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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

PESTICIDES, UNLIKE M A N Y ADVANCES IN TECHNOLOGY that are based on 
original work conducted by universities, originated in the chemical industry. 
New pesticides with commercial applications are still discovered almost 
entirely by that industry. 

The recipient of the Burdick and Jackson Award for Excellence in 
Pesticide Chemical Research is selected each year by an international 
committee of the Pesticid
Society. This prestigious awar
contributions to the science of pesticide chemistry. Since its inception in 
1969, it has been presented to a succession of eminent scientists from 
universities and government research stations. In 1984 the winner was, for 
the first time, a man who had spent his entire working life in the 
agrochemicals industry—Karl Heinz Buchel of Bayer AG of the Federal 
Republic of Germany. 

The award to Karl Heinz Buchel honors agricultural chemical research 
in industry throughout the world and particularly the German agrochemical 
industry that has made so many contributions starting with the time of 
Gerhard Schrader. 

This volume contains the presentations given by eminent members of 
the scientific community to honor Karl Buchel. Experts from the United 
States and Europe were brought together to discuss aspects of the chemistry 
of azole fungicides and ways in which this chemistry is being used for disease 
control in major food crops. 

MAURICE B. GREEN 
1 Dinorben 
79/81 Woodcote Road 
Wallington 
Surrey SM6 0PZ 
England 

DOUGLAS A. SPILKER 
Mobay Corporation 
Agricultural Chemicals Division 
8400 Hawthorn Road 
Kansas City, MO 64120 

November 13, 1985 
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1 
The History of Azole Chemistry 

Karl H . Büchel 

Bayer AG, Forschung und Entwicklung, D5090 Leverkusen, Federal Republic of Germany 

Since the earliest days of agriculture, insect pests, weeds and plant 
diseases have been some of the major problems of agriculture. Insect 
pests are visible and could, at least in some cases be countered by 
hand removal. A certain level of weed elimination was achieved by 
hoeing and hand weeding, an never ending task. However, rust, 
powdery mildew and smut being invisible enemies, spread throughout 
the fields like an unpredictabl
imagination of rural folk
predominated in the early days of agriculture. 

Until the discovery of Bordeaux mixture in 1880, farmers had no 
real possibility of defending their crops against the ravages of 
fungal diseases. Fungi had only been identified a few years previ
ously as the cause of plant diseases. Apart from a few empirical 
measures to prevent disease, active control was not possible. 
Massive disease epidemics often had catastrophic social consequences. 
The legacy of the Irish potato famine of the 1840's can be seen even 
today. It is difficult to imagine the significance of the pioneer 
fungicides, ones based on copper, sulphur and mercury, had in their 
time. 

The organic fungicides of the dithiocarbamate and phthalimide 
type (e.g. Captan) were a breakthrough in this field in the nineteen 
thirties and forties. Although they only have protective activity 
and thus must be used prophylactically, they found broad applications 
due to their high plant compatibility and broad disease control 
spectrum. 

A further milestone in the development of fungicides was the 
discovery of the so-called systemic fungicides, chemicals that are 
taken up by the plant and transported within it. The fungicide 
classes found in the sixties, including the oxathiines, pyrimidines 
and organophosphates, are characterized by being absorbed by the 
leaves, often also by the seeds and roots, and being transported 
acropetally within the plant. These products have only a very narrow 
disease control spectrum. The oxathiines are active against Basidio-
mycetes, mainly against rusts and smuts; the pyrimidine derivatives 
are active against powdery mildews. The organophosphates are used 
for Pyricularia control in rice. 

0097-6156/86/0304-0001$07.00/0 
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2 FUNGICIDE CHEMISTRY 

The much wider disease c o n t r o l spectrum of the benzimidazole 
f u n g i c i d e s (eg. benomyl, BCM, thiabendazole) - permitted f a r wider 
usage. In the beginning, these were s u i t a b l e f o r c o n t r o l of numerous 
pl a n t d i s e a s e s , but a new phenomenon soon emerged - r e s i s t a n c e ! Due 
to the s p e c i f i c mode of a c t i o n of these f u n g i c i d e s , r e s i s t a n c e could 
appear q u i t e r a p i d l y . The conventional f u n g i c i d e s p r e v i o u s l y used 
had a broad b i o c i d a l a c t i v i t y and r e s i s t a n c e had never been e x p e r i 
enced. 

H i s t o r y of Azole Chemistry 

With the c l a s s of 1-substituted imidazoles and 1 , 2 , 4 - t r i a z o l e s , we 
found a new group of h i g h l y a c t i v e f u n g i c i d e s and antimycotics (1 »3) . 
Since t h e i r discovery i n the l a t e s i x t i e s , s e v e r a l compounds from 
t h i s chemical c l a s s have been commercially developed and s u c c e s s f u l l y 
used f o r the c o n t r o l of p l a n t disease d f o  th  treatment f huma
fungal i n f e c t i o n s . Thes
t i c s " have set new standard
to e f f i c a c y and range of disease c o n t r o l spectrum. Among t h i s group, 
we f i n d the most a c t i v e compounds known today f o r c o n t r o l of p l a n t 
diseases and human mycoses. 

"Carbocation Hypothesis". Our work on N - s u b s t i t u t e d imidazoles and 
t r i a z o l e s began i n the m i d - s i x t i e s w i t h a very simple hypothesis. I t 
was known that t r o p y l i u m compounds, c y c l o h e p t a t r i e n e d e r i v a t i v e s and 
some N - t r i t y l a m i n e s had b i o l o g i c a l a c t i v i t y . For example N - t r i t y 1 -
morpholine (Frescon; S h e l l ) had been developed as a m o l l u s c i c i d e and 
used f o r c o n t r o l of water s n a i l s (Figure 1). The a c t i v i t y of some 
triphenylmethane d y e s t u f f s against c e r t a i n endoparasites and the 
b i o l o g i c a l a c t i v i t y of n a t u r a l l y o c c u r r i n g tropolone d e r i v a t i v e s had 
a l s o been reported (_3). 

From the viewpoint of a chemist, these systems a l l have one 
feature i n common: they are a l l able to form r e l a t i v e l y s t a b l e 
carbonium i o n s . To e x p l a i n the b i o l o g i c a l a c t i v i t y of these com
pounds, we speculated at that time that t h e i r corresponding carbonium 
ions could p o s s i b l y i n t e r f e r e i n the metabolic processes of b i o l o g i 
c a l systems, f o r example i n p r o t e i n metabolism. The N - t r i t y l i m i d a -
z o l e s and t r i a z o l e s seemed s u i t a b l e to us since they have a tendency 
to form s t a b l e carbocations (Figure 2). 

Analogous to the N - a c y l i m i d a z o l e s , i n which the enhanced reac
t i v i t y of the a c y l group towards n u c l e o p h i l e s i s favoured by i n c l u 
s i o n of the amide-nitrogen lone e l e c t r o n p a i r i n the Δ - s y s t e m of the 
h e t e r o c y c l e , n u c l e o p h i l i c a t t a c k on the t r i t y l p a r t of the N - t r i t y l a -
z o l e s a l s o should be a f a c i l e process (11). 

N - T r i t y l a z o l e s , Diphenylmethylazoles and Related Compounds. On the 
b a s i s of t h i s hypothesis, we began the synthesis of N - t r i t y l i m i d a -
z o l e s and sent them f o r b i o l o g i c a l t e s t i n g . Very s h o r t l y , the 
e x c e l l e n t a c t i v i t y of t h i s type of compound against human and p l a n t 
pathogenic f u n g i and yeasts was evident i n our b i o l o g i c a l screens. 
The a c t i v i t y against powdery mildew f u n g i was p a r t i c u l a r l y remark
abl e . 

F o l l o w i n g these i n i t i a l , h i g h l y encouraging r e s u l t s , we cooper
ated w i t h the b i o l o g i s t s and m y c o l o g i s t s , to t r y to optimize the 
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1. BUCHEL The History of Azole Chemistry 3 

Experimental Molluscicide Molluscicide 
(ICI) (Frescon; Shell) 

Figure 1, B i o l o g i c a l l y a c t i v e t r i t y l - , c y c l o h e p t a t r i e n y l - and 
tro p y l i u m d e r i v a t i v e s . 

Ο 

Figure 2. N-Acetyl- and N - t r i t y l - i m i d a z o l e . 
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4 FUNGICIDE CHEMISTRY 

antim y c o t i c and f u n g i c i d a l a c t i v i t y of these t r i t y l a z o l e s . This was 
accomplished through a wide v a r i a t i o n of the s u b s t i t u t i o n p a t t e r n i n 
the t r i t y l a z o l e s , and then the i d e n t i f i c a t i o n of the r e l a t i o n s h i p 
between s t r u c t u r e and a c t i v i t y (3)· Many s t r u c t u r a l v a r i a t i o n s were 
made on the b a s i c 1 - t r i t y l i m i d a z o l e s k e l e t o n (Figure 3). Of the 
azole components s t u d i e d , imidazole and 1 , 2 , 4 - t r i a z o l e were found to 
be the s t r u c t u r a l elements e s s e n t i a l f o r a c t i v i t y . The corresponding 
N- s u b s t i t u t e d d e r i v a t i v e s of p y r a z o l e , t e t r a z o l e , benzimidazole, as 
w e l l as C - s u b s t i t u t e d imidazoles and t r i a z o l e s , had much weaker or 
lacked f u n g i c i d a l a c t i v i t y . In the case of 1 , 2 , 4 - t r i a z o l e , only 
s u b s t i t u t i o n at p o s i t i o n 1 r e s u l t e d i n compounds w i t h good a n t i f u n g a l 
p r o p e r t i e s ; the corresponding isomeric 4 - s u b s t i t u t e d t r i a z o l e d e r i v a 
t i v e s were much l e s s a c t i v e . 

In c o n t r a s t , the t r i t y l residue can be widely v a r i e d without 
l o s s of b i o l o g i c a l a c t i v i t y . N e i t h e r v a r y i n g the s u b s t i t u t i o n 
p a t t e r n i n the a r y l residue f th  t r i t y l  r e p l a c i n
two of the a r y l r i n g s b
b a s i c a n t i f u n g a l p r o p e r t i e s
a l k y l , c y c l o a l k y l , a l k e n y l and a l k i n y l s u b s t i t u e n t s , or the i n t r o d u c 
t i o n of e s t e r groups, a c y l residues and h e t e r o c y c l e s i n t o the o r i g i 
n a l t r i t y l system a l s o leads to compounds w i t h e x c e l l e n t a c t i v i t y . 
The system can be v a r i e d so w i d e l y that one can even replace one of 
the phenyl r i n g s i n the t r i t y l group w i t h hydrogen without l o s s of 
f u n g i c i d a l a c t i v i t y . 

From the t r i t y l a z o l e group, c l o t r i m a z o l e (Canesten, Mycelex, 
L o t r i m i n , Empecid) was developed and s u c c e s s f u l l y introduced i n t o 
medical p r a c t i c e as a broad spectrum antim y c o t i c f o r the t o p i c a l 
treatment of fungal i n f e c t i o n s . In the same c l a s s the 1 , 2 , 4 - t r i a z o l e 
d e r i v a t i v e s were found to be s u p e r i o r to the corresponding imidazoles 
f o r the c o n t r o l of phytopathogenic f u n g i . F l u o t r i m a z o l e ( P e r s u l o n ) , 
a non-systemic f u n g i c i d e , was developed f o r the c o n t r o l of powdery 
mildew on c e r e a l s and f r u i t (Figure 4). 

Two products o r i g i n a t e from the diphenylmethylimidazole c l a s s . 
Apart from i t s f u n g i c i d a l p r o p e r t i e s , lombazole a l s o has good a c t i v 
i t y a gainst Propionobacterium acne and i s used as the a c t i v e i n g r e 
d i e n t i n anti-acne p r e p a r a t i o n s . B i f o n a z o l e (Mycospor), the halogen-
f r e e analogue of lombazole, i s a t o p i c a l broad-spectrum antimycotic 
w i t h a long r e t e n t i o n p e r i o d i n the dermis. B i f o n a z o l e has shown 
e x c e l l e n t c o n t r o l of t i n e a c o r p o r i s and t i n e a pedis of humans caused 
by Trichophyton species (Figures 5-7)(3,6,10). 

At a very e a r l y stage, we c a r r i e d out i n v e s t i g a t i o n s on the 
r e l a t i o n s h i p between antimy c o t i c a c t i v i t y and chemical s t r u c t u r e of 
the N - t r i t y l i m i d a z o l e s . In p a r t i c u l a r , we hoped to i d e n t i f y a 
p o s i t i v e c o r r e l a t i o n between r a t e of h y d r o l y s i s and b i o l o g i c a l 
a c t i v i t y , and t h e r e f o r e o b t a i n support f o r our o r i g i n a l working 
hypothesis. However, we found very q u i c k l y that there was no r e l a 
t i o n s h i p between the r a t e constants f o r a c i d h y d r o l y s i s , as a measure 
of the tendency to form a t r i t y l c a t i o n , and the corresponding 
an t i m y c o t i c a c t i v i t y . This means that our concept had l e d to the 
d e s i r e d r e s u l t - the d i s c o v e r y of a new c l a s s of b i o l o g i c a l l y a c t i v e 
compounds based on a h i g h l y s p e c u l a t i v e hypothesis. Today, a f t e r 
more than 15 years of research work and i n t e n s i v e i n v e s t i g a t i o n s on 
t h e i r mode of a c t i o n , we know that the azole f u n g i c i d e s belong to the 
l a r g e group of e r g o s t e r o l b i o s y n t h e s i s i n h i b i t o r s and i n t e r f e r e w i t h 
the b i o s y n t h e s i s of f u n g a l s t e r o i d s . 
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1. BUCHEL The History of Azole Chemistry 

^ \ 4 - N X " | X - C H . N W I \= N 

type A Β type A B 

1 
Ό 

2 

3 Ό 
(CH 3 ) 3 C- 4 ο 

5 Ό

7 
0 
π 

(CH 3) 3 C - C - 8 (CH 3 ) 2 CH- H O C -

Figure 3. V a r i a b i l i t y i n the c l a s s of N - t r i t y l a z o l e s . (Repro
duced w i t h permission from Ref. 9. Copyright 1983 Pergamon 
Press.) 

Clotrimazole 
(Canesten,® Empecid® 
Mycelex® Lotrimin®) 
Antimycotic 

C F 3 

Fluotrimazole 

(Persulon®) 

Fungicide 

Ν L J 

Lombazole 

(Twent®) 
Antimycotic and antibacterial 
properties (Acne vulgaris) 

Figure 4. N - t r i t y l - and N-diphenyl-methyl-azoles developed f o r 
p r a c t i c a l use. 
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6 FUNGICIDE CHEMISTRY 

Figure 5, Tinea c o r p o r i s caused by Trichophyton sp. (a) before 
and (b) a f t e r t o p i c a l treatment w i t h b i f o n a z o l e (one treatment 
d a i l y f o r three weeks). 
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BUCHEL The History of Azole Chemistry 

Figure 6. Tinea c o r p o r i s caused by Trychophyton sp. (a) before 
and (b) three weeks a f t e r t o p i c a l treatment w i t h b i f o n a z o l e . 
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8 FUNGICIDE CHEMISTRY 

Figure 7. Tinea pedis ( i n f e c t i o n of f e e t ) caused by Trycho-
phyton sp. (a) before and (b) a f t e r therapy w i t h b i f o n a z o l e . 
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1. BUCHEL The History of Azole Chemistry 9 

Syntheses i n the T r i t y l Group. During our s y n t h e t i c work i n the 
t r i t y l group we developed a s e r i e s of a l t e r n a t i v e s y n t h e t i c r o u t e s , 
each w i t h i t s own p a r t i c u l a r u t i l i t y depending on the s u b s t i t u t i o n 
p a t t e r n of the t r i t y l component. The c l a s s i c a l method of N - a l k y l a -
t i o n of azoles w i t h a t r i t y l c h l o r i d e or t r i t y l i u m s a l t as w e l l as 
the use of a c t i v a t e d a z o l e s , such as t r i m e t h y l s i l y l a z o l e or an 
acy l i m i d a z o l e was of t e n found to be the optimum method f o r c r e a t i n g 
the C-N bond under moderate c o n d i t i o n s (Figure 8 ) . In the r e a c t i o n 
of t r i t y l c a r b i n o l s or other t e r t i a r y a l c o h o l s w i t h the a z o l i d e s of 
ino r g a n i c a c i d s , such as t h i o n y l - , c a r b o n y l - b i s - i m i d a z o l e or phospho
r i c a c i d t r i s - i m i d a z o l i d e , we found a new method f o r the pr e p a r a t i o n 
of 1-substituted i m i d a z o l e s . This was p a r t i c u l a r l y v a l u a b l e f o r the 
synthesis of azole d e r i v a t i v e s w i t h c e r t a i n f u n c t i o n a l groups where 
the other a l k y l a t i o n methods f a i l e d . Two of the most d i f f e r e n t 
s y n t h e t i c routes are i l l u s t r a t e d by the syn t h e s i s of f l u o t r i m a z o l e 
(Persulon) and of a N-propinylimidazol  (BAY d 9603) (Figure  9-10) 
(9). 

The s y n t h e s i s of f l u o t r i m a z o l  m-xylene
ca t a l y z e d p e r c h l o r i n a t i o n converts t h i s to m-trichloromethyl-benzo-
t r i c h l o r i d e . m - T r i c h l o r o m e t h y l - b e n z o t r i f l u o r i d e i s then obtained by 
s e l e c t i v e c h l o r i n e / f l u o r i n e exchange. This key product i s a l s o 
r e a d i l y a c c e s s i b l e on a t e c h n i c a l s c a l e by conproportionation of the 
two corresponding m-trihalomethyl-benzotrihalogenides. F r i e d e l -
C r a f t s r e a c t i o n w i t h benzene leads to t r i f l u o r o m e t h y l - t r i t y l c h l o r i d e , 
which r e a c t s smoothly w i t h 1 , 2 , 4 - t r i a z o l e i n p o l a r solvents to give 
f l u o t r i m a z o l e . 

N-propinylazoles of the BAY d 9603 type have a cl o s e s t r u c t u r a l 
r e l a t i o n s h i p to the t r i t y l a z o l e s . They have a wide range of a c t i v 
i t y , p a r t i c u l a r l y e f f e c t i v e against mould f u n g i . S t a r t i n g m a t e r i a l 
here i s the r e a d i l y a v a i l a b l e d i p h e n y l - p r o p i n o l obtained by e t h i n y l a -
t i o n of benzophenone. The method f o r the conversion of t h i s c a r b i n o l 
i n t o the corresponding N - s u b s t i t u t e d imidazole i s the r e a c t i o n w i t h 
carbonyl or t h i o n y l - b i s - i m i d a z o l e , or p r e f e r a b l y w i t h the t r i s - i m i d a 
z o l i d e of phosphoric a c i d i n a p o l a r s o l v e n t . A l l other a l k y l a t i o n 
methods i n which carbocations occur as intermediates completely f a i l . 

P henethylimidazoles. During a search f o r hypnotic agents i n the l a t e 
s i x t i e s ( 2 ) , a research group at Janssen Pharmaceutica discovered the 
antimycotic and f u n g i c i d a l p r o p e r t i e s of another c l a s s of imidazole 
d e r i v a t i v e s , the phenethylimidazoles. This c l a s s , which d i f f e r s 
g r e a t l y from the t r i t y l a z o l e s w i t h respect to the s u b s t i t u e n t s at the 
azole n i t r o g e n , now inclu d e s the antimyc o t i c miconazole, and the 
fu n g i c i d e i m a z a l i l . I m a z a l i l was developed e s p e c i a l l y f o r c o n t r o l of 
Helminthosporium diseases of p l a n t s . Together w i t h c l o t r i m a z o l e and 
f l u o t r i m a z o l e , miconazole and i m a z a l i l belong to the f i r s t generation 
of azole f u n g i c i d e s and ant i m y c o t i c s to reach the market (Figure 11). 

Azolyl-Q,N-acetals. S i g n i f i c a n t progress was achieved i n the c o n t r o l 
of p l a n t diseases w i t h the discovery of the h i g h l y a c t i v e c l a s s of 
s o - c a l l e d " t r i a z o l y l - 0 , N - a c e t a l n f u n g i c i d e s at the beginning of the 
nineteen s e v e n t i e s . These compounds are Ο,Ν-acetals of 2-ketoalde-
hydes or 2-hydroxyaldehydes i n which the t r i a z o l e residue forms a 
part of the Ο,Ν-acetal f u n c t i o n . 

In Fungicide Chemistry; Green, M., et al.; 
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Figure 8. Routes to N - t r i t y l i m i d a z o l e s . 

Figure 9. Pathways to f l u o t r i m a z o l e ( P e r s u l o n ) . (Reproduced 
w i t h permission from Ref. 9. Copyright 1983 Pergamon Press.) 

In Fungicide Chemistry; Green, M., et al.; 
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BAYd 9603 

Figure 10. Synthesis of N - p r o p i n y l a z o l e s — a n example. (Repro
duced w i t h permission from Ref. 9. Copyright 1983 Pergamon 
Press.) 

Figure 11. F i r s t azole antimycotics and fu n g i c i d e s developed f o r 
p r a c t i c a l use. (Reproduced w i t h permission from Ref. 9. Copy
r i g h t 1983 Pergamon Press.) 

In Fungicide Chemistry; Green, M., et al.; 
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The s y n t h e t i c routes to the systemic f u n g i c i d e t r i a d i m e f o n 
(Bayleton) and the c e r e a l seed dr e s s i n g t r i a d i m e n o l (Baytan), s t a r t 
i n g from pinacolone, are r e p r e s e n t a t i v e f o r t h i s very i n t e r e s t i n g 
group of azole d e r i v a t i v e s (Figure 12). For the f i r s t time, we were 
able to synthesize azole f u n g i c i d e s that were systemic i n p l a n t s and 
transported mainly upward i n the d i r e c t i o n of growth. Triadimefon i s 
a potent systemic f u n g i c i d e w i t h p a r t i c u l a r l y high a c t i v i t y against 
powdery mildew and r u s t f u n g i . I t i s used i n many d i f f e r e n t crops, 
but mainly i n c e r e a l s and f r u i t . Triadimenol has e x c e l l e n t systemic 
p r o p e r t i e s making i t s u i t a b l e not only f o r the c o n t r o l of seed- and 
s o i l - b o r n e fungal organisms but even of i n f e c t i o n s by wind-borne 
pathogens. 

Other important members of the a z o l y l - 0 , N - a c e t a l f a m i l y that 
have been marketed thus f a r are b i t e r t a n o l (Baycor, S i b u t o l ) and the 
imidazole d e r i v a t i v e climbazole ( B a y p i v a l ) . B i t e r t a n o l i s not 
systemic, but penetrate  p l a n t t i s s u d thu  c u r a t i v d 
e r a d i c a t i v e p r o p e r t i e s combine
f o r c o n t r o l of f o l i a r disease
peanuts and bananas. 

Climbazole i s not an a g r i c u l t u r a l f u n g i c i d e . I t has a complete
l y d i f f e r e n t a n t i f u n g a l p r o f i l e than i t s t r i a z o l e analogue, t r i a d i m e 
f o n , and has p a r t i c u l a r l y high a c t i v i t y against mould f u n g i , yeasts 
and dermatophytes. I t a l s o has e x c e l l e n t a c t i v i t y against P i t y r o -
sporum ovale and i s thus used as an a c t i v e i n g r e d i e n t i n anti-dan
d r u f f formulations (Ceox). 

These examples (Figure 13) c l e a r l y show t h a t , although there are 
very c l o s e chemical r e l a t i o n s h i p s w i t h i n a c l a s s of compounds, there 
may be remarkable d i f f e r e n c e s i n the b i o l o g i c a l and b i o p h y s i c a l 
p r o p e r t i e s . This enables the use of v a r i o u s compounds f o r s p e c i f i c 
purposes although t h e i r b i o l o g i c a l spectrums may overlap ( 4 , ! > > 9 ) . 

Chemical V a r i a b i l i t y of the Azole Class 

The chemical v a r i a b i l i t y of the 1-substituted azoles can already be 
recognized from the subgroups presented thus f a r , i n c l u d i n g the 
N - t r i t y l a z o l e s and t h e i r analogues, the N-diphenylmethylazoles, the 
phenethylazoles and the a z o l y l - 0 , N - a c e t a l s . The only e s s e n t i a l 
f e a t u r e i s the imidazole or 1 , 2 , 4 - t r i a z o l e r i n g . The q u a l i t y of the 
f u n g i c i d a l a c t i o n and of the p r o p e r t i e s necessary f o r p r a c t i c a l use 
are determined only by the s e l e c t i o n of a s u i t a b l e s u b s t i t u e n t R. 

A simple c a l c u l a t i o n can serve to demonstrate t h i s chemical 
v a r i a b i l i t y (Figure 14). I f one designates the s u b s t i t u e n t s of the 
N - s u b s t i t u t e d azoles as Χ, Υ, Ζ and the number of v a r i a t i o n s as n, 
then the t o t a l number Ν of azole d e r i v a t i v e s p o s s i b l e can e a s i l y be 
c a l c u l a t e d . I f η a 200, which i s c e r t a i n l y a very modest number of 
d i f f e r e n t Χ, Υ, Ζ s u b s t i t u e n t s , then t h i s means that w i t h imidazole 
and t r i a z o l e as components, i t i s p o s s i b l e to make 5.4 m i l l i o n 
d i f f e r e n t compounds! 

One of the s p e c i a l features of azole compounds i s the abundance 
of s y n t h e t i c p o s s i b i l i t i e s and t h e r e f o r e the abundant s e l e c t i o n 
o p p o r t u n i t i e s f o r b i o l o g y and medicine. By examination of the 
p r o p e r t i e s of azole d e r i v a t i v e s , one can recognize other a p p l i c a t i o n s 
f o r them apart from the c o n t r o l of f u n g i pathogenic to p l a n t s and 
man. Some of the azole d e r i v a t i v e s , such as lombazole, e x h i b i t 

In Fungicide Chemistry; Green, M., et al.; 
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Figure 12. Pathways f o r the synthesis of tria d i m e f o n and t r i a d i -
menol. (Reproduced wi t h permission from Ref. 9. Copyright 1983 
Pergamon Press.) 

Triadimefon Triad imenol 
Bayleton® Baytan® 
Systemic Fungicide Systemic Seed Protectant 

Climbazole Bitertanol 
Baypival® Baycor® 

Nonsystemic Fungicide 

Figure 13. A z o l y l - 0 , N - a c e t a l s . (Reproduced with permission from 
Ref. 9. Copyright 1983 Pergamon Press.) 

In Fungicide Chemistry; Green, M., et al.; 
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a c t i v i t y against gram-positive b a c t e r i a . C e r t a i n azole compounds 
i n t e r f e r e w i t h the b i o s y n t h e s i s of g i b b e r e l l i n s and i n f l u e n c e the 
morphogenesis of green p l a n t s , i n d i c a t i n g t h e i r p o s s i b l e use as p l a n t 
growth r e g u l a t o r s . I t comes as no s u r p r i s e that i n the years f o l l o w 
ing the r e c o g n i t i o n of the e x t r a o r d i n a r y b i o l o g i c a l p r o p e r t i e s of the 
a z o l e s , i n t e n s i v e research work was i n i t i a t e d worldwide i n many 
l a b o r a t o r i e s on imidazole and t r i a z o l e d e r i v a t i v e s . 

Azole Compounds from other Classes 

To date, t h i s worldwide a c t i v i t y has l e d to a whole s e r i e s of h i g h l y 
a c t i v e azole d e r i v a t i v e s developed f o r p r a c t i c a l use i n medicine and 
a g r i c u l t u r e (Figure 15). 

T r i a z o l e d e r i v a t i v e s of the d i c h l o b u t r a z o l e and p a c l o b u t r a z o l e 
types are c l o s e l y r e l a t e d c h e micall y to the t r i a z o l y l - 0 , N - a c e t a l s 
p r e v i o u s l y mentioned. Th  ato f th  a c e t a l f u n c t i o
merely replaced by a methylen
developed f o r the c o n t r o
a l s . P a c l o b u t r a z o l e i s under development as a growth r e g u l a t o r . 

Propiconazole and etaconazole, two t r i a z o l e d e r i v a t i v e s d i s c o v 
ered by Janssen and developed under l i c e n s e by Ciba-Geigy f o r c o n t r o l 
of fungal diseases i n c e r e a l s and f r u i t , belong to another azole 
subgroup, the a z o l y l m e t h y l - d i o x o l a n e s . Their chemical genesis from 
the phenethylazoles of the i m a z a l i l and miconazole type i s e a s i l y 
r e c o g n i z a b l e . Ketoconazole (Janssen), an o r a l a ntimycotic introduced 
i n t o human therapy, a l s o belongs to t h i s group. 

The imidazole d e r i v a t i v e , p r o c h l o r a z , has a p e c u l i a r f e a t u r e 
compared to the azole d e r i v a t i v e s . The n i t r o g e n atom i n the 1-posi-
t i o n of the imidazole i s bonded to a carbamoyl group and not to 
a l k y l . This compound, which i s regarded as a t e t r a s u b s t i t u t e d urea, 
has a very broad spectrum and can be used i n c e r e a l s both as a seed 
d r e s s i n g and a f o l i a r f u n g i c i d e ( 9 ) . 

B i o l o g i c a l A c t i v i t y and Stereochemistry 

The N - v i n y l - a z o l e c l a s s , i n which the 1-N atom of the azole i s 
d i r e c t l y bonded to an s p 2 - h y b r i d i z e d carbon of a s u b s t i t u t e d o l e f i n , 
belongs to the r e l a t i v e l y r e c e n t l y synthesized subgroup of b i o a c t i v e 
a z o l e s . Compounds of t h i s nature can be obtained by condensation of 
aldehydes w i t h t r i a z o l y l - p i n a c o l o n e r e s u l t i n g i n a mixture of the Ε 
and Ζ isomers of the corresponding α, β-unsaturated ketones. Borohy-
d r i d e r e d u c t i o n e a s i l y converts these ketones i n t o the corresponding 
a l c o h o l s (9)(Figure 16). 

In these compounds, there i s a marked r e l a t i o n s h i p between 
molecular geometry and b i o l o g i c a l a c t i v i t y . From values reported i n 
the l i t e r a t u r e and according to our own s t u d i e s , the Ε isomers, i n 
which the residue o r i g i n a t i n g from the aldehyde i s i n the t r a n s p o s i 
t i o n to the t r i a z o l e , are markedly s u p e r i o r to the Ζ isomers i n t h e i r 
b i o l o g i c a l a c t i v i t y . By s u i t a b l e c o n t r o l of the r e a c t i o n c o n d i t i o n s , 
i t i s p o s s i b l e to achieve an almost complete i s o m e r i z a t i o n to the 
unsaturated E - t r i a z o l y l k e t o n e s . Subsequent re d u c t i o n leads to the 
more a c t i v e Ε-alcohols. This group of N - v i n y l a z o l e s includes the 
t r i a z o l e d e r i v a t i v e S 3308 (Sumitomo), c u r r e n t l y under development as 

In Fungicide Chemistry; Green, M., et al.; 
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(ÇH 2)o.i (CH2)o.i 

X - C - Z X - C - Z 

N _ 4 ^ + £ + 4 
3 2 6 

N—Number of possible active compounds in the azole group 
[for imidazoles and 1,2,4-triazoles] 
η=Number of different substituents X, Y, and Ζ 

η 10

Ν 880

Figure 14. The chemical v a r i a b i l i t y of the azole c l a s s . 

Diclobutrazole (X-CI ) 
(Fungicide; ICI) 

Paclobutrazole ( X - H ) 
(Plant growth regulator; ICI) 

Etaconazole ( R - C 2 H 5 ) 
Propiconazole (R - C3H7) 
(Fungicides; Ciba-Geigy/Janssen) 

Prochloraz 
(Fungicide; Boots) 

Figure 15. Azole f u n g i c i d e s and anti m y c o t i c s from other 
subgroups. 
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a f u n g i c i d e , as w e l l as the growth r e g u l a t o r s S 3307 and t r i a p e n -
thenol (RSW 0411, Bayer). 

As i n the use of d i c h l o b u t r a z o l e and p a c l o b u t r a z o l e , the b i o l o g 
i c a l spectrum of the two experimental compounds S 3307 and S 3308, 
whether f u n g i c i d e or growth r e g u l a t o r , i s d i c t a t e d only by the 
s u b s t i t u t i o n p a t t e r n i n one part of the molecule. Triapenthenol, 
which i s of p a r t i c u l a r i n t e r e s t as a growth r e g u l a t o r i n r i c e and 
rape, a l s o possesses a marked f u n g i c i d a l a c t i v i t y . 

Two enantiomers of t r i a p e n t h e n o l were obtained from the racemate 
v i a diastereomeric e s t e r d e r i v a t i v e s (Figure 17). In the b i o l o g i c a l 
t e s t i n g of the enantiomers, a c l e a r s e p a r a t i o n of the b i o l o g i c a l 
p r o p e r t i e s was observed. The (-)-S-enantiomer i s almost s o l e l y 
r e s p o n s i b l e f o r the growth r e g u l a t o r p r o p e r t i e s ; the (+)-R-enantiomer 
has a markedly higher f u n g i c i d a l a c t i v i t y (Figures 18-19). 

Many of the azole f u n g i c i d e s mentioned p r e v i o u s l y e x i s t as two 
geometrical isomers, that i  tw  correspondin  enantiome  p a i r  w i t h 
1R, 2R / IS, 2S and 1R
presence of two c h i r a l centre
the t r i a z o l e compounds etaconazole, propiconazole, d i c h l o b u t r a z o l e , 
b i t e r t a n o l and t r i a d i m e n o l . In the synthesis of t r i a d i m e n o l , the 
second asymmetric center i s introduced by the r e d u c t i o n of the keto 
f u n c t i o n i n t r i a d i m e f o n . This r e s u l t s i n the formation of two 
diastereomeric forms which have been found to have d i f f e r e n t f u n g i 
c i d a l a c t i v i t i e s (Figure 20). The chemist i s then faced w i t h the 
task of developing s t e r e o s e l e c t i v e syntheses, i n order to o b t a i n a 
product w i t h the highest p o s s i b l e p r o p o r t i o n of the more a c t i v e 
diastereomer. In the conversion of t r i a d i m e f o n to t r i a d i m e n o l , i t 
was p o s s i b l e to s t e e r the r e a c t i o n i n the d e s i r e d d i r e c t i o n by 
c a r e f u l s e l e c t i o n of the r e d u c t i o n system (9)· 

From s t u d i e s of the b i o l o g i c a l a c t i v i t y of the i n d i v i d u a l 
enantiomers, we obtained a d e t a i l e d i n s i g h t i n t o the r e l a t i o n s h i p 
between absolute c o n f i g u r a t i o n of the t r i a z o l y l - 0 , N - a c e t a l s and t h e i r 
f u n g i c i d a l p r o p e r t i e s . R- and S-triadimefon were obtained i n high 
o p t i c a l p u r i t y (99% e.e.) from racemic product by separatio n of i t s 
diastereomeric -bromocamphorsulphonate s a l t s ; the absolute c o n f i g u 
r a t i o n s being determined by X-ray c r y s t a l l o g r a p h y . E a s i l y separable 
diastereomeric mixtures of enantiomeric t r i a d i m e n o l s are then ob
t a i n e d by r e d u c t i o n of the two t r i a d i m e f o n enantiomers, the c o n f i g u 
r a t i o n at p o s i t i o n 1 being preserved (Figure 21). Although R- and 
S-triadimefon e x h i b i t p r a c t i c a l l y no d i f f e r e n c e s i n a c t i v i t y w i t h i n 
the accuracy l i m i t s of b i o l o g i c a l t e s t i n g , the four enantiomeric 
t r i a d i m e n o l s show marked gradations i n t h e i r a c t i v i t y s p e c t r a . The 
h i g h e s t f u n g i c i d a l a c t i v i t y of a l l 4 enantiomers residues was w i t h 
the ( - ) - l S , 2R enantiomer. 

A s i m i l a r r e l a t i o n s h i p between absolute c o n f i g u r a t i o n and 
f u n g i c i d a l a c t i v i t y was a l s o observed w i t h the enantiomers of b i t e r 
t a n o l . As w i t h t r i a d i m e n o l , the f u n g i c i d a l a c t i v i t y of the ( - ) - l S , 
2R enantiomer i s markedly greater than that of the other 3 enantio
mers (Figure 22). 

D i f f e r e n c e s i n the b i o l o g i c a l p r o p e r t i e s of the enantiomers have 
a l s o been reported f o r other azole products that possess one or more 
c h i r a l centers i n the molecule. These few r e s u l t s c l e a r l y show t h a t , 
as i n many other b i o l o g i c a l l y a c t i v e c l a s s e s of compounds, the 
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Figure 16. N- V i n y l - a z o l e s . 

OH 

R, S-Triapenthenol 

< — 1 — . 

(+)-R 

Fp.159-161°C 
[a]D + 78.9° 

(c=0,85/CHCI3) 
98.6% e.e. 

(-)-S 

Fp.160°C 
[a]D -76.7° 

(c-0,75/CHCI3) 
95.9% e.e. 

antifungal properties growth regulating activity 

Figure 17. Enantiomers of t r i a p e n t h e n o l (RSW 0411). 
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Figure 18. P l a n t growth r e g u l a t i n g a c t i v i t y of t r i a p e n t h e n o l 
(RSW 0411) and i t s (+)-R (KTU 1591; i n a c t i v e ) and (-)-S-enan-
tiomer (KTU 1592; a c t i v e ) ; b a r l e y . 

Figure 19. P l a n t growth r e g u l a t i n g a c t i v i t y of t r i a p e n t h e n o l 
(RSW 0411) and i t s (+)-R (KTU 1591; i n a c t i v e ) and (-)-S-enan-
tiotner (KTU 1592; a c t i v e ) ; soybeans. 
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a-Û V o - C H - C - C (CH3)3 

II 

R.S-Triadimefon 

Φ OH 

CI-(^vS -0-CH-CH-C(CH3) 

Ν U 

Triadimenol (erythro, threo) 

(+)-S (-)-R erythro- threo-

OH OH 

Figure 20· Diastereomers and enantiomers of t r i a d i m e n o l . 
(Reproduced w i t h permission from Ref. 9. Copyright 1983 Pergamon 
Press.) 

R,S-Triadimefon 

ι 1 1 
R-TRIADIMEFON S-TRIADIMEFON 

2H J j 2H 

1 R, 2 S- 1 S, 2 S-
+ + 

1R.2R- 1S.2R 

Figure 21. Route to the four enantiomers of t r i a d i m e n o l . 
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Figure 22. I n c r e a s i n g a c t i v i t y of the four enantiomers of 
b i t e r t a n o l against bean r u s t ; (+)-erythro <(-)-erythro < (+)-
threo <(-)-threo. 
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molecular stereochemistry of the azole d e r i v a t i v e s a l s o plays an 
important r o l e when o p t i m i z i n g a c t i v i t y . 

A common feature of a l l products from the azole c l a s s i s that 
t h e i r f u n g i c i d a l a c t i v i t y i s due to i n t e r f e r e n c e w i t h the biosynthe
s i s of fungal s t e r o i d s , which are e s s e n t i a l f o r c e l l w a l l construc
t i o n i n many of these organisms. The i n t e r f e r e n c e i n e r g o s t e r o l 
b i o s y n t h e s i s can occur at one or more p o i n t s i n the b i o s y n t h e t i c 
pathway depending on the nature of the a z o l e . 

In s p i t e of the common mode of a c t i o n , many other f a c t o r s are 
s i g n i f i c a n t f o r the s u c c e s s f u l use of i n d i v i d u a l azole compounds 
e i t h e r f o r c o n t r o l of pl a n t diseases or i n the treatment of mycoses. 
Apart from the nature of the i n f e c t i o n , the i n f e c t i o n pressure, 
c l i m a t i c c o n d i t i o n s , the uptake of the f u n g i c i d e by the p l a n t , i t s 
t r a n s p o r t and d i s t r i b u t i o n w i t h i n the p l a n t , and p l a n t c o m p a t i b i l i t y 
are a l l important c r i t e r i a i n the complex i n t e r a c t i o n between patho
gen, p l a n t and f u n g i c i d e  I  medicine  high a c t i v i t y d t o l e r a n c
and optimal pharmacokineti
p e u t i c u t i l i t y . 

In t h i s review, I have presented some of the most important 
members of the azole c l a s s . They represent the thousands of com
pounds synthesized and b i o l o g i c a l l y t e s t e d during the past 18 years. 
The h i s t o r y of the discovery of the azoles and the r e s u l t s achieved 
to date serve to i l l u s t r a t e the enormous progress made i n the past 
decade i n the research and development of organic f u n g i c i d e s . 

Since the e a r l y days of p l a n t disease c o n t r o l using sulphur and 
Bordeaux mixture, an extremely high standard of disease c o n t r o l has 
been achieved w i t h these new organic f u n g i c i d e s . The h i g h l y s p e c i f i c 
mechanisms of a c t i o n of these modern agrochemicals d i f f e r e n t i a t e 
them, f o r example, from the c l a s s i c a l f u n g i t o x i c metal s a l t s . The 
broad, m u l t i s i t e mechanism of a c t i o n of the l a t t e r i n t e r f e r e d at many 
po i n t s i n the p h y s i o l o g i c a l processes of organisms and i s no longer 
regarded as d e s i r a b l e f o r e c o l o g i c a l reasons. Furthermore, success
f u l disease c o n t r o l w i t h these new fu n g i c i d e s i s achieved w i t h much 
lower a p p l i c a t i o n r a t e s , both an e c o l o g i c a l and an economic advan
tage. Some of the modern azole products can a l s o be used f o r cura
t i v e treatment of plan t diseases due to the h i g h l y systemic proper
t i e s . This permits more p r e c i s e use w i t h fewer p r o p h y l a c t i c t r e a t 
ments necessary, a f u r t h e r economic advantage. In medicine as w e l l , 
the azoles have made s i g n i f i c a n t progress p o s s i b l e i n the treatment 
of human fungal i n f e c t i o n s . 

I t seems convincing that the f u l l chemical and b i o l o g i c a l 
p o t e n t i a l (Table I) i n t h i s group of compounds i s by no means ex
hausted. The ev e r - i n c r e a s i n g number of patent a p p l i c a t i o n s and the 
number of p u b l i c a t i o n s i n s c i e n t i f i c j o u r n a l s on t h i s research area 
are a c l e a r i n d i c a t i o n that worldwide i n t e r e s t i n such a potent c l a s s 
of compounds i s very high indeed. 
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Table I . General P r o p e r t i e s of Azoles 

—Wide chemical v a r i a b i l i t y without l o s s of b i o l o g i c a l p r o p e r t i e s 
— H i g h e f f i c a c y against numerous phytopathogenic f u n g i 
— S y s t e m i c a c t i v i t y i n some cases 
— P r o t e c t i v e , c u r a t i v e and e r a d i c a t i v e a c t i v i t y 
—Low a p p l i c a t i o n r a t e s 
— H i g h a c t i v i t y against f u n g i pathogenic to humans (dermatophytes, 

y e a s t s , b i p h a s i c f u n g i , molds) 
— A c t i v i t y against gram-positive b a c t e r i a 
— P l a n t growth r e g u l a t o r y a c t i v i t y 

Leading Edge of P l a n t Diseas

Even today, there are many plan t diseases which e i t h e r cannot be 
c o n t r o l l e d or where the l e v e l of c o n t r o l i s inadequate. For these 
diseases other methods such as c u l t u r a l measures and breeding f o r 
r e s i s t a n c e have not helped. Considerable l o s s e s must s t i l l be 
accepted, p a r t i c u l a r l y by diseases that a t t a c k p l a n t s at the root or 
base of the stem. Foot and crown r o t , caused by Cochliobolus s a t i v u s 
i s a major c e r e a l disease causing great l o s s e s i n B r a z i l and Canada. 
T a k e - a l l disease, caused by Gaeumannomyce s graminis, can be found 
where c e r e a l s are r e g u l a r l y grown and i s another of these problem 
diseases. Enormous l o s s e s are i n f l i c t e d upon many crops by such 
f u n g i as Pythium, Phytophthora, V e r t i c i l l i u m , Fusarium and Rhizoc-
t o n i a which i n f e c t and destroy the r o o t s . P a r t i c u l a r l y great l o s s e s 
are caused by f u n g i that grow i n t o the v a s c u l a r system of the p l a n t 
from the roots and induce w i l t i n g . 

In f i e l d crops, disease c o n t r o l using s o i l d i s i n f e c t a n t s i s 
unthinkable. The costs and an undesirable e f f e c t on s o i l f l o r a and 
fauna are p r o h i b i t i v e f o r such a method of treatment. An agent i s 
needed that i s absorbed by the a e r i a l p l a n t p a r t s and moves i n the 
phloem b a s i p e t a l l y i n t o the roots where i t gives the roots therapeu
t i c p r o t e c t i o n . 

An a p o p l a s t i c movement has been observed w i t h the c u r r e n t l y 
a v a i l a b l e systemic f u n g i c i d e s . This means that the chemical moves 
e x t r a c e l l u l a r l y and i s transported i n the xylem i n the d i r e c t i o n of 
the t r a n s p i r a t i o n flow. With such products, the t r a n s f e r of chemical 
from o l d e r , sprayed f o l i a g e i n t o newly grown p l a n t p a r t s i s not 
p o s s i b l e . In c o n t r a s t , compounds that would be transported a c t i v e l y 
from c e l l to c e l l (symplastic movement) could move i n the phloem, 
tr a n s p o r t from o l d e r , t r e a t e d f o l i a g e i n t o newly grown p l a n t p a r t s . 
The use of such products would make the spray t i m i n g more independent 
of the p l a n t growth. Spray i n t e r v a l s could be lengthened and the 
t o t a l number of treatments reduced. 

The c o n t r o l of b a c t e r i a l diseases w i t h the c u r r e n t l y a v a i l a b l e 
products i s very u n s a t i s f a c t o r y . The problem has become urgent w i t h 
the spread of f i r e b l i g h t ( E r w i n i a amylovora) i n Europe, and the 
increased incidence of b a c t e r i a l l e a f b l i g h t of r i c e (Xanthomonas 
oryzae) and c i t r u s canker (Xanthomonas c i t r i ) as w e l l as many other 
b a c t e r i a l diseases. The d i r e c t c o n t r o l of v i r u s diseases i s c u r -
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rently regarded as practically unsolved. If the spread of such 
diseases cannot be prevented by vector control, or by plant resis
tance, then we can do nothing but watch helplessly as the losses 
mount. The situation with mycoplasma-like organisms (MLO) is very 
similar and are gaining in significance as the cause of plant di
seases. As you can see, a wide field of unsolved or unsatisfactorily 
solved problems lies before us. 

Progress in basic phytopathological research will certainly 
point out new methods for plant disease control in the future. We 
will need to use all the available weapons, from resistance breeding 
and quarantine measures, to biological, physical and chemical me
thods, for the prevention and control of plant disease. In this 
battle, control by chemical products will continue to play a vital 
role. 
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Biochemical Mode of Action of Fungicides 
Ergosterol Biosynthesis Inhibitors 

Dieter Berg 

Bayer AG, Agrochemical Division, Research Biochemistry, Plant Protection Center 
Monheim, D5090 Leverkusen, Federal Republic of Germany 

One or two decades ago the biochemical mode of action of a fungicide 
normally was not known  A great part of this was due to the fact 
that most of the fungicide
accessible to relevant biochemical studies. The situation changed 
drastically with the finding of the so-called "single-site effectors" 
which could be studied mechanistically. Biochemistry then became an 
important assistance for the chemist during optimization of efficacy 
within a defined chemical group. By now a tremendous number of dif
ferent mechanisms have been described. A crude classification of the 
modes of action leads to three groups of fungicides: 1) those which 
inhibit energy production by blocking SH-groups, the glycolysis/ci
trate cycle, or the respiratory chain, 2) those that inhibit biosyn-
theses of proteins, nucleic acids, cells walls, and membrane lipids, 
or interfere with mitosis, and 3) those which induce indirect effects 
which change host/pathogen interactions. An example of this last 
group is the induction of phytoalexin production by dichlorodimethyl-
cyclopropane-carboxylic acid (1). 

There are numerous examples of the inhibition of biosynthesis by 
fungicides. Some fungicidal secondary metabolites, like cyclohexi-
mide and blasticidine, interfere with synthesis of peptide bonds at 
the ribosomal site (2). Another, kasugamycine, influences aminoacyl-
t-RNA/ribosome interactions (3). Finally, another mechanism inhibit
ing protein biosynthesis is realized on the DNA/RNA- level by the 
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a c y l a n i l i d e s . For example, meta l a x y l i n t e r f e r e s w i t h RNA- polymerase 
(4) . 

The f i r s t group of systemic f u n g i c i d e s , the benzimidazoles, are 
i n h i b i t o r s of m i t o s i s by i n t e r f e r e n c e w i t h t u b u l i n e p o l y m e r i z a t i o n 
(5) . Thus, they prevent an arrangement of the s p i n d l e apparatus. 
The t u b u l i n e - b e n z i m i d a z o l e - i n t e r a c t i o n s have been s t u d i e d i n d e t a i l 
(6) . I t i s known that carbendazim, f o r example, a f t e r e n t e r i n g the 
nucleus, s p e c i f i c a l l y binds to the 3 -subunit of t u b u l i n e and by 
t h i s i n h i b i t s the d i m e r i z a t i o n of the α and 3 -subunits to a func
t i o n a l t u b u l i n e u n i t . R e s i s t a n t s t r a i n s possess a l t e r e d β -subunits 
w i t h a decreased a f f i n i t  f o  benzimidazole  (7)  Th  mode f
t i o n of other i n h i b i t o r
hydrocarbons, or dithiocarbamates, have not yet been p r e c i s e l y de
s c r i b e d on a molecular b a s i s . 

Another group of f u n g i c i d e s i n t e r f e r e s w i t h c e l l w a l l formation. 
Two examples of t h i s group i n c l u d e : 1) the pol y o x i n e s , which prevent 
c h i t i n formation by c o m p e t i t i v e l y i n h i b i t i n g c h i t i n - s y n t h a s e , the 
f i n a l enzyme i n v o l v e d i n c h i t i n b i o s y n t h e s i s , and 2) mélanine b i o s y n 
t h e s i s i n h i b i t o r s , e s p e c i a l l y i n P y r i c u l a r i a oryzae. Examples of 
t h i s type of f u n g i c i d e are T r i c y c l o a z o l e and L i l o l i d o n e , compounds 
that i n t e r f e r e w i t h pentaketide s y n t h e s i s ( 8 ) . 

The next l a r g e group inc l u d e s compounds i n h i b i t i n g b i o s y n t h e s i s 
of membrane l i p i d s . The modes of a c t i o n of s t e r o l s y n thesis i n h i b i 
t o r s w i l l be discussed i n d e t a i l l a t e r , but the mode of a c t i o n of 
K i t a z i n , I s o p r o t h i o l a n e and Edifenphos has a l s o been s t u d i e d i n t e n 
s i v e l y . I t could be shown that the S-adenosylmethionine dependent 
methylation of phosphatidyl-ethanolamines to the corresponding l e c i 
t h i n s i s a f f e c t e d by these compounds ( 9 ) . Membranes cannot only be 
di s t u r b e d by r a t h e r s p e c i f i c mechanisms but by general a c t i o n s as 
w e l l . For example, dodine damages membranes by a d e t e r g e n t - l i k e 
e f f e c t . An example of a d i f f e r e n t mechanism i s the i n h i b i t i o n of 
adenosine-deaminase by the pyrimidine d e r i v a t i v e s e t h i r i m o l and dime-
t h y r i m o l (10). 

In the d i s c u s s i o n of the mode of a c t i o n of e r g o s t e r o l b i o s y n 
t h e s i s i n h i b i t o r s , the question of the f u n c t i o n of s t e r o l s i n mem-
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branes has to be asked. A model experiment, conducted by Ladbrooke 
et a l . (11), demonstrates that p h o s p h o l i p i d phases are p h y s i c a l l y 
s t a b i l i z e d by a d d i t i o n of a s t e r o l , i n t h i s case c h o l e s t e r o l . In 
f u n g i , c h o l e s t e r o l i s replaced by e r g o s t e r o l , but both s t e r o l s are 
"quasiplanar" and thus are able to f u n c t i o n as membrane components. 
I f one simulates a d e f i c i e n c y of a planar s t e r o l , i t can be shown by 
d i f f e r e n t i a l c a l o r i m e t r y measurements (Figure 1) that w i t h d i s p e r 
sions of p h o s p h a t i d y l c h o l i n e / c h o l e s t e r o l mixtures i n water, phase 
t r a n s i t i o n s between d i f f e r e n t l i p i d phases are induced (11). I f , i n 
the case of s t e r o l d e f i c i e n c y , the phase t r a n s i t i o n temperature i s 
passed between the " q u a s i - c r y s t a l l i n e " and l i q u i d phase of phospha
t i d y l c h o l i n e s , an energ
q u a n t i f i a b l e i n d i c a t i o n of d r a s t i c changes i n l i p i d s t r u c t u r e . 

Such changes i n membrane s t r u c t u r e do not only induce d r a s t i c 
changes i n the p h y s i c a l s t a b i l i t y of membranes, but a l s o a f f e c t the 
s p e c i f i c a c t i v i t i e s of membrane-bound enzymes. This can be demon
s t r a t e d w i t h the example of membrane ATP-ase a c t i v i t y of Mycoplasma 
mycoides (Figure 2). When the enzyme a c t i v i t y i s p l o t t e d against 
temperature, the wild-type shows no phase t r a n s i t i o n i n the 
Arrhenius-diagram. However, i n the case of a s t e r o l d e f i c i e n t mu
ta n t , the s p e c i f i c a c t i v i t y of the membrane ATP-ase changes at 18°C 
(12). This c l e a r l y i n d i c a t e s that a temperature-dependent change of 
the membrane conformation causes a temperature-induced change i n the 
s p e c i f i c a c t i v i t y of membrane-bound enzymes. 

I f s t e r o l content and conformation are so important f o r membrane 
s t a b i l i t y , we should study the b i o s y n t h e s i s of s t e r o l s (Figure 3 ) . 
The f i r s t enzyme i n terpenoid b i o s y n t h e s i s i s the 3-Hydroxy-3-Methyl-
Glutaryl-Coenzyme Α-reductase (HMG-CoA-reductase) that c a t a l y z e s the 
synt h e s i s of mevalonate. Two phosphorylations and decarboxylation of 
mevalonate lead to isopentenylpyrophosphate, the b a s i c C^-unit i n 
s t e r o l s y n t h e s i s . Isopentenylpyrophosphate r e a c t s w i t h i t s isomer, 
the dimethylallyl-pyrophosphate, i n a h e a d / t a i l - r e a c t i o n to ge r a n y l -
pyrophosphate; r e a c t i o n w i t h another C^-unit leads to f a r n e s y l - p y r o -
phosphate, that dimerizes i n a t a i l / t a i l - r e a c t i o n to squalene. A f t e r 
expoxidation of i t s Δ -double bond, squalene c y c l i z e s to lano-
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endothermic 

Rate heat 
flow 

290 
π — ι — ι — ι — I Average 

320 350 temperature (°K) 

Figure 1. D i f f e r e n t i a l scanning c a l o r i m e t r y curves f o r 50 wt% 
di s p e r s i o n s of 1 , 2 - d i p a l m i t o y l p h o s p h a t i d y l - c h o l i n e - c h o l e s t e r o l 
mixtures i n water co n t a i n i n g (a) 0; (b) 5.0; (c) 12.5; (a) 20.0; 
(e) 32.0; and ( f ) 50.0 mol% c h o l e s t e r o l . (Reproduced w i t h per
m i s s i o n from Ref. 11. Copyright 1968 E l s e v i e r Science P u b l i s h i n g 
Company, Inc.) 
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Figure 2. Arrhenius p l o t s of membrane ATP-ase a c t i v i t y of na t i v e 
(-·-) and s t e r o l d e f i c i e n t (-o-) Mycoplasma mycoides v a r . 
mycoides. (Reproduced with permission from Ref. 12. Copyright 
1973 E l s e v i e r Science P u b l i s h i n g Company, Inc.) 
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s t e r o l , the f i r s t s t e r o l but the l a s t common intermediate of both 
c h o l e s t e r o l and e r g o s t e r o l s y n t h e s i s . 

In e r g o s t e r o l b i o s y n t h e s i s , s i d e chain a l k y l a t i o n of l a n o s t e r o l 
normally takes place to b u i l d 24-methylenedihydrolanosterol, which 
i t s e l f i s then the substrate f o r demethylation r e a c t i o n s at and 
C^. The C 1 ̂ -demethylation has been st u d i e d i n d e t a i l . I t i s an 
o x i d a t i v e demethylation c a t a l y z e d by a cytochrome P^^-system. The 
f i r s t step i n v o l v e d i n t h i s r e a c t i o n i s the h y d r o x y l a t i o n of the 
C ̂ -methyl-group to form the C^-hydroxymethyl d e r i v a t i v e . A second 
h y d r o x y l a t i o n and l o s s of water lead to the C ^ - f o r m y l intermediate, 
which i s h y d r o x y l i z e d a t h i r d time to form the corresponding carboxy
l i c a c i d . Decarboxylatio
i n s t e a d by a b s t r a c t i o n of a proton from C^, followed by e l i m i n a t i o n 
and formation of a Δ ^ - d o u b l e bond. The NADPH-dependent r e d u c t i o n 
of the Δ^-double bond f i n i s h e s the demethylation r e a c t i o n . Sub
sequently, demethylation at has to take place twice, followed by a 
dehydrogenation r e a c t i o n i n Δ ^ - p o s i t i o n and i s o m e r i z a t i o n from 
Δ to Δ and 

£ 2 4 ( 2 8 ) Δ 2 ί 

r e s p e c t i v e l y . 
In research f o r new f u n g i c i d e s and a n t i m y c o t i c s , one has to look 

f o r a concept f o r pathogen-specific i n h i b i t o r s . This means that 
i n h i b i t i o n of s t e r o l s y n t h e s i s should not take place a t any common 
step; the aim i s to only i n h i b i t pathogen-specific steps i n b i o s y n 
t h e s i s . The reason f o r t h i s i s to minimize the r i s k of human t o x i 
c i t y . I f one compares the b i o s y n t h e s i s of mammalian c h o l e s t e r o l to 
that of e r g o s t e r o l , the main s t e r o l of pathogenic f u n g i , i t becomes 
obvious that there are at l e a s t four pathogen-specific steps to be 
i n h i b i t e d . 

The f i r s t p athogen-specific r e a c t i o n i s the S-adenosylmethio-
nine-dependent s i d e chain a k l y l a t i o n of l a n o s t e r o l . This i s pathogen 
s p e c i f i c s i n c e i n c h o l e s t e r o l s y n t h e s i s , a sid e chain a l k y l a t i o n does 
not take p l a c e . Secondly, the demethylation r e a c t i o n s at C^- and 
C^-positions of 24-methylene-dihydrolanosterol are pathogen-specific 
as w e l l . In mammals demethylation r e a c t i o n s take p l a c e , but the 
substrate i s not si d e chain a l k y l a t e d , so the corresponding enzyme 
should possess d i f f e r e n t b i n d i n g s i t e s f o r the d i f f e r e n t s u b s t r a t e s . 
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A t h i r d pathogen-specific step i n e r g o s t e r o l s y n t h e s i s i s the dehy-
Λ 22 

drogenation i n Δ - p o s i t i o n of the side chain. The f o u r t h i n t e r 
e s t i n g t a r g e t i s the Δ 8 to Δ 7 - i s o m e r i z a t i o n r e a c t i o n or the 
Δ^-dehydrogenation. These four r e a c t i o n s e i t h e r do not take place 
i n mammals, or u t i l i z e d i f f e r e n t s u b s t r a t e s . 

Another t a r g e t , that at f i r s t seems to be unfavorable s i n c e i t 
i s p r i n c i p a l l y common f o r a l l organisms, i s the enzyme HMG-CoA-reduc-
tase which i s the r e g u l a t o r y enzyme i n terpenoid b i o s y n t h e s i s . Re
s u l t s from t r i a l s w i t h n a t u r a l l y produced i n h i b i t o r s f o r that enzyme, 
such as Compactine and M e v i n o l i n e , i n d i c a t e that these compounds are 
able to lower the c h o l e s t e r o
depress s t e r o l s y n t h e s i s i n f u n g i (13). 

There are at l e a s t four d i s t i n c t chemical groups of e r g o s t e r o l 
b i o s y n t h e s i s i n h i b i t o r s (EBI's). The l a r g e s t group, i n terms of 
number of commercial compounds, i s the t r i a z o l e d e r i v a t i v e s (Figure 
4) . The f i r s t commercial compound was t r i a d i m e f o n , that can be 
chemically reduced to y i e l d t r i a d i m e n o l , which i s mainly used as a 
seed d r e s s i n g agent. The main i n d i c a t i o n of both of these systemic 
compounds i s f o r powdery mildew c o n t r o l i n c e r e a l s . The s u b s t i t u t i o n 
of the c h l o r i n e atom i n t r i a d i m e n o l by a phenyl s u b s t i t u e n t l e d to 
the s y n t h e s i s of b i t e r t a n o l . B i t e r t a n o l i s mainly a c t i v e against 
r u s t and scab i n tree f r u i t . Analogous to these phenoxy-derivatives, 
the b e n z y l compound d i c l o b u t r a z o l e has been developed. The two 
k e t a l s , propicanozole and etaconazole, show spe c t r a of b i o l o g i c a l 
a c t i v i t i e s that are s l i g h t l y d i f f e r e n t from those of t r i a d i m e f o n , 
t r i a d i m e n o l , or d i c h l o b u t r a z o l e . Topas does not c o n t a i n the k e t a l 
p a r t i a l s t r u c t u r e , but one s t i l l might consider i t a propiconazole 
analogue. F l u o t r i m a z o l e i s s i g n i f i c a n t l y d i s t i n c t from the other 
compounds, but has remarkable homology to c l o t r i m a z o l e , an antimyco
t i c a z o l e . 

Apart from the t r i a z o l e d e r i v a t i v e s , a s m a l l group of imidazoles 
i s a c t i v e against p l a n t pathogens (Figure 5 ) . The most important 
compounds i n t h i s group are i m a z a l i l and p r o c h l o r a z . However, most 
of the important a n t i m y c o t i c EBI's o r i g i n a t e from the imidazole se
r i e s . Two of these antim y c o t i c s are b i f o n a z o l e and c l o t r i m a z o l e , 
which resemble f l u o t r i m a z o l e . These two ant i m y c o t i c s w i l l be d i s -
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cussed l a t e r w i t h respect to t h e i r a b i l i t y to i n h i b i t HMG-CoA-reduc-
tase i n dermatophytes. 

The t h i r d group of EBI's are the pyrimidine d e r i v a t i v e s n u a r i -
mol, f e n a r i m o l , and t r i a r i m o l (Figure 6 ) . A l l of these compounds are 
c l o s e l y r e l a t e d c h e m i c a l l y . The commonality they have w i t h the t r i a 
z o l e s and imidazoles i s the n i t r o g e n heteroatom i n the 3 - p o s i t i o n 
from the c e n t r a l carbon. The f o u r t h most i n t e r e s t i n g group of EB I f s 
are the morpholines which are represented by j u s t two compounds, 
tridemorph and fenpropimorph (Figure 7 ). 

When we s t a r t e d to look f o r the mode of a c t i o n of d i f f e r e n t 
EBI's, we decided to us l pathogen  t e s t organisms  Thes
were P y r i c u l a r i a oryzae
n i v a l e , and Drechslera t e r e s . To get r a p i d i n f o r m a t i o n about the 
p o s s i b l e antimycotic e f f i c a c y of a t e s t compound, we a l s o used a 
non-pathogenic yeast, Saccharomycopsis l i p o l y t i c a . 

In the next pa r t of our research on E B I - f u n g i c i d e s , we r e s t r i c t 
ed ourselves to P y r i c u l a r i a oryzae s i n c e from our point of view the 
i n v i t r o r e s u l t s w i t h that organism are r e p r e s e n t a t i v e and the t e s t 
procedure i s r a t h e r simple. The t e s t chemical i s a p p l i e d i n a s u i t 
able c o n c e n t r a t i o n to the c u l t u r e medium which i s then i n o c u l a t e d 
from an untreated p r e - c u l t u r e . A f t e r a 24-hour fermentation, the 
c e l l s are separated from the c u l t u r e f i l t r a t e by c e n t r i f u g a t i o n , 
resuspended i n a chloroform/methanol-mixture and homogenized using an 
u l t r a t u r r a x treatment. A f t e r t h i s e x t r a c t i o n procedure, the s t e r o l -
conjugates are s p l i t to f r e e s t e r o l s by a potassium-hydroxide t r e a t 
ment. Adsorption of the s t e r o l s to a Sep-pak column and step-wise 
desorption leads to a s t e r o l f r a c t i o n which can be analyzed d i r e c t l y 
by gas chromatography on a SE-30 c a p i l l a r y column. 

An example f o r a GC-analysis of i s o l a t e d s t e r o l s from P. oryzae 
i s shown i n Figure 8. An e l u t i o n diagram of an untreated c o n t r o l i s 
compared to the s t e r o l a n a l y s i s a f t e r a p p l i c a t i o n of 10 ppm t r i a d i 
menol. I t can e a s i l y be seen that i n the re g i o n where the s t e r o l s 
are e l u t e d (framed a r e a ) , the p a t t e r n becomes t o t a l l y d i f f e r e n t . The 
e l u t i o n index i s the f i r s t c r i t e r i o n f o r the chemical nature of an 
accumulating s t e r o l . However, s t r u c t u r e e l u c i d a t i o n has been per-
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control 

10ppm triadimenol 

Figure 8. Gas chromatography of s t e r o l s from P y r i c u l a r i a 
oryzae t r e a t e d w i t h t r i a d i m e n o l . 
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formed by GC/MS-coupling experiments; the mass-spectra being compared 
to those of auth e n t i c m a t e r i a l s . Q u a n t i f i c a t i o n of the accumulation 
was performed by the 100% method w i t h the assumption that the FID-
response i s the same f o r a l l s t e r o l s . 

The q u a n t i t y and d i s t r i b u t i o n of the s t e r o l s t r u c t u r e s i n P. 
oryzae a f t e r the fungus had been t r e a t e d w i t h 10 ppm t r i a d i m e n o l are 
l i s t e d i n Figure 9. The untreated c o n t r o l c o n t a i n s , as expected, a 
lar g e amount of e r g o s t e r o l as the main membrane component. Besides 
minor concentrations of Δ ^ - e r g o s t e n o l and Δ ^ ' ^ - e r g o s t a d i e n e - o l , 
P y r i c u l a r i a contains about 15% Δ ^ - s t i g m a s t e n o l , but the content of 
the l a t t e r compound i s  a f f e c t e d b  a p p l i c a t i o f t r i a d i m e n o l
As a consequence of treatmen
4- f o l d decrease i n e r g o s t e r o l content and an accumulation of i t s 
precursor 24-methylenedihydrolanosterol, a nonplanar compound due to 
the three methyl groups at and and l a c k of the -double 
bond. Therefore, the accumulating s t e r o l i s not able to f u n c t i o n 
p r o p e r l y as a membrane component. 

The s i t e at which t r i a d i m e n o l i n h i b i t s e r g o s t e r o l b i o s y n t h e s i s 
i s i l l u s t r a t e d i n Figure 10 and the accumulating s t e r o l i s framed. 
This r e s u l t c l e a r l y i n d i c a t e s that t r i a d i m e n o l i n h i b i t s the c y t o 
chrome P^Q-dependent o x i d a t i v e removal of the C^-methyl group of 
24-methylenedihydrolanosterol, which i s a pathogen-specific precursor 
of e r g o s t e r o l . 

In the same t e s t system, s e v e r a l other t r i a z o l e s were examined, 
i n c l u d i n g t r i a r i m o l as an example of the pyrimidine d e r i v a t i v e s , and 
i m a z a l i l as a re p r e s e n t a t i v e of the imidazole s e r i e s (Figure 11). I t 
i s common to a l l these compounds that 24-methylenedihydrolanosterol 
accumulates i n d i c a t i n g an i d e n t i c a l primary mode of a c t i o n . In the 

Δ 5 22 , __ ' -er g o s t a -
d i e n e - o l can be observed, i n d i c a t i n g that i n P y r i c u l a r i a oryzae 
Δ -dehydrogenation i s a l s o a f f e c t e d by t r i a r i m o l . These data do 
not n e c e s s a r i l y correspond w i t h b i o l o g i c a l e f f i c a c y since most of 
these compounds are used to c o n t r o l powdery mildews, which are o b l i 
gate p a r a s i t e s and are not e a s i l y a c c e s s i b l e to i n v i t r o s t u d i e s . 
Another important c o n d i t i o n cannot be f u l f i l l e d i n such i n v i t r o 
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sterol 
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control triadimenol 
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Δ 5· 2 2-ergo-
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4.4 7.9 

A5-stigmastene-ol (3) 15.4 15.7 

— 
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dihydrolanosterol 

<0.02 54.2 

Figure 9. D i s t r i b u t i o n of s t e r o l s i n P y r i c u l a r i a oryzae a f t e r 
a p p l i c a t i o n of t r i a d i m e n o l . 
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Figure 10. B i o s y n t h e t i c pathway of e r g o s t e r o l i n P y r i c u l a r i a 
oryzae i n d i c a t i n g the s i t e of i n h i b i t i o n by azoles and p y r i m i -
dines. 
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s t u d i e s , namely, a p o s s i b l e metabolic a c t i v a t i o n during t r a n s l o c a t i o n 
i n the p l a n t . For example, t r i a d i m e f o n showed r a t h e r weak a c t i v i t y 
i n i n v i t r o s t u d i e s , but a m a j o r i t y of i t s e f f i c a c y i s due to the 
more a c t i v e d e r i v a t i v e t r i a d i m e n o l , formed by the r e d u c t i o n of the 
carbonyl group by plan t enzymes. 

Analogous s t u d i e s have been performed w i t h the morpholine de
r i v a t i v e s fenpropimorph and tridemorph. S t a r t i n g w i t h fenpropimorph, 
upon treatment of P y r i c u l a r i a oryzae, one e a s i l y observes a s t e r o l 
p a t t e r n that i s q u i t e d i f f e r e n t from that a f t e r a p p l i c a t i o n of azoles 
or pyrimidines (Figure 12). The most c h a r a c t e r i s t i c peak of 24-me-
th y l e n e d i h y d r o l a n o s t e r o l t b  observed i  la r g  amounts  I n
stead of t h i s p r e c u r s o r
s l i g h t l y longer e l u t i o n time than e r g o s t e r o l , i n d i c a t i n g i t to be a 
smaller molecule compared to 24-methylenedihydrolanosterol that does 
not bear the three methyl groups. 

A f t e r i n c u b a t i o n of P y r i c u l a r i a oryzae w i t h tridemorph, an a n a l 
ogous p i c t u r e on the b a s i s of FID-detection i s observed (Figure 13). 
In both cases we looked f o r the chemical nature of the accumulating 
s t e r o l using GC/MS-coupling. S u r p r i s i n g l y , the s t e r o l s that accumu
l a t e d a f t e r treatment w i t h fenpropimorph and tridemorph were not 
i d e n t i c a l on the b a s i s of mass spe c t r a (Figure 14). In the case of 
tridemorph, a s t e r o l w i t h the mole peak of 398 accumulates that shows 
no absorption of a conjugated diene i n the UV-region. The mass spec
trum i s i d e n t i c a l to that of authe n t i c - e r g o s t a d i e n e - o l . How
ever, a f t e r treatment w i t h fenpropimorph, a s t e r o l accumulates that 
i n a l l spectroscopic p r o p e r t i e s i s i d e n t i c a l to -ergostadiene-
o l ( i g n o s t e r o l ) that was i s o l a t e d p r e v i o u s l y from U s t i l a g o maydis by 
Kerkenaar (14). What do these r e s u l t s mean w i t h respect to the modes 
of a c t i o n s of the morpholines? 

The b i o s y n t h e t i c pathway of e r g o s t e r o l i s shown i n Figure 15 to 
ex p l a i n the steps of i n h i b i t i o n by morpholines; the accumulating s t e -

A 14 
r o l s are framed. I n h i b i t i o n of the ΖΛ -r e d u c t i o n by fenpropimorph 
should lead to an accumulation of 4,4-dimethyl- Δ^ ' ^ ^ * ^ - e r g o -
s t a t r i e n e - o l . However, C^-demethylation and side chain hydrogénation 
are obviously able to occur w i t h the accumulating s t e r o l as substrate 
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Figure 12. Gas chromatography of s t e r o l s from P y r i c u l a r i a 
oryzae t r e a t e d w i t h fenpropimorph. 

Figure 13. Gas chromatography of s t e r o l s from P y r i c u l a r i a 
oryzae t r e a t e d w i t h tridemorph. 
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sterol 
[%] 

control tridemorph 
[10 ppm] 

fenpropimorph 
[10 ppm] 

H O ' aS ergosterol 74.7 43.0 47.8 

H O ' 

A5-ergosten-
ol(3

HO" 

A 8 1 4-ergo-
stadiene-ol (3) 

<0.02 <0.02 32.3 

H O ' 

Δ5· 8-ergosta-
diene-ol (3) 

<0.02 31.8 <0.02 

H O ' 

Δ5· ^-ergosta
diene-ol (3) 

4.4 9.1 6.6 

H O ' 

A5-stigma-
sten-ol (3) 

15.4 11.1 1.6 

HO" a i 24-methyiene-
dihydrolanosterol 

<0.02 5.0 11.7 

Figure 14. D i s t r i b u t i o n of s t e r o l s i n P y r i c u l a r i a oryzae a f t e r 
a p p l i c a t i o n of tridemorph and fenpropimorph. 
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Figure 15. B i o s y n t h e t i c pathway of e r g o s t e r o l i n P y r i c u l a r i a 
oryzae i n d i c a t i n g the s i t e s of i n h i b i t o n by tridemorph and 
fenpropimorph. 
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so that i g n o s t e r o l , Δ ^ ' ^ - e r g o s t a d i e n e - o l , i s subsequently synthe
s i z e d . This i s i n agreement w i t h the r e s u l t s of Kerkenaar and Leroux 

A 5 8 
(14,15). With tridemorph, Δ ' -ergostadiene-ol accumulates, i n d i 
c a t i n g an i n h i b i t i o n of the Δ to Δ - i s o m e r i z a t i o n r e a c t i o n . 
This i s i n agreement w i t h the f i n d i n g of Kato (16) w i t h B o t r y t i s as a 
t e s t organism, but i n c o n t r a s t to the r e s u l t s of Kerkenaar (14) who Δ 14 
r r r e d u c t i o n i n U s t i l a g o . 

The c o n c l u s i o n i s that the Δ to Δ ' - i s o m e r i z a t i o n r e a c t i o n 
A 8 

s t a r t s w i t h Δ -hydrogénation, so that both morpholines i n h i b i t 
NADPH-dependent red u c t i o
vary from organism to organism whether Δ  or Δ  - r e d u c t i o n i s 
a f f e c t e d . From these r e s u l t s , one might have the impression that the 
morpholines show some v a r i a t i o n i n t h e i r modes of a c t i o n but that the 
azoles always show i d e n t i c a l behavior w i t h respect to mechanistic 
s t u d i e s . To demonstrate that t h i s i s not the case, we chose the 
examples of c l o t r i m a z o l e and b i o f o n a z o l e , two antimycotic i m i d a z o l e s , 
as here we were able to study the human pathogens d i r e c t l y . 

To determine whether our s t r a t e g i e s could be a p p l i e d to a l l of 
the human pathogens we s t u d i e d , the s t e r o l composition and the r a t e 
of s t e r o l b i o s y n t h e s i s i n untreated organisms have been estimated 
(Figure 16). A l l the organisms synthesize e r g o s t e r o l up to 90 % or 
more w i t h the exception of Trichophyton mentagrophytes. T. mentagro-Δ 8 24(28) 
r-„ -J j 0 ' -ergostadiene-
o l , as w e l l as minor amounts of d i f f e r e n t s t e r o l s . Both major s t e 
r o l s are " q u a s i - p l a n a r " and thus may f u n c t i o n as membrane components. 
A d d i t i o n a l l y , the occurence of Δ * * ' ^ ^ ^ - e r g o s t a d i e n e - o l i n d i c a t e s 
that i n Trichophyton mentagrophytes, Δ -dehydrogenation should be 
ra t e l i m i t i n g . 

When Candida a l b i c a n s was tr e a t e d w i t h b i f o n a z o l e or c l o t r i m a 
z o l e , the expected accumulation of the e r g o s t e r o l precursor 24-methy-
l e n e d i h y d r o l a n o s t e r o l was observed (Figure 17). This was an i n d i c a 
t i o n that both compounds i n h i b i t the cytochrome P^^-dependent 
demethylation. Using 2.5 yg /ml c l o t r i m a z o l e , d i h y d r o l a n o s t e r o l ac
cumulates, which i s known to regu l a t e the HMG-CoA-reductase by a 
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organisms 

total sterols/test [pg] 

Figure 16. D i s t r i b u t i o n of s t e r o l s i n untreated human pathogens. 

In Fungicide Chemistry; Green, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2. B E R G Ergosterol Biosynthesis Inhibitors 45 

feed-back c o n t r o l (17), causing a decreased t o t a l s t e r o l s y n t h e s i s . 
B i f o n a z o l e p r i m a r i l y accumulates 24-methylenedihydrolanosterol, but 
the content of d i h y d r o l a n o s t e r o l increased at the 5 yg/ml dosage 
r a t e . This r e f l e c t e d i n the t o t a l amount of s t e r o l s . Both accumu
l a t i n g s t e r o l s are unable to f u n c t i o n p r o p e r l y as membrane compo
nents. 

Since the i n v a s i v e form of Candida i n v a g i n a l mycosis i s the 
pseudo-mycelium, we a l s o looked at t h i s m o r p h o l o g i c a l l y s p e c i a l i z e d 
m a t e r i a l . We observed that b i f o n a z o l e causes an accumulation of 
di h y d r o l a n o s t e r o l e x c l u s i v e l y , whereas c l o t r i m a z o l e causes the normal 
accumulation of 24-methylenedihydrolanosterol  d i h y d r o l a n o s t e r o l d 
l a n o s t e r o l (Figure 18).
r a t e of t o t a l s t e r o l s y n t h e s i s i s lowered by a f a c t o r of two, a r e 
s u l t which w i l l be discussed l a t e r . 

The r e s u l t s w i t h b i f o n a z o l e , i n c o n t r a s t to c l o t r i m a z o l e , show 
that the s t e r o l p a t t e r n could not completely e x p l a i n the r a t e of 
s t e r o l b i o s y n t h e s i s . T o r u l o p s i s g l a b r a t a i s another example where 
both compounds show the expected accumulation of 24-methylenedihy
d r o l a n o s t e r o l and d i h y d r o l a n o s t e r o l (Figure 19). The accumulation of 
d i h y d r o l a n o s t e r o l , a f t e r a p p l i c a t i o n of 2.5 yg/ml b i f o n a z o l e , does 
not e x p l a i n why the t o t a l s t e r o l content i s decreased so markedly. A 
"feed-back" c o n t r o l of the HMG-CoA-reductase appears an u n l i k e l y 
e x p l a n a t i o n . 

A very dramatic example of t h i s e f f e c t i s seen i n Trichophyton 
rubrum where c l o t r i m a z o l e , as w e l l as b i f o n a z o l e , causes no major 
e f f e c t s on the s t e r o l p a t t e r n (Figure 20). C l o t r i m a z o l e at 10 yg/ml 
causes a s l i g h t accumulation of methylated s t e r o l s , r e f l e c t i n g i t s 
b i o l o g i c a l a c t i v i t y . B i f o n a z o l e causes only very s m a l l changes, but 
markedly decreases the t o t a l s t e r o l content, r e s u l t i n g i n good ac
t i v i t y against that organism. This e f f e c t of b i f o n a z o l e has been 
e s p e c i a l l y observed i n dermatophytes. Therefore when b i f o n a z o l e was 
used, there appeared to be an a d d i t i o n a l i n h i b i t i o n step i n the t e r 
penoid b i o s y n t h e s i s between HMG-CoA-reductase and squalene. Since i t 
i s known that HMG-CoA-reductase regu l a t e s a l l terpenoid s y n t h e s i s 
(17), we looked at t h i s enzyme i n a way that excludes the p o s s i b i l i t y 
of "feed-back" c o n t r o l . 
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sterol control Clotrimazole Bifonazole 
[% total sterols] (EtOH) (2,5 pg/ml) (5 vQ/m\) (2,5 pg/ml) (5 pg/ml) 

HO^ 

J 1 ergosterol 93,6 <0,02 <0,02 10,5 <0,02 

HO^ II 

J - 36 ^tj A 8 2 4 , 2 8 ,-er-
gostadien-ol (3) 

4,2 <0,02 <0,02 10,0 <0,02 

J -

ï5 J L J dihydrolano-
λ sterol 

2,2 40,8 47,6 23,4 43,9 

?5 T_J lanosterol 

II 

HO ^ 

T_J 24-methylen-di-
hydrolanosterol 

<0,02 59,2 52,4 51,6 56.1 

HO ^ 
total sterols/test 
[μ9] 

439 86 52 391 127 

Figure 17. D i s t r i b u t i o n of s t e r o l s i n Candida a l b i c a n s a f t e r 
i n c u b a t i o n w i t h c l o t r i m a z o l e and b i f o n a z o l e . 

sterol control Clotrimazole Bifonazole 
[% total sterols] (EtOH) (O/lpg/ml) (0,2pg/ml) (0,lMg/ml) (0,2Mg/ml) 

^ULJ—1 ergosterol 83,5 <0,02 <0,02 82.7 75,2 
HO^ XJT HO^ 

HO^ 

^srjLsX_J A5-ergosten-
X T 01(3) 

<0,02 16,0 18,5 <0,02 <0.02 
HO^ 

HO^ 

^ φ Γ Χ _ ] dihydrolano-
sterol 

11,6 35,1 35,1 17.3 24.8 

HO^ 

•vL^X—J lanosterol 2,4 15,8 19,5 <0,02 <0.02 
Η θ ό Η θ ό K II 

ΗΟ^ζ 
24-methylen-di-

Ί Γ Τ hydrolanosterol 
2,4 33,1 26,9 <0,02 <0.02 

ΗΟ^ζ 
total sterols/test [pg] 212 202 204 130 123 

Figure 18. D i s t r i b u t i o n of s t e r o l s i n pseudomycelium of 
Candida a l b i c a n s a f t e r i n c u b a t i o n w i t h c l o t r i m a z o l e and b i f o 
nazole. 
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sterol control Clotrimazole Bifonazole 

[% total sterols] [EtOH] (1 M9/ml) (2,5pg/ml) (1 M9/ml) (2,5μ9/ΓηΙ) 

χ 
vULJ—1 ergosterol 89,7 16,0 8,7 4,6 <0,02 

H O ^ 

H O ^ 

v j X X J A5-ergosten-XJ ol(3) 
<0,0 10, 12, 12, <0,0

H O ^ 
II 

H O ^ 
Jjf stadien-ol (3) 

3,2 <0,02 <0,02 <0,02 <0,02 

H O ^ 

sjXl-J dihydrotano-
J^jP sterol 

5,6 18,7 20,2 20,7 39,0 

uXj^J lanosterol 1,5 55,2 58,4 62,3 61,0 

HO*> HO*> 
total sterols/test [pg] 722 727 431 612 116 

Figure 19. D i s t r i b u t i o n of s t e r o l s i n To r u l o p s i s g l a b r a t a 
a f t e r i n c u b a t i o n w i t h c l o t r i m a z o l e and b i f o n a z o l e . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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sterol (% total sterols) 
Clotrimazole Bifonazole 

sterol (% total sterols) control (5 ng/ml) (10 ng/ml) (5 ng/ml) (10 ng/ml) 

5.1 8.3 7.7 6.5 6.5 

Γ Τ ΤΔ5.8.22 
HO ^ ^ ^ ^ -ergostatrienol (3) 

HOΛ^J'·™M,wo, 

5.3 4.8 9.7 2.4 2.8 

JL JL ]Δ 8 · 2 4 < 2 8 > 
HO — - e r g o s t a d i e n o l (3) 

<0.02 5.9 8.4 13.1 13.9 

JL JL J 24-methylen-
Η θ ' ^ \ — dihydrolanosterol 

total sterols/test 983 815 723 501 373 
(HQ) 

Figure 20. D i s t r i b u t i o n of s t e r o l s i n Trichophyton rubrum 
a f t e r i n c u b a t i o n w i t h c l o t r i m a z o l e and b i f o n a z o l e . 
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Study of the HMG-CoA-reductase was done by the i s o l a t i o n of 
microsomal s u b c e l l u l a r f r a c t i o n s and subsequently t e s t i n g the conver
s i o n of HMG-CoA to mevalonate. Using Trichophyton mentagrophytes as 
a r e p r e s e n t a t i v e of dermatophytes, we i s o l a t e d microsomes by d i f f e r 
e n t i a l c e n t r i f u g a t i o n . C l o t r i m a z o l e was not able to i n h i b i t t h i s 
enzyme at up to 2 yg/ml (Figure 21). However, b i f o n a z o l e s t r o n g l y 
i n h i b i t s the enzyme. Under our t e s t c o n d i t i o n s at greater than 
1 yg/ml, only 20% of the enzyme a c t i v i t y remained compared to the 
c o n t r o l experiment. We ther e f o r e concluded that b i f o n a z o l e , i n con
t r a s t to c l o t r i m a z o l e , d i r e c t l y i n h i b i t e d the HMG-CoA-reductase, thus 
l e a d i n g to a s e q u e n t i a l
f u n g i s t a t i c but a l s o th

activity (% control) 

Ί clotrimazole 

3 0 -
20 -
10-

0,1 0,5 
1,0 

1,5 
2,0 [pg/ml] 

Figure 21. I n h i b i t i o n of microsomal HMG-CoA-reductase from 
Trichophyton mentagrophytes w i t h c l o t r i m a z o l e and b i f o n a z o l e . 
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Conclusions 

Ergosterol biosynthesis inhibitors differ in their molecular modes of 
action. This is especially true for the morpholine derivative tride-
morph and fenpropimorph. In Pyricularia oryzae, tridemorph inhibits 
the Δ8 to Δ7 -isomerization reaction in ergosterol synthesis, 
while fenpropimorph prevents the ΝΑΌΡΗ/Η+ -dependent reduction of the 
Δ14 -double bond. Azoles and pyrimidines primarily inhibit the 
hydroxylation of the C^-methyl group, which is the initial step in 
the oxidative demethylation reaction. Within this group of inhibi
tors, differences do occur due to additional effects of various com
pounds, as was found wit
and bifonazole). Therefore, each EBI fungicide needs to be studied 
as an individual so that these additional effects may be observed. 
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3 
Uptake and Translocation of Carbon-14-Labeled 
Fungicides in Cereals 
Macro- and Microautoradiographic Studies 

Fritz Führ 

Institute of Radioagronomy, Nuclear Research Center Jülich GmbH, D-5170 Jülich, 
Federal Republic in Germany 

Insecticides played the dominan
1960 when they were displace
Herbicides were especially important in reducing wage-intensive work 
and resulted in a considerable increase in agricultural crop produc
tion. As crops were planted more densely, infestation pressure from 
fungal diseases also increased and therefore fungicides have become 
increasingly important. New fungicides l ike azole compounds, with a 
wide spectrum of antimycotic and fungicidal activity (1-7) have been 
introduced and have replaced some of the fungicide standards such as 
the mercury seed dressing products. These new fungicides used as 
seed dressings are effective at low dosages and protect the plants 
from infection by certain seed- and soil-borne plant pathogens as 
well as against early season infections of powdery mildew and rust 
fungi (8, 9). Because of improved vigor, the small grain plant de
velops additional earbearing stalks (10-13). In addition, treatment 
with these new fungicides during the last phase of grain filling 
protects the flag leaf and allows the plant to assimilate over a long 
period of time, so that the genetically determined productivity of 
the plant can be fully exploited. 

0097-6156/86/0304-0053S06.00/0 
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U t i l i z a t i o n of Radiocarbon C. 

To improve our use of these new f u n g i c i d e s , d e t a i l e d s t u d i e s need to 
be conducted to determine the l e a f or root uptake and t r a n s p o r t pro
cesses as w e l l as the d i s t r i b u t i o n mechanisms of the new f u n g i c i d e s 
and/or t h e i r metabolic compounds through c e l l s , c e l l membranes and 
other p l a n t b a r r i e r s . Recent s t u d i e s have concentrated on t r a n s l o c a 
t i o n i n the two t r a n s p o r t systems of the p l a n t , the xylem and the 
phloem. In the xylem ( l i g n i f i e d c e l l s ) , water and n u t r i e n t t r a n s p o r t 
l a r g e l y takes place i n the d i r e c t i o n of the t r a n s p i r a t i o n stream, 
from the root to the l e a f  I  th  phloe  ( l i v i n  t r a n s p o r t t i s s u e )
c e r t a i n p l a n t n u t r i e n t s
pounds are d i s t r i b u t e d throughout the p l a n t but mainly from the 
leaves or roots i n t o the seeds or other storage organs. The d i s t r i 
b u t i o n and u l t i m a t e p l a n t area protected by a f u n g i c i d e i s determined 
by the e f f e c t i v e t r a n s p o r t a t i o n i n both systems. The p o s s i b l e uptake 
and t r a n s l o c a t i o n mechanisms have been discussed by Edgington and 
Peterson (14), Crowdy (T5) and Buchenauer (16). 

S u c c e s s f u l a n a l y s i s of s m a l l q u a n t i t i e s of the chemical being 
14 

t r a n s l o c a t e d r e q u i r e s the use of r a d i o a c t i v e isotopes such as C. 
The I n s t i t u t e of Radioagronomy has been c a r r y i n g out s t u d i e s w i t h 
14 

C - l a b e l l e d a c t i v e p l a n t p r o t e c t i o n substances f o r 13 years (17, 
18). The r e s u l t s i n d i c a t e that i n t e n s i v e cooperation between p l a n t 
p r o t e c t i o n chemists, p h y t o p a t h o l o g i s t s , p h y t o p h y s i o l o g i s t s and spe
c i a l i s t s i n the r a d i o i s o t o p e techniques i s necessary to f u l l y e x p l o i t 
the a p p l i c a t i o n p o s s i b i l i t i e s and to i n t e r p r e t the r e s u l t s . The spe
c i a l experimental f a c i l i t i e s at the J i l l i c h Nuclear Research Center 
which i n c l u d e p r a c t i c a l l y o r i e n t e d f i e l d t e s t s supplemented by de
t a i l e d s t u d i e s under defined c l i m a t i c c o n d i t i o n s enable p r a c t i c a l and 
r e l e v a n t r e s u l t s to be obtained (17-19). The aim of t h i s c o n t r i b u 
t i o n i s to provide new i n s i g h t s and i n f o r m a t i o n on the system e f f e c 
t i v e n e s s and residue behavior of azole f u n g i c i d e s . 

The f o l l o w i n g three a c t i v e substances were used i n t h i s study 
(Figure 1): [benzene r i n g - U - ^ C ] t r i a d i m e n o l , [benzene r i n g - U - ^ C ] -

14 
t r i a d i m e f o n and [ C ] f l u o t r i m a z o l e . These s t u d i e s are included as 
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C I - ^ * ^ - 0 - Ç 

Ο 

Triadimefon Cl—( • N ) - 0 -CH—C—C(CH 3 ) 3 

u 
1 -(4-Chlorphenoxy)-3,3-dimethyl-1 -(1,2,4-triazol-1 -yl)-2- butanon 

OH 

Triadimenol 

1 -(4-Chlorphenoxy)-3,3-dimethyl-1 -(1H-1,2,4-triazoM -yl)-2- butanol 

11 
CF 3 

Bis-phenyl-(3-Trif luormethylphenyl)-( 1,2,4,Triazolyl)-methan 

Figure 1. F u n g i c i d a l substances a p p l i e d and ^ C - l a b e l i n g posi
t i o n s (*). 
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a c t i v e components i n the commercial preparations Baytan, Bayleton and 
Persul o n , r e s p e c t i v e l y . 

Cereal Seed Dressing w i t h Triadimenol 

14 
The uptake and d i s t r i b u t i o n of [benzene r i n g - U - C ] t r i a d i m e n o l ap
p l i e d as a seed d r e s s i n g i n s p r i n g b a r l e y and s p r i n g wheat was i n v e s 
t i g a t e d under f i e l d c o n d i t i o n s (19). Lysimeter experiments i n sm a l l 

2 2 a g r a r i a n ecosystems (0.25 - 1 m ) f i l l e d w i t h e i t h e r t o p s o i l (1 m 
l y s i m e t e r ) or w i t h undisturbed s o i l cores from arable land were used 
(20, 21). The t e s t s o i
which i s among the most
Germany (22). C a l c u l a t i o n using the s p e c i f i c a c t i v i t y of the l a b e l e d 
f u n g i c i d e i n d i c a t e d that a seed d r e s s i n g a p p l i c a t i o n of 16 or 12 yg 
a c t i v e substance/grain (Table I) corresponded to 177 or 160 g Baytan 
/100 kg seed (19). 

Table I : R a d i o a c t i v i t y and Quantity of A c t i v e Substance 
on the Seed Grain a f t e r Dressing w i t h 

14 
[benzene r i n g - U - C]Triadimenol 

Crop 
Spring Barley Spring Wheat 

Thousand g r a i n weight (g) 36.2 30.0 
R a d i o a c t i v i t y / g r a i n * (μ C i ) 1.08 0.83 
A c t i v e substance/grain* (mg) 0.016 0.012 
A c t i v e substance/kg seed g r a i n (mg) 442 400 
Baytan 25 DS/100 kg seed g r a i n (g) 176.8 160 
*Mean values of 50 gra i n s 

The d i s t r i b u t i o n of r a d i o a c t i v i t y i n the p l a n t was determined 
using X-ray f i l m s (macroautoradiographs). The r a d i o a c t i v e r a d i a t i o n 
causes blackenings on the f i l m . During the e a r l y development up to 
shoot e l o n g a t i o n , a maximum of 7.5% of the r a d i o a c t i v i t y a p p l i e d was 
taken up and t r a n s l o c a t e d i n t o the wheat s t a l k s and leaves w i t h the 
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m a j o r i t y of the t r a n s l o c a t i o n o c c u r r i n g between the tenth and twenty-
e i g h t h day a f t e r sowing. These macroautoradiographs of the wheat 
p l a n t s show that the r a d i o a c t i v e substance of the metabolites were 
t r a n s l o c a t e d i n t o the l e a f t i p s w i t h the t r a n s p i r a t i o n stream (Figure 
2). 

By means of s p e c i a l f i l m , the radiocarbon of t r i a d i m e n o l i n the 
p l a n t c e l l s can a l s o be detected i n t h i n t i s s u e s e c t i o n s (8 ym) pro
duced w i t h the f r e e z i n g microtome. Blackening on the f i l m r e f l e c t s 
the p o s i t i o n of the r a d i o a c t i v e substances i n the pl a n t c e l l s (23, 
24). These microautoradiographs (Figure 3) show that during the 
s w e l l i n g phase of the grain  r a d i o a c t i v i t  migrate  i n t  th  l o n g i
t u d i n a l and cross c e l l s
through the t e s t a i n t o the aleurone l a y e r , which i s l a r g e l y the pro
t e i n storage l a y e r i n the g r a i n . During the f i r s t s i x days of germi
n a t i o n , s t a r c h i s broken down i n t o sugar and m o b i l i z e d w i t h the pro
t e i n from the aleurone l a y e r . According to these microautoradio
graphs, during the f i r s t week of germination the perocarp i s appar
e n t l y an e f f e c t i v e b a r r i e r against the pe n e t r a t i o n of the a c t i v e 
substance i n t o the i n t e r i o r of the g r a i n . 

Triadimenol uptake can occur by contamination of the coleop-
t i l e s . The r a d i o a c t i v e seed d r e s s i n g was taken up during the f i r s t 
three days of germination of the wheat s e e d l i n g (Figure 4a) and could 
then be found i n a l l the c e l l s of the s e e d l i n g (19). A c l e a r d i s t r i 
b u t i o n gradient of r a d i o a c t i v i t y from the outer to the inner c e l l s of 
the s e e d l i n g i s thus v i s i b l e . T h i r t y days a f t e r sowing, r a d i o a c t i v 
i t y can be detected i n c e l l s of the l e a f t i p s (Figure 4b) i n d i c a t i n g 
the a c t i v e substance and/or i t s metabolites has migrated w i t h the 
t r a n s p i r a t i o n flow a f t e r uptake i n the t r a n s p o r t t i s s u e (xylem) f o l 
lowed by t r a n s l o c a t i o n i n t o neighboring c e l l r egions. 

The dressed grains were sown i n the s o i l at a depth of 3-4 cm. 
Swe l l i n g and germination followed as a r e s u l t of absorbing water from 
the ambient s o i l . I n t e r i m r e s u l t s at va r i o u s p o i n t s i n the develop
ment showed that during the s w e l l i n g phase up to 80% of the a c t i v e 
substance only s u p e r f i c i a l l y attached to the g r a i n during the d r e s s -

14 
i n g , was r a p i d l y t r a n s f e r r e d i n t o the s o i l . S p e c i a l C-analyses of 
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Figure 2. Macroautoradiographs of sprin g wheat pjants i n various 
stages of development a f t e r seed d r e s s i n g w i t h [ C]Baytan. 
(Reproduced wi t h permission from Ref. 19. Copyright 1982 
Pflanzenschutz-Nachrichten Bayer.) 
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Figure 3. Enlarged s e c t i o n s of microautoradiographs of f r e e z i n g 
microtome cross s e c t i o n s through wheat gra i n s a f t e r seed dressing 
w i t h [ CJBaytan ( i n t e r f e r e n c e phase contrast p i c t u r e s ) , (a) 
Schematic (25) of wheat g r a i n c e l l s t r u c t u r e s . Key: F, p e r i c a r p ; 
S, t e s t a ; AL, aleurone l a y e r ; and St , starchy endosperm. (b) 
Wheat grains immediately a f t e r treatment w i t h f C]Baytan. (c) 
Wheat grains a f t e r 6 days s w e l l i n g and germination i n the s o i l , 
(d) Wheat grains a f t e r 6 days s w e l l i n g and germination i n the 
s o i l (more g r e a t l y magnified). (Reproduced with permission from 
Ref. 19. Copyright 1982 Pflanzenschutz-Nachrichten Bayer.) 
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Figure 4. Microautoradiographs of f r e e z i n g microtome cross sec
t i o n s through a s p r i n g wheaj: embryo and the primary l e a f t i p 
a f t e r seed d r e s s i n g w i t h [ C]Baytan ( d a r k - f i e l d micrograph), 
(a) Cross s e c t i o n through the embryo 3 days a f t e r s w e l l i n g , (b) 
Cross s e c t i o n through the primary l e a f 30 days a f t e r sowing the 
dressed seed. (Reproduced w i t h permission from Ref. 19. Copy
r i g h t 1982 Pflanzenschutz-Nachrichten Bayer.) 
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s o i l segments confirmed t h a t , depending on the t e s t s o i l , a r a d i o a c 
t i v i t y d i s t r i b u t i o n gradient i s formed around the g r a i n up to a d i s 
tance of 8 cm. A "dr e s s i n g area 1 1 r e s u l t s around the g r a i n w i t h con
c e n t r a t i o n s of a c t i v e substance and/or metabolites decreasing out
wardly (26) . 

In recent s t u d i e s , when n o n - r a d i o a c t i v e l y dressed winter wheat 
grains were a l t e r n a t e l y planted i n a s e r i e s w i t h r a d i o a c t i v e l y dress
ed g r a i n s , r a d i o a c t i v i t y was detected i n the non-treated p l a n t s i n d i -

14 
e a t i n g an uptake of C - l a b e l l e d compounds from the " d r e s s i n g area" 
v i a the r o o t . Uptake was about the same order of magnitude as uptake 
v i a the g r a i n and se e d l i n
measurements and chemical a n a l y s i s w i l l confirm whether t h i s i s s t i l l 
the a c t i v e substance (28). I n o c u l a t i o n w i t h appropriate pathogens i s 
needed to determine whether the c o n c e n t r a t i o n of the a c t i v e substance 
i n the t i s s u e i s s u f f i c i e n t to provide p r o t e c t i o n against these i n 
f e c t i o n s . 

A c o n c l u s i o n from these s t u d i e s i s that c e r e a l d r e s s i n g may be a 
very economical method to prevent fungal p l a n t diseases i n the e a r l y 
phase of development. New s y s t e m i c a l l y a c t i v e substances of the 
t r i a z o l e type c o n t r o l the pathogenic f u n g i i n the seed as w e l l as on 
t h i s s u r f a c e . Uptake of the a c t i v e substance by the s e e d l i n g and i t s 
t r a n s p o r t i n t o the e p i g e a l p a r t s of the p l a n t r e s u l t s i n the p r o t e c 
t i o n of the se e d l i n g and the primary l e a f from both s o i l - and a i r 
borne fungal pathogens. This d e t a i l e d information combined w i t h the 
r e s u l t s of chemical and radiochemical analyses of t h i s type can pro
vide i n f o r m a t i o n to a i d i n the improvement of seed d r e s s i n g formula
t i o n s and techniques w i t h the o b j e c t i v e of applying only the appro
p r i a t e amount of a c t i v e substance and at the l o c a t i o n where p l a n t 
uptake i s most probable. 

Uptake of Triadimefon v i a the Leaves 

I f spraying i s c a r r i e d out during the p e r i o d of i n t e n s i v e l e a f d e v e l 
opment (e.g. during t i l l e r i n g and e s p e c i a l l y during development of 
the s t a l k s i n c e r e a l s ) , i t i s almost impossible to achieve uniform 
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d i s t r i b u t i o n on the p l a n t s u r f a c e s . Therefore, i n f o r m a t i o n on the 
14 

i n t e r n a l t r a n s p o r t of a new f u n g i c i d e w i t h the a i d of C - l a b e l l i n g 
i s important, i n order to f u l l y e x p l o i t t h e i r p o t e n t i a l broad spec
trum of a c t i v i t y . Only compounds w i t h a systemic e f f e c t can combat 
fungal diseases on the p l a n t as w e l l as e l i m i n a t e pathogens a f t e r 
i n f e c t i o n s ince the a c t i v e substance must penetrate i n t o the p l a n t 
t i s s u e and be transported to non-treated p l a n t p a r t s . 

The e f f e c t of a seed d r e s s i n g l a s t s only about 5-7 weeks a f t e r 
sowing. Therefore, a f o l i a r a p p l i c a t i o n i s needed to p r o t e c t the 
p l a n t i n the l a t e r stages of development e s p e c i a l l y as the t i l l e r s 
bear ears. A f u n g i c i d a l l
f o l i a r treatment i s t r i a d i m e f o n (Figure 1), another compound of the 
azole group (1, 3, 4 ) . To study the uptake and t r a n s p o r t of [benzene 

14 
r i n g - U - C ] t r i a d i m e f o n i n b a r l e y leaves, 6 - 14 yg ΑΙ/leaf (equal to 
225 g ΑΙ/ha) were a p p l i e d i n s t r i p s to the second developing l e a f 
(29). A p p l i c a t i o n was made to the b a s a l p a r t of the upper l e a f s u r 
face when the l e a f was almost completely developed. The untreated 
upper l e a f p a r t s were s h i e l d e d w i t h a p l a s t i c screen to prevent up
take of r a d i o l a b e l l e d m a t e r i a l v i a the gas phase. 

Macroautoradiographs (Figure 5) of the leaves were taken at 
v a r i o u s times a f t e r t r i a d i m e f o n a p p l i c a t i o n and c l e a r l y showed t r a n s -

14 
l o c a t i o n of C - l a b e l l e d compounds i n t o the untreated l e a f t i p r e 
gions. Under f i e l d c o n d i t i o n s , 28% of the r a d i o a c t i v i t y was found i n 
the l e a f t i p s w i t h i n 12 days. However, i n the greenhouse where e n v i 
ronmental c o n d i t i o n s (temperature, moisture and dew development) were 
more constant, 51% of the a c t i v e substance t r a n s l o c a t e d to the l e a f 
t i p s as l a t e r confirmed by Buchenauer and Roehner (28). The d i f f e r 
ence between f i e l d and greenhouse r e s u l t s demonstrates the i n f l u e n c e 
of p r e c i p i t a t i o n and dew formation on the p e r s i s t e n c e of the a c t i v e 
substance on the l e a f as w e l l as i t s uptake and i n t e r n a l t r a n s p o r t . 
The t r e a t e d l e a f s e c t i o n as w e l l as the untreated upper l e a f part 
remained completely protected against i n f e s t a t i o n w i t h mildew (Ery-
siphe graminis v a r . h o r d e i ) . At the same time, p r o t e c t i o n against 
mildew was observed i n the lower l e a f r e g i o n below the t r e a t e d l e a f 
s t r i p although r e t r a n s l o c a t i o n i n t o t h i s p a r t amounted to a maximum 
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dayO day 1 day 3 day 6 day 12 

Figure 5. T r a n s l o c a t i o n of r a d i o a c t i v i t y i n s p r i n g b a r l e y a f t e r 
t r e a t i n g the upper side of the lower h a l f of the l e a f w i t h 
[ C]triadimefon (macroautoradiographic r a d i o a c t i v i t y d e t e c t i o n ) . 
(Reproduced with permission from Ref. 19. Copyright 1978 
Pflanzenschutz-Nachrichten Bayer.) 
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of only 0.3% of the a p p l i e d r a d i o a c t i v i t y . However, the p r o t e c t i v e 
e f f e c t or r e d u c t i o n i n i n f e s t a t i o n was considerably weaker i n these 
untreated b a s a l regions. 

Microautoradiographs of the b a r l e y l e a f immediately a f t e r spray
i n g showed the r a d i o a c t i v e substance on the epidermis (Figure 6 ) . 
However, a s e q u e n t i a l time s e r i e s of microautoradiographs of c r y o s t a t 
l e a f s e c t i o n s (8 ym) shows that t r i a d i m e f o n and/or i t s metabolites 
are r a p i d l y taken up (Figure 7). Subsequent tran s p o r t takes place 
almost e x c l u s i v e l y w i t h the t r a n s p i r a t i o n flow i n the xylem. This 
t r a n s p o r t system i s then r a p i d l y abandoned again so the a c t i v e sub
stance and/or metabolite t f th  t r a n s p o r t a t i o  strea d 
are found i n a l l l e a f c e l l

I f the t r i a d i m e f o n spraying reaches the upper surface of the 
b a s a l t h i r d of the l e a f i n c l u d i n g the l e a f sheath (Figure 8 ) , then 
the transverse t r a n s p o r t through the l e a f sheath i n t o the adjacent 
newly developed leaves i s observed. In t h i s way, up to approximately 
20% of the a c t i v e substance and/or i t s metabolites can migrate i n t o 
the newly developing untreated leaves. The r e l a t i v e l y mobile a c t i v e 
substance or i t s metabolites then are r a p i d l y transported w i t h i n the 
l e a f v i a the xylem, so that both the t r e a t e d as w e l l as the untreated 
p a r t s of the l e a f can become depleted w i t h an accumulation of the 
a c t i v e substance i n the l e a f t i p s and margins (Figures 5 and 8)(29). 

Residue S i t u a t i o n i n the Cereal Grain 

This o n e - d i r e c t i o n a l t r a n s p o r t behavior r e s u l t s i n a l e a f t r e a t e d 
w i t h f u n g i c i d e being protected as a whole. A c t i v e substance i s 
transported i n t o the a p i c a l region of newly developing leaves; how
ever, r e d i s t r i b u t i o n i n t o these leaves i s l i m i t e d because the a c t i v e 
substance must f i r s t be transported downward i n the phloem of the 
t r e a t e d developed l e a f before i t can be transported v i a the xylem to 
the a p i c a l r e g i o n of the newly developing l e a f . For f u n g i c i d a l com
pounds l i k e t r i a d i m e n o l and t r i a d i m e f o n , which are predominantly i f 
not e x c l u s i v e l y transported i n the xylem, t h i s type of t r a n s p o r t 
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Figure 6. Mi c r o a u t o r a d i o g r a p h y d e t e c t i o n of f CItr i a d i m e f o n 
immediately a f t e r being sprayed onto the epidermal c e l l s of a 
ba r l e y ( l e a f cross s e c t i o n using i n t e r f e r e n c e phase c o n t r a s t ) . 

In Fungicide Chemistry; Green, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



66 FUNGICIDE CHEMISTRY 

Figure 7. R a d i o a c t i v i t y i n bar l e y l e a f t i s s u e j£ter t r e a t i n g the 
upper side of the lower h a l f of the l e a f w i t h [ C]tr i a d i m e f o n 
(microautoradiography d a r k - f i e l d micrograph). (Reproduced with 
permission from Ref. 19. Copyright 1978 Pflanzenschutz-
Nachrichten Bayer.) 
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behavior can be an advantage since the a c t i v e substance and/or meta
b o l i t e s do not accumulate i n the developing seeds or g r a i n . 

This i s i l l u s t r a t e d by data presented i n Figure 9 (30). The 
^ C - l a b e l l e d f l u o t r i m a z o l e (Figure 1) was sprayed onto s p r i n g b a r l e y 

2 
i n two l y s i m e t e r s (0.96 m each) using a chromatographic sprayer (30, 
31). Spring b a r l e y at the K-stage p r i o r to ear formation was sprayed 
w i t h e i t h e r the a g r i c u l t u r a l use ra t e of 125 g/ha or a 2x rat e (250 
g/ha). At ha r v e s t , 57 days a f t e r treatment, about 1/3 of the a p p l i e d 
r a d i o a c t i v i t y was recovered i n the straw, c h a f f and g r a i n (Figure 9). 
A c t i v e substance equivalent to 5.3 mg/kg of straw r e s u l t e d from the 
s i n g l e dose and about twic
the residue t r e a t e d w i t h the 2x con c e n t r a t i o n . About 97% of the 
t o t a l r a d i o a c t i v e substances ( f l u o t r i m a z o l e and metabolites) were 
l o c a t e d i n the leaves of the r i p e s p r i n g b a r l e y w i t h l i t t l e r a d i o 
a c t i v i t y found i n the s t a l k s , c h a f f and g r a i n . 

The nature and d i s t r i b u t i o n of the r a d i o l a b e l l e d a c t i v e sub
stances and metabolites were determined using t h i n l a y e r and gas 
cochromatography i n combination w i t h l i q u i d s c i n t i l l a t i o n counting. 
About 76% of the r a d i o a c t i v i t y found i n the straw was f l u o t r i m a z o l e 
and 14% was c a r b i n o l , the major metabolite (31). The awns, chaff and 
g r a i n , on the other hand, contained only traces of r a d i o a c t i v i t y , 
l e s s than 0.1% of the a p p l i e d r a d i o a c t i v i t y (Figure 9) w i t h the f l u o 
t r i m a z o l e e q u i v a l e n t s i n the g r a i n computed to be l e s s than 0.01 
mg/kg f o r both spray c o n c e n t r a t i o n s . F l u o t r i m a z o l e d i s p l a y s only a 
locosystemic a c t i o n and i s probably only t r a n s l o c a t e d i n the xylem to 
a very l i m i t e d extent. The new growth, f o r example the ears, only 
r e c e i v e s a s m a l l amount of a c t i v e substance v i a the phloem. 

Conclusions 

These examples c l e a r l y show that i t i s not always d e s i r a b l e to de
velop f u l l y systemic p l a n t p r o t e c t i o n compounds, i . e . substances 
which migrate e q u a l l y w e l l both i n the xylem and i n the phloem. 
Transport i n the xylem i s o f t e n s u f f i c i e n t to e f f e c t i v e l y p r o t e c t the 
p l a n t . Due to the physiology of the p l a n t , the storage organs which 
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Figure 8. Uptake and t r a n s l o c a t i o y  s p r i n g y 
a f t e r t r e a t i n g the upper s i ^ g of the lower t h i r d of the l e a f , i n c l u d 
ing the l e a f sheath, w i t h [ C]triadimefon (macroautoradiographic 
r a d i o a c t i v i t y d e t e c t i o n ) . (Reproduced w i t h permission from Ref. 19. 
Copyright 1978 Pflanzenschutz-Nachrichten Bayer.) 

Figure 9. D i s t r i b u t i o n of r a d i o a c t i v i t y and computed a c t i v e substance 
ecmivalents i n r i p e s p r i n g b a r l e y 57 days a f t e r being treated w i t h 
[ C ] f l u o t r i m a z o l , sprayed r a d i o a c t i v i t y equals 100. (Reproduced w i t h 
permission from Ref. 30. Copyright 1981 V e r l a g Eugen Ulmer.) 
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are used as fodder or for human nutrition are least contaminated. 
The translocation and accumulation of the fungicide could only be 
determined using the radiocarbon C active substance. 

The fluotrimazole results indicate that this is a very sensitive 
method. With the aid of radioactive labelling, it was computed that 
just 12.5 mg of active substance equivalents, i.e. compounds contain
ing radiocarbon from fluotrimazole labelling, would be contained in 
the per hectare yield of 6,000 kg of spring barley (30, 31). Radio
isotope labelling increases detection sensitivity to such an extent 
that even the slightest traces of residual carbon from an organic 
molecule can be quantified i  th  newl  developin  storag  tissue
The active substance, wit
tivity even when applied at a very low quantity, can st i l l be charac
terized and identified by the combined methods of gas chromatography 
with mass spectrometry. For example, in an experiment where [3- C] 
metamitron, a triazine herbicide, had been sprayed preemergence to 
sugar beets (32), about 25% of the radiocarbon found in the sugar 
beets at harvest (188 days after spraying) had been utilized to form 
saccharose, probably derived from mineralized C0̂  (33) . 

The recent studies with "C-labelled triazole fungicides attempt 
to gather information on residue analysis and biotests by applying 
macro- and microautoradiographic methods. Information about fungi
cide uptake and transport behavior in plants, the orders of magnitude 
of the active fractions and indications concerning the residue situa
tion in the plant can be evaluated. The use of specialized radioiso
tope techniques in applied practical agriculture has been demon
strated. These studies not only improve the application of these 
compounds but also assist the consumer by learning more about the 
residue in his food after treatment with a chemical plant protectant. 
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4 
The Pathogenesis of Plant Diseases 
The Effect of Modern Fungicides 

Hans Scheinpflug 

Bayer AG, Agrochemical Division, Research and Development, Biological Research, 
D5090 Leverkusen, Federal Republic of Germany 

Most of the older conventional fungicides such as the copper com
pounds, the dithiocarbamates, and the halogenalkylmercapto-imids 
(e.g. Captan) can be classified  broad-spectru  bio
cides. In general, thes
by the plant and inhibi  spor  germinatio  funga  pathogen y 
contact activity. In order to prevent infection, they must be 
present on the surface of the plant at or before appearance of the 
pathogen and are suited for prophylactic use only, which requires a 
uniform film on the plant surface. These characteristics limit the 
possibility of successful disease control, and in many cases exclude 
it. 

In contrast to these technically old-fashioned chemicals, 
compounds have been developed which differ in their chemical struc
ture and mode of action. In addition to inhibiting spore germina
tion, they interfere with different processes during the host coloni
zation. These chemicals are absorbed and often translocated inter
nally throughout the host plant. Translocated chemicals can have an 
inner-therapeutic action, stopping infection during and after the 
incubation period; in other words, they may act curatively or eradi-
catively. Histological and cytological studies were conducted to 
investigate the influence of several of these fungicides on various 
stages of fungal plant pathogens. 

Over the last few years, a number of papers have described the 
influence of the azole fungicides on fungal growth and the important 
points of attack in the host-pathogen-system. In this paper several 
of these results will be presented. 

Fungicide Mediated Morphological and Ultrastructural Changes of Fungi 

Most of the work on the mode of action of the azole fungicides has 
been conducted with Ustilago species. In early experiments by 
Buchenauer (2), i t was evident that triadimefon caused the sporidia 
of Ustilago avenae to lose their capacity for normal ce l l division. 
In nutrient solutions containing the fungicides, the sporidia, which 
normally separate after division, remained bound in mycelial-like 
clusters. 
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A f t e r treatment of IK avenae w i t h t r i a d i m e f o n , nuarimol or other 
compounds w i t h the same mode of a c t i o n , s e v e r a l d i s t i n c t morphologi
c a l changes could be seen at the u l t r a s t r u c t u r a l l e v e l . This mainly 
c o n s i s t e d of t h i c k e n i n g of the p e r i p h e r a l c e l l w a l l and of incomplete 
formation of septa, r e s u l t i n g i n a l a c k of c e l l d i v i s i o n of a m u l t i -
branched mycelium. 

Further morphological and u l t r a s t r u c t u r a l changes could be 
determined using t h i n s e c t i o n i n g and freeze e t c h i n g : 

a) Considerable v a c u o l i z a t i o n and accumulation of l i p i d bodies 
b) Degeneration of i n t r a c e l l u l a r o r g a n e l l e s and membranes, 

e s p e c i a l l y the endoplasmatic r e t i c u l u m 
c) Deformation of the plasmalemma 
d) I r r e g u l a r aggregation of intramembrane p a r t i c l e s 
e) Regular, hexagonal c l u s t e r i n g of intramembrane p a r t i c l e s 

Richmond (12) mad  s i m i l a  observation  w i t h B o t r y t i  a l l i i
P r i n g (11) s t u d i e d Uromyce
beans and P u c e i n i a r e c o n d i t
conducted i n the i n t a c t host-pathogen system c o r r e l a t e d w e l l w i t h the 
changes observed i n n u t r i e n t s o l u t i o n . 

Influence of Triadimefon, Triadimenol and B i t e r t a n o l on the Patho
genesis of Several Fungal Diseases 

I n v e s t i g a t i o n s w i t h s e v e r a l host-pathogen-systems have shown that the 
azole f u n g i c i d e s can have three e f f e c t s : 

a) A d i r e c t i n f l u e n c e on the pathogen by i n t e r f e r i n g w i t h i t s 
s t e r o l s y n t h e s i s system 

b) An i n d i r e c t i n f l u e n c e on the pathogen by the r e a c t i o n of 
the host p l a n t 

c) An e p i d e m i o l o g i c a l e f f e c t by reducing the inoculum poten
t i a l 

I nfluence on the Pathogenesis of Erysiphe graminis on Barley and 
Wheat. In a d d i t i o n to c o n i d i o s p o r e s , which are formed i n response to 
weather c o n d i t i o n s i n s h o r t e r or longer generation c y c l e s , c l e i s t o -
t h e c i a a l s o bear spores which are formed as a r e s u l t of a sexual 
process and develop before the r i p e n i n g of the c e r e a l s . A f t e r a 
p r o t e c t i v e treatment w i t h t r i a d i m e f o n , i n concentrations ranging from 
0.001% - 0.025 % a . i . , and a f t e r a seed treatment w i t h 7.5 g - 27.5 g 
ai/100 kg seed, i t was found that spore germination, as w e l l as 
development of a p p r e s s o r i a of E. graminis f. sp. h o r d e i were not 
a f f e c t e d (13). 

C e r t a i n changes i n appearance of the a p p r e s s o r i a were noted; 
however, the f u n c t i o n of the a p p r e s s o r i a was not i n f l u e n c e d ( 7 ) . 
Treatment d i d not a f f e c t the formation of the i n f e c t i o n peg. Addi
t i o n a l l y , there was no i n f l u e n c e of the treatment on the formation of 
c e l l w a l l a p p o s i t i o n s , termed p a p i l l a e , which are produced by the 
host p l a n t i n response to the fungus beneath the s i t e of p e n e t r a t i o n . 

The f i r s t notable d i f f e r e n c e between t r e a t e d and untreated 
occurred when the fungus forms primary h a u s t o r i a . At the beginning 
of the normal formation of h a u s t o r i a , which takes place j u s t one day 
a f t e r i n o c u l a t i o n , the e x t r a h a u s t o r i a l membrane shows a l i g h t t h i c k 
ening and d i s t e n s i o n . L a t e r on h a u s t o r i a which develop i n untreated 
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p l a n t s are c h a r a c t e r i z e d by w e l l formed " f i n g e r s " (Figure 1). The 
e f f e c t of tri a d i m e f o n as a spray a p p l i c a t i o n and of t r i a d i m e n o l as a 
seed d r e s s i n g were b a s i c a l l y the same, i n h i b i t i n g the t y p i c a l forma
t i o n of these s t r u c t u r e s or they underwent abnormal development 
(Figures 2, 3, 4) (13). 

On the f o u r t h and f i f t h day a f t e r i n o c u l a t i o n of the t r e a t e d 
p l a n t s , s t a i n a b l e deposits form on the h a u s t o r i a . These c o n s i s t 
mainly of polysaccharides and are probably formed by the host p l a n t 
(Figure 4 ) . The m a t e r i a l i s the same as that i n the p a p i l l a e formed 
by the plan t i n response to the pe n e t r a t i o n i n f e c t i o n peg. This 
encapsulation can be completed 4 to 8 days a f t e r i n o c u l a t i o n and 
induces the fungus to stop development and blocks the formation of 
secondary h a u s t o r i a (Figure 5) (13). 

I t i s of s p e c i a l i n t e r e s t that the type of encapsulation seen i n 
ba r l e y v a r i e t i e s w i t h high r e s i s t a n c e against powdery mildew i s the 
same as that seen i n th  azol  f u n g i c i d  t r e a t e d p l a n t s  Thi
suggests that the f u n g i c i d
i n the host p l a n t . 

Encapsulation of h a u s t o r i a could a l s o be seen a f t e r c u r a t i v e 
f u n g i c i d e treatment. Primary h a u s t o r i a u s u a l l y were not encased but 
a l l h a u s t o r i a produced during and a f t e r the treatment were d i s t i n c t l y 
encapsulated, causing a complete i n h i b i t i o n of fungal growth and 
bl o c k i n g spore formation. 

Triadimefon at 250 ppm a i was sprayed on young mildew p u s t u l e s . 
A f t e r 24, 48 and 72 hours, spores from t r e a t e d pustules were har
vested and te s t e d f o r t h e i r c a p a c i t y to germinate and cause i n f e c 
t i o n ( 7 ) . I t was found, that the number of germinating spores which 
caused i n f e c t i o n decreased w i t h i n c r e a s i n g time (Table I ) . The 
change i n appearance of the mildew pustules a f t e r treatment i s shown 
i n Figures 6 and 7 (7). 

Table I . Percent I n f e c t i o n of Barley by Conidia from 
Bayleton-Treated Powdery Mildew P u s t u l e s , 

i n R e l a t i o n to Time of A c t i o n . 

Percent E. graminis 
Time of A c t i o n f. sp. hordei I n f e c t i o n * 

(Hrs.) BAYLETON Untreated** 
24 56 94 
48 27 91 
72 4 88 

*Means from 3 experiments using 10 p l a n t s per pot w i t h r e p l i c a t i o n s . 
**Percent of l e a f area i n f e c t e d . 

Influence on the Pathogenesis of Various P u c c i n i a Species of Small 
Grain C e r e a l s . Wheat stem r u s t ( P u c c i n i a graminis v a r . t r i t i c i ) i s 
an example of a macrocyclic r u s t fungus w i t h a l t e r n a t e h o s t s . The 
production of s e v e r a l generations of uredospores during the annual 
growth pe r i o d provides the b a s i s f o r an endemic appearance of the 
brown r u s t ( P u c c i n i a r e c o n d i t a ) , as w e l l as f o r the development of an 
epidemic of s t r i p e r u s t ( P u c c i n i a s t r i i f o r m i s ) . Kuck et a l . (6) 
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Figure 1. Haustoria of powdery mildew i n an untreated p l a n t . 
Note the presence of numerous well-developed " f i n g e r s " . (Repro
duced wi t h permission from Ref. 13. Copyright 1983 
Pflanzenschutz-Nachrichten Bayer.) 

Figure 2. Haustoria of powdery mildew w i t h abnormally formed 
e x t r a h a u s t o r i a l membrane a f t e r p r o t e c t i v e a p p l i c a t i o n of 0.005% 
Bayleton (3 days p o s t - i n o c u l a t i o n ) . (Reproduced with permission 
from Ref. 13. Copyright 1983 Pflanzenschutz-Nachrichten Bayer.) 
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Figure 3. Deformed haustorium of powdery mildew w i t h abnormally 
formed " f i n g e r s " a f t e r treatment w i t h 0.005% Bayleton (6 days 
p o s t - i n o c u l a t i o n ) . (Reproduced with permission from Ref. 13. 
Copyright 1983 Pflanzenschutz-Nachrichten Bayer.) 

Figure 4. Encased haustorium of powdery mildew a f t e r seed t r e a t 
ment w i t h Bayan 5 DS at 0.015 g/10 g seed (5 days post-
i n o c u l a t i o n , combined s t a i n i n g w i t h PAS and Coomassie B r i l l i a n t 
B l u e ) . (Reproduced w i t h permission from Ref. 13. Copyright 1983 
Pflanzenschutz-Nachrichten Bayer.) 
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Figure 5. Encapsulation of an 8-day-old haustorium of powdery 
mildew a f t e r the p r o t e c t i v e treatment w i t h Bayleton 25 WP 
( s t a i n e d w i t h Coomassie B r i l l i a n t B l u e ) . (Reproduced w i t h per
m i s s i o n from Ref. 13. Copyright 1983 Pflanzenschutz-Nachrichten 
Bayer.) 

Figure 6. Pustule of _E. graminis f. sp. hordei untreated (7 days 
p o s t - i n o c u l a t i o n ) . (Reproduced wi t h permission from Ref. 7. 
Copyright 1979 Pflanzenschutz-Nachrichten Bayer.) 

In Fungicide Chemistry; Green, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



4. SCHEINPFLUG 79 

worked w i t h stem r u s t ( P u c c i n i a graminis v a r . t r i t i c i ) to study the 
i n f l u e n c e of seed treatment w i t h t r i a d i m e n o l and p r o t e c t i v e and 
c u r a t i v e l e a f treatment w i t h t r i a d i m e f o n on the disease development. 
Neither spore germination nor formation of a p p r e s s o r i a were s t r o n g l y 
a f f e c t e d by the d i f f e r e n t treatments. Even the c o r r e c t l o c a t i o n of 
the a p p r e s s o r i a over a stoma was not d i s t u r b e d (Figure 8 ) . 

During the t y p i c a l i n f e c t i o n process, a small tube emerges from 
the appressorium w i t h i n 24 hours and, passing through the stomatal 
aperture, enters the substomatal c a v i t y where the substomatal v e s i c l e 
i s formed. I n t e r c e l l u l a r hyphae growing from the v e s i c l e produce 
mycelium which r a m i f i e s between host c e l l s . S p e c i a l i z e d t e r m i n a l 
c e l l s of the i n t e r c e l l u l a r hyphae, the h a u s t o r i a mother c e l l s (HMC), 
produce a p e n e t r a t i o n peg that enters the host c e l l and gives r i s e to 
the haustorium. 

One day a f t e r treatment the number of h a u s t o r i a l mother c e l l s 
was not i n f l u e n c e d i n th  t r i a d i m e n o l  t r i a d i m e f o n - t r e a t e
when compared w i t h the untreate
t i o n , 75% of the untreate
more than f i v e h a u s t o r i a l mother c e l l s compared to 20-30% i n t r e a t e d 
t i s s u e . In the time between 6 and 14 days a f t e r i n o c u l a t i o n , the 
untreated mycelium had grown so i n t e n s e l y that i t was impossible to 
count the HMC and s p o r u l a t i o n had begun. Development of m y c e l i a , 
which formed more than 5 h a u s t o r i a l mother c e l l s , slowed down to a 
considerable extent between day 6 and day 14 i n the t r e a t e d p l a n t s . 

With prolonged i n c u b a t i o n of t r e a t e d p l a n t s an i n c r e a s i n g number 
of n e c r o t i c host c e l l s could be v i s u a l i z e d i n epidermal and mesophyll 
c e l l s . In only a few cases, the i n f e c t i o n c y c l e proceeded to form 
sporogenic c e l l s ( 6 ) . Normally, h a u s t o r i a do not s t a i n b r i g h t blue 
using f l u o r e s c e n t dye; however, Kuck et a l . (5) modified the proce
dure to a l l o w observation of h a u s t o r i a . Host c e l l s a u t o f l u o r e s c e a 
b r i g h t y e l l o w when they become n e c r o t i c . 

Figure 9 shows a germinating spore on a t r e a t e d l e a f s u r f a c e , an 
appressorium p o s i t i o n e d above a stoma and two epidermal c e l l s which 
are attacked by the fungus. Their c h a r a c t e r i s t i c y e l l o w s t a i n 
i n d i c a t e s n e c r o t i c c e l l s c h a r a c t e r i s t i c of a h y p e r s e n s i t i v e r e a c t i o n . 

The next f i g u r e (Figure 10) demonstrates that the i n t e r c e l l u l a r 
mycelium i n the t r e a t e d t i s s u e advanced to the mesophyll c e l l s where 
i t e l i c i t e d a h y p e r s e n s i t i v e response w i t h i n c o l o n i z e d , as w e l l as i n 
adjacent c e l l s . The f u n g i c i d e treatment induced i n the s u s c e p t i b l e 
wheat v a r i e t y a r e a c t i o n ( h y p e r s e n s i t i v i t y ) which resembled that of a 
h i g h l y r e s i s t a n t host pl a n t a f t e r r u s t a t t a c k , as described e a r l i e r 
f o r powdery mildew and b a r l e y . 

Among the r u s t f u n g i , t h i s observation was not only r e s t r i c t e d 
to stem r u s t (P. graminis f. sp. t r i t i c i ) . Paul (9) could show a 
considerable d i f f e r e n c e between t r e a t e d and untreated p l a n t s i n the 
stage of substomatal v e s i c l e formation of brown r u s t (P. recondita) 
and, more pronounced, during the development of i n t e r c e l l u l a r myce
lium and h a u s t o r i a . A l s o , when i n f e c t e d wheat p l a n t s were t r e a t e d 
w i t h t r i a d i m e f o n p r i o r to the opening of the r u s t p u s t u l e s , these 
pustules f a i l e d to open. Further spreading of the fungus i n the 
leaves was stopped (14). 

Influence of B i t e r t a n o l on the Pathogenesis of V e n t u r i a i n a e q u a l i s 
(Apple Scab). Apple scab i s the most se r i o u s disease of apples and 
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Figure 7. Pustule of _E. graminis f. sp. hordei t r e a t e d w i t h 
Bayleton 4 days a f t e r and then photographed 7 days a f t e r i n o c u l a 
t i o n . (Reproduced w i t h permission from Ref. 7. Copyright 1979 
Pflanzenschutz-Nachrichten Bayer·) 

Figure 8. Germinated r u s t spore that has developed an appresso-
rium above a stoma. (Reproduced w i t h permission from Ref. 6. 
Copyright 1982 Pflanzenschutz-Nachrichten Bayer.) 

In Fungicide Chemistry; Green, M., et al.; 
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Figure 9. Three-day-old i n f e c t i o n i n wheat tr e a t e d with 
B a y l e t o n — g e r m i n a t i n g rust spore w i t h an appressorium p o s i t i o n e d 
above a stoma and two epidermal c e l l s w i t h h y p e r s e n s i t i v e reac
t i o n ( f luorescence microscopy m a g n i f i c a t i o n X 190, photograph 
reduced 80%). (Reproduced with permission from Ref. 6. Copy
r i g h t 1982 Pflanzenschutz-Nachrichten Bayer.) 

Figure 10. Seven-day-old rust i n f e c t i o n i n wheat treated w i t h 
Bayleton showing h y p e r s e n s i t i v e r e a c t i o n of mesophyll c e l l s (mag
n i f i c a t i o n X 190, photograph reduced 80%). (Reproduced wi t h per
mission from Ref. 6. Copyright 1982 Pflanzenschutz-Nachrichten 
Bayer.) 
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i s found i n a l l areas of the world where apples are p r e s e n t l y grown. 
In most cases, a well-timed chemical spray program has to be f o l 
lowed i n order to c o n t r o l the disease. There i s great i n t e r e s t i n 
developing compounds w i t h a c u r a t i v e e f f e c t , compounds which are able 
to c o n t r o l the disease a f t e r the establishment of the pathogen. 

The disease c y c l e of apple scab (Venturia i n a e q u a l i s ) s t a r t s i n 
s p r i n g w i t h ascospores, which are discharged from a s c i , causing 
primary i n f e c t i o n i n the new leaves. During the summer, s e v e r a l 
generations of a s e x u a l l y formed c o n i d i a are produced which may cause 
i n f e c t i o n i n the same way as ascospores do. 

Spore germination as w e l l as appressorium formation were unaf
f e c t e d by b i t e r t a n o l (Figure 11)(10). The dimension of the s u b c u t i 
c u l a r stroma produced by the fungus was s i g n i f i c a n t l y s m a l l e r i n 
b i t e r t a n o l t r e a t e d leaves. Three days a f t e r i n o c u l a t i o n , numerous 
hyphae arose from the s u b c u t i c u l a r stroma and kept growing between 
the c u t i c u l e and the oute  c e l l w a l l f th  untreated epidermal c e l l
(Figure 12)(1). 

The development of
treatment (Figure 13), and seven days a f t e r i n o c u l a t i o n the stroma 
s t a r t e d to t u r n brown and to d i s i n t e g r a t e (Figure 14). At the same 
time the fungus i n the untreated leaves began to sporulate (1). 

I f leaves are t r e a t e d w i t h b i t e r t a n o l by 72 to 96 hours a f t e r 
i n o c u l a t i o n , the pathogen has already formed a stroma and the subcu
t i c u l a r mycelium has developed (Figure 15)(1). Three days a f t e r 
treatment one can see that the mycelium has stopped growing and the 
production of spores i s suppressed (Figure 16)(10). S i x days a f t e r 
the f u n g i c i d e treatment, the stroma turns brown and s t a r t s to d i s i n 
t e grate (Figure 1 7 ) ( O , but the fungus has already sporulated on the 
untreated leaves (Figures 18, 19)(10). 

A f u n g i c i d e treatment s h o r t l y before or at the beginning of 
c o n i d i a production caused a sharp r e d u c t i o n of c o n i d i a formation. 
This could be demonstrated by counting c o n i d i a of t r e a t e d and un
t r e a t e d specimens. In a d d i t i o n to t h i s , the t r e a t e d l e s i o n s turned 
brown and became n e c r o t i c because the fungus had stopped growing (1). 

Summary 

Azole f u n g i c i d e s cause considerable morphological and u l t r a s t r u c t u r a l 
changes of fungal p l a n t pathogens. These e f f e c t s occur not only 
under i n v i t r o c o n d i t i o n s , but they can a l s o be observed i n the 
i n t a c t host-pathogen-system. These f u n g i c i d e s act as p r o t e c t a n t s and 
as c u r a t i v e agents when a p p l i e d against powdery mildew on c e r e a l s . 
Fungal spore germination and formation of a p p r e s s o r i a remain almost 
unchanged a f t e r treatment. These f u n g i c i d e s cause encapsulation of 
h a u s t o r i a . In t h i s way, the uptake of n u t r i e n t s by the fungus can be 
reduced or stopped. 

Spore germination and a p p r e s s o r i a formation during the patho
genesis of r u s t f u n g i i s a f f e c t e d to a very low extent. The i n t e r 
ference w i t h h a u s t o r i a l formation i s the most important e f f e c t . 
Colonized c e l l s undergo a h y p e r s e n s i t i v i t y r e a c t i o n ; f i n a l l y they 
become n e c r o t i c . Further development of the o b l i g a t e p a r a s i t e i s 
t h e r e f o r e stopped. 

Spore germination of V e n t u r i a i n a e q u a l i s , the apple scab fungus, 
i s a l s o unaffected by the s t u d i e d azole f u n g i c i d e s . They prevent 

In Fungicide Chemistry; Green, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



4. SCHEINPFLUG Pathogenesis of Plant Diseases 83 

Figure 11. Germinating spore of V e n t u r i a i n a e q u a l i s on a 
b i t e r t a n o l - t r e a t e d l e a f . (Reproduced w i t h permission from Ref. 
10. Copyright 1983 Pflanzenschutz-Nachrichten Bayer.) 

Figure 12. Development of the s u b c u t i c u l a r stroma and mycelium 
of V e n t u r i a i n a e q u a l i s i n an untreated l e a f 3 days post-
i n o c u l a t i o n . (Reproduced w i t h permission from Réf. 1. Copyright 
1981 Pflanzenschutz-Nachrichten Bayer.) 

In Fungicide Chemistry; Green, M., et al.; 
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Figure 13. Suppressed development of the apple scab fungus i n a 
l e a f that was treated w i t h b i t e r t a n o l before i n o c u l a t i o n (photo
graphed 3 days p o s t - i n o c u l a t i o n ) . (Reproduced w i t h permission 
from Réf. 1. Copyright 1981 Pflanzenschutz-Nachrichten Bayer.) 

Figure 14. Stroma s t a r t i n g to turn brown and to d i s i n t e g r a t e 
a f t e r treatment w i t h b i t e r t a n o l (7 days p o s t - i n o c u l a t i o n ) . 
(Reproduced w i t h permission from Réf. 1. Copyright 1981 
Pflanzenschutz-Nachrichten Bayer.) 
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Figure 15. Stage of c u r a t i v e treatment w i t h b i t e r t a n o l showing 
s u b c u t i c u l a r mycelium (3 days p o s t - i n o c u l a t i o n ) . (Reproduced 
w i t h permission from Réf. 1. Copyright 1981 Pflanzenschutz-
Nachrichten Bayer.) 

Figure 16. Three days a f t e r the c u r a t i v e treatment with b i t e r 
t a n o l , the c o n i d i a are unable to p i e r c e the c u t i c u l e (scanning 
e l e c t r o n microscopy, m a g n i f i c a t i o n X 600, photograph reduced 
80%). (Reproduced wi t h permission from Ref. 10. Copyright 1983 
Pflanzenschutz-Nachrichten Bayer.) 
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Figure 17. S i x days a f t e r the b i t e r t a n o l treatment, the stroma 
s t a r t to turn brown and d i s i n t e g r a t e . (Reproduced with permis
s i o n from Réf. 1. Copyright 1981 Pflanzenschutz-Nachrichten 
Bayer.) 

Figure 18. Conidiophores and r i p e c o n i d i a on the l e a f surface of 
the untreated c o n t r o l 10 days p o s t - i n o c u l a t i o n ( m a g n i f i c a t i o n X 
600, photograph reduced 80%). (Reproduced w i t h permission from 
Ref. 10. Copyright 1983 Pflanzenschutz-Nachrichten Bayer.) 
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Figure 19. Ripe c o n i d i a borne on t h e i r conidiophores (magnifie; 
t i o n X 3300, photograph reduced 80%). (Reproduced w i t h permis
s i o n from Ref. 10. Copyright 1983 Pflanzenschutz-Nachrichten 
Bayer.) 
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subcuticular growth of the fungus as well as conida formation. Since 
this effect is also achieved during the incubation period, these 
fungicides are suitable for curative use. Because of their systemic 
properties and their eradicative effect, these products are ideal as 
chemical control agents and especially suitable for integrated pest 
management. 
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Progress in the Chemical Control of Diseases Caused 
by Oomycetes 

F. J. Schwinn and P. A. Urech 

Research and Development Department, Agricultural Division, Ciba-Geigy Limited, 
CH-4002 Basel, Switzerland 

Among the fungi, the class Oomycetes is by number the smallest of the 
five classes, comprising some 70 genera with 500 species  However
in many respects, they
ce l l walls differ from
contain cellulose instead of chit in; 2) they do not synthesize 
sterols; 3) their l i f e cycle is diploid (in contrast to all other 
fungi); and 4) they form motile spores (zoospores). 

Their classification is shown in Figure 1. From the phyto-
pathologist's point of view, the Peronosporales are the most impor
tant order with the Peronosporaceae as the major family. Plant 
diseases caused by Peronosporales can be put into the three following 
groups: 1) foliar diseases, mainly downy mildews and late blight; 2) 
root and crown diseases, such as damping-off, seedling blights, root, 
collar and stem rot on annual and perennial crops; and 3) systemic 
diseases, that is diseases caused by infection of the roots from the 
so i l or seed, distribution of the pathogen by the vascular system of 
the plant and manifestation of symptoms at the vegetation point or on 
the foliage. Most annual or perennial agronomical, horticultural and 
ornamental crops (such as grapes, potatoes, tobacco, tomato, hops, 
citrus, sunflowers, vegetables and soybeans), both in temperate and 
tropical climates, can be attacked by Peronosporales (Table I)(29, 
revised). The potential of the Peronosporales to result in epidemics 
within very short periods of favorable climatic conditions makes them 
an extremely devastating group of plant pathogens, the control of 
which has been a high priority for a long time and at present, 
amounts to about 25% of the total world fungicide market (Figure 2). 

Until about ten years ago, protectant foliar fungicides (such as 
ethylene bis-dithiocarbamates and phthalimides) and so i l sterilants 
(such as vapam or methylbromide) were the only chemical means of 
controlling diseases caused by Oomycetes. These compounds are 
nonspecific biocides affecting many vital ce l l processes of both the 
pathogen and the host plant. This means that they are non-selective, 
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class 

order 

family 

genus 

Oomycetes Ascomycetes Basidiomycetes Deuteromycetes 

Pythium 
Phytophthor

Peronosporales 

1 1 
Pythiaceae 

(non-obligate) 
Peronosporaceae 

(obligate) 
Downy Mildews 

Albuginaceae 
(obligate) 

Peronosporaceae 
(obligate) 

Downy Mildews 

Peronospora Albugo 

Peronosclerospora 
Sclerospora 
Sclerophthora 

Figure 1. P l a n t pathogenic f u n g i . 

Grower level 1982 
2,1 Billion US $ 

Downy Mildews 

500 Mio US $ 

Figure 2. World f u n g i c i d e market. 
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Table I . : Major P l a n t Pathogens i n the Class Oomycetes (29) 

F o l i a r Pathogens Crop 
Plasmopara v i t i c o l a grape v i n e s 
Phytophthora spp. potatoes, tomatoes, cocoa 
Peronospora tabacina tobacco 

Root and Crown Pathogens Crop 
Pythium spp. sugar beets, vegetables, ornamentals 
Phytophthora spp. 

avocado, soybean, c i t r u s , apples, 

Systemic Pathogens Crop 
Peronosclerospora/ maize, sorghum, m i l l e t 
Sclerospora/Sclerophthora 

Plasmopara h a l s t e d i i sunflower 
Pseudoperonospora humuli hops 

and y e t , can be used f o r the s e l e c t i v e c o n t r o l of the pathogens. In 
the case of the s o i l s t e r i l a n t s , s e l e c t i v i t y i s achieved by the 
absence of the host p l a n t at the time of a p p l i c a t i o n , that i s , 
treatment before p l a n t i n g . The s e l e c t i v i t y of the f o l i a r p r o t e c t a n t s 
i s based on t h e i r non-penetration i n t o p l a n t t i s s u e . To be e f f e c 
t i v e , they must be a p p l i e d before i n f e c t i o n occurs and must be 
present on the pl a n t surface as long as i t i s s u s c e p t i b l e . In view 
of t h e i r exposure to r a i n f a l l and weathering, t h i s r e q u i r e s repeated 
a p p l i c a t i o n s at f a i r l y high dosage r a t e s . The l i m i t a t i o n s of these 
p r o t e c t i v e f u n g i c i d e s are obvious: they do not a f f e c t e s t a b l i s h e d 
l o c a l i n f e c t i o n s and cannot c o n t r o l systemic diseases. On the other 
hand, when used p r o p e r l y w i t h narrow spray i n t e r v a l s and over the 
whole season, they have provided good p r o t e c t i o n from diseases over 
many decades and s t i l l continue to do so, as long as no se r i o u s 
epidemics develop. 

W i t h i n the past ten years, the market i n t r o d u c t i o n of s e v e r a l 
new types of fu n g i c i d e s has s i g n i f i c a n t l y improved the prospects of 
c o n t r o l l i n g the Oomycetes. They belong to f i v e d i f f e r e n t chemical 
c l a s s e s : the carbamates, the i s o x a z o l e s , the cyanoacetamide oximes, 
the e t h e y l phosphonates, and the a c y l a l a n i n e s and r e l a t e d compounds. 
The chemical s t r u c t u r e s of those chemicals that have reached the 
commercial l e v e l are shown i n Figures 3-5 (29, r e v i s e d ) . Trade 
names, formulations and f i r s t r e p o r t s are summarized i n Table I I (29, 
r e v i s e d ) . The b i o l o g i c a l c h a r a c t e r i s t i c s of these new fu n g i c i d e s and 
t h e i r impact on disease c o n t r o l have been reviewed by s e v e r a l authors 
(10, 16, 27, 28, 29, 33). 
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Carbamates 

prothiocarb (Schering, SN 41703) 

C H 3 s 

CH3-
^N-(CH 2)3-NH-C-S-C 2H5 · HCI 

propamocarb (Schering, SN 66752) 

^N- (CH 2 h-NH-C-0 -C 3 H 7 · HCI 
C H 3

/ g 

Isoxazoles 

hymexazol (Sankyo, F-319, SF-6505) 

r-T 
C r O c / 

Cyanoacetamide-oximes 
cymoxanil (Du Pont, DPX 3217) 

C 2 H 5 -NH-CO-NH-CO-C

Ethyl phosphonates 
fosetyl (Rhône-Poulenc, LS 74-783) 

->3 

Figure 3. Chemistry of new f u n g i c i d e s against Oomycetes ( I ) . (S2.) 

Phenylamides 

Acylalanines 
metalaxyl (Ciba-Geigy, CGA 48988) 

,CH 3 CH 3 

f - \ ^ C H - C O O C H , 

\ = \ ^ C O - C H 2 - O C H 3 

CH 3 

furalaxyl (Ciba-Geigy, CGA 38140) 

CH 3 CH 3 

jf\ CH-C00CH 3 

0 

benalaxyl (Montedison, M 9834) 

y CH 3 ÇH3 

£H-C00CH 3 

- Ν 
\ = / ^C0-CH 2 

CH 3 

Figure 4. Chemistry of new f u n g i c i d e s against Oomycetes ( I I ) . 

In Fungicide Chemistry; Green, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



SCHWINN AND URECH Control of Diseases Caused by Oomycetes 

Acylamino-Butyrolactones 
ofurace (Chevron  RE 20615) cyprofura  (Scherin  SN 78314) 

Acylamino-Oxazolidinones 
oxadixyl (Sandoz, SAN 371 F) 

C H 3 I \ 
. / Ν Ο 

f > < Y 
\ = / C O - C H - O C H , 

C H 3 

Figure 5. Chemistry of new fu n g i c i d e s against Oomycetes ( I I I ) . 
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( i n order ο f t h e i r i n t r o d u c t i o n ) 

Common Name 
Trade Name(s) 
Formulation(s) Chemical Group 

F i r s t 
Report 

pro t h i o c a r b PREVICUR S 70 ; SCW carbamates 1 

hymexazol TACHIGAREN is o x a z o l e s 42, 43 

cymoxanil CURZATE ; WP cyanoacetamide- 34 

f u r a l a x y l FONGARID ; WP, G a c y l a l a n i n e s 30, 31 

f o s e t y l A l ALIETTE ; WP e t h y l phospho-
nates 

4 

46 

metal a x y l RIDOMIL ; WP, G 
ACYLON ; WP 
APRON ; SD 

a c y l a l a n i n e s 44 

propamocarb PREVICUR Ν ; SCW carbamates 25 

milfuram PATAFOL ; WP butyrolactones 23 

be n a l a x y l GALBEN ; WP, G ac y l a l a n i n e s 3 

cyprofuram VINICUR ; WP butyrolactones 2 

o x a d i x y l SANDOFAN oxazolidinones 19 

The spectrum of a c t i v i t y of these compounds i s shown i n Table 
I I I . I t v a r i e s from hymexazol, w i t h an extremely narrow spectrum 
covering only the genus Pythium, to the phenylamides and r e l a t e d 
compounds covering a l l Peronosporales. The spectrum of f o s e t y l 
comprises even pathogens outside t h i s order, such as Guignardia 
b i d w e l l i i (black r o t of grapes), Phomopsis v i t i c o l a (dead-arm of 
grapes) and Pseudopeziza t r a c h e i p h i l a (red f i r e of grapes). The 
reasons f o r these s u r p r i s i n g d i f f e r e n c e s are unknown. 
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Table I I I : Spectrum of A c t i v i t y Against Peronosporales 

Fungicide and A c t i v i t y * 
p r o t h i o c a r b / hymex- cymox- f o s e t y l m e talaxyl 

Pathogens propamo- a z o l a n i l and r e l a t e d 
(Genera) carb compounds 

Pythium + + + + + 
Phytophthora 
on roots/stems + 
on f o l i a g e -

Peronospora 
on roots/stems + - - - + 
on f o l i a g e - - - - + 

Pseudoperonospora + - + + + 
Plasmopara - - + + + 
Bremia + - + + + 

Peronosclerospora/ _ _ + 
Sclerospora/ 
Sclerophthora 

Albugo - - - - + 
* + * h i g h l y a c t i v e 

- * no u s e f u l a c t i v i t y 

S i m i l i a r l y v a r i a b l e i s the systemic a c t i v i t y of these compounds, 
that i s the t r a n s l o c a t i o n i n the v a s c u l a r system of the p l a n t . In 
t h i s r e s p e c t , cymoxanil w i t h i t s very l o c a l i z e d d i s t r i b u t i o n , and 
f o s e t y l w i t h i t s f a s t and strong t r a n s l o c a t i o n both a c r o p e t a l l y and 
b a s i p e t a l l y , are the extremes (Table I V ) . From t h i s p o i n t of view, 
f o s e t y l i s the most remarkable s t r u c t u r e ; i t i s the only commercial 
p e s t i c i d e showing e f f e c t i v e a c r o p e t a l and b a s i p e t a l t r a n s l o c a t i o n at 
normal use r a t e s . 
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Table IV: S y s t e m i c i t y of the New Oomycetes Fungicides 

Chemical 

C h a r a c t e r i s t i c s of T r a n s l o c a t i o n 
l o c a l 

(penetration) a c r o p e t a l b a s i p e t a l 

p r o t h i o c a r b / 
propamocarb 

hymexazol 

cymoxanil 

f o s e t y l 

m e talaxyl 
(and r e l a t e d 
compounds) 

++ = s t r o n g , f a s t t r a n s p o r t 
+ - weak, slow tra n s p o r t 
(+) = depending on crop species 

- no t r a n s p o r t i n e f f e c t i v e q u a n t i t i e s 

The new compounds are used at s u b s t a n t i a l l y lower r a t e s than the 
conventional p r o t e c t a n t f u n g i c i d e s (Table V ) , thus reducing the 
amount of chemicals brought i n t o the environment. In a d d i t i o n , the 
a c y l a l a n i n e s can be used as seed dressings at extremely low r a t e s . 

Table V: Comparison of Rates 

Type of 
Disease 

Rates of 
Standards 

Rates of 
Systemics 

F o l i a r 1.5 - 2.4 kg/ha 
(Dithiocarbamates) 

ac: 0.25 kg/ha or 25 g/hl 
cy: 0.1 kg/ha or 12 g/hl 
f o : 1.5 kg/ha or 150 g/hl 

Root and 
Crown 

2 
2 - 4«g/m (Terrazole) 
5 g/m (Captafol) 

2 
s o i l f o : 4 - 8 g/m-
s o i l ac: 0 . 2 - 2 g/m 
f o l i a g e f o : 300 g/hl 
seed ac: 17 - 35 g/100 kg 

Systemic - seed ac: 70 - 210 g/100 kg 

ac = a c y l a l a n i n e s 
cy = cymoxanil 
fo = f o s e t y l 
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Despite the f a c t that the new compounds have been known and 
a v a i l a b l e f o r years, r e l a t i v e l y l i t t l e i s known about t h e i r mode of 
a c t i o n . Table VI r e f l e c t s the s t a t e of the a r t . The l a c k of 
informati o n i s p a r t i c u l a r l y s u r p r i s i n g i n the case of f o s e t y l and 
metalaxyl as f a r as t h e i r i n d i r e c t e f f e c t i s concerned, that i s , the 
s t i m u l a t i o n of the host p l a n t ' s defense r e a c t i o n s (e.g. formation of 
ph y t o a l e x i n s ) . I t i s f o r the f i r s t time i n the h i s t o r y of f u n g i c i d e s 
that such e f f e c t s have been reported. 

Table VI: Mode of A c t i o n of Oomycetes Fungicides 

Compound 
Mode of A c t i o n 

P h y s i o l o g i c a l Biochemical L e v e l 

p r o t h i o c a r b / 
propamocarb 

Inte r f e r e n c  w i t h membran
s t r u c t u r

Unknow

hymexazol Delayed growth i n h i b i t i o n M e t a b o l i t e i n h i b i t i n g 
RNA synthesis? 

cymoxamil Unknown I n h i b i t i o n of RNA syn
t h e s i s 

f o s e t y l D i r e c t f u n g i t o x i c i t y ; sec
ondary e f f e c t s v i a p l a n t 
defense 

Unknown 

metalaxyl D i r e c t f u n g i t o x i c i t y on 
mycelium; secondary e f 
f e c t s v i a p l a n t defense 

Single s i t e i n h i b i t i o n 
of RNA synt h e s i s 

The i n d i r e c t mode of a c t i o n has been po s t u l a t e d as the primary 
event i n the case of f o s e t y l (5, (3, j ^ , 20, 26). However, r e c e n t l y 
Fenn and Coffey (17) showed that f o s e t y l and phosphoric a c i d (H^PO^), 
the degradation product of f o s e t y l i n the p l a n t , e x h i b i t a strong 
f u n g i t o x i c e f f e c t i n v i t r o i f tes t e d i n a medium w i t h low phosphate 
content. In a d d i t i o n , H^PO^ h a s a s t r o n S f u n g i c i d a l e f f e c t i n the 
p l a n t . According to M. D. Coffey (1984, pers. comm.), f o s e t y l - r e s i s -
tant s t r a i n s s e l e c t e d under l a b o r a t o r y c o n d i t i o n s d i d not t r i g g e r the 
secondary e f f e c t s described above. This would suggest t h a t , i n 
cont r a s t to previous c l a i m s , the sequence of events i n the host pl a n t 
i s the f o l l o w i n g : 1) a primary d i r e c t t o x i c e f f e c t on the pathogen, 
leadi n g to a r e t a r d a t i o n or even c e s s a t i o n of fungal growth ( f u n g i -
s t a s i s ) ; 2) under such c o n d i t i o n s , n a t u r a l defense r e a c t i o n s of the 
host p l a n t , normally too weak i n s u s c e p t i b l e c u l t i v a r s , become 
e f f e c t i v e and k i l l the pathogen; 3) thus, the death of the pathogen 
i s due to combined a c t i o n of the f u n g i c i d e and the host p l a n t . 

When metalaxyl was used, n e c r o t i c r e a c t i o n s i n s u s c e p t i b l e crop 
c u l t i v a r s s i m i l a r to those of r e s i s t a n t ones, as w e l l as ph y t o a l e x i n 
accumulation, have been reported (12, 1̂ » 2Λ, 37, 41, 45). Here the 
use of m e t a l a x y l - r e s i s t a n t s t r a i n s could a l s o c l a r i f y the s i g n i f i -
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cance of these f i n d i n g s , i n p a r t i c u l a r concerning the accumulation of 
p h y t o a l e x i n s . 

Spectrum of a c t i v i t y , crop tolerance and s y s t e m i c i t y are the 
parameters d e f i n i n g the crop spectrum, the a p p l i c a t i o n method and the 
diseases c o n t r o l l e d by the d i f f e r e n t types of compounds, as shown i n 
Table V I I . 

Table V I I : Main Uses of the New Oomycetes Fungicides 

Main Target 
Compound Crops 

pr o t h i o c a r b "1 ornamentals
propamocarb J vegetables 

f u r a l a x y l ornamentals 

hymexazol r i c e , sugar beets-

Main Usage A p p l i c a t i o n 
Against Methods 

, p 
" r o o t s and stems J 

dust 

cymoxamil 

f o s e t y l 

m e t a l a x y l and 
r e l a t e d 
compounds 

v i t i c u l t u r e , 
a g r i c u l t u r a l 

- crops, 
vegetables, 
(ornamentals) -

f o l i a r diseases spray 

f o l i a r , root and spray, drench, 
~stem diseases d i p , i n j e c t i o n 

spray, drench, 
d i p , granule, 
seed d r e s s i n g 

From a p r a c t i c a l and commercial p o i n t of view, the compounds 
shown i n the lower part of Table V I I are of much greater importance 
than those i n the upper p a r t . Whereas, p r o t h i o c a r b , propamocarb, 
hymexazol, f u r a l a x y l have to be regarded as s p e c i a l t y products f o r 
s p e c i a l t y crops, those l i s t e d i n the lower part of the t a b l e have 
made broad a p p l i c a t i o n s i n a g r i c u l t u r e : cymoxanil due to i t s cura
t i v e a c t i o n which makes i t a v a l u a b l e mixing partner f o r p r o t e c t a n t s , 
f o s e t y l due to i t s upward and downward s y s t e m i c i t y , and metalaxyl and 
the other phenylamides due to t h e i r high l e v e l of p r o t e c t i v e and 
c u r a t i v e a c t i v i t y , combined w i t h a f a s t upward t r a n s l o c a t i o n i n the 
p l a n t . The o v e r a l l progress i n disease c o n t r o l achieved by them i s 
shown on Table V I I I , 
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Table V I I I : Progress Achieved by the New Oomycetes Fungicides 

Type of Comparative Performance 
Disease Standards Systemics 

F o l i a r 

Root and 
Crown 

Systemic 

Good, i f used p r o t e c 
t i v e l y and i n t e n s i v e l y 

U n s a t i s f a c t o r y 

I n e f f e c t i v e 

outstanding (ac) to 
good (cy, f o ) : f a s t uptake/ 
d i s t r i b u t i o n , c u r a t i v e 
a c t i o n 

E x c e l l e n t a f t e r s o i l 
a p p l i c a t i o n (ac, fo) or 
f o l i a r use (fo) 

Breakthrough ( a c ) ; high 
inherent a c t i v i t y  f a s t 

ac = a c y l a l a n i n e s 
cy = cymoxanil 
fo = f o s e t y l 

Concerning the h i s t o r y and b i o l o g i c a l c h a r a c t e r i s t i c s of the 
three product groups, my l e v e l of informat i o n i s not uniform. T h i s , 
and the f a c t that the a c y l a l a n i n e s are the l a r g e s t group, e x p l a i n s 
why more emphasis w i l l be put on them i n the remaining part of t h i s 
paper. While there i s l i t t l e i n formation about the h i s t o r y of the 
discovery of cymoxanil, there i s evidence (4) that the f u n g i c i d a l 
value of the e t h y l phosphonates was discovered by i n c i d e n t a l observa
t i o n i n a f i e l d t r i a l . Thus, the i n i t i a l step was a b i o l o g i c a l 
o bservation. 

The h i s t o r y of the a c y l a l a n i n e s began i n h e r b i c i d e research of 
Ciba-Geigy, L t d . , B a s e l , S w i t z e r l a n d . In the e a r l y s e v e n t i e s , a 
synth e s i s program was e s t a b l i s h e d aiming at new h e r b i c i d e s w i t h a 
broader spectrum of b i o l o g i c a l a c t i v i t y i n the c l a s s of a n i l i d e s . 
The replacement of the a l k o x y a l k y l moiety of the rape seed h e r b i c i d e 
dimethachlor (Teridox) by the e t h y l propionate s u b s t i t u e n t , as found 
i n the w i l d oats h e r b i c i d e benzoylprop-ethyl ( S u f f i x ) , l e d to a 
compound (CGA 22*574). This compound showed good h e r b i c i d a l a c t i v i t y 
and, s u r p r i s i n g l y , some systemic and c u r a t i v e f u n g i c i d a l e f f e c t 
against l a t e b l i g h t (Figure 6 ) . This n o v e l , yet weak, f u n g i c i d a l 
performance of CGA 22 1574 could have been e a s i l y overlooked i f the 
corresponding methyl e s t e r (CGA 29 1212) had not been prepared i n the 
course of the h e r b i c i d e synthesis program. This molecule e x h i b i t e d 
much stronger f u n g i c i d a l a c t i o n . I t outperformed a l l standards i n 
our f u n g i c i d e screening against the Peronosporales, both i n respect 
to r e s i d u a l and systemic behavior, as w e l l as to p r o t e c t i v e and 
cu r a t i v e a c t i v i t y . However, i t s p h y t o t o x i c i t y was the l i m i t i n g 
f a c t o r . In f u r t h e r synthesis programs, the h e r b i c i d a l e f f e c t could 
be e l i m i n a t e d by r e p l a c i n g the c h l o r o a c e t y l group by two other a c y l 
fragments, namely the 2 - f u r o y l group, thus l e a d i n g to f u r a l a x y l i n 
1973, and the methoxyacetyl group, l e a d i n g to metalaxyl i n 1974. 
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Figure 6. H i s t o r y of a c y l a l a n i n e s . 
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None of the many hundred analogues synthesized since then by 
Ciba-Geigy has l e d to a more powerful f u n g i c i d e w i t h as good a crop 
tolerance as metalaxyl (22). Since i t s i n t r o d u c t i o n i n t o the market 
i n 1979, four chemically r e l a t e d compounds have been launched by 
other companies, as shown i n Figures 4 and 5. Regarding t h e i r 
inherent f u n g i c i d a l potency, i t can be s t a t e d that none of them i s 
more a c t i v e than m e t a l a x y l . Therefore i n the f o l l o w i n g d i s c u s s i o n , 
metalaxyl w i l l be used as the best r e p r e s e n t a t i v e of the a c y l a l a -
n i n e s . 

M e t a l a x y l and most of i t s a c t i v e analogues are c h i r a l molecules. 
C h i r a l i t y i s caused by the asymmetric carbon atom i n the a l k y l s i d e 
chain of the ala n i n e moiety. The two o p t i c a l l y pure enantiomers S 
(+) and R (-) d i f f e r widely i n t h e i r b i o l o g i c a l a c t i v i t y both i n 
v i t r o and i n v i v o . In a l l experiments, the R (-) enantiomer was more 
a c t i v e than i t s antipode S (+) (22, 24, 30). The main c h a r a c t e r i s 
t i c s of metalaxyl have bee  discussed i  d e t a i l b l author
(Z» !Z» !§> 12» 11» 1*9
metalaxyl by the plan t t i s s u e
that favor f o l i a r Oomycete diseases. A c y l a l a n i n e s are e a s i l y t r a n s 
l o c a t e d i n the va s c u l a r system of the pl a n t a f t e r f o l i a r , stem or 
root treatment (35, 47). The predominant route of transp o r t i s the 
t r a n s p i r a t i o n stream, thus a p o p l a s t i c Q 2 , 35). Symplastic t r a n s p o r t 
occurs but i s much l e s s evident (35, 47). In potatoes t r e a t e d by 
f o l i a r sprays of metalaxyl concentrations (0.02-0.04 ppm), B r u i n et 
a l . (9) were able to demonstrate p r o t e c t i o n of harvested tubers from 
l a t e b l i g h t . 

M e t a l a x y l and r e l a t e d molecules are the only f u n g i c i d e s which so 
f a r c o n t r o l systemic diseases, such as downy mildew of hops (Pseudo-
peronospora humuli), black shank of tobacco (Phytophthora n i c o t i a n a e 
var. n i c o t i a n a e ) , downy mildew of sunflower (Plasmopara h a l s t e d i i ) , 
and downy mildew of t r o p i c a l maize, sorghum and m i l l e t (Peronosclero-
spora s o r g h i , Sclerospora g r a m i n i c o l a ) . The a c y l a l a n i n e s have a high 
inherent f u n g i t o x i c i t y . In v i t r o e ^ ^ Q values f o r metalaxyl of 
t y p i c a l target f u n g i are i n the order of 0.01 to 1 ppm (7̂ , 32). 
Based on c i r c u m s t a n t i a l evidence, i t can be assumed that the dose 
ra t e s a c t i v e on the c e l l u l a r l e v e l i n v i v o are i n a s i m i l a r range. 

The b i o l o g i c a l s i t e of a c t i o n of the a c y l a l a n i n e s has been 
described by Staub et a l . (37). In co n t r a s t to the c l a s s i c a l p r o t e c 
t i v e f u n g i c i d e s which k i l l the germinating spores on the host s u r 
fa c e , metalaxyl e x h i b i t s i t s f u n g i t o x i c e f f e c t only i n s i d e the host 
t i s s u e . Neither zoospore or c o n i d i a l germination, nor the penetra
t i o n hypha or the formation of the i n i t i a l h a u s t o r i a i s a f f e c t e d . In 
c o n t r a s t , the f u r t h e r development of the pathogen i s s t r o n g l y and 
q u i c k l y i n h i b i t e d . Regarding the development c y c l e of the pathogen, 
metalaxyl i n t e r f e r e s w i t h i t over a much longer p e r i o d of time than 
p r o t e c t i v e f u n g i c i d e s . 

The biochemical mode of a c t i o n has been st u d i e d by s e v e r a l 
authors (L6, 18). I t appears that metalaxyl i n h i b i t s RNA synt h e s i s 
by i n t e r f e r e n c e w i t h template-bound and α - a m a n i t i n - i n s e n s i t i v e RNA 
polymerase a c t i o n (15). 

From the beginning of market i n t r o d u c t i o n , the e x c e l l e n t per
formance of metalaxyl under v a r i a b l e c l i m a t i c c o n d i t i o n s and on a 
broad spectrum of crops made i t very a t t r a c t i v e to the farmer. I t 
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looked l i k e a p e r f e c t s o l u t i o n f o r century-old problems had been 
found. However, since we l i v e i n an imperfect world, there i s no 
such t h i n g as a p e r f e c t s o l u t i o n . In the case of the a c y l a l a n i n e s , 
r e s i s t a n c e turned out to be the element of im p e r f e c t i o n . I t has 
developed i n some areas, a l l outside the USA, i n the f o l l o w i n g 
pathogens: Pseudoperonospora cubensis, Phytophthora i n f e s t a n s , 
Plasmopara v i t i c o l a and Peronospora tabacina. 

In view of the s p e c i f i c i t y and high e f f e c t i v e n e s s of the a c y l a 
l a n i n e s , i n v e s t i g a t i o n s to check the r i s k of r e s i s t a n c e were i n i t i 
ated at e a r l y stages of i t s development. In model s t u d i e s w i t h 
Plasmopara v i t i c o l a and milfuram, Lukens et a l . (23) observed no 
change i n s e n s i t i v i t y over nine successive generations. In t r a i n i n g 
and spore mass s e l e c t i o n experiments using Phytophthora i n f e s t a n s and 
me t a l a x y l , spontaneous mutants showing i n v i t r o r e s i s t a n c e were 
found. However, they had l o s t t h e i r p a t h o g e n i c i t y . A large s e l e c 
t i o n t r i a l through 14 disease c y c l e s on potato p l a n t s i n a greenhouse 
y i e l d e d no changes i n
Therefore, i t was conclude
r i s k of r e s i s t a n c e . A d d i t i o n a l s t u d i e s on tobacco blue mold and on 
downy mildew of l e t t u c e (Bremia lactucae) confirmed t h i s c o n c l u s i o n . 

In s t u d i e s by Bru i n (7) » Bruin and Edgington (8) and Davidse 
(14) using chemical mutagens, s t r a i n s of Phytophthora c a p s i c i and P. 
megasperma f. sp. medicaginis were found w i t h both i n v i t r o and i n 
v i v o a c t i v i t y and unchanged p a t h o g e n i c i t y . A l s o , cross r e s i s t a n c e to 
other a c y l a l a n i n e s and r e l a t e d molecules, such as milfuram, was 
demonstrated (8). 

At about the same time, the f i r s t i n f o r m a t i o n was received about 
product f a i l u r e a f t e r continuous and e x c l u s i v e use. The i n v e s t i g a 
t i o n of the pathogen populations of such f i e l d s y i e l d e d h i g h l y 
r e s i s t a n t s t r a i n s (28, 29, 40), whereas so f a r no f i e l d r e s i s t a n c e 
has been reported f o r cymoxanil or f o s e t y l . Thus, i n con t r a s t to the 
favorable r e s u l t s of a broad range of model s t u d i e s , r e s i s t a n c e had 
appeared very f a s t under f i e l d c o n d i t i o n s . The lesson to be learned 
from t h i s experience i s that r e s u l t s of model s t u d i e s have to be used 
w i t h c a u t i o n . Model s t u d i e s must in c l u d e the use of chemical muta
gens and h i g h l y a c t i v e , systemic f u n g i c i d e s should be used as i f a 
r i s k of r e s i s t a n c e e x i s t s u n t i l t h e i r mode of a c t i o n i s known. 

A f t e r appearance of r e s i s t a n c e i n p r a c t i c e , metalaxyl as a 
s i n g l e product f o r use against f o l i a r diseases was withdrawn from the 
market. S t r a t e g i e s to reduce the r i s k of r e s i s t a n c e were developed 
and introduced, based on prepack mixtures w i t h f u n g i c i d e partners 
w i t h a d i f f e r e n t mode of a c t i o n . Industry, under the auspices of 
GIFAP, formed a Fungicide Resistance A c t i o n Committee (FRAC), i n 
order to coordinate the implementation of use s t r a t e g i e s . This 
committee c o n s i s t s of working teams comprised of those companies 
having products of a p a r t i c u l a r chemical c l a s s , such as a c y l a l a n i n e s , 
benzimidazoles, dicarboximides or e r g o s t e r o l b i o s y n t h e s i s i n h i b i t o r s . 

With reference to the a c y l a l a n i n e s , i t can be s t a t e d that 
whenever they were introduced i n mixtures, according to the recom
mended use concept, no cases of r e s i s t a n c e l e a d i n g to economic l o s s e s 
occurred. This use concept recommends a l i m i t e d number of a p p l i c a 
t i o n s at the time of se r i o u s damage p o t e n t i a l combined w i t h f i e l d 
monitoring programs (39). In the i n t e r e s t of the user, the manufac-
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turer and the adviser, it is to be hoped that in the future all 
fungicides of this class will be used strictly on the basis of 
recommendations, which should help safeguard their availability. 
Concerning the other major new Oomycetes fungicides, cymoxanil and 
fosetyl, it can be stated that no resistance has yet been reported to 
date. 

The practical uses of the new Oomycetes fungicides and the 
progress achieved by these products have been discussed previously 
(Table VII). It is worth mentioning that apart from propamocarb and 
prothiocarb, all compounds are used in combination with another 
fungicide: hymexazol in combination with metalaxyl, cymoxanil, or 
fosetyl, and the acylalanines in combination with protectants. In 
analyzing the reasons for these use concepts, the following can be 
said: 1) hymexazol with its extremely narrow spectrum needs a mixing 
partner to make it a useful broad spectrum rice fungicide; 2) cymox
anil with its purely curative action and its short persistence in the 
plant requires a protectan
product against the targe
in performance against foliar diseases requires a partner to stabi
lize its effectiveness on a high level; 4) acylalanines need a 
partner to reduce the risk of resistance and to broaden the spectrum 
on crops like potatoes and grapes. 

In conclusion, all the new systemic fungicides against Oomycetes 
had an immediate need for mixing partners. It can be assumed that 
this will also hold true for future systemic fungicides. This use 
concept calls for flexibility both on the part of industry, national 
registration authorities, and the extension services to make safe and 
powerful products available for plant protection. 
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Control of Fungal Plant Diseases by Nonfungicidal 
Compounds 

Johan Dekker 

Laboratory of Phytopathology, Agricultural University, 6709PD Wageningen, 
The Netherlands 

In recent years, there has been enhanced interest in more selective 
compounds for control of fungal diseases. Conventional fungicides, 
such as copper compounds and dithiocarbamates  are not very selec
tive and are considered
crop without appreciabl
that they remain on the plant surface. During the last two decades 
chemicals have been developed which are taken up by the plant and 
transported in its system, the so-called 'systemic' fungicides. Such 
compounds are considerably more selective since they inhibit fungal 
growth without being toxic to the plant. Another reason to search 
for more selective chemicals is the increasing concern about the 
hazards of toxic chemicals to man and the environment. 

A further step towards selective action is the development of 
non-fungicidal compounds which interfere with the disease process 
without being directly toxic to the fungal pathogen or to other orga
nisms. Such chemicals might act by increasing the resistance of the 
host plant or decreasing the virulence of the parasite. In addition 
to a highly selective action, these chemicals might also have other 
advantages, such as the induction of resistance in plants which lack 
specific genes for resistance, a longer lasting overall protection of 
the plant by immunization, and a reduced chance for the development 
of fungicide resistance. 

During the search for systemic fungicides, chemicals are often 
found which provide disease control without a direct toxic effect on 
the fungus when grown on artificial medium. Moreover, it appears 
possible to introduce a pathogenic or non-pathogenic microorganism at 
a site and induce resistance at another site which indicates that 
chemical signals might be involved (16). 

This paper w i l l consider the basis for the principles of disease 
control by non-fungicidal compounds, the current research results, 
and the prospects for their future use. Induction of disease resis
tance by biotic agents w i l l also be included because non-fungicidal 
substances might be involved in this process. 
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Induction of Resistance 

General. The defense of the host p l a n t s may be strengthened by v a r 
ious mechanisms. In some cases, n a t u r a l disease r e s i s t a n c e i s based 
on the formation of a l i g n i n b a r r i e r upon i n f e c t i o n , which stops or 
retar d s the growth of the pathogen (13). Chemicals which s t i m u l a t e 
the host to form such b a r r i e r s during i n f e c t i o n , increase the r e s i s 
tance of the host to disease. The formation of chemical b a r r i e r s 
(phytoalexins) upon i n f e c t i o n i s qu i t e common. Induced r e s i s t a n c e 
may a l s o be based on s t i m u l a t i o n of a h y p e r s e n s i t i v i t y response, 
strengthening of c e l l w a l l s or membranes, i n s e n s i t i v i t y to fungal 
t o x i n s or c e l l w a l l degrading enzymes, and/or the a b i l i t y of the 
p l a n t to i n a c t i v a t e the t o x i n s and enzymes produced by the pathogen. 

E l i c i t o r s of P h y t o a l e x i n s . Each p l a n t i s n a t u r a l l y r e s i s t a n t to most 
pathogens which surround i t  Therefore  i t i  l o g i c a l t  d i r e c t 
a t t e n t i o n towards those
i n n a t u r a l disease r e s i s t a n c e
pathogenic or non-pathogenic fungus, w i l l form a n t i f u n g a l compounds 
c a l l e d ' p h y t o a l e x i n s 1 , t h i s term meaning chemicals that p r o t e c t the 
p l a n t from p a r a s i t e s (15). The production of phytoalexins i s induced 
by products of the pathogen, c a l l e d e l i c i t o r s . A p p l i c a t i o n of e l i c i 
t o r s to the p l a n t to a c t i v a t e the p l a n t ' s own defense mechanisms has 
been suggested. Although t h i s sounds a t t r a c t i v e , i t might present 
problems. Phytoalexins are not innocuous chemicals. Excessive i n 
du c t i o n of these compounds i n the pl a n t may cause p h y t o t o x i c i t y and 
other undesirable side e f f e c t s . Some of them are even potent t o x i 
cants to mammals. Moreover, i t would be d i f f i c u l t and expensive to 
o b t a i n e l i c i t o r s , h igh molecular weight polysaccharides or glycopro
t e i n s , i n s u f f i c i e n t q u a n t i t y f o r p r a c t i c a l a p p l i c a t i o n . Therefore, 
the p o s s i b i l i t i e s f o r t h i s approach seem very l i m i t e d . 

Various Synthetic and N a t u r a l Chemicals. There are an i n c r e a s i n g 
number of re p o r t s about n o n - f u n g i c i d a l compounds which provide d i s 
ease c o n t r o l . The amino a c i d s D- and DL-phenylalanine have been 
shown to reduce apple scab caused by V e n t u r i a i n a e q u a l i s (17), and 
L-threo - 3-phenylserine was a c t i v e against cucumber scab caused by 
Cladosporium cucumerinum (1). The l a t t e r compound increased o x i d a 
t i v e breakdown of i n d o l e a c e t i c a c i d i n e x t r a c t from cucumber seed
l i n g s , which suggests a r e l a t i o n s h i p between chemotherapeutic e f f e c t 
and growth r e g u l a t o r metabolism. Amino ac i d s not normally i n v o l v e d 
i n the n i t r o g e n metabolism of p l a n t s seem to be most a c t i v e . An 
exception i s L-methionine which protected cucumbers against powdery 
mildew (11). I t s a n t i f u n g a l a c t i v i t y was antagonized by f o l i c a c i d 
suggesting that i t i n t e r f e r e s w i t h f o l i c a c i d metabolism. Methionine 
and s e r i n e , which c o n t r o l bean r u s t , have a l s o been shown to counter
act the pathogen-stimulated i n c o r p o r a t i o n of amino a c i d s i n t o p r o t e i n 
(23). The mode of a c t i o n of amino a c i d s i s s t i l l unknown. 

Disease development o f t e n appears to be i n f l u e n c e d by growth 
r e g u l a t o r s . Most of these s t u d i e s concern w i l t diseases i n v a r i o u s 
crops, e s p e c i a l l y caused by Fusarium spp. and V e r t i c i l l i u m spp. (12). 
However, k i n e t i n has been shown to be a c t i v e against other types of 
di s e a s e s , such as the powdery mildews of cucumber (10) and tobacco 
(8). The mode of a c t i o n of growth r e g u l a t o r s i n the disease c o n t r o l 
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i s probably complex. Their value as pla n t p r o t e c t a n t s i s dou b t f u l 
because of p h y t o t o x i c i t y . 

I n d i r e c t a n t i f u n g a l a c t i o n has been reported f o r s e v e r a l unre
l a t e d compounds. Procaine h y d r o c h l o r i d e , a l o c a l anaesthetic without 
f u n g i t o x i c a c t i v i t y , showed remarkable systemic a c t i o n against v a r 
ious powdery mildews (9). I t s mechanism of a c t i o n i s s t i l l e l u s i v e . 
I t might e f f e c t the plan t c e l l membranes, making the c e l l membrane 
more r e s i s t a n t to att a c k by fungal phospholipases (21). The pr o t e c 
t i o n of cucumbers against Cladosporium cucumerinum by the weak f u n g i 
cide phenylthiourea might be due to an increase i n polyphenols, 
f a v o r i n g l i g n i f i c a t i o n at i n f e c t i o n s i t e s (14). Misato et a l . (19) 
suggested an i n d i r e c t a c t i o n f o r soybean l e c i t h i n , a n o n - f u n g i c i d a l 
substance w i t h good a c t i v i t y against powdery mildew on stra w b e r r i e s 
and cucumbers. 

According to Rathmell (24), a considerable number of compounds 
tes t e d by the in d u s t r y sho  i n d i r e c  e f f e c t  i  diseas  c o n t r o l
However, i n view of rat h e
chemicals w i t h a d i r e c t
t i o n a l t e s t i n g . One exception i s the work by Cartwright et a l . (4) 
wit h the s l i g h t l y a n t i f u n g a l compound 2,2 dichloro-3,3-methylcyclo-
propane c a r b o x y l i c a c i d (WL 2835). A p p l i c a t i o n of t h i s compound to 
r i c e p l a n t s d i d not d i r e c t l y induce a demonstrable change i n these 
p l a n t s . However, a f t e r i n o c u l a t i o n w i t h P y r i c u l a r i a oryzae, two 
f u n g i t o x i c compounds appeared (momilactones A and B). These com
pounds are thought to play a r o l e i n increased r e s i s t a n c e . The au
thors suggested that WL 2835 ' s e n s i t i z e d 1 the host t i s s u e so i t 
reacted w i t h a r e s i s t a n c e response upon i n f e c t i o n . Disease c o n t r o l 
by t h i s and r e l a t e d compounds was not co n s i s t e n t enough to market 
them f o r commercial use. 

Culture F i l t r a t e s . SchBnbeck et a l . (26) a p p l i e d c u l t u r e f i l t r a t e s 
from var i o u s f u n g i and b a c t e r i a to beans and induced r e s i s t a n c e to 
bean r u s t . The i n d u c t i o n of r e s i s t a n c e occurred at a distance from 
the s i t e where the inducer was a p p l i e d i n d i c a t i n g i t was systemic. A 
perio d of at l e a s t two days was req u i r e d f o r the i n i t i a t i o n of the 
re s i s t a n c e response. The phenomenon appeared to be n o n s p e c i f i c s i n c e 
the c u l t u r e f i l t r a t e s induced r e s i s t a n c e i n other p l a n t s and against 
v a r i o u s pathogens; however, only against o b l i g a t e p a r a s i t e s . The 
a c t i v e compounds i n the c u l t u r e f i l t r a t e s have not been i d e n t i f i e d 
and t h e i r mechanism of a c t i o n i s unknown. 

B i o t i c Agents. I t i s w e l l - e s t a b l i s h e d that treatment of pl a n t s w i t h 
v i r u l e n t or a v i r u l e n t forms of a pathogen, or wi t h a non-pathogen, 
may induce the formation of f u n g i t o x i c compounds (phytoalexins) which 
prevent or r e t a r d subsequent i n f e c t i o n by a pathogen. The phyto
a l e x i n s are formed at the s i t e of i n o c u l a t i o n and are not transported 
to other p l a n t p a r t s . 

In a d d i t i o n to t h i s l o c a l r e s i s t a n c e , b i o t i c agents may induce 
systemic r e s i s t a n c e . I n f e c t i o n of the f i r s t true l e a f of cucumber 
p l a n t s w i t h C o l l e t o t r i c h u m lagenarium immunized other a e r i a l p l a n t 
p a r t s against i n f e c t i o n by C^ lagenarium, Cladosporium cucumerinum 
and Pseudomonas lachrymans (16). Bean p l a n t s appeared s y s t e m i c a l l y 
protected against C o l l e t o t r i c h u m 1indemuthianum when the f i r s t l e a f 
had been i n o c u l a t e d w i t h a non-pathogenic race of t h i s fungus or w i t h 
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C. lagenarium, which i s not pathogenic to beans. Associated w i t h the 
immunization was an approximately t h r e e f o l d increase i n peroxidase 
a c t i v i t y , which occurred before i n o c u l a t i o n w i t h the challenge fungus 
and at a distance from the s i t e of i n o c u l a t i o n w i t h the inducer fun
gus. No phytoalexins could be detected i n the protected p l a n t p a r t s 
before the challenge i n o c u l a t i o n , but a f t e r the challenge the phyto
a l e x i n s r a p i d l y accumulated at the i n f e c t i o n s i t e s (16). There i s 
evidence that immunization i s the r e s u l t of a s i g n a l transported from 
the inducer l e a f , but the nature of t h i s s i g n a l i s s t i l l unknown. 

The i n d u c t i o n of r e s i s t a n c e at a distance resembles the sytemic 
e l i c i t a t i o n of proteinase i n h i b i t o r s i n response to the i n f e c t i o n of 
tomato p l a n t s by Phytophthora i n f e s t a n s (22). I n o c u l a t i o n of the 
lower leaves induced i n h i b i t i o n of proteinase a c t i v i t y i n non-inocu
l a t e d upper leaves. The r e s p o n s i b l e agent i s c a l l e d the proteinase 
i n h i b i t o r inducing f a c t o r ( P I I F ) . Proteinase i n h i b i t o r a c t i v i t y i n 
creased about twofold a f t e  i n o c u l a t i o  w i t h  incompatibl
than compared w i t h a compatibl
appears a s s o c i a t e d w i t h
c e r t a i n e x t r a c e l l u l a r enzymes of the pathogen which are c r u c i a l f o r 
v i r u l e n c e . The a c t i v i t y of PIIF appears to r e s i d e i n o l i g o s a c c h a 
r i d e s , which are e n z y m a t i c a l l y released from p l a n t c e l l w a l l s by the 
pathogen (2). They might pl a y hormone-like r o l e s i n r e g u l a t i n g p l a n t 
defense responses at s i t e s d i s t a n t from t h e i r s i t e of r e l e a s e (25). 
De Wit and Bakker (30) a l s o discovered a new p r o t e i n i n tomato leaves 
at a distance from the s i t e of i n o c u l a t i o n w i t h Cladosporium fulvum. 
This p r o t e i n a l s o appeared a s s o c i a t e d w i t h the h y p e r s e n s i t i v i t y r e 
sponse. 

The study of f a c t o r s or s i g n a l s produced upon treatment of a 
p l a n t part w i t h a b i o t i c agent, and which cause metabolic changes 
r e l a t e d to disease r e s i s t a n c e at other s i t e s , i s of p a r t i c u l a r i n t e r 
e s t . E l u c i d a t i o n of t h e i r nature might provide new clues to manipu
l a t e the r e l a t i o n s h i p between p l a n t and p a r a s i t e . 

Commercial Compounds which Induce Resistance. Recently, a few 
s l i g h t l y or n o n - f u n g i t o x i c compounds, which are thought to c o n t r o l 
disease p r i m a r i l y by the i n d u c t i o n of r e s i s t a n c e , have become a v a i l 
able f o r p r a c t i c a l use. P h o s e t y l - A l (aluminum t r i s ethylphosphonate) 
was introduced i n 1978 under the trade name A l i e t t e . Although i t i s 
only s l i g h t l y f u n g i t o x i c i n v i t r o , i t provides remarkable c o n t r o l of 
p l a n t diseases caused by Oomycetes, p a r t i c u l a r l y downy mildew and 
Phytophthora diseases. Bompeix et a l . (3) presented evidence that 
p h o s e t y l - A l s t i m u l a t e s the defense r e a c t i o n s of the p l a n t by i n t e r 
ference w i t h polyphenol metabolism. In f u n g i c i d e t r e a t e d and subse
quently i n o c u l a t e d p l a n t s , a n e c r o t i c zone appears which blocks or 
r e t a r d s c o l o n i z a t i o n of the p l a n t by the pathogen, a l l o w i n g the p l a n t 
more time to m o b i l i z e other defense mechanisms. This hypothesis i s 
supported by the f i n d i n g that induced r e s i s t a n c e i s counteracted by 
c e r t a i n enzymes which i n t e r f e r e w i t h the processes l e a d i n g to l i g n i n 
formation. 

Another promising compound i s probenazole, 2 - a l l o x y - l , 2 - b e n z i s o -
t h i a z o l e - 1 , 1 - d i o x i d e , which was introduced under the name Oryzemate 
f o r c o n t r o l of r i c e b l a s t i n Japan i n 1977. Although only s l i g h t l y 
f u n g i t o x i c i n v i t r o , i t gave good disease c o n t r o l when a p p l i e d to 
paddy water. I t caused a number of metabolic changes i n the p l a n t 
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which were thought to st i m u l a t e i t s defense r e a c t i o n s . I t was pro
posed that probenazole i n f l u e n c e d the r e c o g n i t i o n between pla n t and 
p a r a s i t e which leads ( v i a a chain of re a c t i o n s ) to the production of 
chemical and p h y s i c a l b a r r i e r s i n the p l a n t (27). 

Reduction of V i r u l e n c e 

General. Some compounds, which e x h i b i t no f u n g i t o x i c e f f e c t s i n 
v i t r o , may i n t e r f e r e w i t h the p r o p e r t i e s of the pathogen needed f o r 
i n f e c t i o n or f o r the build-up of an epidemic i n the f i e l d . This may 
inv o l v e pathogen enzymes used to degrade the p l a n t c e l l w a l l and 
c u t i n l a y e r , pathogen t o x i n s needed f o r c o l o n i z a t i o n of host t i s s u e , 
or i n v o l v e other products needed f o r i n f e c t i o n and c o l o n i z a t i o n . 
Reduction of disease might a l s o be caused by compounds which s p e c i 
f i c a l l y block s p o r u l a t i o n . Many compounds i n t e r f e r e w i t h pathogen 
v i r u l e n c e , but only a few do not i n h i b i t fungal growth on a r t i f i c i a l 
medium and have s u f f i c i e n
(18). 

Commercial Compounds which Reduce V i r u l e n c e . The a n t i b i o t i c v a l i d a -
mycin A, produced by Streptomyces hygroscopicus var. limoneus, was 
introduced i n 1975 under the trade names V a l i d a c i n and Valimon f o r 
c o n t r o l of r i c e sheath b l i g h t caused by P e l l i c u l a r i a s a s a k i i (29). 
Under the trade name S o l a c o l , i t i s a v a i l a b l e f o r c o n t r o l of Rhizoc-
t o n i a s o l a n i on potatoes. I t i s not f u n g i t o x i c but a l t e r s the morph
ology of mycelium growth on a r t i f i c i a l medium without reducing the 
t o t a l mycelium mass (20). When t r e a t e d p l a n t s are i n o c u l a t e d , the 
pathogen appears unable to i n f e c t the p l a n t t i s s u e . P a t h o g e n i c i t y i s 
r e s t o r e d by the a d d i t i o n of m y o i n o s i t o l . The a n t i b i o t i c may i n t e r 
f e r e w i t h b i o s y n t h e s i s of m y o i n o s i t o l which appears i n d i s p e n s i b l e f o r 
p a t h o g e n i c i t y of Rhizoctonia-type f u n g i . 

Another compound which reduces p a t h o g e n i c i t y i s t r i c y c l a z o l e , 
5 - m e t h y l - l , 2 , 4 - t r i a z o l o [ 3 , 4 - b ] - b e n z o t h i a z o l e , that was introduced i n 
1975 under the trade names Beam, Bim and B l a s c i d e f o r c o n t r o l of r i c e 
b l a s t . The primary s i t e of a c t i o n i s between scytalone and vermelone 
r e s u l t i n g i n the i n h i b i t i o n of b i o s y n t h e s i s of melanins, which are 
needed to make the a p p r e s s a r i a of P y r i c u l a r i a oryzae r i g i d enough to 
penetrate the r i c e l e a f . Rabcide, 4,5,6,7-tetrachlorophtahalide, i n 
troduced somewhat l a t e r f o r c o n t r o l of r i c e b l a s t , a l s o appears to 
act at the same s i t e i n melanin b i o s y n t h e s i s as t r i c y c l a z o l e ( 5 ) . A 
s i m i l a r mechanism of a c t i o n i s reported f o r s e v e r a l other r a t h e r 
s p e c i f i c experimental compounds which c o n t r o l r i c e b l a s t (31). A l 
though t r i c y c l a z o l e i n h i b i t s m e l a n i z a t i o n i n V e r t i c i l l i u m d a h l i a e , i t 
does not c o n t r o l diseases caused by t h i s pathogen ( 6 ) . Rice l e a v e s , 
because of t h e i r s i l i c i u m content, may re q u i r e e x t r a p e n e t r a t i n g 
power by the pathogen. 

Development of Fungicide Resistance 

Pathogens may become r e s i s t a n t to c e r t a i n systemic f u n g i c i d e s and to 
other f u n g i c i d e s which act at s p e c i f i c s i t e s i n the fungal metabo
l i s m . In p r a c t i c e , t h i s has repeatedly l e d to the f a i l u r e of disease 
c o n t r o l by fu n g i c i d e s which o r i g i n a l l y were very e f f e c t i v e . 
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Bompeix et a l . (3) and Uesugi (28) have suggested that the use of 
n o n - f u n g i t o x i c compounds, f o r example A l i e t t e and Rabcide, might 
r e s u l t i n l e s s f a i l u r e of disease c o n t r o l due to 'fungicide r e s i s 
tance'. However, i n greenhouse experiments i t was found that s t r a i n s 
of Phytophthora i n f e s t a n s and Pseudoperonospora cubensis r e s i s t a n t to 
the systemic f u n g i c i d e metalaxyl could not be c o n t r o l l e d by a p p l i c a 
t i o n of A l i e t t e ( 7 ) . The b a s i s f o r the c r o s s - r e s i s t a n c e between a 
d i r e c t l y f u n g i t o x i c compound and a compound which presumably acts 
i n d i r e c t l y by i n c r e a s i n g the host p l a n t r e s i s t a n c e i s not yet c l e a r . 

The p o s s i b i l i t y of a pathogen overcoming chemically induced r e 
s i s t a n c e i n the host p l a n t i s probably r e l a t e d to the mechanism of 
a c t i o n of the chemical inducer. I f induced r e s i s t a n c e i n the host i s 
the r e s u l t of the chemical a c t i n g at a s i n g l e s i t e i n the host meta
bolism, i t might be compared to v e r t i c a l r e s i s t a n c e , which i s mono-
or o l i g o g e n i c and can be overcome by the pathogen. However, i f i n 
duced r e s i s t a n c e i n v o l v e  numbe f change  i  th  p l a n t metabolis
i t might be compared t
c a l l e d durable r e s i s t a n c
The same reasoning may hold f o r chemicals which decrease the v i r u 
lence of the pathogen. In the l a t t e r case, the build-up of a r e s i s 
tant pathogen population may be counteracted by the competition of 
s e n s i t i v e s t r a i n s which have not been el i m i n a t e d by the non-fungi-
t o x i c compounds. 

Future Prospects 

Although compounds which do not i n h i b i t f u n g i d i r e c t l y but c o n t r o l 
disease have been found, only a few of them have been introduced i n t o 
p r a c t i c a l use. Discovery of such compounds has been a matter of 
t r i a l and e r r o r and too l i t t l e i s known about t h e i r mechanisms of 
a c t i o n . More knowledge about the p h y s i o l o g i c a l - b i o c h e m i c a l back
ground of the h o s t - p a r a s i t e r e l a t i o n s h i p w i l l increase the chances 
that compounds can be developed which i n t e r f e r e i n a s p e c i f i c and 
more e f f i c i e n t way w i t h t h i s r e l a t i o n s h i p . These chemicals, depend
i n g on t h e i r mechanism of a c t i o n , may have a lower chance f o r d e v e l 
oping f u n g i c i d e r e s i s t a n c e that r e s u l t s i n f a i l u r e of disease con
t r o l ; however, g e n e r a l i z a t i o n w i t h respect to t h i s phenomenon does 
not seem j u s t i f i e d . 

Another approach o f t e n suggested f o r disease c o n t r o l i s the use 
of compounds which are thought to play a r o l e i n n a t u r a l disease 
r e s i s t a n c e . Examples of these compounds in c l u d e p h y t o a l e x i n s , a n t i 
f u n g a l compounds formed upon contact of a p l a n t w i t h a fungus, and 
e l i c i t o r s , pathogen products which induce the formation of the phyto
a l e x i n s . However, the o v e r a l l i n d u c t i o n of such compounds i n t o the 
p l a n t may have phytotoxic and other undesirable s i d e e f f e c t s . The 
production of these u s u a l l y complex s t r u c t u r e s a l s o appears to be 
d i f f i c u l t and expensive. F i n a l l y , there are i n d i c a t i o n s that chemi
c a l s may ' s e n s i t i z e ' the host t i s s u e i n such a way that a r e s i s t a n c e 
r e a c t i o n r e s u l t s upon i n o c u l a t i o n w i t h a pathogen. Culture f i l t r a t e s 
of c e r t a i n f u n g i and b a c t e r i a appear to c o n t a i n substances which give 
a s i m i l a r e f f e c t . Studies on induced r e s i s t a n c e f o l l o w i n g i n o c u l a 
t i o n of c e r t a i n microorganisms, have shown immunization at a distance 
from the s i t e of i n o c u l a t i o n , i n d i c a t i n g the involvement of s i g n a l s . 
The s i g n a l s appear to move both upward and downward i n p l a n t s , but 
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their nature is unknown. There is evidence that systemic induction 
of resistance may also be obtained with chemicals. 

The possibility exists that induced resistance in plants may be 
longer lasting than the effect of fungicides, which may be broken 
down or washed off by rain. Immunization of plant tissue, which 
might take place at hormonal level, may require extremely low concen
trations of a specific chemical. Increased research efforts are 
needed to evaluate these speculations. 
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Control of Cereal Diseases with Modern Fungicides 
in Western Europe 

G. M . Hoffmann 

Faculty of Agriculture, Technical University Munich, D8050 Freising-Weihenstephan, 
Federal Republic of Germany 

Economic and social changes in Western Europe in the past 35 years 
have caused farmers to alter farming practices in an attempt to 
achieve higher yields. These farmers have increased capital invest
ments and decreased man-powe
is evidenced by a 50% reductio
agricultural fields between 1970 and 1982 (Table I), as Western 
Europe entered the era of high intensity crop production(1). 

Table I. Percentage of Population Employed in Agriculture. 

Country 1970 1982 
Denmark 11.1 6.4 
France 13.7 7.9 
Germany FR 7.5 3.5 
Netherlands 8.1 4.9 
United Kingdom 2.8 1.9 

This change in farming practices can also be observed by compar
ing labor units per hectare of land used in agriculture. In the 
Federal Republic of Germany, labor units/ha were 29 in 1950 and only 
7.9 in 1982. This reduction parallels an increase in combine har
vested crops, especially winter cereals (wheat and barley). 

In Germany, the cropping area for winter wheat increased from 
1.1 million hectares in the mid-1950's to 1.6 million hectares in 
1980. Winter barley production increased from 127,000 hectares to 
1.3 million hectares in 1982. This shift to a small grain monocul
ture limited the possibilities for increasing crop rotation and 
increased the need for crop protection chemicals. Despite the added 
pest pressures from the lack of crop rotation, yields in Germany have 
increased by over 100% from 1952 to 1980 (Figure 1)(9). This in
crease in yield is primarily due to the selection and growth of 
cereal varieties with a genetic potential for high yields (140 
dt/ha). Other reasons for yield increase include: earlier seeding, 
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Figure 1. Y i e l d increase i n wheat i n the Federal Republic of 
Germany from 1952 to 1980. (Reproduced w i t h permission from Ref. 
9. Copyright 1981 DLG Ve r l a g F r a n k f u r t . ) 
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higher p l a n t populations/ha, higher m i n e r a l n u t r i t i o n , and the use of 
growth r e g u l a t o r s to reduce l o d g i n g . 

True y i e l d p o t e n t i a l s can only be expressed when the c o n t r o l of 
weeds, pathogenic agents, and i n s e c t pests are coupled w i t h proper 
c u l t i v a t i o n , f e r t i l i t y , and other p l a n t p r o t e c t i o n measures. 
An example of these high y i e l d s i n Western Europe appears i n Table I I 
(1) . 

Table I I . Average Y i e l d of Wheat and Barley (dt/ha) 
i n Western Europe 1982. 

Country Wheat Barley 
Denmark 67.07 42.90 
France 52.32 41.93 
Germany FR 46.81 
Netherlands 
United Kingdom 

United States 23.96 30.84 

This system of i n t e g r a t e d crop production places high demands on a l l 
aspects of crop production, i n c l u d i n g the c o n t r o l l e d use of p e s t i 
c i d e s . Development and b e n e f i t from i n t e g r a t e d pest management 
systems depend upon the combined e f f o r t s of the researcher, develop
ment and scouting persons and a h i g h l y t r a i n e d farmer. 

Perhaps the most important r e s t r i c t i v e negative f a c t o r s i n 
c e r e a l production i n Western Europe are the fungal diseases. Epiphy-
t o t i c s of s e v e r a l diseases are a common occurrence. Other diseases 
such as powdery mildew and glume b l o t c h only occur i n the more humid 
reg i o n s . Fungicides used f o r the c o n t r o l of f o l i a r diseases on wheat 
(Table I I I ) were p r i m a r i l y developed i n the l a s t decade. In the past 
10 years, t r i a z o l e and amine d e r i v a t i v e s have played a s i g n i f i c a n t 
r o l e i n disease c o n t r o l i n c e r e a l s . These f u n g i c i d e s have gained 
wide-spread acceptance i n only a few years because they are h i g h l y 
e f f i c a c i o u s and e c o l o g i c a l l y s afe. 

The p o r t i o n of c e r e a l cropping areas which have been sprayed 
w i t h f u n g i c i d e s w i t h i n the l a s t few years i s hard to a s c e r t a i n . 
Jenkins and Lescar (3) estimated the f o l l o w i n g percentages f o r 1979: 
Denmark-23%, France-27%, Netherlands-40%, Germany (F.R.)-29%, and the 
U.K.-50%. An i n t e r n a t i o n a l survey on the use of f u n g i c i d e s on 
ce r e a l s produced i n 1983 i s compiled i n Table IV. These f i g u r e s were 
confirmed by P r i e s t l y and Bayles (8) f o r the U.K. 

In France and Germany, disease c o n t r o l measures on c e r e a l s are 
d i r e c t e d p r i m a r i l y against foot r o t and l e a f d i s e a s e s , or l e a f and 
ear diseases. In the United Kingdom, treatments are g e n e r a l l y made 
f o r the c o n t r o l of l e a f d i s e a s e s , such as powdery mildew. I t should 
be mentioned that these data do not in c l u d e the use of the azole-com-
pound t r i a d i m e n o l as a seed d r e s s i n g f o r e a r l y season p r o t e c t i o n 
against powdery mildew and r u s t f u n g i on wheat and b a r l e y . 
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Table I I I . Some Serious Fungal Diseases on Cereals i n Western 
Europe and Fungicides Used f o r C o n t r o l . 

Crop Disease Fungicides 
Wheat Powdery mildew Fenpropimorph, 

Triadimenol, 
Propiconazole 

Glume b l o t c h O r t h o - D i f o l a t a n , 
Propiconazole, 
Prochloraz 

Eyespot Carbendazim, 
Thiophanate-methyl, 
Prochloraz 

Barley Powdery mildew Fenpropimorph, 

Net b l o t c h Propiconazole, 
Prochloraz 

Typhula b l i g h t B i t e r t a n o l , 
Triadimenol 

Table IV. Fungicide Treatment i n Cereal Cropping Areas 
(x 1000 ha) Accumulated f o r Diseases i n 

Western Europe 1983. 

Treatment Against 
Foot Rot Leaf and 

Foot and Leaf Leaf Ear Ear 
Country Rot Diseases Diseases Diseases Diseases 
Denmark 201 33 279 1,757 14 
France 1,575 4,435 - 4,880 -Netherlands 20 - 141 - 218 
United Kingdom 1,180 485 2,400 565 1,420 
Germany FR 534 1,392 1,098 1,387 249 

Sum 3,510 6,345 4,197 8,589 1,901 

Fungicide e f f e c t i v e n e s s i s based on the s e v e r i t y of disease 
pressure, the s u s c e p t i b i l i t y of the host, the b i o l o g i c a l environment, 
the b i o l o g i c a l a c t i v i t y of the compound and the time and number of 
a p p l i c a t i o n s . In Western Europe, l o s s e s i n c e r e a l y i e l d s range from 
20 to 30% (10-20 dt/ha). The average l o s s i n many t r i a l s due to 
c e r e a l disease l i e s between 5 and 12%. However, these losses can be 
reduced through the use of f u n g i c i d e s . Survey data from France (5) 
demonstrate the y e a r l y v a r i a t i o n s of the e f f e c t s of f u n g i c i d e t r e a t 
ments on wint e r wheat (Table V). 
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Table V. Mean Y i e l d Increases of Winter Wheat i n France a f t e r 
Use of Fungicides. 

Year 
Y i e l d Increase 

(%) 

Frequency of Y i e l d 
Increase >0.5 t/ha 

(%) 
1973 7.3 37 
1974 8.2 40 
1975 6.5 29 
1976 2.0 4 
1977 9.2 48 
1978 10.8 60 
1979 6.4 31 

The percent increas
c o n d i t i o n s . In dry year
cide c e r e a l t r i a l s showed an increase i n y i e l d , but during wet years 
(1978) 60% of the t e s t s showed y i e l d i n c r e a s e s . In long-term t r i a l s 
(4) i n the Western re g i o n of Germany, seed treatments and f o l i a r 
a p p l i c a t i o n s of t r i a z o l e f u n g i c i d e s reduced crop l o s s e s from powdery 
mildew up to 25% (Table V I ) . 

Table VI. Long-term Results of Mildew C o n t r o l 
on Winter Wheat 1975/76 to 1980/81. 

Grain Y i e l d 
S i t e Treatment Absolute (dt/ha) R e l a t i v e (%) 
A No treatment 48 100 

Baytan s p e c i a l 
(seed treatment) 56 118 

Baytan s p e c i a l 
+ Bayleton 60 125 

Β No treatment 53 100 

Baytan s p e c i a l 
(seed treatment) 57.2 108 

Baytan s p e c i a l 
+ Bayleton 62.0 117 

E f f i c a c y e v a l u a t i o n s (7) of plan t protectant compounds need to 
be made i n va r i o u s cropping systems using v a r y i n g l e v e l s of n i t r o g e n 
(Table V I I ) . C o n t r o l l i n g eyespot alone (PS^) i s inadequate. When 
combined w i t h treatments against l e a f and ear diseases (PS^, PS^), 
y i e l d increases of up to 12% have been observed. The a d d i t i o n a l use 
of organo-phosphorous i n s e c t i c i d e s (PS^) against aphids r e s u l t s i n 
f u r t h e r i n c r e a s e s . There i s a 20.7% d i f f e r e n c e i n y i e l d between 
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cropping system IA and VC. In a d d i t i o n to the e f f e c t of f u n g i c i d e s 
on y i e l d , the q u a l i t y of g r a i n ( s p e c i f i c weight * kg/hi) can be 
improved. 

Table V I I . D i f f e r e n t Types of N - f e r t i l i z a t i o n , Disease C o n t r o l 
Measures and Y i e l d (dt/ha) of Winter Wheat 

(29 T r i a l s 1980 - 1982) 

Type of N - N u t r i t i o n 
Cropping Disease A Β C 
System C o n t r o l Abs. R e l . Abs. R e l . Abs. R e l . 

I PS 
P S 2 

69.3 100 71.0 100 71.5 100 
I I 

PS 
P S 2 70.8 102.6 72.8 102.5 73.2 102.3 

I I I P S 3 72.6 105.2 74.4 104.7 75.0 104.8 
IV P S 4 77.7 112.6 70.3 11.6 79.5 111.1 
V P S 5 

PS. - Cycocel (Growth r e g u l a t o r ) 
P S 2 » Cycocel + Cercobin F l 
P S 3 - Cycocel + Cercobin F l + Corbel 
PS, « Cycocel + Cercobin F l + Corbel + O r t h o - D i f o l a t a n 
PS « Cycocel + Cercobin F l + Corbel + O r t h o - D i f o l a t a n + 

P a r a t h i o n POX 

There i s no doubt that use of f u n g i c i d e s must be j u s t i f i e d on an 
e c o l o g i c a l and economical b a s i s . The farmer's d e c i s i o n to use a 
f u n g i c i d e i s based on the r e s u l t s of many years of l o c a l experience 
and the occurrence of s p e c i f i c disease organisms of economic impor
tance i n the growing area. On the other hand, i t i s the task of 
p l a n t p a t h o l o g i s t and counseling s e r v i c e s to compile b a s i c knowledge 
on epidemiology of c e r t a i n pathogens and on the c a l c u l a t i o n of 
d i s e a s e / l o s s r a t e . These e f f o r t s are combined to provide warning 
f o r e c a s t s to the farmer. 

In England, i t i s recommended that f u n g i c i d a l treatment f o r 
c o n t r o l of powdery mildew on s p r i n g b a r l e y be a p p l i e d when 3% of the 
area of the two o l d e s t green leaves i s i n f e s t e d w i t h mildew. For 
winter wheat i n the Federal Republic of Germany, the t h r e s h o l d value 
i s about 1% i n f e s t e d area of the uppermost two leaves or an i n f e s t a 
t i o n frequency of more than 60%, that i s when about two-thirds of a l l 
p l a n t s show mildew a t t a c k . These values are thought to i n d i c a t e the 
presumable beginning of an epidemic development. 

Models f o r r i s k e s t i m a t i o n of c e r e a l eyespot were developed 
which employ a great number of parameters (previous crop, s o i l , 
weather, c u l t i v a t i o n , sowing date, p l a n t d e n s i t y , c u l t i v a r and v i g o r 
i n s p r i n g ) . R i s k models provide a good o r i e n t a t i o n f o r the counsel
i n g s e r v i c e s and can be adjusted to l o c a l c o n d i t i o n s and experiences. 
An example of a well-developed prognostic model on c e r e a l diseases i s 
the cooperative p r o j e c t EPIPRE (Figure 2). The heart of EPIPRE i s a 
data bank which contains the core data f o r each f i e l d and the v a r i a 
b l e data provided by the farmers during the season. EPIPRE can a l s o 
monitor recent weather data. The computation procedures f o r r i s k 
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Figure 2. Prognostic model on c e r e a l d i seases. (Reproduced wit h 
permission from Ref. 10. Copyright 1981 Organization Européenne 
et Méditerranéenne pour l a P r o t e c t i o n des Plantes.) 
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es t i m a t i o n have been stored i n the model s e c t i o n . Linked to the 
epidemic growth model i s a complex d e c i s i o n network w i t h 27 d e c i s i o n 
p o i n t s . The d e c i s i o n network uses a l l a v a i l a b l e e p i d e m i o l o g i c a l , 
agronomic and economic i n f o r m a t i o n . The number of f i e l d s r e g i s t e r e d 
under t h i s program i n the Netherlands was about 1200 i n 1981 (10). 

Although g e n e r a l l y s a t i s f a c t o r y f o r mildew and r u s t , disease 
thresholds have not been adequate f o r eyespot and diseases caused by 
Se p t o r i a , Drechslera and Rhynchosporium. Various prognostic models 
are under i n t e n s i v e i n v e s t i g a t i o n i n d i f f e r e n t i n s t i t u t i o n s . They 
have to be compiled f o r every disease and adapted to r e g i o n a l c o n d i 
t i o n s . For t h i s reason, no s i n g l e European model can be expected, 
since e c o l o g i c a l and economical p r e - r e q u i s i t e s between the va r i o u s 
c o u n t r i e s and w i t h i n each country, as w e l l as between the va r i o u s 
r e g i o n s , are too d i f f e r e n t . Numerous i m p o n d e r a b i l i t i e s , e s p e c i a l l y 
the l a c k of accurate weather prognoses, f r e q u e n t l y r e s u l t i n r o u t i n e 
treatments by the farmers  These f u n g i c i d e treatments have been 
shown to be economicall
not i n every s i n g l e year

The use of modern f u n g i c i d e s has a l s o to be viewed under the 
aspect of the energy output/input r a t i o . A g r i c u l t u r a l and f o r e s t 
economies are the only economic a c t i v i t i e s which r e s u l t i n a net 
production. However, only 0.5% of the r a d i a n t energy reaching the 
a g r i c u l t u r a l area i n Northwestern Europe i s used by pl a n t production. 
Any improvement of t h i s u t i l i z a t i o n r a t e should have the highest 
p r i o r i t y w i t h regard to energy p o l i c i e s . In the Middle Ages (with a 
c e r e a l y i e l d of about 8 dt/ha g r a i n + straw), u t i l i z a t i o n r a t e was 
0.25%. On the b a s i s of contemporary c e r e a l y i e l d s i n Western Europe 
(50 dt/ha g r a i n + 40 dt/ha straw), energetic e f f i c i e n c y of s o l a r 
energy i s 1.5%; t h e o r e t i c a l l y t h i s could be r a i s e d to 4%. 

Energy input per area has increased i n Western Europe's a g r i c u l 
ture by 500% i n the l a s t century. About 40% of the t o t a l energy 
input i s used f o r f u e l s , 30% f o r f e r t i l i z e r s and about 1 - 2 % f o r 
pl a n t p r o t e c t i o n . Energy consumption f o r 1 kg of a pl a n t p r o t e c t i o n 
agent i s compensated by a y i e l d increase of 17.6 kg wheat ( 2 ) . 
Experience has shown that not only energy input f o r chemical p l a n t 
p r o t e c t i o n i n c e r e a l s can be compensated many times over by a reduc
t i o n of disease l o s s e s , but that w i t h a r e l a t i v e l y s m a ll consumption 
of f o s s i l f u e l used i n production of modern f u n g i c i d e s , the u t i l i z a 
t i o n of s o l a r energy by p l a n t s i s considerably increased. 

I t has been argued that l e s s i n t e n s i v e a g r i c u l t u r a l systems 
provide a b e t t e r output/input r a t i o . In systems where the only input 
i s human l a b o r , an output/input r a t i o may be as high as 30:1; but 
t h i s worker a l s o consumes food c o n t a i n i n g 4.4 GJ/year. In the United 
Kingdom, a worker and h i s f a m i l y use an energy l e v e l of 130 GJ/year. 
Thus, i f the p r i m i t i v e a g r i c u l t u r a l system used such workers, the 
output/input r a t i o would be reduced to 1:1 compared w i t h over 2:1 f o r 
c e r e a l s i n Western Europe(6) 

Therefore, the f i n a l goal can only be to improve the output/ 
input r a t i o by being very energy e f f i c i e n t . This can be accomplished 
by using p l a n t p r o t e c t i o n measures, such as modern f u n g i c i d e s , to 
pr o t e c t the energy r a t i o already achieved against l o s s e s by diseases 
and other a g r i c u l t u r a l pests. 
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8 
Fungicides and Wheat Production Technology 
Advances in the Eastern United States 

Herbert Cole, Jr. 

Department of Plant Pathology, The Pennsylvania State University, University Park, 
PA 16802 

Science, technology, and marketing are linked together in the broad
est sense when advances in pesticide chemistry are translated into 
new production systems for wheat. Science seeks to understand the 
wheat plant -- technolog
used in the production
crop. When an agricultural producer contemplates various levels of 
input, the yield X unit price algorithm will dictate the level of 
technology that can be utilized in producing that crop. In the 
United States, wheat production has been limited as a sophisticated 
technological enterprise because of the linkage of U.S. wheat prices 
to world markets. In Europe, depending on the country, wheat prices 
are usually far higher than in the U.S. thus allowing a much more 
sophisticated level of technologic input with regard to pesticides, 
fertilizers, plant spacing, and permanent tramways for spraying 
fields. How rapidly U.S. producers emulate European production 
systems will depend on the U.S. wheat price. 

In spite of market constraints, eastern U.S. wheat production 
systems are growing in complexity. No element of wheat production 
can be considered as an isolated unit existing in a vacuum. What can 
be implemented from a disease management point of view is influenced 
by everything else done; the use of fungicides as a technological 
element in the disease management component of production has become 
more feasible as other technological inputs are optimized. For 
example, the use of fungicides for disease control is dependent on 
successful management of other elements in the system such as new 
varieties, planting dates, fertilizers, application equipment, row 
spacing, seed spacing, and seeding rate. Overall, gains in wheat 
production have resulted because the whole production system has been 
upgraded. 

This paper is an examination of the changes in wheat production 
that are taking place in the eastern U.S., the interaction between 
the various elements, and where the opportunities exist for further 
gains. Technological improvements have been occurring for a long 
time. Although minimum tillage production systems are considered a 
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recent i n n o v a t i o n , i n r e a l i t y farmers have been attempting to p l a n t 
without plowing f o r at l e a s t 84 years. 

Grain y i e l d i s dependent on the number of heads per hectare, the 
number of k e r n e l s per head and the s i z e and d e n s i t y of those k e r n e l s 
(9). To maximize y i e l d s , every element i n the whole production 
system must be d i r e c t e d towards balancing and o p t i m i z i n g those three 
c o n t r i b u t i n g f a c t o r s . In many ways, change i n wheat production i n 
the l a s t ten years has been a microcosm of what has taken place i n 
the l a s t f o r t y years of maize production. The changes are s i m i l a r 
but have been compressed i n time. 

One of the major areas of progress has been the i n t r o d u c t i o n of 
p r e c i s i o n p l a n t i n g equipment—planters that a l l o w depth c o n t r o l and 
p r e c i s e spacing of k e r n e l s (7). U n f o r t u n a t e l y , the goal that every 
seed and every p l a n t i s e q u i d i s t a n t from every other seed or p l a n t i n 
the f i e l d has yet to be reached. As row spacings are narrowed from 
18 cm to 10 cm, y i e l d s increas  though seedin  r a t e  hav  bee
kept constant. Much o
technology i s devoted i
placement. 

A i r seeders represent the newest way of accomplishing t h i s g o a l . 
The concept of a i r seeding i n v o l v e s blowing a mixture of f e r t i l i z e r 
and seed through a tube to a c h i s e l shank that i s l i f t i n g the s o i l . 
The seed i s spread randomly by the a i r stream beneath the s o i l l i f t e d 
by the c h i s e l . Depth i s uniform, spacing i s random but remarkably 
e q u i d i s t a n t . C u r r e n t l y manufactured seeders are s u i t a b l e f o r the 
s o i l s of the high p r a i r i e s , but not f o r the heavy c l a y s or stony 
loams of the eastern U.S. For the East the challenge i s to make the 
system f u n c t i o n w e l l i n heavier s o i l s and w i t h smaller scale equip
ment. 

Where the a i r seeding concept i s not f u n c t i o n a l , row p l a n t i n g 
remains a v i a b l e o p t i o n . In t h i s case, a mechanical device drops 
seed through tubes i n t o rows of s i n g l e or double d i s k openers that 
are forced downward to proper p l a n t i n g depth by the weight of the 
equipment. Rows preclude e q u i d i s t a n t seed spacing, although narrow 
(10 cm) rows would represent a considerable advance from 18 cm rows. 
In attempting the u l t i m a t e g o a l , a wheat farmer i n the s t a t e of 
Washington has developed a combination seeder, f e r t i l i z e r and p e s t i 
cide a p p l i c a t o r that weighs approximately 25 tons. I t places one 
h e r b i c i d e over the seed row, another h e r b i c i d e between the seed rows, 
the f e r t i l i z e r beneath the seed, and then f i n a l l y p l a n t s the seed, 
a l l i n a p r e c i s e f a s h i o n . 

In the small f i e l d s of the eastern United S t a t e s , d i f f e r e n t 
kinds of equipment may be needed. The concept of e q u i d i s t a n t geo
met r i c seed spacing remains, but lower c o s t , smaller s c a l e p l a n t e r s 
are needed to accomplish t h i s g o a l . I f an a i r seeder cannot be used 
i n heavy s o i l s , the a l t e r n a t i v e i s to place the seed i n very narrow 
rows using d i s c or c h i s e l openers to o b t a i n a 10 cm row spacing. 
U n f o r t u n a t e l y , s o i l surface t r a s h and s o i l clods have created prob
lems i n the s u c c e s s f u l design and operation of narrow row p l a n t e r s . 
Both s m a l l s c a l e a i r and d r i l l row p l a n t e r s are being used i n Europe, 
and are now being imported i n t o the United States. In the eastern 
U.S., the g r a i n p l a n t e r has o f t e n been the o l d e s t piece of equipment 
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on the farm. This i s changing as farmers perceive new o p p o r t u n i t i e s 
i n producing wheat. 

Changes i n one production element may i n f l u e n c e many other 
elements i n the system. For example, stubble mulch f a l l o w i n g every 
other year to conserve moisture f o r next year's crop had been a 
standard p r a c t i c e i n c e r t a i n areas of the western United States. ( 7 ) . 
As a g r i c u l t u r i s t s sought the u l t i m a t e i n mechanical t i l l a g e and 
cropped more and more dry lands, stubble mulching was ignored and 
lar g e blocks of f i n e l y prepared s o i l began to experience wind e r o s i o n 
s i m i l a r to that which occurred during the dust bowls of the 1930 fs. 
In a d d i t i o n , people i n c i t i e s and towns of the Dakotas experience an 
annoying side e f f e c t c a l l e d SNUD, a mixture of snow and mud. A f t e r 
the snow melts, a l l surfaces are covered w i t h t h i s s o i l r e s i d u e . In 
the dry land wheat area of the U.S., the management of s o i l s to 
prevent wind e r o s i o n has become a major concern. Chemical technology 
i s p r o v i d i n g a lar g e share of the s o l u t i o n  In Nebraska  the s o l u
t i o n i s c a l l e d " e c o f a l l o w
chemical f a l l o w . Regardles
h e r b i c i d e s , r a t h e r than mechanical c u l t i v a t i o n , to provide moisture 
r e t e n t i o n and the c o n t r o l of vege t a t i o n i n the i n t e r v e n i n g f a l l o w 
year. This allows conservation of the s o i l beneath an i n t a c t p l a n t 
residue and almost completely e l i m i n a t e s s o i l l o s s due to wind 
e r o s i o n . 

However, i n achie v i n g the s o i l and moisture r e t e n t i o n g o a l , 
another feed-back loop to a mechanical technology problem was c r e 
ated. How does one pl a n t e f f i c i e n t l y i n a s o i l surface c o n s i s t i n g of 
vege t a t i v e crop debris? Those of us i n a g r i c u l t u r a l science and 
technology i n the " i n t e l l e c t u a l c e n t e r s " of the world, both corporate 
and u n i v e r s i t y , l i k e to t h i n k that progress occurs s o l e l y because of 
our great ideas. This i s sometimes t r u e , but i n other instances we 
must r e l y on othe r s . We observe and u t i l i z e unique ideas created by 
a g r i c u l t u r a l producers throughout the world who see s o l u t i o n s to 
thorny problems as a r e s u l t of t h e i r very c l o s e a s s o c i a t i o n w i t h the 
land. The concept of n o - t i l l or minimum t i l l a g e p l a n t i n g of wheat 
has been t r i e d i n v a r i o u s places throughout the world by farmers w i t h 
equipment of t h e i r own c r e a t i o n . In one known in s t a n c e , a farmer 
decided that he would p l a n t wheat w i t h h i s " n o - t i l l " corn p l a n t e r by 
running i t across the f i e l d o f f s e t each time so that 15-18 cm row 
spacing r e s u l t e d . These kinds of attempts by a g r i c u l t u r a l producers 
throughout the world u l t i m a t e l y l e d to the development of the commer
c i a l minimum t i l l a g e or " n o - t i l l a g e " d r i l l p l a n t e r . These p l a n t e r s 
helped solve an environmental problem through p r e c i s e p l a n t i n g i n t o 
s o i l covered by r e s i d u a l surface d e b r i s . Subsequent technologies 
allowed concurrent p r e c i s e placement of the h e r b i c i d e and f e r t i l i z e r 
a l l i n a s i n g l e pass over the f i e l d . The day when the farmer used 
h i s corn p l a n t e r was over. 

Producers thought they had found a t o t a l s o l u t i o n , but i t became 
apparent that they had then created another problem. For example, 
wheat p l a n t residues c o n t a i n f o l i a r pathogens such as Se p t o r i a 
t r i t i c i ( 8 ) . The f o l l o w i n g season, spores are produced by these 
f u n g i and are blown to adjacent f i e l d s of wheat where severe i n f e c 
t i o n may r e s u l t . Mechanical t i l l a g e destroys the crop r e s i d u e ; 
chemical f a l l o w does not. So i n s o l v i n g one problem, another was 
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created. In the eastern and midwest U.S., the immediate n o - t i l l a g e 
p l a n t i n g of wheat i n t o corn s t u b b l e , cut f o r e n s i l a g e , i s the p l a n t 
p a t h o l o g i s t ' s conceptual dream of how one i n o c u l a t e s a f i e l d w i t h 
G i b b e r e l l a zeae to produce head scab (8). A s i n g l e p e r i t h e c i a - c o n -
t a i n i n g corn s t a l k , every 30 cm i n 76 cm row spacings, w i l l provide 
enough inoculum the next s p r i n g to almost c e r t a i n l y ensure head scab 
of the wheat. 

Throughout the United S t a t e s , the use of minimum t i l l a g e and 
chemical f a l l o w systems has r e s u l t e d i n conservation of s o i l and 
energy, but has created a new set of disease problems that were 
formerly managed by mechanical t i l l a g e and c u l t u r a l p r a c t i c e s . For 
example, estimated y i e l d reductions of up to 40% have occurred i n 
Pennsylvania when producers planted wheat f o l l o w i n g wheat w i t h the 
previous crop residue l e f t on the s o i l s u r f a c e . Major problems 
r e s u l t e d from S e p t o r i a diseases ( S e p t o r i a nodorum and S e p t o r i a 
t r i t i c i ) , t a k e - a l l (Gaeumannomyces graminis v a r  t r i t i c i )  head scab 
( G i b b e r e l l a zeae) and v a r i o u
Attempts to grow continuou
have been dis c o n t i n u e d by Pennsylvania farmers because of these 
diseases. S i m i l a r f a i l u r e s have been experienced i n other areas of 
the eastern and mid-western U.S. 

The i n t r o d u c t i o n of new n i t r o g e n responsive v a r i e t i e s has 
g r e a t l y increased the y i e l d p o t e n t i a l of wheat i n the areas of the 
U.S. where r a i n f a l l i s not a l i m i t i n g f a c t o r . Older v a r i e t i e s merely 
grew t a l l e r and lodged when a d d i t i o n a l n i t r o g e n f e r t i l i z e r was 
a p p l i e d . Newer v a r i e t i e s r e l e a s e d i n the 1978-83 p e r i o d have greater 
stem st r e n g t h and respond to a d d i t i o n a l n i t r o g e n by producing greater 
number of t i l l e r s per hectare w i t h l a r g e r heads. In t h i s manner, the 
b a s i s f o r increased g r a i n production has been e s t a b l i s h e d ( 4 ) . 
U n f o r t u n a t e l y , the powdery mildew s u s c e p t i b i l i t y of most wheat 
v a r i e t i e s g r e a t l y increases as n i t r o g e n f e r t i l i t y l e v e l s i n c r e a s e . 
In seasons and l o c a t i o n s of high humidity, many of the gains due to 
increased f e r t i l i t y are n u l l i f i e d by powdery mildew l o s s e s . 

Powdery mildew has long been recognized as a wheat disease, but 
only w i t h the advent of high n i t r o g e n f e r t i l i t y d i d i t become a major 
y i e l d l i m i t i n g f a c t o r i n wheat production. Fungicides f o r powdery 
mildew c o n t r o l have evolved s l o w l y . S u l f u r was the f i r s t product and 
i t has been a v a i l a b l e since the e a r l y 1900's, but i t has never been 
e f f e c t i v e enough f o r commercial use. Then came e t h i r i m o l , (5 B u t y l -
2-ethylamino-4-hydroxy-6-methyl p y r i m i d i n e ) , a compound proven to 
provide e f f e c t i v e powdery mildew c o n t r o l i n Europe, but be only 
m a r g i n a l l y e f f e c t i v e i n the U.S., and was never r e g i s t e r e d f o r 
commercial use. Triadimefon (l-(4-chlorophenoxy)-3,3-dimethyl-l-
( l H - l , 2 , - 4 , - t r i a z o l - l - y l ) - 2 - b u t a n o n e ) was the f i r s t EPA r e g i s t e r e d 
commercially e f f e c t i v e powdery mildew f u n g i c i d e . The use of t r i a d i 
mefon on high f e r t i l i t y responsive, powdery mildew s u s c e p t i b l e 
v a r i e t i e s has r e s u l t e d i n y i e l d increases of 10-30 percent i n absence 
of other f o l i a r pathogens. 

I t i s unfortunate, but not s u r p r i s i n g , that a f u n g i c i d e e f f e c 
t i v e only against powdery mildew, such as e t h i r i m o l , allows other 
pathogens not s e n s i t i v e to the f u n g i c i d e to invade the unaffected 
f o l i a g e . For example, where powdery mildew had been the primary 
problem, S e p t o r i a t r i t i c i and P u c e i n i a r e c o n d i t a now invaded the 
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f o l i a g e from which powdery mildew had been e l i m i n a t e d ( 3 ) . Thus, 
t e c h n o l o g i c a l i n n o v a t i o n solved one problem, but again created a new 
problem. I t became apparent that an a d d i t i o n a l f u n g i c i d e must be 
added to the spray tank to c o n t r o l S e p t o r i a l e a f b l o t c h . An a p p l i 
c a t i o n method a l s o had to be developed. One p o s s i b l e s o l u t i o n was 
a e r i a l spraying; the other was the development of ways to ground 
spray i n mid-season without excessive p l a n t damage. By developing 
narrow wheel t r u c k or t r a c t o r mounted sprayers, smaller f i e l d s could 
be sprayed from the ground w i t h very l i t t l e damage. The wheel t r a c k s 
represented an acceptable l e v e l of y i e l d l o s s (1-2%). 

A d d i t i o n a l new systemic f u n g i c i d e s are being introduced f o r 
wheat disease c o n t r o l . One m a t e r i a l CGA 64250 ( T i l t ) , ( l - ( 2 - ( 2 , 4 - d i -
c h l o r o p h e n y l ) 4 - p r o p y l - l , 3 , - d i o x o l a n - 2 - y l m e t h y l ) - H - l , 2 , 4 - t r i a z o l e ) , 
i s e f f e c t i v e f o r c o n t r o l of powdery mildew, r u s t , and Sept o r i a l e a f 
b l o t c h . However at t h i s p o int i n time, i t i s not c e r t a i n whether 
U.S. EPA r e g i s t r a t i o n w i l l a l l o  short h i n t e r v a l betwee
treatment and harvest f o

F o l i a r sprays r e q u i r
a l t e r n a t i v e would be seed treatment w i t h a long-term systemic f u n g i 
cide that could be a p p l i e d at p l a n t i n g . Such a m a t e r i a l i s c u r r e n t l y 
being t e s t e d . Triadimenol (Baytan),(3-(4-Chlorophenoxy)-a-(l,1-dime-
t h y l e t h y l ) - l H - l , 2 , 4 - t r i a z o l e - l - e t h a n o l ) , when a p p l i e d as a seed 
treatment, w i l l provide c o n t r o l of powdery mildew on wheat i n t o 
mid-season. In most years, t h i s would preclude the need f o r f o l i a r 
sprays f o r powdery mildew c o n t r o l , but does not provide a s o l u t i o n 
f o r c o n t r o l of S e p t o r i a l e a f b l o t c h or l a t e season l e a f r u s t . 

The new systemic f u n g i c i d e s o f f e r a great p o t e n t i a l b e n e f i t ; 
however, the mechanisms of f u n g i c i d a l a c t i o n of these products tend 
to be narrow, o f t e n based on i n a c t i v a t i o n of a s i n g l e enzyme system. 
With wide usage of these f u n g i c i d e s , pathogen r e s i s t a n c e may become a 
major problem. The n a t u r a l mutation r a t e of the fungal pathogen 
combined w i t h almost u n i v e r s a l exposure to the f u n g i c i d e provides a 
ba s i s f o r s e l e c t i o n of r e s i s t a n t s t r a i n s of the pathogen. I f these 
s t r a i n s are f i t to sur v i v e and compete i n the host/pathogen eco
system, the fu n g i c i d e w i l l have a very short l i f e expectancy. 
Benomyl was h a i l e d as the s o l u t i o n to many pl a n t diseases. However, 
r e s i s t a n c e has occurred i n Cercospora, Erysiphe, B o t r y t i s , S c l e r o -
t i n i a , V e n t u r i a , and other fungal genera. F o r t u n a t e l y , r e s i s t a n c e to 
tria d i m e f o n has not yet appeared i n wheat pathogens i n areas of the 
world where the f u n g i c i d e has been i n widespread use f o r at l e a s t ten 
years. This i s a hopeful s i g n . Triadimenol i s c l o s e l y r e l a t e d to 
tr i d i m e f o n but has not yet been used e x t e n s i v e l y and one can only 
speculate regarding f u t u r e r e s i s t a n c e problems. 

In a disease c o n t r o l experiment i n 1979 (H. Cole, unpublished), 
t r i a d i m e f o n was a p p l i e d to four wheat v a r i e t i e s ('Red Coat', 'Hart', 
'S-76', and 'Dancer') grown under both a high f e r t i l i t y regime 
conducive to maximum g r a i n y i e l d s , and the standard moderate f e r t i l 
i t y regime. In the case of 'Red Coat', a powdery mildew r e s i s t a n t 
v a r i e t y , the high f e r t i l i t y r e s u l t e d i n very l i t t l e y i e l d gain (3555 
kg/ha vs 3230 kg/ha); y i e l d responsiveness to f e r t i l i t y was not 
present i n the v a r i e t y . On the other hand, 'Hart' and 'S-76' r e 
sponded d r a m a t i c a l l y to high f e r t i l i t y . The use of tri a d i m e f o n under 
standard f e r t i l i t y r e s u l t e d i n a 20% y i e l d i n c r e a s e , whereas the 
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increase was almost 70% under high f e r t i l i t y plus f u n g i c i d e . High 
f e r t i l i t y alone r e s u l t e d i n no y i e l d increase due to the extremely 
severe powdery mildew l e v e l s that were experienced. The maximum 
y i e l d s obtained from the f u n g i c i d e plus high f e r t i l i t y treatment 
p l o t s were 6370 kg/ha f o r f H a r t f and 6150 kg/ha f o r 'S-76'. The 
v a r i e t y 'Dancer 1, which i s extremely s u s c e p t i b l e to powdery mildew, 
produced a poor y i e l d (2340 kg/ha) at moderate f e r t i l i t y i n the 
absence of powdery mildew c o n t r o l , and w i t h the use of t r i a d i m e f o n 
produced a moderate g r a i n y i e l d of 3430 kg/ha. The combination of 
high f e r t i l i t y plus t r i a d i m e f o n on 'Dancer' r e s u l t e d i n only a s l i g h t 
y i e l d increase (7%) because the y i e l d responsiveness to f e r t i l i t y was 
not present i n t h i s v a r i e t y . These r e s u l t s and many others c l e a r l y 
i n d i c a t e that y i e l d p o t e n t i a l and f e r t i l i z e r responsiveness must be 
present i n a v a r i e t y i n order f o r the use of f u n g i c i d e s to r e s u l t i n 
dramatic y i e l d i n c r e a s e s . 

We have a l s o examined th  i n t e r a c t i o n  betwee  fumigation  t
c o n t r o l root pathogens
pathogens. This combinatio
s o i l fumigation treatment c o n s i s t e d of 400 kg a i / h a of methyl bromide 
a p p l i e d three weeks p r i o r to p l a n t i n g winter wheats. The f o l i a r 
spray was a combination of t r i a d i m e f o n (140 g ai/ha) and mancozeb (1 
kg ai/ha) a p p l i e d at Feekes' growth stages 7 and 10 ( 5 ) . The e x p e r i 
mental design was f a c t o r i a l so that both fumigation and f o l i a r 
f u n g i c i d e a p p l i c a t i o n could be considered alone as w e l l as together. 
Depending on v a r i e t y , there were some instances where y i e l d increases 
r e s u l t e d from f o l i a r sprays alone and fumigation alone. In other 
i n s t a n c e s , the combination treatment r e s u l t e d i n a d d i t i v e y i e l d 
i ncreases and i n other instances s y n e r g i s t i c increases greater than 
a d d i t i v e . We do not understand the i n t e r r e l a t i o n s h i p s among patho
gens, e s p e c i a l l y root and crown r o t pathogens versus the f o l i a r 
pathogens. We are c e r t a i n that there i s an i n t e r a c t i o n and that i t 
must be considered i n development of wheat production technologies. 

The one t h i n g that I have learned over the years i n examination 
of data i s my own tendency to expect c e r t a i n kinds of r e s u l t s . I f 
they are not obtained, I t r y to e x p l a i n t h i s by blaming the e x p e r i 
ment and blaming everything but the f a c t that I may r e a l l y be l o o k i n g 
at a unique b i o l o g i c a l paradox that needs to be understood r a t h e r 
than quarreled w i t h . I t has been s a i d that the d i f f e r e n c e between 
"genius" and the " r e s t of us" i s that "genius" sees r e l a t i o n s h i p s 
between seemingly unrelated observations when the " r e s t of us" cannot 
see these r e l a t i o n s h i p s . 

Fungicides cannot be developed and t e s t e d i n i s o l a t i o n from the 
other t e c h n o l o g i c a l elements i n a wheat production system. Where 
researchers have discovered an e f f e c t i v e new f u n g i c i d e and then 
sprayed i t on t e s t p l o t s without regard to the whole system, they 
have f a i l e d miserably. A chemical company s e v e r a l years ago attempt
ed to do that w i t h a product that had been e f f e c t i v e i n Europe. They 
sprayed wheat from F l o r i d a to New York, spent s e v e r a l m i l l i o n d o l 
l a r s , and went home t o t a l l y disenchanted. They ignored the f a c t that 
f u n g i c i d e s are a part of a complex system that i n v o l v e s more than 
merely spraying a chemical on a crop. 
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The one element that has not been discussed i s that c u r r e n t l y 
popular term "biotechnology". To most people, the word means gene 
s p l i c i n g and genetic engineering by chemical or a r t i f i c i a l means. 
This i s unfortunate s i n c e biotechnology i n the h o l i s t i c sense i n 
volves a l l manipulation of b i o l o g i c a l systems, i n c l u d i n g c l a s s i c 
p l a n t breeding. The term i s not as r e s t r i c t i v e as i t s current usage 
would imply. There has been a great d e a l of e f f o r t by u n i v e r s i t y 
r esearchers, as w e l l as by p r i v a t e seed companies, to develop wheat 
v a r i e t i e s that w i l l maximize g r a i n y i e l d s . Hybrid wheats have been a 
long-time goal but to date have achieved only l i m i t e d commercial 
success. The lar g e degree of s e l f - p o l l i n a t i o n and the absence of 
e a s i l y manipulated male s t e r i l i t y f a c t o r s have made h y b r i d i z a t i o n a 
d i f f i c u l t commercial process (.1*2) · Gameticidal chemicals are 
c u r r e n t l y r e c e i v i n g research emphasis. However, the vast m a j o r i t y of 
a v a i l a b l e v a r i e t i e s have been developed by c l a s s i c p l a n t breeding 
techniques w i t h major emphasis devoted to straw s t r e n g t h  disease 
r e s i s t a n c e , f e r t i l i z e r responsiveness

Long l a s t i n g r e s i s t a n c
p l a n t diseases. U n f o r t u n a t e l y , the narrow genetic b a s i s of the 
r e s i s t a n c e , o f t e n a s i n g l e dominant gene, has r e s u l t e d i n new races 
of the pathogen which bypass the r e s i s t a n c e gene a f t e r s e v e r a l years 
of widespread use of the new v a r i e t y . In some i n s t a n c e s , such as 
wi t h ' T y l e r 1 , a new s o f t red winter wheat v a r i e t y , the b e n e f i t s of 
powdery mildew r e s i s t a n c e may be t o t a l l y o f f s e t by l e a f r u s t suscep
t i b i l i t y . Although there has been a measurable long-term b e n e f i t 
from breeding f o r disease r e s i s t a n c e , progress to date has not 
eli m i n a t e d the need f o r use of f u n g i c i d e s . Genetic engineering and 
gene s p l i c i n g may u l t i m a t e l y b e n e f i t wheat production but no progress 
has yet occurred. "Super wheat" has not yet appeared and a l l things 
considered, w i l l probably never come about. 

From the preceding d i s c u s s i o n , i t i s apparent that we cannot 
consider any t e c h n o l o g i c a l p r a c t i c e i n a vacuum. Wheat production i s 
a system composed of many i n t e r a c t i n g elements i n which every element 
i n f l u e n c e s other elements. One could draw the analogy that i t i s the 
same as pre s s i n g an i n d e n t a t i o n i n the side of a p l a s t i c bag of 
w a t e r — a push i n one place w i l l guarantee that there w i l l be an equal 
volume pushed out somewhere e l s e . Where i t w i l l appear i s not 
r e a d i l y determined but the f a c t that i t w i l l appear i s assured. The 
same i s true i n attempting to understand the i n t e r r e l a t i o n s h i p s i n 
technology. The major challenge that we face today i s to recognize 
and deal w i t h the issues of t e c h n o l o g i c a l change i n a h o l i s t i c sense. 
Un f o r t u n a t e l y , we much p r e f e r to zero i n on one's own s p e c i f i c 
i n t e r e s t , pursue research i n that d i r e c t i o n and not worry about the 
side e f f e c t s or r a m i f i c a t i o n s . We should be encouraging people to 
examine systems of crop production, and to examine technologies as 
they i n t e r a c t r a t h e r than as i n d i v i d u a l elements. I b e l i e v e that new 
u s e f u l technologies w i l l be developed and incorporated i n t o the wheat 
production systems and that f u n g i c i d e s w i l l p l a y an i n c r e a s i n g r o l e 
i n t h i s development. The o b j e c t i v e f o r a l l of us should be to ensure 
that we make r e a l progress, e s p e c i a l l y i n p r o f i t a b i l i t y and y i e l d 
i n c r e a s e , so that wheat producers do more than j u s t spend more money 
i n production costs without at l e a s t a s l i g h t g a i n i n p r o f i t . 
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9 
Tree Fruit Crops in the Eastern United States 
Potential Role for New Fungicides 

Alan L. Jones 

Department of Botany and Plant Pathology, Michigan State University, East Lansing, 
MI 48824 

Fungicides are essential for the production of high quality deciduous 
tree fruit crops in the humid eastern United States. On apples, ten 
to fifteen applications of one to three fungicides are used each 
season. Although the frequen
dependence upon chemical
crops will continue for the foreseeable future. 

A number of experimental fungicides that have the potential for 
easing the complexity of disease control on tree fruit crops in the 
east are currently being evaluated. Most of these fungicides are 
either ergosterol biosynthesis inhibiting (EBI) compounds or members 
of the dicarboximide group of fungicides. Research has been con
ducted at several experiment stations throughout the eastern United 
States to determine the effectiveness of these fungicides against the 
spectrum of diseases in the various regions and to define application 
rates. In addition, specific studies have been conducted to estab
lish the practical mode of action of these compounds for controlling 
the most important diseases. 

Activity Against Apple Scab 

Because the management of apple diseases revolve around control 
strategies for apple scab (Venturia inaequalis), specific studies 
have been conducted on the capabilities and limitations of the EBI 
fungicides to control this disease. The EBI fungicides inhibit the 
spore infection process at a later stage than earlier fungicides. 
Fungicides such as captan, metiram and sulfur inhibit spore germina
tion while the benzimidazole group of fungicides inhibit appressoria 
formation but not spore germination. With the EBI fungicides, spores 
germinate, form appressoria, and penetrate the cuticle of the host 
before they are killed. This is exemplified in an experiment where 
an apple leaf was treated with fenarimol 12 hours before inoculation 
with conidia of Venturia inaequalis and then incubated in a moist 
chamber for 23 hours after inoculation (Figure 1). Although the 
spore produced a germ tube, appressorium, and penetrated the cuticle 
within 24 hours after inoculation, no scab symptoms developed on 
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tr e a t e d p l a n t s a f t e r two weeks, while unsprayed p l a n t s were se v e r e l y 
i n f e c t e d . Conidia on p l a n t s t r e a t e d w i t h b i t e r t a n o l and etaconazole 
reacted s i m i l a r l y , and no disease symptoms were observed a f t e r two 
weeks. 

Greenhouse s t u d i e s i n d i c a t e that EBI f u n g i c i d e s provide about 
one to four days of p r o t e c t i o n compared to f i v e to seven days f o r 
conventional p r o t e c t a n t s such as captan, metiram, and mancozeb (20, 
23). The degree of p r o t e c t i o n by the EBI f u n g i c i d e s depends on 
dosage, on the s p e c i f i c f u n g i c i d e used, on the weather c o n d i t i o n s 
( p a r t i c u l a r l y r a i n ) , and on the r a t e of p l a n t growth a f t e r the 
a p p l i c a t i o n . Mixtures of EBI f u n g i c i d e s w i t h conventional f u n g i c i d e s 
are c u r r e n t l y being evaluated as a means of improving the p r o t e c t i v e 
a c t i o n and spectrum of a c t i v i t y of the EBI f u n g i c i d e s . 

The EBI f u n g i c i d e s have outstanding a f t e r - i n f e c t i o n c o n t r o l 
a c t i v i t y compared to conventional f u n g i c i d e s . The l i m i t of a f t e r -
i n f e c t i o n c o n t r o l f o r a p a r t i c u l a  f u n g i c i d  i  defined  th  numbe
of hours from the s t a r t
and s t i l l prevent developmen
f u n g i c i d e s perform best when a p p l i e d i n a n t i c i p a t i o n of i n f e c t i o n 
p e r i o d s . Their e f f e c t i v e n e s s i s very l i m i t e d when they are a p p l i e d 
a f t e r c o n d i t i o n s are favorable f o r i n f e c t i o n . Fungicides such as 
captan, metiram, and mancozeb are e f f e c t i v e f o r 18 to 24 hours a f t e r 
the i n i t i a t i o n of favorable c o n d i t i o n s f o r i n f e c t i o n while the EBI 
f u n g i c i d e s are e f f e c t i v e f o r 72-96 hours (1^,19,20,23). The s p e c i f i c 
d u r a t i o n of a f t e r - i n f e c t i o n a c t i v i t y i s p r o p o r t i o n a l to the amount of 
a c t i v e i n g r e d i e n t that i s a p p l i e d (20) and, i n the s p e c i f i c case of 
b i t e r t a n o l , i t can be improved by adjuvant a d d i t i o n (19). 

When the EBI f u n g i c i d e s are a p p l i e d l a t e r than 72-96 hours a f t e r 
the beginning of the scab i n f e c t i o n p e r i o d but before symptoms are 
v i s i b l e , c h l o r o t i c spots or f l e c k s w i t h few or no c o n i d i a are pro
duced i n place of t y p i c a l s p o r u l a t i n g l e s i o n s (Figure 2). This i s 
r e f e r r e d to as presymptom c o n t r o l by S z k o l n i k (23) and i t i s a form 
of p o s t - i n f e c t i o n or c u r a t i v e a c t i o n . Dodine and benomyl are exam
pl e s of f u n g i c i d e s w i t h presymptom a c t i v i t y . Presymptom a c t i v i t y 
becomes more obvious as the time of a p p l i c a t i o n increases beyond the 
72-96 hour a f t e r - i n f e c t i o n p e r i o d . In greenhouse t r i a l s , sprays of 
b i t e r t a n o l , etaconazole, fenarimol and t r i f o r i n e reduced c o n i d i a l 
production 85 to 99% when a p p l i e d f i v e days a f t e r i n o c u l a t i o n (20). 

Presymptom a c t i v i t y has a l s o been observed i n f i e l d t r i a l s . I f 
sprays are delayed l a t e i n t o the i n c u b a t i o n p e r i o d , presymptom 
c o n t r o l can be increased by applying a second spray seven days a f t e r 
the f i r s t a p p l i c a t i o n (12). There are i n d i c a t i o n s that c h l o r o t i c 
l e s i o n s w i l l not produce c o n i d i a a f t e r the use of EBI f u n g i c i d e s i s 
discontinued ( 6 ) . However, the v i a b i l i t y of the fungus i n these 
l e s i o n s i s i n f l u e n c e d by moisture, dosage of f u n g i c i d e , t i m i n g , and 
other f a c t o r s . In one t r i a l , the scab fungus was i s o l a t e d from 
c h l o r o t i c l e s i o n s i n leaves (12). 

Because of t h e i r a f t e r - i n f e c t i o n and a n t i s p o r u l a t i o n a c t i v i t y 
against scab, the EBI f u n g i c i d e s are e s p e c i a l l y s u i t a b l e f o r use i n 
p r e d i c t i v e disease c o n t r o l programs. P r e d i c t i v e disease c o n t r o l i s 
an important part of i n t e g r a t e d pest management programs on apples. 
A p r e d i c t i v e system means c o n t r o l measures are a p p l i e d a f t e r the 
onset of i n f e c t i o n . Small s p e c i a l purpose computers w i t h f i e l d 
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Figure 1. A germinated conidium of Ven t u r i a i n a e q u a l i s on a 
apple l e a f t r e a t e d w i t h fenarimol 12 hours before i n o c u l a t i o n 
and incubated i n a moist chamber f o r 23 hours a f t e r i n o c u l a t i o n . 
Bar * 1 micron. 

Figure 2. Densely s p o r u l a t i n g l e s i o n s of apple scab on an 
unsprayed l e a f ( l e f t ) compared w i t h c h l o r o t i c n onsporulating 
l e s i o n s on a l e a f sprayed w i t h etaconazole ( r i g h t ) . 
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sensors can be u t i l i z e d as an a i d i n i d e n t i f y i n g i n f e c t i o n periods 
and t i m i n g f u n g i c i d e sprays (11). Because they are l i m i t e d i n 
p r o t e c t i v e a c t i o n , the most e f f i c i e n t use of the EBI f u n g i c i d e s i s i n 
conjunction w i t h a p r e d i c t i v e system. Recently, the value of a 
microcomputer to enhance the e f f i c i e n c y of b i t e r t a n o l , f e n a r i m o l , 
etaconazole, and t r i f o r i n e was demonstrated under f i e l d c o n d i t i o n s 
( 2 ) . 

T r i a l s w i t h EBI f u n g i c i d e s used as post-symptom treatments 
i n d i c a t e they are l e s s e f f e c t i v e than dodine and benomyl f o r stopping 
the development of e s t a b l i s h e d l e s i o n s . In greenhouse t r i a l s i n v o l v 
in g the removal of c o n i d i a from s p o r u l a t i n g l e s i o n s and spraying the 
l e s i o n s immediately w i t h EBI f u n g i c i d e s , numbers of c o n i d i a were not 
reduced a f t e r three days (23). However, i n f i e l d t r i a l s i n v o l v i n g 
two sprays of b i t e r t a n o l or etaconazole a p p l i e d seven-days-apart 
s t a r t i n g about two days a f t e r symptoms were v i s i b l e , immature spores 
predominated i n the l e s i o n s seven days l a t e r (12)  The immature 
spores were d i f f i c u l t t
removed f a i l e d to germinate
of c o n i d i a i n greenhouse t r i a l s , but not i n f i e l d t r i a l s i n v o l v i n g 
m u l t i p l e sprays, may be r e l a t e d to the d u r a t i o n of time needed to 
deplete the reserves of e r g o s t e r o l w i t h i n the fungus. On f r u i t , 
post-symptom c o n t r o l was e x h i b i t e d by a " h e a l i n g " of the scab l e s i o n s 
(12). 

The p o s t - i n f e c t i o n p r o p e r t i e s of these f u n g i c i d e s suggest they 
are systemic i n apple f o l i a g e . L i m i t e d s t u d i e s w i t h etaconazole and 
f e n a p a n i l i n d i c a t e there i s f o l i a r uptake or at l e a s t a b i n d i n g of 
the f u n g i c i d e to the c u t i c l e (13). A d d i t i o n a l research on the r a t e 
of uptake and p e r s i s t a n c e of these compounds may help to r e s o l v e the 
p r a c t i c a l question of how long spray deposits must dry before they 
reach maximum e f f e c t i v e n e s s . F i e l d observations suggest that a r a i n 
during or immediately a f t e r the a p p l i c a t i o n of an EBI f u n g i c i d e 
reduces i t s e f f e c t i v e n e s s . 

The importance of the EBI f u n g i c i d e s i s i n c r e a s i n g because of 
the widespread development of r e s i s t a n c e i n the scab fungus to dodine 
and/or the benzimidazole f u n g i c i d e s i n the eastern United States 
(A,8,25). The use of these o l d e r f u n g i c i d e s have been discontinued 
i n some areas, f o r c i n g growers to use l e s s e f f e c t i v e f u n g i c i d e s and 
more t o t a l chemical per hectare than was p r e v i o u s l y r e q u i r e d . The 
p o t e n t i a l f o r development of r e s i s t a n c e i n the scab fungus to the EBI 
f u n g i c i d e s may be of greatest concern i n the northern s t a t e s . In 
t h i s r egion the spectrum of diseases c o n t r o l l e d by the EBI f u n g i c i d e s 
i s s u f f i c i e n t to permit season long programs. In southern areas, 
other f u n g i c i d e s must be mixed w i t h the EBI f u n g i c i d e s and t h i s 
should help delay r e s i s t a n c e problems. 

A c t i v i t y Against Other Apple Diseases 

A l a r g e number of fungal diseases i n a d d i t i o n to scab a f f e c t apples 
i n the m i d - A t l a n t i c and southern s t a t e s . In areas w i t h i n these 
s t a t e s , the f o l l o w i n g diseases must be c o n t r o l l e d : cedar apple r u s t 
(Gymnosporangium j u n i p e r i - v i r g i n i a n a e ) , quince r u s t (G. c l a v i p e s ) , 
powdery mildew (Podosphaera l e u c o t r i c h a ) , black r o t (Physalospora 
obtusa), bot or white r o t (Botryosphaeria d o t h i d e a ) , b i t t e r r o t 
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(Glomerella c i n g u l a t a ) , sooty b l o t c h (Gloeodes pomigena), f l y speck 
( M i c r o t h y r i e l l a r u b i ) and Brooks spot (Mycosphaerella pomi). 

The EBI f u n g i c i d e s have shown outstanding a c t i v i t y against apple 
powdery mildew everywhere i n the eastern United States. Mildew 
c o n t r o l was improved p a r t i c u l a r l y i n the m i d - A t l a n t i c r e g i o n (5,29), 
where the disease i s more severe than i n the northeastern and north 
c e n t r a l s t a t e s . The EBI fu n g i c i d e s d i f f e r from o l d e r mildewcides 
l i k e s u l f u r , dinocap, and benomyl by i n h i b i t i n g s p o r u l a t i o n and 
m y c e l i a l growth i n e s t a b l i s h e d l e s i o n s ( 5 ) . Their high l e v e l of 
c o n t r o l e f f i c i e n c y i s probably due to a re d u c t i o n i n both primary 
inoculum and secondary spread. As w i t h dinocap (29), the EBI f u n g i 
c i d e s may be more e f f e c t i v e when a p p l i e d on a 5- to 7-day i n t e r v a l at 
low r a t e s r a t h e r than on a 10- to 14-day i n t e r v a l at high r a t e s . 
S u b s t a n t i a l c o n t r o l of powdery mildew has a l s o been obtained i n 
greenhouse t r i a l s through vapor a c t i o n w i t h t r i a d i m e f o n and etacona
z o l e (23). The r o l e of vapor a c t i o n i n c o n t r o l l i n g mildew i n o r
chards remains u n c l e a r . 

Cedar apple r u s t i
c u l t i v a r s are grown i n p r o x i m i t y to cedar t r e e s . The disease i s a 
problem i n part of New York s t a t e and most of the southern and n o r t h 
c e n t r a l s t a t e s . Use of prote c t a n t f u n g i c i d e s has been the only 
method a v a i l a b l e to c o n t r o l i n f e c t i o n i n areas where e r a d i c a t i o n of 
red cedar trees i s i m p r a c t i c a l . The EBI f u n g i c i d e s , except p r o c h l o 
r a z , have shown b e t t e r a c t i v i t y against cedar apple r u s t than s t a n 
dard protectant compounds (27). Dosages needed to c o n t r o l r u s t are 
g e n e r a l l y lower than those used to c o n t r o l scab and mildew (27). The 
c a p a b i l i t y of the EBI f u n g i c i d e s to give p o s t - i n f e c t i o n c o n t r o l of 
cedar apple r u s t should r e s u l t i n the development of new c o n t r o l 
s t r a t e g i e s f o r t h i s disease (15,22). 

Although the EBI fu n g i c i d e s are of greatest b e n e f i t f o r the 
c o n t r o l of scab, r u s t , and powdery mildew e a r l y i n the season, t h e i r 
b e n e f i t i n the cover spray p e r i o d w i l l d i f f e r between production 
areas. In the northern United States where apple scab and powdery 
mildew are the main diseases to be c o n t r o l l e d , the EBI fu n g i c i d e s 
w i l l be of b e n e f i t from the beginning of the growing season u n t i l 
h a rvest. However, i n the southern, m i d - A t l a n t i c , and southeastern 
s t a t e s , a complex of summer f r u i t r o t diseases i s common. Because 
the EBI f u n g i c i d e s are weak against t h i s group of dise a s e s , they w i l l 
need to be mixed w i t h more e f f e c t i v e f u n g i c i d e s such as mancozeb or 
captan (27). B i t e r t a n o l should f i t b e t t e r i n t o mid- to late-season 
programs than the other EBI f u n g i c i d e s because of i t s stronger 
a c t i v i t y against sooty b l o t c h and f l y speck (28). 

New Fungicides f o r Stone F r u i t Disease C o n t r o l 

Fungicides are used on stone f r u i t crops i n the eastern United States 
to c o n t r o l brown r o t blossom b l i g h t and f r u i t r o t ( M o n i l i n i a f r u c t i -
c o l a ) , cherry l e a f spot (Coccomyces h i e m a l i s ) , powdery mildews 
(Sphaerotheca ρannosa and Podosphaera oxyacanthae), and scab (Clado
sporium carpophilium). In the northeastern s t a t e s about s i x a p p l i c a 
t i o n s are a p p l i e d per season while i n the southeastern s t a t e s up to 
ten a p p l i c a t i o n s are a p p l i e d . 
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The need f o r new f u n g i c i d e s f o r stone f r u i t s has increased 
because of the development of b e n z i m i d a z o l e - r e s i s t a n t M o n i l i n i a 
f r u c t i c o l a (8,9,30) and Coccomyces h i e m a l i s (10) i n important stone 
f r u i t production areas of the eastern United S t a t e s . Resistance has 
been a major problem f o r stone f r u i t growers because a l t e r n a t i v e 
f u n g i c i d e s are l e s s e f f e c t i v e , more c o s t l y or r e q u i r e more frequent 
a p p l i c a t i o n s than benzimidazole f u n g i c i d e s . The recent r e g i s t r a t i o n s 
of iprodione and t r i f o r i n e f o r c o n t r o l of stone f r u i t diseases have 
helped to a l l e v i a t e problems caused by benzimidazole r e s i s t a n c e . 

Programs f o r the management of stone f r u i t diseases revolve 
around the c o n t r o l of brown r o t at bloom and at harvest. Between 
these two stages of f r u i t development, the c o n t r o l of cherry l e a f 
spot, powdery mildew, and peach scab i s more important than c o n t r o l 
of brown r o t . The EBI f u n g i c i d e s have shown high a c t i v i t y against 
a l l these diseases except peach scab. Peach scab i s a mid-season 
problem i n the southern s t a t e s  I  thes  s t a t e  th  EBI f u n g i c i d e
would need to be supplemente
In the northern s t a t e s
c o n t r o l l i n g the spectrum of diseases that occur from bloom u n t i l 
h arvest. 

Cherry l e a f spot i s p a r t i c u l a r l y severe i n the Great Lakes 
s t a t e s of Michigan, Wisconsin, and New York. P r o t e c t i v e f u n g i c i d e s 
such as c a p t a f o l , c h l o r o t h a l o n i l , captan, and ferbam plus s u l f u r are 
the main f u n g i c i d e s used i n i t s c o n t r o l . These f u n g i c i d e s l a c k the 
broad spectrum a c t i v i t y of the EBI f u n g i c i d e s and o f t e n must be 
supplemented w i t h other f u n g i c i d e s to c o n t r o l a l l the diseases that 
are present. A l s o , the c a p a b i l i t y of the EBI f u n g i c i d e s to give 
p o s t - i n f e c t i o n c o n t r o l of l e a f spot should be a v a l u a b l e asset i n the 
c o n t r o l of t h i s disease (21). I f p r o t e c t i v e sprays are missed and 
l e a f spot i n f e c t i o n occurs, the EBI f u n g i c i d e s could be used as 
emergency treatments i n much the same way that cycloheximide was 
used, before i t s use was discontinued (3). 

A second group of f u n g i c i d e s w i t h p o t e n t i a l f o r use on stone 
f r u i t s i s the dicarboximides. The dicarboximide f u n g i c i d e s provided 
e x c e l l e n t c o n t r o l of brown r o t blossom b l i g h t i n l a b o r a t o r y t e s t s i n 
Michigan (7) and both dicarboximide and EBI f u n g i c i d e s provided 
e x c e l l e n t c o n t r o l of brown r o t blossom b l i g h t when a p p l i e d 18 or 24 
hours a f t e r i n o c u l a t i o n i n greenhouse t r i a l s i n New York (24). 
Because of t h i s a f t e r - i n f e c t i o n a c t i v i t y , the dicarboximide and the 
EBI f u n g i c i d e s should be s u b s t i t u t e d f o r dichlone i n emergency 
c o n t r o l programs f o r brown r o t blossom b l i g h t . For t h i s purpose, the 
f u n g i c i d e s are a p p l i e d a f t e r c o n d i t i o n s have been favorable f o r 
i n f e c t i o n . The dicarboximides have a narrower spectrum of disease 
c o n t r o l than the EBI f u n g i c i d e s . At times, they w i l l need to be 
supplemented w i t h other f u n g i c i d e s to c o n t r o l the e n t i r e spectrum of 
diseases that i s present. 

Laboratory t e s t s w i t h M. f r u c t i c o l a (26) and f i e l d experience 
w i t h the dicarboximides f o r B o t r y t i s c o n t r o l i n strawberry f i e l d s 
(14) suggest f u n g i c i d e r e s i s t a n c e may be a problem i f the dicarbox
imide f u n g i c i d e s are used e x t e n s i v e l y and continuously season a f t e r 
season. Although many workers consider dicarboximide r e s i s t a n t 
s t r a i n s l e s s f i t than wild-type s t r a i n s (16,17), the research sug
gests that f i e l d r e s i s t a n c e w i l l develop i f steps are not taken to 
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avoid the problem. As pointed out by G i l p a t r i c k ( 4 ) , the main 
b e n e f i t of having a wide v a r i e t y of f u n g i c i d e s a v a i l a b l e f o r brown 
r o t c o n t r o l i s to prevent the development of r e s i s t a n c e . Another 
b e n e f i t of having a wide v a r i e t y of f u n g i c i d e s a v a i l a b l e f o r stone 
f r u i t s would be the p o s s i b i l i t y of c o n t r o l l i n g a broader range of 
diseases. 

A Need f o r Root Rot Fungicides 

Phytophthora crown r o t , caused by Phytophthora cactorum and other 
Phytophthora spp., occurs on apple r o o t s t o c k s such as MM104 and MM106 
planted i n heavy poorly drained s o i l s . S o i l drenches w i t h copper 
s u l f a t e , c a p t a f o l , and mancozeb are not h i g h l y e f f e c t i v e f o r 
c o n t r o l l i n g crown r o t , but metalaxyl has been e f f e c t i v e i n l i m i t e d 
t r i a l s (1 ). F o s e t y l - A l i s a l s o a c t i v e against Phytophthora, but i t 
has not yet been i n v e s t i g a t e d e x t e n s i v e l  f o  i  th  easter
United States. The p o t e n t i a
because growers o f t e n f a i
progressed beyond a stage where the tree can recover. Moreover, 
through proper r o o t s t o c k and s i t e s e l e c t i o n , crown r o t can be pre
vented. 

A Need f o r A n t i b i o t i c s 

Since the era of the a n t i b i o t i c s , no new compounds have been d e v e l 
oped f o r the c o n t r o l of diseases caused by phytopathogenic proka-
r y o t e s . Even these a n t i b i o t i c s are not used i n many areas of the 
world because of governmental r e s t r i c t i o n s that prevent t h e i r use on 
a g r i c u l t u r a l crops. Problems w i t h r e s i s t a n c e are reducing the 
usefulness of the a n t i b i o t i c s even f u r t h e r . Copper compounds, which 
are g e n e r a l l y l e s s e f f e c t i v e than the a n t i b i o t i c s , are the main 
compounds a v a i l a b l e to c o n t r o l b a c t e r i a l i n c i t e d diseases. Unfor
t u n a t e l y , copper compounds are phyto t o x i c to many crops. 

The need f o r e f f e c t i v e b a c t e r i c i d e s i s greater today than at any 
time i n h i s t o r y . The r e c o g n i t i o n that mycoplasma-like organisms and 
xyle m - l i m i t e d b a c t e r i a cause p l a n t disease means that there are 
a d d i t i o n a l diseases that are amenable to c o n t r o l w i t h a n t i b i o t i c - l i k e 
compounds. X-disease, pear d e c l i n e , peach y e l l o w s , phony peach, and 
plum l e a f scorch are a few examples of diseases on deciduous t r e e -
f r u i t crops caused by phytopathogenic prokaryotes. 

Highly e f f e c t i v e chemicals are a l s o needed to c o n t r o l b a c t e r i a l 
diseases of tr e e f r u i t and many other high value crops. Current 
methods f o r c o n t r o l l i n g f i r e b l i g h t , b a c t e r i a l spot, and b a c t e r i a l 
canker are not adequate. F i r e b l i g h t , f o r example, has spread to 
Europe. The r o l e of Pseudomonas syringae pv. syringae as an " i c e 
n u c l e a t o r " has sti m u l a t e d the hunt f o r f r o s t p r o t e c t i o n compounds 
that c o n t r o l or compete w i t h these b a c t e r i a . New chemicals f o r the 
c o n t r o l of phytopathogenic prokaryotes are a l s o needed as t o o l s f o r 
avoi d i n g r e s i s t a n c e problems. Industry should recognize that the 
p o t e n t i a l market f o r a new chemical cannot be estimated a c c u r a t e l y 
based on current s a l e s of a v a i l a b l e compounds (18). 
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Summary 
For many years virtually no fungicides with new chemistry were 
approved for use on tree fruit crops in the United States because of 
the slow federal registration process. Many experimental fungicides 
have been evaluated by agricultural experiment stations in several 
states in the eastern United States during the last ten to fifteen 
years. At least three of these new fungicides (triforine, triadi
mefon, and iprodione) are now registered for use on tree fruit crops, 
but many additional fungicides are awaiting final federal registra
tion. As these new registrations are approved, the potential promise 
of these fungicides to improve disease pest management on tree fruit 
crops can finally be realized. 
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Fungicides for Disease Control in Grapes 
Advances in Development 

Roger C. Pearson 

Department of Plant Pathology, New York State Agricultural Experiment Station, Cornell 
University, Geneva, NY 14456 

The grape is the most widely planted fruit crop in the world. Spain, 
Italy, Russia and France, each with over one million hectares of 
grapes, easily outrank the United States (US) which has 323,000 
hectares. As of 1981, th
ten million hectares (Tabl
wine producing countries (Table II) and first among the raisin 
producing countries. In 1982, the commodity value of grapes for 
fresh and processing uses in the US was $1.34 billion, second only to 
potatoes for all fruits and vegetables (4). 

Table I. The World's Vineyards in 1981. 

Country Hectares (1,000) 
Spain 1,650 
Italy 1,360 
U.S.S.R. 1,353 
France 1,154 
Turkey 801 
Portugal 360 
Argentina 324 
U.S.A. 323 
Romania 307 
Other countries 2,441 

TOTAL 10,073 
Adapted from Ref. 1. 

Currently, there is a worldwide wine glut which is the result of 
several factors, among them bumper crops of 1982 and 1983 coupled 
with a steady decline in consumption in the major European wine 
producing countries (Table II) (16). Due to the current strength of 
the US dollar, American wine is placed in a noncompetitive position 
in the world market. For example, a Bank of America study (14) 
showed that in 1979, when the dollar was weak, US wine exports grew 
almost 120% while imports declined 2%. In 1982, when the dollar was 
strong, imports grew 6% while exports dropped 11%. 
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Table I I . Wine Consumption and Production i n Various Countries. 

Per C a p i ta Consumption ( L i t e r s ) P r oduction, 1982 
Country 1970 1982 (1,000 h e c t o l i t e r s ) 
France 109 86 79.2 
I t a l y 111 83 72.6 
Spain 62 57 37.3 
U.S.S.R. 11 14 34.6 
Argentina 92 74 25.0 
U.S.A. 5 8 19.5 
West Germany 16 25 15.4 
P o r t u g a l 77 78 10.0 
South A f r i c a 11 10 8.9 
Romania 23 29 8.7 
Yugoslavia 27 28 8.6 
Hungary 38 30 6.8 
C h i l e 
Greece 
A u s t r i a 38 35 4.9 
B u l g a r i a 19 22 4.9 
A u s t r a l i a 9 19 4.0 
Denmark 6 16 -Netherlands 5 13 -U.K. 3 7 -
Adapted from Ref. 16. 

The wine g l u t i s a l s o p a r t i a l l y to blame f o r the current huge 
r a i s i n surplus i n the US. As young p l a n t i n g s of wine v a r i e t a l s have 
come i n t o bearing i n C a l i f o r n i a and wine s a l e s have slumped, w i n e r i e s 
have reduced purchases of Thompson Seedless grapes, f o r c i n g many of 
the Thompson Seedless growers to make r a i s i n s . Furthermore, the 
entry of Greece, P o r t u g a l and Spain i n t o the European Economic 
Community has eroded the primary export market f o r C a l i f o r n i a r a i 
s i n s , that of northern Europe. 

Despite the current bleak p i c t u r e f o r the wine i n d u s t r y , the 
romantic appeal of grapes and wine making continues to l u r e people 
i n t o the business. For example from 1974 to 1983, bonded w i n e r i e s i n 
the US increased from 510 to 1,114. Since 1980, 292 new w i n e r i e s 
have been l i c e n s e d (15). C u r r e n t l y there are bonded w i n e r i e s i n 41 
s t a t e s ; the l a t e s t to be added was i n the s t a t e of Maine. 

Although the short-range outlook f o r the wine i n d u s t r y i s bleak, 
the long-term outlook i s b r i g h t according to C a l i f o r n i a ' s Bank of 
America (14), which p r e d i c t s that wine consumption w i l l continue to 
expand i n the US at an average annual r a t e of 6%. Americans w i l l 
choose to d r i n k more wine as the economy improves, the population i n 
the 25- to 45-year age group i n c r e a s e s , s t a t e s r e l a x r e g u l a t i o n of 
a l c o h o l s a l e s , and as marketing campaigns persuade consumers to d r i n k 
more wine. C u r r e n t l y , 10% of the US population consumes 66% of a l l 
the wine u t i l i z e d i n the US. The bank p r e d i c t e d that by 1990, wine 
production w i l l need to r i s e to a l l o w f o r a pr o j e c t e d 45% increase i n 
s a l e s . 

One b r i g h t spot i n the grape i n d u s t r y i s the t a b l e grape market. 
The per c a p i t a consumption of t a b l e grapes i n the US increased from 
0.8 kg i n 1972 to 2.6 kg i n 1982, r e s u l t i n g i n an annual increase of 
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20% per year ( 4 ) . The per c a p i t a consumption of f r e s h f r u i t places 
grapes f o u r t h behind bananas, apples, and oranges. Apparently, 
increased consumer emphasis on n a t u r a l , n u t r i t i o n a l , and low c a l o r i e 
foods has had a favorable impact on the ta b l e grape market. 

In the US grape i n d u s t r y , C a l i f o r n i a i s f a r ahead of other 
s t a t e s w i t h 92% of the acreage and 93% of the production as of 1982. 
Sales of wine made i n s t a t e s other than C a l i f o r n i a account f o r l e s s 
than 10% of the US wine s a l e s . Furthermore, C a l i f o r n i a produces 
almost 100% of the r a i s i n s and n e a r l y that amount of the t a b l e grapes 
grown i n the US. New York St a t e , f o r example, has approximately 
17,000 hectares of grapes and i s a d i s t a n t second to C a l i f o r n i a . 

The p o s i t i o n of the US grape i n d u s t r y , p a r t i c u l a r l y i t s current 
economic depression, should be kept i n pers p e c t i v e when recent d e v e l 
opments i n f u n g i c i d e s and t h e i r impact on the i n d u s t r y are discussed. 
F i r s t , i t would be u s e f u l to review the major fungal diseases of 
grapes i n the US. These include four fungal diseases i n eastern 
vineyards, two of which a l s

Powdery mildew (Uncinul
i s c a l l e d i n Europe, i s perhaps the most common fungal disease of 
grapes worldwide. This fungus at t a c k s a l l green p a r t s of the v i n e , 
but i s most obvious on leaves and f r u i t where i t appears as a white 
to grayish-white dusty covering. When leaves become i n f e c t e d while 
u n f o l d i n g or expanding, t h e i r development i s i n t e r r u p t e d and they 
become c u r l e d and d i s t o r t e d . When b e r r i e s are i n f e c t e d at an e a r l y 
stage i n t h e i r development, they e i t h e r abort or the epidermis of the 
berry stops growing and, as the pulp continues to expand, the berry 
cracks. Diseased f r u i t account f o r considerable crop l o s s and 
cracked f r u i t are s u s c e p t i b l e to r o t organisms. Wine made from 
i n f e c t e d f r u i t has an ob j e c t i o n a b l e o f f - f l a v o r . Since the fungus 
develops under a wide range of humidity and temperature c o n d i t i o n s 
and i s not favored by r a i n f a l l , d i s t i n c t i n f e c t i o n periods are 
d i f f i c u l t to i d e n t i f y . 

Downy mildew, caused by Plasmopara v i t i c o l a (Berk. & Curt.) 
B e r l . & de Toni, occurs only i n climates that are wet during the 
growing season and therefore not i n C a l i f o r n i a . The fungus can 
i n f e c t a l l green parts of the vine that have f u n c t i o n a l stomata. 
I n f e c t i o n s on leaves f i r s t appear on the upper surfaces as o i l y spots 
that q u i c k l y develop i n t o y e l l o w i s h l e s i o n s , the undersides of which 
are covered w i t h white sporangia that spread the disease. When young 
shoots, p e t i o l e s , or t e n d r i l s become i n f e c t e d , they become d i s t o r t e d 
and c u r l e d . Major crop l o s s can occur when f r u i t become diseased. 
I n f e c t i o n periods are i d e n t i f i e d on the b a s i s of temperature and 
dura t i o n of l e a f wetness. 

Black r o t , caused by Guignardia b i d w e l l i i ( E l l i s ) V i a l a and 
Ravaz, i s favored by warm humid weather. R a i n f a l l i s necessary f o r 
disease buildup and spread, e l i m i n a t i n g occurrence i n C a l i f o r n i a . 
Black r o t i s c h a r a c t e r i z e d by brown c i r c u l a r l e s i o n s which may co
alesce to destroy large areas of diseased leaves or g i r d l e i n f e c t e d 
shoots. F r u i t i n f e c t i o n i s p a r t i c u l a r l y d e s t r u c t i v e and can r e s u l t 
i n complete crop l o s s . The fungus su r v i v e s from one season to the 
next i n mummified f r u i t . I n f e c t i o n periods can be i d e n t i f i e d based 
on the occurrence of r a i n f a l l and the r e l a t i o n s h i p between tempera
ture and l e a f wetness d u r a t i o n . 
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B o t r y t i s bunch r o t , caused by B o t r y t i s c i n e r e a Pers., occurs 
throughout the v i t i c u l t u r a l world. Despite i t s d e s t r u c t i v e c a p a b i l 
i t i e s , B. c i n e r e a , a f f e c t i o n a t e l y c a l l e d the "noble r o t 1 1 organism, i s 
the p r i z e d i n g r e d i e n t i n the Auslese, Beerenauslese, and Trockenbeer-
enauslese wines of Germany and the Sauternes wine of France. The 
fungus enters f r u i t through mechanical or other i n j u r i e s , such as 
c r a c k i n g caused by powdery mildew, or d i r e c t l y through the epidermis 
of r i p e n i n g b e r r i e s . Moisture i n the form of fog or dew and tempera
tures of 15-25C are i d e a l f o r disease development. 

The new f u n g i c i d e s being developed f o r use on grapes i n the US 
f a l l i n t o three c a t e g o r i e s : e r g o s t e r o l b i o s y n t h e s i s i n h i b i t o r s 
a c y l a l a n i n e s , and dicarboximides. 

E r g o s t e r o l B i o s y n t h e s i s I n h i b i t o r s (EBI) 

The EBI compounds have  i n t e r e s t i n d uniqu  c h a r a c t e r i s t i c
that a l l o w much more f l e x i b i l i t
b efore. Some of these
others may be d e t r i m e n t a l (Table I I I ) . 

Table I I I . Impact of New Fungicides on Grower Management P r a c t i c e s 

C h a r a c t e r i s t i c s B e n e f i c i a l Detrimental 
E f f e c t i v e n e s s X 
L o c a l systemic a c t i v i t y X 
Vapor a c t i v i t y X 
Lengthened spray i n t e r v a l s X 
Low r a t e s per hectare X X 
A f t e r - i n f e c t i o n , presymptom uses X X 
Cost of program X X 
Narrow spectrum X 
P o t e n t i a l f o r f u n g i c i d e r e s i s t a n c e X 
Growth r e g u l a t o r e f f e c t s X X 
Nontarget e f f e c t s X X 
F l e x i b i l i t y X 
Integrated Pest Management programs X 

E f f e c t i v e n e s s . Several EBI compounds are h i g h l y e f f e c t i v e against 
powdery mildew and black r o t of grapes. 

L o c a l Systemic A c t i v i t y . The a c t i v e i n g r e d i e n t ( s ) enters the p l a n t 
t i s s u e and moves i n the xylem, where i t i s not subjected to weather
i n g from r a i n f a l l . This i s a great b e n e f i t to growers i n the eastern 
US where summer r a i n f a l l i s common, and to C a l i f o r n i a growers where 
o c c a s i o n a l unseasonal r a i n s may occur. Problems a r i s e when growers 
assume these compounds are f u l l y systemic and move i n the xylem and 
phloem, (as does the h e r b i c i d e glyphosate). Growers must understand 
that l o c a l systemic a c t i v i t y w i l l not r e c t i f y poor spray coverage. 
Furthermore, t h i s a c t i v i t y i n r e l a t i o n to p r o t e c t i o n of b e r r i e s i s 
unc l e a r . 
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Vapor A c t i v i t y . The vapor a c t i v i t y of some EBI compounds i s s u f f i 
c i e n t to c o n t r o l powdery mildew i n the greenhouse (13). Grapevine 
canopies develop a p a r t i a l l y enclosed environment and provide a 
l o g i c a l model system i n the t r a n s i t i o n from greenhouse to f i e l d 
experiments. During the 1984 growing season, pieces of cheesecloth, 
p r e v i o u s l y soaked i n etaconazole (Vangard), CGA 71818 (Topas) or 
tri a d i m e f o n (Bayleton), were wrapped around the t r e l l i s wire i n s i d e 
the grapevine canopy. Etaconazole, CGA 71818 and t r i a d i m e f o n used i n 
t h i s way r e s u l t e d i n 55%, 87% and 71% c o n t r o l of powdery mildew on 
cv. Delaware grape c l u s t e r s , r e s p e c t i v e l y (Pearson, unpublished 
d a t a ) . C o n t r o l was l e s s s a t i s f a c t o r y on c u l t i v a r s (such as cv. 
Rosette) w i t h u p r i g h t , open growth h a b i t s . The advantages of t h i s 
experimental c o n t r o l method are: 1) only one treatment per season 
may be needed, 2) improved c o n t r o l of powdery mildew on c l u s t e r s 
i n s i d e the canopy may be obtained, and 3) no residues are present on 
f r u i t at harvest. 

Lengthened Spray I n t e r v a l s
i n C a l i f o r n i a f o r c o n t r o l of powdery mildew and 2-3 week schedule i n 
the eastern US r e s u l t e d i n savings on f u e l , l a b o r , and equipment 
compared to the standard s u l f u r a p p l i c a t i o n schedule of 7-10 days 
(Table I V ) . 

Table IV. Comparison of S u l f u r and Bayleton Powdery Mildew 
C o n t r o l Programs i n the Eastern United States and C a l i f o r n i a 

S u l f u r Bayleton 50W 
East. US C a l i f . East. US C a l i f . 

Amount product/hectare 4.5 kg 11.2 kg 140-210 280-420 
(WP) (dust) gm gm 

A p p l i c a t i o n i n t e r v a l (days) 7-10 7-10 14-21 21-30 

Number of a p p l i c a t i o n s / s e a s o n 8-12 6-8 3-6 2-3 

Low Rates per Hectare. Bayleton 50WP a p p l i e d at 140-420 gm per 
hectare r e s u l t s i n no sprayer nozzle plugging, l i t t l e v i s i b l e residue 
on t a b l e grapes, smaller storage space requirements f o r the product, 
and l i g h t e r loads f o r a i r a p p l i c a t o r s ; however, the grower must a l s o 
be c a r e f u l i n measuring the proper amount of f u n g i c i d e because excess 
product can be expensive i n terms of p h y t o t o x i c i t y and cost of mate
r i a l . Furthermore, the use of Bayleton, measured i n grams per hec
t a r e , r e s u l t s i n p o t e n t i a l l y l e s s p o l l u t i o n of the environment than 
when t r a d i t i o n a l f u n g i c i d e s , measured i n kilograms per hectare, are 
used. 

A f t e r - i n f e c t i o n , Presymptom Uses. Because of the a f t e r - i n f e c t i o n 
c o n t r o l c a p a b i l i t i e s of the EBI compounds, the eastern grower can f o r 
the f i r s t time c o n t r o l b l a c k r o t 72-96 hours a f t e r i n f e c t i o n has 
taken p l a c e . This approach to c o n t r o l l i n g black r o t can mean sub
s t a n t i a l savings i n the number of a p p l i c a t i o n s , e s p e c i a l l y during dry 
or moderately dry years. U n f o r t u n a t e l y , there are s e v e r a l drawbacks 
to t h i s approach. G e n e r a l l y , growers are not accustomed to monitor-
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ing r a i n events and temperature p r e c i s e l y enough to determine i n f e c 
t i o n p e r i o d s . A l s o , i t r e q u i r e s purchase and maintenance of r e l a 
t i v e l y expensive weather instruments or an i n - f i e l d microprocessor-
based disease p r e d i c t i o n system s i m i l a r to the Reuter-Stokes apple 
scab p r e d i c t o r . 

The EBI compounds do not appear to be as good pro t e c t a n t s as 
conventional f u n g i c i d e s used f o r c o n t r o l of black r o t . Therefore, a 
tank mix of Bayleton and a conventional f u n g i c i d e (e.g. ferbam or 
mancozeb) i s recommended. This combination may be used as f o l l o w s : 
the grower waits f o r an i n f e c t i o n p e r i o d , a p p l i e s the tank mix w i t h i n 
72-96 hours of i t s s t a r t and then, assumes p r o t e c t i o n f o r 7-10 days. 
Fol l o w i n g the 7-10 day p e r i o d , the grower waits f o r the next i n f e c 
t i o n p e r i o d , at which time another spray i s a p p l i e d . On a 2-week 
spray schedule, the grower would assume 10 days p r o t e c t i o n and 4 days 
a f t e r - i n f e c t i o n c o n t r o l w i t h the subsequent spray. In a wet year, 
the a f t e r - i n f e c t i o n program ma  not save sprays and the growe  r i s k s 
not being able to get
cover h i s e n t i r e acreag
i n f e c t i o n c o n t r o l . Furthermore, the spray a p p l i c a t i o n must be done 
c a r e f u l l y to ensure complete coverage of a l l i n f e c t i o n s i t e s , a very 
d i f f i c u l t task w i t h present technology. Another problem w i t h t h i s 
approach i n v o l v e s education of the grower regarding the terms a f t e r -
i n f e c t i o n and pre-symptom c o n t r o l . Some growers might wait u n t i l 
they see l e s i o n s before they begin spraying. This approach would not 
only r e s u l t i n f a i l u r e to c o n t r o l the disease, but would increase the 
s i z e of the fungal p o p u l a t i o n that i s exposed to the chemical, 
p o s s i b l y i n c r e a s i n g the chances of s e l e c t i o n f o r r e s i s t a n t s t r a i n s of 
the fungus. 

Cost of Fungicide Program. As noted above, the extended spray i n t e r 
v a l s f o r powdery mildew c o n t r o l can mean reduced a p p l i c a t i o n costs 
f o r the season. In 1983, many C a l i f o r n i a growers were on a season-
long Bayleton program, but i n l i g h t of 1984 economic c o n d i t i o n s many 
growers returned to s u l f u r dustings or used Bayleton and s u l f u r 
a l t e r n a t e l y . Since most small growers i n C a l i f o r n i a own s u l f u r 
d u s t i n g machines, but few own vineyard sprayers, Bayleton must be 
a p p l i e d by custom a p p l i c a t o r s , thereby adding considerable expense to 
each a p p l i c a t i o n . 

Narrow Spectrum. Most conventional f u n g i c i d e s used on grapes p r o t e c t 
against at l e a s t two diseas e s , and o c c a s i o n a l l y against three or four 
diseases. However, the EBI compounds are g e n e r a l l y l i m i t e d to 
c o n t r o l of powdery mildew and blac k r o t . Because of t h i s narrow 
spectrum of a c t i v i t y , the EBI compounds must be tank-mixed w i t h 
conventional f u n g i c i d e s f o r c o n t r o l of other d i s e a s e s , e s p e c i a l l y 
downy mildew i n the eastern U.S. Furthermore, since conventional 
f u n g i c i d e s r e q u i r e short spray i n t e r v a l s (7-10 days) to be e f f e c t i v e , 
growers are not able to take f u l l advantage of the extended i n t e r v a l 
c a p a b i l i t i e s (14-21 days) of the EBI compounds. They would spray on 
a 7-10 day schedule, and add Bayleton to every other spray. 

P o t e n t i a l f o r Resistance. Resistance appears to be the major poten
t i a l o b s tacle to optimal use of many of the new f u n g i c i d e s . I t i s 
c l e a r from the experiences w i t h t r i a z o l e r e s i s t a n c e i n powdery mildew 
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of b a r l e y (3) and c u c u r b i t s (10) that r e s i s t a n c e must a l s o be con
si d e r e d a p o s s i b i l i t y w i t h the grape powdery mildew fungus. There
f o r e , s t r a t e g i e s f o r d e l a y i n g r e s i s t a n c e must be implemented from the 
outset of t h e i r commercial usage. Although the best approach to 
avoi d i n g r e s i s t a n c e s t i l l eludes researchers, growers i n New York, 
where Bayleton has been used commercially s i n c e 1980, are warned not 
to use t h i s m a t e r i a l on an e x c l u s i v e , season-long program. We 
recommend that they a l t e r n a t e other mildewcides w i t h Bayleton or use 
tank mixtures at f u l l r a t e s . Furthermore, i t i s not recommended that 
they use these f u n g i c i d e s alone under hig h disease pressure as 
era d i c a n t s . U n f o r t u n a t e l y , the threat of r e s i s t a n c e may counterba
lance the d e s i r a b l e a t t r i b u t e s of the EBI compounds, notably t h e i r 
extended i n t e r v a l e f f i c a c y and eradicant a c t i v i t y . 

Growth Regulator E f f e c t s . Some of the EBI compounds have i n t e r e s t i n g 
p l a n t growth r e g u l a t o r (PGR) e f f e c t  whe d t excessiv  r a t e s
apparently due to an i n h i b i t i o
r e s u l t i n g i n shortened internode
(Figure 1). A common problem i n grapevine canopy management i s 
adequate l i g h t p e n e t r a t i o n to the b a s a l nodes of current season's 
shoots which w i l l provide next year's crop. There i s a d i r e c t 
r e l a t i o n s h i p between y i e l d from these b a s a l nodes and l i g h t exposure 
during t h e i r formation the previous year. This i s not only a problem 
i n low l i g h t areas such as New York, but a l s o i n high l i g h t areas 
such as C a l i f o r n i a where la r g e canopies shade the f r u i t i n g wood. 
Perhaps the PGR e f f e c t s of EBI compounds on grape could be b e n e f i c i a l 
i n that s h o r t e r internodes and s t i f f e r shoots w i t h more up r i g h t 
growth h a b i t would a l l o w b e t t e r l e a f exposure to s u n l i g h t and i n 
crease node f r u i t f u l n e s s . This growth h a b i t combined w i t h smaller 
leaves would a l s o a l l o w b e t t e r a i r c i r c u l a t i o n , b e t t e r spray penetra
t i o n and shor t e r w e t t i n g periods r e s u l t i n g i n l e s s disease develop
ment. Unfor t u n a t e l y , the PGR e f f e c t s might a l s o r e s u l t i n more 
compact c l u s t e r s w i t h an increased p o t e n t i a l f o r bunch r o t problems. 

Nontarget E f f e c t s . The s h i f t from s u l f u r dusting to Bayleton spray
ing i n C a l i f o r n i a appears to be as s o c i a t e d w i t h an increase i n 
predatory mite p o p u l a t i o n s , which were uncommon i n vineyards on 
s u l f u r programs (personal communication). On the other hand, p e s t i 
ferous Erineum mites and t h r i p s appear to increase where s u l f u r usage 
has been reduced, although a c l e a r cause and e f f e c t r e l a t i o n s h i p has 
not been e s t a b l i s h e d . 

F l e x i b i l i t y . The i n t r o d u c t i o n of Bayleton f o r c o n t r o l of powdery 
mildew i n C a l i f o r n i a vineyards has given growers f l e x i b i l i t y i n t h e i r 
management programs that s u l f u r dusting d i d not al l o w . When growers 
use Bayleton, they need not program t h e i r i r r i g a t i o n schedules as 
c a r e f u l l y as they d i d when weekly s u l f u r a p p l i c a t i o n s were r e q u i r e d . 
Many C a l i f o r n i a grape growers a l s o have stone f r u i t s that are har
vested i n May. Although May i s a c r i t i c a l time f o r powdery mildew 
development i n vineyards, extended spray i n t e r v a l s using Bayleton 
give the grower more time to devote to the May harvest of tree f r u i t . 
S u l f u r i s p h y t o t o x i c at temperatures above 32C r e q u i r i n g that growers 
keep a close watch on the weather at the time s u l f u r i s a p p l i e d ; 
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Figure 1. P l a n t growth r e g u l a t o r e f f e c t s of an EBI compound; 
note stunted shoots w i t h s m a l l , cupped, dark green leaves. 
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however, the use of Bayleton e l i m i n a t e s t h i s source of p o t e n t i a l 
i n j u r y . 

Integrated Pest Management (IPM) Programs. The a f t e r - i n f e c t i o n a c t i 
v i t y of the EBI compounds against b l a c k r o t of grape gives growers a 
chemical t o o l analogous to those now a v a i l a b l e to entomologists who, 
based upon counts of i n s e c t or mite p o p u l a t i o n s , can recommend sprays 
when needed. P r e v i o u s l y , without s i m i l a r chemical t o o l s , p l a n t 
p a t h o l o g i s t s have had to r e l y on protectant f u n g i c i d e s that d i d not 
permit f u l l b e n e f i t of IPM monitoring programs. By c a r e f u l monitor
ing of i n f e c t i o n periods i t may now be p o s s i b l e to save sprays when 
not needed or to apply more sprays under severe disease pressure, 
preventing crop l o s s . 

A c y l a l a n i n e s 

Three a c y l a l a n i n e compounds
cur) and b e n a l a x y l (Galben)
of grape downy mildew i n New York. None of these compounds are 
c u r r e n t l y r e g i s t e r e d i n the US. They are narrow spectrum, but h i g h l y 
e f f e c t i v e compared to standard p r o t e c t a n t s such as captan, f o l p e t or 
mancozeb. They have l o c a l systemic a c t i v i t y and possess pr o t e c t a n t 
and a n t i s p o r u l a n t , as w e l l as a f t e r - i n f e c t i o n a c t i v i t y . S i m i l a r to 
the EBI compounds, the a f t e r - i n f e c t i o n c a p a b i l i t i e s and t h e i r a c t i v 
i t y over extended i n t e r v a l s (14-21 days) make the a c y l a l a n i n e s 
d e s i r a b l e t o o l s f o r IPM programs. 

Unf o r t u n a t e l y , r e s i s t a n c e to metalaxyl by the grape downy mildew 
fungus r e s u l t e d i n crop l o s s i n France during 1980 and 1981 ( 2 ) . 
Resistance developed i n s p i t e of the f a c t that Ridomil had been s o l d 
to grape growers as a package mix w i t h f o l p e t . Since a c t i v i t y over 
extended i n t e r v a l s i s one of the d e s i r a b l e c h a r a c t e r i s t i c s of Rido
m i l , i t was used as a package mix on a 14-day schedule. The a c t i v i t y 
of f o l p e t , e s p e c i a l l y under high disease pressure, l a s t s only 7-10 
days. Therefore, Ridomil remained unaided during the l a t t e r h a l f of 
the 2-week i n t e r v a l . A l l of the a c y l a l a n i n e s are being developed as 
package mixes ( e i t h e r w i t h f o l p e t or mancozeb) f o r use on grapes i n 
the US. I f spray i n t e r v a l s s horter than 14 days are recommended, i t 
i s u n l i k e l y growers w i l l be w i l l i n g to pay f o r the added cost of the 
a c y l a l a n i n e when they can get good commercial c o n t r o l of downy mildew 
wi t h standard protectant f u n g i c i d e s a p p l i e d alone on a 7-10 day 
schedule. 

An a d d i t i o n a l problem w i t h most package mixes i s the low amount 
of standard p r o t e c t a n t f u n g i c i d e added to the mix. Not only are the 
r a t e s b o r d e r l i n e to c o n t r o l downy mildew i f r e s i s t a n c e develops, but 
they are inadequate f o r broader disease c o n t r o l . For example, bla c k 
r o t c o n t r o l w i t h Ridomil MZ58 r e q u i r e s that a d d i t i o n a l mancozeb or 
another p r o t e c t a n t , such as ferbam, be added to the tank mix. Fur
thermore, a 14-day schedule to c o n t r o l b l a c k r o t e a r l y i n the growing 
season may be inadequate and a grower would need to supplement the 
Ridomil MZ58 program w i t h a d d i t i o n a l b l a c k r o t sprays. 

An a f t e r - i n f e c t i o n approach to c o n t r o l l i n g downy mildew could be 
developed, p r o v i d i n g growers monitor downy mildew i n f e c t i o n periods 
using the same instrumentation discussed under bla c k r o t . A c y l a l a 
nine tank-mixed w i t h f o l p e t or mancozeb would be a p p l i e d a f t e r a 
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downy mildew i n f e c t i o n p e r i o d was i d e n t i f i e d . No f u r t h e r sprays 
would be a p p l i e d f o r 14 days (assume adequate p r o t e c t i o n ) a f t e r which 
a spray would be a p p l i e d f o l l o w i n g the next i n f e c t i o n p e r i o d . In dry 
seasons, t h i s approach would undoubtedly reduce the number of sprays, 
but perhaps not i n wet seasons. U n f o r t u n a t e l y , t h i s program i s 
v u l n e r a b l e to the s e l e c t i o n of a c y l a l a n i n e r e s i s t a n t s t r a i n s i f 
growers become c a r e l e s s and wait u n t i l they see s p o r u l a t i n g l e s i o n s . 

Dicarboximides 

The t h i r d group of new f u n g i c i d e s to be t e s t e d on grapes i n the US i s 
the dicarboximide group. V i n c l o z o l i n (Ronilan) and iprodione (Rov-
r a l ) are the members of t h i s group that have been e x t e n s i v e l y t e s t e d 
f o r c o n t r o l of B o t r y t i s bunch r o t . 

Our experience w i t h benzimidazole r e s i s t a n c e i n the powdery 
mildew fungus (8) and B o t r y t i  (7)  i  a d d i t i o  t  report  fro
Europe (5, 11) and Canad
mides by B o t r y t i s , has i n f l u e n c e
use of dicarboximides on grapes i n New York. Our current recommenda
t i o n i s to apply two sprays: 1) when the f i r s t b e r r i e s reach 5% 
sugar and 2) two weeks a f t e r the f i r s t a p p l i c a t i o n . Several years of 
t e s t i n g i n New York (9) i n d i c a t e d that a d d i t i o n a l a p p l i c a t i o n s of the 
dicarboximides at bloom and bunch-closing d i d not improve c o n t r o l of 
B o t r y t i s bunch r o t at harvest. The r a t i o n a l e f o r t h i s program i s to 
keep the cost of these expensive a p p l i c a t i o n s as low as p o s s i b l e and 
to reduce the s e l e c t i o n pressure against the population by a p p l y i n g 
as few sprays as p o s s i b l e ( h o p e f u l l y d e l a y i n g the development of 
r e s i s t a n t s t r a i n s ) , yet using them at the most optimal time. 

Summary 

The short-term outlook f o r grape growers i s r a t h e r dim. Current 
economic pressures are f o r c i n g grape growers across the n a t i o n to cut 
corners. Perhaps the most s h o r t s i g h t e d cost c u t t i n g step i s the 
r e d u c t i o n i n use of f u n g i c i d e s . In New York during 1984, f o r exam
p l e , many growers reduced the number of sprays by 50%, and some 
ap p l i e d only one or two sprays. In C a l i f o r n i a , many growers who were 
on f u l l Bayleton schedules i n 1983 went back to s u l f u r or used only 
one or two Bayleton sprays i n 1984. 

Reduced spray inputs mean an even greater temptation by growers 
to wait u n t i l they see disease and then to use the new f u n g i c i d e s as 
e r a d i c a n t s under heavy disease pressure. We must be concerned about 
t h i s type of usage because of the t h r e a t of r e s i s t a n c e . Obviously 
f o r the short term, growers w i l l continue to reduce inputs i n an 
e f f o r t to s u r v i v e economically. The challenge to extension and 
research p l a n t p a t h o l o g i s t s i s to develop f u n g i c i d e use s t r a t e g i e s 
that avoid r e s i s t a n c e yet are responsive to growers 1 economic con
s t r a i n t s . Obviously, the challenge to the chemical i n d u s t r y i s to 
develop new f u n g i c i d e s w i t h a l l the great a t t r i b u t e s of the EBI 
compounds, but without the t h r e a t of r e s i s t a n c e . 
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Advances in Fungicide Chemistry and Fungal Control 
Summary and Comments 

Hugh D. Sisler 

Department of Botany, University of Maryland, College Park, M D 20742 

This publication comprises papers dealing with factors which consti
tute the basis for the advancement of chemical control of fungal 
diseases. This summary provides comment on some of the points made 
in these papers and also presents additional information from other 
sources as well as some personal opinions and ideas

Professor Bűchel deal
the impact of azole fungicide
plants and humans. This presentation made a number of valuable 
points of interest to organic chemists and biologists. One s ign i f i 
cant point made by Professor Bűchel concerns the wide structural 
variations permissible in the l ipohi l ic substituent at position 1 of 
azole fungicides without loss of the basic antifungal activity. This 
substituent, nevertheless, dictates biochemical and biological 
specificity as well as properties which determine practical success 
of these fungicides. In a potent fungicide, this substituent appar
ently must have a configuration which permits the interaction of an Ν 
atom of the azole group with a haem iron atom (or with some other 
group) of an enzyme while binding tightly to the enzyme to reinforce 
the linkage of the Ν atom to the iron. As pointed out by Professor 
Bűchel, the possibili t ies for designing azole compounds of differing 
biological activity are almost l imitless. One serious challenge 
which may be encountered in fungicide synthesis is that of designing 
structures which do not seriously interfere with any of the various 
mammalian cytochrome P-450 enzymes. 

Dr. Berg focused attention on the biochemical specificity of 
fungicides acting in the ergosterol biosynthetic pathway. He pointed 
out that, while many ergosterol biosynthesis inhibiting (EBI) fungi
cides, including the azoles, primarily black sterol C-14 demethyla-
tion, the fungicide tridemorph blocks Δ8 --> Δ7 isomerization or 
reduction of the sterol C-14, 15 double bond. Another fungicide, a 
15-azasterol antibiotic, is a potent inhibitor of Δ14 sterol reduc
tase with a Ki of 2nM (1). New fungicides acting in the sterol 
biosynthetic pathway at yet another site have been reported recently. 
Allylamine derivatives of the naftifine group are fungicides which 
block squalene expoxidation. The derivative SF 86-327, for example, 
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i s a potent i n h i b i t o r of squalene epoxidase w i t h an i n h i b i t i o n 
constant of 3X10 M ( 2 ) . The l a r g e number of f u n g i c i d e s a c t i n g on 
e r g o s t e r o l b i o s y n t h e s i s i n d i c a t e that t h i s pathway i s a d e s i r a b l e one 
to t a r g e t f o r f u n g i t o x i c a c t i o n . However, the question might be 
r a i s e d as to whether i n h i b i t i o n of e r g o s t e r o l b i o s y n t h e s i s alone i s 
p r i m a r i l y r e s p o n s i b l e f o r a n t i f u n g a l a c t i o n of a l l of the compounds 
reported to act i n the pathway. A good argument might be made that 
t h i s i s the case f o r the 15-azasterol a n t i b i o t i c s i n c e i t s t o x i c i t y 
can be reversed w i t h exogenous e r g o s t e r o l (3). However, t o x i c i t y of 
s t e r o l C-14 demethylation i n h i b i t o r s i s not reversed by adding 
exogenous e r g o s t e r o l , l e a v i n g some doubt that i n h i b i t i o n of ergo
s t e r o l b i o s y n t h e s i s alone i s r e s p o n s i b l e f o r t o x i c i t y . Perhaps we 
should look beyond the s t e r o l s and i n t o s t e r i o d hormone b i o s y n t h e s i s 
and f u n c t i o n f o r a b e t t e r understanding of the f u n g i t o x i c a c t i o n of 
EBI compounds. The pathway from l a n o s t e r o l to e r g o s t e r o l may be of 
l e s s s p e c i f i c importance f o r p r o v i d i n g appropriate s t e r o l s t u c t u r e s 
f o r membranes than i t
hormone b i o s y n t h e s i s . Th
c e r e v i s i a e produces an estrogen b i n d i n g p r o t e i n (4) and produces an 
e s t r o g e n i c substance (5) should i n t e n s i f y i n t e r e s t i n the p o s s i b i l i t y 
that f u n g i produce s t e r o i d hormones and that EBI f u n g i c i d e s might 
block t h e i r s y n t h e s i s or a c t i o n . I t has, f o r example, been shown 
that testosterone and progesterone p a r t i a l l y reverse t o x i c i t y of EBI 
i n h i b i t o r s i n some f u n g i ( 6 ) . Of i n t e r e s t i s the demonstration that 
ketoconazole, a s t e r o l C-14 demethylation i n h i b i t o r , not only blocks 
testosterone production i n mammalian systems but a l s o d i s p l a c e s 
s t e r o i d hormones from serum tr a n s p o r t p r o t e i n s (7). Cytochrome P-450 
enzymes are very prominent i n the b i o s y n t h e s i s of s t e r o i d hormones 
from desmethyl s t e r o l s and a c t i o n of an EBI on these enzymes could 
e x p l a i n why f u n g i t o x i c i t y i n some cases i s not reversed by the 
a d d i t i o n of e r g o s t e r o l . 

Professor FUhr discussed p e n e t r a t i o n , t r a n s l o c a t i o n and d i s t r i 
b u t i o n of f u n g i c i d e s i n p l a n t s . These aspects of f u n g i c i d e per
formance are o f t e n c r i t i c a l i n determining the success of a systemic 
f u n g i c i d e i n a p a r t i c u l a r type of a p p l i c a t i o n . The a b i l i t y to 
penetrate i n t o p l a n t t i s s u e and move while r e t a i n i n g a c t i v i t y t h e r e i n 
i s the primary b a s i s f o r the s u p e r i o r i t y of the newer systemic 
f u n g i c i d e s over the o l d e r surface p r o t e c t a n t s . I n t e r n a l therapeu-
ta n t s may a l s o i n f l u e n c e the host physiology and as a consequence, be 
a s s i s t e d by the n a t u r a l defense system of the host. 

Dr. Scheinpflug addressed t h i s p o int i n h i s p r e s e n t a t i o n . He 
presented l i g h t and e l e c t r o n microscopic evidence which suggests that 
some systemic f u n g i c i d e s may induce host r e s i s t a n c e to an invading 
fungal pathogen. The r o l e s of d i r e c t f u n g i t o x i c i t y and a c t i v a t e d 
host r e s i s t a n c e systems i n such cases i s d i f f i c u l t to r e s o l v e . By 
simply slowing down the r a t e of growth of a pathogen, a compound 
might provide the host p l a n t the time necessary to m o b i l i z e defense 
systems and thus g r e a t l y enhance the apparent e f f e c t i v e n e s s of the 
compound as a f u n g i c i d e . 

Professor Schwinn discussed new advances i n the chemical c o n t r o l 
of p l a n t p a r a s i t i c Oomycetes and Peronosporales. Some of the most 
deva s t a t i n g f o l i a r and root diseases are caused by these f u n g i , but 
they are o f t e n not c o n t r o l l e d by systemic f u n g i c i d e s which c o n t r o l 
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pathogens of other m y c o l o g i c a l groups. Cymoxnil, a c y l a l a n i n e s and 
phosethyl-Al are some of the newer f u n g i c i d e s s p e c i f i c a l l y e f f e c t i v e 
f o r c o n t r o l of Oomycetes and Peronosporales. The a c y l a l a n i n e s have 
proven to be h i g h l y a c t i v e f u n g i c i d e s but have experienced some 
r e s i s t a n c e problems which h o p e f u l l y can be managed by proper a n t i -
r e s i s t a n t s t r a t e g i e s . 

P r o f e s s o r Dekker discussed n o n - f u n g i c i d a l compounds which 
c o n t r o l disease by i n c r e a s i n g host r e s i s t a n c e or by decreasing the 
a b i l i t y of the pathogen to a t t a c k the host. The dichlorocyclopropane 
c a r b o x y l i c a c i d s and probenazole (a saccharine r e l a t i v e ) are examples 
of compounds which s e n s i t i z e the host p l a n t to respond i n a r e s i s t a n t 
manner. Melanin b i o s y n t h e s i s i n h i b i t o r s such as t r i c y c l a z o l e , 
p y r o q u i l o n and f t h a l i d e are re p r e s e n t a t i v e s of compounds which 
decrease pathogenic c a p a b i l i t i e s of the fungus. Although some of the 
aforementioned compounds such a probenazole and t r i c y c l a z o l e have 
been adopted f o r p r a c t i c a l c o n t r o l f p l a n t d i s e a s e s  r e p r e s e n t a t i v e
i n t h i s category are fe
tance. The idea of c o n t r o l l i n
h o s t - r e s i s t a n c e systems or pathogenic mechanisms i n the fungus i s 
a t t r a c t i v e . The high s p e c i f i c i t y of many h o s t / p a r a s i t e r e l a t i o n s h i p s 
suggest that r e c o g n i t i o n may o f t e n be the most c r i t i c a l f a c t o r i n the 
i n i t i a t i o n of a r a p i d r e s i s t a n t response i n the host. These i n t e r 
a c t i o n s may be d i f f i c u l t to regula t e chemically without i n j u r y to the 
host p l a n t . A much b e t t e r understanding of the f a c t o r s i n v o l v e d i s 
necessary before a r a t i o n a l chemical manipulation of these i n t e r 
a c t i o n s can be u t i l i z e d as a means of disease c o n t r o l . Conventional 
screening holds only very l i m i t e d promise f o r d i s c o v e r i n g e f f e c t i v e 
chemicals of t h i s category; however, any compounds discovered may be 
valuab l e i n h e l p i n g to e l u c i d a t e h o s t / p a r a s i t e r e l a t i o n s h i p s and thus 
promote f u r t h e r advances. 

Professors Hoffman, Cole, Jones and Pearson discussed the use of 
new f u n g i c i d e s i n va r i o u s crops w i t h respect to increased crop 
y i e l d s , economics, i n t e g r a t e d pest management (IPM) systems, epidem-
ology and fungal r e s i s t a n c e to f u n g i c i d e s . The e r a d i c a t i v e a c t i o n of 
some of the newer f u n g i c i d e s permits p o s t - i n f e c t i o n a p p l i c a t i o n and 
t h i s feature makes the compounds p a r t i c u l a r l y d e s i r a b l e f o r IPM 
systems. In some cases, the fu n g i c i d e s are l e s s e f f e c t i v e i n pre-
i n f e c t i o n a p p l i c a t i o n s than i n p o s t - i n f e c t i o n a p p l i c a t i o n s . This i s 
apparently due to the l o s s of f u n g i c i d e to weathering and u l t r a v i o l e t 
degradation which occurs when the f u n g i c i d e i s present p r i o r to the 
i n f e c t i o n p e r i o d . Fungal r e s i s t a n c e to d e s i r a b l e new types of 
fu n g i c i d e s continues to be a seri o u s concern. The best apparent way 
to combat t h i s problem i s to develop use s t r a t e g i e s which w i l l 
decrease the p o s s i b i l i t y f o r s e l e c t i o n of r e s i s t a n t s t r a i n s . This 
w i l l r e q u i r e c l o s e cooperation between i n d u s t r y , s t a t e or government 
i n s t i t u t i o n s , and the growers. There i s need f o r new fu n g i c i d e s w i t h 
modes of a c t i o n d i f f e r i n g from those of compounds now i n use i n order 
to design a p p l i c a t i o n sequences that minimize overuse of chemicals i n 
one mode of a c t i o n category. 

The f u t u r e holds considerable promise f o r the development of new 
systemic f u n g i c i d e s and compounds which modify h o s t - r e s i s t a n c e or 
fungal p a t h o g e n i c i t y . Among the major o b s t a c l e s which w i l l be 
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encountered are the problems of fungal resistance and increasingly 
rigid toxicological standards. 
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Dr. Robert M. H o l l i n g w o r t h ( l e f t ) , the 1984 Chairman of the 
D i v i s i o n of P e s t i c i d e Chemistry of the American Chemical S o c i e t y , 
presents to P r o f . K a r l Heinz Buchel ( r i g h t ) an award plaque 
commemorating h i s s e l e c t i o n as the 1983 r e c i p i e n t of the Burdick 
and Jackson I n t e r n a t i o n a l Award f o r Research i n P e s t i c i d e 
Chemistry. 
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P r e s e n t a t i o n of the 1983 Burdick and Jackson I n t e r n a t i o n a l Award 
f o r Research i n P e s t i c i d e Chemistry t o P r o f . K a r l Heinz Bûchel by 
Robert M. H o l l i n g w o r t h , Chairman of the D i v i s i o n of P e s t i c i d e 
Chemistry of the American Chemical S o c i e t y . 

As chairman of the D i v i s i o n of P e s t i c i d e Chemistry 
i t i s my s p e c i a l pleasure and p r i v i l e g e t o introduce t h i s 
year*s r e c i p i e n t of the Burdick and Jackson I n t e r n a t i o n a l 
Award i n P e s t i c i d e Chemistry. This award i s given 
annually f o r "outstanding c o n t r i b u t i o n s to research i n 
p e s t i c i d e chemistry" and represents one of the highest 
honors that the agrochemicals community can bestow on one 
of i t s members. We are here today to present t h i s honor 
to our d i s t i n g u i s h e d c o l l e a g u e , P r o f . K a r l Heinz Buchel, 
D i r e c t o r of C e n t r a  w i t

P r o f . Buchel
I n s t i t u t e of the U n i v e r s i t y of Bonn from 1952 to 1958 at 
which date he r e c e i v e d h i s Doctorate of Science, and he 
continued there as an a s s i s t a n t t o Prof. F. Korte from 
1958 t o 1961. I n c i d e n t a l l y , i t i s a pleasure t o welcome 
P r o f . Korte t o t h i s g a thering today to c e l e b r a t e the 
remarkable success of h i s former student. From Bonn, 
Prof. Buchel moved to the Research I n s t i t u t e of S h e l l 
I n t e r n a t i o n a l at B i r l i n g h o v e n f o r 5 years as a department 
head before beginning h i s career w i t h Bayer AG. In the 
short space of the 10 years that f o l l o w e d , he rose from 
being a member of the C e n t r a l Research Laboratory at 
Leverkusen t o the p o s i t i o n of D i r e c t o r of C e n t r a l 
Research f o r Bayer and the Speaker f o r Research on 
Bayer·s Board of Management. 

The 120 s c i e n t i f i c p u b l i c a t i o n s and 238 patent 
a p p l i c a t i o n s of which Prof. Bùchel i s e i t h e r author or 
co-author t e s t i f y t o h i s personal a b i l i t y and achieve
ments i n research i n p e s t i c i d e chemistry and to h i s 
s k i l l s i n s u p e r v i s i n g and d i r e c t i n g the research e f f o r t s 
of others. His research has covered many t o p i c s , too 
numerous to present i n f u l l here, but covering a l l f a c e t s 
of p e s t i c i d a l a c t i v i t y . In p a r t i c u l a r , h i s name i s 
a s s o c i a t e d w i t h the d i s c o v e r y of the aminotriazinone 
h e r b i c i d e s — m o s t notably m e t r i b u z i n and metamitron. He 
has supervised the development of the i n s e c t i c i d e , 
p l i f e n a t e and the a c a r i c i d e , a z o c y c l o t i n . His work on 
the mode of a c t i o n and s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s 
of photosynthesis i n h i b i t o r s and uncoupiers of 
m i t o c h o n d r i a l o x i d a t i v e phosphorylation has been out
standing and, I might add, of considerable i n t e r e s t t o me 
p e r s o n a l l y . However, h i s greatest achievement to date 
has been i n p i o n e e r i n g the d i s c o v e r y and development of 
the a z o l e f u n g i c i d e s that are the t o p i c of today's 
symposium. As we s h a l l see, t h i s work begun i n 1966 has 
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led to a very valuable and extensive series of commercial 
products active against human, animal, and plant 
pathogenic fungi and, i n the case of the plant 
fungicides, often showing an excellent degree of systemic 
action. It i s notable that these discoveries were made 
and optimized by a rigorous s c i e n t i f i c approach involving 
planned interference with specific biochemical processes 
and quanitative correlations of biological activity with 
physicochemical characteristics i n the active series. 

While generating these remarkable discoveries in 
industry, Prof. Buchel has maintained close connections 
with the academic world, including lecturing i n organic 
chemistry at the Technical University of Aachen where he 
was appointed as a Professor in 1975. In 1981, he was 
awarded an Honorar  Doctorat f th  Facult f 
Agriculture and Horticultur
of Munich. Nor ha
chemistry beyond his work with the Bayer Company. He i s 
the Chairman of the Board of Trustees of the German 
Chemical Information Service, Chairman of the Committee 
on Chemistry and Industry of the International Union of 
Pure and Applied Chemistry, and a member of the Executive 
Committee of the Society of German Chemists, among 
numerous other a c t i v i t i e s . To cap off this l i s t of 
achievements, he i s the author of one book on pesticides, 
"Crop Protection and Pest Control" (1977), and the editor 
of a second, "Pesticide Chemistry" (1983), which have 
been widely recognized and appreciated. 

Today we are honoring Prof. Buchel, but on behalf of 
our Division, I also take pleasure i n noting that this 
award goes to a scientist from the industrial sector of 
the agrochemicals f i e l d , and particularly to someone who 
represents the German branch of this industry, which has 
made so many outstanding contributions to pesticide 
discovery i n the last century. Recognition of this 
contribution was overdue on our part, and I am glad to 
see the omission r e c t i f i e d , at least i n part, today. It 
is also gratifying to see that so many of our friends 
from Europe were able to join us for this presentation 
and symposium. We take great pleasure i n their company 
and appreciate the honor they do us and Prof. Buchel by 
their presence. 

The International Award has been given on fourteen 
previous occasions, but I am sure that having heard the 
record of Prof. Buchel 1s achievements, you w i l l agree 
with me that we have not had a more deserving recipient 
than on this occasion. 
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Acceptance of the 1983 Burdick and Jackson I n t e r n a t i o n a l Award by-
Pro f e s s o r K a r l Heinz Buchel. 

Mr. P r e s i d e n t , L a d i e s , and Gentlemen: 

I t i s w i t h great pleasure and much g r a t i t u d e that I 
accept the Burdick and Jackson Award f o r C o n t r i b u t i o n s t o 
P e s t i c i d e Chemistry, p a r t i c u l a r l y i n view of the f a c t 
t h a t f o r many years my s c i e n t i f i c work has been dedicated 
to the chemistry of crop p r o t e c t i o n . I am proud that 
t h i s great honor has been awarded by such a p r e s t i g i o u s 
o r g a n i z a t i o n as the P e s t i c i d e D i v i s i o n of the American 
Chemical S o c i e t y . 

This award f o
the r e c i p i e n t t o recor
to the people who
p r o f e s s i o n a l world. F i r s t of a l l , t here i s my u n i v e r s i t y 
teacher and doctorate s u p e r v i s o r at Bonn U n i v e r s i t y , 
Prof. Dr. Friedhelm K o r t e , whose v e r s a t i l e and m u l t i -
faceted s c h o o l , w i t h i t s many i n t e r d i s c i p l i n a r y 
a c t i v i t i e s , taught me very much. 

My e a r l y p r o f e s s i o n a l years were spent i n S h e l l 
I n t e r n a t i o n a l Research, and i n those days we had very 
c l o s e c o l l a b o r a t i o n w i t h the S h e l l L a boratories i n the 
United S t a t e s . During t h a t time, I had the pleasure of 
r e c e i v i n g important educational support from s c i e n t i s t s 
i n t h i s country. I would l i k e p a r t i c u l a r l y t o mention 
Dr. Barney Soloway and Dr. Sheldon Lambert from S h e l l 
Modesto Labo r a t o r i e s and acknowledge them f o r t h e i r 
pioneering and i n n o v a t i v e ideas on s t r u c t u r e - a c t i v i t y 
problems. 

I n my f i r s t years w i t h the Bayer Research and 
Development o r g a n i z a t i o n , I p a r t i c u l a r l y enjoyed support 
from P r o f . Wegler, then D i r e c t o r of Research, and Dr. 
R i s s e , then Head of the Agrochemicals D i v i s i o n . Both 
gentlemen gave me not only the freedom, but a l s o a budget 
t o f o l l o w my ideas i n a sometimes i n d i v i d u a l way. 

A chemist who devotes himself to the development of 
new b i o l o g i c a l l y a c t i v e chemicals i s s w i f t l y taught 
modesty. Success i n t h i s area i s always the product of 
i n t e r d i s c i p l i n a r y cooperation. Please a l l o w me t o 
emphasize that I a l s o accept t h i s great honor i n the name 
of a l l my c o l l e a g u e s , not o n l y f o r the ones i n Chemistry, 
but a l s o i n B i o l o g y , the Agrosciences, Medicine, and 
Toxicology. This honor and my thanks are a l s o due t o 
them. 
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I accept t h i s ACS Award as a r e c o g n i t i o n of the 
90-year t r a d i t i o n of agrochemical r e s e a r c h of the Bayer 
Company and the many pioneering achievements of t h i s 
o r g a n i z a t i o n f o r the b e n e f i t of a g r i c u l t u r e . 

I n my f o l l o w i n g p r e s e n t a t i o n , I would l i k e t o 
i l l u s t r a t e a s p e c i a l chapter of these c o n t r i b u t i o n s — " T h e 
H i s t o r y of Azole F u n g i c i d e s " . In the background of t h i s 
s t o r y you may f i n d some i n d i c a t i o n of the i n g r e d i e n t s f o r 
s u c c e s s f u l research: a b r i # i t i d e a , freedom of a c t i v i t y , 
f l e x i b i l i t y , p a t i e n c e , p e r s i s t e n c e , and l a s t , but not 
l e a s t , good f o r t u n e . 

Thank you! 

Professor D i r e c t o
K a r l Heinz Buchel 
Bayer AG 
Fors chung und Entwicklung 
509 Leverkusen Bayerwerk 
Federal Republic of Germany 
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