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Foreword 

I H E A C S SYMPOSIUM SERIES was founded i n 1974 to provide 
a medium for publishing symposia quickly i n book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN CHEMISTRY SERIES except that, i n order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors i n camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Bo th reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

B I O H E R B I C I D E S A R E P L A N T P A T H O G E N S A N D P H Y T O T O X I N S derived 
from pathogens and other microorganisms that can be useful for weed 
control. Weeds still cause enormous losses of crops worldwide, even 
though synthetic herbicides have revolutionized food and fiber production 
during the past SO years. Recently there has been increased interest in the 
control of weeds with bioherbicides and, although this research area is 
relatively new, some successes have been realized. These natural products 
and living microorganisms provide alternatives to synthetic herbicides to 
which some weeds have developed resistance, and whose mobility or per
sistence i n soils has resulted in their detection in run-off and ground 
water. 

Direct use of pathogens in inundative applications may provide effec
tive weed control. Many pathogens with potential as bioherbicides have 
been isolated and identified from various weed hosts. Although some 
plant pathogens can attack a variety of host species, pathogens generally 
have a narrow host range. This narrow range has advantages or disadvan
tages, depending on the crop and weed-control objectives. From a com
mercial standpoint, however, it would be advantageous to market a patho
gen product with broad-spectrum weed-control activity. Strain selection 
and genetic engineering offer methods to achieve this end, but another 
alternative is chemical (agrochemical or other plant metabolic regulator) 
manipulation or regulation of host plant defense systems, thereby altering 
host range. This latter strategy could be useful in integrated weed control, 
wherein biological control and synthetic herbicides are used simultane
ously, and especially i f synergistic interactions occur between the bioher
bicide and herbicide. 

Phytotoxins from nonpathogenic organisms also have potential as 
weed-control agents. Numerous phytotoxic compounds have been isolated 
and bioassayed for phytotoxic activity, and their chemical structures have 
been determined. Generally, these naturally occurring compounds have 
unique chemistries that differ from those of commercial synthetic herbi
cides. Some of these compounds—or others yet to be discovered—may be 
used directly as herbicides or provide templates for the development of 
new, efficacious weed control agents that are less persistent and more 
environmentally compatible than some compounds currently being used. 

ix 
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The purpose of the symposium on bioherbicides and of this book was 
to bring together scientists from a variety of disciplines to present, sum
marize, review, and update information related to a number of topics: 
pathogens with potential as bioherbicides, phylloplane-pathogen interac
tions, aspects of soil microorganisms, formulation and commercialization 
of microbes as bioherbicides, genetic aspects of pathogens for weed con
trol , and chemistry and biochemistry of microbial -plant interactions. It is 
hoped that this book wi l l serve as a valuable source of information for 
researchers involved i n both biological weed control and herbicide 
development It is particularly hoped the book wi l l serve to motivate 
chemists to become involved i n these new areas of plant research because 
the answers to many of the questions currently being raised can be found 
i n chemistry. 

I am deeply indebted to al l the contributors to the symposium and the 
book for excellent presentations and summations of their research areas. I 
also express my gratitude to my many colleagues who provided advice and 
cogent reviews of manuscript drafts. Louis Clarke is thanked for providing 
high-quality computer drawings for my chapters. I wish to acknowledge 
the generous support of the Division of Agrochemicals of the American 
Chemical Society for sponsoring the symposium upon which this book is 
based. The publication and production guidance and the cooperation of 
Cheryl Shanks of the A C S Books Department are highly valued. Finally, I 
thank my wife, Rebecca, for countless hours of assistance, encourage
ment, patience, and understanding—without which this project would not 
have been initiated or completed. 

ROBERT E. HOAGLAND 
U.S. Department of Agriculture 
Agricultural Research Service 
Southern Weed Science Laboratory 
Stoneville, MS 38776 

July 31, 1990 
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Chapter 1 

Microbes and Microbial Products as Herbicides 
An Overview 

Robert E. Hoagland 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

Microbes (plant pathogens) and microbial products 
(phytotoxins) have been shown to have potential as 
weed control agents. Growth in the interest in these 
alternative weed control methods has been brought 
about by a need for less persistent, more selective, 
and more environmentally safe herbicides. Broad
-spectrum and selective activity are concepts important 
to the development of a weed control agent. 
Generally, pathogens are host-specific while 
phytotoxins have a wider range of activity. Over the 
past several years, new pathogens and microbial 
phytotoxins from pathogens and other microorganisms 
have been discovered which can be added to the arsenal 
of biological weed control weapons. Pathogens, and in 
some cases phytotoxins, may be used directly on the 
target species; alternatively, phytotoxins or 
compounds from non-pathogenic organisms may provide 
template chemistries for new synthetic herbicide 
designs. Pathogens also have potential for use in 
integrated approaches to weed management programs, 
where the organisms can tolerate the presence of other 
agricultural chemicals and where they may interact 
synergistically with herbicides. Genetic engineering 
and microbial strain selection to increase pathogen 
virulence, alter host range, and enhance interactions 
with other chemical regulators or synergists may 
promote infectivity and weed control efficacy. This 
chapter reviews some recent advances in the area of 
isolation and identification of novel microbial 
chemistries with phytotoxic properties and presents 
perspectives on other aspects of the use of microbes 
and natrually occuring microbial compounds for weed 
control. 

The developed na t i ons o f the wor ld are g e n e r a l l y ab le t o produce 
more food than i s necessary to feed t h e i r populace. Th i s h igh 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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1. HOAGLAND An Overview 3 

p r o d u c t i v i t y and these surp luses are l a r g e l y the r e s u l t o f the use 
o f f e r t i l i z e r s and o ther agrochemica ls t o c on t r o l weeds, i n s e c t s , 
and d i seases i n c rops . A l though many o f the wo r l d ' s na t i ons produce 
more f o od s t u f f s than are necessary to feed t h e i r own peop le , g l oba l 
food p roduc t ion l i e s i n p reca r i ous ba lance . The d i f f e r e n c e between 
a g r i c u l t u r a l su rp lus and shortage depends on on ly a 5% change i n 
wor ldwide a g r i c u l t u r a l acreage (1). Est imates are t ha t a g r i c u l t u r a l 
output w i l l need to inc rease 30% by the year 2000 to support the 
p ro j e c t ed wor ld popu la t i on o f 6.6 b i l l i o n (2). Modern a g r i c u l t u r a l 
p r a c t i c e s r e l y h e a v i l y on chemical methods o f pest c o n t r o l , a l though 
a few b i o l o g i c a l c on t r o l endeavors have a l s o been s u c c e s s f u l . 

Economics o f Weed Problems. Of the nea r l y 300,000 spec ies o f h igher 
p l an t s i n the wo r l d , on ly about 10% are weeds; about 1,800 weeds are 
r e spons i b l e f o r economic l o s se s i n a g r i c u l t u r a l p roduc t i on (2). 
About 300 weed spec ies cause se r i ous economic l o s se s i n c u l t i v a t e d 
wor ld c rops . However, on ly about 200 weed spec ies are r e spons i b l e 
f o r 95% o f the weed problems faced by those i nvo l ved i n the 
p roduc t i on o f food and f i b e r (1). Weeds are c o s t l y . Weeds 
accounted f o r nea r l y 42% o f the l o s se s o f crops to pes ts i n the U.S. 
i n 1971 (Table I ) . In the U.S. a lone , weeds were es t imated to cause 

Table I . Annual Costs o f P l an t Pests o f Crops 

Losses Cont ro l To ta l To ta l 
Pest (x 1,000) (x 1,000) (x 1,000) (%) 

Diseases $3,152,815 $ 115,000 $ 3,267,815 27.1 
Insec t s 2,965,344 425,000 3,390,344 28.1 
Nematodes 372,335 16,000 388,335 3.2 
Weeds 2,459,630 2,551,050 5,010,680 41.6 
To ta l 8,950,124 3,107,050 12,057,174 100.0 

Reproduced w i th permiss ion from Ref. (5). Copyr ight 1982 John Wi ley 
and Sons. 

r educ t i ons i n p r o d u c t i v i t y r e s u l t i n g i n monetary l o s s e s f o r f i e l d 
crops and vegetab les o f over $7 b i l l i o n per year i n 1975-79 (Table 
I I ) . Beyond the l o s se s i n p r o d u c t i v i t y are ac tua l c o s t s o f 
p e s t i c i d e s and t h e i r a p p l i c a t i o n . From the l a t e I960 ' s through 
1987, the use o f he rb i c i d e s i n the U.S. exceeded the use o f 
i n s e c t i c i d e s and f ung i c i de s combined (F igure 1 ) . On a g l oba l s c a l e , 
o the r data shows tha t he rb i c i d e s accounted f o r 44% o f t o t a l 
p e s t i c i d e s a l e s i n 1985 (F igure 2 ) . Combined g l oba l p e s t i c i d e sa l e s 
i n 1985 were equ i va l en t to about $16 b i l l i o n U.S. A l though advances 
i n weed con t r o l have been ach ieved, weeds cont inue t o cause 
a g r i c u l t u r a l l o s s e s . Thus, new weed con t r o l s t r a t e g i e s are needed 
to augment and/or rep lace l e s s - t han - su c c e s s f u l s t r a t e g i e s . 

P e s t i c i d e s are c r u c i a l f o r maintanence o f our modern food 
p r oduc t i on . However, cu r ren t pa t te rns o f use and misuse o f chemical 
p e s t i c i d e s have r e s u l t e d i n some environmental problems. Ground 
water contaminat ion by he rb i c i d e s and o ther p e s t i c i d e s may th rea ten 
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4 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I I . Est imated Average Annual Losses Due to Weeds i n 
Severa l Commodity Groups 1n the Un i ted S t a t e s , 1975-1979 

Average annual 
Commodity group monetary l o s s e s 

($ x 1,000) 

F i e l d crops 6,408,183 
Vegetab les 619,072 
F r u i t s and nuts 441,449 
Forage seed crops 37,400 

Reproduced w i t h permiss ion from Ref. (£). Copyr ight 1984 Weed 
Sc ience So c i e t y o f Amer ica . 

p u b l i c h e a l t h . Gene r a l l y , the re has been inc reased p u b l i c concern 
about the s a f e t y o f a g r i c u l t u r a l chemica l s , i n c l u d i n g h e r b i c i d e s 
(£)» i n some cases r e s u l t i n g i n p u b l i c re fe renda to reduce the use 
o f these compounds. I f t h i s t r end con t i nues , t o t a l mechanical 
and/or b i o l o g i c a l weed con t r o l measures w i l l have to be implemented 
t o assure adequate food and f i b e r p r oduc t i on . The q u a l i t y and 
quan t i t y o f food and f i b e r products w i l l no doubt decrease and t h e i r 
c o s t s w i l l soar i f adequate a l t e r n a t i v e pest c on t r o l measures have 
not been e s t a b l i s h e d and implemented. P e s t i c i d e s have been an 
I n t eg ra l pa r t o f commercial a g r i c u l t u r a l p roduc t i on f o r so long t ha t 
agroecosystems themselves have been In f luenced and, t hus , ex tens i ve 
l o s s e s due to pes ts w i l l occur i f t h e i r use 1s c u r t a i l e d ( l f l ) 
w i thout new a l t e r n a t i v e s . 

Growth o f the I n t e r e s t i n a l t e r n a t i v e weed c on t r o l methods has 
been brought about by the need f o r l e s s p e r s i s t e n t , more s e l e c t i v e , 
and more env i ronmenta l l y sa fe h e r b i c i d e s . In my v iew, i t becomes 
obvious t ha t improved weed c on t r o l measures w i t h chemica ls a r e , and 
w i l l cont inue t o be an In t eg ra l pa r t o f meeting the Inc reas ing wor ld 
demand f o r food and f i b e r . Furthermore, b i o l o g i c a l c on t r o l o f 
a g r i c u l t u r a l p e s t s , p a r t i c u l a r l y weed con t r o l w i th pathogens and 
m i c r ob i a l p roduc ts , can p l ay an i n c r ea s i ng r o l e i n meeting t h i s 
c ha l l e nge . Research e f f o r t s i n academic, governmenta l , and 
i n d u s t r i a l l a b o r t o r i e s must be expanded to meet t h i s c ha l l e nge . 

Weed Cont ro l - Some H i s t o r i c a l P e r s pe c t i v e s . Weed c on t r o l has gone 
through many stages s i n ce man gave up h i s nomadic hunte r -ga there r 
l i f e s t y l e t o form ag ra r i an communit ies. Few new developments i n 
weed c on t r o l were made from those e a r l y days o f hand-weeding and 
c u l t i v a t i o n u n t i l the development o f s y n t h e t i c h e r b i c i d e s i n the mid 
1940 ' s . There are c u r r e n t l y about 150 he r b i c i d e s compr i s ing about 
15 major chemical c l a s s e s r e g i s t e r e d f o r use i n the Un i ted S ta tes 
( I I ) . B r i an (12) has developed a rev iew o f the h i s t o r y o f chemical 
h e r b i c i d e s . A chronology o f some weed c on t r o l developments, w i th 
p a r t i c u l a r emphasis on b i o l o g i c a l weed c o n t r o l , 1s presented i n 
Table I I I . Whi le i t cannot t o t a l l y r ep l a ce chemica l s , b i o l o g i c a l 
c on t r o l has long been recogn ized as a f e a s i b l e method o f weed 
c o n t r o l . However, i t has had a r a t he r low p r o f i l e s i n ce the coming 
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H O A G L A N D An Overview 

0 ι 1 1 1 1 

1966 1971 1976 1981 1986 

YEAR 

Fungicides Herbicides — — Insecticide 

Figure 1. Estimates of pesticide usage in the United States, 1966-1987. 
(Redrawn from Ref. 7. Copyright 1989 National Academy Press.) 

Herbicides 

insecticides/Acaricides/ 
Nematicides (31.4%) 

Figure 2. Relative percentage of global pesticide sales for 1985. (Redrawn 
from Ref. 8. Copyright 1988 Royal Soc. London.) 
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6 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table III. Chronology of Some Important Events Related to Weed Control With Herbicides, 
Biocontrol Agents, and Microbial Products 

1859-87: Julius Sachs studied "chemical messengers" or growth regulators in plants 

1896: Bonnet observed a Bordeaux mixture killed charlock (Skiapsis arvensis L ) (12) 
1900: Charles Darwin published 'The Power of Movement in Plants"; studied plant 

movement relative to light and growth regulating substances in plants. 

1901 : H.L Bolley (U.S.) demonstrated weed control using inorganic salts. (12) 
1902: Introduction of various insects into Hawaii for control of L&ntBDA &UI1&E& L. 

1925: Eggs of Cactoblastis cactorum imported into Australia from Argentina for control of 
prickly pear cactus (Opuntia inermis and Q. strictal (14) 

1931 : Control of prickly pear cactus in Australia achieved by Cactoblastis cactorum. 

1941 : R. Pokomy (U.S.) reported chemical synthesis of 2,4-D (13 
1942: P.W. Zimmerman and A.E. Hitchcock (U.S.) reported 2,4-D to be a PGR (lfi) 

1944: P.C. Marth and J.W. Mitchell (U.S.) established selectivity of 2,4-D (ID 
C.L Hamner and H.B. Tukey (U.S.) used 2,4-D in field weed control (IS) 

1945: W.G. Templeman (U.K.) established principle of preemergence soil herbicides 

1951 : JAtefidS, journal of the Assoc. of Regional Weed Contr. Conferences, established 

1954: Role of diseases in weed control recognized (IS) 
1956: Weed Science Society of America organized; assumed publication of WfifidS 

renamed Weed Science in 1968 

1961 : Sflififid Research, journal of the European Weed Research Council, published 

1968: Principles of Plant and Animal Pest Control. Vol. 2: Weed Control (publication 
1597) published by the National Academy of Sciences, confirming the importance 
of weed science, including biological control, as a discipline 

1969: Discovery of endemic disease, Colletotrichum gloeosporioides (Penz.) Sacc. f. sp. 
aeschvnomeme on the weed jointvetch [Aeschvnomene yjrajoiia (L.) B.S.P.] (20) 

1970: International Conference of Weed Control organized by the FAO of the United 
Nations; showed international concern for world weed problems 

1971 : Successful establishment of Puccinia chondrilla against rush skeletonweed 

fChondrilla juncea) and skeletonweed [Lygodesmia juncea (Pursh.) D. Don] (21) 
1973: First successful use of augmentative biocontrol of northern jointvetch (22) 
1976: International Weed Science Society formed 

1979: First microbial herbicide (bialaphos) patented (23) 
1981 : DEVINE, a formulation of Phvtophthora paimivora (Butier) Butler, registered for use 

against stranglervine (Morrenia odorata Undl.) in citrus (24) 
1982: Colletotrichum gloeosporioides (Penz.) Sacc. f. sp. aeschvnomene registered as 

COLLEGO, a formulation for selective control of northern jointvetch (2D 

1989: Microbial Strain selection for bialaphos production resulted in 500-fold increase 
above wild type (23 
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1. HOAGLAND An Overview 7 

o f s y n t h e t i c chemical h e r b i c i d e s beg inn ing i n the 1940 ' s . Host weed 
b i o c on t r o l successes have Invo lved the use o f Introduced 
phytophagous I n s e c t s . The use o f p l an t pathogens and t h e i r 
phy to tox ins 1s a r a t he r new approach. A l though p l an t d i seases have 
been recogn ized and have In t r i gued farmers and researchers f o r 
y e a r s , there have been few attempts t o f o rma l l y apply the concept o f 
the s e l e c t i v e use o f d i seases f o r weed c o n t r o l . A landmark example 
o f the use o f the c l a s s i c a l b i o l o g i c a l c on t r o l approach ( i . e . , 
i n t r o d u c t i o n o f an e x o t i c organism to con t r o l an Introduced pes t ) 
f o r a weed problem was the es tab l i shment o f Puceinn1a c h o n d r i l l a 
Bubak. and Syd. f o r c on t r o l o f rush skeletonweed ( C h o n d r i l l a iuncea l 
and skeletonweed fLvaodesmia juncea (Pursh . ) D. Don] i n A u s t r a l i a i n 
1971 (21). The f i r s t weed con t r o l success us ing the augmentative 
b i o c on t r o l approach ( i . e . , Inundat ive r e l eases o f l a r ge numbers o f 
Indigenous b i o l o g i c a l c on t r o l agents to ach ieve c on t r o l o f a pes t ) 
was the use o f C o l l e t o t r i c hum a loeospor iodes (Penz.) Sacc . f . sp . 
aeschvnomene aga ins t nor thern j o i n t v e t c h ΓAeschvnomene v i r o i n i c a 
( L . ) B .S .P . ] i n 1973 (22). 

Much research has been done i n the area o f b i o l o g i c a l c on t r o l o f 
weeds w i th p l an t pathogens s i n ce these i n i t i a l successes . However, 
what i s needed to I d e n t i f y and e s t a b l i s h a new i n d i v i d u a l success fu l 
b i o c on t r o l cand idate remains l a r g e l y unknown. In my v iew, a 
r a t i o n a l and env i ronmenta l l y b e n e f i c i a l approach to the weed con t r o l 
problem i s i n t eg ra t ed c o n t r o l ; I . e . , us ing s yn t h e t i c chemica l s , 
phytophagous i n s e c t s , and p l an t pathogens (S, 21» 2Ê-2Z) and/or 
chemica ls de r i ved from p l an t s and microbes (23-2Â). The purpose o f 
t h i s symposium was to assess recent progress and prospects i n 
va r i ous areas r e l a t i n g to p l an t pathogens tha t a t t a c k weeds and 
novel phy to tox i c chem i s t r i e s from microorganisms. The scope o f t h i s 
book i s the c on t r o l o f weeds us ing microbes and m i c r ob i a l p roduc t s . 
Th i s overv iew chapter touches on some o f these a reas , w i th the major 
focus on the chem i s t r i e s o f phy to tox ins produced by p l an t pathogens 
and o the r microorgan isms. 

D i scovery and Screen ing o f Syn the t i c He r b i c i d e s . M i c r o b i a l 
He r b i c i d e s , and M i c r ob i a l Phyto tox ins 

Syn the t i c He r b i c i d e s . Most commercial phy to tox ins ( he r b i c i d e s ) have 
been d i s cove red through random screen ing programs, f o l l owed by 
d e r i v a t i v e s yn thes i s and a c t i v i t y s t ud i e s when a p o t e n t i a l chemical 
cand idate i s d i s c ove r ed . Seldom has a b i o r a t i o n a l approach f o r 
h e r b i c i d e d i s cove ry been achieved or used. Over the past 45-50 
y ea r s , perhaps c l o s e to a m i l l i o n compounds have been screened f o r 
h e r b i c i d a l a c t i v i t y . The number o f compounds screened has 
c o n t i n u a l l y inc reased and es t imates f o r the 1980's suggest t ha t 12 
to 15 thousand compounds per year were syn thes i zed and screened f o r 
each compound reach ing the market (2S). In the 1990 's , the r a t i o 
may inc rease 5 - f o l d . 

Such sc reen ing o f s yn t h e t i c compounds t y p i c a l l y Invo lves 
greenhouse t e s t i n g o f up to a dozen or so important crop and weed 
spec ies f o r both pre-emergence and post-emergence a c t i v i t y . 
S t r a tegy may be changing somewhat i n t ha t i n h i b i t i o n o f s p e c i f i c 
t a r g e t s i n p l an t s i s a l s o be ing cons idered i n o rder to improve 
chances o f d i s c o ve r i n g potent he rb i c i d e s tha t have minimal e f f e c t to 
non- target s i t e s , e s p e c i a l l y those i n mammals and o ther ve r t eb r a t e 
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8 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

s pe c i e s . Simple model s pec i e s , c e l l f r e e assays , and s p e c i f i c 
enzyme assays may prov ide a dd i t i o n a l advantages In such sc reen ing 
programs (31). 

Pathogens. The d i s cove ry o f l i v i n g organisms f o r use as 
b i o he r b i c i d e s 1s cons i de rab l y more complex than the d i s cove ry o f 
s y n t h e t i c phy t o t ox i n s . " B i o h e r b i c l d e , " as used here , r e f e r s t o 
microorganisms ( f u n g i , b a c t e r i a , v i r u s e s , a l gae , e t c . ) o r t h e i r 
products t ha t have been used o r have p o t e n t i a l f o r use 1n the 
augmentative c on t r o l o f weedy s pe c i e s . "Mycohe rb l dde " has 
requen t l y been used 1n the l i t e r a t u r e t o des c r i b e the d i r e c t use o f 
pathogenic fungal organisms f o r weed c o n t r o l . Pathogens f o r weed 
c on t r o l represent unique microbe:p i ant a s s o c i a t i o n s . Gene r a l l y , 
d i seased p l an t s are d i s covered i n the f i e l d o r greenhouse and the 
process o f I s o l a t i n g and I d e n t i f y i n g the causa l agent beg ins . The 
f i r s t s tep 1s t o I s o l a t e the suspect pathogen and grow 1t i n pure 
c u l t u r e , as desc r i bed by s p e c i f i c p l an t p a t ho l o g i c a l techn iques (32, 
33)· Organism I d e n t i f i c a t i o n 1s an Important second s t ep . A 
re fe rence which i s the usual s t a r t i n g po in t f o r i n f o rmat i on on p l an t 
d i seases 1n the U.S. 1s The Index o f P l an t D iseases i n the Un i ted 
S t a t e s , which g i v e s i n f o rmat i on on pathogen host-range and 
d i s t r i b u t i o n (34-25). Severa l o the r s p e c i f i c s t a t e and f o r e i g n 
Ind i ces have been compi led , as summarized by Tempieton e t a l . (2Ζ)· 
L i s t i n g s o f fungal d i s ea se s , encompassing the e n t i r e wor ld 
l i t e r a t u r e , are a l s o a v a i l a b l e (38-11). The next process Is 
e s s e n t i a l l y p rov ing t ha t the I s o l a t ed and I d e n t i f i e d organism 1s 
indeed the d i sease - caus ing agent. Th i s 1s accompl ished u t i l i z i n g 
Koch 's P o s t u l a t e s , I . e . , the pathogen must always be: found 
a s soc i a t ed w i th a p a r t i c u l a r d i sease symptom o f the weed; I s o l a t ed 
In pure c u l t u r e ; used t o Inocu la te and Induce d i sease 
c h a r a c t e r i s t i c s 1n hea l thy weed t i s s u e ; r e i s o l a t e d from the 
Inocu la ted weed and the d i sease symptoms and recovered pathogen 
compared p o s i t i v e l y w i th the o r i g i n a l d i sease symptoms and 
microorgan ism. Severa l c y c l e s o f Koch's Pos tu l a t e s p rov ide an 
i n d i c a t i o n o f f a c t o r s such as v i r u l e n c e , s t a b i l i t y , and 
environmental requirements f o r growth, s p o r u l a t i o n , i n f e c t i o n s , and 
d i sease develoment, which are a l l Important aspects f o r assess ing 
the p o t e n t i a l o f the organism as a b i o h e r b i c i d e . 

As w i t h s y n t h e t i c h e r b i c i d e s , i t 1s Important t h a t b i o he r b i c i d e s 
have phy to tox i c s p e c i f i c i t y w i th minimal impact on non- target 
organisms. However, a broader host range would be very b e n e f i c i a l 
and make a p a r t i c u l a r organism more a t t r a c t i v e commerc ia l l y . With 
pathogens, host-range t e s t s o f the organism are conducted p r i o r t o 
f i e l d t e s t i n g (42, 13) us ing opt imal d isease-development 
environments and both s u s c ep t i b l e and r e s i s t a n t p l a n t s , I n c l ud i ng 
a l l known b io types o f the host and o ther p l an t s c l o s e l y r e l a t e d 
b o t a n i c a l l y to the known host (43, Μ)· Even i f p r e l im i n a r y t e s t s 
show a pathogen to have a d e s i r a b l e host range, s c r u t i n y o f the 
epidemio logy i s a n e c e s s a r y / c r i t i c a l f a c t o r i n determin ing the 
p o t e n t i a l f o r f u r t h e r development as a b i o h e r b i c l d e . Other c r i t e r i a 
are important f o r success fu l commerc i a l i z a t i on o f the b i o he r b i c l d e 
cand ida tes . These i nc lude inoculum p roduc t i on , packaging and 
s h e l f - l i f e , and va r i ous aspects o f a p p l i c a t i o n techno logy . A f i n a l 
Important c r i t e r i o n f o r the commercial development o f a pathogen i s 
i t s i n t e r a c t i o n and compa tab i l i t y w i th o ther agrochemica l s . 
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1. HOAGLAND An Overview 9 

Phyto tox ins from Microbes as He r b i c i d e s . The concept here i s t o use 
phy to tox ins e i t h e r as he r b i c i d e s themselves or t o broaden the host 
s p e c i f i c i t y beyond tha t Inherent i n the organism, thus u l i t i z i n g 
n on - s e l e c t i v e t o x i n s on o the r non-host weeds. Co -evo lu t i on o f 
t ox i n -p roduc i ng pathogens w i th t h e i r s p e c i f i c p l an t host spec ies has 
r e s u l t e d i n the p roduc t ion o f h o s t - s p e c i f i c t o x i n s , I . e . , t o x i n s 
t ha t on ly a f f e c t the spec ies i n f e c t ed by the pathogen. Most known 
h o s t - s p e c i f i c phy to tox ins have been c ha r a c t e r i z ed from crop 
pathogens, wh i l e s t ud i e s on h o s t - s p e c i f i c phy to tox ins from weed 
pathogens have been neg l e c t ed . I s o l a t i o n and chemical 
c h a r a c t e r i z a t i o n o f h o s t - s p e c i f i c and n o n - s p e c i f i c phy to tox ins from 
pathogens and non-pathogens may prov ide templates f o r analog 
s yn thes i s t o develop he r b i c i d e s w i th even more d e s i r a b l e 
c h a r a c t e r i s t i c s than some s yn t he t i c compounds p r e s en t l y marketed. 

A l though pathogenic organisms may be the f i r s t t o come to mind 
when d i s c u s s i n g phyto tox in -produc ing agents as b i o h e r b i c i d e s , many 
non-pathogenic organisms, i n c l u d i n g b a c t e r i a and f u n g i , a l s o 
possess/produce phy to tox i c compounds. Indeed, some o f the 
a n t i b i o t i c s i s o l a t e d from non-p lant pathogens have been l a t e r shown 
to possess h i g h l y potent phy to tox i c p r o p e r t i e s . Some progress has 
been made i n the areas o f i s o l a t i o n and sc reen ing o f phy to tox ins as 
h e r b i c i d e s , as evidenced i n severa l recent rev iews (2fl, 45-51). 
Screen ing o f compounds produced by s o i l microorganisms has a l s o 
r e s u l t e d i n the d i s cove ry o f b l o he r b l c i d e s (52*54). Gene r a l l y , most 
o f these compounds have not been e x t e n s i v e l y t e s t ed as t o weed 
s p e c i f i c i t y . 

I t i s obvious tha t these organisms produce many ye t u n i d e n t i f i e d 
compounds t ha t a l s o may have p o t e n t i a l f o r development as 
b l o h e r b l c i d e s . Severa l f a c t o r s determine the ex tent o f the 
development p rocess . F i r s t i s the need f o r a means to produce 
adequate amounts o f the microorganisms f o r t e s t i n g . Second 1s an 
adequate and approp r i a te p l an t b loassay system. C u l t u r a l c ond i t i o n s 
can i n f l u en ce the metabo l i t e s produced by a g iven organism, e i t h e r 
pathogenic or non-pathogenic . With a pathogen, the hos t ( s ) i s known 
and t e s t s f o r v i r u l e n c e can be conducted. Indeed, the organism can 
and should be produced u t i l i z i n g e x t r a c t s o r p l an t pa r t s o f the 
na tu ra l hos t ( s ) i n o rder t o ma in ta in v i r u l e n c e . The hos t ( s ) should 
be among the b loassay t e s t p l a n t s . 

B i oassav . The a b i l i t y t o f o l l o w phy to tox i c symptoms caused by 
organisms o r i s o l a t e d phy to tox ins throughout p u r i f i c a t i o n and 
p roduc t ion processes i s o f paramount Importance. A problem common 
to t e s t i n g o f phy to tox ins from both pathogens and non-pathogens i s 
the l i m i t e d amount o f ma te r i a l a v a i l a b l e , which s e ve r l y r e s t r i c t s 
the number, s i z e , e t c . o f p l an t spec ies tha t can be used i n 
b loassay o r sc reen ing t e s t s . Syn the t i c h e r b i c i d e compounds are not 
sub jec t to t h i s l i m i t a t i o n . The problem can be compounded f o r 
non-pathogenic s pe c i e s . For example, s i n ce there i s a v a r i e t y o f 
s y n t h e t i c media a v a i l a b l e , i t 1s Imposs ib le t o e a s i l y op t im i ze f o r 
phy to tox in p roduc t ion w i thout t e s t i n g a range o f media and va r i ous 
c u l t u r e c o n d i t i o n s . 

Severa l b i oassy techn iques have been developed which a l l ow 
t e s t i n g o f b i o l o g i c a l ma t e r i a l s produced i n smal l q u a n t i t i e s . The 
exc i sed wheat c o l e o p t i l e t e s t (55) has v e r s a t i l i t y i n d e t e c t i n g 
p l an t growth promoters and and growth i n h i b i t o r s . The assay i s 
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10 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

s imple and qu i ck . The duckweed (Lemna sp . ) b loassay system (56, 5Z) 
has some a d d i t i o n a l advantages. An i n t a c t p l an t system i s used; 
growth and c h l o r o phy l l content can be measured as we l l as processes 
l i k e r e s p i r a t i o n and pho tosyn thes i s . Assays tha t do not de tec t 
l i gh t -dependent processes are l i m i t i n g . A l e t t u c e seed/seed l i ng 
b loassay (Ifi) has been use fu l i n d e t e c t i n g the e f f e c t s o f r e l a t i v e l y 
smal l amounts o f t o x i n on growth and ge rm ina t i on . Another b loassay 
f o r these purposes uses exc i sed oat mesocoty ls (£8). Other rev iews 
have surveyed sc reen ing procedures and b ioassays o f phy to tox ins from 
microbes (5Q, 52). B ioassays t ha t have been used f o r s p e c i f i c 
h e r b i c i d e s , the d e t e c t i o n o f photosynthes i s i n h i b i t o r s , and the use 
o f microbes as b loassay sub jec t s have been summarized (f i f i ) . Var ious 
p l an t growth r e g u l a t o r b ioassays have been reviewed ( i l ) , but assays 
t ha t de tec t on ly PGR a c t i v i t y may not be use fu l f o r b i o h e r b i c l d e 
s c r een i ng . Gene r a l l y , a l l o f the above assays are s p e c i e s - s p e c i f i c 
and, t hus , many compounds w i th p o t e n t i a l p h y t o t o x i c i t i e s are 
missed . C e l l f r e e assays and/or s p e c i f i c enzyme t e s t i n g (11) 
coupled w i t h i n t a c t t i s s u e assays should have u t i l i t y f o r sc reen ing 
the r e l a t i v e l y smal l amounts o f phy to tox ins produced by mic robes . 

Aarochemical I n t e r a c t i o n s w i t h Pathogens. Cu r r en t l y the re i s on l y 
sparse In format ion on i n t e r a c t i o n s o f b l o h e r b l c i d e s w i t h s yn t h e t i c 
p e s t i c i d e s ( f u n g i c i d e s , i n s e c t i c i d e s , and h e r b i c i d e s ) . Such 
I n t e r a c t i o n s can be e i t h e r a n t a gon i s t i c o r s y n e r g i s t i c w i t h the 
b i o l o g i c a l a c t i v i t y o f the b i o h e r b i c l d e . Some he r b i c i d e s have been 
shown t o act s y n e r g i s t i c a l l y w i th va r i ous pathogens t o Increase 
va r i ous s o i l - b o r n e roo t d i seases [èl). Such i n t e r a c t i o n s , coupled 
w i t h a b i o h e r b i c i d e , may o f f e r unique weed c on t r o l p o t e n t i a l s . 
Another aspect o f such i n t eg ra t ed con t r o l 1s the a p p l i c a t i o n o f more 
than one b i o he r b i c l d e to c on t r o l more than one weed, e s p e c i a l l y i n 
cases where an i n d i v i d u a l organism i s r e l a t i v e l y s p e c i f i c . An 
example o f t h i s i s the use o f COLLEGO and C o l l e t o t r i c h u m 
q loeospor lodes (Penz.) Sacc . f . i u s s i a e f o r c on t r o l o f winged 
waterpr imrose fLudwia ia decurrens (Wa l t . ) ] and nor thern j o i n t v e t c h 
i n r i c e (61 ) . COLLEGO has perhaps been more r i g o r o u s l y t e s t ed f o r 
i n t e r a c t i o n s w i th va r i ous p e s t i c i d e s than have o ther b l o h e r b l c i d e s 
o r p o t e n t i a l b i o he r b i c i d e s . The s yn t h e t i c h e r b i c i d e s p ropan i l 
[M-(3,4-d ich loropheny l)propanamide] and 2,4,5-T [ 2 - ( 2 , 4 , 5 - t r i -
ch lorophenoxy) a c e t i c a c i d ] , app l i ed a f t e r COLLEGO treatment i n 
r i c e , d i d not i n h i b i t d i sease I n f e c t i o n and development. Some 
i n s e c t i c i d e s and the he rb i c i d e s a c i f l u o r f e n { 5 - [ 2 - c h l o r o - 4 - ( t r 1 -
f1uoromethy1) phenoxy] -2-n i t robenzo i c a d d } and bentazon [ 3 - ( l -
me thy l e t hy l ) - ( l H ) - 2 , l , 3 - benzo th i ad i a z1n -4 (3H) - one 2 , 2 - d i o x i d e ] , 
app l i ed i n tank mix ture or sequent i a l t reatments w i th COLLEGO, d i d 
not i n h i b i t d i sease i n f e c t i o n or development on nor thern j o i n t v e t c h 
(64 ) . Another p o s i t i v e i n t e r a c t i o n has been demonstrated us ing tank 
mix combinat ions o f the fungus Co l l e t o t r i c hum coccodes and the p l an t 
growth r e g u l a t o r t h i d l a z u r on ( M - pheny l - M ' - l , 2 , 3 - t h1d i a zo l - 5 - y l - u r ea ) 
to i n c rease v e l v e t l e a f (Abut11 on t heoph ra s t i ) m o r t a l i t y and i nc rease 
soybean (G l y c i ne max) y i e l d s (55 ) . Important s y n e r g i s t i c 
i n t e r a c t i o n s o f h e r b i c i d e s or p l an t growth r egu l a t o r s cou ld reduce 
the amount o f both s yn t he t i c agrochemical and b i o l o g i c a l inoculum 
needed to con t r o l s p e c i f i c weed problems. More research input i s 
needed i n these a reas . 
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1. HOAGLAND An Overview 11 

Phy to tox i c Compounds Produced bv Microorganisms 

Many new m i c r ob i a l compounds w i th p o t e n t i a l b i o c h e r b i c i d a l a c t i v i t y 
have been i s o l a t e d , chem i ca l l y c h a r a c t e r i z e d , and a p o r t i o n o f t h e i r 
b i o l o g i c a l a c t i v i t i e s determined us ing va r i ous b loassay techn iques 
or by d i r e c t p l an t s c r een i ng . Some o f these compounds are v i r u l e n c e 
f a c t o r s o f p l an t pathogens, thus i n fo rmat i on on these phy to tox ins 
can b ene f i t the development o f microbes as he r b i c i d e s and 
p o t e n t i a l l y p rov ide new chemical h e r b i c i d e s . Data on some o f these 
compounds and t h e i r s t r u c t u r e s are p resented . In format ion on 
source , b i o l o g i c a l a c t i v i t y , and p o s s i b l e mode o f a c t i o n (when 
a v a i l a b l e ) i s b r i e f l y summarized. 

Phy to tox i c Compounds Produced by Fungal Weed Pathogens 

C u r v u l i n s . Cu r vu l i n [ 1 ] , a c y c l i c p o l y k e t i d e , and 
O-me thy l cu rvu l i n i c a c i d [2] were f i r s t i d e n t i f i e d i n the l a t e 
1960 ' s . A l though c u r v u l i n i s produced by many f u n g i , i t s b i o l o g i c a l 
a c t i v i t y was then unknown (££). Both compounds were r e c e n t l y 
i s o l a t e d from Dreschs l e ra i n d i c a . a pathogen o f two weed spe c i e s , 
sp iny amaranth (Amaranthus sp inosus L.) and common purs lane 
( Po r t u l a ca o l e r a cea L . ) , and i t s s t r u c t u r e conf i rmed us ing x - ray 
c r y s t a l l o g r a p h y (6Z) . The compounds were phy to tox i c to detached 
leaves o f these host p l a n t s , but some o ther p l an t s were not 
i n j u r e d . D rechs l e ra s i c cans i s a fungal pathogen on perenn ia l 
ryegrass (Lo i 1 urn oerenne L . ) , I t a l i a n ryegrass (L . m u l t i f l o r i u m 
Lam.), and oat (£8). Recent ly de-O-methy ld iapor th in [3] was 
i s o l a t e d from t h i s fungus, s t r u c t u r a l l y c h a r a c t e r i z e d , and shown to 
be phy t o t o x i c . Host p l a n t s , however, showed l i t t l e or no 
s e n s i t i v i t y to t h i s compound wh i l e soybean, c o rn , c rabgrass were 
s e n s i t i v e to 4 nmol app l i ed i n 3 μΐ d r o p l e t s . Spiny amaranth 
and barnyardgrass were more t o l e r a n t and requ i r ed 12 and 8 nmol/3 
μΊ d r o p l e t , r e p e c t i v e l y , t o cause i n j u r y . 

Eremophi lanes. Many eremophi lanes have been i s o l a t e d from f u n g i . 
The f i r s t eremophi lane compounds tha t e x h i b i t e d phy to tox i c a c t i v i t y 
were i s o l a t e d from B i p o l a r i s cvnodon t i s . a pathogen o f bermudagrass 
rCvnodon da c t y l on ( L . ) P e r s . ] (SS). Th i s fungal pathogen produces 
two eremophi lanes, b i p o l a r o x i n [4] and d i h yd r ob i p o l a r o x i n 
(reduced analog o f b i p o l a r o x i n ) . Th is reduced ana log , l a c k i n g the 
aldehyde moiety , i s not phy t o t ox i c , but b i p o l a r o x i n causes l e s i o n s 
on bermudagrass leaves at concen t ra t i ons o f 38 μΜ. Higher 
concen t ra t i ons are necessary to i n j u r e w i l d oats (Avena f a tua L . ) , 
c o rn , and sugarcane (Saccharum o f f i c i n a r u m L . ) . 

Organic e x t r a c t i o n and a n a l y s i s o f c u l t u r e f i l t r a t e s o f 
D rechs l e ra g jgan tea . a pathogen o f quackgrass rAgroovron reoens ( L . ) 
Beauv.] and bermudagrass, showed over a dozen eremophi lanes were 
produced (54)· Phomenone, petaso l [ 5 ] , and gigantenone [6] 
caused n e c r o t i c symptoms on d i co ty ledonous p l an t t i s s u e , but on 
monocotyledons caused l o c a l i z e d r e t e n t i o n o f c h l o r o p h y l l ("green 
i s l a n d s " ) (54)· Cucumber (Cucumis s a t i v u s L.) was an ex cep t i on , 
s i n ce "green i s l a n d s " a l s o formed i n t h i s d i c o t y l e d o n . Var ious 
pathogens (70, Z l ) had been known to cause "green i s l a n d s " , an 
e f f e c t a l s o caused by l o c a l i z e d a p p l i c a t i o n o f c y t o k i n i n s to 
y e l l ow i ng (senesc ing) leaves (Z2). Z i n n i o l [13] (ZS) and some 
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12 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Curvulin [1 ] Mono-O-methyt- De^methykteportMn [3] 

curvulinicadd[2] 

Bipolaroxin [4] Petasol [5] Giganlenone [6] 

Maculosin [7] H 3 C w 

OphiobolinA[8] 
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1. HOAGLAND An Overview 13 

polyhydroxamates ( H ) are o ther compounds produced by p l an t 
pathogens t ha t cause the "green I s l a nd " e f f e c t . 

PR - t ox i n , another eremophi1ine, 1s produced by Pénic i l l ium 
roouefor t1 Thorn. (75). Phomenone has been I s o l a t ed from Phoma 
d e s t r u c t l v a P l owr . , a fungus caus ing w i l t d i sease i n tomato 
f Lvcopers l con esculentum M i l l . ) (Z5). Phomenone, PR-tox1n, and f ou r 
d e r i v a t i e s o f phomenone were assayed f o r phy to tox i c a c t i v i t y 1n 
tomato seed l i ngs and c u t t i n g s (ZZ). Phomenone, acetylphomenone, and 
PR- tox in at 10~ 4 M caused w i l t i n g and nec ro s i s and ha lved the 
growth r a t e o f shoots and complete ly I n h i b i t e d the growth o f r o o t s . 
Phomenone 1s a l s o produced by the fungus Phoma ex iaua (Z8). 

Gigantenone and petaso l a l s o s t imu l a t e a u x i n - l i k e a c t i v i t y by 
promoting root fo rmat ion 1n mung bean rv i ana radiâta ( L . ) W l l c zek] 
c u t t i n g s and r o o t i n g o f ca l11 i n t i s s u e c u l t u r e o f sunf lower 
iHe l l an thus annuus L ] (51). Th i s e f f e c t was absent i n the monocot 
asparagus (Asparagus o f f i c i n a l i s L ) , but these eremophi lanes caused 
l a r g e r and more branched asparagus shoots . 

Macu los ins . These compounds were I s o l a t ed from an A l t e r n a r l a 
a l t e r n a t a i n f e c t i o n on spot ted knapweed (Centaurea maculosa Lam.) 
(Z2). A l though many maculos ins were I d e n t i f i e d , on ly one compound, 
macu los in-1 [7] o r c y c l o l - p r o l i n e - L - t y r o s 1 n e , was found t o be a 
h o s t - s p e c i f i c phy to tox in o f spot ted knapweed at 10 μΜ. Nineteen 
o the r grasses and broadleaved p l an t s were not In ju red by 
macu los in -1 , even at concen t ra t i ons o f 1 mH. Th i s compound, 
r e t a i n i n g host s p e c i f i c i t y o f the n a t u r a l l y o c cu r r i ng product , has 
r e c e n t l y been syn thes i zed from a methyl e s t e r o f L - t y r o s i ne and 
t -B0C-L-pro l1ne (Sf i ) . 

Ooh loboHns . Oph iobo l i n A [8] was the f i r s t member o f t h i s 
group t o be i d e n t i f i e d and Is a l s o the group member most s t u d i e d . 
Over 20 analogs have been I d e n t i f i e d . Most o f these compounds have 
been de r i ved from severa l pathogens o f the Drechs l e ra spp. 
Oph iobo l i n A was f i r s t I s o l a t ed from Drechs l e ra o rvzae . a pathogenic 
organism r e spons i b l e f o r a major epidemic i n r i c e (51). Th i s 
compound has numerous e f f e c t s on r i c e (81)· Q- mavdis was the 
pathogen tha t caused widespread corn l e a f b l i g h t ( S i ) and t h i s 
organism a l s o produces oph i obo l i n A and at l e a s t f i v e o ther s i m i l a r 
ana logs , i n c l u d i n g 6 -ep i oph i obo l i n A and 3-anhydro-6-ep ioph1obo l in . 
These th ree compounds, p lus 3-anhydroophiobol1n, have r e c e n t l y been 
i s o l a t e d from Q. s o r oh l c o l a - B i p o l a r i s s o r o h l c o l a . a fungal 
pathogen o f johnsongrass iSorqhum hapeoense ( L . ) P e r s . ] ( S I ) - Four 
oph i obo l i n s were t e s t ed i n a l e a f - s p o t assay i n sorghum, s i c k l epod 
(Cassia QbtUSlfQTIfl L . ) , morning g l o r y [IPQWQM PMrPMrM ( L . ) Ro th] , 
maize, and bentgrass ( Aa r o s t i s a lba L.) Oph iobo l i n A and 6 - ep i 
ophiobol i n A were more phy to tox i c than t h e i r anhydro- coun te rpa r t s 
aga ins t sorghum, s i c k l e o o d , and maize (£1). Oph iobo l i n A at low 
concen t ra t i ons (5 x 1 0 ' 5 t o 7.5 χ 10 "° M) d i s r up t ed membrane 
p o t e n t i a l and caused leakage and potasium ion e f f l u x . Ca lmodul in 
f un c t i o n i s d i s r up t ed by t h i s compound (34)· D- mavdis race Τ 
produced 6 -ep i oph i obo l i n A and 3-anhydro-6-ep ioph iobo l in A, which 
s p e c i f i c a l l y i n h i b i t e d malate o x i d a t i o n i n a m i tochondr i a l e l e c t r o n 
t r an spo r t assay from Texa s -ma l e - s t e r i l e (TMS) corn (85). Q- mavdis 
race 0 d i d not produce these 2 phy to t ox i n s . However, i t was 
phy to t ox i c to corn and not s p e c i f i c to TMS co rn . Oph iobo l i n G 
and H have been I s o l a t ed from A s p e r g i l l u s ustus (25)· 
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14 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Perv leneau inones . A l t e r n a r i a e i c h o r n i a e . a pathogen o f 
waterhyac in th r E i c ho r n i a c r a s s i p e s (Mar t . ) So lms] , produces a 
phy t o t ox i n , a l t e i c h i n [ 9 ] , which causes n e c r o t i c l e s i o n s 
analogous to the pathogen i n f e c t i o n when the compound i s app l i ed at 
1-10 jxg/lO μΐ d r op l e t (8Z). The pathogen Stemphvlium 
botvosum v a r . lactucum i s the causal agent o f l e a f spot on l e t t u c e . 
I t produces stemphyperylenol [10] and s temphy l tox ins [11] I 
(Ri - H, R 2 and R 3 - OH, R 4 - Ho), I I (Ri « H, Rp -
OH, R 3 and - Ho), I I I (R} - R, R 2 - OA , R 3 anâ R 4 -
H) , and IV (Rj - H , Ro - OH, carbons at R 3 and R4 j o i n e d i n 
epoxide l i n kage ) which are analogs o f a l t e i c h i n (88). 

T rvp topho l . Tryptophol [12] i s a na tu ra l product i n p l an t s and 
microorganisms and i s Invo lved i n i n d o l e a c e t i c a d d metabo l i sm. A 
major me tabo l i t e from Drechs l e ra nodulosum. t r yp topho l was i s o l a t e d 
and i d e n t i f i e d from e x t r a c t s o f c u l t u r e f i l t r a t e s o f t h i s fungal 
pathogen (82). Th i s r epo r t was the f i r s t t o show tha t t h i s compound 
was phy t o t ox i c and caused n e c r o t i c l e s i o n s on goosegrass (E l eus i ne 
i n d i c a L . ) , the weed host o f t h i s fungus. Ne c r o t i c i n j u r y i n . 
goosegrass occur red a f t e r a p p l i c a t i o n o f t r yp topho l a t 6.2 χ 1 0 " 4 

M. Furthermore, t r yp topho l was found i n goosegrass i n f e c t e d w i t h β. 
nodulosum. but not i n un in fec ted grass t i s s u e (82)· Phy to tox i c 
a c t i v i t y was found on severa l o ther mono- and d i co ty ledonous p l a n t s , 
but g e n e r a l l y h igher concen t ra t i ons were necessary . Tryptophol and 
0 - ace t y l t r yp t opho l have a l s o been i d e n t i f i e d as t ryptophan 
me tabo l i t e s o f C e r a t o c v s t i s faascearum. a fungal pathogen caus ing 
oak w i l t (Sfi). 

Z i n n i o l . Z i n n i o l [13] was f i r s t desc r i bed as a phy to t ox i c 
me tabo l i t e o f A l t e r n a r i a z i n n i a e (21). Z i n n i o l i s now known to be 
produced by many A l t e r n a r i a spp . , i n c l u d i n g fungal pathogens o f 
weeds and crop p l an t s (ZÎ) . Th i s compound causes ne c r o s i s i n p l an t s 
( Z i ) i 22) and "green i s l a n d " f o rmat i on , as d i s cussed e a r l i e r . 

Phy to tox i c Compounds Produced bv Fungal Pathogens o f Crops and/or 
Non-Pathogenic Fungi 

AAL-Tox in . Stem canker o f tomato 1s caused by the funga l pathogen 
A l t e r n a r i a a l t e r n a t a f . sp . l v c o p e r s i c i (2 Î ) . Concent ra t i ons o f 
l e s s t ha t 10 ng/ml o f AAL- tox in [14 ] , a h o s t - s p e c i f i c t o x i n , can 
produce d i sease symptoms. Two phy to tox i c f r a c t i o n s have been 
i s o l a t e d from fungal c u l t u r e f i l t r a t e s t ha t reproduce d i sease 
symptoms i n s u s c ep t i b l e p l a n t s . These f r a c t i o n s are termed T A and 
To and each f r a c t i o n has 2 chemical components. C o l l e c t i v e l y 
these are the AAL - t ox i n s . S t r u c t u r a l l y i n T A 1 , Ri and Ro -
OH, Ro - 0oC-CHo-CH(C00H)-CHo-C00H; T A o , Ri -
OoC-CHo-CHtcOOHJ-CHo-COOH, Ro and Ro - OH; T B 1 , Ri -
OH, Ro - 0oC-CHo-CHÎC00H)-CHo-C00H, Ro - H; and Top, 
Ri - OoC-CH 2 -CH ÎCOOH) -CH2-C06H , R 2 - OH, and Ro « R (24, 
2â) . The compound d i s r u p t s py r im id i ne s yn thes i s by i n h i b i t i o n o f 
a spa r t a t e carbamoyl t r an s f e r a s e (ACT) (28). Concent ra t i ons o f 
AAL- tox in o f 10-50 ng/ml cause potent ACT I n h i b i t i o n . A 
microtechn ique f o r the sepa ra t i on o f these s t r u c t u r a l l y r e l a t e d 
t o x i n s has been achieved us ing HPLC (22). 
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1. HOAGLAND An Overview 15 

Acetylaranotiη. A s o i l fungus, A s p e r g i l l u s t e r r eu s s t r a i n C-520, 
produces severa l p l an t growth r egu l a t o r s (98) . Three o f these 
phy to t ox i c compounds have been s t r u c t u r a l l y c h a r a t e r i z e d as 
acetylaranotiη [15 ] , b i s - d i t h i o d i ( m e t h y l t h i o ) - a c e t y l a r a n o t i n , 
and t e r r e i n . Compared t o acetylaranotiη, these o ther compounds were 
on ly weakly i n h i b i t o r y i n l e t t u c e and r i c e b i oassays . A ce t y l -
aranotiη reduced l e t t u c e root e l onga t i on by 80% at 10 ppm, and r i c e 
roo t l eng th by 50% at 50 ppm and 80% at 100 ppm. Resu l t s suggested 
t ha t the d i s u l f i d e br idge 1s requ i r ed f o r h igher p h y t o t o x i c i t y . 

AK-Tox in . The causal agent o f b lack spot d i sease o f Japanese pear, 
A l t e r n a r i a k i ku ch i ana . produces two h o s t - s e l e c t i v e t o x i n s : AK- tox in 
[16] I and I I (92 ) . The t o x i n s Induced nec ro s i s on s u s c ep t i b l e 
pear c u l t i v a r leaves at 65 ng/ml, but no response was noted at 
concen t ra t i ons up to 6.5 μ%/κΛ i n a r e s i s t a n t c u l t i v a r . 

A l t e r s o l a n o l A. Pigment a na l y s i s and t e s t i n g o f compounds from 
A l t e r n a r i a p o r r i ( E l l i s ) C i f e r r i i n d i c a t ed tha t th ree reduced 
anthraquinones were phy to tox ins (100) . A l t e r s o l a n o l A [17] gave 
complete i n h i b i t i o n to roo t growth at 100 ppm i n a l e t t u c e b ioassay , 
and 85% i n h i b i t i o n i n a s tone- leek b ioassay . Th i s compound was 
weakly i n h i b i t o r y to l e t t u c e at low concen t ra t i ons (12.5 and 25 
ppm), but these s o l u t i o n s caused apprec i ab l e i n h i b i t i o n to 
s t one - l eek . Analogs a l t e r s o l a n o l Β and d a c t y l a r i o l were l e s s t o x i c 
t o these s pe c i e s . Other fungal spec ies such as A. s o l an i and 
D a c t v l e r i a l u t e a Rout ien a l s o produce these pigments (100) . 

AM-Toxin. The pathogen A l t e r n a r i a mal i causes l e a f spot d i sease o f 
apple and produces n e c r o t i c spots on f r u i t s , l e ave s , and shoots o f 
s u s c ep t i b l e c u l t i v a r s . AM-toxin [ 18 ] , a h o s t - s p e c i f i c t o x i n , 
and severa l r e l a t e d t o x i n s are r e spons i b l e f o r these symptoms and 
t h e i r s t r u c t u r e s have been e l u c i d a t ed and conf i rmed by t o t a l 
s yn thes i s (101-103). 

Anisomvcin and Methoxvphenone. Anisomycin [19] , which d i s p l a y s 
h e r b i c i d a l a c t i v i t y , was f i r s t repor ted by Yamata et a l . (104) and 
was i s o l a t e d from a s o i l Streotomvces sp . Barnyardgrass fEch inoc l oa 
c r u s o a l l i ( L . ) Beauv.] and crabgrass ( D i o i t a r i a sp . ) were s e n s i t i v e , 
but no h e r b i c i d a l i n j u r y was found on t u r n i p ( B r a s s i c a raoa L.) o r 
tomato (Lvcopers i con escu len tus L . ) . Thus, the compound e x h i b i t e d 
some s e l e c t i v i t y and was the f i r s t m i c r ob i a l product used f o r the 
development o f a s yn t he t i c h e r b i c i d e (methoxyphenone [20 ] , o r 
3,3'-d imethyl-4-methoxy-benzophenone) (105) . 

B i a l aphos . Phosa lac ine . and Pho sph i no t h r i c i n . These m i c r ob i a l 
compounds are the most e n e r g e t i c a l l y researched b i o he r b i c i d e s ye t 
d i s c ove r ed . These s t ud i e s encompass e l u c i d a t i o n o f the b i o s y n t h e t i c 
pathways (b ia laphos and pho sph i n o t h r i c i n ) , chemical s yn thes i s 
( p h o s p h i n o t h r i c i n ) , b a c t e r i a l c l on i ng and overexpress ion o f the gene 
f o r phosph i no th r i c i n p roduc t i on , de te rmina t i on o f the mo lecu la r mode 
o f a c t i o n o f pho sph i n o t h r i c i n , and gene t i c t r ans fo rmat i on o f the 
phosph i no t h r i c i n r e s i s t a n c e gene i n t o crop p l a n t s . B ia laphos 
( L -2 -am ino -4 - [ (hyd roxy ) (me thy l ) phosph i noy l ] - bu t y r y l - L - a l any l - L -
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MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

OH Ο 

OH Ο 

Alteichin [9] Stemphyperylenol [10] Stemphyttoxin [11 ] 

CH 2 CH 2 OH 

C H j — C = C H 2 C H 2 0 

CH , 

CH 2OH 

CH 2OH 

Tryptophol [12] OCHg 

Zinniol [13] 

C H 0 ™3 
: 2 H r — CH CH CH CHx— CH ( C H J . — CH CH CHx— CH C H 0 

i l r *Ί ι *Ί ι 2 

Rg OH OH N H 2 
R1 R 2 

AAL toxin [14] 

Acetylaranotin [15] 
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l ^ J * — C H — C H — C Ο CH— CK=CH— CR=CH— CB=CH— COOH 

NH—C-CH, 

» 3 

AK-toxin[16] 

CH aCOO ^OH H,<V J H , 

CH 3, 

H 

Anisomycin [19] Methoxyphenone [20] 
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18 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

a l an i n e ) [21] i s a metabo l i t e o f the s o i l microbe Streptomvces 
v i r idochromoaenes. I t i s the f i r s t m i c r ob i a l product produced by 
fe rmenta t ion to ach ieve commercial h e r b i c i d e s t a t u s . Th i s compound 
i s marketed i n Japan as HERBIACE (106) . B ia laphos i s a broad-
spectrum he r b i c i d e o f va r i ous weeds, i n c l u d i n g pe renn i a l s (1071. 
P h y t o t o x i c i t y symptoms are expressed at a r a t e i n te rmed ia te t o those 
o f paraquat ( l , l ' - d i m e t h y l - 4 , 4 ' - b 1 p y r i d 1 n i u m ion) and g lyphosate 
[M-(phosphonomethyl)g lyc ine]. Metabol ism by s o i l microbes r e s u l t s 
i n a h a l f - l i f e o f the compound o f 20-30 days (1081. A pept ide 
analog o f b ia laphos c a l l e d phosa lac ine [22] was i s o l a t e d from 
K i t a s a t o s p o r i a phosa l a c i nea . a s o i l Act inomycete and i t s 
f e rmen ta t i on , h e r b i c i d a l a c t i v i t y , and mechanism o f a c t i o n have been 
repor ted (102). Th i s compound d i f f e r s from b ia laphos on ly by a 
having a C- termina l l e u c i n e moiety r a t he r than a l a n i n e . More 
r e c e n t l y , phosa lac ine has been patented as a d e f o l i a n t f o r hops 
(Humulus l uou l u s ) (110. 111). Metabol ism by pept idases 1n p l an t s 
r e l e a se s the a c t i v e i ng red i en t o f the molecu le , phosph i no th r i c i n 
[ 23 ] . Phosph i no th r i c i n has been i s o l a t e d from £. 
v i r idochromoaens and from S. hvaroscop icus as the pept ide 
p h o s p h i n o t h r i c y l a l a n y l a l a n i n e (b ia laphos) (112) . P ho sph i n o t h r i c i n , 
a phosphonic a c i d analog o f g lutamate, was f i r s t syn thes i zed i n 1972 
( i l l ) . H e r b i c i d a l p r ope r t i e s o f t h i s compound as a commerc ia l ly 
syn thes i zed ammonium s a l t ( g l u f o s i n a t e or HOE 39866) were f i r s t 
repor ted i n 1977 (114) . Th i s he rb i c i d e i s p r e sen t l y marketed as 
BASTA by Hoechst AG. Some phosphonic and phosph in i c a c i d analogs o f 
g lu tam ic a c i d have been known s ince 1959 to be i n h i b i t o r s o f 
g lutamine synthetase (GS) (1151. but not u n t i l 1972 was phosphino
t h r i c i n found to be a potent i n h i b i t o r o f GS a c t i v i t y (111)(Figure 
3 ) . P r e sen t l y the mechanism o f a c t i on o f phosph ino thrc in i s 
w e l l - s t u d i e d and understood t o be GS i n h i b i t i o n (F igu re 4 ) . 

GS i n p l an t s 1s the key enzyme o f the GS/G0GAT (g lutamine 
syn the tase /g lu tamine:2-oxyg lu ta ra te aminot rans ferase) pathway and 
thus p l ays a c r u c i a l r o l e i n ammonia a s s i m i l a t i o n / r e a s s i m i l a t i o n 
(HZ , 118). GS i n h i b i t i o n by phosph i no th r i c i n causes accumulat ion 
o f t o x i c l e v e l s o f ammonia. S ince ammonia p roduc t ion 1s inc reased 
by pho t o r e sp i r a t i o n and convers ion o f n i t r i t e to ammonia ( a l so 
l i g h t - dependen t ) , n i t r ogen f e r t i l i z e r s and l i g h t act to promote 
phosph i no th r i c i n e f f i c a c y (119) . 

Glutamine dep l e t i on caused by phosph i no th r i c i n i s a c r i t i c a l 
f a c t o r i n the mechanism o f a c t i on o f phosph i no th r i c i n s i n ce 
g lutamine was found t o p a r t i a l l y ame l i o ra te t h i s h e r b i c i d a l e f f e c t 
( F igu re 4) (116) . Glutamine dep l e t i on can cause photosynthes i s 
i n h i b i t i o n , and o ther scener ios may be ope r a t i v e . F i r s t , i n h i b i t i o n 
o f p r o t e i n s yn t h e s i s , i . e . , l a c k o f regenera t ion o f Qg p r o t e i n 
r equ i r ed i n l i gh t -dependent e l e c t r o n t r an spo r t would B lock 
pho tosyn the t i c e l e c t r o n t r a n spo r t , and an amino donor would not be 
present f o r g l y o x y l a t e t r ansam ina t i on . Second, t o x i c g l y o x y l a t e 
accumula t ion , i . e . , g l y o x y l a t e i n h i b i t s RuDP carboxy lase/oxygenase 
(12Q). T h i r d , C a l v i n c y c l e Intermediate d e p l e t i o n , I . e . , l a c k o f GS 
and/or o ther enzymes tha t prevent carbon f l ow i n t o pho t o r e sp i r a t i o n 
by the oxygenase r e a c t i o n causes i n s u f f i c i e n t RuDP f o r the C a l v i n 
c y c l e . 

Very r e c e n t l y a phosph ino th r i c i n ana log , DL -7-hydroxyphos-
p h i n o t h r i c i n [24] , has been synthes i zed and shown to be a new 
potent GS i n h i b i t o r (121). Th is compound and severa l o ther 
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Ο H Ο H 

CHx— Ρ CHx.—CHg—CH—C—Ν— C H — C — N — C H — C O O H 

OH C H , C H . 

Bialaphos [21] 

Ο Ο H Ο H 

C H j - Ρ —CHx— C H g — C H — C—Ν — C H — C — Ν - C H — COOH 

OH NH 2 

Phosalacine [22] 

Ο 

C H j - P — C H ^ — C H j - C H — COOH 

C H 0 C H g - C H - (CH 3 ) 2 

CHÔ— Ρ — C H ô —CHx— C H — C O O H 

OH NH„ OH NH 0 

Phosphinothricin [23] 

Ο 

CHx— S CH — C H — C H — COOH 

γ-Hydroxyphosphinothricin [24] 

NH NH 0 

L-Methionine sutfoximine [25] 

o 

CH j - S CH — CHx— CH—COOH 

Ν P 0 2 H 3 NH 0 

L-(N -Phosphono)-methionine-S-sulfoximine [26] 

0 

ΗΝ — C O — C H —COOH 

I I I I 
H 9C — C CHA— C H * — CH — COOH HpC CH — N H 2 

1 I 
OH N H 0 

Tabtoxinine-p-lactam [27] Oxetin [28] 

F igure 3. Comparison o f s t r u c t u r e s o f severa l compounds w i th 
potent i n v i t r o g lutamine s y n t h e t a s e - i n h i b i t i n g p r o p e r t i e s . 
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20 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Qlu H N > toxic N H 4 accumulation 

PPT ->| 0 
transamidation > nucleotide depletion 

^ inhibition of protein synthesis 
Gin 

transamination —> toxic accumulation of glyoxylate 

depletion of Calvin cycle 
intermediates 

F igure 4. S i t e s o f mo lecu la r a c t i o n o f p h o s p h i n o t h r i c i n . 
(Redrawn from Ref. 116. Copyr ight 1987 Ve r l ag de Z e i t s c h r i f t 
f u r Na tu r fo r schung) . 
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1. HOAGLAND An Overview 21 

γ-oxygenated phosph i no th r i c i n s d i s p l a yed G S - i n h i b i t o r y 
p r ope r t i e s and JJQ v i v o p h y t o t o x l d t y (122) . These compounds should 
be use fu l t o o l s to determine the nature o f mo lecu la r b ind ing o f 
pho sph i no t h r i c i n ana logs . 

B io techno logy and B iochemis t ry o f B ia laphos Product ion and o f 
P l an t s Res i s t an t to B i a l aphos . The b losynthe t1c pathway o f 
b ia laphos p roduc t i on has been e l u c i d a t ed us ing C - l a be l ed 
p r e su r so r s , metabo l i c I n h i b i t o r s , b locked mutants, and 
I d e n t i f i c a t i o n o f products accumulated and metabo l i zed by a s e r i e s 
o f non-producing £. hvdroscop lcus mutants (F igure 5) (121) . 
B ia laphos 1s syn thes i zed from three carbon p recurso rs i n a s e r i e s o f 
at l e a s t 13 conve r s i ons . One step i nvo l ves an acety l-coenzyme 
Α-dependent r e a c t i o n which mod i f i e s e i t h e r demethy lphosph ino th r i c in 
o r p ho sph i n o t h r i c i n . Th i s gene which con fers r e s i s t a n c e t o 
b ia l aphos (bar) has been i s o l a t e d and cha r a c t e r i z ed from £. 
hvaroscop icus (124) . Th i s ban gene i s both an a n t i b i o t i c - r e s i s t a n t 
and b i o s y n t h e t i c gene s i n ce i t 1s r e spons i b l e f o r s e l f - de f en se 
( r e s i s t a n c e ) o f the microbe t o b ia laphos as we l l as syn thes i s o f the 
he r b i c i d e (125) . The gene encodes a 22kDa1 po lypep t i de w i th a ce t y l 
t r a n s f e r a s e a c t i v i t y ( phosph ino th r i c i n a ce ty l t r a n s f e r a s e ) which 
c a t y l i z e s phosph i no th r i c i n t o a non-he rb i c i da l a c e t y l a t ed 
me t abo l i t e . 

Researchers have i s o l a t e d and cha r a c t e r i z ed a transaminase from 
£. c o l i K-12, s p e c i f i c f o r p roduct ion o f L-phosph1nothr i c in (126). 
Fur the r work has r e s u l t e d In c l o n i n g , c h a r a c t e r i z a t i o n , and 
overexpress ion o f the gene coding f o r the L -phosph i no th r i c i n -
s p e c i f i c transaminase from £. c o l i K-12. These r e s u l t s g r e a t l y 
f a c i l i t a t e b i o t e chno l og i c a l p roduc t ion o f L -phosph ino th r i c i n i n an 
enzyme r e a c t o r . 

Host r e c e n t l y , the ba r gene has been in t roduced and expressed 
In to severa l p l an t spec ies us ing Aarobacterium-med1ated T1 p lasmid 
t r ans fo rmat i on (127) . Transgenic p l an t s (tomato, tobacco, po ta to , 
a l f a l f a , o i l s e e d rape, and sugarbeet) were r e s i s t a n t to g l u f o s i n a t e 
and b ia laphos under l abo ra t o r y and greenhouse c ond i t i o n s at f i e l d 
dose a p p l i c a t i o n s . Resu l t s o f f i e l d t r i a l s w i l l next assess e f f e c t s 
o f more r i go rous environmental c ond i t i o n s and ques t ions o f 
introduced-gene s t a b i l i t y and p l e i o t r o p h i c e f f e c t s . 

Other Phy to tox ins Known to be GS I n h i b i t o r s . L-Methionine 
su l fox i ra ine (MSO) [25] (128) . an analog o f pho sph i n o t h r i c i n , was 
syn thes i zed some t ime ago (129) . MSO was a l so patented as a 
he r b i c i d e (130) . but phosph i no th r i c i n i s c a . 100 t imes more 
i n h i b i t o r y to GS than 1s MSO (131) . 132). MSO has been r e c e n t l y 
shown to occur as a na tu ra l product , not i n microbes, but i n t r e e 
bark (Cnes t i s g l ab ra ) (133) . However, an analog o f MSO, L - ( B -
phosphono) meth ion ine -S-su l f ox im ine [ 26 ] , i s a potent GS 
i n h i b i t o r and a metabo l i t e o f L-(M -phosphono)-methionine-S-
su l f o x1m iny l - L - a l any l - L - a l an1ne (134) which i s another Streotomvces 
product (135) . Other important GS i n h i b i t o r s have been r epo r t ed . 
Pseudomonas t abac i produces t ab tox in i ne -^- l a c tam [27 ] , a GS 
i n h i b i t o r (13g) . Oxet in [28 ] , de r i ved from Streotomvces s p . , i s 
a r e c e n t l y d i s covered GS i n h i b i t o r (137) . Refer to F igure 3. 
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1. HOAGLAND An Overview 23 

B o t r v d i e n a l . A new phy to t ox i n , bo t r yd i ena l [29], and two 
phy to t ox i c me tabo l i t e s , dehydrobot ryd iena l and deace t y l d i hyd ro -
bo t r y d i a l , have been I s o l a t ed from a phytopathogenic fungus, 
B o t r v t i s c i n e r ea (13fi). The concen t ra t i on o f bo t r yd i ena l r equ i r ed 
to g i v e a 50% growth I n h i b i t i o n 1n a t u r n i p s eed l i ng b loassay was 10 
pg/ml . Dehyrobotryd iena l and deace ty l dehydrobo t ryd i a l were 
weaker phy to t ox i n s , r e q u i r i n g 10 and 1000 pg/ml , r e p s e c t i v e l y , 
t o g i v e the same I n h i b i t i o n . 

Ce r co spo r l n . Cercospor ln [30] 1s a t o x i n produced by fungal 
pathogens o f the genus Cercospora . The compound was f i r s t I s o l a t ed 
1n 1957 (132) from the soybean pathogen Cercospor ln k l k u c h i l . I t s 
c h a r a c t e r i z a t i o n and s t r u c t u r e were repor ted Independent ly (140. 
141). The red t o x i n causes l i gh t -dependent l i p i d pe r ox i da t i on (142) 
and membrane d i s r u p t i o n i n p l an t s (1431. by I t s p h o t o s e n s i t i z i n g 
a c t i o n t ha t produces s i n g l e t oxygen (144) . 

Chae toa lobos ins . Cy tocha l a s i n s Induce s e l e c t i v e responses i n 
p l a n t s . C y c l c h a l o s i n Β I s o l a t ed from Phoma ex ioua was t o x i c to 
p e r iw i n k l e fV inca minor L.) and to c h i c o r y (C ichor ium Intybus L.) 
(J45) but caused on ly moderate growth i n h i b i t i o n i n wheat 
c o l e o p t i l e s ( 146 ) .Cv to cha l s l n Η [31] d i d not a f f e c t corn p l a n t s , 
but bean p l an t s e x h i b i t e d epanas t i c responses and l e a f r o l l i n g 
(14Z). C In tobacco, t h i s compound de layed f l owe r i ng and was a c t i v e 
at 10"° M i n wheat c o l e o p t i l e assays (1461. 

Other e f f e c t s o f c y t o cha l a s i n s on p l an t growth have been 
repor ted (148) . Chaetog lobos in Κ was I s o l a t ed from D i p l o d i a 
macrosoora and shown to be s t r u c t u r a l l y r e l a t e d to the c y t o cha l a s i n s 
[lie). P h y t o t o x i c i t y t e s t s i n d i c a t ed i n h i b i t i o n to wheat 
c o l e o p t i l e s at 10 " ' M and may be the most a c t i v e c y t o c ha l a s i n 
t e s t e d . 

C i t r e o v i r i d l n . C i t r e o v l r i d l n [32] has been i s o l a t e d from 
severa l Pénicillium spec i e s ; e . g . £. charTesH (142). The compound 
e x h i b i t e d s e l e c t i v e and long-term growth I n h i b i t i o n when corn (Z£& 
Mil L . ) , tobacco (N l c o t i ana iâbà£Ufl! L . l , and wheat (TrWCUffl 
aest ivum L.) were t e s t ed at 10"* to 10"* M con cen t r a t i on s . Corn 
shoot growth was I n h i b i t e d up to 60 days a f t e r t reatment w i t h 
c i t r e o v i r i d i n at 10~ z M. Wheat c o l e o p t i l e growth was a l s o 
i n h i b i t e d , but tobacco seed l i ngs were not a f f e c t ed at these 
c on cen t r a t i o n s . 

C l ado spo r i n . C ladospor in [33] (R-H) has been i s o l a t e d from 
Cladospor ium c l ado spo r i o i d e s (Frensenu is) de V r i e s (15Q)» 
Α$Ρ$Η1ΠΜ? f l a vu s L ink (1£1), Eurot lum sp . [151), and Aspergi l lus 
reoens (1531. I n i t i a l l y i t was shown to have a n t i b i o t i c p r o p e r t i e s , 
but l a t e r c l ado spo r i n and c l adospo r i n d i a c e t a t e (R - C H 3 C O - ) 
( s y n t h e t i c a l l y de r i ved from c l adospo r i n ) were shown to have 
phy to t ox i c p r o p e r t i e s . Both compounds were phy to t ox i c to wheat 
s e ed l i n g s , but had no phy to tox i c e f f e c t s on tobacco s e ed l i n g s . Only 
c l ado spo r i n d i a c e t a t e caused n e c r o s i s , stem c o l l a p s e , and/or growth 
i n h i b i t i o n i n corn seed l i ngs (153) . 

C o l l e t o t r i c h i n . A pathogenic fungus, Co l l e t o t r i c hum n i c o t i a n a e . i s 
the c ausa t i v e agent o f tobacco anthracnose and t h i s organism i s the 
source o f th ree phy to tox i n s , Inc l ud ing c o l l e t o t r i c h i n [34] (1M, 
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1. HOAGLAND An Overview 25 

1S5). C o l l e t o t r i c h i n (having two hydroxyl groups) 1s the most 
phy to t ox i c o f the th ree compounds and I n h i b i t e d l e t t u c e hypocoty l 
and roo t growth at concen t ra t i ons as low as 3 ppm. C o l l e t o t r i c h i n Β 
(CHO moiety i ns tead o f on r i n g ) i n h i b i t e d root and hypocoty l growth 
on l y at 100 ppm. C o l l e t o t r i c h i n C (CHO moiety i n p lace o f OH on 
s i d e cha in) was l e s s a c t i v e than c o l l e t o t r i c h i n , except when 
concen t ra t i ons exceeded 30 ppm, when i t was more i n h i b i t o r y t o roo t 
growth. C o l l e t o t r i c h i n and C o l l e t o t r i c h i n C were a l s o s l i g h t l y more 
i n h i b i t o r y i n a l e t t u c e germinat ion b l oassay . These l a t t e r 
compounds at 1 μ$ a l s o Induced l e s i o n s s i m i l a r t o those caused 
by £. n i c o t i a nae i n p r i c ked tobacco l e ave s . 

Cvc locarbamide A and Β. Cyclocarbamlde A [35] (R - CH 2-CH-
( C H 3 ) 2 ) and Β (R - C H o - f C H g ^ ^ ) were f i r s t i s o l a t e d 
from S t r e p t o v e r t i c i l l i u m sp . by Isoga l et a l . (156) and found to 
have phy to t ox i c a c t i v i t y , i . e . , complete germinat ion i n h i b i t i o n i n 
l e t t u c e (Lactuca s a t i v a L.) at low concen t ra t i on (30 ppm). These 
compounds had no e f f e c t on growth o f emerged s eed l i n g s , even at 100 
ppm. 

Cyc l open i n . Cyc lopen in [36] and cyc lopeno l i s o l a t e d from 
Pénic i l l ium cvc lop ium (NRRL 6233) (1£Z) are phy to t ox i c compounds 
caus ing s i g n i f i c a n t growth i n h i b i t i o n i n e t i o l a t e d wheat ( T r i t i c um 
aes t i v i um) c o l e o p t i l e s at 10~ 3 and 10~ 4 M. Cyc lopen in was more 
potent and caused nec ro s i s and s t un t i ng i n corn (Zea mavs L.) and 
mal format ions 1n t r i f o l i a t e leaves o f bean (Phaseolus v u l g a r i s L.) 
a t 1 0 " z M. 

De sme thvoxvv i r i d i o l . A new t o x i n from Nodu l i spor ium hinnuleum was 
i d e n t i f i e d as desmethoxyv i r i d i o l [37] and shown to have 
phy to t ox i c p r ope r t i e s (158) . Wheat c o l e o p t i l e s were i n h i b i t e d at 
10 " ; t o 1 0 " b M and f i r s t Internodes i n oats were p lasmolvzed at 
1 0 " 3 M and growth s i g n i f i c a n t l y i n h i b i t e d at 1 0 " 4 to 1 0 ' 7 M. 
Corn t r ea t ed w i th the t o x i n at 10~ z and 10~ 3 M showed n e c r o t i c 
l e s i o n s and s t un t i ng at 10~ 4 M. E f f e c t s on beans and tobacco 
p l an t s were e s s e n t i a l l y n i l . V i r l d i o l [38] 1s a s i m i l a r 
m i c r ob i a l pho to tox i n . A s i m i l a r phy to tox in i s produced by the 
non-pathogenic fungus, G l i o c l ad i um yjrgns (15S). 

D i h y d r o p e r a i l l i n . A s p e r g i l l u s u s tu s . a fungus growing on pea (Pisum 
sat ivum) seeds was found to produce a phy to tox i c compound, p e r g i l l i n 
(160) . Another me tabo l i t e from t h i s organism was l a t e r i s o l a t e d and 
i d e n t i f i e d as d i h y d r o p e r g l l l i n [39] (1611. Th i s s t r u c t u r a l 
analog o f p e r g i l l i n was more t o x i c than p e r g i l l i n i n wheat 
c o l e o p t i l e b i oassays , i . e . , 1 0 " 3 t o 1 0 " 4 M. 

F u s i c o c c i n . Fu s i c o c c i n [40] i s a major metaob l i t e o f the fungus 
Fusicoccum amvodali D e l . , which causes canker i n almond (Prunus 
amvodalus Batsch) and peach [£. p e r s i c a ( L . ) B a t s c h ) ] . The compound 
p l ays a d e f i n i t e r o l e i n the d i sease and i s a d i t e r p eno i d g l u cos i de 
(162) w i th h igh p h y t o t o x i c i t y caus ing w i l t and nec ro s i s i n many 
p l an t s (1631. The chemis t ry and p l an t growth r e g u l a t i n g p r ope r t i e s 
o f f u s i c o c c i n and some d e r i v a t i v e s and analogs have been summarized 
and d i s cussed (164) . 
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Gabacu l i ne . Th i s compound 1s a na tu ra l me tabo l i t e f i r s t I s o l a t ed 
from Streotomvces tovacaen i s and shown to be a neuro tox in (165) . I t 
1s a powerful I n h i b i t o r o f severa l py r l doxa l phospha te - requ i r i ng 
enzymes (166) . Gabacul lne [41] was o r i g i n a l l y repor ted as an 
I n h i b i t o r o f gamma-aminobutyrate aminot rans ferase and s t r ong l y 
I n h i b i t s c h l o r o p h y l l s yn thes i s 1n p l an t s ( l f iZ , l f i f i ) . I t I n h i b i t s 
t e t r a p y r r o l e syn thes i s (169) by b l o ck i ng 5-am1nolevul1nate format ion 
i n p l an t s v i a I n h i b i t i o n o f 5-amino levu l ina te dehydratase (170) . 

Geldanamvcin. Geldanamycin [42] was f i r s t repor ted as a product 
o f StrePtQiwÇgS hvoroscop lcus v a r . aeldanus (121, 122). Th i s 
compound (an ansamycin a n t i b i o t i c , 1s very s i m i l a r t o herb imyc in B, 
d i f f e r i n g on ly i n the presence o f a methoxyl group at carbon number 
17 (122). Herb imyc ins , a l s o ansamycin a n t i b i o t i c s produced by a 
s t r a i n o f S- hygroscoo i cus . are h e r b i c i d a l and a c t i v e aga ins t 
va r i ous d i co ty ledonous and monocotyledonous p l an t s (173-175). 
Geldanamycin caused a 50% reduc t i on i n garden c re s s (Leoid lum 
sat ivum L.) r a d i c l e growth at 1-2 ppm and nea r l y 100% i n h i b i t i o n at 
3-4 ppm. At h igh concen t r a t i on s , geldanamycin caused severe 
ne c r o s i s and d i s i n t e g r a t i o n o f r a d i c l e s . 

G o s t a t l n . Gos t a t i n [43] I n h i b i t s a spa r ta te aminot rans ferase i n 
wheat germ (176) . There i s a s i m i l a r i t y i n the mode o f a c t i o n o f 
g o s t a t i n and gabacu l lne [41] (177) . 

HC-Toxin. E a r l y attempts t o I s o l a t e and c h a r a c t e r i z e t h i s t o x i n 
from a corn pathogen, Helminthosporlum carbons race 1 were 
performed i n 1967-71 (123, 179). Many o ther r epo r t s o f s t r u c t u r e 
de te rmina t i ons have been summarized (180) . P u r i f i e d HC-tox in 
[ 44 ] , a h o s t - s p e c i f i c t o x i n , causes s ub s t an t i a l roo t growth 
i n h i b i t i o n at ca 0.5 pg/ml (181) . A very s i m i l a r compound, 
chlamydocin [ 45 ] , has been I s o l a t ed from D ihe te rosoora 
çhUfnydQSPQni (182, 131). 

H e r b i d d i n s . Herb1cid1ns A [46] (Ri and Ro - CHo, Ro -
C0(CH 20H)C-CHCH 3) and Β (Rj and R 3 - C H 3 , R 2 - HJ have 
been produced by Streotomvces saaanonensis and have been examined 
f o r h e r b i c i d a l a c t i v i t y i n many mono- and d i co ty ledenous p l a n t s . 
Other ana logs , h e r b i d d i n s E, F, and G, have a l s o been i d e n t i f i e d , 
but not examined f o r h e r b i c i d a l a c t i v i t y (184-188). 

I r o e x i l and Benzadox. A wood-degrading basidlorçycete, I roex 
oachvodon. produces i r p e x i l [47], which had a n t i b a c t e r i a l 
a c t i v i t y (189) . L a t e r , the compound was found to have phy to t ox i c 
p r ope r t i e s and to be s t r u c t u r a l l y r e l a t e d to severa l s y n t h e t i c 
h e r b i c i d e s , i n c l u d i n g benzadox (benzamido-oxyacet ic a c i d ) [48] 
(28)· Benzadox (and presumably, i r p e x i l ) ac t s v i a metabo l i c 
convers ion w i t h i n p l an t s t o form ami no-oxy a c e t i c a d d , which 1s a 
potent p y r l d oxy l phosphate- requ i r i ng enzyme i n h i b i t o r (190) and a l so 
a non-commercial s y n t h e t i c h e r b i c i d e (191. 192). 

Mac ro ! i des . R e c i f e l o l i d e [ 49 ] , a fungal product from 
Ceohalosporium r e c i f e l Area Leao e t Lobo was a weak growth I n h i b i t o r 
when t e s t ed at 100 ppm on germinat ing l e t t u c e (193) . Other 
macro l i des such as c l adospo l ide A & Β from Cladosoor ium 
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Benzadox [48] Rectfeiolide [49] 
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1. HOAGLAND An Overview 29 

c l a do spo r i o i d e s (193) were a c t i v e at 100 ppm; I . e . , c l a do spo l i d e A 
I n h i b i t e d roo t growth ca 60X, but c l a do spo l i d e Β showed growth 
promotion p o t e n t i a l . 

C1s- and t r a n s - r e s o r c y U d e at 100 ppm I n h i b i t e d growth o f 
l e t t u c e , r i c e fOrvza s a t l v a L . ) , and Chinese cabbage (B r a s s i c a 
pek l nens i s ) r o o t s . L i gh t c a t a l y zed 1nterconvers1on o f £ i s and t r ans 
Isomers i n methanolc s o l u t i o n s (194) . 

Dehydrocurvu la r in [50] from A l t e r n a r i a a l t e r n a t a ( F r i e s ) 
K e i s s l e r and va r i ous s y n t h e t i c a l l y de r i ved analogs showed va ry i ng 
degrees o f growth I n h i b i t i o n i n an e t i o l a t e d wheat c o l e o p t i l e t e s t 
U S 5 ) . 

M e v i n o l i n . Mev i no l i n [51] i s a metabo l i t e o f the ascomycete 
A s p e r g i l l u s t e r r e u s . I t i s a h i gh l y s p e c i f i c i n h i b i t o r o f 
3 -hydroxy-3-methy lg lu ta ry l coenzyme A reductase i n a wide v a r i e t y o f 
eukaryotes and prokaryotes (18Ê-1S2). The compound causes roo t 
growth I n h i b i t i o n i n l i g h t - or dark-grown seedings at concen t ra t i ons 
as low as ca 1 0 ' 7 to 1 0 " 8 M (1991. I t a l s o lowers phy tos te ro l 
p roduc t i on (2001. 

M o n i l i f o r m i n . The fung i Fusarium mon i l i f o rme and £. f u s a r i o d e s . 
pathogens o f corn and m i l l e t , r e s p e c t i v e l y , produce the phy to tox in 
mon i l i f o rm i n (3 -hyd roxycyc l obu t -3 -ene- l , 2 -d i one) [ 52 ] . Th i s 
compound induces c h l o r o s i s and nec ro s i s i n co rn , wheat and ba r l e y 
and i n h i b i t s growth i n tomato, soybeans, and tobacco (201. 202) . 
Because o f the phy to tox i c a c t i v i t y o f mon i l i f o rm in and the 
r e l a t i v e l y s imple s t r u c t u r e , numerous syntheses o f t h i s compound and 
analogs have been c a r r i e d out to ob ta in h e r b i c i d a l compounds as 
d i s cussed by F i s che r and B e l l u s {13). A l though some compounds were 
very e f f e c t i v e h e r b i c i d e s , no crop s e l e c t i v i t y was ob ta i ned . 
Furthermore, mon i l i f o rm in was found to be t o x i c to ve r t eb ra t e s and 
mammals (201-203). 

N ige raz i ne A and B. N ige raz ine Β (M-methy l - t r ans -2 ,5 -d ime thy l -N ' -
cinnamoyl p i p e r a z l ne ) [53] (Rj - H, R 2 - CH 3) was repor ted 
(204) from A s p e r g i l l u s n i a e r about two years p r i o r to i d e n t i f i c a t i o n 
o f N i ge raz i ne A (Rj - CH 3 , R 2 - H) (205) . In t e s t s w i th 
l e t t u c e s e ed l i n g s , both compounds showed s i g n i f i c a n t roo t growth 
i n h i b i t i o n (ca 40-80% at 100-400 ppm). 

N i g e r i c i n . N i g e r i c i n [54] was f i r s t repor ted i n 1949 (206) and 
l a t e r found i d e n t i c a l t o p o l y e t h e r i n A, a me tabo l i t e o f Streotomvces 
hygroscop icus (207) . The compound i s an lonophore and a f f e c t s 
potass ium ion t r an spo r t i n m i t o c hond r i a l , c h l o r o p l a s t , and 
microsomal membranes (208-212) and i n h i b i t s photophosphory la t ion 
(208) . I t a l s o has phy to tox i c p r ope r t i e s as demonstrated i n an 
i n t a c t garden c re s s seed l i ng b loassay (211). A l though n i g e r i c i n 
caused a 50% reduc t i on i n garden c ress r a d i c l e growth at 1-2 ppm, no 
v i s i b l e ne c ro s i s was ev i den t . 

Oospore in . A s t r a i n o f Chaetomium t r i l a t é ra l e was found to produce 
a red c r y s t a l l i n e metabo l i t e w i th g r o w t h - i n h i b i t i n g and phy to t ox i c 
p r ope r t i e s when t e s t ed on oa t , tobacco, and bean (214) . Th i s 
compound [55] i s a l s o produced by severa l o ther fung i and fung i 
impe r f e c t i (215. 216) ascomycetes (217) and bas id iomycetes (21fi). 
Th i s compound was a l s o t o x i c t o ve r t eb ra t e s (214) . 
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Moniliformin [52] Nigerazine [53] 

Odandin[56] 
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1. HOAGLAND An Overview 31 

Or !and i n . A new me tabo l i t e , named o r l a nd i n [56], was I s o l a t e d 
from A s p e r g i l l u s n l o e r on c i t r u s l eaves and chem i ca l l y c h a r a c t e r i z e d 
as b1s[8,8 ' - (7-hydroxy-4-methgxy-5-methy lcourmar1n] . The compound 
was phy to t ox i c at 10"3 to 10"b M i n a wheat c o l e o p t i l e growth 
assay (219) . Ko tan in , a very s i m i l a r compound, was I s o l a t e d from fi. 
qUuÇtiS (22fl) and l a t e r I d e n t i f i e d as fi. c l a va tu s {221). However, 
ko tan in was not phy to tox i c to wheat (212) and methyl a t i o n o f the 2 
hydroxy groups o f o r l a nd i n caused l o s s o f p h y t o t o x i c i t y . 

P rehe lm in thospo ra l . Severa l p l an t growth r e gu l a t o r compounds have 
been I s o l a t ed and I d e n t i f i e d from Helm1nthospor1um sat ivum 
rDresch l e ra s o r o k i a n a l . He lminthospora l was found to be a growth 
promoter i n r i c e s eed l i n g s , but I n h i b i t o r y to wheat (222. 222 ) . 
Syn t he t i c analogs had d i f f e r e n t i a l e f f e c t s on l e t t u c e and r i c e 
growth (224) . Prehe lminthospora l [57] from β. so rok iana was 
I s o l a t ed and the ace ta te d e r i v a t i v e syn thes i zed (225) . Both 
compounds i n h i b i t e d wheat c o l e o o t l l e growth at l O ^ a n d ΙΟ" 4 M 
and both promoted growth at 10"b M. Both compounds caused 
s t un t i n g and c h l o r o s i s i n corn and no réponse i n tobacco p l a n t s , but 
on l y the ace ta te d e r i v a t i v e caused nec ro s i s i n bean. 

R a d i c i n i n . Deoxvrad1cin1n. 3-Epideoxvrad1c1no1. and Rad i an th i n . 
A l t e r n a r i a h e l i a n t h i . a major pathogen o f sunf lower (He l i an thus 
annuus). produces severa l phy to t ox i n s . R a d i c i n i n [ 58 ] , 
d e o x y r a d i c i n i n , and 3-ep1deoxyrad ic ino l [59] were repor ted e a r l y 
(226. 227) . Fur ther work has I s o l a t ed deoxy rad i c i no l and r a d i a n t h i n 
[60] (228) . S tud ies on r a d i c i n i n b i o s yn the s i s have i n d i c a t e d 
the compound i s de r i ved from po l yke t i de s (229. 230) . Deoxy rad i c i n i n 
i s a l s o o f p o l y ke t i d e o r i g i n (227) . Recent ly the mechanism o f 
p o l y k e t l d e - d e r i v ed b i o s yn the s i s o f d e o x y r a d i c i n i n , d e o x y r a d i c i n o l , 
and 3 -ep i deoxy rad i c i no l has been shown to occur v i a condensat ion o f 
two po l y ke t i d e cha ins r a t he r than from c y c l y a t i o n and r i ng - c l eavage 
o f a s i n g l e hexaket ide un i t (231) . 

TgntPXin- A l t e r n a r i a a l t e r n a t a produces t e n t o x i n [61], a c y c l i c 
t e t r a p e p t i d e . Th i s phy to tox in causes I n j u ry t o many 
monocotyledonous and d i co ty ledonous weed spec i e s , but does not 
i n j u r e maize (Zea mavs L.) o r soybean (G lyc i ne max L. Mer r . ) ( 22 ) . 
Tentox in has been syn thes i zed i n the l a b (232) . S i t e s o f a c t i o n o f 
t h i s t o x i n are d i s r u p t i o n o f energy t r a n s f e r by I n h i b i t i o n o f CFi 
ATPase (233) and a l t e r a t i o n o f nuc lear-coded p r o t e i n uptake (224) . 

Tenuazonic A c i d . Tenuazonic a d d [62] 1s a fungal me tabo l i t e 
t ha t has a broad p h y t o t o x i c i t y spectrum (soybean, r i c e , Datura 
i n n o x i a . and l e t t u c e ) (235-237). T o x i c i t y to p l an t s has been 
a t t r i b u t e d to reduced p r o t e i n syn thes i s v i a ribosome i n h i b i t i o n 
(22a, 228 ) . 

T e r ohenv l l i n and Hyd roxy t e r phenv l l i n . Hyd roxy te rpheny l l l n [63] 
and t e r p h e n y l l i n are produced by A s p e r g i l l u s candidus (22S)-
T e r pheny l l i n ( 2 ' , 5 ' - d ime thyoxy -4 , 3 ' , 4 " - t r 1hyd roxy - f i - t e r pheny l ) 
i n h i b i t e d wheat c o l e o p t i l e growth a t - 1 0 " 3 M wh i l e the hydroxy-
analog was i n h i b i t o r y at 1 0 ' 3 t o 1 0 ' 5 M. The t e t r a a c e t a t e o f 
h y r d r o xy t e r pheny l l i n was not phy to tox i c t o wheat c o l e o p t i l e s . 
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Tenuazonic acid [62] Tentoxin [61] 

H 

C H 2 = CH C = C — 

i H H C T ^ C H , 
OCHg OH 

Hydroxyterphenyilin [63] 

3 
Thiolactomycin [64] 
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1. HOAGLAND An Overview 33 

Th i o l a c t omvc i n . Th io lac tomyc in [64] from Norca rd la sp . No. 
2-200 i s a s p e c i f i c i n h i b i t o r o f type I I f a t t y a c i d synthetase i n 
h igher p l an t s and £. c o l i (240) . The acetyl-CoA:ACΡ 
S - a c e t y l - t r a n s f e r a s e i s the apparent s p e c i f i c s i t e o f i n h i b i t i o n 
( M l ) . Another a n t i b i o t i c , c e r u l e n i n ( s t r u c t u r e not shown) i n h b i t s 
0-ketococy l -ACP synthetase I i n b a c t e r i a , f u n g i , and p l a n t s , but 
a l s o i s i n h i b i t o r y to o ther s i t e s such as po l y ke t i d e and s t e r o l 
b i o s yn t he s i s (242-244). Ce ru l en in and t h i o l a c t omyc i n i n h i b i t e d 
CQ14W-acetate i n co rpo r a t i on i n t o f a t t y ac ids at I5Q va lues o f 50 
and 4 uM, r e s p e c t i v e l y (245) . Recent ly cyc lohexanedione he r b i c i d e s 
have been shown to i n h i b i t l i p i d b i o s yn the s i s by i n h i b i t i o n o f 
ace ty l -CoA carboxy lase (246) . 

Tovocamvcin. Streotomvces tovacaens i s produces a phy t o t ox i n , 
toyacamycin [65] (247) . A Streotomvces sp . a l s o produced 
toyacamycin which was i n h i b i t o r y to growth o f r i c e , barnyardgrass , 
c rabgrass ( D i o i t a r i a s a n a u i r a l i s ) . lucerne, t u r n i p , and tomato 
( 1M) . Other s t r u c t u r a l l y r e l a t e d phy to tox i c analogs are 
sangivamycin [ 66 ] , t u b e r c i d i n [67 ] , and h e r b i p l a n i n [68] 
( M S ) . 

T r i cho thecenes . Mac ro cvc l i c T r i cho thecens . These t r i c ho thecens 
possess a wide range o f phy to tox i c s p e c i f i c i t y . Y e r r u c a r i n A, J , 
and t r i c h o v e r r i n Β are i n h i b i t o r y i n the e t i o l a t e d wheat c o l e o p t i l e 
t e s t at very low concen t ra t i ons ( 1 0 " 7 M) (249) . R o r l d i n A 
[69] was very t o x i c to tobacco, co rn , and bean (Phaseolus 
vu l aa re L.) seed l i ngs (249) . Tr i chothecenes a l s o are found i n the 
s o i l microorganisms Mvothecium v e r r u c a r i a ( A l b e r t i n i e t Schwe in i t z ) 
Ditmar ex F r i e s and M. ror idum Tode ex F r i e s (250) . 

A B r a z i l i a n shrub, Bacchar i s meaapotamica. con ta ins h igh l e v e l s 
o f t r i c ho thecens (bacchar ino ids ) which are c l o s e l y r e l a t e d to the 
mac ro cyc l i c t r i c ho thecens such as r o r i d i n A and the v e r r u c a r i n s 
(2§0). These compounds are absorbed, metabo l i zed , t r a n s l o c a t e d , and 
accumulated i n the shrubs a f t e r being produced by s o i l 
microorgan isms. The baccher ino ids are h i gh l y pho to tox i c except to 
8. megapotarnica and may be important adopted a l l e l o c h e m i c a l s i n 
p l an t ecosystems complet ing w i th these shrubs (251) . 

S imple T r i cho thecens . Fusar i urn t r i c i n c t u m . i s o l a t e d from 
peanuts remain ing i n s o i l a f t e r ha rves t , produced a t r i cho thecene 
compound, n e o s o l i n i o l monoacetate [70 ] , which was a very potent 
growth i n h i b i t o r i n wheat c o l e o p t i l e b ioassays at concen t ra t i ons as 
low at 1 0 " b M. In c on t r a s t , the compound d i d not cause complete 
growth i n h i b i t i o n at 1 0 " 3 M. A s i m i l a r compound, d i a ce t oxy -
s c i r p e n o l , caused s l i g h t growth i n h i b i t i o n i n pea seed l i ngs at 2.7 χ 
1 0 " b M and severe i n h i b i t i o n at 2.7 χ 1 0 " 5 M, but was not t o x i c 
to wheat seed l i ngs (252) . 

T r i t i c o n e s . Phy to tox i c t r i t i c o n e s have been found i n D rechs l e ra 
t r i t i c i - r e o e n t i s . a p l an t pathogen tha t causes tan spot on wheat, 
and i n C u r v u l a r i a c l e v a t a . a pathogen o f severa l g rasses (253) . At 
l e a s t e i gh t t r i t i c o n e s have been i d e n t i f i e d , but on ly t r i t i c o n e s A 
[71] and Β are phy t o t o x i c . These compounds possess an e x o c y c l i c 
double bond adjacent to a ketone moie ty . 
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CH 2OCCH 3 

Neosolaniol monoacetate [70] 

C — Nil |^ CHx— C H 3 

H COOH 

CH 3 —CH 2 

TriticoneA[71] 
Coronatine [72] 

o — C H 3 

Cyanobacterin [73] 

2 N — S 0 2 — Ο — Ρ — N H — ( C H ^ — C H — C — a l a — h o m o a r g 

OH NH 0 

Phaseolotoxin [74] 

CHx— CH CHx— Ο C H = CH CH COOH 

I I I 
OH NH 0 NH„ 

Rhizobitoxine [75] 
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1. HOAGLAND An Overview 35 

B a c t e r i a l Phvtox ins from Crop Pathogens and Weed Pathogens 

Corona t i ne . Coronat ine [72] was f i r s t de tec ted i n I s o l a t e s o f 
l i q u i d c u l t u r e s o f Pseudomonas sv r inoae pv. a t roourpurea . a pathogen 
o f ryegrass (254) . Th i s pathovar a l s o produces another phy to t ox i c 
s t r u c t u r a l analog o f co rona t i ne , M - co rona facoy lva l i ne (2551. 
Coronat ine app l i e d to I t a l i a n ryegrass l eaves caused c h l o r s i s and 
browning (254) . i t was a l s o phy to tox i c to soybean (256) . Coronat ine 
i s produced by severa l £. sv r inoae pathogens such as pv o l v c i n e a 
(25Z), pv. tPfMtQ (258. 252), pv. morsorunorum (26fl), pathogens o f 
soybean, tomato, and Prunus spp . , r e s p e c t i v e l y . Recent ly a p lasmid 
(pPT23A) was shown to mediate p roduc t ion o f co rona t i ne i n £. 
sv r i noae pv. tomato (261). 

Cvanobac te r in . A d l a r y l - s u b s t i t u t e d γ-lactone, cyanobac te r ln 
[ 73 ] , was I s o l a t ed from the cyanobacter ium, Scvtonemoa hofmannl. 
a b lue-green a lgae , and 1s a potent i n h i b i t o r o f photosynthes i s i n 
h igher p l an t s (Lemna q i bba . c o rn , peas) and algae (252)· The 
concen t r a t i on r equ i r ed t o I n h i b i t the H i l l r e a c t i o n i n PS I I was 
g e n e r a l l y lower than t ha t f o r the c l a s s i c h e r b i c i d a l H i l l I n h i b i t o r 
d i u ron (DCMU; N ' - ( 3 , 4 -d1ch l o r opheny l ) - Μ,Μ-dimethylurea). The 
compound d i d not a f f e c t e l e c t r o n t r an spo r t i n PS I . The b ind ing 
s i t e o f I n h i b i t i o n may be the D-l qu inone-b ind ing p r o t e i n (281)· 
A l t e r i n g s ub s t i t u en t s o f the phenyl r i n g i n t h i s molecu le produced 
l e s s phy to t ox i c analogs (264) . 

Phaseo l o t ox i n . Pseudomonas sv r inoae pv. pha s eo l i c o l a 1s the on ly 
b a c t e r i a l spec ies known t o produce phaseo lo tox in [ 74 ] . However, 
the pathogen has many hos t s : bean, pigeon pea, G l y c i ne w i o h t i i . 
FfàçrQPtmiMffl atroourpurem ( s l r a t o ) . DoUçhPS spp . , (yam bean) 
Pachvr rh i zus o rosus . and (mungbean) V1ona r a d i a t a (285), which 
demonstrates a broad p h y t o t o x i c i t y range. Th i s t o x i n i s 
t r a n s l o c a t e d w i t h i n the p l an t and moves t o ap i c a l mer i s temat i c 
t i s s u e where i t r e t a rd s growth and a l t e r s ap i c a l dominance (268» 
267) . The s i t e o f a c t i o n o f t h i s compound i s o r n i t h i n e carbamoyl 
t r a n s f e r a s e , which r egu l a t e s a r g i n i n e syn thes i s (268)· 

R h i z o b i t o x i n e . Var ious Rhizoblum .1 anon 1 cum s t r a i n s produce 
r h i z o b i t o x i n e [ 75 ] , whose s t r u c t u r e was repor ted i n 1972 (282)· 
Although the host o f t h i s bacter ium i s soybean, t h i s compound i s 
a l s o phy to t ox i c t o many o the r p l an t s pe c i e s . Th i s phy to tox in i s an 
analog o f c y s t a t h i o n i n e and ac t s as an i r r e v e r s i b l e i n h i b i t o r o f 
0 - cys ta th i onase which c a t a l y z e s p roduc t ion o f homoserine from 
c y s t a t h i o n i n e (270) . Rh i z ob i t o x i ne a l s o I n h i b i t s e thy lene 
p roduc t ion from methionine (271) . as does a s i m i l a r phy t o t ox i n , 
2-amino-4-methoxy-3-eno1c a c i d (28)· 

S t i o m a t e l l i n . A myxobac te r ia les s pe c i e s , S t i o m a t e l l a au ron t ! a ca . 
produces an a n t i b i o t i c s t i g m a t e l l i n [76] which a l s o has 
h e r b i c i d a l p r ope r t i e s (272) . Th i s dlmethoxychromone a l t e r s 
pho tosyn the t i c e l e c t r o n t r anspo r t a t the he r b i c i d e - b i n d i n g p r o t e i n 
and the cytochrome bg/ f complex. 

Tab tox i n . The phy to tox i c compound t a b t o x i n [77] 1s exc re ted by 
Pseudomonas sv r ingae sp . iafeailL, as we l l as o ther s t r a i n s , and i s 
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1. HOAGLAND An Overview 37 

the causa l agent o f c h l o r o s i s and nec ro s i s a s soc i a t ed w i th w i l d f i r e 
d i sease (273) . Th i s phy to tox in has been known f o r some t ime to 
I n h i b i t GS a c t i v i t y (2741 which was supported by the f a c t t ha t 
supplemental g lutamine reversed i nduc t i on o f l e a f c h l o r o s i s . La te r 
s t u d i e s , however, i n d i c a t ed t ha t h y d r o l y s i s o f t a b t o x i n to t ab tox-
in ime -0-1 actam occurred and tha t the l a t t e r compound acted as 
the GS i n h i b i t o r (275) . 

T a a e t i t o x i n . The b a c t e r i a l phy to tox in t a g e t i t o x i n [78] i s 
produced by Pseudomonas sv r inoae pv. t a a e t i s . I t causes c h l o r o s i s 
i n mar igo ld (Taoet i s oa tu l c L.) and z i n n i a ( H e l i o o s i s sp . ) at ng 
l e v e l s and has been I s o l a t e d , p u r i f i e d (276) . and s t r u c t u r a l l y 
c h a r a c t e r i z e d (277) . Ch l o r o s i s occurs i n deve lop ing but not mature 
leaves (27fi, 278) . U l t r a s t r u c t u r a l and p h y s i o l o g i c a l ev idence 
i n d i c a t e s t ha t the phy to tox i c e f f e c t s may be r e l a t i v e l y p l a s t i d -
s p e c i f i c (279. 280) . Wheat seed l i ngs t r ea t ed w i th the t o x i n produce 
p i gmen t -de f i c i en t l e aves , l a c k i n g both l a r ge and smal l subun i t s o f 
r i b o s e 1,5,-d isphosphate ca rboxy lase (RuBPCase), and t h e i r 
r e s pe c t i v e p i as t i d -encoded and nuc l ea r encoded mRNA's (281) . 
Furthermore, p lasmid (70S) ribosomes and c y t o s o l i c (80S) r ibosomes 
are dep le ted by t o x i n a c t i o n . T a g e t i t o x i n I n h i b i t s RNA polymerase 
i n c h l o r o p l a s t e x t r a c t s from pea; however, wheat germ RNA polymerase 
I I i s I n s e n s i t i v e t o the phy to tox in (282) . Tagete tox in a l s o 
i n h i b i t s euka ryo t i c RNA polymerase I I I (283) . 

Many o ther phy to tox ins not presented here have been s t r u c t u r a l l y 
c ha r a c t e r i z ed and t e s t ed i n some p l an t b ioassay systems. Numerous 
o the r repor ted phy to tox in s t ud i e s are i n the " a c t i v e f r a c t i o n " stage 
and s t r u c t u r e e l u c i d a t i o n o f the a c t i v e components has not been 
ach ieved . Neve r the l ess , from the data presented , i t can g e n e r a l l y 
be concluded t h a t : d i v e r s e microbes produce a broad range o f 
c hem i s t r i e s w i th phy to tox i c a c t i v i t i e s ; chemical and b iochemica l 
s yn thes i s o f almost a l l o f these compounds i s unknown (but 
d e r i v i t i z a t i o n s t ud i e s to a l t e r phy to tox i c a c t i v i t y have been used 
i n a few i n s t a n c e s ) ; knowledge o f the spectrum o f spec ies 
s u s c ep t i b l e t o these compounds i s incomplete (many weed and crop 
spec ies have not been t e s t e d ; some compounds are t o x i c to organisms 
o ther than p l a n t s ) ; and the mo lecu la r mode o f phy to tox in a c t i o n i s 
unstud ied o r unknown f o r most. The major except ion 1s the vas t 
amount o f data on b i a l aphos , phosa l ac i ne , and pho sph i n o t h r i c i n , 
which have ach ieved commercial s t a t u s . 

He r b i c i d e . B i o h e r b i c l d e . and M i c r ob i a l Phy to tox in Targets 

From the survey o f m i c r ob i a l compounds w i th p h y t o t o x i c i t y , i t can be 
noted t ha t mode o f a c t i o n s tud i e s are g ene r a l l y l a c k i n g . However, 
mode o f a c t i o n and mo lecu la r t a r ge t s i t e i n v e s t i g a t i o n s g e n e r a l l y 
occur on ly a f t e r a p a r t i c u l a r compounds has reached market s t a t u s . 
As po in ted out p r e v i o u s l y , most he r b i c i d e s have been d i s cove red 
us ing random screen ing programs r a t he r than from an app l i ed r a t i o n a l 
approach to h e r b i c i d e des i gn , t a r g e t , and s y n t h e s i s . A few attempts 
t o r a t i o n a l l y des ign he rb i c i d e s chose i n h i b i t i o n o f s i t e s o f 
photophosphory la t ion uncouplers (284) . g l y c o l ate ox idase (2S5), 
o x i d a t i o n o f i n d o l e a c e t i c a d d (IAA) by perox idase (286) . and 
secondary p l an t metabol ism, i . e . , phen lya lan ine ammonia-lyase (£27) 
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38 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

and sh ik imate dehydrogenase (288) . Some I n h i b i t o r s des igned f o r 
these s i t e s were e f f e c t i v e but none o f the compounds reached 
commercial h e r b i c i d e development. I t i s very probab le t ha t o the r 
unpub l i shed r a t i o n a l approaches to he r b i c i d e development have ended 
i n a s i m i l a r manner. A v a r i e t y o f somewhat genera l t a r g e t s f o r 
h e r b i c i d a l a c t i o n have been known f o r some t ime (282) and knowledge 
o f h e r b i c i d e (o r i n h i b i t o r ) a c t i o n Imp l i ca tes some o f these genera l 
and s p e c i f i c s i t e s t o be a l t e r e d by c e r t a i n compounds (290-293) 
( F i gu re 6). Changes 1n the b iochemis t ry a t some o f these s i t e s , 
when a f f e c t e d by adequate h e r b i c i d e (o r I n h i b i t o r ) c on cen t r a t i o n , 
can l ead t o p l an t dea th . Natura l e vo l u t i o na r y processes i n p l a n t 
pathogens have r e s u l t e d i n a ' r a t i o n a l ' o r s e l e c t i v e des ign o f 
phy to tox ins f o r c e r t a i n p l an t s and mo lecu la r s i t e s w i t h i n p l a n t s . 
Thus, these and o ther as y e t un i nves t i ga t ed s i t e s may be t a r g e t s f o r 
these n a t u r a l l y o c cu r r i ng compounds. Much more da ta c o r r e l a t i n g 
mo lecu la r a c t i o n w i t h chemical s t r u c t u r e w i l l be necessary t o f u l l y 
u t i l i z e the r a t i o n a l h e r b i c i d e des ign approach. C o r r e l a t i o n s o f 
mode o f a c t i o n data o f s y n t h e t i c h e r b i c i d e s w i t h s l m i H a r m i c r ob i a l 
phy to tox i n s t ud i e s should y i e l d v a l ub l e new In format ion t ha t cou ld 
l ead t o novel h e r b i c i d e s . P r e sen t l y the mo lecu la r s i t e s o f a c t i o n 
o f many c u r r e n t l y marketed he r b i c i d e s are known and da ta on t h e i r 
p h y s i o l o g i c a l and b iochemica l I n t e r a c t i o n s and secondary e f f e c t s i n 
p l a n t s 1s accumulat ing (31.290-293) . 

Microbes and M i c r o b i a l Products as He rb i c i d e s : Other Aspects 

General Cons i d e r a t i o n s . I f microbes (pathogens) and m i c r ob i a l 
products (from pathogens and non-pathogens) are t o be suc ces s fu l i n 
the commercial h e r b i c i d e arena, severa l c r i t e r i a must be n e t . The 
pathogenic organism must be h i g h l y v i r u l e n t , economica l l y f e a s i b l e 
t o produce, have an acceptab le s h e l f - l i f e , and be e f f e c t i v e i n an 
range o f environmental c o n d i t i o n s . Some success w i t h pathogens has 
been made [ex . Co l l ego and DeVine (21)] and there are many 
p o t e n t i a l l y use fu l pathgens t ha t can con t r o l va r i ous weeds when 
app l i ed augmentâtively (294-296). P roduct ion o f b i o h e r b i c l d e 
organisms (spores , myce l i a ) can become a problem when s ca l i ng -up 
from l a bo r a t o r y t o I n d u s t r i a l p r oduc t i on . With fung i (mycoherb-
i c i d e s ) problems o f p roduc t ion are dependent on the growth hab i t o f 
i n d i v i d u a l spec ies (297) . 

One o f the main problems i n t h i s area w i th regard t o fungal 
pathogens 1s t ha t o f p r ov i d i ng proper environmental c o n d i t i o n s , 
e s p e c i a l l y a dew (or water) pe r i od which ensures spore germinat ion 
and I n f e c t i o n (o r I n f e c t i o n i f myce l i a l p repa ra t i ons are a p p l i e d ) . 
With b a c t e r i a l weed pathogens, the problem 1s aga in mo is ture and 
wounding. A second problem In pathogen f o rmu la t i on 1s g e t t i n g the 
organism t o adhere t o p l an t s u r f a ce s . Some success fu l answers t o 
both these problems o f f o rmu la t i on have been made as summarized i n 
rev iews (297. 298 ) . App l i c a t i o n technology f o r m i c r ob i a l weed 
pathogens i s somewhat analagous to he r b i c i d e s u r f a c t an t and a d d i t i v e 
techno logy (299); not t ha t these techno log ies are at the same s tage , 
but t ha t h e r b i c i d e p o t e n t i a l can be Increased w i th t h e i r use. More 
chemical research w i l l be needed to prov ide f o rmu la t i ons f o r 
a p p l i c a t i o n o f pathogens f o r weed c o n t r o l . 
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40 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Genet i c and S t r a i n S e l e c t i o n o f M i c r ob i a l Cand idates . As p r e v i o u s l y 
p resented , b ia laphos and phosph i no th r i c i n s t r a i n s e l e c t i o n 
t e chno l og i e s , gene t i c t r an s f o rma t i on , and fe rmenta t ion methodology 
i s unsurpassed i n the m i c r ob i a l p roduc t ion o f h e r b i c i d e s . These 
approaches should be app l i ed to some o f the more promis ing m i c r ob i a l 
pathogens to produce h i gh l y e f f i c a c i o u s weed pathogens o r t o 
microbes f o r the overproduc t ion o f potent t o x i n s f o r use as 
b i o h e r b i c i d e s . Some aspects regard ing t h i s have been presented 
(2QQ, 301) . Success i n pa thogen i c i t y gene I s o l a t i o n and c l o n i n g 
(202, 221) and t r ans fo rmat i on methodology (304) o f p l an t pathogens 
w i l l ensure major advances i n m i c r ob i a l b i o h e r b i c l d e techno logy . 
Advances i n the area o f r e s t r i c t i n g host range o f pathogens w i t h 
b r o a d - s p e c i f i c i t y have been made and are i n p rog ress . The s e l e c t i o n 
o f a n o n - s c l e r o t i a l mutant o f S c l e r o t i n a s c l e r o t i o r i u m which i s a 
ub i qu i t ou s , n o n - s p e c i f i c pathogen has g rea t u t i l i t y i n b i o h e r b i c i d e 
advances (305) . S t r a i n s e l e c t i o n and gene t i c man ipu la t i on can be 
t ime-consuming and the pay -o f f may be unce r t a i n o r l ong- te rm. 

B iochemica l /Chemica l Cons1derat1ons. B iochemica l a n a l y s i s o f p l an t 
defense mechanisms and o f pathogen I n f e c t i o n processes have been 
e x t e n s i v e l y s tud i ed f o r some t ime , however these s t ud i e s have almost 
a l l been on crop p lant-pathogen I n t e r a c t i o n s . Var ious enzymes are 
a c t i v e i n these I n t e r a c t i o n s (306) but , these processes have 
e s s e n t i a l l y been neg lec ted i n weed-pathogen s i t u a t i o n s . There i s a 
need to examine such mechanisms i n weeds and m i c r ob i a l b l o he r b l c i d e s 
so t ha t chemical r e gu l a t o r s ( s p e c i f i c enzyme i n h i b i t o r s , h e r b i c i d e s , 
PGR's, e t c ) can be I d e n t i f i e d and used to augment pathogen or 
phy to tox in e f f i c a c y i n weed c o n t r o l . Such s t ud i e s should obv i ous l y 
be c l o s e l y c o r r e l a t e d w i th t o x i n and he r b i c i d e mode o f a c t i o n ; even 
secondary h e r b i c i d e a c t i o n may p lay major r o l e s i n r e g u l a t i o n o f 
pathogen e f f i c a c y . 

Conc lus ions 

The wide range o f chemical c l a s s e s o f phy to tox ins from microbes 
I nd i c a t e s t ha t m i c r ob i a l products from p l an t pathogens and non-
pathogens are unique sources f o r p o t e n t i a l b l o he r b l c i d e s and as 
templates f o r new s yn t h e t i c h e r b i c i d e s . However, seve ra l problems 
h inder t h e i r f u l l development i n t o p r a c t i c a l weed c on t r o l weapons. 
O f ten , on l y smal l amounts o f these new chem i s t r i e s have been 
i s o l a t e d , o r are 1 so l ab l e , reduc ing expanded research by cooperators 
i n o the r academic d i s c i p l i n e s and l i m i t i n g the s i z e o f b ioassay and 
sc reen ing programs. Furthermore, the unique chem i s t r i e s i nvo l ved 
may not e a s i l y f i t i n t o commercial s yn thes i s programs; syn thes i s 
routes may be d i f f i c u l t , t ime-consuming and c o s t l y . Fermentat ion 
processes t o ach ieve l a r ge q u a n t i t i e s o f phy to tox ins o r organisms 
may be complex due t o the f a s t i d i o u s nature o f some organisms. 
Fu r the r research on the mo lecu la r mode o f a c t i o n , the a c t i v i t y 
spectrum, p e r s i s t e n c e , and non- target e f f e c t s needs t o be 
accompl i shed. Cooperat ive e f f o r t s o f chemis ts , b i o chemis t s , 
b i o l o g i s t s , p l an t p a t h o l o g i s t s , and weed s c i e n t i s t s w i l l be r equ i r ed 
to ach ieve t h i s g o a l . P o l i t i c a l and s o c i a l acceptance o f t h i s new 
techno logy us ing these complex and dynamic agents (microbes) as 
agents o f weed c on t r o l w i l l a l s o be necessary (307) . 
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Chapter 2 

Maculosin 
A Host-Specific Phytotoxin from Alternaria alternata 

on Spotted Knapweed 

Gary Strobel1, Andrea Stierle1,2, Sang Ho Park1, and John Cardellina2,3 

1Department of Plant Pathology, Montana State University, 
Bozeman, MT 59717 

2Department of Chemistry, Montana State University, Bozeman, MT 59717 

A strain of Alternaria alternata on spotted 
knapweed produces a family of diketo
piperazines including maculosin, which is an 
L-tyrosine-L-proline analog. Maculosin is a 
host-specific toxin of Centaurea maculosa L. 
(spotted knapweed), the only one currently 
known from a weed pathogen. Current studies 
are underway to isolate and characterize a 
cytosol (soluble) protein receptor for 
maculosin in spotted knapweed. Affinity 
column chromatography employing maculosin 
covalently bonded to Sepharose 6-B has been 
used successfully to isolate an active protein 
fraction. Another phytotoxin produced by A. 
alternata, tenuazonic acid, acts in a 
synergistic manner with maculosin. Phytotoxin 
production in A. alternata seems to depend on 
one or more host plant metabolites. 

Each weed spec ies i s a host to an ar ray o f p l an t pathogenic fung i 
and b a c t e r i a . Many o f these organisms induce d i sease symptoms by 
v i r t u e o f phy to tox in p roduc t ion (I). By focus ing on these p l an t 
pathogens and on t h e i r phy to tox ins we hope to f i n d nove l , 
env i ronmenta l l y compat ib le , h o s t - s e l e c t i v e chemical agents f o r weed 
c o n t r o l . 

In the past severa l years a number o f i n v e s t i g a t i o n s on the 
chemis t ry o f phy to tox ins from weed pathogens has uncovered novel 
s t r u c t u r e s . The b i o l o g i c a l a c t i v i t y o f these compounds 
v a r i e d from non - s e l e c t i v e to narrow host range p h y t o t o x i c i t y (2 , 
1, 4, 5, 6 ) . An idea l phy to tox in from a weed pathogen would have 
the unique p roper ty o f express ing host s p e c i f i c i t y at the spec ies 
3Current address: Center of Marine Biotechnology, University of Maryland, 600 East Lombard 

Street, Baltimore, M D 21202 

0O97^156/90A)439-OO53SO6.00A) 
© 1990 American Chemical Society 
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54 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

or c u l t i v a r l e v e l . To date , however, phy to tox ins w i th t h i s extreme 
s p e c i f i c i t y are known on ly from crop p l an t pathogens ( 1 , 7 ) . 
Agroecosystems w i th a s t r i c t l y homogeneous gene t i c base, t y p i c a l o f 
crop p l a n t s , may serve as a huge r e s e r v o i r o f e s s e n t i a l l y i d e n t i c a l 
p l an t m a t e r i a l . A pathogen a t t a c k i ng such a c rop , under the proper 
environmental c o n d i t i o n s , has the p o t e n t i a l t o produce an ep idemic . 
Such an organism can be e a s i l y observed, i s o l a t e d and examined f o r 
phy to tox in p roduc t i on . Common weed spe c i e s , however, u s u a l l y e x i s t 
i n a popu la t i on w i th a broad, mixed gene t i c base, and are o f t en 
i n t e rm ing l ed w i th o the r p l a n t s . Th is prec ludes the development o f 
such an epidemic and reduces the p r o b a b i l i t y o f d i s c o v e r i n g a weed 
pathogen capable o f produc ing host s p e c i f i c t o x i n s . 

At the ou tse t o f t h i s study we chose to examine Centaurea 
maculosa L. ( spot ted knapweed), a spec ies o f Immense economic 
importance i n the northwestern Un i ted S t a t e s . Th i s p l a n t th rea tens 
forage p roduc t i on o f m i l l i o n s o f acres o f range land i n t h i s r eg ion 
(S). I t a l s o has invaded cho i ce r e c r e a t i o n a l lands o f Ye l lowstone 
and G l a c i e r Na t i ona l Pa rks . A f t e r an i n t e n s i v e search f o r d i seased 
knapweed p l an t s throughout Western Montana, a s eve r e l y d i seased 
p l an t was found i n the env i rons o f Bu t t e , Montana ( 9 ) . 
Approx imate ly 30% o f the leaves were b l i g h t e d With l a r g e b l a ck -
brown n e c r o t i c l e s i o n s , and at l e a s t 90% o f the f l owers showed 
decay and ex tens i ve b lack myce l i a l growth. Three d i f f e r e n t fung i 
were i s o l a t e d from the l e s i o n s and p laced i n t o pure c u l t u r e by the 
s i n g l e spore i s o l a t i o n techn ique ( 9 ) . Subsequent ly , each was 
t e s t ed f o r i t s a b i l i t y to reproduce d i sease symptoms when 
i nocu l a t ed onto a spot ted knapweed p l an t (£). Only one o f these 
fung i proved to be pathogenic and s a t i s f i e d a l l o f the c r i t e r i a o f 
Koch 's po s t u l a t e s ( 9 ) . I t was i d e n t i f i e d as A1 t e r n a r i a a l t e m a t a . 
A l though va r i ous form spec ies o f A. a l t e m a t a a t t a c k i n g crop p l an t s 
produce host s p e c i f i c t o x i n s , none has been i s o l a t e d and I d e n t i f i e d 
tha t s e l e c t i v e l y a t t a cks weed spec ies (10 ) . Mass l i q u i d c u l t u r e s 
o f our i s o l a t e o f A. a l t e m a t a were ana lyzed to determine i t s 
a b i l i t y t o produce phy to tox ins s e l e c t i v e t o spot ted knapweed. 

I s o l a t i o n and I d e n t i f i c a t i o n o f D i ke t op i pe ra z i ne s 

The phy to tox i c e thy l ace ta te s o l ub l e e x t r a c t s o f the fungal 
c u l t u r e were chromatographed on Bio-Beads S-X4 (hexane-CH 2 Cl 2 -
EtOAc, 4 :3 :1 , v / v ) . The r e s u l t i n g f r a c t i o n s o f t h i s 
chromatography, and a l l subsequent chromatographies, were t e s t ed by 
the s tandard l e a f puncture b ioassay us ing spot ted knapweed leaves 
( 2 ) . F r a c t i on s f ou r , f i v e , and s i x were phy t o t o x i c . S i z e 
e x c l u s i o n chromatography o f f r a c t i o n f i v e on Sephadex LH-20 (CH 2CL 2-
MeOtBuiPrOH, 1:1:1, v/v) y i e l d e d macu los in , 1. S i m i l a r t reatment 
o f f r a c t i o n s i x gave a m ix tu re , which was r e so l ved by c e n t r i f u g a l 
coun te r cu r ren t chromatography (CHCl 3MeOH-H 20, 25:34:20, v /v , lower 
phase mobi le) t o compounds 2 and 3. S i z e e x c l u s i o n chromatography 
o f f r a c t i o n f ou r on Bio-Beads S-X8 (CH 2 C l 2 - cyc lohexane , 3:2, v/v) 
y i e l d e d d i k e t o p i p e r a z i n e 4. 

The d ich loromethane s o l ub l e e x t r a c t s were permeated through 
Sephadex LH-20 (CH,CL2-MeOH, 1:1, v / v ) . C en t r i f u ga l coun te r cu r ren t 
chromatography as desc r i bed above y i e l d e d compounds 5, 6, and 7. 
Table I summarizes the i s o l a t i o n scheme f o r d i k e t op i p e r a z i n e s 1-7. 
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56 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Tab le I . Summary o f I s o l a t i o n Data , D i k e t op i p e r a z i n e s 1-7 

MolççMUr 
CoqipoHnj W^ight/FpniiMla I s o l a t i o n Method' R t b % Y i e l d 0 

1 260 /C u H 1 6 N 2 0 3 Sephadex LH-20 d 2.10 0.74 

2 244 /C u H 1 6 N 2 0 2 CCC* 0.38 0.39 

3 244 /C u H 1 6 N 2 0 2 CCC' 0.45 0.44 

4 2 2 4 / 0 , ^ 0 , Bio-Beads S-X8 f 1.33 0.23 

5 196/C 1 0 H 1 6 N 2 0 2 C C C 0.70 0.10 

6 2 1 0 / ^ ( ^ 0 , CCC 0.63 0.23 

7 168/C 8 H 1 2 N 2 0 2 CCC 0.56 0.08 

" F i na l s tep i n p u r i f i c a t i o n 
Retent ion t ime i n hours 

°% y i e l d = mass o f compound obtained/mass o f t o t a l o rgan i c e x t r a c t χ 
100 

dColumn 2x135cm; e luant CH 2 Cl 2 -Me0tBu- iPr0H ( 1 : 1 : 1 , v / v ) ; f l ow r a t e 
1.9 mL/min 
'Column volume 285 mL; e luan t CHCl 3-Me0H-H 20 (25 :34 :20 , v /v ) ; f l ow 
r a t e 4 mL/min; lower phase mobi le 
Column 2.5x140cm; e luant CH 2 Cl 2 -cyc lohexane ( 3 : 2 , v / v ) ; f l ow r a t e 

1.5 mL/min 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

2



2. STROBEL E T AL. AfoOiloSM 57 

Only compounds 1 and 2 were phy to t ox i c t o spot ted knapweed; 1 
was at l e a s t an order o f magnitude more t o x i c than 2. The 
mo lecu la r formula o f 1 was determined to be C 1 4 H J 6 Np0 3 by h igh 
r e s o l u t i o n mass spect rometry . Pheno l i c and amide f u n c t i o n a l groups 
were i n d i c a t ed by i n f r a r e d absorp t i ons at 3590, 3380 and 1670 cm , 
r e s p e c t i v e l y . De t a i l e d ana lyses o f the mass s pe c t r a l f ragmentat ion 
and 1H-NMR data r e s u l t e d i n the proposal o f s t r u c t u r e 1. The 
abso lu te s te reochemis t ry was e s t a b l i s h ed by the syn thes i s o f 
c y c l o ( L - P r o - L - Ty r ) from the t-BOC d e r i v a t i v e o f L - p r o l i n e and the 
methy les te r o f L - t y r o s i ne f o l l ow i n g l i t e r a t u r e procedures (10 ) . 
Th i s procedure i s known to proceed w i thout r a c em i z a t i o n . The 
s y n t h e t i c and na tu ra l ma t e r i a l s were i d e n t i c a l by 1H-NMR, mass 
spect rometry , o p t i c a l r o t a t i o n and p h y t o t o x i c i t y (â). 

H-NMR and mass spectrometry revea led tha t 2 and 3 were 
s te reo i somers o f compos i t ion C . .H . JU) 2 . I n f r a red spect roscopy 
i n d i c a t ed an amide moiety and H-W1R decoup l ing prov ided the gross 
s t r u c t u r e cyc l o -P ro -Phe . Comparison o f the ^-NMR spec t r a and 
o p t i c a l r o t a t i o n w i th those o f s y n t h e t i c ma t e r i a l s l ed to the 
i d e n t i f i c a t i o n o f 2 as cyc l o (L -P ro -L -Phe) and 3 as c y c l o ( L - P ro -D -
Phe) ( 9 ) . 

The remain ing f ou r d i k e t o p i p e r a z i n e s , 4-7, were i d e n t i f i e d i n 
the same manner: mo lecu la r formulae by mass spectrometry and 
s t r u c t u r a l d e t a i l s from IR, mass s pe c t r a l f ragmentat ions and 1H-NMR 
decoup l ing exper iments . 

M a c u l o s i n - S t r u c t u r e - A c t i v i t v 

Once the seven d i k e t op i p e r a z i n e s had been i s o l a t e d and i d e n t i f i e d , 
they were examined f o r p h y t o t o x i c i t y . The compounds were f i r s t 
app l i ed to knapweed leaves and hypocoty l s f o l l o w i n g the desc r i bed 
procedures ( 2 ) . The most a c t i v e compound was 1, c y c l o ( L - P r o - L -
T y r ) , which produced l e s i o n s at 10 ' 3 , 10 ' 4 , and 10 M. At 10" 6 M a 
s l i g h t n e c r o t i c f l e c k appeared i n 72 hours, but t h i s was not 
cons idered a c t i v e by our s tandards . Compounds 2 and 3, c y c l o (L-
Pro-L-Phe) and c y c l o (L-Pro-D-Phe) , d i f f e r e d i n p h y t o t o x i c i t y : the 
L, L d ias tereomer induced n e c r o t i c l e s i o n s on knapweed leaves at 
10" 4 M, but the L, D isomer was not a c t i v e , even at 10" 3 M. 
Compounds 4, 5, 6 and 7 were not a c t i v e toward knapweed at any o f 
the t e s t c on cen t r a t i on s . These t e s t s were repeated w i th hypocoty l 
t i s s u e , and s i m i l a r r e s u l t s were ob ta ined , a l though i n 47% o f these 
t e s t s , c y c l o (L -P ro-L -Tyr ) induced l e s i o n s at 10 '^M. 

Comparison o f the d i k e t op i p e r a z i n e s i s o l a t e d and t e s t ed i n t h i s 
study suggests tha t c e r t a i n f un c t i o na l groups are necessary f o r 
a c t i v i t y . Macu los in , the most a c t i v e substance, possesses a 
pheno l i c moiety , not uncommon i n phy t o t ox i n s . The minor a c t i v i t y 
o f 2, c y c l o ( L - P r o - L - Phe ) , compared to the i n a c t i v i t y o f i t s 
d ias te reomer , suggests the importance o f conformat ion to 
b i o a c t i v i t y . S tud ies on d i k e t op i p e r a z i n e s c on t a i n i ng p r o l i n e 
c l e a r l y showed tha t L, L compounds assume an extended conformat ion 
render ing both the aromat ic moiety and i t s hydroxy l group 
a c c e s s i b l e f o r i n t e r a c t i o n w i th a b i o l o g i c a l s i t e ( H , 1 2 ) . I t i s 
noteworthy tha t the y i e l d s o f the va r i ous d i k e t op i p e r a z i n e s were 
qu i t e c on s i s t en t i n repeated fe rmenta t i ons ; macu los in was always 
the most abundant o f the d i p e p t i d e s . 
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58 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

M a c u l o s i n - B i o a c t i v i t v 

At t h i s p o i n t , macu los in had been e s t a b l i s h ed as a phy to tox in o f 
spot ted knapweed, but i t s host s e l e c t i v i t y o r s p e c i f i c i t y needed to 
be e s t a b l i s h e d . A t e s t des igned to e s t a b l i s h the host-range o f the 
t o x i n u t i l i z e d the s imple l e a f assay w i th a wide v a r i e t y o f p l a n t s . 
Both monocots and d i c o t s were inc luded in the t e s t range, i n c l u d i n g 
severa l compos i tes . The assays were run at ΙΟ"3, 10" 4 , and 10 ' 5 M. 
Macu los in c o n s i s t e n t l y induced n e c r o t i c l e s i o n s on knapweed l e ave s , 
but i n no case was l e s i o n i nduc t i on observed on any o the r t e s t 
p l a n t . The n ineteen t e s t p l an t s were chosen at random, a l though an 
attempt was made to i n c l ude severa l composites and p l an t s known to 
be hosts t o o ther form spec ies o f A l t e r n a r i a a l t e m a t a . Of 
p a r t i c u l a r i n t e r e s t i s the recent obse rva t i on t ha t o the r spec i es o f 
Centaurea. i n c l u d i n g Ç. d i f f u s a . Ç. cvanus. and C. reoens . were not 
a f f e c t ed by s y n t h e t i c maculos in i n l e a f b ioassay t e s t s at 10" 4M. 
These host- range t e s t s , wh i l e not exhaus t i ve , c l e a r l y e s t a b l i s h 
maculos in as the most host s p e c i f i c weed phy to tox in on reco rd (see 
Table I I ) . 

Throughout t h i s study we used knapweed t e s t p l an t s grown from 
seeds c o l l e c t e d from severa l geographic l o c a t i o n s . Some d i v e r s i t y 
was seen i n the s u s c e p t i b i l i t y response o f p l an t from d i f f e r e n t 
l o c a l e s . Knapweed reproduces, i n t y p i c a l composite f a s h i o n , from 
wind-borne seeds c a r r i e d from the parent p l a n t . Seeds c o l l e c t e d 
from p l an t s w i t h i n a twenty f oo t r ad i u s o f the o r i g i n a l d i seased 
specimen were most a f f e c t ed by macu los in . Indeed, p l an t s grown 
from seeds o f these p l an t s a c t u a l l y e x h i b i t e d n e c r o t i c l e s i o n s at 
ΙΟ"6 M i n l e a f b ioassay t e s t s . Knapweed seeds were a l s o c o l l e c t e d 
from va r i ous l o c a t i o n s i n G a l l a t i n County and the B i t t e r r o o t 
V a l l e y , Montana. P l an t s grown from these seeds were used i n the 
assays c i t e d i n Table I I . One p l an t was a c t u a l l y somewhat 
r e s i s t a n t to macu los in : nec ro s i s was on ly induced at 10" 3 M. These 
r e s u l t s were expected, s i nce wide gene t i c d i v e r s i t i e s among 
popu la t i ons o f t h i s p l an t most l i k e l y e x i s t . Such d i v e r s i t i e s 
would be expressed i n the s u s c e p t i b i l i t y range o f the p l an t to 
macu los in . 

Macu los in - Mode of A c t i on 

Understanding the mode o f a c t i on o f a h o s t - s p e c i f i c t o x i n i s o f 
i n t e r e s t . I t might p rov ide i n s i g h t i n t o the development o f p l an t 
pathogen-host p l an t dynamics (I). A l s o , the na tu re , l o c a t i o n , and 
f un c t i o n o f the t o x i n r e c e p t o r - s i t e might be d i s c ove r ed . Th i s 
cou ld e ven t ua l l y l ead to a mo lecu la r gene t i c s approach to weed 
c o n t r o l . A c r i t i c a l step i n doing such s t ud i e s i s to have 
a v a i l a b l e i s o t o p i c a l l y l a b e l l e d t o x i n possess ing a h igh s p e c i f i c 
r a d i o a c t i v i t y . Commonly, l a b e l l e d t o x i n i s prepared v i a the 
a dm i n i s t r a t i o n o f app rop r i a te p recurso rs to c u l t u r e s o f the 
pathogenic fungus. U l t i m a t e l y , some smal l quan t i t y o f the l abe l ed 
t o x i n i s obta ined which has a s p e c i f i c r a d i o a c t i v i t y one or more 
orders o f magnitude l e s s than tha t of the p recu rso r (low s p e c i f i c 
r a d i o a c t i v i t y ) . Methods f o r ob ta i n i ng t o x i n s o f an extremely high 
s p e c i f i c r a d i o a c t i v i t y may i nvo l ve o rgan ic s yn thes i s us ing 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

2



2. STROBEL ET AL. Maculosin 59 

Tab le I I . Summary, Host S p e c i f i c i t y Screen ing o f Macu l o s i n 8 

Macu los in ( 1 ) : Natura l Syn the t i c 
Concent ra t i on (M) b 10" 3 10 ' 4 ΙΟ"5 ΙΟ"3 1 0 * 10" 5 

DICOTS: 
Centaurea maculosa 

(spot ted knapweed) +++ ++ + +++ ++ + 
Lactuca s a t i v a 

( l e t t u c e ) - -
C i t r u s 1imon 

(lemon) - -
Lvcopers i con esculentum 

(tomato) - -
Mai us s v l v e s t r i s 

(app le) . . . . . . 
He l i an thus annuus 

(sunf lower) - -
Cucumis s a t i v u s 

(cucumber) - -
Euphorbia e su l a 

( l e a f y spurge) - -
Bidens p i l o s a 

(mar igo ld) - -
Taraxacum o f f i c i n a l e 

(dande l ion) - - -
A r t em i s i a t r i d e n t a t a 

(sagebrush) . . . -
C i r s i um arvense 

(Canadian t h i s t l e ) - . . . 
Euphorbia mi 1 i i Desmoul. 

(crown of thorns) - -

MONOCOTS: 
Sorghum halapense 

( johnsongrass) - -
Poa annua 

(b luegrass) - -
Avena s a t i v a 

(park oat) - -
Agropvron repens 

(quackgrass) - -
D i q i t a r i a ischaemum 

(c rabgrass) - -
Zea mays 

(corn) - - -

a+++: weeping n e c r o t i c l e s i o n > 4 mm from i n o c u l a t i o n s i t e ; ++: 
n e c r o t i c l e s i o n 2-4 mm; +: n e c r o t i c l e s i o n 0.5-2 mm; -: no l e s i o n 
present or f l e c k 
< 0.5 mm. 
b i n m o l a r i t y (M) 
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60 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

precu rso r compounds possess ing h igh s p e c i f i c r a d i o a c t i v i t y . C-
maculos in was syn thes i zed f o l l o w i n g the same p ro toco l as be fo re , 
us ing u C - L - t y r o s i n e as a p recu rso r (Ifi). u C-macu los1n was 
p u r i f i e d by p r epa ra t i v e TLC on s i l i c a ge l p l a t e s . The f i n a l 
product has i d e n t i c a l s p e c t r a l , chromatographic , and b i o l o g i c a l 
p r ope r t i e s as tha t o f the na tu ra l product ( a ) . P repa ra t i ons o f 
s y n t h e t i c maculos in made i n t h i s manner have a s p e c i f i c 
r a d i o a c t i v i t y o f 0.025 <iCi/Mmole. Much h igher s p e c i f i c a c t i v i t i e s 
are p o s s i b l e , e s p e c i a l l y i f both u C - t y r o s i n e and u C - p r o l i n e are 
used as s t a r t i n g m a t e r i a l s . 

Three to f ou r days a f t e r the a p p l i c a t i o n o f u C - m a c u l o s i n to an 
unwounded l e a f su r face there i s l i t t l e or no movement o f 
r a d i o a c t i v i t y from the i n o c u l a t i o n s i t e . Even i n a p r e v i o u s l y 
wounded l e a f , the re i s on ly s l i g h t movement o f l a b e l l e d ma te r i a l 
from the po in t o f a p p l i c a t i o n . However, the re was uptake o f 
r a d i o l a b e l by knapweed roo t s suspended i n a s o l u t i o n o f C-
macu los i n . These i n i t i a l s t ud i e s have prov ided use fu l l eads f o r 
the p r a c t i c a l a p p l i c a t i o n o f macu los in as a knapweed c on t r o l agent: 
d e r i v a t i z a t i o n o f the compound may be necessary f o r en t r y and 
d i s t r i b u t i o n o f maculos in i n the p l a n t . 

Macu los in B ind ing 

A phy to tox in may r equ i r e b ind ing s i t e s w i t h i n a p l an t i n o rder to 
a f f e c t i t adverse l y (1, 14). In the case o f macu los in , a host 
s p e c i f i c t o x i n , a very s p e c i f i c r e cep to r s i t e may e x i s t i n spot ted 
knapweed. Such a s i t e may be a p r o t e i n t ha t has a normal r o l e i n 
the maintenance o f c e l l u l a r f u n c t i o n , but c o i n c i d e n t a l l y serves as 
a phy to tox in r ecep to r Q4, 15). B ind ing o f the t o x i n by the 
r e cep to r may r e s u l t i n a d i s r u p t i o n i n the f u n c t i o na l r o l e o f the 
p r o t e i n or r e s u l t i n a cascade e f f e c t i n v o l v i n g o the r p r o t e i n s . 
E i t h e r e f f e c t cou ld r e s u l t i n c e l l u l a r death (1, H ) . 

In p r e l im i n a r y s t u d i e s , the b ind ing o f u C - m a c u l o s i n was noted 
i n the c y t o s o l i c ( s o l ub l e ) f r a c t i o n o f a spot ted knapweed l e a f 
e x t r a c t , and l i t t l e i f any i n the i n s o l u b l e f r a c t i o n . B ind ing 
a c t i v i t y was reduced or destroyed by treatment o f the s o l ub l e 
f r a c t i o n w i th heat or p ro teases , suggest ing tha t the t o x i n r ecep to r 
i s a p r o t e i n . P u r i f i c a t i o n o f the recep to r has been pursued 
s u c c e s s f u l l y us ing s i z e e x c l u s i on column chromatography combined 
w i t h a f f i n i t y chromatography. The a f f i n i t y support c o n s i s t s o f 
epoxy a c t i v a t e d Sepharose 6B t o which s y n t h e t i c macu los in has been 
a t t a ched . Fur ther work should revea l the r o l e o f the r e cep to r i n 
the process o f t ox i n - i nduced symptom p roduc t i on . 

Convers ion o f Macu los in 

Three to f i v e days a f t e r t r e a t i n g spot ted knapweed leaves w i th 1 4 C -
macu los in , and a f t e r n e c r o t i c symptoms appear, v i r t u a l l y a l l o f the 

C-maculos in i s converted to at l e a s t 3 o ther compounds. These 
compounds are i n s o l u b l e i n e thy l ace ta te and s o l ub l e i n methanol . 
I t w i l l be i n t e r e s t i n g to e l u c i d a t e these compounds and to l e a rn i f 
any o f these compounds b ind to the maculos in r e cep t o r . 
Furthermore, i t i s conce ivab le tha t macu los in , i t s e l f , i s not t o x i c 
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2. STROBEL ET AL. Macuhsm *1 

to the p l a n t , but tha t one or more o f i t s d e r i v a t i v e s i s the ac tua l 
t o x i n . I f t h i s i s t r u e , i t would mean tha t the p l an t has the 
capac i t y to des t roy i t s e l f v i a the enzymatic convers ion o f 
maculos in to one or more t o x i n s . 

Other Phv to tox ins Q£ A l t e r n a r i a a l t e r n a t a 

Bes ides d i k e t o p i p e r a z i n e s , there are two other c l a s s e s o f 
phy to tox ins produced by ft. a l t e r n a t a on spot ted knapweed: t e t r am i c 
ac ids and pery lenequinones (!£). Both groups o f compounds are non-
host s p e c i f i c and r equ i r e r e l a t i v e l y l a r ge concen t ra t i ons f o r 
b i o l o g i c a l a c t i v i t y to be expressed, eg . 10" 3-10" 4M (16) . These 
obse rva t i ons , however, c l e a r l y i l l u s t r a t e the f a c t t ha t p l an t 
pathogens can produce m u l t i p l e phy to tox ins o f va ry i ng s p e c i f i c i t y . 
These phy to tox ins may a l so i n t e r a c t . In f a c t , tenuazon ic a c i d i n 
the presence o f maculos in caused a t o x i c - s y n e r g i s t i c r e a c t i o n at 
10 _ 5M (16) . 

We have a l s o observed tha t the produc t ion o f these phy to tox ins 
by A. a l t e r n a t a i s c o n t r o l l e d by metabo l i t e s from the host p l an t 
(9, IS). The fungus i s always grown w i th an e f f u s i o n o f the host 
p l an t added to the c u l t u r e medium. E l i m i n a t i o n o f the e x t r a c t from 
the broth r e s u l t s i n l i t t l e o r no phy to tox in p roduc t i on , i n s p i t e 
o f abundant myce l i a l growth. Other fungi a l s o seem to be dependent 
upon host p l an t products to a c t i v a t e phy to tox in p roduc t ion (17, 
IS). 

Future Work 

Macu los in i s the f i r s t compound to be i s o l a t e d , c h a r a c t e r i z e d , and 
syn thes i zed t ha t has the p r ope r t i e s o f a host s p e c i f i c t o x i n from a 
weed pathogen. Many quest ions can now be posed r e l a t i v e to i t s 
produc t ion by the fungus, i t s r e cep to r ( s ) i n the p l a n t , i t s 
d e r i v a t i z a t i o n w i t h i n the p l a n t , i t s mode o f a c t i o n , and i t s 
i n t e r a c t i o n w i th o ther t o x i n s . 

I t i s now the t ime to seek more e a r ne s t l y o ther fungal 
pathogens o f weed spec ies tha t may a l s o produce host s p e c i f i c 
phy t o t ox i n s . These are l i k e l y to be found i n the fungal genera 
Dresch l e ra and A l t e r n a r i a . but others are c e r t a i n l y not to be 
exc luded . More work on the chemis t ry and mode o f a c t i o n o f these 
compounds w i l l not on ly a l l ow a deeper understanding o f host p l a n t -
p a r a s i t e i n t e r a c t i o n s and fungal phy to tox i co l ogy , but a l so p rov ide 
p o t e n t i a l new chemical leads f o r env i ronmenta l l y compat ib le , 
s p e c i f i c h e r b i c i d e s . 
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Chapter 3 

Biochemistry of Non-Host-Selective Phytotoxins 

Richard D. Durbin 

Agricultural Research Service, U.S. Department of Agriculture 
and 

Department of Plant Pathology, University of Wisconsin—Madison, 
Madison, WI 53706 

Many plant pathogens produce non host-selection 
toxins as part of their attack mechanisms. The 
benefical application of these toxins to agricultural 
problems requires knowledge about their structure, 
metabolism, regulation and mechanism of action. Such 
knowledge is still quite meager except for structural 
studies and, to a lesser extent, mechanism of 
action. The majority of bacterial toxins are small, 
modified peptides, plant growth hormones, or high 
molecular weight polysaccharide-like molecules. 
Fungal toxins are structurally more diverse and, 
correspondingly, involve a wide variety of biogenetic 
pathways. Some toxins are activated in the host by 
hydrolytic cleavage; whether this is commonplace or 
not is unknown. Even though these toxins have no 
plant selectivity, they are are highly selective in 
how they act (i. e., inhibit specific enzymes). 
Since many pathogens also contain these targets, they 
possess multiple mechanisms for protecting themselves 
against their own toxins. 

P r a c t i c a l l y a l l phytotoxins are n o n - s e l e c t i v e , t h a t i s , although 
the pathogens that produce them may s e l e c t i v e l y attack only 
c e r t a i n p l a n t species, t h i s i s not determined by the t o x i n s . 
U s u a l l y , i n f a c t , preparations of these to x i n s w i l l a f f e c t almost 
any higher p l a n t species as w e l l as other eukaryotic and 
pro k a r y o t i c organisms. On the other hand, the s u b c e l l u l a r s i t e s 
where these t o x i n s a ct are i n most cases hig h l y s p e c i f i c and are 
unique f o r each t o x i n . In f a c t , the degree of biochemical 
s p e c i f i c i t y they e x h i b i t i s every b i t as great as that of the 
h o s t - s e l e c t i v e t o x i n s . The only d i f f e r e n c e between the two groups 
i s that the ta r g e t s of non h o s t - s e l e c t i v e t o x i n s are more widely 
d i s t r i b u t e d among plant species (Table I ) . 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

3



64 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I. A C l a s s i f i c a t i o n Scheme of Phytotoxins Based 
on T h e i r Proposed S i t e of A c t i o n 

Phytotoxin Proposed s i t e of a c t i o n 3 

Fumaric a c i d 
Tabtox i n i ne-β-lac tarn 
F u s i c o c c i n 
Tentoxin 
T-toxins 
AAL-toxins 

OH, NH 2, SH groups 
glutamine synthetase 
plasmalemma AT Pa se 
coupling f a c t o r 1 
mitochondrial membrane 
aspartate carbamoyl-
t r a n s f e r a s e 

SOURCE: Reproduced from reference 29. 

aThese examples cover the range i n non h o s t - s e l e c t i v e t o x i n s 
from no s p e c i f i c i t y (fumaric a c i d ) through those th a t are s i t e 
s p e c i f i c , but have t a r g e t s i n microbes and animals too (T -0-L), 
only p l a n t s ( f u s i c o c c i n ) , or s e l e c t e d p l a n t species ( t e n t o x i n ) . 
H o s t - s e l e c t i v e t o x i n s (T- and AAL-- t o x i n s ) have t a r g e t s 
biochemically s i m i l a r to those of advanced non h o s t - s e l e c t i v e 
t o x i n s , but t h e i r d i s t r i b u t i o n i s more h i g h l y r e s t r i c t e d . 

The usual symptoms e l i c i t e d i n the host by phytotoxins, to 
name the most common, are c h l o r o s i s , n e c r o s i s , w i l t i n g , water 
soaking, s t u n t i n g , growth abn o r m a l i t i e s and root formation. A 
s p e c i a l word about phytotoxins t h a t induce root formation and 
growth a b n o r m a l i t i e s . I mean to include here not only those 
compounds that are synthesized s o l e l y by microorganisms, but a l s o 
those that are a l s o products of higher plants (e. g., auxins, 
g i b b e r e l l i n s and c y t o k i n i n s ) . The c r i t i c a l p o ints here are t h a t 
t h e i r synthesis must be c a r r i e d out by the pathogen and that i t i s 
t h i s production that i s r e s p o n s i b l e f o r the growth abnormality. 
Thus, j u s t because a compound i s synthesized by a higher plant i s 
no reason a p r i o r i to d i s a l l o w i t as a phytotoxin. 

Unfortunately, symptom expression can t e l l us very l i t t l e 
about a t o x i n ' s mode of a c t i o n , since each symptom can r e s u l t from 
to x i n s a c t i n g a t very d i f f e r e n t l o c a t i o n s i n the complex 
physio-chemical events of metabolism. Furthermore, the 
biochemical means by which any one of these symptoms can be 
produced are many and complex, and can i n v o l v e q u i t e d i f f e r e n t 
pathways. 

Me are most aware of symptoms that are v i s i b l e above ground, 
hence almost a l l of our a t t e n t i o n has been on t o x i n s of a e r i a l 
pathogens. I t ' s q u i t e c l e a r though tha t s o i l - b o r n e microorganisms 
a l s o produce t o x i n s . Some of these are now being examined i n more 
d e t a i l f o r t h e i r a b i l i t y to s e l e c t i v e l y k i l l or slow the growth of 
weedy pla n t species (1 and Chapter 1 5 ) . I suspect that t h e i r study 
w i l l u n v e i l some q u i t e e x c i t i n g and unusual s t r u c t u r e s and 
mechanisms of a c t i o n . 
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3. DURBIN Biochemistry cfN<m-Host-SeUctivt Pkytotœdns 65 

Although many phytopathogenic fungi and b a c t e r i a — s o m e would 
say a l l - - s y n t h e s i z e phytotoxins, we have, o v e r a l l , only very 
l i m i t e d information on t h e i r s t r u c t u r e , b i o s y n t h e s i s , r e g u l a t i o n 
and mechanism of a c t i o n . Most of our information comes from a 
r e l a t i v e l y few w e l l - s t u d i e d cases (2). Hence, we can expect there 
w i l l be much more information a v a i l a b l e i n the near f u t u r e , since 
there i s an in c r e a s i n g i n t e r e s t i n phytotoxins by s c i e n t i s t s from 
many d i v e r s e d i s c i p l i n e s . 

Most phytotoxins have low molecular weights (<1,000) and are 
synthesized by sol u b l e enzyme systems. A few though, such as 
HC-toxin, appear to be synthesized on a template much l i k e peptide 
a n t i b i o t i c s ( 3 ) , while others, l i k e cerato-ulmin which contains 
128 amino a c i d residues, r e q u i r e a mRIYA template and are 
synthesized i n the same manner as p r o t e i n s . 

Phytotoxins are c l a s s i c a l secondary metabolites and as such 
possess a l l the c h a r a c t e r i s t i c s one would expect of such 
compounds. They are: a) s t r u c t u r a l l y heterogeneous, b) contain a 
va r i e t y of f u n c t i o n a l groups, c) produced by a r e s t r i c t e d number 
of microorganisms, d) produced at s p e c i f i c phases i n the growth 
c y c l e , e) h i g h l y dependent on n u t r i t i o n a l and environmental 
c o n d i t i o n s f o r synthesis and f ) not r e a d i l y metabolized. 

The i n t e r r e l a t i o n s h i p s between phytotoxins, as secondary 
metabolites, and primary metabolism i s l i t t l e understood even at 
the p h y s i o l o g i c a l l e v e l . Indeed, most of what we do know has come 
from mimicking studies p r e v i o u s l y c a r r i e d out w i t h c l a s s i c a l 
a n t i b i o t i c s . These suggest that phytotoxin synthesis i s regulated 
s i m i l a r l y to that of a n t i b i o t i c s . 

The b i o s y n t h e t i c pathways along which phytotoxins are 
synthesized, p a r t i c u l a r l y i n fungi where they have been most 
e x t e n s i v e l y s t u d i e d , are w e l l known (2). Fungal t o x i n s are much 
more d i v e r s e i n t h i s regard, being derived from: a) the s h i k i m i c 
a c i d pathway, b) the TCA c y c l e , c) the f a t t y a c i d pathway, d) a 
branch of the acetate-polymalonate pathway, e) the 
acetate-mevalonate pathway, f ) various amino a c i d pathways 
branching o f f from the s h i k i m i c a c i d pathway, g l y c o l y s i s and the 
TCA c y c l e , and g) combinations of two or more of the preceding 
pathways. B a c t e r i a l t o x i n s are s y n t h e t i c a l l y more simple and can 
be viewed as products of e i t h e r ( f ) plus d e r i v a t i z a t i o n , or (g). 

I'd l i k e to i l l u s t r a t e some of these general points from work 
done i n my laboratory on tox i n s that cause c h l o r o s i s , emphasizing 
points that r e l a t e to t h e i r p o t e n t i a l use i n b i o l o g i c a l c o n t r o l . 

Tabtox i η i ne-P-Lac tarn 

2 
CH2 

H 2 N-CH-C0-NH- CH-C0 2 H 

Figure 1. Tabtoxin. 
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The f i r s t r e a l l y molecular study of phytotoxins was done at the 
R o c k e f e l l e r I n s t i t u t e , s t a r t i n g i n the l a t e 1940's by a 
p h y s i o l o g i s t - b i o c h e m i s t team, Braun and Woolley, who worked w i t h 
Pseudomonas syringae pv. t a b a c i . This bacterium produces the 
so c a l l e d w i l d f i r e t o x i n , the name coming from the r a p i d i t y w i t h 
which c h l o r o s i s i s induced by the pathogen producing t o x i n i n the 
leaves of the n a t u r a l host, tobacco. They proposed a s t r u c t u r e 
f o r t h i s t o x i n , and because of i t s presumed s t r u c t u r a l and 
p h y s i o l o g i c a l resemblances to methionine s u l f o x i m i n e , a r e c e n t l y 
discovered compound that i n t e r f e r e d w i t h methionine metabolism, 
they hypothesized that w i l d f i r e t o x i n acted i n a s i m i l a r , i f not 
i d e n t i c a l , manner. 

I s t a r t e d work some years l a t e r on what appeared to be a 
somewhat s i m i l a r t o x i n produced by a r e l a t e d pathovar of 
Pseudomonas syringae a t t a c k i n g oats. But t h i s t o x i n seemed to be 
d i f f e r e n t ; s t r u c t u r a l l y i t was a d i p e p t i d e composed of threonine 
and/or s e r i n e and a second unknown amino-containing component 
(4,5). A l s o , i t required l i g h t f o r a c t i v i t y ( 6 ) , a n e c e s s i t y 
which would not p e r t a i n i f the t o x i n d i r e c t l y a f f e c t e d methionine 
metabolism. However, a d d i t i o n a l work ev e n t u a l l y led us to the 
r e a l i z a t i o n t h a t the two t o x i n s were indeed the same, and 
furthermore that many other c l o s e l y r e l a t e d b a c t e r i a s e l e c t i v e l y 
a t t a c k i n g bean, maize, pea, wheat, c o f f e e , soybean, or weedy 
grasses a l s o produced the t o x i n . F i r s t , Stewart (7) and then our 
group presented the c o r r e c t s t r u c t u r e of the w i l d f i r e t o x i n (8). 
We now know that t h i s t o x i n i s r e a l l y a mixture of two analogs, 
one c o n t a i n i n g threonine (Figure 1) and the other s e r i n e . They 
are now properly c a l l e d t a b t o x i n , mol. wt. 289, and 
( 2 - s e r i n e ) - t a b t o x i n , mol. wt. 275, r e s p e c t i v e l y . Furthermore, 
both r e a l l y are pretoxins because they themselves have no 
b i o l o g i c a l a c t i v i t y . C e r t a i n s t r a i n s of the pathogen and plants 
as a whole con t a i n peptidases which cleave o f f the 
s e r i n e / t h r e o n i n e , r e l e a s i n g the true b i o l o g i c a l l y a c t i v e 
component, ta b t o x i n i n e - 0 - l a c t a m ( T 0 - L ) 
2-amino-4-(3- hydroxy-2-oxoazacyclobutan- 3-y1)butanoic ac i d , mo1. 
wt. 188 (9). 

Data from s p e c i f i c c a r b o n - l a b e l i n g experiments have shown that 
the 6-carbon backbone of T-0-L a r i s e s from the condensation of a 
modified aspartate and a 2-carbon fragment from carbons 2 and 3 of 
pyruvate. Synthesis of the backbone c o n s t i t u e n t s occurs v i a the 
6-phosphogluconate or Entner-Doudoroff pathway, probably i n much 
the same way as l y s i n e i s formed. The β-lactam r i n g carbon comes 
from a C - l metabolic pool (10); a d d i t i o n a l work has shown that 
t h i s carbon i s provided by the methyl group of methionine (11). 
This i s q u i t e i n t e r e s t i n g because i t shows that 0-lactam r i n g 
formation i n T-B-L proceeds d i f f e r e n t l y from that of the fused 
0-lactam r i n g s of the p e n i c i l l i n s and cephalosporins. The 
0-lactam r i n g i s r e a d i l y converted v i a i n t r a m o l e c u l a r 
trans l a c t a m i z a t i o n at n e u t r a l to basic pH's to the δ-lactam 
form; t h i s molecule has no b i o l o g i c a l a c t i v i t y . This r e a c t i o n 
occurs both i n c u l t u r e and i n the i n f e c t e d p l a n t . 

Rather that i n t e r f e r i n g w i t h methionine metabolism, T-0-L i s a 
s p e c i f i c , s i t e - d i r e c t e d i n h i b i t o r of glutamine synthetase (GS), a 
c r i t i c a l enzyme f o r nitrogen a s s i m i l a t i o n (12). The widespread 
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3. DURBIN Biochemistry of Non-Host-Selective Phytotoxins 67 

requirement of t h i s enzyme f o r l i v i n g organisms e x p l a i n s the 
equally broad spectrum of a c t i v i t y t h i s t o x i n has. A c t u a l l y , 
w i l d f i r e t o x i n a f f e c t e d not only a l l the higher p l a n t species we 
t r i e d , but was t o x i c to f u n g i , b a c t e r i a , lower p l a n t s and 
vertebrates as w e l l . I n t e r e s t i n g l y , pv. t a b a c i i t s e l f i s not 
a f f e c t e d by T--0--L, even though i t s GS i s s e n s i t i v e i n v i t r o (13). 
As yet, we do not f u l l y understand the reasons f o r t h i s except to 
say that the bacterium possesses s e v e r a l p o t e n t i a l mechanisms f o r 
p r o t e c t i n g i t s e l f against the t o x i n (14). Which ones a c t u a l l y 
f u n c t i o n in v i v o we cannot presently say. 

Tentoxin 

H 

Figure 2. Tentoxin. 

There are a v a r i e t y of mechanisms by which t o x i n s can cause 
c h l o r o s i s besides that of tabtoxinine-β-lactam. This i s 
i l l u s t r a t e d by t e n t o x i n , c y c l o ( - L-Me A1 a- L Le u-Me Ρ he [ ( Ζ ) Δ ] - G1 y- ), 
mol. wt. 414 (Figure 2), which i s produced by the fungus 
A l t e r n a r i a a l t e r n a t a . I t causes c h l o r o s i s v i a a i n h i b i t i o n of 
c h l o r o p l a s t coupling f a c t o r one (CFj) (15). This i s a 
p a r t i c u l a r l y i n t e r e s t i n g case because the t o x i n shows an 
apparently unusual host s e l e c t i v i t y : depending upon the plant 
f a m i l y , i t may a f f e c t a l l species, a l l species w i t h i n c e r t a i n 
genera, or s e l e c t e d species w i t h i n a genus (1.6). The exact 
reason(s) f o r t h i s are unknown, but we have hypothesized that host 
s e l e c t i v i t y i s determined by the form of the p a r t i c u l a r 
p l a n t contains (1 .7) . One form t i g h t l y binds t e n t o x i n ; species 
having t h i s form are s e n s i t i v e to the t o x i n and become c h l o r o t i c . 
The second form does not bind t e n t o x i n to any degree; species 
having t h i s form are r e s i s t a n t to the t o x i n and remain green. In 
support of t h i s idea, r e c i p r o c a l crosses were made between 
s e n s i t i v e and r e s i s t a n t N i c o t i a n a species. Since CFj i s 
maternally i n h e r i t e d , we expected that the r e a c t i o n of the Fj 
progenies to t e n t o x i n would be i d e n t i c a l to that of the maternal 
parent. Such was the case (Table I I ) (18). S e n s i t i v i t y a l s o i s 
a b s o l u t e l y c o r r e l a t e d with the i n v i t r o response to t e n t o x i n of 
the maternally i n h e r i t e d form of CF^; that found i n r e s i s t a n t 
species i s unaffected by t e n t o x i n at l e v e l s 10,000-fold higher 
than i s required f o r 50X i n h i b i t i o n of the CF^ from s e n s i t i v e 
species (19). Also, when CFj-depleted c h l o r o p l a s t s from 
s e n s i t i v e species are r e c o n s t i t u t e d w i t h C F j 1 s from r e s i s t a n t 
species, c y c l i c photophosphorylation i s protected a g a i n s t 
t e n t o x i n . However, when CFj's from s e n s i t i v e species are used 
i n the r e c o n s t i t u t i o n , the r e a c t i o n i s s e n s i t i v e to t e n t o x i n (20). 
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MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I I . Reaction of Seedlings of I n t e r s p e c i f i c N i c o t i a n a Hybrids 
to Tentoxin (20 

Hybrid Reaction a 

s o l a n i f o l i a χ 
k n i g h t i a n a χ 
c o r d i f o l i a χ 
tabacurn χ 
raimondii χ 
k n i g h t i a n a χ 

k n i g h t i a n a 
s o l a n i f o l i a 
tabacum 
c o r d i f o l i a 
k n i g h t i a n a 
raimondii 

+ 

+ 

+ 

aA + s i g n denotes l e a f c h l o r o s i s ; a 
appearance of the p l a n t . 

s i g n denotes a normal 

Presumably, a t some point i n p l a n t e v o l u t i o n , a mutation 
occurred w i t h i n one of the s t r u c t u r a l genes encoding CF^ that 
rendered i t s e n s i t i v e to t e n t o x i n . Subsequently, these two forms 
of the p r o t e i n were p a s s i v e l y d i s t r i b u t e d among l a t e r - e v o l v i n g 
p l a n t s . How such plants o r i g i n a t i n g beyond t h i s p o i n t have 
evolved i s t h e r e f o r e mirrored i n t h e i r r e a c t i o n to t e n t o x i n . 

A d d i t i o n a l t a r g e t s of t e n t o x i n have been proposed (21-23). 
However, whether or not there i s a common denominator to a l l these 
p u t a t i v e t a r g e t s , whether one or more of these proposals i s i n 
e r r o r , or whether there are indeed m u l t i p l e and d i s t i n c t t a r g e t s 
of t h i s t o x i n remains to be e l u c i d a t e d . 

The [D-MeAla] analog of t e n t o x i n has been shown to e x i s t i n 
m u l t i p l e conformations i n s o l u t i o n , which d i f f e r i n t h e i r a b i l i t y 
to i n h i b i t coupled e l e c t i o n t r a n s p o r t i n c h l o r o p l a s t s (24). This 
f i n d i n g i s the f i r s t demonstration that conformers of a molecule 
can have d i f f e r e n t b i o l o g i c a l a c t i v i t i e s , and points to the idea 
that t h i s kind of behavior might be u s e f u l l y considered i n the 
design of b i o c i d e s . 

T a g e t i t o x i n 

Figure 3. T a g e t i t o x i n . 
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3. DURBIN Biochemistry <f Non-Host-Selective Phytotoxins 69 

T a g e t i t o x i n represents yet another kind of c h l o r o s i s - i n d u c i n g 
t o x i n . Produced by Pseudomonas syringae pv. t a g e t i s i n n e c r o t i c 
l e a f spots, t h i s t o x i n i s then e f f e c t i v e l y t r a n s l o c a t e d to the 
host's apex where i t causes a very c h a r a c t e r i s t i c c h l o r o s i s . The 
lower leaves and pe t a l s appear outwardly unaffected. This i s 
because the apex i s r a p i d l y making p r o t e i n s , whereas the lower 
l e a f s have a much lower r a t e of p r o t e i n synthesis and thus are 
les s a f f e c t e d . P r o v i s i o n a l l y , t a g e t i t o x i n has been assigned a 
very unusual s t r u c t u r e , a s u b s t i t u t e d 9-oxa-3-thiabicyclo 
[3.3.l]nonane, mol. wt. 416 (Figure 3) (25). I t s mechanism of 
a c t i o n i s a l s o unusual. In i n t a c t p l a n t s , i t s e l e c t i v e l y i n h i b i t s 
the a c t i o n of c h l o r o p l a s t i c RNA polymerase (26), but appears to 
have no a f f e c t on the other RNA polymerases contained i n the 
nucleus and mitochondrium (Mathews, D. and Durbin, R. D. J . B i o l 
Chem., i n press.) However, in v i t r o i t i n h i b i t s nuclear RNA 
polymerase I I I and to a much le s s extent polymerase I I , but a t 
higher concentrations than i n the case of in p l a n t a c h l o r o p l a s t i c 
RNA polymerase i n h i b i t i o n . Polymerase I though i s not a f f e c t e d . 
This spectrum of a c t i v i t y i s unique. Thus, t a g e t i t o x i n may prove 
to be a very valuable metabolic probe as w e l l as a p o t e n t i a l 
t h e r a p e u t i c agent. I t a l s o might be u s e f u l as an h e r b i c i d e . 
Furthermore, i f the reason(s) why the t o x i n can t r a v e r s e the 
plasmalemma and c h l o r o p l a s t envelope but not the nuclear membrane 
were known, i t might be very valuable information f o r the design 
of o r g a n e l i e - s p e c i f i c b i o c i d e s . 

I n t e r e s t i n g l y , i n c u l t u r e most i s o l a t e s of the bacterium do 
not produce t a g e t i t o x i n ; however, the a d d i t i o n of s p e c i f i c 
amino-containing compounds w i l l " t u r n on" i t s production. Other 
such examples are known, which points up the importance of 
pro v i d i n g the proper n u t r i t i o n a l and enviromental c o n d i t i o n s (e. 
g., temperature, m i c r o n u t r i e n t s , pH, C or Ν source) i n screeing 
programs. 

Concluding Remarks 

I suspect th a t the synthesis of many non h o s t - s e l e c t i v e t o x i n s by 
pathogens have been chance events. As Turner (27) has sta t e d , the 
o r i g i n s of t o x i c and non-toxic metabolites, "are o f t e n so s i m i l a r 
that the possession of a n t i b i o t i c a c t i v i t y must be regarded as a 
f o r t u i t o u s property of the product." I t seems t h i s probably comes 
about because pl a n t s contain a m u l t i t i u d e of p o t e n t i a l receptors 
f o r phytotoxins. I t only remains f o r the pathogen to e x p l o i t t h i s 
by the production of a compound that can i n t e r a c t w i t h and perturb 
the f u n c t i o n or s t r u c t u r e of the rec e p t o r - c o n t a i n i n g plant 
molecule. Given the c a p a b i l i t y of microorganisms, e x p e c i a l l y 
f u n g i , to synthesize a myriad of d i v e r s e , small molecules and 
t h e i r genetic p l a s t i c i t y , i t i s not s u p r i s i n g then that they 
produce t o x i n s . 

Once a t o x i n - t a r g e t i n t e r a c t i o n has been e s t a b l i s h e d , i t 
l i k e l y provides a s e l e c t i v e advantage to the pathogen and thus 
becomes f i x e d i n the population. That s a i d , one may l e g i t i m a t e l y 
ask what advantage t o x i n s provide. In the general sense we can 
argue that most to x i n s must have some p o s i t i v e s u r v i v a l value 
because the amount of genetic information required f o r t h e i r 
s y n t h e s i s , r e g u l a t i o n and f o r s e l f p r o t e c t i o n mechanisms i s 
s u b s t a n t i a l and would not be sustained unless i t had p o s i t i v e 
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70 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

s u r v i v a l value (28). Also, we tend as p l a n t p a t h o l o g i s t s to 
b e l i e v e that the a b i l i t y to synthesize phytotoxins should make 
pathogens more su c c e s s f u l a t causing disease. However, although 
there are a number of examples i n which i n v e s t i g a t o r s have shown 
that t o x i n production increases the amount of disease, Tox~ 
mutants s t i l l appear to m u l t i p l y and s u r v i v e j u s t as w e l l as t h e i r 
w i l d type counterparts. So one has to be c a r e f u l i n d e c i d i n g what 
basis i s to be used to d e f i n e f i t n e s s . Perhaps a l s o , i n some 
cases the p o t e n t i a l advantage of t o x i n production to the pathogen 
has to do more wi t h i t s saprophytic r a t h e r than p a r a s i t i c phase. 
As students of p l a n t disease, we may be viewing pathogens i n 
e n t i r e l y too narrow a view. 

I m p l i c i t i n these thoughts i s the notion that phytotoxins 
increase disease and therefore by d e f i n i t i o n must be produced i n 
p l a n t a . One needs to remember though tha t many t o x i c metabolites 
are produced i n c u l t u r e which e i t h e r are not produced i n p l a n t a or 
are produced a t such a low l e v e l that they are not important i n 
the e l i c i t a t i o n of a p a r t i c u l a r d i s f u n c t i o n . Genetic manipulation 
might be used to a l t e r t h i s s i t u a t i o n to b e n e f i t b i o l g i c a l c o n t r o l . 

In t h i s regard, i f one i s t h i n k i n g about the t r a n s f e r of 
t o x i n - s y n t h e s i z i n g genes, one a l s o may have to consider the 
simultaneous t r a n s f e r of s e l f - p r o t e c t i o n genes i f microrganisms 
possess the t a r g e t . Depending upon whether these genes are 
c l u s t e r e d and/or s i t u a t e d near the s y n t h e t i c and r e g u l a t o r y genes 
f o r the phytotoxins, i t may be a much more d i f f e r e n t p r o p o s i t i o n 
to g e n e t i c a l l y engineer t o x i n production than i t f i r s t would 
appear. 

Toxins have evolved to take advantage of very subtle 
s t r u c t u r a l features of c r i t i c a l p l a n t molecules, and, most 
importantly, the host plant cannot r e a d i l y a l t e r the t a r g e t to 
counteract the t o x i n ' s a c t i v i t y . In a d d i t i o n , t o x i n s many times 
have evolved ways that a l l o w them to be e a s i l y transported across 
b a r r i e r s - o f t e n times they mimic e s s e n t i a l metabolites or 
i l l i c i t l y u t i l i z e common tr a n s p o r t mechanisms. There are other-
reasons why phytotoxins should have great i n t e r e s t to those 
concerned with h e r b i c i d e s : they are a c t i v e at extremely low 
concentrations, and g e n e r a l l y appear to be unaffected by p o t e n t i a l 
degrading enzymes w i t h i n the host c e l l ; they o f t e n are novel i n 
s t r u c t u r e ; furthermore, the amount of information we have on 
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 i s l i m i t e d and mostly 
q u a l i t a t i v e , making i t l i k e l y that much more can to be learned f o r 
our b e n e f i t ; and l a s t l y , mechanism of a c t i o n studies by d e f i n i n g 
the s p e c i f i c t a r g e t s w i t h i n the c e l l being perturbed, p i n p o i n t 
c r i t i c a l r e a c t i o n s t h a t can be taken advantage of. T r u l y , non 
h o s t - s e l e c t i v e t o x i n s can be very important sources of knowledge 
as w e l l as progenitors of b i o c i d e s . Since they may a l s o i n h i b i t 
organisms other than p l a n t s , they may prove to be u s e f u l i n other 
arenas as w e l l . 
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Chapter 4 

Satellite Metabolites and Synthetic Derivatives 
of Abscisic Acid as Potential Microbial Product 

Herbicides 

Horace G. Cutler 

Richard B. Russell Center, Agricultural Research Service, U.S. Department 
of Agriculture, P.O. Box 5677, Athens, GA 30613 

The recent isolation of abscisic acid (ABA) from the fungi 
Cercospora cruenta and blue light-irradiated Botrytis 
cinerea has led to renewed interest in the development of 
ABA and its derivatives as practical plant growth regula
tors. The discovery of relatively large quantities of ABA 
has led to two developments: first, the synthesis of ABA 
derivatives that have plant regulatory activity and 
second, the isolation and identification of satellite 
metabolites. A review of the work and possible synthetic 
suggestions are presented and include the synthetic cy
clization of ABA to produce bicyclics with distinct bio
logical activities and the isolation of metabolites, in
cluding (2Z,4E)-(+)-4'-hydroxy-gamma-ionylideneacetic 
acid, from C. cruenta and Stemphylium sp. The potential 
exists, with the bicyclic derivatives, to produce herbi
cides. 

In the late sunmer of 1957, I.D.J. R i i l l i p s joined our labora
tory at the Boyce Thcnpson Institute, Yohkers, New York, as a 
pre-^ioctoral student. He was an exchange student from the labora
tory of S i r P.F. Wareing, who had recently moved from the University 
of Manchester to Aberystwyth, Wales, and Phillips was seconded to 
Professor A.J. Vlitos, for two years. IXiring that period I had the 
exceptional honor, and luck, of working with Phillips during which 
time he constantly referred to the β-inhibitar that was present 
i n the dormant buds of Acer rrairtrolatanus. He explained, i n de
t a i l , that the secondary metabolite was present i n the buds when 
they were l a i d down i n the sunmer and that the amount of inhibiting 
substance, on a gram weight basis of collected buds, remained high 
through the winter months, then proceeded to drop in December and 
January. By March when Spring started i n the British Isles 
(Phillips assured me that there i s a spring i n England), the t i t r e 
of ^-inhibitor had diu|jped to exceedingly low levels. At a point 
when the inhibitor was no longer present, buds broke dormancy and 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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4. CUTLER SatMuMHakolu^aMdSynthetkDtm 73 

stem and leaf growth appeared. The experiments designed by Phillips 
ware elegant and included the separation, frxxn crude extracts, of 
the inhibitor i n zones on paper ciirxxnatograms which, at the time, 
had recently been introduced into the laboratory. In a typical 
separation, the crude material, usually obtained from a methanol 
extraction of buds (and, later, leaves), was spotted onto paper 
chromatxxjrams, developed i n a suitable solvent (iso-
propanol:aiaicnia:water), the chrxxnatograms were then dried, cut into 
ten equal parts (Rf 0.0-1.0) and the cut pieces were introduced into 
test tubes with approximately 2 ml of water. To these were added 
ten etiolated wheat coleoptiles, under suhdueri green safelight and, 
following treatment, the extension of the coleoptiles was recorded. 
The ^-inhibitor present i n sycamore buds was extremely active 
against etiolated wheat coleoptiles and these findings were pub
lished (1,2). Further, Fhillips stated that the growth of leaf 
disks of Acer pseudcolatanus could be inhibited by the dconancy 
factor that had been eluted, i n water, from paper chromatograms. 
Discussions centered around the practical use of the inhibitor to 
control the emergence of weed seeds by pre^lanting application to 
t i l l e d fields and other "herbicidal 1 1 applications. There was no 
doubt that Wareing i n the United Kingdom and Addicott i n the United 
States, who had discovered an identical compound i n cotton (Gos-
gypim fiirsutum L. ) bolls, were hot on the t r a i l of an inportant 
secondary metabolite. The British work implied that dormancy i n 
tree buds could be chemically explained, while that of the Americans 
clarified, i n cotton, the acceleration of abscission i n leaves and 
bolls. Inportantly, the methods by which this chemically-unknown 
substance had been detected involved the exogenous application of 
the material to either etiolated wheat (Triticum) coleoptiles i n the 
case of Acer nseudoplatanus buds, or Avena coleoptiles, i n the case 
of the cotton metabolite. In both bioassay species indole-3-acetic 
acid (IAA) caused curvature when applied to the etiolated tips of 
the seedlings but, IAA in ocmbination with the inhibitor induced far 
less bending. The inhibitor also accelerated abscission when ap
plied to cotton f r u i t or pedicels frxxn which the f r u i t had been 
removed. In a l l these cases, the effects were those observed on 
hJTher Plants following application, and not îniczoorganisms or verte
brates. 

The structure of the inhibitor was elucidated by Ohkuma et a l . , 
i n 1965 (3) and given the t r i v i a l name abscisin I I , later, this was 
changed to abscisic acid (Figure 1). In 1965, Cornforth synthesized 
(±) -abscisic acid (ABA) (4), and relatively large samples of this 
isomeric mixture became available for further work, as opposed to 
the very limited milligram quantities of (+)-ABA that had been ob
tained from plant sources. The biologically active species i s the 
2-cis(+) form; the 2-trans(-) isomer i s relatively inactive. This 
means that any evaluations wherein the synthetic form (±) i s used 
must be clearly stated as such. 

Over the intervening 25 years, there have been no major develop
ments with respect to the use of abscisic acid, either i n the native 
or derivatized form, i n agriculture. The early promise that the 
compound showed for controlling the breaking of dormancy i n stored 
products such as Irish and sweet potatoes, onions, carrots, and 
other cxxnnodities, has not materialized. Neither has a use been 
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74 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

found for abscisic acid i n prolonging dormancy i n f r u i t trees, es
pecially i n the transition zones of the world where bud break 
brought on by unseasonably warm weather followed by a freeze leads 
to ccnplete yield or crop destruction. Even the effects of 
(±)-ABA on seed germination appears to have gone unexploited as a 
possible selective pre-emergenoe herbicide. This despite the fact 
that (±)-ABA seems relatively non-toxic figures are not 
given i n the Merck Index). Paradoxically, 109 ABA analogs and metab
olites have been isolated, synthesized, and their biological a c t i v i 
ties i n various assay systems reported without much advancement i n 
practical application (5). As i f to complicate the cxxundrum, ab
scisic acid has been implicated i n controlling abscission, bud dor> 
mancy, seed dormancy, tuberization, flowering, stomatal closure, 
drought resistance, root growth, f r u i t ripening, senescence, and 
membrane transport (6) · Practical use of ABA seems to stick at one 
point: abscisic acid i s not readily transported across leaf c u t i 
cles. Earlier work demonstrated that ABA i s so poorly transported 
across leaf barriers that insuffcient material penetrates the c e l l 
to induce a response. E>qperiments with astomatous cuticles isolated 
from tomato f r u i t , and the upper epidermis of apricot leaves, pear, 
and orange, showed that penetration was linear with time, was 
greater through dewaxed than non-deuaxed cuticle and was more 
facile as the undissociated ion. Inportantly, naphthalene acetic 
acid and 2,4-&chlcrophenGKyaoetic acid were 3 - 6 times more ef
fective that (±)-ABA i n cuticular penetration (7). More s i g n i f i 
cant was the finding that ABA was not metabolized to another chemi
cal species during transport across the cuticle. 

I f the cause of response to ABA i n reaching i t s target site(s) 
when applied to higher plants i s due to leaf penetration, we are 
faced with an apparent paradox. ABA has recently been discovered i n 
the brains of pigs, rats (8), rodents and ruminants (9), and there 
are only two possible origins for this material. First, i t may be 
obtained from dietary sources, in which case the ABA must survive 
passage through the digestive system, cross into the blood stream, 
be carried to the proximity of the brain and pass through the blood 
brain barrier into the brain where i t i s , presumably, slowly metabo
lized. I t i s d i f f i c u l t to transfer chemical cxmpounds across the 
blood brain barrier, a constant nemesis for the medicinal chemist 
who must synthesize compounds with precise lipophilic and hydro-
ph i l i c properties to reach the receptor sites i n the brain. I f this 
i s the case for ABA reaching the brain i n the mammalian system, then 
i t i s something of a contradiction that ABA can be transferred 
across a number of membranes and barriers, a l l possessing differing 
properties, yet not penetrate leaf and stem tissure i n plants i n 
sufficient quantity to induce a significant response. However, i t 
i s also possible that ABA i n brain tifisw i s synthesized de novo, 
implying that the genetic code for manufacturing ABA exists i n micro
organisms, plants and animals and has not been deleted during the 
evolutionary process. 

Two points have governed the possible development of ABA as an 
agpdcultural chemical. First, the relatively low yields of ABA from 
higher plants , as opposed to ndCTOorgarrisms, has precluded the 
isolation of biosynthetically dependent satellite metabolites which 
occur in less quantity which may also have potent biological activ-
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4. CUTLER Satellite Metabolites and Synthetic Derivatives of Abscisic Acid 75 

i t y . Second, there has been a preoccupation, especially i n Western 
science, with the node of action of ABA; and some of the earlier 
questions cxncerning the practical use of ABA have been held i n 
abeyance. Ihis may now be changing. 
ABA and Associated Metabolites in Rmai. 
The recent discovery of (+) -cis-ABA (Figure 1) i n relatively large 
abundance i n fungi, especially Oercospora rosicola (10), C. cruenta 
(11), and a blue light (360 nm) sensitive strain of Botrvtis 
cinerea. which produced 9.3 mg/100 mL of liquid culture (12), may 
mark the turning point for the discovery of homologs and analogs of 
ABA for agricultural use. Because yields of ABA can be increased by 
subjecting producer microorganisms to stress, the associated satel
l i t e metabolites may be oonoomitantly produced i n greater quanti
ties, isolated i n pure state and then utilized or derivatized for 
specific biological use. Concurrently, the associated metabolites 
may be used to deduce, by suitable labelling, the biosynthetic path
ways for ABA. Isolation of the satellite metabolites, followed by 
introduction of those metabolites to other fungi which, presumably, 
more efficiently convert them to other ABA precursors, has furnished 
valuable information. For example, i n addition to the discovery of 
(+)-ABA in Ç. rosicola a further compound, (+)-(2Ζ,4Ε)-4·-αχο-
^oc-ionylideneacetic acid (13) (Figure 2), which occurred i n small 
quantities, was discovered. Later, i t was found that another fungal 
species, £. cruenta could produce large quantities of (+)-ABA and 
(+) - (2Z, 4E) -41 -axo-a-icnylideneaœtic acid (11). Biere followed the 
discovery that by feeding (+)-(2Z/4E)-o~ionylideneacetic acid (Figure 3) to £. cruenta the micxœrganism could convert the com
pound to (+)-4·-1̂ ΰτΌ̂ -α-1οτν1άχΪΒηΒ3σβ̂ σ acid; (+)-(2Ζ,4Ε)-4·-οχο-
-or-ionylideneaoetic acid; and (+)-ABA (14) (Figure 3), thereby estab
lishing some of the biosynthetic sequence for (+)-ABA. Two points 
of interest are that the 4' position of (+)-c^iorylideneacetic acid 
has been partially oxidized to produce the OH derivative, or com
pletely oxidized to biosynthetically make the (+)-4'-oxo product. 
The metabolite (+) -ot-ionylidene acid has been shown to e l i c i t the 
same plant growth inhibitory activity as (+)-ABA(14) ; and the 
(+)-4'-axo derivative does not appear to have been tested. A fur
ther development with respect to (+)-ABA metabolites was the isola
tion of (+)-(2Z,4E)-trarjs-l,4 ,-dihyto^ acid 
(Figure 4) from Ç. cruenta. The major difference between this com
pound and those previously mentioned i s the l 1 position which has 
been oxidized to produce an hydroxyl function. This metabolite more 
closely resembles (+)-cis-ABA with the exception that the 4,-oxo i s 
now an hydroxyl, the 5'-6' position i s saturated (this corresponds 
to the 2'-3' unsaturation i n ABA, which i s numbered anticlockwise i n 
the cyclohexene ring), and there i s a methylene function at 61 (the 
corresponding position i s 2 1 i n ABA from which i s subtended a CH3 group). These changes are substantial enough to alter the biologi
cal activity so that (+) -trans-i 1,4 1 -dihydroxy-y- ionylideneacetic 
acid i s only, approximately, one-tenth as active as (+)-ABA i n rice 
seedling assays (15). I t i s somewhat surprising that the minor 
addition of two protons at the 41 position and transition of the 
methyl to methylene reduces biological activity of the molecule by 
90% compared with (+)-ABA. 
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CUTLER SateOite MHaboUta amd SynthetkDenvatwesofAbsciskAcid 

H 3 C V X H 3 Ç K 

COOH 

(+)-(2Z, 4EW-ionylideneacetic acid 

(Cercospora cruenta) 

ABA (+H2Z, 4 E ) - 4 -oxo-of 
ionylideneacetic acid 

COOH 

(+)-4'-hydroxy-*-ionylideneacetic acid 

Figure 3. (+)-(2Z,4E)-<r-iGnylldeneacetic acid 
(+) - (2Z, 4E) -41 -oxD-op-ionylidenaacetdc acid 
(+) -41 -hydray-ct-icnylideneaoe^ acid 

Η , α CH, Ç H 3 

C H 2 COOH 

(Cercospora cruenta) 

Figure 4. (+) - (2Z. 4E) -trans-l '. 4 ' -dihydroxs^-icnvlider^ 
acid 
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78 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

There exists a mcnchyaroxy congener, (2Z,4E)-ethyl- l'-hydraxy-
-Ύ-ionylideneacetic which also inhibits rice seedlings and this 
differs structurally by the absence of a 41 hydroxy 1 function and, 
the OOCH free acid moiety function has been modified to ethyl ester 
(16). I t should also be pointed out that the methyl ester 
(OOOCHo) of (+) -trans-1 1,4 1 -dihychxKy-Y-icnylideneacetic acid 
exhibited selective inhibitory behavior, f u l l y inhibiting the ger
mination of lettuce seed (cv. Great lakes) when applied at concentra
tions of 10"4 M, for a period of 5 days at 28*C (16). 

Another dihydrcxy natural metabolite of (+J-ABA i s l l,4 f-trans 
diol (Figure 5) which has been isolated from Botrvtis cinerea and 
proposed as a metabolite i n Oercospora cruenta and £. rosicola (17) : 
i t also occurs i n Pisum sativum and Persea fflreiiranfl (18) · There i s 
no record of this oumpouiid having been assayed for plant growth 
regulatory activity i n either study. 

During the search for a lettuce seed germination inhibiting 
substance from a species of ffi^^lium (unidentified) a novel com
pound was isolated, (2Z f 4E) - (+) -4 ' -hydroxy-ï-icnylideneacetic acid (Figure 6) (19), which differed from the previously described com
pound (+)-(2Z,4E)--txans-1^4,-dihydra acid, by 
the absences of the 1» hydroxyl (Figure 4) and, from (+)-4'Hiydroxy-
-Y-icnylideneacetic acid by a methylene group at position 61 (Figure 
3). The metabolite, (+) -41 -hydraxy-Y- ionylideneaoetic acid, had 
been discovered earlier i n Oercospora cruenta (20,21), and i t had 
been determined that i t inhibited the germination of lettuce seed 
(cv. Great Lakes) 50% when applied at rates greater than 50 ppm, 
whereas more than 5 ppm of (+J-ABA achieved the same results i n 
identical bioassays (19). 

Another natural ABA hcmolog that has been isolated from Oer
cospora cruenta i s (2Z,4E)-Y-icnylideneettianol (Figure 7), and this 
ccmpuuiKl has also been synthesized, as the (±) -isomeric mixture, 
starting from (±) -Y-icnone (20). In bioassays with rice seed
lings, the natural metabolite inhibited growth 60% at 5 χ 10"4 M 
relative to controls, but the data for the (±) -isomeric mixture 
were not given (20). Additionally, another metabolite from the 
identical fungal source was (2Z,4E)-Y-ionylideneacetic acid (Figure 
8) which proved to be less active than the homologous alcohol, i n 
hibiting rice elongation only 42% ccmpared to controls at 5 χ 
10"^ (20). Comparison with (±)-ABA and (2Z,4E)-
-Ύ-ionylideneacetic acid in the same set of experiments demonstrated 
that both substances inhibited rice 100% at 10~4 M concentration. 
Neither ester derivatives of (2Z,4E)-Y-icnylideneacetic acid, nor 
ether derivatives of the corresponding alcohol appear to have been 
synthesized or tested for biological activity and because of the 
selective biological responses obtained with the methyl ester of 
(+) -trans-1 1,4 1 -dihydroxy-Y-icnylideneaœ^ acid (vide supra), this 
synthetic exercise may prove worthwhile. 

W-ABA Synthetic Preriucts. 
Examination of the ionylideneaoetic acid model leads to the question 
of other possible substitutions on the cyclohexane structure and the 
cxxKxxnitant effect on biological activity. Again, Oercospora 
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4. CUTLER Satellite Metabolites and Synthetic Derivatives of Abscisic Acid 79 

cruenta has been shown to produce a stereoisomeric mixture of 
3 1 -hçydroxy-Y-iorylidmaaoBtic acid (Figure 9) (unpublished, cf 
[22]), though earlier this compound was shown to be produced by Ç. 
crumta when i t was fed 
[2-^C]-(2Z,4E) -11,41 -dihydroxy-Y-ic^ acid (23). 
While the biological data were not reported for this unusual metabo
l i t e , synthesis of four chiral stereoisomers was successfully accom
plished using (+) - (S) -3-hydroxy -2,2-dimethyl-l-cycachexanone as the 
chiral starting material (22). Of these, the (+)-(l'S,3'S)-(2Z,4E)-
-3· -hydroxy—ionylideneacetic acid (Figure 10) was only mildly 
inhibitory to the germination of lettuce and radish seed to the 
extent that i t was approximately 1% as active as (+) -ABA. In rice 
seedlings, no growth inhibition was observed. The remaining three 
chiral isomers were either not tested, or were inactive. As noted 
earlier, the 41 -hydrOxy-Y-icaylideneacetic acid has 10% of the ger
mination inhibition activity of (+)-ABA i n lettuce. 

Synthesis of (±) -decxyabscisic acid isomers has also been 
accomplished as an exercise to prove the structure of a Cjc ABA 
metabolite, found in wilted pea seedlings (Pisum sativum) (24). Ihe 
synthesis proved that the C^5 metabolite was traœ-l,,4,-dihydraxy-
-Y-ionylideneacetic acid ana not, as had previously been reported, 
the deaxy-abscisic metabolite of (-f)-ABA (25). An added result of 
the synthetic program i s that both the 2Z and 2E-deoxy-abscisic 
acids (Figure 11) were tested for biological activity on rice seed
lings and germinating lettuce seed. Ihe 2Z acid was moderately 
active against second leaf sheaths of Sasaminori cultivar rice 
plants at 10~3 M (-80% inhibition). Lettuce seed germination 
was inhibited 100% at ΙΟ"4 M and -30% at 10"5 M. The 2E acid 
was mildly inhibitory at 10~3 M against second leaf sheath of rice 
(-20%) and fu l l y active against lettuce seed germination at 5 χ 
ΙΟ"4 M (25). 

Some of the most recent syntheses have been those of ABA analogs 
that were made to probe the receptor sites of (+)-ABA i n plants. 
These included the three compounds shown in Figure 12. While the 
substitutions remain in the same position on the phenyl ring for 
each analog, the substitutions on the cyclohexene ring are altered 
at the l 1 and 4' position so that i n the f i r s t molecule the lf=H and 
4·=Η2; i n the second, 1·=Η and 4»=C; and in the third, l'=CH and 
4*=0. A l l the synthetics elicited only weak responses i n sup
pressing germination i n cress at 10 , and 10~4 M. In mung bean 
cutting bioassays, analog 2 (Figure 12) inhibited epicotyl exten
sion to a greater extent than ABA, and analog 3 (Figure 12) i n 
creased transpiration by 60% at ΙΟ""4 M (26). Thus, a synthetic 
analog of ABA now exists that i s more potent i n a specific assay 
than ABA, when applied exogenously. Because of the success of these 
experiments i t i s probable that other analogs w i l l be forthcxmlng. 
The group that synthesized these analogs has postulated that the 
design was based on the thesis that the sp 3 bonds i n the ABA side 
chain might rotate under certain cellular environmental conditions 
i n proximity of the receptor sites. Structurally, this means that 
the side chain almost forms a ring structure when folded "upward". 
Be that as i t may, recent œrrespondence (Dr. S. Yoshida, Tokyo 
University) now reports that phenolic analogs of ABA have been 
made. Using Figure 12 as a reference, these analogs have the f o l -
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80 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

(Botrvtis cinerea) 

(Pisum sativum) 

(Persea americana) 

Figure 5. l',4'-iwu-diol of ABA. 

(Cercospora cruenta) 

Figure 7. (22^4E)-7-ionyiideneethanoL 

(Cercospora cruenta) 

Figure 9. 3'-hydroxy-nr-ionylideneacetic 
acid. 

(Cercospora cruenta) 

(Stemphylium sp.) 

Figure 6. (2Z,4E)-(+)-4'-hydraV-T 
ionyiideneacetic acid. 

Figure 8. (2Z,4E)^ionylideneacetic 
acid. 

[synthetic] 

Figure 10. (+Hl'3'S)-(2Z,4E)-3'-
hydroxy-7-ionyiideneacetic acid. 
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4. CUTLER SateOUe Metabolites and Synthetic Derivatives of Abscisic Acid 81 

lowing substitutions on the phenyl ring: the CH3 function i s 
replace by an OH, and the OH i s replaced by either a proton, methyl, 
or ethyl function. The corresponding biological acitvity i s changed 
accordingly. Also, carboxylic analogs have been prepared exchanging 
the CHo function, just mentioned, with a O0GH group. I t becomes 
evident that further substitutions, including carboxylic acid esters 
and hydroxyl derivatives to produce ethers may change biological 
activity. Of course, from the practical herbcidal standpoint the 
presence of a phenyl group leads to the obvious consideration of a 
2,4-dichloro substituted product and, for other purposes, the syn
thesis of a dinitro analog. 

The total synthesis of four stereoisomers of (±)-methyl 
phaseate from (±) -4- (61 -acetaxymethyl-21,61 -cliiiet±yl-l-cycachexen 
-1 1 -yl) -but-3-en-2-one was accomplished i n 1986, but the biological 
activity was not reported (27). Later, (+)-methyl phaseate was 
successfully synthesized from (-) -0-pinene (28); but, again, no 
biological data were given. The specific isomer (-)-phaseic acid 
(Figure 13) was originally isolated from Bfflg?9lujg multiflorus 
(29). Earlier experiments with phaseic acid, obtained from bean 
embroys, demonstrated that the metabolite was as effective i n inhib
i t i n g Qf-amylase production i n barley fHordeum vulaare) aleurone 
layers as (±)-ABA (30), but other work with phaseic acid i n 
dicated that i t was only 10% as effective as (±)-ABA i n acceler
ating abscission i n the excised nodes of cotton seedlings (31). 

Analogs of ABA and Practical Use 
With the exception of the research of Yoshida et a l . (26) which 
represents the coalition of two ideas, that i s the elucidation of 
the mode of action of (+)-ABA relative to receptor sites and produc
tion of practical analogs of (+)-ABA for possible agricultural use, 
virtually a l l endeavors concerning (+J-ABA have been concerned only 
with the possible mode of action of (+)-ABA. Thus, a l l of the struc
tures that we have just examined have primarily been evaluated to 
determine their relative role i n (+)-ABA formation and metabolism. 
This i n no way detracts from the d i f f i c u l t and elegant chemistry 
that has been carried out. 

Analogs of (+Î-ABA and Practical Use 
OCT interest i n (±)-ABA has been twofold. First, because there 
are obvious possible synthetic derivatives yet to be made which may 
have practical agronomic application and second, because we find 
that certain existing analogs have practical application. I t w i l l 
be noted that i n the discussion by Walton cxxrerning the struc
ture-activity relationships of ABA analogs and metabolites (5), 
reference i s made to or-ionol, and oc-ionone, and their effects on 
stomatal closure i n tests ornchictfld on epidermal strips. In 1985, 
results of the effects of 0-ionone, another analog of ABA, on 
Aspergillus flavus were published and this proved to have patentable 
application (32) · Specifically, /9-ionone (Figure 14) inhibited 
sporulation of &. flavus at concentrations ranging from 10 to 
10"5 M. This was a significant discovery because &. flavus i s the 
producer of the aflatoxins, a series of related canopcunds that are 
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(Phaseolus multiflorus) CH 3 

Figure 13. (-)-phaseic acid Figure 14. 0-ionone 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

4



4. CUTLER SateUite Metabolites and Synthetic Derivatives of Abscisic Acid 83 

potent hepatic carcinogens which are present i n seme food products. 
An aflatoxin concentration of parts per b i l l i o n may produce cancers 
in mammal s and fish. More Importantly, the aflatoxins concentrate 
i n the spores of flavus and are not found i n the mycelium. 
Beta-ionone, while allowing the mycelium to grow at an arrested 
rate, inhibits spore formation (33), thereby eliminating aflatoxins 
production. As an interesting aside, /9-ionone i s the predominant 
fragrance i n English violets, the scent of which permeates the atmos
phere of a room almost to the point of becoming cloying when 
bouquets of the flowers are present. A patent for the use of 
/3-ionone to control &. flavus as a fungistatic agent was granted 

i n 1982 (34). The alcohol, 0-ionol, was approximately half as 
active at /9-ionone against ft. flavus (32). 

Because (+)-ABA was f i r s t discovered using the wheat coleoptile 
assay, the latter i s always a suitable reference point for assaying 
ABA analogs and homologs to determine their relative activity. We 
have recently reevaluated (±)-ABA in our etiolated wheat coleop
t i l e bioassay (Triticum aestivum L. çy. Wakelandl and found that i t 
inhibits 100, 100, 81 and 62% at 10"3, 10~4, 10"5, and 10"6 

M, respectively, relative to controls (Figure 15). The elements of 
the etiolated wheat coleoptile consisted of sowing wheat (Triticum 
aestivum L. cv. Wakeland) on moist sand i n trays, covering the trays 
with aluminum f o i l to maintain high humidity, and placing them i n a 
dark room at 22±°C for four days. Following gemination and 
emergence, the shoots were removed from the caryopses and roots 
(which were discarded) and the shoots were put into a Van der Weij 
guillotine. The f i r s t two apical millimeters were discarded and 
only the next 4 mm were saved from each etiolated shoot. Ten of 
these ooleoptiles were placed in a test-tube cxartaining 2 mL dipotas-
sium phosphate-citrate buffer, pH 5.6, supplemented with 2% sucrose, 
plus the compound to be tested, and incubated for 18 hours at 
22 °C. A l l manipulations were carried out under a safelight at 
540 nm. Following incubation, a l l sections were blotted on paper 
towels, placed on a glass plate and put into a photographic enlarger 
to produce images X 3, which were measured and recorded. A l l data 
were stat i s t i c a l l y analyzed. In contrast, 0-ionone inhibits 
etiolated ooleoptiles 100 and 23% at 10~3 and 10~4 M, respective
l y (Figure 16). I t i s not clear from the literature as to whether 
other homologs or analogs of ABA have been tested for potential use 
as specific fungicides i n stored products. 

Conclusion 
The homologs and analogs of ABA are candidates for the production of 
practical agricultural chemicals. The primary problem with respect 
to the use of ABA as an agrochemical appears to be mainly that of 
translocation across leaf surfaces into subepidermal cells and, from 
there, movement to the receptor sites. While the predominance of 
the research involved with ABA, and i t s congeners, has been directed 
toward the mode of action of the parent molecule (ABA), i t now ap
pears that a few laboratories are once again re-examining these 
non-toxic secondary metabolites for practical purposes. The most 
important endeavour with respect to the production of a pre-, or 
post-emergence herbicide are the bicyclic ABA analogs synthesized by 
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Figure 15. Effects of (±)-abscisic acid on growth of 
etiolated wheat (Triticum Mfft.yufl L. cv Wateland) 
ooleoptiles. Dotted line: control. Values below 
solid line are significantly inhibited (P < 0.01) 

CONTROL 

10"3 10 ' 4 10" 5 10" β 

MOLAR CONC. 
Figure 16. Effects of /9-ionone on growth of etiolated wheat 

fTriticum aestivum L . cv Wakeland) ooleoptiles. 
Dotted line: control. Values below solid line are 
significantly inhibited Ρ < 0.01) 
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Yoshida et a l . which, i n due course, should generate practical agro
-chemicals which, i t i s hoped, w i l l retain the non-toxic, biodegrad

able properties of the parent molecule. 
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Chapter 5 

Biochemical Responses of Plants to Pathogens 

Robert E. Hoagland 

Southern Weed Science Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 350, Stoneville, MS 38776 

Various enzymes have been implicated in host plant 
resistance to disease. Among the more important of 
these are chitinase, glucanase, glycosidase, NADPH 
oxidase, and several enzymes of secondary plant 
metabolism including phenylalanine ammonia-lyase, 
peroxidase, and polyphenol oxidase. Studies on 
enzymatic resistance to pathogen attack of crop species 
indicate the lack of a universal resistance 
mechanism(s). That is, specific enzyme activities in 
various plant species have often been both positively 
and negatively correlated with infection by various 
pathogens. There is a great need to examine resistance 
mechanisms in pathogen-weed situations if the potential 
manipulation of such interactions for biological control 
is to be realized. Responses of these enzymes to 
pathogen attack and the biochemical processes regulated 
by these enzyme reactions are surveyed. Particular 
emphasis is on enzymes and constituents of secondary 
plant metabolism since their involvement in defense has 
been studied most. Regulation of secondary metabolism 
by agrochemicals and enzyme inhibitors as related to 
pathogen infection and recent research on biochemical 
interactions of some weeds and pathogens are also 
discussed. 

P l an t s defend themselves from a t t a ck by nea r l y a l l microorganisms, 
but some microorganisms (p l an t pathogens, I . e . , f u n g i , b a c t e r i a , and 
v i r u s e s ) have I n f e c t i o n processes t ha t can evade p l an t defense 
mechanisms and cause I n f e c t i o n t ha t may l ead to p l an t dea th . These 
pathogens may confound defense mechanisms by suppress ion o f the 
mechanism(s) o r by not being recogn ized by the host p l a n t . Once the 
p l an t does r eac t to Invas ion by a pathogen, seve ra l enzyme a c t i v i t i e s 
are u s u a l l y inc reased (most ly enzymes o f secondary p l an t metabol ism) 
which r e s u l t s i n the syn thes i s o f compounds such as phy t oa l e x i n s , 
pheno l1cs , l i g n i n and o thers which are known defense chemica l s . 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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88 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Data from whence knowledge o f these defense mechanisms o r i g i n a t e d 
have nea r l y a l l been from s tud i e s on crop p l an t s and t h e i r r e s pe c t i v e 
d i sease organisms. There are v i r t u a l l y no s tud i e s o f such mechanisms 
i n weed-pathogen i n t e r a c t i o n s . Th i s represents a se r i ous vo i d i n the 
f u l l u t i l i z a t i o n o f b i o l o g i c a l weed con t r o l us ing b i o he r b i c i d e s 
(pathogens o r t h e i r ρhytotoxic p r oduc t s ) . 

Because these defense mechanisms d i f f e r w ide l y depending on p l an t 
spec i es and d i sease organisms, and because most p l an t pathogens have 
s p e c i f i c o r a very l i m i t e d host range, the re 1s a need t o examine 
weed pathogen-host I n t e r a c t i o n s I n d i v i d u a l l y . Knowledge o f s p e c i f i c 
weed-pathogen I n t e r a c t i o n s cou ld p o s s i b l y l ead t o chemical 
man ipu la t i on o r c o n t r o l l e d r e g u l a t i o n o f the defense mechanisms to 
Increase b i o h e r b i c i d e e f f i c a c y and prov ide b e t t e r weed c o n t r o l . 
Knowledge o f agrocheraical e f f e c t s on b i o c on t r o l microorganisms 1s 
a l s o l a c k i n g . The scope o f t h i s chapter w i l l be t o examine some o f 
the p l an t defense mechanisms tha t have been repor ted i n the 
l i t e r a t u r e . P a r t i c u l a r emphasis i s p laced on enzymes and products o f 
secondary p l an t metabol ism [ i . e . , pheny la lan ine ammonia-lyase (PAL), 
po lypheny l ox idase (PPO), perox idase (PO) and genera l and s p e c i f i c 
pheno l i c compounds] and on noted Instances o f chemical I n t e r a c t i o n s 
o f these enzymes and secondary p l an t products w i t h enzyme i n h i b i t o r s , 
h e r b i c i d e s , and p l an t growth r e g u l a t o r s . 

Some Important Enzvmes Imp l i ca ted i n P l an t Defense 

The enzymes most commonly s tud i ed i n p l an t defense r e a c t i o n s can be 
d i v i d e d In to two major groups ( l y t i c enzymes and enzymes a s soc i a t ed 
w i th p l an t pheno l i c metabol ism) and a l e s s e r t h i r d group o f g e n e r a l l y 
un re l a t ed enzymes (Table Γ) . D i s cu s s i on o f some o f the s a l i e n t 
In fo rmat ion regard ing the r o l e s and a c t i o n o f these enzymes when 
p l a n t s are i n f e c t e d by pathogens f o l l o w s . Instances where these 
enzymes are thought not to p lay r o l e s i n p l an t defense are a l s o 
p resented . 

C h i t i n a s e and 1 .3- l -G lucanase . C h i t l n a s e and l ,3-/J-g lucanase 
are l y t i c enzymes t ha t degrade c h i t i n and g lu cans , two major 
components o f fung i and fung i Imperfect1 c e l l w a l l s . Both enzymes 
have been imp l i c a t ed f o r some t ime as an t i f unga l defense p r o t e i n s i n 
p l an t s (1-4), a l though pathogenic fung i a l s o produce s i m i l a r enzymes 
(5). Gene r a l l y , t h i s Imp l i c a t i o n r e l y s on severa l p i e ces o f I n d i r e c t 
ev idence: (1) even though c h i t i n a s e has no subs t r a te i n p l a n t s and 
c a l l o s e (1,3-0-g lucanase subs t r a t e ) 1s extremely low i n p l a n t s , 
h igh a c t i v i t y l e v e l s o f both enzymes commonly occur (1, 1); (2) 
i s o l a t e d fungal c e l l w a l l s are degraded by p u r i f i e d f r a c t i o n s o f 
these enzymes (f i-S); (3) pathogen I n f e c t i o n , e l l d t o r s from 
pathogens, and e thy lene Induce these enzymes (S» l f l ) ; and (4) at 
l e a s t one fungal pathogen produces prote inaceous i n h i b i t o r s o f 
1,3-0-glucanase (11). Furthermore, p h y s i o l o g i c a l concen t ra t i ons 
o f these two enzymes are i n h i b i t o r y to the growth o f pathogenic fung i 
(12)- Recent ly c h i t i n a s e and 1,3-0-glucanase have been shown to 
ac t s y n e r g l s t l c a l l y t o I n h i b i t fungal growth (11). 

When the host and pathogen come i n con ta c t , each produces l y t i c 
enzymes as a defense mechanism (F igure 1 ) . Pec t i nase and c e l l u l a s e 
are major emzymes o f pathogens tha t are r e l a t e d to i n f e c t i o n 
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5. HOAGLAND Biochemical Responses of Plants to Pathogens 89 

Table I . Some Enzymes o f P l an t Defense Mechanisms 

React ion 

L v t i c enzvmes 
C h i t i n a s e (EC 3 .2 .1 .14) 

0-1,3 Glucanase (EC 3 .2 .1 .39) 

Enzymes tha t metabo l i ze pheno l i c s 
Perox idase (PO) (EC 1.11.1.7) 

Pheny la lan ine ammonia-lyase (PAL) 
(EC 1.11.1.7) 

Polyphenol ox idase (PPO) 
(EC 1.14.18.1) 

0 -g l y cos i dase (EC 3 .2 .1 .21) 

Other l e s s - s t u d i e d defense enzymes 
NADPH ox idase "system" 

Protease 

Random h y d r o l y s i s o f 0-1,4-
acetamido-2-deoxy-D-g lucos ide 
l i n kages i n c h i t i n and 
c h i t o d e t r i n 

Hyd ro l y s i s o f 1,3-0-D-gluco-
s ides i n 1,3-0-D-glucans 

Donor + H 2 0 2 => o x i d i z e d 
donor + H 2 0; ex. donor: 
p y r o g a l l o l , g u a i a c o l , g a l l a t e , 
o ther pheno l i c s and some amines 

Pheny la lan ine => i - c innamate + 

V NH-+" 

L-Dihydroxyphenyl a l an i ne => 
"DOPA chrome" (one o f many 
po s s i b l e r e a c t i o n s ) 

pheno l i c g l y c o s i d e s =* f u n g i -
t o x i c aglycones (ex. a r bu t i n 
hydroquinone) 

2 0 2 + NADPH + H + =» 2 0 2 ' + NADP+ 

Hyd ro l y s i s o f amide l i n kages i n 
p r o t e i n s and pept ides 
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Detoxification 

\PATHOGEN ' 

Phytoalexins 

Glucanases 
Chitinases 
Lysozymes 

•*Oe 

Cellulases 
Pectinases 

HOST ,··» 

Detoxification 

Phytotoxins 

F igure 1. Schematic r ep re sen ta t i on o f l y t i c enzyme a c t i o n i n 
plant-pathogen I n t e r a c t i o n s . (Redrawn w i t h permiss ion 
from Réf. 1J. Copyr ight 1988 American So c i e t y P l an t 
P h y s i o l o g i s t s ) . 
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5. HOAGLAND Biochemical Responses cf Plants to Pathogens 91 

processes . Both the host and pathogen may a l s o have de fens i ve 
c o n s t i t u e n t s aga ins t each o t h e r ' s enzymes, as i n p lant-produced 
pec t i nase i n h i b i t o r s (14) and fungal-produced 1,3-0-glucanase 
i n h i b i t o r s (11)· Another analogy i n t h i s mechan i s t i c scheme i s the 
produc t ion o f t o x i c chemical c on s t i t u en t s by the host (phy toa l ex i n s ) 
and pathogen ( phy t o t o x i n s ) . Ch l t l n a s e (15) and 1,3-0-glucanase 
(IS) can cause (phy toa l ex ln ) e l i c i t o r r e l ea se from c e l l w a l l s o f 
f u n g i . 

Perox idase (P01. Perox idase (PO) 1s found 1n both p l an t s and 
microorgan isms. Al though the p h y s i o l o i g c a l r o l e o f the enzyme i s not 
comple te ly understood, i t c a t a l y z e s severa l r e a c t i o n s , I n c l ud i ng 
po l yme r i z a t i on o f hydroxydnnamyl a l c oho l s which l eads t o l i g n i n 
f o rmat i on ; s u b e r i z a t i o n ; o x i d a t i o n o f many mono- and d ipheno l s t o 
t o x i c quinones; and o x i d a t i o n o f 1ndo1eacet1c a d d (IAA) (1Z). PO has 
been s tud i ed w i th regard to d i sease r e s i s t a n c e 1n many p l an t s (Table 
I I ) and the enzyme I t s e l f 1s t o x i c t o some microorganisms (26)· High 
Inherent PO a c t i v i t y i n ap i c a l l eaves and root t i p s o f pota to p l an t s 
was s t r o ng l y c o r r e l a t e d w i th r e s i s t a n c e to Phvtoohthora i n f e s t an s 
(IS), whereas o the r l e aves , tuber pee l s , and pulp had low PO a c t i v i t y 
and were s u s c ep t i b l e ( IS) . Th i s c o r r e l a t i o n o f r e s i s t a n c e and high 
PO a c t i v i t y was extended t o e xp l a i n d i f f e r e n c e s 1n s u s c e p t i b i l i t y o f 
potato v a r i e t i e s . 

Table I I . Se l e c ted Instances o f Perox idase A c t i v i t y R e l a t i v e 
to Disease Resistance 

Disease Organism Host Reference 

Perox idase Involved i n Disease Res i s tance 

PhYtQPhtPra In fes tans potato 
L . Dhaseo l i c o l a bean 
CeratPÇYStiS f l m b r i a t a sweet potato 
Pseudomonas t abac i tobacco 
PlJÇÇlnU qramlnlS f . sp . t r i t i c i wheat 
TMY tobacco 
PIpTptiU Qossvolna co t ton 
Xanthpwnas phaseo i i 

v a r . SQ.1ens1S soybean 
R id idoporus Honosus rubber t r e e 

I I , 18 
12 
2S 
21, 22 
21 
2i 
21 

21 
21 

Perox idase Not Involved 1n Disease Res i s tance 

HelniinthQSPQrlMfl carbonum 
P M C Ç I M * a ramin i s t r l t l c 
CMV 
Fusarlum 
PseildPTOnilS solanacearum 
Pseudpfnpnas syrinqae 
pv. tpnatp 

maize 
wheat 
cucumber 
tomato 
tobacco 

tomato 

21 
22, If i 
21 
12 
21 

11 
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Cotton b o l l s o f Intermediate age were more r e s i s t a n t t o D i p l o d i a 
gossvp ina than young or o l d b o l l s (25). PO a c t i v i t y was h igher i n 
these i n te rmed ia te b o l l s and PO inc reased severa l f o l d when r e s i s t a n t 
b o l l s were i no cu l a t ed w i th t h i s pathogen. More r e c e n t l y , PO was 
shown to be i nvo l ved i n r o o t - r o t (R ia idoporus l i onosus and P h e l l i n u s 
noxium) i n f e c t i o n 1n rubber t r e e s (Hevea b r a s i l i e n s i s ) (2Ζ)· PO 
a c t i v i t y Increased more r a p i d i l y i n r e s i s t a n t cucumber hypoco ty l s 
than i n s u s c e p t i b l e t i s s u e when Inocu la ted w i t h the pathogen 
Cladospor lum cucumerinum E l l 1s & A r thu r (25). PO Isozyme pa t t e rns i n 
In fec ted r e s i s t a n t t i s s u e were s 1 m i l i a r t o wound-Induced isozyme 
p a t t e r n s . S i m i l a r types o f s t ud i e s have suggested a d i r e c t r o l e o f 
PO i n d i sease r e s i s t a n c e . However, some host-pathogen s t ud i e s 
I nd i c a t e t ha t PO i s not Invo lved i n host defense (Table I I ) . PO 
a c t i v i t y was inc reased i n both r e s i s t a n t and s u s c ep t i b l e maize p l an t s 
Inocu la ted w i t h Helminthosporlum carbonum. but the Increase was 
g r ea t e r i n s u s c ep t i b l e p l an t s (28)· Recent s t ud i e s w i t h Pseudomonas 
solanacearum I n f e c t i o n o f tobacco have concluded tha t PO Increases 
are not Invo lved i n Induced r e s i s t a n c e (22). 

Pheny la l an ine ammonia-lvase (PALI . The convers ion o f L -pheny la lan ine 
to i - c innamate and ammonia by PAL represents a key branch po i n t from 
pr imary t o secondary p l an t metabol ism (F igu re 2 ) . PAL, t h e r e f o r e , i s 
p i v o t a l f o r r e g u l a t i o n o f the syn thes i s o f va r i ous pheno l i c 
compounds, i n c l u d i n g f l a v o n o i d s , hydroxycinnamates, e t c . , some o f 
which are phy t o a l e x i n s . The enzyme has wide d i s t r i b u t i o n i n p l a n t s 
(and some microorganisms) and I t s a c t i v i t y i n p l an t s 1s Increased by 
exposure to va r i ous f a c t o r s , I n c l ud ing l i g h t , wounding, temperature 
changes, and I n f e c t i o n by pathogens. S tud ies on I t s p r o pe r t i e s and 
behav ior have been reviewed (25, 2Z). In a v a r i e t y o f p l a n t s , the re 
1s o f t en an Increase i n PAL a c t i v i t y a s soc i a t ed w i th Increased 
p roduc t i on o f s p e c i f i c pheno l i c compounds e a r l y a f t e r I no cu l a t i o n and 
I n f e c t i o n as summarized i n rev iews (28, 23)· PAL a c t i v i t y l e v e l s 
were Increased severa l f o l d In r e s i s t a n t v s . s u s c ep t i b l e potato tuber 
t i s s u e a f t e r i n o c u l a t i o n w i th Phytoohthora i n f e s t a n s . i n d i c a t i n g a 
p o s i t i v e defense mechanism (40) . Fusarium so l an i I n f e c t i o n caused 
s i m i l a r PAL inc reases (41)· PAL i n r e s i s t a n t l uce rne inc reased 
r a p i d l y i n response to i n f e c t i o n by V e r t i c i l ! i u m a lbo-a t ram. but not 
i n a s u s c e p t i b l e v a r i e t y (42). 

PAL i nduc t i on and phy toa l ex i n accumulat ion i s common t o a wide 
range o f h o s t - p a r a s i t e I n t e r a c t i o n s when p l a n t s are t r e a t e d w i t h 
e l i c i t o r s (42). S tud i e s w i t h severa l p l an t c e l l c u l t u r e s a l s o 
i n d i c a t e d t ha t PAL a c t i v i t i e s are r e a d i l y Increased by e l i c i t o r s 
(44)· 

Other s t ud i e s do not show a s t rong c o r r e l a t i o n o f Increases i n 
PAL a c t i v i t y and d i sease r e s i s t a n c e . For example, PAL l e v e l s 
inc reased i n both s u s c ep t i b l e and r e s i s t a n t hosts dur ing d i sease 
i n t e r a c t i o n s (45-4Z). In o ther i n s t ances , PAL a c t i v i t y was s t a b l e 
a f t e r i n f e c t i o n , even though pheno l i c s have been shown to be i nvo l ved 
i n host response (48, 42). PAL a c t i v i t y Increases are a l s o not 
c o r r e l a t e d w i th r e s i s t a n c e i n o ther s tud i e s (50-52)· A d d i t i o n a l l y , 
PAL a c t i v i t y was shown to i nc rease i n s u s c ep t i b l e maize t i s s u e 
t r e a t ed w i th Helminthorspor ium mavdis. but not i n r e s i s t a n t maize 
t r e a t ed w i t h H. mavdis or 11. carbonum (51). 

Few s t ud i e s examining enzyme responses i n host defense mechanisms 
have been app l i ed to b i o l o g i c a l c on t r o l o f weeds w i th p l an t 
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5. HOAGLAND Biochemical Responses cf Plants to Pathogens 

Phosphoenolpyruvate 
+ — 

Erythrose-4-P 

Dehydroshikimate 

Gallate 

Shikimate 

Prephenate «4— 5-Enolpyruvylshikimate-3-P Shikimate-3-P 

/ \ 
Tyrosine Phenylalanine 

1 I 
p-Coumarate Cinnamate — • o-Coumarate » Coumarins 

Caffeate 
Ferulate 
Sinapate 

Ar-CH«CH-COSCoA 

Ar-CH*CH-CH 2 OH 

/ ι \ 
Lignans I Lign 

Neoflavonoids 

/ \ 
Flavones 

Styry lpyrones 

Lignans 

Flavonoids 
Isoflavonoids 
Procyanidins 

C O , 

me 

Ar-COSCoA 

/ 
Acylation of C 6 C glycosides, 

alkaloids, polyphenols, esters, etc. 
etc. 

F igure 2. B i o s yn t h e t i c pathway o f sh i k imate - and 
cinnamate-produced pheno l i c compounds i n p l a n t s . 
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94 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

pathogens. Recen t l y , however, phenyl propanoic) metabol ism has been 
Imp l i ca ted i n a weed-pathogen I n t e r a c t i o n [ I . e . ; s i c k l e pod (Cass i a 
o b t u s i f o H a i and the fungal pathogen A l t e r n a r l a c a s s l a e l (54). PAL 
a c t i v i t y was Increased about 3 - f o l d i n weed seed l i ngs cha l l enged by 
spores o f t h i s pathogen (F igure 3 ) . Enzyme a c t i v i t y Increases 
g e n e r a l l y preceeded Increased s o l ub l e pheno l i c compound produc t ion 
and the appearance o f n e c r o t i c l e s i o n s . However, i nunda t l ve spore 
l e v e l s necessary t o k i l l p l a n t s overwhelmed any defense response 
mediated by PAL o r o the r enzymes. 

Polyphenol ox idase (PPO). I t has been suggested t ha t PPO p l ays a 
r o l e i n d i sease r e s i s t a n c e due t o I t s o x i d a t i o n o f va r i ou s pheno l i c 
compounds Into t o x i c quinones (55). A l though PPO a c t i v i t y l e v e l s d i d 
not d i f f e r 1n leaves o f hea l thy apple v a r i e t i e s w i t h a range o f 
r e s i s t a n c e t o apple scab, there was a s i g n i f i c a n t Increase i n 
a c t i v i t y o f r e s i s t a n t v s . s u s c ep t i b l e v a r i e t i e s when cha l l enged by 
the d i s ease organism (55). PPO was a l s o I n h i b i t o r y t o v i r a l 
I n f e c t i o n o f cowpea (5Z). PPO a c t i v i t y was h igher i n r e s i s t a n t v s . 
s u s c e p t i b l e tomato c u l t i v a r s and i n mature v s . young tomato l eaves 
(24)· Mechanical I n j u r y Induc t ion o f PPO Increased pathogen 
r e s i s t a n c e , and r e s i s t a n c e and PPO l e v e l s were d i r e c t l y c o r r e l a t e d i n 
20 tomato c u l t i v a r s w i t h a wide range o f r e s i s t a n c e and 
s u s c e p t i b i l i t y . PPO has been shown to be Important f o r s yn thes i s o f 
d ihydroxyphenol s i n p l a s t i d s (58). However, recent s t ud i e s I nd i ca t e 
t ha t PPO 1s not Invo lved i n the fi-hydroxylation o f pheno l i c compounds 
i n mungbean (Viana radiâta) (52). Some s t ud i e s o f PPO (ca techa l 
ox idase) g e n e r a l l y suggest the enzyme Increases a f t e r I n f e c t i o n by 
v i r u s , b a c t e r i a , o r fung i (££). A l though PPO may i n some Instances 
be Invo lved i n p l an t defense, i n many cases the re 1s Inadequate 
ev idence t o prove a s i g n i f i c a n t r o l e f o r PPO i n such mechanisms (6S). 

θ-Glvcosldases. One way p l an t s are p ro tec ted from au t o t o x l c 
pheno l i c l e v e l s 1s by fo rmat ion o f pheno l i c g l y c o s i d e s . The 
g l y c o s i d e s are u s u a l l y I n a c t i v e and are compartmenta l i zed, but 
membrane damage and I n f e c t i o n cause r e l e a se and h y d r o l y s i s . Host 
g l y c o s i d a s e s , i f induced by e l i c i t o r s , can r e l ea se f u n g i t o x i c 
pheno l i c s a t the onset o f i n f e c t i o n . /J-Glycos idase i n apple 
t r e e s has been shown to be r e spons i b l e f o r r e s i s t a n c e t o apple scab 
d i sease (51). The enzyme conver ts p h l o r i d z i n (non- tox i c g l y c o s i d e ) 
t o p h l o r e t i n ( t o x i c ag i y cone) . In pear t r e e s , a r bu t i n 1s a major 
g l y c o s i d e and h y d r o l y s i s by /J-g lycos idase y i e l d s the aglycone 
hydroqulnone, which 1s very t o x i c t o E rw in i a amvlovora. the pathogen 
caus ing f i r e b l i g h t (52). Tree pa r t s most s u s c ep t i b l e t o t h i s 
organism had low enzyme l e v e l s , whereas s i t e s o f h igh enzyme a c t i v i t y 
were r e s i s t a n t . 

Oat l eaves con ta i n avenacosides A and B, which are I n a c t i v e 
saponins t ha t are hydro lyzed a f t e r wounding by a 0 -g lucos idase 
s p e c i f i c f o r g lucose at carbon 26 (52-55). A c t i v a t i o n r equ i r e s on ly 
minutes and, thus , t h i s 1s an e f f e c t i v e defense mechanism. Other 
s t ud i e s I nd i ca t e t ha t m i c r ob i a l g l y cos i dases can a l s o c a t a l y z e 
r e l e a se o f an t i f unga l products from cyanogenic g l y c o s i d e s (66)· 
S t e r o l s i n fungal c e l l membranes are recep to r s f o r the t o x i c 
aglycones (6Z)> and g l y co s i da se i n h i b i t o r s such as 1,5-a ldono lactones 
reduce fungal membrane damage (58). 
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F igure 3. E x t r a c t ab l e PAL a c t i v i t y ( s p e c i f i c a c t i v i t y , uni ts/mg 
p r o t e i n ) from s i c k l e pod seed l i ngs w i th ( · ) and w i thout 
( O ) A l t e r n a r l a c a s s l ae spores . (Repr in ted w i t h 
permiss ion from Ref. 54. Copyr ight 1990 Paul Parey 
S c i e n t i f i c P u b l i c a t i o n s ) . 
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96 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Some pathogenic fung i are r e s i s t a n t to saponins because fungal 
g l y co s i da se s are secre ted o r are c e l l wal l -bound r a t he r than 
membrane-bound. Th i s causes g l y c o s i d e h y d r o l y s i s t o occur a t a 
d i s t an ce from s e n s i t i v e membranes and, thus , aglycones do not reach 
membranes due to l a c k o f s o l u b i l i t y and t r a n s p o r t . A l t e r n a r l a so l an1 
possesses t h i s system and I t s g l y co s i da se hydro lyzes tomat ine t o 
tomat id ine w i thout harm to the fungus (63). 

NADPH ox i dase . Th i s defense mechanism has not r e ce i ved much 
a t t e n t i o n , but has been imp l i c a t ed i n some host-pathogen 
i n t e r a c t i o n s . NADPH ox idase i n potato tuber t i s s u e was shown t o be 
a c t i v a t e d Immediately a f t e r Invas ion by an Incompat ib le race o f 
Phvtophthora I n f e s t an s . caus ing s imultaneous superox ide p roduc t i on , 
h ype r s en s i t i v e c e l l dea th , and phy toa l ex i n p roduc t i on (Ζ8-Ζ2)· Th i s 
enzyme system was not a c t i v a t e d by a compat ib le £. In fes tans race 
( Z l ) . Th i s enzyme was a c t i v a t e d i n potato l eaves by both compat ib le 
and Incompat ib le races before p ene t r a t i o n , but superox ide was on ly 
Increased when pene t r a t i on occurred by Incompat ib le races (ZI) . A 
wa te r - s o l ub l e g l u can , found t o be a h y p e r s e n s i t i v i t y - i n h i b i t i n g 
f a c t o r from compat ib le r a ce s , prevented a c t i v a t i o n o f the 
superox ide-genera t ing r e a c t i o n i n the p r o t op l a s t ( Z l ) . D i g i t o n i n 
cou ld a c t i v a t e the superox ide- genera t ing enzyme system which might 
enhance r e s i s t a n c e t o £. i n f e s t an s (Z4). Other research w i l l be 
necessary t o eva lua te t h i s enzyme system as a host defense mechanism 
i n o the r host and pathogen spe c i e s . 

P ro teases . P r o t e o l y t i c enzyme a c t i v i t y ( h y d r o l y s i s o f amide bonds o f 
p r o t e i n s and pept ides) has rece i ved very l i t t l e study r e l a t e d t o 
d i sease r e s i s t a n c e . P r o t e o l y t i c a c t i v i t y 1s widespread i n both hosts 
and pathogens. A high c o r r e l a t i o n was found w i t h tomato c u l t i v a r s 
i n f e c t e d by Pseudomonas sv r i nae pv. tomato and d i sease s e v e r i t y 
[15). Other s t ud i e s a l s o suggest p r o t e o l y t i c a c t i v i t y c o r r e l a t i o n s 
w i t h d i sease (Z6. ZZ). 

E thy l ene . Ethy lene i s a ub iqu i t ous p l an t hormone tha t r egu l a t e s many 
p l an t growth responses and the a c t i v i t y o f many enzymes (18). Some 
responses t o e thy lene o f enzymes Imp l i ca ted i n defense aga ins t 
pathogens Inc lude , Increased PAL a c t i v i t y (Z9) and Increased PO (88) 
and 1,3 -0-g lucanase (81). Some p l an t s enhance e thy lene l e v e l s i n 
response t o pathogen a t t a ck (82-84)· Exogenous e thy lene can t r i g g e r 
e l eva ted b iochemica l defense r ea c t i on s aga ins t va r i ous pathogens 
(86)· Th i s ev idence l ead to the hypothes i s t ha t endogenous 
s t ress -p roduced e thy lene may be a s i gna l f o r the p l an t t o a c t i v a t e 
defense systems (S2, 82)· Recen t l y , e thy lene Increases i n tomato 
p l an t s In fec ted by Phvtophthora i n f e s t an s du r i ng the hype r s en s i t i v e 
response have been a t t r i b u t e d p r i m a r i l y to e l eva ted ACC 
(1 -am inoc l y c l op r opane - l - c a rboxcy l i c a c i d ) synthase a c t i v i t y (86)· 
Other s t ud i e s us ing aminoe thoxyv iny lg l y c ine (AVG) to suppress 
e thy lene p roduc t i on i n e l i c i t o r - t r e a t e d soybean (G l y c i ne max L.) 
t i s s u e and i n i n f e c t e d canta loupe (Cucumis melo l s eed l i ngs (84) d i d 
not reduce phy toa l ex i n p roduct ion and on l y ma rg i n a l l y reduced l e v e l s 
o f a defense g l y c o p r o t e i n , r e s p e c t i v e l y . These l a t t e r r e s u l t s tend 
to suggest t ha t endogenous s t r e s s e thy lene p l ays on ly a minor r o l e i n 
p l an t b iochemica l defense; however, exogenous e thy lene had l i t t l e or 
no e f f e c t on these two defense r e a c t i o n s . Exogenous e thy lene 
markedly i nc reases both c h i t i n a s e and 1,3 -0-glucanase i n some 
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5. HOAGLAND Biochemical Responses of Plants to Pathogens 97 

p l an t s (1). O v e r a l l , e thy lene l e v e l s are e l eva ted i n i n f e c t e d 
p l a n t s , caus ing e l eva ted defense enzyme a c t i v i t i e s . Th i s leads to 
inc reased p roduc t ion o f phenol l e s , phy t oa l e x i n s , and g l y c op r o t e i n s 
which can prov ide r e s i s t a n c e i n some cases (SZ). 

Problems i n Assess ing Defense Fa c t o r s . Some cau t i on should be 
exe r c i s ed i n assess ing some o f these o v e r a l l r e s u l t s p e r t a i n i n g to 
the involvement o f enzymes i n r e s i s t a n c e mechanisms. Res i s tance 
exp ress i on o f p l an t s a f t e r pathogen a t t a ck i s a very complex process 
i n v o l v i n g many c l o s e l y i n t eg ra t ed and regu la ted f a c t o r s . Many host 
enzyme s tud i e s i n v o l v i n g pathogen e f f e c t s e i t h e r were not at tempt ing 
to prove the r o l e o f a p a r t i c u l a r enzyme i n defense aga ins t a 
pathogen, or were not p rope r l y des igned to accompl ish t ha t end. 
Furthermore, the data may be f u r t h e r confounded by compartiment
a i i z a t i o n ( s u b c e l l u l a r or p l an t organ) o f the enzyme or i t s 
p r o du c t ( s ) , enzyme I s o l a t i o n and e x t r a c t i o n techn iques , and the f a c t 
t ha t many pathogens possess the same enzyme systems imp l i c a t ed i n 
r e s i s t a n c e . Compounds ( e s p e c i a l l y pheno l i c s ) r e l ea sed by pathogen 
a c t i o n and by homogenation and e x t r a c t i o n procedures can a l t e r 
enzymes a c t i v i t i e s (88-28). Inoculum s i z e and environmental f a c t o r s 
a l s o i n f l u en ce the dynamics o f i n f e c t i o n which can , i n t u r n , 
i n f l u en ce defense response. Isozymes o f these enzymes may a l s o be 
numerous [as f o r PO (21)] and may be d i f f e r e n t i a l l y induced, not 
a f f e c t e d by pathogen a c t i on (22), o r i d e n t i c a l i n r e s i s t a n t and 
s u s c ep t i b l e c u l t i v a r s . S ince v i r u s e s do not have PO and PPO 
a c t i v i t y , these pathogens may be use fu l t o eva lua te the r o l e s o f 
those enzymes i n pr imary i n f e c t i o n processes (21). 

Enzvme I n h i b i t o r s to Manipu late I n f e c t i o n 

Cont ro l o f enzymes r e l a t e d to p l an t defense aga ins t pathogens cou ld 
be e f f e c t i v e i n r e gu l a t i n g p l an t d i s e a se . The use o f s p e c i f i c o r 
n o n - s p e c i f i c enzyme i n h i b i t o r s (or a c t i v a t o r s ) cou ld r e s u l t i n 
r egu l a ted d i sease i n i t i a t i o n and development t ha t cou ld promote or 
syne rg i ze the e f f e c t s o f m i c r ob i a l pathogens f o r b i o l o g i c a l c on t r o l 
o f weeds. A l though some n a t u r a l l y o c cu r r i ng and s y n t h e t i c enzyme 
r egu l a t o r s are known, r e l a t i v e l y few s tud i e s have examined t h e i r 
p o t e n t i a l f o r d i sease r e g u l a t i o n . Of these s t u d i e s , most have 
focused on crop-pathogen i n t e r a c t i o n s . 

I n h i b i t i o n o f PPO. PO. c h i t i n a s e . a lucanase . and fl-alucosidase. 
Few s y n t h e t i c o r na tu ra l I n h i b i t o r s o f these enzymes have been 
e l u c i d a t e d . Some na tu ra l products such as c u r c u r b i t a c i n I and D can 
repress i nduc t i on o f l a c case by the pathogenic fungus o f cucumber, 
B o t r v t i s c i n e r ea (84). I t i s not known how t h i s compound i s i nvo l ved 
i n r e s i s t a n c e o r i f these compounds are a c t i v e i n h i b i t o r s tha t cou ld 
reduce defense i n p l an t spec ies by caus ing PPO or PO i n h i b i t i o n . 
Oxa la tes are na tu ra l product i n h i b i t o r s o f c h l o r o p l a s t i c PPO (25) and 
4 - c h l o r o r e s o r c i n o l has a l s o been used as a PPO i n h i b i t o r (25) i n 
a dven t i t i o u s roo t promotion s tud i e s (2Z). The s yn t h e t i c compound, 
d i e t hy l d i t h i o c a r bama te i s a we l l known PPO i n h i b i t o r (28) t ha t might 
be e f f e c t i v e i n b l o ck i ng PPO a c t i v i t y i n cases where PPO i s i nvo l ved 
i n de fense . Glyphosate [{Hphosphonomethy l )g lyc ine] caused minor 
e l e v a t i o n o f PPO a c t i v i t y i n p l an t t i s s u e s (22, 1001. but i t i s not 
known i f t h i s has p o t en t i a l to inc rease the defense o f p l an t s to 
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98 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

d i s e a s e . D i r e c t e f f e c t s o f g lyphosate on pathogens w i th p o t e n t i a l 
f o r weed con t r o l would be Important t o determine. 

Perhaps one o f the most I n t e r e s t i n g PPO i n h i b i t o r s 1s t e n t o x i n , a 
funga l phy to tox in produced by the pathogen A l t e m a H a a l t e r n a t a . 
which can t o t a l l y e l i m i n a t e PPO a c t i v i t y i n some p l a n t spec ies ( l f f l l) 
wh i l e e x h i b i t i n g no e f f e c t on fl-hydroxy1 ated pheno l i c l e v e l s (102) . 
Th i s phy to tox in does not a l t e r i n v i t r o PPO a c t i v i t y ( l u i ) . 
P h y t o t o x i c i t y caused by t en t o x i n 1s low even though PPO 1s I n h i b i t e d 
and c h l o r o s i s 1s Induced w i th l i t t l e o r no e f f e c t on p l an t 
morphogenesis (102) . PPO o x i d a t i o n o f pheno l i c s can p l ay a r o l e i n 
p l an t r e s i s t a n c e t o pathogens (1041. The use o f PPO I n h i b i t o r s t o 
study weed-pathogen I n t e r a c t i o n s cou ld p rov ide use fu l In format ion f o r 
b i o l o g i c a l weed c on t r o l and f o r determin ing the r o l e o f PPO 1η 
weed-pathogen I n t e r a c t i o n s . 

I n h i b i t i o n o f p l an t c h i t i n a s e s and/or g lucanases w i thout 
I n h i b i t i o n o f s i m i l a r enzymes i n fungal weed pathogens cou ld 
d r a m a t i c a l l y reduce p l an t r e s i s t a n c e t o pathogens. Recent ly a 
streptoraycete a n t i b i o t i c , a l l o s a m i d i n , was found t o be a potent 
c ompe t i t i v e I n h i b i t o r o f c h i t i n a s e from Candida a l b i c a n s , a human 
funga l pathogen (105) . The i n s e c t i d d a l p r ope r t i e s o f t h i s 
a n t i b i o t i c may a l s o a r i s e from I t s potent I n h i b i t i o n o f Insec t 
c h i t i n a s e . Plumbagin, an analog o f j ug l one , 1s repor ted t o be a 
c h i t i n a s e I n h i b i t o r (106. 107). These compounds have apparent l y not 
been t e s t ed i n p l a n t s . 

Va r i ous pheno l i c compounds have been observed t o I n h i b i t 
pe rox i dase - ca ta l y zed IAA o x i d a t i o n (1081 and 0-g lucos idase 
(102) . However, no s y n t h e t i c o r s p e c i f i c I n h i b i t o r s f o r these 
enzymes are a v a i l a b l e t ha t cou ld be used t o reduce weed r e s i s t a n c e to 
p l an t pathogens. 

I n h i b i t i o n o f PAL. PAL has been w ide l y s t u d i e d , and many o f these 
I n v e s t i g a t i o n s have centered on the r e g u l a t i o n o f PAL a c t i v i t y by 
na tu ra l o r s y n t h e t i c I n h i b i t o r s . N a t u r a l l y - o c c u r r i n g pheno l i c 
compounds such as i - c i nnamate , g-coumarate, and o the r PAL r egu l a t o r s 
ac t v i a feedback I n h i b i t i o n (110) . D-Pheny la lan ine and β-fluorο-
pheny la l an ine were a l s o d i s covered i n e a r l y research t o i n h i b i t PAL 
In v i t r o (111) . Some other i n h i b i t o r s use fu l i n s tudy ing secondary 
metabol ism v i a PAL i n h i b i t i o n have been found (F igure 4 ) . Some o f 
the compounds dep i c ted here, as we l l as many o thers w i th va ry i ng 
I n h i b i t o r y a c t i v i t y , have been used or d i s covered i n Amrhein 's 
l a b o r a t o r y (112) . Aminooxyacetate (Α0Α) was used as a transaminase 
I n h i b i t o r i n the development o f a PAL assay i n I n t a c t c e l l s and was 
found t o be a weak I n h i b i t o r o f PAL (113) . Α0Α I n h i b i t i o n o f PAL and 
va r i ou s t ransaminases r e s u l t s i n p h y t o t o x i c i t y to many p l a n t s ; hence, 
i t i s not a very use fu l In v i v o i n h i b i t o r i n some cases due to l a c k 
o f s p e c i f i c i t y r e s u l t i n g i n pronounced phy to tox l c e f f e c t s (114) . In 
f a c t , Α0Α has been r e g i s t e r e d f o r use as a h e r b i c i d e (115) . An 
analog o f Α0Α, L-«-am1nooxy-0-phenylprop1on1c a d d (Α0ΡΡ), 
was found t o be a very potent and more s p e c i f i c I n h i b i t o r than AOA 
and cou ld be used in v i v o w i thout d e l e t e r i o u s e f f e c t s on p l an t growth 
(US, 117) . 0-Benzylhydroxylam1ne was a l s o found t o be an e f f e c t i v e 
PAL i n h i b i t o r (118) . Another i n h i b i t o r o f PAL, 3 - ( l , 4 - c y c l o h e x a -
d i e n y l ) - L - a l a n i n e , has a l so been r i g o r o u s l y s tud i ed (119) . One o f 
the newest and perhaps most use fu l PAL i n h i b i t o r s i s ( l - am ino-2-
pheny l e thy l ) phosphonic a c i d (APEP) (120) which has potency about 
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5. HOAGLAND BiochemkalResponsaofPlantstoPathogtJis 99 

equal t o AOPP, but a K* which 1s 10* t imes h igher than the K4 
o f AOPP. 

Some PAL I n h i b i t o r s ( e s p e c i a l l y AOA and AOPP) have been used to 
t e s t the r o l e o f PAL 1n d i sease r e s i s t a n c e . These PAL I n h i b i t o r s d i d 
not b lock r e s i s t a n c e express ion or g l y c e o l l i n accumulat ion i n soybean 
t i s s u e t r e a t ed w i t h an Incompat ib le race o f Phvtophthora meqasoerma 
f . sp . a l v c i n e a (121. 122). AOA and AOPP reduced phenylpropanoid 
f l u x by I n h i b i t i n g PAL i n v i v o , and decreased l o c a l i z a t i o n o f the 
hype r s en s i t i v e r e a c t i o n o f TMV (tobacco mosaic v i r u s ) i n tobacco; 
i . e . , l e s i o n s i z e was Increased and v i r u s progressed w i th the l e s i o n 
edge (121, 124). Th i s suggests tha t enhanced PAL a c t i v i t y and 
produc t ion o f pheno l i c metabo l i t e s 1s d i r e c t l y i nvo l ved i n 
h ype r s en s i t i v e r e s i s t a n c e to v i r a l i n f e c t i o n . AOPP reduced 
g l y c e o l l i n l e v e l s i n soybean, caus ing Increased s u s c e p t i b i l i t y t o 
PhYtQPhthQHI meoasperma (125, 125). 

The PAL I n h i b i t o r APEP a l s o prevents g l y c e o l l i n i nduc t i on and 
t rans forms an Incompat ib le pathogen I n t e r a c t i o n t o a compat ib le one, 
suggest ing a r o l e f o r PAL and t o x i c pheno l i c compounds i n r e s i s t a n c e 
(12Z). AOA i n h i b i t e d PAL a c t i v i t y i n v i v o , but not i t s s y n t h e s i s , 
r e s u l t i n g i n inc reased e x t r a c t a b l e PAL a c t i v i t y from maize mesocoty ls 
which prevented r e s i s t a n c e exp r e s s i on . Th i s suggested t ha t PAL 1s 
Invo lved i n r e s i s t a n c e (128). 

Phosphi te was found to Increase PAL a c t i v i t y and to i n h i b i t 
growth and i n f e c t i v i t y o f Phvtophthora c rvotoaea on cowpea l e a ve s . 
Pretreatment o f l eaves w i th AOA, p r i o r t o phosphi te and £. c r vo toaea . 
lowered PAL, reduced k ievetone and p h a s e o l l i d i n accumula t ion , and 
caused s i g n i f i c a n t Increases i n d i sease symptomology (1291. 

It 1s ev ident from these s tud i e s t ha t the use o f PAL I n h i b i t o r s 
can weaken p l an t defense i n some cases , thereby Inc reas ing d i sease 
s e v e r i t y . In b i o l o g i c a l weed c o n t r o l , such compounds might be use fu l 
as pathogen s y n e r g i s t s . Th i s cou ld p rov ide b e t t e r weed c on t r o l w i th 
l e s s pathogen inoculum. Apparent ly none o f these PAL i n h i b i t o r s have 
been t e s t ed f o r t h i s u t i l i t y i n weed c o n t r o l . It i s a l s o p o s s i b l e 
t ha t more e f f i c i e n t i n h i b i t o r s may be syn thes i zed i n the f u t u r e as 
knowledge o f PAL and secondary metabol ism i n c r ea se s . 

Xenob i o t i c Compounds That A l t e r Secondary P l an t Products 

Xenob i o t i c s can a l t e r va r i ous metabo l i c pathways i n p l a n t s . Chemical 
a l t e r a t i o n o f pheno l i c compounds f o r a g r i c u l t u r a l purposes has been 
suggested t o have p o t e n t i a l (130. 1311. S ince severa l major p l an t 
enzymes o f secondary metabol ism are Invo lved i n r e s i s t a n c e to 
pathogens, a l t e r a t i o n o f secondary metabol ism cou ld In f l uence d i sease 
development. He rb i c i d e s , p l an t growth r egu l a t o r s ( s y n t h e t i c and 
n a t u r a l ) , and enzyme i n h i b i t o r s such as those presented f o r PAL ( F i g . 
4) have been repor ted t o a l t e r secondary p l an t products (Table III). 
Resu l t s here demonstrate t ha t the l e v e l s o f many pheno l i c d e r i v a t i v e s 
are i n f l uenced by such compounds when app l i ed t o a v a r i e t y o f p l an t 
s p e c i e s . I f such xenob i o t i c s are to be used to r egu l a t e l e v e l s o f 
secondary p roduc ts , a p p l i c a t i o n c oncen t r a t i on , uptake, t r a n s l o c a t i o n 
to a c t i v e s i t e s , and concen t ra t i on at a c t i v e s i t e s are c r i t i c a l 
f a c t o r s tha t need to be determined. Lack o f r a p i d metabol ism (or the 
nature o f metabol ism) o r degradat ion w i t h i n p l an t s would a l s o be 
Important. 
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100 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

H 2 N Ο CHg— COOH 

Aminooxy acetic acid 

H 9 N Ο CH COOH 

à 
α-Aminooxy-f-phenyl propionic acid 

o-Benzylhydroxylamine 

H9N CH CH: 

COOH 
3-(1,4-Cyclohexadienyl)alanine 

(1-Amino-2-phenylethyl)phosphonic acid 

F igure 4. Chemical s t r u c t u r e s o f severa l PAL i n h i b i t o r s . 

Table I I I . E f f e c t s o f Syn the t i c and N a t u r a l l y Occur r i ng Chemicals on 
Secondary P lan t Product Leve l s i n I n t a c t , Ex c i s ed , o r 

C e l l Cu l t u r e T i ssues 

Secondary Q u a l i t a t i v e 
Chemical P l an t P lan t Product E f f e c t BêL. 
He rb i c i de s 

a c i f l u o r f e n sp inach f e r u l a t e amine + 122 
soybean g l y c e o l l i n s + 113 

g lyceo fu ran + 133 
bean p h a s e o l l i n + 133 
pea p i s a t i n + 133 
broadbean medicarp in + 133 
c e l e r y xantho tox in + J U 
co t ton hemigossypol + 134 

a l a c h l o r sorghum anthocyanin - 134 
l i g n i n - 134 
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5. HOAGLAND Biochemical Responses of Plants to Pathogens 101 

Table I I I , ( c o n ' t l 

c h l o r s u l f u r o n soybean anthocyanin + 135 
sunf lower β-coumarate + 116 

c a f f e a t e + 126 
f e r u l a t e + 136 
s inapate + 126 

2,4-D tobacco s copo l i n + H Z 
sunf lower s copo l i n 138 

DSMA soybean anthocyanin + 122 
g lyphosate soybean anthocyanin - 14Q 

buckwheat sh ik imate + 111 
tobacco sh ik imate + 142 
ryegrass sh ik imate + 142 
va r i ous g a l l a t e + 142 

4-hydroybenzoate + 142 
met r i bu z i n soybean anthocyanin - 122 
p ropan i l soybean anthocyanin - 139 
sethoxydim corn anthocyanin + 144 

Funa i c ides 
WL 28325 r i c e momilactone A + 145 

P lan t growth r egu l a t o r s 
e thy lene 

k i n e t i n 
IAA 
D imeth ip in 

PAL i n h i b i t o r s 
AOPP 

sp. 

AOA 
OBHA 

sorghum 
t u r n i p 
c ranber ry 
p o i n e s t t i a 
l e t t u c e 
Amaranthus 
soybean 
soybean 

mint 
soybean 
co leus 
c a r r o t 
buckwheat 

cabbage 
r ad i s h 

sphagnum moss 
cucumber 
tobacco 
soybean 
mungbean 

momilactone Β + 145 

anthocyanin - 146 
anthocyanin - 146 
anthocyanin + 146 
anthocyanin + 146 
f l a vono i d s + 14Z 
amaranthin + 143 
anthocyanin - 14a 
anthocyanin - 15£ 

c a f f e a t e - 121 
g l y c e o l l i n - 125.126 
rosmar inate - 122 
anthocyanin - 152 
anthocyanin - 111 
v a n i l l i n ( f r . l i g n i n ) - 154 
anthocyanin - i l l 
f e r u l o y l d e r i v . - 155 
kaempferol - 155 
pe l a r gon i d i n - 155 
sphagnorubin - 156.157 
hydroxycinnamates - 158 
secondary pheno l i c s - 102 
anthocyanin - 114 
anthocyanin - 113 
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102 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Xenob i o t i c s That A l t e r E x t r a c t ab l e PAL A c t i v i t y . PAL i n h i b i t i o n has 
been chosen as a s i t e o f a c t i on f o r he r b i c i d e des i gn ; however, 
seve ra l h e r b i c i d e s and o ther chemica ls were found t o have no s p e c i f i c 
e f f e c t on PAL (159) . Analogous r e s u l t s were obta ined when he r b i c i d e s 
encompassing the major h e r b i c i d e c l a s s e s were examined (132, ISf i). 
The h igh Increase o f PAL by g lyphosate makes t h i s h e r b i c i d e unique i n 
these c o r r e l a t i o n s . Gene ra l l y PAL a c t i v i t y c o r r e l a t e s we l l w i t h the 
produc t i on o f secondary p roduc ts , and t h i s has a l s o been demonstrated 
i n PAL-phenol 1c ( F i g . 5) and PAL-anthocyanin ( F i g . 6) c o r r e l a t i o n s i n 
soybean seed l i ngs as a f f e c t ed by seventeen he r b i c i d e s (112)· Other 
h e r b i c i d e s , f u n g i c i d e s , I n s e c t i c i d e s , and adjuvants can a l t e r 
secondary p l an t compound l e v e l s v i a I n d i r e c t e f f e c t s (15fi). Some 
he r b i c i d e s have more dramat ic e f f e c t s on e x t r a c t a b l e PAL a c t i v i t y 
l e v e l s from va r i ous p l an t s and have been examined f o r some 
I n t e r a c t i o n s w i t h p l an t s and d i sease organisms ( F i gu re 7 ) . Because 
g lyphosate reduced aromat ic amino a d d (pheny l a l an ine , t y r o s i n e , and 
t ryptophan) poo ls i n Rhizobium iaponicum and duckweed (Lsfflli o ibba 
L . ) , and supplementat ion o f these amino a d d s reversed g lyphosate 
a c t i o n , I n h i b i t i o n o f t h i s pathway was proposed as t h i s h e r b i c i d e ' s 
mode o f a c t i o n (161) . Induct ion o f PAL a c t i v i t y can a l s o reduce 
aromat ic amino a d d l e v e l s s u f f i c i e n t l y t o reduce growth, and 
r e ve r s a l 1s p o s s i b l e by feed ing pheny la lan ine (152). Thus, Increased 
PAL a c t i v i t y was examined as a po s s i b l e mode o f a c t i o n o f t h i s 
h e r b i c i d e (163) . E x t r a c t ab l e PAL a c t i v i t y i n p l an t s was found t o 
Increase d r a m a t i c a l l y a f t e r t reatment w i t h g l yphosa te , but no i n 
v i t r o e f f e c t was noted (22» 163). A l though g l yphosa t e ' s pr imary mode 
o f a c t i o n has now been shown to be I n h i b i t i o n o f 5 -eno l py ruvy l -
sh ik imate-3-phosphate (EPSP) synthase (164) . Increased PAL, and 
reduced EPSP synthase, r e s u l t i n g i n pheno l i c product a l t e r a t i o n by 
g lyphosate cou ld a f f e c t d i sease development i n weeds o r crop p l a n t s 
o r i n g e n e t i c a l l y a l t e r e d g l y p h o s a t e - r e s i s t a n t crop p l a n t s . 
Sub l e tha l g lyphosate concen t ra t i ons were found t o b l ock g l y c e l l o i n 
accumulat ion and to lower r e s i s t a n c e o f soybean t o a b a c t e r i a l 
pathogen (121. 122). Glyphosate has a l s o been examined i n o ther 
i n s tances f o r i n t e r a c t i o n s o f p l an t s and d i sease organisms (165-15Ζ)· 

The he r b i c i d e 2,4-D (2-4-d i ch lo rophenoxyace t i c a d d ) has been 
known f o r some t ime to i n h i b i t PAL i n v i v o but not In v i t r o (153)· 
2,4-D a l s o i n t e r a c t s w i th IAA to reverse g lyphosate growth I n h i b i t i o n 
i n t i s s u e c u l t u r e s (169. 170). but not i n i n t a c t p l a n t s (1Z1). 
E x t r a c t a b l e PAL a c t i v i t y i n soybean seed l i ngs was I n h i b i t e d by 2,4-D 
(171) and 2,4-D lowered PAL a c t i v i t y i n c reases caused by g lyphosate 
(171) . The he r b i c i d e has a l s o been examined f o r i n t e r a c t i o n s o f 
Induc t i on and s e c r e t i o n o f pa thogenes i s - r e l a t ed p r o t e i n s i n tobacco 
suspens ion c u l t u r e s (172) . 

A d f 1 u o r f e n {5 - [2 - ch l o r o -4 - ( t r i f 1uo rome thy l ) phenoxy ] -2 -n1 t r o -
benzo ic a d d } 1s a d ipheny l e the r h e r b i c i d e which r equ i r e s l i g h t and 
oxygen f o r i t s t o x i c a c t i o n (173) . Th i s compound a f f e c t s secondary 
p l an t metabol ism by i n c r ea s i ng e x t r a c t a b l e PAL a c t i v i t y (H2 , 1Z4» 
175). For i n s t ance , i t i nc reases M-feru loy l -3-methoxytyramine (FMT) 
l e v e l s (132. 133. 176). M o d i f i c a t i o n o f enzymes and products o f 
secondary p l an t metabol ism by a c i f l u o r f e n (133. 174) i s s i m i l a r i n 
some host-pathogen i n t e r a c t i o n s (177). A c i f l u o r f e n has been app l i ed 
w i t h the weed pathogen Co l l e t o t r i c hum a loeospor i des (Penz.) Sacc . f . 
i u s s i a e as a mix ture o r s e q u e n t i a l l y and shown not t o i n h i b i t d i sease 
development on nor thern j o i n t v e t c h rAeschvnomene v i r o i n i c a ( L . ) 
B .S .P . ] (123). 
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F igure 5. C o r r e l a t i o n o f e x t r a c t a b l e PAL a c t i v i t y w i th s o l ub l e 
hydroxypheno l l c l e v e l s i n axes o f l i gh t -g rown soybean 
seed l i ngs 48 h a f t e r h e r b i c i d e t rea tment . (Redrawn 
w i th permiss ion from Ref. 122. Copyr ight 1983 Weed 
Sc ience Soc i e t y o f Amer i ca ) . 
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F igure 6. C o r r e l a t i o n o f e x t r a c t a b l e PAL a c t i v i t y w i th 
anthocyanin content i n hypocoty l s o f l i gh t -g rown 
soybean seed l i ngs 48 h a f t e r h e r b i c i d e t rea tment . 
(Redrawn w i t h permiss ion from Réf. 133- Copyr ight 1983 
Weed Sc ience So c i e t y o f Amer i ca ) . 
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Ο 

II 
HO Ρ CHç— NH C H 5 — COOH 

I 2 

OH 
Glyphosate 

CI — Ο CHj—COOH 

(2,4-Dichlorophenoxy)acetic acid 

F igure 7. Chemical s t r u c t u r e s o f some he rb i c i d e s t ha t a f f e c t i n 
v i v o PAL a c t i v i t y and pheno l i c l e v e l s i n p l a n t s . 
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Ch l o r s u l f u r on {2 - ch l o ro - l J - [ [ (4 -me thoxy -6 -methy l - l , 3 ,5 - t r1az1n-
2-y l )amino]carbony l ]benzenesu l fonamide} causes l a r ge Increases i n 
t o t a l pheno l i c compound l e v e l s In hypocoty l s o f sunf lower seed l i ngs 
(12£) and Increases i n anthocyanin l e v e l s o f soybean (135) . Th i s 
compound has been suggested as an excep t i ona l agent f o r a l t e r i n g PAL 
(125, 126) and secondary p l an t products f o r s tudy ing e c o l o g i c a l 
I n t e r a c t i o n s (136) . 

P l an t Growth Regu la tor I n t e r a c t i o n s . P l an t pathogènes1s-related 
(PR) -p ro te i n s (some o f which are enzymes) are a group o f host-encoded 
I nduc i b l e p r o t e i n s which are syn thes i zed i n c e r t a i n cases o f 
r e s i s t a n c e t o pathogens o r s t r e s s (179) . The express i on o f PR-genes 
i n p l an t t i s s u e s can be a f f e c t ed by p l an t hormones. Ethephon 
(2-ch loroethy lphosphonate) degrades to produce e thy lene which induces 
PR-pro te ins i n tobacco (180) . AVG, which b l ocks e thy lene p roduc t ion 
by p l a n t s , prevents t h i s Induc t ion o f PR-pro te ins (181) . Other 
growth r egu l a t o r s such as IAA, benzyl adenine, and the he r b i c i d e 
2,4-D, Induce PR-pro te ins i n tobacco c a l l u s o r i n I n t a c t tobacco 
l eaves (182). K i n e t i n (1S1) and g i b b e r e l l i c a d d (131) are a l s o 
PR-pro te in Inducers . 

E thy lene Induces PAL (ZS)» and t o x i c l e v e l s o f the e thy lene 
p recu r so r ACC and ethephon cause Increases o f FMT i n sp inach (122) 
Ant1-e thy lene t reatment; I . e . , AgNOo (184) and heat shock (185) can 
counte rac t Increases i n FMT caused By the he r b i c i d e s a c i f l u o r f e n and 
oxy f1uor fen [2 - ch l o ro -1 - (3 -e thoxy -4 -n1 t rophenoxy ) -4 - ( t r i f 1uo romethy l ) 
benzene] (133) . FMT l e v e l s caused by these h e r b i c i d e s are a l s o 
counterac ted by AOA and AOPP, which I n h i b i t e thy lene p roduc t ion and 
PAL a c t i v i t y (18fi ) , but not by AVG (133) . 

PfQSPgÇtS 

The Importance and complex i ty o f va r i ous aspects o f host defense 
dynamics, i n c l u d i n g pheno l i c substances, phy t oa l e x i n s , and 
l i g n i f i c a t i o n , have been s tud ied f o r some t ime, but t h e i r p r e c i s e 
r o l e s i n d i sease r e s i s t a n c e are s t i l l not f u l l y understood, as 
summarized i n the present d i s c u s s i o n and many rev iews ( e . g . , 
187-189). De t a i l e d d i s c u s s i o n o f these areas i s beyond the scope o f 
t h i s chap te r . Phy toa l ex ins and t h e i r e l i c i t o r s , as r e l a t e d t o 
defense and the development o f secondary metabo l i c products as 
he r b i c i d e s are d i s cussed elsewhere i n t h i s book (chapter by N. Keen). 

The present rev iew c l e a r l y shows t ha t many compounds can a l t e r 
enzyme a c t i v i t i e s and products o f secondary p l an t metabol ism which 
can, i n t u r n , s i g n i f i c a n t l y modify p l an t responses t o s t r e s s , such as 
a t t a ck by pathogens. A l though many p l an t pathogens have been 
i d e n t i f i e d t ha t have p o t e n t i a l as b i o l o g i c a l weed c on t r o l organisms 
(12fl-lS2)» some o f these may l a c k s u f f i c i e n t v i r u l e n c e f a c t o r s 
r e l a t i v e t o aggress i veness . S ince both agrochemica ls ( h e r b i c i d e s , 
p l an t growth r e g u l a t o r s , e t c . ) and pathogen i n f e c t i o n can modify 
secondary metabol ism i n p l a n t s , chemical r e g u l a t i o n cou ld modify 
pathogen v i r u l e n c e . Th i s research area ho lds g rea t promise f o r 
understand ing how to improve weed con t r o l v i a In tegra ted management. 
Data on the b iochemis t ry and p h y s i o l o g i c a l aspects o f h e r b i c i d e 
a c t i o n as we l l as on s p e c i f i c mo lecu la r s i t e s o f a c t i o n o f he rb i c i d e s 
i s accumula t ing . Th i s i n f o rma t i on , coupled w i th an understanding o f 
pathogen-weed i n t e r a c t i o n s should expand our a b i l i t y to prov ide more 
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5. HOAGLAND BwchemktdRespomMS ofPiamisto Puûw^ 107 

e f f i c a c i o u s weed con t r o l by man ipu la t i ve I n t eg r a t i o n o f chemica ls and 
b i o l o g i c a l agents such as p l an t pathogens. 

Because c e r t a i n he rb i c i d e s can pred ispose p l an t s t o d i sease (191) 
and because e f f i c i e n t In tegra ted weed con t r o l ( b i o l o g i c a l and 
chemica l ) demands tha t there be l i t t l e o r no adverse I n t e r a c t i o n s 
when these two systems are used s imu l taneous l y , f u r t h e r research i n 
t h i s area 1s necessary . Indeed i t would be u s e f u l , f o r example, i f a 
he r b i c i d e and pathogen I n t e r a c t i o n was s y n e r g i s t i c aga ins t weeds. 

The importance o f secondary p l an t metabol ism i n p l an t d i sease 
r e s i s t a n c e suggests tha t i t as an area t ha t w i l l p rov ide fundamental 
answers to ques t ions a l l ow i ng us to manipulate weed host-pathogen 
I n t e r a c t i o n s f o r Improved b i o l o g i c a l weed c o n t r o l . 

Conc lus ions 

The use o f chemica ls ( s yn t he t i c o r na t u r a l ) f o r the man ipu la t i on 
o r r e g u l a t i o n o f weed r e s i s t a n c e and/or weed pathogen i n f e c t i v i t y 
cou ld have an important Impact on weed con t r o l s t r a t e g i e s . There 1s 
p o t e n t i a l f o r host range expansion o f h o s t - s p e c i f i c weed pathogens 
v i a chemical o r agrochemical man ipu l a t i on . Mechanisms o f chemical 
synergy o r antagonism between he rb i c i d e s and pathogens f o r weed 
con t r o l cou ld l ead to a more complete understanding o f h e r b i c i d e mode 
o f a c t i o n , p l an t defense aga ins t pathogens, and pathogen i n f e c t i o n 
p rocesses . Knowledge o f such mechanisms cou ld be used f o r crop 
p r o t e c t i o n ( e . g . , c on t r o l o f crop pathogens). S y n e r g i s t i c 
i n t e r a c t i o n s cou ld a l s o reduce amounts o f he r b i c i d e and b i o he r b i c i d e 
(p l an t pathogen or m i c r ob i a l phy to tox in ) needed f o r e f f i c i e n t weed 
c o n t r o l . 
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Chapter 6 

Phytoalexins and Their Elicitors 

Ν. T. Keen 

Department of Plant Pathology, University of California—Riverside, 
Riverside, CA 92521 

Phytoalexins are an important component of the plant 
disease defense reaction called the hypersensitive 
response. Successful pathogens have evolved methods for 
dealing with plant phytoalexins, including suppressors of 
their production, detoxification of the phytoalexins and 
in some cases avoiding elaboration of substances, called 
elicitors, that would otherwise initiate the defense 
reaction. Elicitors obtained from pathogens are of 
considerable utility for study of various aspects of plant 
biology because of their interaction with the products of 
plant disease resistance genes. Substantial information 
has been obtained on how elicitors are perceived by plant 
cells and how they function, but much remains to be done. 
Finally, elicitors may prove of value for the economic 
production of exotic plant secondary metabolites and as 
specific herbicides. 

Phy toa l ex i n s and e l l d t o r s tha t s t imu l a t e t h e i r p roduc t i on by p l an t 
t i s s u e s have rece ived i n c r ea s i ng a t t e n t i o n as a consequence of 
severa l recent developments. F i r s t , a f t e r years o f con t rove r sy , 
phy toa l ex i n s are now gene r a l l y accepted as a bona fide mechanism o f 
d i sease defense 1n h igher p l a n t s . Second, race s p e c i f i c e l l d t o r s 
have been I s o l a t ed tha t con fe r the p l an t s p e c i f i c i t y o f the pathogen 
race which produces them. Th i s s p e c i f i c i t y Imp l i es t ha t the e l l d t o r s 
are de te rm ina t i ve of the I n t e r a c t i o n s and tha t they shou ld be use fu l 
f o r the e l u c i d a t i o n of r e cogn i t i on and s i gna l t r an sduc t i on mechanisms 
i n p l a n t s . T h i r d , recent evidence has i l l u m i n a t e d the mechanisms 
whereby e l l d t o r s lead to derepress ion of genes encoding phy toa l ex i n 
b l o s y n t h e t i c enzymes and other defense response genes. Fou r th , 
progress has occurred i n the use of e l i c i t o r s to produce e x o t i c 
na tu ra l products by p l an t c e l l c u l t u r e s . 

0097-6156/90Λ)439-Ό114$06.00Α) 
© 1990 American Chemical Society 
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6. KEEN Phytoalexns and Their Elicitors 115 

Disease Res i s tance 1n P l an t s 

D isease defense 1n p l an t s 1s a complex of mechanisms, Inc lud ing 
anatomica l and morpho log ica l f ea tu re s as we l l as preformed chemical 
subs tances . Phy toa l ex i n p roduct ion 1s u s u a l l y a s so c i a t ed w i t h a 
p l an t defense system c a l l e d the hype r s en s i t i v e response (HR), which 
1s on ly Invoked f o l l o w i n g pathogen I n f e c t i o n . The Induc t ion of 
h ype r s en s i t i v e r eac t i ons 1n p l an t s 1s under severa l c on t r o l c i r c u i t s 
and thus 1s Invo lved a t severa l l e v e l s of pathogen r e cogn i t i o n and 
e x c l u s i o n . Two such l e v e l s a re c l a s sed as genera l r e s i s t a n c e (In 
which an e n t i r e p l an t spec ies r eac t s aga in s t a l l members o f an 
e n t i r e pathogen taxon) or as s p e c i f i c r e s i s t an c e (1n which c e r t a i n 
c u l t i v a r s o f a p l an t spec ies are r e s i s t a n t to on ly c e r t a i n b io types 
or races o f a pathogen s p e c i e s ) . Incompat ib le p lant-pathogen 
combinat ions r e s u l t from the occurrence of the host defense r ea c t i on 
and p l an t r e s i s t a n c e , which are 1n tu rn presumed to r e s u l t from 
r e cogn i t i o n o f the I n f e c t i n g pathogen. Compat ib le host-pathogen 
combinat ions , on the o ther hand, are those 1n which r e cogn i t i o n and 
host defense do not occu r , the pathogen develops to a cons i de rab l e 
ex tent 1n the p l an t t i s s u e and d i sease o c cu r s . 

Phy toa l ex i n p roduc t ion 1s on ly one component of the hype r s en s i t i v e 
response. Others Inc lude the p roduc t ion of en zyma t l c a l l y a c t i v e 
p r o t e i n s such as c h l t l n a s e s , a n t i v i r a l p r o t e i n s and 3-1,3 g lucanases 
as we l l as p l an t c e l l wa l l s t r u c t u r a l e lements, I n c l ud ing hydroxy-
p r o l i n e r i c h g l y c o p r o t e i n s , ca l l ose and I1gn1n. The depo s i t i o n of 
these substances Into p l an t c e l l w a l l s surrounding the pathogen 
I n f e c t i o n s i t e presumably c o n s t i t u t e s a b a r r i e r to f u r t h e r pathogen 
Ingress through the p l a n t . Whi le none of these mechanisms have been 
c onv i n c i ng l y imp l i c a t ed as p h y s i o l o g i c a l l y Important 1n d i sease 
de fense, 1t 1s l i k e l y tha t they c on t r i bu t e toward r e s i s t an ce to a t 
l e a s t c e r t a i n types of pathogen. 

Phy toa l ex i n s are low mo lecu la r we igh t , a n t i b i o t i c secondary 
me tabo l i t e s t h a t , as noted above, are produced i n d u d b l y by many 
p l an t spec ies and are Invo lved w i th defense aga i n s t pathogens [ f o r 
more d e t a i l e d recent rev iews , see (1-10)]. Phy toa l ex i n s are not 
present 1n vege ta t i ve p l an t pa r t s 1n s i g n i f i c a n t quan t i t y but accum
u l a t e r a p i d l y a t I n f e c t i o n s i t e s o f Incompat ib le pathogens and 1n 
response to treatment w i t h va r i ous substances or s t i m u l i c a l l e d 
e l l d t o r s . Phy toa l ex ins are genera l t o x i c a n t s which a f f e c t the 
plasma membrane I n t e g r i t y o f microorgan isms, animal c e l l s and, 
Indeed, c e l l s o f the p l an t s tha t make them. 

Over 200 spec ies o f p l an t s have been shown to produce phyto
a l e x i n s and t h i s s ub s t an t i a l number a priori I nd i ca t e s tha t they are 
w i de l y d i s t r i b u t e d , p h y s i o l o g i c a l l y Important components o f p l an t 
d i sease de fense . Phy toa l ex ins have r e c en t l y been I s o l a t ed from 
severa l p l an t taxa 1n which they had not p r e v i o u s l y been found [ e . g . 
d t r u s (11); Coleostephus (12); sorghum (13); and c r u d f e r s (14,15)]. 
It was a l s o r e c en t l y observed tha t a l l o f 61 n a t u r a l l y collected 
access i ons rep resen t ing 10 spec ies of Glycine produced one or more 
members of the f am i l y o f c l o s e l y r e l a t e d phy toa l ex i n s t r i v i a l l y 
c a l l e d g l y c e o l l l n s (16). Whi le the p roduc t ion of g l y c e o l U n s 1s 
ra re ou t s i de G7yc/ /7e f ihese phy toa l ex ins are h i gh l y conserved among 
members w i t h i n the genus. Th i s h igh degree of conse rva t i on Impl ies 
a c r u c i a l r o l e f o r the phy toa l ex ins 1n Glycine spp. Furthermore, 
wh i l e phy toa l ex i n s g ene r a l l y e x h i b i t a n t i b i o t i c p r o p e r t i e s , many of 
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them have r e l a t i v e l y unusual chemical s t r u c t u r e s . In a d d i t i o n to 
the l a rge number of novel s t r u c t u r e s a l r eady d e s c r i b ed , recent 
repor t s have noted new and chemica l l y unique phy toa l ex i n s (F igure 1 ) . 
These Inc lude b r a s s l l e x l n , a s u l f u r con ta i n i ng i ndo l e d e r i v a t i v e 
(14 ) , the o r y z a l e x l n s from r i c e (17 ) , a b ipheny l p h y t o a l e x i n , 
magno lo l , from CereIdlphyHum (15) , the n i t r ogen con ta i n i ng compound 
d l a n t h a l e x i n (18) and the novel s p i r o k e t a l e no l e the r p h y t o a l e x i n , 
mycos l no l , from Coleostephus ( 12 ) . In a d d i t i o n , c e r t a i n secondary 
me tabo l i t e s p r e v i o u s l y cons idered as preformed me tabo l i t e s have been 
shown to be produced as phy toa l ex ins [ e . g . protoanemonln by Caltha 
palustrls (19) and anthocyan ld lns 1n sorghum, shown to behave as 
phy toa l ex i n s ( 1 3 ) ] . 

Our understanding of phy toa l ex ins and t h e i r b i o l o g i c a l r o l e has 
been a ided by the recent f i n d i n g tha t some of them are photo-
ac t Ivatab l e to molecu les of g rea te r b i o l o g i c a l a c t i v i t y ( 20 ) . For 
Ins tance , i t was p r e v i o u s l y thought tha t phy toa l ex i n s d i d not 
d i r e c t l y a f f e c t v i r u s e s 1n h y p e r s e n s l t l v e l y responding p l an t t i s s u e . 
However, 2,7-d1hydroxycadalene, a pho toa c t i v a t ab l e co t ton phyto
a l e x i n was r e c en t l y shown to I n a c t i v a t e c a u l i f l o w e r mosaic v i r u s In 
vitro ( 21 ) . Th i s r a i s e s the p o s s i b i l i t y t ha t c e r t a i n phy toa l ex i n s 
may cause v i r u s i n a c t i v a t l o n dur ing h ype r s en s i t i v e r e s i s t a n t p l an t 
r e a c t i o n s . 

Evidence f o r the Involvement of Phy toa l ex ins 1n Res i s tance 

A f t e r years o f f r equen t l y c on t r i v ed con t roversy on the r o l e o f 
phy toa l ex i n s 1n d i sease r e s i s t a n c e , they are now g e n e r a l l y regarded 
as bona f1de9 p h y s i o l o g i c a l l y Important agents . Th i s emerging 
consensus has r e su l t e d from the cont inued accumulat ion of data 
suggest ing Importance i n r e s i s t an ce and from gene t i c exper iments 
showing tha t the degradat ion o f host phy toa l ex i n s by c e r t a i n patho
gens 1s requ i red f o r h igh v i r u l e n c e (22 ,23 ) . An Important c o r r e l a r y 
of these gene t i c experiments s t a t e s tuât 1f a pathogen e l i c i t s 
phy toa l ex i n s but cannot otherwise t o l e r a t e or d e t o x i f y them, then 
the phy toa l ex i n s c o n s t i t u t e an e f f e c t i v e d i sease defense mechanism. 
I t 1s not p o s s i b l e i n t h i s paper to cover the ex tens i ve l i t e r a t u r e 
l i n k i n g phy toa l ex i n s w i th d i sease r e s i s t a n c e , but the review 
a r t i c l e s c i t e d e a r l i e r d i s cu s s much of 1 t . The genera l l i n e s of 
ev idence U n k i n g phy toa l ex ins to r e s i s t an ce express i on (wi th 
re fe rences t ha t are I l l u s t r a t i v e but f a r from comprehensive) a r e : 

( I ) G e n e t i c a l l y r e s i s t a n t p l an t s I n v a r i a b l y produce h igher l e v e l s of 
phy toa l ex i n s than do su s c ep t i b l e genotypes (24 ,25 ) . 

( I I ) pathogen produced suppressors of phy toa l ex i n p roduc t ion 
decrease r e s i s t an ce (26 ) . 

( I I I ) chemical I n h i b i t o r s of p r o t e i n syn thes i s o r I n h i b i t o r s of 
enzymes In phy toa l ex i n b l o s y n t h e t l c pathways decrease phy toa l ex i n 
p roduc t i on and negate r e s i s t an ce (27 ,28 ) . 

(1v) race s p e c i f i c e l l d t o r s have been I s o l a t ed tha t reproduce the 
s p e c i f i c i t y f o r phy toa l ex i n i nduc t i on of the pathogen race from 
which they were i s o l a t e d (29 ,30) . 
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6. KEEN PhytoakxinsandTlmEUcUors 117 

(ν) removal o f phy toa l ex ins from a pathogen i n f e c t i o n s i t e decreases 
r e s i s t an ce wh i l e exogenous a d d i t i o n of phy toa l ex i n s Increases 
r e s i s t an c e ( 31 ) . 

( v l ) l o c a l i z a t i o n s t ud i e s have shown tha t phy toa l ex i n s are made a t 
the r i g h t p lace a t the r i g h t t ime and a t s u f f i c i e n t concen t ra t i on to 
account f o r I n h i b i t i o n of the pathogen (32 ,33 ) . 

(v11) e l e c t r o n microscope s tud i e s have shown tha t pathogens 1n 
r e s i s t a n t - r e a c t i n g p l an t t i s s u e s e x h i b i t u l t r a s t r u c t u r a l abnormal
i t i e s tha t are extremely s i m i l a r to those shown by the same organisms 
grown 1n c u l t u r e and exposed to the pure phy toa l ex i n s ( 34 ,35 ) . 

E l i c i t o r s o f Phy toa l ex ins and the HR 

P l an t pathogens e l abo ra te me tabo l i t e s Into the c u l t u r e medium or 
con ta in substances tha t e l i c i t p l an t t i s s u e s to produce phy toa l ex i n s 
In the absence of the pathogen I t s e l f . Gene r a l l y , t h i s Invo lves 
severa l components ( e . g . 36) tha t may appear 1n c u l t u r e f l u i d s , most 
of which are not r a c e - s pe cT f l c— tha t 1s they are produced by va r i ous 
I s o l a t e s o f the pathogen and cause s i m i l a r e f f e c t s on a range of 
host c u l t i v a r s . The phy s i o l o g i c Importance of such e l i c i t o r s has 
g e n e r a l l y not been e s t a b l i s h e d , and DeVMt and Splkman (37) showed 
tha t n o n - s p e c i f i c g l y c op r o t e i n e l l d t o r s present i n c u l t u r e f l u i d s 
o f Cladosporlum fulvum were not de t e c t ab l e a t a l l In In fec ted host 
t i s s u e s , but a race s p e c i f i c e l l c i t o r was i s o l a t e d from In fec ted 
l e aves , as w i l l be d i s cussed l a t e r . Desp i te the r e s u l t i n g su sp i c i on 
tha t n on - s pe c i f i c e l l d t o r s found 1n c u l t u r e f l u i d s may not 
n e c e s s a r i l y be of p h y s i o l o g i c a l Importance i n p lant-pathogen 
I n t e r a c t i o n s , r o l e s have never the less been c la imed f o r some of them. 

The major types of n on - s pe c i f i c e l i c i t o r s c ha r a c t e r i z ed have 
been g lucans and c h l t l n d e r i v a t i v e s . The most s tud i ed of these are 
branched 3-1,3-g lucans ex t r a c t ed from the c e l l s w a l l s o f va r i ous 
f u n g i , p a r t i c u l a r l y Phytophthora spp. A l be r she lm ' s group ex t r a c t ed 
g lucans from c e l l w a l l s o f P. megasperma f . s p . glydnea by au to-
c l a v l n g them 1n water or w i t h m i l d a d d h y d r o l y s i s ( 38 ) . The 
e x t r a c t s were c a r e f u l l y f r a c t i o n a t e d Into the sma l l e s t e l l c i t o r -
a c t l v e component, I d e n t i f i e d as a seven membered g lucan composed of 
a 3-1,6-1 Inked pentaglucan w i t h 3-1,3-1 Inked g lucose res idues on the 
second and f ou r t h res idues (39) ( n -1 , F igure 2 ) . 

Yoshikawa e t a l . (40) r e c en t l y I s o l a t ed homologues of the hepta-
g lucan e l l d t o r from P. megasperma f . s p . glyclnea c e l l w a l l s t r ea t ed 
w i t h a p u r i f i e d 3-1,3-endoglucanase from soybean p l a n t s . These 
g lucans shared the ba s i c heptaglucan s t r u c t u r e of a 3-1,6-1 inked 
g lucose backbone w i th the penu l t imate res idues s u b s t i t u t e d w i th 
P- l ,3-1 inked g lucose r e s i due s . However, the enzyme-released 
e l l d t o r s Inc luded those w i th longer 3-1,6 backbones than the hepta
g lucan (F igure 2 ) . S i g n i f i c a n t l y , the l a r g e r g lucans w i t h n-2 or 
g r ea t e r were much more potent e l l d t o r s than the heptaglucan ( n= l ) . 
These more a c t i v e e l l d t o r s were not detec ted 1n the e a r l i e r work by 
A l be r she lm ' s group (39) , probably because they exposed c e l l w a l l s to 
the r e l a t i v e l y ha rs f i " t reatment of a d d e x t r a c t i o n . Un l i k e a d d , 
which a t t a c k s both 3-1,3 and 3-1,6 g l y c o s l d l c l i n k a g e s , the g lucanase 
used by Yoshikawa and co-workers (40) on ly a t t a c k s I n t e rna l 3-1,3 
l i n k a g e s , thus p rese rv i ng the longer β-1,6-1 inked e l l c i t o r back-

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

6



118 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

H 

BRASSILEXIN 

OH OH 

CH 2 C H 2 

MAGNOLOL 

CH3 

α 
ORYZALEXIN A 

H 3 C - C » C - C « C - C 

OH 

MYCOSINOL 

Ο 

OH 

DIANTHALEXINE 

F igu re 1. Recent ly desc r i bed phy t o a l e x i n s . 
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F igu re 2 . Homologous po lyg lucan e l l d t o r s I s o l a t ed from c e l l 
w a l l s o f Phytophthora megasperma f . s p . glydnea; η » 1 
to 5 or g r ea t e r and a l l g l y c o s l d l c l i nkages are 0. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

6



6. KEEN PhytoateàMS and Their ElkUors 119 

bones. Whi le these g lucan e l l d t o r s have cons i de rab l e a c t i v i t y 1n 
phy toa l ex i n e l l d t o r assays and a r e suspected to p l ay a r o l e 1n 
d i sease de fense , no ev idence has ye t d e f i n i t i v e l y l i n k e d them to the 
occurrence o f defense r ea c t i on s 1n soybean p l a n t s In fec ted w i t h an 
Incompat ib le race of P. megasperma f . s p . glydnea. Indeed, a l l races 
o f the pathogen con ta in the e l l d t o r s and a l l soybean c u l t i v a r s 
respond s i m i l a r l y to g lucan p r epa r a t i o n s . F i n a l l y , wh i l e g lucans 
e f f i c i e n t l y e l i c i t phy toa l ex in s 1n some p l an t s such as soybean, they 
are r e l a t i v e l y poor e l l d t o r s 1n o ther p l an t s ( e . g . 4 1 ) . 

Ch1t1n and ch l t o san are a l s o fungal wa l l components tha t e l l d t 
phy toa l ex i n s and/or H g n l n accumulat ion (42 ,43 ) . As w i t h the g lucan 
e l l d t o r s , the p h y s i o l o g i c r o l e o f ch l t o san has not ye t been es tab 
l i s h e d and no race s p e c i f i c p r ope r t i e s have been noted . Another 
e l l d t o r which has not ye t been shown to possess race s p e c i f i c 
f ea tu re s Is a g l y c op r o t e i n from Pucdnla gramlnls f . s p . trltld c e l l 
w a l l s t ha t e l i c i t s the HR 1n wheat leaves ( 44 ) . A f i n a l c l a s s of 
n o n - s p e c i f i c e l l d t o r s worthy o f note are o l l g oga l a c t u r on l d e 
e l l d t o r s I s o l a t ed from p l an t c e l l w a l l s . B a i l e y (45) obta ined 
evidence suggest ing t ha t wounded p l an t t i s s u e s produced""'endogenous 
e l l d t o r s 1 which subsequent ly e l i c i t e d phy toa l ex i n responses i n 
surrounding hea l thy c e l l s . Bruce and West (46) and l a t e r severa l 
o thers showed tha t c e r t a i n m i c r ob i a l p e c f f c enzymes re leased 
e 1 1 d t o r - a c t 1 v e o l l g oga l a c t u r on l d e fragments from p l an t c e l l w a l l s . 
Aga i n , the p h y s i o l o g i c re levance o f such e l l d t o r s has not been 
e s t a b l i s h e d , but 1t 1s appea l ing to t h i nk tha t they may be of 
Importance 1n the case o f p l an t a t t a ck by pathogens t ha t produce 
r e l a t i v e l y low a c t i v i t i e s o f p e c t i n degrading enzymes. 

S ince they cannot account f o r the s p e c i f i c i t i e s observed 1n 
gene-for-gene p lant-pathogen systems, the p h y s i o l o g i c r o l e o f non
s p e c i f i c e l l d t o r s , 1f any, must be 1n genera l r e s i s t a n c e . For 
Ins tance , 1f p l an t t i s s u e s respond r a p i d l y enough to g l u cans , c h l t i n 
or o ther ηοη-spedf lc e l l d t o r s from an Invading pathogen, the 
r e s u l t i n g defense r ea c t i on may be s u f f i c i e n t to Impede f u r t h e r 
pathogen development. S i m i l a r l y , p e c t l c enzymes produced by the 
pathogen may l i b e r a t e p l an t o l l g oga l a c t u r on l d e e l l d t o r s t ha t lead 
to r e s i s t a n c e . The s i t u a t i o n might a l s o be complex s i n ce p l an t 
enzyme I n h i b i t o r s , un favorab le pH cond i t i on s or o ther f a c t o r s tha t 
reduce the e f f i c i e n c y o f pathogen produced p e c t l c enzymes might 
Increase the p r o b a b i l i t y t ha t e f f e c t i v e l e v e l s of o l l g oga l a c t u r on l d e 
e l l d t o r s cou ld be formed a t the pathogen I n f e c t i o n s i t e ( 47 ,48 ) . 

A wide range of ' a b i o t i c 1 e l l d t o r s tha t a re not obta ined from 
pathogens f un c t i on a t va ry ing e f f i c i e n c i e s as phy toa l ex i n e l l d t o r s . 
These Inc lude heavy metal 1ons, po l yan l ons , va r i ous a n t i b i o t i c s and 
detergents and red-ox agents (see reviews noted e a r l i e r f o r d e t a i l s ) . 
The l a t t e r group Inc ludes g l u t a t h i o n e , repor ted to be an e f f e c t i v e 
e l l d t o r 1n Phaseolus vulgaris by Wlngate e t a l . ( 49 ) . I t 1s 
probable t ha t most o f the a b i o t i c e l l d t o r s f un c t i o n by caus ing 
ηοη-spedf lc damage to p l an t t i s s u e which r e l eases endogenous p l an t 
e l l d t o r s , by b l o ck i ng phy toa l ex i n turnover (50) o r by m1m1dng the 
p l an t c e l l s i gna l t r ansduc t i on machinery (see"Be low) . 

Suppressors and Enhancers 

Me tabo l i t e s have been I s o l a t ed from pathogens tha t suppress phyto
a l e x i n p roduc t ion by a host p l an t 1n the presence o f o therwise 
f un c t i o na l e l l d t o r s ( e . g . 2 6 ) . The e l a bo r a t i o n o f such suppressors 
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120 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

1s a l o g i c a l pathogenic s t r a t egy f o r overcoming genera l r e s i s t an ce 
and they may a c co rd i ng l y be more widespread among pathogens than i s 
c u r r e n t l y app r e c i a t ed . 

Doke, Kuc and a s so c i a t e s have presented ev idence I n d i c a t i n g tha t 
suppressors may a l s o f un c t i on 1n a gene-for-gene system Invo l v i ng 
s i n g l e d i sease r e s i s t a n c e genes. The potàto-Phytophthora Infestans 
system Invo lves the I n t e r p l a y o f severa l s i n g l e d i sease r e s i s t an ce 
genes and many pathogen r a ces . The suppressor model as a pp l i e d to 
t h i s system holds t ha t a l l fungus races e l abo ra te n o n - s p e c i f i c 
e l i c i t o r s when I n f e c t i n g potato [ p o s s i b l y a r a ch l don l c and r e l a t e d 
f a t t y a d d s ( 5 1 ) ] . Races t ha t are not r e s t r i c t e d 1n a c e r t a i n p l an t 
r e s i s t a n c e genotype have been proposed to produce s p e c i f i c suppressor 
substances t ha t repress the phy toa l ex i n response. Doke e t a l . (52) 
presented ev idence suggest ing tha t the race s p e c i f i c suppressors 
might be mycolamlnarans, smal l o l l gog l u cans present i n the cytoplasm 
of va r i ous Phytophthora spp. The suppressor work has been c r i t i c i z e d 
because 1t i s a t odds w i t h gene t i c data on gene-for-gene systems and 
the suppressors have ne i t h e r been I s o l a t ed and cha r a c t e r i z e d nor 
proven to account f o r s p e c i f i c i t y . 

To compl i ca te the po t a t o - P . Infestans system f u r t h e r , Man1ara e t 
a l . (53) and Pre1s1g and Kuc (54) repor ted the presence 1n fungal 
homogenates o f substances , aga in I d e n t i f i e d as o l l g o g l u c a n s , tha t 
behaved as 'enhancers ' o f the defense r ea c t i on e l i c i t e d by a r a ch l don l c 
a d d i n po t a t o . A dd i t i o n a l work w i l l be requ i r ed to determine 
whether the va r i ous suppressors and enhancers a re p h y s i o l o g i c a l l y 
Important 1n r e s i s t an ce exp r e s s i on . 

Race S p e c i f i c E l i c i t o r s 

As noted e a r l i e r , s p e c i f i c r e s i s t an ce occurs 1n on l y c e r t a i n p l an t 
c u l t i v a r s aga i n s t c e r t a i n pathogen b i o t y pe s . In c l a s s i c work, F l o r 
(55) and o thers showed tha t Invoca t ion o f the HR 1s determined by 
the a c t i v i t y o f s i n g l e genes 1n the host ( c a l l e d d i sease r e s i s t an ce 
genes) and 1n the pathogen ( c a l l e d a v l r u l e n c e genes) . Because 
r e s i s t a n c e genes are w ide l y used In a g r i c u l t u r e f o r the con t r o l of 
p l a n t d i s e a s e s , there 1s cons ide rab l e I n t e r e s t In understand ing the 
b iochemica l b a s i s o f t h i s s p e c i f i c i t y . The e l i c i t o r - r e c e p t o r model 
has f r e quen t l y been proposed to e xp l a i n s p e c i f i c i t y In such gene-
for-gene systems and 1s supported by cons i de rab l e gene t i c and 
b iochemica l evidence (56-58) . The model p r e d i c t s t ha t a pathogen 
race c a r r y i n g a s p e c i f i c a v l r u l e n ce gene produces a unique me t abo l i t e , 
c a l l e d a race s p e c i f i c e l l d t o r , wh i l e races l a c k i n g the f un c t i o na l 
a v l r u l e n c e gene do not make t h i s e l l c i t o r . P l an t s c a r r y i n g the 
complementary d i sease r e s i s t an ce gene produce a unique receptor f o r 
the e l l d t o r mo lecu l e . Fo l l ow ing e l 1c1 t o r - r e c e p t o r b i n d i n g , unknown 
Intermediate events r e s u l t i n s p e c i f i c de rep ress i on o f c e r t a i n p l an t 
genes, c a l l e d d i sease response genes. The i r exp ress i on leads to the 
va r i ous consequences of the HR, Inc lud ing phy toa l ex i n accumulat ion 
( 58 ) . 

Our own research group repor ted the f i r s t ev idence suggest ing 
occurrence o f race s p e c i f i c e l l d t o r s i n Phytophthora megasperma 
f . s p . glydnea (59) and Pseudomonas syrlngae pv . glydnea ( 60 ) . 
P repa ra t i ons from va r i ous races of these pathogens e x h i b i t e d g r ea t e r 
e l l d t o r a c t i v i t y on Incompat ib le soybean c u l t i v a r s than on compat ib le 
c u l t i v a r s . Desp i te the promis ing r e s u l t s , however, 1t was not 
p o s s i b l e to I s o l a t e and c ha r a c t e r i z e the e l l d t o r s , a problem tha t 
has been noted w i t h o ther p lant-pathogen systems as w e l l . Such 
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6. KEEN Phytoalexins andTheirElicitors 121 

d i f f i c u l t i e s may be caused by l a b i l i t y of the r e l evan t e l l d t o r s or 
t h e i r p roduc t i on 1n quan t i t y on ly when the pathogens have been 
Inocu la ted Into host t i s s u e . More recent research i n severa l 
l a b o r a t o r i e s has I l l um ina t ed these p o s s i b i l i t i e s . 

C r u c e f l x e t a l . (61) searched I n t e n s i v e l y f o r race s p e c i f i c 
e l l d t o r s 1n the Bremla-lettuce host-pathogen system. I n f e c t i o n 
s t r u c t u r e s o f the o b l l g a t e l y pathogenic fungus were assayed f o r 
e f f e c t s i n l e t t u c e coty ledons and p r o t op l a s t s o f known r e s i s t an ce 
genotypes. Whi le the presence of race s p e c i f i c e l i c i t o r s o f the HR 
was Ind i ca ted from c e r t a i n I s o l a t e s of the fungus, b ioassay i n con
s i s t e n c y and the d i f f i c u l t y 1n I s o l a t i n g s i g n i f i c a n t q u a n t i t i e s of 
the pu t a t i v e e l l d t o r s posed se r i ous problems. The authors a l s o 
specu la ted tha t the s p e c i f i c e l l d t o r s 1n t h i s system might be 
l a b i l e me tabo l i t e s tha t were on ly sec re ted a t c e r t a i n stages of the 
I n f e c t i o n process 1n the p l an t hos t . The p roduc t i on o f race s p e c i f i c 
HR e l l d t o r s on ly dur ing host I n f e c t i o n was a l s o suggested by the 
e a r l i e r work of Jones and Devera l l (62) w i t h the vfheàt-Pucdnla 
recondlta system and has been d r a m a t i c a l l y shown to occur i n the 
I n t e r a c t i o n o f Cladosporlum fulvum and tomato by De Wit and co
workers . 

Severa l I n ve s t i g a t o r s had searched un su c c e s s f u l l y f o r race 
s p e c i f i c e l l d t o r s 1n C. fulvum by f r a c t i o n a t i n g fungal c u l t u r e s 
grown on common l abo ra to r y media. De Wit and co-workers (37,63) 
Inocu la ted the fungus Into a compat ib le tomato c u l t i v a r and sub
sequent ly ex t r a c t ed I n t e r c e l l u l a r f l u i d s from the Inocu la ted l e aves . 
These l e a f e x t r a c t s conta ined me tabo l i t e s of presumed fungal o r i g i n 
t ha t e l i c i t e d the hype r s en s i t i v e r e a c t i on on l y 1n subsequent 
b ioassays on tomato c u l t i v a r s c a r r y i n g complementary r e s i s t an ce 
genes to a v l r u l e n c e genes 1n the o r i g i n a l l y i no cu l a t ed funga l r a ce . 
Thus, a s p e c i f i c e l l d t o r was produced on ly by fungal i s o l a t e s 
c a r r y i n g a unique a v l r u l e n c e gene and on ly when the fungus grew 1n 
the hos t . One of the pu t a t i v e race s p e c i f i c e l l d t o r s , a s soc i a t ed 
w i t h pathogen a v l r u l e n c e gene avrCf9, has r e c en t l y been I s o l a t e d and 
i d e n t i f i e d as a 27 amino a d d , cyste1ne-r1ch pept ide (29) (F igure 3 ) . 
The pept ide may be a processed product of the pathogen A9 av l r u l e n c e 
gene, but t h i s has not ye t been t e s ted by c r i t i c a l gene t i c e x p e r i 
ments. 

Another c ha r a c t e r i z ed race s p e c i f i c e l l d t o r 1s v l c t o r l n , 
produced by Helm1nthospor1um vlctorlae. Th i s me tabo l i t e s p e c i f i c a l l y 
e l i c i t s the HR a t p lcomolar concen t ra t i ons on ly on oat c u l t i v a r s 
c a r r y i n g the gene Pc-2, t ha t con fers r e s i s t an ce to the rus t pathogen, 
Pucclnla coronata ( 64 ) . The s t r u c t u r e of v i c t o r l n has been de t e r 
mined by Wolpert e t a l . (65) as a ba s i c pept ide con ta i n i ng unusual 
amino a d d r e s i due s . Mayama e t a l . (64) showed tha t v i c t o r l n 
e l i c i t e d the hype r s en s i t i v e response and phy toa l ex i n p roduc t i on on ly 
1n Pc-2 oat U n e s . I t t he re f o re appears tha t v i c t o r l n 1s a race 
s p e c i f i c e l l d t o r of the oat HR and tha t P. coronata races c a r r y i ng 

Tyr- Cys-Asn-Ser-Ser-Cys-Thr-Arg-Ala-Phe-Asp-

Cys-Leu-Gly-Gln-Cys-Gly-Arg-Cys-

Asp-Phe-His-Lys-Leu-Gln-Cys-Val 

F igure 3. Race s p e c i f i c e l l d t o r from Cladosporlum fulvum. A l l 
r e l evan t amino a d d s are assumed to be (L) and the 
f i r s t amino a d d 1s the N-term1nus. 
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122 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

the a v l r u l e n c e gene complementing Pc-2 must con ta in an analogous 
e l l c i t o r . Wolpert and Macko (66) r e c en t l y I d e n t i f i e d a p r o t e i n t ha t 
may f u n c t i o n as a s p e c i f i c recepto r f o r v i c t o r l n 1n the Pc-2 oat 
genotype. However, 1t remains to be e s t a b l i s h e d whether t h i s p r o t e i n 
Is the pr imary product o f the Pc-2 r e s i s t a n c e gene. 

Recent r e s u l t s w i t h tobacco mosaic v i r u s (TMY) have I l l um ina t ed 
the b a s i s o f host range s p e c i f i c i t y w i t h t h i s v i r u s . Knorr and 
Dawson (67) I d e n t i f i e d mutat ions 1n the coat p r o t e i n gene o f TMY 
tha t r e s u l t e d 1n hype r s en s i t i v e r e s i s t a n t r ea c t i on s on tobacco 
p l a n t s c a r r y i n g the N 1 r e s i s t an c e gene r a t he r than the normal 
s u s c e p t i b l e response. More r e c e n t l y , the same group has prov ided 
ev idence I n d i c a t i n g t ha t the coat p r o t e i n I t s e l f and not v i r a l RNA 
or o the r v i r a l gene products Is a s p e c i f i c e l l d t o r o f the HR. The 
most e l egant o f these exper iments Invo lved I n t r oduc t i on o f the 
mutant coat p r o t e i n gene Into N 1 tobacco p l a n t s . The regenerated, 
t r ansgen i c p l a n t s e x h i b i t e d numerous n e c r o t i c f o l i a r l e s i o n s , s i m i l a r 
to p l a n t s Inocu la ted w i t h the v i r u s (Cu l v e r , J . and Dawson, W., 
Un i v . o f C a l i f o r n i a , R i v e r s i d e , persona l communicat ion, 1989). 
Whi le 1t cannot be e n t i r e l y r u l ed out t ha t the TMV coat p r o t e i n may 
have an unknown enzymatic f un c t i o n which leads to an a c t i v e e l l d t o r , 
the r e s u l t s I nd i c a t e t ha t the coat p r o t e i n I t s e l f f u n c t i o n s as an 
e l l d t o r o f the HR. 

Av l r u l e n c e Genes and S p e c i f i c E l l d t o r s 

Our understanding o f gene-for-gene complementar i ty and the r o l e o f 
race s p e c i f i c e l i c i t o r s has been cons i de rab l y f u r t he r ed by the 
c l o n i n g o f a v l r u l e n c e genes from severa l b a c t e r i a l pathogens ( f o r 
rev iew see 5 7 ) . Av l r u l en ce (avr) genes have been c loned from severa l 
members o f the Pseudomonas syrlngae and Xanthomonas campestrls 
groups and some of them have been sequenced and t h e i r gene products 
c h a r a c t e r i z e d . Thus f a r , a l l sequenced avr genes encode s i n g l e 
p r o t e i n p roduc t s . S u r p r i s i n g l y , a l l o f the p r o t e i n s l a ck s i gna l 
pept ide sequences, I n d i c a t i n g t ha t they occur 1n the b a c t e r i a l 
cytop lasm and are not sec re ted to the medium or t o the c e l l s u r f a c e . 
Coupled w i t h the absence o f de t e c t ab l e e l l d t o r a c t i v i t y from 
c e r t a i n avr p r o t e i n s ( e . g . 68 ,69 ) , t h i s I nd i ca t e s tha t the gene 
products themselves may not d i r e c t l y e l l d t the p l an t HR. Research 
w i t h the avrO gene c loned from P. syrlngae pv. tomato has o f f e r ed 
f u r t h e r I n s i gh t Into t h i s aspect of avr gene f u n c t i o n . 

Four d i f f e r e n t a v l r u l e n c e genes have been c loned from P. 
syrlngae pv . tomato (70, Shen and Keen, unpub l i shed) t h a t , when 
Introduced Into the r e l a t e d bacter ium P. syrlngae pv . glydnea, 
caused them to e l l d t h ype r s en s i t i v e r ea c t i on s on some but not a l l 
soybean c u l t i v a r s . These b a c t e r i a l genes t he re f o r e behaved as race 
s p e c i f i c avr genes 1n P.s. glydnea. S u r p r i s i n g l y , one o f them a l s o 
turned out to be I d e n t i c a l to e w A , p r e v i o u s l y c loned from race 6 o f 
P.s. glydnea ( 69 ,61 ) . Thus, the avr genes from P . s . tomato not 
on ly f u n c t i o n 1n P . s . glydnea, but one o f them 1s I d e n t i c a l to an 
avr gene present 1n a P . s . glydnea r a ce . On the o the r hand, a 
f u n c t i o na l copy of one o f the o ther P.s. tomato a v l r u l e n c e genes 
(avru) has not been I d e n t i f i e d 1n any I s o l a t e of P . s . glydnea. 

KobayasM and Keen (manuscr ipt 1n p repa ra t i on ) sequenced the 
avrO gene from P . s . tomato and found tha t 1t encoded a s i n g l e p r o t e i n 
product o f 34 kD. I t was a l s o observed tha t Escherichia coll c e l l s 
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6. KEEN Phytoalexins aid Their Elk^ 123 

express ing avru e l i c i t e d HR 1n p r e c i s e l y the same c u l t i v a r s as d i d 
P.s. glydnea race 4 c e l l s c a r r y i n g the gene. Ne i t he r the p a r t i a l l y 
p u r i f i e d avrl) p r o t e i n nor l y sed E. coll c e l l s express ing avrO 
e l i c i t e d the HR 1n the app rop r i a t e soybean c u l t i v a r s . However, 
supernatant f l u i d s o f these E. coll c u l t u r e s conta ined a low 
mo lecu la r weight f a c t o r t ha t s p e c i f i c a l l y e l i c i t e d the HR on ly 1n 
Incompat ib le soybean c u l t i v a r s (Keen, N. T . , Tamakl, S . , 
Tho rda l -Ch r i s t ensen , H., Ge rho l t , D., and Kobayash l , D., unpubl ished 
d a t a ) . The avrt) gene product may the re f o re possess an enzymatic 
f un c t i o n t ha t conver ts a normal E. coll me tabo l i t e to an e l l d t o r -
a c t l v e compound which 1s secre ted from the c e l l s . Fu r the r work has 
a l s o shown tha t w i l d type P.s. tomato but not P.s. glydnea produces 
the e l l d t o r . However, I n t r oduc t i on of the c loned avrQ gene Into 
P.s. glydnea leads to product ion of the e l l d t o r and these c e l l s 
e l l d t the HR 1n app rop r i a te soybean c u l t i v a r s . 

The avrO e l l d t o r has been p u r i f i e d by the use of C18 and phenyl 
HPLC columns (Tamakl, S . , S t ay t on , Μ., Ge rho l t , D., and Keen, N. T . , 
unpubl ished d a t a ) , but I t s s t r u c t u r e 1s not ye t known. Low l e v e l s 
o f the e l l d t o r are produced by P.s. tomato c e l l s , but an avru 
mutant s t r a i n 1s d e f i c i e n t . These and other gene t i c exper iments 
prove tha t the e l l d t o r s p e c i f i e d by avrO mediates a v l r u l e n c e gene 
f un c t i on and 1s the agent which I n i t i a t e s p l an t defense 1n soybean 
c u l t i v a r s c a r r y i n g the complementary r e s i s t an ce gene. I t 1s t he r e 
f o r e the f i r s t race s p e c i f i c e l l d t o r tha t has been I s o l a t ed and 
proven to account f o r gene-for-gene s p e c i f i c i t y . The r e s u l t s w i th 
avru are a l s o c on s i s t en t w i t h the e l 1 c 1 t o r - r e c ep t o r model d i s cussed 
e a r l i e r . I t w i l l be o f f u r t h e r I n t e r e s t to see 1 f , as p r e d i c t e d , a 
s p e c i f i c recep to r f o r the avru e l l d t o r occurs 1n soybean c u l t i v a r s 
c a r r y i n g the complementary r e s i s t an ce gene. 

S ince avrV leads to HR on some but not a l l soybean c u l t i v a r s , 
the gene-for-gene r e l a t i o n s h i p p r e d i c t s the presence of a c l a s s i c a l 
s i n g l e r e s i s t an ce gene 1n those c u l t i v a r s tha t are r e s i s t a n t to 
b a c t e r i a c a r r y i n g avru. Th i s p o s s i b i l i t y has been t e s t ed 1n more 
recent work I nvo l v i ng c rosses of compat ib le and Incompat ib le soybean 
c u l t i v a r s . F2 progeny o f c rosses Invo l v i ng soybean c u l t i v a r s Acme χ 
Norch le f and Flambeau χ Me r i t segregated 1n a 3:1 manner f o r both 
r e s i s t an c e to P.s. glydnea c a r r y i n g avrt and f o r s e n s i t i v i t y to 
the avrt e l l d t o r (Keen, Ν. T . , and B u z z e l l , R. I . , unpubl ished 
d a t a ) . S e n s i t i v i t y to the e l l d t o r and r e s i s t an ce to Psg c a r r y i n g 
the gene were dominant and co - I nhe r i t ed 1n a l l o f c a . 600 segregat ing 
F2 and F 3 progeny t e s t e d . The t i g h t l i nkage o f e l l d t o r s e n s i t i v i t y 
and r e s i s t an ce Impl ies t ha t the e l l d t o r 1s the b a c t e r i a l agent 
which p h y s i o l o g i c a l l y I n i t i a t e s the HR 1n r e s i s t a n t p l a n t s . The 
presence 1n soybean o f a r e s i s t an ce gene complementary to avrV 1s 
s u r p r i s i n g 1n view of the f a c t t ha t a f un c t i o na l avrt) gene has not 
been I d e n t i f i e d 1n any race o f P.s. glydnea. What t he r e f o r e 1s the 
f un c t i o n of t h i s soybean r e s i s t an ce gene? Does 1t con fer r e s i s t an ce 
to o ther b a c t e r i a c a r r y i n g avri), such as P.s. tomato? 

How E l l d t o r s I n i t i a t e Phy toa l ex in Product ion 

Recent progress has occur red 1n understanding the b i ochemis t ry tha t 
occurs 1n p l an t t i s s u e s t r ea t ed w i t h phy toa l ex i n e l l d t o r s . Th i s 
work has been f a c i l i t a t e d by the use of c loned p l an t genes encoding 
enzymes 1n phy toa l ex i n b l o s y n t h e t l c pathways. Thus, In legumes, 1t 
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124 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

has been p o s s i b l e to use c loned genes of pheny la l an ine ammonia l yase 
and chalcone synthase as probes to moni tor express i on o f these 
defense response genes f o l l ow i n g pathogen I n f e c t i o n o r e l l d t o r 
t reatment (see 5 8 ) . These exper iments have demonstrated Increased 
express i on o f £he defense response genes r a p i d l y a f t e r e l l d t o r 
t reatment ( 72 ) , t he re f o re suggest ing the occurrence o f few I n t e r 
mediate s teps between e l l d t o r r e cogn i t i o n and p l an t gene a c t i v a t i o n . 

Whi le p l an t d i sease r e s i s t an ce genes Invo lved w i t h gene-for-gene 
r e s i s t a n c e as we l l as r e s i s t an ce genes c on f e r r i n g genera l r e s i s t an c e 
have been pos tu l a t ed to encode c e l l su r face r e c ep t o r s , very l i t t l e 
d i r e c t ev idence 1s a t hand. Yoshikawa e t a l . (73) produced the f i r s t 
ev idence d i r e c t l y I n d i c a t i n g tha t soybean ceTTs possess recepto rs 
f o r the fungal g lucan e l l d t o r , myco lamina r a n . S ince mycolamlnaran 
1s not race s p e c i f i c , the pu t a t i v e recep to r must be a s so c i a t ed w i t h 
genera l and not s p e c i f i c r e s i s t a n c e . Schmidt and Ebel (74) and 
Cos lo e t a l . (75) conf i rmed occurrence o f the g lucan recep to r on the 
soybean plasma membrane, s e t t i n g the stage f o r I t s I s o l a t i o n . I t 
should a l s o be noted tha t recepto rs f o r the Cladosporlum p ep t i de , 
f o r the oat Pc-2 r e s i s t an ce gene a f f e c t e d by v i c t o r l n , and the pu ta 
t i v e soybean recep to r f o r the e l l d t o r s p e c i f i e d by avrO cou ld a l s o 
be I s o l a t e d by us ing a f f i n i t y techn iques w i t h the va r i ous e l l d t o r s 
as probes . 

I t 1s not y e t c l e a r whether r e c ep t o r / e l 1 c1 t o r complexes d i r e c t l y 
I n t e r a c t w i t h DNA to derepress phy toa l ex i n b l o s y n t h e t l c genes o r 
whether o ther second messengers e x i s t . For Ins tance , work by 
Hadwlger (76) suggests tha t e l l d t o r s or e l 1 d t o r - r e c e p t o r complexes 
may d i r e c t l y I n t e r a c t w i t h p l an t DNA, thus changing I t s t r a n s c r i p t i o n . 
Recent exper iments 1n Ch r i s Lamb's l abo ra t o r y have a l s o I l l um ina t ed 
the ba s i s f o r gene de r ep r e s s i on . Phaseolus pheny la l an ine ammonia 
l yase and chalcone synthase genes were found to con ta i n DNA elements 
upstream o f the coding reg ions t ha t f unc t i oned as s i l e n c e r and a c t i 
va t o r reg ions (see 5 8 ) . These reg ions are assumed to I n t e r a c t w i t h 
as y e t u n i d e n t i f i e d p r o t e i n s to a c t i v a t e gene express i on 1n response 
to e l l d t o r s o r I nocu l a t i on w i t h Incompat ib le pathogen r a ces . 

Severa l groups have obta ined data I n d i c a t i n g tha t changes 1n 
ca l c ium f l u x from e l 1 c 1 t o r - t r e a t e d p l an t c e l l s may serve as a second 
messenger 1n phy toa l ex i n I n i t i a t i o n (77-80). The a l t e r e d ca l c ium 
f l u x may In turn be caused by rap i d d e p o l a r i z a t i o n / p o l a r i z a t i o n and 
redox pe r t u r ba t i o n o f the p l an t c e l l membrane (56; 81-85). For 
Ins tance , p roduc t i on o f superox ide an i on , hydrogen perox ide and 
hydroxy l r a d i c a l s have been observed In p l an t t i s s u e s undergoing 
h ype r s en s i t i v e r ea c t i on s (86-89). 

Uses o f E l l d t o r s 

E l l d t o r s have p r e v i o u s l y been use fu l 1n s t ud i e s on the mechanisms 
of p l an t defense and promise g r ea t e r u t i l i t y 1n the f u t u r e . Th i s 
should be e s p e c i a l l y t rue as a d d i t i o n a l race s p e c i f i c e l l d t o r s are 
I s o l a t ed and t h e i r e f f e c t s t e s t ed on Incompat ib le p l an t genotypes. 
In a d d i t i o n , e l l d t o r s may prove use fu l 1n other aspec ts o f p l an t 
b i o l o g y . Some of the e s t ab l i s h ed and p o t e n t i a l uses o f e l l d t o r s 
are shown In Table I . 
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6. KEEN Phytoalexins art The* Elicit 

Table I . Uses of e l l d t o r s 

125 

1. As agents f o r the s p e c i f i c Induct ion of p l an t 
enzymatic pathways l ead ing to phy toa l ex i n s ( 3 , 4 ) . 

2. For the p roduc t ion of e x o t i c secondary me tabo l i t e s 
by c u l t u r ed p l an t c e l l s ( 19 ,90 ) . 

3. Screen ing p l an t c u l t i v a r s and breeding U n e s f o r 
pathogen r e s i s t an ce (91 ,92 ) . 

4 . For s t ud i e s on receptor b i o l ogy 1n p l an t c e l l s ( 66 ,73 ) . 
5. In s t ud i e s on p lant-pathogen s p e c i f i c i t y and c e l l - c e l l 

s i g n a l l i n g (57 ,58 ) . 
6. For use as s p e c i f i c h e r b i c i d e s ( 93 ) . 

E l l d t o r s have been w ide l y used 1n s t ud i e s o f defense gene a c t i 
v a t i on ( f o r reviews see 3 ,58 ) . S ince I t 1s s imp le r to t r e a t p l an t 
c e l l s w i t h e l l d t o r s , as opposed to I n t a c t pathogens, r e s u l t s are 
not compromised by o ther components of the pathogen. There has been 
the tendency, however, to assume tha t 1f a substance causes Induc t ion 
o f e a r l y defense genes such as pheny la lan ine ammonia l y a s e , then 1t 
Is n e c e s s a r i l y a phy toa l ex i n e l l d t o r . Ebel e t a l . (94) showed, 
however, t ha t some substances which a c t i v a t e e a r l y defense genes do 
not lead to phy toa l ex i n accumu la t i on . The re fo re , e l l d t o r s should 
be c a r e f u l l y checked to ensure tha t they i n f a c t a c t i v a t e phyto
a l e x i n pathways. 

There has r e c en t l y been cons ide rab l e I n t e r e s t 1n the use of 
e l l d t o r s to a c t i v a t e b l o s y n t h e t l c pathways l ead ing to r e l a t i v e l y 
e x o t i c p l an t secondary metabo l i t e s (19 ,95-98) . Indeed, 1t may be 
p o s s i b l e to e f f i c i e n t l y I s o l a t e ra re me tabo l i t e s from cu l t u r ed p l an t 
c e l l s f o l l o w i n g t h e i r exposure to app rop r i a te e l l d t o r s . For example, 
T y l e r et a l . (90) used fungal e l l d t o r s to produce sangu lnar lne from 
Papaver c e l l suspension c u l t u r e s and reused the same c e l l s w i t h a 
new round of medium and e l l d t o r . Such semi cont inuous p roduc t i on 
schemes may permit the economic I s o l a t i o n o f ra re secondary metabo
l i t e s tha t behave as phy t o a l e x i n s . 

Whi le ηοη-spedf lc e l l d t o r s may have u t i l i t y 1n s e l e c t i n g 
d i sease and Insec t r e s i s t a n t breed ing l i n e s (91 ,92 ) , race s p e c i f i c 
e l i c i t o r s would seem to have the g r ea t e s t p o t e n t i a l use i n t h i s 
a r e a . Thus, breed ing U n e s segregat ing f o r a c e r t a i n d i sease 
r e s i s t a n c e gene cou ld be screened r e l a t i v e l y e a s i l y 1f a s p e c i f i c 
e l l c i t o r complementing the r e s i s t an ce gene was a v a i l a b l e . 

As noted e a r l i e r , l i m i t e d exper imenta l r e s u l t s I nd i ca t e tha t 
p l an t receptors may pe rce i ve e l l c i t o r s t i m u l i . Race s p e c i f i c 
e l l d t o r s are a l s o be ing used as a f f i n i t y probes f o r i s o l a t i o n of 
the correspond ing p l an t r e cep t o r s . These 1n turn are pos tu l a t ed to 
be the pr imary products of p l an t d i sease r e s i s t an ce genes, and t h e i r 
I s o l a t i o n would present a r a t i o n a l e f o r c l on i ng the r e s i s t an ce 
genes. 

P lant-pathogen s p e c i f i c i t i e s I nvo l v i ng e i t h e r s p e c i f i c r e s i s t an ce 
or genera l r e s i s t an ce c l e a r l y Invo lve d i f f e r e n t i a l r e c ogn i t i o n of 
pathogens. In some cases t h i s may be more compl i ca ted than pathogen 
d i s p l a y o f a c o n s t i t u t i v e me tabo l i t e tha t 1s recogn ized by the 
r e s i s t a n t p l a n t . For Ins tance , c e r t a i n b a c t e r i a l a v l r u l e n c e genes 
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are I n d u d b l y expressed f o l l ow i n g I n f e c t i o n of the p l a n t . Th i s 
Imp l ies t ha t e i t h e r the s p e c i f i c p l an t environment o r c e r t a i n p l an t 
s i gna l molecu les may be requ i red to a c t i v a t e the express i on o f 
a v l r u l e n c e genes. 

The s p e c i f i c e l l d t o r , v i c t o r l n , was cons idered f o r many years 
t o be a host s e l e c t i v e t o x i n , u n t i l 1t was shown t o I n t e r a c t w i t h 
the Pc-2 d i sease r e s i s t an ce gene by e l i c i t i n g the hype r s en s i t i v e 
response 1n oat p l a n t s . S i m i l a r l y , the pept ide e l l d t o r a s so c i a t ed 
w i t h the ACf9 a v l r u l e n c e gene o f Cladosporlum fulvum and the avrt 
e l l d t o r cou ld be cons idered as host s p e c i f i c t o x i n s 1f In format ion 
was not a v a i l a b l e U n k i n g them to r e s i s t a n c e e xp r e s s i o n . S ince 
p u r i f i e d p repa ra t i ons o f a l l these e l l d t o r s cause ex t ens i ve nec ro s i s 
on s e n s i t i v e p l an t c u l t i v a r s , 1t may be p o s s i b l e to use the e l l d t o r s 
themselves o r s u i t a b l e d e r i v a t i v e s as s p e c i f i c h e r b i c i d e s ( 93 ) . For 
example, I n j e c t i o n o f the avru e l l d t o r Into a s i n g l e pr imary soybean 
l e a f o f a s e n s i t i v e c u l t l v a r r e s u l t 1n nec r o s i s not on ly o f the 
I n f i l t r a t e d l e a f but a l s o the o ther pr imary l e a f on the p l an t 
(Tamakl, S . , and S t ay t on , Μ., Un iv . o f Wyoming, unpub l i shed da t a , 
1989). Th i s I nd i ca t e s a degree o f s y s t em i c ! t y f o r the e l l d t o r 
which would be use fu l 1n a p o t e n t i a l h e r b i c i d e . 
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Chapter 7 

Pathogens with Potential for Weed Control 

R. Charudattan 

Plant Pathology Department, University of Florida, Gainesville, FL 32611 

Biological control with plant pathogens is an 
effective, safe, selective, and practical means of 
weed management that has gained considerable impor
tance. The recent success in using certain rust and 
smut fungi as classical biocontrol agents, the 
registration and commercial use of two facultatively 
parasitic fungi as mycoherbicides in the United 
States, and the potential registration of two more 
mycoherbicides in the USA and Canada have further 
stimulated worldwide interest in biological weed 
control with plant pathogens. Approximately 45 
species of fungi are reported to be under evaluation 
or development in 19 countries and 44 locations 
against about 65 weeds. Included are 14 of the top 
18 world's worst weeds, and several others of 
regional and specific importance. Among pathogens 
with potential, several species have been found that 
attack more than one weed species. Efforts should 
be made to develop these pathogens as broad-spectrum 
mycoherbicides through strain selection or genetic 
engineering. Certain weed-pathogen systems have 
been shown to be suitable for low-input weed control 
technology that could be developed with public 
support and dispensed through user's efforts. Many 
others may be suitable for specialty or niche 
markets in which the target weed lacks suitable 
chemical or other means of control. It is 
anticipated that public institutions and private 
industries will continue to support research and 
development, respectively, of classical and myco
herbicidal candidates and thus promote this field of 
alternative weed control methods. 

NOTE: This chapter Is Florida Agricultural Experiment Stations Journal Series No. 9986. 

0097-6156/90A)439-0132$06.75/0 
© 1990 American Chemical Society 
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7. CHARUDATTAN Pathogens wiûi PoUnualJor Weed 133 

T h i s chapter focuses on pathogens t h a t ho ld most p o t e n t i a l f o r p r a c 
t i c a l use i n the near f u t u r e , and the r e s e a r c h and i n d u s t r i a l t rends 
that appear to i n f l u e n c e t h i s p o t e n t i a l i t y . S ince 1970, c o n s i d e r 
able progress has been made towards p r a c t i c a l use of p l a n t pathogens 
as safe and s e l e c t i v e agents of weed management ( 1 - 3 ) . The i n t e r e s t 
i n u s i n g p l a n t pathogens i s i n c r e a s i n g (4 ,5) p a r t l y because t h i s 
approach o f f e r s an e x p l o i t a b l e biotechnology and i s an e f f e c t i v e 
supplement to c o n v e n t i o n a l weed c o n t r o l based on chemical and mecha
n i c a l methods. Often the l a c k of s u i t a b l e chemical h e r b i c i d e s 
serves as an impetus f o r b i o l o g i c a l c o n t r o l s . T h i s c o u l d r e s u l t 
from the u n a v a i l a b i l i t y of chemical h e r b i c i d e s , u n s u i t a b l e p e r f o r 
mance of e x i s t i n g chemicals i n terms of e f f i c a c y or environmental 
s a f e t y , t h e i r h i g h c o s t to r e t u r n r a t i o , or the b u i l d u p of r e s i s t a n t 
weed b i o t y p e s . Under such s i t u a t i o n s , pathogens c o u l d o f f e r s p e c i 
f i c i t y i n c o n t r o l , environmental s a f e t y , and l e s s d r a s t i c changes i n 
the ecosystem compared to chemical h e r b i c i d e s . They may a l s o be 
l e s s c o s t l y to develop as h e r b i c i d e s than chemicals (6). M i c r o b i a l 
pathogens o f f e r s e v e r a l a d d i t i o n a l b i o l o g i c a l and t e c h n i c a l advan
tages which are reviewed i n Chapter 18 i n t h i s book. Examples of 
weed c o n t r o l o b t a i n a b l e with pathogens are l i s t e d i n Table I . 
Included i n t h i s t a b l e are agents that are p r e s e n t l y used or are 
expected to be used as commercial h e r b i c i d a l products as w e l l as 
d i f f e r e n t types of pathogens, weeds, and h a b i t a t s . 

S e l f - d i s s e m i n a t i n g pathogens ( e . g . , r u s t s , smuts, and c e r t a i n 
d r y - s p o r e d f o l i a r f u n g i ) as w e l l as p o o r l y d i s s e m i n a t i n g pathogens 
such as s o i l - b o r n e and raucoid-spored f u n g i are being developed f o r 
u s e . The former are g e n e r a l l y intended to be used as c l a s s i c a l 
agents capable of caus ing s e l f - s u s t a i n i n g epidemics f o l l o w i n g i n o c u 
l a t i v e r e l e a s e s . T y p i c a l l y , they are spread by spores or other 
i n f e c t i v e propagules t h a t are disseminated by wind, water , or i n s e c t 
v e c t o r s . The l a t t e r a r e commonly pathogens t h a t have c o - e v o l v e d 
w i t h t h e i r weed hosts i n p a r t i c u l a r r e g i o n s r e s u l t i n g i n homeostatic 
r e l a t i o n s h i p s c h a r a c t e r i s t i c of endemic d i s e a s e s . Normal ly , they do 
not produce s e l f - s u s t a i n i n g epidemics of d e s t r u c t i v e p o t e n t i a l s u f 
f i c i e n t to a f f o r d weed c o n t r o l . But by a p p l y i n g i n u n d a t i v e doses of 
inoculum, as b i o h e r b i c i d e s , they can be used to c r e a t e a temporary 
but h i g h l y d e s t r u c t i v e l e v e l of d i sease (3^. I t i s a l s o p o s s i b l e to 
use n a t i v e r u s t f u n g i i n an augmentative s t r a t e g y to i n c r e a s e the 
l e v e l of epidemic and weed c o n t r o l (25) or to i n c r e a s e b i o t i c s t r e s s 
on the weed thereby augmenting crop compet i t ion towards the weed 
(26) . 

I n o c u l a t i v e ( C l a s s i c a l B i o c o n t r o l ) Agents 

G e n e r a l l y , the f o l l o w i n g c o n s i d e r a t i o n s determine the d e c i s i o n to 
seek and deploy c l a s s i c a l ( i n o c u l a t i v e ) agents : (1) The weed i s an 
e x o t i c , l a c k i n g n a t i v e pathogens; (2) no a l t e r n a t i v e c o n t r o l s are 
a v a i l a b l e ; (3) s u f f i c i e n t economic i n c e n t i v e e x i s t s to j u s t i f y b i o 
c o n t r o l e f f o r t s ; (4) e p i d e m i o l o g i c a l l y , the e c o - c l i m a t i c f a c t o r s i n 
the r e g i o n of i n t r o d u c t i o n i n d i c a t e reasonable chances of success of 
the candidate pathogens; (5) no c o n f l i c t of i n t e r e s t e x i s t s , i . e . , 
everyone i s i n favor of c o n t r o l l i n g the weed; and (6) the i n t r o d u c e d 
pathogens are extremely host s p e c i f i c . H i s t o r i c a l l y , i n o c u l a t i v e 
agents have been used a g a i n s t e x o t i c weeds growing i n areas t h a t are 
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134 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I . Examples of Weed 

Pathogen Disease/Damage and 
Pathogen Type 

A l t e r n a r i a c a s s i a e 0 

A l t e r n a r i a s p . 

A r a u j l a mosaic v i r u s 

Cercospora rodmanii 

Chondrostereum purpureum 

Col le totr ichum o r b i c u l a r e 
(Berk, et Mont.) v . Arx . 

Ç. g loeosporioides 
f . s p . aeschynomene" 

C. g loeosporioides f . s p . 
malvae" 

Entyloma compositarum 

Fusarium culmorum 

F . s o l a n i f . s p . 
cucurbitae 

Phvtophthora palmivora^ 

P u c c i n i a c h o n d r i l l i n a 

F o l i a r b l i g h t , seedl ing k i l l , 
imperfect fungus 

F o l i a r b l i g h t , seedl ing k i l l , 
imperfect fungus 

Systemic mosaic, reduced plant 
p r o d u c t i v i t y , v i r u s 

L e a f - s p o t , reduced plant p r o d u c t i v i t y , 
imperfect fungus 

W i l t , wood-rot, plant k i l l , 
basidiomycete 

Stem and l e a f l e s i o n s , anthracnose, 
seedl ing death 

Anthracnose, shoot and plant k i l l 
imperfect fungus 

Anthracnose, shoot and plant 
k i l l , imperfect fungus 

Leaf b l i g h t , d e f o l i a t i o n 
smut fungus 

C h l o r o s i s , p lant k i l l and 
l y s i s , imperfect fungus 

Vascular w i l t , plant k i l l , 
imperfect fungus 

Root r o t , plant death 
death, phycomycete 

F o l i a r pustules , reduced plant 
p r o d u c t i v i t y , rust fungus 

'Recalculated or compiled from the data in the references cited. Control « reduction in 
weed density, weed problem, or cost savings; avenges or the range of reported values are 
presented here. ^Registered or expected soon to be registered as commercial 
mycoherbkkSes. cEight years after release of the fungus. dLaboratory data only, cFour years 
after release of the fungus. 
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7. CHARUDATTAN Pûtkogau with Patmtial for Weed Omtrtd 135 

Control Obtained with Plant Pathogens 

Weed Plant % C o n t r o l 8 Ref. 
Type 

Cassia o b t u s i f o l i a L . Annual herb 80 7 
(s lcklepod) 

Carduus pycnocephalus L . Annual herb 0-100 8 
( I t a l i a n t h i s t l e ) 

Morrenia odorata Perennia l vine 26 c 9 
(s tranglerv ine) 

Eichhornia crass ipes F l o a t i n g aquatic 11-99 10 
(waterhyacinth) macrophyte 

Prunus s e r o t i n a Tree 90 11 
(black cherry) 

Xanthium spinosum L . Annual herb 70 i l 
(spiny cocklebur) 

Aeschynomene v i r g i n i c a Annual herb, 76-100 12. 14 
(northern jo intvetch) semiaquatic 

12. 

Malva p u s i l l a Annual herb 73 15 
(round-leaved mallow) 

Ageratina r i p a r i a Annual herb 50 -95° 16, 17 
(Hamakua-pamakani) 

H y d r i l l a v e r t i c i l l a t a Submerged aquatic 100 d 18 
( h y d r i l l a ) macrophyte 

Cucurbita texana Annual vine 20-97 l i . 20 
(Texas gourd) 

l i . 

Morrenia odorata Perennial vine 90-100 21, 22 
( s tranglerv ine) 

C h o n d r i l l a -juncea Perennia l herb 88 e 23, 24 
(skeletonweed) 
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136 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

r e l a t i v e l y unmanaged, i n a c c e s s i b l e , or of low economic r e t u r n . The 
f o l l o w i n g are examples of s u c c e s s f u l c l a s s i c a l i n t r o d u c t i o n s which 
are s t i l l e f f e c t i v e . S ince success with a c l a s s i c a l agent i n one 
r e g i o n of the world tends to promote the use of the same agent i n 
other r e g i o n s a g a i n s t the same or c l o s e l y r e l a t e d t a r g e t weed, these 
pathogens may f i n d a d d i t i o n a l use i n other areas i n the f u t u r e . 

P u c c i n i a c h o n d r i l l i n a Bubak. & S y d . , a r u s t fungus from Europe , 
determined to be a v i r u l e n t , h o s t - s p e c i f i c , and safe b i o c o n t r o l 
agent , was i n t r o d u c e d i n t o A u s t r a l i a i n 1971 to c o n t r o l C h o n d r i l l a 
juncea L . , rush skeletonweed (27, 28) . In 1976 i t was i n t r o d u c e d 
i n t o C a l i f o r n i a and l a t e r i n t o other western s t a t e s i n the U . S . 
(29 -31) . The b i o l o g y of t h i s pathogen, weed c o n t r o l s u c c e s s , and 
assessment of the economic impact of c o n t r o l l i n g rush skeletonweed 
i n A u s t r a l i a have been reviewed (23, 24, 27 -31) . In summary, the 
r u s t has been remarkably s u c c e s s f u l (Table I ) i n c o n t r o l l i n g one of 
three b i o t y p e s of the weed, the n a r r o w - l e a f t y p e , w i t h consequent 
b e n e f i c i a l r e t u r n s to the l o c a l economy and ecology (24 ) . Recent 
e x p l o r a t i o n i n the Mediterranean r e g i o n has y i e l d e d two races of the 
r u s t t h a t are v i r u l e n t on the i n t e r m e d i a t e - l e a f t y p e . These have 
a l s o been i n t r o d u c e d i n t o A u s t r a l i a (32 ) . A d d i t i o n a l surveys are 
underway t o f i n d r a c e s v i r u l e n t on the b r o a d - l e a f type as w e l l ( 32 ) . 

As i n A u s t r a l i a , the r u s t i s the most e f f e c t i v e of three i n t r o 
duced b i o c o n t r o l agents i n the U n i t e d S t a t e s (29-31) ; the other two 
are a g a l l midge, C y s t i p h o r a s c h m i d t i Rubsaamen, and a g a l l m i t e , 
A c e r i a c h o n d r i l l a e C a n e s t r i n i . Only minor problems have been 
encountered f o l l o w i n g the i n t r o d u c t i o n and establ ishment of the r u s t 
i n new areas of the w o r l d . These being the reduced economic r e t u r n s 
due to the prevalence of the r e s i s t a n t weed b i o t y p e s i n A u s t r a l i a 
and the r e l a t i v e l y modest e f f i c a c y of the r u s t i n the U n i t e d S t a t e s . 

Phragmidium violaceum ( S c h u l t z ) W i n t . , a European r u s t pathogen 
of b l a c k b e r r i e s , Rubus s p p . , was i n t r o d u c e d i n t o C h i l e i n 1973 t o 
c o n t r o l Rubus c o n s t r i c t u s L e f . et M. and R. u l m i f o l i u s S c h o t t . The 
two hosts d i f f e r e d i n t h e i r s u s c e p t i b i l i t y to the r u s t ; R. u l m i f o 
l i u s was more s u s c e p t i b l e . The r u s t caused extens ive d e f o l i a t i o n , a 
s i g n i f i c a n t decrease i n seed p r o d u c t i o n , and i n c r e a s e d the i n v a s i o n 
of canes by secondary pathogens. About f i v e years a f t e r i t s i n t r o 
d u c t i o n , the pathogen had spread to over n e a r l y 800 km i n a n o r t h -
south d i r e c t i o n a long the C h i l e a n coast p r o v i d i n g h i g h l e v e l s of 
weed c o n t r o l (33) . In 1984 t h i s fungus was r e p o r t e d to have been 
i n t r o d u c e d u n l a w f u l l y i n t o A u s t r a l i a , presumably f o r c o n t r o l l i n g 
weedy European b l a c k b e r r i e s of the R. f r u t i c o s u s L . aggregate . The 
r u s t i s now spreading r a p i d l y and p r o v i d i n g c o n s i d e r a b l e b i o c o n t r o l 
(34) . Meanwhile, A u s t r a l i a n s c i e n t i s t s have determined i t to be 
host s p e c i f i c t o Rubus spp . w i t h i n the Rosaceae (35 ) . Although i t 
i s too e a r l y to assess the b i o c o n t r o l e f f i c a c y of t h i s fungus, and 
there i s the danger of i n f e c t i n g c u l t i v a t e d b l a c k b e r r i e s and other 
economical ly important Rubus s p p . , the prospects f o r l e g i t i m a t e use 
of t h i s r u s t i n A u s t r a l i a are s a i d to be good based on the o v e r a l l 
r i s k - b e n e f i t c o n s i d e r a t i o n s (35) . 

P u c c i n i a carduorum J a c k y , a r u s t fungus from Turkey , was 
r e l e a s e d i n 1987 on a l i m i t e d b a s i s i n V i r g i n i a to c o n t r o l musk 
t h i s t l e , Carduus thoermeri Weinm. (=C. nutans L . s s p . l e i o p h y l l u s 
[ P e t r o v i c ] S t o j . & S t e f . ) , a problem i n about 15% of a l l c o u n t i e s i n 
the Uni ted States and i n Canada. D e t a i l e d s t u d i e s i n quarant ine 
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7. CHARUDATTAN Pathogens with Potential for Weed Control 137 

greenhouse r e v e a l e d that the r u s t race considered f o r i n t r o d u c t i o n 
i n t o the United States was capable of i n f e c t i n g globe a r t i c h o k e 
(Cynara scolymus L . ) and some n a t i v e , North American C i r s i u m spp . 
However, the r u s t does not a t t a c k a r t i c h o k e under i t s n a t i v e c o n d i 
t i o n s i n E u r a s i a where i t c o e x i s t s w i t h a r t i c h o k e and s e v e r a l other 
members of the Compositae. I t i s p o s s i b l e t h a t the l i m i t e d s u s c e p 
t i b i l i t y of a r t i c h o k e and the r e a c t i o n of C i r s i u m s p p . , i s a g r e e n 
house anomaly (36) . Hence, the r u s t i s considered to be s u f f i 
c i e n t l y host s p e c i f i c and safe f o r use i n the United S t a t e s (36 ,37) . 
I n i t i a l o b s e r v a t i o n s c o n f i r m that the r u s t has overwintered and 
e s t a b l i s h e d i t s e l f i n V i r g i n i a (Baudoin , A . B . and B r u c k a r t , W. L . 
personal communications) , but i t i s too e a r l y to assess i t s e f f e c t 
on t h i s t l e c o n t r o l . 

Entyloma compositarum Far low, a smut fungus, was i n t r o d u c e d 
from Jamaica i n t o Hawaii i n 1974 to c o n t r o l Hamakua pamakani, A g e r a -
t i n a r i p a r i a (Regel) King & Robinson (=Eupatorium r i p a r i u m R e g e l ) , a 
weed i n p a s t u r e s , f o r e s t s , and rangelands (16, 17) . I t i s capable 
of caus ing c h l o r o t i c to reddish-brown angular l e s i o n s on the upper 
l e a f sur face and massive white s p o r u l a t i o n on the lower l e a f s u r 
f a c e . Inoculum becomes a i r b o r n e d u r i n g c o o l , moist ( >98% r e l a t i v e 
humidity) n i g h t s . Two to three months a f t e r the pathogen's r e l e a s e , 
d e v a s t a t i n g epidemics were recorded i n dense stands of the weed i n 
h i g h r a i n f a l l s i t e s i n Oahu, H a w a i i , and M a u i , r e d u c i n g weed p o p u l a 
t i o n s up to 80%. E i g h t years a f t e r r e l e a s e , the smut i s r e p o r t e d to 
have provided up to 50% c o n t r o l even i n areas w i t h low r a i n f a l l but 
c o o l temperatures (Table I ) (16) . No environmental or nontarget 
damage has r e s u l t e d from t h i s i n t r o d u c t i o n (16) . 

S e v e r a l other o b l i g a t e and f a c u l t a t i v e p a r a s i t e s have been 
r e p o r t e d as p o t e n t i a l i n o c u l a t i v e b i o c o n t r o l agents ; these are sum
marized i n Table I I and reviewed p r e v i o u s l y (50, 51 ) . 

Inundative Agents ( M i c r o b i a l H e r b i c i d e s ) 

The key c o n s i d e r a t i o n i n the d e c i s i o n to develop mycoherbicides i s 
the weed c o n t r o l e f f i c a c y of the pathogen (52) . E f f i c a c y should be 
assessed by the speed, amount, and ease of weed c o n t r o l (52 ) . F a c 
t o r s such as the ease of d isease i n i t i a t i o n and epidemic b u i l d - u p 
independent of very s p e c i a l i z e d e p i d e m i o l o g i c a l requirements a l s o 
impinge upon the m y c o h e r b i c i d a l p o t e n t i a l of pathogens. F o l l o w i n g 
e f f i c a c y , host s p e c i f i c i t y of the agent ranks next i n importance . 
Although pathogens w i t h i l l - d e f i n e d or u n r e s t r i c t e d host range are 
not recommended f o r b i o c o n t r o l use , host s p e c i f i c i t y to an extreme 
degree i s not needed i n the case of n a t i v e pathogens that are to be 
used i n s i t e - d i r e c t e d i n u n d a t i v e a p p l i c a t i o n s (53) . In f a c t , as 
w i l l be d i s c u s s e d l a t e r , a l e v e l of host n o n s p e c i f i c i t y i s d e s i r a b l e 
to develop m i c r o b i a l h e r b i c i d e s capable of c o n t r o l l i n g more than one 
economical ly important weed. 

S e v e r a l other c o n s i d e r a t i o n s i n f l u e n c e the p o t e n t i a l success of 
a mycoherbic ide . For example, the organism should grow w e l l i n 
c u l t u r e and y i e l d i n f e c t i v e m y c e l i a or spores f o r inoculum. The 
inoculum must have good v i a b i l i t y and s h e l f l i f e , and y i e l d i n f e c 
t i o n s and disease c y c l e s over a range of environmental c o n d i t i o n s , 
whether formulated or n o t . The pathogen a l s o must be g e n e t i c a l l y 
s t a b l e to prec lude l o s s of v i r u l e n c e or a change i n host range . 
S u r v i v a l of i n u n d a t i v e agents i s not a requirement . In f a c t , l a c k 
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7. CHARUDATTAN Pathogène with Potential for Weed Control 139 

of prolonged s u r v i v a l i s d e s i r a b l e f o r s a f e t y . S h o r t - t e r m s u r v i v a l 
would minimize inoculum b u i l d u p i n t r e a t e d s i t e s and the p o t e n t i a l 
f o r l o n g - t e r m g e n e t i c i n t e r a c t i o n s i n the f i e l d . F i n a l l y , economic 
c o n s i d e r a t i o n s , such as the l a c k of other s u i t a b l e c o n t r o l s f o r the 
t a r g e t weed; a p r o f i t a b l e market s i z e , and patent p r o t e c t i o n ; t e c h 
n i c a l f e a s i b i l i t y of l a r g e - s c a l e p r o d u c t i o n ; and m a r k e t a b i l i t y w i l l 
determine the u l t i m a t e d e c i s i o n to r e g i s t e r and commercial ize p o t e n 
t i a l i n u n d a t i v e a g e n t s . More d i s c u s s i o n on these p o i n t s can be 
found i n Chapter 17 of t h i s volume and i n Bowers (54) , C h u r c h i l l 
(55) , and Bannon (56, 57) . 

P r e s e n t l y two mycoherbicides are r e g i s t e r e d f o r commercial use 
i n North America . These a r e : DeVine (Abbott L a b o r a t o r i e s , North 
C h i c a g o , IL 60064) and C o l l e g o (Ecogen I n c . , Langhorne, PA 19047) 
used r e s p e c t i v e l y a g a i n s t s t r a n g l e r v i n e , Morrenia odorata ( H . & A . ) 
L i n d l . , and n o r t h e r n j o i n t v e t c h , Aeschynomene v i r g i n i c a ( L . ) B . S . P . 
Two o t h e r s , Casst (Mycogen C o r p . , San Diego , CA 92121) and BioMal 
(Philom B i o s , Saskatoon, Saskatchewan, Canada S7N 2X8), are u n d e r 
going e v a l u a t i o n s f o r p o s s i b l e r e g i s t r a t i o n i n the near f u t u r e f o r 
c o n t r o l l i n g s i c k l e p o d , C a s s i a o b t u s i f o l i a L . , and r o u n d - l e a v e d m a l 
low, Malva p u s i l l a Sm. , r e s p e c t i v e l y . In a d d i t i o n , s e v e r a l other 
pathogens have been evaluated to v a r i o u s e x t e n t s , i n c l u d i n g many 
t h a t have undergone f i e l d t e s t i n g and e v a l u a t i o n s under the E x p e r 
imenta l Use Permit (EUP e v a l u a t i o n s ) i s s u e d by the U . S . Environmen
t a l P r o t e c t i o n Agency (58, 59 ) . 

DeVine, d i s c o v e r e d and developed by R i d i n g s , B u r n e t t , and o t h 
e r s , was the f i r s t r e g i s t e r e d mycoherbicide (60 -62) . I t was r e g i s 
t e r e d i n 1981 f o r use as a post-emergent d i r e c t e d spray and i s mar
keted as a l i q u i d c o n c e n t r a t e of chlamydospores of a pathotype of 
Phytophthora palmivora ( B u t l e r ) B u t l e r n a t i v e t o F l o r i d a . The p a t h 
ogen i s capable of k i l l i n g s e e d l i n g s and a d u l t s t r a n g l e r v i n e , a weed 
of South American o r i g i n found i n F l o r i d a ' s c i t r u s g r o v e s . E x t e n 
s i v e host range and e f f i c a c y t r i a l s done i n the l a b o r a t o r y and f i e l d 
supported the sa fe ty and b i o c o n t r o l p o t e n t i a l of t h i s fungus (60 ) . 
Safety to nontarget s u s c e p t i b l e p l a n t s was addressed by l a b e l 
r e s t r i c t i o n s which p r e s c r i b e s e l e c t i v e , s i t e - s p e c i f i e d a p p l i c a t i o n s 
of the mycoherbic ide . DeVine i s not to be used where s u s c e p t i b l e 
nontarget p l a n t s are grown or occur (22) , and to date no adverse 
nontarget e f f e c t s have been r e p o r t e d . The l e v e l of weed c o n t r o l 
(Table I) has been good to e x c e l l e n t (21, 22, 61, 62 ) . However, the 
market f o r DeVine i s s m a l l , s p e c i a l i z e d , and concentrated i n the 
c i t r u s - g r o w i n g areas of F l o r i d a . 

C o l l e g o , based on C o l l e t o t r i c h u m g l o e o s p o r i o i d e s (Penz . ) S a c c . 
f . s p . aeschynomene, an a n t h r a c n o s e - i n c i t i n g pathogen of n o r t h e r n 
j o i n t v e t c h d i s c o v e r e d i n Arkansas , was developed by D a n i e l , Temple-
t o n , Smith , TeBeest , and co-workers i n c o l l a b o r a t i o n w i t h the Upjohn 
Company and the U . S . Department of A g r i c u l t u r e (^t ,6» 63# 6 4 ) · The 
fungus i s capable of k i l l i n g both s e e d l i n g and mature n o r t h e r n 
j o i n t v e t c h , a hard-seeded n o n - n o d u l a t i n g leguminous weed i n r i c e and 
soybean c r o p s . The commercial p r o d u c t , r e g i s t e r e d i n 1982, i s a 
wettable powder of d r i e d spores produced by l i q u i d fermentat ion (54, 
55, 64) . I t i s a p p l i e d post-emergence, a e r i a l l y or w i t h land-based 
s p r a y e r s (14) . The h i s t o r y , development, r e g i s t r a t i o n , i n t e g r a t e d 
use , and p o s t - r e g i s t r a t i o n s t a t u s of C o l l e g o have been reviewed (2 ,̂ 
54, 55, 65 ) . C o l l e g o has provided c o n s i s t e n t l y h i g h l e v e l s of weed 
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140 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

c o n t r o l (Table I ) and i s w e l l accepted by users ( 6 4 ) « Although the 
fungus has a wider host range than o r i g i n a l l y thought (65) , and was 
found to be capable of i n f e c t i n g but not k i l l i n g s e v e r a l economi
c a l l y important legumes (66) , i t has not posed any danger to n o n t a r -
get p l a n t s under f i e l d u s e . I t spreads poor ly due to the s t i c k y 
nature of i t s s p o r e s , and the chance of u n c o n t r o l l a b l e epidemic i s 
n o n e x i s t e n t . The inoculum d e c l i n e s to very low l e v e l s i n s o i l and 
i r r i g a t i o n water f o l l o w i n g i n u n d a t i v e a p p l i c a t i o n s , but the pathogen 
may p e r s i s t on i n f e c t e d host t i s s u e and overwinter (67, 68 ) . T h i s 
low s u r v i v a l r a t e , which may be t y p i c a l f o r i n u n d a t i v e l y a p p l i e d 
inoculum, i s an added s a f e t y f e a t u r e of m y c o h e r b i c i d e s , but i t a l s o 
n e c e s s i t a t e s annual a p p l i c a t i o n s f o r e f f e c t i v e weed c o n t r o l (2* 3)· 
No environmental or user hazards have been found w i t h C b l l e g o d u r i n g 
n e a r l y two decades of use (2^). 

A l t e r n a r i a c a s s i a e J u r a i r & Khan, a dematiaceous fungal p a t h 
ogen i n d u c i n g f o l i a r b l i g h t , was d i s c o v e r e d i n M i s s i s s i p p i . Walker 
and co-workers (2, 69, 70) showed i t to be safe and e f f i c a c i o u s 
a g a i n s t s i c k l e p o d . Subsequent ly , i n a two-year r e g i o n - w i d e c o l l a 
b o r a t i v e f i e l d t r i a l , i t was demonstrated to be h i g h l y e f f e c t i v e i n 
c o n t r o l l i n g the weed i n soybean (Table I I I ) (71) . I t has a f a i r l y 
narrow host range , and i s capable of c o n t r o l l i n g three economical ly 
important leguminous weeds ( s i c k l e p o d , c o f f e e senna [ C a s s i a o c c i d e n -
t a l i s L . , and showy c r o t a l a r i a [ C r o t a l a r i a s p e c t a b i l i s R o t h , ] ) which 
are important i n the southeastern U n i t e d S t a t e s (70, 72) . The f u n 
gus i s c u r r e n t l y under commercial development as C a s s t , a wettable 
powder f o r m u l a t i o n , by Mycogen C o r p o r a t i o n . D e t a i l s of t h i s d e v e l 
opment are d i s c u s s e d i n Chapter 17 of t h i s book and elsewhere by 
Bannon (56) . 

C o l l e t o t r i c h u m g l o e o s p o r i o i d e s (Penz . ) S a c c . f . s p . malvae, an 
a n t h r a c n o s e - c a u s i n g pathogen of round- leaved mallow, i s being d e v e l 
oped as a mycoherbicide by Phi lom B i o s , a Canadian biotechnology 
company (15, G a n t o t t i , B . and Mortensen, K . , p e r s o n a l communica
t i o n s ) . The fungus , n a t i v e to mid-western Canada, i s h i g h l y v i r u 
l e n t , very e f f i c a c i o u s , and easy to c u l t u r e and apply with conven
t i o n a l equipment (Mortensen, K . , p e r s o n a l communication) . R e g i s 
t e r e d chemical h e r b i c i d e s do not g ive s a t i s f a c t o r y c o n t r o l of t h i s 
weed, so the market out look f o r t h i s mycoherbicide i s good. The 
fungus i s a l s o pathogenic to v e l v e t l e a f , A b u t i l o n t h e o p h r a s t i 
M e d i c , a l though i t s p o t e n t i a l to c o n t r o l t h i s weed i s yet to be 
confirmed (15) . Saf f lower (Carthamus t i n c t o r i u s L . ) , an economi
c a l l y important p l a n t , i s s u s c e p t i b l e to t h i s pathogen under optimum 
growth chamber c o n d i t i o n s . The r i s k to saf f lower i s being addressed 
through extens ive host range and p a t h o g e n i c i t y t r i a l s (Mortensen, 
K . , p e r s o n a l communication) to decide the q u e s t i o n of r i s k s v s . 
b e n e f i t . 

As p r e v i o u s l y s t a t e d , numerous pathogens are being i n v e s t i g a t e d 
as p o t e n t i a l b i o c o n t r o l agents f o r many annual and p e r e n n i a l weeds 
and i t would be i m p o s s i b l e to review a l l of the r e s e a r c h h e r e . 
Fungi r e p r e s e n t i n g n e a r l y a l l of the major fungal c l a s s e s are being 
s t u d i e d (Charudattan , unpubl ished d a t a ) . A s m a l l p r o p o r t i o n of 
these candidates may reach commercial or p r a c t i c a l use i n the near 
term. A few i n t h i s c a t e g o r y , Cercospora rodmanii Conway ( f o r c o n 
t r o l l i n g w a t e r h y a c i n t h , E i c h h o r n i a c r a s s i p e s [ M a r t . ] Solms) , F u s a r -
ium culmorum (W. G . Smith) S a c c . and an u n i d e n t i f i e d s c l e r o t i a l 
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7. CHARUDATTAN Pathogens with Potential for Weed Control 141 

Table I I I . Average Percentage of S i c k l e p o d ( C a s s i a o b t u s i f o l i a ) 
C o n t r o l Obtained w i t h A l t e r n a r i a c a s s i a e i n a Region-wide F i e l d 

T r i a l 

Year No. of Arkansas F l o r i d a M i s s i s s i p p i N . C a r o l i n a S . C a r o l i n a 
A p p l i c a t i o n s a 

1982 1 25 81 78 100 ° ί 2 85 94 74 100 o b 

1983 1 86 95 97 98 71 
2 78 98 80 100 82 

Data from the 21st day a f t e r the f i r s t a p p l i c a t i o n o f inoculum. a 0ne or 
two a p p l i c a t i o n s of the fungus a t 1 χ 10 c o n i d i a per ml (9 .4 kg c o n i d i a 
per hectare) were made, the l a t t e r a t 7-day i n t e r v a l s , l e a t h e r - r e l a t e d 
experimental f a i l u r e was r e p o r t e d . From Charudattan et a l . (71 ) . 
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142 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

fungus ( f o r h y d r i l l a , H y d r i l l a v e r t i c i l l a t a [ L . f . ] R o y l e ) , and 
Fusarium s o l a n i ( M a r t . ) Appel & Wollenw. f . s p , c u c u r b i t a e ( f o r Texas 
gourd, C u c u r b i t a texana [Scheele] G r a y ) , are d i s c u s s e d i n more 
d e t a i l i n Chapters 8 and 9 i n t h i s volume. 

In my view, the pathogens most l i k e l y t o reach commercial or 
p r a c t i c a l u s e , hence the most noteworthy, a r e those t h a t are (1) 
candidates a g a i n s t weeds of economic importance on a very l a r g e 
s c a l e (economical ly a t t r a c t i v e weeds), (2) pathogens t h a t may be 
amenable f o r development as broad-spectrum m y c o h e r b i c i d e s , (3) 
mycoherbicides f o r l o w - i n p u t technology , and (4) mycoherbicides f o r 
s p e c i a l t y or n i c h e markets . 

P o t e n t i a l Pathogens o f Economica l ly A t t r a c t i v e Weeds. T a b l e IV 
i n c l u d e s weeds t h a t a r e c o n s i d e r e d to be of major worldwide i m p o r 
t a n c e . These weeds belong t o Group 1 of the w o r l d ' s worst weeds 
a c c o r d i n g t o Holm e t a l . ( 7 3 ) . Due to t h i s r a n k i n g they may be 
a t t r a c t i v e t a r g e t s f o r mycoherbicide i n d u s t r i e s seeking economical ly 
v i a b l e p r o d u c t s . I t i s noteworthy t h a t s e v e r a l c a n d i d a t e pathogens 
a r e a v a i l a b l e f o r t h i s group of weeds. Among t h e s e , C o l l e t o t r i c h u m 
coccodes ( W a l l r . ) Hughes (74, 75) and Cercospora rodmânii (76-78) 
have undergone e x t e n s i v e f i e l d t e s t i n g a n d / o r EUP e v a l u a t i o n s . 
Others i n t h i s group, such as Fusarium l a t e r i t i u m Nees (79) , Phomop-
s i s c o n v o l v u l u s Ormeno (80) , and B i p o l a r i s s o r g h i c o l a ( N i s i k . & 
Miyake) Shoem. (81) have a l s o undergone (or are undergoing) some 
measure of commercial development and e v a l u a t i o n . 

P o t e n t i a l l y Broad-spectrum M y c o h e r b i c i d e s . Among pathogens r e p o r t e d 
to h o l d promise as mycoherbicides are s t r a i n s or pathotypes of the 
same s p e c i e s or subspecies t h a t a r e pathogenic to more than one weed 
t a r g e t . Examples a r e l i s t e d i n T a b l e V . In some c a s e s , i n d i v i d u a l 
s t r a i n s or pathotypes host s p e c i f i c t o p a r t i c u l a r weeds have been 
developed as mycoherbicides ( e . g . , the s t r a n g l e r v i n e pathotype of 
Phytophthora palmivora used as DeVine [61 ] ) . In other i n s t a n c e s , 
i n d i v i d u a l s t r a i n s p u t a t i v e l y host s p e c i f i c to d i f f e r e n t weeds have 
been r e p o r t e d , but no attempt has been made to screen these s t r a i n s 
a g a i n s t a c o l l e c t i o n o f economica l ly important weeds. Thus , i t 
might be worthwhile t o screen the s t r a i n s o f Fusarium l a t e r i t i u m 
r e p o r t e d from v e l v e t l e a f , g i a n t ragweed (Ambrosia t r i f i d a L . ) , 
spurred anoda (Anoda c r i s t a t a [ L . ] S c h l e c h t . ) , p r i c k l y s i d a ( S i d a 
sp inosa L . ) , and pondweeds (Potamogeton s p p . ) (Table V) to determine 
whether a s t r a i n w i t h broad-range c a p a b i l i t y f o r b i o c o n t r o l c o u l d be 
found. In other i n s t a n c e s , subspecies or formae s p é c i a l e s of the 
same s p e c i e s ( e . g . , C o l l e t o t r i c h u m g l o e o s p o r i o i d e s [Penz . ] S a c c . ) 
have been found t o be e f f e c t i v e a g a i n s t d i f f e r e n t weeds. There has 
been no e x p l o r a t i o n of the f e a s i b i l i t y o f recombining or h y b r i d i z i n g 
these subspecies i n t o broad h o s t - r a n g e pathotypes which c o u l d be 
then used a g a i n s t more than one weed t a r g e t . Both somatic and 
g e n e t i c recombinat ion techniques c o u l d be used f o r t h i s purpose (13, 
58, 94 -96) , and t h i s p o s s i b i l i t y should be e x p l o r e d . B i o e n g i n e e r i n g 
can open not o n l y g r e a t e r market p o t e n t i a l f o r mycoherbicides based 
on recombinant organisms, but a l s o p r o v i d e us a b e t t e r understanding 
and a b i l i t y to monitor the s a f e t y , s p e c i f i c i t y , and s u r v i v a l of the 
recombinants . 
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146 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Mycoherbic ides f o r Low-input Technology . Some mycoherbicide c a n d i 
d a t e s , even i f t h e i r e f f i c a c y and other b i o l o g i c a l a t t r i b u t e s a r e 
a c c e p t a b l e , may not be a t t r a c t i v e commercial ly due to a very l o c a l 
i z e d prevalence of the weed problem, s m a l l market s i z e , c o m p e t i t i o n 
from chemical h e r b i c i d e s , or a p r o j e c t e d low r e t u r n on investment . 
Yet they c o u l d be developed by p u b l i c - s u p p o r t e d agencies and d i s 
persed through i n d i v i d u a l u s e r s . S i n c e the agents may not be used 
w i d e l y , they c o u l d be developed with l o w - i n p u t technology through 
s m a l l - s c a l e or cottage i n d u s t r i e s . Examples a r e g iven i n Table V I . 

Table V I . Mycoherbic ides f o r Low-input Technology 

Pathogen Weed R e f . 

Cephalosporium d i o s p y r i Diospyros v i r g i n i a n a 
(persimmon) 

106 

Chondrostereum purpureum Prunus s e r o t i n a ( b l a c k 11. 107 Chondrostereum purpureum 
c h e r r y ) 

C o l l e t o t r i c h u m g l o e o s p o r i o i d e s C l i d e m i a h i r t a 108, , 109 
f . s p . c l i d e m i a e ( K o s t e r ' s c u r s e ) 

P u c c i n i a c a n a l i c u l a t e Cyperus e s c u l e n t u s 
(ye l low nutsedge) 

25, 110, 

T h i s approach has been taken i n d i s p e n s i n g Cephalosporium d i o s 
p y r i C r a n d e l l , a w i l t - i n d u c i n g pathogen of persimmon (Diospyros v i r 
g i n i a n a L . ) , c o n s i d e r e d weedy i n rangelands o f Oklahoma (106) . The 
fungus i s provided t o ranchers who i n o c u l a t e clumps of persimmon 
t r e e s w i t h the a i d o f shot -gun p e l l e t s f i l l e d w i t h inoculum. The 
pathogen causes w i l t i n g and death of i n o c u l a t e d t r e e s and spreads to 
nearby t r e e s presumably through r o o t c o n t a c t s . 

Chondrostereum purpureum ( P e r s . : F r . ) Pouzar , a w o u n d - i n f e c t i n g 
bas idiomycete , i s proposed to be used as a b i o c o n t r o l f o r b l a c k 
c h e r r y , Prunus s e r o t i n a E h r h . , a weedy t r e e i n the f o r e s t s of the 
Netherlands (Table I ) ( l _ l f 107). A few m i l l i g r a m s of m y c e l i a l 
inoculum per t r e e , a p p l i e d to stumps, i s s u f f i c i e n t to i n s u r e p l a n t 
k i l l and prevent r e s p r o u t i n g (11 ) . In view of the need to i n o c u l a t e 
i n d i v i d u a l t r e e s to o b t a i n c o n t r o l , t h i s fungus may a l s o be best 
s u i t e d f o r d i s p e n s i n g through i n d i v i d u a l u s e r s . 

C o l l e t o t r i c h u m g l o e o s p o r i o i d e s (Penz . ) S a c c . f . s p . c l i d e m i a e , 
which i n c i t e s a l e a f b l i g h t and d e f o l i a t i o n of young K o s t e r ' s curse 
p l a n t s , C l i d e m i a h i r t a ( L . ) D.Don, (108) i s s a i d t o be d i s t r i b u t e d 
through h i k e r s who a r e provided w i t h l i q u i d inoculum and i n s t r u c 
t i o n s t o apply the fungus (109) . The weed i s a problem over a w i d e 
spread a r e a i n Hawaiian f o r e s t s but the pathogen does not d i s s e m i 
nate r e a d i l y due t o the s t i c k y s p o r e s . In the absence o f i n d u s t r i a l 
mass -product ion and a p p l i c a t i o n , spreading t h i s b i o c o n t r o l agent 
through i n d i v i d u a l users appears t o be a nove l and r a p i d means of 
a c h i e v i n g p r a c t i c a l s u c c e s s . 

Phatak et a l . (25) have demonstrated t h a t a n a t i v e r u s t fungus, 
P u c c i n i a c a n a l i c u l a t a (Schw.) L a g h . , can be used i n an augmentation 
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7. CHARUDATTAN Pathogène with Potential Jar Weed Control 147 

s t r a t e g y t o c o n t r o l ye l low nutsedge, Cyperus e s c u l e n t u s L . , i n crops 
such as c o r n . As l i t t l e as 5 g of uredospores of the fungus per 
h e c t a r e , a p p l i e d through a c e n t e r - p i v o t i r r i g a t i o n system, can lead 
to h i g h l e v e l s of d i s e a s e and weed c o n t r o l (110) . P r e s e n t l y , the 
only means o f producing inoculum o f t h i s r u s t i s from i n f e c t e d 
p l a n t s i n n u r s e r i e s or greenhouses. The l a c k of i n v i t r o methods of 
inoculum p r o d u c t i o n and the need f o r r e l a t i v e l y s m a l l amounts of 
inoculum suggest that t h i s fungus i s a good candidate f o r l o w - i n p u t 
weed c o n t r o l technology (111) . 

Mycoherbic ides f o r Niche M a r k e t s . C e r t a i n weeds are l i k e l y to 
remain a t t r a c t i v e t a r g e t s f o r mycoherbicides due to p e c u l i a r i t i e s 
i n v o l v e d i n c o n t r o l and user demands. For example, weeds of 
r e g i o n a l importance may be s u i t a b l e f o r m y c o h e r b i c i d a l c o n t r o l i f no 
other method p r o v i d e s economical c o n t r o l . In some c a s e s , chemical 
h e r b i c i d e s may be precluded from use due to environmental c o n c e r n s . 
The growing t r e n d i n o r g a n i c farming may a l s o favor b i o l o g i c a l over 
chemical h e r b i c i d e s . Indeed, the mycoherbicides mentioned e a r l i e r , 
DeVine, C o l l e g o , C a s s t , and B i o M a l , are a l l developed f o r s p e c i a l 
needs of n i c h e markets i n which chemical h e r b i c i d e s were l a c k i n g or 
u n s a t i s f a c t o r y . Hence, d e s p i t e the s m a l l market s i z e and the s p e 
c i a l i z e d nature of these markets ( e . g . , c i t r u s , r i c e , and i r r i g a t e d 
peanut) i n d u s t r i e s were w i l l i n g t o develop these m y c o h e r b i c i d e s . 
Table VII i n c l u d e s other pathogen-weed combinations t h a t may f i t 
t h i s s p e c i a l t y d e s i g n a t i o n . In these examples, s p e c i f i c demands of 
the weed c o n t r o l system, i . e . , a need to p r o t e c t v u l n e r a b l e a q u a t i c 
h a b i t a t s from chemical p o l l u t i o n , or the s e n s i t i v i t y of crop p l a n t s 
to chemicals used f o r dodder (Cuscuta s p . , a p a r a s i t e of the crop 
p l a n t s ) c o n t r o l , are expected to serve as an impetus f o r the d e v e l 
opment of m y c o h e r b i c i d e s . 

Problems i n P r a c t i c a l Use o f M y c o h e r b i c i d e s . Despi te the promise 
h e l d by mycoherbicides and the experimental successes achieved to 
d a t e , s e v e r a l b i o l o g i c a l , t e c h n o l o g i c a l , and economic problems e x i s t 
which may l i m i t the p r a c t i c a l u t i l i z a t i o n of t h i s technology . The 
f o l l o w i n g a r e some important examples. 

Fungal propagules must be hydrated i n order to germinate and 
i n f e c t t h e i r h o s t s . Dew or other forms of f r e e moisture on the 
p l a n t sur face enable t h i s h y d r a t i o n . A pathogen t h a t needs p r o 
longed c o n t a c t w i t h f r e e moisture (roughly f o r more than 6 h r ) , or 
s e v e r a l c y c l e s of wett ing and d r y i n g , i s more s u b j e c t to the v a g a r 
i e s of nature and t h e r e f o r e i s l i k e l y to be l e s s competent i n 
i n f e c t i n g the host than one t h a t needs s h o r t e r exposure to m o i s t u r e . 
E m p i r i c a l knowledge w i t h many f o l i a r d iseases suggests t h a t f u n g i 
with dry (not s t i c k y ) and l a r g e spores are more a f f e c t e d by the 
moisture f a c t o r than those w i t h s t i c k y and s m a l l s p o r e s . The l a t t e r 
appear to be more capable than the former at a d h e r i n g , r e m a i n i n g , 
and h y d r a t i n g on the p l a n t s u r f a c e . Thus , the type of propagule 
used as inoculum and i t s e p i d e m i o l o g i c a l requirements f o r germina
t i o n and i n f e c t i o n can pose a s e r i o u s l i m i t a t i o n . 

Pathogens t h a t are d i f f i c u l t to mass-produce o f f e r a t e c h n o l o g 
i c a l c h a l l e n g e . Many f u n g i such as A l t e r n a r i a spp . and some C o l l e 
t o t r i c h u m spp . do not s p o r u l a t e under l i q u i d f e r m e n t a t i o n , the p r e 
f e r r e d method of commercial inoculum p r o d u c t i o n . L a b o r - i n t e n s i v e 

American Chemical Sodefj 
Library 

1155 16th St, N.W. 
Washington, OJL 20038 
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7. CHARUDATTAN Pathogens with Potentialβατ Weed Control 149 

and c o s t l y methods of inoculum p r o d u c t i o n may be i m p r a c t i c a l from a 
commercial p e r s p e c t i v e . T h e r e f o r e , t e c h n o l o g i c a l d i f f i c u l t i e s i n 
inoculum p r o d u c t i o n may preclude development of a pathogen t h a t i s 
otherwise d e s i r a b l e from s a f e t y and e f f i c a c y s t a n d p o i n t s . 

I n t e g r a t i o n of mycoherbicides w i t h chemical -based pest manage
ment p r a c t i c e s can be compl icated due to i n c o m p a t i b i l i t y between the 
b i o l o g i c a l and chemical p e s t i c i d e s . T h i s problem and p r a c t i c a l 
s o l u t i o n s to i t have been d i s c u s s e d by Smith (14) from h i s e x p e r 
ience w i t h the C o l l e g o - n o r t h e r n j o i n t v e t c h system i n r i c e and s o y b 
ean. S i m i l a r e m p i r i c a l s o l u t i o n s w i l l be r e q u i r e d f o r every mycoh
e r b i c i d e t h a t i s to be used i n i n t e g r a t i o n with chemical p e s t i c i d e s . 

The a b i l i t y of a weed to compensate f o r d i s e a s e - i n d u c e d growth-
l o s s and thereby overcome pathogenic a t t a c k has been demonstrated i n 
the case of Cercospora rodmanii l e a f spot of w a t e r h y a c i n t h , a p l a n t 
w i t h a dominant c l o n a l growth h a b i t (77 ) . S i m i l a r tendency has been 
r e p o r t e d with v e l v e t l e a f , a v igorous t e r r e s t r i a l annual i n f e c t e d by 
C o l l e t o t r i c h u m coccodes (74, 75) . T h i s problem, not too uncommon 
among weeds; stems from the i n a b i l i t y of the pathogen to k i l l the 
host completely or s e v e r e l y c u r t a i l i t s regrowth. In such s i t u a 
t i o n s , one of the ways to improve the pathogen's weed c o n t r o l a b i l 
i t y may be t o i n c l u d e a p l a n t growth r e g u l a t o r or a s u b l e t h a l dose 
of a chemical h e r b i c i d e to the mycoherbicide f o r m u l a t i o n (10, 75, 
78) . For example, Hodgson et a l . (75) r e p o r t e d t h a t t h i d i a z u r o n 
( N - p h e n y l - N ' - l , 2 , 3 - t h i a d i a z o l - 5 - y l u r e a ) , which promotes d e f o l i a t i o n 
and r e t a r d s p l a n t regrowth, might be used to r e t a r d v e l v e t l e a f 
growth, thereby improving the e f f e c t i v e n e s s of C . coccodes . S i m i l a r 
adjuvant e f f e c t of t h i d i a z u r o n has been found i n the waterhyac-
i n t h - C . rodmanii system as w e l l (Charudattan and D e V a l e r i o , unpub
l i s h e d d a t a ) . More on t h i s p o i n t may be found i n Chapter 16 of t h i s 
volume. 

S e v e r a l economic f a c t o r s a f f e c t c o m m e r c i a l i z a t i o n of mycoherbi 
c i d e s (54, 64) , the u l t i m a t e c o n s i d e r a t i o n being the p r o j e c t e d e c o 
nomic r e t u r n s from the m y c o h e r b i c i d e . A pathogen that i s prone t o 
be u n p r o f i t a b l e or u n p r e d i c t a b l e i n t h i s r e s p e c t , whether due to 
s m a l l market s i z e , cost of p r o d u c t i o n and market ing , c o m p e t i t i o n 
from other a l t e r n a t i v e c o n t r o l s , or e f f i c a c y , i s u n l i k e l y t o be 
developed or o f f e r e d f o r s a l e by commercial e n t e r p r i s e s . 

C o n c l u s i o n s 

B i o l o g i c a l c o n t r o l w i t h p l a n t pathogens o f f e r s a f e a s i b l e a l t e r n a 
t i v e and supplement to chemical weed c o n t r o l . Research, r e g u l a t o r y , 
and i n d u s t r i a l trends suggest t h a t some of the pathogens reviewed 
here may become usable through the e f f o r t s of p r i v a t e i n d u s t r i e s or 
p u b l i c a g e n c i e s . P r o s p e c t i v e pathogens that do not meet commercial 
c r i t e r i a f o r development c o u l d s t i l l be made a v a i l a b l e to the users 
through l o w - i n p u t technology o u t l e t s . Economic and p u b l i c demands 
f o r a f f o r d a b l e , e f f e c t i v e , and safe h e r b i c i d e s are expected to s t i m 
u l a t e and s u s t a i n the i n t e r e s t i n t h i s f i e l d . Future r e s e a r c h 
e f f o r t s must focus on the problematic aspects d i s c u s s e d h e r e . 
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Chapter 8 

Biological Control of Aquatic Weeds with Plant 
Pathogens 

Gary F. Joye 

U.S. Army Engineer Waterways Experiment Station, 3909 Halls Ferry, 
Vicksburg, MS 39180-6199 

The use of plant pathogens as biocontrol agents of 
aquatic plants has only just begun to be considered as a 
major area of research in the United States. Prior to the 
1970's virtually no work was being conducted in this 
specialized area. Since that time the US Army Engineers 
(USAE) has been given the added responsibility of 
maintaining weed-free waterways by non-chemical 
alternatives. The Biomanagement Team at the USAE 
Waterways Experiment Station and the University of 
Florida have established programs to study biological 
control of aquatic weeds using plant pathogens. Hundreds 
of microorganisms have been evaluated for their potential 
as biological control agents of waterhyacinth, 
alligatorweed, eurasian watermilfoil, hydrilla, algae, 
and numerous other aquatic weeds. As a result, several 
fungal and viral diseases of these troublesome aquatic 
plants have been identified. Information will be 
presented on current efforts in the development of these 
plant pathogens for aquatic weed management. 

The s t u d y o f p l a n t p a t h o g e n s a s b i o c o n t r o l a g e n t s f o r a q u a t i c 
p l a n t s h a s r e a c h e d t h e e n d o f n e a r l y 20 y e a r s o f r e s e a r c h . D u r i n g 
t h i s t i m e t h e s u b j e c t h a s e v o l v e d f r o m a "commencement p e r i o d " (1 ) 
t o a p e r i o d i n w h i c h a s u b s t a n t i a l b a c k l o g o f d a t a h a s b e e n 
a c c u m u l a t e d . H o w e v e r , t h e u s e o f p l a n t p a t h o g e n s f o r a q u a t i c weed 
c o n t r o l h a s n o t r e a c h e d p a s t t h e e x p e r i m e n t a l s t a g e . M o s t p r o b l e m 
a q u a t i c weeds h a v e b e e n t o some d e g r e e a s s o c i a t e d w i t h a t l e a s t one 
p l a n t p a t h o g e n . H o w e v e r , t h e p r o b l e m s a s s o c i a t e d w i t h i n f e s t a t i o n s 
o f t h e t h r e e m o s t n o x i o u s w a t e r w e e d s , w a t e r h y a c i n t h ( E i c h h o r n i a 
c r a s s i p e s ( M a r t . ) S o l m e s . ) , e u r a s i a n w a t e r m i l f o i l ( M y r i o p h v l l u m 
s p i c a t u m L . ) , a n d h y d r i l l a ( H y d r i l l a v e r t i c i l l a t a ( L . f . ) R o y l e ) a n d 

0097-6156V90/0439-0155$06.00A) 
© 1990 American Chemical Society 
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156 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

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

P r o b l e m s C a u s e d b v A q u a t i c Weeds 

The a q u a t i c weed p r o b l e m i s one o f w o r l d w i d e p r o p o r t i o n w h i c h i s 
i n c r e a s i n g d e s p i t e enormous e x p e n d i t u r e s o f money a n d human 
r e s o u r c e s i n t h e a p p l i c a t i o n o f c h e m i c a l a n d m e c h a n i c a l c o n t r o l s . 
The U . S . Army o f E n g i n e e r s (CE) s p e n d s n e a r l y $6 m i l l i o n a n n u a l l y 
t o m a i n t a i n weed f r e e w a t e r w a y s w i t h a n a d d i t i o n a l $2.5 m i l l i o n 
g o i n g i n t o r e s e a r c h ( D e c e l l . J . L . U . S . A r m y E n g i n e e r W a t e r w a y s 
E x p e r i m e n t S t a t i o n , p e r s o n a l c o m m u n i c a t i o n , 1 9 8 9 ) . 

The m a j o r a q u a t i c weeds i n t h e U n i t e d S t a t e s w e r e i n t r o d u c e d 
f r o m v a r i o u s p a r t s o f t h e w o r l d a n d h a v e s p r e a d s o r a p i d l y t h a t 
e r a d i c a t i o n h a s become i m p o s s i b l e . A q u a t i c p l a n t s a r e a v a l u a b l e 
p a r t o f many a q u a t i c s y s t e m s , b u t when i n e x c e s s , t h e y become 
p r o b l e m s f o r man a n d w i l d l i f e . E x c e s s i v e p o p u l a t i o n s b l o c k o u r 
n a v i g a t i o n c a n a l s a n d c l o g h y d r o e l e c t r i c p l a n t i n l e t s a n d 
i r r i g a t i o n c a n a l s . T h e y make r e c r e a t i o n a l w a t e r a c t i v i t y d i f f i c u l t 
a n d p o t e n t i a l l y u n s a f e . E x c e s s i v e a q u a t i c weed p o p u l a t i o n s may 
h a r b o r a r t h r o p o d s w h i c h t r a n s m i t i n f e c t i o u s human d i s e a s e s s u c h a s 
m a l a r i a a n d e n c e p h a l o m y e l i t i s . W i l d l i f e may b e a f f e c t e d t h r o u g h t h e 
e l i m i n a t i o n o f h a b i t a t a n d game f i s h may b e c o m p e t i t i v e l y 
d i s a d v a n t a g e d o r e l i m i n a t e d a l t o g e t h e r b e c a u s e o f d e p l e t e d o x y g e n 
l e v e l s c a u s e d b y r e s p i r a t i o n a n d d e c o m p o s i t i o n o f v e g e t a t i o n (2)· 

C a u s e s o f A q u a t i c Weed P r o b l e m s 

Man i s r e s p o n s i b l e f o r n e a r l y a l l o f t h e p r o b l e m s c a u s e d b y a q u a t i c 
weeds Q ) . Man h a s i n t e n t i o n a l l y o r u n i n t e n t i o n a l l y c o n t r i b u t e d t o 
t h e a q u a t i c weed p r o b l e m s . F o r e x a m p l e , a l l i g a t o r w e e d was 
u n i n t e n t i o n a l l y i n t r o d u c e d b y t r a n s p o r t s h i p s t o t h e U n i t e d S t a t e s 
f r o m S o u t h A m e r i c a ( £ ) . W a t e r h y a c i n t h was d e l i b e r a t e l y i n t r o d u c e d 
a s a n o r n a m e n t a l p l a n t ; e x c e s s i v e p l a n t s f r o m a q u a t i c g a r d e n s w e r e 
s i m p l y d i s c a r d e d i n w a t e r w a y s w h e r e t h e y r e p r o d u c e d a n d s p r e a d 
u n c h e c k e d ( 5 ) . A f r i c a n s a l v i n i a became a n u s a n c e a q u a t i c p l a n t 
a f t e r t h e c o n s t r u c t i o n o f damns . The l a c k o f n a t u r a l p r e d a t o r s 
a l l o w e d t h e i r p o p u l a t i o n s t o r e a c h n u s i a n c e p r o p o r t i o n s . 

Many a q u a t i c weeds r e p r o d u c e v e g e t a t i v e l y a n d t h e c a p a c i t y t o 
p r o d u c e s e e d may b e i n s i g n i f i c a n t o r e l i m i n a t e d . Some o f t h e s e 
i n t r o d u c e d s p e c i e s h a v e d i f f e r e n t n u t r i e n t , l i g h t a n d t e m p e r a t u r e 
r e q u i r e m e n t s w h i c h g i v e them a c o m p e t i t i v e edge o v e r n a t i v e 
s p e c i e s . H y d r i l l a , f o r e x a m p l e , c a n t h r i v e u n d e r v e r y l o w l i g h t 
c o n d i t i o n s ( £ ) i n o l i g o t r o p h i c t o h i g h l y e u t r o p h i c w a t e r s w i t h l o w 
t o h i g h s a l i n i t y , a n d a t d e p t h s o f a f ew c e n t i m e t e r s t o more t h a n 
15 m e t e r s . 

A n o t h e r man-made c a u s e o f t h e a q u a t i c weed p r o b l e m h a s b e e n t h e 
p o l l u t i o n o f w a t e r w a y s . O v e r - n u t r i f i c a t i o n i s c a u s e d b y t h e d u m p i n g 
o f human , i n d u s t r i a l , m u n i c i p a l , a n d a g r i c u l t u r a l w a s t e s . The 
b u i l d - u p o f n u t r i e n t - r i c h s e d i m e n t s i n many l a k e s h a s made them 
h a v e n s f o r u n c h e c k e d v e g e t a t i v e g r o w t h o f n o x i o u s a q u a t i c weed 
s p e c i e s . The e x c e s s i v e a q u a t i c weed p r o b l e m s a r e a l s o e n c o u r a g e d 
t h r o u g h r e d u c t i o n i n w a t e r f l o w b y t h e c o n s t r u c t i o n o f r e s e r v o i r s 
a n d i r r i g a t i o n c a n a l s . By r e d u c i n g w a t e r f l o w , n u t r i e n t l o a d s i n 
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8. JOYE Biological Control of Aquatic Weeds with Plant Pathogens 157 

w a t e r w a y s may be c o n c e n t r a t e d , t h u s p r o v i d i n g e x c e s s i v e n u t r i e n t s 
f o r g r o w i n g v e g e t a t i o n (2). 

A d v a n t a g e s o f P l a n t P a t h o g e n s f o r A q u a t i c Weed B i o c o n t r o l 

V a r i o u s s p e c i e s o f b a c t e r i a , f u n g i , a n d v i r u s e s h a v e b e e n o r a r e 
b e i n g i n v e s t i g a t e d f o r t h e i r b i o c o n t r o l p o t e n t i a l o n p r o b l e m 
a q u a t i c p l a n t s . A s p o i n t e d o u t b y Z e t t l e r a n d F r e e m a n (2), p l a n t 
p a t h o g e n s h a v e many c h a r a c t e r i s t i c s c o m p a t i b l e w i t h b i o c o n t r o l 
t e c h n o l o g y . P l a n t p a t h o g e n s a r e numerous a n d d i v e r s e , f r e q u e n t l y 
h o s t s p e c i f i c , may be e a s i l y d i s s e m i n a t e d a n d s e l f - p e r p e t u a t i n g , 
w i l l n o t e r a d i c a t e t h e h o s t , a n d do n o t i n f e c t man o r o t h e r 
a n i m a l s . B i o l o g i c a l c o n t r o l o f weeds u s i n g p l a n t p a t h o g e n s w o u l d 
a l s o e l i m i n a t e u n d e s i r a b l e c o n s e q u e n c e s o f c h e m i c a l h e r b i c i d e u s e 
i n c l u d i n g r e s i d u e o r t o x i c i t y p r o b l e m s a n d a c c u m u l a t i o n o f t h e 
c h e m i c a l s i n t h e s o i l a n d g r o u n d w a t e r (1). 

A p p r o a c h t o R e s e a r c h 

Two a p p r o a c h e s h a v e b e e n u s e d f o r b i o l o g i c a l c o n t r o l o f a q u a t i c 
p l a n t s u s i n g p l a n t p a t h o g e n s . The f i r s t a p p r o a c h h a s b e e n t o u s e 
n a t i v e p l a n t p a t h o g e n s a s b i o l o g i c a l h e r b i c i d e s . T h i s a p p r o a c h 
s e e k s t o p r o d u c e r a p i d b u t t e m p o r a r y c o n t r o l t h r o u g h m a s s i v e 
i n o c u l a t i o n w i t h p a t h o g e n s t h a t may c a u s e e n d e m i c d i s e a s e s . 
B i o l o g i c a l h e r b i c i d e d e v e l o p m e n t h a s a l s o b e e n f a v o r a b l y r e c e i v e d 
b y c o m m e r c i a l p r o d u c e r s o f b i o l o g i c a l c o n t r o l p r o d u c t s . The o t h e r 
i s t h e " c l a s s i c a l " a p p r o a c h , w h i c h r e q u i r e s t h a t c o n t r o l o r g a n i s m s 
i n t r o d u c e d f r o m t h e t a r g e t w e e d ' s n a t u r a l r a n g e , e s t a b l i s h 
p e r m a n e n t p o p u l a t i o n s l a r g e e n o u g h t o p r o v i d e l o n g - t e r m c o n t r o l . 
C l a s s i c a l b i o c o n t r o l u s i n g e x o t i c i n s e c t s h a s b e e n s u c c e s s f u l i n 
c o n t r o l l i n g s e v e r a l p r o b l e m w e e d s . The most p u b l i c i z e d e x a m p l e i s 
t h e b i o l o g i c a l c o n t r o l o f t h e p r i c k l y p e a r c a c t u s i n A u s t r a l i a b y 
t h e i n s e c t C a c t o b l a s l t l s c a c t ο r u m . M o r e r e c e n t l y I n t r o d u c t i o n o f 
t h e e x o t i c b i o c o n t r o l o r g a n i s m s P u c c i n i a c h o n d r l l l l n a . C y s t l p h o r a 
s c h m l o l t l . a n d A c e r l a c h o n d r l l l a e o n s k e l e t o n weed ( C h o n d r i l l a 
j u n c e a ) i n C a l i f o r n i a h a s r e s u l t e d i n more t h a n 50 p e r c e n t 
r e d u c t i o n o f t h i s weed i n r a n g e l a n d s ( £ ) . Once t h e s e b i o c o n t r o l 
a g e n t s w e r e e s t a b l i s h e d , no f u r t h e r i n t r o d u c t i o n s w e r e n e c e s s a r y . 
A l t h o u g h l e s s e x p e n s i v e , t h i s a p p r o a c h t a k e s l o n g e r t o a c h i e v e 
c o n t r o l a n d i t i s o f t e n d i f f i c u l t i n t h e l o n g t e r m t o d e m o n s t r a t e a 
l i n k b e t w e e n t h e p r e s e n c e o f t h e c o n t r o l o r g a n i s m a n d r e d u c t i o n s i n 
t h e h o s t p o p u l a t i o n . C l a s s i c a l b i o l o g i c a l c o n t r o l i s a l s o l e s s 
a p p e a l i n g t o c o m m e r c i a l p r o d u c e r s o f b i o c o n t r o l p r o d u c t s , s i n c e t h e 
c o n t r o l a g e n t i s o n l y a p p l i e d once a n d i n r e l a t i v e l y s m a l l a m o u n t s . 

O b s t a c l e s i n U s i n g P l a n t P a t h o g e n s i n A a u a t i c Weed B i o c o n t r o l 

S e v e r a l p r o b l e m s h a v e b e e n d i s c o v e r e d w h i c h m u s t be o v e r c o m e b e f o r e 
t h e u s e o f p l a n t p a t h o g e n s a s b i o c o n t r o l a g e n t s o f a n a q u a t i c weed 
c a n s u c c e e d , e s p e c i a l l y f o r s u b m e r s e d s p e c i e s s u c h a s h y d r i l l a o r 
e u r a s i a n w a t e r m i l f o i l . F i r s t , t h e l e v e l o f i n o c u l u m w h i c h m u s t be 
a p p l i e d i n a n a q u a t i c s y s t e m i s g e n e r a l l y e x t r e m e l y h i g h a s 
c o m p a r e d t o t e r r e s t r i a l e n v i r o n m e n t s s i n c e s u f f i c i e n t i n o c u l u m m u s t 
be a d d e d t o b r i n g t h e e n t i r e w a t e r c o l u m n t o t h e d e s i r e d i n o c u l u m 
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158 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

d e n s i t y ( J o y e , u n p u b l i s h e d d a t a ) . H i g h l e v e l s o f i n o c u l u m may 
a f f e c t o t h e r l i f e i n t h e s y s t e m , n o t n e c e s s a r i l y due t o d i r e c t 
t o x i c i t y , b u t f r o m t h e e x t r e m e t u r b i d i t y a n d r e s u l t a n t d e p l e t i o n o f 
o x y g e n c r e a t e d b y s u c h t r e a t m e n t . I n t r e a t m e n t o f weeds w i t h 
c h e m i c a l c o n t r o l a g e n t s a s i m i l a r p r o b l e m r e s u l t s f r o m i n c r e a s e d 
t u r b i d i t y a n d o x y g e n d e p l e t i o n f r o m d e c o m p o s i n g v e g e t a t i o n . 

D e v e l o p m e n t o f d e l i v e r y s y s t e m s w h i c h e n a b l e t h e I n o c u l u m t o 
i n f e c t t h e t a r g e t weed i s n e e d e d . P r o p a g u l e s d i s p e r s e d i n w a t e r a r e 
a t t h e m e r c y o f p r e v a i l i n g c u r r e n t s , w h i c h may remove p r o p a g u l e s 
b e f o r e t h e y c a n a d h e r e t o t h e p l a n t s u r f a c e . A p e l l e t i z e d 
f o r m u l a t i o n o r a v i s c o u s p a s t e o f t h e b i o c o n t r o l a g e n t c a n 
t h e o r e t i c a l l y m i n i m i z e l o s s o f i n o c u l u m . S u c h f o r m u l a t i o n s s h o u l d 
h e l p p a t h o g e n s a t t a c h t o t h e t a r g e t weed s o t h a t t h e y c a n i n f e c t 
t h e h o s t . We a r e c u r r e n t l y e v a l u a t i n g a l g i n a t e p e l l e t f o r m u l a t i o n s 
s i m i l a r t o t h o s e d e v e l o p e d b y W a l k e r a n d C o n n i c k ( 9 ) . R e s u l t s a r e 
p e n d i n g e x p e r i m e n t a l c o n c l u s i o n s . We m u s t u t i l i z e h e r b i c i d e 
a p p l i c a t i o n t e c h n i q u e s s i m i l a r t o t h o s e d e v e l o p e d b y t h e c h e m i c a l 
h e r b i c i d e i n d u s t r y t o o p t i m i z e b i o c o n t r o l f o r m u l a t i o n s f o r 
p l a c e m e n t o f t h e i n o c u l u m o n t h e p l a n t . 

A n o t h e r p o t e n t i a l p r o b l e m i s t h e f r a g m e n t a t i o n o f t h e p l a n t 
a f t e r a t t a c k b y a b i o c o n t r o l a g e n t . S u b m e r s e d p l a n t s f r a g m e n t 
r e a d i l y , a n d f r a g m e n t s c a n s u r v i v e f o r c o n s i d e r a b l e p e r i o d s s i n c e 
t h e y do n o t d e s i c c a t e a f t e r b e i n g s e p a r a t e d f r o m t h e r o o t s y s t e m 
a n d c a n a c q u i r e n u t r i e n t s f r o m t h e w a t e r t h r o u g h a d s o r p t i o n Q ) . 
F r a g m e n t s c r e a t e d b y t h e b r e a k i n g up o f t h e p l a n t c o u l d i n c r e a s e 
t h e r a t e o f v e g e t a t i v e p r o p a g a t i o n b y t h e t a r g e t w e e d . The 
i m m e d i a t e c o n t r o l may h a v e b e e n s a t i s f a c t o r y b u t t h e o v e r a l l w e e d 
i n f e s t a t i o n may b e i n c r e a s e d . 

O p t i m a l t i m i n g o f a p p l i c a t i o n o f t h e b i o c o n t r o l a g e n t m u s t be 
a d d r e s s e d . I n f e c t i o n p r o c e s s e s d i c t a t e t h a t s p e c i a l a t t e n t i o n be 
g i v e n t o t h e t i m i n g o f a p p l i c a t i o n o f b i o c o n t r o l a g e n t s . M o s t 
m i c r o o r g a n i s m s a s s o c i a t e w i t h p l a n t s a r e r e c o v e r e d d u r i n g 
s e n e s c e n c e a s t e m p e r a t u r e a n d l i g h t i n t e n s i t y d r o p d u r i n g t h e 
f a l l . T h i s i s a l s o t h e t i m e when p l a n t p a t h o g e n s o r o p p o r t u n i s t i c 
p a r a s i t e s a r e m o s t a b u n d a n t o n t h e p l a n t s u r f a c e a s w e l l a s many 
s a p r o p h y t i c m i c r o o r g n a i s m s . I n a d d i t i o n , i f p l a n t p a t h o g e n s a r e 
p r e s e n t t h e y s h o u l d o c c u r d u r i n g t h e a c t i v e g r o w i n g p e r i o d o f t h e 
p l a n t s . A s w i t h s o many c r o p d i s e a s e s w h e r e some o f t h e m o s t 
d a m a g i n g d i s e a s e o c c u r o n y o u n g a c t i v e l y g r o w i n g p l a n t s , v i r u l e n t 
p a t h o g e n s o f a q u a t i c p l a n t s s h o u l d be m a n i f e s t e d o n g r o w i n g p l a n t s 
c a u s i n g d i s e a s e s i f t h e y a r e p r e s e n t . H o w e v e r , a p p l i c a t i o n o f t h e 
p l a n t p a t h o g e n s f o r b i o c o n t r o l d u r i n g t h e f a l l w o u l d o n l y b e u s e f u l 
i f t h e p a t h o g e n p r e v e n t e d r e e s t a b l i s h m e n t o f t h e weed t h e n e x t 
g r o w i n g s e a s o n . I n t h e c a s e o f h y d r i l l a t h i s w o u l d b e u n l i k e l y 
u n l e s s t h e p a t h o g e n a t t a c k s t h e v e g e t a t i v e p r o p a g u l e s ( t u b e r s a n d 
t u r i o n s ) t h a t w i l l r e g e n e r a t e t h e p l a n t p o p u l a t i o n t h e f o l l o w i n g 
s p r i n g . M o r e t y p i c a l l y b i o c o n t r o l a g e n t s m u s t be e f f e c t i v e d u r i n g 
t h e e a r l y p a r t o f t h e g r o w i n g s e a s o n . T h i s i s c o m p a r a b l e t o t h e 
c o n t r o l o f t e r r e s t r i a l weeds i n f i e l d c r o p s ; u n l e s s t h e weeds a r e 
c o n t r o l l e d w i t h i n t h e f i r s t f ew weeks a f t e r p l a n t i n g , c r o p 
p r o d u c t i o n may be s o l o w t h a t h a r v e s t i n g w o u l d n o t b e e c o n o m i c a l l y 
f e a s i b l e . 
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C o n t r o l o f S p e c i f i c Weeds 

W a t e r h y a c i n t h . 

W a t e r h y a c i n t h ( E i c h h o r n l a c r a s s i p e s [ M a r t . ] S o l m e s ) i s one o f t h e 
m o s t t r o u b l e s o m e a q u a t i c weeds i n t h e w o r l d ( F i g u r e 1 ) . I t s 
e x p o n e n t i a l i n c r e a s e i s a t t r i b u t a b l e t o r a p i d s p r e a d i n g b y s e e d s 
a n d v e g e t a t i v e p r o p a g a t i o n , a h i g h d e g r e e o f m o r p h o l o g i c a l 
p l a s t i c i t y , a d a p t a b i l i t y t o a w i d e r a n g e o f e n v i r o n m e n t a l 
c o n d i t i o n s ( e . g . , w a t e r d e p t h , p H , n u t r i e n t s , l i g h t , a n d 
t e m p e r a t u r e ) , a n d c o m p e t i t i v e a b i l i t y . B e c a u s e o f t h e s e q u a l i l t i e s , 
w a t e r h y a c i n t h c o n t i n u e s t o demand c o n s t a n t v i g i l . Management o f 
w a t e r h y a c i n t h c o n t i n u e s t o be a l m o s t e x c l u s i v e l y t h r o u g h t h e u s e o f 
c h e m i c a l h e r b i c i d e s . No l e s s t h a n t w e n t y c h e m i c a l h e r b i c i d e s h a v e 
b e e n u s e d c o m m e r c i a l l y f o r c o n t r o l l i n g w a t e r h y a c i n t h , w i t h 2 , 4 - D 
a n d d i q u a t b e i n g t h e m o s t commonly u s e d ( £ ) . 

I n t h e U n i t e d S t a t e s , p r o b l e m s o f w a t e r h y a c i n t h seem t o h a v e 
b e e n somewhat a l l e v i a t e d d u r i n g t h e p a s t 15 y e a r s . T h i s r e d u c t i o n 
h a s b e e n a t t r i b u t e d t o t h e i n t r o d u c t i o n o f t h e two w e e v i l s p e c i e s 
( N e o c h e t i n i a e i c h h o r n i a e a n d J L . b r u c h i ) . The e l i m i n a t i o n o f some 
p o p u l a t i o n s o f w a t e r h y a c i n t h i n F l o r i d a , L o u i s i a n a a n d T e x a s h a s 
b e e n a t t r i b u t e d t o t h e w e e v i l s ( 1 0 . 1 1 ) . I n g e n e r a l , t h e e f f e c t s o f 
t h e s e w e e v i l s h a v e r e s u l t e d i n a s l o w r e d u c t i o n o f w a t e r h y a c i n t h 
i n f e s t a t i o n ( 1 2 ) . A s e x p e c t e d w i t h b i o c o n t r o l s , t h e i n s e c t s 
r e p r o d u c e s l o w l y i n r e l a t i o n t o w a t e r h y a c i n t h , a n d o p t i m a l 
e n v i r o n m e n t a l c o n d i t i o n s a r e r e q u i r e d f o r s e v e r a l y e a r s b e f o r e t h e 
i n s e c t s e x e r t a s i g n i f i c a n t i m p a c t ( 1 2 ) · 

S i n c e t h e e a r l y 1 9 7 0 ' s , t h e l i s t o f f u n g i w i t h p o t e n t i a l u s e i n 
b i o c o n t r o l o f w a t e r h y a c i n t h h a s g r o w n t o more t h a n 100 i s o l a t e s 
( 2 ) . O f t h e s e , C e r c o s p o r a r o d m a n i i Conway ( F i g u r e 2) i n i t i a l l y 
i s o l a t e d i n F l o r i d a ( U ) h a s shown t h e g r e a t e s t p r o m i s e a s a 
b i o c o n t r o l a g e n t ( 1 4 . 1 5 ) . r o d m a n i i i s c a p a b l e o f i n d u c i n g l e a f 
s p o t s , l e a f n e c r o s i s , a n d s e c o n d a r y r o o t r o t t o w a t e r h y a c i n t h 
( F i g u r e 2) ( 1 3 ) . The d i s e a s e s p r e a d s t o u n i n o c u l a t e d p l a n t s b y 
w i n d - d i s s e m i n a t e d c o n i d i a . The h o s t s p e c i f i c i t y o f £L_ r o d m a n i i was 
e x a m i n e d u n d e r g r e e n h o u s e a n d f i e l d c o n d i t i o n s i n w h i c h 81 s p e i c e s 
a n d c u l t i v a r s i n 58 f a m i l i e s w e r e t e s t e d . U n d e r g r e e n h o u s e 
c o n d i t i o n s , o n l y a f t e r r e p e a t e d a p p l i c a t i o n o f t h e i n o c u l u m d i d 
n o n t a r g e t s p e c i e s become i n f e c t e d . H o w e v e r , none t h e t h e n o n t a r g e t 
s p e c i e s w e r e a f f e c t e d u n d e r f i e l d c o n d i t o n s ( 1 6 ) . I n a d d i t i o n , 
i n o c u l a t i o n w i t h m y c e l i a a n d c o n i d i a o f C j . a p i i a n d c a p s i c i 
p r o d u c e d o n l y h y p e r s e n s i t i v e r e s p o n s e s o n o l d e r l e a v e s o f 
w a t e r h y a c i n t h . I s o l a t e s o f h y d r o c o t v l e a n d nymphaea h a s no 
e f f e c t o n w a t e r h y a c i n t h . B a s e d o n t h e s e s t u d i e s ÇL». r o d m a n n i i was 
n o t c o n s i d e r e d t o be a t h r e a t t o e c o n o m i c a l l y o r e c o l o g i c a l l y 
i m p o r t a n t p l a n t s i n F l o r i d a ( l é ) . 

The a v a i l a b i l i t y o f n u t r i e n t s was f o u n d t o h a v e a s i g n i f i c a n t 
e f f e c t o n t h e d i s e a s e e p i d e m i c d e v e l o p m e n t o f C_i_ r o d m a n n i i o n 
w a t e r h y a c i n t h . U n d e r n u t r i e n t p o o r c o n d i t i o n s , t h e d i s e a s e e p i d e m i c 
was a b l e t o s e v e r e l y r e s t r i c t g r o w t h o f w a t e r h y a c i n t h . H o w e v e r , 
u n d e r n u t r i e n t r i c h c o n d i t o n s , i n a d d i t i o n t o t h e r e d u c e d r a t e o f 
e p i d e m i c d e v e l o p m e n t , t h e w a t e r h y a c i n t h a c t u a l l y g r e w a t a r a t e 
f a s t e r t h a n t h e e p i d e m i c r a t e . T h e p l a n t s w e r e a p p a r e n t l y a b l e t o 
c o m p e n s a t e f o r d i s e a s e a n d d y i n g l e a v e s w i t h a r a p i d l e a f t u r n o v e r . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

8



160 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

F i g u r e 1. A v a t e r h y a c i n t h p o p u l a t i o n i n b l o o m somewhere i n F l o r i d a . 

F i g u r e 2. L e a f spots on waterhyacinth caused by Cercospora 
r o d m a n i i . 
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T h i s r a p i d l e a f g e n e r a t i o n a p p e a r e d t o r e n d e r a d d i t i o n a l i n f e c t i o n 
I n i t i a l s u n a v a i l a b l e . F r o m t h e s e r e s u l t s , t h e a u t h o r s c o n c l u d e d 
t h a t m u l t i p l e i n o c u l u m a p p l i c a t i o n w o u l d g e n e r a l l y b e n e c e s s a r y 
when w a t e r h y a c i n t h i s i n a n e a r l y g r o w t h p h a s e a n d t h e 
i n c o r p o r a t i o n o f o t h e r b i o t l c a n d a b i o t i c c o n t r o l l i n g a g e n t w o u l d 
be u s e f u l (14). 

C o m m e r c i a l i z a t i o n o f t h i s p a t h o g e n a s a m y c o h e r b i c i d e h a s b e e n 
e x p l o r e d b y A b b o t t L a b o r a t o r i e s . P r e l i m i n a r y r e s u l t s i n d i c a t e d 
t h a t a w e t t a b l e powder f o r m u l a t i o n was a c c e p t a b l e - p e n d i n g 
s t a n d a r i z a t i o n o f i n f e c t i v i t y a n d v i r u l e n c e o f t h e p r o p a g u l e s 
( 1 7 . 1 8 . 1 9 ) . L a r g e s c a l e s t u d i e s h a v e d e m o n s t r a t e d t h a t c o n t r o l o f 
w a t e r h y a c i n t h u s i n g r o d m a n i i i n c o m b i n a t i o n w i t h t h e w e e v i l s 
s i g n i f i c a n t l y i n c r e a s e d t h r o u g h a s y n e r g i s t i c r e s p o n s e ( 1 8 . 1 9 ) . 

I n t e g r a t i o n o f b i o l o g i c a l a n d c h e m i c a l c o n t r o l a g e n t s may 
p r o v i d e a p r o m i s i n g a p p r o a c h t o w a t e r h y a c i n t h c o n t r o l . The 
c o m b i n a t i o n o f t h e h e r b i c i d e s 2 , 4 - D a n d d i q u a t w i t h ÇL. r o d m a n i i 
i n d i c a t e s i g n i f i c a n t l y more damaged t o w a t e r h y a c i n t h c a n be 
o b t a i n e d . I m p l e m e n t a t i o n o f a n i n t e g r a t e d a p p r o a c h t o c o n t r o l 
w a t e r h y a c i n t h i s p e n d i n g f u r t h e r t e s t r e s u l t s ( C h a r u d a t t a n , R . 
U n i v e r s i t y o f F l o r i d a , p e r s o n a l c o m m u n i c a t i o n , 1 9 8 9 ) . 

H y d r i l l a ( H y j i r J l l f l v e r t l c i l l a t a [ L . f . ] R o y l e ) ( F i g u r e 3) i s a 
s u b m e r s e d a q u a t i c p l a n t n a t i v e t o A s i a t h a t h a s become a p r o b l e m i n 
t h e t r o p i c a l a n d s u b t r o p i c a l r e g i o n s o f t h e w o r l d . I n a d d i t i o n , 
h y d r i l l a d o e s n o t seem t o h a v e r e a c h e d i t p o t e n t i a l d i s t r i b u t i o n i n 
t h e U . S . ( F i g u r e 4 ) . 

The e x p a n d i n g r a n g e o f h y d r i l l a a n d i t s s u b s e q u e n t management 
may be made e v e n more e x a s p e r a t i n g b y t h e f a c t t h a t two 
m o r p h o t y p e s e x i s t i n t h e U n i t e d S t a t e s . A d i o e c i o u s f o r m o c c u r s 
m a i n l y i n t h e s o u t h a n d t h e r e c e n t l y i n t r o d u c e d m o n o e c i o u s f o r m i s 
r e p o r t e d a l o n g t h e e a s t e r n s e a b o a r d i n t h e W a s h i n g t o n D . C . , 
M a r y l a n d , a n d N o r t h C a r o l i n a r e g i o n s (12). The p r o l i f e r a t i o n o f 
t h e two t y p e s o f h y d r i l l a i s a t t r i b u t a b l e t o v e g e t a t i v e 
r e p r o d u c t i o n f r o m s t e m f r a g m e n t s , t u b e r s , a n d t u r i o n s . T u b e r s a n d 
t u r i o n s e n a b l e t h e s p e c i e s t o s u r v i v e a d v e r s e c o n d i t i o n s s u c h a s 
c o l d t e m p e r a t u r e s a n d d r o u g h t (20.). A l t h o u g h h y d r i l l a i s c a p a b l e o f 
s e x u a l r e p r o d u c t i o n b y s e e d , m a l e f l o w e r s a r e r a r e l y s e e n i n e i t h e r 
m o r p h o t y p e , s u g g e s t i n g t h a t s e x u a l r e p r o d u c t i o n i s o f l i m i t e d 
o c c u r e n c e i n n a t u r e . 

H y d r i l l a t o l e r a t e s a w i d e r a n g e o f e c o l o g i c a l c o n d i t i o n s . I t 
o c c u r s i n w a t e r t h a t i s c l e a r t o v e r y t u r b i d , o l i g o t r o p h i c t o 
h i g h l y e u t r o p h i c a n d a t d e p t h s o f more t h a n 15 m e t e r s . I t c a n 
t o l e r a t e a l k a l i n e t o a c i d i c c o n d i t i o n s a n d m o d e r a t e s a l i n i t y . I t s 
l o w l i g h t r e q u i r e m e n t e n a b l e s i t t o s u c c e s s f u l l y c ompete w i t h o t h e r 
s u b m e r s e d a q u a t i c p l a n t s ( £ ) . 

A s w i t h m o s t a q u a t i c w e e d s , h y d r i l l a c o n t r o l i s u s u a l l y t h r o u g h 
t h e a p p l i c a t i o n o f c h e m i c a l h e r b i c i d e s . H o w e v e r , h y d r i l l a h a s n o t 
b e e n d e t e r r e d s i g n i f i c a n t l y b y t h i s t y p e o f management . T h e r e f o r e , 
b i o l o g i c a l c o n t r o l m e a s u r e s h a v e b e e n i n v e s t i g a t e d more i n t e n s i v e l y 
d u r i n g t h e p a s t d e c a d e . 

C h a r u d a t t a n ( U n i v e r s i t y o f F l o r i d a , p e r s o n a l c o m m u n i c a t i o n , 
1989) h a s i d e n t i f i e d more t h a n 100 m i c r o o r g a n i s m s o r m i c r o b i a l 
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162 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

F i g u r e 3. H y d r i l l a growing i n a cove o f Lake Nacogdoches, Texas . 
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164 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

p r o d u c t s w h i c h c o u l d p o t e n t i a l l y damage h y d r i l l a . J o y e 
( u n p u b l i s h e d d a t a ) h a s c o l l e c t e d more t h a n 200 f u n g a l a n d b a c t e r i a l 
i s o l a t e s f r o m h y d r i l l a p o p u l a t i o n s w i t h i n t h e U n i t e d S t a t e s w h i c h 
a r e b e i n g s c r e e n e d f o r p o t e n t i a l b i o c o n t r o l u s e . 

A n i s o l a t e o f F u s a r i u m r o s e u m ' C u l m o r u m * , o r i g i n a l l y c o l l e c t e d 
f r o m S t r a t i o i d e s a l o l d e s L . ( H y d r o c h a r l t a c e a e ) i n t h e N e t h e r l a n d s 
h a s shown p o t e n t i a l a s a m y c o h e r b i c i d e ( 2 1 . 2 2 ) . S i n c e t h i s 
p a t h o g e n i s n o t a n a t i v e o f t h e U n i t e d S t a t e s , i t s u s e f o r 
b i o c o n t r o l i n t h e U n i t e d S t a t e s r e m a i n s u n r e s o l v e d (22) · F u r t h e r 
e x t e n s i v e r e s e a r c h i s s t i l l n e e d e d f o r t h i s p a t h o g e n . E v e n t h o u g h 
t h i s f u n g u s may n o t be h o s t s p e c i f i c (22)» I t roy h a v e some 
a p p l i c a t i o n i n s p e c i f i c c a s e s w h e r e o t h e r n o n t a r g e t s p e c i e s w o u l d 
n o t b e a f f e c t e d . 

I n 1 9 8 7 , a f u n g u s i d e n t i f i e d a s M a c r o p h o m l n a p h a s e o l i n a was 
i s o l a t e d f r o m a n a p p a r e n t l y h e a l t h y h y d r i l l a p l a n t g r o w i n g i n a 
l a k e i n s o u t h e r n T e x a s . L a b o r a t o r y , g r e e n h o u s e , a n d f i e l d t e s t s 
h a v e i n d i c a t e d t h a t t h i s f u n g u s i s c a p a b l e o f i n f e c t i n g a n d 
d e s t r o y i n g I n o c u l a t e d h y d r i l l a p o p u l a t i o n s o v e r a r e l a t i v e l y s h o r t 
p e r i o d o f t i m e . I n g r e e n h o u s e e x p e r i m e n t s , t e s t p l a n t s g r o w i n g i n 
c o l u m n a q u a r i a e x h i b i t e d symptoms o f d i s e a s e w i t h i n 7 d a y s a f t e r 
i n o c u l a t i o n . W i t h i n t h r e e weeks 99 p e r c e n t o f t h e h y d r i l l a t i s s u e 
h a d b e e n d e s t r o y e d ( F i g u r e 5 ) . I n a f i e l d t e s t , b l o m a s s o f 
i n o c u l a t e d p l a n t s g r o w i n g u n d e r n a t u r a l c o n d i t i o n s was r e d u c e d 61 
p e r c e n t f o u r weeks a f t e r i n o c u l a t i o n (21). 

T h i s f u n g a l i s o l a t e may be d e s c r i b e d more a s a n o p p o r t u n i s t 
r a t h e r t h a n a s a t r u e p a t h o g e n s i n c e i t i s p r e s e n t i n l o w d e n s i t i e s 
i n t h e n a t u r a l m y c o f l o r a o f h y d r i l l a . O n l y t h r o u g h a u g m e n t a t i o n o f 
t h i s o r g a n i s m i n t o t h e h y d r i l l a p o p u l a t i o n d o e s s i g n i f i c a n t damage 
r e s u l t (21). 

The f u n g u s was f o u n d t o b e h o s t s p e c i f i c o n l y t o h y d r i l l a a n d 
d u c k l e t t u c e ( O t t e l i a a l i s m o i d e s L . , H y d r o c h a r i t a c e a e ) i n a f i e l d 
o f 46 s p e c i e s f r o m 22 f a m i l i e s . S i n c e o n l y members o f 
H y d r o c h a r i t a c e a e , h a v e b e e n a f f e c t e d , t h i s f u n g a l i s o l a t e a p p e a r s 
t o b e a g o o d c a n d i d a t e f o r u s e i n b i o c o n t r o l (21)· H o w e v e r , 
d i s e a s e s c a u s e d b y If. p h a s e o l i n a a r e g e n e r a l l y a s s o c i a t e d w i t h 
p l a n t s t r e s s a s o t h e r d i s e a s e s o f e c o n o m i c a l l y i m p o r t a n t s p e c i e s 
a r e s u s c e p t i b l e t o i s o l a t e s o f t h i s s p e c i e s . T h u s , h o s t r a n g e 
s t u d i e s w i l l h a v e t o be more i n t e n s i v e l y a n d e x t e n s i v e l y c o n d u c t e d 
t o d e t e r m i n e t h e t r u e p o t e n t i a l t h a t t h i s p a t h o g e n c o u l d be u s e d 
f o r b i o c o n t r o l o f h y d r i l l a . 

I n a c u t e t o x i c i t y t e s t s , t h e w h i t e amur ( g r a s s carp) was n o t 
a f f e c t e d a t t h r e e t i m e s t h e recommended r a t e o f 1 χ 10* c o l o n y 
f o r m i n g u n i t s p e r m i l l i l i t e r . R a t e s o f t e n t i m e s t h e recommended 
r a t e c a u s e d s i g n i f i c a n t m o r t a l i t y (90 %) t o f i s h ( J o y e , u n p u b l i s h e d 
d a t a ) . H o w e v e r , m o r t a l i t y may b e due t o e x c e s s i v e t u r b i d i t y a n d 
r e d u c e d l e v e l s o f d i s s o l v e d o x y g e n r a t h e r t h a n t o a n y t o x i c 
e f f e c t s . F u r t h e r w o r k i s p l a n n e d t o d e t e r m i n e t h e c a u s e o f t h e 
o b s e r v e d m o r t a l i t y . 

F u t u r e w o r k w i l l c o n c e n t r a t e o n e x p a n d i n g h o s t r a n g e t e s t s , 
e v a l u a t i n g v e r t e b r a t e t o x i c i t y , a n d d e v e l o p i n g a n a p p r o p r i a t e 
f o r m u l a t i o n . O n g o i n g s u r v e y s w i l l c o n t i n u e t o s e a r c h f o r new 
o r g a n i s m s w i t h i n t h e U n i t e d S t a t e s a n d a b r o a d . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
00

8



8. JOYE Biological Control of Aquatic Weeds with Plant Pathogens 165 

E u r a s i a n v a t e r m l l f o l l . 

M v r l o p h v l l u m s u l c a t u m L . ( e u r a s i a n w a t e r m i l f o i l ) was f i r s t 
p o s i t i v e l y i d e n t i f i e d i n N o r t h A m e r i c a f r o m c o l l e c t i o n s made i n 
w i d e l y s e p a r a t e d l o c a t i o n s d u r i n g t h e 1 9 4 0 ' s ( 24 ) ( F i g u r e 6 ) . 
S i n c e t h e n i t h a s become a s e v e r e p r o b l e m i n many a r e a s o f t h e 
U n i t e d S t a t e s ( F i g u r e 7 ) . E u r a s i a n w a t e r m i l f o i l h a s many 
c h a r a c t e r i s t i c s s i m i l a r t o h y d r i l l a w h i c h a l s o make i t a f o r m i d a b l e 
c o m p e t i t o r . I t s u r v i v e s much c o l d e r t e m p e r a t u r e s t h a n h y d r i l l a a n d 
i s t h e m o s t i m p o r t a n t s u b m e r s e d weed i n C a n a d a a n d n o r t h e r n U n i t e d 
S t a t e s . The s e a r c h f o r p a t h o g e n s o f e u r a s i a n w a t e r m i l f o i l b e g a n 
a b o u t t h e t i m e t h e s e a r c h b e g a n f o r p a t h o g e n s o f h y d r i l l a . 
I n i t i a l l y n a t u r a l l y o c c u r r i n g d e c l i n e s o f m i l f o i l p o p u l a t i o n s w e r e 
o b s e r v e d ( 2 1 ) . H o w e v e r , a t t e m p t s t o d i s c o v e r p a t h o g e n s r e s p o n s i b l e 
f o r t h e s e d e c l i n e s h a v e n o t b e e n s u c c e s s f u l ( 2 Î ) . H o w e v e r , s e v e r a l 
p a t h o l o g i c a l c o n d i t i o n s h a v e b e e n d e s c r i b e d (2Z ) E a r l y 
i n v e s t i g a t i o n s s u g g e s t e d t h e p o s s i b i l i t y o f a v i r u s b e i n g 
r e s p o n s i b l e f o r t h e " N o r t h e a s t d i s e a s e " o f e u r a s i a n w a t e r m i l f o i l i n 
t h e C h e s a p e a k e B a y d u r i n g t h e 1 9 6 0 ' s , b u t t h i s was n e v e r c o n f i r m e d 
( 2 8 ) . A n o t h e r d e c l i n e o f e u r a s i a n w a t e r m i l f o i l i n t h e C h e s a p e a k e 
B a y , " L a k e V e n i c e d i s e a s e " , was a g a i n n o t s a t i s f a c t o r i l y 
e x p l a i n e d . I t h a s b e e n s u g g e s t e d t h a t p o l l u t i o n , s i l t a t i o n , 
a u t o t o x i n s a n d / o r a c o m b i n a t i o n o f f a c t o r s w e r e i n v o l v e d (23.). 
E u r a s i a n w a t e r m i l f o i l i s no l o n g e r a s i g n i f i c a n t p r o b l e m i n t h e 
C h e s a p e a k e b a y a n d t h e c a u s e o f i t s d e m i s e w i l l l i k e l y n e v e r b e 
d e t e r m i n e d . 

I n 1970 t h e U n i v e r s i t y o f F l o r i d a b e g a n a s e a r c h f o r p l a n t 
p a t h o g e n s o f e u r a s i a n w a t e r m i l f o i l . F u n g a l i s o l a t e s t a k e n f r o m 
t e r r e s t r i a l p l a n t s w e r e t e s t e d , i n c l u d i n g s e v e r a l s p e c i e s o f 
F u s a r l u m . P y t h l u m . a n d P h y t o p h t h o r a . H o w e v e r , none o f t h e s e f u n g i 
w e r e p a t h o g e n i c t o e u r a s i a n w a t e r m i l f o i l . O t h e r w o r k e r s h a v e s i n c e 
r e p o r t e d f u n g a l - h o s t a s s o c i a t i o n s w i t h i s o l a t e s o f f u n g i f r o m t h e 
genus A c r e m o n l u m (29 ) a n d s e v e r a l weak p a t h o g e n s h a v e b e e n 
i d e n t i f i e d ( 3 0 . 3 1 ) s u c h a s F u s a r l u m s p o r o t r l c h l o i d e s a n d 
C o l l e t o t r i c h u m y l o e s p o r l o l d e s b u t no p r o m i s i n g c o n t r o l a g e n t s h a v e 
b e e n r e p o r t e d ( H ) . 

A n a l t e r n a t i v e a p p r o a c h s t r e s s e s t h e u s e o f m i c r o o r g a n i s m s 
c a p a b l e o f d e g r a d i n g e u r a s i a n w a t e r m i l f o i l b y c e l l u l o l y t i c o r 
d e g e n e r a t i n g p r o p e r t i e s o f e n z y m a t i c means . T h e r e a r e o r g a n s i m s 
n a t u r a l l y o c c u r r i n g o n t h e s u r f a c e o f e u r a s i a n w a t e r m i l f o i l ( 3 2 ) . 
I n s t e a d o f i n t r o d u c i n g p a t h o g e n s f r o m o t h e r s o u r c e s , m i c r o o r g a n i s m s 
n a t i v e t o t h e p h y l l o s p h e r e o f t h e t a r g e t p l a n t may be m a n i p u l a t e d 
t o p r o d u c e enzymes l y t i c t o t i s s u e s o f t h e p l a n t h o s t . The i n d u c e d 
p a t h o g e n s w o u l d be a p p l i e d t o t h e p l a n t h o s t w h e r e h o s t damage 
w o u l d commence. The damage w o u l d t h e o r e t i c a l l y b e t r i g g e r e d b y 
compounds e x c r e t e d f r o m t h e p l a n t h o s t . I n d u c t i o n o f h o s t damage 
w o u l d c e a s e w i t h t h e d e s t r u c t i o n o f t h e p l a n t h o s t . T h u s , no new 
p a t h o g e n i c p o p u l a t i o n w o u l d b e i n t r o d u c e d a n d no r e s i d u e s w o u l d 
accompany t h e c o n t r o l p r o c e s s ( 1 2 ) . R e s u l t s o f t h e s e e x p e r i m e n t s 
r e m a i n s t o be s e e n . 

S t u d i e s o f l y t i c e n z y m e - p r o d u c i n g m i c r o o r g a n i s m s f r o m m i l f o i l 
l e d t o t h e d i s c o v e r y o f a n i s o l a t e o f M y c o l e p t o d i s c u s t e r r e s t r l s 
t h a t a c c e l e r a t e s n e c r o s i s o f t h e p l a n t when i n o c u l u m i s d e r i v e d 
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166 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

F i g u r e 5 . The e f f e c t s o f v a r i o u s f u n g a l i s o l a t e s o n h y d r i l l a 3 
weeks a f t e r i n o c u l a t i o n u n d e r g r e e n h o u s e c o n d i t i o n s . I s o l a t e s F H y l 8 
a n d FHY20 a r e M a c r o p h o m i n a p h a s e o l i n a . I s o l a t e s 6 2 1 P , 2 3 6 , a n d 224 
a r e F u s a r i u m r o s e u m v a r . c u l m o r u m . £ . m o n i U f p r m e v a r . 
s u b g l u t i n a n s . a n d Çlaflpsporjum. c l a ^ o s p o r j o l f l e s , r e s p e c t i v e l y . 

F i g u r e 6 . E u r a s i o n w a t e r m i l f o i l , M v r i o p h v l l u m s p i c a t u m . w i t h f l o w e r 
s p i k e s . 
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168 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

f r o m c u l t u r e s g r o w n o n medium c o n t a i n i n g c e l l u l o s e ( 3 2 ) . 
P r e l i m i n a r y l a b o r a t o r y a n d f i e l d t e s t s o f t h e f u n g u s r e v e a l e d t h a t 
i t h a s a s u b s t a n t i a l i m p a c t o n e u r a s i a n w a t e r m i l f o i l . A 
b i o t e c h n o l o g y company a n d t h e U . S . Army o f E n g i n e e r s h a v e i n i t i a t e d 
a c o o p e r a t i v e a g r e e m e n t t o c o n d u c t f i e l d t e s t s o f t h i s f u n g u s . 
R e s u l t s o f t h e s e e x p e r i m e n t s a n d d e f i n i t i v e t e s t s f o r d e t e r m i n i n g 
t h a t no e n v i r o n m e n t a l c o n s t r a i n t s e x i s t w i l l d e t e r m i n e w h e t h e r 
t h i s o r g a n i s m w i l l become c o m m e r c i a l l y a v a i l a b l e f o r b i o c o n t r o l o f 
e u r a s i a n w a t e r m i l f o i l . 

W a t e r l e t t u c e . 

£ ls_£ia s t r a t l o t e s L . ( w a t e r l e t t u c e ) ( F i g u r e 8) i s a f r e e - f l o a t i n g 
a q u a t i c p l a n t i n t r o d u c e d t o t h e U n i t e d S t a t e s f r o m V e s t A f r i c a . 
W i t h t h e d e m i s e o f w a t e r h y a c i n t h i n many w a t e r w a y s , w a t e r l e t t u c e 
h a s become a p r o b l e m weed i n many l a k e s a n d s t r e a m s o f F l o r i d a , 
s o u t h e r n L o u i s i a n a a n d T e x a s . F r o m 1967 t o 1969 w a t e r l e t t u c e i n 
t h e K a l n j l L a k e i n N i g e r i a was o b s e r v e d t o s l o w l y d l e b a c k . T h e 
d i e b a c k was a s s o c i a t e d w i t h t h e p r e s e n c e o f a n a p h i d ( R h o p a l o s i p h u m 
nvmphaeae L . ) , a n d a v i r u s was p r o p o s e d a s t h e c a u s a l a g e n t (22) . 
T r a n s m i s s i o n o f t h e d i s e a s e b y t h i s I n s e c t was d e m o n s t r a t e d i n 
g r e e n h o u s e s t u d i e s a n d t h e o r e t i c a l l y t h e d i s e a s e c o u l d b e s p r e a d i n 
n a t u r a l p o p u l a t i o n o f w a t e r l e t t u c e i f I n f e c t e d p l a n t s w e r e p l a c e d 
i n n o n i n f e s t e d p o p u l a t i o n s . The c a u s a l a g e n t h a s n o t b e e n 
p o s i t i v e l y i d e n t i f i e d , p r e s u m a b l y b e c a u s e o f l a c k o f f u n d i n g . 
H o w e v e r , t h e r e s t i l l r e m a i n s t h e p o t e n t i a l f o r d e v e l o p m e n t o f 
b i o c o n t r o l a g e n t s o f w a t e r l e t t u c e . 

D u c k w e e d s . 

LSBLW s p . ( F i g u r e 9 ) , S n l r o d e l a s p . f a n d W o l f f i a s p . a r e 
f r e e - f l o a t i n g a q u a t i c p l a n t s common t o a l m o s t e v e r y r e g i o n o f t h e 
t e m p e r a t e w o r l d . Duckweeds a r e f o u n d g r o w i n g i n s t a g n a n t o r 
s l o w - m o v i n g w a t e r ( F i g u r e 10) . S e v e r e i n f e s t a t i o n s r e s t r i c t b o a t 
t r a f f i c a n d g r o w t h o f more d e s i r a b l e a q u a t i c s p e c i e s . Duckweeds 
a r e , h o w e v e r , c o n s i d e r e d a v a l u a b l e f o o d s o u r c e t o w a t e r f o w l ( 2 4 ) · 

S e v e r a l p l a n t p a t h o g e n s h a v e b e e n r e p o r t e d t o b e a s s o c i a t e d 
w i t h d u c k w e e d s , b u t l i t t l e i s known a b o u t t h e d e g r e e o f 
p a t h o g e n i c i t y o r t h e r e l a t i o n s h i p b e t w e e n t h e d u c k w e e d a n d t h e 
f u n g u s . T h e r e a r e s e v e r a l r e p o r t s o f d u c k w e e d k i l l s i n n a t u r a l 
p o p u l a t i o n s ( 3 4 ) . W h i l e t h e c a u s a l a g e n t s h a v e b e e n a s s u m e d t o be 
f u n g i , d e s c r i p t i o n s o f i n f e c t i o n a r e s c a r c e . I n L o u i s i a n a , 
d u c k w e e d k i l l s h a v e b e e n o b s e r v e d a n d t h e f u n g u s P y t h l u m m y r i o t y l u m 
h a s b e e n i m p l i c a t e d a s t h e c a u s a l a g e n t . A n i n v e s t i g a t i o n o f t h i s 
f u n g u s o n Lernna s p p . a n d S o i r o d e l a s p p . d e t e r m i n e d t h a t a t 
t e m p e r a t u r e s o v e r 22° C , ( o p t i m u m 32° C) i n d e n s e p o p u l a t i o n s o f 
d u c k w e e d t h i s f u n g u s grew e x p o n e n t i a l l y a n d c o u l d d e s t r o y e n t i r e 
p o p u l a t i o n s o f d u c k w e e d w i t h i n s e v e r a l d a y s . I n p a t h o g e n i c i t y 
t e s t s u s i n g s i x d i f f e r e n t d u c k w e e d s , Lemna g i b b a a n d L^ m i n o r w e r e 
v e r y s u s c e p t i b l e , w h i l e S p l r o d e l a p o l y r r h i z a a n d v a l d l v l n l w e r e 
r e s i s t a n t a n d L . a e o u l n o c t i a l i s a n d JSL p u n c t a t a w e r e immune t o 
i n f e c t i o n (22 ) · 
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8. JOYE Biological Qmtrol of Aquatic Weeds with Plani Pathogens 169 

F i g u r e 8. W a t e r l e t t u c e , P l s t l a s t r a t l o i d e s . growing i n greenhouse 
c u l t u r e . 

F i g u r e 9 . Lemna minor L . , a duckweed growing i n greenhouse c u l t u r e . 
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170 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

T h e r e a r e no o t h e r r e p o r t s o n t h e p o t e n t i a l u s e o f p a t h o g e n s 
f o r b i o c o n t r o l o f d u c k w e e d s , a n d i t i s n o t known i f P^. m y r i o t y l u m 
c o u l d be d e v e l o p e d i n t o a b i o c o n t r o l a g e n t . 

A l l l g a t o r w e e d . 

A l t e r n a n t h e r a p h v l o x e r o l d e s ( M a r t . ) G r i s b . ( A l l l g a t o r w e e d ) i s a 
r o o t e d e m e r g e n t a q u a t i c p l a n t w h i c h a l s o h a s t h e c a p a b i l i t y t o 
t h r i v e a s a t e r r e s t r i a l p l a n t . T h i s weed g r o w s p r o l i f i c a l l y i n 
many i r r i g a t i o n a n d d r a i n a g e c a n a l s , o n r i v e r b a n k s a n d s t r e a m b a n k s , 
a n d o n t h e s h o r e s o f l a k e s a n d p o n d s ( F i g u r e 1 1 ) . 

I n 1976 a new s p e c i e s o f A l t e r n a r l a was f o u n d o n a l l l g a t o r w e e d 
a n d was d e s i g n a t e d a s a l t e r n a n t h e r a e H o l c o m b & A n t o n o p o u l o s 
( Ι έ ) · T h i s f u n g u s p r o d u c e d p u r p l e l e a f - s p o t s w i t h t a n , n e c r o t i c 
c e n t e r s w h i c h e n l a r g e d o v e r t i m e ( F i g u r e 1 2 ) . I t was e v a l u a t e d f o r 
p o t e n t i a l b i o c o n t r o l u s e b u t was f o u n d t o b e u n s a t i s f a c t o r y b e c a u s e 
i t w o u l d n o t a t t a c k s t e m t i s s u e a n d c o n i d i a l p r o d u c t i o n was r e d u c e d 
t h r o u g h r e c u l t u r i n g . R e c e n t s t u d i e s o f t h i s o r g a n i s m s u g g e s t t h a t 
i t may h a v e some p o t e n t i a l f o r u s e i n i n t e g r a t e d w e e d c o n t r o l when 
u s e d w i t h i n s e c t s a n d c h e m i c a l h e r b i c i d e s ( J o y e , G . F . USAE 
W a t e r w a y s E x p e r i m e n t S t a t i o n , u n p u b l i s h e d d a t a ) . 

B l u e - g r e e n a l g a e . 

A l g a l b l o o m s c a u s e d b y s u c h a l g a a s A n a b a e n a s p . , L y n g b y a s p . , 
M i c r o c y s t i s s p . , P l e c t o n e m a s p . , a n d P h o r m l d l u m s p . o c c u r a s t h e 
r e s u l t o f e u t r o p h i c a t i o n a n d a r e r e l a t e d t o s u c h f a c t o r s a s w a t e r 
t e m p e r a t u r e , s o l a r r a d i a t i o n , i n o r g a n i c n u t r i e n t s a n d d i s s o l v e d 
o r g a n i c s ( F i g u r e 1 3 ) . M o s t i n v e s t i g a t i o n s o f a l g a l management h a v e 
b e e n c o n c e n t r a t e d o n c o n t r o l l i n g i n o r g a n i c n u t r i e n t s . S u c c e s s I n 
p r e v e n t i n g t h e i n t r o d u c t i o n o f n i t r a t e s a n d p h o s p h a t e s seems 
u n l i k e l y , s i n c e m a j o r s o u r c e s o f t h e s e n u t r i e n t s a r e d i f f i c u l t t o 
c o n t r o l . 

I n 1 9 6 3 , t h e v i r u s d e s i g n a t e d L P P - 1 ( L y n b y a . P l e c t o n e m a . 
P h o r m l d l u m ) was d i s c o v e r e d t o l y s e c e l l s o f s e v e r a l b l u e - g r e e n 
a l g a e (22). The v i r u s was a b l e t o l y s e 13 s p e c i e s o f f i l a m e n t o u s 
b l u e - g r e e n a l g a . A l g a l f i l a m e n t s w e r e r a n d o m l y l y s e d b y t h e v i r u s , 
r e s u l t i n g i n t h e a l g a l f i l a m e n t s f r a g m e n t i n g i n t o p r o g r e s s i v e l y 
s m a l l e r u n i t s u n t i l o n l y s c a t t e r e d c e l l s r e m a i n e d . 

I n 1987 P h l i p s r e p o r t e d t h a t L P P v i r u s e s a v a i l a b l e t h r o u g h 
c u l t u r e c o l l e c t i o n s w e r e n o t a c t i v e a g a i n s t s t r a i n s o f L y n g b v a 
b i r g e i b u t t h a t n a t u r a l l y o c c u r r i n g v i r u s e s i n F l o r i d a w e r e a c t i v e 
a g a i n s t t h i s a l g a Q £ ) . T h i s s u g g e s t s t h a t w a s t e s t a b i l i z a t i o n 
p o n d s c o u l d be a s o u r c e o f h i g h l y e f f e c t i v e L P P v i r u s ( 3 2 ) · 

O n l y a f ew a l g a l v i r u s s t u d i e s a r e p r e s e n t l y b e i n g c o n d u c t e d , 
h o w e v e r , s u c h s t u d i e s s h o u l d b e e n c o u a g e d a n d e x p a n d e d . The u s e 
a l g a l v i r u s e s a s a new m e c h a n i s m f o r t h e p r o t e c t i o n a n d c l e a n i n g o f 
t h e w a t e r w a y s i s a r e l a t i v e l y u n e x p l o r e d a r e a . F u r t h e r r e s e a r c h i s 
n e c e s s a r y t o d e t e r m i n e i f t h e s e a l g a l v i r u s e s w i l l b e u s e f u l f o r 
m a n ' s p u r p o s e s ( 3 7 ) . 
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F i g u r e 10. A d u c k w e e d p o p u l a t i o n i n a s m a l l l a k e n e a r D e l t a , L A . 

F i g u r e 11. A n a l l i g a t o r w e e d p o p u l a t i o n o n t h e b a n k o f a l a k e i n 
V i c k s b u r g , M S . 
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172 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

F i g u r e 1 2 . L e a f spots on the foliage of alligatorweed caused b y 
AUernarjft alternantiierft. 

F i g u r e 1 3 . A n a l g a l b l o o m i n a b a y o u n e a r D e l t a , L A . 
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C o n c l u s i o n 

R e s e a r c h i n a q u a t i c weed b i o c o n t r o l w i l l c o n t i n u e t o be l i m i t e d f o r 
some t i m e i n t h e f u t u r e , m a k i n g p r o g r e s s i n t h i s a r e a s l o w . 
S u c c e s s f u l a p p l i c a t i o n o f b i o c o n t r o l t e c h n i q u e s t o a q u a t i c s y s t e m s 
w i l l e n c o u r a g e new p a r t i c i p a n t s i n t h i s f i e l d o f r e s e a r c h a n d w i l l 
h e l p e n l i g h t e n f u n d i n g a g e n c i e s a n d t h e g e n e r a l p u b l i c a b o u t t h i s 
i m p o r t a n t a r e a o f p e s t management . 

A c k n o w l e d g m e n t s 

A m a j o r p o r t i o n o f t h e r e s e a r c h p r e s e n t e d i n t h i s p a p e r was f u n d e d 
b y t h e A q u a t i c P l a n t C o n t r o l R e s e a r c h P r o g r a m o f t h e U . S Army C o r p s 
o f E n g i n e e r s . P e r m i s s i o n was g r a n t e d b y t h e C h i e f o f E n g i n e e r s t o 
p u b l i s h t h i s i n f o r m a t i o n . 
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Chapter 9 

Genetic Variability of Fungal Pathogens 
and Their Weed Hosts 

G. J . Weidemann and D. O. TeBeest 

Department of Plant Pathology, University of Arkansas, 
Fayetteville, AR 72701 

Successful use of a fungal pathogen as a 
bioherbicide is dependent on the genetic make-up of 
both the fungus and its target weed. The genetic 
stability and variability of each must be carefully 
considered prior to commercial use. The weed host 
may consist of a genetically heterogeneous 
population and vary in susceptibility to the 
biocontrol agent within its geographic range. 
Fungal pathogens can vary in several important 
characteristics such as sporulation, virulence, 
host range, or tolerance to environmental extremes. 
Specific examples will be used to illustrate the 
advantages and disadvantages of genetic variability 
in biological weed control. 

The s u c c e s s f u l u s e o f a f u n g a l p l a n t p a t h o g e n f o r b i o l o g i c a l weed 
c o n t r o l i s d e p e n d e n t , i n p a r t , o n t h e g e n e t i c c o m p o s i t i o n o f b o t h 
t h e f u n g a l p a t h o g e n a n d i t s t a r g e t w e e d . P r i o r t o c o m m e r c i a l u s e , 
c o n s i d e r a t i o n m u s t b e g i v e n t o t h e e x t e n t o f g e n e t i c d i v e r s i t y i n 
p o p u l a t i o n s o f t h e f u n g a l p a t h o g e n a n d i t s h o s t . F o r t h o s e w o r k i n g 
o n b i o l o g i c a l c o n t r o l o f w e e d s , g e n e t i c v a r i a b i l i t y c a n p o s e 
p o t e n t i a l p r o b l e m s t h a t m u s t b e r e s o l v e d b e f o r e u s e , b u t c a n a l s o 
p r o v i d e f o r t h e g e n e t i c i m p r o v e m e n t o f b i o c o n t r o l f u n g i . 

G e n e t i c V a r i a b i l i t y o f Weeds 

The e x p e c t e d g e n e t i c v a r i a b i l i t y i n t h e t a r g e t weed p o p u l a t i o n c a n 
be a n i m p o r t a n t c o n s i d e r a t i o n i n t h e d e v e l o p m e n t o f a b i o c o n t r o l 
a g e n t . The w i d e s p r e a d a p p e a r a n c e o f h e r b i c i d e r e s i s t a n t weeds (1 ) 
a n d u s e o f g e n e t i c r e s i s t a n c e i n p l a n t b r e e d i n g p r o g r a m s (2 ) 
s u g g e s t s t h a t h o s t r e s i s t a n c e w i l l o c c u r i n t a r g e t w e e d s . The 
amount o f e x p e c t e d g e n e t i c v a r i a b i l i t y i n a t a r g e t weed p o p u l a t i o n 
c a n be r e l a t e d t o i t s r e p r o d u c t i v e s y s t e m ( 3 , 4 ) , s e l e c t i v e p r e s s u r e 
e x e r t e d b y t h e p a t h o g e n p o p u l a t i o n ( 5 ) , a n d e c o l o g i c a l f a c t o r s ( 3 ) . 

0097-6156/90/0439-0176$06.00/0 
© 1990 American Chemical Society 
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I n g e n e r a l , l e s s g e n e t i c v a r i a b i l i t y w o u l d be e x p e c t e d w i t h 
a s e x u a l l y r e p r o d u c i n g s p e c i e s t h a n w i t h t h o s e r e p r o d u c i n g s e x u a l l y 
(2»4), a n d among s e x u a l l y r e p r o d u c i n g s p e c i e s , o u t b r e e d i n g 
p o p u l a t i o n s a r e t y p i c a l l y more v a r i a b l e t h a n i n b r e e d i n g 
p o p u l a t i o n s (2). B u r d o n a n d M a r s h a l l (4) e x a m i n e d 81 e x a m p l e s o f 
b i o l o g i c a l c o n t r o l o f weeds a n d f o u n d t h a t s u b s t a n t i a l w e e d c o n t r o l 
was a t t a i n e d more f r e q u e n t l y w i t h weeds h a v i n g a s e x u a l r e p r o d u c t i v e 
s y s t e m s t h a n w i t h t h o s e r e p r o d u c i n g s e x u a l l y . H o w e v e r , weeds 
r e p r o d u c i n g a s e x u a l l y a l s o e x h i b i t g e n e t i c v a r i a b i l i t y f o r 
c h a r a c t e r s i m p o r t a n t i n b i o l o g i c a l c o n t r o l . F o r i n s t a n c e , r u s h 
s k e l e t o n w e e d ( C h o n d r l l l a j u n c e a L . ) i s a n a p o m i c t , p r o d u c i n g v i a b l e 
s e e d w i t h o u t f e r t i l i z a t i o n , y e t c o n s i s t s o f a t l e a s t t h r e e e c o t y p e s 
i n A u s t r a l i a t h a t d i f f e r i n l e a f m o r p h o l o g y a n d r e s i s t a n c e t o t h e 
r u s t , P u c c i n i a c h o n d r l l l l n a B a k e r & Syd.(6,2) · A n e x t e n s i v e s e a r c h 
t h r o u g h o u t t h e M e d i t e r r a n e a n was r e q u i r e d t o f i n d a r u s t i s o l a t e 
v i r u l e n t t o t h e m a j o r e c o t y p e o f t h i s weed i n A u s t r a l i a ( £ ) . 

D i s e a s e i s a s t r o n g s e l e c t i v e f o r c e i n p l a n t p o p u l a t i o n s t h a t 
i n v o l v e s a c o m p l e x g e n e t i c r e l a t i o n s h i p b e t w e e n b o t h t h e p a t h o g e n 
a n d i t s h o s t r e s u l t i n g i n g e n e t i c d i v e r s i t y i n b o t h p o p u l a t i o n s (8-
10). I n t h e a b s e n c e o f d i s e a s e p r e s s u r e , d i s e a s e r e s i s t a n c e may 
d e c l i n e ( £ ) . F o r e x a m p l e , D i n o o r a n d E s h e d (H) f o u n d l e s s 
r e s i s t a n c e t o p o w d e r y m i l d e w ( E r v s i p h e g r a m i n i s D C . ) i n w i l d b a r l e y 
(Hordeum s p o n t a n e u m K . K o c h ) p o p u l a t i o n s f r o m a r i d r e g i o n s o f I s r a e l 
w h e r e d i s e a s e p r e s s u r e was l i m i t e d c o m p a r e d t o r e g i o n s f a v o r a b l e t o 
d i s e a s e d e v e l o p m e n t . 

I n some i n s t a n c e s , p l a n t s c a n a v o i d d i s e a s e i n t i m e a n d s p a c e 
( £ ) r e d u c i n g t h e n e e d f o r g e n e t i c r e s i s t a n c e . The s u c c e s s o f 
C o l l e t o t r i c h u m g l o e o s p o r i o i d e s ( P e n z i g . ) S a c c . f . s p . aeschvnomene 
a s t h e b i o h e r b i c i d e C o l l e g o f o r c o n t r o l o f n o r t h e r n j o i n t v e t c h 
(Aeschvnomene v l r g l n l c a ( L . ) B . S . P . ) c a n be a t t r i b u t e d t o t h e 
u n i f o r m s u s c e p t i b i l i t y o f t h e weed h o s t (12). I n n a t u r e , t h e 
p a t h o g e n i s p o o r l y d i s s e m i n a t e d s u c h t h a t d i s e a s e i n c i d e n c e i s l o w 
(12). T h e r e f o r e , l i t t l e s e l e c t i v e p r e s s u r e h a s b e e n e x e r t e d o n t h e 
weed a n d t h e p o p u l a t i o n a p p e a r s u n i f o r m l y s u s c e p t i b l e t h r o u g h o u t t h e 
r i c e ( O r y z a S a t i v a L . ) p r o d u c t i o n r e g i o n s o f A r k a n s a s (13). 

E c o l o g i c a l f a c t o r s c a n i n f l u e n c e t h e g e n e t i c d i v e r s i t y o f weed 
p o p u l a t i o n s (2). Many weeds a r e i m m i g r a n t s p e c i e s t h a t may h a v e 
l e s s g e n e t i c d i v e r s i t y t h a n p l a n t s n a t i v e t o t h e g e o g r a p h i c a l r e g i o n 
due t o t h e l i m i t e d number o f i n t r o d u c e d i n d i v i d u a l s (2) · The amount 
o f d i v e r s i t y t h a t s u b s e q u e n t l y d e v e l o p s d e p e n d s o n f a c t o r s s u c h as 
t h e i n t r o d u c e d p o p u l a t i o n s i z e , r e p r o d u c t i v e s y s t e m , a b i l i t y t o 
o u t c r o s s t o r e l a t e d s p e c i e s , s e l e c t i o n p r e s s u r e o n t h e weed 
p o p u l a t i o n a n d amount o f t i m e s i n c e t h e i n t r o d u c t i o n (2) · F o r 
e x a m p l e , t h e t h r e e r u s h s k e l t o n w e e d e c o t y p e s i n A u s t r a l i a may e a c h 
r e p r e s e n t s e p a r a t e weed i n t r o d u c t i o n s (2). A l t h o u g h i m p o r t a t i o n a n d 
r e l e a s e o f t h e r u s t , £ . c h o n d r l l l l n a . h a s r e s u l t e d i n c o n t r o l o f 
t h e m o s t w i d e l y d i s t r i b u t e d e c o t y p e o f r u s h s k e l e t o n w e e d , t h e 
d i s t r i b u t i o n a n d i m p o r t a n c e o f t h e o t h e r two r e s i s t a n t e c o t y p e s h a s 
i n c r e a s e d (14). New f u n g a l i s o l a t e s , v i r u l e n t t o t h e o t h e r two 
e c o t y p e s o f r u s h s k e l e t o n w e e d , a r e b e i n g s o u g h t (15, 16). S u c h a 
p r o g r a m w o u l d be n e a r l y i m p o s s i b l e i f numerous e c o t y p e s o f t h e weed 
e x i s t e d i n A u s t r a l i a . 

R e s i s t a n c e t o d i s e a s e i s n o t r e s t r i c t e d t o p a t h o g e n s i n t r o d u c e d 
f o r c l a s s i c a l b i o c o n t r o l , b u t a l s o a p p l i e s t o e n d e m i c p a t h o g e n s . 
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C o l l e t o t r i c h u m m a l v a r u m ( A . B r a u n & C a s p . ) S o u t h w o r t h i s a n e n d e m i c 
p a t h o g e n t h a t h a s b e e n s t u d i e d a s a p o t e n t i a l b i o h e r b i c i d e f o r 
c o n t r o l o f p r i c k l y s i d a ( S i d a s p i n o s a L . ) (1Z)· P l a n t s f r o m s e e d 
c o l l e c t e d f r o m s e v e r a l l o c a t i o n s t h r o u g h o u t t h e U . S . t e s t e d f o r 
s u s c e p t i b i l i t y t o a s i n g l e i s o l a t e o f t h e f u n g u s , r e s u l t e d i n 
c o n t r o l r a n g i n g f r o m a l o w o f 51% t o a h i g h o f 99% ( T a b l e I ) 
( T e B e e s t D . 0 . , u n p u b l i s h e d d a t a ) . C o m p a r a b l e s t u d i e s w i t h a r a n g e 
o f f u n g a l g e n o t y p e s w o u l d be n e e d e d t o d e t e r m i n e w h e t h e r s u f f i c i e n t 
v i r u l e n c e e x i s t s i n t h e f u n g a l p o p u l a t i o n t o o v e r c o m e r e s i s t a n t 
g e n o t y p e s o f t h e w e e d . 

T a b l e I . C o n t r o l o f S I d a s p i n o s a w i t h C o l l e t o t r i c h u m m a l v a r u m 

S e e d S o u r c e P e r c e n t C o n t r o l 
R o h w e r , AR 51 
S t i l l w a t e r , OK 63 
G r i f f i n , GA 75 
S t u t t g a r t , AR 76 
B e n H u r , L A 81 
M a r i a n n a , AR 89 
S t o n e v i l l e , MS 90 
B a t o n R o u g e , L A 91 
B u r b o n , MS 93 
U r b a n a , I L 99 

The g e n e t i c v a r i a b i l i t y o b s e r v e d i n weed p o p u l a t i o n s m u s t be 
c o n s i d e r e d d u r i n g t h e d e v e l o p m e n t o f a b i o h e r b i c i d e . P a t h o g e n 
i s o l a t e s m u s t b e s e l e c t e d t h a t w i l l p r o v i d e c o n t r o l o f t h e f u l l 
r a n g e o f weed g e n o t y p e s . T h e r e i s no r e a s o n t o e x p e c t t h a t d i s e a s e 
r e s i s t a n t g e n o t y p e s w i l l n o t a r i s e o v e r t i m e . The a d v a n t a g e o f 
b i o l o g i c a l c o n t r o l a g e n t s i s t h a t t h e p a t h o g e n may a l s o be 
g e n e t i c a l l y v a r i a b l e , a n d new v i r u l e n t g e n o t y p e s c a n b e s e l e c t e d 
f o r u s e . 

G e n e t i c V a r i a b i l i t y o f F u n g a l P a t h o g e n s 

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

B o t h a s e x u a l a n d s e x u a l r e p r o d u c t i v e s y s t e m s e x i s t i n f u n g i 
(1£). I n c o n t r a s t t o many h i g h e r e u k a r y o t e s , t h e p o t e n t i a l f o r 
e x t e n s i v e g e n e t i c v a r i a b i l i t y i n a s e x u a l l y r e p r o d u c i n g f u n g a l 
s p e c i e s may be h i g h . T h i s i s due t o t h e h i g h r e p r o d u c t i v e p o t e n t i a l 
o f many f u n g i , s h o r t g e n e r a t i o n t i m e , e x p r e s s i o n o f m u t a t i o n s i n t h e 
h a p l o i d v e g e t a t i v e p h a s e a n d p o t e n t i a l f o r a s e x u a l g e n e t i c e x c h a n g e . 
M e c h a n i s m s f o r a s e x u a l g e n e t i c e x c h a n g e i n f u n g i i n c l u d e t h e 
e x c h a n g e o f n u c l e i f o l l o w i n g a n a s t o m o s i s , p o t e n t i a l m i t o t i c 
r e c o m b i n a t i o n i n h e t e r o k a r y o n s , a n d p o t e n t i a l e x c h a n g e o f 
e x t r a c h r o m o s o m a l g e n e s f o l l o w i n g v e g e t a t i v e f u s i o n (1&-2Q). G e n e t i c 
e x c h a n g e w i t h i n a s e x u a l l y r e p r o d u c i n g s p e c i e s may be l i m i t e d b y 
v e g e t a t i v e i n c o m p a t i b i l i t y s u c h t h a t f u n g a l p o p u l a t i o n s may c o n s i s t 
o f g e n e t i c a l l y i s o l a t e d g r o u p s ( 2 1 - 2 3 ) · A l t h o u g h t h e e x t e n t o f 
a s e x u a l g e n e t i c e x c h a n g e i n n a t u r e r e m a i n s s p e c u l a t i v e , i t d o e s 
o c c u r r e a d i l y i n l a b o r a t o r y s t u d i e s a n d may b e o p e r a t i v e i n n a t u r a l 
e c o s y s t e m s ( 2 0 ) . 
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P r o b l e m s o f G e n e t i c V a r i a b i l i t y 

The p o t e n t i a l o f a b i o c o n t r o l a g e n t t o a d a p t t o a new, e c o n o m i c h o s t 
r e l a t e d t o t h e t a r g e t weed h a s b e e n a s o u r c e o f c o n c e r n f o r 
r e g u l a t o r y a u t h o r i t i e s . T h i s i s p a r t i c u l a r l y t r u e f o r i m p o r t e d 
p a t h o g e n s i n t r o d u c e d i n t o t h e U . S . f r o m o v e r s e a s f o r c l a s s i c a l 
b i o l o g i c a l c o n t r o l (24) . T h e r e f o r e , s t r i n g e n t r e g u l a t o r y 
r e q u i r e m e n t s m u s t be met t o e n s u r e t h e s a f e t y o f i m p o r t e d p a t h o g e n s 
t o e c o n o m i c p l a n t s (2£). P a t h o g e n s c o n s i d e r e d a p a r t i c u l a r r i s k 
w o u l d i n c l u d e t h o s e t h a t a r e r e a d i l y d i s s e m i n a t e d , t h o s e a t t a c k i n g 
e c o n o m i c h o s t s c l o s e l y r e l a t e d t o t h e weed h o s t , t h o s e h a v i n g 
c l o s e l y r e l a t e d p a t h o v a r s a t t a c k i n g e c o n o m i c h o s t s , a n d t h o s e h a v i n g 
a d e m o n s t r a t e d a b i l i t y t o h y b r i d i z e w i t h r e l a t e d p a t h o v a r s ( 2 4 ) . 
S t u d i e s w i t h C o c h l i o b o l u s s p e c i e s o n g r a s s e s ( 2 6 , 27) a n d w i t h t h e 
g r a s s r u s t s ( 2 8 , 21) h a v e d e m o n s t r a t e d t h a t common h o s t s o f r e l a t e d 
p a t h o g e n s c a n s e r v e a s a s o u r c e o f g e n e t i c d i v e r s i t y b y i n d u c i n g 
h y b r i d s w i t h a l t e r e d h o s t r a n g e s . The r i s k i s c o n s i d e r e d much l e s s 
f o r e n d e m i c p a t h o g e n s b e c a u s e t h e y a r e a l r e a d y a d a p t e d t o h o s t 
p o p u l a t i o n s i n t h e a r e a o f u s e ( £ 4 ) . 

The m o s t c o m p l e t e s t u d y t o d a t e o f g e n e t i c s t a b i l i t y a n d 
p o t e n t i a l h o s t a d a p t i o n o f a n e n d e m i c weed p a t h o g e n was c o n d u c t e d 
w i t h P h v t o p h t h o r a p a l m i v o r a ( B u t l . ) B u t l . f o r c o n t r o l o f 
s t r a n g l e r v i n e ( M o r r e n i a o d o r a t a ( H . & A . ) L i n d l . ) i n F l o r i d a c i t r u s 
g r o v e s ( 3 0 , 31). B e c a u s e s e v e r a l r e l a t e d P h v t o p h t h o r a s p e c i e s a n d 
p a t h o v a r s w e r e p a t h o g e n i c t o c i t r u s o r o t h e r e c o n o m i c h o s t s , c o n c e r n 
was e x p r e s s e d f o r t h e p o s s i b l e a d a p t a t i o n o f t h e s t r a n g l e r v i n e 
p a t h o v a r t o c i t r u s o r p o s s i b l e h y b r i d i z a t i o n w i t h r e l a t e d c r o p 
p a t h o g e n s . R e p e a t e d p a s s a g e o f £ . p a l m i v o r a t h r o u g h c i t r u s f r u i t 
d i d n o t i n c r e a s e a d a p t a t i o n o f t h e f u n g u s t o c i t r u s ( 3 0 . 3 1 ) . I n 
c u l t u r e , t h e s t r a n g l e r v i n e p a t h o v a r r e m a i n e d u n i q u e m o r p h o l o g i c a l l y 
a n d p a t h o l o g i c a l l y ( 3 0 . 3 1 ) . M u t a g e n i z e d z o o s p o r e s f a i l e d t o g i v e 
r i s e t o more a g g r e s s i v e s t r a i n s ( 2 1 ) . E x p e r i m e n t a l m a t i n g s w i t h 
c o m p a t i b l e i s o l a t e s o f £ . n i c o t l a n a e B . H a a n v a r . p a r a s i t i c a gave 
r i s e t o o o s p o r e s t h a t w e r e n o n - g e r m i n a b l e ( 3 1 ) . I n m a t i n g 
e x p e r i m e n t s o n c i t r u s r o o t s , o o s p o r e s w e r e n o t r e c o v e r e d a n d o n l y 
£ . n i c o t l a n a e c o u l d be r e i s o l a t e d f r o m r o o t t i s s u e ( 3 1 ) . B a s e d o n 
t h e s e s t u d i e s , £ . p a l m i v o r a was c o n s i d e r e d s u f f i c i e n t l y s a f e f o r u s e 
i n s t r a n g l e r v i n e c o n t r o l a n d s u b s e q u e n t l y c o m m e r c i a l i z e d a s t h e 
b i o h e r b i c i d e D e V i n e . 

C a r e m u s t be t a k e n t o e n s u r e t h e c o m m e r c i a l f o r m u l a t i o n o f t h e 
b i o c o n t r o l a g e n t r e m a i n s g e n e t i c a l l y s t a b l e . The c o m m e r c i a l s t r a i n 
m u s t be c a r e f u l l y p r e s e r v e d a n d c o n t i n u a l l y m o n i t o r e d t h r o u g h o u t t h e 
p r o d u c t i o n p r o c e s s f o r v i a b i l i t y , v i r u l e n c e a n d g e n e t i c u n i f o r m i t y 
( 3 2 ) . P r o d u c t i o n p r o c e d u r e s may r e q u i r e m o d i f i c a t i o n t o m a i n t a i n 
p a t h o g e n u n i f o r m i t y a n d g e n e t i c s t a b i l i t y . 

A s m o l e c u l a r g e n e t i c t e c h n i q u e s c o n t i n u e t o be a d a p t e d f o r u s e 
i n f u n g a l s y s t e m s , t h e g e n e r a l p u b l i c a n d r e g u l a t o r y a u t h o r i t i e s 
h a v e become i n c r e a s i n g l y c o n c e r n e d w i t h t h e r i s k o f r e l e a s e o f 
g e n e t i c a l l y - e n g i n e e r e d f u n g i a n d p o t e n t i a l g e n e t i c e x c h a n g e w i t h 
r e l a t e d w i l d - t y p e s t r a i n s i n t h e e n v i r o n m e n t . C u r r e n t l y , o u r 
u n d e r s t a n d i n g o f gene f l o w a n d g e n e t i c e x c h a n g e i n n a t u r a l 
e c o s y s t e m s i s l i m i t e d a n d i n n e e d o f f u r t h e r s t u d y . H o w e v e r , 
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s e v e r a l s t u d i e s o f f u n g a l p a t h o g e n s t e n d t o s u p p o r t t h e c o n c e p t t h a t 
h o s t - p a r a s i t e i n t e r a c t i o n s a r e g e n e t i c a l l y c o m p l e x a n d h i g h l y c o -
e v o l v e d , s u c h t h a t s i n g l e gene c h a n g e s a r e u n l i k e l y t o r e s u l t i n 
p r o n o u n c e d c h a n g e s i n h o s t p r e f e r e n c e (10, 24). 

The p o t e n t i a l f o r g e n e t i c e x c h a n g e i n b i o c o n t r o l f u n g i t h r o u g h 
s o m a t i c c e l l f u s i o n a n d h e t e r o k a r y o s i s h a s b e e n s t u d i e d w i t h £ . 
g l o e o s p o r i o i d e s f . s p . aes chynomene a n d r e l a t e d p a t h o t y p e s ( C h a c k o 
R . , V e i d e m a n n , G . J . , a n d T e B e e s t , D . O . , u n p u b l i s h e d d a t a ) . Some 
i s o l a t e s o f t h i s f u n g u s c a n p r o d u c e h e t e r o k a r y o n s f o l l o w i n g 
a n a s t o m o s i s o f n u t r i t i o n a l l y d e f i c i e n t a u x o t r o p h s . H o w e v e r , o n l y 
p a r e n t a l g e n o t y p e s c o u l d b e r e c o v e r e d f r o m a s e x u a l p r o g e n y o b t a i n e d 
f r o m h e t e r o k a r y o t i c c o l o n i e s ( T a b l e I I ) . 

T a b l e I I . G r o w t h o f c o n i d i a f r o m h e t e r o k a r y o t i c c o l o n i e s o f 
C o l l e t o t r i c h u m g l o e o s D o r i o i d e s f . s o . a e s c h v n o m e n e 

P e r c e n t R e c o v e r y 

MM+ MM+ 
H e t e r o k a r y o n s a M M b F U R , MET L E U , INS 

R i l l 0 16 84 
R116 0 18 82 
R114 0 92 8 
R113 0 24 76 
R115 0 40 60 
R117 0 100 0 
R120 0 64 36 

tt H e t e r o k a r y o n s o b t a i n e d f r o m c r o s s e s o f a u x o t r o p h i c i s o l a t e s 881 
i L e u - , I n s - ) a n d 885 ( P u r - , M e t - ) . 

M M - m i n i m a l m e d i u m , P U R - p u r i n e , M E T - m e t h i o n i n e , L E U - l e u c i n e , 
I N S - i n o s i t o l . 

H e t e r o k a r y o t i c h y b r i d s a l s o c a n b e p r o d u c e d b y f u s i n g 
p r o t o p l a s t s t o o v e r c o m e g e n e t i c b a r r i e r s t o a n a s t o m o s i s ( 3 3 . 3 4 ) . 
P l a s m i d - m e d i a t e d t r a n s f o r m a n t s h a v e b e e n s u c c e s s f u l l y p r o d u c e d 
( T e B e e s t D . O . , u n p u b l i s h e d d a t a ) i n t h i s f u n g u s a n d w i t h s e v e r a l 
o t h e r C o l l e t o t r i c h u m s p e c i e s Q i - 2 Z ) . To d a t e , g e n e t i c e x c h a n g e 
a p p e a r s l i m i t e d i n C o l l e t o t r i c h u m a n d h y b r i d i s o l a t e s o f t e n e x h i b i t 
r e d u c e d f i t n e s s c h a r a c t e r i z e d b y r e d u c e d g r o w t h a n d s p o r u l a t i o n a n d 
d e c r e a s e d v i r u l e n c e . 

B e n e f i t s o f G e n e t i c V a r i a b i l i t y 

The g e n e t i c v a r i a b i l i t y i n f u n g a l b i o c o n t r o l a g e n t s p r o v i d e s a 
h e t e r o g e n e o u s gene p o o l t h a t c a n b e u t i l i z e d t o s e l e c t f o r d e s i r a b l e 
g e n e t i c c h a r a c t e r s t o i m p r o v e t h e e f f i c a c y o f a b i o c o n t r o l a g e n t . 
F u n g a l g e n o t y p e s c a n b e s e l e c t e d o r d e v e l o p e d t o i n c r e a s e v i r u l e n c e 
t o t h e t a r g e t w e e d , i n c r e a s e o r d e c r e a s e h o s t r a n g e , i m p r o v e 
c u l t u r a l c h a r a c t e r i s t i c s o r i m p r o v e t o l e r a n c e t o e n v i r o n m e n t a l 
e x t r e m e s ( £ 8 ) . G e n e t i c Improvement t e c h n i q u e s i n c l u d e s e l e c t i o n s 
f r o m n a t u r a l p o p u l a t i o n s , o r u t i l i z i n g l a b o r a t o r y m e t h o d s s u c h a s 
m u t a t i o n , h y b r i d i z a t i o n , o r gene c l o n i n g ( 3 9 ) . 
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A g r e a t d e a l o f n a t u r a l v a r i a b i l i t y o f t e n i s p r e s e n t i n a 
f u n g a l p o p u l a t i o n . Webb a n d L i n d o w f o u n d i s o l a t e s o f A s c o c h v t a 
p t e r l d i s ( B r e s . ) S a c c . f r o m b r a c k e n f e r n ( P t e r i d i u m a q u i l l n u m ( L . ) 
K u h n ) t o v a r y i n v i r u l e n c e , s p o r e p r o d u c t i o n , a n d t o l e r a n c e t o 
d e s i c c a t i o n . I s o l a t e s o f b i o c o n t r o l f u n g i a r e r o u t i n e l y s c r e e n e d 
f o r d e s i r e d c h a r a c t e r i s t i c s s u c h a s i n c r e a s e d v i r u l e n c e , a b u n d a n t 
s p o r e p r o d u c t i o n , a n d e n v i r o n m e n t a l t o l e r a n c e (2&» 41)· 

H o s t - r a n g e l i m i t a t i o n s may n o t i n h i b i t d e v e l o p m e n t i f 
s u f f i c i e n t g e n e t i c v a r i a b i l i t y e x i s t s i n t h e p a t h o g e n p o p u l a t i o n . 
F o r e x a m p l e , N i k a n d r o w a n d c o w o r k e r s ( u n p u b l i s h e d d a t a ) d e m o n s t r a t e d 
t h a t i s o l a t e s o f C o l l e t o t r i c h u m o r b l c u l a r e ( B e r k . & M o n t . ) A r x 
p a t h o g e n i c t o s p i n y c o c k l e b u r ( X a n t h i u m s p l n o s u m L . ) v a r i e d i n h o s t 
s p e c i f i c i t y . Some i s o l a t e s w e r e p a t h o g e n i c t o e c o n o m i c h o s t s s u c h 
a s s a f f l o w e r ( C a r t h a m u s t l n c t o r l u s L . ) w h i l e o t h e r s w e r e n o t s u c h 
t h a t i s o l a t e s c o u l d be s e l e c t e d w i t h a h o s t r a n g e t h a t e x c l u d e d 
i m p o r t a n t e c o n o m i c h o s t s ( T a b l e I I I ) . 

T a b l e I I I . P a t h o g e n i c i t y o f C o l l e t o t r i c h u m o r b l c u l a r e i s o l a t e s 
o b t a i n e d f r o m X a n t h i u m sp jnosum. 

D i s e a s e S e v e r i t y ( 0 - 3 ) " 

F A M I L Y HOST 1 4 / 1 5 b 5 / 1 1 

A s t e r a c e a e X a n t h i u m s p l n o s u m 3 3 3 
X. c a v f l n i l l e s i i 1 1 1 
X. orientale 0 0 0 
X. i£all£uiB 1 1 1 
X . o c c i d e n t a l e 1 0 1 
C a r t h a m u s t l n c t o r l u s 2 0 1 
Bçllis perennis 0 2 2 
S i l y b u m m a r i a n u m 1 1 3 

C u b u r b i t a c e a e C u c u m i s m e l o 0 0 0 
£ . s a t i v u s 0 0 0 

M i m o s a c e a e A c a c i a d e a l b a t a 1 1 1 
M y r t a c e a Eucalyptus C i n e r e e 1 1 1 

tt D i s e a s e r a t i n g : 0—no symptoms , 1 - l e a f l e s i o n s o n l y , 2 - l e a f a n d 
s t e m l e s i o n s , 3 - p i a n t d e a t h . 

E v e n b r o a d h o s t r a n g e p a t h o g e n s may n o t p r e s e n t a n a b s o l u t e 
b a r r i e r t o u s e i f m e t h o d s c a n be d e v e l o p e d t o r e s t r i c t h o s t r a n g e . 
S a n d s ( C h a p . 10 t h i s v o l u m e ) h a s p r o p o s e d l i m i t i n g t h e h o s t r a n g e 
o f S c l e r o t i n i a s c l e r o t l o r u m . a b r o a d h o s t r a n g e p a t h o g e n , b y 
p r o d u c i n g g e n e t i c a l l y m o d i f i e d i s o l a t e s u n a b l e t o p a r a s i t i z e 
e c o n o m i c h o s t s o r p e r s i s t i n t h e e n v i r o n m e n t . 

B e c a u s e s c r e e n i n g n a t u r a l p o p u l a t i o n s o f a b i o c o n t r o l f u n g u s 
c a n be t e d i o u s a n d t i m e - c o n s u m i n g , t e c h n i q u e s s u c h a s m u t a t i o n o r 
h y b r i d i z a t i o n o f f e r a t t r a c t i v e a l t e r n a t i v e s f o r i n d u c i n g g e n e t i c 
v a r i a b i l i t y f o r s e l e c t i o n . F o r e x a m p l e , a p o t e n t i a l l i m i t a t i o n t o 
t h e u s e o f C o l l e g o a s a b i o h e r b i c i d e i s t h e a p p l i c a t i o n o f 
f u n g i c i d e s , s u c h a s b e n o m y l ( m e t h y l 1 - ( b u t y l c a r b a m o y l ) - 2 -
b e n z i m i d a z o l e c a r b a m a t e ) , f o r d i s e a s e c o n t r o l . A b e n o m y l t o l e r a n t 
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182 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

s t r a i n was o b t a i n e d b y c h e m i c a l m u t a g e n e s i s t h a t c o u l d b e u s e d b y 
g r o w e r s a p p l y i n g b e n o m y l (42). P r o t o p l a s t f u s i o n (21,41) a n d 
m o l e c u l a r g e n e t i c t e c h n i q u e s (44,42) o f f e r a d d i t i o n a l p r o m i s e f o r 
s t r a i n i m p r o v e m e n t o f b i o c o n t r o l a g e n t s b u t a r e c o n s t r a i n e d b y o u r 
l i m i t e d u n d e r s t a n d i n g o f t h e m o l e c u l a r g e n e t i c s o f p l a n t d i s e a s e . 

The g e n e t i c v a r i a b i l i t y o f a f u n g a l weed p a t h o g e n a n d i t s t a r g e t 
h o s t c o n s t i t u t e s a n i m p o r t a n t c h a l l e n g e t o t h o s e d e v e l o p i n g 
b i o h e r b i c i d e s . G e n e t i c a l l y h e t e r o g e n e o u s weed p o p u l a t i o n s may be 
d i f f i c u l t t o c o n t r o l t h r o u g h o u t t h e i r e n t i r e g e o g r a p h i c r a n g e o r 
d i s e a s e r e s i s t a n t g e n o t y p e s may d e v e l o p o v e r t i m e . P a t h o g e n s m u s t 
b e g e n e t i c a l l y s t a b l e s o t h a t new p a t h o t y p e s do n o t a r i s e t h a t c o u l d 
t h r e a t e n d e s i r a b l e p l a n t s p e c i e s . On t h e o t h e r h a n d , t h e a b i l i t y 
t o m a n i p u l a t e f u n g a l p a t h o g e n s g e n e t i c a l l y p r o v i d e s g r e a t p r o m i s e 
f o r i m p r o v i n g t h e c o n t r o l o f s e r i o u s weed p r o b l e m s b y b i o l o g i c a l 
m e a n s . 
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Chapter 10 

Biotechnological Approaches to Control 
of Weeds with Pathogens 

D. C. Sands1, R. V. Miller2, and E. J. Ford1 

1Department of Plant Pathology, Montana State University, 
Baseman, MT 59717 

2Mycogen Corporation, 3303 McDonald Avenue, Hasten, LA 71270 

Plant pathogens have rarely been successfully used 
as biocontrol agents of weeds. One reason for this 
is that they are usually not lethal enough at low 
concentrations. In addition, they are usually not 
host specific. Our approach has been to mutate 
lethal broad host-range pathogens to obtain 
isolates that are still lethal to target hosts, but 
reduced in host range, survival capacity, or 
otherwise biologically contained. Two such types 
of biological containment are presented in a 
fungus, Sclerotinia sclerotiorum, a lethal pathogen 
of 40 different weeds. 

M o d e r n g e n e t i c t e c h n o l o g y h a s t h e p o t e n t i a l t o a d v a n c e t h e p r a c t i c e s 
o f m e d i c i n e , a g r i c u l t u r e , a n d e n v i r o n m e n t a l p r o t e c t i o n . P o t e n t i a l 
d a n g e r s o f t h i s new t e c h n o l o g y do e x i s t a n d m u s t b e a v o i d e d . 
O p p o n e n t s t o r e l e a s e s o f g e n e t i c a l l y a l t e r e d o r g a n i s m s c i t e e x a m p l e s 
o f t h e d e s t r u c t i o n i n c u r r e d b y u n i n t e n t i o n a l r e l e a s e s o f p l a n t 
p a t h o g e n s s u c h a s t h e D u t c h e l m f u n g u s . D u r i n g t h e c o u r s e o f o u r 
s t u d i e s , m u t a n t s o f S. sclerotiorum i n d u c e d w i t h u l t r a v i o l e t 
i r r a d i a t i o n w e r e o b t a i n e d t h a t e x h i b i t e d i n c r e a s e d h o s t - r a n g e s 
( T a b l e I ) . The f a c t t h a t many i n d u c e d m u t a n t s ( c h e m i c a l o r 
i r r a d i a t i o n ) e x h i b i t e n h a n c e d v i r u l e n c e (1.2) s u p p o r t s t h e u s e o f 
r e a s o n a b l e c a u t i o n b e f o r e r e l e a s i n g c e r t a i n t y p e s o f g e n e t i c a l l y 
m o d i f i e d o r g a n i s m s . O u r c h a r g e i s t o d e t e r m i n e i f i t i s p o s s i b l e t o 
a v o i d t h e k i n d s o f d i s a s t e r s t h a t o f t e n accompany new t e c h n o l o g i e s 
v i a c o n t a i n m e n t s y s t e m s , g e n e t i c a l l y e n g i n e e r e d o r o t h e r w i s e . 

N a t u r a l C o n t a i n m e n t S y s t e m s 

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

0097-6156790/0439-0184506.00/0 
© 1990 American Chemical Society 
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10. SANDS ET AL Biotechnological Contrai of Weeds with Pathogens 185 

d e l i m i t a t i o n a r e c o m p l e x a n d n o t u n d e r s t o o d i n t h e i r e n t i r e t y . 
N u t r i t i v e f a s t i d i o u s n e s s , a b s e n c e o f t r i g g e r m e t a b o l i t e s , s p e c i f i c 
b i n d i n g , a n d enzyme p r o d u c t i o n a r e a l l i n v o l v e d . W h a t e v e r t h e 
m e c h a n i s m s , t h e g e n e r a l p r a c t i c e o f c r o p r o t a t i o n ( f o r c i n g h o s t -
s p e c i f i c p a t h o g e n s t o s u r v i v e i n a b s e n c e o f t h e i r h o s t ) , i s o f t e n a n 
e f f e c t i v e m e t h o d o f c o n t r o l o f many p l a n t p a t h o g e n s . P e r h a p s t h e s e 
n a t u r a l c a s e s o f s e l f - c o n t a i n m e n t c a n be u s e d a s m o d e l s i n t h e 
d e v e l o p m e n t o f c o n t a i n m e n t s y s t e m s f o r s a f e l y r e l e a s i n g g e n e t i c a l l y 
a l t e r e d m i c r o b e s . 

A N o n - E n g i n e e r e d A p p r o a c h t o C o n t a i n m e n t 

O u r own r e s e a r c h i n v o l v e s d e v e l o p m e n t o f g e n e t i c c o n s t r a i n t s i n 
b r o a d h o s t - r a n g e p l a n t p a t h o g e n s . The p a t h o g e n we w o r k w i t h , 
Sclerotinia sclerotiorum, a t t a c k s o v e r 40 n o x i o u s b r o a d - l e a f e d 
w e e d s , a n d a s many c r o p s i n m o s t c o u n t r i e s . B y d e l e t i o n 
m u t a g e n e s i s , we h a v e o b t a i n e d a n a u x o t r o p h i c m u t a n t , A l - p y r , t h a t 
h a s p y r i m i d i n e s a s a n a b s o l u t e g r o w t h r e q u i r e m e n t ( 3 ) . T h i s 
n u t r i t i o n a l r e q u i r e m e n t i s c o m p l e m e n t e d f u l l y b y c y t o s i n e 
s u p p l e m e n t s a n d t o a l e s s e r e x t e n t b y u r a c i l ( F i g . 1) a d d e d t o a 
m o d i f i e d C z a p e k s o l u t i o n a g a r ( 4 ) . T h y m i d i n e s u p p l e m e n t s w e r e 
i n e f f e c t i v e i n o v e r c o m i n g t h e a u x o t r o p h y o f t h i s m u t a n t . The e f f e c t 
o f c y t o s i n e , c o n c o m i t a n t l y w i t h t h e m u t a n t f u n g u s o n s e v e n h o s t s 
u n d e r g r e e n h o u s e c o n d i t i o n s , i s shown i n F i g . 2 . P r e l i m i n a r y 
e v i d e n c e f r o m l i m i t e d f i e l d t r i a l s i n d i c a t e s t h a t when A l - p y r i s 
a p p l i e d w i t h a n e x t e r n a l s o u r c e o f c y t o s i n e , i t k i l l s p l a n t s i n t h e 
t a r g e t a r e a ; b u t t h e f u n g u s f a i l e d t o i n f e c t p l a n t s when e x t e r n a l 
c y t o s i n e i s a b s e n t . 

T a b l e I . E x p a n d e d H o s t R a n g e s o f S. sclerotiorum M u t a n t s 

P e r c e n t K i l l e d P l a n t s 

H o s t 
W i l d t y p e 

P a r e n t B - 3 2 6 
M u t a n t 

B - 8 5 0 

A l f a l f a 
B e a n * 
C a n a d a T h i s t l e 
C l o v e r 
D a n d e l i o n 
L e a f y S p u r g e * 
L e n t i l 
L e t t u c e 
L u p i n e 
P o p p y 
Rape 
S a f f l o w e r 
S p o t t e d Knapweed 
S u n f l o w e r 

100 
0 

100 
85 

100 
40 
11 

0 
0 

50 
•0 

75 
0 

85 

100 

100 
65 

100 

0 
75 
30 
70 
85 

0 
65 
85 

0 
70 

100 
70 

100 
60 
50 
65 

100 
100 

65 
100 
100 
100 

85 
100 

• L e s i o n s d e v e l o p e d w i t h w i l d t y p e p a r e n t b u t d i d n o t succumb 
t o t h e d i s e a s e . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 9 . 
1986 E n v i r o n m e n t a l P r o t e c t i o n A g e n c y . ) 
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186 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

16 32 64 128 
CYTOSINE (mg/l) 

F i g u r e 1. R a d i a l g r o w t h r e s p o n s e o f S. eclerotiorum t o 
p y r i m i d i n e s u p p l e m e n t s a d d e d t o m o d i f i e d C z a p e k s o l u t i o n a g a r . 
C o l o n y d i a m e t e r (mm), 48 h r a f t e r i n o c u l a t i o n o n t o m o d i f i e d 
C z a p e k s o l u t i o n a g a r . Mean o f t h r e e r e p l i c a t i o n s . 

Ν 
U 
M 
Β 
Ε 
R 

Ο 
F 

Ρ 
Ο 
τ 
s 

1 -

F i g u r e 2 . E f f e c t o f e x t e r n a l c y t o s i n e (50 m g / l ) o n v i r u l e n c e o f 
S. sclerotîorwn A l - p y r . A p p l i e d o n c o t t o n p l u g s t o s i t e o f 
i n o c u l a t i o n (PDA c u l t u r e s ) o f S . eclerotioiwi A l - p y r . Number o f 
p o t s s h o w i n g d i s e a s e o n s e e d l i n g s . Two t o t e n s e e d l i n g s o f e a c h 
s p e c i e s p e r p o t . 
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10. SANDS ET AL Biotechnological Control of Weeds with Pathogens 187 

A n o t h e r S. sclerotiorum m u t a n t o b t a i n e d i n t h i s s t u d y , S L - 1 , 
c a n n o t f o r m s c l e r o t i a . S c l e r o t i a a r e m o r p h o l o g i c a l s t r u c t u r e s t h a t 
s e r v e s b o t h as p r e c u r s o r s f o r f r u i t i n g b o d i e s ( a s c o c a r p s ) a n d f o r 
d o r m a n t s u r v i v a l d u r i n g a d v e r s e c o n d i t i o n s (5 ) . T h i s m u t a n t i s 
u n a b l e t o make s p o r e s , o r s u r v i v e t h e w i n t e r , o r u n d e r g o s e x u a l 
r e c o m b i n a t i o n , r e s u l t i n g i n i t s d e m i s e d u r i n g t h e w i n t e r m o n t h s . 
S L - 1 may be s l i g h t l y l e s s v i r u l e n t e v i d e n c e d b y i t s t e n d e n c y t o 
c a u s e d i s e a s e i n l o w e r p e r c e n t a g e s o f h o s t p l a n t s ( F i g . 3 ) . However 
t h e a p p a r e n t h o s t r a n g e was u n c h a n g e d i n r e s p e c t t o t h e p l a n t s 
t e s t e d ( F i g . 3 ) . A s t h e w i l d t y p e f u n g u s i s w i d e l y e n d e m i c , t h e 
u n l i k e l y o c c u r r e n c e o f b a c k m u t a t i o n s t o p r o t o t r o p h y o r s c l e r o t i a l 
f o r m a t i o n w o u l d n o t s i g n i f i c a n t l y i n c r e a s e r i s k t o c r o p s . N e i t h e r 
o f t h e s e m u t a n t s a r e g e n e t i c a l l y e n g i n e e r e d a n d b o t h h a v e met 
r e q u i r e m e n t s n e c e s s a r y f o r s a f e e x p e r i m e n t a l r e l e a s e s . T h e y a r e 
p r e s e n t l y b e i n g t e s t e d i n EPA r e v i e w e d s m a l l s c a l e f i e l d t e s t s i n 
M o n t a n a . The v a l u e o f s u c h o r g a n i s m s l i e s i n t h e i r b r o a d h o s t -
r a n g e , l e t h a l i t y , e a s e o f c u l t u r e , a n d r e s t r i c t e d d i s s e m i n a t i o n . I n 
t h e f u t u r e , t h e y may be e n g i n e e r e d w i t h t h e c y t o s i n e r e q u i r e m e n t o r 
s c l e r o t i a l f o r m a t i o n a t t a c h e d b e h i n d a h o s t s p e c i f i c p r o m o t e r . 

G e n e t i c a l l y - E n g i n e e r e d C o n t a i n m e n t S y s t e m s 

C o n t a i n m e n t s y s t e m s , u s e f u l , b u t o f t e n n o t c r i t i c a l i n n o n -
e n g i n e e r e d s i t u a t i o n s , may w e l l be c r i t i c a l p r i o r t o r e l e a s e o f many 
g e n e t i c a l l y - e n g i n e e r e d m i c r o o r g a n i s m s . To d a t e , t h r e e s t r a t e g i e s 
h a v e b e e n p r o p o s e d f o r c o n t a i n i n g t h e s e o r g a n i s m s . 

The f i r s t s t r a t e g y , ( 6 . 7 ) . i n v o l v e s i n c o r p o r a t i o n o f 
r e c o m b i n a n t g e n e s t o a s u i c i d e v e c t o r . By m e t h y l a t i o n , t h e s u i c i d e 
p o r t i o n o f t h e v e c t o r i s t u r n e d o f f w h i l e t h e o r g a n i s m i s i n t h e 
p r e s e n c e o f a s p e c i f i c s u b s t r a t e ( e . g . c r u d e o i l ) . The c a r r i e r 
m i c r o o r g a n i s m t h e n s e l f d e s t r u c t s once t h e s u b s t r a t e become l i m i t i n g 
i n t h e e n v i r o n m e n t . S i m i l a r l y , B e j e t a l . (8 ) c o n s t r u c t e d a s u i c i d e 
v e c t o r t h a t i s t u r n e d o f f i n t h e p r e s e n c e o f c a r b e n i c i l l i n . N e i t h e r 
o f t h e s e s y s t e m s e x c l u d e t h e p o s s i b i l i t i e s t h a t r e c o m b i n a n t DNA 
c o u l d be t r a n s f e r r e d t o o t h e r m i c r o o r g a n i s m s w h i l e i n t h e p r e s e n c e 
o f t h e n e c e s s a r y s u b s t r a t e , a n d t h a t a l t e r n a t e o r g a n i s m s m i g h t a l l o w 
p e r s i s t e n c e o f t h e c l o n e d genes w i t h o u t s e l f - d e s t r u c t i n g . T h e s e 
s u i c i d e s y s t e m s do n o t p r e c l u d e m u t a t i o n s a r o u n d t h e s u i c i d e m o d u l e 
w h i c h c o u l d r e s u l t i n n o n - d e s t r u c t i v e r e t e n t i o n o f t h e c l o n e d g e n e s . 

The s e c o n d s t r a t e g y , p r o p o s e d b y P e t e r S i d e r i u s (9) i n v o l v e s 
c o - i n d u c t i o n o f a s u i c i d a l gene w i t h t h e gene o f i n t e r e s t ( F i g . 4 ) . 
T h i s r e s u l t s i n c o n c o m i t a n t d e a t h o f t h e o r g a n i s m w i t h gene 
e x p r e s s i o n . T h u s , t h e d e s i r e d gene p r o d u c t i s p r o d u c e d b u t t h e gene 
i s t o t a l l y c o n t a i n e d . The m a j o r l i m i t a t i o n t o t h i s p r o p o s e d s y s t e m 
i s t h a t i t i s n o t a p p l i c a b l e t o a r e a s s u c h as b i o l o g i c a l weed 
c o n t r o l w h e r e a v i a b l e o r g a n i s m i s r e q u i r e d f o r a c t i v i t y . 

The t h i r d s t r a t e g y p r o p o s e d b y o u r l a b o r a t o r y (9) a t t e m p t s t o 
o v e r c o m e some o f t h e p r o b l e m s i n c u r r e d b y t h e o t h e r two s y s t e m s . 
T h i s s t r a t e g y i n v o l v e s s p l i t t i n g gene e x p r e s s i o n b e t w e e n two o r 
t h r e e d i f f e r e n t l o c i , u s u a l l y d i f f e r e n t p l a s m i d s o r genomes ( F i g . 
5) . A s a l l l o c i must be p r e s e n t f o r gene e x p r e s s i o n , t h e r i s k o f 
c o n c u r r e n t t r a n s f e r i s v e r y l o w a n d t h e gene i s e f f e c t i v e l y 
c o n t a i n e d . 
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10. SANDS ET AL BioUchtological Gmtnd €§ Weeds with Pathogens 189 

VP2 

F i g u r e 4 . A s u i c i d e gene e x p r e s s i o n c o n t a i n m e n t m o d e l s y s t e m . 
P I - P r o m o t e r o f i n d u c i b l e o p e r o n . VP2 - V i r a l p r o m o t e r 1 . 
VP2 - V i r a l p r o m o t e r 2 . 

INDUCE8 REPRES8E8 

DESIRED GENE PRODUCT 

LETHAL GENE PRODUCT 
F i g u r e 5. A m o d e l t r i p l i c a t e s a f e g u a r d c a s s e t t e f o r f u n g i . 
N o t e : C a r r i e r s i n c l u d e g e n o m i c o r autonomous e l e m e n t s . 
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190 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

V i r a l p r o m o t e r s , r e s t r i c t i o n n u c l e a s e s , a n d h o s t s p e c i f i c 
p r o m o t e r s may a l l be b o r r o w e d f r o m p l a n t p a t h o g e n s f o r u s e i n 
d e v e l o p m e n t o f c e l l u l a r s e l f - d e s t r u c t s y s t e m s ( 6 , 1 0 ) . 

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

F r o m o u r own a n a l y s i s o f p o t e n t i a l r i s k s , we f i n d i t d i f f i c u l t t o 
s e e how a n y p u b l i c i n s t i t u t i o n o r p r i v a t e c o r p o r a t i o n w o u l d c o n s i d e r 
r e l e a s e o f g e n e t i c a l l y m o d i f i e d m i c r o b e s w i t h o u t i n c o r p o r a t i n g some 
s o r t o f c o n t a i n m e n t s y s t e m . F i r s t i s t h e p r o b l e m , p e r c e i v e d o r 
a c t u a l , o f l i a b i l i t y . S e c o n d l y , t h e y may f i n d t h a t t h e i r p r o d u c t 
p e r s i s t s t o o l o n g , i n t e r f e r i n g w i t h f u t u r e s a l e s a n d w i t h 
i n t r o d u c t i o n s o f i m p r o v e d s t r a i n s . F i n a l l y , g o v e r n m e n t a p p r o v a l may 
t a k e a n i n o r d i n a t e amount o f t i m e r e v i e w i n g t h e r i s k f a c t o r s o f a 
n o n - c o n t a i n e d s y s t e m , a s c o m p a r e d t o one w i t h a p r o v e n t y p e o f 
c o n t a i n m e n t . 

R e a s o n s A g a i n s t C o n t a i n m e n t o f E n g i n e e r e d M i c r o b e s 

Few c o n t a i n m e n t s y s t e m s c u r r e n t l y e x i s t , a n d none h a v e b e e n 
e x t e n s i v e l y t e s t e d . A r e q u i r e m e n t f o r c o n t a i n m e n t m i g h t h i n d e r 
r e s e a r c h a n d i n v e s t m e n t i n b i o c o n t r o l a g e n t s c o n s i d e r e d s a f e b y 
v i r t u e o f h o s t s p e c i f i c i t y . S i n g l e d e l e t i o n s , done b y r e c o m b i n a n t 
m e t h o d o l o g y , r a t h e r t h a n b y c h e m i c a l m u t a g e n e s i s , a l s o seem t o 
p r e s e n t l o w r i s k a n d s h o u l d n o t r e q u i r e c o n t a i n m e n t s y s t e m s . 

C o n c l u s i o n s 

C o n t a i n m e n t s y s t e m s may be v a l u a b l e a d d e n d a t o r e l e a s e d m i c r o b e 
g e n e t i c s y s t e m s t o r e d u c e l i a b i l i t y e x p o s u r e , e n h a n c e i n v e s t m e n t , 
a n d e x p e d i t e e v a l u a t i o n o f e n v i r o n m e n t a l s a f e t y . E v e n n o n -
e n g i n e e r e d m i c r o b e s c a n be e f f e c t i v e l y c o n s t r a i n e d b y a u x o t r o p h y o r 
d e v e l o p m e n t a l b l o c k s . 
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Chapter 11 

Interactions of Pathogens on Plant Leaf 
Surfaces 

C. M. Kenerley1 and J . H. Andrews2 

1Department of Plant Pathology and Microbiology, Texas A&M University, 
College Station, TX 77843 

2Department of Plant Pathology, University of Wisconsin—Madison, 
Madison, WI 53706 

Leaves of terrestrial plants support a diverse assemblage of 
microbes, predominantly filamentous fungi, yeasts, and 
bacteria. The composition of this microbial community changes 
continuously as species enter by immigration and exit by death 
or emigration. Population densities fluctuate over several 
orders of magnitude and are influenced by many variables, 
including climatic and seasonal factors, host species, air spora, 
and leaf position within the canopy. Nonpathogens in the 
community buffer against infection, mainly by competing 
directly with pathogens for nutrients (exploitation competition) 
or by indirectly inhibiting pathogen growth (interference 
competition). These interactions are strongly influenced by the 
environment. As such they differ not only between greenhouse 
and field, but can be expected to vary in different microbial 
habitats. The development of successful bioherbicides will 
require a thorough understanding of the ecology of potential 
agents and their interactions with other phylloplane associated 
microbes within the phylloplane environment. This 
understanding will provide the base for defining the task 
expected of the bioherbicide and the combination of attributes 
necessary to accomplish the task. 

Interactions among nonpathogenic and pathogenic microorganisms on the leaf 
surface (phylloplane or phyllosphere) are dynamic and influence the outcome 
of i n f e c t i o n by plant pathogens, whether the pathogen p o p u l a t i o n is 
unmanipulated or is del iberately increased, as is the case with m i c r o b i a l 
herbicides. The physical and chemical characteristics of the plant surface set 
the stage for this microbial community by presenting morphological features 
and e x u d i n g c o m p o u n d s that enhance or i n h i b i t l e a f c o l o n i z a t i o n by 
pathogens and the phylloplane microbes. Final ly , the environment acts on all 
the m i c r o o r g a n i s m s , as wel l as on the p l a n t . S u c c e s s f u l b i o c o n t r o l of 
pathogens or weeds necessitates a broad understanding of the phylloplane 
microbial community and how it interacts with the leaf and microclimate. 
The issue of biocontrol of weeds by microbial herbicides is really the same as 
b i o c o n t r o l of f o l i a r pathogens, only v i e w e d f r o m the perspect ive of 
increasing rather than decreasing disease development. 

0097-6156V90A)439-O192$07.50A) 
© 1990 American Chemical Society 
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11. KENERLEY A ANDREWS Interactions of Pathogens on Plant Leaf Surfaces 193 

Physical and Chemical Characteristics of Plant Surfaces 

Anatomy. The anatomical and morphological features of a leaf that surface-
dwelling or epiphytic microbes encounter include the roughness or pattern of 
the sur face as d e t e r m i n e d by the t o p o g r a p h y of the e p i d e r m a l cel ls , 
s u p e r f i c i a l wax a n d c u t i c u l a r l a y e r s , v a r i o u s c a v i t i e s (stomata), a n d 
projections (trichomes). These features are continually changing as a result 
of leaf growth, aging, microbial activity , weathering, plant nutri t ion , and 
cultivation practices. 

In c o m b i n a t i o n w i t h the c u t i c l e , the e p i c u t i c u l a r waxes reduce 
transpiration and control gas exchange (Figure 1). Waxes, which consist of 
c o m p l e x m i x t u r e s o f v a r i o u s l o n g - c h a i n a l i p h a t i c c o m p o u n d s a n d 
triterpenoids (1-5), also reduce surface wettabi l i ty and possibly o f fer a 
chemical barr ier to i n f e c t i o n by plant pathogens (3,6,7) (F igure 2). T h e 
morphological appearance of surface waxes varies among plants and may be 
amorphous- , tube- , r i b b o n - , or plate-shaped. These patterns are caused 
p r i m a r i l y by the d i f f e r e n c e s i n the c h e m i c a l n a t u r e , c o m p o s i t i o n a n d 
distribution patterns (2,4,8). In the case of johnsongrass (Sorghum halepense 
L.), the leaves at emergence are covered with a smooth amorphous wax, but 
plates of crystalline wax form on the amorphous wax within 1 or 2 days (9). 
Af ter 3 or 4 weeks from emergence, a smooth layer of coalescence wax is 
deposited over the wax plates (9). T h e thickness also varies with plant 
species, age of the plant , surface of the leaf assayed, and environmental 
conditions, especially light. Wax thickness and ornamentation have recently 
been correlated with contact angles of droplets of spray formulations applied 
to the adaxial (upper) surface (1,2,4,5). 

A n inhibi tory effect (generally a measure of spore germination and 
germ tube g r o w t h ) o f l e a f wax e x t r a c t e d f r o m s e v e r a l p l a n t s (e.g. 
chrysanthemum, Chrysanthemum morifolium L . ; sugar beet, Beta vulgaris L . ; 
apple, Malus pumila Mil l . ) has been demonstrated against such pathogens as 
Botrytis cinerea and Podosphaera leucotricha (7,10,11). C o n i d i a of B. cinerea 
were completely inhibited from germinating when applied with nutrients in 
aqueous droplets to cavities containing dried deposits of wax material at 
concentrations of 0.05 to 0.25 m g / c m ^ of cavity surface (7). However, too 
few studies have been c o n d u c t e d to assess the s i g n i f i c a n c e of these 
compounds in relation to their influence on microbial colonization of leaves. 
Wax chemistry, as it determines wax structure, affects the wettability of the 
leaf surface. Surface wetting is important in fol iar uptake and spread of 
chemicals and nutrients and is undoubtedly i n v o l v e d in d i s t r i b u t i o n of 
microbes on leaf surfaces . C h e m i c a l s are g e n e r a l l y deposi ted e i ther 
uniformly over the entire droplet area or as an annulus at the periphery of 
the d r o p l e t . A n n u l a r patterns of d e p o s i t i o n w i l l decrease the area of 
interface between the leaf and the droplet and create chemical concentration 
gradients which do not result i f the compound is uniformly distributed. This 
effect on pesticide uptake and distribution has been examined with some 
compounds and f o u n d to vary with species and the chemical (4). T h e 
inf luence of wax on nutrient concentrat ion gradients and deposit ion of 
microbes in aersols or r a i n f a l l , and their subsequent d i s t r i b u t i o n on leaf 
surfaces, has not been investigated. 

Beneath the epicuticular wax layer is the cuticle which bounds the 
e p i d e r m a l cells a n d l ines the sub-s tomatal c a v i t i e s . S t r u c t u r a l l y , it is 
noncellular and often multi-layered, comprising an inner region which merges 
with cellulose fibrils of the epidermal cell wall (cuticular layer, f ibri l lar in 
organization) (2). T h e chemical component of the cutic le proper is an 
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194 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Ρ 

Fig 1. The outer covering of land plants. W# wax rodlets; L # 

lamellae of cutin and wax; Rf reticulate region of cutin and wax 
with cellulose f i b r i l s ; P, pectin; CW# c e l l wall of alternating 
layers of cellulose fibers and layers of hemicellulose plus 
pectin; PL, plasmalemma; E f ectodesma. (Reproduced with permis
sion from Ref. 2. Copyright 1983 Edward Arnold.) 
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11. KENERLEY & ANDREWS Interactions of Pathogens on Plant Leaf Surfaces 195 

n-alkanes Λ Υ / Λ Υ Λ Υ / Λ \ \ 

ketones AWAVj|\\WM 
0 

secondary alcohol AWAV^VAVA\ 

iso-alkanes 

anteiso-alkanes 

0-H 
primary alcohol AWvWWWW/^O'* 

0 0 
IVII 

0 -diketones Λ Υ / Λ Υ Λ Υ / Μ Λ 

f t 

hydroxy β -diketones / / / /A\WW^Wv\ 
aldehydes Λ Υ Λ Υ Λ \ Υ Λ \ Υ 

•̂0 

fatty acids AWAW S0M 

ω-hydroxy acids /vWvWV 
HO" 
MO 

triglycerides \ΛλΛΛΛΛ / O s ^ ^ ^ ^ W 

triterpenes 
MO 

flavonoids 

(Example Given) 

n-nonacosane 

2- methyl octacosane 

3- methyl nonacosane 

nonacosan -15- one 

nonacosan -15- ol 

octacosan -1- ol 

tritriacontan -16.18- dione 

hentriacontan -9-01-14.16 dione 

octacosan -1- al 

hexadecanoic acid (cutin) 
hexacosanoic acid (wax) 

16-hydroxy hexadecanoic acid 

tricosane -1.2,3- diol 

trimyristin 

oleanolic acid 

estolides ο 
CICMj),, -0-C(CH.)./ <j(CH2, 

n « l l , l 3 or 15 

Fig 2. The major classes of compounds in plant waxes. 
(Reproduced with permission from Ref. 2. Copyright 1983 Edward 
Arnold.) 
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196 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

insoluble polymer (cutin) derived from interesterified hydroxy and hydroxy 
epoxy fatty acids (12,13). The cuticle may be homogenous and amorphous in 
some species or l a m e l l a t e or r e t i c u l a t e i n others (2,4,9) . P l a t e l e t s 
(intracuticular wax) are often embedded within the cuticle. In some species, 
the cuticle is separated from the cellulose of the epidermal cell wall by a 
pectin layer (12). 

The cuticle offers some deflection of solar radiation (2) and has been 
described as a physical barrier to pathogen invasion (11-13). However, some 
pathogens produce cutinase w h i c h may be i n v o l v e d i n overcoming this 
p h y s i c a l b a r r i e r (13). U t i l i z i n g an i m m u n o l o g i c a l a p p r o a c h ( f e r r i t i n -
conjugated antibodies prepared against the enzyme) combined with electron 
microscopy, K o l a t t u k u d y et a l . (13) showed that germinat ing spores of 
Fusarium solani f. sp. pisi and Colletotrichum gloeospohoides secrete cutinase at 
the i n f e c t i o n site. Cutinase i n h i b i t o r s have also been used to stop the 
p e n e t r a t i o n process by these f u n g i a n d the a d d i t i o n o f c u t i n a s e to 
germinat ing spores of cutinase-less mutants of F. solani f. sp. pisi and C. 
gloeospohoides resulted in infection. Normally, these mutants were not able 
to infect hosts with an intact cuticle (13). M a n y pathogenic fungi and at 
least on bacter ia l pathogen (Streptomyces scabies) produce cutinase (12). 
There is little evidence to suggest that leaf saprophytes have the same ability 
(14,15). Saprophyt ic yeasts (Cryptococcus spp.) have shown c u t i n o l y t i c 
activity i n vitro (14), but no in . situ experiments have been reported that 
would indicate epiphytic microbes in general use the cuticle as a nutrient 
source. 

The epidermis contains holes (stomatal pores) whose size is regulated 
by the swelling of adjacent guard cells. Stomata regulate transpiration and 
exchange of C O , Ο , and other volatiles. They are generally more abundant 
on the abaxial (lower) surface. These pores provide a portal of entry for 
active penetration by fungal germ tubes as well as passive entrance by fungal 
spores and bacterial cells in surface water. The number, spatial arrangement, 
structure, and time of opening and closing of the stomata have been related 
to resistance and susceptibility of plants to pathogens (11). Other openings on 
the aer ia l surfaces that have been impl icated i n i n f e c t i o n by pathogenic 
bacteria are nectaries and hydathodes (9). 

Trichomes are cells that originate solely from and project out of plane 
of the epidermal cells. These projections can secrete various compounds such 
as salts, nectar, and terpenes. T h e y apparently provide some protection 
against excessive sunlight and insect damage (2). However, their role in the 
life history of epiphytic microbes is unknown. 

Certain morphological features (eg. stomata, cuticular wax patterns, 
cell junctions between epidermal cells) are recognized by various fungal 
pathogens and should be considered when adopting f u n g i as m i c r o b i a l 
herbicides. Two types of thigmodifferentiation have been recognized among 
the rust fungi : (i) directional changes, the reorientation of the direction of 
growth by hyphae from rust urediniospores (16-19); and, (ii) differentiation, 
the formation of infection structures such as appressoria and vesicles, which 
faci l i tate the posi t ioning of fungal hyphae over the i n f e c t i o n court (eg. 
stomata) (18,19). 

The growth of urediniospore germlings of most rust fungi (Uromyces, 
Puccinia% Me lam psora) on leaves or artif icial substrates (prepared with certain 
topographical features) is perpendicular to the ridges and furrows on these 
surfaces . T h e p e r p e n d i c u l a r o r i e n t a t i o n is w e l l - d o c u m e n t e d a n d an 
indication of a fungal response to the host (16,18). Gradients of p H may also 
be involved in spatial orientation. A n inverse correlation between stomatal 
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11. KENERLEY Λ ANDREWS Interactions of Pathogens on Plant Leaf Surfaces 197 

aperture and the abil ity of germ tubes of the rust Uromyces viciae-fabae to 
locate stomata of common s p i d e r w o r t (Tradescantia virginiana L . ) a n d 
dayflower (Commelina communis L.) has been reported (20). More germ tubes 
ended over pores on leaf surface replicas where a p H gradient was created 
(replicas of nail varnish placed onto water agar of varying pH), suggesting a 
role of p H in stomatal location. 

When the germling of a rust fungus grows over a specific topographic 
feature (eg. stomatal guard cell l ip, depression on an artif icial substrate), swollen, 
adhesive, pre-inf ection structures called appressoria develop. Certain species of 
rust fungi appear only to form appressoria and vesicles (fungal structures 
formed within the substomatal cavity from continuous hyphal growth of the 
appressorium) in response to contact stimuli (Uromyes appendicular), whereas 
other fungi (Puccinia graminis) apparently recognize chemical stimuli (18). For 
U. appendiculatus the surface signal that most enhanced growth orientation was 
ridges or furrows that were spaced 0.5 m to 15.0 m apart. Appressorial 
formation was initiated when germlings encountered a ridge that raised the 
elevation by 0.5 m (17). 

Some fungi can directly penetrate leaf tissue. Within this group there are 
some species that appear to respond to topographic features. H y p h a e of 
Rhizoctonia solani and Botrytis squamosa have been shown to orientate in the 
furrows of cell wall junctions on the host surface. This response has been 
referred to hyphal attachment-directional growth and induced by contact with the 
plant surface. Several lines of evidence have been presented for such fungi as 
Colletotrichum, Helminthosporium% Botrytis, Erysiphe, and Sclerotinia, where 
appressorium formation over or near epidermal cell wall junctions is the result of 
a contact stimulus with the leaf surface (19). Conidia of Alternaria cassiae, a 
pathogen of sicklepod (Cassia obtusifolia L.) (21), produce germ-tubes of viable 
length (50-300 m 18 hr after field inoculation) and form appressoria directly 
over epidermal cells or stomata (22). Host-surface chemistry has been suggested 
as playing a role in determining the growth response of this pathogen (22). 

Thus, pathogenic fungi have the ability to respond to leaf topography in 
initiating infection. The influence other microbes have on these responses and 
how fungi are capable of sensing the topographical signals are but two areas of 
research that can provide information necessary for the understanding of the 
microbial interactions on leaf surfaces. Additionally , an understanding of the 
physiological and morphological processes of spore germination, hyphal growth 
and i n f e c t i o n of bioherbicides on aeria l plant tissues w i l l assist i n the 
development of formulations for these microbes (23,24). 

Chemicals on the L e a f Surface. Numerous compounds have been isolated 
from leaf washings. Many of these compounds are listed in Table I. Morris 
and Rouse (26) suggest that concentrations of carbohydrates and amino acids 
leached f r o m leaves range f r o m about 3-74 u g / m l and 3-52 u g / m l free 
moisture, respectively. Most of these substances have a stimulatory effect on 
microbes (10,25,27,28). They may difuse from plant leaves (leachates); be 
exogenously leaked from microbial propagules; be secreted form aphids as 
honeydew; or occur as fall-out (primarily pollen) from the atmosphere (28,31). 
The types and amounts of nutrients available influence microbial growth 
(possibly through competition i f nutrients are limited) and alter microbial 
patterns in space and time (26). The application of nutrients to leaves can, 
but does not necessarily, affect microbial populations quantitatively (32) and 
qualitatively (26). Spore germination and sporulation of several fungi have 
been demonstrated to be enhanced by the nutritional level available (33,34). 
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198 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I. Metabolites leached from plant foliage 

Organic 
Inorganic 

Carbohydrates Amino Acids Organic Acids 
boron fructose alanine aconitic 
calcium galactans arginine adipic 
chlorine glucose asparagine ascorbic 
copper lactose aspartic acid citric 
iron pectic substances β-alanine fumaric 
magnesium raffinose eysteine glutaric 
nitrogen sucrose γ -aminobutyric glycolic 
phosphorus sugar alcohols glutamic acid lactic 
potassium glutamine maleic 
silica compounds glycine malic 
sodium histidine malonic 
strontium hydroxproline pyruvic 
sulfur isoleucine succinic 
zinc leucine tartaric 

lysine acidic glycosides 
methionine 
phenylalanine 
proline 
serine 
threonine 
tryptophan 
tyrosine 
valine 

(Reproduced with permission from Ref. 25. Copyright 1966 Torrey Botanical 
Club.) 

Leachates that accumulate in water on the phylloplane include various 
organic and inorganic substances (eg. amino acids, carbohydrates, vitamins, 
growth regulators, minerals) (25,28). T h e amounts and forms of these 
compounds are influenced by the plant species, plant age, environmental 
c o n d i t i o n s (eg. o c c u r r e n c e a n d a m o u n t o f d e w , r e l a t i v e h u m i d i t y , 
precipitation, light intensity and duration, temperature), and damage or tissue 
disruption by insects, pathogens and saprophytes (10,25,35,36). Populations of 
bacteria, yeasts and Cladosporium spp. were all shown to increase after fungal 
structures had ruptured the lower epidermis of leaves (37). 

T h e spores o f several genera of f u n g i (eg. Botrytis, Uromyces, 
Colletotrichum) have been shown to leak exogenous nutrients result ing in 
increases in populations of surrounding bacteria and yeasts (33). Using C 1 4 

tracing methods, B l a k e m a n (33) showed that c o n i d i a of Botrytis cinerea 
suspended in water leaked substantial amounts of nutrients (2.5 to 20% of 
total C 1 4 label) into the ambient solution (33). C l a r k and Lorbeer (38) 
demonstrated that sterile distilled water in which conidia of B. cinerea and B. 
squamosa were incubated for 4 hr , supported moderate growth (10 3 to 10° 
cel ls /ml increase) of bacterial cells added to the suspension. In contrast, 
addition of bacterial cells to sterile distilled water resulted in a decrease in 
the number of recoverable cells by plate di lut ion (38). Urediniospores of 
Uromyces viciae-fabae varied in the amount of amino acids and carbohydrates 
that were leached from them fol lowing a 24 hr hydration. Urediniospores 
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11. KENERLEY & ANDREWS Interactions of Pathogens on Plant Leaf Surfaces 199 

taken from the oldest pustules (70-85 days) leaked the greatest amounts of 
substances. T h e r e appeared to be an increase in loss of amino acids and 
carbohydrates with an increase in age of the pustules (31). A n analysis of 
leachate over 24 hr, revealed a large initial nutrient loss within the first hour 
of hydration. Interestingly, there was a greater loss from young than mature 
urediniospores during this first hour (31). 

Another potentially significant source of nutrients is insect honeydew 
(excretions of c e r t a i n insects c o n s i s t i n g of about 90% s imple sugars) 
(29,36,39). A substantial increase in nutrient level on the adaxial surface of 
sycamore leaves (Acer pseud ο plat anus L.) was correlated with arrival of aphids 
in June which fed on the abaxial surfaces and deposited honeydew on the 
leaves below them (40) (Figure 3). This source of nutrition greatly increased 
p o p u l a t i o n s o f s a p r o p h y t i c f u n g i s u c h as Aureobasidium pullulans, 
Cladosporium spp . , a n d w h i t e a n d p i n k yeasts (40). P o p u l a t i o n s o f 
Sporobolomyces roseus and Cryptococcus spp., common leaf inhabitants, can be 
stimulated by honeydew deposition (29,32,36). The addition of honeydew to 
the inoculum of Cochliobolus sativus or Septoria nodorum increased the degree 
of i n f e c t i o n of wheat leaves by 2.5 to 4 times water controls (29). Spore 
germinat ion , format ion of the number of germ tubes per c o n i d i u m and 
growth of the germ tubes of C. sativus, were enhanced. Similarly, pathogens 
such as C. sativus, S. nodorum, Fusarium graminearum, Alternaria longipes, 
Botrytis cinerea and saprophytes (eg. Sporobolomyces spp., Cryptococcus spp., 
Cladosporium spp.) have all been stimulated by the presence of pollen (10,36). 
This nutrit ional source promotes germination, growth of germ tubes, and 
colonization (10). 

There is some evidence for inhibitory compounds in plant leachates 
that reduce germination of plant pathogens (27,28,41). For instance, water-
soluble leachates from two cultivars of pecan (Carya illinoensis (Wangenh.) C. 
Koch) inhibit germination of conidia of Cladosporium caryigenum. These 
compounds can be recovered from immature and mature leaves (27). Juglone 
(5-hydroxy-l , 4-naphtoquinone) was identified as one inhibitory compound, 
but its effect can be overcome by other phylloplane-associated substances. 
What role compounds such as juglone have on saprophyt ic populations 
remains to be d e t e r m i n e d . T h i s example i n d i c a t e s the c o m p l e x i t y of 
interactions on the plylloplane which can influence the infection process (27). 

T o summarize, there are physical and chemical barriers (eg. cuticle, 
antimicrobial leachates) of the leaf surface that may prevent infection by 
phylloplane microbes. In contrast, there are topographical features (eg. ridges 
and furrows, stomata) that are recognized by fungal pathogens and appear 
important for successful infection. A n understanding of how these surface 
features, the prepenetration development of pathogens, and possibly the 
nonpathogenic epif lora should assist in selecting or genetically improving 
microbes as biological herbicides. Essentially nothing is known about how 
saprophytic or resident microbes may alter these barriers as they colonize the 
phylloplane. Manipulation of microbial populations by altering the quantity 
or quality of nutrients, ideally selectively, could promote the effectiveness of 
mycoherbicides. However, success of nutrient applications for enhanced 
bioherbicide activity will depend upon being able to predict the response of 
other phylloplane microorganisms to the introduced substrate. 

Microclimate of U a f Surfaces 
The microcl imate of the leaf surface has been described as a "hosti le " 
environment where only a limited group of organisms regularly occurs. This 
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is a rather anthropomorphic view in the same sense that we would consider 
the Arctic to be "hostile", yet polar bears are quite happy there. Just as polar 
bears are adapted for their environment, so too are the microbes that actually 
grow on the phyl loplane (as opposed to merely being isolated f r o m it as 
transients). 

Fluctuations in the leaf environment are normal ; the exposed plant 
can not offer the degree of stability or moderation of extremes as can soil. 
Temperature, humidity (relative air humidity and free water), precipitation, 
radiation and wind speed have the greatest impact on the leaf microclimate 
(42-44). These factors can be modif ied by plant density and development, 
and by the growth of i n d i v i d u a l plant leaves and shoots (45-47). T h e 
influence of plant density in turn depends upon such factors as direction of 
the crop row relative to the prevailing wind, irrigation or precipitation, and 
the p l a n t h e i g h t (45). I n c r e a s i n g p l a n t d e n s i t y tends to r e d u c e the 
f l u c t u a t i o n s i n temperature a n d r e l a t i v e h u m i d i t y , a n d to alter the 
distribution of dew. 

T h e e f fect of c r o p m i c r o c l i m a t e on pathogen d e v e l o p m e n t (eg. 
dispersal, germination, colonization, sporulation, survival) is well known (48-
54). Models have been developed for forecasting the occurrence and severity 
of plant diseases. The ability to monitor various environmental parameters 
has i m p r o v e d greatly with innovations i n electronic sensors (44,55,56). 
However, given the dynamic interaction between microclimate and plant 
growth, any ecological approach designed to understand microbial interaction 
on p lant surfaces s h o u l d begin to i n c o r p o r a t e both processes (55,57). 
U n f o r t u n a t e l y , there are few data r e l a t i n g m i c r o c l i m a t e to m i c r o b i a l 
interactions and even less information exists on interactions among plant 
growth, microclimate and microbial interactions. Thus, we discuss here some 
of the major meteorological factors and how they affect microorganisms on 
the leaf surface. 

L e a f temperature is influenced by air temperature which is in turn 
modified by wind speed and radiation. Leaf temperature follows a diurnal 
cycle, being cooler at night and warmer during the day than adjacent air 
temperatures. This illustrates the need to measure the meteorological events 
of interest at the site of interest (within the plant canopy or on i n d i v i d u a l 
leaf surfaces) instead of relying on weather stations some distance from the 
source of the m i c r o b i a l interact ion . A l s o , numerous f luctuat ions in leaf 
temperature occur during a 24 hr period, i l lustrating the rapid response of 
leaves to changes i n r a d i a t i o n a n d w i n d speed a n d the v a r i a t i o n i n 
temperature regimes to which microbes are constantly exposed (42). No single 
temperature can be recorded for a leaf as there is a per iphery effect of 
leaves resulting in warmer temperatures in the center than on the edges of a 
leaf (42). Hence, it becomes exceedingly diff icult to design experiments that 
simulate even a port ion of the v a r i a b i l i t y in temperature that microbes 
encounter on a leaf surface. 

For fungal and bacterial pathogens, temperature has been shown to 
i n f l u e n c e g e r m i n a t i o n , i n f e c t i o n , latent p e r i o d , les ion d e v e l o p m e n t , 
sporulation, dispersal and survival. For instance, air temperature influences 
the ability of the mycoparasite Dicyma pulvinata to colonize lesions induced 
by Cercosporidium per sonata, causal agent of late leaf spot of peanuts (Arachis 
hypogaea L.) (58). O n detached peanut leaflets colonization was greatest at 
23-28 C, and progressed over time in a logistic pattern (58). At temperatures 
>28 C, the percentage of lesions colonized declined markedly, accompanied by 
a slower rate of colonization (58). At temperatures >31.5, no colonization was 
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202 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

observed. Sporulation of D. pulvinata on leaf spot lesions followed a similar 
course with respect to temperature (58). 

Air temperature can also affect the rate and extent of lesion 
development on weeds by microbial biocontrol agents. Disease development 
on velvetleaf (Abutilon theophrasti Medik.) by Colletotrichum coccodes was most 
severe at air temperatures of 24 or 30 C which corresponded to the optimal 
ranges for spore germination and mycelial growth of this mycoherbicide (59). 
Air temperatures cooler than 24 C resulted in less disease and longer times 
before diseased leaves abscised from the plant (59). TeBeest et al. (60) 
demonstrated that the rate of anthracnose development (caused by 
Colletotrichum gloeosporioides f. sp. aeschynomene) on northern jetch 
(Aeschynomene virginica L.) was reduced if inoculated seedlings were 
incubated in alternating day/night temperature regimes of 32/24 or 28/20 C 
compared to a constant incubation temperature of 28 C. Between the two 
alternating temperature regimes, the disease-index values were significantly 
lower with the 32/24 than 28/20 C regime 6 days after inoculation (60). 
Certain day/night temperature regimes were also found to be more conducive 
for the development of Alternaria crassa on jimsonweed (Datura stramonium 
L.) (61). Weed control was significantly reduced by day/night air 
temperatures of 35/24 C at all inoculum concentrations tested. With 
inoculum concentrations of 10 5 or 10° conidia/ml and day/night 
temperatures of 29/18, 100% mortality was recorded (61). Severity of disease 
on Italian thistle (Carduus pycnocephalus L.) inoculated with Alternaria sp. was 
reduced at all inoculum levels as incubation temperature was decreased (20,13 
or 5 C) (62). This effect was overcome with higher levels of inoculum (in 
this case conidia of the Alternaria sp.) (62), illustrating the importance of 
understanding key environmental parameters in formulating a control 
strategy. Unfortunately, there is no information on how temperature 
fluctuations on the leaf surface favor one microbe over another or what 
variables of temperature (eg. daily mean temperature, hourly recordings, 
temperature sums, or temperature response functions) are most appropriate 
for considering microbial interactions. 

The duration of relative humidity or free moisture (fog, dew, 
precipitation) is of great importance to certain microbial life stages. 
Humidity of the air is a function of temperature and is generally higher 
within the canopy than outside. This results in gradients throughout the 
canopy. The wetting and drying processes (eg. interception, evaporation), as 
well as the duration of the wetness, vary according to leaf morphology (eg. 
wax layer, number and type of trichomes) and the structure and density of 
the canopy. These are among the key components that need to be considered 
in developing models that explain the interactions among plant, microbe, and 
the environment on the leaf surface. 

As the presence and duration of moisture on leaves has been shown to 
be critical in the germination and infection of several mycoherbicides 
(59,60,61,63), formulations are being developed that provide moisture and 
retard evaporation of water from the leaf surface (64). Quimby et al. (64) 
showed that without a dew period conidia of A. cassiae applied in an aqueous 
carrier alone and in an aqueous carrier followed by an overspray of an invert 
emulsion resulted in 0 and 88 percent mortality, respectively, in sicklepod 
seedlings. The development of this technology may provide a system to 
overcome some of the environmental constraints for mycoherbicide 
application that currently exist. 

Not all microbial propagules respond similarly to humidity or free 
water. This is contrasted by the hydrophobic conidia of the powdery 
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mildews versus the hydrophylic nature of many conidia borne in an acervulus 
or pycnidium such as the spores of Colletotrichum spp. Humidity can have a 
direct effect on germination, infection, sporulation, dispersal, and survival of 
microbial propagules. It can affect the rate of germination and the ability of 
a r r i v i n g propagules to colonize. Peanut plants with lesions caused by C. 
personatum were inoculated with conidial suspensions of the mycoparasite, D. 
pulvinata, and placed in a dew deposition chamber either at the beginning of 
the day cycle (11 hr l ight , 55% R H , constant 26 C , i n i t i a l period of dry 
leaves) or night cycle (13 hr dark, 10.5 hr dewpoint, constant 26 C, in i t ia l 
period of wetted leaves) (65). Leaves placed into the initial dry leaf period 
had more lesions colonized by the mycoparasite and were colonized faster 
(65) . Apparently the presence of free moisture on the leaves inhibited the 
germination of the conidia of Z). pulvinata as light exhibited no effect on the 
rate of spore germination of D. pulvinata (65). On the other hand, an increase 
in free moisture periods for up to 24 hr increased the severity of infection of 
Italian thistle by conidia of Alternaria sp. At least 4 hr of free moisture on 
the leaves were required to obtain infection (62). A similar trend of the 
effect of dew period on disease development was observed with seedlings of 
northern jointvetch inoculated with C. gloeosporioides f. sp. aeschynomene (60). 
At least 12 hr of free moisture following inoculation by a conidial suspension 
was required to obtain 100% i n f e c t i o n at 28 C. Disease developed more 
slowly and lesions remained relatively small (1 cm or less) when inoculated 
plants were given less than an 8 hr dew period (60). Walker and Boyette (66) 
reported that two successive dew periods of 4 and 8 hours enhanced mortality 
of sicklepod inoculated with A. cassiae. Greatest increase in mortality was 
observed when the second dew period occurred within 2 days of the first 
dew. A l s o , the i n i t i a l dew p e r i o d h a d a greater i m p a c t on disease 
development than the second dew period (eg. successive dew periods of 6 and 
4 hours resulted in greater mortality than 4 and 6 hour successive periods) 
(66) . 

The survival and epiphytic distribution of pathogenic bacteria on buds 
and leaves of cucumber plants (Cucumis sativus L.) are influenced by the 
ambient relative humidity . The terminal buds of cucumber seedlings were 
inoculated with an isolate of Pseudomonas syringae pv. lachrymans, placed into 
different levels of relative humidity (alternating, 50-60% during the day and 
>90% at night; high, >80%; and, low, 30-50%) and not wetted (67). A t the 
low R H the pathogen was not detected on healthy leaves or terminal or 
axi l lary buds. However, at the high R H the bacterium could be found on 
most of the buds as well as on the leaves (67). Similarly, the ice nucleation 
frequency of ice nucleat ion-act ive bacteria appears to be control led by 
interacting factors such as environment, strain, and host (68). Epiphytically 
isolated strains had higher ice nucleat ion act ivit ies i f the plants were 
maintained under wet condit ions (moistened by spray i n o c u l a t i o n and 
maintained in plastic bags for 48 hr); pathogenic strains were favored after 
dry incubation (unbagged plants) (68). Obviously, environmental components 
are i n t e r a c t i v e w i t h m i c r o b i a l genotype. T h i s c o n f o u n d s the task of 
understanding the role humidity may play in propagule activity and survival. 

Radiat ion is the ultimate energy source for all plant processes. The 
daily light:dark cycle and seasonal variation in day length can also directly 
influence microbial activities, e.g. sporulation in numerous fungi (69). The 
intens i ty and w a v e l e n g t h o f l ight may d i r e c t l y a f f e c t the s u r v i v a l o f 
propagules on the leaf surface, and indirectly influence the probabil ity of 
infection by pathogens, by moderating host metabolism (48,70). Only about 
3% of detached and 47% of attached sporangia of the blue mold pathogen, 
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Peronospora tabacina, survived a 3 hour exposure to solar radiation of 8.6 
M J m " 2 . A p p r o x i m a t e l y 75% of detached and 98% of attached sporangia 
protected by a U V filter germinated. Longer exposures were required to ki l l 
conidia of Alternaria solani and urediospores of Uromyces phaseoli: spores of 
A. solani were the most resistant (70). Spores of al l three species survived 
much better i f shaded by a leaf piece than when exposed to f u l l sunlight. 
Based on these results, the magnitude and duration of solar radiation and the 
spore type applied should be considered to maximize the chances of survival 
of an applied biocontrol agent. 

T h e in f luence of temperature together w i t h l ight intensity on the 
co lonizat ion of u r e d i n i a of Melampsora larici-populina by f o u r species of 
Cladosporium were tested in a leaf disc assay. With respect to the variance 
ratio, the species of Cladosporium was the greatest contributor, followed by 
l ight χ temperature i n t e r a c t i o n , a n d l i g h t i n t e n s i t y a n d t e m p e r a t u r e , 
respectively, in determining the variation in colonization of uredinia (71). 
The combinations of temperature and light intensity favor ing colonization 
varied with the species of Cladosporium and cult ivar of poplar used in the 
test (71). These results emphasize the need to incorporate the interactive 
effects of environment and microbes to obtain an understanding of the 
microbial ecology of a leaf surface. 

Wind speed has a strong in f luence on spore l i b e r a t i o n and on the 
dissemination of f u n g a l propagules. Spores that are deposited on leaf 
surfaces by impaction are greatly affected by wind speed (44). As sporangia 
of Peronospora tabacina need to remain wet for approximate ly 2 hr to 
g e r m i n a t e a n d i n f e c t t o b a c c o (Nicotiana tobacum L . ) , g r o w e r s h a v e 
traditionally attempted to decrease the leaf d r y i n g time in shade tents by 
rais ing the walls of the tents (72). H o w e v e r , this pract ice was f o u n d to 
increase wind speed in the first 20 m inside the tent. With walls up the wind 
just inside the tent was 60% of wind outside compared to 30% i f walls were 
down, but by 20 m inside the tent the wind was 15% of the outside regardless 
of wal l posit ion. T h u s , the spores spread, but d r y i n g of leaves was not 
signif icantly affected. Elevated wind speed also increased the inoculum 
deposited on the plants (72). Dispersal of bacteria in aerosols d r i v e n by 
prevailing winds is well documented (73). The interaction between plants (as 
major sources of bacteria) and canopy wind speed on the introduction of 
viable bacteria l cells into the atmosphere have demonstrated the need to 
reconsider the concept of bacteria l dispersal (74), w h i c h heretofore has 
emphasized the role of splash and droplet mechanisms and the soil as a 
repository. 

F r o m the a b o v e m e n t i o n e d e x a m p l e s , it is a p p a r e n t that the 
environment influences all stages in the life history of a microbe. If the goal 
is to develop reliable and efficacious bioherbicides, then an understanding of 
which components of the life history (eg. germination, colonization, infection) 
are most affected by the environment would seem appropriate. Additionally , 
some knowledge of how these same environmental parameters affect other 
phyl loplane micobes would improve success of the a p p l i e d b ioherbic ide . 
E n v i r o n m e n t a l windows may exist that favor the bio logica l agent over 
competing microbes. E v e n though very l itt le of this i n f o r m a t i o n exists, 
recent advances i n electronic technology make it possible to accurately 
analyze environmental data. There is also the possibility that the phylloplane 
microcl imate could be m o d i f i e d by a p p l y i n g encapsulated microbes, by 
altering plant leachates quantitatively and qualitatively, or by altering plant 
growth conditions (e.g. greenhouse and orchard environmental manipulations). 
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11. KENERLEY A ANDREWS Interactions of Pathogens on Plant Leaf Surfaces 205 

Microbial Populations of the Leaf Surface 

Q u a l i t a t i v e a n d Q u a n t i t a t i v e D a t a . T h e p r e d o m i n a n t p h y l l o s p h e r e 
microorganisms i n temperate zones are f i lamentous f u n g i , veasts, and 
bacteria, which commonly occur at densities of from 10 4 to 10' propagules 
per gram fresh weight or per c m 2 of leaf material (75). Most estimates of 
surface coverage of temperate deciduous leaves are wel l below 1% (76). 
Although this may appear to be quite low, it could simply mean that most or 
all of the favored colonizable sites are occupied. In the tropics, densities are 
much higher. Ruinen (77) reported continuous microbial layers up to 22 urn 
thick on the phylloplane. 

T h e r e have been very few detai led taxonomic studies descr ib ing 
saprophytic bacteria on the leaf surface (35,78). G e n e r a that have been 
described reflect the ability of particular bacteria to grow on culture media, 
as no in. situ methods are yet used in phylloplane taxonomic studies. The 
traditional research emphasis has been placed on identifying and enumerating 
pathogenic bacteria and the environmental conditions most conducive for 
disease development (79,80). More recently, the population dynamics and 
relationships of pathogens with saprophytic or other pathogenic strains have 
begun to be examined (35,81). Genera that have been found associated with 
leaf surfaces as pathogens and saprophytes include Erwinia, Pseudomonas, 
Xanthomonas, Flavobacterium, Bacillus, Corynebacterium, and Lactobacillus 
(78,82). A n approach that could offer a greater potential for understanding 
the ecology and interactions of leaf surface bacteria with other microbes 
would be to study them as f u n c t i o n a l groups i n terms of phys io logica l 
properties such as substrate utilization and enzyme production (26). 

In c o n t r a s t to the few studies d e t a i l i n g the i d e n t i f i c a t i o n of 
phyllosphere bacteria, there have been numerous studies on the taxonomic 
i d e n t i f i c a t i o n and seasonal occurrence of f u n g i (83-90). T h e number of 
species recovered is somewhat dependent on the methods used to collect the 
individuals (eg. spore f a l l , leaf washing, direct observation) as well as the 
media that may be employed. In spite of methodological differences among 
studies, certain genera of filamentous fungi and yeasts are almost invariably 
recorded (eg. Aureobasidium, Sporobolomyces, Cladosporium, Alternaria), 
whereas certain pathogens demonstrate host specificity (eg. rusts, powdery 
mildews, downy mildews, smuts). T h e species richness of phyl losphere 
microbes isolated from a plant host during a growing season can be relatively 
high. Stadelmann (91) found 107 "types" of bacteria, 18 species of yeasts and 
190 species of f i lamentous f u n g i on apple leaves. Pa l and Sharma (87) 
recovered 91 and 69 species of fungi from sunnhemp (Crotalaria juncea L.) 
and garden pea (Pisum sativum L.), respectively. However, most species may 
be uncommon. Only 7 of the more than 100 species of filamentous fungi and 
yeasts recovered by Andrews et al (92) from apple leaves were on virtual ly 
every leaf sampled. 

Several classification schemes have been proposed to describe these 
fungi. Dickinson (83) separated them into three categories (pathogens, non
pathogenic epiphytes, and exochthonous fungi) and further distinguished 
within the categories based on growth and colonization abi l i ty . The non
pathogenic fungi recovered from ribbongum (Eucalyptus viminalis Benth.) 
were classified by Cabrai (85) as ruderals, residents, or primary saprophytes 
by c o m b i n i n g the ideas of D i c k i n s o n (83) and Pugh (93). T h i s scheme is 
based on a c t i v i t y and to a c e r t a i n extent the f r e q u e n c y of r e c o v e r y . 
Davenport (94) divided the species of yeasts on developing apple and grapes 
(Vitis spp.) into resident and transient groups based on a biological calender, 
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which compared species on a f u n c t i o n a l basis at s imi lar stages of plant 
development. By a mathematical analysis based on the level of association 
(association matrix) and analysis of recurrent groups, Thomas and Shattock 
(95) identified seven recurrent groups for species of filamentous fungi found 
on senescent or damaged leaves of perennial rye grass (Lolium perenne L.) . 
The seven groups presented a mathematical expression of the association of 
pathogens and primary and secondary saprophytes. As the approach was used 
with fungi on sensescent or damaged leaves, an interesting extension of the 
work would be to examine how fungi on l i v i n g leaves would be grouped, 
particularly with regards to their temporal position. 

Spatial Distribution. Observational and statistical analyses have been made 
of spatial distribution of epiphytic microbes. T h e d i f f i c u l t y has been in 
determining what constitutes a sample, the scale of the d i s t r i b u t i o n , the 
mechanics of selecting the sample (position on the plant, age of leaf, etc.), 
and the assay used for quantitating microbial propagules or microbial cell 
mass. C a r r o l l (96) studied the d i s t r i b u t i o n patterns and m i c r o b i a l cel l 
biomass of microepiphytes on Douglas f i r needles (Pseudotsuga menziesii 
(Mirb.) Franco). T h i n , free-hand sections were made from needles removed 
f r o m various positions w i t h i n the tree canopy. Estimates of cumulat ive 
microbial volumes were made by photographing the sections, overlaying the 
photographs and tracing microbial patterns onto Mylar f i l m as they appeared 
from microscopic observation, cutting out the patterns, and weighing the 
tracings f r o m each zone of the needle. T h e microbes were f o u n d to be 
c o n c e n t r a t e d over stomata a n d i n m i d r i b grooves (96). T h e highest 
concentrations occurred in the lower portions of the canopy and decreased 
with height (96). Thus, there was a nonrandom occurrence of microbes with 
regard to surface of individual needles, age class of the needles, and canopy 
stratum. With the exception of 1-and 2-year old needles, microbial biomass 
estimates were greater on the bottom surface of needles than on the top (for 
age classes 3 through 8 yr) (96). Other studies have shown that position on 
the leaf or w i t h i n a canopy inf luences the amount of m i c r o b i a l growth. 
Numbers of fungal propagules and hyphal development were greater on the 
adaxial than the abaxial surface of mature leaves of aspen popular (Populus 
tremuloides Michx.) (97). A similar trend was found on leaves of sycamore, 
where the number of fungal spores and myce l ia l biomass was generally 
greater on the adaxial than abaxial surface (40). A significant effect of 
height and lateral position of apple leaf samples was found for the densities 
of epiphytic filamentous fungi and yeasts (98). Wildman and Parkinson (97) 
also found that the height within the canopy influenced the isolation of some 
fungi from aspen popular leaves. 

Subsequent co lonizat ion patterns, after a p p l i c a t i o n of microbes to 
leaves, appear to be nonrandom. Leben (67) observed that 19-28 days after 
i n o c u l a t i o n of leaf buds of c u c u m b e r seedlings w i t h suspensions of 
Pseudomonas syringae pv. lachrymans, the b a c t e r i u m a p p e a r e d to be 
distributed uni formly on the two expanding leaves below the bud (by leaf 
imprints on a selective medium). However, on older leaves the bacterium was 
usually distributed nonrandomly, often found associated with epidermal cells 
on leaf veins and with basal cells of trichomes on veins. Bacterial aggregates 
were generally less prevalent on older leaves. T h e d i s t r i b u t i o n on older 
leaves was thought to be related to leaf moisture (67). B lakeman (79) 
reported that bacterial or yeast cells immediately after inoculation onto bean 
leaves ( V i c i a f a b a L.) were evenly d i s t r i b u t e d on a n t i c l i n a l wal ls of 
epidermal cells. Later, di f ferential colonization was detected (79). When 
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yeasts were inoculated alone, the cells were mainly associated with leaf veins. 
Bacteria inoculated alone were found associated with veins and stomatal 
pores. However, when the two microbes were combined, yeasts were found to 
colonize the anticlinal walls over the leaf lamina, whereas the bacteria were 
primari ly on antic l inal walls of veins and in stomatal pores (79). Whether 
this situation is typical of the distribution of these two types of microbes on 
other leaf surfaces remains to be determined. 

The influence of leaf pathogens on the saprophytic microf lora has 
been insufficiently examined, but Stadelman and Schwinn (99) showed that 
lesion areas on scabby apple leaves contained between the orders of 10-100 
fold the microbes than did non-scabby portions. Presumably the microflora 
were altered qualitatively. Changed patterns of microbial colonization have 
implications for bioherbicide applications, eg. in the role that opportunistic 
microbes may play in invasion and death of leaves. 

There may be as great as a 1,000-fold variation in bacterial counts 
from leaf to leaf assayed from apparently similar leaves in similar canopy 
positions at the same sampling period (35,100). Most data sets obtained from 
plate counts o f bean and c o r n leaves are d e s c r i b e d by a log n o r m a l 
d i s t r i b u t i o n , i n d i c a t i n g that on i n d i v i d u a l leaves or leaflets the spatial 
distribution of bacterial cells are not u n i f o r m within a canopy (35,100). A 
log normal d i s t r i b u t i o n tends to reflect the fact that chance effects of 
random variables are acting on a large and diverse collection of objects (in 
this case bacteria). Interestingly, a similar study on wheat leaves indicated 
that bacterial counts were best described by a log normal distribution, but 
counts of yeasts (mainly Cryptococcus spp. and Sporobolomyces spp.) and 
Cladosporium spp. colonies appeared normally distributed (101). Much more 
work needs to be d o n e , p a r t i c u l a r l y w i t h r e g a r d to host , host age, 
environmental factors, and position of the sample within a canopy, before the 
spatial distribution of these microbes can adequately be described. 

Seasonal and Diurnal Patterns. Seasonal distribution of microbes on leaves is 
well established (35,81,88,94,101,102); microbial populations typically increase 
as the season progresses and plant organs mature. These studies are useful in 
monitoring impact of environmental disruptions on microbes, assisting in 
selecting the most appropriate time-frame for the application of introduced 
microorganisms (particularly in terms of nutrients and potential competition), 
and suggesting sampling strategies to monitor microbes. Successional phases 
for bacteria, yeasts, and filamentous fungi have been proposed (79), but these 
proposed patterns ignore the fluctuations that occur in the periods between 
typical sampling intervals. Rather than total colony counts from di lut ion 
plating, biomass measurements or doubling times may be more appropriate for 
understanding the dynamics of m i c r o b i a l co lonizat ion and determining 
growth rates. The degree to which this might be important is evident from 
changes in populat ion size and ice nucleat ion a c t i v i t y of Pseudomonas 
syringae on bean leaflets harvested at 2-hour intervals during three, 26-hour 
periods (103). Overal l population fluctuations d i f fered during each of the 
periods and in one case, during several hour intervals, population growth 
rates in situ were on the same order of magnitude as optimal rates in vitro. 
In a d d i t i o n , d o u b l i n g times of several bacterial species under favorable 
conditions on leaf surfaces had previously been found to be similar to that in 
culture (104,105). 

With regard to fungal systems, Breeze and Dix (89) examined numbers 
of germinated spores and total mycelial length of fungi and found several 
colonization events before a stable community was established on Norway 
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maple leaves (Acer platanoides L.). These results suggest that seasonal trends 
are the sum of numerous iterations of dispersal, growth and death which may 
be species-specific. Research that can explain these fluctuations in terms of 
environmental factors , plant growth, and m i c r o b i a l interactions should 
illustrate the most favorable biological windows for application of introduced 
microbes for biocontrol. 

In overview, evidence to date on phylloplane microbial populations 
suggests the following: (i) that quantitative seasonal trends for the microflora 
in general, and for certain species in particular are relatively well known; (ii) 
that qualitative trends, particularly for the bacteria, are poorly documented; 
(iii) that spatial and short-term temporal variation is not well understood, but 
probably substantial and; (iv) that the community is highly dynamic. 

Microbial Interactions 

Evidence for naturally occurring microbial interactions comes mainly from 
plant pathological studies i n v o l v i n g either f u n g i c i d e appl icat ions , or the 
isolation or observation of mycoparasites ia situ. There are several cases 
where fungicide application caused an increase in disease. This appears to be 
the result of reducing the non-target antagonistic leaf microorganisms (106). 
Fokkema et al . (107) demonstrated in a two-year study that inoculation of 
water-sprayed leaves of rye (Secale céréale L.) with Cochliobolus sativus at the 
time of flowering resulted in 60% less necrosis compared with inoculations on 
benomyl-sprayed leaves. M i c r o b i a l populations of filamentous fungi and 
yeasts on water-sprayed leaves at flowering were 10,000 and 3,000 propagules 
per c m 2 leaf surface in the first and second year of the study, respectively. 
This contrasts with those of the benomyl-sprayed leaves, which were only 
1,200 and 400 propagules per c m 2 , respectively. The authors suggested that 
increase i n disease i n c i d e n c e was a loss of the b u f f e r i n g c a p a c i t y of 
saprophytic fungi towards the pathogen (107). Further evidence suggesting 
that loss of buffering effect can lead to increased disease is provided by the 
surface sterilization experiments of Spurr (108). 

Dieback or "gummosis" disease of apricot (Prunus armeniaca L.) caused 
by Eutypa armeniacae was an insignif icant disease in South Austra l ia unti l 
routine applications of copper fungicides were introduced for the control of 
"shothole" disease (Clasterosporium carpophilum) o f apricot leaves (106). 
Experiments by Carter (109) supported the hypothesis that the copper 
f u n g i c i d e s were d e t r i m e n t a l to n a t u r a l l y o c c u r r i n g antagonists o f E. 
armeniacae. The incidence of dieback was reduced with the application of a 
saprophyte to pruning wounds (infection courts of E. armeniacae). Elsewhere, 
there is evidence that as resistant strains of Botrytis cinerea to benomyl 
emerge, continued applications of benomyl to cyclamen (Cyclamen persicum 
Mill . ) reduce the naturally occurring antagonists, resulting in more severe 
infections (106,110). A l l of these instances are correlative, but do illustrate 
the likely involvement of antagonistic interactions on leaf surfaces. 

Numerous f u n g a l hyperparasites of rusts and powdery mildews 
apparently exist in nature and may act to decrease populations of the 
pathogens (111,114). Some of the more studied species include Ampelomyces 
quisqualis, Darluca filum, Tuberculina vinosa, and Verticillium lecanii (111). 
T h e r e appears to be no host s p e c i f i c i t y among those most f r e q u e n t l y 
examined, although differences in aggressiveness have been found among 
isolates of D. /Hum (111). The spatial distribution of D. filum is erratic and 
clustered on i n d i v i d u a l leaves with a vertical gradient within the canopy 
(greatest number of sori infected on lower leaves) (111). Successional 
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11. KENERLEY & ANDREWS Intentions of Pathogens on Plant Leaf Surfaces 209 

patterns have been suggested to exist with the hyperparasites of powdery 
mildews (112). 

Hyperparasites can adversely affect sporulation, the infectious period, 
and dispersal of pathogens (111,114,115). Freeman (114) reported that 
constant parasitism by D. filum of Puccinia stenotaphri on St. Augustinegrass 
(Stenotaphrum secundatum (Wilt.) Kuntze) was responsible for maintaining this 
rust at a low level of destructiveness. K u h l m a n n et al . (115) found that in 
pure stands of dwarf live oak (Quereus minima (Sarg.) Small) in Florida , 93% 
of the sori of Cronartium strobilinum were naturally infected by D. /Hum. A 
greater understanding of the population biology of these hyperparasites will 
be necessary i f biotrophic fungi are to be successfully used for the biocontrol 
of weeds. 

Most evidence demonstrating the interactions among phyl loplane 
microorganisms comes from experiments on the biological control of plant 
pathogens. T y p i c a l l y , a stage of the l i fe cycle, such as spore germination, 
germ tube g r o w t h , a p p r e s s o r i u m f o r m a t i o n , spore f o r m a t i o n or les ion 
development is inhibited or reduced. Three forms of antagonism have been 
described (116): exploi tat ion competi t ion , interference compet i t ion , and 
mycoparasitism. 

Exploitat ion competition involves the depletion of a resource (most 
commonly space or nutrients) without imparied access to it. The extent of 
exploitative competit ion w i l l increase proport ional ly with the degree of 
ecological niche overlap (117). Because certain sites on a leaf surface (eg. 
leaf veins, junctions of epidermal cells) are more l ikely to harbor microbes 
than others, competit ion for space may be of some importance d u r i n g 
colonization (67,79). The initial occupation of selected microsites by massive 
applications of introduced microorganisms may well alter the community 
structure. L indemann and Suslow (118) demonstrated that ice nucleation-
active ( I N A + ) strains of Pseudomonas fluor esc ens or P. syringae inoculated 
onto strawberry blossoms (Fragaria χ ananassa (Duchesne) 'Douglas ' ) at 
concentrations of 10 2 c o l o n y - f o r m i n g - u n i t s (cfu) per blossom could be 
i n h i b i t e d by elevating the bacterial populat ion to c a r r y i n g - c a p a c i t y by 
applying large numbers (10 7 c fu per blossom) of ice nucleation-deficient 
( INA" ) deletion mutants. However , growth cessation of I N A + was not 
a c c o m p a n i e d by a s i g n i f i c a n t decrease i n its p o p u l a t i o n (118). I N A " 
derivatives were inhibited by I N A + parental strains when the inoculum doses 
were reversed. The authors suggested the inhibition of growth resulted from 
colonizable sites being saturated and/or nutrient depletion (106). 

Certain strains of bacteria can competitively exclude other strains. 
L i n d o w (117) f o u n d that I c e + (ice n u c l e a t i o n - a c t i v e ) p o p u l a t i o n s of 
Pseudomonas syringae on corn plants (Zea mays L.) were reduced by prior 
c o l o n i z a t i o n o f the leaves by I c e ' s t r a i n s ( ice n u l e a t i o n - d e f i c i e n t ) . 
Interestingly, the total bacterial population was not affected by the prior 
inoculation of Ice' strains (117). For these reasons, Lindow (117) concluded 
that the antagonism between these strains resulted from competitive exclusion 
of new arrivals to an occupied niche rather than competitive displacement. 
As the carrying capacity of leaf surfaces for bacteria is low relative to other 
plant habitats, particularly roots (101), preemptive colonization by one strain 
may be s u f f i c i e n t to reduce the populat ion size of s imi lar strains. T h e 
importance of competition for space among naturally colonizing microbes 
remains unknown. 

Several experiments have examined the role of nutrient depletion in 
m i c r o b i a l interactions . M i x e d C - labeled amino acids were added to 
droplets on sugar beet leaves (wetted 24 hr prior to application) and uptake 
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210 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

of the labeled compounds by epiphytes was determined. Approximately 80% 
of the amino acids were absorbed by leaf-associated microbes. Inhibition of 
germination of conidia of the fungal pathogen, Botrytis cinerea, was positively 
correlated with the uptake of amino acids by the leaf-associated microbes 
(33,119). Similarly, isolates of Phoma betae and Cladosporium herbarum were 
inhibited from germinating on sugar beet leaves when incubated with 10 5 

cel ls /ml of a Pseudomonas sp. Substantial uptake of amino acids by the 
bacterium was also noted (119). However, the percentage of germinating 
c o n i d i a of an isolate of Colletotrichum dematium f. sp. spinaciae was not 
reduced by this bacterium even though the uptake of amino acids was high. 
Germ tube length was reduced, but appressorial development was stimulated 
(119). The same Pseudomonas isolate also induced appressorial formation in 
C. acutatum on glass slides and on sugar beet leaves (120). The induction was 
eliminated in the presence of added nutrients, but occurred i f conidia were 
leached by creating a steep di f fus ion gradient away from them (120). In 
vitro studies with Sporobolomyces roseus and C. sativus suggested that yeasts 
can also compete for endogenous c o n i d i a l reserves, thereby i n h i b i t i n g 
germination of the pathogen conidia (121). Germinat ion was restored by 
transferring the conidia to yeast-free solutions, indicat ing that yeast may 
impose a nutrient stress by acting as a nutrient sink. O n wheat leaves, the 
reduct ion of germ tube length was more pronounced than i n h i b i t i o n of 
germination (121). 

In determining which organisms may be most affected by competitors 
on the leaf surface and thereby the best candidate for biological control, it 
may be useful to consider the stage in the life cycle likely to be influenced, 
and the duration of that phase. For pathogens this entails considering their 
various infection strategies (36). For example, the only pre-infectional stage 
of biotrophic pathogens (those pathogens requiring a l i v i n g host for their 
nutr i t ion) that may be af fected is spore germinat ion . These pathogens 
usually infect r a p i d l y without f o r m i n g an extensive h y p h a l network for 
substrate uti l ization that could be inhibited by antagonistic microbes. In 
contrast, some necrotrophic pathogens tend to be vulnerable during the spore 
germination phase as well as during their period of epiphytic mycelial growth 
(36). 

Late stages in the infection process by necrotrophic pathogens may be 
inf luenced by competi t ion . Yeasts, such as S. roseus and Cryptococcus 
laurentii var . flavescens, when sprayed onto corn leaves 2-3 days pr ior to 
inoculat ion with Colletotrichum graminicola, reduced lesion density and 
necrosis by approximately 50% compared to untreated leaves (122). Neither 
c o n i d i a l g e r m i n a t i o n , s u p e r f i c i a l m y c e l i a l g r o w t h , nor a p p r e s s o r i u m 
formation were inhibited , but the number of infections on the leaves was 
reduced (122). The authors suggested that appressorium germination and/or 
development of the penetration peg was af fected by the nutr ient stress 
imposed by the yeasts (122). Numerous other studies have implicated nutrient 
deprivation as the cause for reduction in propagule germination or infection 
(123,127). One category of these involves the addition of honeydew to leaves. 
Populations of pathogens (C. sativus and S. nodorum) and saprophytes on 
wheat leaves (Triticum asetivum L.) were increased, as was infection (29). 
However , i f honeydew was appl ied 4-5 days before i n o c u l a t i o n with the 
pathogens, development of the saprophytic microbes counteracted the 
stimulatory effect on the pathogen (29). Thus , it may become important to 
understand the influence and to monitor the deposition of honeydew prior to 
the application of agents for biocontrol of weeds to ensure that successful 
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i n f e c t i o n by these agents is not i n h i b i t e d by the d e v e l o p m e n t o f a 
saprophytic community. 

Other chemicals, such as iron chelating compounds (siderophores), on 
the plant surface are produced by e p i p h y t i c bacteria and can stimulate 
f u n g a l g e r m i n a t i o n and a p p r e s s o r i u m f o r m a t i o n (128). P r e s e n t l y , the 
evidence is correlative, as no siderophores have been detected i n situ, but 
s u f f i c i e n t l y i n t r i g u i n g to reexamine the role of the leaf m i c r o f l o r a with 
respect to fungal infection. A Pseudomonas isolate (UV3) stimulated conidial 
germination and appressorium formation when added to conidial suspensions 
of C. acutatum on strawberry stolons (129). A siderophore was purif ied from 
the bacterium and found to produce a similar, but enhanced response (129). 
C o n i d i a of C. musae and B. cinerea have also been stimulated to germinate 
and form appressoria in the presence of another siderophore produced by P. 
fluorescens (128,130). T h e r e is also some evidence that these compounds 
enhance aggressiveness of the pathogens, as lesion development can be more 
pronounced when inoculation is accompanied by siderophores (128). If this 
response to s iderophores can be demonstrated among many f u n g i , the 
effectiveness of biocontrol fungi for weeds may be enhanced by applying 
fungi with synthetic iron-chelating compounds or bacteria that produce them. 
The studies on nutrient competition also illustrate the complex interactions 
between nutrients on the leaf surface and the qualitative and quantitative 
composition of the microbial community. 

Interference competition implies that the access to a resource by a microbe 
is l i m i t e d , generally by a chemical (antibiosis) (116). Few studies have 
demonstrated the direct role of antibiotic production in microbial interactions in 
the soil (131). Only indirect evidence has been presented for its importance on 
leaf surfaces. This is based either on in vitro assays a n d / o r the effect of 
applying the antibiotic or culture filtrate to a microbial population. Cullen and 
Andrews (132) showed a positive correlation between levels of antibiotic 
production in vitro by strains of Chaetomium globosum and antagonism to 
Venturia inaequalis on seedlings in growth chamber studies. The antibiotic , 
identi f ied as chetomin, was inhibitory in vitro to V. inaequalis and when 
applied in vivo (132). T w o antibiotics have been isolated f rom a strain of 
Pénicillium fréquentons that was antagonistic towards Monilinia laxa (133). 
Spore germination and germ tube growth were inhibited when conidia were 
incubated in a partly p u r i f i e d preparation of the antibiotics (133). Similar 
results were obtained i a vivo by inoculating wounded surfaces of sterilized 
peach twigs (Prunus persica L.) with the pathogen and the antibiotics (133). 
A c t i v i t y o f these c o m p o u n d s against other components of peach twig 
mycoflora was also demonstrated (133). 

The above examples are typical of the many studies suggestive of the role 
for antibiosis in biocontrol (134-138). However, in most cases the data are 
circumstantial and there is frequently a lack of correlation between antibiotic 
production on laboratory media and biological control on a plant surface (139). 
U n t i l the putative compounds are shown to occur in situ and to occur naturally, at 
inhibitory levels, from growth of antagonistic but not non-antagonistic strains on 
the leaf surface, their role in antagonism will not be confirmed. 

Use of introduced mycoparasites for biological control is well documented 
and illustrates that this type of antagonistic interaction can potentially occur on a 
leaf surface (113,134,140-144). For example, Aphanocladium album, when 
introduced as a spore suspension onto uredinium of the rust fungus, Puccinia 
graminis f. sp. tritici, invades the urediniospores through opened germ pores or 
direct ly through the spore wal l (143,144). T h e equator ia l plane of the 
urediniospre collapses and the cytoplasm is disintegrated (144). Aecidiospores 
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are also i n v a d e d a n d t o t a l l y co l lapse , but the n u m b e r o f tel iospores 
penetrated is apparently very small (143). Depending upon the number of 
hosts and the spore stage involved with each host, the role of mycoparasites 
such as A. album i n development of b iocontrol of weeds may be minor . 
However, before introducing the pathogenic fungi for weed control it would 
be w e l l to d o c u m e n t any n a t u r a l l y o c c u r r i n g m y c o p a r a s i t e s , a n d the 
environmental conditions wherein they may exhibit their greatest destruction. 

In overview, the relationship between microbial interactions on leaves 
and bioherbicide development can be summarized as follows. T w o issues are 
relevant to the development of a bioherbicide. First , the task that is expected 
of the bioherbicide, given the leaf surface environment, needs to be clearly 
understood. Second, the most appropriate combination of attributes of the 
microbes that can accomplish the defined task need to then be developed and 
tested in a screening assay which has good predictive power. Attributes that 
may be sought in a microbe i f it is to be applied repeatedly or i f the host has 
emerged w o u l d i n c l u d e r a p i d g e r m i n a t i o n of spores, t o p o g r a p h i c or 
chemotactic response for early invasion of stomata, extensive colonization of 
plant cells with accompanying plant necrosis, and possibly toxin production. 
However, i f the agent is expected to remain viable until the host emerges or 
to cycle within a time period, attributes of interest would include competitive 
a b i l i t y a n d to lerance to f l u c t u a t i n g e n v i r o n m e n t a l c o n d i t i o n s such as 
alternating water availability, nutrient flux and levels of U V radiation, an 
abi l i ty to respond as r a p i d l y as does the seed or seedling and high spore 
production per lesion. This is not a complete list, but it does provide an idea 
of the range of combinations that could be sought, depending upon the 
objectives def ined. As attributes are def ined, the feasibil ity of applying 
pathogens with different attributes simultaneously or in a sequence needs to 
be considered. For example, Crawley et al. (145) obtained the highest level of 
m o r t a l i t y (100%) on s p u r r e d anoda (Anoda cristata L . Schlecht . ) when 
Fusahum lateritium was applied 5 days after A. macrospora. This application 
sequence resulted in signif icantly greater mortality than when the agents 
were applied alone or i f F. lateritium was applied 5 days before A. macros por a. 
When the agents were applied simultaneously, an average of 79% of the plants 
were kil led, but there was a 5- to 10-day lag in disease development compared 
to the treatment of applying F. lateritium 5 days prior to A. macrospora (145). 

As the desirable attributes are combined (either through a microbial 
selection and improvement , or by a p p l y i n g a m i c r o b i a l consortium), the 
impact of the environment and associated leaf microorganisms on the 
bioherbicide(s) need to be examined. Strategies that alter or avoid (in space 
and t ime) h i g h p o p u l a t i o n s o f a n t a g o n i s t i c or c o m p e t i t i v e r e s i d e n t 
microorganisms can be implemented. These would include the application of 
encapsulated microbes with or without nutrients (either that directly affect 
the resident population selectively or influence the production of toxins or 
antibiot ics by the bioherbicides) , chelat ing agents, or combinations of 
microbes that occupy overlapping niches. Chapter 16 in this volume reviews 
formulation and application technology related to biological weed control 
with microbes. There are ranges of environmental conditions that favor the 
development of any microbe. D e f i n i n g the ranges for such variables as 
t e m p e r a t u r e a n d a v a i l a b l e water that p r o m o t e the a c t i v i t y o f the 
b i o h e r b i c i d e , but are restrictive to antagonistic microbes, would enable 
predictive models to be developed and weather monitoring to be of practical 
significance. Thus, a fundamental knowledge of the bioherbicide in terms of 
its ecology and interaction with other phylloplane associated microbes within 
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the phyllosphere environment should make its deployment more consistent 
and effective. 
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Chapter 12 

Functional Significance of Adhesion 
to the Preparation of the Infection Court 

by Plant Pathogenic Fungi 

Ralph L. Nicholson 

Department of Botany and Plant Pathology, Purdue University, 
West Lafayette, IN 47907 

Adhesion is a component of fungal survival. 
For plant pathogens it represents an early 
event in host recognition, and may be host-
specific, as with the nematophagous fungi, or 
non-specific, with attachment to any surface. 
Regardless of specificity, adhesion initiates 
the infection process, and in its absence 
infection is prevented. Adhesives are 
components of the fungal extracellular matrix. 
Adhesion often involves the binding of lectins 
and carbohydrate polymers on the fungus and 
host surfaces and may involve the 
morphological differentiation of specific 
fungal structures. Stimulation of adhesion 
often results from developmental changes in 
the fungus that are stimulated by the host. 
Enzymes in the fungal matrix are also 
determinants of attachment and penetration. 
Cuticular erosion may expose aspects of 
surface topography necessary for recognition 
of the infection court. Other components of 
the matrix ensure survival by their 
antidesiccant properties and others by the 
selective binding of toxic polyphenols by 
specific proteins. 

I n a t r a d i t i o n a l s e n s e , p l a n t p a t h o l o g i s t s s e e k t o 
p r e v e n t d i s e a s e i n e c o n o m i c a l l y i m p o r t a n t c r o p s a n d t o 
t h i s e n d we o f t e n s t u d y why a n o r g a n i s m i s s u c c e s s f u l . 
I d e a l l y we h o p e t o l e a r n i n f o r m a t i o n t h a t w i l l b e 
u s e f u l i n t h e a p p l i c a t i o n o f d i s e a s e c o n t r o l m e a s u r e s . 
T h e s u b j e c t o f t h i s v o l u m e i s t h e c o n t r o l o f weeds 
t h r o u g h t h e u s e o f p l a n t p a t h o g e n s . T h u s , t h e g o a l i s 
q u i t e d i f f e r e n t f r o m t h a t o f t r a d i t i o n a l p a t h o l o g y a s 
we a r e a t t e m p t i n g t o e n s u r e t h e s u c c e s s o f a d i s e a s e 

0097-6156V90A)439-0218$06.25A) 
© 1990 American Chemical Society 
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12. NICHOLSON Functional Sipufkxuxx of Adhesion 

relationship to control an unwanted plant. A 
phenomenon of great importance to parasitism i s the 
infection process, an area that encompasses the 
ear l i e s t events in the interaction of a pathogen with 
a host. One of these events i s the adhesion of the 
pathogen to the plant. The significance of adhesion 
to parasitism i s evident when one realizes that for 
most pathogens adhesion must occur i f the organism i s 
to penetrate and successfully cause disease. In the 
present review I w i l l consider the complexity of the 
adhesion process. It seems appropriate that adhesion 
should be considered as a target of importance for the 
successful use of a pathogen as a bioherbicide. 

For some time, i t was considered that attachment 
of fungal pathogens was an event that occurred by 
chance, often through simple entrapment of propagules 
amongst leaf hairs or in a n t i c l i n a l grooves on the 
leaf surface. This i s in spite of the fact that i t 
was recognized early that the hyphae of fungal 
germlings are t y p i c a l l y surrounded or encased in an 
amorphous matrix or fil m (1). We now know that 
attachment i s an active process that involves the 
secretion of adhesive materials by the fungal conidium 
or mycelium, materials often referred to as components 
of extracellular matrices. In some cases the 
secretion of adhesives occurs in response to specific 
stimuli from the host plant whereas in other instances 
adhesion occurs in a non-specific manner to any 
substratum. Where adhesion i s triggered by a specific 
stimulus i t i s often accompanied by the formation of 
stages of morphological development that are necessary 
for the attainment of adhesive competence. Adhesion 
may also involve another c r i t i c a l phenomenon. It i s 
l i k e l y to be associated with events necessary for host 
recognition and eventual penetration, a phenomenon 
best termed preparation of the infection court. 

Adhesion i s most easily recognized during the 
formation and attachment of appressoria, the 
structures from which penetration occurs, to the host 
surface. Indeed, appressoria are often referred to as 
adhesive structures (2.) . However, adhesion may begin 
prior to conidial germination and occur during the 
process of germ tube elongation that leads up to 
appressorium formation ( 2 ) . 

Functional significance of adhesion and mucilages. 

The significance of adhesion to fungal survival and 
spread, as well as the chemistry of adhesives and 
extracellular mucilages have been discussed 
extensively in recent reviews Q, ±, ϋ ) . Perhaps the 
most important aspect of fungal adhesion, regardless 
of the mechanism by which i t occurs, i s the prevention 
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220 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

of displacement. Fungi encounter plant surfaces in 
both dry and aqueous environments. It seems 
reasonable that the movement of wind and water can 
easily displace inoculum from the potential infection 
court and must be dealt with by the organism. Thus, 
attachment of propagules to the host i s an important 
prerequisite to penetration. Attachment or adhesion 
may also establish the f i r s t physiological contact 
between a host and a pathogen and ensure that the 
stimuli that account for directional growth or the 
necessary changes in morphogenesis (appressorium 
formation) are recognized (£, 2 ). The physical 
contact between a pathogen and a host also provides a 
s i t e at which recognition of the compatibility or 
incompatibility of the host i s established (£). 

As most fungi require water as a medium for 
germination and growth on the plant surface i t i s also 
reasonable to assume that adhesives must, to some 
extent, be water insoluble. Mims and Richardson (2) 
have presented evidence that in Gymnospnrangium 
juniperi-virgrinianae the adhesive that binds 
basidiospores changes from a diffuse network to a 
compacted, electron dense substance with time. Thus, 
adhesives may at f i r s t be r e l a t i v e l y water soluble but 
their composition may change rapidly after secretion 
from the fungus. 

In some fungi, such as Colletotrichum musaef the 
appressorium functions as a dormant structure that may 
be bound to the host surface for a considerable period 
prior to the event of penetration (10). The need for 
a firm anchoring of the pathogen during the period of 
latency i s obvious. Other fungi, such as Zygophiala 
jamaicensis the causal agent of flyspeck of various 
f r u i t s , grow entirely on the plant cuticle and their 
firm adhesion to this surface i s necessary for their 
saprophytic mode of growth. £. jamaicensis produces 
copious amounts of extracellular mucilage, apparently 
as an adhesive, and degrades the host cuticle (Figure 
1) which i t uses as i t s sole source of carbon (11, 1 2 , 
12) . 

Zoospore Encystment in the Oomycetes. 

The best examples of adhesion resulting from the 
stimulus of contact are found among the Oomycetes 
where zoospore encystment occurs upon contact with the 
host. Zoospores are motile propagules that lack c e l l 
walls. These c e l l s often require specific sites on a 
host root for attachment and eventual penetration. 
For example, zoospores of Pythium aphanidermatum and 
Phytophthora cinnamomi adhere primarily in the zone of 
root elongation (14., 12) where terminal fucosyl 
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12. NICHOLSON Functional Sign^cance of Adhesion 221 

Figure 1. Scanning electron micrograph of Zygophiala 
j a m a i c e n s i s growing on the surface of a plum f r u i t . 
Note the extensive areas free of wax crystals (arrows) 
surrounding the hyphae (h) of the fungus. Bar 
represents 10 |Im. Reproduced with permission from 
Ref. 12. Copyright 1987 American Phytopathological 
Society. 
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222 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

residues in the root mucilage act to bind a l e c t i n -
l i k e substance on the zoospore surface. Encystment 
can be a r t i f i c i a l l y induced i n clnnamoml by 
treatment of zoospores with the l e c t i n Concanavalin A 
(1Ê). Evidence from studies with Pythium spp. i n 
association with host and non-host roots suggests that 
species pathogenic to graminicolous hosts are 
stimulated to encyst s p e c i f i c a l l y by roots of grass 
species (12, IS.) i n d i c a t i n g that host recognition i s 
r e l a t e d to the s p e c i f i c i t y for encystment and 
adhesion. Contact t r i g g e r s encystment of the zoospore 
which eventually r e s u l t s i n the formation of a c e l l 
w a l l . Encystment also r e s u l t s i n the release of an 
adhesive f i l m that covers the cyst and allows for the 
i n i t i a l binding of the cyst to the host surface. 

Generally, encystment occurs within minutes, as 
i n Pythium aphanirtermatnm (12), and r e s u l t s i n the 
formation of a cyst with an adhesive outer coat. The 
o r i g i n of the adhesive coat has been demonstrated to 
be peripheral v e s i c l e s i n the encysting zoospores. 
Hardham (22) showed that binding was s p e c i f i c to the 
cyst, and not the zoospore, of Phytophthora cinnamomi 
and that the adhesive was preformed and present i n 
small v e s i c l e s at the zoospore periphery (21) The 
adhesive was composed of high molecular weight 
glycoproteins that bound s p e c i f i c a l l y with soybean 
ag g l u t i n i n suggesting that the hapten was N-acetyl-D-
galactosamine. In contrast to the apparent 
involvement of l e c t i n s i n adhesion of Phytophthora i s 
the adsorption of Fusarium moniliforme and PfaialQPhpra 
radlciola to maize root mucilage. In these fungi 
adhesion appears to occur through i o n i c i n t e r a c t i o n s 
between mucilage polymers on the root and fungal 
conidia (22). As i n the case of Phytophthora, 
however, binding appeared to depend on the stage of 
fungal development suggesting that only s p e c i f i c 
propagules are capable of developing adhesive 
competence, and i t i s p r e c i s e l y those propagules that 
are involved i n attachment and penetration of the 
host. 

In Plasmodlophora brassicae r an organism c l o s e l y 
r e l a t e d to the Oomycetes, A i s t and Williams (22) have 
demonstrated that adhesion and penetration occurs i n a 
succession of organized steps that are highly 
s p e c i f i c . Zoospores release an adhesive coat that 
binds the cyst to the cabbage root h a i r . The bound 
cyst then i n i t i a t e s the process of penetration which 
also involves adhesion. A v e s i c u l a r swelling c a l l e d 
the adhesorium forms, and through a bulbous extension 
binds to the host surface. Penetration occurs when 
the cyst forces a rod-like structure, termed the 
Stachel, through the adhesorium and into the host 
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12. NICHOLSON Functional Stfgnfficance of Adhesion 223 

c e l l . These events occur i n a period of but 2 . 5 to 
3 . 5 hours. 
Preformed adhesives and adhesives formed i n response 
to host stimuli. 

The i n f e c t i o u s propagules of some fungi are produced 
with a preformed adhesive which ensures that the 
propagule, generally a conidium, w i l l bind upon 
contact. This binding often occurs n o n - s p e c i f i c a l l y 
and to any substratum. For example, i n Magnaporthe 
g r i s e a r the causal agent of r i c e b l a s t , the apex of 
the conidium contains a preformed adhesive material 
located outside the c o n i d i a l plasma membrane but 
within the c o n i d i a l w a l l (24.). The w a l l at the apex 
of the conidium bursts upon hydration and releases the 
adhesive which allows for binding to any surface. The 
nematophagous fungus Meria coniospora has a mechanism 
for attachment s i m i l a r to that of M . grisea. The 
apices of conidia possess a knob-like structure that 
i s covered with a layer of adhesive mucilage that 
allows attachment to the nematode host (25.) . I t was 
l a t e r shown that adhesion occurs only with s p e c i f i c 
nematode species and only to the t a i l of males or to 
the cephalic region of both males and females (2&)· 
Adhesion of M. coniospora to the nematode Panagrrellus 
redivivus occurred s p e c i f i c a l l y at the sensory organs 
i n the region of the nematode mouth and appeared to be 
mediated by the presence of s i a l i c a c i d i n these 
regions (22) , again suggesting that a lectin-hapten 
r e l a t i o n s h i p mediates the process of adhesion. 

The plant pathogenic fungus Dilophospora 
alopecuri produces conidia with extensively convoluted 
terminal appendages. Adhesion to the nematode Anguina 
agrostis (the vector of annual ryegrass t o x i c i t y ) 
e f f e c t s entry of the fungus into the plant and occurs 
by attachment of c o n i d i a l appendages to the nematode. 
Binding i s mediated through a mucilagenous f i b r i l l a r 
material so that conidia c o l l e c t i n the transverse 
annulations of the nematode (22) . Although there i s 
no apparent damage to the nematode c u t i c l e by t h i s 
adhesion, attachment does a l t e r the nematode l i f e 
cycle and r e s u l t s eventually i n nematode death. This 
apparent co-parasitism has been suggested as a control 
for annual ryegrass t o x i c i t y as the nematode serves as 
the vector for the causal bacterium, Corynebacterium 
rath a y i . The fungus i t s e l f i s not d i r e c t l y involved 
i n ryegrass t o x i c i t y . 

A carbohydrate binding l e c t i n has been 
demonstrated to occur on the surface of the 
nematophagous fungus Arthrobotrys oligospora (29) . 
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224 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Synthesis of the protein occurs in the fungus when i t 
produces trap structures for nematode capture. The 
le c t i n , which has s p e c i f i c i t y for binding to N-acetyl-
D-galactosamine, occurs only on the surface of traps. 
Adhesion only occurs at these sites and penetration of 
the nematode by the fungus only occurs at those sites 
(20.) . That lectins may be involved as a general 
mechanism for adhesion of nematophagous fungi i s 
consistent with findings that the surface of nematodes 
i s interspersed with various saccharide residues often 
s p e c i f i c to a stage of nematode development (21)· As 
the nematode cuticle i s also r i c h in l i p i d s , free 
hydroxyl groups in these compounds may also be 
involved in adhesion. 

Lectin-hapten relationships are also important to 
the establishment of mycorrhizal relationships. In 
the e r i c o i d mycorrhizal fungus Hymenoscyphus ericae 
there are binding sites specific for Concanavalin A in 
an extracellular matrix that surrounds hyphal walls 
(22/ 2 2 ). When cultured in the presence of host roots 
the matrix and associated hapten (mannose) increase in 
abundance but gradually disappear after penetration 
and establishment of symbiosis (21). Noninfective 
strains of the fungus lack the hapten even when grown 
in the presence of a potential host (22 ) . 

Preparation of the infection court by fungal pathogens. 

The establishment of fungal pathogens, especially 
those that occur on a e r i a l plant parts, depends on the 
recognition of the plant as a potential host. In most 
cases such recognition i s subtle and not well 
understood. An exception i s the interaction of the 
rust Uromyces appendiculatus with i t s bean host 
Phaseolus vulgaris. Urediospores germinate and 
subsequent germ tube growth occurs in a directed 
manner so that when a stomate i s encountered 
penetration can occur. Such directed growth 
(thigmotrophism) i s probably stimulated by mechanical 
signals inherent to the leaf surface and perceived by 
the fungus (£, 2 ). The formation of appressoria, a 
change in morphogenesis, i s also stimulated by a 
signal from the plant surface. This response i s 
termed thigmodifferentiation and in II. appendiculatus 
i t results when the germ tube encounters a guard c e l l 
l i p of a spec i f i c height (2£). Epstein et a l . (22) 
presented evidence to show that an extracellular 
protein from the fungus i s required for II. 
appendiculatus germling adhesion to a substrate and 
that adhesion i t s e l f i s a prerequisite to directed 
growth and thigmodifferentiation. Of course, adhesion 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
01

2



12. NICHOLSON Functional Ζίχηφεαηπ ofAdhesiw 225 

i s required for the successful penetration of the 
leaf. 

Growth of germ tubes and attachment of germlings 
to the surface of a e r i a l plant parts such as leaves i s 
also conditioned by the hydrophobic nature of the leaf 
(32) . Although below ground plant parts can easily be 
envisioned to effect adhesion through lectin-hapten 
binding, above ground parts do not appear to be 
amenable to such mechanisms. This i s in spite of the 
fact that conidia of fungi can be shown to possess 
surface carbohydrates that could serve as haptens 
(22) . Probably the lack of l e c t i n mediated binding on 
foliage results from the hydrophobic nature and 
chemistry of waxes and cutin that cover the surfaces 
of leaves. 

The establishment of contact on the leaf surface 
and growth of the germling over the surface often 
involves the erosion of the leaf cuti c l e . Two 
fundamental questions relative to such erosion are 
whether fungi produce extracellular matrices that 
contain cutinases or other enzymes capable of 
degrading cuticle components, and whether recognition 
of the host surface results from erosion. F i r s t i s 
the question of whether fungi consistently produce an 
extracellular matrix that surrounds germ tubes. 
Evidence that this does occur i s substantial (2) and 
i s best visualized in Bipolaris spp. where multiple 
layered hyphal sheaths have been demonstrated (42, 
4JL) . Sheath deposition even occurs prior to the time 
that the germ tube emerges from the conidium (42, 4JL) . 

Cuticular erosion results in the formation of 
imprints on the leaf surface that can easily be 
detected by scanning electron microscopy (42 ) . 
Comparison of Erysiphe graminis with £. cichoracearum 
demonstrated that £. g r a m i n i s erodes both barley and 
cucumber cuticles, but that £. c i c h o r a c e a r u m only 
eroded or l e f t imprints on cucumber cuticles (42) . 
These results suggest a level of host s p e c i f i c i t y , 
possibly for the enzymatic erosion of the cuticle, 
that may also be involved in the successful 
penetration of the leaf. 

Erosion and wax degradation also occurs in the 
cuticle of rice in contact with Helminthosporium 
oryzae germlings (44.) and the fungus produces 
excessive amounts of an extracellular matrix around 
germ tubes and appressoria. The extracellular sheath 
or matrix also was shown to adhere tenaciously to the 
cuticle and associated wax components. 

Extracellular sheaths have also been demonstrated 
to be important in the interorganismal contact that 
occurs during fungal hyperparasitism. Trichoderma 
spp. parasitizing Rhizoctonia s o l a n i and Sclerotium 
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r o l f s i i deposit a mucilage-like material on t h e i r 
hosts (45.) . Erosion of the surface of the host 
mycelium occurs i n a manner apparently s i m i l a r to that 
of fungal-plant i n t e r a c t i o n s . The l e v e l s of 
e x t r a c e l l u l a r chitinase and glucanase from the 
pathogen were also shown to increase when the pathogen 
was grown i n the presence of e i t h e r fungal host or 
t h e i r w a l l materials. Thus f erosion i n t h i s instance 
may be associated with the simultaneous production of 
these enzymes with the apparently adhesive sheath 
material. 

The time at which release of e x t r a c e l l u l a r 
matrices by conidia or germlings occurs i s also 
important to understanding t h e i r involvement i n 
disease development. In some cases e x t r a c e l l u l a r 
mucilages or matrices are released upon hydration 
(24) , at the time of germination (41r 4fi) * as the germ 
tube grows along the l e a f surface (2, 42) / and i n 
association with the morphogenesis of appressoria 
(42) . 

For Eryslphe graminis i t i s now known that the 
stimulus of contact, eit h e r with the lea f or with 
cellophane, r e s u l t s i n the release of a l i q u i d from 
the ungerminated conidium (42). The surface of the 
native, unstimulated conidium i s covered by a 
r e t i c u l a t e network of ridges interspersed with 
s p i n e l i k e w a l l projections. Within 10 min of contact 
the conidium releases a l i q u i d f i l m that accumulates 
to the extent that the r e t i c u l a t e network i s covered. 
In less than 30 min a f t e r contact, the f i l m i s 
considerably thickened, and prominent globose bodies 
are found i n t e r m i t t e n t l y over the surface. Components 
of the f i l m are deposited onto the contact surface and 
flow outward (15-20 μχη) forming a zone around the 
conidium. The interface of the conidium and the leaf 
surface i s covered with material released by the 
conidium suggestive of the adhesive mucilages produced 
by other fungi. Whether the material serves as an 
adhesive i s unknown. 

In the area of the lea f surface i n contact with 
the £. graminis f i l m , the c u t i c l e loses i t s o r i g i n a l 
i n t e g r i t y as evidenced by the apparent d i s s o l u t i o n of 
surface wax c r y s t a l s . Within 60 min the f i l m 
disappears and the surface of the conidium again 
assumes the morphology of the unstimulated state. 
These events a l l occur p r i o r to the time of c o n i d i a l 
germination. Concurrent with the release of the 
l i q u i d f i l m (42) i t was shown that there i s a release 
of esterase with a c t i v i t y against p-nitrophenyl 
butyrate (42) . A c t i v i t y was released i n two stages, 
the f i r s t occurring within 2 min of contact and the 
second between 10 and 15 min of contact (Figure 2). 
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0 2 5 10 15 20 30 45 60 

TIME AFTER INOCULATION ( min ) 

Figure 2. Contact stimulation of the release of 
esterase from conidia of Erysiphe graminis. a) conidia 
on barley leaves; b) conidia on a cellophane surface. 
Reproduced with permission from Ref. 49. Copyright 
1988 Academic Press, Inc. 
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The f i r s t phase of esterase release coincides 
with the appearance of the film on the conidial 
surface and the second phase of release coincides with 
the time of appearance of the globose bodies on the 
conidia. Analysis of the l i q u i d for protein 
composition by native PAGE and SDS-PAGE gels 
demonstrated the presence of several peptides ranging 
in molecular weight up to 94 kDa and the presence of 
three esterase active components. It was suggested 
that the release of l i q u i d was an aid to the 
establishment of the infection court by the fungus and 
that one result of the release was the degradation of 
components of the c u t i c l e . Degradation of the cuticle 
was subsequently shown to occur after incubation of 
the p a r t i a l l y p u r i f i e d esterase preparation on the 
barley leaf surface suggesting that the esterase was a 
cutinase type enzyme. The exact role that cuticular 
degradation plays to ensure the success of the 
pathogen i s unknown; however, results indicate that 
the appressorial germ tube only elongates to the 
margin of deposition of the l i q u i d f i l m that surrounds 
the conidium (Kunoh and Nicholson, unpublished). 
Thus, either the l i q u i d f i l m i t s e l f or the enzymatic 
degradation of the cuticle may be involved in the 
recognition of a zone suitable for penetration. 

Composition of Adhesives. 

There i s l i t t l e work that d e f i n i t i v e l y describes the 
composition of fungal adhesives. However, i t i s 
apparent that fungi do not share either common 
adhesives or mechanisms for adhesion. One factor that 
does appear with regularity i s that the surface of 
fungal germ tubes are t y p i c a l l y ensheathed by a 
glycoprotein/carbohydrate matrix (41, 2Û* 51* 22) / and 
i t appears that polysaccharides or glycoproteins are 
often involved in the process of adhesion. One study 
suggests that the appressorial adhesive of 
Colletotrichum araminicola i s a hemicellulose (22) ; 
however, this may be questioned on the basis of the 
purity of enzymes involved in structure elucidation. 
In BJPQlarJS sorokiniana (24) and Neurospora crassa 
(22) a galactosaminoglycan appears to serve as a 
surface-binding compound and a protein or glycoprotein 
function in the binding of bean rust germlings (22) , 
Phytophthora cinnamomi and £. palmivora zoospores (12, 
22 ) f Bueraenerula spartlnae hyphopodia (22) , and 
Candida albicans c e l l s (22 ) . 

Lectin binding to specific haptens has been 
reported for fungi that adhere to roots, nematodes, or 
other fungi. The chemistry of adhesion i s better 
understood for lectin-hapten relationships than for 
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adhesion that occurs in the apparent absence of 
le c t i n s . The firm attachment of nematophagous fungi 
to their hosts i s required for parasitism (22) and the 
surface of nematodes has been shown to be interspersed 
with sp e c i f i c saccharides, often specific to stages of 
nematode development (21) . As discussed above, a 
carbohydrate-binding protein (approximately 20 kDa) 
with s p e c i f i c i t y for N-acetyl-D-galactosamine, present 
on the nematode surface has been p a r t i a l l y 
characterized from trap structures of the fungus 
Arthrobotrys oligospora (22). Synthesis of the l e c t i n 
was shown to be regulated by fungal development as i t 
occurred only on the surface of trap-bearing hyphae 
that form in response to the presence of the nematode. 

In Meria coniospora, another nematophagous 
species, adhesion to the nematode i s also mediated 
through a l e c t i n . Conidia possess a knoblike 
structure at their apices which i s covered by a layer 
of mucilage that attaches the conidium to the nematode 
(22). Adhesion of the fungus to specific nematode 
species and regions of the nematode body i s mediated 
by a fungal l e c t i n specific for N-acetylneuraminic 
acid ( s i a l i c acid) (22). It has since been suggested 
that s t e r i c configuration of s i a l i c acid residues on 
the nematode surface serve as stimuli for the 
processes of adhesion and infection (22). 

It has been demonstrated that in the mycoparasite 
Trichoderma r l e c t i n binding probably accounts for the 
s p e c i f i c i t y of host id e n t i f i c a t i o n (42, 22)· Two host 
fungi (RhizQCtonia solani and SclerQtium r o l f s i i ) 
possess surface lectins with binding s p e c i f i c i t y for 
galactose residues that are present on the 
mycoparasite surface. 

Glucose- and mannose-rich sites for l e c t i n 
binding have been detected on the surface of the 
fungal wall and in an extracellular material 
surrounding the wall of ericoid mycorrhizal fungi (22/ 
21). Concanavalin A binding sites were localized in 
an extracellular material that radiated from the 
fungal wall of the mycorrhizal fungus Hymenoscyphus 
ericae. The frequency of binding sites was 
s i g n i f i c a n t l y increased by growth of the fungus in the 
presence of host roots (22). In contrast, a 
noninfective strain of the fungus lacked the hapten 
regardless of the presence of the host. The presence 
of mannose binding sites in the extracellular fungal 
matrix was necessary for mycorrhizal establishment. 
Interestingly, once adhesion and host penetration 
occurred, the binding sites and extracellular matrix 
disappeared from the fungus (24). This induction of 
hapten binding sites prior to adhesion resembles the 
induction of adhesion in Candida albicans to human 
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epithelium, a process that is induced by contact and 
mediated by l e c t i n s binding to glucose and mannose 
haptens on the fungal surface (21/ 22). 
The extracellular mucilage of Colletotrichum 
graminlcola. 

Neither the composition nor the functions of fungal 
e x t r a c e l l u l a r matrices has received s i g n i f i c a n t 
a t t e n t i o n . Numerous fungi, e s p e c i a l l y those within 
the genus Colletotrichum,. produce t h e i r conidia 
embedded within a mucilagenous material. The best 
studied of these organisms i s Colletotrichum 
graminlcola r the causal agent of anthracnose of a 
v a r i e t y of grasses. The mucilage possesses remarkable 
properties that allow i t to function i n the s u r v i v a l 
of the organism and to ensure i t s successful secondary 
spread. 

The mucilage of £. graminlcola i s produced during 
sporulation on infected host t i s s u e i n a c e r v u l i 
(Figure 3) and i n culture, and consists of a complex 
mixture of high molecular weight glycoproteins, 
enzymes, and small peptides (22, £4 )· Sporulation and 
mucilage production appear to be light-dependent as 
neither event occurs i n dark grown cultures. The 
carbohydrate composition of the glycoproteins includes 
mannose, rhamnose, galactose, and glucose i n l e v e l s of 
66, 22, 10, and 2 mole %, respectively. The peptide 
portions of the glycoproteins are approximately 50% 
hydrophobic amino acids and contain very low l e v e l s of 
aromatic amino acids. A very high l e v e l of p r o l i n e 
(11 mole %) i s also evident. 

This amino acid and carbohydrate composition 
c l o s e l y resembles that of animal mucins (22/ 22 )· One 
such glycoprotein of p a r t i c u l a r importance i s a 
p r o l i n e - r i c h protein (GP-66sm) that i s produced by the 
mouse submandibular gland in response to high l e v e l s 
of dietary tannin (22). The protein s e l e c t i v e l y binds 
to tannins and p r e c i p i t a t e s them from so l u t i o n . This 
protects the mouse from the harmful e f f e c t s of dietary 
tannins which otherwise would reduce the e f f e c t i v e 
uptake of necessary amino acids from dietary protein. 
The resemblance of c e r t a i n of the £. graminlcola 
glycoproteins to animal mucins suggested that the 
fungal mucilage would also contain p r o l i n e - r i c h 
proteins capable of binding to p o t e n t i a l l y i n h i b i t o r y 
t o x i c phenols. Indeed, we have demonstrated the 
presence of 3 p r o l i n e - r i c h proteins i n the spore 
mucilage that bind s p e c i f i c a l l y to the 
phenylpropanoids p-coumaric and f e r u l i c a c i d (22 ) . 
Both phenols are produced by the corn plant i n 
response to infection during the period of lesion 
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12. NICHOLSON Fumctiomal Significance of Adhesion 231 

Figure 3. Scanning electron micrographs of 
Colletotrifihum gramininnia. A) Fully developed 
acervulus of the fungus on a corn leaf showing conidia 
(c) interspersed with s t e r i l e setae (st). Bar 
represents 10 [lm. B) The cut surface of an acervular 
mass of conidia. The cut surfaces of conidia (c) are 
v i s i b l e and demonstrate that conidia are embedded 
within an extracellular mucilage (em). Bar represents 
10 Jim. Fig. 3A reproduced with permission from Ref. 
69. Copyright 1989 Academic Press, Inc. 
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r e s t r i c t i o n and a i d i n the containment of the fungus. 
In the absence of the mucilage and associated p r o l i n e -
r i c h proteins the fungus i s i n h i b i t e d by these phenols 
completely whereas i n i t s presence the fungus i s not 
i n h i b i t e d (£2) . Comparison of the fungal proteins 
with the mouse protein showed that the fungal complex 
of proteins was f i v e - f o l d more e f f e c t i v e i n 
sequestering phenols than the p u r i f i e d mouse protein 
(£2) -

The p r o l i n e - r i c h proteins are thought to function 
as protectants of spores i n the secondary spread of 
the fungus (£2) . Secondary spread occurs from leaves 
when spores are c a r r i e d across necrotic t i s s u e of 
l e s i o n margins onto healthy, uninfected areas of the 
l e a f . I t has now been shown that both p-coumaric and 
f e r u l i c acids as well as glycosides and esters of 
these compounds leach r e a d i l y from the necrotic t i s s u e 
(Figure 4) and i n h i b i t fungal development i n vivo i f 
the mucilage i s absent 169) . 

Enzymes i n the mucilage include an invertase 
(20.) / non-specific esterase (£2), β-glucosidase (£4.) , 
and DNase (21). Evidence suggests that the esterase 
aids i n the erosion of the plant c u t i c l e ; roles f o r 
the other enzymes have not been ascertained. 

A feature of the £. graminlcola mucilage that may 
be common amongst numerous fungi i s i t s antidesiccant 
property (£2) . Spore masses dry within minutes at 
r e l a t i v e humidities less than 90 %. Spores i n the 
absence of mucilage become desiccated and die within 
hours, whereas i n i t s presence spores survive for 
several months, even at r e l a t i v e humidities as low as 
45 %. Upon drying the mucilage forms a t h i n f i l m (< 
0.01 Jim) that surrounds spores and protects them 
(Figure 5). The mechanism through which antidesiccant 
a c t i v i t y i s expressed i s unknown. Dispersal of the 
fungal spores i s also f a c i l i t a t e d by the drying of the 
mucilage as spores are bound together i n c l u s t e r s that 
may be spread by wind as dry, p a r t i c u l a t e matter ( £ 2 ) . 

As the theme of t h i s volume i s the control of 
weed species i t i s appropriate to report the presence 
of a low molecular weight (< 5 kDa) peptide i n the 
mucilage of £. graminlcola that functions as an 
e l i c i t o r of phytoalexin synthesis i n sorghum. Grain 
sorghum produces 2 phytoalexins of the 
deoxyanthocyanidin c l a s s , apigeninidin and 
l u t e o l i n i d i n (Figure 6) (22, 22 ). Importantly, 
synthesis of these compounds not only i n h i b i t s fungal 
growth and development but also k i l l s the sorghum 
ti s s u e i t s e l f (Snyder and Nicholson, unpublished). 
Both shattercane and johnsongrass are important weed 
species of the genus Sorghum and both have the 
capacity to produce the t o x i c deoxyanthocyanidins. We 
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Figure 4. HPLC separation of phenolic components of 
an aqueous leachate from the surface of corn leaves 
infected with Colletotrichum graminicola. a) 
untreated leachate; b) base hydrolyzed leachate; c) 
acid hydrolyzed leachate. Compounds 1 and 2 are 
isomers of p-coumaric acid. Compounds separated 
i s o c r a t i c a l l y on a reversed phase C-18 column with a 
70 % to 30 % mixture of absolute methanol and 1 % 
acetic acid. Reproduced with permission from Ref. 69. 
Copyright 1989 Academic Press, Inc. 
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234 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Figure 5. Scanning electron micrograph of the surface 
of a dried mass of Colletotrichum graminicola conidia 
showing that the conidial mucilage dries to a thin 
f i l m (arrows) that surrounds conidia (c). Bar 
represents 10 Jim. Reproduced with permission from 
Ref. 69. Copyright 1989 Academic Press, Inc. 

Figure 6. Structures of the 3-deoxyanthocyanidin 
phytoalexins from sorghum. (I) apigeninidin; (II) 
l u t e o l i n i d i n . 
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12. NICHOLSON Functional Significant 235 

have now demonstrated that the £. graminicola e l i c i t o r 
also stimulates deoxyanthocyanidin synthesis in these 
weeds with the result that the tissue i s k i l l e d 
(Yamaoka and Nicholson, unpublished). To date no 
other plant species, including corn, cotton, soybeans 
and a variety of vegetables, are affected by the 
e l i c i t o r . Present investigations emphasize the 
potential of the e l i c i t o r to serve as a biocontrol 
agent for either shattercane or johnsongrass. 

Acknowledgments. This review i s a r t i c l e number 12117 
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Chapter 13 

Herbicide—Pathogen Interactions 
and Mycoherbicides as Alternative Strategies 

for Weed Control 

Jack Altman1, Stephen Neate2, and Albert D. Rovira2 

1Colorado State University, Fort Collins, CO 80523 
2Division of Soils, Commonwealth Scientific and Industrial Research 
Organization, Private Bag No. 2, Glen Osmond 5064, South Australia 

Herbicides are used on crops and soils to control weeds in 
various crop production systems. They may also affect soil 
properties, plant pathogens and saprophytic microorganisms, 
as well as the host or non-target host plants. These effects 
normally have little influence on crop growth and generally 
prove beneficial. However, it has been shown that several 
herbicides can predispose crop plants to increased disease and 
as the use of herbicides on various crops increase it is 
important to evaluate the nature of herbicide-disease 
predisposing interaction. Procedures may then be taken to 
avoid or correct problems of detrimental interactions between 
herbicides and plant diseases. This paper explores the 
possibility of exploiting these interactions to improve weed 
control by mycoherbicide or mycoherbicide-herbicide 
combinations. 

Weeds continue to cause annual losses of about 12% i n American 
agr i c u l t u r a l production resulting i n a loss of $18.2 b i l l i o n annually 
(1) . The most successful weed control programs are those that combine 
the use of crop competition and rotation and chemical, mechanical, and 
other control techniques i n an integrated weed management system. Many 
new control techniques are available, but many of these, including the 
bi o l o g i c a l control, have been explored to only a limited extent. 
Chemical Weed P o n t - r o l 

Chemical weed control technology has progressed greatly during the past 
30 years. The discovery of new classes of highly selective, e f f e c t i v e , 
safe and r e l a t i v e l y inexpensive herbicides helped revolutionize modern 
weed control. In the United States herbicides are used on more than 80 
mi l l i o n hectares of crop and noncrop lands for control of numerous species 
of weeds, and more than 50% of the t o t a l crop land was treated with 
herbicides i n 1988. Chemical names and structures for most of the 
herbicides discussed i n th i s paper are given i n Table 1. Most weeds are 

0097-6156/90yO439-24O$06.00A) 
© 1990 American Chemical Society 
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13. ALTMAN ET AL. Herbicide-Pathogen Interactions 241 

currently controlled by chemical, mechanical or other methods because 
currently the use of b i o l o g i c a l controls i s l i m i t e d only for a few species 
of weeds (2) . 

It i s estimated that i n 1987, 356 m i l l i o n lbs of herbicides valued 
at $1.84 b i l l i o n were used for weed control i n various cropping systems 
i n the United States (1) . This high volume use of chemicals can sometimes 
result i n problems such as (a) injury to non-target crops from spray 
d r i f t s , herbicide residues i n s o i l , herbicide residues on foliage; (b) 
injury to treated crops through adverse interactions with other chemical 
pesticides; and (c) retreatment of crops. Templeton and Smith (3) also 
include several other problems such as a narrow spectrum of weed control 
and alteration of environmental quality. A p a r t i a l solution for t h i s 
dilemma can be achieved by the use of b i o l o g i c a l control agents such as 
mycoherbicides that can replace chemicals i n weed control programs. 

Biological Control of Weeda 

B i o l o g i c a l control of weeds with plant pathogens has been reviewed by 
Charudattan and Walker i n 1982 (4), Charudattan i n 1985 (5), Hoi comb i n 
1982 (6), Quimby i n 1982 (7), and more recently by Templeton et a l . i n 
1986 (8) . 

Sands and Rovira i n 1972 (9) were among the f i r s t to use a mutant 
form of Pseudomonas solanacearum as a biocontrol agent to control weeds. 
Since then, biocontrol of weeds has expanded using predominantly fungal 
pathogens. 

Fungi have a number of advantages as weed control agents. They are 
the most commonly encountered pathogens of plants, many are destructive, 
most can be mass cultured and formulated, and according to Smith, they 
can be integrated into ongoing IPM and crop production systems (10). 
Unlike the bacteria and viruses which usually enter the host through 
openings or with the help of vectors, fungi are capable of actively 
penetrating the host. Biological weed control with plant pathogens makes 
use of three approaches termed c l a s s i c a l , augmentative, and microbial 
herbicide strategies (11, 12, 13) . The c l a s s i c a l strategy involves 
deployment of pathogens that are capable of building up to epidemic 
(epiphytotic) levels following a limited number of inoculum releases. 
Target weeds are usually exotic and lack a complement of natural enemies 
i n their adventive ranges. Rusts and other fungi obtained from the native 
range of the weed usually have e f f i c i e n t inoculum dissemination capacity 
through airborne spores. When conditions are favourable, the 
introduction of the pathogen into the new range of the weed results i n 
a severe disease outbreak, stress on the weed, and weed control. 

Examples of weeds controlled successfully with t h i s strategy include 
rush skeletonweed, Chondrilla juncea, with the rust Puccina chondrillina 
i n Australia (14), blackberries, Rubus spp., with the rust Phragmidium 
violaceum i n Chile (15) and Australia (16), and r i v e r eupatorium, 
Ageratina riparia, reported i n Hawaii by T r u j i l l o i n 197 6 with a 
deuteromycete, Cercosporella ageratinae (17). 

The c l a s s i c a l strategy i s best suited for controlling weeds i n 
undisturbed areas, rangelands and waterways. It i s less suitable for 
agricu l t u r a l lands where man-made disturbances to the weed's habitat are 
l i k e l y to disrupt epidemics, thereby reducing efficacy of the pathogen. 
However, i t may be possible to integrate c l a s s i c a l b i o l o g i c a l control 
pathogens with sublethal rates of chemical herbicides i n agr i c u l t u r a l 
intergrated pest management (IPM) systems. This needs to be tested. 
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The microbial herbicide strategy according to Templeton (12, 13) i s 
the best option for weed control i n a g r i c u l t u r a l IPM systems. The 
a p p l i c a b i l i t y of t h i s strategy to commercial agriculture has been 
successfully demonstrated i n c i t r u s , r i c e , and soybean by the pioneering 
work of Ridings, Templeton, Smith, TeBeest, and co-workers (3, 18-23) . 
In t h i s strategy, the inoculum of a pathogen i s mass cultured, 
standardized, formulated, and applied to weeds i n perennial crops, the 
pathogen may be applied at any time when conditions are suitable f o r 
disease onset and weed growth. Because t h i s method so far has r e l i e d 
on native, endemic diseases that are adapted to l o c a l conditions, 
environmental constraints on disease development are generally not 
present or can be surmounted with proper timing of inoculum application. 
Shrum states that deficiencies i n the amount of natural inoculum 
available i n the f i e l d can be overcome by the application of mass-produced 
inoculum. Both intensity and the speed of the epidemic can be increased 
to achieve the desired l e v e l of weed control by applying inundative doses 
of inoculum at the proper stage of weed growth (24). 

Pathogens used as microbial herbicides include three anthracnose-
inducing pathogens : Colletotrichum gloeosporioldes f. sp. aeschynomene 
(CGA) for control of northern joint vetch i n r i c e and soybean, C. 
gloeosporioldes f. sp. jussiaeae for control of winged waterprimrose i n 
r i c e , and C. malvarum for control of p r i c k l y sida i n soybean and cotton. 
A soil-borne fungus, Phytophthora palmivora i s used for control of 
strangler vine i n c i t r u s and a leaf spot-inducing fungus, Cercospora 
rodmanii has shown suppression of waterhyacinth. Alternaria macrospora, 
a blight-inducing fungus, has also been used for control of spurred anoda. 

Although substituting a mycoherbicide for a chemical herbicide seems 
to be a r e l a t i v e l y recent innovation, "many modern pest controls began 
i n Socrates' garden". Smith and Secoy, researchers with Ag Canada, 
reported on several writings from the ancient Mediterranean period (25) . 

Commercial M v c o h f t r b i c i d e s ; D e V i n e and C o l l e g o 

Presently only two pathogens are registered as microbial herbicides f o r 
commercial use i n the United States. They are DeVine and Collego , used 
respectively for controlling the milkweed vine, Morrenia odorat a, i n 
citrus i n Florida and northern jointvetch, Aeschynomene virginica, i n 
rice and soybean i n Arkansas and other southeastern states (26, 27, 28) . 

DeVine, produced by Abbot Chemical Company, i s a l i q u i d formulation 
of Phytophthora palmivora containing 6.7 χ 10 5 l i v e chlamydospores per 
ml. Ridings i n 1985 (18) has reported that highly effective weed 
mortality could be achieved i n the f i e l d with 8 chlamydospores per cm2 

of s o i l . In practice, DeVine i s applied at the rate of 1.17 1 of 
formulation i n 450 1 of water/ha. It i s applied postemergence between 
May and September, after the vine develops from seeds or from rhizomes 
following w i n t e r - k i l l of the shoots. Application i s made to the s o i l 
around c i t r u s trees using a boom sprayer. The s o i l must be wet when DeVine 
i s applied; either 5 cm of r a i n f a l l or i r r i g a t i o n before and a f t e r 
application should be provided. The pathogen i n DeVine infects and w i l t s 
seedlings or established vines i n 2-10 weeks following application. The 
vine populations gradually decline i n treated areas, and complete control 
may be achieved i n 18 months after one treatment (27). 

However DeVine suffers from two commercial problems, the f i r s t i s 
the rapid loss of v i a b i l i t y which required Abbot to adopt a marketing 
technique akin to the handling of fresh milk. DeVine was "made-to-order" 
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13. ALTMANETAL. Herbicuie-Pathogen Interactions 245 

and stored and distributed under refrigeration. I t was necessary to 
monitor every l o t to assure v i a b i l i t y ; inventories were not carried-over. 
The second problem relates to i t s long survival i n s o i l which obviosly 
results i n reduced sales. 

Col lego was the f i r s t postemergence microbial herbicide registered 
for use i n an annual crop. Scientists of the USDA-ARS, University of 
Arkansas and the Upjohn Company were involved i n the development of 
College The history of research and development of Collego has been 
reviewed by Bowers (28) and Smith i n ( 2 6 ) . The pathogen Colletotrichum 
gloeosporioides f. sp. aeschynomene, which causes an anthracnose, was 
o r i g i n a l l y found i n 31 r i c e growing counties of Arkansas, where the 
disease was present at endemic levels ( 2 6 ) . The pathogen causes lesions 
of northern joint vetch, mainly on stems, and also girdles the stem, 
resulting i n w i l t i n g of the entire stem. Infection usually occurs seven 
to ten days after fungus application, and plant death may occur four to 
five weeks l a t e r . The pathogen appeared to be spe c i f i c for only northern 
jointvetch, although infection occurred on a few other leguminous weeds 
in several species. Collego consists of dried spores of the pathogen 
obtained from submerged cultures. It i s made up of two components. The 
component A i s a spore rehydrating agent that i s necessary to assure good 
v i a b i l i t y . Component Β contains the spores, at least 7 5 . 7 χ 1 0 " per 
package, and inert ingredients (28) . 

Improved M y c o h e r b i c i d e A c t i v i t y t h r o u g h A c t i o n o f H e r b i c i d e s 

Control of Texas gourd, Cucurbita texana, with Fusarium solani f. sp. 
cucurbitae (FSC) has also been reported by Weidemann and Templeton i n 
1988 ( 2 9 ) . The soil-born fungus, FSC, has shown potential as a 
mycoherbicide to control Texan gourd. Seedling emergence of Texas gourd 
was reduced s i g n i f i c a n t l y with t r i f l u r a l i n preplant incorporated either 
alone or tank-mixed with FSC, but FSC alone did not reduce seedling 
emergence ef f e c t i v e l y . Yu and Templeton reported that t r i f l u r a l i n i s 
non-toxic to FSC at f i e l d rates and that tank-mix or sequential 
applications of FSC and t r i f l u r a l i n resulted i n e a r l i e r disease incidence 
and higher seedling mortality than that achieved with FSC alone ( 30 , 31) . 
Thus, the integration of any mycoherbicide into existing weed management 
systems to overcome marketing constraints due to rest r i c t e d host 
s p e c i f i c i t y or limited market size i s an important i n d u s t r i a l 
consideration. The a b i l i t y of FSC to be formulated as either a s o l i d 
or l i q u i d and to control Texas gourd alone or as sequential applications 
at various times of plant growth suggest that FSC could be integrated 
into a g r i c u l t u r a l practices on cotton and soybeans to control Texas gourd 
a l l season. 

The concept of integrating a chemical herbicide and a microbial 
herbicide to control a target weed can be i l l u s t r a t e d by the example of 
waterhyacinth, Eichornia crassipes. The microbial herbicide candidate, 
Cercospora rodmanii, and sublethal rates of diquat or 3,4-D (0 .3% and 
6.4% respectively, of the current label rates) can be combined to achieve 
a better control of waterhyacinth than i s possible with the microbial 
herbicide alone (Charudattan 1 9 8 5 , unpublished data) . In t h i s case, the 
integration i s intended primarily to improve the efficacy of the 
microbial herbicide (5) . 

In 1985 i n the P a c i f i c Northwest, attempts have also been made to 
integrate Puccinia chondrillina, the c l a s s i c a l b i o l o g i c a l control agent 
for skeletonweed, with chemical herbicides ( 3 2 ) . 
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246 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

I n c r e a s e i n D i s e a s e on N o n - t a r g e t H o s t s r due t o H e r b i c i d e s 

Uneven herbicide d i s t r i b u t i o n , coupled with the various effects of a 
herbicide on the metabolic a c t i v i t i e s and overall growth of a host and/ 
or a pathogen, could account i n part, for an increased disease interaction 
resulting i n greater pathogen damage be i t Fusarium, Rhizoctonla, or even 
nematodes. Other factors, including temperature, moisture, s o i l type 
and l i g h t may also play a role i n the remainder of the interaction. 

Several types of interactions are possible when a herbicide i s 
introduced into the plant environment. In addition to the desired effects 
of the herbicide on weeds, growth alteration of crop plants may occur. 
It follows then that any pesticide, applied to plants or s o i l s to control 
a s p e c i f i c pest, may also affect nontarget s o i l microorganisms and 
plants. Therefore the phenomenon of disease increase due to herbicides 
i s not r e s t r i c t e d to a s p e c i f i c group of herbicides, pathogens, or crops. 

Heitefuss (33, 34) discussed induce morphology and physiological 
changes i n host plants which may ultimately a l t e r resistance and 
s u s c e p t i b i l i t y to plant disease. These changes included: (1) reduction 
of wax formation on leaves, (2) changes i n carbohydrate, (3) nitrogen 
or glucoside metabolism, and (4) retardation to stimulation of plant 
growth stages of the host. I f low doses of herbicides could 
physiologically and morphologically a l t e r weeds i n a similar manner then 
such weed hosts could be more susceptible to mycoherbicides resulting 
i n more substantial weed control by such weed sp e c i f i c pathogens. 

In 1960 monogerm (single germ) seed and eugarbeet herbicides were 
introduced. Sugarbeets grown i n nematode infested s o i l treated with 
Tillam (a thio-carbamate herbicide) a 1967 had i n 1973 a higher nematode 
population than beets growth i n infested but nontreated s o i l . In 1976 
and 1977, the use of cycloate (RoNeet) resulted i n enhanced cyst 
development on Beta vulgaris and the wild beet species B. patellaris and 
B. procumbens i n greenhouse tests. Although cysts did not mature readily 
on the wild beet species, roots of a l l species of sugarbeets grown i n 
cycloate amended s o i l were more susceptible to l a r v e l penetration ( 3 5 -
37) . 

Studies on another thiocarbamate fungicide (nabam), revealed that 
a 100 Ug/ml solution of nabam increased hatching of sugarbeet nematode 
eggs compared to treatment with tap water alone (38). 

Differences i n the patterns of nematode multiplication i n different 
Beta species suggest that the hatch-stimulating a c t i v i t y , i f any, i s not 
the only reason for the increased number of nematodes/ gram of root. Other 
factors that might be considered are (1) fewer roots available for 
penetration, (2) possible toxic effects of cycloate on roots, which 
predisposes them to increased penetration by the larvae and (3) an 
increased chemical and nutrient gradient which exuded from the roots 
which attracted more nematodes towards the roots. Increased nematode 
damage could be inferred from reports of Wheeler (39) on delay i n 
maturation of sugarbeet seedlings under stress from cycloate as Johnson 
and V i g l i e r c h i o found increased penetration of the nematode into the 
young seedlings (37). Altman also reported on the release of glucose 
to soil-plant-interface by seedlings growing i n herbicide-amended s o i l 
(40-42). I f similar responses occur i n weed root systems, then s o i l -
borne pathogens including nematodes could be induced to effect a better 
weed pathogenesis. 

It seems to have been easy to accept the idea of some pesticides 
stimulating plant growth by eliminating weeds or by eliminating pathogens 
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13. ALTMAN ET AL. Herbicide-Pathogen Interactions 247 

but more d i f f i c u l t t o accept the concept that many p e s t i c i d e s are i n v o l v e d 
i n p r e d i s p o s i t i o n of hosts, crop p l a n t s or weeds, to i n c r e a s i n g d i s e a s e . 
In 1977 i n an a r t i c l e i n Annual Review of Plant Pathology, Altman and 
Campbell reported that i n c r e a s i n g disease occurred i n 20 instances where 
h e r b i c i d e s had been used and at l e a s t 20 pathogens were i n v o l v e d (43) . 
Van der Zweep (44) r e f e r r e d t o the "al l - s y s t e m " approach f o r the 
i n t e r d i s c i p l i n a r y research m e n tality which would take i n t o c o n s i d e r a t i o n 
a l l the consequences which a s p e c i f i c h e r b i c i d e a p p l i c a t i o n might have 
on any other aspect of crop production. Altman and Campbell (43,45) 
suggested that i n a world where p r o t e c t i o n of the environment i s of major 
importance, methods of i n t e g r a t e d c o n t r o l which would take i n t o account 
the whole b i o l o g i c a l e q u i l i b r i u m should be sought f o r the e f f i c i e n t 
c o n t r o l of diseases, nematodes, i n s e c t s , and weeds. I f the above holds 
true then m o d i f i c a t i o n i n weed physiology could occur when low rates of 
chemical h e r b i c i d e s that could make weeds more s u s c e p t i b l e t o a 
b i o c o n t r o l agent are used (43). Table 2 l i s t s the e f f e c t s of some 
her b i c i d e s on pl a n t r o o t s . 

Yarwood, i n d e f i n i n g p r e d i s p o s i t i o n , wrote that i f a chemical or 
p h y s i c a l treatment a f f e c t s disease through i t s e f f e c t on the host, 
the c o n d i t i o n i s r e f e r r e d t o as p r e d i s p o s i t i o n ; i f i t acts d i r e c t l y 
on the pathogen the c o n d i t i o n i s c a l l e d a c t i v a t i o n . P r e d i s p o s i t i o n 
may be both b e n e f i c i a l when disease on the weed host increases or 
detrimental when the chemical stimulates the weed host to produce a 
phytoalexin which i n turn prevents disease (46). 

E f f e c t s o f H e r b i c i d e s on t h e P a t h o g e n / P l a n t i n t e r a c t i o n 

I n t e r a c t i o n s between h e r b i c i d e s and plant pathogens have demonstrated 
that disease can be increased on host crops when recommended rates of 
herb i c i d e s are used. 

T r i f l u r a l i n i s a s e l e c t i v e , preemergent h e r b i c i d e which i s 
incorporated i n t o the top 2-3" (5-10 cm) of s o i l to provide l o n g - l a s t i n g 
c o n t r o l of annual grasses and broadleaf weeds. This h e r b i c i d e normally 
a f f e c t s weeds by i n h i b i t i n g root development of germinating seeds. 
Continued i n h i b i t i o n may i n j u r e p l a n t s . In a d d i t i o n t o d i r e c t h e r b i c i d e 
i n j u r y from s o i l i n c o r p o r a t i o n , there i s a l s o an e f f e c t on the s o i l 
microbiota, s o i l i n h a b i t a n t s , and plant pathogens. Since i t s 
in t r o d u c t i o n i n the e a r l y 1970 rs, there have been many reports of root 
s t u n t i n g accompanied by increased root rot and c e r e a l cyst nematode 
damage where t r i f l u r a l i n has been applied. 

Altman and Campbell, i n a comprehensive review, described s e v e r a l 
i n t e r a c t i o n s between h e r b i c i d e s and plant diseases. In 1983 Bareta and 
Altman working i n Colorado (47) showed that t r i f l u r a l i n could a l t e r the 
Fusarium disease syndrome i n Pinto beans. In l a b o r a t o r y t e s t s to evaluate 
the e f f e c t of t r i f l u r a l i n on the bean pathogen i t was demonstrated that 
m y c e l i a l growth was not a f f e c t e d by the h e r b i c i d e . However, s p o r u l a t i o n 
was i n f l u e n c e d by t r i f l u r a l i n r e s u l t i n g i n a doubling of macroconidia 
at day 8 and day 12 of the t e s t s . Although no comparable c o u l t s were 
made of the soi l - b o r n e Fusarium chlamydospores, germination of 
chlamydospores was evaluated and t r i f l u r a l i n at a l l concentrations was 
shown t o increase germination. The germination e f f e c t was most 
pronounced i n the absence of n u t r i e n t s (47,48). 

T r i f l u r a l i n has a l s o enhanced Phythophthora root rot s e v e r i t y i n 
soybean, which Duncan and Paxton a t t r i b u t e d to increased oospore 
production. T r i f l u r a l i n (1-3 ppm) increased pre- and postemergence 
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248 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table 2 Classes of herbicide shown to have direct effects on roots 
Herbicide Class Effect 
Amides 

Benzoics 

Carbamates 

Dinitroanilines 

N i t r i l e s 

Phenoxys 

Thiocarbamates 
Triazines 

Uracils 

Unclassified 
Bensulide 

Inhibition of protein synthesis and root growth. 
Inhibition geotropic responses. Root c e l l 
disorganisation and multinucleation. 
Auxin-like responses, exudates, and i n i t i a t i o n of 
adventitious roots affected. C e l l elongation and 
div i s i o n promoted or inhibited. Geotropic response 
l o s t . 
Inhibition of c e l l d i v i s i o n , lack of spindle 
formation, i n h i b i t i o n of protein synthesis, 
increased c e l l size, r a d i a l elongation of c e l l s , 
polyploid nuclei chromosome contraction, c e l l wall 
thickening. 
Inhibition of primary and l a t e r a l root growth 
disruption of mitosis. Radial expansion near root 
t i p . Root t i p c e l l s small, dense multi-nucleate, 
c e l l s behind t i p abnormally large, thin walled. 
Reducing c e l l d i v i s i o n , granulated nuclei, mottle 
chromosomes. Root swelling, discolouration, 
development of callus tissues. 
Incomplete cessation c e l l d i v i s i o n , root t i p 
swelling and adventitious root development. Root 
uptake reduced, roots softened and decayed. 
Enhanced root elongation. 
Indirect i n h i b i t i o n of root development by blocking 
photosynthesis. 
Root elongation inhibited. Roots swollen, necrotic, 
collapsed, c e l l s multinucleate. 

DCPA 
Picloram 

Inhibition of root meristem mitosis, rapid 
elongation of epidermis — short, pi t t e d trachea with 
lesions, root hairs at root t i p only, considerable 
vacuolation and l i g n i f i c a t i o n . 
Inhibited c e l l d i v i s i o n . 
Roots swollen, s p l i t : deterioration of parenchyma, 
destruction of cambium and phloem and root 
primordia. 

SOURCE: Adapted from Curry and Teem, ret 86. 
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13. ALTMAN ET AL Herbkide-Paihogen Interactions 249 

damping-off due to R. solani apparently by increasing pathogen a c t i v i t y 
(49). Wrona et a l . found an increase i n number and size of R. solani 
lesions on P. vulgaris hypocotyls (50). 

Mussa and Russell (52), however, studied the influence of 
t r i f l u r a l i n on R. solani f. sp. phaseoli and P. vulgaris, and found that 
growth was stimulated i n culture and virulence increased on the host 
plant. Altman (1) also reported that lesion size and root rot symptoms 
increased on several Pinto bean variet i e s planted i n s o i l infested with 
the pathogen and prêtreated with f i e l d rates of t r i f l u r a l i n or EPTC. 

In 1981 and 1982 potatoes, grown under contract i n Idaho, Washington, 
and Wisconsin using Metribuzin for weed control, were found to exhibit 
an increase i n potato early-dying. One of the causes of early-dying i s 
Verticilllum dahliae. Using microslerotial inocula of V. dahlias i t was 
decided to evaluate the effect of a herbicide on the disease. Greenhouse 
tests using t r i f l u r a l i n (since Metribuzin was not available) were set 
up i n 1983 and 1984. In a l l tests using the eggplant var. Black Beauty 
as an indicator host and microsclerotia from potatoes as inoculum, 
t r i f l u r a l i n did enhance Vetricillium w i l t (53, 54). 

In Australia an interaction between herbicides and soilborne 
diseases of cereals has been observed for several years. In 1986, Rovira 
and McDonald published a paper e n t i t l e d ""Effects of the Herbicide 
Chlorsulfuron on Rhizoctonia Bare patch and Take-all of Barley and Wheat" 
i n Plant Disease (55) . This paper described how residues of the herbicide 
chlorsulfuron (Glean) one year after application increased root disease 
i n barley and reduced y i e l d by up to 1 t/ha. Glean applied at 1/3 the 
recommended rate also increased root disease caused by Rhizoctonia solani 
i n greenhouse tests. Although Rovira and McDonald could not detect any 
effect of Glean on the early infection of wheat seedling roots by the 
t a k e - a l l fungus (Gaeumannomyces graminis), there were reports from 
Western Australian farmers of more "white heads" (plant symptoms seen 
at grain f i l l due to premature ripening and death of seed heads) occurring 
i n those parts of f i e l d s sprayed with Glean than i n unsprayed areas. There 
were also reports of increased losses from Rhizoctonia-root rot (Rovira, 
personal communication). 

In 1984, extensive crop losses also occurred i n wheat i n Western 
Australia following the use of glyphosate (Round-up) before the direct 
d r i l l i n g of cereals; these losses were largely due to a seedling root 
rot caused by the fungus, Pythium (56). Research i n Washington State 
by the USDA/ARS has also demonstrated that Pythium can be a major problem 
i n n o - t i l l wheat (personal communication) . In addition to the above 
reports, there were many reports of high t a k e - a l l i n f i e l d s treated 
(postemergence) with herbicides containing Dicamba and MCPA during the 
1986 wheat growing season. 

The herbicides l i s t e d above represent both soil-applied herbicides 
(Glean and Treflan) and foliar-applied herbicides (Round-up, MCPA and 
Dicamba) and research with these herbicides has recently demonstrated 
an increase i n root disease of several crops. Tottman and Thompson (57) 
showed that a mixture of dicamba 2,3,6, TBA, mecoprop and MCPA, and 
Mecoprop, Ioxynil and dicamba alone increased the severity of ta k e - a l l 
infection of roots. 

In a weed control program, combinations of low or sublethal rates 
of chemicals followed by biocontrol agents could result i n a more 
comprehensive weed control since an affected plant could be prediposed 
to infection by a mycoherbicide. Furthermore, damage on leaves from 
sublethal herbicides may cause roots to be i n e f f i c i e n t , thus making the 
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weed more prone to infection by the mycoherbicide, resulting i n more 
effective weed control. 

In 1984 and 1986 Breay et a l . (58) reported prolonged carryover of 
the herbicide chlorsulfuron (Glean) and t r i f l u r a l i n (Treflan) . This does 
pose a warning for non-target host injury and persistence of herbicides 
thereby providing a potential for increased disease similar to incidents 
of disease enhancement reported by Altman and Rovira (59) . This knowledge 
could be used i n developing mycoherbicide weed control programs. 

P.palmivora, the microbial herbicide used to control strangier vine 
i n c i t r u s i n Florida, was inhibited by some herbicide treatments. In 
these tests, germinability of chlamydospores of the fungus was reduced 
when tank-mixed with the herbicides diuron, glyphosate, and paraquat. 
However, sequential application of spore suspensions and herbicides 
prevented the adverse effects of the herbicide on the fungus. In t h i s 
research, spore germination was not reduced when water suspensions of 
chlamydospores were applied 3 weeks after spraying glyphosate. Thus, 
both glyphosate and the microbial herbicide were active and controlled 
the weed e f f e c t i v e l y ( 4 , 1 8 ) . 

The use of endemic fungi applied as mycoherbicides for weed control 
i n agronomic crops offers some unusual opportunities for integration with 
weed and pest management systems. However, for successful use of endemic 
fungi as b i o l o g i c a l weed control agents i n such systems, the pathogen, 
the weed, the environment, and the influence that mycoherbicides have 
on entire past management programs must be considered. 

Conservation T i l l a g e and H e r b i c i d e Uae 

The CSIRO Division of Soils i n Australia has an ongoing major research 
program on conservation t i l l a g e at two sites selected to represent major 
cereal-growing areas of southern Australia. Results of these t r i a l s have 
demonstrated that control of root disease through rotation with non-host 
crops and pastures increase yields of d i r e c t - d r i l l e d wheat to the levels 
obtained by conventional cu l t i v a t i o n while improving s o i l structure and 
reducing erosion (Rovira, unpubl.). Table 3 l i s t s wheat diseases that 
may increase under conservation t i l l a g e . However, conservation t i l l a g e 
i s heavily dependent upon herbicide use as the use of t i l l a g e for weed 
control i s minimized. It has been estimated that the principal cause 
of s o i l degradation (erosion and structure decline) i n a cropping system 
i s due to cu l t i v a t i o n mainly carried out to control weeds (60) . 
Therefore, as conservation t i l l a g e practices continue to expand, some 
means of reducing chemical herbicide use are warranted. 

Table 3 Wheat diseases that may increase under conservation 
t i l l a g e 

Common Name Sc i e n t i f i c Name 
Tan spot Pyrenophora trlchostoma 
Septoria leaf blotch Septoria tritici 
Take-all Gaeumannomyces graminis 
Bare patch Rhizoctonia solani 
Root rot Cochliobolus sativus 
Septoria glume blotch Septoria nodurum 
Powdery mildew Erysiphe graminis 
Bacterial blight Pseudomonas syringae 
Cephalosporium stripe Cephalosporium graminearum 
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13. ALTMAN ET AL HerbiciaV-Pathogen Interactions 251 

In 1984, worldwide there were 42 species of weeds reported as 
resistant to herbicides (61) and currently i n Australia two species of 
resistant grass weeds have been i d e n t i f i e d , Hordeum leporium ssp. glaucum 
and Lolium rigidum (62, 63) with the resistant populations of L. rigidum 
showing cross resistance to herbicides from chemically similar and 
dis s i m i l a r groups (64) . Use of mycoherbicides may become more important 
i n management and prevention of herbicide resistant weeds. 

Tillage has t r a d i t i o n a l l y been used to stimulate germination of 
weeds which are k i l l e d by subsequent t i l l a g e . With conservation t i l l a g e , 
problems have arisen with poor control of in-crop weeds using 
postemergence herbicides. In southern Australia paradoxa grass, 
Phalaris paradoxa, brome grass, Bromus diandrus, s i l v e r grass, Vulpia 
sp. and barley grass Hordeum sp. are important winter cereal weeds poorly 
controlled by currently available herbicides. There i s scope for 
mycoherbicides to aid i n the control of these weeds. 

Perhaps a more intensive research program to reduce or supplant the 
high levels of chemical use i n conservation t i l l a g e programmes can be 
attained by substituting a mycoherbicide or combining low doses of 
chemical herbicides with selected mycoherbicides to achieve "synergistic" 
weed control. 

E x u d a t e s a n d P l a n t D i s e a s P 

Sugars and minerals exuded from underground plant parts are a source of 
nutrients for s o i l microorganisms including s o i l saprobes and plant 
pathogens. Diseases may be affected through stimulation of fungi by 
exudates. Schroth and Cook, Schroth and Hildebrand (65,66) and Dodman 
and Fientje (67) have concluded that soilborne fungal diseases may be 
affected by root exudates. Dodman and Fientje (67) also reported that 
growth of R. solani was stimulated by root exudates and that t h i s i s 
important i n the infection process by the fungus. 

Hayman (68) showed apparent enhancement of fungal growth i n the 
cotton seed spermosphere (the microhabitat around the seed i n s o i l ) . 
Greater infection of young cotton seedlings by r. solani occurred when 
low temperatures caused a reduction i n germination rate and, thus, an 
accumulation of exudates around the seed. Martinson (69) and Hunter and 
Guinn (70) also found seed exudates capable of stimulating growth of R. 
solani. 

DeSilva and Wood (71) with several i n vitro experiments also showed 
that exudates from young seedlings caused a greater stimulation of growth 
of R. solani than exudates from older plants. 

If weeds can be shown to exude greater quantities or different sugars 
and minerals following normal herbicide or sublethal herbicide 
application then perhaps studies should be undertaken to develop methods 
of evaluating these exudates and their influence on the mycoherbicide. 

I n f l u e n c e of H e r b i c i d e s on the a c t i o n of Mycoherbicides 

Several herbicides have had a stimulatory effect on hyphal growth and 
spore production of pathogens. T r i f l u r a l i n has been shown to increase 
growth of Fusarium solani f. sp. phaseoli and Fusarium solani f. sp. 
cucurbitae (FSC) and spore production of F. solani f. sp. Phaseoli. 
Glyphosate has also been shown by Watson et al. to increase enhanced 
pathogen growth (72). 
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252 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Yu et a l . (30, 31) have suggested that several hypotheses to explain 
t h i s stimulatory effect on pathogens used as mycoherbicides: (1) the 
pathogen appears to u t i l i s e sugar better from enhanced media, (2) 
herbicides may neutralize or prevent the development of s e l f - i n h i b i t o r s 
by the pathogen and (3) the pathogen may use the herbicide as an energy 
source. The mechanism i s unlikely to be (3), i n studies using 50 mg 
t r i f l u r a l i n ml'1 i t was concluded that the herbicide i n the culture medium 
provided only a trace amount of additional C and N, which would be 
i n s u f f i c i e n t to account for the 100-130 mg increase i n mycelial dry weight 
after 12 days. Therefore, u t i l i z a t i o n of t r i f l u r a l i n as an energy source 
was not considered to be a p r i n c i p a l mechanism for the increased growth 
of FSC (30, 31). 

Recovery of FSC, other s o i l fungi and bacteria from the rhizosphere 
and rhizoplane of t r i f l u r a l i n - t r e a t e d inoculated roots indicated 
increased microbial a c t i v i t y i n these zones. Although the growth of FSC 
was stimulated by t r i f l u r a l i n i n l i q u i d medium and s o i l culture, 
concentrations of t r i f l u r a l i n greater than those estimated to be i n the 
s o i l at recommended rates of application were required to increase growth 
of FSC. Although some fungi can u t i l i z e herbicides as energy sources 
i n the study by Yu et a l . the added carbon from the herbicide was probably 
in s i g n i f i c a n t compared to the microbially-available organic carbon i n 
the s o i l organic matter. They concluded that i t was more l i k e l y that 
t r i f l u r a l i n stimulated root exudation from Texas gourd and subsequently 
increased the a c t i v i t y of FSC, s o i l fungi and bacteria i n the rhizosphere 
and rhizoplane (31). 

In determining the f e a s i b i l i t y of using a herbicide i n combination 
with a mycoherbicide (bioherbicide) the authors suggested that several 
prerequisites are required. 

Selection of the best pathogen from those available and the choice 
of t a c t i c to employ are based on knowledge of the pathogen and the weed. 
Considerable background information i s available on diseases of 
economical crops, but much less i s known of pathogens of weeds. A 
potential problem may be that some weeds are closely related to the crops 
i n which they are found so that diseases of the weed may also affect the 
crop. However the problem i s no less for the development of selective 
chemical herbicides, therefore detailed evaluation of potential 
pathogens must be made i n laboratory and greenhouse tests. I n t u i t i v e l y , 
fungi would seem to have the greatest potential as bioherbicides because 
they offer a wide range of virulence, reproductive capacity, s p e c i f i c i t y , 
and s t a b i l i t y . Also, a large base of technology on t h e i r production, 
handling, and storage exists; t h i s can be readily adapted to mass produce 
most fungal pathogens (4-8). By working cooperatively the plant 
pathologist and the weed sci e n t i s t can develop pathogens with high 
potential for control of weeds that are economically important. The 
thesis that pathogens can be employed to manage weeds appears to be sound 
both b i o l o g i c a l l y and economically. Their use i s based on basic 
principles of plant pathology. The challenge i s to develop them for us 
i n a weed management system, integrated with other control practices 
(26,28,31) . 

The integration of a mycoherbicide into e x i s t i n g weed management 
systems i s an important i n d u s t r i a l consideration. Studies with other 
mycoherbicides have shown that microbial pesticides can be integrated 
e f f e c t i v e l y into existing weed management programs. For example with 
Texas gourd the compatibility of FSC with several commonly used 
herbicides suggests that FSC could be integrated readily into existing 
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weed management s t r a t e g i e s to broaden the spectrum of weed c o n t r o l w i t h i n 
the crop or to enhance the a c t i v i t y of h e r b i c i d e s recommended f o r c o n t r o l 
of Texas gourd a l l season. 

The i n f l u e n c e of t r i f l u r a l i n and i t s formulation blank of Fusarium 
dry r o t of Pinto beans was i n v e s t i g a t e d under greenhouse and l a b o r a t o r y 
c o n d i t i o n s by Walker and Altman (47, 73) . The formulation blank had no 
e f f e c t on e i t h e r s p o r u l a t i o n or vegetative growth of the pathogen. 
However, the h e r b i c i d e stimulated germination of Fusarium chlamydospores 
i n s o i l . The mechanism in v o l v e d i n the disease increases i n the nontarget 
host were st u d i e d and shown to be due to the d i r e c t s t i m u l a t i o n by the 
h e r b i c i d e on the pathogen and the host, f a c i l i t a t i n g penetration and 
c o l o n i z a t i o n by the pathogen (48). 

I f beans could be a f f e c t e d by t r i f l u r a l i n as described then i t seems 
reasonable to assume that s i m i l a r p h y s i o l o g i c a l and morphological 
i n j u r i e s can occur i n weeds making them more s u s c e p t i b l e to mycoherbicides 
such as that described by Yu et a l . (31) . In f a c t , concentrations as 
low as 10% of recommended f i e l d rates could have a f f e c t e d hypocotyls and 
f o l i a g e of t r e a t e d p l a n t s , i n c l u d i n g both host p l a n t s and weeds. 

In 1979 Altman et a l . (42) reported s i m i l a r p h y s i o l o g i c a l changes 
i n sugar beets using s e v e r a l carbamate h e r b i c i d e s : cycloate, eptam and 
d i a l l a t e . Standard f i e l d rates of these compounds reduced growth and 
photosyntnetic a c t i v i t y . Subsequent s t u d i e s on wheat with eptam and 
d i a l l a t e produced s i m i l a r e f f e c t s . In a l l instances when cycloate and 
d i a l l a t e were used, i n a d d i t i o n to the changes noted above, reducing 
sugars were increased t h r e e - f o l d and c h l o r o p h y l l content of l e a f t i s s u e 
was increased from 34% to 58% over the c o n t r o l s . F o l i a r a p p l i e d 
mycoherbicides, i f used concomitantly or s e r i a l l y i n a weed c o n t r o l 
program, could respond to such an a d d i t i o n a l energy source, r e s u l t i n g 
i n more e f f e c t i v e weed c o n t r o l . 

Glyphosate has a l s o r e c e n t l y been shown by Johal and Rahe to increase 
disease i n beans, Phaseolus vulgaris (74,75). They suggested that 
glyphosate enhanced disease i n beans caused by Colletotrichum 
lindemuthianium was due to a suppression of defence mechanisms i n the 
host r e s u l t i n g i n increased p a r a s i t i z a t i o n by fungal r o o t - r o t pathogens 
i n s o i l . Such a response i n weed hosts could make them more s u s c e p t i b l e 
t o s p e c i f i c mycoherbicides. Charudattan i n 1986 suggested that treatment 
of water hyacinth with the mycoherbicide Cercospora rodmanii and 
s u b l e t h a l rates of 2,4-D r e s u l t e d i n improved weed c o n t r o l compared to 
using C. rodmanii or 2,4-D alone (76). 

Effect of Growth Regulators on the Action of Mycoherbicides 

C u r r e n t l y t h i d i a z u r o n (N-phenyl-N'-l, 2, 3 - t h i a d i a z o l - 5 - y l - u r e a ) , a plant 
growth regulator and cotton d e f o l i a n t has enhanced c o n t r o l of velvet l e a f 
with Colletotrichum cocioides i n corn and soybeans. Wymore et a l . (1987) 
observed that t h i d i a z u r o n stimulated a x i l l a r y bud development, caused 
c u r l i n g and cupping of leaves, and reduced shoot height, weight, and l e a f 
area of v e l v e t l e a f p l a n t s t r e a t e d with as l i t t l e as 0.07 kg ai/ha (77) . 
This a l t e r e d v e l v e t l e a f plant morphology may have been i d e a l f o r 
development of C. coccodes since short, bushy p l a n t s remained within the 
microclimate of the crop canopy and c o u l d have provided an optimum 
environment with C. coccodes to cause an epidemic and k i l l v e l v e t l e a f 
p l a n t s (77,78). 
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254 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Herbicide Safeners and Plant Diseases 

Recently Craig et a l . evaluated i n two f i e l d t r i a l s the effect of two 
herbicide safeners (herbicide antidotes) (79) applied to sorghum seed, 
on diverse sorghum downy mildew, caused by Peronosclerospora sorghli. 
The pathogen can invade through roots and leaves. The researchers 
compared the safeners Concep I I (CGA-92194, Ciba Geigy) and Screen 
(Flurazole, Monsanto) and the results of these t r i a l s indicated that seed 
treatment with Concep I I increased the incidence of sorghum hybrids 
Dinero, and Tophand planted i n s o i l infested with oospores had 
si g n i f i c a n t l y higher levels of downy mildew than the untreated controls. 
Seed treatment of the hybrids Dinero and Tophand with the safener screen 
had no sign i f i c a n t effect on the incidence of downy mildew when the seeds 
were planted i n s i m i l a r l y infested s o i l (Table 4). 

Table 4 Effects of herbicide antidotes CGA 92194 and 
flurazole on the incidence of sorghum downy mildew 
induced by oospores of Peronosclerospora sorghi, 
pathotypes 1 and 3, i n the sorghum hybrids Dinero, 
Tophand, and R920 

Disease incidence (%)a 

Herbicide Pathotype 1 Pathotype 3 
antidote Dinero R920 Dinero Tophand 
Control 2 42 5 34 
Flurazole 2 34 3 30 
CGA 92194 5 90*»b 50*» 84** 
a Frequency of diseased plants; each treatment value i s the mean of 

three t r i a l s , 90 plants per t r i a l . 
b Asterisks indicate herbicide antidote values s i g n i f i c a n t l y 

different from the control treatment according to Student's t test 
(P - 0.01). 

SOURCE: Adapted from Craig et al., réf. 79. 

Table 5 Effects of herbicide antidotes CGA 92194 and flurazole on 
the incidence of sorghum downy mildew induced by conidial 
inoculation of sorghum hybrids Dinero, Tophand, and W839DR 
with Peronosclerospora sorghi pathotype 3 

Herbicide Disease incidence (%)· 
antidote Dinero Tophand W839DR 
Control 78 56 35 
Flurazole 17*b 25 16* 
CGA 92194 91 8£ 93* 
a Frequency of diseased plants; each treatment value i s the mean of 

three t r i a l s , 45 plants per t r i a l . 
b Asterisk indicates herbicide antidote values s i g n i f i c a n t l y 

different from the control value according to Student's t test 
(P - 0.05). 

SOURCE: Adapted from Craig et al., réf. 79. 
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13. ALTMAN ET AL Herbicide-Pathogen Interactions 255 

Seed treatment with Concep II a l s o s i g n i f i c a n t l y increased the 
incidence of downy mildew caused by c o n i d i a l i n o c u l a t i o n i n the hybrids 
Tophand and W839DR. Screen seed treatments of Dinero and W839DR produced 
s i g n i f i c a n t reductions i n the percentage of p l a n t s with downy mildew 
(Table 5). 

Although the c a p a b i l i t y of Concep II t o increase the incidence of 
sorghum downy mildew d i d pose a problem f o r i t s use as a seed safener 
i n regions where downy mildew i s a threat, Ciba-Geigy, producer of Concep 
I I , r esolved t h i s dilemma by coupling seed treatment with Concep II with 
Apron (Metalaxyl-Ciba-Geigy Corp.), a systemic f u n g i c i d e which c o n t r o l s 
downy mildews. Apron alone d i d prove e f f e c t i v e c o n t r o l of downy mildew. 

The f o l l o w i n g mechanisms suggested by C r a i g et a l . (79) by which 
Concep II increased down mildew might o f f e r a means f o r more e f f e c t i v e 
mycoherbicide weed c o n t r o l when using chemical safeners. 

These mechanisms included the f o l l o w i n g : 
1. Concep II could improve the germination of the oospore surrounding 

the seeds caused by the d i r e c t e f f e c t of the chemical on the spores 
or i n d i r e c t l y , by s t i m u l a t i o n of the host to produce exudates which 
would stimulate spore germination. 

2. Concep II could produce morphological or p h y s i o l o g i c a l changes i n 
the host that would permit more r a p i d ingress and progress of the 
pathogen from s i t e s of i n f e c t i o n i n the roots or the leaves to the 
a p i c a l meristem r e s u l t i n g i n a s y s t e m i c a l l y diseased p l a n t . 

Although Charudattan and DeLoach and others have suggested that low 
doses of chemical h e r b i c i d e s a p p l i e d i n conjunction with a s p e c i f i c 
mycoherbicide c o u l d improve the e f f e c t i v e n e s s of the mycoherbicide, the 
a d d i t i o n of the various h e r b i c i d e s safeners used by C r a i g et a l . and the 
safeners l i s t e d by Hatzois and Hoagland i n t h e i r t e x t on crop safeners 
(1989) could expand the arsenal of chemicals that could be a p p l i e d to 
weeds with or p r i o r to the a p p l i c a t i o n of the herbicide-mycoherbicide 
combination to p o t e n t i a l l y improve the e f f e c t i v e n e s s of a p a r t i c u l a r 
mycoherbicide (80). 

N a t u r a l l y P r o d u c e d P h y t o t o x i n a aa H e r b i c i d e s : Another P e r s p e c t i v e f o r 
Weed C o n t r o l 

The need f o r more c o s t - e f f e c t i v e , e f f i c a c i o u s , s e l e c t i v e , and 
environmentally safe h e r b i c i d e s i s being increased by several current 
trends i n a g r i c u l t u r e and a g r i c u l t u r a l chemistry. The development of 
m i c r o b i a l toxins or a l l e l o c h e m i c a l s (chemicals produced by plants, which 
i n h i b i t germination, growth or development of other plants) as herbi c i d e s 
or as sources of new h e r b i c i d e chemistries promise t o help f i l l t h i s 
growing need. 

Although m i c r o b i a l b i o c o n t r o l agents are a c t i v e l y being developed 
and commercialized [e.g., DeVine (Phytophthora palmivora) and Collego 
(Colletotrichum gloesporiodes f . sp. aeschynomene)], m i c r o b i a l l y 
reproduced toxins have s e v e r a l advantages over the l i v i n g pathogens. The 
phytotoxic compound g e n e r a l l y has a longer s h e l f l i f e and u s u a l l y 
requires l e s s storage space and the process of formulation and 
a p p l i c a t i o n are u s u a l l y simpler. Furthermore, the p o s s i b i l i t y of disease 
spreading to nontarget species does not e x i s t . 

M i c r o b i a l l y produced phytotoxins a l s o o f f e r s e v e r a l advantages over 
a l l e l o c h e m i c a l s as h e r b i c i d e s . A l l e l o c h e m i c a l s from higher p l a n t s 
g e n e r a l l y have l i t t l e s e l e c t i v i t y and oft e n are autotoxic t o the 
reproducing species, and, most are not very e f f e c t i v e when compared to 
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phytotoxic microbial toxins (81) . For a review of the topic see Thompson 
(82) . 

C o n e lua i o n 

Two of the most important developments i n weed control during the past 
two decades has been the discovery and development of safe and effective 
new herbicides that selectively control specific weeds in major crops 
and the use of mycoherbicides i n weed control programs. 

The f e a s i b i l i t y of using mycoherbicides has been demonstrated f o r 
various crop-weed-pathogen combinations. Some of these f e a s i b i l i t y 
studies were i n i t i a t e d as early as 1972 and included Colletotrichum 
gloeosporioides for control of northern jointvetch, Aeschynomene 
virginica i n r i c e and soybean f i e l d s i n Arkansas, Phytophthora 
citrophthora for control of strangler vine, i n Florida citrus orchards ; 
and Cercospora rodmanii for control of waterhyacinth, i n Florida 
waterways. Other successful examples of pathogens used to control weeds 
include two rust fungi, Puccinia chondrillina for control of skeletonweed 
i n Australia and i n the western United States, Uromyces rumicis for 
suppression of curly dock i n pastures i n Europe and C. gloeosporioides 
f. sp. Jussiaceae for control of winged waterprimrose i n r i c e . These 
studies resulted i n the development and commercialization of two 
mycoherbicides "Collego" by the UpJohn Company and "DeVine" by the Abbot 
Corporation. A l l of the successful examples of mycoherbicides have not 
been sustained however, i n the case of P. chondrillina rust of skeleton 
weed i n Australia, there has been a gradual replacement of the susceptible 
narrow leaf forms by the resistant b roadie a f and intermediate leaf forms. 

Although only two fungi have become commercialized as weed control 
mycoherbicides, Charudattan and Walker (4) include several other 
potential mycoherbicide candidates i n th e i r appendix. 

The process for evaluation of new mycoherbicides i s described by 
Spurr et a l . (84) as four decision making steps to arrive at a potential 
new mycoherbicide. These include (1) the selection of target weed, (2) 
selection and i d e n t i f i c a t i o n of a fungal pathogen (for the weed), (3) 
selecting an appropriate strategy for weed control that can be s e l f -
sustaining, and the a r t i f i c i a l or bioherbicide strategy that requires 
annual application and i s used on high value crops and (4) evaluation 
of the control t a c t i c . Previously the choice of pathogen to control a 
weed has been largely due to chance observation, a more systematic 
approach i s now needed for successful progress. 

It i s also obvious that further research i s needed i n the f i e l d of 
interactions between mycoherbicides and ag r i c u l t u r a l chemicals, as 
mycoherbicides applied i n an intergrated pest management system need to 
be compatible with fungicides, herbicides and other chemicals, 
p a r t i c u l a r l y as t h e i r narrow spectra w i l l mean that they w i l l often be 
combined with other weed control practices. Furthermore t h i s area of 
research may result i n gains i n spectrum or effectiveness of 
mycoherbicides as many pathogens can act sy n e r g i s t i c a l l y with herbicides 
(43,45) . Understanding the mechanisms of synergistic reactions between 
mycoherbicides and chemical herbicides may also lead to the exciting 
prospect of genetically engineered organisms which are better able to 
take advantage of the effect of the chemical on the plant, again 
potentially increasing the spectrum or effectiveness of the mycoherbicide. 
As Greaves and Macqueen (85) pointed out however, there i s a strong need 
for both i n t e r d i s c i p l i n a r y basic research i n ecology, genetics, c e l l and 
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molecular biology of weeds and pathogens as well as the broad fundamental 
aspects. However, shifts from the use of chemical herbicides to non-
chemical herbicides e.g. mycoherbicides, i s progressing slowly and the 
new technology involving non-chemical control w i l l l i k e l y be most 
effective when i t i s integrated into conventional technology. 
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Chapter 14 

Synergistic Role of Soil Fungi 
in the Herbicidal Efficacy of Glyphosate 

James E. Rahe, C. André Lévesque, and Guri S. Johal1 

Centre for Pest Management, Department of Biological Sciences, Simon 
Fraser University, Burnaby, British Columbia V5A 1S6, Canada 

The death of plants treated with the herbicide 
glyphosate involves certain soil fungi that 
function as glyphosate synergists. Glyphosate 
also kills plants without the participation of 
these fungi, but significantly higher doses of 
the herbicide are required. The contribution of 
glyphosate synergistic fungi to herbicidal 
efficacy is readily seen by comparing the doses 
of glyphosate required to k i l l plants in heat 
treated and untreated soils. Glyphosate renders 
the roots of treated plants permissive to 
fungal colonization well in advance of overt 
symptoms of phytotoxicity, presumably by 
interfering with natural defense mechanisms in 
the roots. Common airborne recontaminants of 
heat treated soils are ineffective as 
glyphosate synergists. The major glyphosate 
synergists of wheat and bean seedlings growing 
in diverse soil types were Pythium and Fusarium 
spp. 

Plants have active and passive mechanisms for resistance 
to most microorganisms. Since chemicals used for weed 
control i n t e r f e r e with metabolic processes of plants, 
interactions between herbicides and plant pathogens are 
to be expected. Interactions commonly, although not 
always, r e s u l t in increased disease associated with 
herbicide use. Several examples of disease enhancement by 
herbicides were described in the preceding chapter. We 
describe here a less common phenomenon where certain fungi 
that colonize plant roots enhance the e f f i c a c y of a 
herbicide. 
e r r e n t address: Cold Spring Harbor Laboratory, Cold Spring Harbor, N Y 11724 

0097^156Τ90ΛΜ39-Ο260$06.00Λ) 
<g> 1990 American Chemical Society 
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14. RAHE ET AL SoilFungi ami Herbicidal Efficacy of GlyphosaU 261 

Glyphosate i s the active ingredient of several broad 
spectrum commercial herbicides marketed by Monsanto, St. 
Louis, MO, that act by f o l i a r absorption. Roundup i s the 
most generally familiar of these products; others include 
Vision, a formulation used widely in s i l v i c u l t u r a l weed 
control i n the P a c i f i c Northwest, and Rodeo. These 
formulations are water soluble and under most conditions 
have negligible residual a c t i v i t y in s o i l (1) . 

The symptoms of glyphosate phytotoxicity are slow to 
develop. When applied in the f i e l d at rates equivalent to 
0.8 to 2.5 kg/ha of glyphosate ( a . i . ) , treated vegetation 
usually begins to show sl i g h t yellowing and f l a c c i d i t y 
within 4 to 8 days. These f i r s t obvious symptoms become 
progressively more pronounced and the affected plants 
usually die within the next 3 to 7 days. Under laboratory 
conditions, and presumably in the f i e l d , growth of treated 
plants i s arrested almost immediately following treatment 
even though other overt symptoms are delayed for several 
days. 

It i s now well established that the primary metabolic 
target of glyphosate i s an enzyme of the shikimic acid 
metabolic pathway, enolpyruvyl shikimate-3-phosphate 
synthase (2.,3.) . Via thi s action, glyphosate blocks the 
synthesis of the end products of t h i s pathway, notably 
phenylalanine and tryptophan, but also various subsequent 
products (Figure 1) (4., JL) . It has seemed l o g i c a l to 
conclude that the herbicidal effect of glyphosate i s a 
direct result of i t s effect on the shikimic acid pathway. 
What C a u s e s P l a n t D e a t h ? 

Some aspects of the behavior of glyphosate bring t h i s 
conclusion into question, however. The e f f i c a c y of 
glyphosate seems to depend upon processes that occur in 
the roots. Why are roots more important than shoots i f the 
a b i l i t y of glyphosate to k i l l plants i s nothing more than 
a direct result of i t s i n h i b i t i o n of the shikimic acid 
pathway? Glyphosate moves p r e f e r e n t i a l l y to metabolic 
sinks, and injury or stress to above ground portions of 
treated plants reduces the efficacy of glyphosate (£). The 
ef f i c a c y of glyphosate i s sometimes inconsistent under 
e s s e n t i a l l y i d e n t i c a l c o n d i t i o n s of a p p l i c a t i o n , 
vegetation, and weather, where presumably i d e n t i c a l 
amounts of glyphosate would be absorbed (2.) . It i s not 
clear why these characteristics should be observed i f the 
herbicidal action of glyphosate i s a direct result of i t s 
effect on the shikimic acid pathway. 

Sublethal doses of glyphosate can have some effects on 
plants in the long term that are d i f f i c u l t to attribute 
d i r e c t l y to i n h i b i t i o n of the shikimic acid pathway. 
Shortly a f t e r the introduction of glyphosate as a 
commercial herbicide, i t s use for control of suckers in 
commercial raspberry plantations was evaluated with 
i n i t i a l l y promising results (fL) . The effects of these 
treatments in the long term i s less well known. Similar 
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FLfltinNOIDS, ISOFLflUnNOIDS 

COUMfWINS, TflNNINS, 

PHYTOfUEHINS, e t c . 

ni COHULS 
U is 

P H E M J L S 

P R O T E I N S , 
E N Z Y M E S 

P l l f S V L O l f l M S L 

PREPHENRTE 

CHORISMRTE 

* 
5-P-SHIKIMRTE 

SHIKIMRTE 

DEHYDRO-
QUINRTE 

i l l V P l U P H i l N 

DEHVDRO- i U i 1 
SHIKIMRTE w PHENOLS 

D-ERYTHROSE- 3-DE0HY-D-RRRBIN0- PHOSPHOENOL 
4-P F HEPTUL0S0NRTE-7-P PYRUURTE 

A A 
PENTOSE 

PHOSPHRTE 
PRTHUIRV 

TCR CYCLE 

SITE OF ACTION OF THE HERBICIDE 6LYPH0SRTE 

Figure 1. Major steps of the shikimic acid pathway 
represented i n open boxes, and major products and some 
fates of these products shown in black boxes. The step 
of the pathway blocked by the herbicide glyphosate i s 
represented by the dotted l i n e . 
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14. R A H E E T A L Sod Fungi and Herbkidal Efficacy of Glyphosate 263 

promising results in B r i t i s h Columbia were followed in the 
next season with severely reduced growth of the mother 
plants that had appeared unaffected in the season of 
treatment (.2.) . The hope that glyphosate might replace 
d i n i t r o for control of suckers and the i n i t i a l flush of 
primal canes quickly faded. 

Such observations are not easily described as direct 
e f f e c t s of i n h i b i t i o n of the shikimic acid pathway. 
Evidence that the herbicidal action of glyphosate can be 
enhanced by root colonizing microorganisms came while 
conducting dose response t e s t s on bean seedlings 
(Phaseolus vulgaris) for studies of the e f f e c t of 
glyphosate on the expression of interaction phenotype in 
bean anthracnose disease ( l u ) . Seedlings growing in 
vermiculite survived doses of 10 μg per plant whereas 
similar seedlings growing in a freshly collected s o i l were 
k i l l e d ( UJ . Subsequent tests revealed s i m i l a r marked 
differences in the herbicidal efficacy of glyphosate on 
bean seedlings growing in raw s o i l and s o i l s t e r i l i z e d by 
autoclaving. The decreased efficacy of glyphosate observed 
on bean seedlings growing in autoclaved s o i l was restored 
by the addition of water extracts of raw s o i l . F i l t r a t i o n 
( 0 . 2 |im pore size) or autoclaving of the raw s o i l extracts 
destroyed t h e i r a b i l i t y to restore the e f f i c a c y of 
glyphosate (Table I) . These results indicate that heat 
l a b i l e and f i l t e r a b l e factor(s) present in raw s o i l 
contribute to the 'normal1 level of efficacy of glyphosate 
observed on bean seedlings growing in raw s o i l . 

The roots of glyphosate treated bean seedlings growing 
in raw s o i l were found to be colonized by Pythium and 

TABLE I. E f f e c t of s o i l extracts added to 
autoclaved mineral s o i l on % m o r t a l i t y of 
glyphosate treated bean seedlings (based on 20 
plants) 

GLYPHOSATE TREATMENT SOIL EXTRACT3 TREATMENTS 

a A 1 :4 soil:water suspension passed through four layers 
of cheese cloth. Fifteen ml quantities of the indicated 
extracts were injected 5 days before and at the time of 
glyphosate treatment. 

b Untreated extracts were pr e f i l t e r e d through Whatman 
f i l t e r papers and then passed through Millipore f i l t e r , 
0 . 2|im pore size . 

c 10|lg/plant applied as four Ιμΐ droplets on leaves. 

Untreated 
0 

100 

Filtered* 5 Autoclaved 
Control 
Glyphosate 0 

0 0 
0 0 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
01

4



264 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Fusarium spp. within 2 to 3 days, even though the treated 
plants showed no overt symptoms. Representative isolates 
of these Pythium and Fusarium spp. enhanced the herbicidal 
efficacy of glyphosate on seedlings growing in vermiculite 
or s t e r i l i z e d s o i l to levels comparable to those observed 
on seedlings growing in raw s o i l . The synergistic effect 
of the Pythium isolate on glyphosate efficacy was negated 
by the fungicide metalaxyl (11.) . Clearly, at the 1 0 μg per 
plant dose the herbicidal effect of glyphosate on bean 
seedlings i s indirect. It i s due to pathogenic a c t i v i t i e s 
of certain Pythium and Fusarium spp., resident in at 
least some s o i l s , that colonize the roots of glyphosate 
treated but not untreated bean seedlings. 

GlvOhosate LD^fl Values in Heat Treated and Raw Soils 

Subsequent research in our laboratory has shown that 
d i f f e r e n t i a l s e n s i t i v i t y of plants to glyphosate in raw 
and heat t r e a t e d s o i l s i s a general phenomenon. 
Si g n i f i c a n t l y higher L D 5 0 values for glyphosate have been 
observed in heat treated compared with untreated s o i l for 
every plant species tested (Figure 2 ) . The plant species 
involved i n these studies include both monocots and 
herbaceous and woody (one only) dicots. For each L D 5 0 
estimate, at least four d i f f e r e n t doses were used in 
order to obtain percentages of plant mortality ranging 
from 0 to 1 0 0 %. In t o t a l , five different s o i l types have 
been u t i l i z e d , and comparative studies have been done 
using paired mineral (sandy loam) and organic (muck) 
s o i l s . Autoclaving and microwave s o i l treatments have been 
compared. The magnitude of difference in s e n s i t i v i t y to 
glyphosate for plants growing in heat treated and raw s o i l 
varies in different s o i l s , in different plant species and 
with d i f f e r e n t methods of heat treatment, but the 
d i r e c t i o n of the difference i s always the same. Plants 
growing i n heat treated s o i l are less s e n s i t i v e to 
glyphosate than are similar plants growing in raw s o i l of 
the same type. 

Data for proportion of dead plants at different doses 
of glyphosate were analysed using GLIM and stepwise 
l o g i s t i c regression (12.) . L D 5 0 values were estimated by 
setting the regression expression for Yi i n the f i t t e d 
regression model equal to zero and solving for X 5 0 (when 
the proportion of dead plants i s equal to 0 . 5 , the l o g i t 
Yi equals 0 . 0 ) (Figure 3 ) . The resulting expression for 
X 5 0 was used to estimate L D 5 0 by substituting the f i t t e d 
regression c o e f f i c i e n t s . Standard errors were calculated 
using the propagation of errors formula for approximate 
variance of a transformed variable (1A) . Plant stem 
diameter measured at the times of treatment with 
glyphosate was included as a covariate in most analyses. 

The increased tolerance of bean seedlings growing in 
heat treated s o i l s i s immense; they are t y p i c a l l y 1 0 - to 
1 0 0 - f o l d less sensitive to glyphosate in heat treated s o i l 
compared with raw s o i l . The tolerance of the other plant 
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14. RAHE ET AL. SoU Fungi and H erbkMal Efficacy 265 

°'1 BEANS MUSTARD APPLE WHEAT CORN QUACKGRASS 
Figure 2. Dose of glyphosate needed to k i l l 50% of the 
plants ( L D 5 0 ) grown in either control ( · — — ) or 
heat treated (•— — — — ) s o i l s . The r a t i o of L D 5 0 

values i n heat treated over control s o i l i s shown 
between the data points for each plant species. A l l 
heat treated s o i l s were microwaved except for beans and 
apples where s o i l s were autoclaved. A l l s o i l s were 
mineral s o i l s except for quackgrass seedlings that were 
grown in organic s o i l . 
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266 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I I . Residual e f f e c t of autoclave 3 and 
microwave*5 treatments of mineral and organic s o i l s 
on populations of various components of s o i l 
microflora 2 weeks after seeding the treated and 
control s o i l s with wheat. The heat treated s o i l s 
were exposed to recontamination at seeding 

SOIL MICROFLORA COMPONENTS c 

TYPE TREATMENT PythiunA Fusariume FUNGI^ BACTERIA^ 

Mineral Control 1.9 x10 3 

Mineral Autoclave <13 
Mineral Microwave <13 

2.6 Χ 10 4 1.9 Χ 10 5 1.7 Χ 10 7 

<13 5.1 Χ 10 2 1.4 Χ 10 7 

<13 3.5 Χ 10 3 3.3 Χ 10 7 

Organic Control 1.1 Χ 10 3 3.9 Χ 10 4 1.2 Χ 10 5 1.1 Χ 10 7 

Organic Autoclaved <16 <16 8.8 Χ 10 4 1.2 Χ 10 7 

Organic Microwaved <16 2.6 Χ 10 2 2.9 Χ 10 3 7.7 χ 10 7 

a Three kg units of moist s o i l , 121°C/ 15 p . s . i . , 20 min, 
on 2 consecutive days. 

D Two kg units of moist s o i l , 6 min, 540 watts. 
c Colony forming units per g dry weight of s o i l estimated 
by dilu t i o n plating on: 

d Pythium selective medium (14.) , 
e Fusarium selective medium (1ϋ), 
f Peptone dextrose rose bengal agar (1£), 
9 Potato dextrose agar. 

species tested thus far i s t y p i c a l l y increased 2-fold to 
10-fold by heat treatment of the s o i l being used for the 
tests (Figure 2). One of the rare instances where we 
f a i l e d to detect s i g n i f i c a n t l y increased tolerance in a 
heat treated s o i l involved apple seedlings and a ' v i r g i n 1 

s o i l - a benchland s o i l from the Okanagan Valley of 
B r i t i s h Columbia with no previous history of apples or 
c u l t i v a t i o n of any kind. In contrast, apple seedlings 
growing in heat treated s o i l from a commercial orchard in 
the same general area had approximately 7-fold increased 
tolerance to glyphosate compared to those growing in the 
raw s o i l (Figure 4) . 

What causes the reduced s e n s i t i v i t y to glyphosate 
observed in plants growing in heat treated s o i l s ? Both 
autoclave and microwave treatments were e f f e c t i v e in 
creating reduced s e n s i t i v i t y . Both types of heat treatment 
markedly reduced populations of resident Pythium and 
Fusarium spp. This effect persisted for at least 2 weeks 
following seeding of wheat (Triticum aestivum) and beans 
into the treated s o i l s at the time when the s o i l s were 
f i r s t exposed to recontamination (Table II). 

While experiments of the type that established that 
Pythium and Fusarium spp. are the direct cause of death of 
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14. RAHE ET AL. SoU Fungi and Herbicùial Efficacy 267 

Logl t π = 

Κ 0.5 0.0 

Ln 

( — ) 

LDso 

Figure 3 . The l o g i s t i c regression model used to 
estimate L D 5 0 i s represented on the l e f t where π 
represents the proportion of dead plants. The l o g i s t i c 
curve can be l i n e a r i z e d by using the l o g i t 
transformation shown on the right. L D 5 0 values were 
estimated with the regression co e f f i c i e n t s for l o g i t 
π = 0 . 0 , as shown in the inset box. 

160 r 

140 -

5120 -

I 
£2100 ο a 
OU 80 

J 
β 40 

20 

VIRGIN ORCHARD 
SOIL ORIGIN 

Figure 4 . Effect of heat treatment of s o i l on L D 5 0 

values for glyphosate on 10-week old apple seedlings 
grown in either v i r g i n s o i l or orchard s o i l . The s o i l 
was either l e f t untreated ( · — — ) or autoclaved 
( • ) . 
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MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Table I I I . E f f e c t s of untreated, f i l t e r e d and 
autoclaved extracts from mineral s o i l s added to 
the same s o i l a f t e r autoclaving, on populations of 
v a r i o u s components of s o i l , m i c r o f l o r a . The 
ex t r a c t s were added 5 days p r i o r to and at the 
time of glyphosate treatment, and assessment of 
m i c r o b i a l populations was done 1 day a f t e r the 
l a s t amendment 

SOIL EXTRACT 
TREATMENT Pythium* 

MICROFLORA 
Fusarium0 

COMPONENTS 
FUNG I e* 

a 
BACTERIAe 

UNTREATED 
FILTERED (0.2 
AUTOCLAVED 

6.0 Χ 10 1 

μπι) <7 
<7 

7.9 Χ 10 2 

<7 
<7 

2.7 Χ 10 3 

1.2 Χ 10 3 

3.0 Χ 10 2 

8.5 Χ 10 6 

8.1 Χ 10 6 

9.8 Χ 10 6 

a Colony forming units per g dry weight of s o i l estimated 
by d i l u t i o n p l a t i n g on: 

b Pythlum s e l e c t i v e medium ( H ) , 
c Fusarium s e l e c t i v e medium (15.), 
d Peptone dextrose rose bengal agar ( 1£ ) / 
e Potato dextrose agar. 

bean seedlings treated with c e r t a i n doses of glyphosate 
have yet to be done f o r other plant species, we have 
obtained considerable c i r c u m s t a n t i a l evidence suggesting 
that fungi w i t h i n these genera f u n c t i o n as glyphosate 
s y n e r g i s t s i n wheat s e e d l i n g s as w e l l as beans. 
Populations of Pythium and Fusarium were reintroduced 
i n t o autoclaved mineral s o i l by amendment with water 
extracts of raw s o i l . At the time of glyphosate treatment 
the introduced Pythium and Fusarium spp. were at about 
3% of t h e i r normal l e v e l s i n raw s o i l s (Table I I I and I I ) , 
yet the fungi at these l e v e l s permitted f u l l recovery of 
glyphosate e f f i c a c y on the treated seedlings (Table I) . 
F i l t r a t i o n and autoclaving of the extracts precluded both 
the r e i n t r o d u c t i o n of Pythium and Fusarium spp. (Table 
III) and the recovery of glyphosate e f f i c a c y (Table I ) . 
Root Colonization 

We developed a technique that permits p l a t i n g of e n t i r e 
and i n t a c t surface s t e r i l i z e d root systems of seedlings 
(12). This has made i t possible to estimate the number and 
l o c a t i o n of fungal c o l o n i z a t i o n s i n the root systems of 
seedlings as a f u n c t i o n of time a f t e r treatment with 
glyphosate. In both organic and mineral s o i l s , Pythium and 
Fusarium spp. account f o r at l e a s t 50% and 25%, 
re s p e c t i v e l y , of t o t a l root colonizers of wheat and bean 
seedlings t r e a t e d with glyphosate. C o l o n i z a t i o n of the 
root systems of glyphosate treated plants appears to begin 
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14. RAHEETAL. Soil Fungi and Herbiddal Efficacy ofGfyphosate 269 

immediately following f o l i a r application of the herbicide 
(Figure 5) . Pythium colonizers s u f f i c i e n t l y established 
within root tissues to survive surface s t e r i l i z a t i o n with 
1% sodium hypochlorite for 2 minutes were readily detected 
at 2 days after treatment with glyphosate. In wheat and 
beans not treated with glyphosate, fewer than one in 32 
and one in six plants, respectively, yielded Pythium 
colonizers from their root systems. Fusarium spp. showed a 
s i m i l a r pattern, but in t h i s case superimposed on a 
significant background level (average of 0.5 colonies per 
root system) of natural colonization in plants not treated 
with glyphosate. Glyphosate treated plants of either wheat 
or beans t y p i c a l l y yielded an average of one to three 
colonies of Fusarium per root system. 

Pathogenicity of Root Colonizers. Are the Pythium spp. 
that rapidly colonize the roots of glyphosate treated 
plants pathogenic to these plants in the absence of 
glyphosate? Bean seedling emergence in autoclaved mineral 
s o i l was reduced by 83% when the s o i l was amended one day 
before seeding with a mixture of hyphal fragments from two 
Pythium i s o l a t e s obtained from beans treated with 
glyphosate. A similar test involving two Pythium isolates 
from wheat reduced wheat seedling emergence by 45%. Two 
days after amendment, the numbers of colony forming units 
of Pythium spp. recovered from the amended autoclaved 
s o i l s were less than one t h i r d of the numbers of colony 
forming units of Pythium spp. present in the s o i l s before 
autoclaving. The levels of Pythium spp. in amended and 
autoclaved s o i l s were similar 14 days after seeding. These 
results suggest that at least some of the Pythium spp. 
that function as glyphosate synergists can cause damping 
off in the absence of glyphosate. 

S p e c i f i c i t y of Root C o l o n i z e r s . Two isolates of Pythium 
representative of the early c o l o n i s t s of glyphosate 
treated seedlings for both beans and wheat from organic 
and mineral s o i l were examined and i d e n t i f i e d by Dr. 
D.J.S. Barr of the Biosystematics Research Institute of 
Agriculture Canada, Ottawa. The t o t a l of eight different 
i s o l a t e s yielded only the species Pythium ultimum 
(Campbell and Hendrix) and Pythium sylvaticum (Trow). The 
pattern of or i g i n of these species did not suggest any 
p a r t i c u l a r relationship with plant species or s o i l type 
(Table IV). The isolates i d e n t i f i e d from the mineral s o i l 
were the i s o l a t e s used in the pathogenicity t e s t s 
described in the previous paragraphs and Tables I to III. 

Glyphosate synergistic fungi (GSF) of 2- to 3-week-old 
seedlings of bean and wheat under the conditions of our 
tests thus appear to be certain Pythium and Fusarium spp. 
resident in diverse s o i l types. Organisms that readily 
recolonize heat treated s o i l s from the a i r or from bean 
and wheat seeds sown into treated s o i l s do not restore the 
e f f i c a c y of glyphosate to the levels observed i n raw 
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270 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 
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D A Y S A F T E R G L Y P H O S A T E T R E A T M E N T 

F i g u r e 5 . R a t e o f c o l o n i z a t i o n o f e n t i r e r o o t s y s t e m s 
o f 2 - w e e k o l d w h e a t s e e d l i n g s b y Pythium o r Fusarium 
s p p . P l a n t s t r e a t e d w i t h 2μg o f g l y p h o s a t e ( D ~ ~ ) 
w e r e c o m p a r e d w i t h c o n t r o l p l a n t s (O ) . T h e 
p l a n t s w e r e g r o w n a t 2 5 C , i n e i t h e r m i n e r a l o r o r g a n i c 
s o i l s a d j u s t e d d a i l y t o f i e l d c a p a c i t y ( - 0 . 0 6 B a r ) . 
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14. RAHE ET AL SodFungi amiHerbicidal Efficacy of GlyphosaU 271 

Table IV. Origin and i d e n t i t y 3 of representative 
Pythium i s o l a t e s obtained from the roots of 
glyphosate treated seedlings* 3 

PLANT SPECIES SOIL TYPE 
MINERAL ORGANIC 

Beans P. sylvaticum P. sylvaticum 
P. ultimum P. ultimum 

Wheat P. ultimum P. sylvaticum 
P. ultimum P. sylvaticum 

a Identifications made by Dr. D.J.S. Barr f Biosystematics 
Research Institute, Agriculture Canada, Ottawa. 

D Two isolates submitted from each plant species-soil type 
combination for a t o t a l number of 8 isolates. 

s o i l s . Pythium spp. colonizers of bean and wheat seedlings 
can cause damping off in the absence of glyphosate. 

We have obtained evidence that treatment of 
e s t a b l i s h e d annual and p e r e n n i a l vegetation with 
glyphosate causes rapid colonization of the roots of 
diverse plant species by fungi in the f i e l d (!&.) . Under 
the conditions of these tests and the methods used for 
assessment of c o l o n i z e r s , Fusarium spp. were the 
predominant colonizers. Populations of s o i l fusaria were 
increased s i g n i f i c a n t l y following treatment of the 
established vegetation on these plots with glyphosate. 

One focus of our current research i s the question of 
host s p e c i f i c i t y of GSF. The facts that only P. sylvaticum 
and P. ultimum were represented from among eight Pythium 
i s o l a t e s from beans and wheat, and that both Pythium 
species were recovered from each plant species, suggest a 
lack of host s p e c i f i c i t y . The f a i l u r e of heat treatment to 
reduce the s e n s i t i v i t y of apple seedlings on v i r g i n s o i l 
while causing a 7 - f o l d reduced s e n s i t i v i t y of seedlings 
growing in s o i l from an established apple orchard i s 
indicative of possible s p e c i f i c i t y (the v i r g i n s o i l may 
have lacked root colonizers s p e c i f i c to apples). We are 
currently using r e s t r i c t i o n fragment analysis to search 
for differences within Pythium species from d i f f e r e n t 
plant species. Information from this study w i l l be used to 
select p a r t i c u l a r i s o l a t e s for physiological tests for 
possible host s p e c i f i c i t y . 

S i a n i f i c a n c e of Glyphosate S y n e r g i s t i c Fungi 

Do GSF figure s i g n i f i c a n t l y in the action of glyphosate in 
the f i e l d ? There are at least three aspects of t h i s 
question: the contribution of GSF to the h e r b i c i d a l 
e f f i c a c y of glyphosate on target weed species, the 
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272 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

indirect effects of elevated a c t i v i t y of GSF on adjacent 
plants not treated with glyphosate, and the pathogenic 
e f f e c t s due to increased a c t i v i t y of GSF i n the 
rhizospheres of plants exposed to sublethal doses of 
glyphosate during ' s e l e c t i v e ' a p p l i c a t i o n s of the 
herbicide. While de f i n i t i v e answers to these questions are 
not yet a v a i l a b l e , there are some s i t u a t i o n s where 
involvement of GSF seems probable. 

Under laboratory conditions, the contribution of GSF 
to the herbicidal efficacy of glyphosate i s greatest at 
doses equal to the mean of the L D 5 0 values observed for 
glyphosate on seedlings growing in heat treated and raw 
s o i l s . These means ranged from 1.5 μg per plant for wheat 
seedlings to 80 μg per plant for apple seedlings (Figure 
2). Do the rates recommended for application of glyphosate 
in the f i e l d f a l l within t h i s range? Seedling shape and 
surface area, shielding by adjacent vegetation, spray 
droplet size and the extent of aerosol d r i f t are among the 
many factors that contribute to the problem of estimating 
the amount of spray solution that would be intercepted by 
seedlings of a p a r t i c u l a r s i z e i n the f i e l d . The 
recommended rates for application of Roundup for most weed 
problems are equivalent to 8 - 25 μg of glyphosate per 
cm2. Except for quackgrass (Agropyron repens), these rates 
would probably deposit amounts of glyphosate that would 
k i l l plants even without the p a r t i c i p a t i o n of GSF. The 
combination of limited surface area and relative tolerance 
to glyphosate of quackgrass in our tests i s such that the 
recommended rate for application of Roundup could eas i l y 
require p a r t i c i p a t i o n of GSF for f i e l d e f f i c a c y . 
Irrespective of whether the participation of GSF i s needed 
to e x p l a i n plant death i n any p a r t i c u l a r case, 
colonization of glyphosate treated plants by these fungi 
occurs and probably contributes to herbicidal e f f i c a c y . 
More importantly, such c o l o n i z a t i o n has p o t e n t i a l 
consequences for untreated vegetation at the s i t e . 

The question of host s p e c i f i c i t y i s of substantial 
importance i n r e l a t i o n to optimizing e f f i c a c y and 
minimizing possible r i s k s associated with the use of 
glyphosate. Understanding the nature of GSF w i l l increase 
understanding of the effects of b i o t i c and abiotic s i t e 
factors on the efficacy of this herbicide. If GSF are not 
host s p e c i f i c , the increased inoculum potential of these 
synergists associated with the use of glyphosate could 
adversely affect untreated plants whose roots coexist in 
the same rhizosphere with roots of treated plants. This 
effect could occur in either space (selective treatment of 
vegetation) or time (subsequent crops). If glyphosate 
synergists are host s p e c i f i c , then adverse side effects 
would not be expected in plants of non host species whose 
roots coexist within the rhizosphere of a plant 
selectively treated with glyphosate. 

There are several reports of reduced emergence and 
growth in crops seeded soon after treatment of established 
vegetation with glyphosate, and of impaired growth in 
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14. RAHEETAL. SoU Funp **d Herbkidd Effko^ 273 

untreated plants growing adjacent to plants treated with 
glyphosate. Various explanations for these effects have 
been offered, but in most i f not a l l of these cases the 
e f f e c t s on the subsequently seeded crops or adjacent 
plants could also be explained by the deleterious effects 
of root pathogenic fungi whose a c t i v i t y was promoted by 
glyphosate treatment of other plants growing at the same 
s i t e . Lynch and Penn ( 19 ) have demonstrated under 
laboratory conditions that the damage they often observed 
in barley (Hordeum vulgare) after glyphosate treatment was 
caused by Fusarium culmorum that had colonized the 
rhizomes of quackgrass. Mielke (2Û) showed in greenhouse 
and f i e l d t r i a l s that the incidence of t a k e - a l l 
(Gaeumannomyces graminis) in wheat was greater when 
quackgrass was c o n t r o l l e d with Roundup than with 
cul t i v a t i o n . We were unable to detect any adverse effects 
of glyphosate used to control established weed seedlings 
on the emergence of several crop species under f i e l d 
conditions (18.) . 

No ef f e c t was observed on spring seeded barley in 
f i e l d plots where volunteer barley and grassy weeds were 
k i l l e d with glyphosate in the previous f a l l . Substantially 
reduced emergence and seedling vigor occurred in barley 
that was planted within 3 to 7 days of treatment of 
volunteer barley with glyphosate in the spring, however. 
Populations of Rhizoctonia root rot were enhanced in the 
established barley plants treated with glyphosate, and 
Rhizoctonia solani AG-8 was the major cause of reduced 
emergence in the subsequently seeded crop (Cook, R.J., 
USDA-ARS, Washington State University, Pullman, WA, 
personal communication, 1989.). 

C o n c l u d i n g R e m a r k s 

Industrialists and a g r i c u l t u r a l i s t s are proposing many new 
uses for glyphosate. These new uses could become economic 
i f a marked decline in the price occurs when the use 
patents for glyphosate expire. Such expanded uses are not 
without potential b i o l o g i c a l r i s k s . The question of host 
s p e c i f i c i t y of GSF i s of c r i t i c a l importance in r i s k 
assessment. Glyphosate has potential for use in preharvest 
weed control and for crop desiccation (2JJ . At present, 
t h i s use i s neither legal nor economic for cereals and 
oilseeds i n Canada, but i s considered by some to be a 
r e a l i s t i c p o s s i b i l i t y for the future (22.) . Some analysts 
predict that glyphosate used as a desiccant might be 
applied to 5 to 10 mill i o n hectares of p r a i r i e cropland. 
Clearly, c r i t i c a l growth and y i e l d tests of the crops 
planted in the year following application of glyphosate 
for preharvest weed control and crop desiccation need to 
be done. 

Glyphosate was applied to some 2 9,700 hectares of 
coniferous forest i n B r i t i s h Columbia for control of 
competing vegetation in 1987 (2,2.) . Approximately 30% of 
t h i s area was sprayed from the a i r . The s e l e c t i v i t y of 
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274 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

g l y p h o s a t e a p p l i e d i n t h i s m a n n e r o n u n s h i e l d e d c o n i f e r s 
d e p e n d s o n t h e r e l a t i v e t o l e r a n c e o f c o n i f e r s t o 
g l y p h o s a t e w h e n a p p l i e d i n l a t e s u m m e r a f t e r t h e c u r r e n t 
y e a r ' s n e e d l e g r o w t h h a s h a r d e n e d ( X ) . S u b s t a n t i a l l y 
i n c r e a s e d g r o w t h o f c o n i f e r s r e l e a s e d f r o m t h e e f f e c t s o f 
c o m p e t i n g b r o a d l e a f s p p . b y s u c h t r e a t m e n t w i t h g l y p h o s a t e 
h a s b e e n o b s e r v e d i n s o m e c a s e s (2A). G i v e n t h e s c a l e o f 
s u c h a p p l i c a t i o n s , a n d t h e p r o b a b i l i t y o f e x p a n d e d u s e i n 
t h e f u t u r e , o n e c a n o n l y h o p e t h a t t h e t e s t s f o r t o l e r a n c e 
i n t h e c o n i f e r s h a v e b e e n o f s u f f i c i e n t d u r a t i o n a n d r i g o r 
t o c o n f i r m t h e a b s e n c e o f p o s s i b l e l o n g t e r m e f f e c t s f r o m 
a p p a r e n t l y ' s a f e 1 d o s e s a n d m o d e s o f a p p l i c a t i o n o f 
g l y p h o s a t e . 

T h e i n t e r a c t i o n o f G S F a n d g l y p h o s a t e i s p r e s e n t l y a 
p o o r l y d e f i n e d a n d u n d e r s t o o d p h e n o m e n o n . I t a l s o a p p e a r s 
t o b e r a t h e r g e n e r a l a n d u n a v o i d a b l e u n d e r f i e l d 
c o n d i t i o n s , a t l e a s t o n h e r b a c e o u s s e e d l i n g s . A s 
u n d e r s t a n d i n g o f t h e p h e n o m e n o n g r o w s , p a r t i c u l a r l y a s 
r e g a r d s t h e d e g r e e o f p l a n t ' h o s t ' s p e c i f i c i t y o f G S F , 
a p p l i c a t i o n s f o r b i o l o g i c a l o r i n t e g r a t e d c h e m i c a l -
m y c o h e r b i c i d a l w e e d c o n t r o l w i l l e m e r g e . P o s s i b l e 
a p p l i c a t i o n s i n c l u d e t h e u s e o f g l y p h o s a t e a s a 
m y c o h e r b i c i d e s y n e r g i s t , t h e u s e o f p a r t i c u l a r G S F i n t a n k 
m i x e s t o c o n f e r s e l e c t i v i t y o r e n h a n c e d a c t i v i t y t o 
g l y p h o s a t e , a n d t h e u s e o f g l y p h o s a t e t r e a t e d p l a n t s a s 
p r o b e s f o r t h e d e t e c t i o n a n d s t u d y o f ' l o w g r a d e ' r o o t 
p a t h o g e n s i n s o i l . 
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Chapter 15 

Soilborne Fungi for Biological Control 
of Weeds 

Richard W. Jones and Joseph G. Hancock 

Department of Plant Pathology, 147 Hilgard Hall, University 
of California—Berkeley, Berkeley, CA 94720 

Current methods of biological weed control with plant 
pathogens rely mainly upon foliar application of host
-specific pathogens which infect an established weed 
population. This contrasts with chemical weed control 
where application can provide broad-spectrum pre
planting, pre-emergence or post-emergence control of 
potential weed populations. This limitation to the 
value of mycoherbicides, relative to chemical 
herbicides, could be overcome with the finding that the 
saprophytic, soilborne fungus Gliocladium virens 
Miller, Giddens & Foster can provide the needed broad
-spectrum pre-emergence control of weeds. Application 
of G. virens, cultured on peat moss amended with 
sucrose and ammonium nitrate, reduced a broad range of 
weeds by at least 90 percent. Those seedlings which 
did emerge were severely stunted. Herbicidal activity 
was correlated with production of the steroidal 
phytotoxin viridiol. Viridiol caused a severe necrosis 
of roots but did not affect other tissues. Crop 
toxicity was avoided by directed application of the 
mycoherbicide above the root zone of crop seedlings. 
The use of G. virens and other soilborne fungi for weed 
control is discussed. 

S o i l b o r n e f u n g i r e m a i n t h e l e a s t s t u d i e d o r g a n i s m s f o r t h e 
b i o l o g i c a l c o n t r o l o f w e e d s . T h i s i s s u r p r i s i n g when one c o n s i d e r s 
t h a t t h e f i r s t f u l l y r e g i s t e r e d c o m m e r c i a l l y a v a i l a b l e m i c r o b i a l 
h e r b i c i d e was t h e s o i l b o r n e f u n g u s Phytophthora palmivora B u t l . 
(1,2). M a r k e t e d a s D e V i n e ( A b b o t t L a b o r a t o r i e s , C h i c a g o I L ) , P . 
palmivora i s a p p l i e d t o s o i l a r o u n d c i t r u s t r e e s f o r t h e c o n t r o l o f 
s t r a n g l e r v i n e (Morrenia odorata L i n d l . ) . I t h a s p r o v e n h i g h l y 

0097-6156790A)439-0276$06.00A) 
© 1990 American Chemical Society 
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15. JONES* HANCOCK SoUbome Fungi for Biological Control of Weeds 111 

e f f e c t i v e i n c o n t r o l o f b o t h s e e d l i n g s a n d m a t u r e v i n e s . 
P e r s i s t e n c e o f t h i s m y c o h e r b i c i d e i s h i g h l i g h t e d b y t h e 95 t o 100 % 
v i n e c o n t r o l r e p o r t e d 6 y e a r s a f t e r a p p l i c a t i o n o f t h e f u n g u s Q ) . 

S o i l b o r n e f u n g i r e d u c e weed p o p u l a t i o n s t h r o u g h t h e d e c a y o f 
s e e d s b e f o r e emergence o r b y c a u s i n g t h e d e a t h o f s e e d l i n g s s h o r t l y 
a f t e r e m e r g e n c e . S o i l b o r n e f u n g i c a n a l s o c a u s e s e v e r e r o o t d e c a y , 
g i r d l i n g s o i l - l i n e l e s i o n s a n d i n t e r n a l s t e m n e c r o s i s , e a c h 
r e s u l t i n g i n r e d u c e d c o m p e t i t i v e a b i l i t y a n d d e c r e a s e d r e p r o d u c t i v e 
c a p a c i t y o f i n f e c t e d w e e d s . W h i l e t h i s damage may be o v e r l o o k e d o n 
a w e e d , i t i s r e a d i l y d o c u m e n t e d when i t c a u s e s s i m i l a r damage t o a 
c r o p . P l a n t p a t h o l o g i s t s a r e w e l l aware o f t h e damage c a u s e d t o 
c r o p s b y s o i l b o r n e f u n g i , h o w e v e r t h e i r m a i n i n t e r e s t i s p r o t e c t i o n 
o f t h e c r o p , n o t t h e p o t e n t i a l t o i n f l i c t t h e same t y p e o f damage 
t o weed s p e c i e s . A w e a l t h o f i n f o r m a t i o n e x i s t s o n t h e e c o l o g y a n d 
p h y s i o l o g y o f s o i l b o r n e p h y t o p a t h o g e n i c f u n g i . T h i s i n f o r m a t i o n c a n 
p r o v i d e a v a l u a b l e r e s o u r c e f o r s e l e c t i o n a n d o p t i m i z a t i o n o f 
s o i l b o r n e p h y t o p a t h o g e n i c f u n g i a s m y c o h e r b i c i d e s . 

Weed h o s t s a r e a n i m p o r t a n t r e s e r v o i r f o r p a t h o g e n s o f 
c u l t i v a t e d p l a n t s p e c i e s , t h u s t h e y a r e l i s t e d i n many s t u d i e s o f 
s o i l b o r n e c r o p p a t h o g e n s . T h i s d o c u m e n t a t i o n c a n be a v a l u a b l e 
s o u r c e o f new m y c o h e r b i c i d e s . I t s h o u l d be p o s s i b l e t o e m p l o y a 
c r o p p a t h o g e n f o r c o n t r o l o f a c l o s e l y r e l a t e d weed s p e c i e s a s l o n g 
a s t h e c r o p s p e c i e s i s n o t p r e s e n t . One o f t h e v e r y f ew r e p o r t e d 
e x a m p l e s w h e r e t h i s s t r a t e g y h a s b e e n a p p l i e d was t h e a t t e m p t t o 
c o n t r o l y e l l o w s t a r t h i s t l e {Centaurea s o l s t i t i a l is L . ) w i t h 
p a t h o g e n s o f t h e c l o s e l y r e l a t e d c r o p s a f f l o w e r (Carthamus 
tinctorius L . ) ( 4 ) . The u s e o f p h y t o p a t h o g e n i c s o i l b o r n e f u n g i i s 
o b v i o u s l y l i m i t e d b y t h e p o t e n t i a l f o r e x p o s u r e o f s u s c e p t i b l e c r o p 
s p e c i e s . T h i s l i m i t a t i o n c a n be r e d u c e d i f t h e f u n g u s h a s a v e r y 
l i m i t e d h o s t r a n g e , a l t h o u g h t h i s l i m i t s i t s v a l u e a s a b r o a d -
s p e c t r u m weed c o n t r o l . E x p o s u r e c a n o c c u r t h r o u g h t h e s u b s e q u e n t 
p l a n t i n g o f s u s c e p t i b l e c r o p s i n t o m y c o h e r b i c i d e i n f e s t e d s o i l , o r 
b y d i s p e r s a l i n t o s u r r o u n d i n g f i e l d s c o n t a i n i n g s u s c e p t i b l e c r o p s . 
I f c r o p r o t a t i o n s a r e p r a c t i c e d o v e r a s u f f i c i e n t l e n g t h o f t i m e i t 
may be p o s s i b l e t o p l a n t s u s c e p t i b l e c r o p s , b u t o n l y f o r t h o s e 
c a s e s w h e r e t h e s o i l b o r n e f u n g u s i s known t o be g r e a t l y r e d u c e d i n 
p o p u l a t i o n i n t h e a b s e n c e o f a h o s t . The p o s s i b i l i t y t h a t a 
s o i l b o r n e f u n g u s w o u l d be d i s p e r s e d t o s u r r o u n d i n g f i e l d s , w h i l e 
p o s s i b l e , i s l e s s l i k e l y t h a n t h e p o s s i b l e d i s p e r s a l o f a f o l i a r 
p a t h o g e n whose p r o p a g u l e s w o u l d be a v a i l a b l e f o r w i n d a n d w a t e r 
d i s p e r s a l . 

T h e r e a r e numerous a d d i t i o n a l a d v a n t a g e s i n t h e u s e o f 
s o i l b o r n e f u n g i f o r weed c o n t r o l . One a d v a n t a g e o f s o i l b o r n e f u n g i 
i s t h e i r g r e a t e r i n d e p e n d e n c e f r o m e n v i r o n m e n t a l c o n d i t i o n s 
( m o i s t u r e , t e m p . ) w h i c h l i m i t t h e u s e o f f o l i a r m y c o h e r b i c i d e s . The 
e x t e n d e d p e r i o d s o f h i g h r e l a t i v e h u m i d i t y r e q u i r e d f o r g e r m i n a t i o n 
a n d i n f e c t i o n b y f o l i a r m y c o h e r b i c i d e s s e v e r e l y r e s t r i c t s t h e 
p e r i o d o f a p p l i c a t i o n . S o i l b o r n e f u n g i c a n be a p p l i e d a t t h e 
c o n v e n i e n c e o f t h e g r o w e r when weed c o n t r o l i s d e s i r e d . S o i l b o r n e 
f u n g i c a n a l s o be a p p l i e d i n v a r i o u s g r a n u l a r f o r m u l a t i o n s w h i c h 
p r o v i d e a s u b s t r a t e w h i c h f a v o r s p r o l i f e r a t i o n o f t h e a d d e d 
m y c o h e r b i c i d e . 
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278 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

F u s a r i a a s M y c o h e r b i c i d e s 

A l i s t o f s o i l b o r n e p h y t o p a t h o g e n s w h i c h h a v e b e e n s t u d i e d as 
m y c o h e r b i c i d e s i s f o u n d i n T a b l e I . W i t h t h e e x c e p t i o n o f 
Sclerotinia sclerotiorum ( L i b . ) de B a r y , t e s t e d f o r c o n t r o l o f 
C a n a d a t h i s t l e [Cirsium arvense ( L . ) S c o p . ] ( 5 ) , a n d P . palmivora, 
t h e o n l y s o i l b o r n e p l a n t p a t h o g e n i c f u n g i c u r r e n t l y b e i n g s t u d i e d 
a s m y c o h e r b i c i d e s i n c r o p s b e l o n g t o t h e genus F u s a r i u m . 

T a b l e I . S o i l b o r n e P h y t o p a t h o g e n i c F u n g i S t u d i e d 
a s M y c o h e r b i c i d e s 

F u n g u s T a r g e t Weed R e f e r e n c e 

Fusarium lateritLum 

Fusarium oxysporum 
f . s p . cannabis 

Fusarium oxysporum 
f . s p . carthami 

Fusarium roseum 
Fusarium solani 

f . s p . cucurbitae 
Phytophthora palmivora 
Rhizoctonia solani 
Sclerotinia sclerotiorum 

p r i c k l y s i d a (8 ) 
s p u r r e d a n o d a 
v e l v e t l e a f 
hemp (2) 

y e l l o w s t a r t h i s t l e (4) 

h y d r i l l a (9 ) 
T e x a s g o u r d (6 ) 

s t r a n g l e r v i n e (1) 
w a t e r h y a c i n t h (10) 
C a n a d a t h i s t l e Q ) 

F u s a r i u m i s f o u n d i n v i r t u a l l y a l l s o i l s o n a w o r l d w i d e b a s i s . 
S u r v i v a l i n s o i l i s g e n e r a l l y a c h i e v e d b y p r o d u c t i o n o f 
c h l a m y d o s p o r e s w h i c h a r i s e t h r o u g h t h e t h i c k e n i n g o f h y p h a l o r 
c o n i d i a l c e l l w a l l s . S p e c i e s o f F u s a r i u m h a v e b e e n r e p o r t e d as 
p a r a s i t e s o n v i r t u a l l y a l l c u l t i v a t e d c r o p s p e c i e s . Many f u s a r i a 
a r e q u i t e h o s t s p e c i f i c , a n d a r e c l a s s i f i e d i n f o r m a e s p e c i a l i s 
a c c o r d i n g t o t h e i r s p e c i f i c i t y . F o r e x a m p l e , Fusarium solani 
( M a r t . ) A p p e l . & W r . f o r m a e s p e c i a l i s ( f . s p . ) cucurbitae, a p p l i e d 
f o r c o n t r o l o f T e x a s g o u r d (Cucurbita texana G r a y ) ( 6 ) , i s l i m i t e d 
t o i n f e c t i o n o f c u c u r b i t s . T h i s s p e c i a l i z a t i o n p r o v i d e s a 
p r e d i c t a b l e h o s t r a n g e , t h u s r e d u c i n g t h e r i s k o f i n f e c t i n g a p l a n t 
s p e c i e s a b s e n t f r o m h o s t - r a n g e s c r e e n i n g . I n t h e a b s e n c e o f a 
h o s t , t h e s e s p e c i a l i z e d p a t h o g e n s do n o t s u r v i v e b e y o n d a few 
s e a s o n s so t h e y s h o u l d n o t p o s e a t h r e a t t o f u t u r e p l a n t i n g s o f 
s u s c e p t i b l e c r o p s . A n a d d i t i o n a l b e n e f i t o f t h i s s p e c i a l i z a t i o n i s 
t h a t r e s i s t a n c e genes a r e a v a i l a b l e i n some c r o p s , t h u s a l l o w i n g 
u s e o f t h e f u n g u s w i t h o t h e r w i s e s u s c e p t i b l e c r o p s . The p r e s e n c e 
o f r e s i s t a n c e i n t h e c r o p s u g g e s t s t h a t r e s i s t a n c e may be s e l e c t e d 
f o r i n t h e weed p o p u l a t i o n a f t e r r e p e a t e d a p p l i c a t i o n o f h o s t -
s p e c i f i c f u s a r i u m - b a s e d m y c o h e r b i c i d e s . F u s a r i u m r e s i s t a n c e was 
f o u n d d u r i n g i n i t i a l a p p l i c a t i o n o f F. oxysporum S c h l e c h t . f . s p . 
cannabis N o v i e l l o & S n y d e r f o r c o n t r o l o f i l l i c i t hemp (Cannabis 
sativa L . ) ( 2 ) . 
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15. JONES & HANCOCK Sodbome Fungi for Biological Control of Wads 279 

One l i m i t a t i o n i n t h e u s e o f F u s a r i a a s m y c o h e r b i c i d e s h a s b e e n 
t h e i n a b i l i t y t o c o n t r o l more t h a n one weed s p e c i e s . U n l e s s t h e 
t a r g e t weed i s t h e m a j o r component o f t h e c o m p e t i t i v e weed 
p o p u l a t i o n i t i s u n e c o n o m i c a l t o a p p l y t h e m y c o h e r b i c i d e . T h i s 
l i m i t a t i o n h a s b e e n r e d u c e d somewhat t h r o u g h u s e o f Fusarium 
lateritium Nees e x F r . , w h i c h i s e f f e c t i v e a g a i n s t s p u r r e d a n o d a 
[Anoda cristata ( L . ) S c h l e c h t ] , v e l v e t l e a f (Abutilon theophrasti 
M e d i c . ) a n d p r i c k l y s i d a (Sida spinosa L . ) ( £ ) . T h e s e weeds a r e , 
h o w e v e r , a l l members o f t h e M a l v a c a e , t h u s c o n t r o l r e m a i n s c o n f i n e d 
t o c l o s e l y r e l a t e d w e e d s . I t may be p o s s i b l e t o c o m b i n e v a r i o u s 
F u s a r i a t o o b t a i n a b r o a d e r r a n g e o f weed c o n t r o l . 

W h i l e t h e r e i s some p r o m i s e i n t h e u s e o f F u s a r i a as 
m y c o h e r b i c i d e s , t h e r e may be d i f f i c u l t i e s i n r e g i s t r a t i o n a n d 
c o m m e r c i a l i z a t i o n o f a c r o p p a t h o g e n f o r weed c o n t r o l . G r o w e r s , 
c o n c e r n e d a b o u t t h e p o t e n t i a l f o r damage t o t h e i r own a n d 
n e i g h b o r i n g f i e l d s may be w a r y o f m y c o h e r b i c i d e s c l a s s i f i e d a s 
p l a n t p a t h o g e n s . A n o t h e r t y p e o f m y c o h e r b i c i d e , e m p l o y i n g n o n -
p h y t o p a t h o g e n i c s o i l b o r n e f u n g i , c a n p r o v i d e a n a l t e r n a t i v e t o t h e 
r i s k s o f a p p l y i n g p a t h o g e n i c f u n g i f o r weed c o n t r o l . The n o n -
p h y t o p a t h o g e n i c f u n g i a c t b y p r o d u c i n g p h y t o t o x i c compounds u n d e r 
c e r t a i n n u t r i e n t r e g i m e s . T h u s , w h i l e t h e y do n o t i n f e c t p l a n t s 
t h e i r p h y t o t o x i c m e t a b o l i t e s r e s u l t i n s t u n t i n g a n d d e a t h o f n e a r b y 
p l a n t s . A s p h y t o t o x i c l e v e l s o f s y n t h e s i s o c c u r o n l y w i t h t h e 
a d d i t i o n o f h i g h l e v e l s o f s p e c i f i c n u t r i e n t s t h e d u r a t i o n o f 
h e r b i c i d a l a c t i v i t y c a n be r e g u l a t e d . I n t h e a b s e n c e o f t h e a d d e d 
s u b s t r a t e t h e f u n g u s e x i s t s i n t h e s o i l s i m p l y a s a s a p r o p h y t e , 
c a u s i n g no p o t e n t i a l d i s e a s e t h r e a t . 

P h v t o t o x i n P r o d u c t i o n b v Gliocladium virens 

B r o a d - s p e c t r u m weed c o n t r o l h a s r e c e n t l y b e e n a c h i e v e d u s i n g t h e 
n o n - p h y t o p a t h o g e n i c s o i l b o r n e f u n g u s Gliocladium virens (11.12). 
A p p l i c a t i o n o f t h e f u n g u s a f t e r c u l t u r i n g o n n u t r i e n t - a m e n d e d p e a t 
r e s u l t e d i n d r a m a t i c r e d u c t i o n s i n s e e d l i n g emergence a n d d r y 
w e i g h t s as shown i n T a b l e I I . A l l t e s t s e e d s w e r e f i r s t p l a n t e d i n 
s o i l i n w h i c h 16% o f t h e t o t a l s o i l v o l u m e was t h e f u n g u s - p e a t 
m i x t u r e . The m a j o r i t y o f t e s t weed s p e c i e s f a i l e d t o emerge a t 
t h i s l e v e l , t h e few w h i c h d i d w e r e s e v e r e l y s t u n t e d . T h o s e s p e c i e s 
w h i c h f a i l e d t o emerge a t t h e 16% c o n c e n t r a t i o n w e r e p l a n t e d i n 
s o i l i n w h i c h 8.7% o f t h e t o t a l s o i l v o l u m e was t h e f u n g u s - p e a t 
m i x t u r e . T h o s e f a i l i n g t o emerge a t t h i s c o n c e n t r a t i o n w e r e p l a n t e d 
a t l o w e r c o n c e n t r a t i o n s u n t i l emergence l e v e l s a t l e a s t 10% t h a t o f 
t h e c o n t r o l w e r e a c h i e v e d . 

A n i m p o r t a n t a s p e c t i n a d d i t i o n t o t h e b r o a d - s p e c t r u m n a t u r e o f 
t h i s m y c o h e r b i c i d e i s t h a t i s p o s s e s e s p r e - e m e r g e n c e a c t i v i t y . The 
s y s t e m i s s i m i l a r i n many ways t o weed c o n t r o l p r o v i d e d b y p r e -
emergence c h e m i c a l h e r b i c i d e s , w h i c h a c c o u n t f o r t h e m a j o r i t y o f 
h e r b i c i d e a p p l i c a t i o n s . W h i l e most m y c o h e r b i c i d e s c a u s e v a r i o u s 
d e g r e e s o f p h y s i o l o g i c a l s t r e s s t o t a r g e t w e e d s , i t i s o f t e n o n l y 
a f t e r t h e y h a v e become e s t a b l i s h e d i n t h e c r o p . A s t h e e f f e c t s o f 
weed c o m p e t i t i o n a r e g e n e r a l l y g r e a t e s t e a r l y i n c r o p s t a n d 
e s t a b l i s h m e n t , t h i s i s t h e m o s t e f f e c t i v e t i m e f o r c h e m i c a l o r 
m y c o h e r b i c i d e a c t i v i t y ( U ) · 

The a c t i v i t y o f G. virens a s a m y c o h e r b i c i d e i s a c h i e v e d 
t h r o u g h p r o d u c t i o n o f t h e s t e r o i d - l i k e p h y t o t o x i n v i r i d i o l whose 
s t r u c t u r e i s shown i n F i g u r e 1. V i r i d i o l p r o d u c t i o n i n s o i l was 
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282 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

c l o s e l y r e l a t e d w i t h c o n t r o l o f weed e m e r g e n c e , b o t h l a s t i n g a b o u t 
two w e e k s . P r o d u c t i o n o f p h y t o t o x i c l e v e l s o f v i r i d i o l is 
d e p e n d e n t u p o n t h e h i g h n u t r i e n t s u b s t r a t e o n w h i c h t h e f u n g u s is 
c u l t u r e d . W h i l e numerous c a r b o n a n d n i t r o g e n s o u r c e s s u p p o r t 
v i r i d i o l p r o d u c t i o n , o p t i m a l l e v e l s a r e p r o d u c e d w i t h h i g h 
c a r b o n : n i t r o g e n r a t i o s ( 1 4 ) . I t i s i m p o r t a n t t h a t t h e s u b s t r a t e be 
b e l o w pH 7 . 0 a s v i r i d i o l i s u n s t a b l e i n a l k a l i n e c o n d i t i o n s . 
A p p l i c a t i o n f o r m u l a t i o n s a r e p r e p a r e d b y c u l t u r i n g G. virens o n 
n u t r i e n t - a m e n d e d p e a t i n s h a l l o w t r a y s f o r s i x d a y s u n t i l t h e 
f u n g u s h a s c o l o n i z e d t h e p e a t . The f u n g u s - p e a t m i x t u r e i s a i r 
d r i e d t h e n s t o r e d u n t i l n e e d e d . F o r a p p l i c a t i o n t h e d r i e d m i x t u r e 
i s i n c o r p o r a t e d i n a b a n d t o t h e s o i l b e t w e e n t h e t o p o f t h e c r o p 
s e e d a n d t h e s o i l s u r f a c e . 

E x p o s u r e t o v i r i d i o l r e s u l t s i n n e c r o s i s a n d d e a t h o f e m e r g i n g 
r a d i c l e s . R o o t t i p s a r e a f f e c t e d i n t h e same m a n n e r , w h e r e a s 
h y p o c o t y l s a n d f o l i a g e a r e u n a f f e c t e d . The o r g a n s p e c i f i c i t y o f 
v i r i d i o l a l l o w s i t t o be a p p l i e d i n t h e p r e s e n c e o f s e n s i t i v e c r o p 
s p e c i e s . A p p l i c a t i o n i s s i m p l y d i r e c t e d t o t h e s o i l a b o v e t h e c r o p 
s e e d . A s t h e c r o p s e e d g e r m i n a t e s t h e e m e r g i n g r a d i c l e a n d 
s u b s e q u e n t r o o t s e x t e n d i n t o t h e s o i l b e l o w t h e r e g i o n o f v i r i d i o l 
p r o d u c t i o n . V i r i d i o l p r o d u c t i o n o c c u r s o n l y o n t h e p e a t s u b s t r a t e , 
i n c o n t a c t w i t h t h e a d d e d n u t r i e n t s , t h u s s y n t h e s i s d o e s n o t o c c u r 
b e y o n d t h e s u b s t r a t e . We h a v e f o u n d no e v i d e n c e f o r movement o f 
v i r i d i o l i n t o t h e v i r i d i o l - s e n s i t i v e r o o t r e g i o n o f t e s t c r o p 
s e e d l i n g s . The r e g i o n b e t w e e n t h e c r o p s e e d a n d t h e s o i l s u r f a c e i s 
w h e r e weed c o n t r o l c a n be s e e n . A weed s e e d w h i c h g e r m i n a t e s a t a 
d e p t h g r e a t e r t h a n t h a t w h i c h t h e f u n g u s - p e a t m i x t u r e i s a p p l i e d 
w i l l be u n a f f e c t e d . H o w e v e r , t h e m a j o r i t y o f weed s e e d s g e r m i n a t e 
w i t h i n t h e t o p f ew c e n t i m e t e r s o f s o i l t h e r e f o r e a h i g h d e g r e e o f 
weed c o n t r o l c a n be e x p e c t e d . 

Numerous a t t r i b u t e s make G. virens a n i d e a l f u n g u s f o r 
m y c o h e r b i c i d e f o r m u l a t i o n s . I t i s r e a d i l y c u l t u r e d , g r o w s r a p i d l y 
a n d i s l o n g - l i v e d i n d r i e d p r e p a r a t i o n s . A u n i q u e f e a t u r e o f G. 
virens i s t h e p r o d u c t i o n o f c h e m i c a l compounds i n a d d i t i o n t o t h e 
p h y t o t o x i n v i r i d i o l . The two m a i n compounds a r e t h e 
e p i p o l y t h i o d i k e t o p i p e r a z i n e s g l i o t o x i n a n d g l i o v i r i n ( 1 5 , 1 6 ) . 
T h e s e compounds a r e s t r o n g l y i n h i b i t o r y t o w a r d s Pythium ultimum 
T r o w a n d Rhizoctonia solani K u h n , two s o i l b o r n e f u n g i r e s p o n s i b l e 
f o r t h e m a j o r i t y o f c r o p s e e d a n d s e e d l i n g d e c a y . A c l o s e r 
e x a m i n a t i o n o f o t h e r p h y t o t o x i n - p r o d u c i n g s o i l b o r n e f u n g i may y i e l d 
a d d i t i o n a l m y c o h e r b i c i d e c a n d i d a t e s a s e f f e c t i v e a s G. virens. 

S c r e e n i n g f o r P h y t o t o x i n - p r o d u c i n g S o i l b o r n e F u n g i 

V a r i o u s s o i l b o r n e f u n g i h a v e b e e n r e p o r t e d t o p r o d u c e p h y t o t o x i n s , 
some o f w h i c h a r e l i s t e d i n T a b l e I I I . C e r t a i n p h y t o t o x i c 
compounds a r e known t o h a v e p r o n o u n c e d m y c o t o x i c a c t i v i t y ( e g . 
m o n i l i f o r m i n ) . We h a v e e x c l u d e d t h o s e f u n g i w h i c h h a v e t h e 
p o t e n t i a l t o c o l o n i z e e d i b l e p a r t s o f c r o p s a n d p r o d u c e m y c o t o x i c 
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15. JONES A HANCOCK Soilborne Fungi for Biological Control of Weeds 283 

compounds a s t h e y w o u l d o b v i o u s l y be u n s u i t a b l e f o r a p p l i c a t i o n . 
V e r y f ew p h y t o p a t h o g e n i c f u n g i a r e known t o p r o d u c e p h y t o t o x i n s . 
The m a j o r i t y o f p h y t o t o x i n - p r o d u c i n g s o i l b o r n e f u n g i a r e 
s a p r o p h y t e s . 

T a b l e I I I . P h y t o t o x i n - p r o d u c i n g S o i l b o r n e F u n g i 

F u n g u s P h y t o t o x i n R e f e r e n c e 

Actinomycete s p p . u n c h a r a c t e r i z e d (18,12) 
Gliocladium delLquescens d e s m e t h o x y v i r i d i o l (14) 
Gliocladium virens v i r i d i o l (11.12) 
Macrophomina phaseolina p h a s e o l i n o n e (24) 
Nodulisporium hinnuleum d e s m e t h o x y v i r i d i o l (21) 
Pénicillium charlesii c i t r e o v i r i d i n (26) 
Periconia circinata PC t o x i n (22) 
Streptomyces s p . a n i s o m y c i n (28) 
Streptomyces saganonensis h e r b i m y c i n s A ,Β (2i) 
Streptomyces νiridochromogenes b i a l o p h o s (30) 
Streptoverticillium s p . c y c l o c a r b i m i d e A,Β (26) 
Trichoderma harzianum p e n t y l p y r o n e s (11) 
Trichoderma viride p e n t y l p y r o n e s (32) 

Few s t u d i e s h a v e c e n t e r e d o n t h e i s o l a t i o n o f p h y t o t o x i n -
p r o d u c i n g s o i l b o r n e f u n g i . The p h y t o t o x i c a c t i v i t y o f f u n g a l 
m e t a b o l i t e s i s g e n e r a l l y f o u n d d u r i n g r o u t i n e s c r e e n i n g o f 
m e t a b o l i t e s f o r o v e r a l l b i o l o g i c a l a c t i v i t y (1Z). S c r e e n i n g o f 
s o i l b o r n e f u n g i s p e c i f i c a l l y f o r t h e p r o d u c t i o n o f p h y t o t o x i n s 
s h o u l d y i e l d numerous p r o m i s i n g c a n d i d a t e s f o r u s e a s 
m y c o h e r b i c i d e s . To d a t e , e f f o r t s t o i d e n t i f y p h y t o t o x i n - p r o d u c i n g 
s t r a i n s h a v e b e e n l a r g e l y l i m i t e d t o Streptomyces a n d Actinomycete 
s p p . (18,19). 

V a r i o u s m e t h o d s a r e a v a i l a b l e t o r a p i d l y s c r e e n s o i l b o r n e f u n g i 
f o r p r o d u c t i o n o f p h y t o t o x i c m e t a b o l i t e s . One o f t h e s i m p l e s t 
i n v o l v e s p l a c i n g a f u n g a l c u l t u r e o n a n a g a r p l a t e c o n t a i n i n g s e e d s 
o f t h e t a r g e t w e e d . T h i s i s l i m i t e d t o f u n g a l i s o l a t e s w h i c h do 
n o t r a p i d l y c o l o n i z e t h e a g a r p l a t e . R a p i d c o l o n i z a t i o n w o u l d 
o b s c u r e p h y t o t o x i n p r o d u c t i o n . F o r t h o s e f u n g i o f r e s t r i c t e d 
c o l o n y s i z e , one r e l i e s o n t h e a b i l i t y o f t h e p h y t o t o x i n t o d i f f u s e 
f r o m t h e c o l o n y t o t h e s u s c e p t i b l e t a r g e t t i s s u e . W h i l e t h i s i s 
a d e q u a t e f o r some compounds , i t may l i m i t t h e d e t e c t i o n o f 
h y d r o p h o b i c compounds w h i c h d i f f u s e l e s s r e a d i l y t h r o u g h t h e a g a r . 
A n a l t e r n a t i v e t o d i r e c t s c r e e n i n g o f p o t e n t i a l p h y t o t o x i n -
p r o d u c i n g f u n g i i s t h e t e s t i n g o f c r u d e m e t a b o l i t e s p r o d u c e d i n 
l i q u i d c u l t u r e b y t h e f u n g i . The m e t a b o l i t e s c a n be p l a c e d i n 
w e l l s c u t i n t o t h e a g a r n e x t t o t h e t e s t weed s e e d o r i t may be 
i n c o r p o r a t e d d i r e c t l y i n t o t h e a g a r . The m e t a b o l i t e s may a l s o be 
a p p l i e d d i r e c t l y t o s e e d s , c a l l i o r s h o o t c u l t u r e s (22) t o t e s t f o r 
m e t a b o l i t e t o x i c i t y . A l g a e h a v e b e e n u s e d a s i n d i c a t o r s o f 
m e t a b o l i t e p h y t o t o x i c i t y . Chlorella i s o f t e n u s e d a n d i s e f f e c t i v e 
f o r d e t e c t i o n o f p h o t o s y n t h e t i c i n h i b i t o r s (21)· Chlamydomonas may 
a l s o p r o v e a u s e f u l a l g a l m o d e l f o r d e t e c t i o n o f f u n g a l 
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p h y t o t o x i n s . Chlamydomonas i s s e n s i t i v e t o i n h i b i t o r s o f c e l l 
d i v i s i o n a n d e n l a r g e m e n t ( 2 2 ) , t h u s i t c o u l d p r o v i d e a s e n s i t i v e 
i n d i c a t o r o f compounds i n h i b i t o r y t o s e e d g e r m i n a t i o n a n d s e e d l i n g 
g r o w t h w h e r e r a p i d c e l l d i v i s i o n a n d e n l a r g e m e n t i s o c c u r i n g . 
I n h i b i t o r s o f s e e d g e r m i n a t i o n a n d s e e d l i n g g r o w t h w o u l d be 
p a r t i c u l a r i l y d e s i r a b l e a c t i v i t i e s f o r a m y c o h e r b i c i d e a s t h e y 
c o u l d e l i m i n a t e weed c o m p e t i t i o n a t a v e r y e a r l y s t a g e . C e l l 
c u l t u r e s , c a l l u s a n d s h o o t c u l t u r e s may b e u s e d i n m e t a b o l i t e 
s c r e e n i n g , h o w e v e r mos t c u l t u r e s a r e c u r r e n t l y d e r i v e d f r o m t o b a c c o 
a n d i t i s n o t known how d i f f i c u l t i t w o u l d be t o c u l t u r e c e l l s f r o m 
v a r i o u s w e e d s . A n o t h e r i n t e r e s t i n g s o u r c e o f t i s s u e f o r 
p h y t o t o x i c i t y s t u d i e s w o u l d be Agrobacterium rhizogenes-transformed 
r o o t c u l t u r e s ( 2 3 ) , a s t h e y m a i n t a i n t h e c e l l u l a r s t r u c t u r e o f 
i n t a c t r o o t s . F o r b o t h t h e a l g a l a n d t i s s u e c u l t u r e s y s t e m s i t i s 
n o t w e l l known i f t h e y a d e q u a t e l y r e p r e s e n t t h e r e s p o n s e o f a c t u a l 
p l a n t s . W h i l e e a c h o f t h e p r e v i o u s l y m e n t i o n e d m e t h o d s f o r 
d e t e c t i n g p h y t o t o x i c m e t a b o l i t e s may p r o v e u s e f u l t h e y s h o u l d n o t 
r e p l a c e t e s t i n g o f t h e a c t u a l s e e d o r s e e d l i n g o f t h e t a r g e t weed 
i n s o i l . T h e y may, h o w e v e r , p r o v i d e a u s e f u l s y s t e m f o r t h e 
i n i t i a l s c r e e n i n g o f v e r y l a r g e numbers o f f u n g a l i s o l a t e s . 

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

S c r e e n i n g f o r p h y t o t o x i n p r o d u c t i o n s h o u l d be c a r r i e d o u t w i t h a s 
many d i f f e r e n t m e d i a c o m p o s i t i o n s a s p o s s i b l e due t o t h e v a r i a b l e 
l e v e l o f m e t a b o l i t e s y n t h e s i s o n d i f f e r e n t m e d i a . The c o m p o s i t i o n 
o f t h e m e d i a s i g n i f i c a n t l y a f f e c t s p r o d u c t i o n o f t h e p h y t o t o x i n 
v i r i d i o l b y G. virens. I n t h i s c a s e , i t was n o t t h e p r e s e n c e o f a 
s p e c i f i c c a r b o n o r n i t r o g e n s o u r c e b u t t h e i r r e l a t i v e r a t i o . The 
pH was a l s o c r i t i c a l b e c a u s e v i r i d i o l was n o t s t a b l e i n a l k a l i n e 
s o l u t i o n . L a r g e s c a l e s c r e e n i n g o f l i q u i d m e d i a c a n be p e r f o r m e d 
i n d i s p o s a b l e m i c r o f u g e t u b e s . We h a v e s c r e e n e d numerous m e d i a b y 
i n o c u l a t i n g G. virens c o n i d i a i n t o 1 .5 m i l l i l i t e r m i c r o f u g e t u b e s 
c o n t a i n i n g one m i l l i l i t e r o f med ium. F o l l o w i n g a f i v e - d a y 
i n c u b a t i o n , t h e f u n g a l m y c e l i u m i s p e l l e t e d b y c e n t r i f u g a t i o n a n d 
t h e s u p e r n a t a n t t r a n s f e r r e d t o a n o t h e r t u b e . B o t h t h e m y c e l i u m a n d 
t h e c u l t u r e f l u i d c a n t h e n be e x t r a c t e d a n d f r a c t i o n a t e d t o i s o l a t e 
p h y t o t o x i c m e t a b o l i t e s . P r o d u c t i o n o f p h y t o t o x i n s s h o u l d be 
m o n i t o r e d o v e r a n e x t e n d e d t i m e p e r i o d s i n c e m e t a b o l i t e s may be 
p r o d u c e d a n d t h e n c o n v e r t e d t o a n o t h e r compound w i t h a d i f f e r e n t 
l e v e l o r s p e c t r u m o f a c t i v i t y . T h i s was t h e c a s e f o r v i r i d i o l 
p r o d u c t i o n . V i r i d i o l was shown t o be t h e p r o d u c t o f a C - 3 
k e t o r e d u c t i o n o f t h e a n t i b i o t i c compound v i r i d i n , w h i c h i s p r o d u c e d 
b y G. virens s h o r t l y b e f o r e c o n v e r s i o n t o v i r i d i o l . 

I t i s p o s s i b l e t h a t a m e t a b o l i t e p r o d u c e d i n l i q u i d c u l t u r e w i l l 
n o t be p r o d u c e d a t t h e same l e v e l o n a s o l i d s u b s t r a t e . T e s t i n g 
f o r m e t a b o l i t e p r o d u c t i o n o n s o l i d medium i s b e s t a c h i e v e d b y 
a p p l i c a t i o n o f t h e n u t r i e n t s f r o m t h e l i q u i d medium t o a n i n e r t 
s o l i d , p r e f e r a b l y one w h i c h c o u l d be u s e d a s a c a r r i e r f o r f i e l d 
a p p l i c a t i o n . 
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P r o s p e c t s f o r S o i l b o r n e F u n g i a s M y c o h e r b i c i d e s 

To compete w i t h t h e c u r r e n t a r s e n a l o f c h e m i c a l h e r b i c i d e s , 
m y c o h e r b i c i d e s m u s t p r o v i d e a n e f f e c t i v e means f o r c o n t r o l l i n g a 
b r o a d s p e c t r u m o f w e e d s , p r e f e r a b l y e a r l y i n weed s e e d l i n g 
d e v e l o p m e n t . Among t h e p h y t o p a t h o g e n i c s o i l b o r n e f u n g i , Fusarium 
s p p . show t h e g r e a t e s t p r o m i s e , a l t h o u g h t h e i r u s e w i l l r e m a i n 
l i m i t e d u n l e s s t h e p r o b l e m s p r e v i o u s l y o u t l i n e d c a n be o v e r c o m e . A 
more p r o m i s i n g a v e n u e f o r f u t u r e m y c o h e r b i c i d e r e s e a r c h may be 
f o u n d i n t h e u s e o f n o n - p h y t o p a t h o g e n i c s o i l b o r n e f u n g i . The n o n -
p h y t o p a t h o g e n i c f u n g i a c h i e v e weed c o n t r o l t h r o u g h p r o d u c t i o n o f 
p h y t o t o x i c compounds . P r o d u c t i o n o f t h e s e compounds g e n e r a l l y 
r e l i e s u p o n t h e a v a i l a b i l i t y o f c e r t a i n n u t r i e n t s , t h u s p h y t o t o x i n 
s y n t h e s i s c a n be c o n t r o l l e d . P h y t o t o x i c m e t a b o l i t e s o f some 
s o i l b o r n e f u n g i h a v e a s u f f i c i e n t l y b r o a d s p e c t r u m o f a c t i v i t y t o 
be e f f e c t i v e i n c o n t r o l o f numerous members o f a weed c o m m u n i t y . 

F u t u r e p r o g r e s s w i l l b e g i n b y s c r e e n i n g a w i d e r a n g e o f s o i l s 
t o i s o l a t e p h y t o t o x i n p r o d u c i n g f u n g i . S c r e e n i n g methods a r e 
s i m p l e e n o u g h t o a c c o m o d a t e l a r g e s c a l e s c r e e n i n g . S t r a i n 
s e l e c t i o n a n d i m p r o v e m e n t s h o u l d y i e l d more e f f e c t i v e p h y t o t o x i n 
p r o d u c e r s . We h a v e f o u n d t h a t v i r i d i o l p r o d u c t i o n b y G. virens 
v a r i e d m a n y - f o l d b e t w e e n i s o l a t e s o b t a i n e d f r o m t h e same f i e l d 
s o i l , t h u s t h e r e i s s t i l l room f o r f u r t h e r e n h a n c e m e n t o f t h i s 
m y c o h e r b i c i d e a f t e r more e x t e n s i v e s e l e c t i o n s . 

A f t e r s e l e c t i o n o f o p t i m a l s t r a i n s , f u r t h e r i m p r o v e m e n t s c a n 
a r i s e t h r o u g h p r o t o p l a s t f u s i o n s , g e n e t i c c r o s s e s o r d i r e c t g e n e t i c 
m a n i p u l a t i o n b y gene i n s e r t i o n s . P r o t o p l a s t f u s i o n s may be t o o 
u n s t a b l e f o r g e n e r a l u s e , a n d g e n e t i c c r o s s e s a r e o n l y p o s s i b l e i f 
t h e s e x u a l o r t e l e o m o r p h s t a g e o f t h e f u n g u s i s a v a i l a b l e . 
A p p l i c a t i o n o f g e n e t i c e n g i n e e r i n g t e c h n i q u e s may y i e l d t h e b e s t 
r e s u l t s . W h i l e t h e g e n e t i c c o m p o s i t i o n o f s t r a i n s a r i s i n g f r o m 
p r o t o p l a s t f u s i o n a n d g e n e t i c c r o s s e s r e m a i n u n d e f i n e d , g e n e t i c 
e n g i n e e r i n g a l l o w s i n c o r p o r a t i o n o f d e f i n e d g e n e t i c e l e m e n t s . F o r 
t h e m a j o r i t y o f s o i l b o r n e f u n g i , methods f o r d i r e c t g e n e t i c 
m a n i p u l a t i o n r e m a i n u n t e s t e d . T h i s i s n o t t h e c a s e f o r 
Streptomyces s p p . , i n w h i c h c l o n i n g a n d e x p r e s s i o n t e c h n i q u e s a r e 
w e l l d o c u m e n t e d . Gene c l u s t e r s i n v o l v e d i n a n t i b i o t i c s y n t h e s i s 
a n d r e s i s t a n c e h a v e b e e n c l o n e d a n d e x p r e s s e d i n v a r i o u s s p e c i e s o f 
Streptomyces ( 3 3 , 3 4 ) · I s o l a t i o n o f gene c l u s t e r r e s p o n s i b l e f o r 
p h y t o t o x i n p r o d u c t i o n s h o u l d be no d i f f e r e n t . M u l t i p l e p h y t o t o x i n 
s y n t h e s i s genes may be e x p r e s s e d b y i n s e r t i o n i n t o a s i n g l e s p e c i e s 
o f Streptomycete t h u s a l l o w i n g a b r o a d e r d e g r e e o f weed c o n t r o l . 
C o n t r o l o f p h y t o t o x i n e x p r e s s i o n m i g h t be e n g i n e e r e d b y i n s e r t i o n 
o f a p r o m o t e r r e s p o n s i v e t o a s p e c i f i c s u b s t r a t e n o t r e a d i l y 
a v a i l a b l e i n t h e s o i l . The a p p l i c a t i o n o f g e n e t i c t e c h n i q u e s t o 
s t r a i n i m p r o v e m e n t w i l l r e q u i r e a l o n g - t e r m commitment t o t h e 
p r o j e c t . F o r t h e n e a r t e r m , t h e p r e v i o u s l y m e n t i o n e d s c r e e n i n g 
m e t h o d s s h o u l d p r o v i d e numerous s o i l b o r n e p h y t o t o x i n - p r o d u c i n g 
f u n g i w h i c h w i l l p r o v e v a l u a b l e a s f u t u r e m y c o h e r b i c i d e s a n d be 
a v a i l a b l e f o r more i m m e d i a t e f i e l d a p p l i c a t i o n . 
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Chapter 16 

Formulation and Application Technology 
for Microbial Weed Control 

Donald J. Daigle and William J . Connick, Jr. 

Southern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, New Orleans, LA 70179 

Fungal weed pathogens (mycoherbicides) are 
di f f icul t to formulate into effective products 
because, as l iving organisms, their v iabi l i ty 
must be preserved throughout processing and 
storage. Furthermore, the pathogens, as 
packaged in a final product, must be able to 
control weeds after application under natural 
environmental conditions of moisture and 
temperature. This overview of formulation and 
application technology for microbial weed 
control describes the current developmental 
status of experimental and commercial 
products. A brief review of combinations of 
mycoherbicides with chemical pesticides and 
beneficial insects is included. 

There are two strategies commonly employed for the 
b i o l o g i c a l control of weeds. One i s the c l a s s i c a l i n 
which the microbial herbicide, after release, i s 
capable of self-dissemination and epidemic i n i t i a t i o n . 
The other strategy, inundative b i o l o g i c a l control, 
requires instant introduction of large populations of a 
plant pathogen, and i t s application follows the same 
patterns as chemical herbicides (.43) . The inundative 
strategy also c a l l s for formulation of a delivery 
system for the microorganism, since t h i s type of 
strategy i s not dependent on the microbial herbicide 
spreading rapidly on i t s own. 

Formulation i s a mixing of the active ingredient 
with appropriate adjuvants and c a r r i e r . Today, the 
formulation of chemical herbicides may be considered a 
science, whereas the formulation of microbial 
herbicides remains more of an art. A major difference 
between the two types of herbicides i s that the l i f e 
and virulence of the b i o l o g i c a l control organism must 
be maintained. To this end, the different additives 
and diluents of the formulation must be tested, singly 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
25

, 1
99

0 
| d

oi
: 1

0.
10

21
/b

k-
19

90
-0

43
9.

ch
01

6



16. DAIGLE &CONNICK MknMalWeedControl 289 

and i n various combinations/ to insure the v i a b i l i t y of 
the mycoherbicide. These adjuvants and diluents should 
also increase the ef f i c i e n c y of application, and 
pa r t i c u l a r l y , the efficacy of the control agent. 

Formulation also may involve integrating the 
pathogens into a weed management system. Researchers 
have found both b e n e f i c i a l and detrimental interactions 
between commonly used insecticides, herbicides, and 
weed pathogens (44., j45) . In such a system the problems 
of application are magnified. Application can include 
new or conventional a g r i c u l t u r a l equipment and 
variables such as when, where, and how the formulation 
i s applied. Of course, the researcher makes 
compromises in thi s complex matrix in an ef f o r t for 
maximum eff i c i e n c y at minimum cost. 

This chapter discusses microbial weed control 
agents and t h e i r experimental and commercial 
formulations. Because most microbial herbicides have a 
narrow host s p e c i f i c i t y , they are most l i k e l y to be 
used i n an integrated pest management strategy with 
chemical herbicides, insecticides, plant growth 
regulators, and insect biocontrol agents. A l l of these 
research investigations are presented with emphasis on 
f i e l d studies, except for those agents i n t h e i r 
developmental stage. 

Water and Surfactant-Based Formulations 

Water has been the c a r r i e r of choice, especially since 
i t i s inexpensive, easy to handle, and necessary for 
maintaining the l i f e of the weed pathogens. The most 
elementary delivery system i s a simple mixture of the 
microbial agent and water. Such a system i s usually 
the f i r s t used by the researcher i n testing the 
biocontrol potential of the organism. Sometimes, t h i s 
s i m p l i s t i c approach i s bypassed i n favor of a conidial 
suspension which contains a surfactant. Surfactants 
perform two functions: they help to disperse the 
spores or other fungal propagules i n the tank mix and 
they serve as wetting agents to minimize runoff and the 
resulting loss of active ingredient from the target 
weed. 

Table I l i s t s research on water and surfactant-
based mycoherbicides that has progressed to the 
greenhouse stage. In six of the eight investigations, 
a surfactant was used. The efficacy of Protomvces 
gravidus was highly dependent upon the s t r i c t 
environmental condition of a minimum of 48 hours of dew 
( 2 ). These studies and others have shown that older 
plants require more spores/ml and/or longer dew periods 
for control. The investigations l i s t e d in Table I are 
based on the minimum spores/ml and minimum dew period 
to k i l l at least 80% of the target weed at the four (or 
fewer) true-leaf stage (young seedlings). 
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Certain adjuvants may stimulate the microbial agent to 
either germinate or infect the target weed more 
ef f e c t i v e l y . Table II l i s t s adjuvants/ one of which, 
sucrose (.12), was reported to enhance disease 
development. For another adjuvant/ gelatin, the 
function was not given/ but gelatin could increase the 
v i s c o s i t y of the formulation to reduce runoff or 
function as a humectant to improve spore survival. In 
those investigations with gelatin, only greenhouse 
results were reported. With the addition of Sorbo (64% 
s o r b i t o l , Atkemix Inc./ Brandford/ Ontario) in the 
suspension/ the number of viable spores of 
Colletotrichum coccodes recovered from inoculated 
leaves increased 2 0 - f o l d . Also/ three 9-hour dew 
periods on consecutive nights were as effective for 
disease incubation as one 18-hour dew period (10). 

The length of the dew period usually correlates 
with success or f a i l u r e i n a majority of the work 
referenced i n t h i s review. Recently/ i t has been 
reported that invert (water-in-oil) emulsion carriers 
composed of paraffin wax, mineral (paraffin) oil, 
soybean oil, and l e c i t h i n retarded water evaporation 
( 1 3 ) . Thus, the pathogen has water available over a 
longer period of time for germination and infection of 
the target weed. I n i t i a l l y / the spores were applied in 
an aqueous c a r r i e r followed by an overspray of an 
invert emulsion applied with specialized a i r - a s s i s t 
atomizing nozzles (14.) . Greenhouse results using 
Alternaria cassiae against sicklepod were successful 
(88% mortality)/ but the volumes sprayed were too high 
for p r a c t i c a l i t y (JL3) . Further research with a one-
step application of A. cassiae in invert emulsions 
showed that the quantity of paraffin wax and droplet 
deposit size determined the rate of water evaporation 
(Daigle/ D. J.; Connick/ W. J., J r . ; Quimby/ P. C , 
Jr.; Evans/ J. P.; Trask-Morrell/ B.; Fulgham, F. E., 
USDA/ ARS/ New Orleans/ LA, and Stoneville/ MS/ 
unpublished r e s u l t s ) . Therefore, invert emulsions 
could be both a successful delivery system and water 
source for A. cassiae. However, the lack of s u f f i c i e n t 
mortality at reasonable application rates indicates 
that the invert emulsion c a r r i e r needs other adjuvants 
or a more virulent pathogen s t r a i n for commercial 
success. 

Another approach i s to combine chemical and 
microbial herbicides. It was reported that the 
addition of sublethal rates of the herbicides, linuron 
[Ν'-(3,4-dichlorophenyl)-N-methoxy-N-methylurea], 
imazaquin { 2 - [ 4 , 5-dihydro - 4-methyl - 4 ( 1-methylethyl) - 5 -
oxo-lH-imidazol - 2-yl] - 3-quinolinecarboxylic acid}, and 
lactofen {( + )2-ethoxy-l-methyl - 2-oxoethyl - 5 - [2-chloro-
4-(trifluoromethyl)phenoxyl] -2-nitrobenzoate} to an 
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16. DAIGLE & CONNICK Microbial Weed Control 293 

i n v e r t e m u l s i o n c o n t a i n i n g A . c a s s i a e s i g n i f i c a n t l y 
i n c r e a s e d w e e d c o n t r o l w i t h o u t dew ( 1 5 ) . 

W i t h c e n t e r p i v o t i r r i g a t i o n s i m u l a t o r e q u i p m e n t , 
p e a n u t a n d o t h e r v e g e t a b l e o i l s w e r e s u p e r i o r t o 
p a r a f f i n i c o i l s f o r a p p l y i n g A . c a s s i a e s p o r e s a t r a t e s 
o f 0 . 4 - 8 g s p o r e s / h a t o s i c k l e p o d ( P h a t a k , S . C , U n i v . 
o f G e o r g i a , T i f t o n , G A , p e r s o n a l c o m m u n i c a t i o n ) . G o o d 
i n f e c t i o n o c c u r r e d a t r a t e s o f 0 . 8 - 1 . 6 L / h a o f t h e 
o i l / s p o r e m i x t u r e e v e n w i t h o u t d e w . S i c k l e p o d c o n t r o l 
was b e s t when s p o r e s w e r e a p p l i e d i n o i l , c o m p a r e d w i t h 
w e t t a b l e p o w d e r o r c o n i d i a l s u s p e n s i o n . 

F o r m u l a t i o n s B a s e d u p o n S o l i d C a r r i e r s 

A l t h o u g h w a t e r h a s b e e n u s e d a s a c a r r i e r o f 
P h y t o p h t h o r a p a l m i v o r a ( S m i t h ) L e o n e a n , a s o i l - b o r n e 
f u n g u s , i n t h e c o n t r o l o f s t r a n g l e r v i n e ( M o r r e n i a 
o d o r a t a L . ) ( 3 6 - 3 8 ) . t h e p o t e n t i a l o f a n y m i c r o b i a l 
a g e n t may b e l i m i t e d o n l y b y f o r m u l a t i o n a n d / o r 
a p p l i c a t i o n t e c h n i q u e s . W i t h s o i l - b o r n e p a t h o g e n s , 
r e s e a r c h e r s a r e g i v e n t h e f u r t h e r o p t i o n o f u s i n g 
s o l i d s a s c a r r i e r s ( T a b l e I I I ) . 

I n i t i a l l y , s o l i d c a r r i e r s w e r e s i m p l e s u b s t r a t e s 
o n w h i c h t h e p a t h o g e n g e r m i n a t e d , g r e w m y c e l i a , a n d 
s p o r u l a t e d . One c a r r i e r was v e r m i c u l i t e w h i c h was 
m i x e d w i t h m y c e l i a o f A l t e r n a r i a m a c r o s p o r a Z i m m . (24.) . 
A f t e r s p o r u l a t i o n a n d a i r d r y i n g , t h i s m i x t u r e was 
a p p l i e d , b o t h p r e e m e r g e n c e a n d p o s t e m e r g e n c e , t o 
s p u r r e d a n o d a ( A n o d a c r i s t a t a S c h l e c h t ) a n d g a v e 75 t o 
95% c o n t r o l o f s e e d l i n g s . H o w e v e r , a t l e a s t t w o 1 8 -
h o u r dew p e r i o d s a t 25 C w e r e n e e d e d f o r t h i s l e v e l o f 
c o n t r o l . T h e f u n g i c i d e s , PCNB 
( p e n t a c h l o r o n i t r o b e n z e n e ) a n d ETMT [ 5 - e t h o x y l - 3 -
( t r i c h l o r o m e t h y l ) - 1 , 2 , 4 - t h i a d i a z o l e ] , d i d n o t 
s i g n i f i c a n t l y a f f e c t s p u r r e d a n o d a c o n t r o l w i t h A . 
m a c r o s p o r a . F i e l d r e s u l t s s h o w e d no d i f f e r e n c e b e t w e e n 
t h e a p p l i c a t i o n o f A ^ m a c r o s p o r a a s a f o l i a r s p r a y o f 
s p o r e s , o r a s a g r a n u l a r f o r m u l a t i o n a p p l i e d t o t h e 
s o i l ( 2 5 ) . 

F o r many b i o c o n t r o l a p p l i c a t i o n s , a s o l i d m a t r i x 
t h a t c o u l d e n t r a p o r e n c a p s u l a t e m i c r o o r g a n i s m s i s 
a d v a n t a g e o u s . T h e u s e o f a c h e m i c a l r e a c t i o n b e t w e e n 
s o d i u m a l g i n a t e ( N a A l g ) a n d c a l c i u m i o n s t o make 
g r a n u l e s c o n t a i n i n g a n y o f a w i d e v a r i e t y o f 
m y c o h e r b i c i d e s was i n t r o d u c e d i n 1983 (4j>) . 

2 NaA lg + C a * -> C a ( A l g ) 2 i + 2 N a + 

T h e a l g i n a t e p r o c e s s f o r m y c o h e r b i c i d e f o r m u l a t i o n , 
w h i c h e v o l v e d f r o m c o n t r o l l e d - r e l e a s e h e r b i c i d e w o r k 
( 4 7 ) , i s c a r r i e d o u t i n a n a q u e o u s s y s t e m a t a m b i e n t 

t e m p e r a t u r e a n d i s g e n t l e e n o u g h f o r u s e w i t h l i v i n g 
o r g a n i s m s ( 4 8 ) . U n i f o r m s i z e , a p p l i c a t i o n u s i n g 
c o n v e n t i o n a l e q u i p m e n t , b i o d é g r a d a t i o n i n t h e 
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16. DAIGLE Λ CONNICK MhvMul Wmd Control 295 

e n v i r o n m e n t , a n d s u s t a i n e d a c t i v i t y a r e some p o s i t i v e 
a t t r i b u t e s o f a l g i n a t e g r a n u l e s . A l s o , a l g i n a t e 
g r a n u l e s c o n t a i n i n g k a o l i n (as f i l l e r ) a n d 
m y c o h e r b i c i d e c a n b e p r e p a r e d a n d s t o r e d f o r u p t o 8 
m o n t h s b e f o r e u s e ( 4 6 ) . 

A g r a n u l a r i n o c u l a t i o n o f F u s a r i u m s o l a n i A p p . & 
W r . f . s p . c u c u r b i t a e S y n d & H a n s . , p r o d u c e d o n a 
c o r n m e a l / s a n d m e d i u m , e f f e c t i v e l y c o n t r o l l e d (99% 
maximum) C u c u r b i t a t e x a n a A . G r a y ( T e x a s g o u r d ) g 

s e e d l i n g s (Ij6) . H o w e v e r , a l i q u i d i n o c u l u m (2x10 
s p o r e s / m l ) s p r a y e d t o r u n o f f a c h i e v e d t h e same r e s u l t s . 
R e c e n t l y , a s e r i e s o f p a p e r s u t i l i z i n g t h e a l g i n a t e 
p r o c e s s w i t h t h i s m y c o h e r b i c i d e t o c o n t r o l T e x a s g o u r d 
h a v e b e e n p u b l i s h e d ( 1 7 - 1 9 ) . T h e a d d i t i o n o f 
n u t r i t i o n a l a m e n d m e n t s ( a t 2% w / v ) s u c h a s g r o u n d 
o a t m e a l , c o r n m e a l , o r s o y f l o u r s i g n i f i c a n t l y i n c r e a s e d 
c o n i d i a l p r o d u c t i o n o n t h e s u r f a c e o f t h e g r a n u l e s a n d 
r e s u l t e d i n h i g h e r s o i l p o p u l a t i o n t h a n g r a n u l a r 
t r e a t m e n t s w i t h o u t a m e n d m e n t s o r g r a n u l e s c o n t a i n i n g 
c a r b o x y m e t h y l c e l l u l o s e (JL8) . G r a n u l e s a m e n d e d w i t h 
s o y f l o u r o r g r o u n d o a t m e a l a l s o p r o v i d e d g r e a t e r 
c o n t r o l f o r a l o n g e r p e r i o d t h a n d i d r e m e d i a l 
a p p l i c a t i o n s ( 1 9 ) . T h e s e a m e n d e d g r a n u l e s w e r e a p p l i e d 
u p t o 6 w e e k s p r e e m e r g e n c e a n d g a v e g r e a t e r t h a n 80% 
w e e d c o n t r o l (18.) . 

A l g i n a t e g r a n u l e s c o n t a i n i n g F u s a r i u m l a t e r i t i u m 
N e s s e x F r . w e r e a s e f f e c t i v e a s f o l i a r a p p l i c a t i o n s o f 
t h e f u n g u s i n c o n t r o l l i n g e i t h e r v e l v e t l e a f ( A b u t i l o n 
t h e o p h r a s t i M e d i k . ) o r p r i c k l y s i d a ( S i d a s p i n s o s a L . ) 
i n g r e e n h o u s e s t u d i e s ( 2 0 ) . T h e c o n i d i a l s u s p e n s i o n s 
( 1 . 5 x 1 0 s p o r e s / m l ) t h a t w e r e s p r a y e d c o n t a i n e d T w e e n 
80 ( 0 . 0 5 % v / v ) s u r f a c t a n t . I n f i e l d t e s t s , g r a n u l e s 
w e r e s l i g h t l y m o r e e f f e c t i v e a g a i n s t v e l v e t l e a f a n d 
s l i g h t l y l e s s e f f e c t i v e a g a i n s t p r i c k l y s i d a t h a n t h e 
c o n i d i a l s p r a y t r e a t m e n t . 

T h r o u g h l y c o l o n i z e d ( i n f e c t e d ) s e e d s a r e a 
c o m m o n l y u s e d c a r r i e r f o r b i o c o n t r o l m i c r o o r g a n i s m s . 
F o r e x a m p l e , i n o c u l u m c o n s i s t i n g o f S c l e r o t i n i a 
s c l e r o t i o r u m - i n f e s t e d w h e a t k e r n e l s a n d s c l e r o t i a w e r e 
h a n d - b r o a d c a s t a t f i v e d i f f e r e n t l o c a t i o n s t o c o n t r o l 
C a n a d a t h i s t l e r c i r s i u m a r v e n s e ( L . ) S c o p . ] ( 2 1 ) . T h e 
mean p e r c e n t a g e o f d e a d s h o o t s r a n g e d f r o m 20% t o 80% 
w h i c h s h o w e d a d e p e n d e n c e u p o n l o c a t i o n a n d d a t a 
c o l l e c t i o n t i m e s . H o w e v e r , a t a l l f i v e s i t e s , t h e 
p e r c e n t a g e o f d e a d s h o o t s was s i g n i f i c a n t l y h i g h e r i n 
t h e t r e a t e d t h a n i n t h e c o n t r o l p l o t s . 

G l i o c l a d i u m v i r e n s g r o w n o n a n a u t o c l a v e d l o n g -
g r a i n e d r i c e ( O r v z a s a t i v a ) m e d i u m p r o d u c e d a 
p h y t o t o x i n , v i r i d i o l , t h a t c a u s e d n e c r o s i s o f 
g e r m i n a t i n g c o t t o n ( G o s s v p i u m h i r s u t u m L . ) a n d r e d r o o t 
p i g w e e d ( A m a r a n t h u s r e t r o f l e x u s L . ) s e e d i n t h e 
l a b o r a t o r y (.23) . H o w e v e r , a d r i e d a n d g r o u n d 
p r e p a r a t i o n o f G . v i r e n s c u l t u r e d o n r i c e a n d w o r k e d 
i n t o p i g w e e d - i n f e s t e d s o i l a b o v e p l a n t e d c o t t o n s e e d 
p r o d u c e d v i r i d i o l i n s u f f i c i e n t q u a n t i t y a n d d u r a t i o n 
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296 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

to prevent emergence of pigweed without apparent harm 
to emerging cotton seedlings. Sucrose and ammonium 
n i t r a t e on peat moss, a simple, more economical 
substrate, has recently replaced the r i c e g r ain (22). 
Peat moss, because of i t s a c i d i c nature, enhances the 
s t a b i l i t y of v i r i d i o l . Disadvantages of t h i s system 
include high a p p l i c a t i o n rates and loss of persistence. 
V i r i d i o l production peaks at f i v e or s i x days a f t e r 
a p p l i c a t i o n and f a l l s to undetectable l e v e l s by the end 
of two weeks. Because v i r i d i o l production by £. virens 
requires a high-nutrient substrate, a formulation such 
as alginate granules with appropriate amendments might 
produce and release v i r i d i o l more slowly and f o r a 
longer period of time. 
Commercial Mycoherbicide Products 

Cooperation among u n i v e r s i t i e s , government, and 
industry was e s s e n t i a l i n the commercialization of the 
mycoherbicides presented i n Table IV. The formulation 
technology of these m i c r o b i a l agents con s t i t u t e s 
proprietary information, but there are published 
reports of the u t i l i z a t i o n of these organisms i n 
integrated pest management systems (31-36). 

Collego (Ecogen Inc., Langhorn, PA) i s a two-
component product (,26) . One component i s a water-
suspendable d r i e d spore preparation of the fungus 
Colletotrichum gloeosporioides (Penz) Sacc. f. sp. 
aeschvnomene (CGA). The other i s a rehydrating agent 
(a sugar) used f o r wetting the spores to improve 
germination. The d r i e d spore component i s packaged by 
the number of v i a b l e spores rather than by weight. 
Each package contains a minimum of 7.57x10 v i a b l e 
spores. 

I n i t i a l experiments with C. gloeosporioides showed 
that c o n i d i a l suspensions sprayed u n t i l runoff gave 
good c o n t r o l of northern j o i n t v e t c h (Aeschvnomene 
v i r g i n i c a L., B.S.P.) (27). However, t h i s b i o c o n t r o l 
approach was slower than chemical herbicide c o n t r o l by 
2,4,5-T [(2,4,5-trichlorophenoxy)acetic acid] because 
the incubation period of the fungus was 4 to 7 days, 
and the fungus d i d not k i l l the weeds f o r up to 5 weeks 
a f t e r treatment. Higher rates of inoculum a p p l i c a t i o n 
and humidity (warm, moist, cloudy weather and/or 
flood i n g of the r i c e f i e l d s ) increased i t s 
effectiveness (28-29). 

One of the commercial disadvantages of b i o l o g i c a l 
c o n t r o l i s the h o s t - s p e c i f i c i t y of the pathogen, i . e . , 
only one weed i s c o n t r o l l e d per a p p l i c a t i o n . The 
fungus, Colletotrichum gloeosporioides (Penz) Sacc. f. 
sp. iussiaea (CGJ) was found to be highly s p e c i f i c f o r 
parasitism of winged waterprimrose (Ludwigia decurrens 
Walt. ) , a weed endemic i n r i c e growing regions (30.) -
CGJ was p h y s i o l o g i c a l l y d i s t i n c t from CGA as i n d i c a t e d 
by cross i n o c u l a t i o n of t h e i r respective target weeds. 
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298 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

A s p o r e s u s p e n s i o n m i x t u r e c o n t a i n i n g 2x10 s p o r e s / m l 
CGA a n d 1x10 s p o r e s / m l C G J a p p l i e d a t 94 L / h a 
c o m p l e t e l y c o n t r o l l e d b o t h w e e d s , g r e a t l y e n h a n c i n g t h e 
u t i l i t y o f t h i s c o n t r o l m e t h o d . 

T o i n c r e a s e t h e m a r k e t a b i l i t y o f C o l l e g o , i t s 
c o m p a t i b i l i t y w i t h c h e m i c a l p e s t i c i d e s h a s b e e n 
i n v e s t i g a t e d . M i x t u r e s o f CGA w i t h p r o p a n i l [ N - ( 3 , 4 -
d i c h l o r o p h e n y l ) p r o p a n a m i d e ] , m o l i n a t e [ S - e t h y l 
h e x a h y d r o - l H - a z e p i n e - l - c a r b o t h i o a t e ] , 2 , 4 , 5 - T , a n d 
b e n o m y l [ m e t h y l 1 - ( b u t y l c a r b a m o y l ) - 2 -
b e n z i m i d a z o l e c a r b a m a t e ] w e r e d e t r i m e n t a l t o C G A ' s 
e f f i c a c y ( 3 1 ) . I f , h o w e v e r , p r o p a n i l , 2 , 4 , 5 - T , f e n t i n 
h y d r o x i d e ( t r i p h e n y l t i n h y d r o x i d e ) , p e n c y c u r o n { N - [ ( 4 -
c h l o r o p h e n y l ) m e t h y l ] - N - c y c l o p e n t y l - N ' - p h e n y l u r e a } , e a c h 
a t 0 . 5 6 k g a i / h a , a n d S N - 8 4 3 6 4 [ 3 ' - i s o p r o p o x y - 2 -
( t r i f l u o r o m e t h y l ) b e n z a n i l i d e ] ( a t 0 . 4 0 k g a i / h a ) w e r e 

a p p l i e d a f t e r CGA t r e a t m e n t , d i s e a s e a n d d e v e l o p m e n t 
w e r e n o t i n h i b i t e d (32.) . T h e h e r b i c i d e s , a c i f l u o r f e n 
{ 5 - [ 2 - c h l o r o - 4 - ( t r i f l u o r o m e t h y l ) p h e n o x y ] - 2 - n i t r o b e n z o i c 
a c i d ) ( 0 . 5 6 k g a i / h a ) a n d b e n t a z o n [ 3 - ( 1 - m e t h y l e t h y l ) -
( 1 H ) - 2 , 1 , 3 - b e n z o t h i a d i a z i n - 4 ( 3 H ) - o n e 2 , 2 - d i o x i d e ] ( 0 . 5 6 

t o 1 .1 k g a i / h a ) , o r t h e i n s e c t i c i d e s , m a l a t h i o n 
[ d i e t h y l ( d i m e t h o x y p h o s p h i n o t h i o y l t h i o ) s u c c i n a t e ] ( 0 . 5 6 

k g a i / h a ) a n d c a r b o f u r a n ( 2 , 3 - d i h y d r o - 2 , 2 - d i m e t h y l - 7 -
b e n z o f u r a n y l m e t h y l c a r b a m a t e ) , ( 0 . 5 6 k g a i / h a ) c o u l d b e 
a p p l i e d w i t h CGA f r o m a s i n g l e t a n k m i x t u r e ( 3 3 - 3 4 ) . 

B e c a u s e a c i f l u o r f e n a p p l i e d p o s t e m e r g e n c e 
e f f e c t i v e l y c o n t r o l s hemp s e s b a n i a r s e s b a n i a e x a l t a t a 
( R a f . ) R y d b . e x A . W. H i l l ] i n s o y b e a n s ( G l y c i n e m a x ) . 

t h e c o m b i n e d a p p l i c a t i o n o f t h e h e r b i c i d e a n d C G A , 
r e s p e c t i v e l y , c o n t r o l s hemp s e s b a n i a a n d n o r t h e r n 
j o i n t v e t c h ( 3 5 ) . T h e u s e o f a l o w - v o l u m e ( 2 1 . 5 L / h a ) 
c o n t r o l l e d d r o p l e t a p p l i c a t o r (CDA) ( s p i n n i n g - d i s c ) 
w i t h s u c h a c o m b i n a t i o n p r o d u c e d m i x e d r e s u l t s . I f 
u n f a v o r a b l y d r y e n v i r o n m e n t s e x i s t e d when t h e CGA was 
u s e d , i n f e c t i o n was r e d u c e d r e s u l t i n g i n u n s a t i s f a c t o r y 
w e e d c o n t r o l . B e n o m y l (33) a n d p r o p i c o n a z o l {2 -
[ [ 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 a l a n - 2 -

y l ] m e t h y l ] - 1 H - 1 , 2 , 4 - t r i a z o l e } (32) a p p l i e d s e q u e n t i a l l y 
7 a n d 14 d a y s a f t e r CGA s u p p r e s s e d t h e g r o w t h a n d 
d e v e l o p m e n t o f t h e p a t h o g e n . 

D e V i n e ( A b b o t t L a b o r a t o r i e s , N o r t h C h i c a g o , I L ) 
h a s a s i t s a c t i v e i n g r e d i e n t t h e l i v e c h l a m y d o s p o r e s o f 
P h y t o p h t h o r a p a l m i v o r a ( B u t l e r ) B u t l e r . T h e c o m m e r c i a l 
f o r m u l a t i o n i s s t a b l e u n d e r r e f r i g e r a t i o n f o r o n l y s i x 
w e e k s a n d m u s t b e a p p l i e d t o w e t s o i l . T h e v i a b i l i t y 
o f D e V i n e may b e r e d u c e d b y t h e f u n g i c i d e s A l i e t t 
[ a l u m i n u m t r i s ( e t h y l p h o s p h o n a t e ) ] a n d R i d o m i l [ m e t h y l 

N - ( 2 - m e t h o x y a c e t y l ) - N - ( 2 , 6 - x y l y l ) - D L - a l a n i n a t e ] . I f 
f u n g i c i d e s a r e t o b e u s e d , a p p l i c a t i o n s h o u l d o c c u r 4 5 -
60 d a y s p r i o r t o o r a f t e r t h e D e V i n e t r e a t m e n t ( 3 6 - 3 8 ) . 
H e r b i c i d e s s u c h a s d i u r o n [ Ν ' - ( 3 , 4 - d i c h l o r o p h e n y l ) - N , N -
d i m e t h y l u r e a ] , g l y p h o s a t e [ N - ( p h o s p h o n o m e t h y l ) g l y c i n e ] , 
a n d p a r a q u a t ( 1 , 1 ' - d i m e t h y l - 4 , 4 ' - b i p y r i d i n i u m i o n ) a l s o 
i n h i b i t e d t h e e f f i c a c y o f D e V i n e . T h e p a t h o g e n , 
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16. DAIGLE A CONNICK Microbial Weed Control 299 

however, could be applied three weeks a f t e r spraying 
glyphosate Q l ) · 

The product, BioMal (PhilomBios, Saskatoon, Sask., 
Canada), which contains the mycoherbicide, 
Colletotrichum gloeosporioides f. sp. malvae, i s 
nearing commercialization (Gantotti, Β. V., PhilomBios, 
Saskatoon, Sask., Canada, personal communication). The 
fungus i s a pathogen of round-leaved mallow (Malva 
p u s i l l a Sm.), a common p r a i r i e weed i n Canada that has 
become a problem i n c u l t i v a t e d crops. An i n i t i a l 
formulation of BioMal, using standard technology such 
as a s i l i c a g el c a r r i e r , has proven very e f f e c t i v e i n 
the f i e l d . The wettable powder formulation of t h i s 
h y d r o p h i l i c fungus disperses e a s i l y i n water and i s 
applied as a spray. However, f o r e f f e c t i v e weed 
co n t r o l , an overnight dew period i s e s s e n t i a l (.39) . 

In s p i t e of the e f f o r t s of several research groups 
over a 10-20 year period, there are no mi c r o b i a l agents 
now i n commercial use f o r aquatic weed c o n t r o l . Abbott 
Laboratories had developed an experimental wettable 
powder formulation f o r Cercospora rodmanii Conway, a 
pathogen used to c o n t r o l waterhyacinth rEichhornia 
crassioes (Mart.) Solms] (4£) . The formulation 
contained 4.54x10 propagules per pound and the spray 
mixture c a l l e d f o r T r i t o n X-100 to be added by the 
user. One of the environmental obstacles to the 
e f f i c a c y of t h i s pathogen was temperature. I t must be 
applied when daytime temperatures are above 16°C and 
lower than 32°C. Also, when the host growth was rapid, 
long-term b i o c o n t r o l with a s i n g l e a p p l i c a t i o n was not 
obtained (41.) . 

An approach now under evaluation i s the use of 
combinations of £. rodmanii and insect b i o c o n t r o l 
agents, or the pathogen plus sublethal rates of 
chemical herbicides (Charudattan, R., Univ. of F l o r i d a , 
G a i n e s v i l l e , FL, unpublished r e s u l t s ) . Experimental 
r e s u l t s confirmed that neither the pathogens nor the 
arthropods, mottled waterhyacinth weevil, Neochetina 
eichorniae Warner; chevroned waterhyacinth weevil, N. 
bruchi Hustache (both Coleootera, Curculionidae); the 
moth, Sameodes a l b i g u t t a l i s (Warren) (Leptidoptera, 
P v r a l i d a e ) ; a mite, Orthogalumna t e r e b r a n t i s Wallwork 
(Acarina, Galumnidae); and the moth, Arzama densa 
Walker (Leoidoptera, Noctuidae), alone completely 
c o n t r o l l e d waterhyacinth (£0) . By combining the 
pathogen with the arthropods, 99% cont r o l was achieved 
i n 7 months. Limited experiments with sublethal rates 
of glyphosate, thidiazuron [l-phenyl-3-(1,2,3-
t h i a d i a z o l - 5 - y l ) u r e a ] , ethephon (2-
chloroethylphosphoric a c i d ) , 2,4-D [(2,4-
dichlorophenoxy)acetic a c i d ] , and diquat (1,1'-
ethylene-2,2'-dipyridylium i o n ) , i n combination with 
the pathogen d i d not enhance c o n t r o l of waterhyacinth. 

An experimental formulation of A. cassiae to 
con t r o l sicklepod i n soybeans and peanuts (Arachis 
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300 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

h v p o g e a ) h a s b e e n d e v e l o p e d b y t h e M y c o g e n C o r p o r a t i o n 
(San D i e g o , C A ) . I t i s a t w o - c o m p o n e n t p r o d u c t 

c o n s i s t i n g o f : (a) a n e m u l s i f i a b l e p a r a f f i n i e o i l 
( d e s i g n a t e d MYD 7 5 1 M ) , a n d (b) s p o r e s o f A . c a s s i a e 
(MYX 1 0 4 , 100% a i ) . To p r e p a r e t h e s p r a y m i x t u r e , t h e 

o i l c o m p o n e n t i s f i r s t e m u l s i f i e d i n w a t e r a t a 1% 
( v / v ) c o n c e n t r a t i o n a n d t h e n t h e s p o r e s a r e a d d e d a n d 

d i s p e r s e d b y s t i r r i n g . T h i s f o r m u l a t i o n i s a p p l i e d a t 
a r a t e o f a b o u t 0 . 4 l b s p o r e s / h a t o s i c k l e p o d i n t h e 
c o t y l e d o n t o 2 - l e a f s t a g e o f d e v e l o p m e n t ( B a n n o n , J . 
S . , M y c o g e n C o r p . , R u s t o n , L A , p e r s o n a l c o m m u n i c a t i o n ) . 

I n t e g r a t e d Weed M a n a g e m e n t S y s t e m w i t h M i c r o o r g a n i s m s 

I n r e c e n t y e a r s , o n e p r i o r i t y i n a g r i c u l t u r a l r e s e a r c h 
t o r e d u c e t h e amount o f h e r b i c i d e a p p l i e d . T o do t h i s , 
r e s e a r c h e r s h a v e d e v e l o p e d a n i n t e g r a t e d w e e d 
management s y s t e m (IWMS) (.49) . Some e x a m p l e s o f t h i s 
a p p r o a c h h a v e a l r e a d y b e e n d i s c u s s e d . IWMS u t i l i z e s 
t h e d i f f e r e n t c o m b i n a t i o n s a n d i n t e r a c t i o n s b e t w e e n . 
b e n e f i c i a l i n s e c t s , c h e m i c a l h e r b i c i d e s , 
m i c r o o r g a n i s m s , a n d p l a n t g r o w t h r e g u l a t o r s t o c o n t r o l 
a b r o a d s p e c t r u m o f w e e d s b e c a u s e n o s i n g l e a g e n t g i v e s 
o p t i m u m r e s u l t s . 

T h e r u s t f u n g u s , P u c c i n i a c a n a l i c u l a t a ( S c h w . ) 
L a g e r h . , d i d n o t g i v e c o m p l e t e b i o l o g i c a l c o n t r o l o f 
y e l l o w n u t s e d g e ( C y p r u s e s c u l e n t u s L . ) e v e n u n d e r t h e 
b e s t c o n d i t i o n s f o r i n f e c t i o n a n d d i s s e m i n a t i o n ( 5 0 ) . 
U r e d i n i o s p o r e s u s p e n s i o n s c o n t a i n i n g T r i t o n Β 1956 
(0 .1% v / v ) g a v e o n l y 60% c o n t r o l ( 5 3 ) . H o w e v e r , 
a p p l i c a t i o n o f t h e c h e m i c a l h e r b i c i d e , p a r a q u a t , a f t e r 
t h e r u s t e p i p h y t o t i c was d e v e l o p e d g a v e 99% c o n t r o l 
c o m p a r e d t o 10% w i t h p a r a q u a t a l o n e . P r e l i m i n a r y 
r e s u l t s i n d i c a t e d t h a t a b e n e f i c i a l i n t e r a c t i o n 
o c c u r r e d when a s e q u e n t i a l a p p l i c a t i o n o f r u s t f o l l o w e d 
i m a z a q u i n ( 5 1 - 5 3 ) . E n h a n c e d c o n t r o l was a l s o o b s e r v e d 
a f t e r u s i n g a m i x t u r e o f t h e M a r y l a n d r u s t s t r a i n a n d 
b e n t a z o n ( 5 4 ) . 

B o t h i n s e c t - m i c r o o r g a n i s m a n d c h e m i c a l t r e a t m e n t -
m i c r o o r g a n i s m i n t e r a c t i o n s h a v e r e c e n t l y b e e n s t u d i e d 
i n t h e c o n t r o l o f v e l v e t l e a f b y r e d u c t i o n o f s e e d 
v i a b i l i t y ( 5 5 - 5 7 ) . N i e s t h e a l o u s i a n i c a S a i l e r , a 
n a t i v e s c e n t l e s s p l a n t b u g , h a s b e e n f o u n d t o r e d u c e 
p r o d u c t i o n o f v i a b l e v e l v e t l e a f s e e d d i r e c t l y t h r o u g h 
f e e d i n g a n d p r o m o t i n g i n f e c t i o n o f s e e d w i t h 
d e t r i m e n t a l m i c r o o r g a n i s m s . T h r e e m a i n f u n g a l g e n e r a 
( A l t e r n a r i a , C l a d o s p o r i u m , a n d F u s a r i u m ) a n d t h r e e 

b a c t e r i a l g e n e r a ( P s e u d o m o n a s , E s w i n i a , a n d 
F l o r o b a c t e r i u m ) w e r e c o n s i s t e n t l y i s o l a t e d f r o m 
n o n v i a b l e s e e d . S e l e c t i o n o f t h e m o s t e f f e c t i v e 
m i c r o o r g a n i s m f o r s e e d d e t e r i o r a t i o n may i m p r o v e t h i s 
a p p r o a c h . C h e m i c a l t r e a t m e n t o f t h e s o i l w i t h 
e t h e p h o n , A C 9 4 3 7 7 [ 1 - ( 3 - c h l o r o p h t h a l i m i d o ) c y c l o h e x a n e 
c a r b o x i m i d e ] , b u t y l a t e ( S - e t h y l d i -
i s o b u t y l t h i o c a r b a m a t e ) , o r c a r b o f u r a n p l u s F u s a r i u m s p . 
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16. D AIGLE & CONNICK Microbial Weed Control 301 

resulted i n nonviable seed heavily infected with 
mycelia (52) . Ethephon or carbofuran in combination 
with Fusarium sp. also resulted i n a reduction i n 
emergence. The pathogen was delivered on a shredded 
wheat medium. 

Another promising IWMS strategy to control 
velvetleaf involves the spray application of tank-mix 
combinations of the plant pathogenic fungus 
Colletotrichum coccodes (Wallr.) Hughes and the plant 
growth regulator thidiazuron (N-phenyl-N'-1,2,3-
thiadiazol - 5-yl-urea) ( 5 8 - 5 9 ) . The thidiazuron causes 
severe stress i n velvetleaf by i n h i b i t i n g stem 
elongation, leaf development, and flowering, and the 
Colletotrichum causes leaf necrosis and abscission. 
Use of t h i s combination i n f i e l d t r i a l s led to 
sign i f i c a n t velvetleaf control and increased soybean 
y i e l d . 

Epilogue 

Researchers have taken different approaches in t h e i r 
ef f o r t s to improve germination of mycoherbicides and/or 
infection of target weeds. One approach has ca l l e d for 
direct provision of water in carriers formulated to 
retard water evaporation. Except in those few cases 
where high humidity or dew i s naturally present (in 
flooded r i c e f i e l d s , over ponds containing water 
hyacinths, or in wet s o i l ) , prediction of a dew f a l l i s 
usually not adequate for r e l i a b l e results. Preliminary 
investigation of water-holding formulations have shown 
promise, but weed mortality has not been s u f f i c i e n t or 
consistent. A second approach, the use of humectant-
type adjuvants, e.g., a sugar, has been successful i n 
the formulation of Collego. Sugars have also been used 
successfully i n s o l i d c a r r i e r formulations to promote 
growth of the pathogen (22). 

A viable concept that has not been s u f f i c i e n t l y 
exploited i s the use of adjuvants that interact with 
the plant and/or microbial agent to promote the 
efficacy of the infection process. Because each 
disease and host biology combination i s unique (see 
Chap. 11, 12), the formulator's challenge i s formidable. 
Microbial interaction on plant surfaces should also be 
considered i n the development of formulations for 
bi o l o g i c a l weed control. Researchers i n integrated 
weed management studies have proposed that a variation 
of the concept i s possible now with the addition of 
chemical herbicides and/or insects. The additional 
stress (chemical and physical injury) i n f l i c t e d by 
these agents makes some microbial agents more 
efficacious. The promise of widespread use of 
microbial agents as herbicides may f i r s t be realized 
through integrated weed management systems that broaden 
the spectrum of weeds controlled by one application. 
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Chapter 17 

Bioherbicide Technology 
An Industrial Perspective 

James S. Bannon1, James C. White, D. Long, J. A. Riley, J . Baragona, 
M. Atkins, and R. H. Crowley 

Mycogen Corporation, 3303 McDonald Avenue, Ruston, LA 71270 

Technology which supports commercial development of new 
bioherbicides will continue to require integrated, mul
tidisciplinary research efforts from public/private 
sectors for optimization of success. Discov
ery/isolation of stable, virulent bioherbicide candi
dates as well as strain improvement/long-term preserva
tion form the foundation for commercial bioherbicide 
development. An economical, profitable means of 
propagule production is essential in determination of 
fermentation parameters, time of propagule harvest, and 
subsequent processing. Processing, which includes 
stabilization and formulation, is based on biological 
requirements of the organism for maintenance in a 
viable state prior to marketing and subsequent transi
tion to a virulent state upon delivery to the weedy 
host. Upon delivery to the host, a major barrier to 
consistent performance of foliar-applied bioherbicides 
is the requirement for free moisture. Development of 
technology to circumvent this requirement will be 
tantamount to the successful commercialization of 
certain foliar-applied bioherbicides. 

Natural antagonists have continued to suppress most pests including 
weeds for thousands of years (U . Weed predators such as insects 
and f i s h have accounted for successful b i o l o g i c a l control of 
prickly pear (Opuntia sp.), Klamath weed (Hypericum perforatum L.), 
and certain aquatic species (2-4). The use of perpetuating insect 
and f i s h species as well as obligate plant parasitic rusts (5,6) 
has been defined as the clas s i c a l biological control ta c t i c (2) . 
It i s interesting to note the documentation of the classical tactic 
to control Canada th i s t l e [Cirsium arvense (L.) Scop.] in 1894 (&) . 
Although the efficacy of the cl a s s i c a l approach has been demon
strated, there i s l i t t l e or no p r o f i t incentive for industry. 
Therefore, research and development of this type of biocontrol 
strategy w i l l be conducted primarily by the public sector. 

1Current address: Ε. V . Smith Research Center, Alabama Agricultural Experiment Station, 
Route 1, Box 138, Shorter, A L 36075 

0097-6156/90A)439-O305$06.00/O 
© 1990 American Chemical Society 
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306 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

The bioherbicide approach i s the other biocontrol tactic, as 
defined in several reviews (9-11). This approach provides the best 
opportunity for profitable commercial bioherbicide development as 
exemplified by DeVine [Phytophthora palmivora (Butl.)] (12.) and 
Collego [Colletotrichum gloeosporioides (Penz.) Sacc. f. sp. 
aeschynomene] 113). DeVine i s an efficacious bioherbicide for the 
control of stranglervine [Morenia odorata (H.&A.) Lindl.] i n 
ci t r u s . Since DeVine i s efficacious within the s o i l matrix and 
k i l l s seedling stranglervine plants before they become established, 
free moisture, i . e . , dew/irrigation, i s not a requirement to 
optimize activity of this bioherbicide. Moisture found i n the s o i l 
matrix i s s u f f i c i e n t for stranglervine seed germination, which 
subsequently causes an increase in P . palmivora levels, thereby 
controlling the weedy host ( 1 2 )· However, free moisture enhances 
e f f i c a c y of Collego (13 r14 ) and other f o l i a r epiphytic 
bioherbicides (15-191 on their respective hosts. 

Free moisture i s the most important environmental component of 
the disease triangle i.e. the interaction of the f o l i a r epiphytic 
bioherbicide with i t s host and the environment. More importantly, 
an understanding of host-pathogen physiology/biochemistry as i n f l u 
enced by free moisture and other environmental factors w i l l be more 
l i k e l y to y i e l d solutions to bioherbicide efficacy problems caused 
by insufficient free moisture following host inoculation. Experi
ments described below examine host-pathogen physiology and identify 
factors that would improve bioherbicide efficacy and performance 
consistency with focus on free moisture interaction. Additionally, 
technology required to discover, maintain, and produce bioherbi
cides for commercialization i s described below. 
B i o h e r b i c i d e D i s c o v e r y 

Since free moisture determines bioherbicide performance consistency 
and efficacy, i t i s expected that research and development strate
gies would be guided by this facet of the disease triangle. Bowers 
(2JL) has reviewed the role of industry in discovery of host-
specific bioherbicides. The bioherbicide industry must continue to 
depend on the expertise of public sector scientists i n diverse 
locations to discover host-specific bioherbicides. It i s axiomatic 
that the requirement for free moisture w i l l vary among bioherbi
cides. Thus, an assessment of this environmental variable should 
be foremost in preliminary studies on bioherbicide efficacy. The 
a v a i l a b i l i t y of free moisture i n the target weed market and the 
response of the bioherbicide to free moisture are primary determi
nants i n the decision to commercialize respective candidates. For 
example, the lawn and turf market would be more l i k e l y to augment 
natural free moisture through frequent irrigation than certain row 
crop markets. Thus, efficacy of epiphytic f o l i a r bioherbicide 
candidates may be enhanced by matching the bioherbicide candidate 
with the appropriate market. 

The survey method, which u t i l i z e s the weedy host to screen 
pathogens, has been u t i l i z e d to discover most of the host-specific 
bioherbicide candidates currently under development. Again, the 
disease triangle, i.e., the host, bioherbicide pathogen, and the 
environment determine bioherbicide efficacy. Often, disease symp
toms may not occur in epidemic proportions. As such, manifestation 
of disease symptoms may occur in a very narrow time span when a l l 
factors of the disease triangle interact. Thus, discovery of host-
specific, f o l i a r , epiphytic bioherbicide candidates i s dependent on 
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17. BANNON ET AL. Bhhcrbicide Technology 307 

astute observation when symptoms are manifested on the host. 
Traditionally, scientists in the public sector have discovered most 
bioherbicide candidates because of proximity to f i e l d experiments, 
research stations, and more importantly, fa m i l i a r i t y with plant 
diseases and symptomology. U t i l i z a t i o n of the survey method to 
discover bioherbicide candidates by the biopesticide industry w i l l 
continue albeit primarily through licensing efforts. 

An alternative approach to discovery of bioherbicide candi
dates by the survey method i s a genetic approach. In a recent 
review, Sands et al. (Chapter 1 0 , this volume; Sands, D. C. et al. 
W e e d T e c h n o l . r i n press) have stated that this approach increases 
the number of fungi useful as bioherbicides. Because broad host 
range pathogens are u t i l i z e d i n this approach, selective weed 
control must be achieved through mutation technology. Pathogen 
delimitation must occur to restrict host range and prevent spread 
and survival of this type of bioherbicide. Pathogen delimitation 
provides a method to control the amount of bioherbicide in the 
environment. Successful examples of pathogen delimitation of 
bioherbicide candidates have recently been reported ( 2 1 ; Miller, R. 
V . et al. C a n . J . M i c r o b i o l . r in press). 

Successful discovery of efficacious bioherbicides w i l l depend 
on implementation of an objective, balanced research strategy. 
Such a research strategy w i l l depend on a cooperative research 
effort between public and private sector scientists. Focus on com
ponents of the disease triangle and target market characteristics 
w i l l be tantamount to successful discovery of bioherbicides. 

B i o h e r b i c i d e C u l t u r e M a i n t e n a n c e 

Maintenance of virulence and v i a b i l i t y of bioherbicide cultures i s 
a v i t a l component of any commercially successful research and 
development effort. Several reviews on specific technology related 
to preservation and long-term storage of microorganisms have been 
written (22-25) r and specific details w i l l be omitted from this 
review. 

Sensitivity of bioherbicide organisms to various preservation 
techniques w i l l vary according to the specific organism. Selection 
of the optimum technique to preserve v i a b i l i t y , virulence, and 
pathogenicity i s guided by the type of propagule being preserved, 
pathogen species, and numerous other factors. 

Alternaria cassiae Jurair and Khan i s being developed as a 
bioherbicide to control sicklepod (Cassia obtusifolia L.). Sickle
pod plants are inoculated with conidia of this bioherbicide. Thus, 
i t i s desirable to preserve v i a b i l i t y , virulence, and pathogenicity 
of A. cassiae conidia. Accelerated ageing techniques are used 
routinely to predict v i a b i l i t y of seed lots (2JL) . Since fungal 
spores are similar to plant seed in certain aspects, an accelerated 
ageing technique was developed to rapidly assess A. cassiae conidia 
preservation methods. A. cassiae conidia were lyophilized accord
ing to established methodology. Lyophilized conidia were sealed in 
glass ampules and stored in an oven at 4 0° C for various time 
periods prior to bioassay on sicklepod plants. Non-lyophilized 
conidia were stored in open containers in the same oven at 40° C. 
Non-lyophilized conidia are normally stored in a desiccator at 5° 
C, and conidia were maintained i n this manner as a control. 
Results of this study show that v i a b i l i t y and virulence of A. 
cassiae are preserved best when conidia are lyophilized (Figure 1 ) . 
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308 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Thus, moisture removal i s c r i t i c a l to preserve the integrity of A. 
cassiae bioherbicide propagules. 

Maintenance o f stock cultures for fermentation and production 
o f bioherbicide candidates i s another important aspect of bioherbi-
cide culture maintenance (22). Uniformity and s t a b i l i t y of stock 
cultures subsequently determine homogeneity of bioherbicide 
propagules. For example, virulence of A. cassiae declines after 
four culture transfers (Figure 2.). Production of homogeneous bio-
herbicide propagules i s dependent upon a uniform source of inocu
lum. 

B i o h e r b i c i d e P r o p a g u l e P r o d u c t i o n 

Bioherbicide propagules may be spores, c e l l s , mycelia, sclerotia, 
chlamydospores, etc. Propagules of the commercial bioherbicides, 
DeVine and Collego, are chlamydospores and spores, respectively. 
Production of bioherbicide propagules has been reviewed recently 
(27,281, and i t i s beyond the purpose of this report to elaborate 
the details of fermentation processes. 

Bioherbicide propagules may be produced by either solid state 
or submerged fermentation processes. Both Collego and DeVine are 
produced by submerged fermentation process. Although s o l i d state 
fermentations may approximate natural conditions for fungal growth 
(22.), submerged fermentations may be more economical. A. cassiae 
conidia are produced by solid state fermentation (15). 

The fermentation process and subsequent processing determine 
the efficacy of a bioherbicide propagule. A thorough understanding 
of the effects of fermentation and formulation on v i a b i l i t y and 
virulence i s required to guide these processes. For example, the 
carbon source in the fermentation medium has a profound effect on 
Fusarium lateritium Nees ex. Fr. efficacy (Figure 3). Addition
a l l y , carbon source and other components of the medium and i t s 
physical/chemical environment determine induction/yield of bioher
bicide propagules. 

After an economical y i e l d level of bioherbicide propagule has 
been achieved i n a fermentation process, formulation becomes a 
c r i t i c a l factor which influences product efficacy. Because the 
fermentation must be stopped at a point when virulence/viability 
are optimum, the l i v e bioherbicide propagule must be stabilized, 
formulated, and packaged. Physiology of dehydration and rehydra
tion must be examined i f the s t a b i l i z a t i o n process involves 
propagule drying. It has been stated that spore dehydration and 
rehydration research was the greatest challenge in the development 
of Collego (11). The chlamydospore formulation of DeVine required 
a refrigerated distribution system to maintain s t a b i l i t y (12) . 

H o s t - P a t h o g e n - E n v i r o n m e n t I n t e r a c t i o n s 

Effects of F r e e M o i s t u r e . Availability of free moisture after host 
inoculation with a f o l i a r , epiphytic bioherbicide i s c r i t i c a l to 
the i n i t i a t i o n of the infection process. Experiments on free mois
ture (dew) interactions with other environmental parameters and the 
host-pathogen system a r e usually conducted i n temperature-
controlled dew chambers. This type chamber i s constructed such 
that the plant radiates e n e r g y to a heat sink which i s the 
temperature-controlled w a l l of the chamber. The humid a i r in the 
chamber i s also temperature controlled, and dew forms on the plant 
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Weeks 
• 1 5 C ^ 4 0 C m 4 0 eu 

Figure 1. Effect of Alternaria cassiae spore storage environs 
on sicklepod mortality. A. cassiae spores stored in a desicca
tor refrigerated at 5° C was the control treatment. A sublot 
of these spores was stored similarly at 40° C in sealed glass 
ampoules at 40° C after lyophilization (L). Another sublot was 
stored in open containers at 40° C but not lyophilized. 

Number of Sequential Transfers 
Figure 2. Effect of sequential, weekly culture transfer on 
sicklepod control by Alternaria cassiae grown on V-8 agar (52). 
Spores were harvested from plates in a solution of 0.02% (v/v) 
Sterox NJ surfactant. Sicklepod plants in the cotyledon to 1-
leaf growth stage were inoculated with A. cassiae spores (105 

spores/ml), then subjected to a 6-h dew period at 25° C. 
Sicklepod plants were evaluated 14 days after inoculation. 
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310 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

when the host plant temperature reaches or f a l l s below the dew 
point of the a i r . 

In the host establishment of plant pathogens for experimental 
purposes the incubation period frequently exceeds 24 h. In this 
case the period of host tissue wetness w i l l approximate the actual 
incubation time. It i s desirable for a bioherbicide to infect 
plant tissue with minimum dew requirements because (a) the period 
of host tissue wetness w i l l vary considerably under natural f i e l d 
conditions, and (b) the unpredictable frequency of dew occurrence 
in nature. If the experimental dew period i n a dew chamber i s 
brief, the actual period of host tissue wetness may not correlate 
with the actual incubation time. This may be dependent on host 
species as well as interaction of the host species with the physi
cal parameters of the dew chamber. A lengthy dew period may be 
sufficient to induce runoff and displace propagules from the host. 
A lengthy dew period may also give misleading results with host-
pathogen-chemical herbicide interactions. 

Incubation of the host tissue after inoculation with a plant 
pathogen or bioherbicide i s the most important factor determining 
success (efficacy) of the inoculation (i£L) . When velvetleaf i s 
inoculated with F. lateritium spores (106 spores/ml) harvested from 
petri plates 131,32), incubation in an environment conducive to dew 
formation i s required immediately after inoculation (Figure 4). A 
delay of 4 h from host inoculation u n t i l the occurrence of dew 
resulted i n a 50% decline in efficacy of this bioherbicide. 

"Predisposition" i s a term used to describe the influence of 
environmental factors on host susceptibility. Environmental pre
disposition has been reviewed extensively by Colhoun (JL3.) · 
Research has shown that the decline in bioherbicide efficacy of F. 
lateritium caused by a delay in occurrence of dew (Figure 4) can be 
circumvented by predisposing the host with rain. Predisposition of 
velvetleaf with simulated rain (1.3 cm) resulted i n nearly 100% 
k i l l after a 1-h delay in dew occurrence (Figure 5). 

E f f e c t o f S p o r e D o r m a n c y . Spore dormancy may contribute to a 
decline in bioherbicide efficacy. Spore dormancy in fungal spores 
may be maintained by chemicals as well as metabolic blocks (J3A) . 
The presence of inhibitors may be indicated by an increase i n e f f i 
cacy upon addition of an adsorbent such as activated charcoal to 
the bioherbicide at the time of inoculation. This was the case 
when adsorbent was added to F. lateritium spores (106 spores/ml) 
and the occurrence of dew (20 h) was delayed for 8 h after 
inoculation (Figure 6) . The agent causing spore dormancy may be 
synthesized by either the spore or host. 

E f f e c t o f C h e m i c a l H e r b i c i d e s . The interaction of chemical herbi
cides with bioherbicides has been reported as a means to improve 
the spectrum of weed control as well as efficacy of the bioherbi-
cide (9 f 35). in the laboratory evaluation of chemical herbi-
cide/bioherbicide combinations, i t i s important to study the e f f i 
cacy of each component separately prior to evaluation of combina
tion treatments. Thus, the activity of a given chemical herbicide 
must be evaluated i n the same dew period regime as a given bioher
bicide prior to evaluation of combination treatments. Rates of 
chemical herbicides are tested at less than optimum levels because 
of higher phytotoxicity observed under laboratory conditions. 
Chemical herbicide treatments to be combined with b i o l o g i c a l 
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Starch Glucose Starch Glucose 

Liquid Medium 
F i g u r e 3. Effect of carbon source on efficacy and spore yield 
of Fusarium lateritum. Spore y i e l d (Δ-Δ) was inversely 
related to virulence. Proprietary fermentation medium con
tained starch, glucose-starch, or glucose as the primary carbon 
source. Spores were harvested from the fermentor and immedi
ately used at 10 6 spores/ml to inoculate prickly sida (Sida 
spinosa L.) in the primary leaf growth stage. Plants were 
subjected to a 20-h dew period at 25° C, removed to greenhouses 
for observation, and evaluated 14 days after inoculation. 

Hours drying 
• i 10-h dew ^320-h dew 

F i g u r e 4. Effect of propagule drying time (dew-delay) prior to 
a 10-h or 20-h dew period on Fusarium lateritium efficacy on 
velvetleaf. Velvetleaf plants i n cotyledon to 1-leaf growth 
stage were inoculated with F . lateritum spores (106 spores/ml) 
harvested from petri plates (31r 32). Dew chamber (Percival 
Manufacturing Co.) air temperature was 25° C. Dew was delayed 
(drying time) for indicated times. 
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312 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

.Velvetleaf Mortality t%l 

•120-hdew Rain+ 20-h dew 

F i g u r e 5. Effect of host (velvetleaf) predisposition with 
simulated r a i n f a l l (1.3 cm) prior to inoculation at cotyledon 
to 1-leaf growth stage with Fusarium lateritium (10 6 

spores/ml). Incubation in a dew chamber at 25° C was delayed 
for 1 h after inoculation. Spores were produced and harvested 
as described previously (31r32). 

100 
felvetteaf Mortality M 

80 

6 0 -

4 0 -

2 0 -

Figure 

L0 0.1 0.01 0 

Concentration, w/v 
E f f e c t of adsorbent (activated charcoal) 

concentration on Fusarium lateritium efficacy on velvetleaf 
inoculated at cotyledon to 1-leaf growth stage with 10 6 

spores/ml. Spores were produced and harvested as described 
previously (31r 32). Incubation in dew chamber was delayed for 
8 h after inoculation. 
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17. BANNON ET AL. Biokerbkuk Technology 313 

herbicides may also include surfactants dependent upon the sensi
t i v i t y of the bioherbicide to these substances. 

Several chemical herbicides were examined for efficacy on 
velvetleaf (Abutilon theophrasti Medic.) after placement in a dew 
chamber for 20 h at 25° C. Because many chemical herbicides have a 
label restriction that defines a drying time prior to exposure of 
herbicide-treated weeds to r a i n f a l l , drying time was varied prior 
to placement in a dew chamber. Bentazon [3-(1-methylethyl)-(IH)-
2,1,3-benzothiadiazin-4(3H)-one, 2,2-dioxide] a c t i v i t y on 
velvetleaf increased very slowly as drying time increased until 70% 
velvetleaf control was attained for those plants remaining dry for 
the entire experiment (Figure 7). Velvetleaf control by 2,4-DB [4-
(2,4-dichlorophenoxy) butanoic acid] reached nearly 100% after 1 h 
drying time (Figure 7) . In addition to suggesting d i f f e r e n t i a l 
uptake of 2,4-DB and bentazon by velvetleaf, this experiment 
clearly shows the importance of understanding response of chemical 
herbicides in the experimental systems used to evaluate bioherbi
cides. When acifluorfen [5-[2-chloro-4-(trifluoromethyl)phenoxy]-
2-nitrobenzoic acid] activity on velvetleaf was observed i n a dew 
chamber environment after exposure to increasing drying time after 
application, herbicide activity reached a peak after 1 h drying, 
slowly declined, then reached another peak at the 24 h drying 
period (Figure 8) . It i s interesting to note that the label for 
acifluorfen specifies a 6-h drying period after application for 
minimizing effects of r a i n f a l l . Under conditions of these tests in 
which chemical herbicide was applied in 1871 L per hectare with a 
laboratory atomizer, treated 1-2 leaf velvetleaf plants were placed 
in a greenhouse for specified drying times then placed in a dew 
chamber for 20 h at 25° C; observations were made 14 days after 
treatment. Obviously, in order to optimize effects of both a 
chemical herbicide and bioherbicide as a combination treatment, the 
effects of drying time prior to an incubation period must be 
thoroughly understood for both the biological and chemical herbi
cide agents. 

Effect of Spray A d j u v a n t s . The effect of a surfactant with 
acifluorfen i s also shown in Figure 8. The effects of chemical 
herbicides i n the presence or absence of a surfactant must be 
determined i n experimental systems used to evaluate bioherbicides. 
The effect of surfactants/adjuvants on chemical herbicides are many 
and varied and have been reviewed recently (2£) . It i s axiomatic 
that many adjuvants are toxic to microorganisms (37-39)r thus, the 
interaction of spray adjuvants with bioherbicides must be evaluated 
on a case-by-case basis. 

The apparent hydrophobicity of A. cassiae spores prevents even 
dispersion in aqueous spray systems without the use of a surfac
tant. Although non-ionic surfactants such as Sterox NJ {nonoxynol 
(9 to 10 POE) [α-(p-nonylphenyl)-ω-hydroxypoly (oxyethylene)]} have 
been used to disperse A. cassiae spores (JJL), i t was found that 
emulsified o i l s are superior to non-ionic surfactants for this 
purpose (1£) (Figure 9). This may be attributed to the fact that 
binding of A. cassiae spores to the host i s superior when emulsi
fie d o i l s 1% (v/v) are included in the spray solution. When drying 
time following host inoculation with A. cassiae spores i s varied 
prior to 0.6 cm simulated r a i n f a l l , efficacy of this bioherbicide 
on sicklepod i s increased i n the presence of emulsified o i l s 
compared to non-ionic surfactants (Figure 10). The adhesive effect 
of o i l s , surfactants, and other spray adjuvants i s known (4JJ . 
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0 4 — ι 1 1 1 1 1 1 1 1 1 
0 1 3 6 12 24 Infinity 

Drying Time, Hours 
2,4-oa 0.3 kg/ha bentazon, 0.6 l ^ a 

Figure 7. Effect of drying time prior to dew chamber incuba
tion for 20 h at 25° C on 2,4-DB or bentazon efficacy on 
velvetleaf. Observations were made 14 days after treatment, 
and herbicides were applied at rates indicated in 1871 L/ha. 
Herbicide solutions contained X-77 surfactant, 0.25% (v/v). 

Velvetleaf Mortality Cfl 

80-

0 -I 1 1 1 1 1 1 1 1 1 1 
0 1 3 6 12 24 Infinity 

Drying Time, Hours 
acifluorfen •·«•• acifluorfen + Ag 98 

F i g u r e 8. Effect of drying time prior to dew chamber incuba
tion (20 h) on acifluorfen efficacy on velvetleaf. Triton AG-
98 i s a non-ionic surfactant, and i t was added to the diluent 
at a rate of 0.25% (v/v) where indicated. Herbicides were 
applied to 1-2 leaf velvetleaf plants in 1871 L/ha and observa
tions were recorded 14 days after treatment. 
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17. BANNONETAL. Bioherbiade Technology 315 

Figure 9. Effect of non-ionic surfactants 0.25% (v/v) (X-77, 
Sterox NJf AG-98) or emulsified o i l s 1% (v/v) (Agri-Dexf Soy-
Dex) on efficacy of Alternaria cassiae (1.1 kg/ha) under f i e l d 
conditions. Sicklepod plants in cotyledon to 1-leaf growth 
stage were inoculated with A. cassiae spores in 337 L/ha. No 
dew formation occurred for 24 h after inoculation. Overhead 
irrigation (0.6-1.3 cm) was applied to plots 24 h after inocu
lation. Observations were recorded 4 weeks after treatment. 
Spores were produced by a proprietary modification of the 
method of Walker (!£) . 

Drying Time, Hours 
• i Sterox NJ E2ax-77 W AgriOex S3 Sun Oil IllNl 

Figure 10. Effect of drying time prior to simulated r a i n f a l l χ 
spray adjuvant interaction on efficacy of Alternaria cassiae 
(1.1 kg/ha). Spores were produced by a proprietary modifica
tion of the method of Walker (JJL) · Sicklepod plants in 
cotyledon to 1-leaf growth stage were inoculated with A. 
cassiae spores in 1871 L/ha containing 0.25% (v/v) Sterox NJ or 
X-77; 1% (v/v) Agri-Dex or Sun Oil (UN). After indicated dry
ing times inoculated plants were subjected to 0.6 cm simulated 
r a i n f a l l and placed in a dew chamber for 8 h at 25° C. Plants 
were removed to a greenhouse and observations were recorded 14 
days after inoculation. 
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316 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Recently, Quimby et al. (42.) have shown that an invert emulsion 
greatly improves efficacy of a bioherbicide, A. cassiae, i n the 
absence of free moisture. Further research i s i n progress to 
evaluate effects of invert emulsions and their formulation compo
nents on bioherbicide efficacy, especially i n the absence of free 
moisture. 

Effects nf Tptnpprat-nrp Walker and Riley (15.) characterized the 
efficacy of A. cassiae on sicklepod under different temperature 
regimes. Optimum efficacy was observed at 25° C, and efficacy 
declined significantly at 35° C. It would be advantageous for a 
bioherbicide to control i t s respective host(s) over a wide tempera
ture range. Laboratory tests (unpublished data) have shown that A. 
cassiae spores germinate at 35° C on the host tissue but do not 
infect or k i l l the host. A. cassiae i s a necrotrophic bioherbi
cide, which, conceptually, means that a toxin i s produced in 
advance of the colonizing bioherbicide (42.) · The bioherbicide then 
lives on dead plant tissue as a saprophyte. The AK-toxin produc
tion characteristic of Alternaria alternata i s inactivated by heat 
(A4.) . Perhaps a similar phenomenon i s occurring i n A. cassiae 
although specific toxins responsible for observed sicklepod phyto-
toxicity have not been identified. It should be noted that Hradii 
et a l . (45.) recently identified four phytotoxins from A. cassiae, 
and a l l of these compounds exhibited a low level of phytotoxicity 
to sicklepod. Further research i s required to understand metabolic 
control of processes relating to virulence and pathogenicity of 
bioherbicides. 

Source-Sink Relationships. Cellular sugar levels often influence 
pathogenicity of certain diseases. Glucose inhibition of carbohy-
drase production by Alternaria solani ( E l l . and G. Martin, L. R. 
Jones and Groust) was reported by Sands et a l . ( 4 £ ) · Carhohydrases 
have been reported to be involved in mechanisms of pathogenicity 
(47-50). The fact that cytokinins can simulate the accumulation of 
nutrients at the site of application i s well-known by plant scien
t i s t s ( 5 1 ) . In order to simulate a sink effect, leaflets on one 
side of a mature sicklepod leaf were treated with a 30 μΜ solution 
of kinetin; whereas, le a f l e t s immediately opposite were treated 
with the diluent only used to dissolve the kinetin. The leaf was 
then treated with a 1.1 kg/ha (10s spores/ml) rate of A. cassiae 
and incubated in a dew chamber for 8 h at 25° C. It was observed 
that the kinetin-treated leaflets f a i l e d to develop severe necro
si s , whereas, the untreated opposite lea f l e t s developed necrotic 
symptoms and senesced. A second experiment was i n i t i a t e d to 
examine the effects of a photosynthesis inhi b i t o r to decrease 
sicklepod leaf sugar levels followed by an application of A. 
cassiae spores. When the photosynthesis-inhibitor, linuron, was 
applied to sicklepod and followed 3 to 5 days later with a 1.1 
kg/ha application of A. cassiae, effective control of 3 to 5 leaf 
sicklepod was obtained (Table I). Normally, A. cassiae i s effec
tive only on cotyledon to 1-leaf sicklepod plants. Although leaf 
sugar levels were not analyzed, these data suggest that further 
research should be i n i t i a t e d to explore interactions between inter
mediary metabolites and enzyme systems which influence patho
genicity of bioherbicides. 
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17. BANNON ET AL. Bwherbiade Technology 317 

Table I. Effect of Alternaria cassiae (1.1 kg/ha) on Sicklepod 
Control in Simultaneous or Sequential Combination With 

Linuron (0.1 kg/ha) 

Rate, Sicklepod 
Treatment kg/ha Mortality, % 

A. cassiae1 1.1 10 
linuron 0.13 20 
linuron + A. cassiae2 0.13+1.1 40 
linuron + A. cassiae3 0.13+1.1 85 

1 Sicklepod plants inoculated with A. cassiae spores suspended in 
water containing emulsified crop o i l 1%, v/v (MYD 751, Mycogen 
Corporation proprietary) . Diluent containing spores was applied 
at 1871 L/ha to sicklepod plants in the 3 to 5-leaf growth stage. 
Dew period immediately following inoculation was 6-h at 25° C. 

2 A. cassiae spores tank-mixed with linuron. 
3 A. cassiae spores applied as in footnote 1 but 3 days after 
linuron application. 

Summary Successful discovery and development of novel bioherbi
cides w i l l continue to be dependent upon an integrated research 
strategy involving both public and private sectors. Development of 
products which perform consistently w i l l be based on an understand
ing of the bioherbicide and i t s interaction with the host and i t s 
environment. Research to-date suggests that free moisture i s the 
most important environmental variable influencing consistent 
bioherbicide efficacy. However, other factors which affect 
propagule production, stabilization, pathogenicity, and virulence 
must be examined to successfully develop bioherbicides. The i n f l u 
ence of proper market focus should not be excluded i n 
research/commercialization strategies. 

Moisture i s a key component of the plant disease triangle. As 
such, i t influences propagule s t a b i l i t y through physiology of rehy
dration and dehydration. Proper moisture removal affects long term 
propagule storage. Interaction of free moisture (dew) with the 
bioherbicide propagule determines herbicide efficacy on the host. 
Although other factors such as spray adjuvants, predisposition, 
physiological state of the host, and chemical herbicide interac
tions also influence bioherbicide efficacy, predominant effects on 
host-pathogen interactions are exhibited by moisture. A proper 
understanding of bioherbicide physiology and biochemistry as i n f l u 
enced by moisture and other environmental variables w i l l result in 
more consistent, efficacious bioherbicides. 
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Chapter 18 

Weed Control with Pathogens 
Future Needs and Directions 

George E. Templeton 

Department of Plant Pathology, University of Arkansas, 
Fayetteville, AR 72701 

An increasing emphasis on biological alternatives 
to chemicals for pest control is expected because 
of the persistent lack of confidence in synthetic 
chemical pesticides by a discerning society. 
Chemical residue contaminations of food, water, 
soil and the environment from use or misuse of 
pesticides are undeniably strong emotive issues 
that lead to an even more stringent regulatory 
climate and consequently to cost increases for 
chemical pesticide development. The trend toward 
biologicals is further strengthened by rapid 
development of pest resistance to the safer, 
metabolically specific chemical pesticides. 
The shift from chemical based to biologically 
based pest control technology will require 
substantially more public and private sector input 
into target and agent biology at the ecosystem, 
organismal and molecular levels than is now 
committed, and significant re-direction of genetic 
engineering research efforts to strain improvement 
of potential biological pesticides is required. 

D i s c o v e r y and development o f b i o l o g i c a l a l t e r n a t i v e s to 
chemical p e s t i c i d e s i s an e s s e n t i a l agenda f o r a g r i c u l t u r a l 
s c i e n t i s t s faced w i t h the daunting tasks o f p r o t e c t i n g crops and 
l i v e s t o c k on a l a r g e s c a l e from the v i d e range and ever s h i f t i n g 
spectrum o f a g r i c u l t u r a l pests such as weeds, i n s e c t s , d i s e a s e s and 
nematodes. Chemical p e s t i c i d e s are e x c e l l e n t t o o l s i n t o d a y ' s crop 
p r o t e c t i o n technology but they are not the o n l y nor n e c e s s a r i l y the 
b e s t means f o r every pest problem. Al though chemicals have proven 
s a f e , e f f e c t i v e and economical f o r c o n t r o l o f most p e s t s , heavy 
r e l i a n c e upon a s i n g l e c o n t r o l s t r a t e g y has c r e a t e d formidable 
p r o b l e m s ( 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 ) . 

0097-6156V90A)439-O320$06.00A) 
© 1990 American Chemical Society 
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18. TEMPLETON Weed Control with Pathogens 321 

E v e n w i t h p r o p e r u s e , c h e m i c a l s may be h a z a r d o u s . T o x i c 
r e s i d u e s c a n a c c u m u l a t e i n f o o d , s o i l , g r o u n d a n d s u r f a c e w a t e r 
( 1 , 3 , 4 , 5 , 6 , 9 , 1 0 ) . I n j u r y t o n o n - t a r g e t c r o p s a n d e n d a n g e r e d s p e c i e s 
c a n o c c u r a n d t o x i c m e t a b o l i t e s may o c c u r i n f o o d c h a i n s ( 1 , 5 ) . 
R e s i s t a n c e may d e v e l o p i n t h e t a r g e t p e s t s , r e q u i r i n g i n c r e a s e d 
n u m b e r s o f t r e a t m e n t s a t h i g h e r r a t e s a n d r e s u l t i n g i n i n c r e a s e d 
e x p o s u r e a n d p o l l u t i o n o f t h e e n v i r o n m e n t ( 8 ) . B e n e f i c i a l o r g a n i s m s 
a r e o f t e n e l i m i n a t e d , r e s u l t i n g i n p e s t r e s u r g e n c e t o more s e r i o u s 
l e v e l s o r p r e v i o u s l y m i n o r p e s t s b e c o m i n g a m a j o r p r o b l e m due t o 
d e s t r u c t i o n o f t h e i r n a t u r a l e n e m i e s ( 2 ) . 

W i d e s p r e a d u s e o f c h e m i c a l p e s t i c i d e s i n t h e home a n d i n 
a g r i c u l t u r e h a s l e d i n e v i t a b l y t o g r e a t e r m i s u s e a n d g r e a t e r r i s k s 
t o u s e r s a n d c o n s u m e r s , l i k e p e s t i c i d e - t r e a t e d g r a i n m i s u s e d a s h o g 
f e e d , a n d c o n t a m i n a t i o n o f a r e g i o n a l m i l k s u p p l y ( 6 , 9 , 1 0 ) . 
C o n t a m i n a t i o n o f human f o o d s u p p l y o n a n a t i o n a l s c a l e was t h e c a s e 
r e c e n t l y when C a l i f o r n i a w a t e r m e l o n s w e r e c o n t a m i n a t e d b y u n a p p r o v e d 
t r e a t m e n t w i t h a s y s t e m i c n e m a t i c i d e / i n s e c t i c i d e ( 9 , 1 0 ) . 

S i g n i f i c a n t e n v i r o n m e n t a l a n d human h e a l t h h a z a r d s h a v e a r i s e n 
a t s p e c i f i c n o n - a g r i c u l t u r a l s i t e s a s a r e s u l t o f o u r r e q u i r e m e n t 
f o r s y n t h e t i c c h e m i c a l p e s t i c i d e s ( 4 , 5 ) . C o n t a m i n a t i o n o f g r o u n d 
a n d s u r f a c e w a t e r s u p p l i e s f r o m t o x i c - w a s t e dumps o r a c c i d e n t a l 
s p i l l s h a s a f f e c t e d many r e g i o n s r e m o t e f r o m a r e a s o f p e s t i c i d e u s e . 
S t o r a g e , t r a n s p o r t a n d d i s p o s a l o f t o x i c m a t e r i a l s a n d w a s t e 
p r o d u c t s a r e a n i n c r e a s i n g r i s k t o t h e c o u n t r y a s o u r d e p e n d e n c e 
u p o n c h e m i c a l p e s t i c i d e s g r o w s . The s o c i a l a n d e c o n o m i c 
c o n s e q u e n c e s c a n be n e i t h e r known p r e c i s e l y n o r p r e d i c t e d w i t h 
c e r t a i n t y , b u t t h e r i s k s a r e s u b s t a n t i a l a n d i n c r e a s i n g l y r e c o g n i z e d 
a s a n a l y t i c a l t e c h n i q u e s i m p r o v e a n d o u r u n d e r s t a n d i n g g r o w s a b o u t 
t h e f a t e i n t h e e n v i r o n m e n t o f s y n t h e t i c c h e m i c a l , t h e i r 
m a n u f a c t u r i n g c o n t a m i n a n t s a n d t h e i r b r e a k d o w n p r o d u c t s . The r i s k s 
a r e o f c o n c e r n t o p e s t i c i d e p r o d u c e r s , u s e r s , a n d g o v e r n m e n t 
r e g u l a t o r s a n d t o t h e p u b l i c i n g e n e r a l . A l t e r n a t i v e p e s t c o n t r o l 
m e a s u r e s a r e c l e a r l y n e e d e d . P r u d e n c e r e q u i r e s t h a t we f i n d a n d 
e m p l o y s a f e r t y p e s o f p e s t i c i d e s , a g e n t s whose mode o f a c t i o n i s 
s o m e t h i n g o t h e r t h a n i n n a t e t o x i c i t y ( 1 ) . 

B i o l o g i c a l c o n t r o l o f p e s t s w i t h t h e i r n a t u r a l e n e m i e s c a n 
r e d u c e o u r d e p e n d e n c e u p o n t o x i c s y n t h e t i c c h e m i c a l s . I n t h i s 
p r e s e n t a t i o n I w i l l g i v e a n o v e r v i e w o f b i o l o g i c a l c o n t r o l o f p e s t s : 
1 . S t r a t e g i e s u s e d i n b i o l o g i c a l c o n t r o l , i t s s a f e t y a n d b a r r i e r s 
f o r d e v e l o p m e n t ; 2 . R e s e a r c h o p p o r t u n i t i e s f o r b i o l o g i c a l h e r b i c i d e s 
i n weed c o n t r o l a n d s e l e c t i o n o f i m p r o v e d s t r a i n s o f b i o l o g i c a l 
c o n t r o l a g e n t s ; a n d 3 . F u t u r e n e e d s a n d d i r e c t i o n i n b i o l o g i c a l 
c o n t r o l o f w e e d s . 

B i o l o g i c a l C o n t r o l S t r a t e g i e s . S a f e t y a n d B a r r i e r s f o r D e v e l o p m e n t . 

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

a . The C l a s s i c a l B i o l o g i c a l C o n t r o l T a c t i c - I m p o r t a t i o n o f 
e x o t i c n a t u r a l e n e m i e s f o r r e l e a s e , d i s s e m i n a t i o n , a n d 
s e l f - p e r p e t u a t i o n o n t h e t a r g e t p e s t . 

b . The I n t e g r a t e d P e s t Management T a c t i c ( I P M ) - C o n s e r v a t i o n 
a n d e n h a n c e m e n t o f i n d i g e n o u s n a t u r a l e n e m i e s . 

c . The B i o l o g i c a l P e s t i c i d e T a c t i c - A u g m e n t a t i o n o f 
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322 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

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

E a c h t a c t i c i s s c i e n t i f i c a l l y s o u n d a n d h a s b e e n d e m o n s t r a t e d 
t o w o r k . U n l i k e t o x i c s y n t h e t i c c h e m i c a l s , b i o l o g i c a l t a c t i c s h a v e 
h a d no known n o n t a r g e t e f f e c t s ( 1 , 1 1 , 1 2 , 1 3 ) . T h e y a l l a r e d e p e n d e n t 
o n f u n d a m e n t a l k n o w l e d g e o f b i o l o g i c a l i n t e r a c t i o n s a t t h e 
o r g a n i s m a l a n d e c o s y s t e m l e v e l s . I n t e n s i v e , u s u a l l y l o n g - t e r m 
r e s e a r c h i s r e q u i r e d t o f i n d a n d u n d e r s t a n d t h e u n i q u e b i o l o g y o f 
s p e c i f i c a g e n t / t a r g e t c o m b i n a t i o n s , e v a l u a t e p o t e n t i a l o f a 
c a n d i d a t e a g e n t a n d d e t e r m i n e e m p i r i c a l l y i t s u t i l i t y i n managed 
e c o s y s t e m s . The e x p e n s e o f t h i s r e s e a r c h m u s t u s u a l l y b e b o r n e b y 
t h e p u b l i c s e c t o r . T h e r e i s no p r o f i t i n c e n t i v e f o r t h e p r i v a t e 
s e c t o r t o r e s e a r c h a n d d e v e l o p m o s t b i o c o n t r o l t a c t i c s , w i t h t h e 
e x c e p t i o n o f c e r t a i n a g e n t s u s e d a s b i o l o g i c a l p e s t i c i d e s i n l a r g e 
m a r k e t s . 

We a r e t h u s f a c e d w i t h t h e p a r a d o x : b i o l o g i c a l c o n t r o l , 
a l t h o u g h e n v i r o n m e n t a l l y s o u n d a n d a d v a n t a g e o u s g e n e r a l l y , i s n o t 
e c o n o m i c a l l y a t t r a c t i v e t o t h e p r i v a t e s e c t o r . I n t h e p a s t we o p t e d 
f o r c h e m i c a l c o n t r o l , a s h o r t - t e r m e c o n o m i c s o l u t i o n a t t h e e x p e n s e 
o f l o n g - t e r m e n v i r o n m e n t a l a n d human s a f e t y c o n s i d e r a t i o n s - - t h u s 
o u r t o o - h e a v y d e p e n d e n c e u p o n c h e m i c a l p e s t i c i d e s . I n t h e f u t u r e 
we m u s t i n v e s t more p u b l i c f u n d s i n b i o l o g i c a l c o n t r o l r e s e a r c h a n d 
d e v e l o p m e n t t o e n s u r e g r e a t e r u t i l i z a t i o n o f t h i s e n v i r o n m e n t a l l y 
c o m p a t i b l e p e s t c o n t r o l t e c h n o l o g y a n d t o b r i n g b i o l o g i c a l p e s t 
c o n t r o l up t o a p p r o p r i a t e l e v e l s i n o u r p e s t c o n t r o l e f f o r t s . The 
n e e d i s i n t e n s i f i e d b y t h e f a c t t h a t f e w e r a n d f e w e r c h e m i c a l 
p e s t i c i d e s a r e a v a i l a b l e f r o m t h e p r i v a t e s e c t o r . The c o s t o f 
r e s e a r c h a n d d e v e l o p m e n t o f a new c h e m i c a l p e s t i c i d e , i n c l u d i n g c o s t 
o f r e g i s t r a t i o n a n d l i a b i l i t y , i s c u r r e n t l y e s t i m a t e d t o be 
a p p r o x i m a t e l y 2 8 . 1 m i l l i o n d o l l a r s ( 1 4 ) . S u c h c o s t s mandate t h a t 
o n l y p e s t s t h a t r e p r e s e n t l a r g e m a r k e t p o t e n t i a l be t a r g e t e d f o r 
d e v e l o p m e n t b y t h e p r i v a t e s e c t o r . C o n s e q u e n t l y , many p e s t p r o b l e m s 
a r e c u r r e n t l y l e f t u n a d d r e s s e d . 

E c o n o m i c b e n e f i t s f r o m p u b l i c i n v e s t m e n t i n b i o l o g i c a l c o n t r o l 
r e s e a r c h a c c r u e d i r e c t l y t o t h e p r o d u c e r a n d u l t i m a t e l y t o t h e 
c o n s u m e r a s p e s t c o n t r o l e x p e n s e i s d i m i n i s h e d o r e l i m i n a t e d f r o m 
c o s t o f p r o d u c t i o n . The p u b l i c a l s o b e n e f i t s i n d i r e c t l y b y 
r e d u c t i o n i n c o s t o f r e g u l a t i n g a n d m o n i t o r i n g f o r p e s t i c i d e 
r e s i d u e s i n f r e s h a n d p r o c e s s e d f o o d , g r o u n d w a t e r , a n d h a b i t a t s . 
P u b l i c i n v e s t m e n t i n b i o l o g i c a l c o n t r o l r e s e a r c h a n d d e v e l o p m e n t i s 
n o t o n l y e s s e n t i a l f o r s a f e t y a n d e n v i r o n m e n t a l c o n s i d e r a t i o n s b u t 
a l s o e c o n o m i c a l l y s o u n d f r o m a n a t i o n a l p e r s p e c t i v e . T h e r e i s a 
s u b s t a n t i a l b o d y o f k n o w l e d g e a b o u t p e s t s a n d t h e i r n a t u r a l e n e m i e s , 
a n d t h e t h e o r y a n d p r a c t i c e o f c l a s s i c a l b i o l o g i c a l c o n t r o l , 
i n t e g r a t e d p e s t management , a n d b i o l o g i c a l p e s t i c i d e s s u f f i c i e n t t o 
e n s u r e t h a t g r e a t e r p u b l i c i n v e s t m e n t i n t h i s r e s e a r c h e f f o r t w o u l d 
b e p r o d u c t i v e a n d e x p a n d e f f e c t i v e n e s s o f n o n - c h e m i c a l p e s t c o n t r o l . 

B a r r i e r s t o t h e more g e n e r a l d e v e l o p m e n t o f b i o p e s t i c i d e s a r e 
c h i e f l y e c o n o m i c , n o t human h a z a r d o r e n v i r o n m e n t a l r i s k s . The 
p r i v a t e s e c t o r i s n o t w i l l i n g t o i n v e s t i n r e s e a r c h t o d i s c o v e r a n d 
d e v e l o p t h e s e e n v i r o n m e n t a l l y c o m p a t i b l e p e s t i c i d e s b e c a u s e t h e i r 
h i g h p e s t s p e c i f i c i t y u s u a l l y l i m i t s m a r k e t p o t e n t i a l . P u b l i c 
s e c t o r r e s e a r c h i s r e q u i r e d t o o v e r c o m e t h e d i s i n c e n t i v e s t o 
c o m m e r c i a l i z a t i o n , t o d e m o n s t r a t e f o r e a c h p e s t c l a s s t h a t 
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18. TEMPLETON Weed Control with Pathogens 323 

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

R e s e a r c h O p p o r t u n i t i e s - B i o l o g i c a l H e r b i c i d e s f o r Weed C o n t r o l . 

N a t u r a l e n e m i e s o f weeds t h a t may be u s e d a s b i o l o g i c a l p e s t i c i d e s 
i n c l u d e f u n g i , b a c t e r i a , v i r u s e s , n e m a t o d e s , a n d i n s e c t s . F u n g i 
h a v e t h e g r e a t e s t p o t e n t i a l b e c a u s e t h e y c a n g a i n e n t r y i n t o t h e 
h o s t p l a n t w i t h o u t t h e a s s i s t a n c e o f a v e c t o r , a n d many may b e mass 
p r o d u c e d i n f e r m e n t a t i o n t a n k s w i t h e x i s t i n g t e c h n o l o g y t h e n d r i e d 
a n d m a r k e t e d j u s t a s b r e a d y e a s t o r b r e w i n g y e a s t . 

F u n g a l d i s e a s e s o f weeds a r e common, b u t u n t i l r e c e n t l y t h e y 
h a v e n o t r e c e i v e d much r e s e a r c h a t t e n t i o n : p l a n t p a t h o l o g i s t s h a v e 
e m p h a s i z e d r e s e a r c h t o c o n t r o l d i s e a s e s o f e c o n o m i c c r o p s . Weed 
d i s e a s e s h a v e o f t e n b e e n n o t e d b y weed s c i e n t i s t s a s c o n f o u n d i n g 
f a c t o r s i n weed r e s e a r c h p l o t s a n d b y g r o w e r s f a c e d w i t h s e v e r e weed 
i n f e s t a t i o n s i n c r o p s f o r w h i c h c h e m i c a l h e r b i c i d e s a r e e i t h e r 
u n a v a i l a b l e o r i n a d e q u a t e t o c o n t r o l a p a r t i c u l a r w e e d . 

O n l y r e c e n t l y h a s r e s e a r c h f o c u s e d o n u s e o f f u n g a l p a t h o g e n s 
a s b i o l o g i c a l p e s t i c i d e s f o r weed c o n t r o l . T h r e e f u n g i , 
m y c o h e r b i c i d e s , a r e c u r r e n t l y u s e d i n t h e U . S . , a n d two o t h e r s a r e 
e x p e c t e d t o be a p p r o v e d f o r c o m m e r c i a l u s e i n t h e n e a r f u t u r e . One 
i s a v a i l a b l e i n The P e o p l e ' s R e p u b l i c o f C h i n a , a n d a c t i v e p r o j e c t s 
a r e known t o b e u n d e r w a y i n 14 o t h e r c o u n t r i e s . S u f f i c i e n t 
e x p l o r a t i o n h a s b e e n c o n d u c t e d i n t h e U . S . a n d a b r o a d t o i l l u s t r a t e 
t h a t , a l t h o u g h t h e r e a r e numerous f u n g a l p a t h o g e n s o f weeds w i t h 
p o t e n t i a l , t h e y a r e n o t u n i f o r m l y d i s t r i b u t e d w i t h t h e weed h o s t s 
a n d t h e y do n o t a l l h a v e e q u i v a l e n t p o t e n t i a l a s b i o l o g i c a l 
h e r b i c i d e s . Some h a v e f a s t i d i o u s n u t r i t i o n a l r e q u i r e m e n t s f o r 
g r o w t h a n d r e p r o d u c t i o n i n a r t i f i c i a l c u l t u r e , a n d some a r e w i d e l y 
d i s t r i b u t e d a n d commonly e n c o u n t e r e d b u t e x h i b i t l o w v i r u l e n c e e v e n 
when a p p l i e d a s i n u n d a t i v e i n o c u l u m t o y o u n g p l a n t s . Some h a v e 
s t r i c t e n v i r o n m e n t a l r e q u i r e m e n t s t h a t l i m i t t h e i r u s e t o p a r t i c u l a r 
t i m e s o r w i t h i n g e o g r a p h i c l i m i t s t h a t a r e i m p r a c t i c a l i n 
c o m p r e h e n s i v e p e s t c o n t r o l s y s t e m s . 

S t r a i n S e l e c t i o n a n d I m p r o v e m e n t R e s e a r c h 

C u r r e n t r e s e a r c h o n h e r b i c i d e p o t e n t i a l o f f u n g i h a s r e v e a l e d many 
o p p o r t u n i t i e s f o r s t r a i n i m p r o v e m e n t r e s e a r c h ( 1 5 , 1 6 , 1 7 ) . F o r 
e x a m p l e , many w e e d - d a m a g i n g f u n g i h a v e f a s t i d i o u s n u t r i t i o n a l 
r e q u i r e m e n t s f o r g r o w t h a n d r e p r o d u c t i o n o r p a r t i c u l a r p h y s i c a l 
r e q u i s i t e s f o r r e p r o d u c t i o n i n a r t i f i c i a l c u l t u r e . O r a n g e r u s t a n d 
w h i t e r u s t o f m o r n i n g g l o r y . ( I p o m o m e a s p p . ) , e x e m p l i f y o p p o r t u n i t i e s 
i n f u n g a l n u t r i t i o n r e s e a r c h . T h e s e two d i s e a s e s r o u t i n e l y 
d e v a s t a t e m a t u r e p o p u l a t i o n s o f weedy m o r n i n g g l o r y i n g r o w e r f i e l d s , 
t o o l a t e , h o w e v e r , t o b e n e f i t t h e g r o w i n g c r o p . E f f e c t i v e u s e o f 
t h e s e two f u n g a l p a t h o g e n s a s b i o l o g i c a l p e s t i c i d e s d e p e n d s u p o n 
h a v i n g a s u p p l y o f a r t i f i c i a l l y c u l t u r e d i n o c u l u m f o r a p p l i c a t i o n 
t o y o u n g s e e d l i n g s b e f o r e t h e y c ompete w i t h t h e c r o p . N e i t h e r 
f u n g a l p a t h o g e n c a n be g r o w n i n a r t i f i c i a l c u l t u r e w i t h e x i s t i n g 
t e c h n o l o g y , s o r e s e a r c h i s n e e d e d t o o v e r c o m e t h i s b a r r i e r a n d make 
p o s s i b l e t h e u s e o f t h e s e two u b i q u i t o u s f u n g i a s m y c o h e r b i c i d e s . 
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324 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

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

The d e v e l o p m e n t o f c e r t a i n weed p a t h o g e n s a s b i o l o g i c a l 
h e r b i c i d e s i s c o n s t r a i n e d b y i n n a t e l o w v i r u l e n c e o r l o s s o f 
v i r u l e n c e i n a r t i f i c i a l c u l t u r e ( 1 5 , 1 6 ) . S p e c i e s o f t h e common 
f u n g a l p a t h o g e n s , A l t e r n a r i a . C e r c o s p o r a . a n d H e l B l n t h o g g P r l u f f l . f o r 
e x a m p l e , g e n e r a l l y a r e t o o w e a k l y v i r u l e n t t o k i l l t h e i r weed h o s t 
e v e n when a p p l i e d a s i n u n d a t i v e i n o c u l u m t o s e e d l i n g p l a n t s . 
I n f e c t e d p l a n t s may be d i s e a s e d b u t n o t d e b i l i t a t e d e n o u g h t o remove 
t h e m f r o m c o m p e t i t i o n w i t h t h e c r o p . R e s e a r c h t o u n d e r s t a n d a n d 
o v e r c o m e t h i s c o n s t r a i n t w o u l d p e r m i t d e v e l o p m e n t o f m y c o h e r b i c i e e s 
f o r some o f t h e s e r i o u s weed p r o b l e m s now o n l y m a r g i n a l l y c o n t r o l l e d 
b y c h e m i c a l h e r b i c i d e s o r t h o s e n o t c u r r e n t l y c o n t r o l l e d b y 
c h e m i c a l s a t a l l . 

Many f u n g a l p a t h o g e n s o f weeds a r e n o t d e v e l o p e d a s 
m y c o h e r b i c i d e s b e c a u s e t h e y l o s e v i r u l e n c e i n a r t i f i c i a l c u l t u r e a n d 
w i l l n o t i n f e c t t h e i r s p e c i f i c h o s t s when i n o c u l a t e d . The f u n g a l 
p a t h o g e n o f p e r s i m m o n w i l t d i s e a s e , f o r e x a m p l e , c a n b e u s e d t o r i d 
p a s t u r e s a n d r a n g e l a n d s o f weed p e r s i m m o n , ( D l o s p v r o s v i r g l n l a n a L. ) , 
o n l y a f t e r l i m i t e d s u b c u l t u r e i n t h e l a b o r a t o r y , y e t i t i s n o n 
i n f e c t i o u s when c u l t u r e c o n d i t i o n s a r e s c a l e d - u p f o r l a r g e - s c a l e 
t r i a l s . I n f e c t i v i t y c a n be r e s t o r e d b y r e - i s o l a t i o n o f c u l t u r e s 
f r o m n a t u r a l i n f e c t i o n s o r p a s s a g e o f weak i s o l a t e s t h r o u g h t h e h o s t 
- - p r o c e d u r e s t o o i m p r a c t i c a l f o r l a r g e - s c a l e p r o d u c t i o n n e e d e d f o r 
c o n t r o l o f t h i s w i d e s p r e a d i n t r a n s i g e n t weed p r o b l e m . T h i s t y p e 
o f v i r u l e n c e l o s s i s commonly e n c o u n t e r e d among f u n g a l p a t h o g e n s o f 
p l a n t s , i n s e c t s , o r n e m a t o d e s ; t h e r e f o r e , r e s e a r c h t o u n d e r s t a n d t h e 
p h y s i o l o g i c a l o r g e n e t i c b a s i s f o r i t , s o t h a t v i r u l e n c e c a n b e 
s t a b i l i z e d , w o u l d e n h a n c e t h e b i o l o g i c a l c o n t r o l p o t e n t i a l o f many 
s p e c i f i c f u n g i f o r c o n t r o l o f s e v e r a l c l a s s e s o f p e s t s . 

I n some i n s t a n c e s t h e p o t e n t i a l o f s p e c i f i c f u n g a l s t r a i n s i s 
d i m i n i s h e d b y s t r i c t r e q u i r e m e n t s f o r p a r t i c u l a r e n v i r o n m e n t a l 
c o n d i t i o n s o r s e q u e n c e s f o r i n f e c t i o n , c o l o n i z a t i o n , o r r e p r o d u c t i o n 
i n t h e h o s t p l a n t . The s t r a i n t h u s may be l i m i t e d t o u s e i n 
n a r r o w l y c i r c u m s c r i b e d g e o g r a p h i c l o c a t i o n s o r a t p a r t i c u l a r t i m e s 
i n t h e s e a s o n . The weed k i l l i n g f u n g u s , C o l l e t o t r i c h u m m a l v a r u m . 
f o r e x a m p l e , c a n k i l l i t s h o s t p l a n t i f i n o c u l a t e d when d a i l y 
maximum t e m p e r a t u r e s a r e b e l o w 32° C . U n f o r t u n a t e l y t h e weed h o s t , 
p r i c k l y s i d a , ( S i d a s p l n o s a L.), emerges a n d becomes weedy 
t h r o u g h o u t m o s t o f i t s r a n g e when maximum t e m p e r a t u r e s a r e a b o v e 
t h i s l i m i t ; t h e r e f o r e , u s e o f t h e f u n g u s i s s e v e r e l y r e s t r i c t e d a n d 
i m p r a c t i c a l . E f f o r t s t o c o l l e c t s t r a i n s o f t h e f u n g u s t h r o u g h o u t 
t h e r a n g e o f i t s h o s t h a v e n o t r e v e a l e d a n y w i t h s u f f i c i e n t l y b r o a d 
e n v i r o n m e n t a l a d a p t a t i o n . P h y s i o l o g i c a l a n d g e n e t i c r e s e a r c h t o 
u n d e r s t a n d t h e m o l e c u l a r b a s i s f o r t h i s t y p e o f e n v i r o n m e n t a l 
r e s t r a i n t o n p a t h o g e n s a n d means o f o v e r c o m i n g i t c o u l d a c c e l e r a t e 
e f f o r t s t o u t i l i z e f u n g a l p a t h o g e n s f o r a l l t y p e s o f b i o l o g i c a l 
p e s t i c i d e s . 

M o l e c u l a r g e n e t i c t e c h n i q u e s now a v a i l a b l e h o l d g r e a t p o t e n t i a l 
f o r i m p r o v i n g s t r a i n s f o r b i o l o g i c a l p e s t i c i d e d e v e l o p m e n t . F o r 
e x a m p l e , l o w - v i r u l e n c e s t r a i n s may be e n h a n c e d t o i m p r o v e e f f i c a c y . 
S p e c i e s d i f f i c u l t t o grow o r t h a t r e p r o d u c e p o o r l y i n a r t i f i c i a l 
c u l t u r e may be g e n e t i c a l l y a l t e r e d t o make them a v a i l a b l e i n l a r g e 
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q u a n t i t i e s and p r a c t i c a l f o r f i e l d use . Unstable s t r a i n s t h a t l o s e 
v i r u l e n c e i n a r t i f i c i a l c u l t u r e may be g e n e t i c a l l y s t a b i l i z e d and 
thus a v a i l a b l e f o r widespread use . While much o f what can be 
e n v i s i o n e d i s s p e c u l a t i v e a t the moment, the power o f the new 
technology i s n o t . 

Technology i s now a v a i l a b l e f o r the p h y s i c a l i s o l a t i o n o f genes 
from b a c t e r i a and f u n g i , f o r recombinat ion o f these genes i n the 
l a b o r a t o r y , and f o r i n s e r t i n g them i n t o the organism from which they 
came or i n t o other organisms (17) . The r e s e a r c h c h a l l e n g e i s to 
understand h o s t - p a r a s i t e i n t e r a c t i o n at the molecular l e v e l 
s u f f i c i e n t l y so that molecular b i o l o g i c a l methods can be used to 
address s t r a i n improvement o f b i o l o g i c a l c o n t r o l methods. For 
example, the enzymes, c u t i n a s e , p e c t i n l y a s e , and p o l y g a l a c t u r o n a s e 
have been found to be o p e r a t i v e d u r i n g i n f e c t i o n , c o l o n i z a t i o n , and 
symptom development by C o l l e t o t r i c h u m . an important fungal pathogen 
w i t h demonstrated mycoherbicide c a p a b i l i t y (18) . I d e n t i f i c a t i o n o f 
the gene that c o n t r o l s p r o d u c t i o n or a c t i v i t y o f these enzymes might 
be used to transform other C o l l e t o t r i c h u m s p e c i e s or even other 
f u n g i t h a t are s p e c i f i c f o r , but n o n - l e t h a l t o , important weed hosts 
and thus enhance mycoherbicide p o t e n t i a l o f these f u n g i . Genet ic 
v e c t o r s are a v a i l a b l e and have been used to transform C o l l e t o t r i c h u m 
w i t h a n t i b i o t i c and n u t r i t i o n a l marker genes; t h e r e f o r e , 
t r a n s f o r m a t i o n o f t h i s fungus w i t h genes that are i n f l u e n t i a l i n 
pathogenesis i s p l a u s i b l e . 

A s i m i l a r example can be c i t e d f o r genes t h a t c o n t r o l 
appressorium f o r m a t i o n , a s t r u c t u r e e s s e n t i a l i n many f u n g i f o r host 
p e n e t r a t i o n . M o l e c u l a r g e n e t i c probes have been used to demonstrate 
t h a t these genes become o p e r a t i v e upon i n i t i a t i o n o f t h i s organ i n 
a r u s t fungus (19) . I s o l a t i o n o f these genes and t r a n s f o r m a t i o n o f 
c e r t a i n f u n g i w i t h them would improve p e n e t r a t i o n e f f i c a c y o f 
s t r a i n s and thus mycoherbicide p o t e n t i a l . 

A l e s s advanced but perhaps even more p l a u s i b l e example i s 
t r a n s f o r m a t i o n o f fungal s t r a i n s w i t h genes t h a t c o n t r o l p r o d u c t i o n 
o f h i g h l y s p e c i f i c p a t h o t o x i n s . Many f u n g i are known to produce 
b i o c h e m i c a l l y s p e c i f i c , low molecular weight m e t a b o l i t e s i n the 
d i s e a s e development p r o c e s s . Enhancement o f s t r a i n s w i t h genes that 
c o n t r o l p r o d u c t i o n or a c t i v i t y o f these m e t a b o l i t e s i s a c l e a r 
r e s e a r c h a b l e g o a l that would Improve mycoherbicide p o t e n t i a l o f many 
n o n - l e t h a l , h o s t - s p e c i f i c f u n g i (17) . 

Future Needs and D i r e c t i o n s 

G r e a t e r r e s e a r c h emphasis needs to be p l a c e d on e x p l o r a t i o n , both 
domestic and f o r e i g n , to f i n d new f u n g i on weeds and new s t r a i n s o f 
known weed pathogens. Surveys should i n c l u d e p l a n t s now known to 
be weedy but a l s o p l a n t s that have p o t e n t i a l o f becoming weedy by 
s u c c e s s i o n because o f t h e i r t o l e r a n c e to s e l e c t i v e chemical 
h e r b i c i d e s now i n use . Specimens o f these f u n g i and i s o l a t e s i n 
c u l t u r e should be maintained and renewed p e r i o d i c a l l y to assure 
maintenance o f v i r u l e n c e and r e p r o d u c t i v i t y and to assure t h a t a 
broad spectrum o f the g e n e t i c d i v e r s i t y a v a i l a b l e i n the organism 
i s w e l l r e p r e s e n t e d l n the c o l l e c t i o n . 

New developments and prospects i n b i o t e c h n o l o g y g ive cause f o r 
optimism a l s o . I t can be expected that powerful new g e n e t i c 
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e n g i n e e r i n g t o o l s c a n be u s e d t o e n h a n c e e x i s t i n g b i o c o n t r o l 
t a c t i c s , i m p r o v e o u r a b i l i t y t o m a n i p u l a t e t h e a g e n t p r a c t i c a l l y o r 
make p o s s i b l e e n t i r e l y new t a c t i c s b a s e d o n u n d e r s t a n d i n g m o l e c u l a r 
l e v e l i n t e r a c t i o n b e t w e e n n a t u r a l e n e m i e s a n d p e s t s t h a t c a n b e 
m a n i p u l a t e d t o a d v a n t a g e . Some o f t h e s e d e v e l o p m e n t s h a v e p r o f i t 
p o t e n t i a l a n d a r e a t t r a c t i v e t o t h e p r i v a t e s e c t o r . P u b l i c 
i n v e s t m e n t i n b i o t e c h n o l o g y w i t h b i o l o g i c a l c o n t r o l a g e n t s i s 
r e q u i r e d , h o w e v e r , t o e n s u r e f u l l u t i l i z a t i o n o f t h e s e p o w e r f u l new 
t e c h n i q u e s i n o u r e f f o r t t o d e v e l o p b i o l o g i c a l c o n t r o l a s t h e 
f o u n d a t i o n o f p e s t c o n t r o l i n t h e U . S . 

A s i g n i f i c a n t s h i f t away f r o m c h e m i c a l p e s t i c i d e s t o g r e a t e r 
r e l i a n c e u p o n b i o l o g i c a l c o n t r o l m e t h o d s i s r e s t r a i n e d b y l a c k o f 
k n o w l e d g e . M o r e i n f o r m a t i o n i s r e q u i r e d a t t h e o r g a n i s m a l a n d 
m o l e c u l a r l e v e l s . The u n i q u e n e s s o f t h e b i o l o g y o f e a c h 
a g e n t / t a r g e t c o m b i n a t i o n p l u s t h e c o m p l e x i t y o f t h e i r i n t e r a c t i o n 
w i t h o t h e r o r g a n i s m s i n t h e e c o s y s t e m r e q u i r e s i n t e n s i v e s p e c i a l i z e d 
r e s e a r c h p l u s c o m p l e m e n t a r y i n t e r d i s c i p l i n a r y t e a m w o r k . M o l e c u l a r 
i n t e r a c t i o n s a r e e q u a l l y c o m p l e x a n d r e q u i r e m u l t i d i s c i p l i n a r y teams 
o f w e l l - t r a i n e d s c i e n t i s t s . S u c h t eams i n c l u d e g e n e t i c i s t s , 
b i o c h e m i s t s , m o l e c u l a r b i o l o g i s t s , m i c r o b i o l o g i s t s , p h y s i o l o g i s t s , 
p l a n t p a t h o l o g i s t s , e n t o m o l o g i s t s a n d e c o l o g i s t s . A c o m p r e h e n s i v e 
n a t i o n w i d e , p l u r a l i s t i c r e s e a r c h e f f o r t o n b i o l o g i c a l c o n t r o l i s 
n e e d e d t o remove r e s t r a i n t s t o d e v e l o p m e n t a n d make g r e a t e r u s e o f 
t h i s p e s t c o n t r o l r e s o u r c e . A p l u r a l i s t i c a p p r o a c h i s e s s e n t i a l 
b e c a u s e t h e a g e n t s a n d m e c h a n i s m s o c c u r n a t u r a l l y a n d may b e 
d i s c o v e r e d i n l o c a l i z e d g e o g r a p h i c a r e a s , y e t t h e y c a n b e o p e r a t i v e 
a n d m a n a g e a b l e i n e n t i r e l y s e p a r a t e r e g i o n s a n d e c o s y s t e m s (1,12). 

R e s e a r c h o n m o l e c u l a r b i o l o g y m u s t b e b r o a d b a s e d a l s o . 
F u n d a m e n t a l u n d e r s t a n d i n g o f b i o l o g i c a l i n t e r a c t i o n s a t t h e 
m o l e c u l a r l e v e l p e r m i t s u t i l i z a t i o n o f g e n e s a n d t h e i r b i o l o g i c a l l y 
a c t i v e p r o d u c t s i n b i o l o g i c a l c o n t r o l t a c t i c s i n ways q u i t e r e m o t e 
f r o m t h e i r n a t u r a l o c c u r r e n c e . Genes a n d t h e i r b i o l o g i c a l l y a c t i v e 
p r o d u c t s c a n be i d e n t i f i e d a n d i s o l a t e d i n one l i v i n g e n t i t y a n d 
t h e n u s e d t o t r a n s f o r m a n d e n h a n c e b i o l o g i c a l c o n t r o l p o t e n t i a l o f 
a n o t h e r more s u i t a b l e s p e c i e s . T h e r e i s o p t i m i s m t h a t t h e many new 
t e c h n i q u e s i n b i o t e c h n o l o g i c a l r e s e a r c h w i l l b e t h e k e y t o 
d e v e l o p m e n t o f b i o l o g i c a l c o n t r o l a s t h e p r i m a r y p e s t c o n t r o l m e t h o d 
i n t h e U n i t e d S t a t e s (1). 

New k n o w l e d g e a b o u t p o t e n t i a l b i o p e s t i c i d e s i n r e q u i r e d t o make 
t h i s b i o c o n t r o l t a c t i c more g e n e r a l l y a v a i l a b l e . C a n d i d a t e s may be 
e x o t i c o r i n d i g e n o u s m i c r o o r g a n i s m s , s p e c i f i c n a t u r a l e n e m i e s o f 
p a r t i c u l a r i n t r o d u c e d o r i n d i g e n o u s p e s t s p e c i e s . T h e s e n a t u r a l 
e n e m i e s n o r m a l l y o c c u r a t i n s i g n i f i c a n t l e v e l s b u t may b e i n c r e a s e d 
i n f e r m e n t a t i o n o r r e a r i n g f a c i l i t i e s , a p p l i e d a s s p r a y s , a n d 
i n t e g r a t e d i n t o p e s t management s y s t e m s . T h o s e n o t r e a c h i n g t h e i r 
n a t u r a l p e s t h o s t s d i e a n d d e t e r i o r a t e i n t h e n a t u r a l c y c l e . 
B i o l o g i c a l p e s t i c i d e s a r e c o n s i d e r e d t h e m o s t n e a r l y p e r f e c t 
p e s t i c i d e s . No e n v i r o n m e n t a l p e r t u r b a t i o n s , b e y o n d r e m o v a l o f t h e 
p e s t h o s t , h a v e b e e n d e t e c t e d n o r w o u l d b e e x p e c t e d f r o m t e m p o r a r y 
e l e v a t i o n o f t h e n a t u r a l enemy p o p u l a t i o n . 

B i o l o g i c a l p e s t i c i d e r e s e a r c h a n d d e v e l o p m e n t i s m o s t e f f i c i e n t 
a n d p r o d u c t i v e when c o n d u c t e d b y teams o f s c i e n t i s t s : a r e s e a r c h 
s p e c i a l i s t o n t h e t a r g e t p e s t , a r e s e a r c h s p e c i a l i s t o n t h e n a t u r a l 
enemy, a n d a r e s e a r c h s p e c i a l i s t o n f e r m e n t a t i o n o r r e a r i n g t h e 
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18. TEMPLETON Weed Control with Pathogens 327 

c l a s s o f o r g a n i s m t o be d e v e l o p e d . A s p e c i a l i s t k n o w l e d g e a b l e o f 
t h e t a r g e t p e s t , i t s l i f e h i s t o r y a n d b e h a v i o r i s m o s t l i k e l y t o 
d i s c o v e r n a t u r a l e n e m i e s w i t h p o t e n t i a l , u n d e r s t a n d t h e p e s t ' s m o s t 
v u l n e r a b l e g r o w t h s t a g e s a n d know how t o e v a l u a t e f i e l d e f f i c a c y o f 
a n a t u r a l enemy f o r i t s p o t e n t i a l a s a b i o l o g i c a l p e s t i c i d e . A 
r e s e a r c h s p e c i a l i s t k n o w l e d g e a b l e a b o u t t h e n a t u r a l enemy i s a b l e 
t o a s s e s s t h e s t r e n g t h s a n d w e a k n e s s e s o f a p o t e n t i a l b i o l o g i c a l 
p e s t i c i d e i n c o n t r o l l e d e n v i r o n m e n t s a n d p r e c i s e l y d e f i n e t h e 
e n v i r o n m e n t a l o p t i m a a n d l i m i t s t o g u i d e e f f e c t i v e f i e l d a s s e s s m e n t 
o f a n a g e n t . A s p e c i a l i s t k n o w l e d g e a b l e a b o u t l a r g e - s c a l e 
p r o d u c t i o n o f v a r i o u s c l a s s e s o f o r g a n i s m s i s a b l e t o d e t e r m i n e t h e 
n u t r i t i o n a l a n d p h y s i c a l r e q u i r e m e n t s f o r l a r g e - s c a l e p r o d u c t i o n o f 
a n a g e n t a n d means f o r f o r m u l a t i n g i t i n t o a c o n s i s t e n t , s t a b l e 
p r e p a r a t i o n a n d a s s e s s e c o n o m i c f e a s i b i l i t y o f p r o d u c t i o n , 
f o r m u l a t i o n a n d s t o r a g e o n a c o m m e r c i a l s c a l e . The s u c c e s s f u l 
c o l l a b o r a t i o n o f s u c h a t eam - - c r i t i c a l a s s e s s m e n t o f a n a g e n t s ' 
p o t e n t i a l f r o m p e r s p e c t i v e s o f t h r e e s c i e n t i f i c d i s c i p l i n e s - - p e r m i t s 
r a p i d a n d e f f e c t i v e t e c h n o l o g y t r a n s f e r t o p r i v a t e e n t e r p r i s e f o r 
p r o d u c t i o n s c a l e - u p , EPA r e g i s t r a t i o n , f o r m u l a t i o n , p a c k a g i n g , 
s h i p p i n g , a n d m a r k e t i n g o f a b i o l o g i c a l p e s t i c i d e . 

A g e n t s deemed t o be i m p r a c t i c a l b y s u c h a c o l l a b o r a t i n g t e a m , 
i n e f f e c t i v e b e c a u s e o f b i o t i c o r o t h e r c o n s t r a i n t s , become 
c a n d i d a t e s f o r s t r a i n i m p r o v e m e n t . G e n e t i c e n h a n c e m e n t o f c a n d i d a t e 
p o t e n t i a l may be b y e i t h e r c l a s s i c m e t h o d s o r new g e n e t i c 
t r a n s f o r m a t i o n t e c h n i q u e s . 

A f ew b i o p e s t i c i d e s h a v e b e e n c o m m e r c i a l l y s u c c e s s f u l a n d s e r v e 
a s m o d e l s f o r d e v e l o p m e n t o f o t h e r s ( 1 5 , 1 6 ) . The d i v e r s i t y o f 
n a t u r a l s y s t e m s , h o w e v e r , p r o v i d e s a w e a l t h o f p o t e n t i a l 
b i o p e s t i c i d e s a n d r e q u i r e s a d j u s t m e n t o f r e s e a r c h a b l e g o a l s 
a p p r o p r i a t e f o r p a r t i c u l a r c l a s s e s o f c a n d i d a t e a g e n t s , e i t h e r 
f u n g i , b a c t e r i a , v i r u s e s , o r n e m a t o d e s . The b i o s y s t e m a t i c s o f a l l 
t h e s e c l a s s e s a n d t h e p e s t s t h e y a t t a c k n e e d t o be r e s e a r c h e d . 
R e g i o n a l , n a t i o n a l a n d i n t e r n a t i o n a l s u r v e y s n e e d t o be c o n d u c t e d 
t o d e v e l o p o r u p d a t e c a t a l o g u e s a n d c o l l e c t i o n s o f e x i s t i n g n a t u r a l 
e n e m i e s a n d t h e p r e c i s e h o s t a s s o c i a t i o n a n d g e o g r a p h i c r a n g e o f 
e a c h , a p p a r e n t v a r i a b i l i t y o r s t a b i l i t y o f h o s t o r n a t u r a l enemy, 
a n d p a r t i c u l a r c l i m a t i c o r o t h e r c o n s t r a i n t s t h a t a p p e a r o p e r a t i v e 
u n d e r n a t u r a l c o n d i t i o n s . B i o s y s t e m a t i c r e s e a r c h t h u s p r o v i d e s 
a g e n t s a n d some i n s i g h t i n t o t h e i r p o t e n t i a l f o r s p e c i a l i s t s who 
e v a l u a t e them i n c o n t r o l l e d c o n d i t i o n s . 

S p e c i a l i s t s o f e a c h c l a s s u s e t h e c o l l e c t i o n f o r s t r a i n 
s e l e c t i o n a n d s t r a i n i m p r o v e m e n t r e s e a r c h . S u p p l i e s o f t h e 
p r o s p e c t i v e a g e n t s m u s t be e v a l u a t e d i n l a b o r a t o r y c u l t u r e ; t h e n 
e p i d e m i o l o g i c a l p a r a m e t e r s m u s t be r e s e a r c h e d i n c o n t r o l l e d 
e n v i r o n m e n t s o f g r o w t h c h a m b e r s a n d g r e e n h o u s e s . P r o m i s i n g 
c a n d i d a t e s move t o f i e l d p l o t t e s t s i n c o l l a b o r a t i o n w i t h s c i e n t i s t s 
s p e c i a l i z i n g i n t h e t a r g e t p e s t s , p r e f e r a b l y t h o s e b i o s y s t e m a t i s t s 
r e s p o n s i b l e f o r o r i g i n a l c o l l e c t i o n o f t h e p o t e n t i a l a g e n t . O t h e r 
c a n d i d a t e s a r e s u b j e c t s f o r s t r a i n i m p r o v e m e n t r e s e a r c h . 

A g e n t s t h a t a r e f o u n d t o be c o n s t r a i n e d b y f a s t i d i o u s c u l t u r e 
r e q u i r e m e n t s , t o o s t r i c t e p i d e m i o l o g i c a l p a r a m e t e r s , o r i n a d e q u a t e 
v i r u l e n c e o r t h a t a r e t o o l a b i l e m u s t be t h e s u b j e c t o f more 
n u t r i t i o n a l , g e n e t i c o r p h y s i o l o g i c a l r e s e a r c h t o e n h a n c e s t r a i n 
p o t e n t i a l . U n d e r s t a n d i n g t h e m o l e c u l a r b a s i s f o r t h e s e s o r t s o f 
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328 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

i n a d e q u a c i e s a n d t h e genes t h a t c o n t r o l t h e s e m e c h a n i s m s p r e s e n t s 
o p p o r t u n i t i e s f o r t r a n s f o r m i n g t h e o r g a n i s m g e n e t i c a l l y t o o v e r c o m e 
d e f i c i e n c i e s a n d a c h i e v e s u c c e s s f u l b i o l o g i c a l p e s t i c i d e s w i t h many 
more a g e n t s t h a n i s now p o s s i b l e . 

F i n a l Comments 

B i o l o g i c a l c o n t r o l c a n b e u s e d t o s u b s t a n t i a l l y r e d u c e o u r 
d e p e n d e n c e u p o n c h e m i c a l p e s t i c i d e s a n d a c h i e v e p e s t c o n t r o l w i t h o u t 
n e g a t i v e n o n - t a r g e t e f f e c t . To a c h i e v e s i g n i f i c a n t t r a n s i t i o n t o 
b i o l o g i c a l p e s t c o n t r o l , h o w e v e r , w i l l r e q u i r e new k n o w l e d g e o f 
p e s t s a n d t h e i r n a t u r a l e n e m i e s a n d r e a l i g n m e n t o f r e s e a r c h a n d 
d e v e l o p m e n t r e s p o n s i b i l i t i e s f o r p e s t c o n t r o l among p u b l i c a n d 
p r i v a t e s e c t o r s . The m a j o r r e s p o n s i b i l i t y f o r b i o l o g i c a l c o n t r o l 
d e v e l o p m e n t m u s t b e w i t h t h e p u b l i c s e c t o r r a t h e r t h a n w i t h t h e 
p r i v a t e s e c t o r , w h i c h h a s a d v a n c e d c h e m i c a l t e c h n o l o g y . B i o l o g i c a l 
c o n t r o l a g e n t s a r e s p e c i f i c a n d , when u s e d i n t h e c l a s s i c a l o r I P M 
t a c t i c , s e l f - p e r p e t u a t i n g , t h u s h a v i n g no p r o f i t p o t e n t i a l f o r 
p r i v a t e e n t e r p r i s e . When a g e n t s a r e u s e d a s b i o l o g i c a l p e s t i c i d e s , 
t h e i r m a r k e t p o t e n t i a l may be l i m i t e d b y s t r i c t s p e c i f i c i t y t o a 
s i n g l e p e s t t h a t g e n e r a l l y r e p r e s e n t s s m a l l m a r k e t s . T h u s t h e v e r y 
t r a i t t h a t makes b i o l o g i c a l c o n t r o l s o d e s i r a b l e f r o m e n v i r o n m e n t a l 
a n d human s a f e t y p e r s p e c t i v e s , s p e c i f i c i t y f o r t h e t a r g e t p e s t , i s 
t h e e x a c t c h a r a c t e r i s t i c t h a t e l i m i n a t e s e c o n o m i c p o t e n t i a l o f 
b i o l o g i c a l s f o r p r i v a t e e n t e r p r i s e . 

New b i o t e c h n o l o g i c a l t e c h n i q u e s o p e n new o p p o r t u n i t i e s f o r 
g e n e t i c i m p r o v e m e n t o f b i o l o g i c a l c o n t r o l a g e n t s , e s p e c i a l l y i n t h e 
b i o - p e s t i c i d e t a c t i c , a n d p r o v i d e some i n c e n t i v e f o r p r i v a t e - s e c t o r 
I n v o l v e m e n t i n b i o l o g i c a l c o n t r o l . A n e x t e n s i v e , p l u r a l i s t i c , 
p u b l i c - s e c t o r r e s e a r c h e f f o r t i s r e q u i r e d t o f i n d a n d u n d e r s t a n d t h e 
b i o l o g y o f p o t e n t i a l b i o c o n t r o l a g e n t s , s e l e c t a n d I m p r o v e s t r a i n s 
f o r f u r t h e r d e v e l o p m e n t , a n d engage i n t e c h n o l o g y t r a n s f e r w i t h 
p r i v a t e e n t e r p r i s e when c a n d i d a t e s w i t h p o t e n t i a l f o r 
c o m m e r c i a l i z a t i o n a r e d e v e l o p e d . The c h a l l e n g e i s t o s u b s t a n t i a l l y 
e n h a n c e p u b l i c - s e c t o r r e s e a r c h e n o u g h t o e n a b l e b i o l o g i c a l c o n t r o l 
t o become t h e p r i m a r y m e t h o d o f p e s t c o n t r o l i n t h e U n i t e d S t a t e s . 
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Biochemical responses of plants 
to pathogens—Continued 

xenobiotic compounds that alter secondary 
plant products, 99-106 

BiohoMdde(s) 
definition, 8 
host-pathogen-emdronment interactions, 

30831O-317 
Bioherbicide control strategy, example of 

DeVine, 306 
Bfohcrbidde culture maintenance 
effect of culture transfer on weed 

control, 308303T 
effect of spore storage on mortality, 

307-308309/ 
sensitivity to preservation 

techniques, 307 
BioherbiokSe discovery 
genetic method, 307 
survey method, 306-307 

Bioherbidde propagules), examples, 308 
Bioherbicide propagule production 
effect of carbon source on efficacy and 

spore yield, 30831^ 
technique, 308 

Biohcrbfekfe targets, examples, 383̂ T 
Biological alternatives to chemical 

pesticides, importance of discovery and 
development, 320 

Biological weed control 
advantages of fungi use, 241 
approaches, 241,244 
development, 241 
economic benefits and barriers, 322-323 
research opportunities, 323 
safety, 322 
soil-borne fungi, 276-285 
strategies, 288321-322 
use of herbicides 
future needs and directions, 325-327 
research opportunities, 323 
strain selection and improvement research, 

323-325 
use of plant pathogens for aquatic weeds 

advantages, 156 
approach to research, 157 
control of alligatorweed, 170,171-17? 
control of blue-green algae, 170,17? 
control of duckweeds, 168,16̂ ,170,171/ 
control of eurasian watermilfoil, 

165,166-1667,168 
control of hydriOa, 161-166 
control of waterhyacinth, 159,16qf,161 
control of waterlettuce, 168,169/ 
development, 156 
obstacles, 157-158 

BioMal 
description, 299 
use for weed control, 139 

Bkxynthetic pathway activation, use of 
elidtors, 125 

Btotechnotogfcal approaches to weed control 
with pathogens 

coinductkm of suicidal gene with another 
gene, 187,189/ 

genetically engineered containment 
Systems, 187 

incorporation of recombinant genes into 
suicide vector, 187 

natural containment systems, 184-185 
nooengineered approach to containment, 

18S,186/,187,188/ 
reasons against containment, 190 
reasons for containment, 190 
splitting of gene expression among 

different tod, 187,189/ 
Blue-green algae 
control with pint pathogens, 170 
photograph, 170 

Botrydienal 
biological activity, 23 
isolation, 23 
structure, 24 

Breeding line selection, use of 
eUdtors, 125 

Broad-spectrum mycohcibiddei, examples of 
potential pathogens, 142,143-144* 

C 

Carbamate herbicides, effect on 
mTCOberbkide action, 253 

Oasst, use for weed control, 139 
Cephalosporium diospyri Orandell, use for 

weed control, 146 
Cercospora rodmanii Conway, use for control 

of waterhyacinth, 159,16QT,161 
Cercosporin 
biological activity, 23 
isolation, 23 
structure, 24 

Chaetoglobosins 
biological activity, 23 
isolation, 23 
structure, 24 

Chemical pestiddee 
advantages and disadvantages, 320-321 
environmental and human health 

hazards, 321 
misuse, 321 

Chemical weed control 
chemical names and structures, 

240-241,242-243* 
development, 240 

Chitin, role in disease defense, 119 
Chitinase 

inhibition, 97-98 
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Chirinmr Continued 
role in plant defense mechanism, 

89^91 
Chitosan, role in disease defense, 119 
Chlamydomonas, detection of fungal 

phytotoxins, 283-284 
ChlortBa, detection of photosynthetic 

inhibitors, 283 
Chlorsulniron 
effect on pathogen-plant tateraction, 

249-250 
effect on phenylalanine ammonia-lyase 

activity, 106 
structure, 102,105f 

Chondrostereum purpureum (Pen.dPr.) Pouzar, 
use for weed control, 146 

atreoviridin 
biological activity, 23 
isolation, 23 
structure, 24 

Qadosporin 
biological activity, 23 
isolation, 23 
structure, 24 

Classical bfocontrol agents, See Inoculative 
agents 

Classical biological control strategy 
applications, 241 
définition, 305 
description, 241 
examples, 241 
lack of profit incentive for industry, 305 
method description, 288 

Collego 
compatibility with chemical 

pesticides, 298 
description, 245,296 
development, 245 
discovery and development, 

139-140 
effect of genetic variability on use, 

181-182 
examples of weed control, 10,139 

CoUetotrichin 
biological activity, 23,25 
isolation, 23 
structure, 24 

CoUetotrichum gloeosporioides (Penz.) 
Sacc. I sp. cUdemiae, use for weed 
control, 146 

CoUetotrichum gheasporioides (Penz.) Sacc. 
I sp. malvae, use for weed control, 140 

CoUetotrichum gramuucola 
application, 232̂ 35 
extracellular mucilage, 230-235 

Commercial mycoherbicide products, examples, 
296-300 

Compatible host-pathogen combinations, 
definition, 115 

Composition of fungal adhesives 
glycopfotein-cartmhydrate matrix, 228 
lectins, 228-230 

Concep Π, effect on plant diseases, 
254f,255 

Conservation tillage, effect of herbicide 
use, 25Qf,251 

Coronatine 
biological activity, 35 
isolation, 35 
structure, 34 

Curvulins 
biological activity, 11 
isolation, 11 
structures, 12 

Cuticle 
description, 193,196 
function, 196 

Cyanobacterin 
biological activity, 35 
isolation, 35 
structure, 34 

Cycfocarbamides A and Β 
biological activity, 25 
isolation, 25 
structure, 24 

Cydopenin 
biological activity, 25 
isolation, 25 
structure, 24 

Cystiphora schmidti Rubsaamen, 136 

D 
Defense chemicals, examples, 88 
Defense gene activation, use of 

didtors, 125 
(+)-Deoxyabedsic acid isomers, structure, 

79,8? 
Deoxyradidnin 
biological activity, 31 
isolation, 31 
structure, 32 

Desmethcxyviridiol 
biological activity, 25 
isolation, 25 
structure, 26 

DeVine 
description, 244,298-299 
discovery and development, 139 
example of bioherbicide control 

strategy, 306 
problems, 244-245 
use for weed control, 139 

2,4-Dichlorophenoxyacetic acid 
effect on phenylalanine ammonia-lyase 

activity, 102 
structure, 102,105/" 
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334 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

DihydropergUliii 
biological activity, 25 
isolation, 25 
structure, 26 

(+)-(2Z,4E)4niiiJ-l,4'-I>ihydraxy -̂
tonylideneacctic add 

isolation, 75 
structure, 75,77/ 

Diketopiperazines 
identificatioii, 57 
isolation, 54,56* 
phytotozidty, 57 
structure, 54-55 
structure-activity relationship, 57 

DUophospora alopeaai, adhesion lo Anguina 
OffOSUS, 

VA'-inms-OkA of absdsic add 
isolation, 78 
structure, T&JBCf 

Disease defense in plants, levels of 
pathogen recognition and exdusion, 115 

Disease on nontarget hosts, effect of 
herbiddes, 246-247,248* 

Disease resistance genes, definition, 120 
Disease response genes, definition, 120 
Duckweed(s), photographs, 168,169/171/ 
Duckweed bioassay system, advantages, 10 

Ε 
Economics of weed problems 

annual costs, 3* 
annual losses from weeds in commodity 

groups, 3,4* 
environmental concerns of pesticide 

use, 3 
estimates of pesticide use in United 

States, 3,5/ 
relative percentage of global pestidde 

sales, 3,5/ 
Elidtor(s) 
applications, 124,125*,126 
initiation of phytoaladn production, 

123-124 
Elidtor-receptor model, description, 120 
Enhancers of phytoakxins, function, 120 
Entyloma composUanim Farlow, use for weed 

control, 137 
3-Epideoiyradidnol 

biological activity, 31 
isolation, 31 
structure, 32 

Epidermis, function, 196 
Eremophilanes 
biological activity, 11,13 
isolation, 11 
structures, 12 

Erysiphe, cuticular erosion, 225 

Erysiphe graminis 
contact stimulation of esterase release 

from conidia, 226^27/228 
release of liquid, 226 

Ethylene 
function in plants, 96 
role in plant disease resistance, 96-97 

Eurasian watermilfoil 
control with plant pathogens, 165,168 
distribution in United Sûtes, 165,167/ 
photograph, 165,166/ 

Excised oat mesocotyl bioassay, 
advantages, 10 

Excised wheat cotooptue test, advantages, 
9-10 

Exploitative competition, description, 209 
Extracellular mucilage of Couetotrichum 

ffxaninkoia 
composition, 230̂ 232 
enzyme content, 232 
high-performance LC separation of phenolic 

components of leachate, 232£33f 
phytoalexin structures, 232£34f 
scanning electron micrograph of fungi, 

230,231/ 
scanning electron micrograph of surface of 

conidia, 2323V 

F 
Formulation 

definition, 288 
description, 288-289 

Formulations for weed control based upon solid 
carriers 

examples, 293^94*̂ 95-296 
mechanism, 293,295 

Free moisture, component of disease 
triangle, 306 

Fungal adhesion, See Adhesion of fungi to 
host 

Fungal pathogens, genetic variability, 178 
Fungal pathogens as biological pesticides 

for weed control 
development, 323 
developmental constraints, 324 
strain selection and improvement research, 

323-325 
use of molecular genetic techniques for 

strain improvement, 324-325 
Fungal plant pathogen 
dependence of weed control on genetic 

composition, 176 
effect of genetic variability on 

host-range limitations, 181* 
Fungal toxins, synthesis, 65 
Fungal weed pathogens, production of 

phytotoxic compounds, 11-14 
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Fungi 
advantages for use in biological weed 

control, 241 
classification schemes, 205-206 

Fusaria as mycoherbicides 
disadvantage, 279 
examples, 278/ 
host specificity, 278 
limitation, 279 
resistance, 278 
survival in soil, 278 

Fusarium soiani t sp. cucurbitae, use for 
control of Texan gourd, 245 

Fusicoccin 
biological activity, 25 
isolation, 25 
structure, 26 

G 

Gabaculine 
biological activity, 27 
isolation, 27 
structure, 26 

Geldanamycin 
biological activity, 27 
isolation, 27 
structure, 26 

General resistance, definition, 115 
Genetically engineered containment systems 

coinduction of suicidal gene with another 
gene, 187,18Sy 

incorporation of recombinant genes into 
suicide vector, 187 

splitting of gene expression among 
different loci, 187,189/ 

Genetic method, use for discovery of 
bioherbicides, 307 

Genetic technology, advantages and 
disadvantages, 184 

Genetic variability of fungal pathogens, 
effect of reproductive systems, 178 

Genetic variability of fungal pathogens and 
weed hosts 

benefits, 180,181/,182 
potential for genetic exchange through 

somatic cell fusion and 
heterokaryosis, 180r 

potential for genetic exchange with related 
wild-type strains, 179-180 

problems, 179,180f 
regulatory requirements, 179 
stability of commercial formulation, 179 

Genetic variability of weeds 
effect of ecological factors, 176-177 
effect of reproductive system, 176-177 
effect of selective pressure exerted by 

pathogen population, 176-177 
example of control by endemic pathogen, 177,178/ 

3 3 5 

Gtiocladium virens 
advantages as mycoherbicide, 282 
phytotoxin production, 

279,280f,28H/,282 
Global food production 

balance between surplus and shortage, 3 
importance of pest control, 3 
surpluses, 2-3 

1,3-^Glucanase 
inhibition, 97-98 
role in plant defense mechanism, 

89,90/91 
Glucan elidtors, role in disease defense, 

117,119 
Glutamine synthetase 

inhibition by ^methionine sulfoximine, 21 
inhibition by pliosphmothricin, 

role in ammonia assimilation-
reassimilation, 18 

0-Glycosidases 
inhibition, 97-98 
role in plant disease resistance, 94,96 

Glyphosate 
cause of plant death, 261,263 
description, 261 
effect on mycoherbicide action, 253 
effect on pathogen-plant interaction, 249 
effect on phenylalanine ammonia-lyase 

activity, 102 
metabolic target, 261,262/" 
structure, 102,105/ 
symptoms of phytotoxidty, 261 
synergistic role of soil fungi, 263-273 

Gostatin 
biological activity, 27 
structure, 26 

Growth regulators, effect on mycoherbicide 
action, 253 

Η 
HC toxin 

biological activity, 27 
isolation, 27 
structure, 28 

HeJminihosporium oryzae, cuticular erosion 
and wax degradation, 225 

Herbiace, See Bialaphos 
Herbicidal efficacy of glyphosate, 

synergistic role of soil fungi, 260-273 
Herbicides) 

effect of use on conservation tillage, 
250x^51 

effect on disease on nontarget hosts, 
246-247,248/ 

effect on mycoherbicide action, 251-253 
effect on pathogen-plant interaction, 247 
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MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

HcibkMc(i)-<bntinued 
effect on phenylalanine ammonia-ryase, 

102-106 
rational-based design, 38-39 

Herbicide safeners, effect on plant 
diseases, 254/35 

Herbicide targets, examples, 37-383? 
Herbiddins 

biological activity, 27 
hotatton, 27 
structure, 28 

Host-pathogen-environment interactions for 
Moherbkides 

effect of cfaonkal herbicide*, 
31031331V 

effect of free moisture, 
308310311-31? 

effect of spore dormancy, 31031? 
effect of spray adjuvants, 313319316 
effect of temperature, 316 
source-sink relationships, 31631? 

Host-specific toxins, definition, 9 
Hydrffla 
control with plant pathogens, 

161,164,166/ 
distribution in United Stttes, 161,16? 
photograph, 161,16? 

3^Hydfoxy-^iosylidenesc^ add, 
structure, 79,1*? 

793? 
(^H'-Hydioxy^iniylideswsc^ add 
structure, 75,7? 
synthesis, 75 

(2Z,4EH+H'-Hydn&y-^^ 
isolation, 78 
structure, 783? 

Hydroxyphenol, effect on phenylalanine 
ammonia-ryase activity, 102,10? 

Hydraxytcrpbenylliii 
biological activity, 31 
isolation, 31 
structure, 32 

Hymtnaxyphus ericae, adhesion to host, 224 
Hypersensitive response, components, 115 

I 

Incompatible plant-pathogen combinations, 
definition, 115 

Inoculative agents 
examples, 136-137,13» 
requirements for use, 133,136 

Integrated weed management system with 
microorganisms 

description, 300 
examples, 300-301 

Interference competition, description, 211 

Inundative agents 
examples, 139-149 
requirements for use, 137,139 

Inundative biotogkal control of weeds, 
method description, 288 

l-fonone 
effect oft Asper&Ousflavus, 81,83 
effect on growth of etiolated wheat 

coleoptiles, 833V 
structure, 813? 

(+) ,̂4£>a-kHryiideiK»œtic add 
notation, 75 
structure, 75,7? 

(2Z,4è>T-IonyDoeneacetfce€id 
notation, 78 
structure, 783? 

(2Z,4è7)̂ fonyliucaeethanol 
isolation, 78 
structure, 783? 

Ιτρβχϋ 
biological activity, 27 
notation, 27 
structure, 28 

Κ 
Koch's postulates, description, 8 

L 
Leaf surfaces 
anatomy, 193-197 
chemicals, 197,19*,199,20? 
classes of compounds in waxes, 193,19? 
microbial mteractkms, 208-213 
microbial populations, 205-208 
microclimate, 199,201-204 
outer covering of land plants, 193,19V 

Leaf wax, inhibitory effect against 
pathogens, 193 

Lectins, component of fungal adhesives, 
228-230 

Lettuce seed smiting bioassay, 
advanuges, 10 

Lytic enzyme, role in ptant-pathogen 
mteractkms, 8fc\9?,91 

M 

Macrocydfc trichothecenes 
biological activity, 33 
isolation, 33 
structure, 34 

Macrolides 
biological activity, 273 
isolation, 27 
structures, 2830 
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Macrophomma phaseobna, control of 
hydrilla, 164,166/ 

Macutosins 
binding to knapweed, 60 
biological activity, 13 
conversion after application to knapweed, 

60-61 
boat specificity screening, SSJ59t 
identification, 57 
isolation, 13,54 
mode of action, 58-60 
structure, 1234 
structure—activity relationship, 57 

Mena coniospora, adhesion to Magnaporthe 
ffisea, 223 

^Methionine sulfbzimine 
inhibition of glutamine 
synthetase, 21 

structure, \9f 
synthesis, 21 

Methozyphenone 
development, 15 
structure, 17 

Metribuzin, effect on pathogen-plant 
interaction, 249 

Mevinolin 
biological activity, 29 
isolation, 29 
structure, 30 

Microbial herbidde(s) 
applications, 244 
biochemical-chemical considerations, 40 
commercial examples, 244-245 
criteria, 38 
description, 244 
examples, 244 
genetic and strain selection, 40 
problems, 38 

Microbial interactions on leaf surfaces 
evidence, 208 
relationship with bioherbicide 

development, 212-213 
role of exploitative competition, 209 
role of interférence compétition, 208 
role of nutrient depletion, 209-211 

Microbial phytotoxin(s) as herbicides 
discovery, 9 
screening, 9 

Microbial phytotoxin targets, examples, 
383* 

Microbial populations of leaf surface 
diurnal patterns, 207-208 
qualitative data, 205-206 
quantitative data, 205-206 
seasonal patterns, 207-208 
spatial distribution, 206-207 

Microbial products as herbicides 
criteria, 38 
problems, 38 

Microclimate of leaf surfaces 
air temperature, 202 
description, 199,201 
effect on pathogen development, 201 
leaf temperature, 201-202 
radiation, 203-204 
relative humidity, 202-203 
wind speed, 204 

Molecular genetic techniques, use in 
improving strains for biological 
pesticide development, 324-325 

Monilifbrmin 
biological activity, 29 
isolation, 29 
structure, 30 

Mycoherbicides 
definition, 8 
effect of growth regulators on action, 253 
effect of herbicides on action, 251-253 
fusaria, 278 
improved activity through herbicidal 

action, 245 
low-input technology, examples, 146/ 
niche markets, examples, 147,148/ 
problems in practical use, 147,149 
selection of herbicide, 252 

Mycokptodiscus terrestris, use for control 
of eurasian watermilfoil, 165,168 

Mycoparasites, role in biocontrol of weeds, 
211-212 

Ν 
NADPH oxidase, role in plant disease 

resistance, 96 
Naturally produced phytotoxins as 

herbicides, use for weed control, 
255-256 

Nigerazines A and Β 
biological activity, 29 
isolation, 29 
structure, 30 

Nigeridn 
biological activity, 29 
isolation, 29 
structure, 30 

Non-host-selective phytotoxins, 
biochemistry, 63-70 

Nonspecific elidtors 
function, 117 
physiological role, 119 
structure, 117,11̂ ,119 
types, 117 

Ο 

Oosporein 
biological activity, 29 
isolation, 29 
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338 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Oceporein—QjfUwiî i 
structure, 30 

Ophfobolins 
biological activity, 13 
isolation, 13 
structure, 12 

Orlandin 
biological activity, 31 
isolation, 31 
structure, 30 

Ozetin 
inhibition of glutimine synthetase, 21 
structure, 19f 

(+)-(2Z,4£>4'-Oxo^-k>iiyl^^ acid, 
structure, 75,76/ 

Ρ 
Parasitism, importance of infection 

process, 219 
Pathogen(s) 
agrochemical interactions, 10 
biochemical responses of plants, 87-107 
biotechnological approaches to weed 

control, 184-190 
discovery, 8 
evasion of plant defense mechanisms, 87-88 
host-range tests, 8 
tateractions on plant leaf surfaces, 

192-213 
screening, 8 

Pathogenic fungi, response to leaf 
topography in infection initiation, 197 

Pathogen(s) of economically attractive weeds, 
examples, 142,143-144/ 

Pathogen-plant interaction, effect of 
herbicides, 247,249-250 

Pathogens with potential for weed control 
advantages, 133 
examples of weed control, 133,134-135/ 
inoculative agents, 133,136-137,138/ 
mandative agents, 137,139-149 
progress toward practical use, 133 

Pericaddase 
inhibition, 97-98 
physiological role, 91 
role in plant disease resistance, 91/.92 

Peryfenequinones 
biological activity, 14 
isolation, 14 
structures, 14-16 
toxicity to knapweed, 61 

Pesticide use 
environmental concerns, 3-4 
estimates in United States, 3,5/ 
relative percentage of global pesticide 

sales, 3# 
(-)-Phaseic acid, structure, 81,8? 

Phaseolotoxin 
biological activity, 35 
isolation, 35 
structure, 34 

Phenylalanine ammonia-lyase 
chemical structures of inhibitors, 

98,10* 
function, 92#y 
inhibition, 98-99 
role in plant disease resistance, 

9 2 ^ y 
xenobiotics that alter activity, 102-106 

Phosalacine 
biological activity, 18 
isolation, 18 
structure, 18,1* 

PhosphirKKhridns 
biological activity, 18 
biotechnology and biochemistry of 

production, 21,2? 
inhibition of glutamine synthetase, 

18^21 
isolation, 18 

L-A -̂Phosphonomethionine 5-eulfoximine 
inhibition of glutamine synthetase, 21 
structure, 19f 

Phragmktium vioiaceum (Schultz) WinL, use 
for weed control, 136 

Phytoalexin 
description, 115 
elidtors, 117,11*,119 
enhancers, 120 
evidence for role in resistance, 116-117 
importance, 114 
initiation of production by elidtors, 

123-124 
isolation, 115 
race-specific elidtors, 120,121/,122 
role in hypersensitive response, 115 
structures, 115-116,11* 
suppressors, 120 

Phytoalexin elidtors, examples, 
117,11*,119 

Phytophmom palmivora ButL, use as 
mycoherbicide, 276-277 

Phytotoxic compounds produced by fungal 
pathogens of crops and nonpathogenic 
fungi, 14-34 

Phytotoxic compounds produced by fungal weed 
pathogens,ll-14 

Phytotoxic compounds produced by 
microorganisms 

examples from fungal crop pathogens and 
nonpathogenic fungi, 14-34 

examples from fungal weed pathogens, 11-14 
examples of bacterial phytotoxins, 34-37 

Phytotoxin(s) 
advantages, 70 
biosynthetic pathways, 65 
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?hytotoiin(s)--Conanued 
characteristics as secondary 

metabolites, 65 
classification scheme based on site of 

action, 63,64* 
disease production, 70 
nonselectivity, 63 
properties, 65 
symptoms elicited in host, 64 
See also Herbicides 

Phytotoxin(s) from weed pathogens 
future work, 61 
macukxin, 54-61 
occurrence, 53-54 
perylenequinones, 53 
properties, 53-54 
tetramk acids, 61 

Phytotoxin-producing soil-borne fungi, 
screening, 282^3* 

Phytotoxin production by Gtiocladium virens 
effect on crop and weed species, 

27930-281* 
mechanism of herbicidal activity, 282 
preemergence activity, 279 
structure, 2 7 9 3 ? 

Plant defense 
enzyme inhibitors to manipulate 

infection, 97-99 
enzymes involved in reactions, 88-97 
examples of enzymes involved in 

mechanisms, 88£9r 
plant growth regulator interactions, 88 
problems in defense factor assessment, 97 
xenobiotic compounds that alter secondary 

plant products, 99-106 
Plant diseases 

effect of herbicide safeners, 254*35 
effect of sou exudates, 251 

Plant growth regulator tateractions, role in 
plant defense, 106 

Plant pathogens, biological control of 
aquatic weeds, 155-172 

Polyphenol oxidase 
inhibition, 97-98 
role in plant disease resistance, 94 

Poorly disseminating pathogens, 
description, 133 

Prehelminthosporal 
biological activity, 31 
isolation, 31 
structure, 32 

Proteases, role in plant disease 
resistance, 96 

Puccinia canattculata (Schw.) Lagh., use for 
weed control, 146-147 

Puccinia carduorwn Jacky, use for weed 
control, 136-137 

Puccinia chondrillina Bubak. A, Syd., use for 
weed control, 136 

Pythium myriotyhun, use for control of 
duckweeds, 168,170 

R 

Race-specific elicitors 
applications, 125-126 
avirulence genes, 122-123 
definition, 120 
evidence for existence, 120-121 
isolation, 12? 

Radianthin 
biological activity, 31 
isolation, 31 
structure, 32 

Radicinin 
biological activity, 31 
isolation, 31 
structure, 32 

Rhizobitoxine 
biological activity, 35 
isolation, 35 
structure, 34 

Root colonization 
description, 268 
pathogenicity of root colonizers, 269 
rate for glyphosate-treated plants, 

268-2693? 
specificity of root colonizers, 269,271/ 

Rust fungi, perpendicular orientation of 
germling growth, 196-197 

S 

Sderotia, definition, 187 
Sclerotinia scleroaorum mutants 

effect of external cytosine on virulence, 
185,186/ 

host ranges, 184,185* 
radial growth response to pyrimidine 

supplements, 185,18? 
virulence of non-sclerotia-forming mutants, 

187,18? 
Self-disseminating pathogens, 

description, 133 
Shikimic acid pathway, steps, 2 6 1 3 ? 
Simple trichothecenes 

biological activity, 33 
isolation, 33 
structure, 34 

Soilborne fungi 
advantages for use in weed control, 277 
factors affecting phytotoxin 

production, 284 
fusaria as mycoherbicides, 278*39 
mechanisms of weed control, 277 
phytotoxin production by Gliocladium 

virens, 27930f3U / 3 2 
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340 MICROBES AND MICROBIAL PRODUCTS AS HERBICIDES 

Soil-borne fung—Continutd 
prospects as mycoherbicides, 285 
screening for phytotoxin production, 
282£83r,2*4 

use for biological control of weeds, 276 
Sou exudates, effect on plant disease, 251 
Soil fungi, synergistic role in herbicidal 

efficacy of glyphosate, 260-273 
Specific resistance, definition, 115 
Spotted knapweed 
economic importance, 58 
seed diversity, 58 
toxicity to maculosin, 54-61 

Stignsatellin 
biological activity, 35 
isolation, 35 
structure, 36 

Suppressors of phytoalexin, function, 120 
Surfactant-based formulations for weed 

control 
examples, 289,290* 
functions of surfactants, 289 

Survey method, use for discovery of 
bioherbicides, 306-307 

Synergistic role of sou fungi in herbicidal 
efficacy of glyphosate 

contribution of fungi to efficacy, 271-272 
determination using root colonization, 
268-269,279271* 

effect of autoclaving of soil extracts on 
mortality of gryphosate-treated 
seedlings, 263r 

effect of heat treatment of sod on L D M 

values for glyphosate, 266r,267/,268r 
effect on csMrgence and growth in 

subsequent crops, 272-273 
evidence, 263 
glyphosate L D ^ values in heat-treated and 

raw soils, 264,26* 
indirect effects of elevated activity of 

fungi on untreated plants, 271-272 
logistic regression model for L D M 

estimation, 264,26* 
Synthetic herbicides 
discovery, 7 
screening, 7-8 

Τ 

Tabtoxin 
biological activity, 3537 
isolation, 35 
structure, 36 

labtoxinine ̂ lactam 
glutamine synthetase inhibition, 66-67 
inhibition of glutamine synthetase, 21 
structure, 1*6*66 
synthesis, 66 

Tagetitoxin 
biological activity, 37 
chlorosis production, 69 
isolation, 37 
mechanism of action, 69 
structure, 36)6*69 

Tentoxin 
biological activity, 31 
existence of analogue, 68 
isolation, 31 
mechanism for chlorosis production, 67 
reactions of Nkouana hybrid seedlings, 
67,68* 

structure, 32j6* 
Tenmazonic add 

biological activity, 31 
notation, 31 
structure, 32 

Terphcayllin 
biological activity, 31 
isolation, 31 
structure, 32 

Tetramic adds, toxidty to knapweed, 61 
Thidiazuron, effect on nrycoherbidde 

action, 253 
Thk>l*ctomyrin 
biological activity, 33 
isolation, 33 
structure, 32 

Tobacco mosaic virus, host range spedfidty, 122 
Toxins, advantages, 69-70 
Toyocamycins 
biological activity, 33 
isolation, 33 
structures, 32 

Trichoderma, surface erosion, 225-226 
Trichomes, function, 196 
Tftichothecenes 

biological activity, 33 
isolation, 33 
structures, 33-34 

Trifluralin 
effect on nrycoherbidde action, 253 
effect on pathogen-plant interaction, 
247,249-250 

Triticones 
biological activity, 33 
isolation, 33 
structure, 34 

Trytophol 
biological activity, 14 
isolation, 14 
structure, 16 

U 
Uromyces appendkukaus, preparation of 

infection court of Phaseohu vulgaris, 
224-225 
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V 

Victoria 
application, 126 
function, 121-122 

Viridiol 
production by GiiocuvUum virens, 27932 
structure, 2639,28? 

W 
Water-based formulations for weed control, 

examples, 289,290* 
Waterhyacinth 
control with plant pathogens, 

159,16?,161 
photograph, 159,16? 

Waterlettuce 
control with plant pathogens, 168 
photograph, 168,16? 

Weed(s) 
biological control, 24134 
characteristics of successful weed control 

programs, 240 
chemical control, 240-24132-243* 
economic cost, 240 
genetic variability, 176-177,178* 

Weed control 
biotechnological approaches with 

pathogens, 184-190 
historical perspectives, 4,6*,7 

Weed-pathogen interactions, importance, 88 

X 
Xenobiotic compounds that alter secondary 

plant products 
alteration of extractable phenylalanine 

ammonia-ryase activity, 102-106 
examples, 99,100-101* 

Y 
Yellow starthistle, control with 

phytopathogenic soil-borne fungi, 277 

Ζ 

Zinniol 
isolation, 14 
structure, 16 

Zoospore encystment in oomycetes, example of 
adhesion, 22032-223 
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