used against Lewis lung 

carcinoma. Although the use of  DFMO has drawbacks, i t  also has 

the advantage of being well  to lerated by humans, wi th only re la 

t i v e l y  minor revers ib le side e f fec ts  being noted.

Studies on other o rn i th ine  decarboxylase in h ib i to r s  have been 

undertaken with some success. Mamont et (1986) showed tha t  

A-MFMO.Me can be used at ten times lower concentrations that  

A-MFMO or DFMO, to achieve the same reduction o f  spermidine and 

putrescine in ra t  hepatoma c e l l s .  The most promising of  the more 

recent orn i th ine  decarboxylase inh ib i to rs  appears to be RR-MAP, as 

shown by Pera et (1986), who found that in murine lymphocytic 

leukaemia ce l l s ,  the IC50 (concentrat ion at which f i f t y  per cent 

in h ib i t io n  of growth occurs) f o r  th is  compound was more than f i f t y  

times lower than that  fo r  DFMO. The advantage o f  RR-MAP is  that 

i t  can decrease spermine in addit ion to putrescine and spermi

dine. Using ra t  hepatoma c e l l s ,  Mamont et (1984) demonstrated 

that  with a deplet ion of  the three main polyamines, there was a 

corresponding reduction in ce l l  rep l ica t ion ,  re su l t ing  in ce l l  

death.
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1.5 PROTOZOAL RESEARCH

Although DFMO was synthesized o r ig in a l l y  as an anti-cancer drug, 

perhaps the most promising use of  th is  compound is as an a n t i 

protozoal agent. Indeed, exc i t ing  developments regarding the con

t r o l  of sleeping sickness and malaria by DFMO have occurred during 

the las t  decade.

Trypanosomes appear to be p a r t i c u la r l y  sensit ive to the e f fec ts  of 

DFMO, although cy tos ta t ic  ra ther  than cytotoxic e f fec ts  have been 

reported (Bacchi et 1983; de Gee et ^ . , 1984; G i f f i n  et

1986). Bacchi et aj_. (1980) cured mice of a le tha l  dose of Try

panosoma brucei brucei by feeding them with a one per cent solu

t ion  of DFMO. The complete mode of action is not yet f u l l y  under

stood but ideas proposed suggest that the reduction in polyamines 

could a f fec t  g lyco lys is  ( G i f f i n ,  McCann and Bacchi, 1986), and/or 

that trypanosomes may contain a unique spermidine-containing 

glutath ione reductase cofactor  (Fairlamb et a%., 1985). G i f f i n  ^  

a l . (1986) found that DFMO causes a morphological a l te ra t io n  of 

the trypanosome into  a stunted non-repl icat ing form. I t  is  c lear 

that  the mode of action has not as yet been c l a r i f i e d .  However, 

because polyamine biosynthesis is also a necessary funct ion of the 

host c e l ls ,  DFMO must be p a r t i c u la r ly  se lect ive towards the 

parasites. Bacchi et (1983) state that the trypanosomes are 

able to take up DFMO more rap id ly  than the host c e l l s .  Also, as 

the trypanosomes p r o l i f e ra te  rap id ly ,  they would synthesize polya

mines at a fas ter  rate tha t  the host. The e f fec ts  o f  the i n h ib i 

t o r  would thus be more dramatic in the parasites. Sjoerdsma and 

Schechter (1984) suggest tha t  the immune system of the host can
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be encouraged by DFMO treatment to respond against protozoal 

antigens. Nevertheless, whatever the mode of  act ion, DFMO has 

proved to be successful in con t ro l l ing  T. brucei brucei in mice 

and also T. brucei qambiense, the cause of Afr ican sleeping s ick 

ness in humans (McCann et 1986). Thus, w i th in  one to four

days a f te r  treatment, the T. brucei qambiense had been el iminated 

from the body t issues and f l u id s  and i t  seems possible tha t  DFMO 

could be the f i r s t  drug f o r  over t h i r t y  years to become avai lab le 

fo r  the control of sleeping sickness. DFMO is also showing 

promise with regard to c o n t ro l l in g  Pneumocystis c a r i n i i , a proto

zoan which causes disease in immunocompromised pa t ien ts .  This 

parasite is usual ly restra ined by treat ing  patients with tr imetho- 

prim-sulfamethoxazole (TMP-SMX) or pentamidine. However, people 

suf fer ing from acquired immunodeficiency syndrome (AIDS) f ind  

these drugs tox ic  or inadequate, but do respond well to DFMO 

treatment (Golden, Sjoerdsma and Santi, 1984). In add i t ion ,  

recent experimental evidence suggests that the parasi te  respon

s ib le  fo r  malaria, PIasmodiurn falciparum, should be e f f e c t i v e ly  

contro l led by DFMO (Whaun and Brown, 1985), provided that  a s u i t 

able appl icat ion programme can be developed. More recently  s t i l l ,  

B i ton t i  et al .̂ (1989) have shown that the use o f  bis (benzyl) 

polyamine analogues could also prove to be e f fe c t iv e  against P. 

fa lc iparum.

Research in to  trypanosome contro l using DFMO would appear to have 

produced some important and exc i t ing  f ind ings. However, P h i l l i p s  

and Wang (1987), report  tha t  they have isolated a s t ra in  of T. 

brucei brucei res is tan t  to  DFMO. Resistance was not reduced even 

a f te r  numerous ser ia l  passages in the absence of DFMO. As the
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mutant possesses the same amount of orni th ine decarboxylase as the 

wild type, and the enzyme is  independently inh ib i ted  by DFMO, i t  

is thought that resistance is conferred by a reduced uptake level 

in to  the trypanosome. This problem could be overcome by using 

polyamine biosynthesis i n h ib i t o r s  which are more e f f e c t i v e l y  taken 

up by the parasites. Bacchi et (1987) found A.-MFMO.Me to be

an e f f i c i e n t  trypanocide, and reports that i t  is  accumulated by 

T. brucei brucei up to e ight  times fas ter  than DFMO. This 

suggests that A-MFMO.Me could be e f fec t ive  in a shorter course of 

treatment and at lower doses.

1.6 HIGHER PLANT RESEARCH

Polyamines play an important ro le  in the physiology of higher 

plants, especial ly in p lant responses to stress (see page 15). 

However, since th is  thesis is  concerned with the use of  polyamine 

biosynthesis in h ib i to rs  in co n t ro l l in g  growth, in th is  section the 

emphasis w i l l  be on polyamine metabolism in plant growth and the 

use of inh ib i to rs  in such research. This is important, since in 

studies of plant disease control  using in h ib i to rs  o f  polyamine 

biosynthesis, we must know the ef fects  of th is  i n h ib i t i o n  on plant 

growth.

1.6.1 Growth and Development

A great deal of work has been carr ied out which corre lates 

increased rates of polyamine biosynthesis with ce l l  d iv is ion  and 

active growth. Polyamine content and a c t i v i t i e s  of  argin ine 

decarboxylase and o rn i th in e  decarboxylase of Phased us vulqaris
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were studied by Palavan and Galston (1982) during vegetat ive 

growth, before and a f t e r  anthesis and throughout f r u i t  develop

ment. They found the highest levels of polyamines and enzymes 

in rap id ly  growing t issues such as root apices, hypocotyls, 

young internodes, young leaves, f lower buds, young pods and 

pericarps. Mature t issues had re la t i v e ly  low t i t r e s .  These 

resu lts appear to show a re la t ionsh ip  between polyamine levels 

and cel l  d iv is ion .  However, where the main growth process is 

ce l l  elongation, p a r t i c u la r  polyamine gradients may be obser

ved. Dumortier et a i .  (1983) found putrescine to be present in 

high concentrations at the base of the maize c o le o p t i le ,  with 

the amine decreasing acropeta l ly .  In contrast,  spermidine was 

uniformly present. Spermine was not detected w i th in  the non

d iv id ing co leopt i le  but was found in the apical meristematic 

zone of the root.  In s im i la r  research Jarv is ,  Yasmin and 

Coleman (1985) indicated tha t  polyamines appear to be essential 

fo r  root i n i t i a t i o n  and ear ly  growth of P. aureus. Appl icat ion 

of  MGBG reduced endogenous polyamine levels and inh ib i ted  root 

induction and growth both in the presence and absence o f  indole- 

bu tyr ic  acid.

Slocum and Galston (1985c) looked at post f e r t i l i z a t i o n  growth 

of tobacco ovaries and found tha t  orn i th ine decarboxylase repre

sented more than n inety-n ine per cent of the to ta l  decarboxy

lase. Treatment with DFMO caused a reduction in the content of 

polyamines, fresh weight and protein content. DFMA treatment 

also inh ib i ted  polyamine production. As arginine decarboxylase 

content was not very great, the inh ib i to ry  e f fec t  was due to an
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arginase-mediated hydro lys is  of DFMA to urea and DFMO. The DFMO 

thus inactivated o rn i th in e  decarboxylase.

In contrast to studies on the role of polyamines in growth, 

research on polyamines in embryogenesis is very complex. This 

is because in plants, un l ike  animals, growth and d i f f e re n t ia t io n  

occur simultaneously. As a resu l t ,  i t  is d i f f i c u l t  to separate 

events spec i f ic  to d i f f e re n t ia t i o n  from those spec i f ic  to 

growth. Nevertheless, in elegant experiments Fienberg et 

(1984) determined polyamine t i t r e  during somatic embryogensis of 

carrot  ce l l  cultures and found increased levels of the amines in 

embryonic cultures as compared to no n -d i f fe ren t ia t ing  contro ls . 

A mutant l ine  which did not form embryos, but grew at the same 

rate as the wild type, had lower polyamine t i t r e s  than the l ine  

forming embryos. They thus concluded that embryo development 

was associated with polyamine content. This conclusion was 

corroborated by the fac t  tha t  inh ib i t ion  of polyamine synthesis 

in the cultures using DFMA led to a reduction in embryogensis 

which was induced again by addit ion of spermidine. Previous 

work carr ied out in 1978 by Montague, Koppenbrink and Jaworski 

showed that embryogénie c e l ls  of carrot  incorporated (^^C) 

arginine into putrescine at twice the rate of  control c e l ls ,  

thus ind ica t ing a l i n k  between polyamines and c e l l u l a r  d i f fe re n 

t i a t i o n  during embryogenesis. In th is  system i t  appears that 

arginine decarboxylase a c t i v i t y  is responsible fo r  polyamine 

synthesis l inked to embryogensis (Fienberg et ^ . ,  1984).

Active polyamine metabolism also occurs during the development 

of soybean seeds (Lin ^  a l . ,  1984), seedlings of  Phased us 

spp. (Bagni, 1970) and Lathyrus (Ramakrishna and Adiga, 1975).



- 3 6 -

Several authors report increased polyamine biosynthesis in plant  

t issues a f te r  growth regulators  have been appl ied. For example, 

Bagni, Torr ig iani  and Barbieri  (1981) applied auxin to Helian- 

thus tuberosus, Dai, Kaur-Sawhney and Galston (1982) promoted 

polyamine synthesis in dwarf peas using g ibbe re l l in  and Suresh, 

Ramakrishna and Adiga (1978) studied cytokin ins in re la t io n  to 

arginine decarboxylase and putrescine levels in cucumber. The 

increase in polyamine t i t r e  associated with such growth regula

to r  appl icat ions has led to the hypothesis that polyamines may 

be in t r a c e l lu la r  second messengers. Galston (1983) uses the 

analogy of the second messenger c-AMP a f te r  Atmar, Daniels and 

Kuehn (1978) reported a polyamine-activated nuclear protein 

kinase that phosphorylates non-histone protein in Physarum poly- 

cephalum. Some workers argue that  polyamines (and perhaps po ly

amine conjugates) are a class of  plant growth regula tor .  This 

argument has gained considerable impetus since the recent report 

of long distance t ransport  in a var ie ty  of plant species, espe

c i a l l y  in response to stress (Friedman, Levin and Altman, 1986).

Work considered so fa r  is  very pos i t ive in concluding tha t  poly

amines are essential f o r  growth and cel l  d iv is ion .  However, a 

d e f in i te  causal re la t ionsh ip  between ce l l  growth and polyamines 

in higher plants cannot be formed with absolute ce r ta in ty .  

Thus, Meijer and Simmonds (1988) concluded from work on a l f a l f a  

that the need fo r  polyamines in somatic embryogenesis may not be 

the same fo r  d i f fe re n t  v a r ie t ie s .  Two l ines were studied which 

both re f lected an auxin-induced bui ld up of putrescine. Polya

mine biosynthetic i n h ib i t o r s  caused a decrease in polyamine 

t i t r e s  which resulted in inh ib i ted  embryogenesis in one of the
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genotypes but not the other.  S im i la r ly  no re la t ionsh ip  was 

detected between polyamine concentrations in ra p id ly  d iv id ing 

and i r rad ia t ion-b locked t issues of artichoke explants. Nor was 

there a cor re la t ion  between ce l l  d iv is ion and polyamine t i t r e  

(P h i l l ip s  et , 1988). Cell d iv is ion was not affected by DFMA 

treatment, but xylogenesis did appear to be sens i t ive .  I t  was 

found that exogenous spermidine inh ib i ted d i f f e r e n t i a t i o n  of the 

xylem at a concentrat ion which did not a f fec t  c e l l  d iv is ion .  

This may be re lated to the f ind ings that DFMO and MGBG treatment 

led to elevated spermidine levels and apparent i n h ib i t io n  of 

xylogenesis but not ce l l  d iv is ion .  I t  may, therefore ,  be 

possible that spermidine accumulation resu l t ing  from growth con

d i t ions  may i n h ib i t  c y tod i f fe re n t ia t io n  or xylogenesis.

I t  should be noted however, that  in th is  work, no ind ica t ion  was 

given of possible changes in polyamine conjugates. Changes in 

polyamine conjugates could be important in p lant growth respon

ses (see Slocum and Galston, 1985a). Equally, given that  polya

mines are compartmentalized w i th in  ce l ls  (see To r r ig ian i  et a l . ,  

1986), very small changes in a pool of free cy toso l ic  polyamines 

may be able to cause changes in growth.

1.6.2 F ru i t  Development

Considering the ro le  polyamines play in ce l l  d iv is io n  and growth 

in many plant species, i t  is  not surprising tha t  they perform a 

function in f r u i t  development. This may have p rac t ica l  impl ica

t ions in terms of i_n v i t r o  f r u i t  production as f r u i t  cultured in 

v i t r o  tends to be smaller than equivalent ni vivo f r u i t  and
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often does not produce v iab le  seed. I t  has been shown by Cohen 

et a l . (1982) that during ce l l  p ro l i fe ra t io n  in tomato f r u i t s  

orn i th ine decarboxylase a c t i v i t y  increases and that  putrescine 

is necessary fo r  f r u i t  development. Tei tel  et (1985), also 

working on tomato f r u i t ,  correlated enzyme a c t i v i t y  with ce l l  

d iv is ion  and the polyamine t i t r e  with DNA content, ce l l  size and 

fresh weight. These f ind ings  have been corroborated by others. 

For example, Nathan, Altman and Monselise (1984) re la ted a rg i 

nine decarboxylase and o rn i th ine  decarboxylase a c t i v i t i e s  to 

f r u i t  set and development of 'Murcott '  mandarins and B ias i ,  

Bagni and Costa (1988) found that  levels of free polyamines were 

high immediately a f te r  f u l l  bloom of Golden Delicious apples but 

decreased therea f ter .  The l a t t e r  workers analyzed the levels  of 

bound polyamines and found these to be higher than the free 

t i t r e s .  I t  was noted tha t  the decl ine of polyamine levels  was 

related to abscission peaks. Previous to th is  study, Costa and 

Bagni (1983) found tha t  f r u i t  set and y ie ld  of apples could be 

increased by spraying polyamines onto flowers nine days a f te r  

f u l l  bloom. This treatment possibly enhanced the rate of  growth 

by af fec t ing  cel l  d iv is io n .  However, there is some va r ia t ion  in 

resul ts  obtained when polyamines are applied with the in ten t ion  

of  increasing f r u i t  y i e ld .  Thus, Volz and Knight (1986) found 

c u l t i v a r  var ia t ions when putrescine was applied to  apple. 

Treatment apparently enhanced f r u i t  set in one c u l t i v a r  but not 

in two others. Te i te l  et (1985) did not f ind  any s t imula

t ion  of j j 2 v i t r o  tomato f r u i t s  when exogenous putrescine was 

added to the system. This may simply be because the f r u i t  con

tained s u f f ic ie n t  quan t i t ies  o f  polyamines fo r  i t s  metabol ic 

requirements. Thus, an addi t ional  supply would be in e f fe c t i v e .
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Although in most of the systems used fo r  studying f r u i t  develop

ment, orn i th ine decarboxylase a c t i v i t y  is correlated with plant 

growth, avocado f r u i t  has been found to possess argin ine decar

boxylase in both the seed coat and the mesocarp. Winer and 

Apelbaum (1986) detected high arginine decarboxylase levels in 

t issues during a period of  rapid cel l  d iv is ion  and growth. 

A f te r  the f r u i t  was harvested, putrescine levels decreased and 

were depleted t o t a l l y  at the c l imacteric  peak. This is also 

related to ethylene production wi th in the f r u i t  at t h i s  stage, 

where enhanced ethylene biosynthesis would lead to a reduction 

in polyamine biogenesis.

1.7 FUNGAL RESEARCH

Inh ib i to rs  of polyamine biosynthesis have great po ten t ia l  as a n t i -  

fungal agents. Recently, P fa l le r ,  Gerarden and Riley (1987) 

studied the ef fects of DFMO on the growth of Candida a lb icans, C. 

t rop ica l  is and C. pa rap s i lo s is . These yeasts are oppor tun is t ic  

and are becoming increas ing ly  important, p a r t i c u la r l y  in immuno

compromised patients. The authors report substantial  i n h ib i t i o n  

of growth a f te r  DFMO treatment, with C. t r o p ic a l i s  being pa r t icu 

l a r l y  affected. Rather high levels of DFMO were required to

in h ib i t  Candida growth, but the potential  is there and fu r th e r

work should be carr ied out on th is  and re lated in h ib i to r s .

Numerous pathogenic fungi a f fec t ing  humans and other animals could 

possibly be contro l led using such inh ib i to rs .

Plant pathogens have, to  date, received more a t ten t ion  than

animal- in fect ing fungi .  The key fac tor  involved in the potent ia l
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control of fungal pathogens is  that fungi can synthesize polya

mines via, orn i th ine decarboxylase, whereas the biogenesis of 

putrescine can occur yi_a both orn i th ine and argin ine decarboxy

lases in plant systems. Theore t ica l ly ,  th is  makes i t  possible to 

eradicate a fungal pathogen on a crop plant without reducing the 

growth and y ie ld  potent ia l  o f  the plant i t s e l f .  I t  has ac tua l ly  

been reported that as a re s u l t  o f  DFMO applicat ion to oat leaves, 

arginine decarboxylase a c t i v i t y  increases by about twenty per cent 

(Flores and Galston, 1982). Rajam, Weinstein and Galston (1985)

noted a r ise  in putrescine and spermidine levels , explained by the 

elevation of arginine decarboxylase a c t i v i t y ,  but Walters (1986) 

found no effects  on endogenous polyamine concentrations a f te r  DFMO 

treatment of broad bean.

Several studies have been made on fungal responses to DFMO t r e a t 

ment, both j j 2 v i t r o  and j_n v i v o . I t  is apparent that di f ferences 

occur in the level of contro l  achieved by the i n h ib i t o r ,  with 

d i f fe re n t  fungi responding in varying ways. vivo experiments 

have mainly involved rus ts ,  although Weinstein et (1987)

b r i e f l y  looked at powdery mildew on wheat. They concluded that 

Erysiphe qramini s was more to le ran t  to DFMO than Pucci ni a recon-

d i ta ( lea f  rust) or P. qramini s f .sp .  t r i t i c i  (stem ru s t ) ,

although the in h ib i t o r  gave good control of a l l  the fungi .  Rajam, 

Weinstein and Galston (1985 and 1986) studied the e f fec ts  of 

applying DFMO to Uromyces phaseoli (bean rust) on Pinto beans.

These papers report tha t  the in h ib i t o r  was more e f fe c t iv e  as a 

post- inoculatory  treatment and treatment up to three days a f te r  

inoculat ion in h ib i t s  fungal growth t o t a l l y .  The authors also show 

tha t  DFMO is capable of some form of systemic act ion.  They specu-
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la te  that the protect ion of  unsprayed leaves could be a re su l t  of 

t ranslocation of DFMO, of  a DFMO metabol ite or due to an induced 

antifungal compound, fo r  example, a phytoalexin. Work car r ied out 

by Walters (1986) agrees wi th these f ind ings.  This author 

examined the effects  of  DFMO on U. viciae-fabae in fe c t ing  broad 

bean. The translocatory  e f fe c t  of the in h ib i t o r  was observed as 

treatment of one ha l f  o f  a lea f  led to a protect ive e f fe c t  on the 

untreated ha l f  (as separated by the m id- r ib ) .  I t  seems reasonable 

to assume that fo r  e f f e c t i v e  systemic act ion, DFMO should be

applied before inoculat ion in order to al low time fo r  t rans loca

t ion  to occur.

In v i t r o  studies have been carr ied out on a va r ie ty  of  fungal

species. Botryt i  s spp., B. cinerea, Rhizoctonia solani and

Monil in ia  f ru c t ic o la  were a l l  inh ib i ted  by DFMO and DFMA t r e a t 

ments. Each species showed ind iv idual  response patterns and DFMO

was more e f fec t ive  than DFMA. The inh ib i to rs  had the e f fe c t  of 

a l te r ing  mycelial morphology and reducing ce l l  lengths of Bo t ry t is  

spp. and M. f r u c t i c o l a . These two species were treated with

putrescine and spermidine and a promotion of growth was observed, 

thus reversing the e f fec ts  of  the biosynthetic in h ib i to rs  (Rajam 

and Galston, 1985). Birecka et a]_. (1986) reported tha t  DFMO

inh ib i ted  mycelial growth and sporulat ion of Helminthosporium 

maydis (corn leaf b l ig h t )  with DFMA showing a weak in h ib i t o r y

e f fe c t  which was not concentrat ion dependent. DFMO and DFMA also 

retarded mycelial growth o f  Ver t i c i  I l ium dahl i ae, the cause of 

V e r t i c i l l i u m  w i l t  of tomato.
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The a b i l i t y  of DFMA to i n h i b i t  growth is surpris ing as fungi have 

not been shown to possess arg in ine decarboxylase. With the excep

t ion  of H. maydis, th is  e f fe c t  is l i k e l y  to be a resu l t  of  an 

arginase-mediated conversion of  DFMA to DFMO. Birecka et 

(1986) suggest that as the in h ib i to ry  e f fec t  of DFMA on H. maydis 

was not concentration dependent, th is  reaction probably does not 

occur wi th in th is  p a r t i c u la r  fungus. As no argin ine decarboxylase 

was detected, the authors describe the in h ib i t io n  as a non-speci

f i c  e f fec t .  Mussel 1 et aj_. (1987) found that in h ib i t io n  of  V. 

dahl 1 ae by DFMA occurred at about ha l f  that of DFMO. A trace of 

arginine decarboxylase a c t i v i t y  was observed but the authors are 

doubtful regarding th is  and suggest that i t  was a resu l t  of other 

aspects of arginine metabolism. However, arginase a c t i v i t y  was 

observed and i t  was suggested (a f te r  Slocum and Galston, 1985b) 

that th is  enzyme converts DFMA to urea and DFMO. When the i n h ib i 

to ry  effects  of both in h ib i t o r s  were tested together, no addi t ive 

response was noted, thus in fe r r i n g  that both compounds exert t h e i r  

e f fec ts  at the same metabol ic s i te .

Results so fa r  obtained ind ica te  that inh ib i to rs  of polyamine b io

synthesis could be useful fungicides. Rajam, Weinstein and 

Galston (1985) calculated tha t  s ix ty-two grams per hectare of DFMO 

would be required to pro tec t  a bean crop from rust in fe c t ion ,  

assuming a spray rate of  nine hundred and fo r t y  l i t r e s  per 

hectare. I t  must be remembered that  in the work performed so fa r ,  

none of the inh ib i to rs  has been ' formulated' and i t  is wel l known 

tha t  formulat ion is important in aiding the b io log ica l  a c t i v i t y  of 

pestic ides. Proper formulat ion w i l l  no doubt enhance the fung i 

cidal performance of these in h ib i to rs .  Also, other in h ib i to rs
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have been produced by Merrel l-Dow Pharmaceutical Company. Work to 

date has not been publ ished recording the e f fec ts  of  these 

'improved' compounds on fungal pathogens, nor on the e f fec ts  of 

in h ib i to rs  of S-adenosylmethionine decarboxylase or spermidine 

synthase on fungal growth.

1.8 UPTAKE OF POLYAMINES

I f  analogues and homologues of  polyamines are to be u t i l i z e d  to 

t h e i r  f u l l  potential  as in h ib i t o r s  of polyamine biogenesis, then 

the mechanisms of amine uptake must be understood. Re la t ive ly  

l i t t l e  is known about polyamine or in h ib i to r  uptake by ce l ls  

although i t  is clear tha t  such information is important f o r  e f fec 

t i v e  chemotherapy.

1.8.1 Uptake in to  Bacteria

Tabor and Tabor (1966) characterized transport systems fo r  poly

amines in to E. c o l i . They concluded that (^^C) polyamines were 

accumulated both by adsorption mainly to the negat ively charged 

ce l l  wal ls and by an ac t ive  metabolic process which was t ime- 

dependent. The adsorption was rapid and occurred at 0°C and 

370c. Adsorbed amines were easi ly  removed when the bacteria 

were washed in unlabel led polyamine, whereas amines accumulated 

by the act ive mechanism were not readi ly removed on washing. 

The rate of uptake by the metabolic route was fas te r  f o r  putre

scine than fo r  spermidine or spermine. The higher polyamines 

thus possess a greater a f f i n i t y  fo r  the system.
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Futher work carr ied out by Kashiwagi, Kobayashi and Igarashi 

(1986) on a polyamine-defic ient  mutant of E. co l i  suggests that 

polyamine transport is  accomplished using a proton motive 

force. Amine uptake was inh ib i ted  by protonophores but enhanced 

when D-lactate was added as a source of energy and when an a r t i 

f i c i a l  membrane po ten t ia l  was created by adding val inomycin to 

ce l ls  containing potassium. Radioactive spermidine was not 

read i ly  removed by washing in ta c t  ce l ls  but was excreted from 

membrane vesicles. The authors indicate that the un id i rec t iona l  

uptake was only apparent and did not occur as a resu l t  of the 

system i t s e l f .  Rather, i t  was a consequence of l im i ted  amounts 

of free polyamines w i th in  in ta c t  ce l ls  due to rapid binding of 

the amines to nucleic acids.

The mechanism of putrescine uptake in to  the cyanobacteria Ana- 

cyst i  s ni du Ians is possib ly  tha t  of ion trapping. According to 

Guarino and Cohen (1979), uptake was not ac t ive ly  regulated by 

the ce l l  because accumulation was proport ional to the exogenous 

concentration in the medium.

1.8.2 Uptake in to  Plants

Putrescine uptake in to  s ing le  petals of Saintpaul ia ionantha 

occurred against a concentrat ion gradient at low concentrat ions 

but at higher levels the uptake was proportional to the concen

t ra t io n .  The addit ion of  the uncouplers 2, 4-dini trophenol and 

carbonylcyanide-m-chlorophenylhydrazone (CCCP) made no d i f f e r 

ence to uptake, although spermidine transport was inh ib i ted  at 

zero degrees centigrade. Bagni and Pistocchi (1985) thus con-
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cluded that uptake was possib ly  carried out by a passive ATP- 

independent carr ier-mediated system. Pistocchi,  Bagni and Creus 

(1986) followed th is  by looking at uptake of  spermidine and 

spermine, in addi t ion to putrescine, by Saintpaul ia petals. 

They report a dependency of  uptake on the external pH. Putres

cine and spermidine showed no signs of competi tion fo r  uptake 

s i tes ,  nor was th e i r  absorption inh ib i ted by inorganic ions, 

except fo r  spermidine which was inh ib i ted by calcium and enhan

ced by potassium. The overa l l  trend indicates tha t  the polya

mines and inorganic ions are transported vi a d i f fe re n t  

channels. Putrescine appeared to be accumulated in the vacuole 

with l i t t l e  being recovered from ce l l  wal ls . The authors con

cluded that the mechanism involved is complex, is  p a r t i a l l y  

energy dependent and may be related to membrane po ten t ia l .

Pistocchi,  Bagni and Creus (1987) found the t ransport o f  putres

cine and spermidine to be more rapid in car ro t  c e l l s  than in

Saintpaulia petals . A biphasic system operational at low and

high external polyamine concentrations was evident, as was the

case with the v io le t  pe ta ls .  The addition of calcium enhanced 

spermidine uptake, but only had a s l igh t  e f fec t  on tha t  of

putrescine at low concentrations and inh ib i ted  accumulation of 

the diamine at high concentrat ions. I t  is suggested tha t  the 

transport mechanism fo r  spermidine is more spec i f ic  than the 

system fo r  putrescine. Not unrelated to th is  are the d i f fe re n 

ces in compartmental ization observed between putrescine and 

spermidine. Putrescine was found in greater quant i t ies  in the 

cytoplasmic f rac t ion  w h i ls t  spermidine was associated mainly 

with ce l l  wal ls . I t  was found in a la te r  study of t ransport  of
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polyamines in to  car ro t  pro top lasts  and vacuoles tha t  exogenously 

applied spermidine could be located w i th in  the vacuole 

(Pistocchi et aj_.,  1988). The authors thus proposed the hypo

thesis that polyamines d i f fu se  across the plasmalemma whence a 

carrier-mediated system transports the amines out of the cytosol 

and in to  organel les and the vacuole.

L i t t l e  work has been car r ied  out on the whole p lant wi th regard 

to uptake or t ranspor t .  However, Young and Galston (1983) 

injected (14[) polyamines and amino acids in to  cotyledons of pea 

seedl ings. They found tha t  the polyamines were not read i ly  

transported but the amino acids were, as diamines, which had 

been produced from the rad io labe l led  precursors, were recovered 

from the plant axis. However, more recent work by Bagni and 

Pistocchi (1988) suggests tha t  putrescine is taken up by plant 

roots and is transported in tomato, maize and pine seedl ings. 

They showed that putrescine uptake and trans location was great ly  

dependent on t ra nsp i ra t ion  rate although an energy-dependent 

component was detected. This agrees with work by Friedman, 

Levin and Altman (1986) who detected polyamines in the xylem sap 

of  a var ie ty  of p lants .

1.8.3 Uptake in to  Fungi

Fungi growing on complex media w i l l  have an exogenous source of 

polyamines avai lable to them. This w i l l  possibly a f fe c t  the 

rates of amine synthesis and size of polyamine pools. However, 

i t  could be argued tha t  because fungi are capable o f  synthesiz-
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ing th e i r  own polyamines to requirement, then a spec i f ic  amine 

uptake system would not be necessary.

Most of the work car r ied  out on true fungi has been on A. n i du- 

1 ans and Neurospora crassa. Two uptake systems have been propo

sed fo r  A. n idu lans, one fo r  putrescine and one fo r  spermidine. 

Both systems appear to  be inh ib i ted  by azide ind ica t ing  the 

existence of an act ive component. Putrescine is taken up more 

rap id ly  than spermidine and therefore, has a greater a f f i n i t y  

fo r  the system. The presence of two systems is assumed as up

take of spermidine is  in h ib i te d  by putrescine and spermine, but 

putrescine uptake is  not affected by the other polyamines 

(Spathas, Pateman and Clut terbuck, 1982).

Like that of A. nidul ans, transport in N. crassa is  energy 

dependent (Davis and Ristow, 1988). Uptake in to  the fungus was

inh ib i ted  by the polyamines themselves and also by inorganic

cations. Transport in to  N. crassa is concentrat ive, possib ly  as 

a resu l t  of i n t r a c e l l u l a r  binding to nucleic acids and phospho- 

1ip ids .

By using a mutant s t ra in  of N. crassa which lacked o rn i th ine

decarboxylase, Davis and Ristow (1989) showed tha t  spermidine 

uptake was ju s t  s u f f i c i e n t  to saturate internal  binding s i te s .  

They suggested tha t  normally, the rate of spermidine synthesis 

probably saturated spermidine binding s i tes with l i t t l e  excess 

spermidine l e f t  over. They fu r the r  suggested that because th is  

excess (d i f fu s ib le  pool) is probably very small , i t  would be
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highly responsive to the ra te  of  spermidine synthesis and would 

thus be well suited to a ro le  as a regulatory s ignal .

1.8.4 Uptake in to  Animal Cel ls

The human p la te le t ,  an enucleate blood ce l l  which is d i f f e re n 

t ia te d  and no n -p ro l i te ra t ive ,  is  s t i l l  able to take up putres

cine. The process i t s e l f  is  energy dependent since i t  is  i n h i 

bi ted by 2 ,4 -d in i t ropheno l .  I t  seems probable that pH gradient 

and membrane potential  are important factors in the t ransport  

of putrescine. I t  was proposed by Nadler and Takahashi (1985) 

that  the uptake may take place vi a the serotonin system. This 

hypothesis was arr ived at due to the fact  that membrane proteins 

which have been implicated in the uptake and subsequently iden

t i f i e d ,  are s im i la r  to  those involved in serotonin t ranspor t .  

The proteins were i d e n t i f i e d  as Mr 55 000 and Mr 65 000.

Porter, Bergeron and Stolowich (1982) looked at uptake of  sper

midine der ivat ives in to  L1210 leukaemia c e l ls .  The s p e c i f i c i t y  

of  the uptake system was re la ted to primary amine a v a i l a b i l i t y  

and to a l ipha t ic  chain length separating the amines. A more 

recent study of uptake in to  L1210 ce l ls  by Porter, M i l l e r  and 

Bergeron (1984), ind icates tha t  the system is more s p e c i f ic  to 

homologues which are most l i k e  the higher polyamines but not 

putrescine. A competi t ion experiment carr ied out by these 

workers suggests that  in sp i te  of  the previous f ind ing regarding 

chain lengths, putrescine,  spermidine and spermine probably 

u t i l i z e  the same t ranspor t  system. However, the system is

essent ia l ly  energy dependent and carrier-mediated.
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1.8.5 Uptake of DFMQ

Active transport systems do ex is t  fo r  polyamines and also fo r  

amino acids l i k e  o rn i th in e .  Theoretica l ly, since DFMO is an 

analogue of o rn i th ine ,  i t  should also be transported ac t ive ly .  

However, work carr ied out with mouse f ib rob las ts  (Erwin and 

Pegg, 1982) and T. brucei brucei (B i tonti  et 1986) suggests 

that  DFMO enters c e l l s  v ia passive d i f fu s ion .  In both animal 

systems i t  was found tha t  uptake was non-saturable and not anta

gonized by the presence o f  polyamines or amino acids. Erwin and 

Pegg (1982) draw a t ten t ion  to the fact  that  reversal e f fec ts  

observed when polyamines are applied a f te r  DFMO treatment are, 

therefore, not brought about by interference wi th DFMO uptake.

On the other hand, recent work by Walters and Kingham (1989) has 

shown that DFMO uptake in to  roots of in tac t  barley plants was 

s im i la r  to uptake of amino acids in several systems. Thus, 

uptake was biphasic wi th  respect to external concentrations and 

was saturable. Furthermore, these authors claim tha t  since DFMO 

uptake was subs tan t ia l ly  reduced by orn i th ine in the medium, i t  

is  l i k e l y  that DFMO is  taken up by an amino acid t ransport  

system, as suggested by Slocum and Galston (1987).

1.9 PATHOGENS USED

Two biotrophic pathogens, E. grami n i s and Usti lago maydi s were 

studied, in addit ion to one hemibiotroph (P. in fes tans) and f i v e  

necrotrophs. Br ie f  in troduct ions to the fungi are given below.
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1.9.1 Pythium ultimum Trow 

Disease:

P. ultimum causes damping-off of young seedl ings. Most plants 

are subject to in fe c t ion ,  p a r t i c u la r ly  i f  damp condit ions pre

v a i l .  The fungus can attack the seed at the pre-emergence stage 

or a f te r  emergence has taken place. The disease may be recogni

sed by brownish watery les ions.

Economic importance:

The losses incurred by P. ultimum tend to vary from one year to 

the next. An outbreak w i l l  usual ly ruin a crop t o t a l l y .  

Sugar-beet and vegetable crops seem to be most at r i s k ,  although 

forest  trees may also be af fected.

Control :

Control is effected by ensuring that soi l  is wel l drained and by 

chemical treatment of the so i l  and seed. Fenaminosulf and pro- 

pamocarb may be used as so i l  treatments (Bouhot and Smith, 

1988).

1.9.2 Phytophthora infestans (Montague) de Bary 

Disease:

Infect ion by th is  pathogen leads to late b l ig h t  of  potato and 

tomato. The fungus also attacks other members of the Solana- 

ceae. A l l  aerial p lant parts are affected with brown or black 

necrot ic lesions appearing on the leaf t ips  and margins and also 

on the stems. At harvest, potato tubers may become infected by
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zoospores washed down from the infected haulms or when l i f t e d ,  

which leads to the development of a brown granular ro t  beneath 

the skin. Secondary r o t t i n g  may occur as a re su l t  o f  bac ter ia l  

invasion.

Sporangia are read i ly  disseminated by wind and ra in splash and 

therefore, other crops may become infected. The fungus can 

overwinter in tubers, whether seed potatoes or those l e f t  in 

clamps. Volunteer p lants  are a source of in fec t ion .

Economic importance:

Late developing crops are most l i k e l y  to su f fe r  economic losses 

as a resu l t  of d e fo l ia t io n  which affects tuber y ie ld .  The 

actual re la t ionship between y ie ld  potential and loss in re la t ion  

to in fec t ion  by P. infestans has yet to be c l a r i f i e d  (Rotem, 

Bashi and Kranz, 1983). When b l igh t  is prevalent on potato 

crops, tomatoes tend to  also be affected. The disease is of 

world wide d is t r ib u t io n  and is present wherever potatoes are 

produced.

Control :

Resistant var ie t ies  of  potato are avai lable, although a pa r t icu 

l a r  c u l t i v a r  may only be res is tan t  to some races of P. infestans 

and susceptible to others . Cultural practices include destroy

ing potato clamps, reducing growth of volunteer plants and never 

p lanting infected seed potatoes. Integrated control methods are 

most e f f i c i e n t ,  where polygenic resistance is  u t i l i z e d  along 

with fungicide sprays, appl ied at times when in fe c t ion  periods
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are predicted. Sui table fungicides include maneb, zineb and 

captafol (Rich, 1983; Shattock, 1988; CMI, No. 838, 1985).

1.9.3 Septoria nodorum (Berk.) Berk, apud and Br.

Disease:

Symptoms of in fec t ion  appear both on the leaf and the ear. When

the ear is infected, i t  is  termed glume blotch and appears as

brown lesions. Lesions occurring on the lea f  begin as water- 

soaked green areas which develop in to  elongated pale brown areas 

surrounded by a l i g h t e r  border which eventual ly darkens. The 

disease is p r in c ip a l l y  seed-borne but may survive on wheat

stubble. Once the crop is  harvested, the fungus becomes sapro

phytic .

Economic importance:

The importance of the disease varies from season to season and 

depends on the stage o f  p lant  development at which in fec t ion

occurs. For example, seedl ing in fec t ion w i l l  reduce t i l l e r  pro

duction and cause a greater  y ie ld  loss than would be the case i f  

in fec t ion  occurred a f t e r  f lowering.

Control :

Some var ie t ies  of cereal are less susceptible than others, but 

i t  would be f a i r  to  say tha t  res is tant c u l t i v a rs  are only 

moderately successful. Cul tura l  control includes practices such 

as using healthy seed and va r ie t ies  which mature ear ly ,  in addi

t ion  to crop ro ta t ions .  Several fungicides are useful i f  

applied before establ ishment of  the disease on upper leaves, fo r



- 5 3 “

example, captafo l ,  carbendazin plus mancozeb and prochloraz 

(Sanderson and Scott,  1988; Shipton et 1971; ADAS, No.

2257, 1984; CMI, No. 86, 1966).

1.9.4 Pyrenophora teres (Drechsler)

Disease:

The fungus causes net b lo tch of barley, although other cereals 

may occasionally show signs of in fec t ion.  Seed-borne inoculum

causes a primary in fe c t io n  which develops as pale lesions on the

f i r s t  leaves. Secondary in fec t ion  on older leaves is  id e n t i f i e d  

by brown n e t - l i k e  les ions. Two forms of the pathogen e x is t ,  one

forming n e t - l i k e  lesions and the other, brown spots. The

differences in symptom expression are genet ica l ly  determined.

Economic importance:

The importance of the pathogen is rapid ly increasing, possibly 

as a resu l t  of continual barley cropping and the increase in 

early sown autumn crops.

Control :

Seed dressings are able to reduce the primary source of  inoculum 

but secondary sources such as debris are s t i l l  prevalent . Crop 

ro ta t ion pract ices, the destruct ion of stubble and the use of 

res is tant  va r ie t ies  are a l l  useful in c o n t ro l l in g  the pathogen. 

A number of fungicides are e f fec t ive  contro l agents, fo r  

example, prochloraz, tr iadimefon and propiconazole (Smedegaard- 

Petersen, 1988; ADAS, No. 2257, 1984; CMI, No. 390, 1973).
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1.9.5 Gaeumannomyces graminis (Sacc.) v. Arx and O l i v ie r  

Disease:

The disease caused by t h i s  fungus is known as ta k e -a l l .  I t  is a 

soi l-borne pathogen which attacks the roots of cereals. Wheat 

is more susceptible than barley.  Seedlings may be k i l l e d  and 

older plants stunted wi th  bleached inflorescences termed White

heads .

Economic importance:

Where cereals are in te ns ive ly  grown, take-a l l  is an important 

disease on a world-wide basis. However, i f  susceptible crops 

are part of a ro ta t ion  then i t  causes minimal concern.

Control :

The only method of contro l  avai lable at the moment is ro ta t iona l  

cropping or u t i l i z a t i o n  o f  take -a l l  decline. Research in to  

potentia l  use of various chemicals as control agents has been 

carr ied out but with l im i te d  success. However, Ba l l inge r  and 

Kollmorgen (1986) have looked at the potential  o f  using t r ia z o le  

and benzimidazole fungicides on take-a l l  of wheat. The com

pounds were applied wi th seed and i t  was found that  good control 

was obtained. There i s ,  therefore, the potentia l  fo r  chemical 

control (Lemaire, 1988; CMI, No. 383, 1973).

1.9.6 Fusarium culmorum (W.G.Sm.) Sacc.

Disease:

F. culmorum causes root  ro ts  of  cereals and is associated with 

other fungi in forming a ' f o o t - r o t  complex'. The fungus is also
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responsible fo r  cob and stem ro t  of maize, rots of  asparagus and 

of peas. Pinkish mycelium can often be observed at stem bases 

of infected plants. The pathogen may also cause storage rots of 

apples, potato and sugar-beet. Brown-patch of  tu r f -g rass  

resul ts  from in fec t ion  as F. culmorum is often prevalent in 

grassland. The fungus inhabi ts  the soi l  and is  very competi

t i v e .  I t  is able to overwinter both as conidia and mycelium.

Economic importance:

Yield losses very much depend on environmental fac tors  and few 

quant i ta t ive  resul ts  are avai lable. Many seedl ings may be 

k i l l e d  around the time o f  emergence and often the crop cannot 

compensate fo r  the reduction in plant numbers.

Control :

Seed treatments have been shown to p a r t i a l l y  contro l the 

disease. Examples of  such fungicides are organomercury, car- 

boxin plus thiabendazole and triadimenol plus fuberidazole . 

Ploughing in of stubble and the use of healthy seed is advised. 

I t  is d i f f i c u l t  to f u l l y  prevent outbreaks of  th is  disease due 

to i t s  competi tive nature and persistance (Fehrmann, 1988; ADAS, 

No. 854, 1983; ADAS, No. 2257, 1984; CMI, No. 26, 1964).

1.9.7 Erysiphe graminis DC. ex Merat 

Disease:

The disease caused by t h i s  pathogen is powdery mildew o f  cereals 

and grasses. The symptoms are v is ib le  on aer ia l  parts and con

s is t  of white f l u f f y  pustules mainly on leaves and sheaths. The
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pustules become brown with  age. Necrotic spott ing may be seen 

on var ie t ies  of cereal which are resis tant to  powdery mildew. 

Straw, stubble and overwinter ing plants may a l l  harbour conidia 

or mycelium and act as a source of in fec t ion.

Economic importance:

Yield losses in cereals can be severe, with barley being subjec

ted to the highest incidence of disease. Mildew is  the most 

widespread of the cereal lea f  diseases.

Control :

Control is carr ied out vi  a the use of res is tant  v a r ie t ie s ,  fung

icides and cu l tu ra l  p ract ices.  Cult ivars belonging to d i f fe re n t  

d iv e rs i f i c a t io n  groups w i l l  reduce incidence of  the disease 

especia l ly i f  integrated with the use of fungic ides. A host of 

fungicides is avai lable both as seed treatments and sprays. 

Examples are e th i r im o l ,  prochloraz, tridemorph and nuarimol. 

Cultural practices include avoiding high nitrogen leve ls and 

sowing spring crops near to diseased autumn crops (Schwarzbach 

and Smith, 1988; ADAS, No. 579, 1982; ADAS, No. 2257, 1984; CMI, 

No. 153, 1967).

1.9.8 Usti lago maydis (DC.) Corda 

Disease:

U. maydi5 is a ga l l - fo rm ing  smut which af fects  maize. Spores 

are formed with in i r r e g u la r  swellings which yary in size from 

one to ten centimetres on inflorescences, leaves and stems. 

I n i t i a l l y ,  the ga l ls  are white but la te r  rupture to release
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black spores. Spores may survive fo r  a number o f  years in the 

soi 1.

Economic importance;

The disease can be observed on a worldwide basis wherever maize 

is grown, although i t  is  absent from Austra l ia  and New Zealand. 

Seedlings can be k i l l e d  and surviving infected plants give r ise  

to small cobs. Losses in Europe tend to be small .

Control ;

No control method presently  ex is ts .  Rotational pract ices are of 

no use due to the longev i ty  of  the spores and fungic ides have 

not proved to be p a r t i c u la r l y  e f f i c ie n t .  The vast number of 

biotypes of U. maydis causes problems when attempting to develop 

res is tant  va r ie t ies  (Cassini and Smith, 1988; CMI, No, 79, 

1965).

1.10 AIMS OF THE PROJECT

I t  is clear that polyamines are important in the funct ion ing of 

a l l  ce l ls  and that these compounds are synthesized vi a o rn i th ine  

and arginine decarboxylases in plants, but only by way of o rn i 

th ine decarboxylase in fun g i .  Given th is  in formation, i t  should 

be possible to control p lan t  diseases using in h ib i t o r s  of polya

mine biosynthesis. The aims of th is  project are, therefore ,  to ;

a) assess the fungic ida l  propert ies of a number o f  spec i f ic  i n h i 

b i to rs  of polyamine biosynthesis;

b) determine whether necrotrophic and b io t roph ic  fungi have 

s im i la r  response patterns to treatment with the in h ib i to rs ;
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c) determine the mechanisms of  uptake of polyamines, amino acid 

precursors and a b iosyn the t ic  in h ib i to r  in to  selected fungi .

I f  inh ib i to rs  of polyamine biosynthesis are to be u t i l i z e d  as 

fungicides, then th is  information is important. An understanding 

of  the mechanisms involved w i l l  be useful in the ra t iona l  

improvement and design o f  sp e c i f ic  inh ib i to rs .
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SECTION 2 

MATERIALS AND METHODS
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2.1 EFFECT OF THE INHIBITORS ON INFECTION OF BARLEY BY ERYSIPHE 

GRAMINIS

2.1.1 Maintenance of the Pathogen

E. graminis f .sp .  hordei was maintained on barley plants 

(Hordeum vulgare L . , cv. Golden Promise) which were kept in a 

growth chamber. The temperature was 20 ± 5°C and a r t i f i c i a l

l ig h t in g  was provided by f luorescent tubes fo r  15h per day.

Barley plants were sown and sequential ly inoculated on a weekly 

basis at about the fou r th  lea f  stage.

2.1.2 Plant Material

Healthy plant material was obtained by sowing seeds of  barley 

(cv. Golden Promise) in Fison's Levington compost in 36 cm seed 

trays. The plants were grown in a glasshouse under natural 

dayl ight supplemented f o r  16h da i ly  by 400W mercury vapour

lamps. The maximum temperature was 24°C during the day and f e l l  

to a minimum of 9°C at n igh t .

Plants at growth stage 12 (second leaf unfolded, Zadok's scale) 

were used fo r  experiments. F i r s t  leaves were removed from the 

plants,  cut to a length o f  7 cm and placed in to  9 cm diameter, 

sing le vent, p la s t ic  Petr i  dishes containing Oxoid No. 3 agar 

supplemented with 0.02% (w/v) benzimidazole. The t i p s  of  the 

leaves were embedded in the agar and held in place wi th cover- 

s l ip s .  The leaves were treated with solut ions of in h ib i to rs  

and/or polyamines and were inoculated with E. graminis f .sp .
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hordei by the t ra n s fe r  o f conidia from stock plants using a

camel ha ir  brush.

2 . 1 . 3  T r e a t m e n t  w i t h  I n h i b i t o r s  a n d / o r  P o l y a m i n e s

Solutions of the in h ib i to rs  and/or polyamines were made up in

0.01% (y/v) Tween 20 (BDH Ltd, Poole, Dorset) and adjusted to  pH

7.0 using sodium hydroxide. Concentrations ranged from 0.05 to

2.0 mM depending on the in h ib i to r  or polyamine used. The con

centrations used fo r  each treatment were as fo llow s :

1. DFMO; 0.5, 1.0 and 2.0 mM; pre- and pos t- inocu la tion  t r e a t 

ments .

2. 6-MFMO; 0,5 and 1.0 mM; post-inoculation treatments.

3. A-MFMO.Me; 0.5 and 1.0 mM; post-inoculation treatments.

4. RR-MAP; 0.05, 0.1 and 0.5 mM; post-inoculation treatments.

5. 2-Hydrazinoornithine; 0.5 mM; post-inocu la tion treatment.

6 . CHA; 0.5 and 1.0 mM; post-inocu la tion treatments.

7. MGBG; 0.05, 0.5, 1.0 and 2.0 mM; pre- and pos t- inocu la t ion  

treatments.

8 . DFMO + MGBG; 0.05, 0.1 and 0.5 mM MGBG + 0.5 mM DFMO; 0.05,

0.1 and 0.5 mM MGBG + 1.0 mM DFMO; pos t- inocu la t ion  t r e a t 

ments.

9. DFMO + putrescine; 0.1 and 0.5 mM putrescine + 1.0 mM DFMO; 

pre- and pos t- inocu la t ion  treatments.

10. DFMO + spermidine; 0.1 and 0.5 mM spermidine + 1.0 mM DFMO; 

pre- and pos t- inocu la t ion  treatments.

11. Polyamines; 0.5 mM putrescine or 0.5 mM spermidine; pre- 

and post- inocu la tion  treatments.
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12. Water; pre- and pos t- inocu la t ion  treatments.

Controls consisted o f leaves which had been; a) inoculated only 

and b) sprayed with in h ib i t o r  solutions in the absence o f  inocu

lum. Type a) con tro ls  are shown in a l l  f igu res  and type b)

contro ls were v is u a l ly  assessed to determine possib le phytotoxic 

e ffec ts  of the in h ib i to r s .

A Shandon spray u n it  was used to apply in h ib i to r  and/or polya

mine solutions to  a l l  leaves except fo r  control type a), and

sprays were applied u n t i l  ru n -o f f .  In p re - inocu la t ion  

treatments, the leaves w ith in  the Petri dishes were sprayed with 

so lutions of the in h ib i to rs  and/or polyamines and l e f t  fo r  2h 

before inocu la tion .

2 . 1 . 4  T i m i n g  o f  I n h i b i t o r  A p p l i c a t i o n s

Leaves were treated w ith  DFMO (1.0 mM), MGBG (1.0 mM), MGBG + 

DFMO (0.5 + 0.5 mM) and DFMA (1.0 mM) at times from 0 days (a

pre-inocu lation treatment) to  5 days a f te r  ino cu la t io n .

A f te r  treatment and in o cu la t io n , the Petri dishes were placed 

randomly in a co n tro l le d  environment. The temperature was 

18.5°C, fa l l in g  to  16.5°C at n igh t, and a r t i f i c i a l  l i g h t  was

provided by fluorescent tubes fo r  16h per day to give a mean 

irradiance of 251 ^mol/m^/s.

Visual assessment o f in fe c t io n  was carried out using a standard 

area diagram 6, 9 and 12 days a f te r  inoculation and recorded as
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the per cent of le a f area in fected . Petri dishes were coded and 

randomly assessed to prevent personal bias.

2.2 EFFECT OF THE INHIBITORS ON GROWTH OF FUNGI GROWN IN VITRO

2.2.1 Maintenance o f the Pathogens

Stock cultures o f P. te r e s , G. graminis, F. culmorum, U. mavdis, 

P. infestans and P. ultimum were grown on Potato Dextrose Agar 

(PDA) (Oxoid). S. nodorum was grown on Czapek Dox Agar (Oxoid) 

plus V-8 ju ice  using the fo llow ing recipe (per l i t r e ) :  60 ml

V“ 8 ju ic e ,  13.62g Czapek Dox Agar (Oxoid), 0.9g calcium car

bonate, 3g Oxoid No. 3 Agar, 240 ml d is t i l le d  water. A l l  media 

were autoclaved at IIS^C fo r  20 minutes.

The cultures were kept in the dark at a temperature o f 24®C. 

Fresh cu ltu re  plates were in i t ia te d  on a 7-21 day ro ta  depending 

on the growth of each fungus.

2.2.2 Treatment with In h ib i to rs  and/or Polyamines

For the experimental work, a l l  cultures were grown on Czapek Dox 

medium containing 0.5% mycological peptone (Oxoid) except fo r  

P. ultimum and P. in festans which remained on PDA. The Czapek 

Dox medium was made as described in the Oxoid Manual and supple

mented with 0.5% mycological peptone. The formula used (per 

l i t r e )  was as fo llow s : 2.0g sodium n i t ra te ,  0.5g potassium

ch lo r ide , 0.5g magnesium glycerophosphate, 30g sucrose, 5.0g 

mycological peptone. P r io r  to  carrying out experimental work, 

i t  was established tha t each fungus would grow s a t is fa c to r i l y  on 

th is  medium.
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During the course o f ro u t ine  sub-culturing some cu ltu res o f P. 

teres (grey) spontaneously developed tu f ts  o f orange mycelium. 

Subsequent cu ltu r ing  o f  these orange tu f ts  produced stable 

orange varian ts . Such v a r ia t io n  is well documented fo r  P. teres 

(see McDonald, 1967). The grey and orange forms o f P. teres 

were studied in d e ta i l  in a l l  subsequent experiments.

Czapek Dox + peptone medium was made up, autoclaved (115°C fo r  

20 minutes) and allowed to  cool to 40-42°C. In h ib i to rs ,  polya

mines and polyamines plus in h ib i to r  so lutions were f i l t e r -  

s te r i l iz e d  using M in is ta r t  blue (0.2 >jm) f i l t e r s  (S arto r ius , 

Surrey, England) and added to the cooled medium. Twenty ml o f 

the amended media were tra n fe rred  to p la s t ic  90 mm, s ing le  vent 

Petri dishes. Control p la tes consisted only o f the Czapek Dox 

medium with 0.5% mycological peptone. The concentrations used 

fo r  each treatment were as fo llows;

1. DFMO; 1.0, 2.0 and 4.0 mM.

2. 6-MFMO; 0.5 and 1.0 mM.

3. A-MFMO.Me; 0.5 and 1.0 mM.

4. RR-MAP; 0.5 and 1.0 mM

5. DFMA; 1.0 mM.

6 . DFMO + DFMA; 1.0 + 1.0 mM.

7. MGBG; 0.5, 1.0 and 2.0 mM.

8 . DFMO + MGBG; 0.5 + 0.5 mM and 1.0 + 1.0 mM.

9. CHA; 0.5, 1.0, 2.0 and 4.0 mM.

10. Putrescine; 0.5 and 1.0 mM.

11. Spermidine; 0.5 and 1.0 mM.

12. DFMO + putrescine; 4.0 + 1.0 mM.

13. DFMO + spermidine; 4.0 + 1.0 mM.
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Only P. infestans and P. ultimum were treated w ith  DFMA and DFMO 

+ DFMA.

Mycelial bores, 1.0 cm diameter, from Petri dishes containing 

stock cultures o f the fu n g i,  were placed upside down on the 

centre o f each experimental p la te, which was then incubated 

in the dark at 24®C. Replicate numbers ranged from 5 to  7 

depending upon the a v a i la b i l i t y  of the p a r t ic u la r  in h ib i to rs .  

Growth was monitored by measuring the distance between the new 

growth and the edge o f the o r ig ina l mycelial plug. Three 

measurements were taken, the mean o f which represents the growth 

o f the colony in mm. Measurements were taken at d i f fe re n t  times 

fo llow ing inocu la t ion , the in te rva l being dependent on the 

growth o f the fung i. These measurements were converted to  per

centages o f the con tro l value and expressed as such in the 

resu lts  section (3 .2 ).

2.2.3 Cell Lengths and Diameters

The lengths and diameters o f septae were measured using a c a l i 

brated micrometer, on day 6 a f te r  inocu la tion . For ease, the 

septae w i l l  be re fe rred  to  as c e l ls .  Mycelium was scraped from 

the Petri dishes, placed onto microscope slides and stained with 

lactophenol cotton blue. I t  was not possible to measure ce l l  

size fo r  every in h ib i t o r  as mycelial growth was ra the r sparse 

fo r  some treatments. Measurements were rep lica ted  10 times. 

The measurements fo r  the grey and orange forms o f P. teres were 

pooled and thus the re p l ic a te  number was 20.
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2.3 UPTAKE OF POLYAMINES, PRECURSORS AND DFMO BY F. CULMORUM AND G. 

GRAMINIS

F. culmorum and G. gramin i s were chosen fo r  experiments in which 

uptake o f polyamines, precursors and DFMO were to  be studied. The 

d ifferences in growth e f fe c ts  observed with d i f fe re n t  treatments 

of the in h ib i to rs ,  suggested i t  would be useful to  compare the two 

species. However, the most detailed work was carr ied  out using

F. culmorum.

2.3.1 General Methods

Mycelial suspensions o f F. culmorum and G. graminis were grown 

in Czapek Dox + peptone l iq u id  medium and incubated in a Den ley 

o rb i ta l  shaker at 144 rpm fo r  5 to 7 days under con tro lled  con

d i t io n s ,  The pH o f the medium varied depending on the p a r t ic u 

la r  experiment. The temperature was 18.5°C fa l l i n g  to 16.5°C at 

n igh t, and a r t i f i c i a l  l i g h t  was provided by fluorescent tubes 

fo r  16h per day to give an irradiance of 251 jumol/M^/s.

A fte r  5 to 7 days, mycelium was harvested by cen tr i fu g a t io n  

(Europa 24M, MSE S c ie n t i f ic  Instruments) fo r  3 minutes at 14000 

rpm and at 18-20°C, The mycelium was washed once by re-suspen-

ding in 10-15 ml o f fresh Czapek Dox + peptone medium correspon

ding to the pH at which i t  was grown, and cen tr i fug ing  again. 

The p e l le t  of wet mycelium was removed from the cen tr ifuge  tubes

and 0.5g quantit ies were weighed and added to f lasks containing

10 ml Czapek Dox + peptone medium, also of the pH corresponding 

to tha t o f the o r ig in a l growth medium. Three rep lica tes  o f each
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treatment were used. The f lasks were incubated at room tempera

ture and under natural d a y l ig h t fo r  40 minutes in a Denley re c i 

procal shaker at 136 rpm. Standard solutions o f varying sub

s tra te  concentrations were made and 2.5 ml o f the unlabelled

substrate were added to  the mycelial suspensions a f te r  40 

minutes. In add it ion , 12.5 >il (23 KBq) of labe lled  substrate 

obtained from Amersham In te rna tiona l was added and the f lasks 

were incubated fo r  a determined time in the reciprocal shaker at 

136 rpm.

Following incubation, mycelia were removed by ce n tr i fu g a t io n  fo r  

3-5 minutes at 14000 rpm. The p e l le t  was washed twice w ith 10 

ml d i s t i l l e d  water by re-suspending the mycelium and c e n tr i fu g 

ing. A fte r the f in a l  wash and cen tr ifuga tion , the p e l le t  was 

deposited in a glass s c in t i l la t io n  v ia l containing 2 ml 

Soluene-100 (United Technologies, Packard). The v ia ls  were 

shaken in a rotamixer and incubated fo r  3h at 50^0, then l e f t

overnight at room temperature. Ten ml Hionic-Fluor s c i n t i l l a 

t ion  f lu id  (United Technologies, Packard) was then added to each 

v ia l ,  and ra d io a c t iv i ty  counted using an LKB 1215 Rackbeta 

l iq u id  s c in t i l l a t io n  counter.

The control treatments contained everything except the rad io 

labe lled substrate. These methods were developed from work 

carr ied  out by de Waard and van N istlerooy, 1979 and Sheard and 

Farrar, 1987.
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2.3.2 Outline o f Methods used to  Determine the Effect o f  pH on Uptake

Mycelium of F. culmorum was prepared as described in section

2.3 .1 . The pH values looked at were pH 4.0, 5.0, 6.0, 7.0, 8.0 

and 9.0. The mycelium was grown at each specified pH and uptake 

was studied at tha t pH, the values of which were adjusted using 

sodium hydroxide. The cold substrates used at each pH value 

were o rn ith in e , a rg in ine , putrescine, spermidine, spermine and 

DFMO at a concentration o f 1.0 mM. Labelled substrate was added 

as described in section 2 .3 .1 .

2.3.3 Outline o f Methods used to  Determine Effect o f Time on Uptake

Mycelium of F. culmorum was prepared as described in section

2.3.1. The pH of the growth and uptake medium was determined by 

the experiment described in section 2.3.2 and varied depending 

on the substrate used. The pH values at which the experiment 

was carried out corresponded to the optimum uptake o f the sub

s tra te  at tha t value and were: arginine, pH 5.0; o rn ith in e  and 

putrescine, pH 6.0; DFMO, pH 7.0; spermidine and spermine, pH

8,0. These values were adhered to throughout the remaining 

uptake experiments, except fo r  the study of competition between 

cations and polyamines fo r  uptake by the fungi (see section 

2 .3 .8 ) .  The pH values o f  the media were adjusted using sodium

hydroxide. The incubation times studied were, 10, 20, 30, 40,

50, 60 and 120 minutes and 1.0 mM concentration of each un

label led substrate was used. Labelled substrate was added as 

described in section 2 .3 .1 .
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2.3.4 Outline o f Methods Used to  Study Kinetics o f  Uptake by F. 

culmorum and G. graminis

Mycelium was prepared as de ta iled in section 2.3.1 w ith the pH 

of growth and uptake medium as described in section 2 .3 .2 .

The substrates used were arg in ine, o rn ith ine , putrescine, sper

midine, spermine and DFMO. In experiments using F. culmorum the 

substrate concentrations used were 0.006, 0.013, 0.025, 0.05,

0.1, 0.25, 0.5, 1.0, 10, 25 and 50 mM. However, 0.1 mM concen

t ra t io n  was not used fo r  analysis o f spermidine uptake. In 

experiments using G. gramin i s , the substrate concentrations used 

were 0.1, 0.25, 0.5, 1.0, 10 and 25 mM fo r  arg in ine , putrescine,

spermine and DFMO. In the experiment looking at o rn ith in e

uptake, 0.25 mM treatment was omitted and the concentrations of 

spermidine studied were 0.4, 0.6, 2.0, 8.5 and 21 mM. Radio

labelled substrate was added as described in section 2.3 .1 .

From these experiments, the optimum substrate concentrations 

were determined by p lo t t in g  the data and ca lcu la t in g  the Km 

( a f f in i t y  constant) from an Eadie-Hofstee equation. In subse

quent experiments, in order to avoid substrate l im i ta t io n  during 

uptake, a value of 3 times the overall Km fo r  each substrate was 

used (Tables 10 and 11, Text, de ta il the Km values calcu lated) 

with the exception o f the experiment described in section 

2.3.6. The Km of DFMO uptake could not be ca lcu la ted , so a 

value re la t ing  to the Km of orn ith ine  was used (DFMO being an 

o rn ith ine  analogue).
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2.3.5 Outline o f Methods Used to  Study the Effect o f a Respiratory 

In h ib i to r  on Uptake

Mycelium of f .  culmorum was prepared as described in section

2.3.1 with the pH o f growth and uptake medium as de ta iled  in 

section 2.3 .2.

The substrates employed were putrescine, spermidine and DFMO and 

were used at quan tit ies  corresponding to 3 times the Km o f each 

polyamine and 3 times the Km of orn ith ine fo r  the DFMO t re a t 

ments. Sodium azide (1.0 mM) (Sigma Chemical Co., Poole, 

England) was added to the uptake medium with the unlabelled sub

s tra tes . The control treatments did not contain sodium azide. 

Radioactive substrate was added as described in section 2,3 .1.

2 . 3 . 6  O u t l i n e  o f  M e t h o d s  U s e d  t o  S t u d y  A n t a g o n i s t i c  E f f e c t s  o f  P o l y a 

m i n e s ,  O r n i t h i n e  a nd  DFMO on U p t a k e  o f  P o l y a m i n e s  a n d  DFMQ

Mycelium of F. culmorum was prepared as described in section

2.3 .1 . The experimental treatments used were as fo llow s :

^^C putrescine + cold putrescine 

" " + cold spermidine

" " + cold o rn ith in e

" " + cold DFMO

^^C spermidine + cold spermidine 

" " + cold putrescine

" " + cold o rn ith in e

+ cold DFMO
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14c DFMO + cold DFMO

" " + cold putrescine

" " + cold spermidine

" " + cold o rn i th in e

One mM concentration o f  each unlabelled substrate was used and 

labelled substrate was added as described in section 2 .3 .1 . The 

Km values previously obtained were not useful fo r  th is  study as 

the pH o f the medium corresponded to the optimum pH o f the

rad io labe lled  substrate and not necessarily to tha t o f the cold 

substrate. The pH values used were pH 6.0 fo r  putrescine, 7.0 

fo r  DFMO and 8.0 fo r  spermidine uptake.

2.3.7 Outline o f Methods Used to  Study the Effect on Uptake o f  Poly

amines o f Growing Fungi in In h ib i to r  Amended Medium

Mycelium was prepared as described in section 2.3.1 w ith  the

amendment tha t in h ib i t o r  so lu tions were added to the growth

medium.

F i l t e r  s te r i l iz e d  in h ib i t o r  solutions were added to  autoclayed 

Czapek Dox + peptone medium which had been cooled to  40-42°C. 

M in is ta r t  blue (0.2 ;jm) f i l t e r s  (Sartorius, Surrey, England) 

were used. The in h ib i t o r  so lutions used in the amended media 

fo r  growth of F. culmorum were as fo llows:

1. DFMO; 1.0, 2.0 and 4.0 mM.

2. MGBG; 0.5, 1.0 and 2.0 mM.

3. DFMO + MGBG; 0.5 + 0.5 mM and 1.0 + 1.0 mM.
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G. graminis was grown only in the presence o f DFMO, 1.0 and 4.0 

mM and MGBG, 0.5 mM. This fungus would not grow well in l iq u id  

cu ltu re  in the presence o f greater concentrations o f in h ib i to r .  

In h ib ito rs  were not present in the uptake medium. Labelled sub

s tra te  was added as described in section 2.3 .1.

2.3.8 Outline o f Methods Used to  Study Competition Between Cations and 

Polyamines During Uptake

Mycelium was prepared as described in section 2 .3 .1 . The fungus 

was grown at pH 7.0.

The uptake medium consisted o f MOPS free acid b u ffe r  (3-(N- 

Morpholino) propanesulfonic acid) (Sigma Chemical Co., Poole, 

England) adjusted to  pH 7.0 using sodium hydroxide. Uptake by 

both F. culmorum and G. gramin i s was studied. Two mM qu an t it ie s  

o f compounds containing ind iv idua l cations were added to  the 

MOPS bu ffe r at the same time as the unlabelled substrate. The 

compounds used were, sodium n i t ra te ,  potassium ch lo r ide  and 

magnesium glycerophosphate, and were chosen because o f th e i r  

presence w ith in  the Czapek Dox medium used in previous experi

ments. Radioactive substrate was added as described in section

2.3.1.

Uptake of putrescine, spermidine and spermine by F. culmorum and 

G, gramin is was studied both in the presence and absence o f each 

cation.
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2.3.9 Deta ils o f Compounds Used

Throughout the t re a t is e  o f the work undertaken, chemicals have 

been referred to w ithout g iv ing  reference to the actual formu

la t io n  of the compounds. The following l i s t  ind icates more 

s p e c if ic a l ly  the products used:

-  Tween 20; polyoxethylene (20) sorbitan monolaurate.

-  MGBG; methylglyoxal b is  -  (guanylhydrazone) d ihydroch loride .

-  Putrescine; putrescine dihydrochloride.

-  Spermidine; dispermidine triphosphate.

-  Spermine; spermine te trahydroch loride .

-  Arginine; L-arg in ine hydrochloride,

-  Ornithine; L -o rn ith ine  hydrochloride.

A ll purchased from Sigma Chemical Co., Poole, England.

-  2-Hydrazinoornithine; 2-hydrazinoornithine monohydrochloride 

(Calbiochem-Behring Corp., C a li fo rn ia ) .

-  CHA; sold as dicyclohexylamine (CcHii)2 NH, (Adrich Chemical 

Co., Dorset, England).

Radioactive Chemicals:

-  PUTRESCINE; (1, 4-C14) putrescine dihydrochloride

S.A. = 118 mCi/mM

- SPERMIDINE; (C14) spermidine tr ihydroch lo r ide

S.A. = 117 mCi/mM

- SPERMINE; (C14) spermine tetrahydrochloride

S.A. = 111 mCi/mM

-  ORNITHINE; L-(U -  C14) o rn ith ine  hydrochloride

S.A. = 285 mCi/mM
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-  ARGININE; L-(U - C14) arg in ine monohydrochloride

S.A. = 348 mCi/mM

- DFMO; D L-alpha-d ifluoromethyl (5 -  C14) o rn ith in e

S.A. = 60 mCi/mM

A ll purchased from Amersham Internationa l PLC, Buckinghamshire, 

England.

The in h ib i to rs  o f polyamine biosynthesis, DFMO, A-MFMO, A  - 

MFMO.Me, RR-MAP and DFMA were g i f t s  from Merrell-Dow Pharmaceu

t ic a l  Co., C inc innati, USA and were described in the Introduc

t io n .
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SECTION 3 

RESULTS
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3.1 EFFECT OF THE INHIBITORS ON INFECTION OF BARLEY BY ERYSIPHE 

GRAMINIS

The percentage of le a f  area infected was established by visual 

assessment using a standard area diagram 6, 9 and 12 days a f te r  

inocu la tion . The contro l treatment consisted o f leaves which had 

been inoculated only.

The e ffe c t  o f app lica tion  o f  water as both a pre- and post-inocu- 

la t io n  spray was examined (Figure 4, Text). The p re - inocu la t ion  

spray reduced in fe c t io n  leve ls  on day 6 a f te r  inocu la tion  but 

increased per cent in fe c t io n  on day 9. I t  is f a i r  to  say, con

s idering the v a r ia b i l i t y  o f the actual in fe c t io n , tha t th is  t r e a t 

ment had l i t t l e  e f fe c t .  However, the post- inocu la tion app lica t ion  

o f water s ig n i f ic a n t ly  reduced in fe c t ion , although not to  the 

extent o f the in h ib i to rs  o f polyamine biosynthesis.

3.1.1 S ta t is t ic a l  Analysis

The standard e rro r o f the mean was calculated and s ign if icances 

were determined using a t - t e s t .  As resu lts  are expressed in the 

form of percentages, i t  was assumed that population variances 

were not equal. Therefore, the fo llow ing formulae were used to 

ca lcu la te  differences (taken from Parker, 1983):
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“ X2

y S i / N i  + Sj/Ng
= t  w ith f  degrees of freedom

1/ f  - u^/N^-l + (1- u)^/N2~1

St/Ni
u =

S | / N i  + S1/N2

X\ = mean o f sample 1 (contro l)

%2 = mean o f sample 2

2.

= variance of sample 1 

S I  = variance of sample 2

Ni = number o f rep lica tes  in sample 1

N2 = number of rep lica tes  in sample 2

3.1.2 E ffect o f QDC In h ib i to rs  on Mildew Growth

Treatment with the ODC in h ib i to rs  DFMO, A-MFMO, A-MFMO.Me, RR- 

MAP and 2-hydrazinoorn ith ine s ig n i f ic a n t ly  reduced percentage of 

lea f area infected w ith mildew, when compared to the control 

(Figures 5, 6, 7 and 8, Text). A general trend observed with 

each in h ib i to r  was tha t of greater mildew control w ith increas

ing concentration.

DFMO was applied as both pre-and post- inocu la tion  treatments, 

the la t t e r  having a greater e ff ica cy  (Figure 5, Text). Indeed a

2.0 mM post- inocu la tion  app lica tion  of DFMO almost t o t a l l y  con

t ro l le d  mildew in fe c t io n .

Due to  th e i r  l im ited  supply A-MFMO and A-MFMO.Me were only 

applied as post- inocu la tion  treatments (Figure 6, Text), Both
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in h ib i to rs  con tro lled  mildew in fe c t io n , with the 1.0 mM app lica

t io n  of A-MFMO.Me being the more e f f ic ie n t .  However, at the 

lower concentration (0.5 mM), there appeared to  be l i t t l e  

d iffe rence in the e f f ic a c y  o f these two in h ib i to rs .

RR-MAP s ig n if ic a n t ly  reduced pathogen in fec t ion  (Figure 7, Text) 

although not as markedly as the other ODC in h ib i to rs .

2-Hydrazinoornithine gave the greatest control i f  compared to 

the other ODC in h ib i to rs  o f s im ila r  application concentrations 

(Figure 8, T ex t) .

3.1.3 E ffec t o f CHA on Mildew Growth

Both concentrations o f CHA used s ig n i f ic a n t ly  reduced mildew 

growth (Figure 8, Text). The in h ib i to r  appeared to  be more 

potent than RR-MAP, A-MFMO, A-MFMO.Me but less e f f ic ie n t  than 

2-hydrazinoornith ine and MGBG and on a par: w ith DFMO.



FIGURE 4. E ffect of pre- or pos t- inocu la t ion  treatment with water on 

the per cent of lea f area infected w ith mildew. Vertica l bars represent 

the standard e rro r of the mean and s ig n i f ic a n t  differences are P = 0.02 

fo r  pre -inocu la t ion  treatment day 9, and P = 0.001 fo r  others.



Percent of leaf area infected

Control Water, pre-inoc. Water, post-inoo.

Day 6 Day 9



FIGURE 5. E ffect of pre- or pos t- inocu la t ion  treatment with DFMO on 

the per cent of le a f area infected w ith mildew. Vertica l bars represent 

the standard e rro r of the mean and s ig n i f ic a n t  differences are P = 0.001 

fo r  each treatment.

FIGURE 6. E ffect of post- inocu la tion  treatment with A-MFMO and 

A-MFMO.Me on the per cent of lea f area in fected with mildew. V e rt ica l 

bars represent the standard e rro r of the mean and s ig n if ic a n t  d i f f e r 

ences are P = 0.001 fo r  each treatment.



Percentage of leaf area Infected

Control 0.5 mM 1.0 mM 2.0 mM 0.5 mM 1.0 mM 2.0 mM 
' DFMO (pre-inoc.)---------- ' '--------- DFMO (poet-lnoc.)----------- '

Day 6 Day 9 ü H  Day 12

Percentage of leaf area infected

Control 0.5 mM 1.0 mM
'------A  -M FM O -----------

0.5 mM 1.0 mM
' A -M F M O .M e ------------- '

Day 6 Day 9 EEH l Day 12

Poet-lnoc.



FIGURE 7. E ffect of post- inocu la tion treatments with RR-MAP on the per 

cent o f le a f  area infected with mildew. Vertica l bars represent the 

standard e r ro r  of the mean and s ig n if ic a n t  differences are P = 0.001 fo r  

each treatment.

FIGURE 8. E ffect o f post- inocu la tion  treatments with 2-hydrazinoorni

th ine (2-H) and CHA on the per cent o f le a f  area infected with mildew. 

Vertica l bars represent the standard e r ro r  o f the mean and s ig n i f ic a n t  

d ifferences are P = 0.001 fo r  each treatment.



Percentage of leaf area infected

Control 0.05 mM 0,1 mM 
RR-MAP (post-inoc.)-

Day 6 Day 9 Day 12

0.5 mM

50
Percentage of leaf area infected

40 -

30 -

2 0 -

1 0 -

Oontrol 0.5 mM 
I------------2 -H - J L

0.5 mM 1.0 mM
------------------- CHA-------------------------- '

Day 6 Day 9 Day 12

Post-inoc,
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3.1.4 E ffect o f MGBG and mixtures o f DFMO + MGBG on Mildew Growth

Both pre- and po s t- ino cu la t io n  applications o f MGBG (Figures 9 

and 10, Text) s ig n i f ic a n t ly  reduced mildew in fe c t io n ,  w ith  the 

post- inocu la tion  sprays being more e f f ic ie n t .  Percentage of 

le a f area infected a f te r  treatment with a pos t- inocu la t ion  spray 

o f 1.0 mM MGBG was minimal and in fec tion  was very s l ig h t  a f te r  

treatment with 2.0 mM o f th is  in h ib i to r .

A post- inocu la tion a p p lica t io n  of a mixture o f DFMO plus MGBG 

also s ig n if ic a n t ly  reduced the level of mildew in fe c t io n  (Figure 

11, Text). The mixture enabled control to be atta ined at lower 

concentrations of the in d iv id u a l in h ib i to rs .  For example, the 

mixture of MGBG, 0,5 mM and DFMO, 1.0 mM reduced mildew growth 

to a level o f 1.7% on day 9 a f te r  inocu la tion . MGBG, 0.5 mM 

lim ited  growth to 2.7% and DFMO, 1.0 mM to 3.6% on the same 

day. Therefore, concentrations greater than 1.0 mM DFMO or 0.5 

mM MGBG would be needed i f  each in h ib i to r  were applied in d iv i 

dual ly .



FIGURE 9. E ffect o f pre-inocula tion treatments with MGBG on the per 

cent o f le a f  area infected with mildew. ‘ Vertica l bars represent the 

standard e rro r  of the mean and s ig n if ic a n t  d ifferences are P = 0.001 fo r  

each treatment.

FIGURE 10. E ffect of post-inocula tion treatments with MGBG on the per 

cent o f lea f area infected with mildew. Vertica l bars represent the 

standard e rro r  o f the mean and s ig n i f ic a n t  differences are P = 0.001 fo r  

each treatment.



Percentage of leaf area infected

Control 0.06 mM 0.5 mM 1.0 mM
'-------------------------------------MQBQ (pre-inoc.) —

Day 6 Day 9 Day 12

2.0 mM

Percentage of leaf area infected

T T

Control 0.05 mM

Day 6

0.5 mM 1.0 mM
 MQBQ (post-inoc.) —

Day 9 H H  Day 12

2.0 mM



FIGURE 11. E ffect o f post-inocula tion treatments with MGBG + DFMO on 

per cent o f lea f area infected with mildew. V ertica l bars represent the 

standard e rro r o f the mean and s ig n i f ic a n t  d ifferences are P = 0.001 fo r  

each treatment.



Percentage of leaf area infected

T
Control MQBQ 0.06 MQBQ 0.1 MQBQ 0.6 MQBQ 0.06 MQBQ 0.1 MQBQ 0,6 

'----------------* DFMO, 0 .6 ---------------- 1 '--------------- + DFMO, 1 .0----------------- '

Day 6 Day 9 Day 12

(mM) Poat-lnoc.
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3.1.5 E ffect o f Polyamines + DFMO and Polyamines on Mildew Growth

I f  in h ib i t io n  o f fungal polyamine biosynthesis is  responsible 

fo r  reducing fungal growth, then the e ffects  o f the in h ib i to rs  

should, th e o re t ic a l ly ,  be reversed by the subsequent add it ion  of 

polyamines. This hypothesis was tested by g iv ing  barley leaves 

a pre- or po s t- ino cu la t io n  spray of DFMO supplemented with 

e ith e r putrescine or spermidine. Although such treatment never 

completely eliminated the in h ib i to ry  e ffec ts  o f DFMO, both 

putrescine and spermidine sub s tan t ia l ly  reversed the e f fe c t  of 

DFMO.

The pre-inocu lation treatment incorporating DFMO and 0.1 mM 

putrescine (Figure 12, Text) or spermidine (Figure 13, Text) 

increased mildew in fe c t io n  to a greater level than the 0.5 mM 

putrescine + DFMO or spermidine + DFMO pre - inocu la t ion  t r e a t 

ments, or the po s t- ino cu la t io n  sprays of e i th e r  0.1 mM or 0.5

Table 2 (Text) shows the e ffe c ts  of putrescine and spermidine on 

mildew in fe c t io n . The p re - inocu la t ion  treatment w ith putrescine 

increased mildew growth on days 6 and 9, but spermidine did not 

enhance fungal in fe c t io n  u n t i l  day 9 a f te r  in o cu la t io n . 

However, these apparent increases resu lt ing  from putrescine 

treatment were not s t a t i s t i c a l l y  s ig n if ic a n t .  The pos t- inocu la 

t io n  treatments with putrescine and spermidine a c tu a lly  reduced 

in fe c t io n .



FIGURE 12. E ffect o f pre- or pos t- inocu la t ion  treatment w ith DFMO + 

putrescine on per cent o f lea f area in fec ted  with mildew. V e rt ica l bars 

represent the standard e rro r of the mean and s ig n if ic a n t  d ifferences are 

P = 0.001 fo r  each treatment.

FIGURE 13. E ffect o f pre- or pos t- inocu la t ion  treatment w ith DFMO + 

spermidine on per cent o f lea f area in fec ted  with mildew. Vertica l bars 

represent the standard e rro r o f the mean and s ig n if ic a n t  d ifferences are 

P = 0.001 fo r  each treatment.



Percentage of leaf area infected

Contrcl PUT 0.1 + PUT 0.5 + 
' (mM) Pre-inoc. '

A
0

PUT 0.1 + PUT 0.5 +
' (mM) Post-inoc.----------- '

Day 6 Day 9 mM Day 12

+ DFMO, 1.0 mM

Percentage of leaf area infected

Control SPD 0.1 + SPD 0.5 + SPD 0.1 ^ SPD 0.5 +
' (mM) Pre-inoc. ' * (mM) Post-inoc.----------- '

Day 6 Day 9 Day 12

* DFMO, 1.0 mM



TABLE 2. Effect o f putrescine and spermidine (0.5 mM) on in fe c t io n  of 

barley leaves by E. gram inis. Results are expressed as percentage o f 

lea f area infected ± the standard e rro r of the mean. S ig n if ica n t

differences are shown at P = 0.02 a; P = 0.001 b.

DAYS AFTER 
INOCUUTION

CONTROL 
(Inoc. only)

PUT
(Pre-inoc.)

PUT
(Post-inoc.)

SPD
(Pre-inoc.)

SPD
(Post-inoc.)

6 31.5 ± 1.51 33.2 ± 2.60 19.0 ± 1.95b 27.0 ± 2.42b 12.2 ± 1.6lb

9 35.7 ± 1.45 41.5 ± 2.57 29.7 ± 2.02b 37.5 ± 2.4ia 19.7 ± 2.34b
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3.1.6 Timing o f In h ib i to r  App lica tions

The tim ing of in h ib i to r  applications was examined fu r th e r  by 

spraying with DFMO, MGBG or DFMO + MGBG ju s t  p r io r  to inocu la

t ion  (day 0, p re -inocu la t ion  spray) or 1 to 5 days a f te r  inocu

la t io n  with mildew spores (Figures 14, 15 and 16, Text). The 

resu lts  fo r  the d i f fe re n t  in h ib i to rs  show s im ila r  trends. The 

percentage in fec tion  was greatest when treatment occurred on the 

f i r s t  day a f te r  inocu la tion  (day 1). Mildew growth was fu r th e r  

reduced when the in h ib i to rs  were applied on days 2 and 3, w ith 

in fec t ion  increasing on leaves which were treated on days 4 and 

5. The greatest reduction was obtained when leaves were sprayed 

3 days a f te r  inocu la tion .

A s im ila r  experiment was ca rr ied  out with DFMA and, although a l l  

treatments s ig n i f ic a n t ly  reduced the per cent of le a f  area 

in fected, DFMA was most e f fe c t iv e  as a p re- inocu la t ion  t r e a t 

ment. The per cent o f le a f  area infected with mildew increased 

with any delay in in h ib i to r  application (Figure 17, Text).

No apparent phytotoxic e f fe c ts  were observed on leaves which had 

been sprayed with in h ib i to r  solutions in the absence of inocu- 

1 um.



FIGURE 14. E ffect of application o f DFMO at d i f fe re n t  times on the per 

cent of le a f area infected with mildew. Vertica l bars represent the 

standard e rro r  of the mean and s ig n i f ic a n t  differences are P = 0.001 fo r  

each treatment.

FIGURE 15. E ffect of application o f MGBG at d i f fe re n t  times on the per 

cent of le a f area infected with mildew. Vertica l bars represent the 

standard e rro r  of the mean and s ig n i f ic a n t  d ifferences are P = 0.001 fo r  

each treatment.
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Day 0 “ pre-inoc. treatment
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FIGURE 16. E ffect o f application o f MGBG + DFMO at d i f fe re n t  times on 

the per cent o f lea f area infected with mildew. Vertica l bars represent 

the standard e rro r o f the mean and s ig n i f ic a n t  differences are P = 0.001 

fo r  each treatment.

FIGURE 17. E ffect o f application o f DFMA at d i f fe re n t  times on the per 

cent of lea f area infected with mildew. V ert ica l bars represent the 

standard e rro r  o f the mean and s ig n i f ic a n t  d ifferences are P = 0.001 fo r  

each treatment.
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3.2 EFFECT OF THE INHIBITORS ON GROWTH OF FUNGI GROWN JN VITRO

The e ffec ts  of in h ib i to rs  o f polyamine biosynthesis on the myce

l i a l  growth and ce ll  length and diameter of several species were 

studied.

3.2.1 S ta t is t ic a l  Analysis

The standard e rro r o f the mean was calculated and s ign if icances 

were determined using a t - t e s t .  Population variances were 

assumed to be equal and thus the fo llowing formula was used to 

ca lcu la te  differences (taken from Parker, 1983):

Xi - X2
t  =

/s î /N i  + S%/N2 

where t  has (N% + N2) -  2 degrees of freedom.

= mean of sample 1 (con tro l)

X2 = mean of sample 2 

N% = number of re p l ica te s  in sample 1

N2 = number o f re p l ica te s  in sample 2

s t  = variance o f sample 1

S^ = variance o f sample 2.

3.2.2 E ffect o f QDC In h ib i to rs  on Fungal Growth

Table 3 (Text) shows the e ffe c ts  of ODC in h ib i to rs  on growth of 

P. te re s , G. gram inis, S. nodorum, F. culmorum and U. maydis.

The in h ib i to ry  e ffe c ts  vary both between species and between

p a r t ic u la r  in h ib i to rs .
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DFMO, at a concentration o f 4.0 mM reduced growth o f the grey 

form of P. teres by 80% and the growth of G. graminis by 30%. 

Although s ig n if ic a n t  decreases in the growth o f the orange form 

of P. teres and o f F. culmorum were obtained w ith 4.0 mM DFMO, 

the reductions were small. DFMO had no in h ib i to ry  e f fe c t  on 

growth of S. nodorum and 2.0 mM DFMO ac tu a lly  stimulated 

growth. Growth of the b io troph , U. maydis, was reduced by 20% 

at the 4.0 mM concentration o f DFMO.

A-MFMO and A-MFMO.Me reduced growth of P. teres (both forms) and 

F. culmorum more e f fe c t iv e ly  than DFMO at the 1.0 mM concentra

t io n .

RR-MAP appeared to e f fe c t  a greater reduction in growth o f the 

orange form of P. teres and F. culmorum than DFMO. Lower con

centrations o f DFMO, A-MFMO and &-MFMO.Me caused a s t im u la t ion  

o f growth o f S. nodorum, and RR-MAP had a s im i la r  e f fe c t  on the 

grey form of P. te re s .

Mycelial growth of P. infestans was e f fe c t iv e ly  co n tro l le d  by

1.0 mM DFMO and p a r t ic u la r ly  by a mixture o f DFMO + DFMA (1.0 +

1.0 mM). DFMA administered in d iv id u a l ly ,  s ig n i f ic a n t ly  increa

sed growth o f th is  fungus.

P. ultimum remained unaffected by DFMO and DFMA when added 

in d iv id u a l ly  but when media was supplemented w ith a 1.0 + 1.0 mM 

mix o f the two in h ib i to r s ,  growth was stimulated (Table 4, 

T e x t) .
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Tables I to V I I I  (Appendix) show the e ffects  of the ODC in h ib i 

tors on the fungi over a period of time, the length o f which 

depended on the speed o f mycelial growth. The resu lts  shown in 

Table V (Appendix) in d ica te  tha t growth o f F. culmorum was 

reduced on day 3 compared to  tha t on day 2 and Table IV (Appen

dix) demonstrates th a t although growth o f S. nodorum was not 

contro lled by the in h ib i to r s ,  stimulation o f growth by the com

pounds was less on day 6 than on day 2. However, DFMO 1.0 and

2.0 mM caused an enhanced s tim ula tion o f growth on day 6.

The in h ib i to ry  e ffe c ts  o f the compounds on the orange form o f 

P. teres (Table I I ,  Appendix) did not a l te r  very much w ith  time, 

although the 4.0 mM DFMO treatment did reduce growth on day 6 

compared to days 2 and 4. For the grey form o f th is  species 

(Table I ,  Appendix), a decrease in the potency o f the in h ib i to rs  

with time was observed, except fo r  DFMO 2.0 and 4.0 mM t r e a t 

ments which gave s im i la r  leve ls  of control w ith time.

Table I I I  (Appendix) shows tha t the ODC in h ib i to rs  con tro l le d  

growth of G. q rami ni s more e f fe c t iv e ly  on day 2 than on day 6, 

and U. maydis also increased growth re la t iv e  to  the co n tro l ,  on 

the f in a l  day o f measuring (Table V I I I ,  Appendix),

Growth of P. infestans was l im ited  to a greater extent on day 15 

than on day 9 and s t im u la t ion  o f growth by DFMA was less pro

nounced on the f in a l  day o f measuring although the enhancement 

e f fe c t  was s t i l l  s ig n i f ic a n t  (Table VI, Appendix). In con tras t, 

the stim ula tion o f growth of P. ultimum (Table V I I ,  Appendix) by 

DFMA and DFMO + DFMA was greater on day 2 than on day 1.



TABLE 3. E ffect of ODC in h ib i to rs  on growth of P. te re s , G. graminis 

and S. nodorum on the s ix th  day a f te r  inoculation, F. culmorum on the 

th i rd  day a f te r  inoculation and U. maydis on the tw e n ty - f i r s t  day a f te r  

inocu la tion . Results are expressed as percentage o f contro l value (= 

100%) ± the standard e rro r o f the mean expressed as a percentage o f the 

mean. S ig n if ica n t differences are shown at P = 0.1 -  0.05 a; P = 0.02 

-  0.01 b; P = 0.002 - 0.001 c. ^ ind icates that mycelium had reached 

the edge o f the Petri dishes.

TREATFENT
(ntl)

■ P. TERES 
(grey)

P. TERES 
{orange}

G. GRmiNIS S. NODOm F. CULMORUM U. MAYDIS

DFMO:

1.0 96.8 ± 4.8 •k 86.0 ± 1.3= 100.6 ± 0.5 98.7 ± 1.6 84.7 ± 1.6b'

2.0 61.8 ± 9.8C •k 72.4 ± 2.4= 105.9 ± 0.3b 95.4 ± 1.7 -

4.0 20.4 ± 5.3: 85.6 ± 0.7c 69.6 ± 0.6= 98.2 ± 1.1 78.9 ± 1.7= 79.2 ± 1.8b'

A-MFMO:

0.5 94.3 ± 3.0 87.0 ± 1.5c 79.2 ± 2.8= 103.5 ± 0.73 76.0 ± 2.9= -

1.0 79.6 ± 5.4b 92.1 ± 0.8= 92.5 ± 1.5b 97.9 ± 0.5 84.7 ± 3.1= -

A-NFMO.Me:

0.5 103.5 ± 2.4 93.0 ± 1.3b 94.7 ± 1.63 105.9 ± 1.3b 89.3 ± 2.9b

1.0 92.1 ± 1.2a 94.9 ± 0.6b 96.0 ± 2.9 99.1 ± 0.6 76.6 ± 0.9= -

RRHW:

0.5 110.4 ± 1.3b 98.6 ± 1.1 95.3 ± 2.23 101.8 ± 1.1 90.6 ± 2.4b -

1.0 101.8 ±3.2 94.9 ± 0.7b 93.5 ± 1.2b 98.2 ± 0.6 89.9 ± 5.23 -



TABLE 4. E ffect of in h ib i to rs  o f polyamine biosynthesis on growth of 

P. ultimum on the f i r s t  day a f te r  inoculation and P. infestans on the 

f i f te e n th  day a f te r  inocu la t ion . Results are expressed as percentage 

o f control value (= 100%) ± the standard error of the mean expressed as 

a percentage o f the mean. S ig n if ic a n t  differences are shown at P = 0.1 

-  0.05 a; P = 0.02 - 0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

P. ULTIMUM P. INFESTANS

DFMO:

1.0 99.3 ± 1.5 65.2 ± 3,13

DFMA:

1.0 102.9 ± 2.7 119.1 ± 3 . 7b

DFMO + DFMA:

1.0 + 1.0 105.8 ± 1.23 56.7 ± 2 . 7c
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3.2.3 Effect o f MGBG and Mixtures o f DFMO + MGBG on Fungal Growth

MGBG was found to be the most powerful in h ib i to r  o f fungal 

growth examined. Thus, 2.0 mM MGBG caused substantia l reduc

tions in the growth o f a l l  fungi examined (Table 5, Text). G. 

graminis appeared to be the most susceptible to  the e ffe c ts  of 

th is  compound: 0.5 mM MGBG reduced growth by almost 50% and no 

growth was observed at 2.0 mM MGBG. Growth of the grey form of 

P. teres was reduced by 80% compared to almost a 25% reduction 

in growth of the orange form. The growth of both S. nodorum and 

F. culmorum was s ig n i f ic a n t ly  reduced by th is  in h ib i to r .

Mixtures of DFMO + MGBG were no more e ffec t ive  than MGBG on i t s  

own (Table 5, Text), although P. teres (grey form) appeared to 

be re la t iv e ly  more susceptib le to the mixture at low concentra

tions than to e ith e r  in h ib i to r  in d iv id u a l ly  at equivalent 

m o la r i t ie s .

Tables IX to X I I I  (Appendix) show the e ffec ts  o f MGBG and a 

mixture o f DFMO + MGBG on the fungi over a period o f time. The 

e ffe c t  o f MGBG on the growth of the orange form of P. teres 

(Table X, Appendix) was less pronounced with time and, the re

fore , growth was r e la t iv e ly  less inh ib ited  on day 6 than day 2. 

A s im ila r  e ffec t on the grey form of P. teres was observed, 

although the 2.0 mM concentration led to a reduction in growth 

by day 6. G. graminis (Table XI, Appendix) was s l ig h t ly  less 

affected by MGBG with time. However, growth o f both S. nodorum 

(Table X I I ,  Appendix) and F. culmorum (Table X I I I ,  Appendix) was
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reduced more with time. The effects of the mixture o f DFMO +

MGBG on the fungi were s im i la r  to those observed fo r  MGBG on i t s

own.

3.2.4 E ffect o f CHA on Fungal Growth

Growth o f G. graminis was s ig n i f ic a n t ly  reduced by CHA,

especia lly  at 2.0 and 4.0 mM, which reduced growth by 50% and

80% respective ly . Although CHA caused a small reduction in 

growth of the orange form o f P. te res , growth o f the other fungi 

examined was not s ig n i f ic a n t ly  affected (Table 5, Text).

Tables IX to X I I I  (Appendix) show that there was some va r ia t io n  

in the e ffec ts  o f CHA w ith  time, but with the exception o f F. 

culmorum, these e ffe c ts  were re la t iv e ly  s l ig h t .  Growth o f F. 

culmorum on day 2 (Table X I I I ,  Appendix) was g re a t ly  enhanced by 

the addition o f CHA to  the medium, but th is  e f fe c t  was not 

observed on day 3.



TABLE 5. E ffect of in h ib i to rs  o f  polyamine biosynthesis on growth of 

P. te re s , G. graminis and S. nodorum on the s ix th  day a f te r  inocu la

t io n ,  F. culmorum on the th i r d  day a f te r  inoculation and U. maydis on 

the tw e n ty - f i r s t  day a f te r  in o cu la t io n . Results are expressed as per

centage o f control value (= 100%) ± the standard e rro r o f the mean 

expressed as a percentage o f the mean. S ign if ican t d iffe rences are 

shown at P = 0.1 -  0.05 a; P = 0.02 -  0.01 b; P = 0.002 -  0.001 c.

TREATMENT P. TERES 
(nM) (grey)

P. TERES 
Torange)

G. GRAMINIS S. NOOORLM F. CULMORUM U. MAYDIS

NGBG:

0.5 98.9 ± 1.2 87.6 ± 0.5= 53.4 ± 2.2= 80.3 ± 1.1= 90.9 ± l.Qb -

1.0 95.0 ± 1.4 83.7 ± 0.5= 11.5 ± 5.7= 65.9 ± 1.3= 84.4 ± 3.5b 82.6 ± 3.4k

2.0 20.7 ± 3.1C 74.4 ± 0.4= 0.0= 50.0 ± 2.4= 58.8 ± 5.5= 74.3 ± 2.2=

DFMO + MGBG:

0.50.5 25.4 ± 2.1C 84.8 ± 0.7= 53.1 ± 1.0= 81.8 ± 1.1= 81.5 ± 2.0= 80.6 ± 2.7b

i . m , o 21.1 ± 2.9c 80.0 ± 0.3= 23.0 ± 4.9= 71.8 ± 1.6= 79.5 ± 2.0= 72.9 ± 2.4=

CHA:

0.5 105.4 ± 1.9 92.7 ± 0.8= 83.5 ± 2.0= 100.3 ± 0.9 104.2 ± 0.5 -

1.0 102.1 ± 1.0 91.5 ± 0.7= 88.2 ± 2.0= 101.5 ± 1.9 103.2 ± 1.4 -

2.0 103.6 ± 1.4 89.3 ± 1.2= 49.7 ± 6.9= 102.1 ± 1.1 97.4 ± 1.4 -

4.0 83.6 ± 7.93 83.4 ± 2.3= 20.8 ± 5.5= 98.8 ± 1.1 94.2 ± 3.1 -



- 8 7 -

3.2.5 E ffect o f Polyamines and DFMO + Polyamines on Fungal Growth

Some v a r ia b i l i t y  was observed in the response o f the various

fungi to putrescine and spermidine. Thus, the add ition  of 

putrescine or spermidine to  the medium caused small, but s ig n i 

f ic a n t  increases in growth of the grey form o f P. teres and of 

F. culmorum, and growth o f G. graminis was also s l ig h t ly  

increased by exogenous spermidine. However, 1.0 mM spermidine 

reduced growth of the orange form of P. teres and o f S. nodorum 

(Table 6, T ex t) .

The addition o f 1.0 mM putrescine or spermidine to  4.0 mM DFMO

increased growth o f the grey form of P. teres and o f F. c u l

morum, but s l ig h t ly  reduced growth of the other fungi (Table 6,

T ex t) .

Tables XIV to XVIII (Appendix) show the e ffec ts  o f polyamines 

and polyamines + DFMO on growth of the fungi over a period of 

time. Growth of the orange form of P. teres was enhanced by the 

addition of putrescine on day 2, but th is  e f fe c t  was not obser

ved on day 6. The e f fe c ts  o f the polyamines on G. graminis did 

not appreciably a l te r  w ith  time (Table XVI, Appendix) and 

although there were observable varia tions in e ffe c ts  upon the 

other fungi, these e f fe c ts  were reduced with time ( fo r  example. 

Table XVII, Appendix, fo r  S. nodorum and Table X V III ,  Appendix, 

fo r  F. culmorum).



TABLE 6. E ffect of polyamines and polyamines plus DFMO on growth of 

P. te re s , G. graminis and S. nodorum on the s ix th  day a f te r  inocula

t ion  and F. culmorum on the th i r d  day a f te r  inocu la tion . Results are 

expressed as percentage o f con tro l value (= 100%) ± the standard e rro r  

o f the mean expressed as a percentage of the mean. S ig n if ic a n t 

differences are shown at P = 0.1 -  0.05 a; P = 0.02 - 0.01 b; P = 

0.002 -  0.001 c.

TREATMENT P. TERES 
(nM) (grey)

P. TERES 
{orange)

G. GRAMINIS S. NODORUM F. CULMORUM

POT:

0.5 105.4 ± 2.1 99.2 ± 0.6 99.4 ± 2.1 98.5 ± 0.5 111.7 ± 1.5b

1.0 115.7 ± 3.2b 102.0 ± 0.2 102.2 ± 1.2 97.1 ± 0.8 114.6 ± 1.3c

SPD:

0.5 103.9 ± 5.9 98.9 ± 0.7 105.3 ± 1.2b 104.7 ± 0.6b 109.7 ± 1.8b

1.0 113.9 ± 2.7b 94.1 ± 1.2b 107.8 ± 2.53 93.2 ± 0.7b 111.4 ± 0.9c

DFMO + PUT:

4.0+1.0 110.4 ± 6.9 95.2 ± 0.9b 89.4 ± 2.4b 97.1 ±0.5 106.8 ±2.8

DFMO 4- SPD:

4.0+1.0 116.1 ± 5.23 95.8 ± 0.5b 96.3 ± 2.2 99.1 ± 1.3 110.4 ± 1.5b
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3.2.6 E ffect o f In h ib ito rs  and Polyamlnes on Cell Length and Diameter

Cell lengths of P. teres were s ig n i f ic a n t ly  reduced by exposure 

to a l l  of the in h ib i to rs  examined, as well as by putrescine 

(Tables 7, 8 and 9, Tex t) .  None of these treatments produced 

much e ffe c t on c e l l  diameter (Tables XIX, XX and XXI, Appen

d ix ) .  DFMO, MGBG and a mixture o f DFMO + MGBG reduced ce l l

length in G. graminis and the ODC in h ib i to r  A-MFMO increased

ce ll length (Tables 7 and 8, Text). Other treatments produced 

l i t t l e  e ffec t on c e l l  length or ce ll diameter in th is  fungus.

Most of the in h ib i to rs  used increased ce l l  lengths o f S. 

nodorum, although CHA did not. Apart from spermidine, which 

also increased c e l l  length , none of the other treatments a ffec 

ted ce ll length in th is  fungus. Cell diameters were not a lte red 

by exposure to in h ib i to rs  or polyamines in th is  fungus. In a 

s im ila r  vein, a l l  o f the in h ib i to rs  increased ce l l  length o f F. 

culmorum, although here, increases in ce ll diameter were also 

observed. Treatment w ith  polyamines or in h ib i to rs  plus polya

mines produced l i t t l e  e f fe c t  on e ithe r length or diameter of

fungal ce l ls  (Tables 7, 8 and 9, Text; XIX, XX and XXI,

Appendix).



TABLE 7. E ffect of ODC in h ib i to rs  on ce ll length o f P. te re s , G. 

graminis, S. nodorum and F. culmorum on the s ix th  day a f te r  inocu la tion  

± the standard e rro r of the mean. Results fo r  grey and orange forms of 

P. teres are pooled. S ig n if ic a n t  differences are shown at P = 0.1 -  

0.05 a; P = 0.02 -  0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

CELL LENGTH (^m)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 41,3 ± 3.3 13.9 ± 1.3 10.6 ± 1.0 19.4 ± 1.7

DFMO:

1.0 28.4 ± 2 . 4b 11.4 ± 0,8 17.1 ± l.OC 26.6 ± 2.63

4.0 22.3 ± 1.7= 10.8 ± 0.93 19.2 ± l . i c 24.9 ± 4.83

A-MFMO:

0.5 24.3 ± 3.0= 17.7 ± 2.2 13.5 ± 0.83 -

1.0 25.3 ± 1.4= 17.1 ± 1.4 13.9 ± 0.93 26.6 ± 2 .3a

A-MFMO.Me:

0.5 21.9 ± 3.3= 18.4 ± 1.73 13.5 ± 2.2 -

1.0 24.7 ± 1.7= 14.4 ± 1.2 14.1 ± 1.03 29.6 ± 2.7=

RR-MAP:

0.5 - 15.2 ± 1.3 15.4 ± 1.3b -

1.0 33.5 ± 1.53 16.0 ± 1.1 15.6 ± 1. 7b 26.6 ± 3 . 2a



TABLE 8. E ffect of in h ib i to rs  o f  polyamine biosynthesis on c e l l  length 

o f P. te re s , G. graminis, S. nodorum and F. culmorum on the s ix th  day 

a f te r  inoculation ± the standard e r ro r  of the mean. Results fo r  grey 

and orange forms of P. teres are pooled. S ign if ica n t d iffe rences are 

shown at P = 0.1 -  0.05 a; P = 0.02 -  0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

CELL LENGTH [um)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 41.3 ± 3.3 13.9 ± 1.3 10.6 ± 1.0 19.4 ± 1.7

MGBG:

0.5 - 11.2 ± 1.0 - -

1.0 28.4 ± 1. 5c 8.9 ± 0 . 5b 18.2 ± 1.6C 26.2 ± 2.83

2.0 29.4 ± 2.6b - 17.8 ± 0 . 9c 22.6 ± 2.6

CHA:

1.0 - - - 28.7 ± 4.13

2.0 32.0 ± 2.63 - 10.5 ± 0.9 24.1 ± 2.7

4.0 33.0 ± 2.0® - 11.0 ± 0.6 24.3 ± 2.5

DFMO + MGBG:

0.5 + 0.5 31.8 ± 3 . 7a 12.9 ± 1.0 17.5 ± 1. 2c 26.4 ± 2.53

1.0 + 1.0 30.0 ± 2 . 5b 10.6 ± 0.93 13.1 ± 0.73 25.5 ± 5.8



TABLE 9. E ffect of polyamlnes and polyamines plus DFMO on ce l l  length 

o f P. te re s , G. graminis, S. nodorum and F. culmorum on the s ix th  day 

a f te r  inoculation ± the standard e rro r  of the mean. Results fo r  grey 

and orange forms o f P. teres are pooled. S ign if ica n t d iffe rences are 

shown at P = 0.1 - 0.05 a; P = 0.02 -  0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

CELL 1LENGTH (jum)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 41.3 ± 3.3 13.9 ± 1.3 10.6 ± 1.0 19.4 ± 1.7

PUT:

0.5 24.0 ± 2.0C 14.3 ± 1.4 11.8 ± 0.9 20.7 ± 1.9

1.0 32.4 ± 2.43 15.8 ± 1.3 14.1 ± 1.0 17.7 ± 1.4

SPD:

0.5 36.0 ± 2.7 17.1 ± 1.8 12.4 ± 0.8 19.0 ± 1.5

1.0 43.1 ± 2.8 17.1 ± 1.5 14.4 ± 1.73 18.6 ± 1.2

DFMO + PUT:

4.0 + 1,0 32.3 ± 3 . 5a 14.6 ± 1.1 10.3 ± 0.8 17.1 ± 1.6

DFMO + SPD:

4.0 + 1.0 26.8 ± 1.8: 12.7 ± 1.2 9.7 ± 0.9 21.7 ± 2.3
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3.3 UPTAKE OF POLYAMINES, PRECURSORS AND DFMO BY F. CULMORUM AND G. 

GRAMINIS

Uptake o f the polyamlnes, a rg in ine , orn ith ine  and DFMO was studied 

in de ta i l  in F. culmorum and to  some extent in G. gram in is. Where 

possible, standard errors o f  the means have been shown on graphs. 

However, where they were unable to be graph ica lly  depicted, the 

standard errors have been tabula ted, see Appendix, Tables XXII to 

XXIX.

3.3.1 S ta t is t ic a l  Analysis

The standard erro r o f the mean was calculated and s ign if icances 

were determined using a t - t e s t .  As o r ig in a l re su lts  were 

obtained as counts, i t  was assumed that population variances 

were not equal. Therefore, the formulae described in section

3.1.1 were used to ca lcu la te  d ifferences.

Linear regressions were performed on data re la t in g  to  the kine

t ic s  of uptake, section 3 .3 .4 , using a Minitab program.

3.3.2 E ffec t o f pH on Uptake o f  Polyamines, Precursors and DFMO by 

F. culmorum

In order to  determine the optimum pH at which to carry out the 

uptake experiments, a study o f uptake over a range o f pH values 

was performed. Uptake o f  the precursors and polyamines by F. 

culmorum appeared to be dependent upon the pH o f the medium. 

Argin ine, o rn ith ine  and DFMO (Figure 18, Text) exh ib ited a 

s ing le peak at pH 5, 6 and 7 respective ly . Putrescine, spermi-
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dine and spermine each showed two maxima, the greatest o f which 

occurred a t  pH 6 fo r  putrescine and pH 8 fo r  both spermidine and 

spermine (Figure 19, Tex t) .  These pH optima were used in the 

fo llow ing uptake experiments fo r  both F. culmorum and G. grami

n is . The standard e rro rs  o f the means are tabulated in Table 

XXII, Appendix.



FIGURE 18. E ffect o f pH on uptake o f o rn ith in e , arginine and DFMO by 

F. culmorum. Each point represents the mean o f 3 rep lica tes. Standard 

errors are tabulated. Table XXII (Appendix).

FIGURE 19. E ffect of pH on uptake o f polyamines by F. culmorum. Each 

po in t represents the mean of 3 re p l ic a te s .  Standard errors are 

tabulated. Table XXII (Appendix).
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3.3.3 E ffect o f Time on Uptake o f  Polyamines, Precursors and DFMO by

F. culmorum

Figures 20 and 21 (Text) depict uptake of the precursors, DFMO 

and polyamines by F. culmorum over a period o f up to 120 

minutes.

Uptake o f o rn ith ine  and arg in ine followed a s im ila r  pattern with 

a gradual increase up to  60 minutes followed by a more marked

r is e  to 120 minutes. DFMO uptake reached a maximum at 20

minutes and increased again at 120 minutes. Spermidine and 

spermine exhibited a r e la t iv e ly  steady rate o f uptake over the 

two hour period, although spermidine uptake did peak at 30

minutes. Putrescine, on the other hand, appeared to be taken up 

e r ra t ic a l ly  over the time scale, reaching a maximum at 30

minutes and then r is in g  steeply a f te r  one hour.



FIGURE 20, Time course o f  o rn ith in e , a rg in ine and DFMO uptake by F. 

culmorum. Each point represents the mean o f 3 rep lica tes. Standard 

errors are tabulated, Table XXIII (Appendix).

FIGURE 21, Time course of polyamine uptake by F. culmorum. Each po in t 

represents the mean of 3 rep lica tes . Standard errors are tabulated, 

Table XXIII (Appendix).
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3.3 .4 K inetics o f Uptake o f Polyamlnes, Precursors and DFMO by F. 

culmorum and G. graminis

The k ine tics  of uptake o f argin ine, o rn ith in e , putrescine, 

spermidine, spermine and DFMO by F, culmorum and G. graminis 

were studied. Eleven concentrations of substrate ranging from 

0.006 to 50 mM were used in de ta iled experiments w ith F. culmo

rum but only 6 concentrations were used in tes ts  invo lv ing  G. 

graminis (0.1 -  25 mM). The main aim of the experiments w ith

G. graminis was to determine the Km ( a f f in i t y  constant) fo r  each 

substrate so that optimum quan tit ies  could be used in fu r th e r  

experiments, thus ensuring tha t substrate a v a i la b i l i t y  would not 

be a l im i t in g  fa c to r .  However, from the resu lts  obtained, and 

by comparisons with the more de ta iled experiments on F. culmo

rum, certa in  assumptions can be te n ta t iv e ly  made regarding data 

generated from studies w ith  G. graminis. The a f f i n i t y  constants 

(Km) and maximum v e lo c i ty  o f the uptake (Vmax) are shown in 

Tables 10 and 11 (Text).

3.3 .4.1 Uptake of argin ine:

Uptake o f th is  amino acid by F. culmorum increased with 

increasing concentration, w ith some signs o f sa tu ra tion  

occurring over the 0-1 mM concentration range (Figure 22a, 

Text). S im ila r ly ,  uptake of arginine by G. graminis increased 

w ith increasing concentration, with some le v e l l in g  o f f  

occurring at concentrations above 1 mM (Figure 24, Text).

Figures 23 and 25 (Text) show Eadie-Hofstee p lo ts  o f arg in ine 

uptake by F. culmorum and G. graminis respec tive ly . The
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1 inear regression ca rr ied  out on the data obtained fo r  F. 

culmorum indicates th a t  two s tra igh t l ines may be f i t t e d ,  

suggesting a biphasic uptake system. An r-squared value of 

60.7% was calcu lated fo r  a s ingle l in e ,  emphasizing the l i k e 

lihood of a dual system. The Eadie-Hofstee p lo ts  o f the data 

enabled the Km o f the systems to be ca lcu la ted . Table 10 

(Text) shows the values of Km fo r  arginine fo r  each system. 

System 1, which appears to  operate at low substrate concentra

tions has a low Km and therefore , a higher a f f i n i t y  fo r  the 

substrate compared to  system 2 which occurs at higher concen

tra t io n s  and possesses a much higher Km. With respect to F. 

culmorum, th is  observation also appears to be the case fo r  the 

other substrates inve s tiga te d , except fo r  DFMO.

Table 11 (Text) shows the overall Km calcu la ted fo r  G. 

graminis. The r-squared value obtained from the l in e a r  

regression carried  out on data re la t ing  to  th is  fungus was 

92.5%. The Eadie-Hofstee p lo t (Figure 25, Text) does not 

contain s u f f ic ie n t  po in ts  to enable one to say with ce r ta in ty  

whether the system is  biphasic in th is  fungus. The high r -  

squared value ind ica tes  a go od-f i t  of a s ing le  s t ra ig h t  l in e  

and therefore, in fe rs  the presence of a s ing le  uptake system.



TABLE 10. Values fo r  Km and Vmax (mM) fo r  uptake of the polyamines and 

precursors by F. culmorum. Values were calculated by l in e a r  regression 

from Eadie-Hofstee p lo ts .

POLYAMINES/
PRECURSORS

OVERALL SYSTEM 1 SYSTEM 2

Km Vmax Km Vmax Km Vmax

Arginine 2.52 0.37 1.03 0.16 8.27 0.47

Ornithine 9.43 0.52 0.58 0.04 28.15 0.95

Putrescine 2.23 0.23 0.17 0.02 32.73 0.82

Spermidine 2.49 0.21 0.34 0.04 42.17 0.58

Spermine 1.15 0.17 0.16 0.03 35.67 0.56



TABLE 11. Values fo r  overa ll Km and Vmax (mM) fo r  uptake o f the po ly

amines and precursors by G. g ram in is . Values were calcu la ted by l in e a r 

regression from Eadie-Hofstee p lo ts .

POLYAMINES/
PRECURSORS Km Vmax

Arginine 3.95 0.45

Ornithine 46.22 0.59

Putrescine 10.95 0.46

Spermidine 2.46 0.08

Spermine 0.34 0.08



FIGURE 22. Arginine uptake by F. culmorum as a function of substrate 

concentration in the external medium, (a) = uptake over the concentra

t ion  range 0.006 -  50 mM; (b) = uptake over the concentration range 

0.006 -  1.0 mM. Each point represents the mean o f three re p lica te s . 

Standard errors are tabulated, Table XXIV (Appendix).

FIGURE 23. Eadie-Hofstee p lo t fo r  arg in ine uptake by F. culmorum. 

Lines were f i t t e d  by l in e a r regression. V = arginine uptake over the 

concentration range 0.006 -  50 mM; V /[S ] = argin ine uptake divided by 

the substrate concentration.



Uptake, M/g/h
700

600 -

600 -

400 -

300 -

200  -

100 -

10 20 30 400 50 60

Uptake, juM/g/h

Arginine, mM

100

80

60

40

20

0.2 0.4 0.60 0.8 1 1.2
Arginine, mM

0.7

0.6 -

0,6 -

0.4-

0.3-

0 .2 -

0.1 -

0.060 0.1 0.16 0.2
V/[S]



FIGURE 24. Arginine uptake by G. graminis as a function o f substrate 

concentration in the external medium. Each po in t represents the mean o f 

3 rep lica tes  over the concentration range 0.1 -  25 mM. Standard errors  

are tabulated, Table XXV (Appendix).

FIGURE 25. Eadie-Hofstee p lo t fo r  a rg in ine uptake by G. graminis. V = 

arg in ine uptake over the concentration range 0.1 -  25 mM; V/[S] = a rg i

nine uptake divided by the substrate concentration.
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3 . 3 . 4 . 2  U p ta k e  o f  o r n i t h i n e :

Uptake of o rn ith ine  by both F. culmorum (Figure 26a, Text) and

G. graminis (Figure 28, Text) increased sharply w ith a r is e  in

substrate concentration, showing signs of le v e l l in g  o f f  at 

higher concentrations. Saturation was more obvious fo r  uptake 

by F. culmorum examined over the whole concentration range (0 

“  50 mM; Figure 26a, Text), but was less obvious fo r  o rn ith in e  

uptake by G. graminis (Figure 28, Text). The r-squared values 

calculated by l in e a r  regressions were 58.5% fo r  uptake by F. 

culmorum and 55.6% fo r  uptake of G. graminis fo r  s ing le 

l in e s . The Eadie-Hofstee p lo ts  fo r  each fungus (Figures 27 

and 29, Text) show obvious biphasic systems. The Km fo r  F. 

culmorum is s u b s ta n t ia l ly  smaller fo r  the system operating at 

low substrate concentrations than fo r  the second system 

occurring at high o rn ith in e  concentrations (Table 10, Text). 

Due to in s u f f ic ie n t  data, only an overall Km could be ca lcu la 

ted fo r  G. graminis (Table 11, Text).



FIGURE 26. Ornithine uptake by F. culmorum as a function o f substrate 

concentration in the external medium, (a) = uptake over the concentra

t io n  range 0.006 -  50 mM; (b) = uptake over the concentration range 

0.006 -  1.0 mM. Each point represents the mean of 3 re p l ica te s . 

Standard errors are tabulated, Table XXIV (Appendix).

FIGURE 27. Eadie-Hofstee p lo t fo r  o rn ith in e  uptake by F. culmorum. 

Lines were f i t t e d  by l in e a r regression. V = o rn ith ine  uptake over the 

concentration range 0.006 -  50 mM; V /[S ] = o rn ith ine  uptake div ided by 

the substrate concentration.
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FIGURE 28. Ornith ine uptake by G. graminis as a function of substrate 

concentration in the external medium. Each point represents the mean o f 

3 rep lica tes over the concentration range 0.1 -  25 mM. Standard errors 

are tabulated, Table XXV (Appendix).

FIGURE 29. Eadie-Hofstee p lo t fo r  o rn ith in e  uptake by G. graminis. V = 

o rn ith ine  uptake over the concentration range 0.1 -  25 mM; V / [S ]  = 

o rn ith ine  uptake divided by the substrate concentration.
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3 . 3 . 4 . 3  U p ta k e  o f  p u t r e s c i n e :

Uptake of th is  substrate by both F. culmorum and G. graminis 

was biphasic. The l in e a r  regression allowed the ca lcu la t ion  

o f an r-squared value o f 29.4% and 46.4% fo r  one l in e  fo r  F. 

culmorum and G. graminis respective ly. The poor goodness-of- 

f i t  of a sing le l in e  to  the Eadie-Hofstee p lo ts  ind icates tha t 

two systems were employed. Lines fo r  uptake systems 1 and 2 

were f i t t e d  on the Eadie-Hofstee p lo t fo r  F. culmorum by 

lin e a r regression (Figure 31, Text). The calcu la ted Km value

fo r  uptake of putrescine by F. culmorum was very high fo r

system 2 (10 - 50 mM) at 32.73 mM and low fo r  system 1 (0.006

-  1.0 mM) at 0.17 mM (Table 10, Text).



FIGURE 30. Putrescine uptake by F. culmorum as a function o f substrate 

concentration in the external medium, (a) = uptake over the concentra

t io n  range 0.005 -  50 mM; (b) = uptake over the concentration range 

0.006 -  1.0 mM. Each point represents the mean of 3 re p lica te s . 

Standard errors are tabulated, Table XXIV (Appendix).

FIGURE 31. Eadie-Hofstee p lo t fo r  putrescine uptake by F. culmorum. 

Lines were f i t t e d  by l in e a r regression. V = putrescine uptake over the 

concentration range 0.006 -  50 mM; V /[S ] = putrescine uptake divided by 

the substrate concentration.
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FIGURE 32. Putrescine uptake by G. graminis as a function of substrate 

concentration in the external medium. Each po in t represents the mean o f 

3 rep lica tes over the concentration range 0.1 -  25 mM. Standard errors  

are tabulated, Table XXV (Appendix).

FIGURE 33. Eadie-Hofstee p lo t fo r  putrescine uptake by G. graminis. V 

= putrescine uptake over the concentration range 0,1 -  25 mM; V/ [S] = 

putrescine uptake divided by the substrate concentration.
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3 . 3 . 4 . 4  U p ta k e  o f  s p e r m id in e :

Uptake of spermidine by F. culmorum appeared to be b iphasic. 

The r-squared value ca lcu la ted by l in e a r regression was 50.3% 

fo r  one l in e ,  thus ind ica t ing  that two systems were 

operating. This can be c le a r ly  seen in Figure 35 (Text) which 

shows an Eadie-Hofsteeplot f i t t e d  with lines depic ting the two 

systems. As has been observed fo r  other substrates where two 

systems have been reported, one occurs at low substrate con

centrations (system 1) and the other at high spermidine con

centrations (system 2). However, from the resu lts  ava ilab le  

fo r  spermidine uptake by G. gram inis, a s ing le  system would 

seem to be func tion ing . The r-squared value ca lcu la ted by 

l in e a r  regression was 94.9% ind ica ting  a g o o d - f i t  o f a s ing le  

l in e .  However, whether th is  is  ac tua lly  the case, or whether 

i t  is  a resu lt  o f using in s u f f ic ie n t  substrate concentrations 

remains undetermined.



FIGURE 34. Spermidine uptake by F. culmorum as a function o f substrate 

concentration in the external medium, (a) = uptake over the concentra

t ion  range 0.006 -  50 mM; (b) = uptake over the concentration range 

0.006 -  1.0 mM. Each point represents the mean of 3 re p l ica te s .  

Standard errors are tabulated, Table XXIV (Appendix).

FIGURE 35. Eadie-Hofstee p lo t fo r  spermidine uptake by F. culmorum. 

Lines were f i t t e d  by l in e a r  regression. V -  spermidine uptake over the 

concentration range 0.006 -  50 mM; V/[S] = spermidine uptake div ided by 

the substrate concentration.
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FIGURE 36. Spermidine uptake by G. graminis as a function of substrate 

concentration in the external medium. Each po in t represents the mean o f 

3 rep lica tes over the concentration range 0.4 -  21 mM. Standard errors 

are tabulated, Table XXVI (Appendix).

FIGURE 37. Eadie-Hofstee p lo t fo r  spermidine uptake by G. gram inis. V 

= spermidine uptake over the concentration range 0.4 -  21 mM; V /[S ] = 

spermidine uptake divided by the substrate concentration.
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3 . 3 . 4 . 5  U p ta k e  o f  s p e rm in e :

Spermine uptake by F. culmorum showed c lear signs o f satura

t ion  at low concentrations but le ve ll in g  o f f  of uptake was 

less obvious at higher concentrations (Figures 38a and 38b, 

Text). A s im ila r  response was observed fo r  6. gram inis, 

although here, there was more evidence of sa tu ra t ion  at higher 

concentrations (Figure 40, Text). The Eadie-Hofstee p lo ts  fo r  

each fungus ind ica te  a biphasic system dependent on the sub

s tra te  concentration. Lines depicting each system were 

p lo tted fo r  uptake by F. culmorum using a l in e a r  regression. 

In s u f f ic ie n t  high substrate concentrations were used in the 

experiment with G. graminis to enable s im i la r  l ines  to be 

f i t t e d ,  but the general trend o f the plots (Figures 40 and 41, 

Text) suggest a biphasic system. The r-squared values fo r  a 

sing le uptake system calculated fo r  F. culmorum and G. 

graminis were 37.3% and 50.8% respective ly.



FIGURE 38. Spermine uptake by F. culmorum as a function o f substrate 

concentration in the external medium, (a) = uptake over the concentra

t io n  range 0.006 -  50 mM; (b) - uptake over the concentration range 

0.006 -  1.0 mM. Each point represents the mean of 3 re p lica te s . 

Standard errors are tabulated, Table XXIV (Appendix).

FIGURE 39. Eadie-Hofstee p lo t fo r  spermine uptake by F. culmorum. 

Lines were f i t t e d  by l in e a r regression. V = spermine uptake over the 

concentration range 0.006 -  50 mM; V/ [S] = spermine uptake divided by 

the substrate concentration.



uptake, jüM/g/h
400

300

200

100

605030 4020

Uptake, jjM /g /h

Spermine, mM

60

50

40

30

20

0.4 1.20.2 0.6 0.8 10
Spermine, mM

0.4

0.3 -

0.2  -

0 0.06 0.1 0.15 0.2 0.26
V/ISI



FIGURE 40. Spermine uptake by G. graminis as a function o f substrate 

concentration in the external medium. Each po in t represents the mean of 

3 rep lica tes  over the concentration range 0.1 -  25 mM. Standard errors 

are tabulated, Table XXV (Appendix).

FIGURE 41. Eadie-Hofstee p lo t fo r  spermine uptake by G. gram inis. V = 

spermine uptake over the concentration range 0.1 -  25 mM; V/ [S] =

spermine uptake divided by the substrate concentration.
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3.3 .4 .6  Uptake o f DFMO:

Uptake of th is  ODC in h ib i to r  by both F. culmorum and G. 

graminis was l in e a r  and did not appear to be saturable 

(Figures 42 and 43, Text). As no Vmax was apparently reached, 

i t  was not possible to ca lcu la te  a Km fo r  the substrate or to 

graph Eadie-Hofstee p lo ts .  Uptake would appear to be non

saturable and attained perhaps yj_a a s ingle system.



FIGURE 42. DFMO uptake of F. culmorum as a function  of substrate con

centration in the external medium. Each po in t represents the mean o f  3 

rep lica tes over the concentration range 0.006 -  50 mM. Standard errors  

are tabulated, Table XXIV (Appendix).

FIGURE 43. DFMO uptake by G. graminis as a function  o f substrate con

centration in the external medium. Each po in t represents the mean o f 3 

rep lica tes  over the concentration range 0.1 -  25 mM. Standard errors  

are tabulated, Table XXV (Appendix).
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3.3.5 E ffec t o f a Respiratory In h ib i to r  on Uptake o f Polyamines and 

DFMO

Uptake of putrescine, spermidine and DFMO by F. culmorum was 

studied both in the presence and absence o f the re sp ira to ry  

in h ib i to r ,  sodium azide (1.0 mM concentration). Uptake of 

putrescine and DFMO was s ig n i f ic a n t ly  reduced when sodium azide 

was added to the uptake medium. Spermidine uptake appeared to 

be inh ib ited  by the presence o f sodium azide, but the reduction 

was not s ta t is t i c a l l y  s ig n i f ic a n t  (Figure 44, Text). The 

resu lts  ind icate the existence o f an energy requ ir ing  component 

o f the uptake process fo r  putrescine and DFMO (and perhaps 

spermidine), a lb e it  small.

3.3.6 Antagonistic Effects o f Polyamines, Ornithine and DFMO on Uptake 

o f Putrescine. Spermidine and DFMO

Uptake of putrescine, spermidine and DFMO by F. culmorum was 

examined in the presence o f unlabelled polyamines, o rn ith in e  and 

DFMO. Figure 45 (Text) shows that cold spermidine, o rn ith in e  

and DFMO did not in h ib i t  uptake of labelled putrescine by F. 

culmorum. S im ila r ly ,  cold putrescine, o rn ith ine  and DFMO did 

not in h ib i t  uptake o f spermidine by the fungus. Rather, in both 

cases, uptake was a c tu a l ly  increased su b s ta n t ia l ly  in the 

presence of the other polyamine, orn ith ine  or DFMO. However, 

o rn ith in e , putrescine and spermidine a l l  appeared to in h ib i t  

uptake of DFMO, with o rn ith in e  exerting less of an e f fe c t  than 

the two polyamines.
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3.3.7 E ffect o f Growing Fungi in In h ib i to r  Amended Medium on Uptake 

o f Polyamines

I t  would be expected th a t  fungi grown in conditions which would 

lead to a depletion of in t r a c e l lu la r  polyamines would e xh ib i t  an 

increase in uptake of polyamines should these compounds be added 

to  the medium.

Figures 46, 47 and 48 (Text) show uptake of putrescine, spermi

dine and spermine by F. culmorum a fte r  the fungus had been grown 

in the presence of in h ib i to rs  o f polyamine biosynthesis. The 

only in h ib i to r  to cause a s ig n if ic a n t  change in uptake o f a l l  

three polyamines was MGBG. However, th is  was a decrease in 

uptake rather than an increase. Uptake of spermidine was most 

affected by growth of the fungus in the presence o f MGBG. DFMO 

(2.0 mM) caused a s ig n i f ic a n t  increase in spermine uptake 

(Figure 48, Text). DFMO also caused su p e rf ic ia l increases in 

putrescine and spermidine uptake by F. culmorum but s ta t is t ic a l  

analysis proved these changes not to be s ig n i f ic a n t .

Enhanced uptake of putrescine by G. graminis a f te r  the fungus 

had been grown in 1.0 mM DFMO was observed but a 4.0 mM concen

tra t io n  o f the in h ib i to r  led to a s ig n if ic a n t  decrease in putre

scine uptake as did the MGBG treatment. S ig n if ic a n t decreases 

in spermidine uptake by G. graminis were observed a f te r  growth 

in DFMO and MGBG. Spermine uptake by G. graminis appeared to be 

unchanged irrespect ive  o f the in h ib i to r  in which the fungus was 

grown. More deta iled experiments using higher concentrations o f 

MGBG or DFMO + MGBG were not possible as the fungus would not 

grow in l iq u id  cu ltu re  under such conditions.



FIGURE 4 4 .  E f f e c t  o f  s o d i u m  a z i d e  on u p t a k e  o f  p u t r e s c i n e ,  s p e r m i d i n e  

and DFMO b y  F .  c u l m o r u m . V e r t i c a l  b a r s  r e p r e s e n t  t h e  s t a n d a r d  e r r o r  o f  

t h e  mean an d  s i g n i f i c a n t  d i f f e r e n c e s  a r e  shown a t  P = 0 . 1  -  0 . 0 5 * .

F IGURE 4 5 .  A n t a g o n i s t i c  e f f e c t s  o f  p o l y a m i n e s ,  o r n i t h i n e  a nd  DFMO on  

u p t a k e  o f  p u t r e s c i n e ,  s p e r m i d i n e  and  DFMO by  F .  c u l m o r u m . S t a n d a r d  

e r r o r s  a r e  t a b u l a t e d ,  T a b l e  X X V I I  ( A p p e n d i x ) .  S i g n i f i c a n t  d i f f e r e n c e s  

a r e  shown a t  P = 0 . 0 2  -  0 . 0 1 * * ;  P = 0 . 0 0 2  -  0 . 0 0 1 * * * .
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FIGURE 46. E ffec t o f growing F. culmorum in the presence of DFMO, MGBG 

and DFMO + MGBG on the uptake o f putrescine by the fungus. V e rt ica l 

bars represent the standard e rro r o f the mean and s ig n if ic a n t  d i f fe re n 

ces are shown at P = 0.02 -  0.01**.

FIGURE 47. E ffec t o f growing F. culmorum in the presence of DFMO, MGBG 

and DFMO + MGBG on the uptake o f spermidine by the fungus. V e rt ica l 

bars represent the standard e rro r o f the mean and s ig n if ic a n t  d i f fe re n 

ces are shown at P = 0.02 -  0.01**.
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FIGURE 48. E ffec t o f growing F. culmorum in the presence of DFMO, MGBG 

and DFMO + MGBG on the uptake of spermine by the fungus. Vertica l bars 

represent the standard e rro r of the mean and s ig n if ic a n t  differences are 

shown at P = 0.1 -  0.05*.

FIGURE 49. E ffec t o f growing G. graminis in the presence of DFMO and 

MGBG on the uptake of putrescine, spermidine and spermine by the 

fungus. Standard errors are tabulated, Table XXVIII (Appendix). S ign i

f ic a n t  d ifferences are shown at P = 0.1 -  0.05*; P -  0.02 -  0 .01**; P = 

0.002 -  0 . 001* * * .
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3.3.8 Competition by Cations W ithin the Growth Medium on Uptake of 

Polyamines

The e f fe c t  o f ind iv id ua l cations present w ith in  the Czapek Dox 

medium used was studied. Uptake o f polyamines by F. culmorum 

and G. graminis from a MOPS bu ffe r  which had been in d iv id u a l ly  

amended with Na+, and Mg2+ was determined.

Figure 50 (Text) shows th a t uptake o f putrescine and spermidine 

by F. culmorum was in h ib i te d  by the presence o f Mg2+ w h i ls t  K"*" 

ac tua lly  led to enhanced uptake of spermidine. Uptake of 

putrescine and spermine by G. graminis was in h ib i te d  by Mg2+ and 

putrescine uptake was also reduced in the presence o f Na+.



FIGURE 50. E ffect o f the presence o f cations w ith in  the assay medium 

(MOPS bu ffe r) on uptake of polyamines by F. culmorum. Standard errors 

are tabulated, Table XXIX (Appendix). S ig n i f ic a n t  differences are shown 

at P = 0.02 " 0,01**.

FIGURE 51. E ffect of the presence o f cations w ith in  the assay medium 

(MOPS buffe r) on uptake o f polyamines by G. gram inis. Standard errors 

are tabulated. Table XXIX (Appendix). S ig n if ic a n t  differences are shown 

at P = 0.1 -  0.05*; P = 0.02 -  0.01**.
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SECTION 4 

DISCUSSION
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4.1 EFFECT OF THE INHIBITORS ON INFECTION OF BARLEY BY ERYSIPHE 

GRAMINIS

A ll o f the in h ib i to rs  o f polyamine biosynthesis used on leaves 

inoculated with mildew, s ig n i f ic a n t ly  reduced the level o f in fe c 

t io n .  DFMO gave good contro l o f fungal growth, the post- inocu la

t ion  sprays being p a r t ic u la r ly  e f fe c t iv e  in comparison w ith the 

p re- inocu la t ion  treatments.

A s im ila r  re s u lt  was reported by Walters (1986) who studied the 

e f fe c t  o f DFMO on in fe c t ion  o f V ic ia  faba by the bean rust fungus 

Uromyces vic iae-fabae and also by Weinstein et al_. (1987) fo r  

in fe c t ion  by Pucci ni a recondita ( le a f  ru s t ) ,  P. gramini s f .s p .

t r i t i c i  (stem rust) and E. graminis (powdery mildew). A possible 

explanation fo r  th is  e f fe c t  proposed by Weinstein et (1987) is  

tha t when a pre-inocu la t ion  spray o f DFMO is applied, the drug

enters the le a f and reacts with o rn ith in e  decarboxylase w ith in  the 

plant c e l l .  The DFMO is thus unavailable when the lea f is  inocu

lated with fungal spores. Post-inocula tion sprays o f MGBG were 

also more e f fe c t iv e  than pre- inocu la t ion  treatments. The hypothe

sis suggested by Weinstein et could equally apply to app lica

tions o f MGBG, since th is  in h ib i to r  may be rendered unavailable by 

binding to  S-adenosylmethionine decarboxylase w ith in  the le a f.

However, post- inocu la tion sprays o f water also reduced the level

of mildew in fe c t io n  more e f f i c ie n t l y  than pre-inocu la t ion  sprays. 

I t  is  an accepted fac t tha t mildew spores do not germinate re ad ily  

i f  conditions are wet (Perera and Wheeler, 1975), I t  is ,  there

fore, not surpris ing  tha t a pos t- inocu la tion  treatment o f water 

w i l l  reduce in fe c t io n . Although water appears to  act as a fu n g i-
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cide fo r  the reason stated, the action of the polyamine biosynthe

t i c  in h ib i to rs  fa r  outweighs the in h ib i to ry  e ffec ts  o f the water.

As DFMO was o r ig in a l ly  synthesized as an anti-cancer drug and has 

since been used in the treatment o f trypanosomal in fe c t io n ,  most 

o f the previous work has been in connection with these. During 

such work, several l im i ta t io n s  of DFMO have been discovered, 

namely, that the in h ib i to r  does not deplete the c e l l  o f spermine, 

but only of putrescine and spermidine. This may be because o f an 

incomplete blockage in the synthetic  pathway, or i t  may be due to 

the s tim ulation of S-adenosylmethionine decarboxylase a c t iv i t y ,  

which may resu lt when DFMO is  applied (Pera et ^ . , 1986). There

fore, DFMO is considered to be cy tos ta t ic  ra ther than cy to tox ic  

(Mamont et 1984). The e ff icacy  of DFMO may be reduced

fu r th e r  by other compensatory mechanisms which i t  may induce. 

Thus, in addition to secondary enzyme production, there may also 

be an overproduction o f o rn ith in e  decarboxylase i t s e l f  (Janne et 

a l ., 1985). Pegg et (1982) discuss the occurrence o f an

increased level of decarboxylated S-adenosylmethionine re su lt in g  

when transformed mouse f ib ro b la s ts  were treated with DFMO. The 

authors ind icate tha t th is  may be a general phenomenon and not 

re s tr ic te d  to mammalian c e l ls .  The consequences of th is  are an 

in h ib i t io n  of methyl-transferase a c t iv i ty  and the p o s s ib i l i t y  of 

reactions to compensate fo r  a reduced spermidine content. This 

phenomenon may also re s u lt  a f te r  treatment w ith other o rn ith in e  

decarboxylase in h ib i to rs  and not be re s tr ic te d  to  DFMO.

The other o rn ith ine  decarboxylase in h ib ito rs  such as A-MFMO, 

A-MFMO,Me and RR-MAP are re la t iv e ly  recent in troductions and
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again, most work has been carried out on animal systems. Studies 

on these systems suggest tha t they have a greater e ff ica cy  than 

DFMO. Indeed, RR-MAP has the advantage o f being able to  reduce 

spermine pools and should th e o re t ic a l ly  be cyto tox ic  to c e l ls .  

However, the resu lts  o f th is  study show tha t although very low 

concentrations o f RR-MAP con tro lled  mildew, the in h ib i to r  was not 

as e f fe c t iv e  as post- inocu la tion  sprays o f DFMO. In contrast to  

these f ind ings , Mamont ^  aH. (1984), showed RR-MAP to be more 

potent than DFMO when applied to ra t hepatoma c e l ls .  These 

workers found tha t in t r a c e l lu la r  accumulation of RR-MAP was 

greater than tha t o f DFMO. A-MFMO.Me has the same properties as 

A-MFMO, except tha t the additional methyl ester of the former 

in h ib i to r  leads to an increased uptake in to  animal c e l ls ,  where 

the compound is  enzymatically d e -e s te r if ie d  (Pera et ^ . ,  1986). 

The resu lts  of th is  study show tha t A-MFMO.Me gave greater contro l 

than A-MFMO at a concentration of 1.0 mM, but there was very 

l i t t l e  d iffe rence at the lower concentration. DFMO appeared to be 

s l ig h t ly  more potent at the lower concentration but there was 

l i t t l e  d iffe rence in effectiveness between the new o rn ith in e  

analogues and DFMO. As mentioned above, Pera et (1986) and 

Bacchi ^  aj_. (1987) found the new in h ib i to rs  to be much more 

powerful than DFMO in animal systems. F in a l ly ,  the commercially 

ava ilab le o rn ith in e  decarboxylase in h ib i to r ,  2-hydrazinoorn ith ine, 

gave be tte r control o f mildew than the other o rn ith ine  analogues.

Depletion of c e l lu la r  spermidine is  an important goal in research 

on cancer chemotherapy, since th is  polyamine appears to be func

t io n a l ly  re lated to ce ll  p ro l i fe ra t io n  (Porter and Sufr in , 1986). 

Since spermidine is  the most common polyamine found in fungi and
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is  important fo r  ce l l  d iv is io n  (Stevens and Winther, 1979), i t s  

depletion in fungal c e l ls  should prevent growth. Thus, i t  was 

in te res t in g  to f ind  tha t CHA, an in h ib i to r  o f spermidine synthase 

was also very e f f ic ie n t  in reducing mildew in fe c t io n .  However, in 

discussion o f possible disease con tro l,  emphasis has been put upondecarboxylase _
the in h ib i t io n  of S-adenosylmethionine^because o f i t s  importance 

as a ra te - l im i t in g  b iosyn the tic  enzyme in fungal polyamine b io 

synthesis, especia lly  spermidine. MGBG in h ib i ts  th is  enzyme and 

the resu lts  of th is  study show tha t the pos t- inocu la tion  sprays 

were p a r t ic u la r ly  e f fe c t iv e .  The major disadvantage o f using MGBG 

is  tha t i t  has been reported to in h ib i t  c e l lu la r  re s p ira t io n .  

Thus, the in h ib i to ry  e f fe c ts  may be a re su lt  of mitochondrial 

damage and not so le ly  due to  an in h ib i t io n  of S-adenosylmethionine 

(Janne et , 1985). The applications of MGBG plus DFMO mixtures 

were also very e f f ic ie n t  in co n tro l l in g  mildew. The two compounds 

should, th e o re t ic a l ly ,  exert a synerg is tic  e f fe c t  and be more 

e f fe c t iv e  than e ith e r DFMO or MGBG alone. Indeed, w ith the excep

t io n  of MGBG at 0.05 mM plus DFMO at 0.5 mM, the combination was 

more e f fe c t ive  than low concentrations of DFMO and MGBG applied 

separately. However, app lica tions of high leve ls o f MGBG were 

more e ffe c t ive  than the mixture o f the two in h ib i to rs ,  although, 

using high levels o f MGBG w i l l  lead to e ffec ts  other than those 

connected with polyamine metabolism.

The resu lts  obtained when polyamines were added to DFMO show tha t 

the e f fe c t  of the in h ib i to rs  can be reversed. Growth o f the 

mildew was not restored to  control levels but i t  was greater than 

tha t a f te r  the comparable DFMO treatment. Such p a r t ia l  reversal 

may be due to compartmentation o f the exogenously applied amines
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w ith in  the le a f,  rendering a proportion o f these compounds un

ava ilab le fo r  fungal uptake. The higher levels o f spermidine and 

putrescine added with DFMO did not encourage growth to the same 

extent as the lower polyamine concentrations. This may be due to 

some non-specific  to x ic  e f fe c t  o f the amines, or possibly a re s u lt  

of feedback in h ib i t io n  brought about by the a v a i la b i l i t y  o f the 

exogenous polyamines and, perhaps, endogenous polyamines w ith in  

the p lant cel 1s .

Post-inocula tion sprays o f putrescine and spermidine reduced 

mildew in fe c t io n  qu ite considerably. This may be p a r t ia l ly  due to 

the in h ib i to ry  e ffec ts  of applying water as a pos t- inocu la tion  

spray and to feedback in h ib i t io n  or t o x ic i t y  of the polyamines as 

already discussed. The p re- inocu la t ion  treatment of putrescine 

increased mildew in fe c t ion  although the re su lt  was not s t a t i s 

t i c a l l y  s ig n i f ic a n t .  However, the pre-inocu la t ion  treatment o f 

spermidine produced a s ig n i f ic a n t  increase in mildew in fe c t io n  by 

day 9.

The resu lts  obtained from experiments carried out to determine the 

most e f fe c t iv e  time o f in h ib i to r  app lica tion  showed s im ila r  trends 

fo r  DFMO, MGBG and the combination of MGBG and DFMO, w ith the 

greatest reduction in mildew growth occurring a f te r  leaves were 

sprayed three days a f te r  inocu la t ion . I t  is  possible tha t much 

less e f fe c t iv e  in h ib i t io n  occurs with pre-inocu la t ion  treatments 

because in h ib i to r  is  rendered unavailable by reacting with o rn i

th ine decarboxylase w ith in  the le a f,  consequently reducing the 

in h ib i to r  t i t r e s .  Mildew did not show the same response to t r e a t 

ment w ith DFMA. Nevertheless the fungus was s ig n i f ic a n t ly  con-
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t r o l le d  by th is  in h ib i to r ,  w ith the pre- inocu la t ion  treatment 

being most e f f ic ie n t .  The in h ib i to ry  e ffe c t was s im i la r  to  tha t 

a f te r  treatment with DFMO on the f i r s t  day a f te r  ino cu la t io n . 

However, whereas mildew growth was reduced even more a f te r  t r e a t 

ment with DFMO on day 2, mildew in fec tion  increased a f te r  DFMA

application on the same day. I t  is possible th a t a l im ite d  con

version of DFMA to DFMO by arginase occurred w ith in  the p lan t (see

Weinstein et aJ., 1987). Thus, DFMO formed w ith in  the p lant would 

reduce the i n i t i a l  growth o f  the mildew. However, as the fungus 

developed, the DFMO produced by th is  conversion would not be 

s u f f ic ie n t  to reduce fungal growth to the same extent as d ire c t  

application of DFMO. I t  is  u n like ly  that mildew possesses b io 

synthetic arginine decarboxylase a c t iv i t y  since o rn ith in e  decar

boxylase in h ib ito rs  are so e f fe c t iv e  in reducing fungal growth.

No v is ib le  phytotoxic e f fe c ts  were observed in th is  work but th is  

does not necessarily mean tha t o rn ith ine  decarboxylase a c t iv i t y  

w ith in  leaves was not a ffec ted . However, Walters (1986) found no 

e f fe c t  of 4.0 mM DFMO on growth and polyamine leve ls  in V ic ia  faba 

in short term experiments. What is  needed are longer term studies 

of the e ffec ts  o f these in h ib i to rs  on growth, y ie ld  and polyamine 

metabolism in selected crop p lants .
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4.2 EFFECT OF THE INHIBITORS ON GROWTH OF FUNGI GROWN IN VITRO

The e f fe c t  on mycelial growth o f in h ib i to rs  o f polyamine biosyn

thesis is  dependent upon the p a r t ic u la r  fungus. Birecka et 

(1986) stated tha t genus-dependent d ifferences in s e n s i t iv i t y  to 

in h ib i to rs  may be due to  d ifferences in uptake o f the in h ib i to r ,  

o rn ith in e  decarboxylase s e n s i t iv i t y  and polyamine requirements. 

However, work carried out in th is  study shows tha t DFMO is  taken 

up in a l in e a r  non-saturable fashion by both F. culmorum and G. 

graminis. These two fungi e x h ib it  d i f fe re n t  growth responses when 

exposed to DFMO, thus suggesting the importance o f other fac to rs  

such as enzyme s e n s i t iv i t y .  Rajam and Galston (1985) also found 

tha t d i f fe re n t  genera had varying response patterns to these in h i 

b i to rs .  Of the species studied here, several treatments a c tu a lly  

enhanced growth of some fungi whereas the same treatment in h ib ite d  

others. Effects o f the in h ib i to rs  also varied with time according 

to the p a r t ic u la r  in h ib i to r  and fungal species.

The main trends observed were ones of increasing potency with 

time, decreasing effectiveness with time and no a lte ra t io n  in the 

degree of growth reduction. This study takes these genus-depen

dent d ifferences a step fu r th e r  because var ia tions  have been 

observed between mutations o f the same species. P. teres 

d i f fe re n t ia te d ,  possibly due to segregation of nuc le i, or muta

t io n ,  thus allowing observations o f orange or grey forms o f the 

fungus derived from the same stock. Growth o f the orange form was 

in h ib ite d  by CHA, whereas growth of the grey form was increased by 

the same treatment. In te re s t in g ly ,  recent work in th is  laboratory 

has shown tha t the o a t- in fe c t in g  fungus Pyrenophora avenae was
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very susceptible to in h ib i t io n  o f polyamine biosynthesis (Foster 

and Walters, unpublished re s u l ts ) .  I t  would be useful to  unders

tand the mechanisms underlying such differences w ith in  the same 

genus.

DFMO was less e f fe c t ive  in c o n tro l l in g  mycelial growth than A-MFMO 

and A-MFMO.Me in P. teres (both forms) and F. culmorum, and DFMO, 

A-MFMO and A-MFMO.Me a c tu a l ly  increased growth o f S. nodorum. 

However, high rates o f DFMO (4.0 mM) gave good contro l o f P. teres 

(grey form) compared to the orange forms o f th is  species.

A-MFMO was more e f f ic ie n t  th a t  A-MFMO.Me in reducing growth o f P. 

teres (both forms) and G. g ram in is . Low concentrations o f A-MFMO 

were more e f f ic ie n t  w ith regard to  S. nodorum and F. culmorum, but 

the methylated form (A-MFMO.Me) proved to be s l ig h t ly  more potent 

at the higher concentration used.

The greater in h ib i to ry  e f fe c t  o f A-MFMO is in te re s t in g ,  as the 

addition o f the methyl es te r to  the A-MFMO should th e o re t ic a l ly  

enhance uptake of the in h ib i t o r  in to  the c e l l .  Thus, A-MFMO.Me 

would have been expected to  e x h ib it  greater contro l o f mycelial 

growth. Indeed, th is  was the case fo r  F. culmorum at the highest 

concentration studied, but not the case fo r  the other species. 

The work carried out on mildew in fec t ion  of barley ind ica ted , in 

contrast to the observed resu lts  with the necrotrophs, tha t 

A-MFMO.Me was more e f f i c ie n t  than A-MFMO at concentrations o f 1.0 

mM but not lower than th a t .  I t  would seem tha t the add it ion  of 

the methyl ester to  the in h ib i t o r  does not enhance uptake by the 

fungi grown i_n v i t r o , or perhaps the various fungi e x h ib it
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d ifferences in a b i l i t y  to d e -es te r ify  A-MFMO.Me. These two in h i 

b ito rs  (A-MFMO and A-MFMO.Me) were s l ig h t ly  more e f fe c t iv e  than 

DFMO at comparable concentrations although growth of G. graminis 

was reduced a greater amount by DFMO.

In some cases increases in growth beyond tha t o f the contro ls  were 

observed with treatments of o rn ith ine  decarboxylase in h ib i to rs  and 

p a r t ic u la r ly  w ith CHA. This phenomenon is  possibly a re s u lt  o f 

incomplete blocking of the synthetic pathway, or to enhanced pro

duction o f S-adenosylmethionine decarboxylase (Pera et a l . ,  

1986). As already mentioned in section 4.1, i t  is  known tha t 

ce l ls  can compensate fo r  the e ffec ts  induced by o rn ith ine  decar

boxylase in h ib i to rs ,  by means of increasing the a c t iv i t ie s  o f 

other enzymes of polyamine biosynthesis and by overproducing the 

target enzyme.

The putrescine analogue, RR-MAP, which has proved to be a potent 

in h ib i to r  when used on ra t hepatoma ce l ls  (Mamont et a i . ,  1984), 

was only moderately successful in in h ib i t in g  growth o f F. culmorum 

and G. gram inis.

The resu lts  obtained using DFMO and DFMA on P. ultimum and P. 

infestans show tha t fo r  the former fungus, ne ithe r of the in h ib i 

tors used affected growth. However, a mixture o f the two in h ib i 

tors resulted in a s l ig h t  increase in growth. I t  is possible tha t 

DFMA was converted to DFMO by arginase w ith in  the fungus, thus 

e f fe c t iv e ly  increasing the level of DFMO present. The enhanced 

in h ib i to r  concentration could have caused the fungus to compensate 

and there fore , increase i t s  growth response. In con trast, P.
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infestans suffered a reduction in growth when grown in the 

presence of DFMO. On the other hand, DFMA caused a s ig n i f ic a n t  

increase in mycelial growth. Again, th is  may be a re s u lt  o f a

conversion of DFMA to DFMO w ith in  the fungus, and the smaller con

centration of DFMO may have encouraged the fungus to compensate 

fo r  the disturbance of polyamine metabolism. The mixture o f DFMO 

plus DFMA led to a greater growth reduction in P. infestans com

pared with the DFMO, 1.0 mM treatment. I t  is  possible th a t DFMA

in the mixture was converted to  DFMO, thus increasing the e f fe c 

t iv e  in t ra c e l lu la r  concentration of DFMO. I t  is c lea r tha t 

fu r th e r  work must be ca rr ied  out to determine the responses o f the 

enzymes responsible fo r  the biosynthesis of polyamines when fungi 

are treated with in h ib i to rs .

MGBG appeared to be the in h ib i to r  with the greatest ove ra ll 

e f f ica cy , co n tro l l in g  a l l  o f  the fungi. The mixture o f MGBG and

DFMO also exhibited good contro l of fungal growth, although in

many cases the highest concentration of MGBG produced greater 

growth reductions. I t  is  a matter of debate as to whether the 

e ffec ts  o f MGBG are so le ly  due to the in h ib i t io n  of S-adenosylme

th ion ine decarboxylase or whether they are a re su lt  o f a reduction 

in c e l lu la r  resp ira t ion  due to possible mitochondrial damage

caused by MGBG (Janne e t  ̂ . , 1985). This damage may be reduced

by using mixtures of MGBG and DFMO which act s y n e rg is t ic a l ly ,  

allowing lower concentrations to be used. This syne rg is t ic  e f fe c t  

is  noticeable in P. teres (grey form) but does not appear to  be 

apparent in the other genera. Janne et (1985) discuss the 

fa c t  tha t MGBG may only be moderately e ffe c t ive  when used in com

b ination with DFMO, because MGBG can re -estab lish  the polyamines
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tha t are depleted as a re s u lt  o f the action o f DFMO. I t  is  

possible tha t th is  phenomenon occurred in the fungi other than P. 

teres (grey form). I t  is  p a r t ic u la r ly  in te res t in g  that the orange 

form of P. teres did not appear to e xh ib it  the e ffec ts  o f a 

synerg is tic  reaction .

The growth o f the biotroph U. maydis was not con tro lled  any more 

e f fe c t iv e ly  by the in h ib i to rs  than growth of the necrotrophs. 

Considering the success achieved in reducing mildew in fe c t io n  o f 

barley and a range of rust diseases (Rajam, Weinstein and Galston, 

1985; Walters, 1986), i t  would have been expected that U. maydis 

should have responded in a s im i la r  manner. However, the fa c t tha t 

th is  fungus can be cultured j_n v i t r o  suggests d ifferences and 

reduced s p e c i f ic i t y  in n u t r i t io n a l  requirements. Perhaps, there

fore , s im i la r i t y  to the resu lts  obtained using necrotrophs is  not 

re a l ly  su rp ris ing .

In experiments where polyamines were added to DFMO, spermidine and 

putrescine additions increased mycelial growth over tha t o f the

4.0 mM DFMO treatment and, in some cases, even beyond tha t of the 

control (P. te re s , grey form and F. culmorum) . The reversal of 

in h ib i t io n  ind icates tha t polyamines are necessary fo r  fungal 

growth (Tabor, 1981). The resu lts  obtained from additions o f 

spermidine and putrescine to the media, ind ica te  tha t the polya

mines enhanced growth over tha t of the co n tro l.  However, spermi

dine decreased growth of P. teres (orange form) and S. nodorum at 

the highest concentration used and th is  may be due to a non

spec if ic  to x ic  e f fe c t  of the polyamine.
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Rajam and Galston (1985) found tha t ce ll size o f B o try t is  spp. and 

M onilin ia  f ru c t ic o la  were a lte red by treatment with in h ib i to r s .  

Cell lengths were reduced and diameters increased by in h ib i to rs

whereas both ce ll length and diameter were increased when the

fungi had been exposed to  polyamines. Results from work carr ied 

out in th is  study show th a t ce l l  size o f G. graminis barely

changed, although some treatments ( fo r  example, MGBG) caused a 

decrease in ce ll  length. P. teres also showed reductions in

lengths on exposure to  several in h ib i to rs .  This is  in con trast to 

S. nodorum and F. culmorum which exhibited increased ce l l  lengths 

as a re su lt  of in h ib i to r  treatments; the diameters o f F. culmorum 

were also increased. These two main trends do not appear to be 

connected with the e f f ic a c y  with which the in h ib i to rs  reduced 

mycelial growth. Thus, G. graminis was re la t iv e ly  sens it ive  to 

the in h ib ito rs  and yet c e l l  sizes were mostly unchanged.

4.3 UPTAKE OF POLYAMINES, PRECURSORS AND DFMO BY F. CULMORUM AND G. 

GRAMINIS

In order to f u l l y  understand the mechanisms involved in in h ib i t in g  

polyamine biosynthesis, the essential features o f the synthesis 

and the transport o f the amines must be elucidated. Therefore, 

once i t  has been established tha t the in h ib ito rs  o f the biosynthe

t i c  enzymes e xh ib it  fung ic ida l action, fu r th e r  fundamental 

questions must be asked. I t  is c lear tha t the in h ib i to rs  do act 

upon the polyamine b iosyn the tic  pathway. The fa c t tha t the action 

o f the in h ib ito rs  can be reversed by adding polyamines to the 

medium is ind ica tive  o f t h is .  However, what has yet to  be deter

mined is how the fun g ic ida l properties o f the in h ib i to rs  are
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effected and why some fungal species are more susceptible than 

others to these drugs. The answers l i e  in e i th e r  the suscep tib i

l i t y  of the relevant enzymes to in h ib i to rs  or in d ifferences in 

uptake o f the in h ib i to rs .  In an attempt to answer at least some 

of these questions, uptake systems o f the polyamines, o rn ith in e , 

arginine and DFMO were studied in some d e ta i l .  I t  is important to 

appreciate tha t uptake and not transport of the compounds was 

described and w i l l  be discussed. The term uptake includes tra n s 

port, d is t r ib u t io n  and metabolism. However, in th is  te x t  the 

terms uptake and transport w i l l  be synonymous and w i l l  thus be 

interchangeable. Since the in h ib i to rs  are analogues of e i th e r  

basic amino acids or the polyamines themselves, i t  is important to 

understand the uptake mechanisms fo r  these compounds to a llow 

ra tiona l design of new in h ib i to rs  which would be transported

e f f ic ie n t ly  to the ta rge t s i te .

Uptake of the amino acids and polyamines by F. culmorum was depen

dent upon the pH of the external medium. The data indicated tha t 

uptake of the higher polyamines, spermidine and spermine, 

increased with greater pH values, both reaching optimum uptake at 

pH 8.0. In contrast, transport o f the diamine putrescine,

gradually increased with r is in g  pH, u n t i l  the optimum value o f pH

6.0 was atta ined. Thereafter, uptake by F. culmorum declined. 

The amino acids, argin ine and o rn ith in e , were taken up most 

ra p id ly  at pH values 5.0 and 6.0 respective ly . Uptake o f the 

amino acids decreased w ith increasing a lk a l in i t y .  Thus, the 

general trends were ones of more rapid transport of polyamines 

with increasing pH and a slowing down o f uptake of amino acids

with r is in g  a lk a l in i t y .  On the other hand, DFMO showed very
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l i t t l e  dependence on the pH o f the external medium. Although 

amino acids have been thoroughly studied with regard to  fungal 

n u t r i t io n ,  l i t t l e  work has been carried out on uptake in to  fungal 

c e l ls .  Nor has very much work been completed on transport o f 

polyamines by fungal c e l ls .  However, the resu lts  described in 

th is  thesis re la t ing  to optimum pH values fo r  uptake o f the amino 

acids, are in agreement w ith  work carried out on Sacch. cerevisae 

at the In s t i t u t  Pasteur, which found that many amino acids have an 

optimum pH of between 5.0 and 6.5 (Burnett, 1968). Davis and 

Ristow (1988) studied the e f fe c t  o f pH on uptake rates o f polya

mines by N. crassa and concluded that putrescine transport depen

ded only s l ig h t ly  on pH, but spermidine showed an optimum of pH

7.2. These resu lts  are not d iss im ila r  to the f ind ings o f th is

study which shows a pH optimum fo r  spermidine uptake o f 8 .0 . In 

th is  respect, spermidine uptake in F. culmorum more c lose ly  resem

bles spermidine uptake in Sain tpau lia  peta ls, which also showed an 

optimum at pH 8.0 (P is tocch i, Bagni and Creus, 1986).

Although putrescine transport peaked at pH 6.0, the dependence on 

the pH of the medium, from values 5.0 to 9.0 was less than tha t 

observed fo r  the higher polyamines. Other reports o f polyamine 

uptake being pH dependent e x is t .  This is  the case in ,  fo r  

example, Saintpaulia peta ls (Bagni and P is tocch i, 1985), ca rro t

protoplasts and vacuoles (Pistocchi et ^ . ,  1988), Anacystis

nidulans (Guarino and Cohen, 1979), the lichen Evernia p runastr i

(Legaz and Escribano, 1987) and the human p la te le t  (Nadler and 

Takahashi, 1985). Bagni and Pistocchi (1985) observed two uptake 

maxima fo r  putrescine, one at pH 5.0-5.5 and another at pH 8.0 . 

Each maxmimum was concentration dependent, the former being noted
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fo r  uptake at low substrate concentrations whereas the la t t e r  was 

connected with uptake at higher putrescine concentrations. These 

workers explain th is  e f fe c t  in terms of the presence of uncharged 

putrescine at pH 8.0 and p o s it iv e ly  charged diamine at ac id ic  pH 

values. In addition , they state tha t at ac id ic  pH values, putres

cine may be acetylated before passing across the ce ll  membrane and 

th is  could change the ca t io n ic  nature o f the molecules. Pistocchi 

et (1988) discuss pH dependent uptake in terms o f basic sub

stances crossing membranes at pH values where they are less pro- 

tonated, and Legaz and Escribano (1987) found that lichen c e l ls  

take up putrescine as a mono-protonated form which is not degraded 

and as a di-protonated form (at pH 5.0) which is  broken down. I t  

is thus tempting to suggest tha t in th is  study, spermidine and 

spermine were present w ith in  the medium in a less protonated form 

at higher pH values and there fore , were taken up more re a d i ly  by 

the fungal c e l ls  at those values.

However, even at pH 8.0, most of the polyamines would remain 

h ighly protonated (P is tocch i, Bagni and Creus, 1986). These 

authors suggest tha t peak in polyamine uptake observed at basic pH 

values could be corre lated to the pH optimum of tonoplast ATPase. 

In the absence o f the appropriate experimental data, th is  remains 

as mere speculation.

The resu lts  obtained from tim ing experiments indicated tha t uptake 

of both spermidine and spermine was re la t iv e ly  constant over 

time. The rate o f transport by F. culmorum was constant over a 2 

hour period. This in fe rs  a contro lled  uptake mechanism. Putres

cine, on the other hand was taken up ra ther e ra t ic a l ly ,  showing a
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maximum uptake at 30 minutes and then fa l l i n g  a f te r  th a t.  

However, transport in to  the fungal ce l ls  rose d ram atica lly  a f te r  

50 minutes and continued to  increase l in e a r ly  up to 2 hours, when 

the experiment was stopped. I t  is  possible tha t when the i n i t i a l  

surge of uptake occurred, putrescine was adhered to c e l l  walls  and 

nucleic acids w ith in  the c e l l  i t s e l f .  When these s ite s  were 

f i l l e d ,  putrescine was transported less ra p id ly  in to  the fungal 

c e l ls  at a rate con tro l le d  by the metabolic needs o f the c e l l  fo r  

the diamine.

The rapid l inea r increase observed a fte r  50 minutes could have 

been due to enhanced synthesis of higher polyamines, in addition 

to catabolism of putrescine by diamine oxidases and/or excretion 

of excess substrate back in to  the external medium. The l in e a r

increase in uptake o f putrescine coincided with a very small

decrease in transport o f spermidine, ind ica ting  the p o s s ib i l i t y  of 

enhanced synthesis o f spermidine by the c e l l .  However, the

increase in putrescine uptake was considerably greater than the

corresponding decrease in spermidine transport. In te re s t in g ly ,  

work carried out in th is  laboratory has shown tha t uptake of 

spermidine by iso lated c e l l  walls o f F. culmorum does not increase 

with time, over a span o f 15 seconds to 1 hour (D.R. Walters, 

unpublished re s u lts ) .  In other words, maximum attachment o f poly

amines to the ce ll  wall occurred w ith in  15 seconds and no fu r th e r  

increases in polyamine binding associated with walls  occurred 

a f te r  th is  time.

Therefore, the remaining spermidine transported in to  the c e l l  w i l l  

be bound to nucleic acids and used in metabolic processes. The
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non-dependence on time in fe rs  tha t uptake o f the higher polyamines 

is h ighly regulated. There are many reports o f fungal ce l l  walls 

re ta in ing  cations which are la te r  transported in to  the c e l l .

These stored compounds apparently do not a f fe c t  the perm eability  

of the ce l l  w a l l .  However, according to Marchant (1966), c ited  by 

Burnett (1968), F. culmorum possesses an outer g e l - l ik e  layer 

which acts as an enlarged absorbing area and may in h ib i t  uptake 

fo r  a short while . Thus, the reduced uptake of putrescine fo l lo w 

ing the i n i t i a l  surge, may have been due to  a prevention o f the 

substrate from being transported in to  the c e l l  from the gel 

layer. As th is  in h ib i t io n  is a delaying response ra ther than a 

preventative reaction, the l in e a r  uptake occurring a f te r  50 

minutes could have been the re su lt  o f transport of the diamine 

in to  the fungal ce l ls  thereby freeing s ite s  w ith in  the layer o f 

gel. As putrescine is the precursor fo r  the higher polyamines, i t  

is not surpris ing  tha t uptake o f th is  diamine was greater than 

that o f spermidine and spermine.

Uptake of the amino acids increased up to  20 minutes and then 

leve lled  o f f ,  but increased again a f te r  40 minutes. Both o rn i

th ine and argin ine followed the same pattern of uptake over the 

time course. According to Pall (1970), fou r uptake systems e x is t  

in N. crassa fo r  the main amino acids.

L-arg in ine may be transported by two systems, w h i ls t  o rn ith in e  is  

taken up by one. However, these systems have not as yet been 

described and i t  is simply accepted from competition studies tha t 

they e x is t .  The fac t tha t arginine can be taken up by two systems
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may be ind ica tive  of the greater degree of transport observed fo r  

th is  amino acid than fo r  o rn ith in e . That is  o f course, assuming 

tha t both systems can operate simultaneously. In the present work 

in contrast to the pattern o f o rn ith ine  uptake, transport o f  i t s  

analogue, DFMO, did not increase with time. I t  would be expected 

tha t because of i t s  s t ru c tu ra l  s im i la r i t y  to o rn ith in e , DFMO would 

u t i l i z e  the o rn ith ine  transpo rt system.

However, according to work carr ied  out on Sacch. ce re v is ia e , com

p e t i t iv e  in h ib i t io n  between amino acids is not a function  o f th e i r  

s truc ture  (Burnett, 1968), and hence, s im i la r i t y  between DFMO and 

o rn ith ine  may not necessarily  mean that s im ila r  uptake systems are 

u t i l iz e d .

Uptake as a function o f substrate concentration was studied fo r  

the amino acids, polyamines and DFMO and the Km values (or a f f i 

n i ty  constants) fo r  the compounds were calcu la ted. However, the 

Km of DFMO could not be derived, as uptake of th is  compound was 

l in e a r ,  with the consequence tha t no Vmax was reached over the 

concentrations studied. Uptake by both F. culmorum and G. 

grami n is was examined, although a greater substrate concentration 

range was studied fo r  F. culmorum. The data obtained was graphed, 

to produce in most cases typ ica l curves in d ica t ive  o f satu ra tion  

k in e t ic s .  The data was also manipulated to produce Eadie-Hofstee 

p lo ts  which emphasized the presence of biphasic systems fo r  uptake 

o f the compounds, and enabled the a f f in i t y  constants (Km) to be 

d i re c t ly  calculated. As already indicated, the substrate concen

t ra t io n  range fo r  uptake by F. culmorum was r e la t iv e ly  wide. 

Thus, a Km value fo r  each uptake system could be ca lcu la ted fo r
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the compounds studied. A high and low a f f i n i t y  system was found 

to be present, the former operating at low substrate 

concentrations, w h ils t  the la t t e r  was observed at high substrate 

concentrations. The Km values calculated fo r  each system were 

very d i f fe re n t .  For example, fo r  spermidine uptake by F. culmo

rum, the Km fo r  the high a f f i n i t y  system (system 1) was 0.34 mM 

w h ils t  tha t fo r  the low a f f i n i t y  system (system 2) was 42.17 mM.

This trend was the same fo r  each compound. Km values fo r  each 

system fo r  G. graminis could not be calculated due to the narrow 

range of the substrate concentrations used. I t  is in te re s t in g  to 

note tha t the a f f in i t y  fo r  o rn ith in e  and putrescine by G. graminis 

appeared to be less than th a t o f F. culmorum. Eadie-Hofstee p lo ts  

were graphed in order tha t the overa ll Km could be calcu la ted. 

However, these p lo ts c le a r ly  show the biphasic properties o f 

uptake o f most of the compounds except fo r  arginine and spermi

dine. The data fo r  these substrates is  in d ica t ive  of a s ing le  

system, but in l ig h t  of the resu lts  obtained fo r  other compounds, 

and fo r  the same compounds re la t in g  to F. culmorum, i t  would be 

f a i r  to speculate tha t two systems do ac tu a lly  e x is t .  The p lo ts

of the unmanipulated data fo r  these substrates show curves, the 

appearance o f which suggest biphasic systems.

The existence of biphasic uptake systems fo r  polyamines has also 

been shown by Pistocchi, Bagni and Creus (1987) who found tha t 

external polyamine concentrations up to 100 mM yie lded two systems 

with d i f fe re n t  a f f in i t i e s  at high and low substrate concentrations 

in ca rro t ce l l  cu ltu res. In add it ion , Munro, Bell and Lederman 

(1974) reported the existence of m u lt ip le  transport components fo r
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putrescine in E. co l i  and Davis and Ristow (1988) discussed two 

uptake systems fo r  polyamines in N. crassa in terms o f saturable 

and non-saturable components. The former term re fers  to  uptake 

over a low concentration range and the la t te r  at higher concentra

t io n s , These workers suggest tha t part o f the concentrative 

nature of uptake may be due to binding of the polyamines to  ce ll  

constituents . Work ca rr ied  out in th is  laboratory to  determine 

the level of binding to  fungal ce l l  walls , showed th a t almost 

two-th irds of accumulated spermidine could be removed from the 

c e l ls  by washing them in 0.25 M sodium chloride (D.R. Walters, un

published re su lts ) .  However, i t  is important to study to ta l  

uptake rather than immediate transport in to the c e l ls ,  as th is  is 

more ind ica tive  of what a c tu a l ly  occurs in a dynamic s i tu a t io n  i_n 

v iv o . Indeed, the substrate adhering to the ce l l  walls  w i l l  

probably be u t i l iz e d  by the fungus at a la te r  date.

DFMO did not e xh ib it  s im i la r  k in e t ic  properties to o rn i th in e ,  as 

would have been expected by the very nature o f i t s  s tru c tu re . 

Instead, the in h ib i to r  was taken up in a l in e a r  fashion by both 

F. culmorum and G. g ram in is . These f ind ings agree w ith work 

carried out by Erwin and Pegg (1982) when they looked at uptake of 

DFMO by mouse f ib ro b la s ts .  They found transport o f the in h ib i to r  

to  be slow and non-saturable and suggested passive d i f fu s io n  to  be 

the mechamism by which the o rn ith ine  analogue enters the c e l ls .  

The workers also concluded tha t the reversal e ffec ts  observed when 

exogenous polyamines were added to DFMO treated c e l ls ,  were not a 

re su lt  of in terference w ith drug uptake. These re su lts  were cor

roborated by B ito n t i et (1986) when they found uptake o f  DFMO 

by T. brucei brucei to be non-saturable and not antagonized by
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additions o f amino acids. However, P h i l l ip s  and Wang (1987) 

report the existence o f a mutant s tra in  o f T. brucei brucei which 

is  re s is tan t to  DFMO. This is  unusual in l ig h t  of the extreme 

s u s c e p t ib i l i ty  o f trypanosomes to the in h ib i to r .  The resistance 

was in fe rred  on the mutant due to i t s  in a b i l i t y  to transport 

DFMO. The workers found the same level of o rn ith in e  decarboxylase 

a c t iv i t y ,  the same rate o f o rn ith ine  decarboxylation, the same 

membrane po ten tia l and the same degree o f o rn ith in e  decarboxylase 

s u s c e p t ib i l i ty  to DFMO in both the mutant and w ild -typ e . The fac t 

tha t th is  organism is able to reduce DFMO uptake would in fe r  tha t 

the transport mechanism is  not wholly one of passive d i f fu s io n  as 

proposed by previous workers.

P h i l l ip s  and Wang (1987) suggest the p o s s ib i l i t y  tha t DFMO may be 

transported by a spec if ic  prote in which is non-functional in the 

mutant s t ra in ,  or, tha t the presence of DFMO leads to an increase 

in prote in  density w ith in  the membrane, which could block non

saturable d i f fu s io n .  This la t te r  phenomenon has already been 

reported in Chinese hamster ovary c e l ls ,  where mutant l ines f a i l  

to take up co lch ic ine , a drug transported by passive d i f fu s io n  in 

w ild -type  c e l ls  (Carlsen. T i l l  and Ling, 1976).

The only other work carr ied  out to date on the uptake of DFMO was 

by Walters and Kingham (1989) who studied transport in barley 

seedlings and i t s  e ffec ts  on mildew in fe c t io n .  These workers 

found tha t DFMO uptake by roots was biphasic and saturable. They 

also found tha t uptake was reduced in the dark and they speculated 

on the p o s s ib i l i t y  of an energy requirement fo r  the transport.
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In addition, they found th a t o rn ith ine  antagonized uptake o f DFMO, 

an in te res ting  f ind ing  which leads to speculation th a t DFMO uptake 

may actua lly  be yi_a an amino acid transport mechanism in th is  

system. The antagonistic  e f fe c t  on DFMO uptake o f other compounds 

has not previously been found. Nevertheless in the present study, 

i t  was observed tha t DFMO uptake by F. culmorum was in h ib i te d  by 

the presence of o rn ith in e  (s im i la r  to that observed by Walters and 

Kingham (1989) fo r  b a r le y ) ,  putrescine and spermidine w ith in  the 

medium.

However, the reverse was not true and DFMO did not antagonize 

putrescine or spermidine uptake. This observation does not agree 

with the work carr ied out on trypanosomes or mouse f ib ro b la s ts ,  

although the non-saturable aspect of the uptake is  s im i la r  to  tha t 

found in those systems. I t  is  possible tha t DFMO enters a ce l l  

via passive d if fu s io n  and/or, transport may be f a c i l i t a te d .  

Speculating about the uptake mechanisms of DFMO is complicated 

fu r th e r  by the fac t tha t the addition of sodium azide (a re sp ira 

to ry  in h ib i to r )  caused a reduction, a lb e it  small, in uptake by F. 

culmorum. There appeared to  be, therefore, an energy requirement 

fo r  transport of the in h ib i to r .

The mechanisms involved are apparently more complex and sp e c if ic  

than were previously thought. Transport o f putrescine also 

appears to possess an ac tive  component, as add it ion  o f sodium 

azide to the medium reduced uptake by F. culmorum. Spermidine 

uptake by th is  fungus did not e xh ib it  a s ig n i f ic a n t  decrease when 

the resp ira tory  in h ib i to r  was added to the medium. This is  

in te res ting  as P is tocch i, Bagni and Creus (1987) found tha t
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spermidine uptake by ca rro t cu ltu re  ce l ls  was affected more by 

metabolic in h ib i to rs  than was putrescine. Uptake o f polyamines by

E. co l i  is  energy dependent (Tabor and Tabor, 1966), but to date, 

the energy donor has not been described. However, Kashiwagi, 

Kobayashi and Igarashi (1986) propose tha t polyamines are tra ns 

ported in to  E. col i by proton motive force and the process is  

un id irec t iona l because o f the formation o f strong binding com

plexes with nucleic acids.

This work on F. culmorum also showed tha t putrescine uptake was 

not antagonized by spermidine, o rn ith ine  or DFMO, nor was spermi

dine uptake antagonized by putrescine, o rn ith in e  or DFMO. I t  

would thus appear tha t putrescine, spermidine and o rn ith ine  have 

d i f fe re n t  uptake systems as they do not in h ib i t  transport o f each 

other. Spathas, Pateman and Clutterbuck (1981) found tha t ne ithe r 

spermidine or spermine in h ib ite d  putrescine uptake, but spermidine 

transport was inh ib ited  by putrescine and spermine in Asperqi11 us 

n idu lans. Therefore, in th is  fungus spermidine or spermine are 

not taken up by the putrescine system, although putrescine and 

spermine can be transported y ja  the spermidine system. In con

t ra s t ,  uptake of each polyamine by F. culmorum appears to  be v ia 

i t s  own spe c if ic  system.

Theore tica lly , i f  a fungus were to  be exposed to in h ib i to rs  o f 

polyamine biosynthesis fo r  a prolonged period o f time, some e f fe c t  

on uptake o f polyamines from the medium should be observed. Thus,

F. culmorum and G. graminis were cultured in the presence of 

in h ib i to rs .  The range o f in h ib i to rs  used fo r  G. graminis was 

l im ite d , as the fungus did not grow well in l iq u id  cu ltu re  when
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the in h ib i to rs  were present. In contrast, F. culmorum grew 

read ily .

From the resu lts  obtained, i t  can be seen tha t the only in h ib i to r  

to cause any s ig n if ic a n t  e f fe c t  on uptake o f the polyamines by F. 

culmorum was MGBG. This, in fa c t ,  led to a decrease in uptake 

when the polyamines were added to the medium. I t  is  possible tha t 

long term exposure to  MGBG caused functional damage to  the fungal 

mitochondria and uptake was reduced fo r  reasons other than those 

re lated to polyamine b iosynthesis.

Thus, i t  is  also possible th a t damage to the fungal mitochondria 

caused by MGBG might supress any active component o f the transport 

system. However, th is  does not seem to be a p laus ib le  explanation 

fo r  these re su lts , as i t  was suggested e a r l ie r  th a t spermidine 

probably did not possess an active uptake system in F. culmorum. 

Yet th is  polyamine was the most affected by the exposure to  MGBG.

I t  is  in te res ting  to note tha t uptake of spermidine was most 

s ig n i f ic a n t ly  affected, w ith  spermine and then putrescine uptake 

being reduced. I t  is  possible tha t the transport systems were 

affected by the MGBG and the a l ip h a t ic  chain length o f the poly

amine may have some bearing on the uptake of the compounds. Thus, 

the shorter the chain length, the greater the l ike l ih o o d  o f being 

transported in to  the c e l ls .

Exposure to DFMO had l i t t l e  overa ll e ffec t on uptake o f polyamines 

by F. culmorum. One or more concentrations o f the three polya

mines s u p e r f ic ia l ly  appear on the graphs as having a greater
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uptake than the control treatment. S ta t is t i c a l l y  though, the 

increases are not s ig n i f ic a n t .  However, according to Erwin and 

Pegg (1982) who studied uptake of DFMO by mouse f ib ro b la s ts ,  

exposure of ce l ls  to DFMO under normal growth conditions can lead 

to in a c t iva t io n  of the in h ib i to r .  DFMO can bind cova lently  to  

o rn ith ine  decarboxylase, thus rendering the in h ib i to r  in a c t ive . 

However, w ith respect to  DFMO a c t iv i t y ,  th is  would probably have a 

n e g l ig ib le  e f fe c t  because o f the re la t iv e ly  small quan t it ies  o f 

o rn ith ine  decarboxylase prote in  w ith in  c e l ls .  DFMO could also 

attach i t s e l f  to other prote in molecules w ith in  the c e l l .  

However, i t  is  most l i k e ly  tha t the in h ib i to r  undergoes a non- 

enzymatic decarboxylation by pyridoxal phosphate, thus creating a 

product which reacts with nucleophiles w ith in  the c e l l ,  or w ith in  

water. Indeed, Erwin and Pegg (1982) state tha t a f te r  12 hours o f 

exposure to radioactive DFMO, only 50 per cent o f the to ta l  label 

was recoverable again. This phenomenon could help to explain the 

ineffectiveness of DFMO against certa in fungi in th is  study.

I t  is  perhaps not surpris ing  tha t l i t t l e  d iffe rence  in uptake of 

polyamines was observed in F. culmorum a f te r  exposure to in h ib i 

to rs ,  when one considers the e ffec ts  of DFMO on growth o f the 

fungus. Likewise, since DFMO is un like ly  to  have depleted in t r a 

c e l lu la r  polyamine concentrations in F. culmorum, i t  should not be 

surpris ing  tha t uptake o f polyamines was not increased. On the 

other hand, G. graminis proved to be more susceptible to the in h i 

b ito rs  than did F. culmorum. Indeed, exposure o f G. graminis to 

1.0 mM DFMO actua lly  led to an enhanced uptake o f putrescine, and 

growth in 4.0 mM DFMO caused an enhanced uptake of spermine.
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However, a l l  other treatments resulted in s ig n i f ic a n t  reductions 

in polyamine transport.

F. culmorum and G. graminis showed d i f fe r in g  s u s c e p t ib i l i t ie s  to 

the in h ib i to rs  used throughout th is  research. I t  seems c lea r from 

the experiments carried out here that both fungal species react 

d i f fe re n t ly  to the in h ib i to rs  and yet transport o f the drug in to  

the ce l ls  was s im ila r .

I t  is  important when attempting to define and understand uptake 

mechanisms, tha t conditions remain constant throughout the experi

ments. Differences in medium, pH or even fungal l in e  may a l te r  

the k ine tics  o f the uptake. Davis and Ristow (1988) w h i ls t  

working on polyamine transpo rt in N. crassa, found th a t uptake 

from the growth medium was very slow and was in fa c t  being in h ib i 

ted by cations w ith in  the medium. To determine whether or not 

cations w ith in  the l iq u id  Czapek Dox + mycological peptone medium 

used in th is  study were having an e ffec t on polyamine tra nspo rt,  

an uptake experiment was ca rr ied  out using MOPS free acid bu ffe r  

as the assay medium. I t  was found that magnesium ions affected 

uptake o f putrescine by F. culmorum and G. graminis and sodium 

ions affected uptake o f th is  diamine by G. gram inis. Magnesium 

and potassium ions competed w ith spermidine uptake by F. culmorum 

and magnesium ions in h ib i te d  spermine uptake by G. gram in is .

Magnesium ions appeared to  have the greatest in h ib i to ry  e f fe c t  on 

uptake of polyamines w ith  putrescine being more e ffected in both

F. culmorum and G. g ram in is . This is possibly a func tion  of 

s im i la r i t y  of charge of the magnesium ions and the diamine. I t  is
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in te res ting  to note tha t magnesium ions also in h ib i t  uptake of 

spermidine by F. culmorum and spermine by G. graminis although to 

a lesser extent than putrescine. The enhancement of spermidine 

uptake by F. culmorum when subjected to potassium ions could be 

re lated to possible sp e c if ic  ca tion-activa ted  ATPase a c t iv i t y  

leading to increased transport (see Lindberg, 1980).

I t  was decided to carry out the uptake studies in Czapek Dox

medium + peptone in sp ite  o f competitive e ffec ts  o f cations 

present. This was p a r t ly  to  reduce fungal shock, by keeping the

growth and uptake medium the same, and in order tha t meaningful

comparisons could be made with the growth studies previously 

performed. Moreover, any competitive e ffec ts  would be re la t iv e  to 

the control treatments throughout.

4.4 FUTURE CONSIDERATIONS

The work carried out in th is  thesis ind icates tha t the in h ib i to rs  

used have po ten tia l as fungic ides. I t  was also established tha t 

species-dependent growth responses to these in h ib i to rs  were not a 

re su lt  of va r ia t ions  in uptake o f the compound. Nevertheless i t  

is  c lear tha t there is  much work yet to  be carried out w ith 

respect to uptake processes. For example, a study o f membrane 

po ten tia l would be usefu l, as would an attempt to describe the 

c a r r ie r  mechanisms involved. Uptake could be looked at in the 

presence o f compounds such as chloramphenicol in an attempt to 

block c a r r ie r  mechanisms, which may y ie ld  more spec if ic  resu lts  

than those obtained by using a resp ira to ry  in h ib i to r .  Uptake of 

DFMO must also be characterized fu r th e r  and in add it ion , i t  is
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necessary to study transpo rt o f other, more recent in h ib i to rs .  

Once the c a r r ie r  mechanisms o f polyamines and o rn ith in e  are 

characterized, in h ib i to rs  can be modelled which can u t i l i z e  these 

components more e f f i c ie n t l y .  I t  is c lear tha t uptake o f DFMO and 

o rn ith in e  d i f f e r ,  in s p ite  o f th e i r  close s tru c tu ra l re la t io n s h ip .

In addition to considering uptake fu r th e r,  i t  is  perhaps more 

important to become fam iliar w ith a lte ra t ions  in enzyme content 

and s u s c e p t ib i l i ty  o f the enzymes to the in h ib i to rs .  I f  va r ia 

t ions  in growth responses are not due to d ifferences in uptake by 

the fungal species, then the key must l i e  in the s u s c e p t ib i l i t y  o f 

the enzymes to the in h ib i t o r ,  rates o f decarboxylation o f 

o rn ith in e , e ff ic ie n cy  in compensating fo r  polyamine d e f ic i t s ,  

polyamine requirements o f  the fung i, or a b i l i t y  to  metabolize the 

in h ib i to rs  in to  in e f fe c t iv e  forms.

Indeed, work recently  ca rr ied  out in th is  labora tory has shown 

tha t Pyrenphora avenae, a necrotroph which is  susceptib le to 

o rn ith ine  decarboxylase in h ib i to rs ,  shows reduced in t r a c e l lu la r  

o rn ith ine  decarboxylase leve ls  and lower concentrations o f po ly

amines when subjected to  these in h ib ito rs  (Foster and Walters, 

unpublished re s u lts ) .

Another v i ta l  fu tu re  consideration is the fun ga l/p lan t r e la t io n 

ship and e ffec ts  o f the in h ib i to rs  on th is  in te ra c t io n .  I t  is 

necessary to know whether fungi w i l l  be able to  u t i l i z e  a supply 

o f polyamines from the p lan t i t s e l f ,  and also, the e ffe c ts  o f the 

in h ib i to rs  on polyamine and enzyme content o f the p lant must be 

considered.
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To determine the po ten tia l of the in h ib i to rs  o f polyamine b io

synthesis, these questions must be answered and a true understan

ding of the mechanisms involved gained. This w i l l  enable re s is 

tance responses to be predicted and in h ib i to rs  ra t io n a l ly  designed 

to  achieve maximum e f fe c t .
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APPENDIX I



TABLE I .  E ffect o f ODC in h ib i to rs  on growth o f P. teres (grey form). 

Results are expressed as percentage o f control value (= 100%) ± the 

standard e rro r of the mean expressed as a percentage o f the mean. 

S ig n if ica n t differences are shown at P = 0.1 - 0.05 a; P = 0.02 -  0.01 

b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 3 DAY 4 DAY 6

DFMO:

1.0 88.8 ± 4.2 93.9 ± 5.8 96.8 ± 4.8

2.0 62.4 ± 8 .3c 66.1 ± 9 .2c 61.8 ± 9.8C

4.0 23.2 ± 2 . 4c 22.4 ± 2 . 7c 20.4 ± 5 .3c

A - M F M O ;

0.5 78.4 ± 4 . 1b 85.5 ± 2.8b 94.3 ± 3.0

1.0 70.4 ± 4 . 5c 72.1 ± 6 . 7c 79.6 5 . 4b

^ “ MFMO.Me:

0.5 88.0 ± 1.8& 95.2 ± 3.2 103.6 ± 2.4

1.0 76.8 ± 4. 2b 80.0 ± 4. 5b 92.1 ± 1.2a

RR-MAP:

0.5 92.8 ± 1.7 100.0 ± 1.2 110.4 ± 1.3b

1.0 83.2 ± 1. 9b 91.5 ± 2.6& 101.8 ± 3.2



TABLE I I .  E ffec t of ODC in h ib i to rs  on growth of P. teres (orange 

form). Results are expressed as percentage o f control value (= 100%) ± 

the standard e rro r o f the mean expressed as a percentage of the mean. 

S ign if ica n t d ifferences are shown at P = 0.1 - 0.05 a; P = 0.02 -  0.01 

b; P = 0.002 - 0.001 c. * ind icates tha t mycelium had reached the edge 

of the Petri dish.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

DFMO:

1.0 114.3 ± 2.1C 114.2 ± 0.8C *

2.0 107.1 ± l . l b 107.8 ± 0.8b *

4.0 91.7 ± 2.6b 92.2 ± l.OC 85.6 ± 0 . 7c

A-MFMO:

0.5 82.1 ± 5.8b 85.8 ± 2 . 7c 87.0 ± 1. 5c

1.0 98.8 ± 2.4 92.2 ± 1.5b 92.1 ± 0.8=

A-MFMO.Me:

0.5 89.3 ± 6.7 91.3 ± 4 . 5a 93.0 ± 1. 3b

1.0 92.9 ± 1.3a 94.5 ± l.Oa 94.9 ± 0.6b

RR-MAP:

0.5 107.1 ± 3 .3a 99.5 ± 0.5 98.6 ± 1.1

1.0 106.0 ± 2.2 99.1 ± 1.4 94.9 ± 0 . 7b



TABLE I I I .  E ffect of ODC in h ib i to rs  on growth G. gram in is. Results 

are expressed as percentage o f contro l value (= 100%) ± the standard 

e rro r  of the mean expressed as a percentage of the mean. S ig n if ic a n t  

d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 -  0.01 b; P = 0.002 

-  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

DFMO:

1.0 53.2 ± 6.7= 76.8 ± 3.0= 86.0 ± 1.3=

2.0 46.3 ± 6.8= 61.4 ± 4.4= 72.4 ± 2.4=

4.0 40.0 ± 5.3= 60.0 ± 1.5= 69.6 ± 0.6=

A-MFMO:

0.5 64.2 ± 6.5= 77.3 ± 3.5= 79.2 ± 2.8=

1.0 69.5 ± 4.5= 86.8 ± 1.0= 92.5 ± 1. 5b

A-MFMO.Me:

0.5 89.5 ± 2 . 4b 95.0 ± 1.93 94.7 ± 1.53

1.0 88.4 ± 4.83 89.5 ± 5.13 96.0 ± 2.9

RR-MAP:

0.5 89.5 ± 5.93 95.5 ± 3.3 95.3 ± 2.23

1.0 81.1 ± 3.9= 91.8 ± 2 .5b 93.5 ± 1. 2b



TABLE IV. E ffec t o f ODC in h ib i to rs  on growth o f S. nodorum. Results

are expressed as percentage o f control value (= 100%) ± the standard

erro r of the mean expressed as a percentage o f the mean. S ig n if ica n t

differences are shown at P = 0.1 - 0.05 a; P = 0.02 -  0.01 b; P = 0.002

- 0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

DFMO:

1.0 93.8 ± 1.1 96.9 ± 0.9 100.6 ± 0.5

2.0 92.8 ± 2.2 100.9 ± 1.3 105.9 ± 0 . 3b

4.0 115.5 ± 2 . 7b 104.0 ± 1.7 98.2 ± 1.1

A-MFMO:

0.5 110.3 ± 2.83 106.7 ± 1.3b 103.5 ± 0.73

1.0 112.4 ± 1.8b 103.1 ± 0.9 97.9 ± 0.5

A-MFMO.Me:

0.5 112.4 ± l .gb 103.6 ± 2.1 105.9 ± 1.3b

1.0 103.1 ± 2.0 96.4 ± 0.93 99.1 ± 0.6

RR-MAP:

0.5 100.0 ± 3.1 100.4 ± 2.2 . 101.8 ± 1.1

1.0 95.9 ± 3.2 99.1 ± 0.9 98.2 ± 0.6



TABLE V. Effect o f ODC in h ib i to rs  on growth of F. culmorum. Results 

are expressed as percengage o f contro l value (= 100%) ^ the standard 

e rro r  o f the mean expressed as a percentage of the mean. S ig n if ic a n t 

d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 -  0.01 b; P = 0.002 

-  0.001 c.

TREATMENT
PER CENT GROWTH

1 1 \  1 1 1 1 I "

(mM) DAY 2 DAY 3

DFMO:

1.0 108.8 ± 2.9 98.7 ± 1.6

2.0 105.6 ± 2.3 96.4 ± 1.7

4.0 122.4 ± 4.6b 78.9 ± 1. 7c

A-MFMO:

0.5 98.4 ± 4.9 76.0 ± 2 . 9c

1.0 106.4 ± 4.5 84.7 ± 3 . 1c

A-MFMO.Me:

0.5 108.8 ± 3.7 89.3 ± 2 .9b

1.0 97.6 ± 3.3 76.6 ± 0 . 9c

RR-MAP:

0.5 116.0 ± 2 . lb 90.6 ± 2 . 4b

1.0 106.4 ± 3.8 89.9 ± 5 . 2a



TABLE VI. E ffect o f in h ib i to rs  o f polyamine biosynthesis on growth o f 

P. in fes tans. Results are expressed as percentage of control value (= 

100%) ± the standard e rro r  o f the mean expressed as a percentage o f the 

mean. S ig n if ica n t d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 

~ 0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 9 DAY 12 DAY 15

DFMO:

1.0 78.7 ± 10.8a 71.3 ± 5.6b 65.2 ± 3 . 1a

DFMA:

1.0 134.0 ± 4.8a 126.7 ± 4 . 7b 119.1 ± 3 . 7b

DFMO + DFMA:

1.0 + 1.0 83.0 ± 5.1 64.4 ± 4.6C 56.7 ± 2 . 7c



TABLE V I I .  Effect o f in h ib i to rs  o f polyamine biosynthesis on growth o f 

P. ultimum. Results are expressed as percentage o f contro l value (= 

100%) ± the standard e rro r o f the mean expressed as a percentage o f the 

mean. S ign if ica n t d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 

-  0.01 b; P = 0.002 -  0.001 c. * indicates that mycelium had reached 

the edge o f the Petri dish.

TREATMENT
PER CENT GROWTH

(mM) DAY 1 DAY 2

DFMO:

1.0 99.3 ± 1.5 99.2 ± 0.8

DFMA:

1.0 102.9 ± 2.7 *

DFMO + DFMA:

1.0 + 1.0 105.8 ± 1.2& *



TABLE V I I I .  E ffec t o f in h ib i to rs  o f polyamine biosynthesis on growth 

o f U. maydis. Results are expressed as percentage of control value (= 

100%) ± the standard e rro r o f the mean expressed as a percentage o f the 

mean. S ign if ica n t d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 

- 0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 7 DAY 14 DAY 21

DFMO:

1.0 74.0 ± 10.83 8 2 . 3  ±  7 . 6 8 4 . 7  ±  1 . 5b

4.0 5 6 . 0  ±  6 . l b 8 0 . 2  ±  3 . 9 a 7 9 . 2  ±  1 . 8 b

MGBG:

1.0 7 2 . 0  ±  8 . 3 a 8 3 . 3  ±  5 . 0 8 2 . 6  ±  3 . 4b

2.0 5 6 . 0  ±  10 . 7b 7 2 . 9  ±  1 . 4b 7 4 . 3  ±  2 . 2 =

DFMO + MGBG:

0.5 + 0.5 62.0  ± 6 . 5b 7 7 . 1  ±  4 . 1a 8 0 . 6  ±  2 . 7b

1.0 + 1.0 6 2 . 0  ±  9 . 7b 6 8 . 8  ±  4 . 5b 7 2 . 9  ±  2 . 4 =



TABLE IX. Effect of in h ib i to rs  o f polyamine biosynthesis on growth of 

P. teres (grey form). Results are expressed as percentage o f contro l 

value (= 100%) ± the standard e r ro r  o f the mean expressed as a percen

tage of the mean. S ig n if ic a n t d iffe rences are shown at P = 0.1 -  0.05 

a; P = 0.02 - 0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 3 DAY 4 DAY 6

MGBG:

0.5 81.5 ± l.ob 86.1 ± 1. 4b 98.9 ± 1.1

1.0 78.4 ± l.ob 83.5 ± 1.4= 95.0 ± 1.5

2.0 24.8 ± 7.1= 26.7 ± 6.8= 20.7 ± 3.4=

DFMO + MGBG:

0.5 + 0.5 23.2 ± 7.5= 28.5 ± 4.3= 25.4 ± 2.8=

1.0 + 1.0 19.2 ± 5.0= 22.4 ± 5.4= 21.1 ± 3.4=

CHA:

0.5 100.0 ± 2.5 121.2 ± 2.5= 105.4 ± 2.0

1.0 95.8 ± 4.4 112.7 ± 1. 5b 102.1 ± 1.0

2.0 97.6 ± 2.0 112.1 ± l . l b 103.6 ± 1.4

4.0 93.6 ± 6.6 103.0 ± 7.1 83.6 ± 7. 7a



TABLE X. E ffect o f in h ib i to rs o f polyamine biosynthesis on growth o f

P. teres (orange form). Results are expressed as percentage of contro l

value (= 100%) ± the standard e r ro r  o f the mean expressed as a percen-

tage of the mean S ig n if ica n t d ifferences are shown at P = 0.1 -  0.05

a; P = 0.02 - 0.01 b; P = 0.002 “ 0.001 c .

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

MGBG:

0.5 82.1 ± 2 . 9c 90.0 ± 1.0= 87.6 ± 0.5=

1.0 78.6 ± 1. 5c 86.3 ± 0.5= 83.7 ± 0.5=

2.0 59.5 ± 2 .0c 72.6 ± 0.6= 74.4 ± 0.4=

DFMO + MGBG:

0.5 + 0.5 83.3 ± 2 .9c 90.0 ± 0.5= 84.8 ± 0.7=

1.0 + 1.0 72.6 ± 1.6C 82.2 ± 0.6= 80.0 ± 0.3=

CHA:

0.5 90.5 ± 1. 3b 92.7 ± 1. 5b 92.7 ± 0.8=

1.0 86.9 ± 1.4= 91.8 ± 1.5b 91.5 ± 0.7=

2.0 92.9 ± 2.63 91.3 ± 1.5b 89.3 ± 1.2=

4.0 83.3 ± 4.3= 84.5 ± 1.6= 83.4 ± 2.3=



TABLE XI. E ffect of in h ib i to rs  o f polyamine biosynthesis on growth o f 

G. graminis. Results are expressed as percentage of contro l value (= 

100%) ± the standard e rro r o f the mean expressed as a percentage of the 

mean. S ign if ica n t d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 

-  0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

MGBG:

0.5 46.3 ± 4 . 5c 44.1 ± 3.1= 53.4 ± 2.2=

1.0 7.4 ± 5. 7c 12.3 ± 7.4= 11.5 ± 5.7=

2.0 O.QC 0.0= 0.0=

DFMO + MGBG:

0.5 + 0.5 35.8 ± 5 . 9c 44.1 ± 2.1= 53.1 ± 1.0=

1.0 + 1.0 11.6 ± 9 . 1c 12.3 ± 3.7= 23.0 ± 4.9=

CHA:

0.5 80.0 ± 5. 3b 87.7 ± 2.1= 88.5 ± 2.0=

1.0 72.6 ± 4.3= 82.7 ± 3.8= 88.2 ± 2.0=

2.0 53.7 ± 7.8= 51.4 ± 7.1= 49.7 ± 6.9=

4.0 26.3 ± 4.0= 21.8 ± 4.2= 20.8 ± 5.5=



TABLE X I I .  E ffect of in h ib i to rs  o f polyamine biosynthesis on growth of 

S. nodorum. Results are expressed as percentage o f control value (= 

100%) ± the standard e rro r  o f the mean expressed as a percentage o f the 

mean. S ig n if ica n t d ifferences are shown at P = 0.1 -  0.05 a; P = 0.02 

- 0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

MGBG:

0.5 95.9 ± 3.2 82.7 ± l . i c 80.3 ± 1.1=

1.0 83.5 ± 2.5 68.9 ± 1. 3c 65.9 ± 1.3=

2.0 70.1 ± 5,9 52.0 ± 2.6C 50.0 ± 2.4=

DFMO + MGBG:

0.5 + 0.5 92.8 ± 2.2 83.1 ± 1.6C 81.8 ± 1.1=

1.0 + 1.0 82.5 ± 2 .5c 73.8 ± 3.6C 71.8 ± 1.6=

CHA:

0.5 96.9 ± 3.2 94.2 ± 1. 4b 100.3 ± 0.9

1.0 108.0 ± l.oa 100.4 ± 0.9 101.5 ± 1.9

2.0 95.9 ± 3.2 97.3 ± 0.9 102.1 ± 1.1

4.0 88.7 ± 2 .3a 91.6 ± 1.0= 98.8 ± 1.1



TABLE X I I I .  E ffect of in h ib i to rs  o f polyamine biosynthesis on growth 

o f F. culmorum. Results are expressed as percentage o f contro l value 

(= 100%) ± the standard e r ro r  o f  the mean expressed as a percentage of 

the mean. S ign if ican t d iffe rences are shown at P = 0.1 -  0.05 a; P = 

0.02 -  0.01 b; P = 0.002 -  0.001 c.

TREATMENT
PER CENT GROWTH

1 1 t I 1 _ I 1  1 '

(mM) DAY 2 DAY 3

MGBG:

0.5 100.8 ± 1.6 90.9 ± l .ob

1.0 88.8 ± 7.2 84.4 ± 3.6b

2.0 90.4 ± 6.2 58.8 ± 5.5=

DFMO + MGBG:

0.5 + 0.5 117.6 ± 1. 4b 81.5 ± 2.0=

1.0 + 1.0 108.0 ± 4.4 79.5 ± 2.0=

CHA:

0.5 127.2 ± 1. 3= 104.2 ± 0.6

1.0 121.6 ± 2.0= 103.2 ± 1.4

2.0 124.0 ± 1.9= 97.4 ± 1.4

4.0 120.8 ± 5 .3a 94.2 ± 3.1



TABLE XIV. E ffect of polyamlnes and polyamines plus DFMO on growth o f 

P. teres (grey form). Results are expressed as percentage of control 

value (= 100%) ± the standard e r ro r  of the mean expressed as a percen-

tage o f the mean. S ig n if ica n t differences are shown at P = 0.1 -  0.05

a; P = 0.02 - 0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 . DAY 6

PUT:

0.5 94.4 ± 4.3 109.1 ± 3.3 105.4 ± 2.1

1.0 107.2 ± 5.4 129.7 ± 4 . 7c 115.7 ± 3 . 2b

SPD:

0.5 93.5 ± 6.8 106.1 ± 7.4 103.9 ± 5.9

1.0 116.0 5 .3a 121.8 ± 4 . 5b 113.9 ± 2 . 7b

DFMO + PUT:

4.0 + 1.0 102.4 ± 8.4 1 0 9 . 1  ±  7 . 8 1 1 0 . 4  ±  5 . 9

DFMO +  SPD:

4.0 + 1.0 110.4 ± 5.8 1 2 4 . 8  ±  5 . 8 b 1 1 5 . 1  ±  5 . 2 a



TABLE XV. Effect of polyamines and polyamines plus DFMO on growth of 

P. teres (orange form). Results are expressed as percentage of control 

value (= 100%) ± the standard e r ro r  of the mean expressed as a percen

tage of the mean. S ig n if ic a n t d iffe rences are shown at P = 0.1 -  0.05 

a; P = 0.02 - 0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

PUT;

0.5 110.7 ± 2.2b 101.8 ± 1.3 99.2 ± 0.6

1.0 111.9 ± 2 . lb 103.7 ± 0 .4a 102.0 ± 0.2

SPD;

0.5 102.4 ± 1.2 100.5 ± 0.9 98.9 ± 0.7

1.0 95.2 ± 2.5 93.2 ± 2.5a 94.1 ± 1.2b

DFMO + PUT:

4.0 + 1.0 107.1 ± 3.3 99.5 ± 0.9 95.2 ± 0 . 9b

DFMO + SPD:

4.0 + 1.0 107.1 ± 1.1& 97.3 ± 0.9 95.8 ± 0 . 5b



TABLE XVI. E ffec t o f polyamines and polyamines plus DFMO on growth of

G. graminis. Results are expressed as percentage of control value (=

100%) ± the standard e rro r o f the mean expressed as a percentage o f the

mean. S ig n if ica n t differences are shown at P = 0.1 -■ 0.05 a; P = 0.02

-  0.01 b; P = 0.002 -  0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

PUT:

0.5 98.9 ± 4.3 95.9 ± 2.4 99.4 ± 2.1

1.0 100.0 ± 3.2 98.6 ± 1.8 102.2 ± 1.2

SPD:

0.5 101.1 ± 1.0 105.9 ± 0 .9a 105.3 ± 1. 2b

1.0 102.1 ± 4.1 105.0 ± 3.0 107.8 ± 2 . 5a

DFMO + PUT:

4.0 + 1.0 82.3 ± 3 . 7b 90.5 ± 2 . 5b 89.4 ± 2 . 4b

DFMO + SPD:

4,0 + 1.0 92.6 ± 5.7 96.8 ± 2.8 96.3 ± 2.2



TABLE XVII. Effect of polyamines and polyamines plus DFMO on growth o f

S. nodorum. Results are expressed as percentage of contro l value (=

100%) ± the standard e rro r o f the mean expressed as a percentage o f the

mean. S ign if ica n t d ifferences are shown at P = 0.1 -■ 0.05 a; P = 0.02

-  0.01 b; P = 0.002 - 0.001 c.

TREATMENT
(mM)

PER CENT GROWTH

DAY 2 DAY 4 DAY 6

PUT:

0.5 96.9 ± 2.1 95.1 ± O.ga 98.5 ± 0.5

1.0 99.0 ± 2.1 96.4 ± 0 .5a 97.1 ± 0.8

SPD:

0.5 110.3 ± 2.83 1 0 6 . 2  ±  0 . 8 b 1 0 4 . 7  ±  0 . 6 b

1.0 104.1 ± 2.0 9 4 . 7  ±  0 . 5b 9 3 . 2  ±  0 . 7b

DFMO + PUT:

4.0 + 1.0 99.0 ± 3.1 9 6 . 4  ±  1 . 4 9 7 . 1  ±  0 . 5

DFMO + SPD:

4.0 + 1.0 101.0 ± 3.1 9 6 . 9  ±  1 . 4 9 9 . 1  ±  1 . 3



TABLE X V III .  E ffec t o f polyamines and polyamines plus DFMO on growth 

o f F. culmorum. Results are expressed as percentage of control value 

(= 100%) ± the standard e rro r o f the mean expressed as a percentage of 

the mean. S ig n if ica n t d iffe rences are shown at P = 0.1 -  0.05 a; P = 

0.02 -  0.01 b; P = 0,002 -  0.001 c.

TREATMENT
PER CENT GROWTH

(mM) DAY 2 DAY 3

PUT:

0.5 139.2 ± 2.9= 111.7 ± 1. 5b

1.0 144.8 ± 2.8= 114.6 ± 1.3=

SPD:

0.5 136.8 ± 3.5= 109.7 ± 1.8b

1.0 142.4 ± 1.7= 111.4 ± 0.9=

DFMO + PUT:

4.0 + 1.0 125.6 ± 6. 4b 106.8 ± 2.8

DFMO + SPD:

4.0 + 1.0 144.8 ± 4.4= 110.4 ± 1. 5b



TABLE XIX. Effect of ODC in h ib i to rs  on ce ll  diameter o f P. te re s , G. 

gram inis, S. nodorum and F. culmorum on the s ix th  day a f te r  inocu la tion  

± the standard e rro r of the mean. Results fo r  grey and orange forms o f 

P. teres are pooled. S ig n i f ic a n t  differences are shown at P = 0.1 - 

0.05 a; P = 0.02 - 0.01 b; P = 0.002 - 0,001 c.

TREATMENT
(mM)

CELL DIAMETER [pm)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

DFMO:

1.0 4.2 ± 0.3 3.8 ± 0.0 3.8 ± 0.0 4.8 ± 0 . 5a

4.0 3.9 ± 0.2 3.8 ± 0.0 3.8 ± 0.0 7.0 ± l . l b

A - M F M O :

0.5 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 -

1.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 4 . 8  ±  0 . 3b

A - M F M O . M e :

0.5 3.8 ± 0.0 3.8 ± 0.0 4.0 ± 0.2 -

1.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 5 . 9  ±  0 . 5 =

RR-MAP:

0.5 - 3.8 ± 0.0 3.8 ± 0.0 -

1.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 5.1 ± 0 . 5a



TABLE XX. E ffect o f in h ib i to rs  o f polyamine biosynthesis on ce l l  

diameter of P. te re s , G. g ram in is , S. nodorum and F. culmorum on the 

s ix th  day a f te r  inocula tion ± the standard e rro r o f the mean. Results 

fo r  grey and orange forms of P. teres are pooled. S ig n if ica n t d i f f e 

rences are shown at P = 0.1 -  0.05 a; P = 0.02 -  0.01 b.

TREATMENT
(mM)

CELL DIAMETER (^m)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

MGBG:

0.5 - 3.8 ± 0.0 - —

1.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 4.4 ± 0.4

2.0 4.0 ± 0.2 - 3.8 ± 0.0 4.5 ± 0.5

CHA:

1.0 - - - 5.7 ± 0 . 7b

2.0 4.1 ± 0.23 - 3.8 ± 0.0 4.0 ± 0.2

4.0 4.0 ± 0.1 - 3.8 ± 0.0 3.8 ± 0.0

DFMO +  MGBG:

0.5 + 0.5 4.2 ± 0.3 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

1.0 + 1.0 4.0 ± 0.1 3.8 ± 0.0 3.8 ± 0.0 4.6 ± 0.5



TABLE XXI. Effect of polyamines and polyamines plus DFMO on ce l l  

diameter o f P. te re s , G. q ram in is , S. nodorum and f .  culmorum on the 

s ix th  day a f te r  inoculation ± the standard error of the mean. Results 

fo r  grey and orange forms o f P. teres are pooled. S ig n if ic a n t  d i f f e 

rences are shown at P = 0.1 -  0.05 a; P = 0.02 - 0.01 b.

TREATMENT
(mM)

CELL DIAMETER (jum)

P. TERES G. GRAMINIS S. NODORUM F. CULMORUM

Control 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

PUT:

0.5 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 4.4 ± 0.4

1.0 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0 4.5 ± 0.8

SPD:

0.5 4.7 ± 0 .3b 3.8 ± 0.0 3.8 ± 0.0 4.2 ± 0.4

1.0 4.1 ± 0 .2a 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

DFMO + PUT:

4.0 + 1.0 3.9 ± 0.1 3.8 ± 0.0 3.8 ± 0.0 3.8 ± 0.0

DFMO + SPD:

4.0 + 1.0 3.9 ± 0.1 3.8 ± 0.0 4.0 ± 0.2 4.0 ± 0.2



TABLE X X I I .  S t a n d a r d  e r r o r  o f  t h e  means r e l a t i n g  t o  e f f e c t  o f  pH on

u p t a k e  o f  p o l y a m i n e s ,  p r e c u r s o r s  and DFMO by F.  c u lm o r u m . R e s u l t s  a r e

e x p r e s s e d  as j a M / g / h .

pH
UPTAKE (jaM/g/h)

ORN ARG DFMO PUT SPD SPM

4.0 0.64 2.16 0.71 0.13 0.95 0.45

5.0 0.18 5.69 0.28 1.58 1.31 1.16

6.0 0.66 0.33 0.57 2.98 0.46 0.95

7.0 0.21 0.85 0.33 0.22 0.31 0.53

8.0 0.62 0.88 0.13 1.39 2.31 1.41

9.0 0.27 1.78 0.03 0.72 1.14 1.06



TABLE X X I I I .  S t a n d a r d  e r r o r  o f  t h e  means r e l a t i n g  t o  t h e  t i m e  c o u r s e

o f  p o l y a m i n e ,  p r e c u r s o r  and DFMO u p t a k e  by F.  cu lm o ru m . R e s u l t s  a r e

e x p r e s s e d  as j j M / g / h .

TIME
(Mins)

UPTAKE (jjM/g/h)

ORN ARG DFMO PUT SPD SPM

10 2.83 1.86 1.56 6.19 3.41 4.32

20 6.70 7.66 5.84 1.94 1.14 2.61

30 1.82 7.55 2.78 6.08 6.59 0.48

40 9.39 0.66 1.56 1.43 2.06 1.28

50 6.25 2.85 1.07 4.49 5.11 0.69

60 8.57 5.86 1.23 10.50 9.24 0.91

120 19.15 18.93 0.81 17.88 4.23 1.05



TABLE X X I V .  S t a n d a r d  e r r o r  o f  t h e  means r e l a t i n g  t o  u p t a k e  o f  p o l y 

a m i n e s ,  p r e c u r s o r s  and DFMO by F .  culmorum as a f u n c t i o n  o f  s u b s t r a t e

c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  med ium .  R e s u l t s  a r e  e x p r e s s e d  as j u M / g / h .

[S]
mM

UPTAKE (jjM/g/h)

ORN ARG DFMO PUT SPD SPM

0.005 0.02 0.03 0.006 0.05 0.03 0.05

0.013 0.03 0.08 0.004 0.21 0.08 0.12

0.025 0.10 0.27 0.02 0.12 0.06 0.09

0.05 0.36 0.45 0.07 0.09 0.08 1.67

0.1 0.31 2.09 0.05 0,57 - 0.22

0.25 1.70 0.73 0.37 1.59 0.42 0.74

0.5 0.20 3.38 0.41 2.17 4.83 11.81

1.0 9.34 17.32 1.18 7.02 4.09 4.18

10 56.47 12.86 28.66 18.70 8.23 20.07

25 202.05 60.83 22.89 74.12 30.17 21.80

50 82.55 149.56 209.40 78.87 25.73 131.55



TABLE XXV.  S t a n d a r d  e r r o r  o f  t h e  means r e l a t i n g  t o  u p t a k e  o f  p o l y a 

m i n e s ,  p r e c u r s o r s  and DFMO by G. q r a m i n i s  as a f u n c t i o n  o f  s u b s t r a t e

c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  m ed iu m .  R e s u l t s  a r e  e x p r e s s e d  as j u M / g / h .

[S]
mM

UPTAKE (nM/g/h)

ORN ARG DFMO PUT SPM

0.1 0.11 0.31 0.10 0.43 0.71

0.25 - 1.16 0.38 1.04 1.36

0.5 0.74 2.22 0.39 1.62 1.34

1.0 0.89 2.93 3.78 1.33 1.81

10 6.45 42.98 46.98 28.59 7.38

25 34.52 51.35 166.77 25.43 5.16



TABLE XXVI. Standard e r ro r  o f the means re la t in g  to  uptake of spermi

dine by G. qraminis as a function  o f substrate concentration in the 

external medium. Results are expressed as juim/g/h.

[S]
mM

uM/g/h

SPD

0.4 0,39

0.6 0.69

2.0 1.19

8.5 3.26

21.0 3.84



TABLE XXVII. Standard e r ro r  o f  the means re la t in g  to  uptake of 

polyamines and DFMO by F. culmorum when subjected to  competition by 

other non-label led substrates. Results are expressed as juM/g/h.

UNLABELLED
SUBSTRATE

LABELLED SUBSTRATE

PUT SPD DFMO

PUT 3.55 25.21 2.88

SPD 3.55 0.94 2.88

ORN 49.73 16.85 3.84

DFMO 23.09 44.93 3.84



TABLE XXVIII. Standard e r ro r  o f the means re la t in g  to the e f fe c t  o f 

growing G. qraminis in the presence o f DFMO and MGBG on the uptake o f  

polyamines by the fungus. Results are expressed as >iM/g/h.

TREATMENT
(mM)

UPTAKE (pM/g/h)

PUT SPD SPM

Control 13.38 6.22 0.67

DFMO;

1.0 21.31 2.07 0.55

4.0 32.96 5.48 0.43

MGBG:

0.5 5.48 1.15 0.80



TABLE XXIX. Standard e rro r o f the means re la t ing  to the e f fe c t  o f the 

presence o f cations w ith in  the growth medium on uptake o f polyamines by 

F. culmorum and G. qraminis. Results are expressed as yuM/g/h.

TREATMENT
F. CULMORUM G. GRAMINIS

PUT SPD SPM PUT SPD SPM

Control (PA) 11.15 2.09 1.67 5.06 2.11 2.93

+ Na+ 4.08 6.16 7.40 1.96 2.51 4.56

+ K+ 0.96 3.54 18.10 1.02 1.47 3.00

+ Mg2+ 5.89 1.20 0.58 0.17 2.39 1.56



APPENDIX I I



CONVERSION OF RADIOACTIVE COUNTS TO MOLES

Counts obtained from the LKB 1215 Rackbeta l iq u id  s c in t i l l a t io n  counter 

were in the form of d is in teg ra tion s  per minute (dpm). The dpm obtained 

fo r  the control treatments were substracted from counts fo r  treatments 

containing rad io label. Thus, the background level of rad ia t io n  was 

taken in to  account p r io r  to carry ing  out fu r the r analysis o f the data. 

In performing the experiments on uptake as a function o f substrate con

centra tion in the external medium, the amount of rad io labe lled  sub

s tra te  added remained constant, whereas the concentration o f cold 

substrate was a ltered. This re su lts  in a d i lu t io n  of the rad io labe lled  

compound as the concentration o f cold substrate was increased. This 

shows i t s e l f  as a reduction in rad io labe lled  substrate at progressive ly 

higher concentrations o f cold substrate. To ca lcu la te  the ' t ru e '  

uptake of substrate (that is ,  o f both labelled and co ld ), th is  d i lu t io n  

e f fe c t  had to be accounted fo r  and a m u lt ip l ica t io n  fa c to r  ca lcu la ted. 

A m u lt ip l ic a t io n  fac to r was also calcu lated fo r  other experiments where 

the quantity  of cold substrate remained constant as the ra t io  o f hot to  

cold substrate s t i l l  had to be accounted fo r .  The ca lcu la t ions  carried 

out were as fo llows:

1 pCi = 2.2 X 10  ̂ dpm

(information given by Amersham In te rna tiona l PLC)

12.5
20 >41 contains 1 pCi, then ------  = 0.625 pCi

20

Specific  A c t iv i ty :  S.A. of the compounds varied (section 2 .3 .9 ) .  An

example of 54 pCi/uM w i l l  be used here

1
Therefore, 1 pCi = — = 0.0185 pM

54



Assume a count o f 200 dpm, then 

200
= 9.091 X 10-5

2.2  X 105

Therefore, pM of labelled substrate in the sample =

9.091 X 10-5 X 0.0185 = 1.682 x 10"5 mM 

0.625
then, -------- = 0.01 pM = 0.00001 pM

54

cold [S]
Therefore, -----------  = m u lt ip l ic a t io n  fa c to r

0.00001

then, 1.682 x 10"5 pM x m u lt ip l ic a t io n  fac to r  = x pM o f substrate taken 

up by the fungus. The f in a l  f ig u re  was m u lt ip l ied  by 2 in order tha t 

the resu lts  could be expressed as pM/g/h.
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