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FOREWORD 
ADVANCES IN C H E M I S T R Y SERIES was founded in 1949 by the 

American Chemical Society as an outlet for symposia and col
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are refereed critically according to A C S 
editorial standards and receive the careful attention and proc
essing characteristic of A C S publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y SERIES are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may 
embrace both types of presentation. 
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PREFACE 

After the discovery of the aflatoxins in the early 1960s, research on 
fungal toxins and their roles in human and animal diseases intensified 

greatly and also became more systematized. Before the discovery of the 
aflatoxins, a number of fungal toxins had been shown to be etiologic 
agents in some important, though relatively sporadic, outbreaks of food-
borne diseases of humans and animals. Most of these diseases are more 
appropriately designated as acute poisonings. But the discovery of the 
aflatoxins added an important new dimension to the problem of fungal 
toxins as food and feed contaminants, since these compounds have been 
shown to be probable causative agents in an important disease in humans 
(liver cancer) which can be induced by long-term and relatively low-
level ingestion of the toxins. The concern has been compounded by fur
ther discoveries that levels of aflatoxins of probable health significance to 
humans have been found in a number of important foods and that many 
of these foods are stocks which, outwardly at least, are of high enough 
quality to be consumed directly by humans. 

Some have described the mycotoxin research phase which began in 
the 1960s as "quantitative" in that the major objectives became not only 
the identification of which mold or mycotoxin was a contaminant of 
what food or feed (in the earlier phase this "qualitative" aspect of the 
research usually followed the outbreak of an episode of acute poisonipg, 
usually in farm animals, sometimes in humans), but also a determination 
of how much of the mycotoxin was present and what dietary level would 
represent an animal or human health risk—acute or chronic. Thus, devel
opment and validation of analytical methods and confirmatory tests, and 
the deployment of such methods and tests on a massive scale became a 
major goal, and a number of scientific societies, federal agencies and 
research institutions took up the task of monitoring the development of 
methods and their use in data collection. Quantitative toxicity studies in 
experimental animals also began to appear with greater frequency. The 
natural products chemist began to tap the field as a source of fascinating 
new structural work. 

Concurrently, for both practical and more purely academic reasons, 
other types of research on mycotoxins were activated by the continuing 
need to deal with aflatoxin contamination of food. Much of this research 
has expanded to other mycotoxins, particularly those of the genera Asper-

ix 
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gillus, Pénicillium, a n d Fusarium. Research activit ies o n mycotoxins are 
of necessity in te rd i s c ip l inary i n nature . W h i l e no single research project 
c a n be al l -encompassing, there is an overa l l need to coordinate the w o r k 
of agr i cu l tura l experts, p lant pathologists , p lant geneticists, mycologists , 
organic chemists, ana ly t i ca l chemists, b iochemists , toxicologists, m e d i c a l 
experts, epidemiologists , nutr i t ionists , veterinarians, f ood processing ex
perts, a n d statisticians (these last to ensure the deve lopment of adequate 
plans for sampl ing agr i cu lura l commodit ies for myco tox in contaminat ion 
a n d also to assess the results of tox ic i ty tests) . I n a d d i t i o n to these re 
search act ivit ies , there must be ac t ion o n the part of po l i cy makers to 
ensure that, wherever potent ia l hea l th problems are shown to exist, 
actions w i l l be taken to m i n i m i z e the risks. These p o l i c y makers have to 
address a n u m b e r of issues w h i c h transcend the scientific questions. F o r 
instance, contro l of the mycotox in p r o b l e m probab ly depends to a great 
extent o n the resources avai lab le to a nat ion for the proper harvest ing , 
d r y i n g , transportat ion, a n d storage of agr i cu l tura l commodit ies . L e g a l 
questions must be considered. T h e dec is ion to destroy food w h i c h con 
tains a mater ia l k n o w n to produce chronic disease i n m a n — w h e n the 
alternat ive is famine or s tarvat ion—is another quest ion w h i c h transcends 
scientific discourse b u t w h i c h also must be de l iberated . 

I t is w i t h i n the context of these general considerations that the 
present sympos ium was organized b y the D i v i s i o n of A g r i c u l t u r a l a n d 
F o o d C h e m i s t r y of the A m e r i c a n C h e m i c a l Society. I t was not the goa l 
of the sympos ium to dea l w i t h the myoc tox in p r o b l e m i n a b r o a d w a y , 
b u t rather to focus closely on the chemica l aspects of the subject. A n d 
w h i l e , i n the m a i n , the contributors h e l d to this concept, most c o u l d not 
a v o i d t ouch ing u p o n some of the other scientific d isc ip l ines attached to 
myco tox in research. It is the nature of the subject. Moreover , even w i t h 
the emphasis on chemistry , there is a w i d e range of approaches, ref lect ing 
the interests of the authors themselves: some dea l h e a v i l y w i t h b i o s y n 
thesis, others w i t h s tructura l characteristics of mycotoxins ; some focus o n 
ana ly t i ca l methods, a n d s t i l l others attempt to balance a l l chemica l aspects 
of the prob lem. Because of this , the book provides , I hope , a good p i c 
ture of the range of chemica l research activit ies w h i c h support the current 
m u l t i d i s c i p l i n a r y attack o n the myco tox in prob lem. 

T h e organizat ion of the book is s tra ight forward. I t begins w i t h 
C . W . Hesseltine's discussion of h o w mycotoxins enter the food cha in , 
a n d proceeds to L e o n a r d Stoloff's r ev i ew of w h a t is n o w k n o w n about 
the ir occurrence i n food. T h e r e is then a series of papers dea l ing w i t h 
specific mycotoxins or groups of mycotoxins . A f la tox in chemistry is dealt 
w i t h on ly tangent ia l ly : this subject has been adequate ly covered i n m a n y 
symposia , reviews, a n d books. H o w e v e r , R . C . Shank does prov ide an 
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excellent summary of w h a t is n o w k n o w n about the ro le of this " k i n g " 
of mycotoxins i n h u m a n disease. 

F i n a l l y , there are papers dea l ing w i t h compounds w h i c h are not 
classified as mycotoxins but w h i c h can be present i n food as a result of 
m o l d invas ion . F i r s t there are the compounds w h i c h are p r i m a r i l y k n o w n 
for the ir toxic effects i n p lants ; these are the funga l -produced p h y t o -
pathogenic toxins discussed b y H . H . L u k e a n d R . H . Biggs . Specif ic 
f u n g a l genera w h i c h are k n o w n to produce phytopathogenic compounds 
are the subjects of the succeeding two papers. A s a subject for specula
t i o n : c a n these compounds enter the food c h a i n a n d are any of t h e m 
toxic to animals? J . K u c provides a fasc inat ing look at a subject w h i c h 
w i l l surely emerge as a major area of scientific w o r k i n the fu ture : the 
a l terat ion of the b i o c h e m i c a l characteristics of plants as a result of m o l d 
invas ion or other forms of phys io log i ca l stress. T h e book ends w i t h d is 
cussions of two specific examples of the phenomenon r e v i e w e d b y J . K u c . 

Systematic research on mycotoxins a n d other mold re lated food p r o b 
lems is s t i l l i n its in fancy . T h i s is not to denigrate the w o r k of the m a n y 
ded icated investigators, par t i cu lar ly veterinarians a n d agr icultural ists , 
w h o have recognized a n d been at w o r k o n these problems for m a n y years. 
Rather , i t emphasizes that on ly w i t h i n the past ten years has this p r o b l e m 
b e g u n to attract the attention i t deserves f r o m the tota l scientific c o m 
m u n i t y interested i n the problems of food safety a n d , more general ly , of 
h u m a n a n d a n i m a l heal th . I t is h o p e d that this book makes a c o n t r i b u 
t i on to this g r o w i n g science. 

F o o d a n d Drug A d m i n i s t r a t i o n 
W a s h i n g t o n , D.C. 
D e c e m b e r 1974 

JOSEPH V. RODRICKS 

xi 
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1 

Conditions Leading to Mycotoxin 
Contamination of Foods and Feeds 

CLIFFORD W. HESSELTINE 

Northern Regional Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Peoria, Ill. 61604 

Toxigenic mold invasion is affected during plant growth, 
at harvest, and after harvest. Invasion by fungi is affected 
by the amount of spore inoculum in the field, stresses on 
the plant, invertebrate infections, damage by other fungi, 
plant resistance, mechanical damage, mineral nutrition of 
the plant, and temperature. During harvest, grain is exposed 
to mechanical damage and mold inoculum. After harvest, 
mold growth depends on moisture level of the grain, tem
perature and humidity, rapidity of drying, aeration, the 
microbiological ecosystem, insects, mixing of grain, chaff 
and dirt, chemical treatment, internal infection, accidental 
rewetting of the grain by condensation or leakage, and 
the development of hot spots. 

The key to preventing toxigenic fungi from developing in foods and 
feeds is to understand how they enter and develop in plant material. 

The alternative to preventing them from developing is to destroy or to 
remove the mycotoxin from the food or feed. However this approach is 
fraught with a number of problems: (a) any chemical or physical treat
ment that removes mycotoxins adds to the cost of a product already 
damaged from mold growth; besides the initial processing cost, additional 
material may be lost from separating the mycotoxin-infected parts me
chanically or chemically (solvent extraction). For example, scabby wheat 
is cleaned by removing the chaffy kernels, (b) Most processes that 
remove mycotoxins are not 100% efficient, (c) When chemical processes 
are used, extensive testing is required to establish that a second biologi
cally active compound with a different mode of action has not been 
formed, (d) Processes that remove mycotoxins may reduce the food 
value of the final product. 
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2 MYCOTOXINS 

I prefer the first, a n d perhaps less popu lar , a p p r o a c h of p revent ing 
m o l d f r o m deve lop ing i n crops. H o w e v e r , this a p p r o a c h requires a thor 
o u g h unders tanding of the condit ions under w h i c h each of the myco tox in 
molds grows—i .e. , in format ion f r o m one species of f u n g i cannot be trans
ferred to another species. Pénicillium duponti has a n o p t i m u m g r o w t h at 
45 ° C a n d does not g r o w at r o o m temperature , the o p t i m u m g r o w t h 
temperature for P . citrinum. O u r bas ic in format ion about f u n g a l g r o w t h 
is surpr i s ing ly meager a n d incomplete . F o r example , ear ly i n our w o r k 
o n aflatoxin i n cereals, w e searched the l i terature for the k i n d of sugars 
that Aspergillus flavus u t i l i z e d : w e f o u n d on ly a short a n d incomple te 
statement on the subject ( I ) . 

I n this b r i e f r e v i e w of condit ions l e a d i n g to myco tox in f o rmat ion i n 
foods a n d feeds, I usua l ly use only one reference for each factor to 
conserve space; however , I enumerate a l l factors affecting myco tox in 
f ormat ion w i t h o u t descr ib ing the o p t i m u m condit ions for m a x i m u m p r o 
d u c t i o n of mycotoxins b y any par t i cu lar m o l d species; I f o l l ow the out l ine 
of Jarvis (2 ) w h o d i v i d e d the env i ronmenta l condit ions into c h e m i c a l , 
p h y s i c a l , a n d b io log i ca l . 

T a b l e I . F u n g i W h i c h P r o d u c e M y c o t o x i n s Classi f ied b y H a b i t a t 

F u n g i G r o w i n g i n the L i v i n g P l a n t 
Claviceps purpurea Aspergillus flams 
Sclerotinia sclerotiorum Rhizoctonia leguminicola 
Fusarium graminearum Helminthosporium 

(Gibberella zeae) biseptatum 

F u n g i G r o w i n g i n D e c a y i n g P l a n t M a t e r i a l 
Pithomyces chartarum 
Stachybotrys atra 
Periconia minutissima 
Fusarium sporotrichoides 
Gladosporium sp. 
Alternaria longipes 

Fusarium graminearum 
Chaetomium globosum 
Dendrodochium toxicum 
Myrothecium verrucaria 
Trichothecium roseum 
Trichoderma viride 

F u n g i G r o w i n g o n Stored P l a n t M a t e r i a l 
Aspergillus flavus 
A. parasiticus 
A. versicolor 
A. ochraceus 
A. clavatus 
A. fumigatus 
A. rubrum 
A. chevalieri 

Pénicillium islandicum 
P. citrinum 
P. rubrum 
P. citreoviride 
P. cyclopium 
P. viridicatum 
P. urticae 
P. verruculosum 
P. puberulum 
P. expansum 
P. rugulosum 
P. palitans 
P. roqueforti 

Chaetomium 
globosum 

Fusarium 
graminearum 

F. tricinctum 
F. nivale 
F. moniliforme 
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1. H E S S E L T i N E Conditions Leading to Contamination 3 

Another approach is to s tudy the different condit ions w h i c h influence 
m o l d g r o w t h i n the field a n d d u r i n g the harvest a n d storage. F o r ex
ample , factors affecting m o l d invas ion of the deve lop ing corn k e r n e l 
inc lude the amount of spore i n o c u l a , stress factors on the g r o w i n g p lant , 
insect a n d mi te populat ions , damage f r o m other f u n g i , var i e ta l suscept i 
b i l i t y or resistance, m e c h a n i c a l damage f r o m f a r m i n g , s torm damage , 
b i r d damage, m i n e r a l nut r i t i on of the p lant , a n d temperature . D u r i n g 
harvest, the g r a i n is exposed to m e c h a n i c a l i n j u r y a n d extensive spore 
inocu lat ion . A f t e r harvest, m o l d g r o w t h a n d myco tox in p r o d u c t i o n c a n 
be affected b y the moisture l eve l , temperature , aerat ion, m i c r o b i o l o g i c a l 
ecosystem, storage insects, b l e n d i n g of corn , amount of chaff a n d d i r t , 
c h e m i c a l treatment, amount of i n t e r n a l in fect ion , rewet t ing f r o m c o n d e n 
sation a n d leakage, amount of damage , c h e m i c a l compos i t ion of the 
substrate, a n d heat ing . M y c o t o x i n p r o d u c t i o n is also a var iab le factor. 
N u m e r o u s f u n g i produce mycotoxins i n the l i v i n g p lant , o n decay ing 
p lant mater ia l , a n d i n stored m a t e r i a l ( T a b l e I ) . T a b l e I I contains the 
phys i ca l , chemica l , a n d b i o l o g i c a l factors that influence m o l d g r o w t h a n d 
mycotox in format ion . 

T a b l e I I . Fac tors A f f e c t i n g M y c o t o x i n F o r m a t i o n 

In Field At Harvest In Storage 

Physical 
M o i s t u r e + + + r a p i d i t y of d r y i n g — + + rewett ing — + + relat ive h u m i d i t y + + + Temperature + + + M e c h a n i c a l damage + + + B l e n d i n g of g ra in — + + H o t spots — — + T i m e + + + 
Chemical 
C 0 2 

— — + 0 2 
— — + N a t u r e of substrate + — + M i n e r a l n u t r i t i o n + — + C h e m i c a l t reatment — — + 

Biological 
P l a n t stress + — + Invertebrate vectors + — + F u n g u s infect ion + — + P l a n t v a r i e t a l differences + — + F u n g a l s t ra in differences + — + Spore load + + + M i c r o b i o l o g i c a l ecosystem + — + 
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4 M Y C O T O X I N S 

Physical Factors 

M o i s t u r e . I f other factors are equa l , the saprophyt ic f u n g i that g r o w 
i n the field require a h igher moisture l e v e l than those f o u n d i n storage. 
Jarv is (2 ) states that decay f u n g i requ i re a h igher moisture content i n 
the substrate ( 2 2 - 2 5 % wet w e i g h t ) t h a n storage f u n g i , w h i c h can grow 
o n stored substrates ( 1 3 - 1 8 % ) . T w o aspects of the effect of moisture o n 
f u n g i must be cons idered : the moisture r e q u i r e d for spore germinat ion , 
a n d moisture r e q u i r e d for g rowth . T h e r e is some suggestion that a n 
o p t i m a l moisture l eve l exists for aflatoxin format ion i n so l id substrates. 
Sussman (3 ) cites a n u m b e r of references to f u n g i , such as Fusarium a n d 
Myrothecium, whose spores w i l l not germinate w i t h o u t an exogenous 
source of energy even t h o u g h moisture levels are adequate a n d spores 
conta in a n energy source. O n the other h a n d , spores of some f u n g i , such 
as the rust f u n g i a n d Helminthosporium, germinate i n d i s t i l l ed water . 
A y e r s t (4) s tudied the effect of moisture o n the g r o w t h of a n u m b e r of 
fung i . H i s data on the myco tox in -produc ing f u n g i are shown i n T a b l e I I I . 

T a b l e I I I . A p p r o x i m a t e T e m p e r a t u r e a n d M o i s t u r e L i m i t s a n d 
O p t i m a f o r G r o w t h of Severa l M y c o t o x i n - P r o d u c i n g F u n g i " 

Optima Limits 

aw* °C aw 

33 0.93 10-42 0.71 
33 0.98 12-43 0.78 
40 0.97 12-53 0.82 
23 0.98 < 5 - 3 2 0.82 
23 0.98 < 5 - 3 2 0.79 
31 0.97 10-38 0.83 
23 0.98 7-37 0.94 

Species 
Aspergillus chevalieri 
Aspergillus flavus 
Aspergillus fumigatus 
Pénicillium cyclopium 
Pénicillium martensii 
Pénicillium islandicum 
Stachybotrys atra 

a Data from Ref. 4. 
6 aw = Ratio of the vapor pressure of the water in the substrate to that of pure water 

at the same temperature and pressure. 

W h e n several isolates of the same species were examined , they be 
h a v e d s i m i l a r l y i n the ir p h y s i c a l l imi ts a n d o p t i m a of growth . W h e n 
g r o w t h was most r a p i d , spore germinat ion was most r a p i d . T h e range of 
m i n i m a l moisture levels r e q u i r e d b y different f u n g i varies greatly. A t 
the l ower levels are species of A s p e r g i l l i w h i c h g r o w s lowly at 1 3 - 1 4 % 
moisture levels. A s h w o r t h et al. ( 5 ) s tud ied the moisture r e q u i r e d for 
g r o w t h a n d aflatoxin produc t i on i n peanuts as c o m p a r e d w i t h the g r o w t h 
of the Aspergillus glaucus g roup a n d A. niger ( F i g u r e 1 ) . U n d e r mois 
ture effects, the f o l l o w i n g three aspects are noted. 

R A P I D I T Y O F D R Y I N G . I f other condit ions affecting m o l d g r o w t h are 
equa l , the t ime r e q u i r e d to d r y a c o m m o d i t y is a c r i t i c a l aspect i n p r e 
v e n t i n g myco tox in format ion . Since mycotoxins are secondary metabo -
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1. H E S S E L T i N E Conditions Leading to Contamination 5 

Kernel Moisture (%) 

Figure 1. Influence of kernel moisture on devel
opment of Aspergillus flavus, A . glaucus group, 

A . niger, and aflatoxin. Data from Ref. 5. 

l ites, t y p i c a l l y they are not f o rmed u n t i l the m o l d has g r o w n t h r o u g h 
the l o g phase. F o r example, aflatoxin is not f o r m e d u n t i l at least 48 h r 
after spore germinat ion (6a). T h i s de lay means that corn , w i t h a mois ture 
l eve l o p t i m a l for the g r o w t h of A . flavus, w i l l not b e dangerous even w h e n 
heav i l y inocu lated i f the corn can be d r i e d to b e l o w 1 3 % w i t h i n 48 h r . 
T h i s t ime element can be considered i n deve lop ing better d i g g i n g a n d 
d r y i n g for peanuts at harvest. I n d i g g i n g peanuts, d r y i n g b e l o w the l e v e l 
for g r o w t h of A. flavus can be r a p i d l y accompl i shed i f the fruits c a n be 
p l a c e d at the top of the rows of d u g plants i n the sun. 

R E W E T T I N G . O f t e n mycotoxins develop w h e n d r i e d a n d stored p r o d 
ucts are remoistened b y leaks i n the b ins , floods, or condensation. Some
times p lant mater ia l is p l a c e d i n waterproof p last i c bags w h i c h are sealed 
at a h i g h temperature a n d h i g h h u m i d i t y a n d stored. L a t e r i f the bags 
are exposed to l o w temperatures, moisture forms next to the p last ic , a n d 
c a k i n g f r o m funga l g r o w t h results. D e w f o r m i n g o n p l a n t mater ia l i n the 
field w i l l a l l ow spore germinat ion a n d consequent m o l d invas ion of the 
substrate. 

R E L A T I V E H U M I D I T Y . T h i s aspect w i l l be discussed b e l o w u n d e r the 
h e a d i n g of carbon d iox ide ( T a b l e V ) . Hessel t ine (6b) a n d Semeniuk 
(7) have r e v i e w e d moisture as a n env i ronmenta l factor. 
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6 MYCOTOXINS 

T e m p e r a t u r e . Tempera ture effects o n the g r o w t h of microorganisms 
have b r o a d l i terature coverage; thus this discussion focuses on the p r o 
d u c t i o n of mycotoxins a n d types of mycotoxins produced . Sorenson et al. 
( S ) s tud ied the effect of temperature on aflatoxin f ormat ion i n r i ce a n d 
showed that aflatoxin c o u l d be p r o d u c e d at about 11 ° C to s l ight ly above 
3 6 ° C ( F i g u r e 2 ) . U n d e r these condit ions aflatoxin G i format ion does 

+3, 

+ 2 h 

1+1 

- 1 

2 L - » I I I I I I I I I I I 1 I I I l l 
8 12 16 20 24 28 32 36 

Temperature ( ° C ) 

Figure 2. Effect of incubation temperature 
on formation of aflatoxins Bt and Gt (8) 

not exact ly p a r a l l e l aflatoxin B x f o rmat ion . T h i s fungus w i l l g r o w at 
6 ° - 8 ° to 4 4 ° - 4 5 ° C ; however at temperatures above 3 7 ° C , no aflatoxin 
is f o rmed . N o t e that u n d e r ac tua l field condit ions, d a i l y temperature 
a n d moisture levels m a y v a r y considerably . T h e y m a y on ly i n h i b i t f u n g a l 
g r o w t h a n d not k i l l the f u n g i . O u r experience has been that in fec ted c o r n 
can be d r i e d a n d h e l d for several months w i t h o u t any reduct i on i n the 
v i a b i l i t y of t y p i c a l storage molds . O n c e this corn is remoistened, g r o w t h 
r a p i d l y resumes. 

L i t e r a t u r e ( 9 ) o n zearalenone suggests that GibbereUa zeae infesta
t i on i n the field o n ears of c o rn m a y not produce tox in . H o w e v e r i n the 
f o l l o w i n g spr ing , w h e n the temperature is above f reez ing a n d w h e n 
moisture increases, the fungus m a y produce large quantit ies o f m y c o -
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1. H E S S E L T i N E Conditions Leading to Contamination 7 

tox in o n corn i n the b i n or i n the field. Sherwood a n d P e b e r d y (10) 
f o u n d that incubat i on at 12 ° C after a p e r i o d of g r o w t h at 25 ° C increased 
zearalenone produc t i on i n bar ley , oats, a n d wheat . T h e y suggest this 
enhanced y i e l d at 12 ° C m a y be associated w i t h a reduc t i on i n g r o w t h 
a n d subsequent sw i t ch ing of carbon metabo l i sm to other b iosynthet ic 
pathways . Unfor tunate ly , their experiments were l i m i t e d to the t w o 
temperatures. 

M e c h a n i c a l I n j u r y . Gr i f f in ( I I ) , w h o s tudied the germinat ion of 
c o n i d i a of A . flavus on peanuts, showed that on ly trace germinat ion 
occurred i n the geocarposphere, the por t i on of so i l inf luenced b y the 
deve lop ing p o d . H o w e v e r , i f the peanut pods were in jured mechanica l ly , 
a h i g h rate ( 6 3 . 4 % ) of germinat ion occurred . G e r m i n a t i o n of c o n i d i a 
of A . flavus i n pure cul ture near ly complete ly depends on a n exogenous 
carbon source. 

A t the N o r t h e r n L a b o r a t o r y , L i l l e h o j et al. (12) invest igated i n o c u 
la ted or phys i ca l l y d a m a g e d ears of corn i n the field. F o u r h y b r i d s , t w o 
n o r m a l a n d two opaque-2 endosperm h y b r i d s , were g r o w n i n four differ
ent locations. T h r e e weeks after s i lk ing , test ears were either inocu lated 
w i t h A. flavus spores or phys i ca l l y damaged . U n d a m a g e d a n d u n i n o c u -
la ted ears were controls. T h e y were harvested at 15, 30, 45, a n d 70 days 
after treatment. T h e aflatoxin positives i n the inocu lated ears were d i f 
ferent f r o m area to area : I l l ino is , 2 2 % ; M i s s o u r i , 6 7 % ; Texas, 8 7 % ; a n d 
G e o r g i a , 9 1 % . M o s t of the in fect ion a n d tox in f ormat ion occurred w i t h i n 
30 days after inoculat ion . S ixty of the 512 damaged , un inocu la ted ears 
conta ined aflatoxin; on ly 21 of the 512 contro l ears contained aflatoxin. 
E i g h t y percent of the aflatoxin-positives associated w i t h phys i ca l l y d a m 
aged b u t un inocu la ted ears w e r e observed at one locat ion , an area k n o w n 
to have a h i g h A. flavus spore l o a d . 

B l e n d i n g ( C o m m i n g l i n g ) o f G r a i n . A c o m m o n pract i ce i n gra in 
h a n d l i n g is to b l e n d gra in f r o m two or more sources to i m p r o v e its c o n 
d i t i on . C o r n w i t h h i g h moisture is m i x e d w i t h d r y g r a i n to m a k e its 
moisture l eve l too l o w for storage m o l d to develop. G r a i n m a y b e b l e n d e d 
to reduce the moisture l eve l to meet a U . S . G r a d e s tandard . Sometimes 
l ower q u a l i t y g ra in is b l e n d e d w i t h h igher grade gra in to give an in ter 
mediate grade or to m a i n t a i n the h igher grade. T h u s U . S . G r a d e N o . 1 
corn is b l e n d e d w i t h U . S . G r a d e N o . 3 to m a k e G r a d e N o . 2, a grade of 
corn c o m m o n l y used i n foods. C e r t a i n l y the b l e n d i n g of u n m o l d e d moist 
corn w i t h extremely good d r y corn is des irable since the final d r y p r o d u c t 
w i l l keep w e l l a n d have good qua l i ty . H o w e v e r , i f i m p r o p e r l y b l e n d e d , 
the good corn w i l l also deteriorate i f the moisture l e v e l is above that 
r e q u i r e d for m o l d growth . S torab i l i ty of grains depends not on ly o n the 
average moisture levels i n a b i n b u t also o n the moisture concentrations 
i n i n d i v i d u a l seeds. C o m m i n g l i n g of g r a i n to r each a n average safe 
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8 MYCOTOXINS 

moisture l eve l results i n a heterogenous b l e n d of seed i n w h i c h some 
kernels conta in sufficient mois ture f or m o l d g rowth . A l s o h igh-moisture 
gra in such as co rn infected w i t h f u n g i w h e n b l e n d e d m a y cont inue to 
develop d u r i n g moisture e q u i l i b r a t i o n or d r y i n g a n d therefore become a 
source of inocu lat i on for an ent ire b i n . 

T o s tudy the p r o b l e m of b l e n d i n g of h igh-moisture co rn w i t h d r y 
corn , the N o r t h e r n Reg i ona l R e s e a r c h L a b o r a t o r y has b l e n d e d w h i t e a n d 
y e l l o w corn w i t h h i g h ( 2 6 - 2 7 . 9 % ) a n d l o w ( 9 . 8 % ) moisture levels a n d 
different loads of spores of A . flavus (13). T h e i r purpose was to acquire 
data on the spread of A. flavus in fec t i on a n d aflatoxin p r o d u c t i o n i n h i g h 
a n d l o w moisture fractions of c o r n b lends w i t h average moisture levels 
be l i eved to be safe for storage. 

B y us ing w h i t e a n d y e l l o w c o r n , i n d i v i d u a l kernels f r o m any b l e n d 
c o u l d be separated to determine in fe c t i on a n d aflatoxin content. Samples 
were removed for analysis at 2, 6, 9, 16, 30, a n d 58 day intervals after 
incubat i on at 25 ° C . M o s t of the e q u i l i b r a t i o n of the mixture of h i g h -
moisture a n d d r y corn o c curred i n the first 2 to 4 days. T h i s s tudy 
demonstrated that A . flavus w i l l in fec t a n d subsequently f o r m aflatoxin 
i n d r y fractions of corn blends w h i c h have a m e a n moisture l eve l of 1 4 % 
or less. T h i s is especial ly s igni f i cant because previous reports ind i ca ted 
that moisture levels of 16 or 1 7 % w e r e necessary for A . flavus to grow. 
I t appears, however , that d i s t i n c t l y l o w e r levels of moisture w i l l support 
A. flavus g r o w t h at least w h e n h igh -mois ture corn a n d d r y kernels are 
b lended . T a b l e I V shows some t y p i c a l results. 

H o t Spots. H o t spots are d iscussed separately f r o m moisture because 
a s m a l l area of on ly a f ew kernels w h i c h are moist can start m o l d growth . 
A s a result the molds generate m o r e moisture f r o m the substrate a n d 
consequently a large area becomes m o l d e d . M o i s t u r e is generated f r o m 
the d r y substrate a n d not f r o m a n external source. D u r i n g the past year 
w e f ou n d two different bins of c o r n i n w h i c h hot spots deve loped spon
taneously, a n d i n bo th cases af latoxin was present. W e c o u l d not find 
detai led studies on the deve lopment of na tura l l y o c curr ing hot spots. 
T h e first b i n i n v o l v e d 1500 bushels of h i g h moisture y e l l o w corn that h a d 
been treated exper imental ly w i t h a n organic a c i d preservative. W e have 
data on the i n i t i a l m o l d a n d b a c t e r i a l counts, mois ture leve l , c h e m i c a l 
treatment, m o n t h l y m i c r o b i o l o g i c a l counts, a n d heat ing w h i c h w i l l be 
p u b l i s h e d b y R . J . Bothast f r o m the N o r t h e r n L a b o r a t o r y . 

T h e second b i n , near P e o r i a conta ined b o t h zearalenone a n d afla
tox in (14). T h i s b i n , d i scovered i n June 1973 conta ined 1972 y e l l o w 
shel led corn harvested i n J a n u a r y 1973. T h e harvest was late because 
of extremely w e t weather w h i c h caused m u c h Fusarium m o l d to develop. 
A t harvest, the co rn h a d been d r i e d to b e l o w 1 5 % a n d p l a c e d i n a 
rectangular w o o d e n b i n w i t h space be tween the bo t tom of the b i n a n d 
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1. H E S S E L T i N E Conditions Leading to Contamination 9 

the so i l w h i c h a l l o w e d vent i la t i on o n a l l sides of the b i n . T h e roof a n d 
wal l s were ra inproo f except o n the east s ide where a w i n d o w h a d been 
r e m o v e d to a l l o w the elevator to p u t c o r n into the b i n . Since the w i n d o w 
was opened d u r i n g the winter , r a i n a n d s n o w h a d b l o w n onto the center 
of the shel led corn. T h e first c o rn sample , taken f r o m the center of the 
corn at the surface, conta ined 1600 p p b aflatoxin B i a n d 150 p p b B 2 . T h e 
b i n was 6.5 X 7 ft ; the shel led co rn w a s 7 i n . deep at the front a n d 20 i n . 
deep at the back. T h e aflatoxin levels f o u n d f r om probe s a m p l i n g of the 
b i n i n A u g u s t 1973 are s h o w n i n F i g u r e 3. 

Yeast extract agar i n p e t r i p lates w a s exposed ins ide a n d around 
the outside of the b u i l d i n g before a n y of the corn was d i s turbed to detect 
A . flavus spores. A . flavus spores w e r e detected above the corn a n d at 
the door of the b i n . N o n e were detec ted outside the b u i l d i n g . 

Table IV. Blending of High Moisture and D r y Corn Uninoculated 
and Inoculated with Aspergillus flavus* 

Days After Blending 

Blend 2 6 9 16 30 58 
Uninocu la ted 

W h i t e d" Aspergillus flavusd 0 1 1 2 0 20 
A f l a t o x i n e 0 0 0 0 0 0 

Y e l l o w h m c Aspergillus flavus 0 2 0 0 0 6 
A f l a t o x i n 0 0 0 0 0 0 

Inoculated 

W h i t e d Aspergillus flavus 24 66 74 70 52 58 
A f l a t o x i n 0 5 10 10 10 10 

Y e l l o w h m Aspergillus flavus 60 94 92 80 86 78 
A f l a t o x i n 0 5 5 10 10 50 

Uninocu la ted 

W h i t e h m Aspergillus flavus 0 0 0 0 0 0 
A f l a t o x i n 0 0 0 0 0 0 

Y e l l o w d Aspergillus flavus 4 2 0 0 2 4 
A f l a t o x i n 0 0 0 0 0 0 

Inoculated 

W h i t e h m Aspergillus flavus 58 70 68 68 64 80 
A f l a t o x i n 5 5 5 10 10 100 

Y e l l o w d Aspergillus flavus 72 64 86 82 54 98 
A f l a t o x i n 5 10 100 500 500 500 

« Data from Ref. 13. 
b d = Dry corn (9.8% moisture). 
c hm = High-moisture corn (26.6-27.9% moisture). 
d Internal infection of corn kernels expressed as percent. 
«Aflatoxin expressed in Mg/g. There was an initial infection of 1% A. flavus in the 

yellow corn but none in the white. Bushel lots of blended corn were prepared by blending 
(a) 14 lb high moisture white + 42 lb dry yellow (mean moisture = 14%) and (b) 13 lb 
high moisture yellow + 43 lb dry white (mean moisture = 14%). 
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10 MYCOTOXINS 
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Figure 3. Aflatoxin levels found from probe samples of a hot spot 
in a bin of corn (14) 

I n a d d i t i o n to the i n d i v i d u a l corn samples, c lumps of corn kernels 
s h o w i n g sporulat ion of A . flavus were care fu l ly removed , a n d the adjacent 
kernels were i n d i v i d u a l l y assayed for t o ta l aflatoxins. A f la tox in levels 
increased between J u l y 12 a n d A u g u s t 27. N o t a l l of the kernels b o u n d 
together b y A . flavus m y c e l i u m contained aflatoxin even t h o u g h the sur 
face was covered w i t h g rowth . F o r example , i n a c l u m p of 13 kernels , 
5 kernels assayed f r o m 980 to 11,000 p p b , a n d 8 showed noth ing . O f the 
140 kernels assayed for b o t h aflatoxin a n d zearalenone, 16 h a d aflatoxin 
(260-38,000 p p b ) a n d 12 h a d zearalenone (9000-1,700,000 p p b ) . N o 
k e r n e l contained b o t h mycotoxins . Zearalenone, u n l i k e aflatoxin, was not 
l o c a l i z e d i n the b i n , b u t was d i s t r ibuted throughout the b i n at 1 1 0 0 -
92,000 p p b . 

Time. T i m e becomes a factor w h e n w e consider the fungus i n r e l a 
t i o n to the substrate. Severa l aspects of t ime m i g h t be m e n t i o n e d : 
( a ) G r a i n can be safely stored for a short t ime at h i g h moisture levels. 
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1. H E S S E L T i N E Conditions Leading to Contamination 11 

Chr is tensen a n d K a u f m a n n ( 15) s h o w that g r a i n , i f care fu l ly contro l led , 
can be h e l d more safely for a f e w weeks at h igher moisture a n d tempera 
ture levels than gra in stored for months or years at l ower levels, ( b ) M o l d 
grows s l owly at temperatures near their m i n i m u m — L e . , i t takes a d d i 
t i ona l t ime for tox in to f orm, ( c ) T h e age of f u n g a l spores is important 
because o lder spores require a longer p e r i o d to germinate a n d conse
quent ly to develop m y c e l i u m a n d to f o rm tox in , ( d ) O v e r l o n g periods of 
g ra in storage under condit ions that i n h i b i t m o l d g rowth , v iab l e m i c r o b i a l 
i n o c u l u m w i l l g radua l ly decrease because of the death of spores, ( e ) 
E v e n i n o p t i m u m condit ions, some t ime is r e q u i r e d for germinat ion , 
g r o w t h of m y c e l i u m , penetrat ion of the substrate, a n d tox in produc t i on , 
( f ) Penetrat ion of the kerne l w i l l take longer i f i t is intact rather t h a n 
c racked or broken, ( g ) I f there is extensive compet i t i on f r om other 
f u n g i , g r o w t h a n d invas ion of the substrate w i l l be reduced , ( h ) I f the 
substrate is not i dea l , the quant i ty of m y c e l i u m is r educed a l though the 
nature of the substrate w i l l not necessarily reduce the speed of fungus 
invas ion . 

Chemical Factors 

Carbon Dioxide. T h e effect of C 0 2 on the prevent ion of aflatoxin 
format ion i n peanuts was studied b y Sanders et al. (16) at A u b u r n U n i 
versity. Peanuts were sprayed w i t h spores of A . flavus of a k n o w n afla-
tox in -produc ing strain. W h e n temperature was kept constant a n d on ly 
C 0 2 a n d the relat ive h u m i d i t y were var i ed , the levels of aflatoxin w e r e 
greatly reduced at h i g h C 0 2 values a n d l o w re lat ive humid i t i es . A t 6 0 % 
C 0 2 , no v is ib le g r o w t h or sporulat ion occurred at 8 6 % re lat ive h u m i d i t y 
but b o t h funga l phases were abundant i n air at this h u m i d i t y . T h e y con
c l u d e d that 20 or 4 0 % C 0 2 i n combinat i on w i t h a r e d u c e d temperature 
( 1 7 ° C ) or r educed relat ive h u m i d i t y or b o t h prevented aflatoxin f o rma
t ion i n peanuts. I n T a b l e V the effect of an atmosphere of 6 0 % C 0 2 is 
c ompared w i t h the n o r m a l content of C 0 2 i n the air . G e n e r a l l y results 
were s imi lar at 4 0 % C 0 2 . 

T h e i n h i b i t o r y effect of C 0 2 on molds is used i n f a r m storage i n 
I n d i a where cereal grains are stored b e l o w g r o u n d i n a g o d o w n w h i c h is 
then sealed w i t h a mix ture of m u d a n d c o w manure . U n d o u b t e d l y C 0 2 

accumulates , a n d spoi lage f r o m molds a n d insects is prevented . I n the 
U . S . , a s imi lar pract ice involves stor ing w e t shel led corn i n large concrete 
trenches. A t harvest the w e t corn is p a c k e d d o w n w i t h caterpi l lar 
t readed tractors a n d then sealed w i t h w e i g h t e d p last ic covers. C o r n is 
f ed f r o m the trench at one end so that the exposed corn is used da i ly . 
U n d e r these condit ions on ly yeasts a n d bacter ia develop ; m o l d g r o w t h 
is i n h i b i t e d . 
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12 MYCOTOXINS 

Table V . Effect of Various Gas Mixtures and Relative Humidities 
(Kernel Moisture) on Free Fatty Acids and Aflatoxin in Peanuts 
Inoculated with Aspergillus flavus and Stored 14 Days at 2 5 ° C a 

Gas Concentration, % Relative 
Humidity, 

% 

Free Fatty 
Acid, 

% 
Total 

CO, o 2 N2 

Relative 
Humidity, 

% 

Free Fatty 
Acid, 

% Aflatoxin 

0.003 
0.003 
0.003 

60 
60 
60 

21 
21 
21 
20 
20 
20 

79 
79 
79 
20 
20 
20 

99 
92 
86 
99 
92 
86 

69.2 
58.5 
44.1 

8.1 
3.3 
0.6 

206.3 
185.2 

72.1 
0.2 

+ 
0 U n t r e a t e d contro l 0.5 0 

° Data from Ref. 16. 

Oxygen. A l l myco tox in -produc ing f u n g i are strongly aerobic (7). 
B e l o w a m i n i m u m oxygen leve l , molds f a i l to sporulate, their spores f a i l 
to germinate , a n d m y c e l i u m fails to develop. H o w e v e r , the lack of 0 2 

does not m e a n that m y c e l i a or spores are k i l l e d . T h e lack of oxygen a n d 
h i g h C 0 2 levels u n d o u b t e d l y account for the success under the storage 
condit ions descr ibed. C o n t r o l of oxygen as w e l l as moisture is cer ta in ly 
essential to p r o d u c i n g large quantit ies of mycotoxins b y agitated so l id 
state fermentat ion (17). 

Nature o f Substrate. S ince this paper deals w i t h the p r a c t i c a l as
pects of condit ions that affect mycotox in -produc ing molds , I refer to 
papers dea l ing w i t h cereals a n d oilseeds as substrates for t ox in f ormat ion 
(18). W e inocu lated a n u m b e r of toxigenic strains of A . flavus a n d 
A . parasiticus on autoc laved cereals a n d oilseeds to determine differences 
i n the ir ab i l i t y to support tox in format ion . T h e results w i t h A . parasiticus 
( T a b l e VI) show that soybeans were a poor substrate under the best 
t ox in -produc ing condit ions ( so l id state fermentat ion at 2 8 ° C w i t h harvest 
at six d a y s ) . O n the other h a n d , two of the three strains gave c o m p a r a -

Table VI . Production of Total Aflatoxins (/*g/g) by Strains of 
Aspergillus parasiticus on Agricultural Commodities 0 ' b 

NRRL 8000 NRRL 2999 NRRL 8145 

P e a n u t s 107 104 8.5 
Soybeans 19 2.8 0.06 
C o r n 53 47 5.5 
W h e a t 72 19 7.1 
R i c e 107 185 10.6 
S o r g h u m 72 88 57 

" D a t a from Ref. 18. 
h Autoclaved prior to inoculation. 
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1. H E S S E L T i N E Conditions Leading to Contamination 13 

t ive ly h i g h y ie lds of aflatoxin on r ice , w i t h peanuts a close second. A 
further study shou ld be made to discover i f a l l soybean varieties show 
as m u c h resistance to aflatoxin format ion . Inc identa l ly , g r o w t h a n d sporu 
la t ion of A . flavus a n d A . parasiticus were excellent on the steam ster i l i zed 
soybeans, i n d i c a t i n g that l o w tox in produc t i on was not caused b y la ck 
of g rowth . 

Mineral Nutrition. I t is wel l -establ ished that f u n g i , l i k e other l i v i n g 
things, requ i re a n u m b e r of trace elements such as i r o n a n d z i n c for 
g rowth . O n e w o u l d expect that these a n d other trace elements w o u l d be 
r e q u i r e d for mycotox in product i on . W h e t h e r or not these elements are 
i n s u b o p t i m a l levels i n various grains is not k n o w n . H o w e v e r several 
studies have invest igated the o p t i m a l levels i n art i f i c ia l cu l ture m e d i a . 
Steele et al. (19) invest igated the produc t i on of ochratoxin A i n a s y n 
thetic m e d i u m i n shake flasks. T h e o p t i m a l condit ions for p r o d u c i n g 
ochratoxin A b y A . ochraceus N R R L 3174 were 0.055-2.2 m g / 1 . z i n c , 
0.004-0.04 m g / 1 . copper, a n d 1.2-24 mg /1 . i r on . Concentrat ions of z i n c 
a n d copper above these levels r e d u c e d ochratoxin y ie lds but d i d not alter 
the use of either sucrose or glutamate. T h e omission of any of these 
elements resulted i n poor g r o w t h a n d no ochratoxin formation. 

Prior Chemical Treatment. Treatment of g ra in b y various chemicals , 
especial ly those used to contro l insects i n stored products , m a y i n some 
instances affect the amount of mycotox in p r o d u c e d i f the gra in is mo is 
tened sufficiently for g r o w t h of toxigenic molds . 

Vandegra f t et al. (20) s tud ied this p r o b l e m i n deta i l w i t h compounds 
used commerc ia l l y for treat ing gra in . W h e a t was treated at commerc ia l ly 
used levels w i t h phosphine a n d w i t h carbon te t rach lor ide - carbon disulf ide 
(80 :20 w t % ) . A f t e r treatment the wheat was aerated a n d stored. 
C r a c k e d wheat was moistened to 2 5 % , a n d i n d i v i d u a l batches were 
inocu la ted w i t h p u r e cultures of A . flavus, A. parasiticus, a n d ochratox in-
p r o d u c i n g strains of A . ochraceus a n d Pénicillium viridicatum. A f t e r six 
days in cubat i on at 28° C on a g u m p shaker, the t w o mycotoxins were 
assayed ( T a b l e V I I ) . 

M y c o t o x i n s often increased apprec iab ly . F o r example, w i t h carbon 
t e t r a c h l o r i d e - c a r b o n disulf ide treatment, the amount of ochratoxin i n 
creased more than three times w i t h the P. viridicatum s train . A l l A . flavus 
strains p r o d u c e d more aflatoxin i n b o t h treatments. H o w e v e r , w i t h other 
f u n g i such as A . parasiticus N R R L 2999, the tox in format ion decreased 
after phosphine treatment. 

Biological Factors 

Plant Stress. Previous investigations prove that plants under stress 
are h i g h l y susceptible to in fect ion b y some fung i . W h e a t scab caused b y 
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14 MYCOTOXINS 

Table VII. Effect of Phosphine and Carbon Tetrachloride-Carbon 
Disulfide Treatment of Wheat on Aflatoxin and 

Ochratoxin Production (fig/g)a,h 

Ochratoxin 

Aflatoxin B\ 

Aspergillus 
flavus 

Aspergillus 
parasiticus 

Asper- Peni-
gillus allium 
och- viri-

raceus dicatum 

NRRL NRRL NRRL NRRL NRRL NRRL NRRL 
Wheat" 3251 3357 3517 2999 3145 3174 3712 

C o n t r o l 2850 190 390 1030 150 2890 1740 
Phosphine 3380 260 430 910 120 3380 1680 
C o n t r o l 2910 230 550 510 90 3060 510 
C a r b o n t e t r a 

ch lor ide - carbon 
disulf ide 3050 490 680 680 100 3160 1820 

0 Data from Ref. 80. 
* Geometric means of duplicate flasks. 
« Wheat was sterilized with heat. 

Gibherelh zeae results w h e n b lossoming wheat plants are subjected to 
coo l , h u m i d weather . Pet t i t et al. (21) s tud ied the inf luence of i r r iga t i on 
vs. l a c k of water o n aflatoxin format ion i n peanuts before d igg ing . T w o 
areas were selected for s tudy : one i n n o r t h central Texas at Stephenvi l le 
a n d one i n south centra l Texas at Y o a k u m . A t b o t h locations Span i sh 
peanuts were p l a n t e d i n adjacent plots , one i r r igated a n d one nonirr igated . 
Peanuts were harvested at three different times. F r o m each p lo t 100 ker 
nels were surface-steri l ized a n d b o t h the degree of in fect ion of A. favus 
a n d the amount of aflatoxin w e r e determined . 

T h e data for 1967 a n d 1969 are s u m m a r i z e d i n T a b l e V I I I f r o m the 

Table VIII. Infection and Aflatoxin Formation in 

Yoakum 

D a y s A f t e r P l a n t i n g 

F r e q u e n c y of in fect ion b y 
A. flavus, % 

Leve l s of a f latoxin i n ppb 

F r e q u e n c y of infect ion b y 
A. flavus, % 

L e v e l s of a f latoxin i n ppb 
" Data from Ref. 21. 

Dry Land 

120 

10 
30 

33 
80 

130 

14 
400 

37 
0 

140 120 

1967 

36 1 
0 

1969 

16 
2240 

48 
0 

Irrigated 

130 

4 
0 

16 
0 

140 

0 
0 

0 
0 
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1. H E S S E L T I N E Conditions Leading to Contamination 15 

tables g iven i n this paper . O b v i o u s l y i n the t w o years shown, in fec t ion 
was h igher i n d r y l a n d plots where the plants were u n d e r drought stress 
than i n nonstressed plants i n the adjacent plots at bo th locations. Y i e l d 
of peanuts i n the d r y - l a n d p lo t at Y o a k u m was on ly 375 l b / a c r e ; the 
i r r iga ted p lo t averaged 2853 l b / a c r e . Sixty-s ix percent of the kernels i n 
the d r y l a n d w e r e sound vs. 7 1 % i n the i r r iga ted plot . T h i s difference 
indicates that the amount of damage to the peanuts i n the so i l c o u l d not 
account for the amount of in fect ion observed. I n 1968 a s imi lar s tudy 
was made , but since r a i n f a l l was adequate, the differences were not p r o 
nounced . T h e authors conc luded that w h e n the kerne l moisture averages 
are above 3 0 % or b e l o w 1 0 % , A. flavus ac t iv i ty is restr icted. 

Insect Vectors. Ragunathân et al. (22) s tudied the association of 
storage f u n g i w i t h the r i ce w e e v i l . W h e n eggs, grubs, pupae , a n d adults 
were surface-ster i l ized a n d p l a t e d on three m e d i a , on ly the eggs were 
free of fung i . Aspergillus ochraceus, A. flavus, a n d a n u m b e r of other 
f u n g i were f o u n d i n the grubs, pupae , a n d adults . D a t a on adults o n l y 
are g iven i n T a b l e I X . I n weevi ls f r om sorghum, the most c o m m o n species 
was A . restrictus, b u t i n weevi ls f r om wheat a n d r ice , A . flavus p r e d o m i 
nated. T h e inc idence of in fected weevi ls was 2 5 - 1 0 0 % i n sorghum, 
3 2 - 1 0 0 % i n wheat , a n d 2 0 - 9 4 % i n r ice . These authors state that the 
saprophyt i c fung i , w h i c h i n c l u d e some mycotox in producers , are m e 
chanica l ly carr i ed i n the a l imentary cana l of the insect a long w i t h the 
food. A l s o , the weevi ls co l lected i n the field at the t ime of corn harvest 
carr ied A . flavus. 

Fungus Infection. A s early as 1807, Prévost recognized that the 
in fect ion of one fungus makes a p l a n t more susceptible to invas ion b y a 
second (23). A c c o r d i n g to F i s c h e r a n d H o l t o n , wheat plants in fec ted 
w i t h the smut, Tilletia caries, are very susceptible to attack b y root rot 

Peanuts Grown in Texas D r y Land and Irrigated Soils" 

Stephenville 

Dry Land Irrigated 

120 130 140 120 130 140 

1967 

8 
0 

8 
68 

0 
27 

0 
0 

0 
0 

0 
0 

1969 

0 1 0 0 0 0 
0 T r a c e 0 0 T r a c e 0 
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16 M Y C O T O X I N S 

Wheat Sorghum Rice 

32-100 25-100 20-94 

67 66 55 
Aspergillus Aspergillus Aspergilh 

flavus restrictus flavus 

Table IX. Internal Fungi of Sitophilus oryzae (Rice Weevil) Adults 
Breeding in Wheat, Sorghum, and Rice"' * 

R a n g e i n funga l 
in fec t ion , % 

A v e r a g e fungal 
in fec t ion , % 

P r e d o m i n a n t fungus 

a Data from Ref. 22. 
6 Based on 10 commercial samples. 

organisms such as Fusarium. T h i s observat ion has been made m a n y 
t imes. F o r instance, i n plots of wheat inocu la ted w i t h Tilletia 4 0 % of 
the p lants became in fected w i t h Fusarium as contrasted to contro l plots 
(nonsmut - in fec ted p lants ) w h i c h h a d on ly 1 2 % infect ion. P r e s u m a b l y 
this c o n d i t i o n of one fungus in fect ion m a k i n g the p lant more susceptible 
to in fec t i on b y a second mycotox in fungus is a cond i t i on w o r t h 
invest igat ing . 

A s h w o r t h a n d L a n g l e y (24) s tud ied the re lat ionship of p o d damage 
to k e r n e l damage b y molds i n Spanish peanuts. T h e y conc luded that p o d 
lesions caused b y Rhizoctonia solani, a root rot pathogen, are impor tant 
preharvest points of entry to peanut kernels for other f u n g i such as 
Aspergillus niger a n d the aflatoxin p r o d u c i n g fungus A . flavus. O f course 
the converse is also t rue—one infect ion m a y prevent the g rowth of a 
second fungus. 

D o u p n i k (25) reported on more than 100 samples of seed co rn 
in fe c ted b y Helminthosporium maydis f r o m the 1970-1971 harvests i n 
G e o r g i a . I n each sample 25 seeds were examined for aflatoxin. O f the 
b l i g h t - d a m a g e d kernels 4 7 . 2 % w e r e infected w i t h A . flavus, a n d on ly 
9 . 6 % of the nonb l i ght -damaged h a d A . flavus. T h i s type of correlat ion also 
appl ies to in fec t ion b y Fusarium, Pénicillium species, a n d other A s p e r g i l l i . 
W h e n the b l i g h t e d samples w e r e ana lyzed for aflatoxin, 2 5 % conta ined 
af latoxin, a n d on ly 5 % of the nonb l ighted samples were contaminated . 
F u r t h e r m o r e the levels w e r e h igher (728 / xg /kg aflatoxin) i n the b l i g h t e d 
samples t h a n i n the n o n b l i g h t e d samples (19 ^ g / k g ) . 

Plant Varietal Differences. T h e deve lopment of p lant varieties that 
resist in fect ive f u n g i is a p r o v e d success i n disease control . T h e intro 
d u c t i o n of wheat strains resistant to wheat rust is a classic example. T h i s 
a p p r o a c h for contro l l ing mycotoxins , especial ly aflatoxin, shou ld be inves
t i ga ted i n the breed ing of corn a n d peanut varieties. Because peanuts 
w e r e the first crop f o u n d to conta in aflatoxin, more w o r k o n the ir re 
sistance to A . flavus in fect ion has been done than for other crops. M i x o n 
a n d Rogers (26) s tud ied the suscept ib i l i ty of n e w peanut accessions to 
seed in fec t i on b y A . flavus. T h e y took 1406 varieties or l ines of peanuts, 
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1. H E S S E L T i N E Conditions Leading to Contamination 17 

moistened 50 g of seed, inocu la ted the peanuts i n p e t r i dishes w i t h a 
spore suspension of one or t w o h i g h p r o d u c i n g aflatoxin strains, a n d le t 
the peanuts stand at about 3 0 % moisture for seven days at 25 ° C a n d 
9 8 % re lat ive h u m i d i t y . D u r i n g screening, t w o varieties of V a l e n c i a - t y p e 
peanuts, P . I . 33,7394 a n d P . I . 33,7409, showed resistance to in fec t ion . 
D u r i n g the test per i od , no in fect ion occurred w i t h P . I . 33,7394 a n d o n l y 
1 0 % w i t h P . I . 33,7409. T h i s inc idence is contrasted to other variet ies i n 
w h i c h 1 0 0 % infect ion occurred . O f the 1406 l ines l i s ted , 3 . 3 % h a d 1 0 % 
or less in fect ion w h i l e 240 selections h a d 9 1 - 1 0 0 % in fec t ion ( F i g u r e 4 ) . 
M i x o n a n d Rogers ' paper shows the d i s t r ibut i on of resistance of 1406 
peanut l ines to A . flavus in fect ion . Unfor tunate ly , b o t h of these variet ies 
are l o w - y i e l d i n g a n d are commerc ia l l y unsuitable . I n a 1973 repor t o n t h e 
two resistant variet ies , T a b e r et al (27) state that the h i l a is s m a l l a n d 
closed. I f the h i l a are longer a n d more open the l ine is suscept ib le to 
A . flavus entry. W h e n the seedcoat is r emoved , b o t h susceptible a n d 
resistant l ines r ead i l y support A . flavus g rowth . 

Fungal S t r a i n Differences. W i t h i n a s ingle species var ious strains 
w i l l produce different amounts of secondary metabol ites . Pénicillium 
chrysogenum strains conta in a range of y ie lds of p e n i c i l l i n . T h e same is 
true of mycotoxins w h i c h are also secondary metabol ites . F o r example , 
A . flavus strains show strains, such as N R R L 1957, that p r o d u c e n o af la
tox in whereas other strains consistently g ive h i g h titers of t ox in . S t r a i n 
differences i n y ie lds of aflatoxin are shown i n the tables a p p e a r i n g i n our 
paper on a s tudy of the var ia t i on of A . flavus a n d re lated species f r o m 
various parts of the w o r l d ( 2 8 ) . 

2401- 240 

200 -

160-

1120-
α» 

8 0 -

40 : 

49 

184 

154 160 

133 
143 

132 132 

79 

M O 11-20 21-30 31 40 41 50 51 60 61 70 71-80 81-90 91-100 
infection Rating Classes (%), Inclusive 

Figure 4. Frequency distribution of selections and varie
ties of peanuts in infection rating classes following inocula
tion and incubation with Aspergillus flavus strain NRRL 
A-13,794. Eight lines not included had zero infection. 

Data from Ref. 26. 
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18 MYCOTOXINS 

A n in format ive a n d we l l -documented invest igat ion was repor ted b y 
Schroeder a n d B o i l e r (29) w h o , w i t h the ir associates, co l lected A . flavus 
isolates f r o m peanuts, cottonseed, r i ce , a n d sorghum. T h e i r isolates were 
tested i n d i v i d u a l l y for their a b i l i t y to produce aflatoxins under the same 
condit ions . T h e s u m m a r y of this study, based o n 349 isolates, appears 
i n T a b l e X . I t is obvious that a sufficient n u m b e r of strains was s tudied 

Table X . Percent of Aflatoxin-Producing Isolates of the Aspergillus 
flavus Group Isolated from Four Field Crops (1969-1970) β 

Source 

P e a n u t 
Cottonseed 
R i c e 
S o r g h u m 

a Data from Ref. , 

Isolates Isolates Pro-
Tested, ducing Aflatoxin, 

No. % 

100 98 
59 81 

127 20 
63 24 

Maximum Yield 
of Aflatoxin Bh 

μg/Flask 

3300 
3200 
1100 
3300 

f r o m each c o m m o d i t y to be statistically signif icant a n d that there was a 
m a r k e d difference i n the a b i l i t y of various strains to produce aflatoxin. 
Since aflatoxin occurs i n some corn samples, s imi lar data shou ld be ob
ta ined f r o m corn a n d shou ld determine i f isolates f r o m one area differ 
f r o m those of other areas i n their ab i l i t y to f o r m toxins. 

Spore Load. Spore l o a d refers to the amount of i n o c u l u m present to 
infect the substrate. I f the spores are a irborne , their quant i ty a n d type 
can be r e a d i l y de termined i n a g iven amount of a ir . H o w e v e r , if the 
i n o c u l u m is i n a substrate, such as i n the corn kerne l or i n the so i l ( w h e r e 
i t is impor tant to k n o w something about the i n o c u l u m ) surround ing the 
peanut pods, the i n o c u l u m is more dif f icult to measure. A good discussion 

Table X L Production of Aflatoxin and Ochratoxin 

Aspergillus flavus 

Wheat NRRL 8251 NRRL 8353 NRRL 3357 NRRL 3517 

A f l a t o x i n B i 

Ster i l ized 2850" 0.8 190 390 
Unster i l i zed 620 1.9 100 90 

A f l a t o x i n G i 

Ster i l i zed N D " 0.6 N D N D 
Unster i l i zed N D 0.8 N D N D 

a Data from Ref. 20. 
6 Fermentation conditions: 150 g/Fernbach, 28°C, six days, Gump shaker, 200 rpm; 

except N R R L 3712, 20°C, 12 days. 
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1. H E S S E L T i N E Conditions Leading to Contamination 19 

of the non-airborne i n o c u l u m p r o b l e m can be f o u n d i n Ref . 30. I f m a n y 
infect ive units of i n o c u l u m exist, more extensive in fec t ion occurs i n the 
host or stored g ra in because of the a d d i t i o n a l g r o w t h sites. O t h e r factors 
affecting in fec t iv i ty inc lude the longevi ty of the i n o c u l u m (its l i fe span 
a n d v i a b i l i t y ) a n d the type of environment ( suppor t ive or i n h i b i t i v e ) , 
b u t i n nature spores usual ly do not find a n i d e a l environment . 

F r o m a p r a c t i c a l standpoint knowledge of the source of i n o c u l u m is 
impor tant i n prevent ing the deve lopment of myco tox in -produc ing fung i . 
A. flavus spores m a y be carr ied b y invertebrate vectors d i rec t ly f r o m the 
p lace they are p r o d u c e d to a n e w substrate. E v i d e n c e (22) indicates 
that corn i n the field m a y b e in fected i n this fashion. Fusarium species 
cause ear rot of corn ; their c on id ia are a irborne onto the silks of c o r n 
( 3 1 ) , a n d insects are attracted b y the honey d e w p r o d u c e d b y the ergot 
fungus. T h e germ tubes of the fungus g r o w d o w n the s i lks , enter the t i p 
of the ear, a n d eventual ly infect the w h o l e ear. A s noted earl ier , the 
b l e n d i n g of gra in can b r i n g in fected kernels i n contact w i t h nonin fec ted 
gra in . U n d o u b t e d l y some in fect ion results f r o m v iab l e spores that r e m a i n 
i n b ins after the r e m o v a l of g ra in . A l s o , i n o c u l u m of storage f u n g i m a y 
develop f r om molds g r o w i n g i n pockets i n conveyor pipes a n d elevators 
a n d m a y infect other gra in . 

Interaction of Microorganisms. M u c h m y c o t o x i n research is based 
on pure culture studies of m o l d strains; sufficient in f o rmat i on is not a v a i l 
able on the interact ion of other microorganisms, espec ia l ly f u n g i , o n the 
a b i l i t y of molds to produce mycotoxins. Vandegra f t et al. (20) i nves t i 
gated the effect of insect ic ide treatments of wheat o n aflatoxin a n d o c h r a 
toxin f ormat ion b y A s p e r g i l l i a n d P e n i c i l l i a ; some of the ir contro l exper i 
ments were conducted on nonsteri le wheat conta in ing the n o r m a l bac te r ia l 
a n d m o l d flora. C r a c k e d or l i g h t l y abraded wheat was inocu lated w i t h 

on Sterilized and Nonsterilized Wheat (y/g)ab 

A spergillus Pénicillium 
Aspergillus parasiticus ochraceus viridicatum 

NRRL 2999 NRRL 3145 NRRL 3174 NRRL 3712 

A f l a t o x i n B i O c h r a t o x i n A 

1030 150 2890 1740 
220 30 1720 1030 

A f l a t o x i n G i O c h r a t o x i n Β 

540 230 80 540 
120 40 30 230 

« Geometric means of duplicate flasks. 
d N D = not detected. 
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20 M Y C O T O X I N S 

f our strains of A . flavus: two strains of A . parasiticus a n d one stra in each 
of A . ochraceus a n d P . viridicatum ( T a b l e X I ) . G e n e r a l l y , l i t t l e t ox in 
was p r o d u c e d i n flasks i n w h i c h the inocu lated f u n g i h a d to compete 
w i t h the n o r m a l flora, as i n steri le wheat where the appropr iate m o l d h a d 
no compet i t ion. T h e on ly exception was the very l o w af latoxin-producing 
strain A . flavus N R R L 3353. U s u a l l y , the reduct ion i n m y c o t o x i n y i e l d 
was less than ha l f of that y i e l d e d i n the s ter i l i zed wheat . 

P r o b a b l y the best papers o n the effect of microorganisms o n in fec t ion 
of g ra in a n d produc t i on of aflatoxin b y A . flavus are b y B o i l e r a n d 
Schroeder (32, 3 3 ) . T h e y s tudied the influence of two A s p e r g i l l i , A . 
chevalieri a n d A . candidus, on p r o d u c t i o n of aflatoxin i n r ice b y A . para
siticus. C o n i d i a of either A . chevalieri or A . candidus were m i x e d w i t h 
A . parasiticus spores on r i ce at 11 .2% moisture. O n e h u n d r e d grams of 
inocu lated r i ce was p l a c e d i n w i r e baskets that were suspended i n w i d e -
m o u t h e d jars conta in ing water or a saturated aqueous so lut ion of K C 1 to 
m a i n t a i n relat ive humid i t i es of 100 a n d 8 5 % . These jars were i n c u b a t e d 
at 25° , 30° , a n d 3 5 ° C . A t the e n d of the experiment, the degree of 
in fect ion was determined b y surface ster i l izat ion, p l a t i n g the kernels o n 
a m a l t salt agar, a n d de termin ing the m o l d g r o w i n g f r o m each kerne l . 
I n most instances, in fect ion of the kernels b y A . parasiticus was r e d u c e d , 
especial ly at 35 °C . F o r example at 3 5 ° C , 1 0 0 % re lat ive h u m i d i t y , a n d 
after 42 days w h e n on ly A . parasiticus was inoculated , 9 5 % of the kernels 
were infected, b u t w h e n A . chevalieri a n d A . parasiticus were b o t h used 
for i n o c u l u m , only 8 4 % of the kernels of r i ce became infected w i t h 
A . parasiticus. 

Figure 5. The effect of simultaneous in
oculation with Aspergillus parasiticus and 
A . chevalieri on the production and ac
cumulation of aflatoxin Bt in rice stored 
at 100% relative humidity. Data from 

1800, 

ι ι ι ι ι ι—' T T I I I I— I I I I I I ' 
7 14 21 283542 7 14 21 28 3542 7 14 21 28 3542 

Storage, days 

Ref. 32. 
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1. H E S S E L T i N E Conditions Leading to Contamination 21 

A n o t h e r por t ion of each sample was assayed for aflatoxin (see F i g u r e 
5 ) . O n l y smal l quantit ies of aflatoxin were p r o d u c e d at 8 5 % relat ive 
h u m i d i t y . B o i l e r a n d Schroeder suggest that A . chevalieri m a y p a r t i a l l y 
replace A . flavus i n the jo int ly in fected kernels or m a y metabol ize af la
toxin . A second explanat ion is that A . chevalieri m a y compete more 
act ive ly for a nutr ient essential for the p r o d u c t i o n of aflatoxin. W h e n 
A . candidus was used w i t h A . parasiticus to inoculate r i ce w i t h the same 
n u m b e r of con id ia , A . candidus became the dominant m o l d after seven 
days at 2 3 ° - 2 5 ° C w i t h re lat ive humid i t i e s o f 85, 90, a n d 1 0 0 % . O n l y 
smal l or neg l ig ib le amounts of aflatoxin were detected. 

Conclusion 

T h e factors inf luencing the g r o w t h a n d tox in format ion i n f u n g i do 
not act s ingly but i n mult ip les . T h e amount of i n o c u l u m , temperature, 
substrate moisture, p h y s i c a l cond i t i on of the substrate, a n d g r o w t h of 
other microorganisms a l l interact . W i t h i n hours these condit ions m a y be 
greatly a l tered w i t h certain factors h a v i n g more influence than others. 
O n e is dea l ing w i t h a d y n a m i c eco logical state. 

C e r t a i n l y this paper does not inc lude a l l the condit ions in f luenc ing 
mycotox in format ion . F o r example , p H has not been covered since most 
toxigenic f u n g i can invade a n d g r o w over a range of p H s . A l s o tempera 
ture factors shou ld inc lude f u n g i that g r o w s l o w l y on stored foods even 
at f reez ing or be l ow freez ing temperatures. I n any attempt to contro l the 
development of mycotoxins, the ways of r egu la t ing the various factors 
l i s ted must be considered, a n d the range of l imitat ions must be k n o w n . 
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2 

Occurrence of Mycotoxins in Foods 
and Feeds 

LEONARD STOLOFF 

Division of Food Technology, Food and Drug Administration, 
Washington, D. C. 20204 

The year 1960 divides the descriptive phase of mycotoxin 
investigations from the analytical one. The descriptive 
episodes are related in this review to current knowledge of 
specific toxins. The analytical information covers commodi
ties susceptible to aflatoxin contamination (oil-seeds, tree 
nuts, grains, dried fruits, legumes) and mycotoxins other than 
aflatoxins (ochratoxin, zearalenone, citrinin, penicillic acid, 
patulin, sterigmatocystin) for which analytical methods have 
been devised and applied in surveys. Incidence and level 
data are given in each case. 

The current concern about the possible occurrence of toxins in moldy 
foods and feeds is a far cry from the conclusion of an eminent pro

fessor of bacteriology (1) published in 1932 that "there is very little 
evidence that moldy food causes illness." 

Mold-Related Human Incidents 

In fact when this statement was published, the role of a saprophytic 
fungus (Claviceps purpurea) in the formation of the poisonous ergot 
grains on rye had been established; the first conjecture to this effect was 
made in 1711 (2) . Reviews of cause and effect relationships between 
human consumption of moldy food and illness (3,4) cite numerous cases 
during the period 1826-1888 of poisoning from the consumption of moldy 
bread, an 1843 incident caused by moldy army rations in Paris, an 1878 
poisoning attributed to moldy pudding, and numerous deaths between 
1906 and 1909 from eating moldy corn meal. Scabby grain has a long 
history of causing illness in those areas such as Eastern Europe, China, 
and Japan where some form of grain is a dietary staple (5, 6, 7). Scab 
refers to that type of kernel blight caused by species of Fusarium. 

23 
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24 MYCOTOXINS 

M o r e recent ly , considerable effort was expended i n Russ ia to inves t i 
gate r e c u r r i n g endemic instances of a syndrome descr ibed as a l imentary 
toxic a leuk ia ( A T A ) (4) t raced to the consumpt ion of foods m a d e f r o m 
cereals w h i c h h a d overwintered i n fields under snow. T h e et iology of the 
disease was establ ished i n 1948 as b e i n g re lated to invas ion of the g ra in 
b y Fusarium sporotrichiella (F. trincinctum, Synder a n d H a n s e n ) . T h e 
disease was not transmissible , a n d a rabb i t sk in test for toxic i ty was de
v i sed a n d used to d ivert toxic g ra in to a lcohol i c fermentat ion (the tox in 
does not d i s t i l l ) . T h i s is the second instance of a corre lat ion between a 
specific m o l d a n d a specific syndrome. F r o m the symptoms a n d the molds 
invo lved , investigators i n the U n i t e d States (8) a n d i n J a p a n (7) conjec
tured , based on current knowledge , that the toxins be l ong to the t r i chthe -
cene group of m o l d metabolites. T h i s conjecture has been substantiated 
b y direct testing of an extract f r om a cul ture of one of the Russ ian m o l d 
isolates ( 9 ) . 

Reports of i l lness i n J a p a n f r o m eat ing m o l d y r ice were apparent ly 
rare u n t i l imports of r i ce f r o m other countries increased d u r i n g a n d after 
W o r l d W a r I I ( J O ) . A y e l l o w disco lorat ion of kernels was associated w i t h 
some toxic lots. T o x i n - p r o d u c i n g molds iso lated f r o m lots of y e l l o w r i ce 
were Pénicillium citreo-viride, P. islandicum, P. citrinum, a n d P. rugulo-
sum. Toxins p r o d u c e d b y these molds i n laboratory cul ture have been 
iso lated a n d character ized (11) a n d the ir effects on animals descr ibed , 
b u t no descr ipt ion of the h u m a n symptoms f r o m eat ing m o l d y r i ce is 
avai lab le for comparison. 

Mold-Related Animal Incidents 

M o l d y feed has rece ived cons iderably more attention than has m o l d y 
food, p r o b a b l y because of the greater f requency of a n i m a l exposure a n d 
the dramat i c manifestations of the massive chal lenge that animals usua l ly 
receive. T h e early l i terature has been thoroughly r e v i e w e d (3 , 4,12,13). 
S p e c i a l note is taken here only of those situations where a specific m o l d 
has been i n c r i m i n a t e d i n a n u m b e r of s imi lar incidents . I f a source is not 
speci f ical ly c i ted , reference to one of the c i t ed reviews is i m p l i e d . 

H e m o r r h a g i c sweet c lover disease is a t y p i c a l of other mycotoxicoses 
encountered i n that a specific precursor , c oumar in , rather than a specific 
m o l d , is r e q u i r e d i n the substrate p lant to make the toxin . T h e disease is 
ment ioned here because i t is the first instance since the l o n g forgotten iso
la t i on of the ergot alkaloids that a specific tox in was ident i f ied . T h e c o m 
p o u n d is d i coumaro l . T h i s hemorrhag ic disease affected cattle i n the 
N o r t h C e n t r a l States a n d C a n a d a d u r i n g the 1920s w h e n sweet c lover 
was in t roduced as a forage crop. 

Stachybotryotoxicosis was o r ig ina l ly descr ibed as a usua l ly fa ta l d i s -
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2. S T O L O F F Occurrence in Foods and Feeds 25 

ease of horses a n d less f requent ly of sheep a n d goats. T y p i c a l case h i s 
tories d u r i n g the 1930s i n d i c a t e d that the p r o b l e m was w i d e s p r e a d i n 
E a s t e r n E u r o p e . Russ ian investigators ident i f ied the causative organism as 
Stachybotrys alternans (S . atra, B i s b y ) . T h e y also demonstrated that the 
t y p i c a l symptoms c o u l d be p r o d u c e d b y feed ing gra in i n v a d e d b y F . 
sporotnchieUa (see p reced ing discussion of A T A ) . These observations are 
not surpr i s ing i n the l ight of current k n o w l e d g e that b o t h organisms 
p r o d u c e re lated toxic compounds of the tr ichothecene group (8, 14). 

Scabby gra in has been associated w i t h b o t h a n i m a l a n d h u m a n p r o b 
lems. Scabby gra in f e d to swine is often rejected, b u t i f eaten, causes 
v o m i t i n g (15 ,16) . T h e same effect was obta ined w i t h corn intent ional ly 
m o l d e d b y Fusarium graminearum ( F . roseum, Snyder a n d H a n s e n , per 
fect f o r m Gibberella zeae) w h i l e g rowing . These observations are r e m i 
niscent of recent experiences of farmers i n the n o r t h centra l U n i t e d States 
w i t h Gibberella-iniected corn (17). T h e pieces of in format ion fit w i t h 
w h a t w e k n o w today. A n u m b e r of trichothecenes, toxins p r o d u c e d b y 
m a n y Fusaria, are demonstrated emetics (4,18,19, 20, 21) at a re lat ive ly 
l o w dosage. A t h igher levels the symptoms are those of s tachybotryotoxi -
cosis or of A T A , re ferred to earl ier . 

A disease i n swine a n d cattle, caused b y eating m o l d y corn, was re 
p o r t e d as endemic i n F l o r i d a , A l a b a m a , a n d Georg ia . I t was also re lated to 
feed-associated hepatit is of dogs ( 2 2 ) . Increased research attention i n the 
1950s i m p l i c a t e d Aspergillus flavus a n d Penicilium rubrum as the causa
t ive molds . T h e symptoms of the field a n d exper imental ly deve loped 
m o l d y co rn diseases, as descr ibed i n the 1950 l i terature , are r e m a r k a b l y 
s imi lar to the symptoms of acute aflatoxicosis deve loped exper imental ly i n 
swine w i t h pure aflatoxins (23). 

M o l d y feed toxicosis, also ca l l ed hemorrhag i c syndrome, of pou l t ry 
has been a consistent p r o b l e m i n the U n i t e d States; i t exhibits extreme 
v a r i a b i l i t y i n c l i n i c a l signs, course, morta l i ty , a n d gross a n d h is topatholog i -
c a l manifestat ion between b irds a n d between flocks (12). A m o n g the f u n g i 
that have been iso lated f r o m suspected feed are several n o w k n o w n to 
p r o d u c e specific toxins—viz . Aspergillus clavatus, A flavus, A. fumigatus, 
Pénicillium citrinum, P. purpurogenum, a n d P. rubrum. F e e d on w h i c h 
each of these molds h a d been cu l tured p r o d u c e d the t y p i c a l syndrome. 

F a c i a l eczema, a major photosenit izat ion disease of ruminants (12), 
was first reported f r o m N e w Z e a l a n d i n 1897 a n d was thought pecu l iar 
to that area. A s imi lar disease has since been reported i n the southeastern 
U n i t e d States. I n 1958 the cause of the N e w Zea land p r o b l e m was t raced 
to the g r o w t h of Pithomyces chartarum on dead pasture grass a n d later to 
the e laborat ion b y that m o l d of any of a series of l iver toxins (sporides-
m i n s ) character ized as ep ipo lythiodioxopiperaz ines (24). T h e organism 
associated w i t h the p r o b l e m i n the U n i t e d States is Perconia minutissima, 
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26 M Y C O T O X I N S 

also saprophyt ic on dead herbage, but the s tudy has not been carr i ed 
b e y o n d that point . 

Era of Mycotoxins 

A n inc ident i n 1960 marks a change i n the general at t i tude to m y c o 
toxins a n d a n awareness of the scope of the p r o b l e m . I t was not the loss 
of 100,000 turkey poults (25) i n this E n g l i s h inc ident , nor the severe losses 
of duckl ings i n K e n y a f r o m a s imi lar , l ess -publ i c i zed , concomitant i n c i 
dent (26) that l e d to the change. These were but the i n i t i a l inc idents i n 
a series of events that establ ished the general tox ic i ty of peanut meals to 
p o u l t r y a n d l ivestock, the re lat ion of the toxic i ty to a g roup of fluorescent 
compounds that c o u l d be extracted f r o m toxic meals, a n d the a b i l i t y of a 
fungus, Aspergillus flavus, iso lated f r om a toxic m e a l to p roduce the same 
compounds (26). T h i s w o u l d s t i l l have been only a ve ter inary p r o b l e m , 
i f the toxic m e a l h a d not been shown capable of p r o d u c i n g cancer of the 
l i ve r (27, 2 8 ) , s t imulat ing a s tudy of the isolated compounds n o w ca l l ed 
aflatoxins. T h i s s tudy establ ished the extreme oncogenic i ty of the c o m 
pounds to the rat . C o i n c i d e n t a l studies i n F r a n c e (29 ) fur ther estab
l i shed the role of F. flavus as a producer of compounds hepatocarc inogenic 
to the rat. These observations appeared at the same t ime that the W o r l d 
H e a l t h O r g a n i z a t i o n ( F A O / U N I C E F ) was cons ider ing peanut m e a l as a 
pro te in supplement i n foods for undernour i shed c h i l d r e n (30). W h i l e 
that organizat ion was p o n d e r i n g the quest ion of p r o t e i n s tarvat ion vs. 
cancer, a report (31) of an apparent ly unre lated s tudy f r o m A u b u r n 
U n i v e r s i t y d i spe l l ed the " i t can't h a p p e n here" att i tude i n the U . S . T h e 
A u b u r n report re lated U .S . -p roduced peanut m e a l i n laboratory a n i m a l 
feed to the occurrence of l iver cancer i n rats. T h e s i m i l a r i t y to the E n g l i s h 
observations (27, 2 8 ) , noted i n the paper descr ib ing the s tudy , was also 
observed b y those i n government a n d industry concerned w i t h the safety 
of the food s u p p l y a n d the p r o d u c t i o n of peanuts a n d peanut products . 
T h e result was a spate of ac t iv i ty that p r o d u c e d iso lated compounds to 
w o r k w i t h a n d s imple , sensitive, a n a l y t i c a l methodo logy for research, 
survey, a n d contro l . I t is this development that characterizes the difference 
between the o l d a n d n e w mycotox in investigations. T h e n e w concern was 
for the poss ib i l i ty of cancer or organ damage f r o m chron i c ingest ion of 
i n i t i a l l y s u b c l i n i c a l amounts of m o l d toxins. T h e extent of exposure to a 
tox in whose effects m i g h t be evident on ly years after ingest ion a n d the 
safety of the f ood supp ly c o u l d be de termined on ly b y d i rec t analysis for 
the toxic c ompound . W e entered a n e w era , an era of a n a l y t i c a l d e t e r m i 
nat i on of the inc idence a n d l e v e l of mycotoxins i n susceptible foods a n d a 
search for specific c h e m i c a l entities p r o d u c e d b y molds that m i g h t i n some 
w a y be l i n k e d to i d i o p a t h i c disease. 
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2. S T O L O F F Occurrence in Foods and Feeds 27 

Inc idence , as used i n this paper , refers to the n u m b e r of samples w i t h 
detectable mycotox in , usua l ly as a percent of the n u m b e r of samples 
examined a n d sometimes as a rat io . T h e l eve l w i l l be expressed as a n 
average of a l l samples w i t h detectable mycotox in a n d as a range of the 
levels f ound . T h e l ower figure i n the range w i l l usua l ly be the l ower l i m i t 
of detect ion for the m e t h o d used. 

O f the b io l og i ca l ly act ive m o l d metabolites that h a v e come to our 
attention, signif icant occurrence i n food or feed has been establ ished for 
aflatoxins, c i t r i n i n , ochratox in A , p a t u l i n , p e n i c i l l i c a c i d , tr ichothecenes, 
a n d zearalenone. A d e q u a t e l y sensitive ana ly t i ca l methods have been de 
ve loped a n d va l ida ted for aflatoxins ( 3 2 ) , ochratoxin A ( 3 3 ) , a n d p a t u l i n 
(34), a n d unva l ida ted b u t useful methods for c i t r i n i n ( 3 5 ) , p e n i c i l l i c a c i d 
(36) a n d zearalenone (37) are b e i n g used. T h e r e has been some con 
cern about sterigmatocyst in because of its demonstrated carc inogenic i ty 
(38) a n d structural re lat ion to aflatoxins ( 3 9 ) . A m e t h o d for s ter igmato
cyst in has been v a l i d a t e d (40) a n d used i n F D A surveys of suspect foods 
a n d feeds, b u t no occurrence has been detected, nor was ster igmatocyst in 
f o u n d i n any of 173 samples of various foods susceptible to m o l d attack 
i n a study of fiver cancer ep idemio logy i n the I n h a m b a n e reg ion of 
M o z a m b i q u e (41), a l though aflatoxin was detected i n 5 % of the samples. 
Ster igmatocyst in has been ident i f ied i n a b a d l y m o l d e d sample of wheat 
(42) a n d i n m o l d y green coffee (43). 

T h e deduced presence of trichothecenes i n grains has been noted , b u t 
its detect ion as a n a t u r a l contaminant has been recorded for on ly one 
sample of severely m o l d e d corn (44). A d e q u a t e l y sensitive ana ly t i ca l 
methods have not yet been deve loped for trichothecenes. 

Aflatoxins 

Af la tox in contaminat ion appears to be a p r o b l e m w i t h commodi t ies 
s u c h as nuts a n d grains w h i c h are preserved b y reduct i on of w a t e r ac t iv i ty , 
a n d is more l i k e l y to occur at h i g h p r e v a i l i n g temperatures. T h e p r o 
d u c i n g molds , Aspergillus flavus a n d A . parasiticus, compete best w i t h 
other microf lora w h e n the water ac t iv i ty is m a r g i n a l for preservat ion 
(Ow — 0.84-0.86) a n d w h e n the temperature is re lat ive ly h i g h ( 2 5 ° - 4 5 ° C ) 
(45). Inadequate d r y i n g at harvest a n d poor storage pract ices w e r e o r i g i 
n a l l y thought to be the major reason for contaminat ion a n d p r o b a b l y are 
i n m a n y instances, b u t evidence is a c cumula t ing that s ignif icant c o n t a m i 
nat i on can occur p r i o r to harvest. I n some instances there is a demonstra 
b le insect vector; i n others no cause for the m o l d invas ion is i m m e d i a t e l y 
apparent . 

Those commodit ies consumed i n the U n i t e d States i n w h i c h some 
aflatoxin contaminat ion of market p lace samples has been f o u n d are 
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28 MYCOTOXINS 

Table I. Farmers' Stock Peanuts Rejected for Visible Aspergillus flavus 
by Year and by Area, as Percent of Total Crop 

Year 

Area 1968 1969 1970 1971 1972 1978 
Southeast 6.3 1.4 3.4 2.6 13.5 2.6 
Southwest 1.2 2.4 1.4 2.5 1.9 0.8 
V i r g i n i a - C a r o l i n a 0.5 0.07 0.4 0.3 0.2 0.1 
A l l Areas 3.7 1.4 2.1 2.1 8.1 1.6 

peanuts, B r a z i l a n d p is tachio nuts , a lmonds , walnuts , pecans, filberts, cot
tonseed, copra , corn , g ra in sorghum, r i ce , a n d figs. 

Peanuts. T h e peanut is the most thoroughly s tud ied of the c o m 
modit ies susceptible to aflatoxin contaminat ion , for a n u m b e r of unasso-
c iated reasons. I t was the o r i g i n a l p r o b l e m source; i t is a major f ood crop ; 
a n d market ing i n the U n i t e d States is under the contro l of the D e p a r t m e n t 
of A g r i c u l t u r e ( U S D A ) . F o r this last reason a n d also because the re 
sponsible units of government ( F D A , U S D A ) a n d industry ( N a t i o n a l 
Peanut C o u n c i l ) h a d agreed to a system of certi f ication for she l led peanuts 
w h e n the p r o b l e m was first recognized , there is comprehensive year-to-

20 40 60 80 
TOTAL AFLATOXINS, PPB 

Figure I . Cumulative percent of lots with aflatoxin levels be
low the given values for each crop year—1967 to 1972, south

west, all varieties 
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2. S T O L O F F Occurrence in Foods and Feeds 29 

100 

40 60 80 
TOTAL AFLATOXINS, PPB 

100 

Figure 2. Cumulative percent of lots with aflatoxin levels 
below the given values for each crop year—1967 to 1972, 

southeast, all varieties 

year data for prac t i ca l l y the entire crop as farmers ' stock ( T a b l e I ) or as 
shel led nuts ( F i g u r e s 1 -4 ) . These data show considerable year-to-year 
a n d area-to-area differences i n the inc idence a n d levels encountered. T h e 
re la t ive ly s m a l l por t i on of the crop consumed as roasted in - she l l peanuts 
has been free of aflatoxins because of the var iety , reg ion , a n d q u a l i t y i n 
v o l v e d i n the ir product i on . Because on ly shel led nuts w i t h aflatoxins 
b e l o w a specif ied g u i d l i n e are used for ed ib l e products a n d because the 
n o r m a l sort ing a n d roast ing processes substantial ly reduce the aflatoxin 
l eve l , consumer peanut products i n the U n i t e d States s h o u l d b e re la t ive ly 
free of aflatoxins. R o u t i n e F D A m o n i t o r i n g has ver i f ied this assumption. 
A m o r e comprehensive F D A survey, car r i ed out i n the s p r i n g of 1973 
(46), has p r o v i d e d data i n general agreement w i t h that f r o m the F D A 
mon i t o r ing a n d w i t h independent survey data f r o m C a n a d a on aflatoxin 
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30 M Y C O T O X I N S 

20 40 60 80 100 

TOTAL AFLATOXINS, PPB 

Figure 3. Cumulative percent of lots with aflatoxin levels be
low the given values for each crop year—1967 to 1972, Virginia 

and Carolinas, all vaneties 

i n peanut butter ( T a b l e I I ) . Some samples of finished products w i t h 
levels that exceed the r a w mater ia l cert i f ication gu ide l ine can b e a t t r i b 
u t e d to the great var iance inherent i n s a m p l i n g a n d ana lyz ing peanuts for 
aflatoxin contaminat ion (47). These figures are i n m a r k e d contrast to the 
contaminat ion of peanuts i n T h a i l a n d (48) w h e r e 4 9 % of the market 
samples tested contained aflatoxin w i t h an average B i l eve l of 1530 
Mg/kg> ° r to peanut butter i n the P h i l i p p i n e s (49, 50) w h e r e 9 7 % of 
the samples conta ined aflatoxins w i t h a n average B i l eve l of 213 f t g /kg , 
or to peanuts i n U g a n d a where 1 7 % of the samples tested h a d a n average 
aflatoxin B i l eve l of 363 f t g / k g (51). 

Brazil Nuts. T h e presence of aflatoxins i n some samples of B r a z i l 
nuts offered for entry was first observed i n 1965 b y the V a n c o u v e r R e 
g i o n a l L a b o r a t o r y of the C a n a d i a n F o o d a n d D r u g Direc torate f o l l o w i n g 
a general p r o g r a m of invest igat ion of a l l nuts for aflatoxins. T h e U . S . F D A 
was alerted a n d , after conf i rming the observation, inst i tuted a 1 0 0 % 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



2. S T O L O F F Occurrence in Foods and Feeds 31 

s a m p l i n g of B r a z i l nut imports i n 1967. A s a result , 2 7 % of the lots 
offered for entry were deta ined for recond i t i on ing or re turn . Subsequent ly 
a v o l u n t a r y control agreement was w o r k e d out be tween the importers a n d 
the U S D A w i t h the assistance a n d concurrence of the F D A . W h e n the 
agreement was implemented i n 1968, 3 2 % of the lots w e r e deta ined . 
T h r o u g h the influence of importers i n educat ing the ir sources of supp ly , 
the detention rate has dec l ined so that i n the past three years on ly 1 % 
of the lots offered for entry has been deta ined . 

Pistachio Nuts. P istachio nuts n o w i m p o r t e d into the U n i t e d States 
are p r o d u c e d i n T u r k e y a n d Iran . M o s t p istachio nuts enter t h r o u g h the 
por t of N e w York . O n the in i t ia t ive of personnel of the F D A N e w Y o r k 
D i s t r i c t Office, an examinat ion of p istachio nuts for aflatoxins was con 
d u c t e d as part of the general survey for commodit ies susceptible to 
aflatoxin contamination. Since posit ive findings of v io lat ive levels of 
aflatoxins were encountered, the coverage of pistachio nuts was increased 
u n t i l i n early 1972 more t h a n 8 0 % of the lots offered for entry were 

100 

86 20 40 60 80 100 
TOTAL AFLATOXINS, PPB 
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32 MYCOTOXINS 

Table II. Consumer Peanut Products—Cumulative Percent of Samples 
Examined in Various Aflatoxin Contamination Categories 

United States, Canada, 
Shelled Products Peanut Butter 

Surveillance Survey Surveillance 

FYa 1973 Swing 1973 FY 1973 
N o . Samples E x a m i n e d 98 361 428 

Range , T o t a l A f la tox ins , μg/kg C u m u l a t i v e % of Samples 

20 -50 5 3 2 
15-19 7 4 4 
10-14 9 6 5 

5 - 9 12 8 11 
- 4 16 15 25 

% of Samples 

N o n e Detectab le 84 85 75 
° F Y — fiscal year. 

deta ined . T h e bott leneck was broken w h e n the p istachio nut importers 
o rgan ized a vo luntary certi f ication agreement s imi lar to the one w o r k e d 
out w i t h the B r a z i l nut importers . A t the same t ime a team of U . S . govern
ment aflatoxin experts v is i ted T u r k e y a n d I r a n at the ir request to deter
m i n e h o w aflatoxin contaminat ion m i g h t be prevented a n d to instruct k e y 
t e chn i ca l personnel i n ana ly t i ca l contro l methods. F o l l o w i n g the v is i t , 
detentions of p is tachio nuts for aflatoxin contaminat ion d r o p p e d to v i r 
tua l ly zero a n d have remained that w a y for T u r k i s h shipments ; however 
i n the first h a l f of 1974, 1 3 % of 246 lots sh ipped f r o m I r a n were deta ined . 
T h i s revers ion was at t r ibuted i n par t to lax contro l at the po int of sh ip 
ment a n d i n par t to an increased inc idence of contaminat ion on the tree 
( 5 2 ) . 

Almonds, Walnuts, Pecans, Filberts. These nuts were examined as 
par t of the genera l F D A survey of aflatoxin-susceptible commodit ies . A l 
most a l l the a lmonds , walnuts , pecans, a n d in -she l l filberts consumed i n 
the U n i t e d States are p r o d u c e d domestical ly . A major por t i on of the 
shel led filberts consumed i n the U n i t e d States come f r o m T u r k e y . N o 
aflatoxin was detected i n any of the domest ic filberts sampled over two 
crop years, b u t approx imate ly 8 % of the 142 samples of i m p o r t e d filberts 
tested were pos i t ive for aflatoxins ( tota l aflatoxins averaged 33 / * g / k g 
nut meats; range, 2 -100 μg/kg). Aflatoxins have been f o u n d i n market 
samples of domest ic a lmonds, pecans, a n d walnuts ( T a b l e I I I ) at an 
inc idence of about 6 % of the samples a n d an average total aflatoxin l eve l 
of 23 /Ag / kg n u t meats. W h e n alerted to the p r o b l e m , the responsible i n 
dustries invest igated the cause a n d inst i tuted procedures to prevent con
taminated nuts f r o m reach ing the market place . T h e major aflatoxin con-
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2. S T O L O F F Occurrence in Foods and Feeds 33 

taminat ion of a lmonds was traced to damage b y n a v e l orange w o r m s (53). 
Sort ing of the shel led almonds for specific types of damage was effective 
i n segregating those nuts conta in ing aflatoxins. T h e major contaminat ion 
of wa lnuts was t raced to those varieties prone to s u n b u r n (54), a n d as 
w i t h a lmonds, sort ing oriented to the specific damage effectively r e m o v e d 
contaminated kernels. A f la tox in contaminat ion of pe can kernels does not 
correlate w i t h any type of damage that can be observed; af latoxin c o n t a m i 
nat i on has been f o u n d i n pecan lots w i t h no v is ib le k e r n e l damage. R e 
search is i n progress to determine the cause a n d subsequent m e t h o d for 
control . 

Cottonseed. I n the same year that turkey X disease d e c i m a t e d the 
n e w l y hatched b i rds i n the E n g l i s h flocks, an ep izoot i c of hepatoma 
occurred i n trout hatcheries i n the U n i t e d States. T h e cause was t raced 
to the cottonseed m e a l component of the trout ra t i on a n d eventual ly to 
aflatoxin i n the m e a l (55 ) . E v e n before the association was firmly estab
l i shed , surveys of cottonseed a n d cottonseed m e a l for inc idence of af la
toxins h a d been started. T h e first surveys (56) covered three c r o p years 
a n d i n v o l v e d samples of cottonseed a n d cottonseed m e a l co l lected on a 
w e e k l y basis d u r i n g the crushing season f r o m plants selected as a repre 
sentative cross-section of process a n d produc t i on ( 5 7 ) . T h e survey data 
for the three-year p e r i o d ( T a b l e I V ) showed an 8 % inc idence of detect
able aflatoxin ( > 3 f i g / k g , aflatoxin B i ) i n cottonseed a n d a 1 9 % i n c i 
dence i n m e a l der ived f r om that seed, w i t h average aflatoxin B i levels of 
143 a n d 99 f tg /kg . T h e r e was a m a r k e d year-to-year v a r i a t i o n i n i n c i 
dence a n d leve l of contaminat ion . T h e h igher inc idence of aflatoxin i n 
the m e a l compared w i t h the cottonseed is p r o b a b l y a n art i fact of the 
di f f iculty i n ob ta in ing a representative sample of seed. T h e h igher average 
l eve l i n the seed compared to the m e a l indicates a pre ferent ia l p a r t i t i o n 
of aflatoxin into the o i l . 

T h e survey results also showed a m a r k e d l y h igher inc idence a n d l eve l 
of aflatoxin contaminat ion i n samples f r om the southern val leys of C a l i 
f orn ia a n d the l ower a l t i tude areas of A r i z o n a c o m p a r e d w i t h samples 
f r om the remainder of the cotton be l t ( 5 8 ) . L a t e r surveys (59, 60) con 
firmed the contaminat ion p r o b l e m i n these areas. T h e surveys were a i d e d 

Table III. Almonds, Pecans, Walnuts—Incidence and Level of 
Aflatoxin Contamination in Domestic Production 

Sampled Fiscal Years 1970-1974 
Detectable Aflatoxins, Total 

TVo. o/ μρ/kg Nut Meats 
Nut of Samples of Samples Average Range 

A l m o n d 345 8 20 2 - 94 
Pecan 406 6.5 26 2-172 
W a l n u t 205 3.5 27 2 - 70 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



34 M Y C O T O X I N S 

Table IV. Cottonseed and Cottonseed Meal—Incidence and Level of 
Aflatoxin Contamination in Three Successive Crop Years 

Crop Year 

1964- 5 
1 9 6 5 - 6 
1966 - 7 

1964 - 5 
1965 - 6 
1966 - 7 

No. 
of Samples 

928 
1319 

943 

964 
1293 

961 

Detectable Aflatoxin Bx 

% Average Highest Range 
of Samples (ng/kg) 

Cottonseed 

6.5 
8.2 
8.8 

220 
44 

228 

>1500 
1 5 1 - 500 
500-1500 

Cottonseed M e a l 

21.1 
21.5 
12.8 

136 
33 

150 

500-1500 
1 5 1 - 500 
500-1500 

b y the observation of a field b o l l rot caused b y Aspergillus flavus, its asso
c ia t i on w i t h b r i g h t greenish-ye l low ( B G Y ) f luorescing spots on the fiber 
a n d seed (61), a n d the association of the B G Y fluorescence w i t h the pres 
ence of aflatoxins (62, 63, 64). T h e B G Y fluorescence, w h i c h was later 
re lated to the act ion of peroxidase i n the i n v a d e d tissue on koj ic a c i d p r o 
d u c e d i n copious quant i ty b y Aspergillus flavus (65), became a va luab le 
screening tool . T h e m e c h a n i c a l damage caused b y the p i n k b o l l w o r m 
has been ident i f ied as one route of entry to the b o l l for A . flavus (66). 
P r o l o n g e d h i g h temperature a n d h i g h h u m i d i t y caused b y i r r i ga t i on 
practices also contr ibute to A . flavus invas ion (67, 68). Intensive l o c a l 
s a m p l i n g i n one of the h i g h r isk areas has shown 1 0 0 % inc idence of 
aflatoxin contaminat ion of lots of seed go ing into storage w i t h the m e a n 
to ta l aflatoxins l eve l of i n c o m i n g seed u p to 2600 jug/kg (69). 

Af la tox in contaminat ion of cottonseed is not confined to the U n i t e d 
States a l though the w o r l d w i d e p r o b l e m appears to be less serious t h a n i n 
the U . S . Southwest. A D a n i s h survey (70) of impor ted cottonseed p r o d 
ucts f r o m eight major export ing countries (not i n c l u d i n g the U n i t e d 
States) f o u n d aflatoxins i n 1 /3 of the 120 samples tested ( tota l aflatoxins 
average 30 f t g / k g ; range, 5 -120 /Ag / kg ) . T h e inc idence b y country r a n g e d 
f r o m 21 to 1 0 0 % of the samples tested. 

A report (71) of a survey i n I n d i a , a country not i n c l u d e d i n the 
D a n i s h survey, conf irmed the correlat ion between aflatoxin a n d B G Y 
fluorescence i n cottonseed. A f la tox in was f o u n d i n 5 4 % of 388 samples 
examined ; 1 2 % of the samples h a d aflatoxin B i levels greater t h a n 500 
/Ag /kg . T h e r e was a strong re lat ion between the area h u m i d i t y a n d the 
l eve l a n d inc idence of aflatoxin contaminat ion. 

Copra. C r u d e coconut o i l has rep laced copra imports to the U n i t e d 
States since F D A survei l lance ac t iv i ty f o u n d aflatoxin i n 8 8 % of 72 
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2. S T O L O F F Occurrence in Foods and Feeds 35 

samples of copra a n d copra m e a l tested ( to ta l aflatoxins average 46 pg/ 
k g ; range, t race -200 / xg / k g ) . A study of F i n n i s h copra imports (72) p r o 
v i d e d m u c h the same p ic ture . Aflatoxins were f o u n d i n 6 3 % of the 16 
samples tested (average 37 / xg / k g ; range 10-100 / x g / k g ) . N o cause for the 
contaminat ion has been establ ished a l though inadequate d r y i n g a n d i m 
proper h a n d l i n g i n transport are suspected. 

Seed Oi l . Peanuts , cottonseed, a n d copra are major sources of ed ib le 
oils. A considerable por t i on of the aflatoxin i n the seed is f o u n d i n the 
expressed or extracted o i l . S u c h oils , i f used i n the crude state, can 
contribute to h u m a n aflatoxin exposure (73, 74 ) . N o r m a l re f ining of 
ed ib le oils effectively removes aflatoxins (73, 75 ) . 

Corn. I n the pre-1960 per i od , m o l d y corn was f requent ly i m p l i c a t e d 
i n a n i m a l toxicosis; Aspergillus flavus was a c o m m o n toxic corn isolate, 
a n d the symptoms of m o l d y corn toxicosis are m u c h l ike those descr ibed 
for aflatoxicosis. C o r n is the only gra in n o r m a l l y harvested at a moisture 
l eve l that can support m o l d growth . T h e requirements of mechan i ca l 
harvest ing have further increased that leve l , p u t t i n g greater demands on 
the d r y i n g operations normal ly overburdened at harvest t ime. T h e possi 
b i l i t y of aflatoxin contaminat ion of corn was a n a t u r a l conjecture p a r t i c u 
l a r l y w h e n a re lat ion to epizootics of toxic hepatitis h a d been d e m o n 
strated ( 2 3 ) . T o determine the poss ib i l i ty a n d inc idence , the A g r i c u l t u r a l 
Research Service ( A R S ) of U S D A undertook surveys of corn f r o m crop 
years 1964,1965, a n d 1967 (76, 77 ) . T h e surveys covered 1594 samples of 
a l l grades a n d f r o m a l l g r o w i n g areas. A f la tox in was detected i n 2 . 5 % of 
the samples ( tota l aflatoxins average 9 / xg / k g ; range 3 -37 / x g / k g ) , most of 
them i n the Sample G r a d e category. A subsequent survey (78) of 293 
samples of corn dest ined for export d u r i n g the 1968-1969 p e r i o d f o u n d 
2 .7% of the samples w i t h detectable aflatoxins ( to ta l aflatoxins average 
18 / xg / k g ; range 2 - 3 1 / x g / k g ) , a p i c ture s imi lar to that deve loped i n the 
previous w i d e r survey except that the contaminat ion of the export corn 
i n v o l v e d a l l grades almost equal ly . Concentra t ing on corn f r o m the south
eastern states, even though that area accounts for on ly about 6 % of total 
U . S . p roduc t i on , the next U S D A survey (79) brought the p r o b l e m of 
aflatoxin i n corn into better focus. Af la tox in was f o u n d i n 3 5 % of 60 
samples of corn marketed i n the 1969-1970 p e r i o d ( total aflatoxins average 
66 / xg / k g ; range 6-348 / xg / k g ) . A h i g h inc idence of contaminat ion was 
f o u n d i n a l l grade categories. 

F u r t h e r survey was fac i l i tated b y the observation that a B G Y fluo
rescence, analogous to that seen i n cottonseed, was associated w i t h 
aflatoxin contaminated kernels (SO) . T h e U S D A ' s A g r i c u l t u r a l M a r k e t i n g 
Service ( A M S ) used this s imple observation i n conjunct ion w i t h a semi 
quant i tat ive screening m e t h o d for aflatoxin assay (81) at 15 selected sta
tions to examine 2866 samples of 1973 crop corn submit ted for grade de-
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36 MYCOTOXINS 

terminat ion (82 ) . T h e assay method has a sensit ivity l i m i t for total af la
toxins of about 5 / xg /kg ; i t was used w i t h a 15 /xg /kg reference s tandard 
to determine detectable aflatoxins greater or less than the reference 
s tandard i n a l l samples of corn i n w h i c h some B G Y fluorescence h a d been 
observed. Af la tox in was detected i n 8 .2% of the samples examined ; 2 . 5 % 
of the samples h a d total aflatoxin levels greater than 15 /xg /kg. T h e i n c i 
dence var i ed f r o m station to station; the highest was i n corn rece ived at 
M o b i l e , C h i c a g o , Nor fo lk , O m a h a , Peor ia , a n d Sacramento, i n that order. 
T h e average inc idence of detectable aflatoxins f r o m these stations was 
15 .6% of the 1128 samples examined ; 5 .6% of the samples f rom these six 
stations h a d levels greater than 15 /xg /kg. Because of the smal l sample size 
( 2 l b ) , these figures p r o b a b l y underest imate the rea l inc idence . 

T h e appearance of B G Y fluorescence i n corn has a h i g h correlat ion 
w i t h the presence of aflatoxins (82, 83, 84), bu t the observation shou ld 
accompany the knowledge that the format ion of the fluorescent c o m p o u n d 
depends on a peroxidase i n the v iab le kerne l . Since current evidence i n d i 
cates that aflatoxin contaminat ion of corn is p r i m a r i l y a field a n d f a r m 
p r o b l e m (85, 86, 87, 88), most contaminat ion can p r o b a b l y be p i c k e d u p 
b y this method . 

Af la tox in i n co rn seems to be a w o r l d w i d e p r o b l e m . L i m i t e d sur 
veys show a 4 0 % inc idence of aflatoxin i n corn samples taken i n U g a n d a 
(af latoxin B x average 133 /xg /kg) (51), a 3 5 % inc idence i n T h a i l a n d 
(af latoxin B i average 400 /xg /kg) (48), a n d a 9 7 % inc idence i n the P h i l i p 
p i n e i s land of C e b u (aflatoxin B x average 213 /xg /kg) (49, 50). I n some 
areas convent ional methods for us ing corn result i n destruct ion or d i v e r 
s ion of the aflatoxin. A l k a l i processing of corn destroys m u c h of the afla
t ox in (89). B o t h wet m i l l i n g a n d d r y m i l l i n g of corn concentrate the 
aflatoxins i n those fractions used for feed or o i l recovery (90, 91). 

Wheat, Grain, Sorghum, Oats, Rice. O t h e r cereal grains i n c l u d e d 
i n U S D A - A R S surveys for aflatoxins are wheat , gra in sorghum, a n d oats 
(92,93). Samples were obta ined f r o m U S D A - A M S grader stations repre 
senting a l l grades a n d g r o w i n g areas. N o aflatoxins were detected i n any 
of the 1379 samples of wheat, 533 samples of gra in sorghum, or 304 s a m 
ples of oats. F D A survei l lance act iv i ty f o u n d no aflatoxins i n 106 samples 
of wheat , b u t aflatoxin was detected i n two of 66 samples of g ra in 
sorghum ( 13 a n d 50 /xg /kg) a n d i n one of 157 samples of r i ce at 5 /xg /kg . 
G r a i n sorghum was susceptible to aflatoxin contaminat ion i n U g a n d a 
where 2 3 % of 69 samples examined h a d a n average aflatoxin B i l eve l of 
152 / xg /kg (51). R i c e i n the markets i n U g a n d a , T h a i l a n d , a n d the 
P h i l i p p i n e s was r e markab ly c lean (48, 49, 50, 51); aflatoxin was f o u n d 
i n on ly eight of 447 samples at an average under 10 /xg /kg , b u t cooked r i ce 
kept under p r i m i t i v e condit ions p r o v e d to be a major source of h u m a n 
exposure to aflatoxins (94 ) . T h e s m a l l grains i n general do not appear to 
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2. S T O L O F F Occurrence in Foods and Feeds 37 

be an important source of aflatoxin exposure unless abused i n storage or 
after preparat ion . 

Legumes. L e g u m e s i n the U n i t e d States appear to be re lat ive ly free 
of aflatoxin contamination. A U S D A - A R S survey of 866 soybean samples 
(76) f o u n d two samples contaminated at total aflatoxins levels of 10 a n d 
11 /xg /kg. A n F D A survey of 117 samples of d r i e d beans (b lackeye , b lack 
turt le , garbanzo, great northern, l i m a , navy , p i n k , p into , a n d r e d ) f o u n d no 
detectable aflatoxins i n any sample. A study of the suscept ib i l i ty of soy
beans to invas ion b y Aspergillus flavus (95) i nd i ca ted the presence of an 
A . flavus g r o w t h inh ib i tor . H o w e v e r i n U g a n d a 23% of 64 bean samples 
assayed h a d an average aflatoxin B x l eve l of 500 /xg /kg (51), a n d i n 
T h a i l a n d 3% of 322 samples h a d an average aflatoxin B i l eve l of 106 
/xg /kg (48). T h e factors creat ing these differences i n observation have 
not been determined . 

Peppers. P u b l i s h e d reports of a h i g h inc idence of Aspergillus flavus 
isolates f r om various types of peppers p r o v i d e d the impetus for a C a 
n a d i a n H e a l t h Protect ion B r a n c h survey of b lack , w h i t e , a n d caps i cum 
peppers (96). N o aflatoxins were f o und i n 24 samples of b lack or w h i t e 
pepper . O f the Capsicum based peppers, 14 of 33 samples of cayenne 
pepper a n d a l l six I n d i a n c h i l i p o w d e r samples conta ined aflatoxins at 
levels f r o m ca. 2 to 8 /xg /kg. A n o t h e r 30 samples of Capsicum pepper 
( p a p r i k a , c h i l i powder , Singapore c h i l i p o w d e r ) h a d no detectable 
aflatoxins. 

Dried Fruits, Wine. Some fruits such as dates, figs, a n d raisins 
are preserved b y d r y i n g , a n d u n p u b l i s h e d m o l d profiles of the d r i e d c o m 
modit ies l is ted Aspergillus flavus among the c o m m o n l y encountered 
species. A l i m i t e d F D A survey f o u n d no aflatoxins i n 108 samples of 
raisins a n d 62 samples of dates, b u t aflatoxins were f o u n d i n six of 165 
samples of figs ( to ta l aflatoxins average 13 /xg /kg; range, 2-29 /xg /kg) . 
T h e considerat ion of Aspergillus flavus as an invader of grapes also l e d to 
the examinat ion of wines . I n one study of 33 G e r m a n wines f r o m the 
South B a d e n v i n e y a r d country (97), aflatoxin was f o u n d i n two samples 
at levels less than 1 /xg/1. I n another study (98) of 17 G e r m a n R h i n e 
country wines f r o m the years w h e n grape rot was a p r o b l e m , no aflatoxins 
were detected; nor were aflatoxins detected i n 13 samples of various wines 
i m p o r t e d into the U n i t e d States (99) us ing a m e t h o d sensitive to 0.3 

Dairy Products. A f la tox in M i , a m a m m a l i a n h y d r o x y l a t i o n produc t 
of aflatoxin B i , is f o u n d i n the m i l k of lac tat ing animals exposed to afla
tox in B i i n their feed. A n F D A survey (100) of m i l k products (cottage 
cheese d r y c u r d , nonfat d r y m n l k , evaporated m i l k ) p r o d u c e d i n the 
U n i t e d States i n the first three months of 1973 f o u n d M i i n samples taken 
f r o m areas where aflatoxin contaminat ion of feed ingredients h a d been 
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38 M Y C O T O X I N S 

suspected. I n one m i l k shed area, aflatoxin M i was detected i n a l l of 16 
samples taken. A lesser inc idence was f o u n d i n two other areas. Af latox in 
M i was f o u n d i n 8 % of the 320 samples assayed f r om 0.05 to 0.5 /xg/1 
( a l l calculat ions were based on the o r i g ina l m i l k for easy i n t e r c o m p a r i -
s o n ) . T h e first report of aflatoxin M i i n market m i l k was i n 1968 f r o m 
S o u t h A f r i c a (101) where detectable aflatoxin was f o u n d i n five of 21 
samples of fluid m i l k f r o m r e t a i l outlets at a trace ( <0 .02 to 0.2 /xg/1). 
A G e r m a n study of c ommerc ia l l y d r i e d m i l k products (102) f o u n d af la
t ox in M i i n 5 % of 166 samples at 0.07-0.2 /xg/1 ( reca lculated to fluid 
m i l k basis ) . T w o years later a survey of d r i e d m i l k products i n G e r m a n y 
b y another team of investigators (103) f o u n d aflatoxin M i i n 6 2 % of 120 
samples p i c k e d u p at m o n t h l y intervals over a p e r i o d of IV2 years. T h e 
levels ( f l u i d m i l k basis) ranged f r om 0.02 to 0.4 /xg/1 w i t h a d ist inct 
seasonal t r e n d to a h igher inc idence w h e n the cows w o u l d n o r m a l l y be on 
stored feed. These data are supported further b y an F D A examinat ion of 
35 samples of various cheeses i m p o r t e d f r o m E u r o p e . Af latox in M i was 
f o u n d i n two of e ight samples f r om G e r m a n y , two of four samples f r o m 
S w i t z e r l a n d , a n d one of 11 samples f rom F r a n c e . Leve l s ranged f r o m 0.1 
to 0.6 ttg /kg cheese. N o aflatoxin was f o und i n the 12 samples f r o m I ta ly 
a n d Greece . F r o m conversion data (104, 105, i 0 6 , 107, 108), i t m a y b e 
es t imated that aflatoxin M i i n the m i l k at 0.1 /xg/1 came f r o m aflatoxin 
B i i n the feed at about 25 /xg /kg d r y feed weight . 

Other Mycotoxins 

A l t h o u g h i t appears that most of the mycotox in survey w o r k has been 
conf ined to aflatoxins, the search has i n c l u d e d other mycotoxins for w h i c h 
a n a l y t i c a l methodology of some sort was avai lable a n d for w h i c h some 
reason existed to suspect a potent ia l for h a r m . E a c h d i s turb ing inc idence 
of a myco tox in i n a food c o m m o d i t y has tr iggered a tox ico log ica l effort 
to determine the rea l potent ia l for h a r m f r o m chronic ingestion. 

Zearalenone. T h e occurrence of zearalenone is re lated to the i n v a 
s i on of g ra in b y various species of Fusarium (109,110, 111 ) such as F . tri-
cinctum a n d F . moniliforne bu t par t i cu lar ly b y F . roseum var . grami-
nearium (=Gibberella zeae) ca l l ed G i b b i n f a r m vernacular . These orga 
nisms invade deve lop ing corn at the s i lk ing stage i n periods of heavy 
r a i n f a l l a n d prol i ferate on mature grains that have not d r i e d because of 
w e t weather at harvest or o n grains that are stored wet (17, 112, 113). 
I n stored corn the Fusaria o c cupy the water act iv i ty n i che between the 
Penicillia a n d bacter ia (114). F i e l d observation of a p i n k disco lorat ion of 
kernels signals the presence of F. roseum i n corn ; scab is associated w i t h 
F . roseum i n s m a l l grains. Since l o w temperature is needed to in i t iate 
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2. S T O L O F F Occurrence in Foods and Feeds 39 

a n d m a i n t a i n the p r o d u c t i o n of zearalenone (115) f rom m o l d , the pres
ence of m o l d is insufficient evidence for the presence of the metabol ite . 

I n the U S D A surveys of corn f r o m the 1967 crop (77) a n d of corn for 
export d u r i n g 1968-1969 ( 7 8 ) , zearalenone was f ound i n six of the 576 
samples at an average l eve l of 625 /xg /kg (range 450-800 /xg /kg) . I n some 
years condit ions are c onduc ive to Fusarium ear rot i n ep idemic proportions 
( 1 7 ) . O n e such year was 1972. I n the spr ing of the f o l l owing year, the 
F D A col lected samples of corn at t e r m i n a l elevators servic ing areas where 
there h a d been some evidence of F . roseum damage (116). Zearalenone 
was f ound i n 1 7 % of the 223 samples assayed, at an average leve l of 
0.9 m g / k g ( range 0.1-5.0 m g / k g ) w i t h no re lat ion to grade or in tended 
use i n c l u d i n g f ood use. W i t h i n the area surveyed there was a geographi 
ca l concentrat ion of the contaminat ion inside a 150 mi l e radius of the 
southern t ip of L a k e M i c h i g a n . Zearalenone contaminat ion of feed grains 
is not confined to the U n i t e d States; instances of feed contamination have 
been reported f r o m F i n l a n d (117 ) , D e n m a r k (118), F r a n c e (119), a n d 
E n g l a n d (120). 

T h e concentrat ion of zearalenone w i t h i n the corn kerne l is d i s t r ibuted , 
as expected, i n the same fashion as aflatoxin (121). O n dry m i l l i n g of 
contaminated corn , the highest concentrations of zearalenone were i n the 
h i g h fat fractions u s u a l l y used for o i l a n d feed. A n F D A fo l l ow-up to 
a finding of zearalenone-contaminated corn (120 /xg /kg) used for p r o 
duct ion of s tarch f o u n d zearalenone at 15 /xg /kg i n the starch. 

Ochratoxin. A l t h o u g h ochratoxins A a n d Β a n d the e thy l ester of 
ochratoxin A ( o chratox in C ) have been isolated f r om laboratory cultures, 
on ly ochratoxin A has been detected i n most cases of natura l occurrence. 
T h e toxins were o r i g i n a l l y i so lated f r o m strains of Aspergillus ochraceus 
f o u n d to be tox in producers , as part of a screening program for toxigenic 
molds (122, 123). Pénicillium viridicatum has also been identi f ied as a 
producer of o chratox in (124, 125) a n d has been associated w i t h the n a 
t u r a l occurrence of o chratox in A i n most situations where an association 
c o u l d be made . B o t h species are w i d e l y d i s t r ibuted a n d frequently e n 
countered o n grains , legumes, a n d other commodit ies usual ly protected b y 
a reduct ion of water ac t iv i ty . A water ac t iv i ty that favors the growth of 
P. viridicatum o n w h e a t a n d bar l ey (126) is ca. 0.90, a l eve l far h igher 
t h a n that r e c o m m e n d e d for safe storage of grains a n d a higher r u n g i n 
the water ac t iv i ty l a d d e r t h a n that favorable for the g rowth of A . flavus 
(0 .84-0 .86) . 

T h e first detect ion of ochratox in A as a n a t u r a l contaminant was i n 
a U S D A - A R S survey of c o rn for aflatoxins, ochratoxins, a n d zearalenone 
(77, 127 ) . O c h r a t o x i n was f o u n d at 130 /xg /kg i n one Sample G r a d e 
sample of 283 samples of var ious grades of corn rece ived f rom c o m 
m e r c i a l markets i n 1967. T h r e e more samples w i t h ochratoxin (83, 119, 
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a n d 166 /xg /kg) w e r e encountered i n a later survey of 293 samples of 
c o rn in tended for export (78). I n a three-year U S D A - A R S survey for 
aflatoxin a n d ochratoxin i n wheat (291 h a r d r e d w inter , 286 h a r d r e d 
spr ing , 271 soft r e d w i n t e r ) f r o m graders ' samples ( 9 3 ) , ochratoxin was 
f o u n d i n two samples of h a r d r e d w inter wheat at 25 a n d 35 /xg /kg a n d i n 
seven samples of h a r d r e d spr ing wheat at 20-114 /xg /kg. A l l c ontami 
nated samples were i n the poorer grades. Pénicillium viridicatum was the 
associated m o l d . Because of reports f r o m D e n m a r k (128) of ochratoxin i n 
bar ley associated w i t h porc ine nephropathy , the F D A undertook a survey 
of domestic bar ley us ing samples submit ted to U S D A - A M S for grad ing . 
O c h r a t o x i n was f o u n d i n 1 4 % of 159 samples w i t h no re lat ion to grade. 
H a l f the detections were trace amounts ( < 1 0 /xg /kg) ; the average l eve l of 
ochratoxin i n the measurable detections was 18 / *g /kg ( range 10 -29 
/xg /kg) . Because ochratoxin h a d been detected i n 2 2 % of 37 samples of 
ma l t bar ley , a f o l l ow-up survey was made of mal t bar ley a n d beer p i c k e d 
u p at 138 U . S . breweries . N o ochratoxin was detected i n either bar ley or 
beer. E x p e r i m e n t a l D a n i s h beers made f r o m ochratoxin A contaminated 
bar ley reta ined approx imate ly 4 % of the o r ig ina l ochratoxin (129) . A t 
this rate of ochratoxin loss, barleys w i t h sufficient ochratoxin A to result i n 
detectable ochratoxin i n the beer made f r o m them w o u l d be rejected for 
m a l t i n g because of inadequate germinat ion . 

A D a n i s h survey of bar l ey a n d oats (125) p r o v i d e d a m u c h d i f 
ferent picture . O c h r a t o x i n was f o und i n 5 8 % of 33 samples of feed grains, 
most ly bar ley , taken i n districts exper iencing a h i g h inc idence of swine 
nephropathy ; the average l eve l was 3 m g / k g (range 0.03-28 m g / k g ) . 
O c h r a t o x i n Β i n add i t i o n to ochratoxin A was detected i n two of the 
bar ley samples (130). O c h r a t o x i n was also f o und i n 6 % of 50 samples of 
bar l ey selected as h i g h qua l i ty gra in at 9, 44, a n d 189 /xg /kg. Subsequent 
to these findings, a f a r m was located at w h i c h the gra in be ing f e d to pigs 
was contaminated w i t h ochratoxin. Residues of ochratoxin were f o u n d at 
slaughter i n the k idneys of 18 of 19 pigs examined (131). N o explanat ion 
has been offered for the h i g h inc idence of ochratoxin contaminat ion of 
D a n i s h barley . 

I n a C a n a d i a n survey of m o l d y feedstuffs (42) ochratoxin was f o u n d 
i n 18 of 29 samples of heated gra in (wheat , oats, a n d rye ) at 0.03-27 m g / 
k g a n d i n three of four samples of d r i e d w h i t e beans at 0.02, 0.03, a n d 1.9 
m g / k g . Pénicillium viridicatum was consistently f o u n d to be the m o l d 
re lated to the presence of ochratoxin, as was also the case i n the D a n i s h 
studies. I n an F D A survey of d r i e d beans for aflatoxins a n d m o l d p o p u 
la t i on , a l l samples w i t h a h i g h inc idence of A . ochraceus were ana lyzed for 
ochratoxins; none were detected. T h e evidence points to P. viridicatum 
as the usual case of ochratoxin contaminat ion . 

Ochratox in has also been f o u n d i n green coffee beans (132 ) , i n i t i a l l y 
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2. S T O L O F F Occurrence in Foods and Feeds 41 

i n four of five samples of h e a v i l y m o l d e d beans at < 2 0 - 4 0 0 xtg/kg. T h e 
s tudy cont inued w i t h an examinat ion of samples f r o m 267 bags of beans 
or ig inat ing i n six countries. Samples were taken after obv ious ly spo i l ed 
beans h a d been removed . O c h r a t o x i n was f o u n d i n 19 samples at a n 
average of 47 /xg /kg (range 20 -360 /xg /kg) . A n o t h e r 68 samples were 
ana lyzed . H a l f of the samples h a d been flown i n f r o m the country of 
o r i g i n to remove the factor of ocean transport ; the other ha l f w e r e l abora 
tory samples of c lean green coffee. O c h r a t o x i n was f o u n d i n two samples 
at about 20 /xg /kg a n d i n one sample at 80 xtg/kg. A superf ic ial s tudy of 
the m o l d flora showed A . ochraceus a n d unident i f i ed species of Penicillia. 
N o attempt was made to determine the ochratox in -produc ing capab i l i ty 
of any of the isolates. L a t e r at the same laboratory a more comprehensive 
s tudy of the m o l d flora of green coffee (133) f o u n d b o t h A . ochraceus a n d 
P. viridicatum. O c h r a t o x i n was p r o d u c e d i n cu l ture b y most isolates of 
A . ochraceus b u t b y none of the isolates of P . viridicatum. Roast ing of 
coffee destroys m u c h of the ochratoxin i n the bean (132). 

Citrinin. C i t r i n i n was o r ig ina l l y isolated f r o m Pénicillium citrinum 
(134) as part of the m o n u m e n t a l effort b y Ra i s t r i ck a n d his co-workers at 
the L o n d o n School of H y g i e n e a n d T r o p i c a l M e d i c i n e to isolate a n d char 
acterize the metabol i c products of molds . C i t r i n i n - p r o d u c i n g isolates of 
P . citrinum have been obta ined f r o m ye l l ow-co lored r i ce of the type 
associated i n J a p a n w i t h toxic symptoms (11). H o w e v e r , the occurrence 
of c i t r i n i n as a contaminant of feedstuffs has been associated w i t h P . 
viridicatum a n d always as a co-contaminant w i t h ochratoxin. I n the 
C a n a d i a n survey of m o l d y feedstuffs prev ious ly referred to ( 4 2 ) , c i t r i n i n 
was f o u n d at 0.07-80 m g / k g levels i n 13 of the 18 samples i n w h i c h 
ochratoxin h a d been found . T h e r e was n o consistent rat io of the t w o 
toxins. I n the D a n i s h survey of grains associated w i t h swine nephropathy 
(125), c i t r i n i n was de termined at 0.16, 1.0, a n d 2.0 m g / k g i n three of the 
22 samples of bar ley i n w h i c h ochratoxin h a d been detected. E x p e r i m e n t a l 
beers made f r o m mal ted bar ley w i t h c i t r i n i n a d d e d at 1 m g / k g mal t h a d 
no detectable c i t r i n i n ( 129). Bar leys natura l ly contaminated w i t h c i t r i n i n 
h a d inadequate germinat ion for m a l t i n g . 

P e n i c i l l i c Ac id . P e n i c i l l i c a c i d was first iso lated f r o m a m o l d cu l ture 
i n 1913 as part of a study of corn deterioration (135). T h e cyc le was c o m 
p le ted 60 years later w h e n a n e w l y deve loped ana lyt i ca l m e t h o d was 
tested on samples of corn co l lected as part of an F D A survey of the 1972 
crop (136). P e n i c i l l i c a c i d was f o u n d i n seven of 20 r a n d o m samples 
assayed at 5-231 /xg /kg (average 59 /xg /kg) . Since the f u n g i associated 
w i t h the b l u e - g r e e n disco lorat ion of corn k n o w n as b l u e eye were d e m o n 
strated producers of p e n i c i l l i c a c i d (137), the method was also tested on 
48 samples of corn selected b y U S D A s A g r i c u l t u r a l M a r k e t i n g Service 
graders as h a v i n g this discolorat ion. P e n i c i l l i c a c i d was detected i n a l l 
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42 MYCOTOXINS 

samples at 5-184 f i g / k g ( average 46 /xg /kg ) . D r i e d b e a n samples, selected 
f r o m a nat ionwide survey because a h i g h p r o p o r t i o n of seeds conta ined 
v i a b l e Pénicillium cyclopium, were also assayed ( P . cyclopium is one of 
the b lue eye m o l d s ) . P e n i c i l l i c a c i d was f o u n d i n five of 20 samples tested 
at 11-179 /xg /kg (average 82 /xg /kg) . 

I n a study of m o l d species iso lated f r o m fermented sausage (138), 
p e n i c i l l i c a c id was p r o d u c e d i n synthetic cu l ture b y 44 of 421 isolates a n d 
b y at least one isolate i n seven of 18 ident i f ied species i n c l u d i n g some not 
prev ious ly recorded as producers of p e n i c i l l i c a c i d . H o w e v e r , w h e n 
demonstrated pen i c i l l i c a c i d producers w e r e used to ferment sausage, no 
p e n i c i l l i c a c id c o u l d be f o u n d (139 ) . P e n i c i l l i c a c i d a d d e d to sausage 
meat c ou ld be total ly recovered i f extracted i m m e d i a t e l y f o l l o w i n g a d d i 
t i on , b u t after three days on ly 5 % c o u l d be recovered . T h e loss was 
at t r ibuted to the format ion of adducts w i t h cyste ine or g lutathione i n 
the meat. S imi lar observations have been m a d e o n the disappearance of 
p e n i c i l l i c a c id added to wheat flour (140) w i t h the same proposed m e c h a 
n i s m of reaction. Intent ional ly f o r m e d adducts o f p e n i c i l l i c a c i d w i t h 
these compounds were m a r k e d l y less toxic t h a n the p e n i c i l l i c a c i d alone. 

P a t u l i n . T h e natura l occurrence of p a t u l i n has been associated w i t h 
Pénicillium expansum rot i n apples (141, 142, 143) a n d the invas ion of 
soils a n d p lant stubble b y Pénicillium urticae (P. patulum) (144). B o t h 
molds are common a n d h i g h l y compet i t ive i n the ir n o r m a l environments . 
Concentrat ions of p a t u l i n f o u n d i n n a t u r a l app le rots have been as h i g h 
as 136 m g / k g of f ru i t (143). T h e first observat ion for p a t u l i n i n commer 
c i a l products was i n a l i m i t e d C a n a d i a n survey (145). P a t u l i n was f o u n d 
at 1.0 mg /1 . i n one of 12 samples of apple juice . A 1971 survey of four 
c ider mi l l s i n upper N e w Y o r k State showed that the presence of p a t u l i n 
i n the apple juice was re lated to the inc lus ion of d e c a y e d apples w i t h the 
f ru i t go ing into the press. N i n e of 40 samples of ju ice f r o m two mi l l s that 
used u p to 5 0 % decayed apples h a d p a t u l i n levels of 2 0 - 4 5 m g / 1 . ( 146). 
P a t u l i n has also been isolated f r o m five of 21 samples of b a k e d goods 
covered w i t h a green m o l d ident i f ied as a Pénicillium species (147). 

Based on these observations, the U . S . F D A c o n d u c t e d a survey d u r 
i n g fiscal 1973 of apple ju ice on the U . S . market . P a t u l i n was detected i n 
3 7 % of 136 samples at an average contaminat ion l e v e l of 69 /xg/1. ( range 
40-440 /xg/1.). T h e poss ib i l i ty of p a t u l i n occurrence has been d e m o n 
strated i n other fruits (peaches, pears, apricots , cherr ies ) for w h i c h P . 
expansum is a c ommon storage rot organism (148). 

There are only a f ew n a t u r a l substrates such as app le juice i n w h i c h 
p a t u l i n has shown a reasonable s tab i l i ty (140, 149). A l t h o u g h p a t u l i n -
p r o d u c i n g strains of P . expansum have been used for r i p e n i n g some types 
of fermented sausage, p a t u l i n is not detectable i n the finished produc t 
(150) nor is there any detectable b i o l o g i c a l ac t iv i ty that c o u l d be re la ted 
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2. S T O L O F F Occurrence in Foods and Feeds 43 

to p a t u l i n (151). T h e inact ivat ion of p a t u l i n has been re la ted to its 
a b i l i t y to react w i t h s u l f h y d r y l compounds such as cysteine a n d g l u t a 
thione (141, 152), s imi la r l y to p e n i c i l l i c a c id . A l c o h o l i c f e rmentat ion 
of a contaminated juice w i l l also e l iminate p a t u l i n (152 ) . 

Conclusion 

In format ion on mycotox in inc idence shou ld be interpreted caut iously . 
Inc idence data can te l l on ly w h a t has h a p p e n e d i n the past a n d appl ies 
on ly to that cross-section of the commodi ty represented b y the sample . 
Unless in format ion is i n c l u d e d on h o w the contaminat ion occurred , there 
is no basis for future projections. H o w e v e r , some idea of the past is n e e d e d 
to determine h o w m u c h effort to put into the future. O f t e n this effort c o n 
sists i n determin ing the magni tude of the tox ico log ica l r isk f r o m the levels 
of tox in encountered since re l iab le in format ion o n the effects of chron i c 
h u m a n exposure to these toxins is prac t i ca l ly nonexistent. 

Literature Cited 

1. Tanner, F. W., "The Microbiology of Foods," p. 669, Twin City Printing, 
Champaign, Ill., 1932. 

2. Barger, G., "Ergot and Ergotism," p. 85, Gurney and Jackson, London, 
1931. 

3. Mayer, C. F., "Endemic Panmyelotoxicosis in the Russian Grain Belt," 
Mil Surg.(( 1953) 113, 295-315. 

4. Bilay, V. I., "Mycotoxicoses of Man and Agricultural Animals," Kiev, 1960. 
Translation distributed by Office of Technical Services, U.S. Department 
of Commerce, Washington, D.C. 

5. Shapovalov, M . , Phytopathology (1917) 7, 384-386. 
6. Dounin, M . , "The Fusariosis of Cereal Crops in Europian Russia in 1923," 

Phytopathology (1926) 16, 305-308. 
7. Saito, M . , Tatsuno, T., "Toxins of Fusarium nivale," in "Microbial Toxins," 

Vol. 7, S. Kadis, A. Ciegler, S. J. Ajl, Eds., Academic, New York, 1971. 
8. Bamburg, J. R., Strong, F. M . , "12,13-Epoxytrichothecenes," in "Microbial 

Toxins," Vol. 7, S. Kadis, A. Ciegler, S. J. Ajl, Eds., Academic, New 
York, 1971. 

9. Mirocha, C. J., Pathre, S., "Identification of the Toxic Principle in a Sample 
of Poaefusarin," Appl. Microbiol. (1973) 26, 719-724. 

10. Kinosita, R., Shikata, T., "On Toxic Moldy Rice," in "Mycotoxins in Food
stuffs," G. N. Wogan, Ed., MIT Press, Cambridge, Mass., 1965. 

11. Saito, M . , Enomoto, M . , Tatsuno, T., "Yellowed Rice Toxins," in "Micro
bial Toxins," Vol. 6, A. Ciegler, S. Kadis, S. J. Ajl , Eds., Academic, 
New York, 1971. 

12. Forgacs, J., Carll, W. T., "Mycotoxicoses," Advan. Vet. Sci. (1962) 7, 
273-382. 

13. "Mycotoxicoses—Food-Borne Fungal Diseases," in "Animal Diseases," 
Nutr. Rev. (1962) 20, 339-342. 

14. Eppley, R. M . , Bailey, W. J., "12,13-Epoxy-Δ9-trichothecenes as the 
Probable Mycotoxins Responsible for Stachybotryotoxicosis," Science 
(1973) 181, 758-760. 

15. Christensen, J. J., Kernkamp, H . C. H . , "Studies on the Toxicity of 
Blighted Barley to Swine," (Univ. of Minn.), Agr. Exp. Sta. Tech. Bull. 
(1936) 113. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



44 MYCOTOXINS 

16. Hoyman, W. G., "Concentration and Characterization of the Emetic Prin
ciple Present in Barley Infected with Gibberella Saubinetii," Phyto
pathology (1941) 31, 871-885. 

17. Tuite, J., Shaner, G., Rambo, G., Foster, J., Caldwell, R. W., "The 
Gibberella Ear Rot Epidemics of Corn in Indiana in 1965 and 1972," 
Cereal Sci. Today (1974) 19, 238-241. 

18. Prentice, N . , Dickson, A. D., "Emetic Material Associated with Fusarium 
Species in Cereal Grains and Artificial Media," Biotech. Bioeng. (1968) 
10, 413-427. 

19. Vesonder, R. F., Ciegler, Α., Jensen, A. H., "Isolation of the Emetic Prin
ciple from Fusarium-Infected Corn," Appl. Microbiol. (1973) 25, 1008-
1010. 

20. Ellison, R. Α., Kotsonis, F. Ν., "T-2 Toxin as an Emetic Factor in Moldy 
Corn," Appl. Microbiol (1973) 25, 540-543. 

21. Ueno, Y., Ishii, K., Sato, N . , Ohtsubo, K. , "Toxicological Approaches to 
the Metabolites of Fusaria VI. Vomiting Factor from Moldy Corn In
fected with Fusarium Spp," Jap. J. Exp. Med. (1974) 44, 123-127. 

22. Bailey, W. S., Grotn, A. H . , "The Relationship of Hepatitis-X of Dogs and 
Moldy Corn Poisoning of Swine," J. Amer. Vet. Med. Ass. ( 1959 ) 134, 
514-516. 

23. Wilson, B. J., Teer, P. Α., Barney, G. H., Blood, F . R., "Relationship of 
Aflatoxin to Epizootics of Toxic Hepatitis Among Animals in Southern 
United States," Amer. J. Vet. Res. (1967) 28, 1217-1230. 

24. Taylor, Α., "The Toxicology of Sporidesmins and Other Epithiodioxo-
piperazines," in "Microbial Toxins," Vol. 7, S. Kadis, A. Ciegler, S. J. Ajl, 
Eds., Academic, New York, 1971. 

25. Blount, W. P., "Turkey 'X' Disease," Turkeys (1961) 9, 52. 
26. Sargent, K., Carnaghan, R. Β. Α., "Groundnut Toxicity in Poultry: Ex

perimental and Chemical Aspects," Brit. Vet. J. (1963) 119, 178-184. 
27. Lancaster, M . C., Jenkins, F . P., Philp, J. McL. , Sargeant, K., Sheridan, Α., 

O'Kelly, J., "Toxicity Associated with Certain Samples of Groundnuts," 
Nature (1961) 192, 1095-1096. 

28. Dickens, F., Jones, Η. Ε. H., "The Carcinogenic Action of Aflatoxin After 
its Subcutaneous Injection in the Rat," Brit. J. Cancer (1963) 19, 691-
698. 

29. Le Breton, E. , Frayssinet, C., Boy, J., "Sur l'Apparition D'Hepatomes 
'Spontanés' Chez le Rat Wistar. Role de la Toxine de l'Aspergillus 
flavus. Interet en pathologie humaine et cancerologie expérimentale," 
C.R. Acad. Sci. (1962) 25, 784-786. 

30. "There's a Fungus Among Us (A Note on the Peanut Toxicity Problem)," 
World Health Organization Nutrition Document R.3/Add. 23, PAG-
( W H O / F A O / U N I C E F ) Rome, 1962. 

31. Salmon, W. D., Newberne, P. M . , "Occurrence of Hepatomas in Rats Fed 
Diets Containing Peanut Meal as a Major Source of Protein," Cancer 
Res. (1963) 23, 571-575. 

32. "Official Methods of Analysis," 12th Ed. , Ass. Off. Anal. Chem. (1975) 
Chapter 26. 

33. Nesheim, S., "Analysis of Ochratoxins A and Β and Their Esters in Barley, 
Using Partition and Thin Layer Chromatograph. I. Development of 
the Method, II. Collaborative Study," J. Ass. Offic. Anal. Chem. (1973) 
56, 817-826. 

34. Scott, P. M . , "Collaborative Study of a Chromatographic Method for 
Patulin in Apple Juice," J. Ass. Offic. Anal. Chem. (1974) 57, 621-625. 

35. Hald, B., Krogh, P., "Analysis and Chemical Confirmation of Citrinin in 
Barley," J. Ass. Offic. Anal. Chem. (1973) 56, 1440-1443. 

36. Thorpe, C. W., Johnson, R. L . , "Analysis of Penicillic Acid by Gas-Liquid 
Chromatography," J. Ass. Offic. Anal. Chem. (1974) 57, 861-865. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



2. S T O L O F F Occurrence in Foods and Feeds 45 

37. Eppley, R. M., "Screening Method for Zearalenone, Aflatoxin and Ochra
toxin," J. Ass. Offic. Anal. Chem. (1968) 51, 74-78. 

38. Purchase, I. F. H., Van der Watt, J. J., "Carcinogenicity of Sterigmato
cystin," Food Cosmet. Toxicol (1970) 8, 289-295. 

39. van der Merwe, K. J., Fourie, L., Scott, de Β., "On the Structure of the 
Aflatoxins," Chem. Ind. (1963) 1660-1661. 

40. Stack, M. E., Rodricks, J. V., "Collaborative Study of the Quantitative 
Determination and Chemical Confirmation of Sterigmatocystin in 
Grains," J. Ass. Offic. Anal. Chem. (1973) 56, 1123-1125. 

41. Purchase, I. F. H., Goncalves, T., "Preliminary Results from Food Analyses 
in the Inhambane Area," in "Mycotoxins in Human Health," I. F. H . 
Purchase, Ed., pp. 263-269, Macmillan Press, London, 1971. 

42. Scott, P. M., van Walbeek, W., Kennedy, B., Anyeti, D., "Mycotoxins 
(Ochratoxin A, Citrinin, and Sterigmatocystin) and Toxigenic Fungi in 
Grains and Other Agricultural Products," J. Agr. Food Chem. (1972) 
20, 1103-1109. 

43. Purchase, I. F. H., Pretorius, M. E., "Sterigmatocystin in Coffee Beans," 
J. Ass. Offic. Agr. Chem. (1973) 56, 225-226. 

44. Hsu, I-C., Smalley, Ε. B., Strong, F. M., Ribelin, W. E., "Identification 
of T-2 Toxin in Moldy Corn Associated with a Lethal Toxicosis in Dairy 
Cattle," Appl. Microbiol. (1972) 24, 684-690. 

45. Hunter, J. H., "Growth and Aflatoxin Production in Shelled Corn by the 
Aspergillus flavus Group as Related to Relative Humidity and Tem
perature," Ph.D. Thesis, Purdue University, 1969. 

46. "Report on a Surveillance Program—Aflatoxins in Consumer Peanut Prod
ucts," FDA Bureau of Foods, 1973. 

47. Whitaker, T. B., Dickens, J. W., "Variability of Aflatoxin Test Results," 
J. Amer. Oil Chem. Soc. (1974) 51, 214-218. 

48. Shank, R. C., Wogan, G. N. , Gibson, J. B., Nondasuta, Α., "Dietary Afla
toxins and Human Liver Cancer. II. Aflatoxins in Market Foods and 
Foodstuffs of Thailand and Hongkong," Food Cosmet. Toxicol. (1972) 
10, 61-69. 

49. Campbell, T. C., Salamat, L., "Aflatoxin Ingestion and Excretion by Hu
mans," in "Mycotoxins in Human Health," I. F. H . Purchase, Ed., Mac
millan Press, London, 1971. 

50. Campbell, T. C., Stoloff, L., "Implications of Mycotoxins for Human 
Health," J. Agr. Food Chem. (1974) 22, 1006-1015. 

51. Alpert, M. E., Hutt, M. S. R., Wogan, G. N., Davidson, C. S., "Association 
Between Aflatoxin Content of Food and Hepatoma Frequency in 
Uganda," Cancer (1971) 28, 253-260. 

52. Suzangar, M., Emani, Α., Barnett, R., "Contamination of Pistachio Nuts 
with Aflatoxins While on the Trees and in Storage," 2nd Intern. IUPAC 
Symp. Mycotoxins Food, Pulawy, Poland, 1974. 

53. Mattei, J. Α., California Almond Growers Exchange, personal communica
tion, 1974. 

54. Johnson, R. Α., Diamond Walnut Growers, Inc., personal communication, 
1974. 

55. Jackson, E. W., Wolf, H., Sinnhuber, R. O., "The Relationship of Hepa
toma in Rainbow Trout to Aflatoxin Contamination and Cottonseed 
Meal," Cancer Res. (1968) 28, 987-991. 

56. Whitten, M. E., "Occurrence of Aflatoxins in Cottonseed and Cottonseed 
Products," Mycotoxin Res. Sem., Proc., Washington, D. C., June 8-9, 
1967, pp. 7-9, 1968. 

57. Harper, G. Α., National Cottonseed Products Assn., Inc., personal com
munication, 1974. 

58. Whitten, M. E., USDA Agricultural Marketing Research Institute, Cereal 
and Oilseed Research, personal communication, 1974. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



46 MYCOTOXINS 

59. Simpson, Μ. Ε., Marsh, P. Β., "The Geographical Distribution of Asper
gillus flavus Boll Rot in the U.S. Cotton Crop of 1970," Plant Dis. Rep. 
(1971) 55,510-514. 

60. Marsh, P. B., Simpson, M. E., Craig, G. O., Donoso, J., Ramey, H., Jr., 
"Occurrence of Aflatoxins in Cotton Seeds at Harvest in Relation to 
Location of Growth and Field Temperatures," J. Environ. Qual. (1973) 
2, 276-281. 

61. Marsh, P. B., Bollenbacher, K., San Antonio, J. P., Merola, G. V., "Obser
vations on Certain Fluorescent Spots in Raw Cotton Associated with the 
Growth of Micro-Organisms," Text. Res. J. (1955) 25, 1007-1016. 

62. Ashworth, L. J., Jr., McMeans, J. L., "Association of Aspergillus flavus 
and Aflatoxins with a Greenish Yellow Fluorescence of Cotton Seed," 
Phytopathology (1966) 56, 1104-1105. 

63. Whitten, M. E., "Screening Cottonseed for Aflatoxins," J. Amer. Oil Chem. 
Soc. (1969) 46, 39-40. 

64. Marsh, P. R., Simpson, M. E., Ferretti, R. J., Campbell, T. C., Donoso, J., 
"Relation of Aflatoxins in Cottonseeds at Harvest to Fluorescence in the 
Fiber," J. Agr. Food Chem. ( 1969) 17, 462-467. 

65. Marsh, P. B., Simpson, M. E., Ferretti, R. J., Merola, G. V., Donoso, J., 
Craig, G. O., Trucksess, M. W., Work, P. S., "Mechanism of Formation 
of a Fluorescence in Cotton Fiber Associated with Aflatoxins in the 
Seeds at Harvest," J. Agr. Food Chem. (1969) 17, 468-472. 

66. Ashworth, L. J., Jr., Rice, R. E., McMeans, J. L., Brown, C. M., "The 
Relationship of Insects to Infection of Cotton Bolls by Aspergillus 
flavus," Phytopathology (1971) 61, 488-493. 

67. Ashworth, L. J., Jr., McMeans, J. L., Brown, C. M., "Infection of Cotton 
by Aspergillus flavus: The Influence of Temperature and Aeration," 
Phytopathology (1968) 59, 383-385. 

68. Marsh, P. B., Simpson, M. E., Craig, G. O., Donoso, J., Ramey, H. H., Jr., 
"Occurrence of Aflatoxins in Cottonseeds at Harvest in Relation to 
Location of Growth and Field Temperatures," J. Environ. Quality 
(1973) 2, 276-281. 

69. Ashworth, L. J., Jr., McMeans, J. L., Houston, B. R., Whitten, M. E., 
Brown, C. M., "Mycoflora, Aflatoxins and Free Fatty Acids in California 
Cottonseed During 1967-1968," J. Amer. Oil Chem. Soc. (1971) 48, 
129-133. 

70. Hald, B., Krogh, P., "Occurrence of Aflatoxin in Imported Cottonseed 
Products," Nord. Vet.-Med. (1970) 22, 39-47. 

71. Vedanayagam, H. S., Indulkar, A. S., Rao, S. R., "Aflatoxins and Asper
gillus flavus Link in Indian Cottonseed," Indian J. Exp. Biol. (1971) 
9, 410-411. 

72. Krogh, P., Hald, B., Korpinen, E.-L., "Occurrence of Aflatoxin in Ground
nut and Copra Products Imported to Finland," Nord. Vet.-Med. (1970) 
22, 584-589. 

73. Dwarakanath, C. T., Sreenivasamurthy, V., Parpia, Η. A. B., "Aflatoxin 
in Indian Peanut Oil," J. Food Sci. Technol. (Mysore) (1969) 6, 107-
109. 

74. Ling, K-H., Tung, C-M., Sheh, P., Wang, J-J., Tung, T-C., "Aflatoxin 
B1 in Unrefined Peanut Oil and Peanut Products in Taiwan," J. For-
mosan Med. Ass. (1968) 67, 309-313. 

75. Parker, W. Α., Melnick, D., "Absence of Aflatoxin from Refined Vegetable 
Oils," J. Amer. Oil Chem. Soc. (1966) 43, 635-638. 

76. Shotwell, O. L., Hesseltine, C. W., Burmeister, H . R., Kwolek, W. F., 
Shannon, G. M., Hall, H. H., "Survey of Cereal Grains and Soybeans 
for the Presence of Aflatoxin. II. Corn and Soybeans," Cereal Chem. 
(1969) 46, 454-463. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



2. STOLOFF Occurrence in Foods and Feeds 47 

77. Shotwell, Ο. L., Hesseltine, C. W., Goulden, M. L., Vandegraft, Ε. E., 
"Survey of Corn for Aflatoxin, Zearalenone, and Ochratoxin," Cereal 
Chem. (1970) 47, 700-707. 

78. Shotwell, O. L., Hesseltine, C. W., Vandegraft, Ε. E., Goulden, M. L., 
"Survey of Corn from Different Regions for Aflatoxin, Ochratoxin, and 
Zearalenone," Cereal Sci. Today (1971) 16, 266-273. 

79. Shotwell, O. L., Hesseltine, C. W., Goulden, M . L., "Incidence of Afla
toxin in Southern Corn, 1969-1970," Cereal Sci. Today (1973) 18, 
192-195. 

80. Shotwell, O. L., Goulden, M. L., Hesseltine, C. W., "Aflatoxin Contamina
tion: Association with Foreign Material and Characteristic Fluorescence 
in Damaged Corn Kernels," Cereal Chem. (1972) 49, 458-465. 

81. Velasco, J., "Detection of Aflatoxin Using Small Columns of Florisil," 
J. Amer. Oil Chem. Soc. (1973) 49, 141-142. 

82. Hunt, W. H., Liebe, E. B., Velasco, J., "Incidence of Aflatoxin in Corn 
and a Field Method for Aflatoxin Analysis," Cereal Chem., submitted 
for publication, 1975. 

83. Shotwell, O. L., Goulden, M. L., Hesseltine, C. W., "Aflatoxin: Distribu
tion in Contaminated Corn," Cereal Chem. (1974) 51, 492-499. 

84. Shotwell, O. L., Goulden, M. L., Jepson, A. M., Kwolek, W. F., Hesseltine, 
C. W., "Aflatoxin Occurrence in White Corn Under Loan, 1971. III. 
Association with Bright Greenish-Yellow Fluorescence in Corn," Cereal 
Chem., in press, 1975. 

85. Lillehoj, Ε. B., Kwolek, W. F., Fennell, D. I., Milburn, M. S., "Bright 
Greenish-Yellow Fluorescence and Aflatoxin in Freshly Harvested High-
Moisture Corn from Southern Illinois and Southeastern Missouri," 
Cereal Chem. (1975) 52, 403-412. 

86. Lillehoj, Ε. B., Kwolek, W. F., Shannon, G. M. , Shotwell, O. L., Hessel
tine, C. W., "Aflatoxin Occurrence in 1973 Field Corn: A Limited 
Survey in the Southeastern U.S.," Cereal Chem., in press, 1975. 

87. Knake, R. P., Deyoe, C. W., "Production of Aflatoxin by Aspergillus 
parasiticus in Maturing White Corn," Poultry Sci. (1973) 52, 2049. 

88. Rambo, G., Tuite, J., Crane, P., "Preharvest Inoculation and Infection of 
Dent Corn Ears with Aspergillus flavus and A. parasiticus," Phyto
pathology (1974) 64, 797-800. 

89. Ullola-Sosa, M., Schroeder, H. W., "Note on Aflatoxin Decomposition in 
the Process of Making Tortillas from Corn," Cereal Chem. (1969) 46, 
397-400. 

90. Yahl, K. R., Watson, S. Α., Smith, R. J., Barabolok, R., "Laboratory Wet 
Milling of Corn Containing High Levels of Aflatoxin and a Survey of 
Commercial Wet-Milling Products," Cereal Chem. (1971) 48, 385-391. 

91. Brekke, O. L., Peplinski, A. J., Nelson, G. Ε. N. , Griffin, E. L., Jr., "Pilot-
plant Dry Milling of Corn Containing Aflatoxin," Cereal Chem. (1975) 
52, 205-211. 

92. Shotwell, O. L., Hesseltine, C. W., Burmeister, H . R., Kwolek, W. F., 
Shannon, G. M., Hall, Η. H., "Survey of Cereal Grains and Soybeans 
for the Presence of Aflatoxin: I. Wheat, Grain Sorghum, and Oats," 
Cereal Chem. (1969) 46, 446-454. 

93. Shotwell, O. L., Goulden, M. L., Fennell, D. I., Hesseltine, C. W., "Survey 
of Wheat for Aflatoxin and Ochratoxin," J. Agr. Food Chem., sub
mitted for publication, 1975. 

94. Shank, R. C., Gordon, J. E., Wogan, C. N., Nondasuta, Α., Subhamani, B., 
"Dietary Aflatoxins and Human Liver Cancer. III. Field Survey of 
Rural Thai Families for Ingested Aflatoxins," Food Cosmet. Toxicol. 
(1972) 10, 71-84. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



48 MYCOTOXINS 

95. Hesseltine, C. W., Shotwell, O. L., Ellis, J. J., Stubblefield, R. D., "Afla
toxin Formation by Aspergillus flavus," Bacteriol. Rev. (1966) 30, 
795-805. 

96. Scott, P. M., Kennedy, B. P. C., "Analysis and Survey of Ground Black, 
White, and Capsicum Peppers for Aflatoxins," J. Ass. Off. Anal. Chem. 
(1973) 56, 1452-1457. 

97. Schuller, P. L., Ockuizen, Th., Werringloer, J., Marquardt, P., "Aflatoxin 
B1 und Histamin in Wein," Arzneim. Forsch. (1967) 17, 888-890. 

98. Drawert, F., Barton, H., "Zun Nachweis von Aflatoxinen in Wein," Z. 
Lebensm. Unters. Forsch. (1974) 154, 223-224. 

99. Takahashi, D. M., "Thin Layer Chromatographic Determination of Afla
toxins in Wine," J. Ass. Offic. Anal. Chem. (1974) 57, 875-879. 

100. "Report on a Surveillance Program—Aflatoxins in Milk Products," FDA 
Bureau of Foods, 1973. 

101. Purchase, I. F. H., Vorster, L. J., "Aflatoxin in Commercial Milk Samples," 
S. Afr. Med. J. (1968) 42, 219. 

102. Neumann-Kleinpaul, Α., Terplan, G., "Zum Vorkommen von Aflatoxin M1 

in Trockenmilchprodukten," Arch. Lebensmittelhyg. (1972) 23, 128-
131. 

103. Jung, M., Hanssen, E., "Uber das Vorkommen von Aflatoxin M1 in 
Trockenmilcherzeugnissen," Food Cosmet. Toxicol. (1974) 12, 131-
138. 

104. van der Linde, J. Α., Frens, A. M., van Esch, C. J., "Experiments with 
Cows Fed Groundnut Meal Containing Aflatoxin," in "Mycotoxins in 
Foodstuffs," G. Wogan, Ed., pp. 247-249, MIT Press, Cambridge, Mass., 
1965. 

105. Polan, C. E., Hayes, J. R., Campbell, T. C., "Consumption and Fate of 
Aflatoxin B1 by Lactating Cows," J. Agr. Food Chem. (1974) 22, 635-
638. 

106. McKinney, J. D., Cavanagh, G. C., Bell, J. T., Hoversland, A. S., Nelson, 
D. M., Pearson, J., Selkirk, R. J., "Effects of Ammoniation on Aflatoxins 
in Rations Fed Lactating Cows," J. Amer. Oil Chem. Soc. (1973) 50, 
79-84. 

107. Masri, M. S., Garcia, V. C., Page, J. R., "The Aflatoxin M Content of 
Milk from Cows Fed Known Amounts of Aflatoxin," Vet. Rec. (1969) 
84, 146-147. 

108. Allcroft, R., Roberts, Β. Α., "Toxic Groundnut Meal: The Relationship 
Between Aflatoxin B1 Intake by Cows and Excretion of Aflatoxin M1 in 
Milk," Vet. Rec. (1968) 82, 116-118. 

109. Mirocha, C. J., Christensen, C. M., Nelson, G. H., "Estrogenic Metabolite 
Produced by Fusarium graminearum in Stored Corn," Appl. Microbiol. 
(1967) 15, 497-503. 

110. Caldwell, R. W., Tuite, J., Stob, M., Baldwin, R., "Zearalenone Produc
tion by Fusarium Species," Appl. Microbiol. (1970) 20, 31-34. 

111. Mirocha, C. J., Christensen, C. M., Nelson, G. H., "Biosynthesis of the 
Fungal Estrogen F-2 and a Naturally Occurring Derivative (F-3) by 
Fusarium moniliforme," Appl. Microbiol. (1969) 17, 482-483. 

112. Caldwell, R. W., Tuite, J., "Zearalenone Production in Field Corn in 
Indiana," Phytopathology (1970) 60, 1696-1697. 

113. Caldwell, R. W., Tuite, J., "Zearalenone in Freshly Harvested Corn," 
Phytopathology (1974) 64, 752-753. 

114. Koehler, B., "Fungus Growth in Shelled Corn as Affected by Moisture," 
J. Agr. Res. (1938) 56, 291-307. 

115. Mirocha, C. J., Christensen, C. M., Nelson, G. H., "F-2 (Zearalenone) 
Estrogenic Mycotoxin from Fusarium," in "Microbial Toxins," Vol. VII, 
S. Kadis, A. Ciegler, S. A. Ajl, Eds., pp. 107-138, Academic Press, 
New York, 1971. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



2. STOLOFF Occurrence in Foods and Feeds 49 

116. Eppley, R. M., Stoloff, L., Trucksess, M. W., Chung, C. W., "Survey of 
Corn for Fusarium Toxins," J. Ass. Offic. Anal. Chem. (1974) 57, 632-
635. 

117. Roine, K., Korpinen, E-L., Kallela, K., "Mycotoxicosis as a Probable 
Cause of Infertility in Dairy Cows," Nord. Vet. Med. (1971) 23, 628-
633. 

118. Erikson, E., "Estrogenic Factors in Moldy Grain," Nord. Vet. Med. (1968) 
20, 396-401. 

119. Jemmali, M., "Presence dun Facteur Oestrogenique d'Origine Fongique 
la Zearalenone ou F-2, comme Contaminant Naturel, dans du Mais," 
Ann. Microbiol. (Inst. Pasteur) (1973) 124B, 109-114. 

120. Mirocha, C. J., Harrison, J., Nichols, Α. Α., McClintock, M., "Detection 
of a Fungal Estrogen (F-2) in Hay Associated with Infertility in Dairy 
Cattle," Appl. Microbiol. (1968) 16, 797-798. 

121. Bennett, G. Α., Peplinski, A. J., Brekke, O. L., Jackson, L., Wischer, R., 
"Distribution of Zearalenone in Dry Milled Fractions of Contaminated 
Corn," Cereal Chem., submitted for publication, 1975. 

122. Scott, De Β., "Toxigenic Fungi Isolated from Cereal and Legume Prod
ucts," Mycopath. Mycolog. (1965) 25, 213-222. 

123. van der Merwe, K. J., Steyn, P. S., Fourie, L., Scott, De Β., Theron, J. J., 
"Ochratoxin A, a Toxic Metabolite Produced by Aspergillus ochraceus 
Wilh," Nature (1965) 205, 1112-1113. 

124. van Walbeek, W., Scott, P. M., Harwig, J., Lawrence, J. W., "Penicillium 
viridicatum Westling: a New Source of Ochratoxin A," Can. J. Micro
biol. (1969) 15, 1281-1285. 

125. Krogh, P., Hald, B., Pedersen, J., "Occurrence of Ochratoxin A and 
Citrinin in Cereals Associated with Mycotoxic Porcine Mephropathy," 
Acta. Path. Microbiol. Scand. (1973) B81, 689-695. 

126. Harwig, J., Chen, Y.-K., "Some Conditions Favoring Production of Ochra
toxin A and Citrinin by Penicillium viridicatum in Wheat and Barley," 
Can. J. Plant Sci. (1974) 54, 17-22. 

127. Shotwell, O. L., Hesseltine, C. W., Goulden, M. L., "Ochratoxin A: Occur
rence as a Natural Contaminant of a Corn Sample," Appl. Microbiol. 
(1969) 17, 765-766. 

128. Krogh, P., Royal Veterinary and Agricultural University, Denmark, 1971, 
personal communication. 

129. Krogh, P., Hald, B., Gjertsen, P., Myken, F., "Fate of Ochratoxin A and 
Citrinin During Malting and Brewing Experiments," Appl. Microbiol. 
(1974) 28, 31-34. 

130. Krogh, P., Hald, B., 1974, personal communication. 
131. Hald, B., Krogh, P., Ochratoxin Residues in Bacon Pigs. Abstr. IUPAC-

sponsored symp. "Control of Mycotoxins," Goeteborg, Sweden (1972) 
18. 

132. Levi, C. P., Trenk, H. L., Mohr, H. K., "Study of the Occurrence of 
Ochratoxin A in Green Coffee Beans," J. Ass. Offic. Anal. Chem. (1974) 
57, 866-870. 

133. Trenk, H., General Foods Technical Center, 1974, personal communica
tion. 

134. Hetherington, A. C., Raistrick, H., "Biochemistry of Microorganisms XIV. 
Production and Chemical Constitution of a New Yellow Coloring Matter, 
Citrinin, Produced from Dextrose by Penicillium citrinum Thom," 
Trans. Royal Soc. (London) (1931) B220, 269-296. 

135. Alsberg, C. L., Black, O. F., "Contributions to the Study of Maize De
terioration," U.S. Dept. Agr., Bur. Plant Ind. Bull. (1913) 270, 7-48. 

136. Thorpe, C. W., Johnson, R. L., "Analysis of Penicillic Acid by Gas-Liquid 
Chromatography," J. Ass. Offic. Anal. Chem. (1974) 57, 861-865. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



50 MYCOTOXINS 

137. Ciegler, Α., Kurtzman, C. P., "Penicillic Acid Production by Blue-Eye 
Fungi on Various Agricultural Commodities," Appl. Microbiol (1970) 
20, 761-764. 

138. Ciegler, Α., Mintzlaff, H-J, Machnik, W., Leistner, L., "Untersuchungen 
uber das Toxinbidungsvermogen von Rohwursten Isolierter Schimmel-
pilze der Gattung Penicillium," Fleischwirtschaft (1972) 52, 1311-
1318. 

139. Ciegler, Α., Mintzlaff, H-J., Weisleder, D., Leistner, L., "Potential Pro
duction and Detoxification of Penicillic Acid in Mold-Fermented Sau
sage (Salami)," Appl. Microbiol. (1972) 24, 114-119. 

140. Scott, P. M., Somers, E., "Stability of Patulin and Penicillic Acid in Fruit 
Juices and Flour," J. Agr. Food Chem. (1968) 16, 483-485. 

141. Brian, P. W., Elson, G. W., Lowe, D., "Production of Patulin in Apple 
Fruits by Penicillium expansum," Nature (1956) 178, 263-264. 

142. Walker, J. R. L., "Inhibition of the Apple Phenolase System through In
fection by Penicillium expansum" Photochemistry (1969) 8, 561-566. 

143. Harwig, J., Chen, Y-K., Kennedy, B. P. C., Scott, P. M., "Occurrence of 
Patulin and Patulin-Producing Strains of Penicillium expansum in Nat
ural Rots of Apple in Canada," Can. Inst. Food Sci. Technol. J. (1973) 
6, 22-25. 

144. Norstadt, F. Α., McCalla, T. M., "Microbially Induced Phytotoxicity in 
Stubble-Mulched Soil," Soil Sci. Soc. Amer. Proc. (1968 ) 32, 241-245. 

145. Scott, P. M., Miles, W. F., Toft, P., Dubé, J., "Occurrence of Patulin in 
Apple Juice," J. Agr. Food Chem. (1972) 20, 450-451. 

146. Wilson, D. M., 1974, private communication. 
147. Reiss, J., "Nachweis von Patulin in Spontan Verschimmeltem Brot und 

Geback," Naturwissenschaften (1972) 59, 37. 
148. Buchanan, J. R., Sommer, N. F., Fortlage, R. J., Maxie, Ε. C., Mitchell, 

F. G., Hsieh, D. P. H., "Patulin from Penicillium expansum in Stone 
Fruits and Pears," J. Amer. Soc. Hort. Sci. (1974) 99, 262-265. 

149. Pohland, A. E., Allen, R., "Stability Studies with Patulin," J. Ass. Offic. 
Anal Chem. (1970) 53, 688-691. 

150. Alperden, L, Mintzlaff, H-J., Tauchmann, F., Leistner, L., "Untersuch
ungen uber die Bildung des Mykotoxins Patulin in Rohwurst," Fleisch
wirtschaft (1973) 53, 566-568. 

151. Hofmann, K., Mintzlaff, H-J., Alperden, I., Leistner, L., "Untersuchung 
uber die Inaktivierung des Mykotoxins Patulin durch Sulfhydrylgrup-
pen," Fleischwirtschaft (1971) 51, 1534-1536. 

152. Harwig, J., Scott, P. M., Kennedy, B. P. C., Chen, Y-K., "Disappearance 
of Patulin from Apple Juice Fermented by Saccharomyces spp," J. Inst. 
Can. Sci. Technol. Aliment. (1973) 6, 45-46. 

RECEIVED November 8, 1974. Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

02



3 

The Role of Aflatoxin in Human Disease 

R. C. SHANK 1 

Department of Nutrition and Food Science, Massachusetts Institute of 
Technology, Cambridge, Mass. 02139 

Since the finding that aflatoxin B1 is the most potent hepato-
carcinogen known, several international studies have been 
conducted to determine to what extent this toxin is causally 
related to liver cancer in man. In areas of Uganda and 
Swaziland where the incidence of liver cancer is high, afla
toxin contamination of food crops is also high. Daily inges
tion of aflatoxins in Thailand and Kenya correlated well with 
liver cancer incidence. Mounting evidence relates aflatoxins 
to acute poisonings in children, especially Reye's syndrome 
in Thailand. 

Much is known about the occurrence and toxicity of the aflatoxins. 
Aflatoxin B1, the most common of the group in natural contamina

tion of foodstuffs, is the most potent hepatocarcinogen known for experi
mental animals. Obviously the ultimate question is what role if any 
aflatoxin plays in human disease. 

Chronic Toxicity 

The first study that associated aflatoxins in the food supply with the 
incidence of human liver cancer was done in Uganda by Alpert and 
co-workers (1). Of the 480 food samples collected from various areas of 
Uganda during 1966-1967, almost 4% contained more than 1 ppm total 
aflatoxins; this is regarded as heavy contamination. More important, 
there was a geographical distribution to the contamination which when 
compared with the distribution of liver cancer in Uganda suggested an 
association of the toxin and the disease. 

Keen and Mart in (2) measured the extent of aflatoxin contamination 
in peanuts collected from various areas in Swaziland and at the same 

1 Present address: Department of Community and Environmental Medicine, Col
lege of Medicine, University of California, Irvine, Calif. 92664. 
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t ime estimated the geographica l d i s t r ibut ion of l i ver cancer cases based 
on cancer registry data for 1964 to 1968. I n areas where contaminat ion 
of peanuts was h i g h , the est imated inc idence of l i ver cancer was h i g h ; 
i n add i t i on , inhabitants of the h i g h l iver cancer areas tended to eat more 
peanuts than those i n other areas, increas ing the l i k e l i h o o d of greater 
exposure to aflatoxin. 

These two studies d i d not show h o w m u c h aflatoxin was consumed. 
I n i t i a l reports on aflatoxin consumpt ion came f r o m C a m p b e l l a n d co
workers (3 ) w h o examined ur ine f r om P h i l i p p i n e c h i l d r e n w h o h a d eaten 
contaminated peanut butter . C h e m i c a l analysis per f o rmed on peanut 
butter samples f r o m 1967 to 1969 revealed that the l o ca l product h a d a 
m e d i a n l eve l of aflatoxins of 500 /xg / kg . C h i l d r e n w h o consumed 60 g or 
more of such peanut butter excreted detectable levels of the aflatoxin 
metabol i te , aflatoxin M i . 

N o t u n t i l recent ly were there reports of ep idemio log i c studies o n 
levels of aflatoxin consumed o n a d a i l y basis a n d the simultaneous i n c i 
dence of hepatoce l lu lar carc inoma. O n e s tudy was m a d e i n T h a i l a n d (4, 
5, 6,7, 8). O f the 2180 samples of foods a n d foodstuffs that were c o l 
lected for almost two years f r o m markets , mi l l s , warehouses, d istr ibutors , 
farms, a n d homes throughout T h a i l a n d , 9 % h a d aflatoxins, a n d peanuts, 
corn , mi l l e t , a n d d r i e d c h i l i peppers w e r e contaminated most frequently . 
T o x i n levels i n foods dest ined for h u m a n consumpt ion were as h i g h as 
772 / xg / kg i n d r i e d fish, 966 / xg / kg i n d r i e d c h i l i peppers , 2700 / xg / kg i n 
corn , a n d more than 12,000 / xg / k g i n peanuts. 

T h e market survey i n d i c a t e d a geographica l d i s t r ibut ion of aflatoxin 
contaminat ion a n d served as a basis for des igning a p i l o t s tudy to measure 
s imultaneously aflatoxin consumpt ion a n d fiver cancer inc idence i n two 
different populat ions . T h r e e vi l lages w e r e selected i n each of three areas 
of expected h i g h , intermediate , a n d l o w tox in consumptions. I n each 
v i l lage 16 households were selected r a n d o m l y to serve as the d ietary sur
vey p o p u l a t i o n ; f ood p r e p a r e d a n d eaten b y these famil ies was assayed 
for aflatoxins for three separate two -day intervals over 12 months. I n 
centra l T h a i l a n d where aflatoxin contaminat ion was shown h i g h b y the 
market survey, d a i l y tota l aflatoxin consumpt ion averaged 7 3 - 8 1 n g / k g 
b o d y w e i g h t on a f a m i l y basis ; i n western T h a i l a n d where the market 
survey ind i ca ted moderate contaminat ion , the total aflatoxin consumpt ion 
averaged 4 5 - 7 7 n g / k g b o d y we ight per day, a n d i n the southern-most 
area (expected l o w contaminat ion) the average was 5 -8 n g / k g b o d y 
w e i g h t per day. 

A l t h o u g h the market survey i n d i c a t e d that peanuts, corn, a n d m i l l e t 
w e r e h i g h i n tox in , these w e r e not the important sources i n the T h a i 
diet . Peanuts i n T h a i l a n d are a snack food a n d garnish , a n d corn a n d 
m i l l e t are on ly a s m a l l par t of the diet . A l t h o u g h r i ce i n markets a n d 
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3. S H A N K Aflatoxin in Human Disease 53 

storage areas was re lat ive ly free of aflatoxins, i t was a major source of 
tox in i n the diet. Ind irec t evidence suggested that leftover foods were a n 
apprec iab le source of d ie tary aflatoxins. T h e market survey d i d pred i c t 
successfully, however , that foods conta in ing gar l i c , d r i e d c h i l i peppers , 
or d r i e d fish, c o m m o n ingredients i n T h a i foods, w o u l d p r o b a b l y conta in 
the toxins. 

D u r i n g the d ietary survey, the inc idence of p r i m a r y l i v e r cancer was 
also measured i n western a n d southern-most T h a i l a n d . Invest igat ion of 
a l l hosp i ta l a n d home deaths w i t h i n a def ined p o p u l a t i o n of a p p r o x i 
mate ly 100,000 people per area cont inued for 12 months . L i v e r v iscer-
o tomy specimens were co l lected whenevr possible for h is topatho log i ca l 
examinat ion a n d veri f icat ion of diagnosis. T h e inc idence of p r i m a r y l i ve r 
cancer i n western T h a i l a n d was six n e w cases per year per 100,000 people , 
unadjusted for sex a n d age. I n southern-most T h a i l a n d the inc idence was 
2 /100 ,000 /year ; thus where aflatoxin consumpt ion was h i g h , inc idence of 
fiver cancer was also h i g h . N o t e however that there is p r e s u m a b l y a l a g 
between aflatoxin consumption a n d tumor expression, a n d therefore i t 
must be assumed that aflatoxin intakes measured i n the T h a i l a n d survey 
were ind i ca t ive of those of the l iver cancer cases at the t i m e the i r tumors 
were b e i n g induced . A l t h o u g h the amount of aflatoxin consumed m a y 
seem minute , the potency of aflatoxin B i must be remembered . C o n t i n u 
ous exposure of aflatoxin B i to rats at a 1 /xg /kg diet l e v e l results i n a 
signif icant inc idence of l i ver tumors. T h e highest d a i l y af latoxin B i intake 
measured i n T h a i l a n d was 55 n g / k g b o d y w e i g h t ( 6 ) , c o m p a r a b l e to a 
carc inogenic dose for the rat. 

F u r t h e r support that causal ly relates d ietary aflatoxins to h u m a n 
fiver cancer are the results f r o m an extensive a n d care fu l e p i d e m i o l o g i c a l 
s tudy carr ied out i n K e n y a f r o m 1967 to 1970 b y Peers a n d L i n s e l l ( 9 ) . 
T h e study was conducted i n the M u r a n g ' a d istr ic t ( p o p u l a t i o n 334,068, 
16 years of age a n d o lder ) o n the eastern slopes of the A b e r d a r e M o u n 
tains w i t h three geographica l ly d ist inct areas of h i g h , intermediate , a n d 
l o w elevation. T h e amounts of aflatoxins contaminat ing the f o o d supplies 
a n d the d ietary loads of aflatoxins i n these areas v a r i e d inverse ly w i t h 
a l t i tude. T h e inc idence of l i ver cancer was de te rmined t h r o u g h the 
cancer registry i n the same general populat ions i n w h i c h aflatoxin inges
t i on was measured. T h e data were p lo t ted as inc idence vs. l o g dose to 
y i e l d a regression l i n e w i t h a correlat ion coefficient of 0.87 ( for f our 
degrees of f r eedom) . T h e data obta ined f r o m T h a i l a n d are i n excellent 
agreement w i t h the K e n y a n regression l ine . 

N o t e that the 10,885 females over the age of 16 i n the h i g h e levat ion 
area h a d no cases of l iver cancer w i t h i n the 12-month s tudy p e r i o d even 
t h o u g h the m e a n aflatoxin consumpt ion was 3.46 n g / k g b o d y w e i g h t ; 
however this does not m e a n that this l eve l of aflatoxin c o n s u m p t i o n is not 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

03



54 MYCOTOXINS 

carcinogenic . A t that exposure the observed inc idence of l i ver cancer 
was zero per 10,000 people i n one year a n d shou ld not be considered as 
the safe or no-effect leve l . 

Acute Toxicity 

Aflatoxins were d iscovered because of their acute toxic i ty ; i t is r e a 
sonable to assume that i f these toxins are sufficiently prevalent i n the 
h u m a n diet to be causal ly re lated to h u m a n l i ver cancer, there exists a 
po tent ia l for exposure to larger amounts for shorter periods resul t ing i n 
an acute response. Three reports have associated aflatoxins w i t h acute 
po i son ing i n man—spec i f i ca l ly , r u r a l ch i ldren . 

I n 1967 L i n g a n d co-workers (10) reported o n an intox icat ion of 
26 persons w i t h three deaths i n two T a i w a n f a r m i n g vi l lages. T h e v i c 
t ims suffered edema of the l ower extremities, a b d o m i n a l p a i n , v o m i t i n g , 
a n d pa lpab le l i ver but no fever. I n three famil ies of ten households, five 
households consumed m o l d y r ice for periods u p to three weeks a n d 
experienced the intoxicat ion . M e m b e r s of the same famil ies l i v i n g i n the 
same compounds but i n different houses consumed other r ice a n d were 
unaffected. O n e or two samples of r i ce were taken f r om each of the 
affected famil ies a n d assayed for aflatoxin B i ; i n on ly two samples, b o t h 
f r o m the same f a m i l y , was the tox in f o u n d at approx imate ly 200 /*g /kg . 
N e i t h e r sex nor age governed the i l lness, b u t a l l three deaths were ch i ldren 
aged four, five, a n d six years. O n e c h i l d d i e d 6V2 hrs after the onset of 
i l lness, another 3y2 days after, a n d the t h i r d several days after. 

A n o t h e r report (11) of suspected aflatoxin po ison ing i n v o l v e d a 15-
year o l d A f r i c a n ( U g a n d a ) boy w i t h a history of four days of a b d o m i n a l 
p a i n a n d swel l ing . U p o n admiss ion to the hosp i ta l he h a d edema of bo th 
legs, a pa lpab le tender l iver , a n d no fever, symptoms closely resembl ing 
the T a i w a n cases. H e was treated for heart fa i lure , b u t his cond i t i on 
worsened, a n d he d i e d two days after admission. T h e autopsy revealed 
p u l m o n a r y edema, a flabby heart , a n d diffuse necrosis of the l i v e r ; there 
was congestion a n d edema of the l u n g , interst i t ia l edema of the heart, 
a n d centr i lobular necrosis a n d m i l d fat ty changes i n the fiver. T w o 
sibl ings were also i l l at the same t ime b u t recovered. T h e chi ldren 's diet 
consisted p r i n c i p a l l y of cassava, beans, fish, a n d meat. Ana lys i s of the 
cassava sampled i n the h o m e revea led m o l d infestat ion a n d a n aflatoxin 
concentrat ion of 1.7 m g / k g ; p r e s u m a b l y this l eve l , based on monkey 
data ( 1 2 ) , c o u l d be fa ta l i f the b o y ate cassava for a f e w weeks. 

T h e most i n c r i m i n a t i n g ev idence comes f r o m T h a i l a n d (13, 14 ) . 
Reye 's syndrome w h i c h occurs i n e p i d e m i c proport ions i n northeastern 
T h a i l a n d (15) is a chi ldren's disease character ized b y a short prodrome, 
v o m i t i n g , hypog lycemia , convulsions, h y p e r a m m o n i e m i a , coma, a n d 
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3. S H A N K Aflatoxin in Human Disease 55 

usual ly death. H is topatho log i c examinat ion reveals severe cerebral 
edema a n d extensive fatty ac cumulat i on i n hepatocytes, r ena l tubu lar 
ep i the l ium, a n d m y o c a r d i a l fibers. 

A l t h o u g h attempts to associate a v i rus w i t h the T h a i cases have not 
been successful ( 1 6 ) , a case d i d occur w h i c h suggested a myco tox in 
et iology (13 ) . A three-year-o ld T h a i b o y h a d been i l l for 12 hrs w i t h 
fever, v o m i t i n g , coma, a n d convulsions. H e was a d m i t t e d to a hosp i ta l 
where examinat ion showed severe h y p o g l y c e m i a — 2 4 m g / 1 0 0 m l . S ix 
hours later the c h i l d d i e d , a n d the diagnosis of Reye's syndrome was 
conf irmed b y autopsy a n d histopathology. A v is i t to the boy's v i l lage 
home revealed that for two days pr i o r to the onset of i l lness, the c h i l d 
h a d eaten on ly leftover cooked r i ce stored w i t h o u t refr igeration. T h e r i ce 
was m o l d y b u t organolept ica l ly appea l ing ; i t assayed at more than 10 m g 
tota l a f la tox ins /kg . 

Since the rodent does not respond to aflatoxin i n any w a y s imi lar to 
Reye's syndrome, acute aflatôxicosis was re -examined i n the macaque 
monkey a n d was s t r ik ing ly s i m i l a r to the h u m a n disease ( 1 3 ) . T issue 
analysis f r om monkeys i n this test demonstrated recoverable aflatoxin B i 
f r o m b r a i n , l i ver , k idney , heart , b i l e , a n d b l o o d u p to six days after single 
o ra l adminis t rat ion of the tox in ( 1 7 ) . T h i s finding p r o m p t e d s imi lar 
analyses on autopsy specimens f r o m T h a i Reye's syndrome cases ( 1 4 ) . 
Af la tox in Βχ was f o u n d i n one or more specimens f r o m 22 of the 23 cases 
s tud ied ; i n two instances the h u m a n tissue levels were comparable w i t h 
those i n the monkeys g iven near ly an L D 5 0 dose of aflatoxin. 

Becro f t a n d W e b s t e r (18) f o u n d aflatoxin i n two cases of Reye's 
syndrome i n N e w Zea land , a n d D v o r a c k o v a (19) f o u n d the tox in i n six 
cases i n Czechos lovak ia . H o w e v e r , w e examined autopsy specimens 
f r o m five cases i n the U n i t e d States a n d have not detected aflatoxin B i 
or any of its chloroform-soluble metabolites. D o r i s C o l l i n s (20) recog
n i z e d intranuc lear inclusions i n pancreat ic ac inar cells i n four N e w Y o r k 
a n d Massachusetts cases of Reye's syndrome a n d notes their s imi la r i ty 
to such inclusions seen i n macaques acute ly po isoned w i t h aflatoxin B i 
( 13 ) . These data do not establ ish aflatoxins as the causative agents i n 
Reye's syndrome, b u t they strongly suggest that these mycotoxins shou ld 
be considered as at least one factor i n the genesis of the disease. 

T h e r e m a y be a n association between Reye's syndrome a n d l i ve r 
cancer i n T h a i l a n d . Reye's syndrome occurs most f requent ly i n northeast 
T h a i l a n d , and , a l though the l i ver cancer rate has not been measured 
d i rec t ly i n that area, a r e v i e w of hosp i ta l records cover ing a l l provinces 
of T h a i l a n d i n d i c a t e d that the northeast h a d the greatest n u m b e r of 
reported cases of l i ve r cancer per capita . H o w e v e r , i n m a n y instances 
these cases w e r e not p r o v e d b y histopathology ( 7 ) , a n d l i ve r paras i t i sm, 
especial ly opisthorciasis , was also f requent ly reported i n this area. I t 
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56 MYCOTOXINS 

m a y be that R e y e s syndrome i n T h a i l a n d , as a mani festat ion of acute 
aflatoxicosis, identifies a po pu la t i o n at increased r i sk for l i ver cancer; 
i n d e e d not on ly greater exposure is suggested, b u t survivors of the acute 
disease m a y have a n especial ly h i g h r isk for l i v e r cancer. T h i s possible 
association shou ld b e tested ep idemio log ica l ly . 

T o complete this survey of ev idence i m p l i c a t i n g aflatoxins i n h u m a n 
disease, i t is necessary to consider I n d i a n c h i l d h o o d c irrhosis . T h i s is a 
disease m a r k e d b y inf i l trat ion of hepatocytes w i t h n e u t r a l fat l ead ing to 
degeneration, fibrosis, a n d hepatomegaly . I n a d v a n c e d stages i t proceeds 
to jaundice , ascites, a n d hepat ic coma. Presumpt ive tests i n d i c a t e d afla
tox in Βχ i n peanuts a n d peanut products eaten b y c h i l d r e n w i t h this 
disease a n d i n a f e w samples of h u m a n m i l k a n d u r i n e f r o m mothers of 
patients (21). K w a s h i o r k o r cases that w e r e f e d p r o t e i n supplements 
( d e r i v e d f r om peanuts contaminated w i t h aflatoxins, 3 0 0 / x g / k g supple 
m e n t ) deve loped centra l a n d per ipor ta l fat a c c u m u l a t i o n , fibrosis, a n d 
cirrhosis of the l i ve r (22). M o r e ep idemio l og i ca l studies are needed to 
assess the role of aflatoxins i n I n d i a n c h i l d h o o d c irrhosis . 

Summary 

Cons iderab le ind i rec t ev idence suggests that the aflatoxins p l a y a 
ro le i n the et io logy of p r i m a r y cancer of the l i ver i n h u m a n populat ions 
of A f r i c a a n d Southeast A s i a where m o l d damage to foods a n d foodstuffs 
is frequent. F u r t h e r ep idemio log i ca l studies m a y support this suggestion 
b y increasing statist ical significance of the data , b u t they are u n l i k e l y to 
p r o v i d e a more d irect association than has a lready been establ ished. 

D ie ts contaminated w i t h aflatoxin are l i k e l y to conta in other m y c o 
toxins a n d food-borne toxicants, b u t no s u c h agents are k n o w n w h i c h 
approach , even remotely, the carc inogenic potency of aflatoxin (as d e m 
onstrated i n the rat a n d t r o u t ) . F o r this reason p r i m a r y focus o n afla
tox in Βχ seems justif ied b u t does not exc lude the poss ib i l i ty that other 
factors such as d ietary ones also m a y contr ibute to this disease. 

I n add i t i on to the chronic effects of aflatoxin consumpt ion , c i r c u m 
stant ia l evidence suggests that this m o l d metabo l i te m a y be a factor i n 
the etiology of R e y e s syndrome at least as i t occurs i n T h a i l a n d . A n 
ep idemio log i ca l s tudy shou ld be carr i ed out to evaluate more f u l l y the 
ro le of aflatoxins i n Reye's syndrome. 
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Chemical Methods Investigated for 
Detoxifying Aflatoxins in Foods and Feeds 

ALFRED C. BECKWITH, RONALD F. VESONDER, and ALEX CIEGLER 

Northern Regional Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Peoria, Ill. 61614 

Refined edible vegetable oils are dependably free of afla
toxins because the alkaline washes and bleaching agents 
used in the oil processing are among the chemical systems 
that remove or destroy aflatoxin. Currently, ammonia in 
conjunction with elevated temperatures or pressures, or 
both, as well as elevated moisture levels offers the best way 
to detoxify agricultural seed commodities for feed. Research 
at the Northern Laboratory has shown that ammoniation of 
contaminated whole corn reduces aflatoxin B1 to a chemically 
nondetectable level and that the ammoniation products are 
nontoxic to ducklings and chickens. Using radio labelled 
aflatoxin B1 to spike white corn meals we showed that am
moniation at ambient temperature induces the covalent 
binding of B1 or B1 degradative products primarly to corn 
proteins and water-soluble components. 

Several methods have been used to detoxify the aflatoxin in agricultural 
commodities. Since publication of a review of these methods (1), 

many studies of the ability of certain chemicals to destroy aflatoxins have 
been undertaken (2). Any chemical detoxification must reduce the 
mycotoxin level to within limits set by proper regulatory agencies, must 
have no toxic residues, and should not decrease the nutritive value of the 
treated commodity. These restrictions as well as simple economic con
siderations have narrowed the types of chemical agents likely to achieve 
significance in a commercially scaled detoxification process. Chemicals 
having good promise in this regard can be classified simply as oxidizing 
agents, acid, and bases. In this review the authors try to present as much 
chemistry as possible relating to toxin destruction as well as results of 
biological assays which are not yet complete. These assays establish the 
overall effectiveness of any particular chemical process. 
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4. B E C K W I T H E T A L . Detoxifying Aflatoxins 59 

Oxidizing Agents 

T h e r e are several ox idat ion-reduct ion systems that destroy the b i o 
l og i ca l a c t iv i ty of aflatoxin B x a n d G i b u t not B 2 a n d G 2 ( 3 ) . O f o x i d i z i n g 
systems that destroy a l l the aflatoxin on ly hydrogen peroxide has shown 
promise to detoxify foods a n d feeds (4, 5 ) . Sreenivasamurthy et al ( 4 ) 
treated aqueous suspensions of peanut meals conta in ing 90 p p m aflatoxin 
w i t h 6 % solutions of hydrogen perox ide at p H 9.5 for 30 m i n at 80 ° C . 
T h e treatment destroyed 9 7 % of the tox in , a n d the treated meals were 
shown to be nontoxic to duckl ings . W h e n a d d e d to wheat a n d ch i ck pea 
flour diets, the treated peanut cake d i d not change the P E R values of 
flours f e d to w e a n l i n g a lb ino rats. 

Researchers at the Southern R e g i o n a l Research Center , U S D A ( 6 ) , 
c ompared the ab i l i t y of ozone, oxygen, a n d a i r to reduce the l eve l of 
aflatoxin i n contaminated cottonseed a n d peanut meals. H e a t i n g the 
meals w h i c h contained 2 2 % moisture for 2 hr at 100°C i n air a n d oxygen 
reduced the tox in l eve l b y 6 7 - 7 6 % . U n d e r s imi lar condit ions ozon ized 
a ir complete ly destroyed aflatoxin B i a n d G i i n one hr . Unfor tunate ly 
this treatment d i d not reduce the B 2 l eve l . O z o n e treatment also de
creased the amount of avai lab le l ys ine as w e l l as the P E R values for the 
meals ( 7 ) . 

F r o m accumulated c h e m i c a l ev idence i t seems clear that the t e r m i n a l 
double b o n d i n the d i h y d r o f u r o f u r a n r i n g of B i ( F i g u r e 1) is susceptible 
to attack b y react ive forms of oxygen. I n 1970 Schoental (8) postulated 
that the b i o l og i ca l ac t iv i ty of B i enta i l ed an epoxidat ion of this doub le 
bond . T h e w o r k of G a r n e r et a l . ( 9 ) has s h o w n that oxygen is needed 
before l i ve r microsomes can convert B x to a react ive product . M o r e re 
cently Swenson a n d coworkers (10) proposed a mechan ism i n v o l v i n g 
oxygen to exp la in the in vitro b i n d i n g of B i to R N A b y l iver microsomes. 

Figure I . Aflatoxin Bt 
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60 MYCOTOXINS 

T h e b i n d i n g site i n the B x molecule was at the t e r m i n a l double b o n d . 
M i l d a c i d hydro lys i s of the complex p r o d u c e d the d i h y d r o x y der ivat ive 
of B i . These workers also synthesized the d i h y d r o x y der ivat ive b y the 
react ion of B i w i t h o s m i u m tetroxide f o l l owed b y hydro lys is of the osmic 
a c i d ester. 

S ince aflatoxins G i a n d M i also conta in the react ive doub le b o n d 
f o u n d i n B i , these t w o toxins m i g h t be expected to undergo a s imi lar 
sequence of reactions as noted for B i . H o w e v e r aflatoxins B 2 , G 2 , a n d M 2 

l a c k the react ive doub le b o n d a n d yet are destroyed b y h y d r o g e n 
peroxide . K n o w l e d g e of this more general oxidat ive degradat ion is not 
avai lab le . 

I n c l os ing the discussion of o x i d i z i n g agents i t is of h is tor i ca l note to 
po in t out that h y d r o g e n peroxide , ozone, oxygen, or a i r have been used 
occasional ly i n the refinement of edible oils a n d fats ( I I ) . W h i l e p r o 
cessing steps p r i o r to those us ing o x i d i z i n g agents p r o b a b l y remove prac 
t i c a l l y a l l o f any possible t ox in contaminat ion f r o m oils , the use of a n 
o x i d i z i n g agent shou ld destroy any r e m a i n i n g aflatoxins. 

Acids 

T h e a b i l i t y of aqueous solutions of strong acids to destroy the b i o 
l o g i c a l a c t i v i ty of aflatoxins B i a n d G x has l ong been k n o w n to invo lve the 
cata lyt i c a d d i t i o n of water to the t e r m i n a l doub le b o n d i n the furo furan 
r i n g system ( 1 2 , 1 3 , 1 4 , 1 5 ) . T h e hemiacetals f o rmed b y the water a d d i 
t i o n are c o m m o n l y re ferred to as aflatoxins B 2 a a n d G 2 a . I n 1966 D u t t o n 
a n d Heathcoate (16 ) reported the iso lat ion of B 2 a f r o m cul ture m e d i a of 
A . fiaxns, a n d later C i e g l e r a n d Peterson (17) noted that B i c o u l d b e 
converted to B 2 a b y a c id -produc ing molds . I n a lka l ine m e d i a B 2 a r e a d i l y 
undergoes a revers ib le r i n g open ing w h i c h leads to the f ormat ion of a 
p h e n o l i c d i a l d e h y d e (13,18). 

T h e use of acids as detox i fy ing agents has a definite potent ia l i n the 
recovery process of free fatty acids f r o m c o m m e r c i a l soapstock p r e p a r a 
t i o n as p o i n t e d out b y Pons et a l . ( 1 9 ) . Soapstock c a n become c o n t a m i 
nated w i t h aflatoxins d u r i n g the a lkal ine ref ining process of oils a n d fats. 
Deta i l s of the a c i d treatment can be f o u n d i n the just ment ioned c i tat ion . 
These workers also conducted a k ine t i c s tudy of the conversion of B i to 
B 2 a a n d G x to G 2 a . A f t e r heat ing at 100°C for 10 m i n at p H 1, 9 5 % of Β χ 

is converted to B 2 a , whereas at p H 3 a n d the same temperature 7 hr were 
needed to achieve the same extent of convers ion ( 1 9 ) . P o h l a n d et a l . 
(13 ) no ted ear l ier that moderate ly h i g h concentrations of m i n e r a l acids 
a n d e levated temperatures w e r e r e q u i r e d to obta in good yie lds of B 2 a . 

I t is not l i k e l y that aqueous a c i d solutions w i l l find a general use i n 
detox i fy ing large quantit ies of agr i cu l tura l commodit ies since moderate ly 
drast ic condit ions are needed b y b r i n g about the conversion of B i a n d G i 
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4. B E C K W i T H E T A L . Detoxifying Aflatoxins 61 

to the ir water a d d i t i o n products ; furthermore the B 2 a n d G 2 toxins w o u l d 
b e re la t ive ly l i t t le affected b y such treatment. L inden fe l ser a n d C i e g l e r 
(20) reported that acids p r o d u c e d d u r i n g the ensilage of corn d i d not 
b r i n g about any inact ivat ion of B i tox in . 

Bases 

T h e use of inorganic a n d organic bases affords an efficient a n d r e l a 
t i ve ly inexpensive means to achieve aflatoxin destruct ion or r e m o v a l f r o m 
large quantit ies of contaminated agr i cu l tura l commodit ies . T h e refine
ment of ed ib le oils is a classic example of the use of bases under c o n d i 
tions that w o u l d destroy or remove aflatoxins. 

C r u d e oils are general ly w a s h e d w i t h 0.3-8.3N s o d i u m h y d r o x i d e 
solutions. T h i s is done p r i m a r i l y to remove gums, free fatty acids, a n d 
base-soluble p igments f r om the o i l (II) . T h e a lka l ine treatment is f o l 
l o w e d b y water washes a n d a b l each ing process w i t h spec ia l c lays at 
e levated temperature to reduce p igment content further. A s noted i n the 
r e v i e w b y D o l l e a r (I ), any aflatoxin present i n the crude o i l is r e d u c e d to 
a l o w l eve l (less than 1 /xg /kg) i n the s tandard ref ining process. 

F i n e l y d i v i d e d c a l c i u m hydrox ide has been used successfully b y 
E s p o y (21) to reduce aflatoxin levels i n pe l l e t i zed copra , peanut , a n d 
cottonseed meals. A m e a n part i c l e size of 50 /x or less for the hydrox ide is 
essential i n this treatment. 

W i t h stored cereal a n d seed crops aflatoxins can occasional ly be 
f o u n d r a n d o m l y l o ca l i zed throughout the lot. T o combat this p r o b l e m 
researchers focused o n vo lat i le bases, par t i cu lar ly m e t h y l a m i n e a n d 
a m m o n i a . 

Recent invest igat ion b y K i e r m e i e r a n d Ruffer (22) have s h o w n that 
toxic products are f o r m e d w h e n aflatoxin B i is treated w i t h d ie thano la -
m i n e ; however w h e n treated w i t h concentrated solutions of a m m o n i u m 
hydrox ide , acetone inso lub le B i products were f o u n d to be nontoxic to 
c h i c k embryos b y Vesonder et a l . (23). 

W h i l e s tudy ing the efficacy of several reagents D o l l e a r et a l . (7) 
n o t e d that 1.25% methy lamine a d d e d to peanut meals that have 30% 
moisture r e d u c e d the tota l aflatoxin content to less t h a n 5 /xg /kg w h e n 
the treated meals w e r e heated for 90 m i n at 100 ° C i n a G r o e n reactor. 
( M e n t i o n of firm names or trade products does not i m p l y that they are 
endorsed or r e commended b y the U . S . D e p a r t m e n t of A g r i c u l t u r e over 
other firms or s imi lar products not ment ioned . ) These workers f o u n d that 
ava i lab le lysine was l owered a n d P E R values were r educed i n the treated 
meals. M a n n a n d co-workers (24) aga in us ing methy lamine , b u t w i t h con 
t a m i n a t e d cottonseed mea l , obta ined good destruct ion of to ta l tox in . I n 
this instance aflatoxin reduct i on was enhanced i n the presence of 1% 
s o d i u m hydrox ide . T h e methy lamine treatment d i d not l ower P E R values 
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62 MYCOTOXINS 

for the cottonseed meals b u t d i d produce a temporary nontoxic l i ve r 
enlargement i n rats. Unfor tunate ly other adverse b i o l og i ca l findings i n 
rats repor ted b y these workers as w e l l as economic considerations w i l l 
poss ib ly prec lude the use of methy lamine as a general detoxicant for 
a n i m a l feeds. 

A m m o n i a as a detox i fy ing agent has been used as the anhydrous gas 
at e levated temperatures a n d pressures to b r i n g about 9 5 - 9 8 % reductions 
i n to ta l aflatoxin contents of peanut meals (7 , 2 5 ) . T h i s l eve l of r educ t i on 
indicates almost complete destruct ion of B i a n d G i or to values less t h a n 
5 /xg /kg. L i k e w i s e a s imi lar treatment of cottonseed meals was as effec
t ive i n r e d u c i n g total toxin content (24, 26). O t h e r reported findings i n 
these citations show that P E R values for treated meals are l owered , a n d 
c h e m i c a l composi t ion of the meals is a l tered. A m m o n i a t e d cottonseed 
meals have been fed to lac tat ing cows, a n d the m i l k f r o m these cows 
examined for aflatoxin M i , a metabo l i c p roduc t of B i ( 2 7 ) . Results f r o m 
this cooperative research showed that the m i l k conta ined very l o w to 
chemica l ly nondetectable amounts of M i tox in . N o res idua l toxins c o u l d 
be detected i n any tissues examined for the anmials f ed the treated mea l , 
thus p r o v i d i n g good evidence of the effectiveness of a m m o n i a as a de -
toxicant for r u m i n a n t feeds. A m m o n i a t e d cottonseed meals have also 
been used successfully i n p o u l t r y diets (28). 

Af la tox in contaminat ion is not pecu l iar to peanuts a n d cottonseeds; 
i t has been f o u n d i n corn w h i c h is used chief ly as an a n i m a l a n d p o u l t r y 
feed (29). C u r r e n t l y is progress at the N o r t h C e n t r a l R e g i o n of U S D A 
are intensive investigations concerning the use of a m m o n i a as a means of 
detox i fy ing contaminated corn. A s i d e f r o m p r e l i m i n a r y findings most of 
the w o r k done is this reg ion is u n p u b l i s h e d . A s reported b y Lancaster 
(30), engineers at the N o r t h e r n R e g i o n a l Research L a b o r a t o r y a p p l i e d 
concentrated a m m o n i u m hydrox ide to corn samples to b r i n g the a m m o n i a 
as N H 3 to 0.5-2.0 g / k g of corn . T h e treated c o r n h e l d i n sealed con 
tainers is m a i n t a i n e d at 2 5 ° - 5 0 ° C for periods r a n g i n g f r o m a f e w days to 
several weeks. T h i s m e t h o d of a m m o n i a treatment can reduce B x content 
to a nondetectable l eve l i n most cases. R e p o r t i n g the results of a p r i va te 
c o m m u n i c a t i o n f r o m f e l l ow workers , C i e g l e r (31) c i t ed a specific ex
a m p l e of this treatment. Y e l l o w dent c o r n i n i t i a l l y conta in ing 1200 /xg /kg 
B i a n d 120 /xg /kg B 2 was treated w i t h 1.5% a m m o n i a for 8 days at 2 6 ° -
4 7 ° C ; the B i content was r e d u c e d to 15 /xg /kg, a n d B 2 was r e d u c e d to 
about 1 /xg /kg. T h e authors po in t out on the basis of personal k n o w l e d g e 
that a l l b i o l og i ca l tests w i t h duck l ings , chickens , a n d current ly w i t h r a i n 
b o w trout show encouraging results, i n d i c a t i n g that a m m o n i a is also suit 
ab le for detoxi fy ing corn even t h o u g h i t is used under react ion condit ions 
different f r o m those e m p l o y e d w i t h peanuts a n d cottonseeds. H o w e v e r 
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4. B E C K W I T H E T A L . Detoxifying Aflatoxins 63 

the treatment cannot be re commended for use u n t i l b i o l og i ca l test ing is 
comple ted a n d F D A clearance is obta ined . 

T h e authors have been interested p r i m a r i l y i n the chemistry of B i 
destruct ion b y a m m o n i a (23, 3 2 ) . T h e c o m m o n aflatoxins are subst i tuted 
c o u m a r i n derivatives a n d as such are aromatic lactones. W o g a n (33) 
noted f r o m accumulated evidence that the lactone func t i on is also p a r t l y 
responsible for aflatoxin b i o l og i ca l act iv i ty . A s lactones, the i n i t i a l a c t i on 
of a base o n these toxins is to convert them to the salts of the ir corre 
spond ing o -coumaric a c i d derivatives ( 3 4 ) . T h i s conversion to salts 
changes tox in so lub i l i ty w h i c h is used i n crude o i l refinement. 

Recent ly L e e a n d associates (35) reported a lactone r i n g open ing i n 
B i w h e n the tox in was heated at 100°C i n a P a r r b o m b w i t h concentrated 
a m m o n i u m hydrox ide . U n d e r these drast ic condit ions the react ion p r o 
ceeded through a decarboxylat ion step to y i e l d a n e w B x der ivat ive ( af la
t ox in D i ) w i t h a mo lecu lar w e i g h t of 286. A c c o r d i n g to Coomes et a l . 
(36) the lactone r i n g of B i is opened mere ly u p o n ref luxing i n water , 
a n d spectral ev idence is g iven for this r i n g opening . H e a t a n d pressure 
are not needed for a m m o n i u m hydrox ide r i n g open ing as s h o w n i n F i g u r e 
2. T h e mo lar absorbancé for B i i n methano l at 363 n m is 22,400. I n con 
centrated a m m o n i u m hydrox ide the authors (23) no ted that the pos i t i on 
of the m a x i m a does not change, b u t the mo lar absorbance is r e d u c e d to 
13,400. W h e n the bas ic so lut ion is taken to dryness a n d red isso lved i n 
water , the u l trav io le t spectrum has a very b r o a d b a n d w i t h a m a x i m u m 
near 325 n m . I n accordance w i t h the interpretat ion of Coomes et a l . (36 ) 
this spec trum i n water indicates the presence of free a c i d a n d a m m o n i u m 

250 275 300 325 350 375 400 425 450 
Wavelength (nm) 

Q9 
~ 0.4 
OS 

0.2 

0 

Figure 2. Relative ultraviolet absorbance (300-400 nm) for Bt in various 
solvents 
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64 M Y C O T O X I N S 

475 nm 

Wavelength (nm] 

Figure 3. Relative fluorescence of Bt in ammonium hy
droxide solution 

salt. T h e spec t rum for B x i n a m m o n i u m hydrox ide ( F i g u r e 2 ) extends 
b e y o n d 400 n m i n contrast to the B i spectrum i n methanol . T h i s exten
s ion of absorbance b e y o n d 400 n m c o u l d suggest the formation of a n e w 
absorbance b a n d . T h e results s h o w n i n F i g u r e 3 also indicate the existence 
of a n e w absorbance b a n d . W h e n excited w i t h 400 n m radiat ion , B i i n 
a m m o n i u m h y d r o x i d e fluoresces w i t h an emission m a x i m a at 475 n m . T h e 
authors are unaware of any report of B i fluorescence i n a basic m e d i a , b u t 
this fluorescence has been observed i n m o d e l so l id reaction systems at our 
L a b o r a t o r y ( 3 2 ) . A l t h o u g h the authors cannot state definitely that the 
hemiace ta l of B i is f o r m e d i n basic m e d i a , i t is interesting to note that 
P o h l a n d et a l . (13) observed a n intense absorbance b a n d w i t h m a x i m a at 
404 n m for B 2 a . 

A very br ie f s u m m a r y of the chemistry of B x detoxification b y 
a m m o n i a i n contaminated corn appears i n F i g u r e 4. U s i n g 1 4 C labe l l ed 
aflatoxin B x the authors (32) f o u n d that a m m o n i a treatment eventual ly 
leads to the covalent b i n d i n g of B i to c o rn components, p r i m a r i l y the 
pro te in a n d water -so luble constituents. I n the u p p e r port ion of F i g u r e 4, 
B i is presented as a resonance f o r m of the i o n i z e d a c i d after lactone r i n g 
opening . T h i s f o r m better demonstrates the poss ib i l i ty for revers ib le 
electrostatic a n d / o r hydrogen b o n d interact ion w i t h substrates. P r o l o n g e d 
exposure to base i n the heterogenous react ion m e d i a eventually leads to 
c h e m i c a l modi f i cat ion of the d i f u r a n r i n g segment of the toxin a n d sub 
sequently to covalent attachment to t ox in to substrate. A s shown sche-
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4. BECKwrra E T A L . Detoxifying Aflatoxins 65 

m a t i c a l l y i n F i g u r e 4, ac id i f i cat ion of the reac t ion m e d i a leaves the B i 
chromophore chemica l ly b o n d e d to corn substrate. F i n a l l y , based u p o n a 
mathemat i ca l analysis of da ta avai lable (37), the s i m p l e scheme s h o w n 
at the bot tom of F i g u r e 4 appears adequate to deve lop a descr ipt ion for 
the t i m e - a n d temperature-dependent destruct ion of Βχ. Base a n d mois 
ture are generally i n excess a n d therefore not speci f ical ly i n d i c a t e d i n this 
scheme. T h e quant i ty Β represents B i i n the a lka l ine react ion m e d i a , a n d 
S represents the corn substrate. Integrat ion of the appropr iate rate ex
press ion obtained w i t h this scheme y ie lds E q u a t i o n 1. 

B i (at t ime t after ac idi f i cat ion) 
Βχ (present i n i t i a l l y ) 

= a+ (l-a)e- (1) 

Polymer Substrate 

I 
Base Induced 
Rxn. Acidification 

Polymer 
Substrate 

Β + S ^ S B — ρ 
Figure 4. Proposed sequences for Bt destruction 

in corn by ammonia 
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66 MYCOTOXINS 

I n re la t i on to the scheme i n F i g u r e 4 the quant i ty « i n E q u a t i o n 1 has 
the def in i t ion « = 1 / [ 1 + K A S S O C * S ] a n d represents a p lateau va lue to 
w h i c h the relat ive B i l eve l is reduced . A s the temperature increases, a 
r a p i d l y approaches zero to represent the chemica l ly nondectable B i leve l . 
A l s o , as the temperature is ra ised the t ime r e q u i r e d to achieve this l e v e l 
decreases. E q u a t i o n 1 c o u l d have a more general app l i ca t i on than i n d i 
cated here. W i t h i n the ana ly t i ca l error for aflatoxin content, E q u a t i o n 1 
m i g h t adequate ly describe the extent of tox in reduct ion not i ced b y others 
—e.g. , the results g iven b y D w a r a k a n a t h et a l . (6 ) a n d b y C a t e r et a l . ( 5 ) . 

Literature Cited 

1. Dollear, F. G., "Detoxification of Aflatoxins in Foods and Feeds," in "Afla-
toxin-Scientific Background, Control, and Implications," Chapter XIII 
(L. A. Goldblatt, Ed.), pp. 359-391, Academic, New York, 1969. 

2. Goldblatt, L. Α., J. Am. Oil Chem. Soc. (1971) 48, 605. 
3. Trager, W., Stoloff, L., J. Agric. Food Chem. (1967) 15, 679. 
4. Sreenivasamurthy, V., Parpia, H. A. B., Srikanta, S., Shankarmurti, Α., J. 

Assoc. Off. Anal. Chem. (1967) 50, 350. 
5. Cater, C. M., Rhee, K. C., Hagenmaier, R. D., Mattil, K. F., J. Am. Oil 

Chem. Soc. (1974) 51, 137. 
6. Dwarakanath, C. T., Rayner, E. T., Mann, G. E., Dollear, F. G., J. Am. 

Oil Chem. Soc. (1968) 45, 93. 
7. Dollear, F. G., Mann, G. E., Codifer, L. P., Jr., Gardner, H. K., Jr., Koltun, 

S. P., Viv, H. L. E., J. Am. Oil Chem. Soc. (1968) 45, 862. 
8. Schoental, R., Nature (1970) 227, 401. 
9. Garner, R. C., Miller, E. C., Miller, J. Α., Garner, J. V., Hanson, R. S., 

Biochem. Biophys. Res. Commun. (1971) 45, 774. 
10. Swenson, D. H., Miller, J. Α., Miller, E. C., Biochem. Biophys. Res. 

Commun. (1973) 53, 1260. 
11. Andersen, A. J. C., "Refining of Oils and Fats for Edible Purposes," (P. N . 

Williams, Ed.), 2nd ed., Pergamon, New York, 1962. 
12. Andrellos, P. J., Reid, G. R., J. Assoc. Off. Anal. Chem. (1964) 47, 801. 
13. Pohland, A. E., Cushmac, M. E., Andrellos, P. J., J. Assoc. Off. Anal. Chem. 

(1968 ) 51, 907. 
14. Dutton, M. F., Heathcote, J. G., Chem. Ind. (1968) 418. 
15. Verrett, M. J., Marliac, J. P., McLaughlin, J., Jr., J. Assoc. Off. Anal. Chem. 

(1964) 47, 1003. 
16. Dutton, M. F., Heathcote, J. G., Biochem. J. (1966) 101, 21P. 
17. Ciegler, Α., Peterson, R. E., Appl. Microbiol. (1968) 16, 665. 
18. Büchi, G., Foulker, D. M., Kurouo, M., Mitchell, G. F., Schneider, S. R., 

J. Am. Chem. Soc. (1967) 89, 6745. 
19. Pons, W. Α., Jr., Cucullu, A. F., Lee, L. S., Janssen, H . J., Goldblatt, L. Α., 

J. Am. Oil Chem. Soc. (1972) 49, 124. 
20. Lindenfelser, L. Α., Ciegler, Α., J. Agric. Food Chem. (1970) 18, 640. 
21. Espoy, Η. M., U.S. Patent 3,689,275 (1972). 
22. Kiermeier, F., Ruffer, L., Z. Lebensm. Unters. Forsch. (1974) 155, 129. 
23. Vesonder, R. F., Beckwith, A. C., Ciegler, Α., Dimler, R. J., J. Agric. Food 

Chem. (1975) 23, 242. 
24. Mann, G. E., Gardner, Η. K., Jr., Booth, A. N., Gumbmann, M. R., J. 

Agric. Food Chem. (1971) 19, 1155. 
25. Masri, M. S., Vix, H . L. E., Goldblatt, L. Α., U.S. Patent 3,429,709 (1969). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

04



4. BECKWITH ET AL. Detoxifying Aflatoxins 67 

26. Gardner, H . K., Jr., Koltun, S. P., Dollear, F. G., Rayner, E. T., J. Am. 
Oil Chem. Soc. (1971) 48, 70. 

27. McKinney, J. D., Cavanagh, G. C., Bell, J. T., Hoversland, A. S., Nelson, D. 
M., Pearson, J., Selkirk, R. J., J. Am. Oil Chem. Soc. (1973) 50, 79. 

28. Reid, R.L., Feedstuffs (1972) 44 (46), 42. 
29. Shotwell, O. L., Hesseltine, C. W., Goulden, M. L., Cereal Sci. Today 

(1973) 18, 192. 
30. Lancaster, Ε. B., "Chemical Detoxification of Aflatoxin Contaminated 

Corn." Presented before the 13th Annual Corn Dry Milling Conference, 
June 14-15, 1972, Peoria, Ill. 

31. Ciegler Α., "Aflatoxin Removal or Inactivation in Selected Commodities." 
Presented before the North Carolina Nutrition Conference, Dec. 5-6, 
1973, Raleigh, N.C. 

32. Beckwith, A. C., Vesonder, R. F., Ciegler, Α., J. Agric. Food Chem. (1975) 
23, 582. 

33. Wogan, G. N. , "Aflatoxin Carcinogenesis," in "Methods in Cancer Re
search," (H. Busch, Ed.), Chapter VII, pp. 309-344, Academic, New 
York, 1973. 

34. Parker, W. Α., Melnich, D., J. Am. Oil Chem. Soc. (1966) 43, 635. 
35. Lee, L. S., Stanley, T. B., Cucullu, A. F., Pons, W. Α., Jr., Goldblatt, L. Α., 

J. Assoc. Off. Anal. Chem. (1974) 57, 626. 
36. Coomes, T. J., Crowther, P. C., Feuell, A. J., Francis, B. J., Nature (1966) 

209, 406. 
37. Brekke, O. L., Lancaster, Ε. B., Northern Regional Research Center, 

1973, private communication. 
RECEIVED November 8, 1974. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

04



5 

Aspergillus Toxins Other Than Aflatoxin 

RICHARD J. COLE 

National Peanut Research Laboratory, U.S. Department of Agriculture, 
P.O. Box 637, Dawson, Ga. 31742 

Available physical, chemical, and biological data are pre-
sented for all known Aspergillus mycotoxins other than the 
aflatoxins with emphasis on the chemistry of those that are 
of major interest. Included in this latter category are the 
ochratoxins, the sterigmatocystins, and the aspergillic acid 
group. Other Aspergillus mycotoxins presented in less detail 
are kojic acid, austamide, ascladiol, terreic acid, viriditoxin, 
cytochalasin E, maltoryzine, 3-nitropropanoic acid, oxalic 
acid, helvolic acid, gliotoxin, fumigatin, fumagillin, terrein, 
spinulosin, and butenolide. 

Members of the genus Aspergillus represent some of the most prevalent 
mycotoxin-producing fungi associated with feed and food materials. 

The known mycotoxins of Aspergillus spp., other than aflatoxins, are pre
sented in this review. Major emphasis is on the chemistry of those Asper
gillus toxins currently recognized to be of major interest, including the 
ochratoxins, the sterigmatocystins, and aspergillic acid. A l l Aspergillus 
toxins, until proved otherwise, are considered potentially hazardous to 
animal health. 

Ochratoxins 

The ochratoxins comprise a group of chemically related metabolites 
isolated originally from culture extracts of Aspergillus ochraceus (1, 2) 
and subsequently from other Aspergillus spp. (3) and from Pénicillium 
viridicatum (4, 5). The achratoxins contain a 3,4-dihydro-3-methyliso-
coumarin moiety linked through a carboxyl group to L-β-phenylalanine by 
a secondary amide bond. The most toxic derivatives, ochratoxins A 
(Structure Ia) and C (Structure Ic) contain a chlorine atom at position 
5 (6,7,8). Ochratoxin Β (Structure Ib), which differs from ochratoxin A 

68 
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5. C O L E Aspergillus Toxins 69 

H 
la: R = H, IL = Cl, R, = H 
lb: R = H, Ri = H, Ri = H 

Structure I. Ochratoxins 

le: R = CiHs, Rï = Cl, Rs = H Id: R = H,R1 = Cl,Rs = OH 

b y the absence of chlor ine at posi t ion 5, was considerably less tox i c (6, 8, 
9). C h u et a l . (JO) postulated that the chlor ine atoms o n ochratoxins A 
a n d C p l a y an ind i rec t ro le i n toxic ity . T h e y presented a d irect corre lat ion 
between the dissociat ion constants for the phenol i c h y d r o x y l groups o n 
the ochratoxins a n d their acute toxic ity . T h e y suggested that the p h e 
no l i c h y d r o x y l group i n the dissociated f o r m was necessary for tox i c i ty 
a n d that the ch lor ine atom m a y have a d irect effect on the dissoc iat ion of 
the pheno l i c h y d r o x y l groups i n ochratoxins A a n d C , r e n d e r i n g t h e m 
toxic. T h e y further noted that the a c i d dissociat ion constant of ochratox in 
Β was one-tenth as large as ochratoxin A , a n d the tox ic i ty of ochratox in Β 
was correspondingly about one-tenth that of ochratox in A (9). 

D a t a on the toxic i ty of the recently reported 4 -hydroxyochratoxin A 
(Structure I d ) were not presented i n deta i l , b u t the tox in was repor ted 
to be non- le tha l to rats at 40 m g / k g ( intraper i toneal ) (5). O c h r a t o x i n A 
was l e tha l to a l l rats tested at this dosage leve l . 

T h e c h e m i c a l structures of the ochratoxins were e luc idated b y South 
A f r i c a n scientists ( J , 2, 6) a n d subsequently p r o v e d b y synthesis ( I I ) . 
A c i d hydro lys is of ochratoxin A gave L - / ? -phenylalanine a n d 7-carboxy-5-
chloro -3,4 -dihydro -8 -hydroxy -3 -methyhsocoumarin. Suppor t for a second
ary a m i d e was presented b y the I R spectrum w h i c h showed a t y p i c a l 
amide I b a n d at 1678 c m " 1 ( C = 0 s tretchin) a n d a m i d e I I b a n d at 
1535 c m 1 ( N - H bend ing ) a n d at 3380 c m " 1 ( N - H s tre tch ing ) . C a r -
b o x y l group absorptions appeared at 1723 c m " 1 ( C = 0 s t r e t ch ing ) , 
a n d a b r o a d b a n d appeared between 2500 a n d 3000 c m " 1 ( O - H stretch
i n g ) . T h e lactone funct ion was observed at 1678 c m " 1 ( sh i f ted to l o w e r 
f requency because of intramolecular Η b o n d i n g w i t h the 8 h y d r o x y l 
g roup ) a n d at 1132 c m " 1 ( C - O - C stretching) . 

T h e u v spectrum of ochratoxin A showed A m a x
E t 0 H 215 (c — 36,800) 

a n d 333 n m (e = 6400); ochratox in Β h a d the same u v spectrum w i t h the 
exception of a hypsochromat i c shift of the long w a v e l e n g t h b a n d 
( A m a x

E t 0 H 218, c — 37,200 a n d 318 n m , € = 6900) (2). 
T h e h i g h resolution mass spectrum of ochratoxin A showed m/e 

403.08187 w i t h a ca lcu lated e lemental composit ion of C 2 o H i 8 C l N O e a n d , 
i n accordance w i t h the ca lculated f o rmula , an isotope peak at m/e 405 
(2). A protonated molecu lar i o n peak at n o m i n a l mass 404 was observed 
i n the l o w resolut ion mass spectrum of ochratoxin A after c h e m i c a l 
i on iza t i on w i t h isobutane. 
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70 MYCOTOXINS 

I ι ι ' • ι ^-τ 

1 , ι ι , ι , I ! ι ι ι , I ι , ι ι ι I ι ι ι ι I , ι ι ι I ι ι ι ι I ι , ι ! , ι I ι ι ι ι 1 ι ι ; ι I ι ι ι I ι i ^ l J ^ J 
' 8 7 6 5 4 3 2 1 ί~~ 

Figure 1. Sixty MHz proton magnet resonance spectrum of ochratoxin in 
chloroform-ά solution 

T h e proton magnet ic resonance spectrum of ochratoxin A ( F i g u r e 1 ) 
consisted of an A B X system i n the 3 ,4 -d ihydroisocoumarin moiety . T h e 
signals for the secondary m e t h y l at pos i t i on 3 resonated at δ 1.54 as a 
doublet ( / = 7.0 H z ) . I n c l u d e d i n this system were the methylene pro 
tons at pos i t ion 4 w h i c h resonated at δ 3.2 ( complex s ignal ) a n d the 
methine proton at pos i t ion 3 w h i c h resonated at approx imate ly δ 4.75 
( complex s i g n a l ) . These signals are s imi lar to those observed for the 
same 3 ,4 -d ihydro isocoumarin system i n m e l l e i n (Structure I I ) ( 1 2 ) : the 
methine proton (pos i t ion 3 ) appeared as a sextet at δ 4.50 (7 = 7.0 H z ) . 
Strongly c oup led to the methine pro ton were the secondary m e t h y l 
(pos i t ion 3 ) w h i c h resonated at δ 1.50 as a doublet (7 — 7.0 H z ) a n d the 
methylene protons (pos i t ion 4 ) w h i c h resonated at δ 2.83 as a doublet 
(7 = 7.0 H z ) . (These three values were incorrect ly reported as 3.0 H z . ) 
N e a r l y super imposed on the methylene protons ( δ 3.20 ) of ochratoxin A 
was a complex two-proton s i gna l assigned to the benzy l i c methylene 
protons, a n d near ly super imposed on the meth ine s ignal (δ 4.55) was a 

Structure II. 
Mellein 
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5. C O L E Aspergillus Toxins 71 

complex s ignal (δ 5.02) assigned to the meth ine pro ton pos i t ioned next 
to the amide n i trogen. T h e single aromat ic proton of the d ihydro i socou -
m a r i n moiety resonated at δ 8.60 as a singlet ; the five aromatic protons of 
pheny la lan ine resonated at δ 7.40 as a singlet. T h e carboxy l pro ton was 
observed at δ 13.00 a n d the h y d r o x y l prote in at δ 11.61. T h e extreme d o w n -
field pos i t ion of the latter was t y p i c a l of a n Η-bonded O H group. T h i s 
same extreme downf ie ld pos i t ion was reported for the Η-bonded d i h y d r o -
i socoumar in O H protons of m e l l e i n a n d 4 -hydroxymel le in (δ — 11.03 a n d 
11.03) (12). T h e amide pro ton on ochratoxin A resonated at δ 8.75 as a 
double t ( / = 8.0 H z ) . T h e N M R spectrum of ochratoxin Β contained 
s imi lar chemica l shifts but di f fered f r o m ochratoxin A b y the presence of 
two ortho-coupled aromatic protons ( located on positions 5 a n d 6 ) reso
n a t i n g at δ 8.22 a n d 7.05 (7 — 8.0 H z ) ( 2 ) . 

T h e 1 3 C - N M R (off center resonance decoup l ing spec t rum) of d i -
methy l i socoumar in carboxylate as presented b y M a e b a y a s h i et a l . ( J 3 ) 
is s h o w n i n F i g u r e 2. T h e two signals o c curr ing at lowest field, 31.56 a n d 
27.65 p p m downf ie ld f rom C S 2 , w e r e assigned to c a r b o n y l carbons 1 a n d 
11 respectively. T h e chemica l shifts be tween 71.08 a n d 49.12 p p m were 
assigned to the aromatic carbons w i t h the s ignal for the aromat ic carbon 
C - 6 easi ly recognized f r om the off resonance decoup l ing spectrum. T h e 
t w o methoxy carbons were located at 128.19 a n d 139.80 p p m . T h e m e t h y l 
ene carbon at C - 4 was observed at 158.66 p p m ; the tert iary m e t h y l ( C - 1 0 ) 
o n pos i t ion 3 of the d ihydro i socoumar in moie ty was at 171.95 p p m . T h e 
meth ine carbon ( C - 3 ) was assigned to the chemica l shift at 118.79 p p m . 

T h e most recent ochratoxin-type c o m p o u n d reported was 4-hydroxy-
ochratoxin A (Structure I d ) (5 ) f r om Pénicillium viridicatum. C h a r a c 
teristic differences between the N M R spectra of ochratox in A a n d 4-
hydroxyochratox in A were i n the d ihydro i socoumar in moiety . A n AMY3 

c=o 
ici) 

C=Ol 
iCll)! 

C H O C 
12 J 11 

Ο OCH 3 Ο 
- 113 J " 

aromatic C 

(C6) 

' C H o 
10 J 

J 
CDCI 

CH 
ÎC3) 

nOCH 3 OCH3 
(C12) (C13) 

mi rm 

CH 2 C«3 
(cio) 
rm 

Figure 2. 13C—off center resonance decoupling spectrum of dimethylisocou-
marin carborylate in chloroform-d solution 
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72 MYCOTOXINS 

system i n the 3,4 pos i t ioned area was ev ident i n the N M R spec trum of 
4-hydroxyochratoxin A whereas ochratox in A h a d a n A B X system i n this 
region. T h e A M Y 3 system consisted of the f o l l o w i n g : a secondary m e t h y l 
at pos i t ion 3 w h i c h appeared as a doub le t at δ 1.68 (7 = 7 . 0 H z ) , the 
meth ine proton at pos i t ion 3 w h i c h resonated as a quaretet of doublets at 
δ 4.80 (7 = 2 , 7 H z ) , a n d the methine p r o t o n o n pos i t i on 4 w h i c h resonated 
as a doublet at δ 5.11 (7 = 2 H z ) . 

T h e biosynthesis of the ochratoxins has been s t u d i e d w i t h the a i d of 
1 4 C - a n d 1 3 C - l a b e l e d precursors. I t has b e e n demonstrated that p h e n y l 
alanine was incorporated d i re c t l y into the ochratoxins (13, 14, 1 5 ) , a n d 
i t was presumed that the biosynthesis of p h e n y l a l a n i n e occurred i n the 
usua l manner—i .e . , v i a the s h i k i m i c a c i d p a t h w a y . Searcy et a l . (14) 
reported that their data were consistent w i t h the hypothesis that the 
major port ion of the i socoumar in moie ty of ochratox in A was synthesized 
v i a acetate condensation w i t h most of the 1 4 C - l a b e l f r o m supplemented 
[ 2 - 1 4 C ] sod ium acetate located i n carbons 2, 4, a n d 6 (Structure I I I ) . 

( T h e n u m b e r i n g system of the i socoumar in nuc leus i n t r o d u c e d b y Searcy 
et a l . (14) is retained to fac i l i tate discussion. ) T h e y observed l i t t l e or 
no rad ioact iv i ty i n carbons 1, 3, 5. 9, 10, or 11 of the i socoumar in moiety . 
T h e y conc luded that the absence of r a d i o a c t i v i t y i n c a r b o n 10 suggested 
that it was not der ived f r o m acetate. I n s i m i l a r studies, Steyn a n d H o l z -
ap fe l (15) reported that the i socoumar in a c i d mo ie ty was d e r i v e d f r o m 
five acetate units b y head- to - ta i l condensat ion, a n d they conc luded , there
fore, that carbons 9 a n d 10 were also d e r i v e d f r o m acetate. T h e y sug
gested that the absence of apprec iab le r a d i o a c t i v i t y observed b y Searcy 
et a l . ( J 4 ) i n carbons 9 a n d 10 m a y have ar isen f r o m a l o w y i e l d of acetate 
f r o m degradat ion experiments a n d f r o m the re l iance on tota l rad ioac t iv i ty 
rather than on specific rad ioact iv i ty . T h e y also establ ished w i t h the a i d of 
m e t h i o n i n e - S - 1 4 C H 3 that the source of the c a r b o x y l carbon at pos i t ion 4 
was v i a transmethylat ion p r o b a b l y f r o m S-adenysylmethionine . M o r e 
recent ly M a e b a y a s h i et a l . (13) us ing 1 3 C - N M R studies conf irmed the 
par t i c ipat ion of sod ium f o r m a t e - 1 3 C i n the f o rmat i on of the carboxy l 
funct ion at posit ion 4. 

These studies strongly suggested that the i s o coumar in a c i d was de 
rived v i a the acetate -malonate p a t h w a y w i t h the except ion of the car
b o x y l funct ion at C 4 w h i c h was d e r i v e d f r o m the C i poo l . T h e po in t i n 

o 

Structure HI. Ochratoxin A 
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5. C O L E Aspergillus Toxins 73 

the biosynthesis of o chratox in A at w h i c h the ch lor ine a tom was incorpo 
rated was not de termined . I t was assumed that pheny la lan ine was f o r med 
v i a the s h i k i m i c a c i d p a t h w a y . 

Sterigmatocystins 

T h e sterigmatocystins are a group of c losely re lated funga l metabo
lites character ized b y a xanthone nucleus fused to a d ihydrod i furano or 
a te t rahydrod i furano moiety . T h e most economica l ly important m e m 
ber of the group is s ter igmatocyst in (Structure I V a ) f r om Aspergillus 
versicolor (16), A . nidulans, A . rugulosus, a n d Bipoloris sp. (17), other 
members i n c l u d e aspertoxin (3 -hydroxy -6 ,7 -d imethoxyd i furoxanthone ) 
(S truc ture I V b ) , ( I S , 19, 20), O-methyls ter igmatocyst in (Structure I V c ) 
(21) a n d d ihydro -O-methy l s te r igmatocys t in (Structure V a ) (22), f r o m 
Aspergillus flavus; 5 -methoxysterigmatocyst in (Structure I V d ) (23), 

6-demethylster igmatosyst in (S t ruc ture I V e ) (24), d ihydroster igmatocys-
t i n (Structure V b ) ( 2 5 ) , a n d d ihydrodemethyls ter igmatocyst in (Structure 
V c ) (25) f r o m Aspergillus versicolor. T h e major differences among the 
various sterigmatocystins are the presence or absence of unsaturation i n 
the d i furano r i n g system ( s i m i l a r to aflatoxins B i a n d B 2 ) a n d i n the 
subst i tut ion pat tern o n posit ions 6, 7, a n d 10 of the xanthone r i n g system 
a n d / o r pos i t ion 3 of the d i furano system. 

E n g l e b r e c h t a n d A l t e n k i r k (26) s tud ied the toxic i ty of sterigmato
cyst in analogs o n p r i m a r y c e l l cultures. T h e y conc luded that compounds 
conta in ing the A 1 2 - f u r o b e n z o f u r a n - r i n g system (Structure I V ) were more 
toxic than those conta in ing a saturated furobenzofuran-r ing system (Struc
ture V ) . T h e carc inogenic i ty of sterigmatocyst in has been w e l l d o c u -

Structure IV. Sterigmato-
9 cystins 

IVa: R = H,R1 = CHs, Rs 
= H, Rs = = H 

IVb: R = OH, Ri = CHs, 
Ri = CHs, Rs — H 

IVc: R = H, Ri = CHs, R* 
= CHs, Rsr= H 

IVd: R = H, R, = CHs, Rs 
= H,RS = OCHs 

IVe: R = H,R1 = H,R*=z 
H, Rs = H 

Va: R = CH3y R* = CHs 
Vb: R = CHs, Ri == H 
Vc: R = H, Ri = H 

Structure V. Sterigma
tocystins 
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74 M Y C O T O X I N S 

merited (27, 28, 29). E n g e l b r e c h t a n d A l t e n k i r k (26) further suggested 
that a c a r b o n y l group unsaturated i n the α,β pos i t ion a n d an unsaturated 
b o n d i n the A 1 - 2 - p o s i t i o n are r e q u i r e d for carc inogenic i ty . A l s o a methoxy 
group at posit ion 6 enhanced toxic i ty of these compounds , a n d a methoxy 
group at pos i t ion 7 decreased toxic ity . H o l z a p f e l et a l . ( 1 7 ) , i n studies 
o n the acute toxic i ty of ster igmatocyst in to a lb ino rats, repor ted L D 5 0 

values of 120-166 m g / k g (per o$) a n d 6 0 - 6 5 m g / k g ( I P ) . 
B u l l o c k et a l . (16) e luc idated the c h e m i c a l structure of sterigmato

cyst in . Ster igmatocyst in is a pale y e l l o w crystal l ine c o m p o u n d w i t h a 
m e l t i n g po int of 246°C (dec ) (30). Its u v spectrum showed A m a x

E t 0 H 

208, 235, 249, a n d 329 n m ( l o g € 4.28, 4.39, 4.44, a n d 4.12, respect ive ly ) 
(16). T h e u v spectrum agreed w i t h spectra of m a n y other hydroxy la ted 
a n d / o r methoxylated xanthones (30). T h e most characterist ic features 
of the in f rared ( i r ) spectrum of sterigmatocystin were 3450 c m " 1 ( O H ) , 
1650 c m " 1 ( y - p y r o n e ) , 1627 cm" 1 , 1610 c m " 1 , a n d 1590 c m " 1 ( p h e n y l ) (16). 

T h e h i g h resolution mass spectrum of ster igmatocyst in showed m/e 
324.0627 w h i c h ana lyzed for C i 8 H n 0 6 . T h e most prominent peak i n the 
chemica l - i on izat ion mass spectrum was at n o m i n a l mass m/e 325 w i t h no 
prominent fragment ions. 

T h e pro ton N M R spectrum of sterigmatocystin consisted of chemica l 
shifts for two different systems: the d ihydrod i furano system a n d the 
xanthone system. C o u p l i n g between the three nonequivalent protons of 
the xanthone system, H 8 , H 9 , a n d H i 0 , gave rise to an A B X spectrum i n 
w h i c h J A X — 7BX — 8.1 H z ( F i g u r e 3 ) . T h e X por t i on of this spectrum 
consisted of a t r ip let at δ 7.64 ( / = 8.1 H z ) . T h e A B por t i on of the spec
t r u m was compl i ca ted b y the H 4 p ro ton of the d ihydrod i furano r i n g 
system w h i c h resonated i n the same area ( super imposed on c h e m i c a l 
shifts for H 8 a n d H i 0 between δ 6.7-7.0) ( F i g u r e 3 ) . H o w e v e r , B u l l o c k 
et a l . (16) observed a c o u p l i n g constant of 2 H z i n a complex group 
corresponding to the chemica l shifts of the H 8 a n d H i 0 protons ( about δ 
6.8; 7AB = 2 H z ) of sterigmatocystin. R o d r i c k s et a l . (19) reported that 
the corresponding A B por t i on of the A B X system (xanthone protons) i n 
aspertoxin acetate was not ent ire ly d iscernib le , b u t three doublets were 
observed w i t h a c oup l ing constant of 1 H z (δ 6.98 a n d 6.78; J A B — 1 H Z ) 
i n the reg ion of the H 8 a n d H i 0 protons. T h e r e m a i n i n g doublet was 
super imposed on the acetal p ro ton ( H 4 ) of the d i h y d r o d i f u r a n o system. 
Therefore , analysis of the A B X system of aspertoxin acetate was Jax = 
J B X = 8 . 0 H Z (ortho subst i tuted) a n d / A B = 1 H Z (meta subst i tuted) 
(19). 

N M R analysis of the corresponding protons i n the spectrum of d i -
hydro-o -methylster igmatocyst in (22) p r o v i d e d a more d iscernib le v i e w of 
the xanthone protons since the acetal pro ton (doublet δ 6.5, / = 6 . 0 H z ) 
was not super imposed o n the c h e m i c a l shifts of protons H 8 a n d Ηχ 0 of the 
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5. C O L E Aspergillus Toxins 75 
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f , ° C H 3 

Figure 3. Proton NMR spectrum of sterigmatocystin in cloroform-d solution 

xanthone system. It can be r e a d i l y observed f r o m this spectrum ( F i g u r e 
4 ) that the X port ion of the spectrum ( H 9 p ro ton ) aga in appeared as a 
d i -ortho t r ip le t at δ 7.57 (7 = 8.0 H z ) ; the A B por t i on ( H 8 a n d Ηχο) 
resonated as two ortho-meta doublet of doublets at δ 7.0 a n d 6.8, respec
t i ve ly (7 = 8.0 H z a n d 1.0 H z ) . T h e values for 7 A X — 7 B X — 8 . 0 H z a n d 
7 A B = 1.0 H z also agree w i t h 7-ortho a n d 7-meta for benzeno id systems. 

T h e N M R spectrum of ster igmatocyst in also contained the t y p i c a l 
c h e m i c a l shifts for protons of a d i h y d r o d i f u r a n o system s imi lar to those 
observed for the corresponding protons i n aflatoxin Βχ (31, 33) ( F i g u r e 
3 ) : Ηχ = tr ip let , δ 6.62 (7 = 2 . 5 H z ) ; H 2 = tr ip let , δ 5.50 (7 = 2 . 5 H z ) ; 
H 3 = tr iplets of doublet , δ 4.81 (7 = 2.5 a n d 7.0 H z ) ; H 4 — doublet , ca . δ 
6.85 (7 = 7 H z ) . T h e noncoup led aromat ic proton , H 5 , resonated at δ 
6.50 as a singlet, a n d the methoxy protons at pos i t ion 6 were observed at 
δ 4.00 ( F i g u r e 3 ) (16). 

T h e s tructura l analysis of the p-bromobenzoate der ivat ive of sterig
matocyst in b y x -ray di f fract ion (33) agreed w i t h the structure of s ter ig 
matocyst in proposed b y B u l l o c k et a l . (16). T h e s tructura l assignment 
of ster igmatocyst in was ver i f ied further t h r o u g h tota l synthesis ( z b ) - O -
methylster igmatocyst in (34) a n d b y the convers ion of O - m e t h y l d i h y d r o -
ster igmatocyst in into d ihydroaspertox in b y treat ing i t w i t h methanol i c 
a l k a l i a n d then w i t h l ead tetraacetate a n d d i l u t e a lka l ine hydro lys is (1). 
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Figure 4. Proton NMR spectrum of dihydro-O-methyhterigmato-
cystin in chloroform-d solution 

H o l k e r a n d M u l h e i r n (35) s tudied the biosynthesis of sterigmatocys
t i n b y degradat ion of 1 4 C - l a b e l e d tox in p r o d u c e d b y Aspergillus versicolor 
f r o m [ 1 - 1 4 C ] acetate. T h e y reported that the d i s t r ibut ion of rad ioact iv i ty 
i n d i c a t e d that the xanthone r i n g system i n sterigmatocystin p r o b a b l y 
o r ig inated v i a the acetate -malonate p a t h w a y a n d that the 4-carbon b is -
f u r a n mo ie ty also seemed to arise f r o m head-to - ta i l condensation of t w o 
acetate units w i t h the C — C b o n d jo in ing the xanthone a n d b is furan 
moiet ies d e r i v e d f r o m acetate m e t h y l groups. T h e y also observed that 
the l e v e l of rad ioac t iv i ty i n the b is furan moiety was signif icantly l ower 
t h a n that i n the xanthone system. F r o m the above observations H o l k e r 
a n d M u l h e i r n (35) suggested that sterigmatocystin was der ived f r om two 
separate ket ide units c o m b i n e d i n an u n k n o w n fashion. 

S ince sterigmatocystins, versicolorins, a n d aflatoxins a l l conta in the 
furobenzo furan r i n g system, i t has been speculated that they have a 
c o m m o n biogenet ic p a t h w a y or that the aflatoxins m a y be der ived f r o m 
ster igmatocyst in a n d / o r vers ico lor in type precursors (32, 35, 36, 3 7 ) . 
Recent ev idence p a r t i a l l y supported these hypotheses. H s i e h et a l . (33) 
demonstrated that 1 4 C-s ter igmatocys t in was efficiently converted to afla
t ox in B i b y the rest ing m y c e l i u m of Aspergillus parasiticus. T h e i r results 
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5. C O L E Aspergillus Toxins 77 

ind i ca ted a b iosynthet ic p a t h w a y l ead ing f r o m 5-hydroxysterigmatocystin 
to ster igmatocyst in a n d then to aflatoxin B x . Schroeder et a l . (39) re 
por ted that an orange versicolor in-type p igment , tentat ively identi f ied as 
vers iconal acetate, a c cumulated i n cultures of Aspergillus flavus w i t h a 
concomitant r educ t i on i n aflatoxin produc t i on as a result of the inh ib i t o ry 
act ion of the insect ic ide dichlorvos . 

Aspergillic Acid 

A s p e r g i l l i c a c i d (Structure V I ) , first of a n u m b e r of closely re lated 
p y r a z i n e metabolites reported, was discovered a n d n a m e d b y W h i t e (40) 
a n d W h i t e a n d H i l l (41). A s w i t h m a n y other mycotoxins, aspergi l l i c 
a c i d was o r i g i n a l l y d iscovered because of its ant ib iot i c properties. A s p e r 
g i l l i c a c i d a n d its analogs are major metabolites of certain strains of 
A . flavus a n d other Aspergillus spp. 

A s p e r g i l l i c a c i d is acutely toxic to mice (100-150 m g / k g , i p ) but has 
no chronic effects at sublethal dosages (41). T h e analogs of aspergi l l ic 
a c i d showed ranges of toxic i ty f r om near zero to tox ic i ty equa l ing that 
for aspergi l l i c a c i d (42, 43, 44). T o x i c i t y appeared to be re lated to the 
h y d r o x a m i c a c i d funct ional i ty , a n d l itt le effect on toxic i ty was observed 
for differences i n the 3 a n d 6 pos i t ioned s ide-chain substituents. 

M a c D o n a l d (45, 46) i n studies w i t h D L - l e u c i n e - 1 4 C a n d L - i so leuc ine-
1 4 C showed that Aspergillus flavus synthesized aspergi l l i c a c i d a n d h y -
droxyasperg i l l i c a c i d ( Structure V I I ) f r om one molecule of leucine plus 
one molecule of isoleucine. T h i s conclusion was based on the fact that 
aspergi l l i c a c i d f r o m m e d i u m supplemented w i t h L - i s o l e u c i n e - 1 4 C h a d 
most of the rad ioac t iv i ty i n the isoleucine moiety a n d on ly a s m a l l amount 
i n the leucine moiety . T h e opposite was f o u n d w h e n aspergi l l i c a c id was 
p r o d u c e d i n m e d i u m supplemented w i t h D L - l e u c i n e - 1 4 C . D a t a were s i m i 
lar f r om studies on the biosynthesis of hydroxyasperg i l l i c a c id . I n another 
s tudy aspergi l l i c a c i d - 1 4 C was converted to hydroxyasperg i l l i c a c i d - 1 4 C , 
b u t the reverse was not true. A l s o , i n the early stages of g rowth of A . 
flavus, more aspergi l l i c a c i d than hydroxyasperg i l l i c a c i d was present i n 
the m e d i u m , b u t i n the later stages, hydroxyasperg i l l i c a c i d predominated . 
T h e above findings support the hypothesis that hydroxyasperg i l l i c a c i d is 
p r o d u c e d i r revers ib ly f r o m aspergi l l i c ac id . 

C H 
'3 ό 

Structure VI. Aspergillic Acid 
Structure VII. Hydroxyasper

gillic Acid 
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78 MYCOTOXINS 

Structure VIII. Νeoaspergillie 
Acid 

I n later studies u s i n g radioisotopes, M i c e t i c h a n d M a c D o n a l d (47) 
showed that neoaspergi l l i c a c i d (Structure V I I I ) was biosynthes ized f r o m 
two molecules of leucine. Results also strongly suggested that the se
quence i n the biosynthesis of neoaspergi l l i c a c i d was (2) l e u c i n e - » 
flavacol (Structure I X ) —» neoaspergi l l i c a c i d -> neohydroxyasperg i l l i c 
a c i d (Struc ture X ) . 

, C M - C H 2 ^ N ^ O H ^ C H - C H ^ N ^ O H 

C H 3 C H 3 O H £ 

Stucture IX. Ffovacol Structure X. Neohydroxyas
pergillic Acid 

E l u c i d a t i o n of the c h e m i c a l structure of aspergi l l i c a c i d ( C12H20N2O2 ) 
(Structure V I ) p r i m a r i l y arose f r o m the w o r k of D u t c h e r (48, 49) 
a n d D u t c h e r a n d Winters te iner (50) a long w i t h subsequent studies b y 
ether investigators w h i c h eventual ly rev ised the nature of the side chains 
a n d establ ished their l o cat ion on the pyraz ine r i n g (51, 52, 53, 54). 

P r i n c i p l e c h e m i c a l features of aspergi l l i c a c i d are pyraz ine r i n g , 
c y c l i c h y d r o x a m i c ac id , sec -buty l a n d i s o b u t y l moieties. T h e various 
analogs of aspergi l l i c a c i d differ f r o m each other p r i m a r i l y i n the nature 
of the s ide - cha in substituents on positions 3 a n d 6. A s p e r g i l l i c a c i d a n d 
most analogs can exist i n either the h y d r o x a m i c a c i d f o r m (2 -hydroxy-
p y r a z i n e - l - o x i d e ) or the l -hydroxy -2 -pyraz inone f o r m (Structure X I ) . 

T h e u v spectrum of asperg i l l i c a c i d was A m a x
E t 0 H 328 (e — 8500) 

a n d 235 n m (c = 10,500) a n d A m a x 336 n m ( c = 10,800) i n 0.05M phos
phate buffer, p H 7.3. T h e i r spectrum showed absorptions at 3120, 2940, 

R A N ^ O H R f ^ N ^ O 

O O H 

Structure XI. Ατ±Β 
Aspergillic Acid Nu

cleus 
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5. C O L E Aspergillus Toxins 79 

2850, 2800-2250 ( b r o a d ) , 2040 (absent i n ch loro form so lu t i on ) , 1640, 
1585,1150, a n d 710 c m " 1 ( 4 8 ) . 

T h e N M R spectrum of aspergi l l i c a c i d taken i n tri f luoroacetic a c i d 
solut ion w i t h tetramethyls i lane as in terna l reference showed the f o l l o w i n g 
recognizable features: a c h e m i c a l shift resonating at δ 7.83 for a single 
proton was assigned to the aromat ic proton o n pos i t ion 5 ( Structure V I ) ; 
the methylene protons attached to C - 3 resonated as a doublet (7 = 8.0 
H z ) at δ 3.12; the methine pro ton i n the sec -buty l side c h a i n attached to 
C - 6 was observed at δ 3.73 ( m u l t i p l e t ) , a n d the four m e t h y l groups o n 
the sec- a n d i s obuty l side chains were at δ 1.02 a n d δ 1.51 (β-methyl on 
the sec -buty l side c h a i n was presumably super imposed on g e m - d i m e t h y l 
doub le t ) ( 4 7 ) . T h e 3 proton doublet at δ 1.51 (7 = 6 H z ) was assigned 
to the m e t h y l group on the see-butyl s ide cha in (pos i t ion 6 ) a n d appar 
ent ly showed v i r t u a l c o u p l i n g to the adjacent methine proton w h i c h was 
i n t u r n coup led to the adjacent methylene protons. 

Kojic Acid 

K o j i c a c i d [ 5 -hydroxy -2 - (hydroxymethy l ) - 4 i i -pyran -4 -one ] (S t ruc 
ture X I I ) , a re la t ive ly c o m m o n metabol i te of Aspergillus spp. a n d i n 

par t i cu lar of A . flavus, was first d iscovered b y Saito ( 5 5 ) . Y a b u t a (56) 
s tud ied the chemistry of ko j i c a c i d a n d was m a i n l y responsible for e l u c i 
d a t i n g its c h e m i c a l structure. 

E a r l y w o r k on ko j i c a c i d was no doubt re lated to its a n t i m i c r o b i a l 
properties. Cons iderab le emphasis r e m a i n e d on the potent ia l usefulness 
of ko j ic a c i d i n spite of reports of its toxic i ty to animals . T h u s , ko j i c a c i d 
has been the target of extensive c h e m i c a l research ( D a t a sheet N o . 502, 
Char les Pf izer a n d C o . ) . 

A l t h o u g h koj ic a c i d has not been d i rec t ly i m p l i c a t e d i n n a t u r a l out 
breaks of mycotoxicosis , i t remains a po tent ia l p r o b l e m i n v i e w of the 
large n u m b e r of microorganisms capable of p r o d u c i n g large amounts 
of i t . T h e L D 5 0 of ko j ic a c i d i n 17 g mice was 30 m g i p in ject ion ( 5 7 ) . 
K o j i c a c i d also s h o w e d tox ic i ty i n p lant cells at 1 0 _ 1 M ( 5 8 ) . 

K o j i c a c i d is character ized b y a γ-pyrone nucleus subst i tuted o n p o s i -
ations 2 a n d 5 w i t h a h y d r o x y m e t h y l a n d a h y d r o x y group. Its u v spec
t r u m showed A m a x E t 0 H 268 n m (e = 8000) a n d 216 n m ( € = 11,000). 

o 

Structure XII. 
Kojic Acid 
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80 MYCOTOXINS 

T h e i n f r a r e d spec t rum of ko j i c a c i d shows t y p i c a l γ-pyrone absrop-
t ions—i .e . , C = 0 stretching frequency at 1765 c m " 1 a n d v c = c stretching 
frequencies at 1620 c m " 1 a n d 1588 c m " 1 . O t h e r significant absorptions 
o c curred at 3285 ( O H ) , 1350, 1285, 1230, 1142, 1085, 990, 944, a n d 865 
c m ' 1 . 

T h e N M R spec t rum of ko j i c a c id , taken i n D 2 0 solution, exh ib i ted 
c h e m i c a l shifts f or a two -pro ton s igna l at δ 4.54 (s inglet , 2 -hydroxymethy l 
g r o u p ) a n d one-proton singlets at δ 6.59 a n d δ 8.10 for the protons o n 
posit ions 3 a n d 6. Signals for the two O H protons were not observed 
because of c h e m i c a l exchange w i t h D 2 0 . A c h e m i c a l shift resonating at 
δ 4.69 was assigned to H D O ( 5 9 ) . 

I n spite of extensive research on the biosynthesis of ko j i c a c i d , its 
m o d e of f o rmat i on was dubious . T h e w o r k of A r n s t e i n a n d Bent l ey (60, 
61, 62, 63, 64)y i n a series of elegant experiments us ing 1 4 C - l a b e l e d pre 
cursors w i t h subsequent degradat ion of the products , p r o v i d e d strong 
evidence that ko j i c a c i d was f o rmed d i rec t ly f r o m the ox idat ion of D -
glucose. T h e y suggested that D -glucose c o u l d be ox id i zed to 3-ketoglu-
conic a c i d lactone w h i c h c o u l d i n t u r n take two possible pathways to 
ko j i c a c i d . B o t h p a t h w a y s invo lve enzymat i c dehydrat ion and reduct i on 
f r o m 3-ketogluconic a c i d lactone to f o r m ko j i c a c id . F u r t h e r support for 
these pa thways was p r o v i d e d w h e n i t was exper imental ly shown that 
g lucon i c a c i d a n d g luconolactone b o t h serve as precursors for ko j i c a c id 
biosynthesis (64). A n excellent comprehensive r e v i e w of ko j i c a c i d has 
been p r e p a r e d b y B e e l i k (65). 

Aust amide 

Steyn (66, 67) recent ly reported on the c h e m i c a l structures of five 
n e w d ike top iperaz ine compounds isolated f r o m cultures of Aspergillus 
ustus. A u s t a m i d e ( Structure X I I I ) a n d 12,13-dihydroaustamide are char 
acter ized b y a bas i c Ψ-indoxyl mo ie ty substituted o n posi t ion t w o w i t h a 
seven-membered s p i r a n r i n g system a n d conta in ing i n add i t i on d iketo 
p i p e r a z i n e a n d p r o l i n e moieties . T h e u v spectra of bo th compounds 
showed t y p i c a l Φ-indoxyl chromophores ( A m a x

E t 0 H 234, 256, a n d 392 n m ) . 

15 

Structure XIII. Austa
mide 
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5. C O L E Aspergillus Toxins 81 

A u s t a m i d e contained a d d i t i o n a l U V absorptions ( A m a x E t 0 H 268 a n d 282 
n m ) a t t r ibuted to the enamide chromophore (66,67). 

T h e i r spectrum of austamide showed 3420 c m " 1 ( N H g r o u p ) , 1700 
c m " 1 (Ψ-indoxyl C = 0 ) , a n d 1680 c m ' 1 a n d 1650 c m " 1 ( d ike top iperaz ine 
C = 0 groups ) . D i h y d r o a u s t a m i d e h a d s i m i l a r i r absorpt ion for the 
major funct ional groups. M a s s spectral analysis of austamide showed a 
molecu lar i on peak ( m * ) at m/e 363 w h i c h a n a l y z e d for C21H21N3O3. 

T h e base peak appeared at m/e 203 ( C i i H i i N 2 0 2 ) w h i c h resul ted f r o m 
cleavage of the sp i ran r i n g to f o r m a n a l i c y c l i c f ragment at m/e 218 
(C12H14N2O2) f o l l owed b y a loss of a m e t h y l g roup . D i h y d r o a u s t a m i d e 
showed a m * peak at m/e 365 w i t h a corresponding f ragment represent ing 
the a l i cyc l i c part of the molecu le at m/e 220 (67). 

Character is t i c features of the N M R spec t rum of austamide were 
c h e m i c a l shifts for t w o nonequivalent g e m i n a l m e t h y l groups resonating 
at δ 1.38 (s inglet ) a n d δ 0.88 ( s i n g l e t ) ; the olef inic protons l ocated o n the 
other par t of the isoprene u n i t appeared at δ 4.89 ( d o u b l e t ) a n d at δ 6.82 
(doub le t ) ( J A B — 10 H z ) . T h e nonequiva lent m e t h y l e n e protons at pos i 
t i on 3 resonated at δ 3.06 ( e q u i t o r i a l quartet ) a n d δ 2.10 ( a x i a l quartet ) 
as par t of an A B X system w i t h J A B — 14, / A X — 5, a n d J B x — 12 H z . T h e 
X por t ion consisted of the meth ine pro ton o n the d ike top iperaz ine mo ie ty 
resonating at δ 4.99 as a pa i r of doublets ( J A x — 5; J B x = 12 H z ) . 

T h e protons i n the pro l ine r i n g compr i sed a n A 2 M 2 X system. T h e 
methylene protons adjacent to the pro l ine n i t rogen appeared as two over
l a p p i n g triplets at δ 3.85 (7 = 9, 9 H z ) ; the c h e m i c a l shifts for the t w o 
protons at posi t ion 19 resonated as a sextet at δ 2.40 ( / = 3, 9, 9 H z ) . T h e 
aromat ic protons on the i n d o x y l nucleus were observed be tween δ 7.7 a n d 
δ 6.6, a n d the N H proton ( D 2 0 exchangeable) was observed at δ 4.73 as a 
b r o a d s ignal . T h e N M R spectrum of d ihydroaus tamide was s imi lar except 
that the olefinic t r ip le t at δ 6.26 was absent a n d a p r o t o n (pos i t ion 12) 
appeared at δ 4.18; c h e m i c a l shifts for the p r o l i n e protons became more 
complex. 

T h e other three diketopiperazines consisted of c lose ly re la ted 2,3-
disubst i tuted indoles. T h e major c o m p o u n d of this g roup , p r o l y l - 2 - ( l ' , l ' -
d imethy la l l y l t ryptophy ld ike top iperaz ine [ C 2 1 H 2 5 N 3 O 2 ] (S tructure X I V ) 
w i l l serve as a m o d e l for discussion. It h a d t y p i c a l U V absorpt ion for 
2,3-disubstituted indo le ( A m a x

E t 0 H 225, 275, 283, a n d 291 n m ; l o g c 4.51, 
3.85, 3.91, a n d 3.85). T h e i r showed character ist i c N H absorpt ion at 
3480, 3460, a n d 3365 cm" 1 . T h e amide I bands o c c u r r e d at 1685 (weak 
sh) a n d 1670 c m ' 1 . Absence of an amide I I b a n d suppor ted the presence 
of a d iketopiperaz ine system. 

T h e mass spectrum of Structure X I V h a d a m * peak at m/e 351 a n d 
one prominent peak at m/e 198 (base p e a k ) r e s u l t i n g f r o m cleavage of 
the b o n d between carbons 8 a n d 9. T h e N M R spec t rum s h o w e d c h e m i c a l 
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82 M Y C O T O X I N S 

shifts for two D 2 0 exchangeable proton singlets at δ 8.75 a n d δ 5.72 ar is ing 
f r o m the N H protons. T h e four aromatic protons appeared as a mul t ip l e t 
be tween δ 7.52-6.95; the g e m - d i m e t h y l protons were located at δ 1.50 as 
a s ix-proton singlet. T h e three exocycl ic protons on positions 19 a n d 20 
compr i sed a A A 2 X system w i t h the X par t ( H on pos i t ion 19) at δ 6.10 
( / A X _ 18.0 H z ; 7 Δ 1χ — 9 H z ) a n d the A A 1 par t at δ 5.08 ( 7 A X — 18.0 H z ; 
7 A 1 A 1 = 9 H Z ) . 

T h e 3 protons at positions 8 a n d 9 resonated as an A B X system at 
δ 4.44 ( H o n pos i t ion 9 — X par t ; 7 A X — 4; 7 B X — 11.0 H z ) , δ 3.75 ( H A ) 
( 7 A B - 15.5; 7 A X - 4 H z ) , a n d δ 3.17 ( H „ ) ( 7 A B - 15.5; 7 B X - 1 1 . 0 H z ) . 
A s igna l ar i s ing f r o m the methine proton at pos i t ion 12 was observed as 
a t r ip le t at δ 4.05 (7 = 7 H z ) . T h e protons on pos i t ion 15 w e r e located 
at δ 3.66, a n d the other four protons of the pro l ine r i n g were between 
δ 2.4 a n d 1.8 as a mul t ip l e t . 

A u s t a m i d e (Structure X I I I ) was reported as toxic to duck l ings , b u t 
no specific tox ico logical data have been reported (66). A l t h o u g h no data 
concerning biosynthesis of the diketopiperazines were avai lable , the 
amino acids, t ryptophan a n d pro l ine , m i g h t be invo lved . 

Ascladiol 

A p a t u l i n - p r o d u c i n g strain of Aspergillus clavatus i so lated f r om 
wheat flour (68) p r o d u c e d a n e w myco tox in n a m e d asc ladio l (Structure 
X V ) . A s c l a d i o l ( C 7 H 8 0 4 ) , a metabol i te closely re lated to p a t u l i n , was 

on ly one- fourth as acute ly toxic to mice as p a t u l i n . M a j o r absorpt ion 
bands i n the i r spectrum w e r e 1735 c m " 1 a n d 1750 c m ' 1 ( suppor t ing 
five-membered lactone r i n g system) a n d 3300 c m " 1 ( O H ) (68). T h e u v 

T h e pro ton magnet i c resonance spectrum taken i n acetone-d e so lu 
t i o n showed resonances for two meth ine protons at δ 6.29 (mul t ip l e t ; C -2 ) 
a n d δ 5.87 (quartet ; C - 5 ) . T h e two p a i r of methylene protons located on 
C - 6 a n d C - 7 w e r e pos i t ioned at δ 4.74 a n d δ 4.30. Super imposed on the 
methylene protons at δ 4.74 w e r e t w o D 2 0 exchangeable protons assigned 
to the O H protons o n C - 6 a n d C - 7 (68). 

Structure XIV. Diketo
piperazine 

Structure XV. 
Ascladiol 

spec trum showed A m a x E t 0 H 271 n m . 
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5. C O L E Aspergillus Toxins 83 

Terreic Acid 

T h e ant ib iot i c terreic a c i d (Structure X V I ) was first d iscovered b y 
W i l k i n s a n d H a r r i s (69). Its u t i l i t y was negated because i n v i v o tests 
showed that i t was h i g h l y toxic to mammals (70). Intravenous in ject ion 
of terreic a c i d to m i c e showed an L D 5 0 of 71 -119 m g / k g (70). 

T h e c h e m i c a l structure of terreic a c i d was proposed b y Sheehan et a l . 
(71) as 2 ,3-epoxy-6-hydroxytoluquinone (Structure X V I ) . T h e structure 
assignment was based on comparisons of the N M R spectra of terreic a c i d 
a n d 2 ,3-epoxy- l ,4 -naphthoquinone ( Structure X V I I ) together w i t h p h y s i 
c a l data a n d c h e m i c a l transformation products . 

Structure XVI. Structure XVII. 
Terreic Acid Naphthoquinone 

T h e i r spectrum of terreic a c i d h a d sharp absorptions at 3300, 1655, 
a n d 1629 c m ' 1 compat ib le w i t h the presence of a n enofized 1,2,4-triketone 
system. A d d i t i o n a l strong absorptions w e r e 1690, 1380 ( C H 3 ) , 1370, 
1350, 1305, 1200, 1135, 1035, a n d 760 c m " 1 (71). T h e u v spectrum h a d 
m a x i m a at 214 ( l o g c 4.03) a n d 316 n m ( l o g e 3.88); the latter absorpt ion 
shi f ted to 304 n m i n an a c i d so lut ion. A s imi lar shift to 304 n m was ob
served w h e n i t was converted to the m e t h y l ether der ivat ive . 

T h e c h e m i c a l shifts for terreic a c i d ana lyzed i n ch loro form-d solut ion 
were reported re lat ive to the O H absorpt ion of water . T h e N M R spectrum 
h a d three d ist inguishable resonances a t t r ibuted to the m e t h y l group 
( + 1 0 7 H z ) , the two epoxide protons ( + 3 0 H z ) , a n d the O H pro ton 
( — 93 H z ) . T h e epoxide protons of 5 ,6-epoxy-3-hydroxytoluquinone 
( + 32 H z ) a n d terreic a c i d were s imi lar ly pos i t ioned (71). 

Viriditoxin 

V i r i d i t o x i n was isolated f r o m m y c e l i a of a toxigenic strain of Asper
gillus veri-nudans f o u n d d u r i n g rout ine screening for toxigenic f u n g i (72, 
73). V i r i d i t o x i n was shown to be a symmetr i ca l d i m e r w i t h Structure 
X V I I I . E l e m e n t a l a n d mass spectral analyses establ ished the molecu lar 

Ο O H O H 

Structure XVIII. Viriditoxin 
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84 MYCOTOXINS 

weight as 662 w i t h a molecu lar f o r m u l a of C34H30O14. T h e tox in i n 
ethanol so lut ion showed u v absorpt ion at A m a x 266 a n d 380 n m ( 7 3 ) . 

Signif icant c a r b o n y l absorptions i n the i r spectrum were 1740 c m " 1 

(ester) a n d 1635 c m ' 1 . T h e latter absorpt ion shi f ted to 1720 after acety la -
t i o n w h i c h suggested a hydrogen-bonded lactone. F u r t h e r support arose 
f r o m the N M R spec trum w h i c h showed a D 2 0 exchangeable pro ton at 
δ 13.70. T h i s extreme downf ie ld posi t ion is t y p i c a l of a hydrogen-bonded 
O H group. A c h e m i c a l shift for an add i t i o na l O H pro ton appeared at 
δ 9.72. T w o methoxy resonances were at δ 3.66 a n d δ 3.74. C h e m i c a l shifts 
i n the aromatic reg ion (singlets at δ 6.24 a n d 6.78) were assigned to the 
two meta-posit ioned aromatic protons o n the napthalene r i n g system. T h e 
methylene protons i n the lactone r i n g a n d the exocycl ic methylene protons 
were coup led w i t h the adjacent meth ine proton . T h e methine pro ton 
resonated as a m u l t i p l e t at δ 4.96, a n d the methy lene protons p a r t i a l l y 
over lapped at δ 2.76 ( m u l t i p l e t ) a n d δ 2.81 ( d o u b l e t ) . V i r i d i t o x i n h a d 
an L D 5 0 of 2.8 m g / k g ( i p ) i n 20 g mice . N o b iosynthet ic data w e r e g iven 
for v i r id i t ox in . 

Cytochalasin Ε 

A recent report i m p l i c a t e d cytochalas in Ε f r o m Aspergillus clavatus 
to h u m a n morta l i ty f r o m ingest ion of m o l d - d a m a g e d r i ce (74, 75 ) . C y t o 
chalasin Ε (Structure X I X ) contained mono-subst i tuted aromatic , sec
ondary amide , epoxide, ketone, a n d a l k y l v i n y l carbonate moieties ( 7 5 ) . 
Its i r spectrum showed major absorptions at 3475 c m " 1 ( O H , N H ) , 1765 
c m " 1 , 1 6 6 0 c m " 1 , a n d 1720 c m " 1 . 

Pro ton c h e m i c a l shifts for cytochalas in Ε were assigned as f o l l ows : 
two exchangeable protons appeared at δ 6.93 ( N H pro ton on C -2 ) and 
δ 4.1 ( O H pro ton o n C - 1 5 ) ; the aromatic protons o c curred as a mul t ip l e t 
at δ 7.1. Resonances for 4 m e t h y l groups were observed at δ 1.0 (doublet , 
/ = 6 H z ; C - 5 ) , δ 1.2 (s inglet ; C - 6 ) , δ 1.13 (doublet , 7 = 6 H z ; C - 1 3 ) , 
a n d δ 1.4 (s inglet ; C - 1 5 ) . T w o strongly coup led protons resonated at 
δ 5.45 (doub le t ) a n d δ 6.25 (doublet , 7 = 11 H z ) . These were assigned 
to the protons located on C-16 a n d C-17 (75 ) . 

T h e corrected structure a n d stereochemistry were obta ined v i a s ingle 
crysta l x -ray di f fraction analysis ( 75 ) . C y t o c h a l a s i n Ε reported ly k i l l e d 
rats w i t h i n a f e w hours after dosing. T h e L D 5 0 values were 2.6 m g / k g 
( i p ) a n d 9.1 m g / k g ( o ra l ) ( 7 5 ) . 

Maltoryzine 

T w o cases of feed po isoning i n d a i r y cattle were t raced to m a l t sprout 
contaminated w i t h a toxigenic strain of Aspergillus oryzae var . microsporia 
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5. C O L E Aspergillus Toxins 

o: 
O H Ο 

Structure XIX. 
Cytochalasin Ε 

Structure XX. 
Maltoryzine 

(76) . T h e toxin was n a m e d mal toryz ine (C11H14O4) (Structure X X ) 
(77) . M a l t o r y z i n e h a d an L D 5 0 of 3 m g / k g ( i p ) i n mice . 

T h e u v spectrum of this tox in was A m a x 220 ( l og c 4.1) , 280 ( l og € 
3.1), a n d 320 n m ( l og c 2.1). T h e I R spectrum of mal toryz ine supported 
O H (3300 c m " 1 ) , ketone (1700 c m " 1 ) , a n d aromat ic moieties (1600 and 
1500 c m " 1 ) . T h e chemica l structure of mal toryz ine was deduced f r o m 
c h e m i c a l degradat ion studies of the t r imethoxy der ivat ive of mal toryz ine 

Other Toxins of A s p e r g i l l u s Spp. 

T h e f o l l o w i n g is a br ie f survey of other toxic Aspergillus metabolites. 
B u s h et a l . (78) isolated a n d ident i f ied 3-nitropropanoic a c i d (Structure 
X X I ) f r o m toxic extracts of A . flavus cultures. 3 -Ni t ropropano i c a c i d has 
also been reported as a metabol i te of A . oryzae. I n bo th cases, i t o c curred 
together w i t h pyraz ine compounds w h i c h m a y suggest a ro le i n the 
nitr i f i cat ion pathway . 

O x a l i c a c i d ( Structure X X I I ) is a metabo l i c produc t of several f u n g i 
i n c l u d i n g A . flavus, A. glaucus, A. luchuensis, a n d A . niger. T h e tox ico log i -
c a l properties of oxal ic a c i d m a y re ly o n the presence of large quantit ies 
i n contaminated feed supplies or on synergist ic effects w i t h other metabo
lites func t i on ing i n concert. Unfor tunate ly , f u n d a m e n t a l in format ion 

( 7 7 ) . 

I 

Structure XXI. 
β-Nitropropanoic Acid 

Structure XXII. 
Oxalic Acid 
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86 MYCOTOXINS 

re lat ive to the synergistic effects of f u n g a l metabolites o c cur ing natura l l y 
is m i n i m a l or l a c k i n g a l though i t is recognized that synergism occurs 
n a t u r a l l y . 

H e l v o l i c a c i d ( f u m i g a c i n ) (Structure X X I I I ) , a toxic ant ib io t i c p r o 
d u c e d b y some isolates of A . fumigatus, was reported almost s imultane
ous ly b y W a k s m a n et a l . (79) a n d C h a i n et a l . ( 8 0 ) . T h e correct chemica l 

s tructure of he lvo l i c a c i d was determined b y chemica l a n d p h y s i c a l c on 
siderations a n d pro ton magnet i c resonance studies (81). 

G l i o t o x i n ( C ^ H ^ N a C ^ ) (Structure X X I V ) , an ant ib iot i c first r e 
p o r t e d f r o m Gliocladium frimbriatum (82), is a metabo l i c p r o d u c t of 
several f u n g i i n c l u d i n g Aspergillus fumigatus (83), A . chevalieri (84), 
a n d Α. Τ err eus (85, 8 6 ) . G l i o t o x i n is character ized b y a disulf ide b r idge 
across a d iketop iperaz ine r i n g system. T h e basic structure is a 3 ,6-epidi -
thio -2 ,5-dioxopiperazine moiety . A l t h o u g h several other e p i p o l y t h i o d i -
oxopiperazines occur natura l l y ( 8 7 ) , on ly g l iotox in a n d acety laranat in 
(S t ruc ture X X V ) (86) have been reported as metabolites of Aspergillus 
sp. 

I n add i t i on to potent ant ib iot i c properties , g l iotoxin was acutely 
toxic to rabbits ( L D 5 0 — 45 m g / k g ) , mice ( L D 5 0 — 5 0 m g / k g ) , a n d rats 
( L D 5 o — 5 0 - 6 5 m g / k g ) (88); at sub le tha l doses the animals h a d k i d n e y 
lesions. A comprehensive r e v i e w of the biosynthesis of ep ipo lyth iod ioxo -
p iperaz ines was presented b y T a y l o r ( 8 7 ) . 

O t h e r toxigenic metabolites of A . fumigatus are f u m i g a t i n ( Structure 
X X V I ) (89), f u m a g i l l i n (Structure X X V I I ) ( 9 0 ) , T e r r e i n (Structure 
X X V I I I ) (91, 92, 93, 94), a n d sp inulos in (Structure X X I X ) ( 88 ) . O j i m a 

C H 2 O H Ο 

Structure XXIII. 
Helvolic Acid 

Structure XXIV. 
Gliotoxin 

Ο 

Ο 

Structure XXV. 
Acetylaranatin 

Structure XXVI. 
Fumigatin 
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5. C O L E Aspergillus Toxins 87 

H O O C ( C H = C H ) 4 C = 0 

Structure XXVII. 
Fumagillin 

Structure XXVIII. 
Terrein 

• O H 

δ O H 

Structure XXIX. 
Spinuhsin 

Structure XXX. 
Butenolide 

et al. (95 ) recently reported the ident i ty of a n e w buteno l ide (Structure 
X X X ) f r o m culture filtrates of A . terreus. T h e y also f o u n d six other 
closely re lated metabolites associated w i t h this c ompound . In format ion 
not presented i n this r e v i e w is p r o v i d e d i n Ref . 96. 
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Patulin and Penicillic Acid 

DAVID M. WILSON 

Department of Plant Pathology, University of Georgia, College of Agriculture 
Experiment Stations, Coastal Plain Station, Tifton, Ga. 31794 

The mycotoxins patulin (4-hydroxy-4H-furo[3,2-c]pyran-
2(6H)-one) and penicillic acid (3-methoxy-5-methyl-4-oxo-
2,5-hexadienoic acid) are metabolites of several fungi, pri
marily species of Aspergillus and Penicillium. Their chemi
cal and physical properties and biosynthesis are discussed. 
Recent work on analytical methods, reports of natural occur
rence, and stability in foods and feeds are emphasized. 
Both patulin and penicillic acid inhibit DNA, RNA, protein 
synthesis, and some enzymes containing SH groups. The 
precise mode of toxic action remains uncertain. Since both 
patulin and penicillic acid are toxic and have been impli
cated in carcinogenesis and since patulin causes mutations 
in yeasts, they are potentially dangerous. The biological 
effects of orally ingested patulin and penicillic acid need 
further study to assess their potential health hazard. 

Once upon a time gasoline was a nuisance and the problem was 
how to get rid of it; once upon a time moulds were a nuisance 
and the problem was how to get rid of them. Not so today. Since 
the epoch-making purification of penicillin . . . by Florey and 
his associates . . . the search for therapeutic agents from moulds 
has crossed oceans and continents. At the London School of 
Hygiene and Tropical Medicine in London, England, Professor 
Harold Raistrick and his associates . . . have assiduously iso
lated, purified, and established the structure of a number of 
therapeutically active compounds from various moulds. Their 
most recent and most interesting derivative from moulds is 
"patuline" which is obtained from the mould Penicillium patulum 
Bainier, and which holds promise of therapeutic activity against 
the common cold ( 1 ). 

Patulin was soon found almost useless in curing the common cold (2) 
and was too toxic for use as an antimicrobial agent. Therefore interest 
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6. WILSON Patulin and Penicillic Acid 91 

has n o w shi f ted to the toxic properties of p a t u l i n a n d its re la t i on to the 
potent ia l contaminat ion of foods a n d feeds. 

T h e structure of p a t u l i n (4 -hydroxy-4H-furo [3 ,2 -c ]pyran-2(6H)-one) 
was determined b y W o o d w a r d a n d S i n g h (3 , 4 ) (see F i g u r e 1 ) . P a t u l i n 

has been isolated under various names: c l a v i c i n , c l a v i t i n , c l a v i f o r m i n , 
expansin, l eucop in , m y c o i n c, p e n i c i d i n , a n d terc in in ( 5 ) . I t has been 
iso lated f r o m the f o l l o w i n g f u n g i : Pénicillium urticae (6) [ P . patulum 
(7) a n d perhaps synonymous P . griseo-fulvum (8)1, P . expansum (9) 
[P . leucopus (10)1, P. granuhtum [P . diver gens ( I I ) ] , P . Unosum (12), 
P . claviforme ( 1 3 ) , P . melinii ( 1 4 ) , P . novae-zeelandiae (14), P . cyclo
pium ( 1 5 ) , P . lapidosum (16), P . equinum ( 1 4 ) , Aspergillus clavatus 
(17), A . giganteus (18), A . terreus (6), a n d Byssochlamys nivea (19) 
[Gymnoascus sp. (20)1 · 

P e n i c i l l i c a c i d ( C 8 H i 0 O 4 ) , 3-methoxy-5-methyl-4-oxo-2,5-hexadienoic 
a c id , was first iso lated f r o m P . puberulum b y A l s b e r g a n d B l a c k (21 ) w h o 
n a m e d the c o m p o u n d a n d f o u n d i t toxic to mice . T h e y also f o u n d that 
a l though P . stoloniferum p r o d u c e d mycopheno l i c a c i d ( C i 7 H 2 o 0 6 ) , i t d i d 
not p r o d u c e p e n i c i l l i c ac id . B i r k i n s h a w (22) showed that the s tructure 
of p e n i c i l l i c a c i d was y-keto-^-methoxy-8-methylene-A a -hexanoic a c i d or 
the corresponding γ-hydroxy lactone (see F i g u r e 2 ) . P e n i c i l l i c a c i d has 

been iso lated frorn the f o l l o w i n g f u n g i : Pénicillium lividum (23), P . pu
berulum ( 2 1 ) , P . griseum (23), P . simplicissimum (24), P . cyclopium 
(22), P. thomii (25), P. roqueforti [P . suavolens (25)1, P. martensii (26), 
P . fenelliae (27), P. aurantio-virens ( 2 8 ) , P . janthinellum (29), P . viridi
catum (29), P . palitans (30), P . baarnense (31), P . madriti (32), P. 
lilacinum (12), P. canescens (12), P. chrysogenum (21), P. olivino-viride 
(33), Aspergillus ochraceus (20), A . sulphur eus (34), A . Melleus (35) 

* 0 ^ 0 H Figure 1. Structure of patulin 

Ο O C H 3 

II I J 

C H = C - C - C = C H - C O O H 

*· m 

Figure 2. Structure of penicillic acid 
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92 MYCOTOXINS 

[A . quercinus (34)1, A. sclerotiorum (36), A. alliaceus (36), A . ostianus 
(36), a n d Paecilomyces ehrlichii (23). 

Chemical and Physical Properties 

Patulin. P a t u l i n has an e m p i r i c a l f o r m u l a of C 7 H 6 0 4 , a molecu lar 
w e i g h t of 154, a n d a m e l t i n g p o i n t of 1 1 0 ° - 1 1 2 ° C . P a t u l i n has an op t i 
ca l l y act ive carbon atom; however the racemic mixture occurs natura l ly . 
T h e crystals are large monoc l in i c tables (001) . T h e p lane of the opt ic 
axes is i n c l i n e d at approx imate ly 20° to the n o r m a l to (001) (y is p a r a l l e l 
to b). T h e u n i t c e l l dimensions are : a = 12.42, & = 9.47, c = 7 . 7 8 A 
(β _ 46.7° ) . T h e density is 1.528 ± .003, a n d the space group is P 2 t / a , 
Z = 4 (37). 

P a t u l i n is so luble i n water , a l coho l , acetone, e t h y l acetate, a n d 
chloro form, s l ight ly soluble i n e t h y l ether a n d benzene, a n d insoluble i n 
pe t ro leum ether. I t decomposes s l owly i n water a n d methano l , b u t i t is 
stable i n benzene, ch loro form, a n d methylene chlor ide (38). P a t u l i n is 
not stable as a t h i n film f r o m a n evaporated solut ion (39 ) . 

T h e i r spectrum of p a t u l i n has major bands at 1768, 1745 ( s h o u l d e r ) , 
a n d 3390 c m " 1 i n nu jo l m u l l (40); i n hexachlorobutadiene m u l l there is a 
b r o a d O H b a n d at 3360 c m " 1 , a n d i n K B r disks there are bands at 1030, 
1160, 1200, 1740, a n d 1765 c m ' 1 (41, 42). P a t u l i n has a single u v absorp
t i o n m a x i m u m at about 276 n m ( 4 3 ) . Scott (44) presented the reported 
ext inct ion coefficients i n deta i l . T h e pro ton N M R spectrum i n C D C 1 3 

exhibits chemica l shifts at δ = 5.97 ( 3 P , c o m p l e x ) , δ 4.73 ( I P , doublet of 
doublets , A par t of A B X system, / A B = 1 7 c p s ) , δ 4.40 ( I P , doublet of 
doublets, Β part of A B X system, J A B = 17 c p s ) , a n d δ 3.46 ( I P , doublet , 
7 = 5 c p s ) (44). T h e mass spec t rum of p a t u l i n was reported b y Scott 
et a l . ( 4 5 ) ; the mass spectrum of the t r i m e t h y l s i l y l ether was reported b y 
Scott ( 44 ) . Scott a n d Y a l p a n i (46) proposed structures for seven p r i n 
c i p a l f ragment ions of deuterated p a t u l i n w i t h m/e = 138, 128, 111, 99, 
83, 72, a n d 56. 

P a t u l i n forms acetyl , 2 ,4 -d in i trophenylhydrazone , pheny lhydrazone , 
semicarbazone, oxime, a n d m e t h y l ether derivatives. It reduces Fehf ings 
reagent, potass ium permanganate , a n d a m m o n i a c a l s i lver nitrate (43, 47, 
48). R e d u c t i o n w i t h s o d i u m b o r o h y d r i d e yie lds asc ladio l , a less toxic 
myco tox in iso lated f r o m A . cfovatus ( 4 9 ) . Hydrogénation gives desoxy-
p a t u l i n i c a c i d w h i c h has been iso lated f r o m P . urticae [ P . patuluml 
(50). P a t u l i n was synthesized b y W o o d w a r d a n d S i n g h (51); p a t u l i n 
ox ime was synthesized start ing f r o m acetylenic compounds (52). F o r a 
deta i l ed r ev i ew of p a t u l i n synthesis see K o r z y b y s k i et a l . ( 53 ) . 

Penicillic Acid . P e n i c i l l i c a c i d , C 8 H i 0 O 4 , has a molecu lar w e i g h t of 
170, a m e l t i n g po in t of 8 4 ° - 8 7 ° C ( h y d r a t e d , 5 8 ° - 6 4 ° C ) , a n d a neut ra l i -
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6. W I L S O N Patulin and Penicillic Acid 93 

za t i on equivalent of 169 ( 2 5 ) . T h e K a is 1.26 X 10" 6 at 2 5 ° C i n aqueous 
so lut ion (54). P e n i c i l l i c a c i d is s l ight ly soluble i n c o l d water , soluble i n 
hot water , a lcohol , ether, benzene, ch loro form, a n d e thy l acetate a n d is 
inso luble i n hexane a n d pe t ro leum ether. 

P e n i c i l l i c a c i d absorbs B r 2 , reduces F e h l i n g s solut ion w h e n heated , 
reduces a m m o n i a c a l s i lver nitrate , turns y e l l o w i n a lka l ine so lut ion a n d 
deep r e d u p o n exposure to a m m o n i a , a n d turns F e C l 3 b r o w n r e d (21 , 22, 
55). P e n i c i l l i c a c i d has a tendency to self-associate strongly i n so lut ion 
(56). T h e hydrogenated der ivat ive d i h y d r o p e n i c i l l i c a c i d was iso lated 
f r o m an unident i f ied fungus (57). T h e ammoniated der ivat ive is fluores
cent w i t h excitat ion m a x i m a at 350 n m a n d emission m a x i m a at 440 n m 
(58). 

T h e in f rared spectrum has bands at 3270, 1728,1643, 1352, 1223, 909, 
a n d 811 c m " 1 i n K B r (57 ) . K o v a c a n d Solcaniova (56) g ive so lut ion i r 
bands for p e n i c i l l i n a c i d i n carbon tetrachlor ide a n d chloro form. T h e u v 
absorpt ion m a x i m u m is at 227 n m i n H 2 0 , 225 n m i n 7 6 % ethanol , 224 
n m i n ethanol , 221 n m i n methano l , a n d shifts to 224 n m i n 0 .02N H C 1 
a n d 293 n m i n 0 .02N N a O H (27, 56, 57, 5 9 ) . T h e u v absorpt ion m a x i 
m u m for p e n i c i l l i c a c i d acetate is at 229 n m i n ethanol a n d for m e t h y l 
pen ic i l la te is at 224 n m i n e thanol ( 56 ) . 

T h e pro ton N M R spectrum of pen i c i l l i c a c i d i n deuterated benzene 
exhibits c h e m i c a l shifts for a 3-proton s ignal at δ 1.72 a n d δ 3.14 a n d for a 
1-proton s ignal at δ 419, δ 4.91, δ 5.02, a n d δ 5.62 (27 ) . K o b a y a s h i et a l . 
(33) de termined the N M R spectrum i n C D C 1 3 a n d D M S O - d 6 . T h e mass 
spectrum can be f o u n d i n C i e g l e r and K u r t z m a n (30) a n d S u z u k i et a l . 
(60). V a n E i j k (27) discussed possible structures for four p r i n c i p a l 
f ragment ions i n the mass spectrum of p e n c i l l i c a c i d b u t c o u l d not d i s 
t ingu i sh between the free a c i d a n d lactone tautomers. P e n i c i l l i c a c i d a n d 
d i h y d r o p e n i c i l l i c a c i d were synthesized b y R a p h a e l (55, 64, 65). 

T h e tautomerism of p e n i c i l l i c a c id has been s tudied us ing u v a b 
sorpt ion spectroscopy (31, 61, 62, 63). F o r d et a l . (61) stated that u v 
spectral measurements have d o u b t f u l va lue i n de te rmin ing the cyc l i c or 
open c h a i n f o r m a n d c o u l d not adequate ly define the e q u i l i b r i u m between 
the cyc l i c a n d open cha in forms us ing i r spectroscopy. U s i n g mass 
spectroscopy, v a n E i j k (27) c o u l d not d i s t inguish between the cyc l i c a n d 
open c h a i n forms o n the basis of possible structures of the i o n fragments. 
T h e e q u i l i b r i u m a n d existence of the open c h a i n a n d cyc l i c tautomers 
i n various solutions warrants further invest igat ion. 

Biosynthesis 

P a t u l i n . B u ' L o c k et a l . (66) w h o s tud ied condit ions favor ing p a t u l i n 
biosynthesis descr ibed two phys io log i ca l phases i n P . urticae: i n the first 
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94 MYCOTOXINS 

phase ( t rophophase) m y c e l i a l Ν, P , R N A , a n d S H reach m a x i m u m values ; 
i n the second phase ( id iophase ) these values are reduced , a n d p a t u l i n a n d 
other secondary metabolites f r o m 6-methylsal icy l i c a c i d appear. Bassett 
a n d T a n e n b a u m first proposed a scheme for p a t u l i n biosynthesis u s i n g 
k n o w n metabo l i c products of P . urticae (67, 68,69). P a t u l i n was der ived 
f r o m 1 4 C - l a b e l e d 6 -methylsa l i cy l i c a c i d (70). T h e 6-methylsal icyf ic a c i d 
was der ived f r o m glucose or acetate w i t h acety l coenzyme A p l a y i n g a n 
impor tant ro le (71) as d i d malonate , p resumably i n the f o r m of m a l o n y l 
coenzyme A (72). 

B u ' L o c k et a l . (73) discussed the enzymes that m a y regulate p a t u l i n 
biosynthesis. T w o of the enzymes r e q u i r e d for the conversion of 6 -methy l 
sa l i cy l i c a c i d to p a t u l i n are 6 -methylsal i cy l i c a c i d decarboxylase (74) 
a n d m - h y d r o x y b e n z y l a l coho l dehydrogenase (75). A l s o A r i h o o d a n d 
L i g h t (76) r epor ted that 6 -methylsal i cy l i c a c i d synthesis was i n h i b i t e d 
b y 6 -methylsa l i cy l i c a c i d a n d some structura l analogues of this c o m p o u n d . 

Forrester a n d G a u c h e r (77) descr ibed the major p a t h w a y for p a t u l i n 
biosynthesis start ing w i t h acety l C o - A + 3 m a l o n y l C o - A - » 6 -methy l 
sa l i cy l i c a c i d - » m-cresol - » m - h y d r o x y b e n z y l a l coho l - » m-hydroxybenz -
a ldehyde - » gentisaldehyde - » p re -pa tu l in - » p a t u l i n . Scott et al. ( 78 ) 
proposed another p a t h w a y l ead ing d i rec t ly f r o m m-hydroxybenza ldehyde 
through an intermediate to p a t u l i n ( F i g u r e 3 ) . 

O H 

O H I 

Bioorganic Chemistry 

Figure 3. Proposed biosynthetic pathways 
from 6-methylsalicyclic acid to patulin (78) 
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6. WILSON Patulin and Penicillic Acid 95 

P e n i c i l l i c A c i d . B i r c h et a l . (79) suggested that i n P . cyclopium 
p e n i c i l l i c a c id was f o rmed w h e n four acetate units condensed to f o r m 
orsel l in ic a c id f o l l o w e d b y r i n g cleavage a n d decarboxylat ion to y i e l d 
p e n i c i l l i c a c id . M o s b a c h (80) demonstrated a s imi lar sequence i n P . 
baarense as d i d B i r k i n s h a w a n d G o w l a n d (32) i n P . madriti. B e n t l e y 
a n d K e i l (81,82) showed that orse l l in ic a c i d was f o r m e d i n P . cyclopium 
w h e n one acetyl coenzyme A u n i t condensed w i t h three m a l o n y l coenzyme 
A units w h i c h subsequently lost three molecules of C 0 2 f o r m i n g orse l l in i c 
a c i d a n d w h i c h underwent r i n g cleavage a n d decarboxylat ion to y i e l d 
p e n i c i l l i c a c id ( F i g u r e 4 ) . C i e g l e r et a l . (83) r e v i e w e d the biosynthesis 
of p e n i c i l l i c a c id i n more deta i l . 

a c e t y l C o A + 3 m a l o n y l C o A 

I 
Ο Ο Ο 
Il II II 

C H 3 - C - C H - C - C H - C - C H - C 0 S C 0 A 
J I I I 

C O O H C O O H C O O H 

O H 

Journal of Biological Proceedings 
of the Chemical Society 

Figure 4. Intermediates in the biosyn
thesis of penicillic acid (81, 82) 

Toxicity 

P a t u l i n . P a t u l i n is a wide - spec t rum b ioc ide . I t is toxic to m a n y 
bacter ia , protozoa, fung i , m a m m a l s , a n d plants a n d inactivates some 
viruses. F o r a deta i led discussion of p a t u l i n toxic i ty , see rev iews b y 
K o r z y b s k i et a l . ( 53 ) , E n o m o t o a n d Satio ( 8 4 ) , Scott (44) for tox ic i ty de 
tai ls , a n d B r o o m et a l . (85) for the pharmaco logy of p a t u l i n . H o w e v e r a 
br ie f consideration of the toxic i ty of p a t u l i n to f a r m animals a n d plants 
is important i n re lat ion to its na tura l occurrence. P a t u l i n has been iso lated 
f r o m soils where phytotoxic i ty is observed. I t contributes to the p h y t o -
tox ic i ty of s tubble -mulched soils (89) a n d to the so i l sickness p r o b l e m i n 
app le nurseries (90 ) . 

T h e r e is only ind irect evidence that p a t u l i n m a y be associated w i t h 
a n i m a l diseases caused b y mycotox in contaminated feed. U k a i et a l . 
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96 MYCOTOXINS 

(86) ob ta ined p a t u l i n f r o m a Pénicillium sp. that h a d been iso lated f r o m 
a m a l t feed associated w i t h the death of several cattle i n Japan . A toxic 
A . davatus was isolated f r o m a mal t causing a f eed ing p r o b l e m (87); 
p a t u l i n m a y have been responsible. Recent ly , the L D 5 0 f r om o r a l a d m i n 
is trat ion of p a t u l i n for w h i t e L e g h o r n cockrels was 170 m g / k g (88)— 
demonstrat ing moderate toxic i ty . 

C h r o n i c a n d sub-acute feed ing study trials are needed before the 
i m p a c t of p a t u l i n on f a r m animals a n d humans is k n o w n . T h e effects of 
p a t u l i n on the intest inal microf lora need to be examined as w e l l as the 
poss ib i l i ty of p a t u l i n a n d other compounds ac t ing together to give a 
synergist ic toxic react ion. 

P e n i c i l l i c A c i d . A l s b e r g a n d B l a c k (21) f o u n d that p e n i c i l l i c a c i d 
was l e tha l to mice at a subcutaneous inject ion of ca. 200-300 m g / k g . T h e 
a n t i m i c r o b i a l act iv i ty was s tudied b y O x f o r d et a l . ; gram-negat ive bacter ia 
w e r e affected more than gram-posi t ive bacter ia b y pen i c i l l i c a c i d (91, 9 2 ) . 
H o w e v e r , heart b ro th was used i n these experiments, a n d O x f o r d (93) 
later f o u n d that p e n i c i l l i c a c i d lost bacteriostatic power i f a b r o t h m e d i u m 
was used. 

T h e pharmaco logy of p e n i c i l l i c a c i d was discussed b y M u r n a g h a n 
(94). T h e L D 5 0 of p e n i c i l l i c a c i d was 110 m g / k g for mice b y subcutane
ous in ject ion a n d 250 m g / k g b y intravenous inject ion (94). N o charac 
ter ist ic features were f ound post mortem. F o r rabbits the m i n i m a l l e tha l 
dose r a n g e d f r o m 100-200 m g / k g adminis tered subcutaneously ( 9 5 ) . 
W i t h perova l adminis t rat ion of pen i c i l l i c a c id , u p to 715 m g / k g b o d y 
w e i g h t for 8 days was tolerated b y wh i te mice w i t h o u t recognizable 
de t r iment (95 ) . H a l l et a l . (96) showed that p e n i c i l l i c a c id h a d a n t i -
phage ac t iv i ty against free bacter iophage partic les. T h e possible a n t i 
t u m o r a n d a n t i v i r a l properties of pen i c i l l i c a c id are discussed b y S u z u k i 
e t a l . (60). 

T h e tox ic i ty of pen i c i l l i c a c i d a n d p a t u l i n i n cu l tured cells was 
s t u d i e d b y N a t o r i et a l . ( 9 7 ) , U m e d a (98 ) , a n d K a w a s a k i et a l . ( 99 ) . 
W i t h H e L a cells, pen i c i l l i c a c i d at ΙΟμ-g/ml p r o d u c e d an increase of 
m i t o t i c cells a n d enlargement of interphasic cells. E n l a r g e d interphasic 
cells conta ined large n u c l e i w i t h dotty chromat in a n d i rregular a n d larger 
n u c l e o l i . P l e o m o r p h i s m was re lat ive ly m a r k e d ( 9 7 ) . T h e act ion of 
p e n i c i l l i c a c i d on H e L a cells was s low, a n d the accumulat i on of m e t a -
phas i c cells was prominent , accompanied b y e longation of the w h o l e c e l l 
cyc le ( 9 9 ) . 

Stability and Mode of Action 

T h e stabi l i ty of p a t u l i n a n d pen i c i l l i c a c id at the p H of interest a n d 
the react ion w i t h ce l lu lar or m e d i u m constituents are important i n con -
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6. W I L S O N Patulin and Penicillic Acid 97 

s ider ing the mode of act ion of these mycotoxins. P a t u l i n , b u t no t p e n i 
c i l l i c a c id , loses its b i o l og i ca l act iv i ty i n a lka l ine condit ions. B o t h p a t u l i n 
a n d p e n i c i l l i c a c i d are capable of react ing w i t h s u l f h y d r y l groups or 
amino groups, a n d the adducts seem to have l i t t le b i o l o g i c a l ac t iv i ty . 
T h u s i t is necessary to determine the stabi l i ty under any set of exper i 
m e n t a l condit ions i n order to evaluate data proper ly concerning the m o d e 
of ac t ion of these mycotoxins. A l s o i n de te rmin ing the mode of ac t ion of 
p a t u l i n a n d p e n i c i l l i c a c id , the mycotox in concentrat ion a n d t i m e of the 
measured effect is c r i t i c a l to d is t inguish between p r i m a r y a n d secondary 
effects. 

H e a t l e y a n d P h i l p o t (100) f ound that p e n i c i l l i c a c i d was stable 
w h e n heated to 100°C at p H s 2.0 a n d 9.5. T h u s the effects of p H o n 
detoxif ication of p e n i c i l l i c a c i d are p r o b a b l y m i n i m a l . P a t u l i n on the 
other h a n d was stable at p H 2.0 a n d unstable at p H 9.5 (100). T h e 
decomposi t ion of p a t u l i n p r o d u c e d i n the cu l ture m e d i u m b y p a t u l i n 
producers p r o b a b l y arose f r om p H changes (101). P a t u l i n was stable 
i n M c l l v a i n e buffer solutions at p H 3.3-6.3; at p H 6.3 s low i n a c t i v a t i o n 
occurred (102). L o v e t t a n d Peeler (103) de termined the t h e r m a l destruc
t ion kinetics of p a t u l i n i n M c l l v a i n e s ' buffer of p H 3.5, 4.5, a n d 5.5 heated 
to 105° -125°C . P a t u l i n was resistant to thermal destruct ion at a l l p H s . 
H o w e v e r , the t h e r m a l destruct ion parameters increased as the p H 
decreased. 

P a t u l i n is moderate ly stable at 22 ° C i n app le a n d grape juice b u t not 
i n orange juice or flour (104). H e a t i n g the juices to 8 0 ° C for short 
periods d i d not complete ly destroy p a t u l i n . I t was stable i n d r y c o r n b u t 
unstable i n wet corn, wheat , sorghum, or aqueous solutions conta in ing 
S 0 2 (38, 105) . These studies were done at r oom tempreature ; further 
studies on the produc t i on a n d stabi l i ty of p a t u l i n a n d p e n i c i l l i c a c i d are 
needed at different moisture a n d temperature levels. 

P e n i c i l l i c a c i d was also moderate ly stable at 22 ° C i n apple a n d 
grape juice but not i n orange juice, who le wheat , or b leached flour (104). 
H e a t i n g the juices for short periods to 8 0 ° C d i d not complete ly destroy 
the p e n i c i l l i c a c id . P e n i c i l l i c a c id was moderate ly stable i n w e t c o r n at 
0 ° - 1 5 ° C a n d less stable at 20°C . I n general , commodit ies w i t h h i g h p r o 
te in content (peanuts , soybeans, a n d cottonseed) either d i d not support 
p e n i c i l l i c a c i d synthesis or pen i c i l l i c a c id was not stable i n t h e m ( 3 0 , 5 9 ) . 

P a t u l i n was stable i n a c i d soils a n d sand. I t was more stable i n heat-
treated so i l at p H 7.2 than i n untreated so i l , i n d i c a t i n g that b i o l o g i c a l 
ac t iv i ty caused inact ivat ion (102). P a t u l i n was m u c h more stable i n so i l 
conta in ing molds that p r o d u c e d p a t u l i n than i n garden so i l w i t h a n e u t r a l 
p H (106). 

O n e of the first suggested mechanisms of the act ion of p a t u l i n was 
that i t reacted w i t h S H groups of enzymes a n d exerted its ant ib io t i c 
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98 MYCOTOXINS 

act iv i ty i n this w a y . P a t u l i n a n d p e n i c i l l i c a c i d can react w i t h free S H 
groups as w e l l as N H 2 groups under the proper conditions. O x f o r d (93 ) 
demonstrated that at p H 7.0 p e n i c i l l i c a c i d so lut ion reacted w i t h some 
p r i m a r y amines a n d a m i n o acids i n a m e d i u m kept at 37 ° C for several 
days. Ge iger a n d C o n n (107) f ound that cysteine a n d thioglycolate d i d 
not g ive a pos i t ive n i tropruss ide react ion w i t h a n excess of p a t u l i n or 
p e n i c i l l i c a c id . These react ion products h a d no observed toxic proper 
ties. Thiosu l fa te inac t ivated p a t u l i n only . D i c k e n s a n d Cooke (108) 
reported that p a t u l i n a n d pen i c i l l i c a c i d reacted r a p i d l y w i t h cysteine. 
G o o d m a n a n d H i a t t (109) a n d A n d r a u d et a l . (110) f ound that e n z y m i c 
S H groups reacted w i t h p a t u l i n . 

A s h o o r a n d C h u (111 ) f o u n d i n h i b i t i o n constants of a lcohol dehydro 
genase for p a t u l i n at 5.0 X 1 0 " 5 M a n d for p e n i c i l l i c a c i d at 1.1 X 1 0 " 4 M 
where non-compet i t ive i n h i b i t i o n was observed a n d inh ib i t i on constants 
of lac t i c dehydrogenase for p a t u l i n at 6.2 X 1 0 " 6 M a n d pen i c i l l i c a c i d at 
7.2 X 1 0 " 5 M where compet i t ive i n h i b i t i o n was observed. Cys te ine re 
versed the effect on lact ic dehydrogenase but not on a lcohol d e h y d r o 
genase. G o t t l i e b a n d S i n g h (112) observed succinate oxidase a n d de
hydrogenase i n h i b i t i o n at h i g h concentrat ion of p a t u l i n , 5 X 1 0 " 2 M . 

C i e g l e r et al. (29) f o u n d that arg inine , h is t id ine , a n d lysine reacted 
w i t h p e n i c i l l i c a c i d . T h e react ion between lysine a n d hist id ine a n d p e n i 
c i l l i c a c i d w e n t to compet ion i n n ine days at p H 7.0. T h e react ion be 
tween p e n i c i l l i c a c i d a n d glutathione or cysteine was essentially complete 
i n 7 hrs at p H 5, 6, or 7. T h e react ion products between glutathione or 
cysteine a n d p e n i c i l l i c a c i d were ident i f ied as an add i t i on to the iso lated 
doub le b o n d rather than the conjugated double b o n d ( F i g u r e 5 ) . 

H o f m a n n et a l . (US) observed faster react ion rates w i t h p a t u l i n a n d 
s u l f h y d r y l groups at p H 7.4 than at p H 5.0. T h e y postulated that the 
a d d i t i o n of R S H c o u l d occur i n several ways , b u t the reaction products 
were not iso lated a n d ident i f ied . I f the add i t i on w e r e at the 3 a n d 7 

R 

Applied Microbiology 

Figure 5. Reaction between penicillic 
acid and RSH when RSH is cysteine 

or glutathione (29) 
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6. WILSON Patulin and Penicillic Acid 99 

pos i t ion w i t h a shift i n the double b o n d , the lactone r i n g m i g h t be less 
stable a n d more l i ab l e to hydro lys is , exp la in ing the loss of b i o l o g i c a l 
act iv i ty ( F i g u r e 6 ) . 

T h e react ion of s u l f h y d r y l groups w i t h β-propiolactone was s tud ied 
b y D i c k e n s a n d Jones (114). T h e y isolated S-2-carboxylethyl -L - cyste ine 
as the major product w h e n cysteine a n d β-propiolactone reacted i n neutra l 
so lut ion. I n the presence of β-propiolactone a n d heat - inact ivated l i ver 
supernatant, no free a c i d was p r o d u c e d presumably because the β-propio-
lactone reacted w i t h the denatured proteins (115). C o m p o u n d s w i t h 
α,β-unsaturation m a y react w i t h S H groups attached to p r i m a r y carbon 
atoms b u t p r o b a b l y not w i t h those attached to tert iary carbon atoms 
( 116). Jones a n d Y o u n g (117) f o u n d that the b io l og i ca l l y act ive lactone 
(4-hydroxypent-2-enoic a c i d lactone) reacted w i t h p r i m a r y amines to 
y i e l d an unstable M i c h a e l a d d i t i o n produc t whereas inact ive lactones 
such as 4-hydroxypent-3-enoic a c i d lactone gave rise to a m i d e derivatives . 
F u r t h e r studies b y Jones a n d Y o u n g ( U S ) revealed that carc inogenic 
lactones such as 4-hydroxypent-2-enoic a c i d lactone underwent M i c h a e l 
a d d i t i o n w i t h R S H w h i c h then gave rise to the S-a lkylated der ivat ive . 

T h e reactions of p a t u l i n a n d p e n i c i l l i c a c i d w i t h s u l f h y d r y l a n d 
amino groups need to be s tud ied i n more deta i l , a n d the toxic i ty of the 
derivatives shou ld be determined . I n 1961 D i c k e n s a n d Jones (114) r e 
por ted that p a t u l i n a n d p e n i c i l l i c a c i d p r o d u c e d mal ignant tumors w h e n 
adminis tered subcutaneously to rats. A l l of the carc inogenica l ly act ive 
lactones possessed either α,β-unsaturation, an external unsaturated b o n d 
at pos i t ion 4, or both (119,120,121). Because bo th p a t u l i n a n d p e n i c i l l i c 
a c i d are quite react ive, o r a l f eed ing studies are needed to interpret 
proper ly their potent ia l hea l th hazard . Since the react ion produc t of 
β-propiolactone a n d cysteine, S-2-carboxyethyl -L -cysteine, h a d w e a k car 
c inogenic properties, the react ion products of p e n i c i l l i c a c i d a n d p a t u l i n 
w i t h R S H shou ld be evaluated for carc inogenic properties . 

Some of patul in 's other effects on b i o l o g i c a l systems are interest ing 
i n re lat ion to def ining p r i m a r y a n d secondary effects, b u t the l ist is not 

Figure 6. One possible reaction between 
patulin and RSH 
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100 MYCOTOXINS 

in tended to be inc lus ive . These i n c l u d e effects on cation transfer i n 
h u m a n erythrocytes where p a t u l i n i n h i b i t e d K + transfer at 1 0 " 3 M (122). 
A t h i g h concentrations 1 0 " 2 M p a t u l i n i n h i b i t e d succinate oxidase a n d 
succinate dehydrogenase (112). W i t h e r s (123) f o u n d that p a t u l i n at 
3.5 X 1 0 " 6 M i n d u c e d a b n o r m a l metaphases a n d a h i g h percentage of 
p o l y p l o i d cells i n h u m a n chromosomes. S t u d y i n g the effect of p e n i c i l l i c 
a c i d on mitosis , G o r i n i et a l . (124) c onc luded that p e n i c i l l i c a c i d not on ly 
h a d a statmokinet ic act ion b u t also a par t ia l interkinet i c b l o c k i n g act ion 
i n the megaloblasts of ch i cken embryos. N o toxic i ty was associated w i t h 
1 4 C act iv i ty i n eggs l a i d b y hens fed p a t u l i n 1 4 C (125, 126). A u s t i n et a l . 
(127, J28 ) reported that p a t u l i n i n d u c e d serotypic transformations i n 
Paramecium aurelia that m a y i n fact be mutations. 

Pet i te mutants of Saccharomyces cerevisiae were i n d u c e d b y p a t u l i n . 
E x p o s u r e d u r i n g the exponentia l phase p r o d u c e d a h igher m u t a t i o n fre 
quency than d u r i n g the stationary phase (129). H a r w i g et a l . (130) 
f o u n d that S. cerevisiae fermentat ion of app le juice was not i n h i b i t e d b y 
s imi lar concentrations of p a t u l i n a n d that the p a t u l i n d isappeared d u r i n g 
the fermentat ion process. T h e difference i n the p H of the m e d i u m a n d 
of the apple juice m a y be impor tant i n these different observations. 

U s i n g ce l l cu l ture systems U m e d a (98) demonstrated that s imi lar 
concentrations of p a t u l i n or pen i c l l i c a c i d damaged l iver , k idney , l u n g , 
a n d H e L a cells. H o w e v e r pen i c i l l i c a c id was less cytotoxic t h a n p a t u 
l i n . I n H e L a cells p e n i c i l l i c a c i d acted s lowly , a n d accumulat i on of 
metaphasic cells was prominent . P a t u l i n acted r a p i d l y a n d d irect ly , stop
p i n g the w h o l e ce l l cycle ( 9 9 ) . A t 100 f t g / m l of p e n i c i l l i c a c i d a n d 3.2 
/ A g / m l of p a t u l i n , D N A synthesis was almost ent ire ly depressed, but 
R N A a n d prote in synthesis was only p a r t i a l l y depressed. Schaeffer et a l . 
(131) f o u n d a depression of R N A synthesis w i t h i n 20 m i n a n d a depres
s ion of prote in synthesis w i t h i n 60 m i n i n C h a n g l i ve r cells treated w i t h 
2.5 pg/ml of p a t u l i n . T h e r R N A species were more i n h i b i t e d t h a n the 
nonmethylated species; however bo th synthesis a n d maturat ion of the 
R N A precursor species occurred . T h i s leads to the speculat ion that the 
i n h i b i t i o n i n R N A biosynthesis most l i k e l y o ccurred at transcr ipt ion f r o m 
D N A rather than at maturat i on f rom precursor species (131). Recovery 
occurred after 6 hr of treatment of H e L a cells w i t h p e n i c i l l i c a c i d , b u t 
no recovery was observed after 1 hr w i t h p a t u l i n ( 9 9 ) . C h a n g l iver cells 
d i d not recover after a 20 m i n treatment w i t h 2.5 f i g / m l of p a t u l i n (131). 
P r i o r to these observations H e w i t t et a l . (132) observed a decrease i n 
R N A content i n p a t u l i n treated caul i f lower leaf tissue. P a t u l i n a n d p e n i 
c i l l i c a c i d at h i g h concentrations i n d u c e d breaks i n H e L a ce l l D N A after 
a 1-hr incubat i on i n b o t h a lka l ine a n d neutra l sucrose gradients (133). 

P a t u l i n a n d p e n i c i l l i c a c i d are b o t h capable of interact ing w i t h S H 
groups of enzymes a n d are more i n h i b i t o r y to some t h i o l enzymes t h a n 
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6. W I L S O N Patulin and Penicillic Acid 101 

others. H o w e v e r w i t h the exception of the w o r k b y Ashoor a n d C h u 
(111) the effective concentrations are p r o b a b l y too h i g h to b e p r i m a r y 
effects. T h e i n h i b i t i o n of prote in , R N A , a n d D N A syntheses occurs soon 
after intoxicat ion of ce l l cultures, i n d i c a t i n g a p r i m a r y effect. Resp i ra t i on 
seems to be i n h i b i t e d on ly at h i g h concentrations, a n d the effects o n 
respirat ion are p r o b a b l y secondary. T h e precise m o d e of act ion is s t i l l 
not certa in ; indeed p a t u l i n a n d pen i c i l l i c a c i d m a y have m u l t i p l e effects 
i n the cytoplasm. 

Analysis 

P a t u l i n . P a t u l i n has been detected i n several ways i n c l u d i n g paper , 
t h i n layer , gas, a n d l i q u i d chromatography. P a t u l i n was detected on paper 
chromatograms b y spray ing w i t h pheny lhydraz ine a n d a l k a l i (101). T h e 
y e l l o w spot v is ib le after react ion w i t h p h e n y l h y d r a z i n e has been used for 
p a t u l i n detection i n t h i n layer chromatography (45, 104). Scott (44) 
discussed i n deta i l the solvent systems a n d spray reagents that have been 
used to detect p a t u l i n on paper a n d t h i n layer chromatograms. 

T h i n layer chromatography has been used extensively to estimate 
p a t u l i n i n foods a n d feeds. Scott a n d Somers (104) extracted p a t u l i n 
w i t h e t h y l acetate, d r i e d the extract w i t h c a l c i u m sulfate, a n d e luted the 
p a t u l i n f rom a s i l i ca ge l c o l u m n w i t h e t h y l acetate. T h e p a t u l i n was 
detected after spray ing w i t h a m m o n i a a n d p h e n y l h y d r a z i n e hydroch lo 
r ide a n d heat ing ; the detect ion l i m i t was 0.02-0.05 fig p a t u l i n (39). U s i n g 
a p-anisaldehyde spray reagent conta in ing ethanol , acetic a c id , a n d H 2 S 0 4 , 
the detct ion l i m i t was 0.1 μg p a t u l i n (134). Reiss (135, 136) used o - d i -
anis id ine (saturated i n g lac ia l acetic a c i d ) to detect 0.02 μg of p a t u l i n 
a n d N-methylbenzthiazo lone-2 -hydrazone (Besthorns hydrazone ) to de
tect 0.06 μ% p a t u l i n . 

Ace ton i t r i l e -hexane (4 + 1) was used to extract p a t u l i n f r o m corn , 
wheat , rye , oats, a n d sorghum. T h e acetonitr i le phase was evaporated, 
a n d preparat ive T L C was used for p r e l i m i n a r y puri f i cat ion . T h e p a t u l i n 
concentrat ion was est imated us ing T L C plates conta in ing a 254 n m fluo
rescent indicator . T h e l i m i t of detect ion i n corn was about 40 f tg / k g ( 3 8 ) . 

Ace ton i t r i l e -hexane (100:45) was used to extract p a t u l i n f r o m meat 
a n d meat products (137). T h e acetonitr i le phase was passed through a 
celite 545 co lumn. T h e p a t u l i n content was est imated u s i n g d i p h e n y l -
b o r ( i n ) i c a c i d g i v i n g a detect ion l i m i t of 500 jug/kg. A s imi lar detect ion 
l i m i t , 400-1000 /xg /kg of p a t u l i n i n grains, was reported b y Stoloff et a l . 
(138) us ing a mul t imyco tox in detect ion method . 

E t h y l acetate was a n efficient solvent of p a t u l i n i n app le juice (39, 
139). T h e apple juice was extracted w i t h e t h y l acetate, the d r i e d e t h y l 
acetate was passed through a s i l i cagel c o l u m n u s i n g b e n z e n e - e t h y l 
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102 MYCOTOXINS 

acetate (75 + 25) as the e lut ing solvent. P a t u l i n was detected b y T L C 
w i t h 3-methyl -2-benzothiazol inone hydroch lor ide as a spray reagent; the 
detect ion l i m i t was 0.01 tig p a t u l i n . 

P a t u l i n was detected i n app le juice us ing gas chromatography after 
a n i n i t i a l preparat ive T L C pur i f i cat ion ( 45 ) . P o h l a n d et a l . (140) p re 
p a r e d the s i l y l ether, actate, a n d chloroacetate der ivat ive of p a t u l i n a n d 
u s e d G L C analysis of the chloroacetate der ivat ive to detect 0.7 f i g / m l of 
p a t u l i n i n app le juice. S u z u k i et a l . (141), Pero a n d H a r v a n (142 ) , a n d 
P e r o et a l . (14S) deve loped methods for G L C analysis of the s i l y l ether 
a n d t r i m e t h y l s i l y l derivatives of p a t u l i n . 

O n e l i q u i d chromatographic method to determine p a t u l i n i n app le 
ju ice has been reported (144 ) . T h e i n i t i a l extraction a n d c o l u m n c leanup 
w e r e essentially the same as that used b y Scott (139). T h e p a t u l i n eluate 
was evaporated to dryness a n d immedia te ly dissolved i n a smal l vo lume 
of e t h y l acetate conta in ing ^ -methy lumbel l i f erone as an in terna l s tandard. 
T h e p a t u l i n was separated u s i n g i sooctane /methylene c h l o r i d e / m e t h a n o l 
(84 + 15 + 1 ) on Zorbax-s i l s i l i ca w i t h a flow of ca. 0.5 m l / m i n . T h e peak 
was co l lected for T L C conf irmation or G C - M S determinat ion of the 
acetate der ivat ive . 

T h e major p r o b l e m w i t h any method that estimates p a t u l i n or p e n i 
c i l l i c a c i d is not h o w to extract i t but w h e n to extract i t . F o r example i n 
canned apple juice an inter ferr ing substance was r a p i d l y f o rmed w h e n 
exposed to air (139); i n freshly pressed, unc lar i f ied juice on ly 5 0 - 6 0 % 
of the p a t u l i n was recovered after overnight storage i n a refr igerator 
(145). I n meat a n d bread p a t u l i n occurs only temporar i ly d u r i n g fer 
mentat i on or m o l d i n g (146,147). 

P e n i c i l l i c A c i d . P e n i c i l l i c a c i d has been detected us ing bioassay, 
co lor imetr i c , t h i n layer chromatographic , a n d gas chromatographic m e t h 
ods. P e n i c i l l i c a c i d was non-toxic to zebra fish larvae at 5 / * g / m l (148), 
a n d b r i n e shr imp larvae were moderate ly sensitive to 10-20 /xg /disc (149) . 
B e t i n a (150) detected p e n i c i l l i c a c i d on paper chromatograms b y no t ing 
the tox ic i ty to Bacillus subtillis on the chromatogram. 

H y d r o x y l a m i n e reacted w i t h p e n i c i l l i c a c i d to g ive a r e d color . A t 
530 n m , Beers l a w h e l d true for 80-1000 m g / m l of p e n i c i l l i c a c i d (151). 
A n o t h e r co lor imetr i c m e t h o d used the redd i sh -purp le complex of a m 
m o n i a w i t h p e n i c i l l i c a c id (81). E t h y l acetate (104), e thy l acetate -water 
( 7 : 1 ) (141), ch loro form-methanol (90:10) ( 5 9 ) , ch loro form-methanol 
(70 :30 ) ( 3 6 ) , a n d ch loro form (29, 152) have extracted p e n i c i l l i c a c i d 
f r o m various substances. 

Several methods have been used for p r e l i m i n a r y puri f i cat ion. Scott 
a n d Somers (104) d r i e d the e t h y l acetate extract w i t h c a l c i u m sulfate 
a n d e luted the penc i l l i c a c i d w i t h e t h y l acetate b y passing i t through a 
s i l i ca ge l co lumn. Pero et a l . (143) used preparat ive t h i n layer c h r o m a -
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6. W I L S O N Patulin and Penicillic Acid 103 

tography for p r e l i m i n a r y pur i f i cat ion . T h o r p e a n d Johnson (153) p a r t i 
t ioned the p e n i c i l l i c a c i d w i t h 3 % s o d i u m bicarbonate f o l l o w e d b y a c i d i 
fication a n d extract ion w i t h e t h y l acetate. T h e p e n i c i l l i c a c i d solution 
was passed through a s i l i ca ge l c o l u m n u s i n g h e x a n e - e t h y l acetate - formic 
a c i d (750 + 250 + 1) as the e lu t ing solvent. 

P e n i c i l l i c a c i d has been detected o n t h i n layer chromatograms be
cause i t fluoresces after exposure to a m m o n i a ( 5 9 ) ; i t gives a y e l l o w 
fluorescence w i t h a m m o n i a a n d p h e n y l h y d r a z i n e (104) a n d a green color 
w i t h p-anisaldehyde (134). 

T h e t r i m e t h y l s i l y l ether of p e n c i l l i c a c i d was pre ferred for gas 
chromatography b y S u z u k i et a l . (141) over the acetate w h i c h f o rmed 
s lowly a n d the trif luoroacetate w h i c h a lways gave two peaks. Pero et a l . 
(143) a n d Pero a n d H a r v a n (142) des c r ibed conditions for gas chromato
graph i c detect ion of p e n i c i l l i c a c i d a n d the t r i m e t h y l s i l y l ether. T h e 
t r i m e t h y l s i l y l ether was used to detect p e n i c i l l i c a c i d i n m o l d y tobacco 
(152). T h o r p e a n d Johnson (153) successful ly obta ined the tri f luoro
acetate of p e n i c i l l i c a c i d for gas chromatographic detect ion i n corn a n d 
beans a n d presented a conf irmation m e t h o d us ing gas c h r o m a t o g r a p h y -
mass spectrometry. 

Natural Occurrence 

P a t u l i n . P a t u l i n was i m p l i c a t e d i n the mass deaths of over 100 cows 
that were intoxicated b y d r y m a l t feed . P a t u l i n was obta ined f r om 
Pénicillium urticae that was subsequent ly isolated f r o m the feed (86). 
P a t u l i n m a y have been either the cause o f the intoxicat ion, or i t m a y have 
been present i n sub le tha l amounts that acted i n association w i t h other 
toxic substances. M a l e culms intox i cat ion of cattle associated w i t h m o l d y 
feed m a y be caused b y p a t u l i n s ince the disease is associated w i t h A . 
clavatus invas ion of the feed. A p p a r e n t l y the toxic p r i n c i p a l has not been 
ident i f ied (87). 

Pénicillium expansum causes a storage rot of apples, pears, a n d cher
ries. B r i a n et a l . ( 154) ident i f ied p a t u l i n i n decayed app le juice b y its 
a n t i m i c r o b i a l spectrum. W a l k e r (155) u sed paper chromatography to 
detect p a t u l i n i n app le ju ice b y its u l t rav io le t quench ing at 254 n m . 
P a t u l i n was f o u n d i n c o m m e r c i a l l y ava i lab le apple juice i n C a n a d a a n d 
the U n i t e d States b y Scott et a l . (45 ) a n d W i l s o n a n d N u o v o (145). A 
l i m i t e d survey of c ider mi l l s (145) r evea led that p a t u l i n contamination 
depended on the propor t i on of decayed apples used i n m a k i n g fresh apple 
c ider . Beer (156) f o u n d that p a t u l i n was present i n fresh c ider f r o m 
unsound f ru i t ; p a t u l i n was not detected i n fresh c ider m a d e f r o m u n -
decayed apples. A f t e r inocu la t ing apples w i t h P . expansum H a r w i g et al. 
(157) f o u n d u p to 250 / x g / m l p a t u l i n per decayed apple i n the expressed 
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104 M Y C O T O X I N S 

juice , a n d W i l s o n a n d N u o v o (145) f o u n d u p to 146 tig p a t u l i n / m l ex
pressed juice. Less than 1 1 % of the isolates of P . expansum p r o d u c e d 
over 100 jug /ml of expressed juice i n inocu lated apples (145). S i m i l a r 
concentrations of p a t u l i n were f o und i n lesions of pears a n d stone fruits 
decayed b y P . expansum (158). 

P a t u l i n has been reported i n spontaneously m o l d e d b r e a d (147,159) 
a n d was temporar i ly present d u r i n g the r i p e n i n g of fermented sausage 
(146). T h e stab i l i ty of p a t u l i n at different temperatures a n d condit ions 
shou ld be s tudied i n more deta i l . T h i s is evident w h e n one compares 
the studies on pen i c i l l i c a c i d produc t i on i n corn w i t h the f e w studies on 
p a t u l i n p roduc t i on i n various commodit ies . P a t u l i n has also been iso lated 
f r o m soi l a n d wheat straw residues w h e r e there is a phytotox ic p r o b l e m 
associated w i t h stubble m u l c h i n g (160). T h e levels of p a t u l i n recovered 
are h i g h enough to leave l i t t l e doubt that p a t u l i n is a factor i n this 
phytotox ic i ty . 

P e n i c i l l i c A c i d . P e n i c i l l i c a c i d has been f o u n d i n m o l d y tobacco 
f r o m c o m m e r c i a l storage (152) a n d i n m o l d y corn a n d beans (153). 
K u r t z m a n a n d C i e g l e r (59) reported that P . martensii m o l d e d h i g h -
moisture corn at 1 ° C . T h e y isolated h i g h levels of pen i c i l l i c a c i d f r o m 
art i f i c ia l ly inocu lated corn incubated at temperatures between 1° a n d 
15 ° C . T h e p e n i c i l l i c a c id d isappeared w i t h i n 45 days at h igher t empera 
tures. Several other species of Pénicillium that cause b lue -eyed disease 
of corn were capable of p e n i c i l l i c a c i d synthesis on several commodit ies . 
Peanuts , soybeans, a n d cottonseeds d i d not accumulate p e n i c i l l i c a c i d 
w h e n inoculated w i t h f u n g i capable of p e n i c i l l i c a c i d synthesis (30). 
L i l l e h o j et a l . (161) f o u n d that atmospheres enr i ched w i t h 6 0 % C 0 2 

reduced p e n i c i l l i c a c id accumulat ion b e l o w detectable levels w h e n h i g h -
moisture corn was inoculated w i t h P . martensii a n d was stored at 5 ° C . 

A combinat ion of l o w temperatures ( 1 5 ° or 2 2 ° C ) a n d l o w moisture 
favored the produc t i on of pen i c i l l i c a c i d i n autoc laved p o u l t r y feed 
inocu lated w i t h A . ochraceus (162). C i e g l e r et a l . (29) a n d F i e l d e r 
(163) d i d not find p e n i c i l l i c a c i d i n meat products overgrown w i t h 
Penicillia. 

Outlook 

B o t h p a t u l i n a n d p e n i c i l l i c a c i d shou ld be considered as potent ia l ly 
dangerous mycotoxins since b o t h are toxic a n d both have been i m p l i c a t e d 
i n carcinogenesis. P a t u l i n also causes mutat ions i n yeast. T h e carc ino 
genic properties a n d other chronic effects need further evaluat ion to 
assess proper ly their importance w h e n ingested oral ly . 

B o t h mycotoxins are p r o b a b l y prevalent i n the environment a n d are 
p r o d u c e d b y several fung i capable of decay ing food or feed. T h e n a t u r a l 
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6. WILSON Patulin and Penicillic Acid 105 

occurrence a n d stabi l i ty of either c o m p o u n d i n foods a n d feeds at dif fer
ent mois ture levels a n d temperatures have not been w e l l s tud ied ; w e c a n 
on ly assume their presence a n d stabi l i ty i n m o l d y foods i f a fungus that 
produces either mycotox in is associated w i t h the decay. 

T h e reactions a n d b i o l og i ca l act iv i ty of adducts of p a t u l i n a n d p e n i 
c i l l i c a c i d w i t h S H groups a n d N H 2 groups need further s tudy for us to 
unders tand h o w detoxif ication occurs a n d i f the presence of the adducts i n 
f ood a n d feed shou ld cause concern. T h e quest ion of the tautomer ism 
of p e n i c i l l i c a c i d is interest ing a n d c o u l d be better understood. B o t h 
p a t u l i n a n d p e n i c i l l i c a c i d m a y be useful as models of a n t i - v i r a l c o m 
pounds . Perhaps suitable derivatives can be made that w i l l he lp us 
unders tand or he lp us contro l v irus-caused disorders. 
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7 

Metabolites of Various Penicillium Species 
Encountered on Foods 

A. E. POHLAND and P. MISLIVEC 

Bureau of Foods, Food and Drug Administration, Washington, D. C. 20204 

The number of species in the genus Penicillium which have 
been shown to produce toxic metabolites is great. A survey 
of the literature concerning the frequency of occurrence of 
Penicillium species on foods and feeds has been made, and 
13 species have been identified as common contaminants of 
foods and feeds. The chemistry and toxicological properties 
of the metabolites produced by these 13 species are discussed. 

Molds are ubiquitous in nature; in fact it is hard to specify an area or 
place where a mold will not grow and proliferate. This fact engen

dered a tremendous impetus to study molds and the metabolites produced 
by molds. These studies progressed to the point where one may con
fidently say that molds can produce many secondary metabolites—some 
of which are acutely toxic and some of which have other toxic manifesta
tions (i.e., mutagenicity, teratogenicity, or carcinogenicity). However it 
was not until 1960 (when the problem of aflatoxin, elaborated by the 
mold Aspergillus flavus, became apparent) that concern arose over these 
metabolites in foods and feeds. Since that time mold species of many 
genera besides Aspergillus have been implicated as being capable of 
producing mycotoxins in foods and feeds; many of these toxins have been 
identified as the causative agents in various animal illnesses and deaths. 

Since the number of species in the genus Penicillium known to pro
duce toxic metabolites is extensive, it is necessary to exert some caution 
in assessing the significance of these findings. The studies of the toxins 
produced by the various Penicillium species over the past decade have 
implicated the molds in illnesses and deaths of animals. It is therefore 
essential to evaluate carefully the hazardous potential to humans result
ing from exposure to these toxins. 

To evaluate properly its hazardous potential, one must determine the 
species of Penicillium that produce mycotoxin in foods and feeds. For 

110 
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7. POHLAND AND MiSLivEC Metabolites of Pénicillium Species 111 

each species one must consider the f o l l o w i n g po ints : ( a ) h o w f requent ly 
is the species encountered a n d on w h a t foods; ( b ) w h a t quant i ty of such 
food is consumed b y humans a n d at w h a t age group ; ( c ) w h a t e n v i r o n 
m e n t a l condit ions are r e q u i r e d b y the species for g r o w t h ; ( d ) w h i c h 
mycotoxins the species produces ; (e ) w h a t propor t i on of the isolates 
of a g iven species produces the tox in ; ( f ) h o w m u c h of the t ox in the 
toxigenic isolate produces ; ( g ) h o w toxic the tox in is i n terms of b o t h 
amount a n d effects; ( h ) does the tox in occur i n foods a n d feeds, at w h a t 
concentration, a n d is the tox in stable to f ood processing; ( i ) are species 
that occur f requent ly b u t w i t h no h is tory of toxigenic i ty ac tua l ly tox i c 
( P . funiculosum i n field corn , for e x a m p l e ) . 

T o answer these questions w e must consider the f o l l o w i n g facts : 
( a ) the type of food w i l l often determine the m o l d flora, e.g., P . urticae 
is c ommonly f o u n d i n wheat flour products b u t rare ly f o u n d i n corn or 
beans; ( b ) the source a n d processing stage of the f ood also determines 
the flora, e.g., P. oxalicum a n d P . funiculosum are c o m m o n l y f o u n d o n 
corn i n the field whereas i n storage P . cyclopium a n d P . viridicatum 
predominate ; ( c ) condit ions of temperature a n d moisture p r i o r to a n d 
d u r i n g food storage greatly influence the m o l d flora; ( d ) detect ion a n d 
ident i f i cat ion of the m o l d species is not a lways s tra ight forward . T h i s is 
par t i cu lar ly true for species of Pénicillium; most species of Pénicillium are 
diff icult to ident i fy a n d are f requent ly re ferred to i n the l i terature as a 
Pénicillium sp. Others are s l ow growers ( e.g., P. islandicum a n d P . pur-
purogenum) a n d m a y go undetected because of the overgrowth of fast 
g r o w i n g species of Pénicillium or some other genus (e.g., Rhizopus). 
F r o m our o w n studies i t is apparent that the manner i n w h i c h the molds 
are iso lated f r o m the food is important . F o r example, to determine the 
m o l d flora of peppercorns, the iso lat ion m e d i u m used was potato-dextrose 
agar, a n d m u c h P . islandicum was detected; w i t h d r i e d beans, however , 
m a l t agar w i t h 7 .5% N a C l h a d to be used to prevent bean germinat ion o n 
the plate, a n d no P . islandicum was observed. I t is possible that this 
species was not ab le to establish g rowth o n the latter m e d i u m . 

C o n s i d e r i n g these facts w e proposed that the Pénicillium species 
l i s ted i n T a b l e I shou ld be care ful ly invest igated a n d evaluated for the i r 

Table I. Pénicillium Species Encountered on Foods and Feeds 

I II III 

P. cyclopium 
P. viridicatum 

P. oxalicum 
P. expansum 
P. chrysogenum 
P. brevi-compactum 
P. funiculosum 

P. urticae 
P. islandicum 
P. citrinum 
P. variable 
P. fréquentons 
P. purpurogenum 
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112 MYCOTOXINS 

hazardous potent ia l ar is ing f r o m their occurrence o n foods a n d feeds ( J ) . 
T h i s l ist is based o n the extensive experience of mycologists re lat ive to 
the presence a n d rate of occurrence of these Pénicillium species o n foods 
a n d feeds. T h e occurrence of Pénicillium species is l i s ted i n T a b l e I i n 
three groups : group I — v e r y f requent ly encountered, group I I — f r e 
quent ly encountered, a n d group I I I—occas iona l ly encountered. T h e 
metabol ites e laborated b y each of these species w i l l be discussed later. 
Some of the F D A - g e n e r a t e d data concerning n a t u r a l occurrence o n w h i c h 
T a b l e I is based are f o und i n Tables I I a n d I I I (2 , 3 ) . 

Table II. Toxicogenic Penicillia Isolated from 
Commodities During F D A Surveys 

% Incidence* 
Myco

No. 
Isolates 

Commodity Species NSD SD toxin Positive 

D r i e d Beans P. brevi-compactum 1.7 0.1 — — 
(114 Samples) P. citrinum 3.5 0.4 C i t r i n i n 10 of 10 (114 Samples) 

P . cyclopium 17.3 3.3 Penic i l l i c 38 of 51 P . cyclopium 
A c i d 

P . viridicatum 18.0 2.4 C i t r i n i n 3 of 15 
P . viridicatum 18.0 2.4 Ochratox in O o f 15 
P . urticae 0.4 0.1 P a t u l i n 9 of 9 
P . urticae 0.4 0.1 Gr i seo -

f u l v i n 
9 of 9 

W h i t e Pepper  P . islandicum 98.0 2.8 — — 
corns P . citrinum 2.9 23.0 C i t r i n i n 10 of 10 
(24 Samples) 

B l a c k Pepper  P . islandicum 0.1 0.0 — — 
corns P . citrinum 1.4 0.0 C i t r i n i n l o f 1 
(108 Samples) 

β N S D = not surface disinfected; SD = surface disinfected. 

Several other studies support the importance of the species of Péni
cillium l i s ted i n T a b l e I as invaders of foods a n d feeds. I n a s tudy of the 
species of Pénicillium capable of rott ing pomaceous fruits ( i n a d d i t i o n to 
P. expansum w h i c h is notorious i n this respect) M i s l i v e c f o u n d that P. 
cyclopium, P. funiculosum, a n d P. purpurogenum w e r e h i g h l y effective 
rotters of apple a n d apple products ( 4 ) . 

M i s l i v e c a n d T u i t e (5 ) also s tudied dent corn kernels obta ined f r o m 
fields at harvest, f r om cribs a n d bins , a n d f r o m exper imental storage tests 
d u r i n g 1964-1968. Pénicillium species were f o u n d consistently i n u n -
stored corn ( 6 . 4 % of kernels in fe c ted ) , i n c r ib samples ( 1 3 . 4 % ) , a n d 
i n c o m m e r c i a l samples of poor qual i ty . T h e chie f species iso lated f r o m 
unstored kernels w e r e P. oxalicum, P. funiculosum, a n d to a l i m i t e d extent 
P. cyclopium. T h e chief species isolated f r o m stored kernels were P. 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 113 

Table III. Incidence of Penicillia in 
11 Wheat Paste Product Samples 

No. Samples 
Species with Each Species 

P. cyclopium 11 of 11 
Ρ. fréquentons 2 of 11 
P. funiculosum 2 of 11 
P. islandicum 4 of 11 
P. luteum 1 of 11 
P. purpurogenum 5 of 11 
P. urticae 11 of 11 
P. viridicatum 5 of 11 

cyclopium, P. brevi-compactum, a n d P . viridicatum. Hessel t ine a n d 
Graves ( β ) f o u n d i n an exhaustive study that P. cyclopium, P. urticae, 
a n d P . citrinum o c curred most f requent ly i n flour a n d refr igerated d o u g h 
products . 

F i n a l l y C ieg l e r , Mintz la f f , a n d Le is tner (7 ) reported the iso lat ion 
of 422 Pénicillium strains f r o m 44 m o ld - r ipene d sausages co l lected i n 11 
countries ; P . viridicatum a n d P . expansum were most f requent ly encoun
tered. E a r l i e r studies b y Le i s tner a n d Ayres (8 ) of molds o c curr ing on 
cured meats (sausages a n d h a m s ) showed Pénicillium species present o n 
8 9 % of the sausages a n d on 8 3 % of the hams. T h e most f requent ly 
observed molds be longed to P . expansum, P. janihinellum, P. chrysoge-
num, P. commune, a n d P . viridicatum. 

T a b l e I V is an attempt to summarize the various l i terature reports 
of observed illnesses a n d deaths of exper imental animals w h e n exposed 
to a substrate m o l d e d w i t h the Pénicillium species l i s ted i n T a b l e I . A l s o 
i n c l u d e d are n a t u r a l outbreaks of mycotoxicoses. Several r e v i e w articles 
also appeared i n w h i c h various species of Pénicillium have been i m p l i 
cated i n mycotoxicoses; thus B o r k e r a n d co-workers (9 ) c i ted 22 species 
of Pénicillium as be ing mycotoxigenic i n c l u d i n g P . citrinum, P. cyclopium, 
P. islandicum, P. expansum, P. purpurogenum, a n d P . urticae. B r o o k a n d 
W h i t e (JO) have l i s ted 26 species i n c l u d i n g P . brevi-compactum, P. 
chrysogenum, P. citrinum, P. cyclopium, P. islandicum, P. oxalicum, P . 
urticae, a n d P . vindicatum. 

O n c e studies such as those out l ined above have ident i f ied molds f re 
quent ly f o u n d on foods a n d feeds, w e can determine w h a t metabol ites 
are p r o d u c e d b y a part i cu lar species a n d whether these metabolites are 
toxic. These questions are par t i cu lar ly re levant i f the food or feed asso
c iated w i t h the f u n g a l species has been i m p l i c a t e d i n a n i m a l illnesses or 
deaths. W i t h this i n m i n d let us examine the k n o w n in format ion re lat ive 
to each of the molds l i s ted i n T a b l e I . 
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114 MYCOTOXINS 

T a b l e I V . Pénicillium— 

Mold Substrate Subject 

P . cyclopium — rat 
corn mouse 
c o r n a sheep 
c o r n a catt le 
corn , beans, flour, mouse 

pickles 
P. viridicatum maize α swine, horses 

bar ley α pigs, rats 
corn mice , rats , guinea pigs 
rice mice 
rice rats 
rice, wheat , flour, mouse 

beans, seaweeds 
P. oxalicum maize m e a l ducks , mice , rats 

corn mouse 
rice, miso , beans mouse 

P. expansum culture filtrate Japanese q u a i l 
corn mouse 

P. chrysogenum cereal rabb i t 
corn mouse 

P . brevi-compactum cereal rabb i t 
miso mouse 

P . funiculosum corn mouse 
P . urticae maize meal mouse 

m a l t a catt le 
flour mouse 

P . islandicum flour mouse 

rice mouse 
rice h u m a n 
rice ch ick 

P . citrinum wheat , flour, beans mouse 
P . variable corn 
P . fréquentons corn mouse 
P. purpurogenum rice, wheat , flour mouse 

gra in chicks 
corn mouse 

β Natural outbreaks of mycotoxicoses. 

Group I 

I n terms of f requency of occurrence i n foods a n d feeds P . cyclopium 
a n d P . vindicatum appear to be most important . B o t h of these species 
h a v e been s tud ied extensively, a n d they apparent ly p roduce a host of 
secondary metabol i tes , some of w h i c h are extremely toxic a n d some of 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 115 

Mycotoxicoses Associations 

Effects (Oral) Ref. 

focal necrosis of most organs, death 11,10 
l i ver a n d k i d n e y lesions 12 
death 18 
death 14 
hepatotoxic , nephrotoxic 26 

poisoning 15 
chronic k i d n e y degeneration 16 
l i ver lesions, death 17, 18 
p u l m o n a r y tumors 19 
hepatic , rena l , gastric a n d scrotal lesions 20 
neurotoxic , hepatotoxic , nephrotoxic 26 

death 21,10 
reduct ion i n weight ga in , death 22 
hepatotoxic , nephrotoxic 26 
l i ver lesions 23 
reduct ion i n weight ga in 22 
s k i n react ion 24, 10 
death 22 
s k i n react ion 24, 10 
nephrotoxic , death 26 
reduct ion i n weight ga in 22 
death 21 
death 25 
nephrotoxic 26 
hepatotoxic , nephrotoxic 26 
hepatoma 
hepatotoxic , death 27, 28, 29 
edema of leg 
death 
nephrotoxic 26 
reduct ion i n weight ga in , death 22 
reduct ion i n weight ga in , death 22 
hepatotoxic , nephrotoxic 26 
congestion, hemorrhage, l iver a n d k i d n e y damage SO 
l iver lesions 22 

w h i c h are k n o w n to exhib i t other toxic manifestations. I n each instance 
the m o l d has been i m p l i c a t e d as the causative organism i n m a n y cases 
of a n i m a l i l lness a n d death (see T a b l e I V ) . 

P . cyclopium. Extens ive studies of this organism resulted i n the 
ident i f i cat ion of a var ie ty of mycotoxins , some of w h i c h have been c o m 
m o n l y associated w i t h other m o l d species. F o r example , ochratoxin A 
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116 MYCOTOXINS 

(Structure I ) , a myco tox in more commonly associated w i t h Aspergillus 
ochraceus, has been f o u n d to be p r o d u c e d b y P. cyclopium (31). O c h r a 
tox in A is acutely toxic ( L D 5 0 = 20 -22 m g / k g , rat, ora l ) (32) a n d has 
been i m p l i c a t e d as a potent teratogen (33). P. cylopium also produces 
p e n i c i l l i c a c i d (Structure I I ) (34), a mycotox in ( L D 3 o = 12 m g / 2 0 g , 
mouse, ora l ) (35) that has been i m p l i c a t e d as a possible carc inogen (36) 
a n d that is p r o d u c e d b y at least 12 other species of Pénicillium. L a t e r a 
series of extremely toxic tremorgenic toxins were iso lated f r o m P . cyclo
pium (37); these i n c l u d e pen i t rem A ( L D 5 0 = 1.05 m g / k g , mouse, I P ) , 
p e n i t r e m Β ( L D 5 0 = 5.84 m g / k g , mouse, I P ) , a n d pen i t rem C . These 
materials w i l l be descr ibed i n C h a p t e r 10. 

T a b l e V . P . cyclopium 

Compound Formula MW M.P., °C 

O c h r a t o x i n A C 2 o H 1 8 C I N 0 6 404 169-72 
Pen i c i l l i c ac id C8H10O4 170 86 
P e n i t r e m A ( T r e m o r t i n A ) C37H44O6NCI 633 237 -9d 
P e n i t r e m Β ( T r e m o r t i n B ) C37H45O5N 583 185-95d 
Cyc lop iazon i c ac id C 2 0 H 2 0 N 2 O 3 336 245-6 
Cyc lop iazon i c ac id imine C20H21N3O2 335 277-8 
Bissecodehydro- C 2 0 H 2 2 N 2 O 3 338 168-9 

cyc lopiazonic ac id 
C y c l o p i a m i n e C26H33N3O5 468 
C y c l o p e p t i n C i 7 H 1 6 N 2 0 2 280 95 
D e h y d r o c y c l o p e p t i n C 1 7 H 1 4 N 2 0 2 278 202 
C y c l o p e n i n C i 7 H 1 4 0 3 N 2 294 184 
C y c l o p e n o l C 1 7 H 1 4 0 4 N 2 310 210-11 C y c l o p e n o l 

215d 
V i r i d i c a t i n C 1 5 H n 0 2 N 237 268 
V i r i d i c a t o l C u H u O j N 253 280 
P a l i t a n t i n C i 4 H 2 2 0 4 254 164-5 
P u b e r u l i c ac id CsKUOe 198 318 
Puberu lon i c ac id C 9 H 4 0 7 224 298d 
C y c l o p o l i c ac id C n H i u O e 240 147d 
C y c l o p a l d i c ac id C n H i o O e 238 224 -5 
I soerythr i to l C 4 H x o 0 4 122 116-20 
M a n n i t o l CeHuOe 182 166-8 
E m o d i c ac id C u H 8 0 7 300 363 -5 
ω-Hydroxyemodin CisHioOe 286 288 
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7. POHLAND AND MISLIVEC Metabolites of Pénicillium Species 117 

CYCLOPIAZONIC ACID BISSECODEHYDRO CYCLOPIAMINE 
IMINE CYCLOPIAZONIC ACID 

IV V VI 

P . cyclopium produces m a n y other metabolites (see T a b l e V ) ; a m o n g 
these are a group of complex a lka lo ids : cyc l op iazon i c a c i d (S t ruc ture 
I I I ) , cyc l op iazon i c a c i d i m i n e (Structure I V ) , b i ssecodehydrocyc lop ia -
zon i c a c i d (Structure V ) , a n d cyc lop iamine (Structure V I ) . C y c l o p i a 
zon i c a c i d has been s tud ied tox ico log ica l ly (51) a n d is apparent ly the 
major toxic component i n certain P . cyclopium isolates; 2.3 m g A g ( m a l e 
rat , I P ) caused convulsions f o l l owed b y death suggesting that i t m a y act 
as a neurotoxin . O r a l admin is t rat i on d i d not cause convulsions. T h e 
major site of act ion of the tox in on o r a l adminis trat ion appeared to b e the 
spleen a n d the k i d n e y ( L D 5 0 — 36 m g / k g , male rat , o r a l ) . 

Metabol i tes 

UV, nm (solvent) Ref. 

215, 333 ( E t O H ) 82 
226 ( H 2 0 ) 88 
295, 333 ( M e O H ) 89 
227, 286, 297sh ( M e O H ) 89 
225, 253, 384 ( M e O H ) Jfi 
224, 293 ( M e O H ) 41 
225, 276, 296sh ( M e O H ) 41 

42 
293 ( M e O H ) 48 
286 ( M e O H ) 43 
211, 290 44 
285 ( E t O H ) 44 

230, 320 ( E t O H ) 45 
226, 284, 304sh, 316, 329sh ( M e O H ) 45 
232 46 

47 
47 
48 

245, 278, 322 48 245, 278, 322 
49 
49 
50 
50 
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118 MYCOTOXINS 

Ο 

»H 
VIRIDICATOL 

XII 

Η 
Ρ 

Η 
VIRIDICATIN 

XI 

Figure 1. P . cyclopium metabolites 

T h e s t ructura l e luc idat ion of these complex materials is descr ibed i n 
a r e v i e w art ic le b y H o l z a p f e l (42) as w e l l as i n m a n y previous p u b l i c a 
tions b y the same author ; for Structure I I I this i n v o l v e d bas i ca l ly recog
n i t i o n a n d combinat i on of the i n d o l e nucleus a n d the tenuazonic a c i d 
systems. Treatment of cyc l op iazon i c a c i d w i t h 2 5 % aqueous a m m o n i a 
generated Structure I V w h i c h ac cumula ted d u r i n g later stages of the 
fermentat ion process. Structure V is p r o b a b l y a precursor of Structure 
I I I since i t accumulates d u r i n g ear ly stages of fermentat ion a n d is con 
verted into Structure I I I b y β-cyclopiazonate oxidocyclase ( 5 2 ) . Struc 
ture V I a n d its stereoisomer i socyc lop iamine were p r o d u c e d b y a P . 
cyclopium isolate f r o m m o l d y peanuts (42). 

A n o t h e r group of interre lated a lkalo ids p r o d u c e d b y P . cyclopium 
is p resumably der ived f r om anthran i l i c a c i d , S-phenylalanine, a n d 
methion ine (43) (see F i g u r e 1 ) . These i n c l u d e cyc lopept in (Structure 
V I I ) , dehydrocyc lopept in (S t ruc ture V I I I ) , cyc l open in (Structure I X ) , 
cyc lopeno l (Structure X ) , v i r i d i c a t i n (Structure X I ) , a n d v i r i d i c a t o l 
(Structure X I I ) . Structures X I a n d X I I were isolated a n d ident i f i ed first. 
T h u s oxidat ive degradat ion of Structure X I read i ly y ie lds oxal ic a c i d a n d 
2-aminobenzophenone, w h i l e Structure X I I y ie lds 2-amino-3 ' -hydroxy-
benzophenone (45, 53). These structures were later conf irmed through 
tota l synthesis (53, 54). T h e structures of the benzod iazep in alkaloids 
( Structures I X a n d X ) w e r e more dif f icult to obta in ; however , degradat ion 
studies l ead ing to anthrani l i c a c i d a n d the appropr iate benzo i c a c i d , as 
w e l l as p h y s i c a l data , i n d i c a t e d the nature of the r i n g system i n v o l v e d 
( 4 4 ) . A t that t i m e i t was k n o w n that treatment w i t h a c i d converted 
Structures I X a n d X to carbon d iox ide , m e t h y l amine , a n d v i r i d i c a t i n a n d 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 119 

v i r i d i c a t o l . Structures I X a n d X w e r e later conf irmed b y to ta l synthesis 
( 5 5 ) . F u r t h e r m o r e an enzyme (cyc lopenase) obta ined f r o m the m y c e 
l i u m of P . viridicatum a c compl i shed the same conversion ( 5 7 ) . Based 
o n the f o r m u l a of Structure I X i t was re lat ive ly s imple to formulate 
Structures X I a n d X I I . N o studies have been reported re lat ive to the 
tox ic i ty of any of these metabolites. 

F i n a l l y P . cyclopium has been reported to produce a n u m b e r of other 
metabol ites i n c l u d i n g pa l i tant in (Structure X I I I ) , p u b e r u l i c (Structure 
X I V ) a n d puberu lon i c (Structure X V ) acids, cyc l opo l i c (Structure X V I ) 
a n d cy l opa ld i c (Structure X V I I ) acids, i soerythr i to l , m a n n i t o l , a n d a p a i r 
of anthraquinones , emodic a c i d (Struc ture X V I I I ) a n d ω-hydroxyemodin 
(Structure X I X ) (see T a b l e V ) . N o toxico logical studies have been 
reported for any of these materials . 

CH2OH 

O H C Y ^ V O H 

H 2 O C ^ k ^ c H s 

OCH3 

CYCLOPOLIC ACID 

CHO 
Ο Η Ο , Α ^ Η 

HO^-^Xj^CHa 
OCH3 

CYCLOPALDIC ACID 

XVI XVII 

EMODIC ACID (R=C02H) 
-HYDOXYEMODIN (R=CH2OH) 

XVIII 
XIX 

P . viridicatum. T h i s m o l d is f requent ly encountered i n stored grains 
a n d o n decay ing vegetation of the so i l ; i t has been i m p l i c a t e d as the 
causative agent i n m a n y instances of a n i m a l illnesses a n d deaths (see 
T a b l e I V ) . These facts, a long w i t h the report (19) of carc inogenic i ty 
i n m i c e a t t r ibuted to adminis t rat ion of r i c e cultures of P . viridicatum 
engendered extensive research into the metabolites p r o d u c e d b y this 
m o l d . These studies appear to indicate that the reported tox ic i ty associ
ated w i t h this m o l d must arise f r om a var iety of mycotoxins , on ly some 
of w h i c h have been ident i f ied . 

P . viridicatum has been observed to produce m a n y of the same 
metabolites that are p r o d u c e d b y P . cyclopium i n c l u d i n g ochratoxin A 
(56), v i r i d i c a t i n ( 1 5 ) , v i r i d i c a t o l ( 5 7 ) , cyc lopen in a n d cyc lopeno l (45), 
cyc lopo l i c a n d cyc l opa ld i c a c i d (48), m a n n i t o l , a n d isoerythr i to l (see 
T a b l e V ) . I n a d d i t i o n recent findings show that ochratoxin Β (Structure 
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120 MYCOTOXINS 

'3 
4-HYDROXYOCHRATOXIN A 

XX XXI 

CH 3 CH 3 

CITRININ 
•XXII 

I ) , 4 -hydroxyochratoxin A (Struc ture X X ) , a n d 7-carboxy-3,4-dihydro-8-
hydroxy -3 -methy l i s o coumar in (Struc ture X X I ) are e laborated b y P . 
vindicatum ( 5 8 ) . These structures were e luc idated b y care fu l ly e v a l u 
a t i n g spectral data ; tox ico log ica l studies ind i cate that these derivat ives of 
ochratoxin A are re lat ive ly nontoxic ( 3 2 ) . 

K r o g h a n d co-workers (16, 17) i n their studies of f u n g a l nephro 
tox i c i ty isolated a n d ident i f ied oxal i c a c i d a n d c i t r i n i n (Structure X X I I ) 
f r o m corn-steep l i q u o r cultures of P . viridicatum. C i t r i n i n was isolated 
o r ig ina l l y f r o m P . citrinum cultures ( 5 9 ) . F r i i s , Hasselager , a n d K r o g h 
( 16) observed that feed ing Structure X X I I to swine resulted i n a nephro 
p a t h y s imi lar to the natura l l y o c c u r r i n g porc ine nephropathy ; also c i t r i n i n 
was acutely toxic to mice ( L D 5 0 = 35 m g / k g , S C ) (60). M u c h effort 
was expended to assign the structure of c i t r i n i n ; i t was k n o w n (59 ) that 
d i lu te a c i d converted c i t r i n i n into two phenols (Αχ, opt i ca l ly act ive a n d 
B i , opt i ca l ly inact ive ) that w h e n fused w i t h a base y i e l d e d a m a t e r i a l 
w i t h the e m p i r i c a l f o r m u l a C 9 H i 2 0 2 . T h i s m a t e r i a l was later ident i f ied 
as 4-methyl -5-ethyl -resorcinol ( F i g u r e 2 ) (61). B e c o n v e r t i n g the o p t i 
ca l ly act ively p h e n o l ( C i i H i 6 0 3 ) t o c i t r i n i n then establ ished the structure 
for c i t r i n i n (61,62). 

M y c o p h e n o l i c a c i d (Structure X X I I I ) has also been iso lated f r o m 
P . viridicatum (64). T h i s mater ia l was or ig ina l ly iso lated f r o m P . brevi-
compactum a n d is often re ferred to as the first ant ib iot i c substance iso
l a t e d a n d pur i f i ed f r o m molds ( L D 5 0 = 2500 m g / k g , mouse, o r a l ) . A 

OH 

Figure 2. The structure of citrinin 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 121 

MYCOPHENOLIC ACID VIRIDICATIC ACID TERRESTRIC ACID 
XXIII XXIV XXV 

good r e v i e w b y B . J . W i l s o n cover ing the s t ructura l identi f icat ion a n d 
b i o l o g i c a l ac t iv i ty of this m a t e r i a l has been p u b l i s h e d (65). I n a d d i t i o n 
to mycopheno l i c a c i d cu l ture filtrates of P . viridicatum also produce the 
tetronic acids v i r i d i c a t i c a c i d (Structure X X I V ) a n d terrestric a c i d 
(Struc ture X X V ) ; f r o m the m y c e l i u m m a n n i t o l , i soerythr i to l , a n d ergo-
s tery l pa lmi tate were obta ined (66). Structure X X I V was determined b y 
re la t ing its p h y s i c a l properties to those of carlosic a c i d w h i c h has a b u t y r y l 
g roup i n the «-position, a n d b y hydro lys is to n-hexanoic a c i d a n d β-
h y d r o x y l a e v u l i c a c id . 

T w o further metabolites of P . viridicatum have been iso lated a n d 
ident i f i ed : b rev ianamide A (Structure X X V I ) ( 6 7 ) , a c o m p o u n d o r i g i 
n a l l y iso lated f r o m P . brevi-compactum ( 6 8 ) , a n d xanthomegnin (S t ruc 
ture X X V I I ) ( 6 9 ) , a c o m p o u n d or ig ina l l y iso lated f r o m Trichophyton 

magnini (70). N e i t h e r of these materials appears apprec iab ly ora l ly 
toxic to mice . F i n a l l y a report (71) recent ly appeared descr ib ing a n e w 
mycotox in , v i r i d i c u m t o x i n (C30H31NO10) ( L D 5 0 — 122.4 m g / k g , rat , oral) , 
of u n k n o w n structure ( T a b l e V I ) . 

Group II 

T h e molds i n this group are encountered f requent ly on foods a n d 
feeds ( T a b l e I ) a n d have the potent ia l to produce toxin ( T a b l e I V ) . 
H o w e v e r these molds have not y i e l d e d the large numbers of toxins no ted 
for G r o u p I molds , nor have they been s tud ied as extensively ( w i t h the 
possible exception of P . chrysogenum). 

P . oxalicum. V e r y f e w metabolites have been iso lated a n d ident i f ied 
f r o m this m o l d . I t produces oxal ic a c i d (71) w h i c h apparent ly is toxic 

(A.B) XANTHOMEGNIN 
XXVII XXVI 
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122 MYCOTOXINS 

T a b l e V I . Pénicillium 

Compound Formula MW M.P., °C 

O c h r a t o x i n Β 
4 - H y d r o x y o c h r a t o x i n A 
7 -Carboxy-3 ,4 -d ihy d r o -

C 2 o H 1 9 N 0 6 

C 2 o H 1 8 C I N 0 7 

C11H10O5 

369 
419 
222 

220-1 
216-8 
223 

8 -hydroxy -3 -methy l 
i socoumarin 

Oxa l i c ac id 
C i t r i n i n 
M y c o p h e n o l i c ac id 
V i r i d i c a t i c a c id 
Terrestr i c ac id 
B r e v i a n a m i d e A 
X a n t h o m e g n i n 
V i r i d i c u m t o x i n 

C2H2O4 
C13H14O5 

90 
250 
320 
256 
211 
365 
574 
565 

215-230 
285-300d 
211 

101 
175d 
141 
174.5 

89 

on ly i n extremely h i g h dosage. Becent ly , however , P . oxalicum has also 
been shown to produce secalonic a c i d D (Structure X X V I I I ) a n d two 
n e w alkalo ids of u n k n o w n structure, one of w h i c h was ca l l ed oxal ine (see 
T a b l e V I I ) . T h e structure of secalonic a c i d D was determined spectro-
scop ica l ly b y re la t ing its properties to those of its op t i ca l ant ipode (seca
l on i c a c i d A ) , one of the toxic p igments e laborated b y Claviceps purpurea. 

P. expansum. A g a i n l i t t le is k n o w n of the metabol i tes p r o d u c e d b y 
this m o l d species. T h e major tox in iso lated a n d ident i f ied appears to be 
p a t u l i n (73) (Structure X X I X ) w h i c h is more c o m m o n l y associated w i t h 
the m o l d P . urticae (see d iscussion of P . urticae). T h e fact that P . expan
sum is the major contr ibutor to apple rot has engendered m u c h interest 
i n the possible occurrence of p a t u l i n i n app le products . P . expansum is 
also k n o w n to produce c u r v u l a r i n (Structure X X X ) , a mater ia l c losely 
re lated to the estrogenic mater ia l zearalenone (106). 

P. chrysogenum. T h i s m o l d has been extensively s tud ied f r o m the 
standpoint of p e n i c i l l i n product i on . T o x i c metabolites have not been 
repor ted for this species a l though a w i d e d ivers i ty o f metabolites have 

ο OH 
SECALONIC ACID D PATULIN CURVULARIN 

ΧΧΧ XXVIII ΧΧΙΧ 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

07



7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 123 

viridicatum Metabol i tes 

UV, nm (solvent) Ref. 

218, 318 ( E t O H ) 58 
213, 334 ( E t O H ) 58 
218, 322 ( E t O H ) 58 

16, 17 
222, 253, 319 ( E t O H ) 63 

64 
230, 268 ( E t O H ) 66 

66 
234, 256sh, 405 ( M e O H ) 67 
227, 290sh, 395 ( C H C 1 3 ) 69 
237, 285, 317, 331, 347, 424 ( E t O H ) 71 

been reported (see T a b l e V I I ) . These i n c l u d e p e n i c i l l i n F (Structure 
X X X I ) , de th iob io t in (Structure X X X I I ) , adenosine-5-phosphate, inos ine-
5-phosphate, adenylosucc inic a c id , chrysogine (Structure X X X I I I ) , a n d 
tetracosanoic ac id . B a l l i o a n d co-workers detected at least 16 derivatives 
of adenosine, guanosine, inosine, cy t id ine , a n d u r i d i n e i n the m y c e l i u m 
of P . chrysogenum ( 7 7 ) . I n a d d i t i o n Suter a n d T u r n e r (82) reported 

PENICILLIN F DETHIOBIOTIN CHRYSOGINE 
XXXI χχχ,Ι ΧΧΧΙΙΙ 

the presence of 2 -pyruvoy laminobenzamide (Structure X X X I V ; not shown) 
i n the cu l ture filtrate of P . chrysogenum. N o tox ic i ty has been associated 
w i t h any of these compounds . 

P . brevi-compactum. T h i s m o l d is of par t i cu lar interest since i t was 
i n v o l v e d i n one of the earliest attempts (1896) to relate a tox in p r o d u c e d 
b y a m o l d to the inc idence of a h u m a n i l lness—pe l lagra i n this case 
(83). A l t h o u g h no re lat ionship c o u l d be establ ished, w o r k i n this area 
d i d result i n the first c h e m i c a l detect ion system devised to detect spoi lage 
of m a i z e based on the co lor react ion be tween ferr i c ch lor ide a n d pheno l i c 
metabolites. Ra i s t r i ck a n d co-workers iso lated a n d ident i f ied (83) a 
series of pheno l i c materials i n c l u d i n g mycopheno l i c a c i d (Structure 
X X I I I ) ( T a b l e V I ) , 3 ,5 -d ihydroxy-2 -carboxybenzyl m e t h y l ketone (S t ruc 
ture X X X V ) , 3 ,5 -d ihydroxy-2-carboxyphenylacety l c a r b i n o l (Structure 
X X X V I ) , 3 ,5 -d ihydroxy-2-carboxylbenzoyl m e t h y l ketone (Structure 
X X X V I I ) , a n d 3 ,5 -d ihydroxyphthaUc a c i d (Structure X X X V I I I ) . L a t e r 
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124 MYCOTOXINS 

xxxv χχχν ι XXXVII 

workers invest igat ing the biosynthesis of mycopheno l i c a c i d iso lated t w o 
a d d i t i o n a l metabol i tes : 5 , 7 -d ihydroxy -4 -methy lphthaUde ( S t r u c t u r e 
X X X I X ) a n d 6 - f a m e s y l - 5 , 7 - d % d r o x y - 4 - m e t h y l p h t h a l i d e ( S t r u c t u r e X L ) . 
F i n a l l y several other mycopheno l i c a c i d derivatives (Structures X L I -
X L I I I ) have been reported ( T a b l e V I I I ) . 

I n a t tempt ing to isolate the hepatotoxic substances p r o d u c e d b y 
P . brevi-compactum B i r c h a n d co-workers iso lated a series of neut ra l 
compounds , most ly p igments : brev ianamides A - F ( T a b l e V I I I ) . S t ruc 
t u r e X X V I (b rev ianamide A ) was de termined first, based on a c o m b i n a 
t i o n o f p h y s i c a l methods w i t h b iogenet ic hypotheses. B r e v i a n a m i d e Β 
was q u i c k l y s h o w n to be a stereoisomer of Structure X X V I . I r rad ia t i on 
of S truc ture X X V I ( A a n d Β ) y ie lds brev ianamides C (Structure X L I V ) 
a n d D (Struc ture X L V ) w h i c h are s i m p l y c i s - t rans isomers; r educ t i on 
of these isomers w i t h N a B H 4 y ie lds a single i n d o l e (Structure X L V I ) . 

T a b l e V I I . Metabol i tes of P . oxalicumy 

Compound Formula MW M.P., °C 

O x a l i c ac id C2H2O4 90 101 
Secalonic ac id D C32H30O14 638 253-254 
Oxa l ine C 2 4 H 2 5 N 5 O 4 
P a t u l i n C7H6O4 154 111 
C u r v u l a r i n C16H20O5 292 206-7 
P e n i c i l l i n F C 1 4 H 2 o 0 4 N 2 S 312 204d 
D e t h i o b i o t i n C i o H i 8 0 3 N 2 214 156-8 
Adenosine-5 ' -phosphate C i 0 H 1 4 O 7 N 6 P 347 178 
Inosine-5 ' -phosphate C 1 0 H 1 3 O 8 N 4 P 347 191-5d 
Adeny losucc in i c ac id C 1 4 H 1 8 0 n N 6 P 468 
C h o l i n e sulfate C 5 H 1 3 0 4 N 6 183 
Chrysog ine C10H10O2N2 190 189-90 
Tetracosanoic ac id C24H48O2 369 87.5 
2 - P y r u v o y l a m i n o b e n z a m i d e C10H10N2O3 206 181H1 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

07



7. POHLAND AND MISLIVEC Metabolites of Pénicillium Species 125 

B r e v i a n a m i d e Ε a n d F w e r e assigned Structures X L V I I a n d X L V I I I 
based on p h y s i c a l data . T h e biogenetic precursor Structure X L I X pos tu 
lated b y B i r c h (90) has recent ly been iso lated f r o m Aspergillus ustus 
(91). Deta i l s of the biosynthesis of the brev ianamides as w e l l as the ir 
tox ico log ica l effects are under study. 

XLVI XLVII 

P. expansum, and P. chrysogenum 

UV, nm (solvent) Ref. 

71 
248, 337 ( E t O H ) 72 

72 
277 ( M e O H ) 78 
223, 271.5, 304 ( E t O H ) 74 

75 
76 
77 
77 
78 
79 

226, 230, 238, 265, 273, 292, 305, 316 ( E t O H ) 80 
81 

211, 247, 302 ( M e O H ) 83 
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126 MYCOTOXINS 

P. funiculosum. Metabo l i tes p r o d u c e d b y this m o l d species i n c l u d e 
m a l o n i c a c id , orsel l inic a c i d (Structure L ) , an uncharacter i zed a n t i v i r a l 
agent, helenine, w h i c h is thought to be a nuc leoprote in , a n d the anthra -
quinone fun icu los in w h i c h is ident i ca l to i s l a n d i c i n (Structure L I ) (see 

ORSELLINIC ACID ISLANDICIN 
L LI 

T a b l e V I I I . Metabol i tes of 

Compound Formula MW M.P., °C 

3 ,5 -Dihydroxy -2 - carboxy - C10H10O5 210 152-6d 
b e n z y l - m e t h y l ketone 

3 ,5 -Dihydroxy -2 - carboxy - CioHioOe 226 200d 
pheny l -ace ty l carb ino l 

3 ,5 -Dihydroxy -2 - carboxy - C10H10O7 224 125-35 
benzoy l m e t h y l ketone 

3 ,5 -D ihydroxyphtha l i c ac id CsHeOe 198 188 (206) 
6 -Farnesy l -5 ,7 -d ihydroxy - C24H32O4 384 98-100 

4 -methy lphthal ide 
E t h y l mycophenate C19H24O6 348 88-90 
Structure X L I I C17H20O7 336 218-20 
M y c o c h r o m e n i c ac id C n H i s O e 318 163-165 
B r e v i a n a m i d e A C21H23N3O3 365 190-220 

Β C21H23N3O3 365 3 2 4 - 8 d 
C C21H23N3O3 365 Glass 
D C 2 1 H 2 3 N 3 O 3 365 Glass 
Ε C21H25N3O3 367 Glass 
F C 1 6 H 1 7 N 3 0 2 283 173-5 

I soerythr i to l C4H10O4 122 116-20 
Dihydroxyace tone C jHeOs 90 75-80 
M a l o n i c ac id C3H4O4 104 135 
Orsel l in ic ac id C e H 8 0 4 168 176 
F u n i c u l o s i n C15H10O5 270 218 
M i t o r u b r i n C21H18O7 382 218 
M i t o r u b r i n o l CîiHieOe 398 219-21 
M i t o r u b r i n i c ac id C^lHieOg 412 
Funicone CigHigOe 374 176-8 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 127 

T a b l e V I I I ) . I n a d d i t i o n a series of metabolites have been iso lated 
w h i c h are s tructura l ly s imi lar to the sc lerot ior in (azaph i l one ) group of 
metabolites (93); these i n c l u d e m i t o r u b r i n (S t ruc ture L I I ) , a c o m p o u n d 
or ig ina l ly iso lated f r o m P . rubrum, m i t o r u b r i n o l (Structure L U I ) , m i t o -
r u b r i n i c a c i d (S t ruc ture L I V ) , a n d funicone (St ruc ture L V ) (see T a b l e 
V I I I ) . 

P. brevi-compactum and P. funiculosum 

UV, nm (solvent) Ref. 

83 

88 

84 
85, 86 

303 87 
87 

245, 280, 321.5, 332.5 87 
235, 256, 404 ( M e O H ) 88 
236, 254, 400 ( E t O H ) 89 
234, 259, 450 ( E t O H ) 89 
235, 264, 306, 470 ( E t O H ) 89 
239, 296 ( E t O H ) 89 
277, 283, 292 ( E t O H ) 89 

49 
92 
94 
95 
96 

216, 266, 292, 346 ( E t O H ) 97 
216, 266, 292, 346 ( E t O H ) 97 

98 
245, 310 ( 9 5 % E t O H ) 98 
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Group HI 

M o l d s i n this group are on ly occasional ly f o u n d on foods a n d feeds. 
H o w e v e r , they are important w i t h respect to certain types of foods a n d 
do p r o d u c e some v e r y toxic , a n d i n some cases carcinogenic , metabolites. 

P . urticae ( P . patulum). T h i s m o l d species has been i m p l i c a t e d as 
the causative agent i n a n outbreak of f a t a l po isoning of d a i r y cows i n 
J a p a n ( 9 9 ) . I t was conc luded that the tox in invo lved was p a t u l i n (S t ruc 
ture X X I V ) . P a t u l i n is p r o d u c e d i n h i g h y ie lds b y P . urticae a n d is ex
tremely toxic ( L D 5 0 = 0.7 m g / 2 0 g, mouse, o r a l ) ; pa tu l in has also been 
i m p l i c a t e d as a carc inogen (36). Its chemistry a n d toxicology have been 
r e v i e w e d b y C i e g l e r , D e t r o y , a n d L i l l e h o j (106). 

P . patulum also produces the extremely use fu l ant imicrob ia l agent 
gr iseo fu lv in (S t ruc ture L V I ) . I t is s t i l l prescr ibed as a systemic thera 
peut i c agent for cutaneous f u n g a l infections, a l though i t apparent ly has 
some carc inogenic properties (107). T h e c h e m i c a l a n d toxico log ica l 
propert ies of gr iseo fulv in are careful ly r e v i e w e d i n B . J . Wi lson ' s art i c le 

T a b l e I X . Metabol i tes o f 

Compound Formula MW M.P., °C 

G r i s e o f u l v i n C17H17O6CI 353 220 
Dehydrogr i seo fu lv in CnHiôOeCl 351 270-275 
2 , 6 - D i h y d r o x y - 4 - m e t h y l - C15H12O5 272 253-5 

8-methoxyxanthone 
4 , 6 - D i m e t h o x y - 2 ' - m e t h y l -

grisan-3,4 ' ,6 ' -trione 
CieHieOe 304 245 -8d 4 , 6 - D i m e t h o x y - 2 ' - m e t h y l -

grisan-3,4 ' ,6 ' -trione 
Struc ture L X C17H17O5CI 337 181-2 
Struc ture L X I C n H n O e C l 353 212-4 
Gent i s i c ac id C7H6O4 154 199 
Gent isa ldehyde C7IÏ6O3 138 
G e n t i s y l a lcohol C7H8O3 140 100 
6 - M e t h y s a l i c y l i c ac id 152 170 
6 -Formylsa l i cy l i c ac id CeHeC^ 166 134 
3 - H y d r o x y p h t h a l i c ac id CeHeOô 182 154 
P y r o g a l l o l CeHeOs 126 134 
p - H y d r o x y b e n z o i c ac id C7H6O3 138 213 
A n t h r a n i l i c ac id C 7 H 7 0 2 N 137 144 
Gent i sy lqu inone C7H6O3 138 76 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 129 

OCH3 ο ο 
CH^>, 

•H O CH 3 

LVIII 

ΌΗ 

CH30 
Ο 

LIX 

R ΌΗ 

LXI R=CH, 
LX R=OCH. 

o n miscellaneous Pénicillium toxins (108 ) . I n add i t i on , P . patulum p r o 
duces five addi t iona l materials re lated to dehydrogr i seo fu lv in (S t ruc ture 
L V I I ) , 2 ,6-dihydroxy-4-methyl-8-methoxyxanthone (S t ruc ture L V I I I ) , 
4 ,6-dimethoxy-2 , -methylgrisan-3,4 , ,6 / - tr ione (Structure L I X ) , a n d a p a i r 
of susbtituted benzophenones (Structures L X a n d L X I ) ( T a b l e I X ) . T h e 
tox ico log ica l properties of these materials are apparent ly not k n o w n . 
F i n a l l y P . patulum produces m a n y pheno l i c compounds (see T a b l e I X ) 
w h i c h apparent ly are interre lated b iosynthet ica l ly (see F i g u r e 3 ) (104). 
N o tox ic i ty has been associated w i t h these materials . 

P . islandicum. F e w molds have been s tud ied more extensively or 
systematical ly than P . islandicum. Interest i n the metabol ites of P . islandi-

P. urticae (P. patulum) 

UV, nm (solvent) Ref. 

236, 252, 241, 324 ( M e O H ) 
242, 289, 330 ( E t O H ) 
242, 269, 309, 340 ( E t O H ) 

100 
109 
109 

109 

296 ( E t O H ) 
298 ( E t O H ) 

109 
109 
101 
101 
102 
103 
104 
104 
104 
104 
104 
105 

323 
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130 MYCOTOXINS 

Figure 3. Metabolites of P. patulum 

cum arises m a i n l y from ear ly findings that r i ce n a t u r a l l y m o l d e d b y P . 
islandicum ( y e l l o w e d r i ce ) c o u l d cause acute a n d chron i c l i ve r damage 
w h e n f ed to m i c e (110). T h i s finding coup led w i t h the fact that A s i a t i c 
populat ions i n w h i c h r i ce forms a major por t ion of the diet also suffer 
f r o m a h i g h inc idence of l i ver diseases i n c l u d i n g p r i m a r y hepat i c c a r c i 
n o m a (99) gave impetus to a great d e a l of research into the metabolites 
p r o d u c e d b y P . islandicum a n d their tox ico log ica l properties. These 
studies l e d eventual ly to the iso lat ion of t w o extremely potent hepato -
toxins, luteoskyr in ( L D 5 0 = 2.21 m g / k g , mouse, o ra l ) a n d cyc lochloro -
t ine ( L D 5 o = 6.55 m g / k g , mouse, o r a l ) , b o t h of w h i c h are be l i eved 
carc inogenic ( 23 ) . I n a d d i t i o n a second extremely toxic pept ide , i s l a n d i -
tox in ( m i n i m u m le tha l dose 3.6 m g / k g , S C , mouse) has been iso lated 
a n d ident i f ied (111, 112). A n excellent r e v i e w of these materials as w e l l 
as other toxins re lated to y e l l o w e d r i ce has appeared (113). 

P. ishndicum produces at least 27 q u i n o i d a l p igments (see T a b l e X ) 
w h i c h m a y be convenient ly arranged i n three groups. T h e first group 

Monomeric Anthraquinones 

Ο OH 

HO Ο OH 

TETRAHYDROCATENARIN 
LXIII 

Chrysophanol R , = H R 2 = H R 8 = C H , R, = H 
Islandicin Η O H C H , Η 
Emodin O H Η C H s Η 
Catenarin O H O H CH» Η 
ω-Hydroxyemodin O H Η C H 2 O H Η 
Endocrocin O H Η C H , C 0 2 H 
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7. POHLAND AND MISLIVEC Metabolites of Pénicillium Species 131 

contains the m o n o m e r i c anthraquinones , a l l of w h i c h are derivatives of 
chrysophano l (Structure L X I I ) : i s l and i c in , e m o d i n , catenarin , ω-hydroxy-
e m o d i n , endocroc in , te trahydrocatenar in ( Structure L X I I I ) , a n d d i h y d r o -
catenarin . T h e structures of these quinones are r e a d i l y der ived b y 
c o m p a r i n g their p h y s i c a l propert ies , i n c l u d i n g color tests (magnes ium 
acetate) , uv , i r , N M R spectra, a n d x-ray di f fract ion data , w i t h those of 
equiva lent materials ob ta ined t h r o u g h total synthesis. These synthetic 
procedures general ly invo lve the F r i e d e l - C r a f t s condensation of a p h t h a l i c 
anhydr ide w i t h a suitable pheno l . Recent ly K e n d e et a l . (119) reported 
a n e w approach to the tota l synthesis of i s l a n d i c i n i n v o l v i n g regiospecif ic 
photo -Fr ies rearrangement (see F i g u r e 4). 

Dimeric Anthraquinones 

OH Ο 

Dianhydrorugulosin R i = R 2 = H 
Iridoskyrin R , = H , R 2 - O H 
Skyrin R, = O H , R 2 = h 
Dicatenarin R , = R 2 = O H 
Oxyskyrin One methyl of skyrin = C H 2 O H 
Skyrinol Both methyls of skyrin = C H 2 O H 
Roseoskyrin (chrysophanol + islandicin) 
Auroskyrin (chrysophanol -j- emodin) 
Rhodoislandin A (chrysophanol + catenarin) 
Rhodoislandin Β (emodin + islandicin) 
Punicoskyrin (catenarin -j- islandicin) 
Aurantioskyrin (catenarin + emodin) 

T h e second group contains the d i m e r i c anthraquinones (Structure 
L X V ) : d ianhydrorugu los in , i r i d o s k y r i n , s k y r i n , d i catenar in , oxyskyr in , 
s k y r i n o l , roseoskyrin, auroskyr in , rhodo i s land in A , rhodo i s land in B , p u n i 
coskyr in , a n d aurant ioskyr in ( T a b l e X ) . T h e structures of these materials 
w e r e establ ished p r i m a r i l y t h r o u g h reduc t ive cleavage w i t h a lka l ine 

Figure 4. Total synthesis of islandicin 
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132 MYCOTOXINS 

T a b l e X . Metabol i tes 

Compound 

C h r y s o p h a n o l 
I s land i c in 
E m o d i n 
C a t e n a r i n 
ω-Hydroxyemodin 

(citreorosein) 
E n d o c r o c i n 

(c lavoxanthin) 
T e t r a h y d r o c a t e n a r i n 
D i h y d r o c a t e n a r i n 
( + ) D i a n h y d r o r u g u l o s i n 
( + ) I r i d o s k y r i n 
( + ) S k y r i n 
( + ) D i c a t e n a r i n 
( + ) O x y s k y r i n 
( + ) S k y r i n o l 
( + ) Roseoskyr in 
( + ) A u r o s k y r i n 
( + ) R h o d o i s l a n d i n A 
( + ) R h o d o i s l a n d i n Β 
( + ) P u n i c o s k y r i n 
( + ) A u r a n t i o s k y r i n 
( —) L u t e o s k y r i n 
( —) R u b r o s k y r i n 
( —) F l a v o s k y r i n 
( —) R u g u l o s i n 
( — ) D e o x y l u t e o s k y r i n 
( —) D e o x y r u b r o s k y r i n 
( —) 4 -a -Oxy luteoskyr in 
E r y t h r o s k y r i n e 
I s land i tox in 
Cyc loch lorot ine 
3 - H y d r o x y p h t h a l i c a c id 
M a l o n i c ac id 

Formula MW M.P., °C 

C 1 5 H 1 0 O 4 254 195-6 
C15H10O5 270 218 
C15H10O5 270 256-7 
C15H10O6 286 244-6 
C15H10O6 286 288 

C16H10O7 314 290-320d 

C15H14O6 290 ~ 1 3 0 d 
C15H12O6 288 95-105d 
C30H18O10 538 321 
C30H18O10 538 358-60d 
C30H18O10 538 > 3 6 0 d 
C30H18O12 570 > 3 0 0 d 
C e o H i s O n 554 > 3 6 0 d 
C30H18O12 570 > 3 6 0 
C 3 0 H 1 8 O 9 522 275-380d 
C 3 0 H 1 8 O 9 522 > 3 0 0 
C 3 0 H 1 8 O 1 0 538 > 3 0 0 
C 3 0 H 1 8 O 1 0 538 > 3 0 0 
C30H18O11 554 > 3 0 0 
C30H18O11 554 > 3 0 0 
C 3 0 H 2 2 O 1 2 574 281d 
C 3 0 H 2 2 O 1 2 574 289d 
C 3 0 H 2 4 O 1 0 544 215d 
C30H22O10 542 290d 
C30H22O11 558 293 
C30H22O11 558 255 
C30H22O13 590 > 2 5 0 d 
C 2 6 H 3 3 O 6 N 455 130-3 

572 258 
C 2 5 H 3 6 0 8 N 5 C 1 2 605 251d 
CsHeOô 182 166 
C 3 H 4 0 4 104 135 

s o d i u m di th ioni te (114) to the corresponding monomer i c quinones a n d 
t h r o u g h inspect ion of the N M R spectra of the acetates (120). T h u s , for 
example , reduct ive c leavage of d ianhydrorugu los in y ie lds two molecules 
of chrysophano l (see F i g u r e 5). N o t e that a l l of these materials exhib i t 

oh 0 OH 

"S* "IL* 
'2 0 

DIANHYDRORUGULOSIN CHRYSOPHANOL 

Figure 5. Reduction of dimeric anthraquinones 
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7. POHLAND AND MISLIVEC Metabolites of Pénicillium Species 133 

of P. islandicum 

UV, nm (solvent) Ref. 

228, 257, 277, 287, 429 ( E t O H ) 114 
231.5, 252, 288, 490, 512 ( E t O H ) 115 
253, 266, 289, 436 ( E t O H ) 116 
231, 257, 282, 492, 525 ( E t O H ) 116 
221, 252, 290, 438, 458 sh ( E t O H ) 117 

274, 442 ( M e O H ) 118 

485, 514, 554 ( E t O H ) 117 
495 (530i, 570i) ( E t O H ) 117 
282 sh , 439 (Diox in) 128 
286, 502 (Diox in ) 121 
257, 300, 462 ( E t O H ) 114 

257, 300, 462 ( E t O H ) 1 &\J 
122 

258, 290, 448 (Dioxan) 120 258, 290, 448 (Dioxan) 
120 
120 
120 
120 
120 
120 

280, 350, 440 ( E t O H ) m 
275, 415, 435, 530, 540 (CHC1») m 
267, 303, 312, 328, 368, 414 (Dioxane) 125 
253, 396.5 ( C H C 1 3 ) m 253, 396.5 ( C H C 1 3 ) 

m 
280, 369, 380, 510, 531, 570 (Dioxane) m 280, 369, 380, 510, 531, 570 (Dioxane) 

124 
392, 409 ( E t O H ) 126 392, 409 ( E t O H ) 

112 
253, 259, 265 ( M e O H ) 127 253, 259, 265 ( M e O H ) 

128 
129 

opt i ca l ac t iv i ty attr ibutable to restricted rotat ion a r o u n d the b o n d c o n 
nect ing the t w o monomer i c halves. C u r r e n t l y no in fo rmat ion is ava i lab le 
concerning the tox ic i ty of these dianthraquinones . 

T h e t h i r d group contains the modi f i ed b ianthraquinones ( T a b l e X ) : 
lu teoskyr in (Structure L X V I , R = O H ) , m b r o s k y r i n (Struc ture L X V I I , 
R = O H ) , flavoskyrin (Structure L X V I I I ) , rugu los in (Structure L X I X ) , 
deoxyluteoskyr in (Structure L X V I , R = H ) , deoxyrubroskyr in (Structure 
L X V I I , R = H ) , a n d 4-a-oxyluteoskyrin (Structure L X X ) . T h e structures 
of these compounds were very diff icult to determine ; they w e r e finally 
reso lved b y careful interpretat ion of the N M R spectra a n d were c o n 
firmed, at least for rugulos in , b y x-ray di f fract ion studies (123) . F i g u r e 6 
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M Y C O T O X I N S 

FLAVOSKYRIN LXVIII 4-K-OXYLUTEOSKYRIN LXX 

Figure 6. Modified bianthraquinones from P . islandicum 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 135 

ci CI 

I S L A N D I T O X I N 
LXXII 

O H 
C H ( C H 2 ) 5 C H 3 

I II II / " \ 
N H - C - C H N H - C - T } 

* Η 
:YCLOCHLOROT 

LXXIII 

ο 
R U B R A T O X I N A (R=H, R'=0H) 

Β ( R , R = =0) 

shows some of the observed interrelat ionships between these materials . 
P . islandicum also produces the extremely toxic ( L D 5 0 = 60 m g / k g , 

mouse, i p ) metabol i te erythroskyr ine (Structure L X X I ) (113,126) . T h e 
structure of this p igment was determined b y c h e m i c a l degradat ion ex
periments w h i c h ind i ca ted the presence of the po lyene system ( — C H = 
C H — ) 5 , the tenuazonic a c i d moiety , a n d the d ianhydrosorb i to l structure. 
T h e role of this c o m p o u n d i n intox icat ion b y P . islandicum-iniested r i ce 
has not yet been determined . 

F i n a l l y P . islandicum produces two water-soluble , hexatotoxic, cyc l i c 
pept ides—is land i tox in (Structure L X X I I ) a n d cyc lochlorot ine (Structure 
L X X I I I ) (see T a b l e X ) . T h e tentative structures of these extremely 
toxic materials have been d e d u c e d b y hydro lys is experiments (112,127); 
however some of the investigators i n this field fee l that these two toxins 
m a y be ident i ca l (129). 

P . variable. L i t t l e is k n o w n of the metabolites p r o d u c e d b y this 
m o l d . H o w e v e r i t produces ( + ) - rugulos in (Structure L X I X ) , ergosterol , 
a n d its perox ide (130). 

P. purpurogenum. T h i s m o l d is f requent ly f o u n d on foods a n d 
feeds a n d has been i m p l i c a t e d i n m a n y cases of a n i m a l illnesses a n d 
deaths ( T a b l e I V ) . I t has recent ly been shown (131) capable of p r o 
d u c i n g h i g h y ie lds of the extremely toxic materials rubratoxins A a n d Β 
(Structure L X X I V ) ( L D 5 0 — 1 0 0 - 2 0 0 m g / k g , ora l , r a t ) . These m y c o 
toxins have been c o m m o n l y associated w i t h P . rubrum; an excellent 
r e v i e w of the subject b y M . O . Moss has been p u b l i s h e d (132). 
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136 MYCOTOXINS 

Ο 

C H ^ 

Ο 

LXXV 
LXXVI 

PURPUROGENONE R=OH 
DEOXYPUPUROGENONE R=H 

PURPURIDE 
LXXVI I 

P . purpurogenum also produces copious amounts of some h i g h l y 
co lored pigments ; a f e w of these have been iso lated a n d identi f ied . These 
inc lude purpurogenone (S t ruc ture L X X V ) a n d deoxypurpurogenone 
(Structure L X X V I , T a b l e X I ) . T h e structure of purpurogenone was 
determined b y x-ray c rys ta l l ographic analysis of the monobromoacetate 
(145). I t has been suggested that the p i g m e n t is b iosynthes ized f r o m 
two molecules of e m o d i n via a n unde f ined sequence of reactions (134). 
T h e structure assigned to deoxypurpurogenone was based on a c o m p a r i 
son of its spectral data w i t h those ob ta ined f r o m purpurogenone , the 
formation of a pentaacetate instead of a hexaacetate a n d oxidat ive degra 
dat ion to 3 -hydroxy -5 -methy lphtha l i c a c i d a n d l , 4 - d i h y d r o x y - 2 - m e t h y l -
anthraquinone (135). I n a d d i t i o n to Structures L X X V a n d L X X V I a 
t h i r d , colorless mater ia l was i so lated a n d g iven the t r i v i a l name p u r p u r i d e 
(Structure L X X V I I ) w h i c h was d e t e r m i n e d b y d irect x -ray analysis. T h e 
toxico logical properties of these compounds have not been invest igated. 

T a b l e X I . Metabol i tes P r o d u c e d b y 

Compound Formula MW M . P . , °C 

Purpurogenone 
Deoxypurpurogenone 
P u r p u r i d e 
Glauconic ac id 
Glaucanic ac id 
A n t i b i o t i c S L 3238 
D - M a n n o n i c ac id 
Al lo isoc i tr i c ac id 
C i t r o m y c e t i n 
Frequent in 
Sulochr in 
Asterr i c acid 
( + ) Bisdechlorogeodin 
Quest in 
Quest inol 
H a d a c i d i n 
R u b r a t o x i n A 
R u b r a t o x i n Β 
M a n n i t o l 
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7. P O H L A N D A N D M I S L I V E C Metabolites of Pénicillium Species 137 

GLAUCONIC ACID R=OH LXXVIII 
GLAUCANIC ACID R=H LXXIX 

P . purpurogenum also produces a p a i r of nonadrides , g lauconic 
(Structure L X X V I I I ) a n d g laucan i c (S t ruc ture L X X I X ) acids, so n a m e d 
because they are constructed f r o m t w o i d e n t i c a l C 9 fragments. L i k e the 
rubratoxins these acids conta in the re la t i ve ly stable b i s a n h y d r i d e struc
ture . T h e structures of these c o m p o u n d s w e r e establ ished p r i m a r i l y b y 
degradat ion experiments c o u p l e d w i t h x - ray crysta l lographic data {146). 
T h e k e y pyro ly t i c degradat ion p r o d u c t , g lauconin , was identi f ied as a 
C o p e rearrangement product , a n d its structure was p r o v e d b y synthesis 
(see F i g u r e 7 ) . F i n a l l y a n ant ib io t i c ( S L 3238-C27H41NO2) of u n k n o w n 
structure is reported to be p r o d u c e d b y P . purpurogenum (see T a b l e X I ) . 
N o tox ico log ica l in format ion is ava i lab l e about this mater ia l . 

P . frequentans. A s its name i m p l i e s , this m o l d is c ommonly f o u n d 
i n a l l types of materials . N o n e o f the c o m m o n l y k n o w n mycotoxins , h o w 
ever, have been iso lated f r o m this m o l d a l though several metabolites are 
k n o w n (see T a b l e X I ) . These i n c l u d e c i t romycet in (Structure L X X X ) , 

P . purpurogenum and P . frequentans 

UV, nm (solvent) Ref. 

253, 308, 388, 499, 530, 570 ( C H C 1 , ) m 
251, 275, 309, 389, 490, 529 ( C H C 1 3 ) 185 
216.5 ( E t O H ) 136 
223 137 
220 187 

188 
189 
H0 
m 

232, 290 (Dioxane) 142 
143 

250, 317 ( E t O H ) 148 
215, 285 ( E t O H ) 143 
224, 248, 285, 425 ( E t O H ) 143 
224, 247, 286, 432 ( E t O H ) 143 

144 
250 ( C H 3 C N ) 183 
250 ( C H 3 C N ) 133 

181 
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138 MYCOTOXINS 

R 
RCH=è-CHO 

GLAUCONIN 

Figure 7. Formation of ghuconin from glauconic 
acid 

OH 

k - ^ V ^ V ^ ^ O H / V V ^ ^ O H 4 " k / V ^ \ ^ ^ H 

FREQUENTIN J PALITANTOL PALITANTIN 
LXXXI XIII 

Figure 8. Rehtionship between frequentin and palitantin 

OR OH 
SULOCHRIN 

LXXXII 

OH 
ASTERRIC ACID 

LXXXI II 

O ^ 
BISDECHLOROGEODIN 

LXXXIV 

QUESTIN R=CH3 LXXXV 
QUESTINOL R7=CH2OH LXXXVI 

f requent in (Structure L X X X I ; F i g u r e 8), p a l i t a n t i n (Structure X I I I ; see 
P . cyclopium), su lochr in (Structure L X X X I I ) , asterric a c i d (Structure 
L X X X I I I ) , b i sdechlorogeodin (Structure L X X X I V ) , a n d a p a i r of a n -
thraquinone p igments , quest in (Structure L X X X V ) a n d quest ino l ( S t r u c 
ture L X X X V I ) . T h e structure of c i t romycet in was based p r i m a r i l y o n 
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7. POHLAND AND MISLIVEC Metabolites of Pénicillium Species 139 

degradat ion results i n w h i c h m e t h y l - O - d i m e t h y l c i t r o m y c e t i n was c leaved 
w i t h permanganate to y i e l d 2-carboxy-3-hydroxy-5,6-dimethoxybenzoate 
(137) . F r e q u e n t i n (Structure L X X X I ) was q u i c k l y deduced b y its ready 
conversion into pa l i tanto l , a p r o d u c t r ead i l y obta ined f r o m pa l i tant in 
(Structure X I I I ) b y N a B H 4 r educ t i on ( F i g u r e 8 ) . P . frequentans also 
produces su lochr in (Structure L X X X I I ) , asterric a c i d (Structure 
L X X X I I I ) , a n d b isdechlorogeodin (Structure L X X X I V ) ; the latter t w o 
compounds are interre lated i n that b isdechlorogeodin is easi ly converted 
into asterric a c i d s i m p l y b y heat ing i n water . A l l three compounds h a d 
been previous ly iso lated f r om Oospora sulphurea-ochracea, a n d the struc
ture of b isdechlorogeodin has been conf irmed b y to ta l synthesis (143). 
T h e structures of quest in (Structure L X X X V ) a n d quest ino l (Structure 
L X X X V I ) were established t h r o u g h degradat ion experiments a n d c o m 
par ison w i t h derivatives of emod in a n d ω-hydroxyemodin. N o tox ic i ty 
has been associated w i t h any of these materials . 

Conclusion 

T h e 13 Pénicillium species identi f ied as c ommonly f o u n d on foods 
produce a large n u m b e r of metabol ites ; some of these m a y be classified 
as true mycotoxins. H o w e v e r , l i t t le is k n o w n about the toxico logical p r o p 
erties of m a n y of the metabolites, a n d this needs to be s tudied . F i n a l l y 
very l i t t le is k n o w n about the occurrence of these metabol ites i n foods 
a n d feeds. 
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Chemical and Biochemical Studies 
of the Trichothecene Mycotoxins 

JAMES R. BAMBURG 

Department of Biochemistry, Colorado State University, Ft. Collins, Colo. 80521 

Several naturally occurring sesquiterpene compounds in the 
trichothecene family have been implicated in economically 
important mycotoxicoses such as moldy corn toxicosis of 
cattle and poultry, and stachybotryotoxicosis. The trichothe
cenes in general are stable compounds but under appropriate 
conditions undergo several types of intramolecular re
arrangements. These reactions as well as the complete 
chemical synthesis of the trichothcene, trichodermin, are 
reviewed. Assignments have been made for the signals in 
the 13C-NMR spectra of several trichothecenes, and this 
technique along with 14C-labeling studies has proved useful 
in investigations of the biosynthetic origin of the trichothe
cene ring system. The mechanism of action of the trichothe
cenes in their inhibition of eukaryotic ribosomal protein 
synthesis is reviewed, and structure-function relationships 
are discussed. 

More than 20 naturally occurring members of the trichothecene family 
of sesquiterpene compounds had been characterized by 1970. The 

structures and chemical and biological properties of these compounds 
have been reviewed extensively (1). The purpose of this paper is to 
summarize current research on the chemistry and mechanism of action 
of this important group of mold metabolites. The total number of natu
rally occurring trichothecenes known today approaches 30 (Figures 2, 3, 
and 4) with the identification of calonectrin (Figure 11) and 15-des-
acetylcalonectrin (Figure 1m) isolated from a fungus identified as Calo-
nectria nivalis (16) but recently revised to Fusarium culmorum (25), 
trichothecene (Figure 1n) and 4β, 8a-dihydroxytrichothecene (Figure 
1o) from Trichothecium roseum (17), and monoacetoxyscirpendiol and 
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8. B A M B U R G Trichothecene Mycotoxins 145 

t r ihydroxysc i rpene f r o m Fusanum roseum ( 7 ) . I n add i t i on , several c o m 
pounds w h i c h appear to be derivatives of ve r rucaro l ( F i g u r e l b ) h a v e 
been isolated f r o m Stachybotrys atra cultures ( 3 3 ) . A l t h o u g h no t ye t 
ident i f ied they appear to be different f r o m the k n o w n verrucar ins a n d 
ror id ins ( 3 3 ) . 

T h e c h e m i c a l structures of a l l the trichothecenes k n o w n have b e e n 
p r o v e d b y interconvers ion to one of the k n o w n tr ichothecene der ivat ives 
w h i c h was itself r e la ted to the structure of t r i c h o d e r m o l de te rmined b y 
x -ray crysta l lography of its p -bromobenzoate ester (34, 3 5 ) . Increas ing 
awareness of the potent ia l dangers of mycotoxicoses a n d increas ing 
knowledge of the phys io l og i ca l effects of mycotoxins have l e d to the d i s 
covery a n d probab le invo lvement of several trichothecenes i n a c tua l field 
cases of mycotox in diseases. T h e tr ichothecene T - 2 t ox in ( F i g u r e l h ) 
w h i c h was o r ig ina l l y i m p l i c a t e d i n m o l d y corn toxicosis of catt le has 
been isolated f r om the feed of a h e r d of cows suffering f r o m m o l d y c o r n 
toxicosis ( 36 ) . I n a d d i t i o n , outbreaks of mycotoxicoses i n c o m m e r c i a l 
flocks of chickens l e d to symptoms i n the b i rds w h i c h c o u l d be p r o d u c e d 
b y T - 2 tox in alone (37 ) . Stachybotryotoxicosis , a disease m a i n l y of horses 
b u t w h i c h affects pou l t ry a n d swine as w e l l is at least p a r t i a l l y caused 
b y trichothecenes, specif ical ly t r i chodermol ( F i g u r e l a ) ( r o r i d i n C ) , a n d 
two derivatives of verrucaro l w h i c h are as yet uncharac ter i zed ( 3 3 ) . 

L i t t l e progress has been m a d e over the past f e w years to determine 
the metabolites of the tr ichothecene r i n g system w h e n toxins are a d m i n -

Figure 1. Structures of trichothecenes with simple hydroxyl or acyl substituents 
Ref. R 1 R 2 R 3 R 4 R 5 

a. Trichodermol 2, 3, 4,5 Η OH Η Η Η 
b. Verrucarol 5 Η OH OH Η Η 
c. Scirpenetriol 6,7 OH OH OH Η Η 
d. T-2 Tetraol 8 OH OH OH Η ΟΗ 
e. Diacetoxyscirpenol 6, 9,10,11 OH OAc OAc Η Η 
/. Trichodermin 3,4 Η OAc Η Η Η 
g. Diacetylverrucarol 12 Η OAc OAc Η Η 
h. T-2 Toxin 8 OH OAc OAc Η OOCCHCHMez 
i. HT-2 Toxin 13 OH OH OAc Η OOCCHzCHMe, 
/· (CuHisOio Triacetate from 14 OH OAc OAc ΟΗ OAc /· F. Scirpi) 

OH h Neosolaniol 15 OH OAc OAc Η OH 
I Calonectrin 16 OAc Η OAc Η Η 
m. 15-Desacetylcalonectrin 16 OAc Η OH Η Η 
n. Trichothecene 17 Η Η Η Η Η 
0. 4,8-Dihydroxytrichothecene 17 Η OH Η Η ΟΗ 
P- Triacetoxyscirpene θ OAc OAc OAc Η Η 
Q- Acetoxyscirpendiol 7,18 OH OH OAc Η Η 
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146 MYCOTOXINS 

Figure 2. Structures of 8-keto trichothecenes 
Ref. R 1 R 2 R 3 R 4 

a. Trichothecolone 19,20 H OH H H 
b. Nivalenol 21 OH OH OH OH 
c. Trichothecin 3,22 H OOCCHCHMe H H 
d. Diacetylnivalenol 15,23,24 OH OAc OAc OH 
e. Fusarenon-X 25 OH OAc OH OH 
1· CnHttOi from 

F . culmorum 
25 OAc H OH OH 1· CnHttOi from 

F . culmorum 

i s tered i n l o w doses over l o n g periods. In vitro metabo l i c studies indicate 
that T - 2 tox in is converted to H T - 2 tox in ( F i g u r e l i ) b y the l i ver ( 3 8 ) ; 
this is h a r d l y a detoxif ication mechan i sm since the toxicities of b o t h 
compounds are near ly ident i ca l . Research i n this area has been s low 
because of the lack of a specific r a d i o l a b e l e d tr ichothecene c o m p o u n d 
to ident i f y nontoxic metabolites, bu t r a p i d progress shou ld be m a d e w h e n 
sufficient l abe l l ed mater ia l is avai lable . 

Chemistry of Trichothecenes 

Rearrangements and Modification Reactions. A var iety of modi f i ca 
t i on reactions to tr ichothecene compounds have been reported . T h e most 
impor tant of these reactions are those i n v o l v i n g intramolecular rearrange
ments because the 12,13-spiroepoxide group is extremely stable to extra-
molecular , nuc l eoph i l i c attack. A l t h o u g h these reactions have been re 
v i e w e d ( J ) , they are important to understand because any attempts to 
m o d i f y these compounds must avo id condit ions that l e a d to the re 
arrangements. F o r example d iace ty l verrucaro l ( F i g u r e l g ) (5 , 6 ) , 
tr iacetoxyscirpene ( F i g u r e l p ) ( 6 ) , a n d calonectr in ( F i g u r e 11) (16) 
a l l undergo a h y d r a t i o n u p o n pro longed b o i l i n g i n water to g ive the 
rearranged d i o l ( F i g u r e 5 ) . A c i d treatment of m a n y of the trichothecenes 

Figure 3. Structures of 7,8-epoxytnchothecenes 
Réf. R 

a. Crotocol 26 OH 
b. Crotocin 26 OOCCHCHMe 
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8. B A M B U R G Trichothecene Mycotoxins 147 

Figure 4. Structures of the verrucarins and rondins 
Ref. R 

Ο Ο 

a. Roridin A 

b. Verrucarin A 

c. Verrucarin Β 

d. Roridin D 

e. Roridin Ε 

f. Verrucarin J 

27 —CCHOHCHMeCH,OCHCH=CHCH=CHC— 

Ο 
MeCHOH 

Ο 

28 ~-CCHOHCHMeCH,CHtOCCH=CHCH==CHC--
Ο Ο Ο 
Il II II 

29 —CCHCMeCHtCH,OCCH=CHCH=CHC— 
\/ 

O 
O o 
Il II 

30 —CCHCMeCHtCHtOCHCH=CHCH=CHC— \ / I 
O MeCHOH 

O O 
Il II 

31 —CCH=CMeCHtCH,OCHCH=CHCH=CHC— 

O 
MeCHOH 

O O 

32 —CCH=CMeCHtCHzOCCH=CHCH=CHC— 
OO O O 

g. 2'-Dehydroverrucarin A 31 —CCCHMeCHtCHzOCCH=CHCH=CHC— 

H 

H 2 0 

6 hours reflux 

Figure 5. Hydration of diacetylverrucarol (R=H) and triacetoxyscirpene 
(R=OAc). Data from Ref s. 5 and 6. 

also y ie lds a product i n w h i c h r i n g rearrangement has occurred such as 
w i t h ver rucaro l ( F i g u r e l b ) ( 5 ) a n d t r i c h o d e r m o l ( F i g u r e l a ) (4 ) 
( F i g u r e 6 ) . Concentrated m i n e r a l acids such as H C 1 w i l l cause s imi lar 
rearrangements to g ive the c h l o r o h y d r i n der ivat ive . I n a l l of these r e -
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148 MYCOTOXINS 

Figure 6. Acid catalyzed rearrangement of trichodermol (R=H,R1=OH) and 
verrucarol (R=R1=OH). Data from Refs. 4 and 5. 

arrangements the epoxide r i n g is destroyed, a n d the tox ic i ty of the c o m 
pounds is lost. 

H u n d r e d s of other c h e m i c a l modif ications of trichothecenes have 
been per formed i n c l u d i n g c h r o m i c a c i d ox idat ion of p r i m a r y a n d sec
ondary alcohols (epoxide is stable to this t r ea tment ) , acy lat ion of a lco 
h o l i c functions w i t h acetate, propionate , butyrate , a n d other a c y l groups, 
r educ t i on of ketones a n d epoxides w i t h L i A l H 4 , etc. V e r y l i t t le w o r k has 
been done however to m o d i f y the type of l inkage f r o m the tr ichothecene 
r i n g system to the a c y l func t i ona l group. N o ether, thioether, amine , or 
a m i d e derivatives have been repor ted even though the b i o l og i ca l p roper 
ties of these compounds m i g h t be qui te interest ing for future studies. 

T r a t m e n t of d iacetoxysc irpenol ( F i g u r e l e ) w i t h C r 0 3 gives rise to 
cleavage of r i n g C between C 3 a n d C 4 ( F i g u r e 7 ) ( 9 ) . T h i s react ion 
leaves the epoxide group intact but destroys the r i g i d i t y of the structure 
that prevented nuc leoph i l i c attack. T h e a c i d a ldehyde produc t is there
fore v e r y susceptible to nuc l eoph i l i c attack at C 1 2 . 

O n e react ion w h i c h occurs i n a l l trichothecenes is the reduc t i on of 
the 12,13-epoxy group w i t h L i A l H 4 . A tert iary a l coho l is the p r o d u c t i n 
a l l cases w h e n no 8-keto or 7,8-epoxide functions are present a n d w h e n 
n o r i n g system rearrangement occurs ( F i g u r e 8 ) . 

T h e 8-keto trichothecenes ( F i g u r e 2 ) a n d crotoc in ( F i g u r e 3 b ) , a 
7,8-epoxy der ivat ive , behave somewhat differently i n their rearrangements 

Figure 7. Chromium trioxide oxidation of diacetoxyscirpenol Data from 
Ref. 9. 
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8. B A M B U R G Trichothecene Mycotoxins 149 

Figure 8. Reduction of 12,13-spiroepoxide of verrucarol with LiAlHu. Data 
from Refs. 5 and 6. 

t h a n do the trichothecenes not substituted i n these posit ions. A l k a l i treat
m e n t of e ither tr ichthecolone ( F i g u r e 2a) (39) or crotoco l ( F i g u r e 3a ) 
(26) gave the corresponding iso c o m p o u n d ( F i g u r e 9 ) . C r o t o c i n ( F i g u r e 
3b ) a n d crotocol undergo several other rearrangements as w e l l , general ly 
under f a i r l y m i l d condit ions. V i r t u a l l y a l l of the trichothecenes c a n be 
r e d u c e d w i t h H 2 gas a n d P t or P d catalysts to the corresponding d i h y d r o 
der ivat ive . C r o t o c o l ( F i g u r e 3 a ) , however , undergoes in tramolecu lar 
rearrangement under these condit ions to g ive a mixture of d ihydro i so -
crotoco l derivatives (26). 

U s i n g these a n d other modi f i cat ion reactions several workers p r e 
p a r e d various derivatives of trichothecenes for tox ic i ty testing. G r o v e 
a n d M o r t i m e r (40) p r e p a r e d several derivatives of v e r r u c a r i n A ( F i g u r e 
4 b ) , d iacetoxyscryrpenol ( F i g u r e l e ) , a n d t r i chothec in ( F i g u r e 2c ) 
w h i c h were tested for tox ic i ty against H E p 2 cells ( h u m a n ) a n d B H K 

Trichothecolone 
Isotrichothecolone 

0.5JVNaOH, 100°C 

Crotocol Isocrotocol Β 

Figure 9. Base catalyzed rearrangement of trichothecolone and crotocol. 
Data from Refs. 26 and 39. 
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150 MYCOTOXINS 

( b a b y hamster k i d n e y ) cells i n cul ture . Results of this testing showed 
that the na tura l l y o c curr ing der ivat ive was usua l ly the most toxic a n d 
that deacy lat ion to the parent a l coho l or acy lat ion of any avai lab le alco
h o l i c functions usua l ly l ower the toxic i ty . A n y der ivat ive that h a d the 
epox ide group destroyed was nontoxic as w e r e derivatives w h i c h h a d 
the epoxide b u t where r i n g C was c leaved (i.e. F i g u r e 7 ) so that the 
epox ide became ava i lab le for rearside n u c l e o p h i l i c attack. R e d u c t i o n of 
the 9 - 1 0 double b o n d also decreased the toxic i ty of the c o m p o u n d b u t 
d i d not destroy i t complete ly . I t was conc luded that b o t h water a n d 
l i p i d so lub i l i ty w e r e impor tant characteristics of the c o m p o u n d for 
t ox i c i ty a n d that the presence of the stable epoxide group was an absolute 
necessity for toxic i ty . 

1 3 C - N M R . T h e assignments of the 1 3 C - N M R signals for a w i d e v a 
r i e t y of trichothecenes has recent ly been reported (41). Ass ignments 
w e r e made on the basis of compart ive c h e m i c a l shifts of signals i n sub 
s t i tuted vs. unsubst i tuted derivatives for the carbon atom i n quest ion a n d 

Table I. 1 3 C - N M R Chemical Shifts and Splitting for Signals 
from Substituted Trichothecenes 0 

Chemical 
Carbon Atom Substituent Shift Splitting 

2 H 68-71 d 
3 2 H 36-42 t 

a - O H or O A c , β-Ή. 68-71 d 
(C4 , R = 2 H ) 

a - O H or O A c , β-R 78-84 d 
(C4 , R = O A c ) 

4 2 H 39-42 t 
a - H , 0 - O H or O A c 73-78 d 

5 — 45-50 s 
6 — 40-44 s 
7 2 H ( C 8 , R = 2 H ) 21-25 t 

2 H ( C 8 , R = 0 ) 42 t 
8 2 H 27-28 t 

Ο 198-199 s 
9 — 138-140 s 

10 H ( C 8 , R = 2 H ) 118-120 d 
H ( C 8 , R = 0 ) 137 d 

11 H 76-80 d 
12 — 64-66 s 
13 2 H 47-50 t 
14 3 H (C4, R = / 3 - O H or O A c ) 5-7 q 
15 3 H 15-16 q 

2 H , O A c 63-64 t 
16 3 H ( C 8 , R = 2 H ) 23-24 q 

3 H ( C 8 , R = 0 ) 18-19 q 
β Data from Ref. 41. 
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8. B A M B U R G Trichothecene Mycotoxins 151 

Figure 10. Proton or acyl transfer from C4 to epoxide oxygen for 
several trichothecenes in the mass spectrometer. Data from Réf. 1. 

o n peak spl itt ings w h i c h w o u l d be expected for the substitutions reported. 
T a b l e I lists the approx imate expected c h e m i c a l shifts a n d the peak 
sp l i t t ing for signals f r o m trichothecenes w i t h various substituents. 

Mass Spec t rometry . T h e mass spectra of the trichothecenes are quite 
complex, a n d no s ingle characterist ic c leavage pattern emerges for the 
f a m i l y as a who le w h i c h w o u l d a l l o w r e a d y identi f icat ion of the tr ichothe
cene r i n g system. T h e f ragmentat ion pat tern varies be tween compounds 
a n d depends on the nature a n d pos i t i on of the r i n g substituents. O n e 
u n u s u a l rearrangement w h i c h seems to occur on trichothecenes subst i 
tuted at C 4 w i t h either h y d r o x y l , a c y l , or t r i m e t h y l s i l y l funct ion is a 
transfer of the oxygen b e a r i n g subst i tuent to the epoxide oxygen w i t h a 
subsequent loss of the C 3 - C 4 b r i d g e as s h o w n i n F i g u r e 10. T h i s f rag 
mentat ion scheme has been suppor ted b y deuter ium l a b e l l i n g of the C 4 
pos i t ion . W h e n the d e u t e r i u m is o n the C 4 carbon, a f ragment of mass 44 
( C H 2 C D O ) is lost. W h e n the d e u t e r i u m is on the oxygen at C 4 ( F i g u r e 
l a ) , a f ragment of mass 43 is lost ( C H 2 C H O ) ; the d e u t e r i u m is trans
ferred to the epoxy group. Trichodermol-cÏ3-acetate a n d T M S - t r i c h o d e r -
m o l also show a loss of mass 43 w h i c h aga in p r o b a b l y comes f r o m the 
C 3 - C 4 br idge . T h i s same f ragmentat ion pat tern also occurs i n tr ichothe
cenes subst i tuted at C 3 ; a loss of a f ragment w i t h mass 59 was observed 
for sc i rpenetr io l ( F i g u r e l c ) a n d T - 2 tetrao l ( F i g u r e I d ) ( 1 ) . 

Chemical Synthesis of Trichodermin 

Several approaches to the synthesis of trichothecenes have been 
taken (42,43,44), b u t to date o n l y one m e t h o d has y i e l d e d a successful 
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152 MYCOTOXINS 

η ^ 1· MeMgCl 
^ 2. NaOH 

0 2 ' μΙοΓ τ*οη > 1 1 6 0 C H M a C Q 0 E t > ' ' l ^ J ^ V 1 â̂ c-EtOH > ° O ^ C < 
b c d ' 

1. 3,3-(OEt)2propyne 
Λ NaBH4 

Η Η Η Η 

>^S^°Y^tHO Ι- CrCyPy > ^ S ^ ° Y ^ C 0 2 H Ac,0, NaOAc ^f^T'^P'Vo *· LiAMOBu')^ 

^Ay^-OH 2. h2so4 V f v ^ o ^ Η χ ^ ο ' 2* Α ° 2 ° ' P y 

H H hi H H H 

> i ^ V ' 0 > l . 1. CH2-PPh3 ^ Υ ΐ ^ Ι ' ^ I.m-Cl-Perbenz. acid ^ ^ Y ^ T 0 ^ ! ^ 
^xf>|^o^ 2. NaOH ^ " ^ T ^ / 2 * A c 2 0 ' Py* ^ ^ ί Ι ^ / 

k OR I OR m OAc 

Figure 11. Chemical synthesis of (±) trichodermin. Data from Refs. 43 and 44. 

synthesis of the trichothecene r i n g system (43,44). T h e complete c h e m i 
c a l synthesis of the racemic mixture ( ± ) - t r i c h o d e r m i n ( F i g u r e I f ) has 
been reported b y C o l v i n et a l . (44). T o achieve the synthesis, the first 
goa l was the produc t i on of cis-fused b i c y c l i c rings w h i c h was accom
p l i s h e d b y the B i r c h reduct i on of p -methoxytoluene ( F i g u r e 11a) a n d 
transformation of the resul t ing d i h y d r o c o m p o u n d into a 4,4-disubstituted 
cyclohexanone ( F i g u r e l i d ) b y react ion w i t h e thy l diazoacetate f o l l o w e d 
b y transacetalation w i t h acetone ( F i g u r e 11) . Reac t i on of this subst i tuted 
cyclohexenone w i t h C H 3 M g C l f o l l owed b y base hydro lys is a n d ac id i f i ca 
t i on gave the cis-fused α - lactone ( F i g u r e l i e ) . 

T h e α - m e t h y l homolog of the lactone ( F i g u r e l l f ) was p r e p a r e d b y 
a react ion w i t h l i t h i u m d i i sopropy lamide f o l l owed b y direct methy la t i on 
w i t h iodomethane. Reac t i on of this lactone w i t h the H t h i u m salt of 
3 ,3-diethoxypropyne gave a hemiaceta l w h i c h was r e d u c e d w i t h s o d i u m 
borohydr ide to the corresponding d i o l . R e d u c t i o n of the d i o l i n l i q u i d 
a m m o n i a b y sod ium gave the transacetal w h i c h u p o n m i l d a c i d hydro lys is 
gave the cis- fused b i c y c l i c hydroxya ldehyde ( F i g u r e l l h ) . T h e h y d r o x y -
a ldehyde was ox id i zed w i t h c h r o m i u m tr i ox idepyr id ine a n d chromic a c i d 
to the corresponding keto a c i d ( F i g u r e H i ) . A c e t i c anhydr ide treatment 
of this c o m p o u n d gave the t w o racemates of the enol lactone ( F i g u r e l l j ) . 

T h e final step i n the conversion of the enol lactone to the t r i chothe 
cene r i n g system made use of the h i g h l y stereoselective, h y d r i d e reduc t i on 
of lactones b y the conf igurat ion-holding, coordinat ion , m e t a l complex. 
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8. B A M B U R G Trichothecene Mycotoxins 153 

Trea tment of the eno l lactone w i t h l i t h i u m hydr ido t r i - f e r f -butoxya lumi -
nate gave two products : a ketoaldehyde a n d keto a l coho l ( F i g u r e I l k ) 
w h i c h p r o v e d to have a tr ichothecene- l ike structure. T h e ketone was 
converted to the corresponding methylene c o m p o u n d ( F i g u r e 111) b y 
a W i t t i g react ion w i t h methylenetr iphenylphosphorane . F o l l o w i n g h y 
drolysis of the ester to the parent a lcohol , stereoselective epoxidat ion of 
the des ired double b o n d was achieved w i t h m-chloroperbenzoic a c i d used 
i n sto ichiometr ic amounts to prevent epoxidat ion of the 9,10 double b o n d . 
T h e final p roduc t was acetylated a n d was i d e n t i c a l i n a l l respects ( N M R , 
I R , mass spectrum, T L C a n d G L C behav ior ) except op t i ca l rotat ion w i t h 
authent ic ( — ) - t r i chodermin . D u r i n g the course of this synthesis several 
interest ing compounds were p r o d u c e d ; perhaps the most fasc inat ing was 
12-ep i t r i chodermin ( F i g u r e 12) . N o reports of its b i o l og i ca l ac t iv i ty have 
as yet appeared i n the l i terature . 

Biosynthesis of Trichothecenes 

Investigations into the biosynthesis of the trichothecenes o ccurred 
before the correct structure of the tr ichothecene r i n g system was k n o w n . 
Jones a n d L o w e (45) degraded the trichothecene ( F i g u r e 2c ) w h i c h 
was der ived f r o m 2 - 1 4 C - m e v a l o n i c a c i d to show that l a b e l l i n g occurred 
i n C 4 , C I O , a n d C 1 4 . O n the basis of this in format ion , these workers 
proposed a m o d e l for trichothecene biosynthesis f r om farnesy l pyrophos 
phate w h i c h , based on the correct structure of the trichothecene r i n g 
system, w o u l d i m p l y an α-bisabolene intermediate . 

M o r e recent studies have shown that farnesyl pyrophosphate is a 
precursor to tr ichothecene biosynthesis (46, 4 7 ) . H o w e v e r a-bisabolene 
(as w e l l as α-bisabolol a n d β-bisobolene) have been exc luded as p r e 
cursors for the trichothecenes (48 ) . A reinvest igat ion of the l a b e l l i n g 
pattern of the tr ichothecene r i n g bo th f r o m 2 - 1 4 C-meva lonate f o l l o w e d 
b y c h e m i c a l degradat ionand f r o m 2 - 1 3 C-meva lonate incorporat ion a n d 
pos i t ion of the l a b e l measured b y 1 3 C - N M R have shown that the l abe l l ed 
carbon atoms i n the tr ichothecene structure are C 4 , C 8 , a n d C 1 4 (41) 
a n d not C I O as o r ig ina l l y reported . These studies c oup led w i t h the 
recent iso lat ion of t r i chod io l , t r i chodiene , a n d tr ichothecene ( F i g u r e I n ) 

H H 

OAc 

Figure 12. The structure of 12-
epitrichodermin. Data from Ref. 

43. 
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154 MYCOTOXINS 

j • ι 
FARNESYL TRICHODIENE 

PYROPHOSPHATE 

OTHER 
TRICHOTHECENES 

TRICHOTHECENE TRICHODIOL 

Figure 13. Proposed pathway for the biosynthesis of the tricho
thecene ring system. Data from Refs. 17 and 47. 

f r om cultures of Trichothecium roseum (49) l e d to the postulated scheme 
of biosynthesis a n d f o ld ing of the farnesy l pyrophosphate shown i n F i g u r e 
13 (47,49). T h e c o m p o u n d o r i g i n a l l y re ferred to as t r i c h o d i o l (49) has 
been shown to be a n arti fact d e r i v e d f r o m t r i c h o d i o l b y a l k a l i treatment 
a n d is n o w re ferred to as t r i c h o d i o l A (49 ) . I n the case of the biosynthesis 
of tr ichothec in , the d iepoxide c ro toc in has been postu lated as an in ter 
mediate since i t co-occurs w i t h t r i cho thec in i n cultures of T. roseum ( 4 6 ) . 

T h e d ihydroxytr ichothecene s h o w n i n F i g u r e 13 has also been f o u n d 
i n cultures of T . roseum a n d m a y be a n intermediate i n the synthesis of 
t r i chothec in either through a c ro toc in intermediate or b y d irect ox idat ion . 
I n the synthesis of other tr ichothecenes w e s h o u l d see w h e n a n d h o w 
the oxidat ion of other positions o n the r i n g occurs. 

Mechanism of Action of Trichothecenes 

M o r e progress has been m a d e o n the mechan i sm of act ion of the 
trichothecenes i n the past f e w years t h a n for any other mycotox in . I n 
1968 U e n o et a l . (50) reported that the n e w l y isolated a n d character ized 
trichothecene, n iva leno l ( F i g u r e 2 b ) , i n h i b i t e d p r o t e i n synthesis i n c u l 
tured cells a n d i n c e l l free p r o t e i n synthes iz ing systems. B o t h the rabb i t 
ret iculocyte a n d rat l iver r i b o s o m a l systems were used , a n d b o t h p o l y U 
d irec ted po lypheny la lan ine synthesis a n d p o l y A d i rec ted po ly lys ine s y n 
thesis w e r e i n h i b i t e d . T h e site o f i n h i b i t i o n was de termined at the 
r ibosomal l e v e l since n iva l eno l h a d n o effect on the ac t ivat ion react ion 
for amino acids cata lyzed b y a m i n o a c y l - t R N A synthetases (50). I n a d d i 
t ion the trichothecenes are v i r t u a l l y nontoxic to bac te r ia l systems; this 
means that either bacter ia l r ibosomes are resistant to these compounds 
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8. BAMBURG Trichothecene Mycotoxins 155 

or that trichothecenes do not get in to bacter ia . I n v i t ro experiments w i t h 
E. coli extracts revealed that trichothecenes d i d not i n h i b i t b a c t e r i a l 
r ibosomal pro te in synthesis ( 5 0 ) . 

F u r t h e r studies on the mechan ism of act ion of the trichothecenes 
were reported i n 1972. O h t s u b o et a l . (51) reported that the t r i c h t h e -
cene, fusarenon-X ( F i g u r e 2e ) , caused a r a p i d b r e a k d o w n i n the p o l y 
somes f r o m cu l tured mouse fibroblasts. A s imi lar effect was also seen 
for T - 2 tox in ( F i g u r e l h ) , d iacetoxysc irpenol ( F i g u r e l e ) , a n d neosola-
n i o l ( F i g u r e l k ) o n the po lysomal profi le of r a b b i t reticulocytes ( 5 2 ) . 
T h e effects of these toxins on po lysome degradat ion was r a p i d l y revers ib le 
w h e n the toxins were washed f r o m the c e l l cu l ture ( 5 2 ) . These effects 
on po lysome profiles c o u l d be interpreted i n one of two w a y s : either the 
toxins i n h i b i t e d the in i t ia t i on of translat ion on the ribosomes, or they 
s t imulated premature release or degradat ion of the message. I n 1973 
several reports appeared w h i c h seemed to contradict these findings i f a l l 
trichothecenes were assumed to have the same mechanism of ac t ion . 
T r i c h o d e r m i n ( F i g u r e I f ) was reported to i n h i b i t the p e p t i d y l t rans 
ferase center on the r ibosome (53, 54) a n d to effect the terminat ion step 
w h i c h also involves the p e p t i d y l transferase (54, 55). H o w e v e r fusare
n o n - X ( F i g u r e 2e) a n d verrucar in A ( F i g u r e 3b ) were potent inh ib i t o rs 
of p e p t i d y l transferase ( 5 3 ) , yet fusarenon-X ( F i g u r e 2e) h a d a l ready 
been s h o w n to degradete polysomes (51 ) . 

T h e confusion on the mechan ism of act ion of these compounds d i d 
not lessen d u r i n g 1973 a l though other reports substantiated the effects of 
t r i c h o d e r m i n as an inh ib i t o r of the c h a i n terminat ion react ion (56, 57) 
a n d showed T - 2 tox in h a d s imi lar effects o n the p e p t i d y l transferase 
react ion on ret iculocyte ribosomes a n d as an i n h i b i t o r of cha in t e r m i n a t i o n 
w i t h ret iculocyte releasing factor ( 55 ) . O t h e r intermediate steps of c h a i n 
e longation were not affected b y these trichothecenes (51). F u r t h e r s t u d 
ies specif ical ly w i t h t r i chodermin have shown that this c o m p o u n d has 
no effect on polysome profiles even t h o u g h pro te in synthesis is i n h i b i t e d . 
T h e use of a n e w i n v i tro test to d is t inguish e longat ion inhib i tors f r o m 
terminat ion inhib i tors showed that t r i c h o d e r m i n i n h i b i t e d prote in synthe
sis b y b l o c k i n g the ac t iv i ty of p e p t i d y l transferase r e q u i r e d for t e r m i n a 
t i o n (54,58). 

Reports p u b l i s h e d d u r i n g 1974 tended to clear u p the confusion o n 
the mechan ism of act ion of the trichothecenes. C u n d l i f f e et a l . (59 ) 
f o u n d that n i v a l e n o l ( F i g u r e 2 b ) , T - 2 tox in ( F i g u r e l h ) , a n d v e r r u c a r i n 
A ( F i g u r e 4b ) a l l caused a b r e a k d o w n of polysomes to monor ibosomes ; 
however the b r e a k d o w n was i n h i b i t e d b y an isomyc in , cyc lohex imide , a n d 
t r i c h o d e r m i n ( F i g u r e I f ) . These authors conc lude that t r i c h o d e r m i n 
inh ib i t s cha in terminat ion (or e longat ion) b u t that n iva leno l , T - 2 t ox in , 
a n d ver rucar in A i n h i b i t the po lypept ide c h a i n in i t i a t i on steps of e u k a r y o -
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156 MYCOTOXINS 

t i c p ro te in synthesis ( 59 ) . T h e results of earl ier reports of v e r r u c a r i n A 
a n d fusarenon-X b e i n g inhib i tors of p e p t i d y l transferase can be exp la ined 
i n l i g h t of the n e w results. These compounds were tested for ac t iv i ty i n 
systems conta in ing monoribosomes, a n d the ir effects on p e p t i d y l trans
ferase under those conditions are rea l . H o w e v e r i f the in vivo effects of 
these antibiot ics i n h i b i t i n i t i a t i o n of pro te in synthesis, the ir secondary 
effects on e longation or terminat ion , a l though rea l , are not as impor tant 
i n the ir toxic effects to cells. K n o w i n g that these in i t ia t i on inhib i tors 
b i n d at or near the same site o n the r ibosome however can give impor tant 
clues to h o w they funct ion . 

T h e s t ruc ture - func t i on relationships of several trichothecenes have 
been explored to understand w h a t s tructural features i n h i b i t i n i t i a t i o n 
w h i l e others i n h i b i t the terminat ion react ion. A n i n i t i a l postulate b y 
C u n d l i f f e et a l . stated that subst i tut ion on the C 1 5 pos i t ion of the t r i cho 
thecene was c r i t i c a l to i n h i b i t in i t ia t i on . O f the e ight trichothecenes 
tested b y Sch ind ler (60) the four that h a d oxygen conta in ing substituents 
o n C 1 5 h a d i n h i b i t o r y ac t iv i ty against in i t ia t i on , whereas the four not 

Table II. Trichothecene Substituents and Mode of Action in 
Inhibition of Protein Synthesisα 

Type 
°f . 

Inhibi-
Compound tionb es C4 C7 C8 C15 

T - 2 T o x i n I O H O A c H i V a l O A c 
Diacetoxysc i rpeno l I O H O A c H H O A c 
F u s a r e n o n - X I O H O A c O H 0 O H 
Ca lonec t r in I O A c H H H O A c 
V e r r u c a r i n A I H ester H H ester 
H T - 2 T o x i n I O H O H H i V a l O A c 
N i v a l e n o l I O H O H O H 0 O H 
Sc i rpentr io l I O H O H H H O H 
15-Acetoxy sc irpendiol I O H O H H H O A c 
V e r r u c a r i n Ε I H ester H H ester 
V e r r u c a r i n J I H ester H H ester 
V e r r u c a r i n Η I H ester H H ester 
T r i c h o t h e c i n E T H i -crot . H 0 H 
T r i c h o d e r m o l E T H O H H H H 
T r i c h o d e r m i n E T H O A c H H H 
V e r r u c a r o l E T H O H H H O H 
15-Desacetylcalonectr in E T O A c H H H O H 
Tr ichotheco lone E T H O H H 0 H 
C r o t o c i n E T H i - crot . epoxide H 
C r o t o c o l E T H O H epoxid( H 

α Data from Refs. 60 and 61. 
b I = initiation inhibitor; E T = elongation-termination inhibitor. Data from Nature 

and from Biochemical and Biophysical Research Communications. 
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8. BAMBURG Trichothecene Mycotoxins 157 

subst i tuted at C 1 5 a l l a l l o w e d in i t ia t i on a n d i n h i b i t e d at the terminat ion 
step i n prote in synthesis. F u r t h e r studies b y W e i a n d M c L a u g h l i n (61) 
however have shown that verrucaro l ( F i g u r e l b ) a C 4 , C 1 5 , d i h y d r o x y -
tr ichothecene does not i n h i b i t in i t ia t i on whereas the c y c l i c diester d e r i v a 
tives, verrucarins A ( F i g u r e 4 b ) , Ε ( F i g u r e 3 c ) , J ( F i g u r e 4 f ) , a n d Η 
a l l i n h i b i t in i t ia t i on (61). Therefore s imple subst i tut ion o n C 1 5 is not 
enough to i n h i b i t in i t ia t i on . O n the other h a n d a l l compounds tested 
that d i d not have subst i tut ion on C 3 (except the verrucar ins ) d i d not 
i n h i b i t in i t ia t i on ( T a b l e I I ) . O n l y one c o m p o u n d w h i c h was substituted 
at C 3 , 15-desacetylcalonectrin, h a d no observed effect o n in i t ia t i on , a n d 
this c o m p o u n d was also the only one i n the group not to have subst i tut ion 
on C 4 . 

Results i n T a b l e I I are best interpreted us ing a m o d e l for the t r i 
chothecene nucleus. C 1 5 a n d C 3 substituents, bo th a to r i n g C , he close 
to one another whereas C 4 is β to r i n g C . A b u l k y C 4 substituent h o w 
ever restricts the repuls ion between C 3 a n d C 1 5 substituents. T o i n h i b i t 
terminat ion , a b u l k y substituent is needed o n the a s ide of the C r i n g . 
W h e n there is a substituent on C 4 , h y d r o x y l groups on C 3 a n d C 1 5 are 
enough to i n h i b i t in i t iat ion as i n the case of n iva leno l ( F i g u r e 2 b ) , sc ir -
pent r i o l ( F i g u r e l c ) , a n d fusarenon-X ( F i g u r e 2e ) . W i t h no substituent 
on C 4 or w h e n on ly one of the two a groups is subst i tuted (i.e. C 3 or 
C 1 5 ) , larger substituents than h y d r o x y l groups are needed. Therefore 
verrucaro l ( F i g u r e l b ) w i t h on ly a C 1 5 h y d r o x y l on the a s ide does not 
i n h i b i t in i t ia t i on whereas the verrucarins w i t h l o n g c h a i n diesters on C 1 5 
(to C 4 ) do. C a l o n e c t r i n ( F i g u r e 11), w h i c h has C 3 a n d C 1 5 acetoxy 
functions, also inhib i ts in i t ia t i on whereas the monoacetate, 15-desacetyl
calonectr in ( F i g u r e l m ) , does not. 

A substituent on C 4 is also necessary to i n h i b i t the p e p t i d y l transfer
ase react ion (61). C a l o n e c t r i n ( F i g u r e 11) a n d 15-desacetylcalonectrin 
( F i g u r e l m ) are b o t h inhib i tors of the e l ongat ion - terminat ion react ion , 
but they do not i n h i b i t p e p t i d y l transferase (61). I t is p r o b a b l y just 
co inc idence that most of the trichothecenes i n h i b i t the p e p t i d y l transfer
ase react ion since the ir site of i n h i b i t i o n m a y be on w h a t is as yet an 
u n k n o w n reaction i n the process of e l ongat ion - terminat ion . 

I n further studies to characterize the r ibosomal b i n d i n g site of a large 
series of trichothecenes, a rad io labe l l ed t r i c h o d e r m i n ( 3 H - a c e t y l ) was 
p r e p a r e d (62). O f the 17 compounds tested, a l l trichothecenes k n o w n to 
i n h i b i t r ibosomal functions r e q u i r e d for either e l ongat i on - te rminat i on or 
in i t ia t i on processes showed significant interference w i t h t r i c h o d e r m i n 
b i n d i n g . T r i c h o d e r m i n b o u n d to ret iculocyte r ibosomes w i t h a Ka of 
9.2 Χ 10 5 at 3 0 ° C (62). E x t r a p o l a t i o n of the b i n d i n g curve to inf inite 
t r i chodermin concentration revealed a m a x i m u m b i n d i n g rat io of 0.44 
molecules t r i c h o d e r m i n / r i b o s o m e ( F i g u r e 14) . T h e b i n d i n g proper ty of 
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ϋί 4 

oc 

(TRICHODERMIN CONCENTRATION μΜ)" 

Figure 14. Ribosomal binding of 
trichodermin (3H-acetyl). Intercept 
at infinite trichodermin concentra
tion corresponds to 0.44 molecules/ 

ribosome. Data from Ref. 62. 

the ribosomes appears to be a funct ion of the 80S r ibosome since the 40S 
subunit h a d no b i n d i n g affinity a n d since the 60S subun i t h a d a m u c h 
r e d u c e d affinity. T h e 60S subuni t has the major ro le i n the b i n d i n g site 
since isolated yeast mutants w h i c h are resistant to t r i c h o d e r m i n h a v e an 
al tered 60S subunit ( 63 ) . T h i s subuni t is also the site of p e p t i d y l trans
ferase act iv i ty ( 6 4 ) . A h i g h correlat ion exists between the a b i l i t y of a 
trichothecene to i n h i b i t po ly U directed po lypheny la lan ine synthesis in 
vitro a n d compet i t ion for the 3 H - t r i c h o d e r m i n b i n d i n g site ( 6 2 ) . V e r r u 
c a r i n A ( F i g u r e 4b ) a n d diacetoxysc irpenol ( F i g u r e l e ) a n d its d e r i v a 
tives, a l l of w h i c h i n h i b i t in i t ia t i on , show a good ab i l i t y to compete w i t h 
t r i chodermin b i n d i n g i n d i c a t i n g that the b i n d i n g sites o n the ribosomes 
are the same or over lap one another. T h e fact that on ly 0.44 t r i c h o d e r m i n 
molecules are b o u n d per r ibosome even at infinite t r i c h o d e r m i n concen
trat ion suggests that perhaps the stage of the r ibosome funct i on cyc le is 
important i n determining the exposure of this site. Since most tr i chothe
cenes appear to i n h i b i t the p e p t i d y l transferase react ion, the b i n d i n g site 
p r o b a b l y involves this important part of the r ibosome. I n eukaryot i c 
ribsomes i t appears that the b i n d i n g of in i t ia t i on a n d e longat ion factors 
occurs at different sites because two sites of G T P a s e ac t iv i ty have recent ly 
been identi f ied, one associated w i t h each of these functions ( 6 5 ) . H o w 
ever the sites where these factors b i n d m a y be v e r y close together, a n d 
trichothecenes m a y b i n d i n a w a y that large, b u l k y s ide chains o n the a 
side of the C r i n g m a y interfere w i t h b i n d i n g of an in i t ia t i on factor. 
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8. B A M B U R G Trichothecene Mycotoxins 159 

Trichothecene Toxicity as Compared to Their Inhibition of 

Protein Synthesis 

A l t h o u g h the trichothecenes appear to be an exceedingly use fu l 
series of compounds to s tudy events i n eukaryot i c pro te in synthesis, the 
o r i g i n a l reason for deve lop ing a cytotoxic i ty assay a n d eventual ly an in 
vitro p ro te in synthesis i n h i b i t i o n assay was to be able to screen m a n y 
samples r a p i d l y for compounds toxic to m a n or animals . F r o m the results 
discussed above a n d the re lat ive toxicities of some of the compounds i n 
m i c e ( T a b l e I I I ) it is easily seen that the most toxic of the trichothecenes 
are those that i n h i b i t the in i t ia t i on a n d not the e longat ion or terminat ion 
of p ro te in synthesis on polyribosomes ( T a b l e I I I ) . I n the rabb i t re t i cu lo -
c y t e - p o l y - U system, however , compounds l ike t r i chothec in ( F i g u r e 2c ) 
w h i c h have very l o w in vivo tox ic i ty are better inhib i tors than compounds 
l i k e d iacetoxysc irpenol ( F i g u r e l e ) w h i c h has an L D 5 0 two orders of 
magn i tude lower than tr i chothec in . O b v i o u s l y other funct ional groups 
on the molecule such as the 8-keto funct ion p l a y a large role i n the 
s tab i l i ty a n d metabo l i sm of the c o m p o u n d i n the an imal . T h e proper 
degree of l i p i d a n d water so lub i l i ty is also impor tant since sc irpenetr io l 
( F i g u r e l c ) a n d tr iacetoxysc irpenol ( F i g u r e l p ) are less tox ic to who le 
cells than is d iacetoxysc irpenol ( F i g u r e l e ) (40). Therefore a l though 
one can learn a great dea l about the mechanism of act ion of trichothecenes 
through in vitro studies, more w i l l have to be k n o w n about the metabo
lites of these compounds in vivo, a n d emphasis shou ld be p l a c e d on those 
compounds w h i c h demonstrate h i g h in vivo tox ic i ty for these studies. 

Table III. Animal, Cellular, and Subcellular Toxicities 
of Several Trichothecenes a 

IDm 

In Re
In Mice ticulocytes I n V i t r o Type 

Compound (mg/kg) ^g/ml) {μ$/ιηΐ) Inhibit 

V e r r u c a r i n A 0.5-0.75 10 0.5 I 
F u s a r e n o n - X 3.3 0.25 0.2 I 
N i v a l e n o l 4.1 3.0 0.5 I 
T - 2 T o x i n 5.2 0.03 0.15 I 
H T - 2 T o x i n 9.0 0.03 0.08 I 
Neoso lan io l 14.5 0.25 — — 
Diacetoxysc i rpeno l 23 0.03 5.0 I 
T r i c h o t h e c i n <250 0.15 < 5 E T 
C r o t o c i n <500 <1.0 < 5 E T 
T r i c h o d e r m i n 500-1000 1.0 < 5 E T 

β Data from Refs. 52, 61, 60, and 1. 
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160 MYCOTOXINS 

Directions for Future Research 

Severa l use fu l a n d product ive areas for research i n the chemistry , 
pharmaco logy , a n d toxicology of trichothecenes r e m a i n . I n cons ider ing 
trichothecenes as mycotoxins , one use fu l contr ibut ion that shou ld be 
made soon is the preparat ion of antisera to the trichothecene r i n g system 
a n d the preparat ion of h i g h specific ac t iv i ty 3 H-tr i chothecenes for use i n a 
radio immunoassay . A c o m p o u n d l ike t r i chodermol ( F i g u r e l a ) c o u l d be 
covalent ly l i n k e d to r a b b i t a l b u m i n a n d injected back into rabbits for 
ant ibody produc t i on against the trichothecene hapten . A r a d i o i m m u n o 
assay w o u l d great ly he lp ana ly t i ca l laboratories concerned w i t h the pos
s ib le contaminat ion of h u m a n a n d a n i m a l f ood w i t h trichothecenes. 

T h e eva luat ion of trichothecenes as useful pharmaceut icals is also 
w o r t h y of considerat ion. I n the areas of research associated w i t h eukaryo -
t i c pro te in synthesis the trichothecenes c o u l d p lay a major ro le to under 
stand r ibosomal structure a n d funct ion , par t i cu lar ly i f suitable affinity 
l abe l l ed compounds become avai lable . I t w o u l d be par t i cu lar ly interest
i n g to explore the b i n d i n g properties of t r i c h o d e r m o l ( F i g u r e l a ) , carry 
i n g an affinity l a b e l i n the 4β pos i t ion, to ver rucaro l ( F i g u r e l b ) or 
desacetylcalonectr in ( F i g u r e l m ) , c a r r y i n g an affinity l a b e l at the 3« or 
C 1 5 pos i t ion (a to the C r i n g ) . I t m i g h t be possible i n this manner to 
i dent i f y r ibosomal components i n v o l v e d i n e l ognat ion - terminat ion reac
tions as d ist inct f r o m components needed for the in i t i a t i on react ion. O n e 
possible type of affinity l a b e l w h i c h has recently been used w i t h p u r o -
m y c i n (66) to b i n d to p e p t i d y l transferase is shown attached to t r i cho 
d e r m o l (see F i g u r e 15) . 

F o r c l in i ca l l y use fu l pharmaceut ica ls i n the treatment of so l id tumors 
advantage c o u l d be taken of the fact that re lat ive ly non-toxic compounds 
such as t r i chothec in have a h i g h cytostatic act iv i ty i n b o t h cu l tured cells 
a n d i n v i tro pro te in synthesiz ing system. L o c a l app l i ca t i on of compounds 
of this type m a y not pose a great h a z a r d to the organism as a w h o l e b u t 
i n h i g h loca l concentrat ion shou ld be very effective against r a p i d l y grow-

0 

Figure 15. Trichodermol bearing an affinity 
label. The structure of 4β-0-(N-bromacetyU 
ρ - aminophenylphosphoryl-12,13 - epoxv - Δ 9 -

trichothecene). 
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8. BAMBURG Trichothecene Mycotoxins 161 

i n g tumor cells. T h e h i g h l i p i d so lub i l i t y a n d penetrat ing p o w e r of m a n y 
of the trichothecenes c o u l d make t h e m i d e a l pharmaceut ica ls to treat 
pap i l l omas a n d perhaps even v i r a l a n d f u n g a l sk in diseases. 

A s a final point , further unders tand ing of the s t ruc ture - func t i on 
relat ionships among the trichothecenes shou ld a l l ow a m u c h more ra t i ona l 
approach to d r u g design. T h e use of i o n i c func t i ona l groups that are 
chosen w i t h regard to the transport systems i n the cells that the drugs 
are to be d irec ted against c o u l d g ive rise to compounds of m u c h l o w e r 
general tox ic i ty (more r a p i d excret ion) c o m b i n e d w i t h a greater selec
t i v i ty for the target tissue. A n unders tand ing of the c h e m i c a l s tabi l i ty of 
the trichothecenes a n d their s t r u c t u r e - f u n c t i o n relat ionships w i l l be 
necessary to achieve the c h e m i c a l modif icat ions desired. 
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Tremorgenic Mycotoxins 

ALEX CIEGLER and RONALD F. VESONDER 

Northern Regional Research Laboratory, Agricultural Research Service, 
United States Department of Agriculture, Peoria, Ill. 61604 

RICHARD J. COLE 

National Peanut Research Laboratory, Dawson, Ga. 31742 

Ten tremorgenic mycotoxins have been reported in the 
literature, but structures have been determined for only 
five of these. The toxins can be separated into three group
ings based on their nitrogen content: one, three, or four 
atoms per molecule. Structural investigations are underway 
on one of the major unidentified tremorgens, penitrem A; 
current data indicate the presence of an indole nucleus and 
an isoprene unit. 

Most described mycotoxins function as hepatotoxins, nephrotoxins, or 
dermal toxins, but two classes of substances have been isolated that 

appear to act at the level of the central nervous system. The first of these, 
citreoviridin, causes paralysis in the extremities of laboratory animals 
sometimes followed by convulsions and respiratory arrest (1); tremoring 
has not been ascribed to this substance. The second class encompasses 
several compounds which cause sustained trembling in host animals. 
This review covers only the second set of substances, the tremorgens. 

It is unusual for secondary fungal metabolites to elicit a sustained 
tremoring response in animals. Only 10 tremorgenic compounds have 
been reported in the literature, and structures have been determined for 
five of these, verruculogens TR-1 and TR-2, fumitremorgen B, trypto-
quivaline, and tryptoquivalone. The tremorgens can be divided into three 
groupings based on their nitrogen content: Group A composed of peni-
trems A, B, and C (PA, PB, and PC) contain only one nitrogen per 
molecule; Group Β composed of fumitremorgens A and Β (FTA and 
FTB) and verruculogens (TR-1 and TR-2) contain three nitrogen atoms 
per molecule (2); Group C composed of tryptoquivaline and trypto-
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164 MYCOTOXINS 

quiva lone conta in four nitrogens per molecule . N o e lemental analysis is 
avai lab le on the tenth c o m p o u n d iso lated f r o m Aspergillus flavus b y 
W i l s o n a n d W i l s o n (3 ) a l though a molecular we ight of 501 has been 
p u b l i s h e d ( 4 ) . 

Group A 

P e n i t r e m A was o r ig ina l l y extracted f r om two strains of Pénicillium 
cyclopium ( later ident i f ied as P . crustosum) that were the p r i n c i p a l 
contaminants of feedstuffs caus ing disease outbreaks among sheep and 
horses ( 4 ) . A t h i r d p r o d u c i n g s tra in came f rom peanuts not i n v o l v e d i n 
food intoxicat ion. Subsequent ly the same tox in was isolated f r o m P . 
pal i tans N R R L 3468, a cul ture f o u n d i n almost monotyp i c g rowth o n a 
sample of m o l d y commerc ia l feed suspected of be ing i m p l i c a t e d i n deaths 
of d a i r y cows ( 5 ) . T h e t remorgen f o u n d b y C i e g l e r (5 ) was n a m e d 
tremort in A . T h i s name is n o w w i t h d r a w n i n deference to the t r i v i a l 
name pen i t rem A advanced b y W i l s o n (4 ) w h o h a d i n i t i a l l y discovered 
this class of tremorgenic substances. 

Because the two k n o w n ΡΑ-producing P e n i c i l l i a were closely re lated , 
C i e g l e r a n d P i t t (6 ) screened a d d i t i o n a l Pénicillium species to determine 
i f tremorgen produc t i on h a d taxonomic significance a n d to w h a t extent 
the occurrence of various P e n i c i l l i a i n foods a n d feeds might represent a 
potent ia l hea l th hazard . T r e m o r g e n produc t i on among the P e n i c i l l i a 
was confined to several species i n the subsection Fas i cu la ta , section 
Asymetr i ca . O t h e r subsections i n A s y m e t r i c a or sections other than 
A s y m e t r i c a tested show no p r o d u c t i o n of tremorgen. 

Some of the species that p r o d u c e P A are c o m m o n contaminants of 
grains or specific foodstuffs. P . crustosum, a good tremorgen producer , 
is a contaminant of various re fr igerated foods, grains, a n d cereal products 
a n d causes a soft b r o w n rot i n apples. W h e t h e r or not tremorgen is 
p r o d u c e d d u r i n g the apple - ro t t ing process is not k n o w n . F o u r cultures 
( P . cyclopium, P . palitans, P . crustosum, P . puberulum) iso lated f r om 
m o l d y c o m m e r c i a l feedstuffs were capable of p r o d u c i n g P A on a var iety 
of agr i cu l tura l commodit ies w i t h l o w temperatures favor ing toxin a c c u m u 
lat ion ( 7 ) . I t was subsequently f o u n d that most of the P A producers 
also synthesized two add i t i ona l c losely related tremorgens, P B a n d P C (8). 

P A caused percept ib le tremors i n m i c e at 250 /xg /kg; P B r e q u i r e d 
1.3 m g / k g for a s imi lar react ion. T h e single dose L D 5 0 of P A for m i c e 
ca lcu lated accord ing to W e i l s f o r m u l a (9 ) was 1.05 w i t h a 9 5 % con
fidence in terva l of 0.51-2.17 m g / k g ; the P B dose was 5.84 m g / k g w i t h 
a 9 5 % confidence in te rva l of 4.13-8.26 m g / k g ( 8 ) . P C is far less toxic 
t h a n P A or P B , but studies on its propert ies a n d toxic i ty were l i m i t e d b y 
l o w yie lds . F u r t h e r tox ico log ica l effects of pen i t rem have been descr ibed 
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9. C I E G L E R E T A L . Tremorgenic Mycotoxins 165 

Applied Microbiology 

Figure 1. Thin-layer chromatogram 
(silica gel G-HR, developed in chloro-
form.acetone, 93:7; sprayed with 
FeCl3) of a crude solvent extract of 
Pénicillium palitans. 1: erogsterol; 
2: penitrum C; 3: penitrum B; 4: 
crude solution; 5: penitrum A; 6: 

viridicatin. 

b y W i l s o n et a l . (4, 10) a n d C y s e w s k i ( I I ) . Stern (12) speculated that 
P A produces tremor b y i n h i b i t i n g the interneurons w h i c h i n h i b i t the 
α -motor cells of the anterior h o r n of the sp ina l c o lumn. 

T h e penitrems can be r ead i l y extracted f r o m m o l d m y c e l i a or c o n 
taminated a g r i c u l t u r a l commodit ies b y macerat ion i n a b lendor w i t h 
c h l o r o f o r m - m e t h a n o l ; they can be detected us ing th in- layer chromatog
r a p h y ( T L C ) o n s i l i ca ge l G - H R ( M e r c k ) deve loped i n c h l o r o f o r m -
acetone (93:7, v / v ) a n d sprayed w i t h F e C l 3 . T h e pat tern of F e C l 3 -
pos i t ive compounds on the T L C plate appears to be the same for most 
pen i t rem producers a n d is i l lus trated i n F i g u r e 1. 

A s imple a n d specific co lor imetr i c assay depends on the f ormat ion of 
a b lue color v i a methanolysis ( 1 3 ) ; absorbance at 630 n m is a l inear 
func t i on of pen i t rem concentration between 2.5 a n d 30 / t g / m l . Penitrems 
can be c rys ta l l i zed f r o m e thano l -water i n the f o rm of fine needles: m p 
P A , 2 3 7 ° - 2 3 9 ° C (decompos i t ion , t u r n i n g r e d d i s h b r o w n ) ; P B decom
poses s imi la r l y be tween 185° a n d 195 ° C . T h e penitrems are soluble i n 
d i e t h y l ether, ch loro form, acetone, a n d methano l ; they have l i m i t e d 
so lub i l i ty i n water a n d i n b o t h hydroch lo r i c a c i d a n d sod ium hydrox ide 
( 5 % concentrat ions) . B o t h penitrems are r a p i d l y degraded to f o r m a 
y e l l o w i s h solution, progress ing through green a n d then to b lue , w h e n 
disso lved i n alcohols or acetone a n d treated w i t h various d i lu te acids. 
These changes are concurrent w i t h loss of toxic ity . P u r i f i e d penitrems 
are unstable i n ch loro form w h e n exposed d i rec t ly to l ight . T h i s change 
is p resumab ly a result of a c i d format ion i n the solvent. 

T h e structures of the penitrems have not been determined . T h e 
e lemental analysis a n d the heaviest detectable i o n i n the mass spectra of 
b o t h toxins correspond to a f o r m u l a of C 3 7 H 4 4 N O e C l for P A a n d 
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166 MYCOTOXINS 

T a b l e I . N M R " D a t a o f P A i n P y r i d i n e - * ^ 

PPM, δ Proton Count Assignment 
1.35 s 3 quarternary m e t h y l 
1.5 s 3 C H 3 - C — 0 
1.7 s 3 olefinic m e t h y l 
1.8 s 3 olefinic m e t h y l 
2.15 s 3 aromat ic m e t h y l 
3.6-2.0 12 

aromat ic m e t h y l 

3.75 S 1 
3.85 d ( J , H z 20) 1 
4.3 d 1 
4.4 s 1 
4.7 t,s 3 
5.0 b,s 2 
5.15 b,s 1 
5.4 d 1 
5.45 s 1 
6.0 s 1 
6.1 d 1 
6.9 s 1 

11.7 1 acidic O H 
T o t a l 43 

β N M R = nuclear magnetic resonance; P A = penitrem A. 

C 3 7 H 4 5 N 0 5 for P B ( 8 ) . B o t h tremorgens g ive a posit ive L i e b e r m a n -
B u r c h a r d react ion, b u t neither is prec ip i ta ted w i t h d ig i ton in . N o amino 
acids or sugars can be detected i n the a c i d hydro lyzate of either 
c ompound . 

T h e ultravio let ( u v ) spectrum of P A i n methano l shows absorpt ion 
at 295 (€ = 11,600) a n d 2 3 3 n m (c = 37,000) ; P B has peaks at 286 (t = 
13,100) a n d 2 2 7 n m (c = 38,450) a n d a shoulder at 297 n m ( € = 11,000). 
I n 0.1ÎV H C 1 P A has n e w peaks at 272 ( c = 15,400) a n d 2 5 4 n m ( € = 
23,700) ; the peak at 295 n m disappeared, a n d the peak at 233 n m shi f ted 
to 2 2 7 n m (c = 25,500). These spectra suggest an indo le nucleus. T h e 
on ly change i n spectrum for P B i n a c i d so lut ion is a n e w b r o a d absorpt ion 
between 230 a n d 2 4 5 n m (c = 28,200). B o t h tremorgens show no spec
t r u m changes i n a lka l ine solut ion ( 8 ) . 

I n u n p u b l i s h e d data we have shown some structura l features b y i r , 
N M R , a n d chemica l transformations. T h e i r spectrum of P A i n ch loro 
f o r m showed strong O H absorpt ion at 3580 c m " 1 ; a b a n d at 3475 c m " 1 

i n d i c a t e d either a n N - H stretch as i n pyrro les ( indo les ) or a h y d r o g e n 
b o n d e d O H ; a m e d i u m b a n d at 1650 c m " 1 c o u l d result f r o m C = C 
stretching at tr ibuted to a l k y l C H 3 , C H 2 ; m e t h y l absorpt ion at 1370 a n d 
1360 c m 1 ; h y d r o x y l at 1055 cm" 1 . 

T h e N M R spectrum of P A i n deuterated p y r i d i n e ( T M S as refer
ence) exhib i ted signals w h i c h account for 43 of its 44 protons. A s s i g n -
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9. C I E G L E R E T A L . Tremorgenic Mycotoxins 167 

merits were made only to the m e t h y l signals ( T a b l e I ) . T h e H p r o t o n of 
the N H c o u l d not be seen as i t occurs as a b r o a d s igna l at δ 7.4 w h e r e 
p y r i d i n e also exhibits signals. 

Ace ty la t i on of P A gave a p r o d u c t w i t h a m p 2 0 3 ° - 2 0 5 ° C ( d e c o m 
poses, turns d u l l r e d ) . H i g h - r e s o l u t i o n mass spectroscopy was i n accord 
for a molecular f o r m u l a C 3 9 H 4 6 N O 7 C I incorporat ing one ace ty l group. 
T h e i r of the acetylated mater ia l s t i l l showed O H (poss ib ly a h i n d e r e d 
O H w h i c h does not acetylate w i t h p y r i d i n e - a c e t i c a n h y d r i d e at r o o m 
temperature ) , a n d a peak at 657 ( M , 18) i n the mass spectrum was i n 
agreement for a h y d r o x y l group. T h e b a n d at 3480 c m " 1 , s t rong evidence 
for an N H absorption, was s t i l l present i n the i r . T h e N M R signals of 
acetylated P A are i n T a b l e I I . T h e N M R spec t rum is i n agreement w i t h 
the mass spectral analysis i n that one h y d r o x y l group was ac ty lated (one 
n e w m e t h y l peak at δ 2.05). T h e peak at δ 6.9 i n the N M R spec trum of 
P A disappears on acetylat ion, a n ind i ca t i on that this peak c o u l d result 
f r o m the proton of a h y d r o x y l group. 

Table II. 
PPM, δ 

1.39 s 
1.42 s 
1.5 s 
1.7 s 
1.72 s 
1.85 s 
2.05 s 
2.15 s 
3.5-2.0 

5.6 d 

6.1 d 
11.77 

N M R Data of Acetylated P A 
Proton Count 

3 
3 
2 
3 
3 
2 
3 
3 

appearance of a new peak 
equivalent to one pro ton 
at δ 3.6 (b,s) 

th is is apparent ly a shift 
of the 5.45 s peak i n the 
P A spectrum 

s t i l l present, could indicate 
an acidic O H 

in P y r i d i n e - ^ 
Assignment 

m e t h y l 
m e t h y l 
isolated C H 2 

m e t h y l 
m e t h y l 
isolated C H 2 

acetate m e t h y l 
aromat ic m e t h y l 

N M R Decoupling Experiments. I r rad ia t i on of the pro ton for P A at 
δ 6.1 collapses the doublet at δ 4.3 to a smal ler doublet , i n d i c a t i n g a l l y l i c 
c o u p l i n g to a methine pro ton of the f o l l o w i n g type : 

N R H .R 
1 1 / 

c = c — c 
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168 MYCOTOXINS 

Η δ 3 . 2 R 

G e m i n a l c o u p l i n g of the type C G - c -R is i n d i -

Η δ 3 . 8 R 

cated b y i r r a d i a t i n g the s igna l at δ 3.0 w h i c h causes the doublet at δ 3.85 
to col lapse to a b r o a d singlet. Hydrogénation of acetylated P A u s i n g 
A d a m s catalyst appeared to cause decomposit ion. H o w e v e r the m e t h y l 
protons at δ 2.15 r e m a i n e d ; this is ev idence of an aromat ic m e t h y l group. 

Because Hmited m a t e r i a l h i n d e r e d further c h e m i c a l analysis, on ly 
tentat ive speculat ion can b e m a d e o n a structure for P A . B a s e d o n spec
troscopic data the presence of an indo le nucleus can be proposed w i t h a 
f u l l y subst i tuted aromatic moiety , e.g., 

I n a d d i t i o n one O H is r ead i l y acetylated, a n d apparent ly one is not 
acety lated . T h i s w o u l d account for two of the oxygen functions. T h e 
p r o t o n at δ 11.77 i n the N M R spectrum indicates an ac id i c O H or b o n d e d 
O H (e.g., h y d r o x y l group b o n d e d to carbony l f u n c t i o n ) . I f the latter is 
the case w e c o u l d interpret the b a n d at 1650 c m " 1 i n the I R to be a b o n d e d 
c a r b o n y l ; this w o u l d account for two more oxygens. T h e r e m a i n i n g t w o 
oxygens c o u l d be accounted for b y ether l inkages. H o w e v e r the N M R 
does not exclude an epoxide l inkage . M o r e deta i led s tructura l analyses 
w i l l d e p e n d on the ava i lab i l i t y of add i t i ona l tox in . 

Group Β 

Verruculogen. V e r r u c u l o g e n ( T R - 1 ) , a tremorgenic mycotox in , was 
p r o d u c e d b y Pénicillium verruculosum ( A T C C # 2 4 6 4 0 ; N R R L 5881) 
i so la ted f r o m peanuts that were m o l d e d as a result of i m p r o p e r storage 
condit ions ( 1 4 ) . I n a d d i t i o n to caus ing severe tremors i n m i c e a n d one-
d a y o l d cockerels verruculogen has an L D 5 0 of 2.4 m g / k g i n m i c e a n d 
15.2 m g / k g i n cockerels, i .p . W h e n i t was adminis tered ora l ly , the L D 5 0 

was 126.7 m g / k g i n mice a n d 365.5 m g / k g i n cockerels. 
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9. CIEGLER ET AL. Tremorgenic Mycotoxins 169 

H o t u j a c et a l . (15) s tudied the mode of act ion of verrucu logen u s i n g 
b o t h m i c e a n d three- to seven-day o l d chickens. O n the basis o f the i r 
results us ing a substance w h i c h increased y - a m i n o b u t y r i c a c i d levels i n 
the centra l nervous system of mice a n d a y - a m i n o b u t y r i c a c i d der ivat ive 
w h i c h was capable of passing the b l o o d - b r a i n barr ier , they c o n c l u d e d 
that verrucu logen- induced tremors i n m i c e w e r e caused b y a decrease 
of gamma-aminobutyr i c a c i d levels i n the centra l nervous system. 

I n a subsequent s tudy us ing three- to seven-day-o ld chickens i n w h i c h 
y - a m i n o b u t y r i c a c i d itself easi ly penetrated the b l o o d - b r a i n b a r r i e r , 
they f o u n d a d irect antagonistic effect of γ-aminobutyric a c i d o n v e r r u c u 
l ogen - induced tremors. 

A l t h o u g h the biosynthesis of verrucu logen has not been s tud ied , i t 
m a y be speculated on the basis of its c h e m i c a l structure (Structure I ) 

C H 3 C H 3 

Structure I 

that i t is f o rmed f r o m the amino acids pro l ine a n d t ryp tophan a n d t w o 
isoprene units . 

T h e close s t ructura l a n d spectral s imilarit ies of T R - 1 a n d a c lose ly 
re lated substance T R - 2 w i t h those of fumitremorgen A a n d Β (S t ruc ture 
I I ) ( F T A a n d F T B ) strongly suggest a c o m m o n b iosynthet ic p a t h w a y . 
Perhaps T R - 1 comes f rom F T B v i a hydroperoxide . F T A appears to c o n 
ta in a n a d d i t i o n a l isoprene moiety . A l t h o u g h neither of the f u m i t r e m o r -
gens was detected i n extracts of the verrucu logen -produc ing m o l d , a 
metabol i te exh ibt ing the same Rf o n T L C a n d color reactions as those 

Structure II 
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170 MYCOTOXINS 

observed for T R - 2 was present. S ince the conversion of T R - 1 to T R - 2 
was observed on ly under the specific condit ions reported (2 ) a n d since 
T R - 2 was not a p roduc t f r o m photodegradat ion, i t is p laus ib le that T R - 2 
is also of n a t u r a l o r i g in a n d m a y be a b iosynthet ic precursor to T R - 1 . 

V e r r u c u l o g e n ( m p 2 3 3 ° - 2 3 5 ° C ) was very soluble i n ch loro form, 
moderate ly soluble i n benzene, e t h y l acetate, acetone, and d i m e t h y l -
sul foxide , spar ing ly soluble i n ethanol , methano l , a n d toluene, a n d i n s o l u 
b l e i n hexane a n d water . T h e tremorgen r a p i d l y degraded into several 
photo products w h e n subjected to n o r m a l laboratory l ight conditions. 

Because of its size a n d complexi ty , the c h e m i c a l structure of v e r r u 
cu logen (Struc ture I ) was e luc idated b y single crysta l x-ray di f fract ion 
studies i n l i e u of c h e m i c a l methods. T h e tremorgen was n e u t r a l a n d 
c rys ta l l i zed w i t h one molecule of benzene ( C 2 7 H 3 2 O 7 N 3 · C e H 6 ) . I t was 
character ized b y 6 -O-methoxyindole , d iketopiperazine , β-methylcrotonyl 
moieties, a n d a nove l e ight -membered peroxide r i n g system ( 2 ) . 

T h e u v spec trum of T R - 1 showed A m a x
E t 0 H 226 (e — 47,500), 277 (c 

= 11,000), a n d 2 9 5 n m ( € = 9700) w h i c h is t y p i c a l of 2,3,6-substituted 
indo le compounds ( 2 ) . T h e C D spectrum of T R - 1 i n ethanol showed 
t w o C o t t o n effects corresponding to the first two u v bands; the t h i r d 
cotton effect was not observed. T h e C o t t o n effect at 290 n m was Ac = 
+0 .16 ; at 265 n m i t was Ac = +0 .56 . M a j o r absorptions i n the i r spec
t r u m w e r e 3520 a n d 3480 c m " 1 ( O H indole , or b o t h ) , 1660 c m (d iketo 
p i p e r a z i n e ) , a n d doublet at 1365-1355 cm"*1 ( g e m - d i m e t h y l ) . 

T h e pro ton N M R spectrum of verruculogen ( F i g u r e 2) was charac
te r i zed b y extremely wel l -de f ined chemica l shifts that were assigned as 
f o l l ows : T h e three aromatic protons h a d the t y p i c a l pattern for an ortho 
doublet at δ 7.85 ( / = 9.0 H z ) ( C 1 6 ) , o r t h o - m e t a doublet of doublets at 
δ 6.74 ( / = 2.0 a n d 9.0 H z ) ( C 1 7 ) , a n d a meta doublet at δ 6.52 ( / — 2.0 
H z ) ( C 1 9 ) . T h e latter s ignal was p a r t i a l l y obscured b y another pro ton 
s ignal (δ 6.57) assigned to the proton at ( C 2 1 ) (doublet ; / = 8.0 H z ) . A 
v i n y l pro ton ( C 2 2 ) coup led to ( C 2 1 ) was observed as a doublet ( / = 8.0 
H z ) at δ 4.98. V i n c i n a l c o u p l i n g was observed between the O H a n d 
meth ine protons located on ( C 1 3 ) . T h e O H proton appeared at δ 4.74 
as a double t (7 = 3.0 H z ) , a n d the meth ine proton was at δ 5.57 as a 
double t ( / = 3.0 H z ) . T h e add i t i on of D 2 0 to the N M R sample resul ted 
i n the d isappearance of the s igna l at δ 4.74 a n d a concomitant col lapse i n 
the c o u p l i n g of the s igna l at δ 5.57. T h e O H proton ( D 2 0 exchangeable) 
l o ca ted o n ( C 1 2 ) resonated at δ 4.25 as a sharp singlet. T h e hydroxy ls 
o n ( C 1 2 ) a n d ( C 1 3 ) were i n the cis configuration. T h e g e m - d i m e t h y l 
protons o n the i sova lery l mo ie ty ( C 2 4 a n d C 2 5 ) were equivalent w h e n 
a n a l y z e d i n ch loro form-d so lut ion a n d resonated at δ 1.66 as a six pro ton 
singlet ; i n d i m e t h y l sulfoxide-de they appeared as two three-proton 
singlets at δ 1.58 a n d δ 1.70. T h e two g e m i n a l m e t h y l groups ( C 2 9 a n d 
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9. CIEGLER ET AL. Tremorgenic Mycotoxins 171 

ι ι I ' i ' r ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 

Figure 2. Proton magnetic resonance spectrum of verruculogen (Structure I) 
taken in chloroform-d solution 

C 3 0 ) attached to ( C 2 8 ) were observed at δ 1.95 a n d δ 0.97 as three-
proton singlets. T h e t w o protons adjacent to the pro l ine n i trogen at pos i 
t i o n 9 resonated as a n i l l -de f ined t r ip le t at δ 3.50; the other four protons 
c o m p r i s i n g the pro l ine r i n g a n d the methylene protons at pos i t ion 31 
gave rise to an unstructured m u l t i p l e t between δ 1.5 a n d 2.5. T h e pro ton 
at pos i t i on 6 was assigned to the c h e m i c a l shift at δ 4.40 ( i l l -de f ined 
t r i p l e t ) . T h e ( C 3 ) methine pro ton was strongly coup led to only one of 
the methy lene protons o n ( C 3 1 ) a n d appeared as a doublet at δ 5.98 
( / — 10.0 H z ) . T h e methoxy protons resonated as a three-proton singlet 
at δ 3.75. D o u b l e t resonance experiments i n b o t h decoup l ing a n d I N D O R 
modes ver i f ied the c o u p l i n g between the protons on ( C 2 1 ) a n d ( C 2 2 ) 
a n d between ( C 1 3 ) a n d ( O H 1 3 ) . T h e appearance of the C 3 ) meth ine 
pro ton as a doublet was consistent w i t h the geometry of the molecu le 
as de termined b y x-ray crystal lography. 

D a t a f r o m studies to determine the mo lecu lar f o r m u l a were i n i t i a l l y 
somewhat confl ict ing. H o w e v e r h i g h resolut ion, mass spectral analysis 
effecting i on iza t i on v i a e lectron- impact at 70 e V p r o v i d e d the correct 
mass (m/e 511.2360) w h i c h ana lyzed for C 2 7 H 3 3 N 3 O 7 ( 2 ) . T h e mass 
spectrum showed, i n a d d i t i o n to the molecu lar i o n at m/e 511, prominent 
f ragment ions at m/e 496 (loss of C H 3 ) , m/e 493 (loss of H 2 0 ) , a n d m/e 
427 (loss of C 5 H 8 0 ) . T h e latter f ragmentat ion also occurred chemica l l y 
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172 MYCOTOXINS 

w h e n verruculogen was hydrogenated us ing p a l l a d i u m on carbon ( 5 % ) 
i n an ethanol so lut ion ( 2 ) . T h i s chemica l react ion y i e l d e d two products : 
one produc t was a smal l molecule ident i f ied as i sovalera ldehyde ( C 5 H i 0 O ) 
w h i c h or ig inated v i a cleavage of the bonds between ( C 2 1 ) a n d the indo le 
n i t rogen a n d between the peroxide oxygens. C o n c o m i t a n t l y the double 
b o n d between ( C 2 2 ) a n d ( C 2 3 ) was saturated to f o r m isovaleraldehyde. 

T h e p r o d u c t ( T R - 2 ) was assigned Structure I I after c o m p a r i n g its 
spectral data w i t h that of verruculogen ( 2 ) . H i g h resolut ion, mass spec
t r a l analysis of T R - 2 showed the largest detectable mass at m/e 429.1898 
w i t h a computer -ca lcu lated f o r m u l a of C 2 2 H 2 7 N 3 O 6 . Its U V spectrum 
showed A m a x

E t 0 H 224 (e — 37,400), 268 ( c = 6830) , a n d 294 n m ( c — 
7540) w h i c h is t y p i c a l for 2,3,6-substituted indo le compounds ( 2 ) . T h e 
I R spectrum of T R - 2 showed major absorptions at 3450 ( O H a n d / o r 
i n d o l e ) , 1660 (d ike top iperaz ine ) , a n d 1380 c m " 1 ( C H 3 ) . 

P r i n c i p a l considerations were obta ined f r o m the proton a n d 1 3 C - N M R 
spectra ( 2 ) . T h e proton N M R of T R - 2 ( F i g u r e 3 ) h a d the t y p i c a l 
c h e m i c a l shifts for ortho doublet (δ 6.60, 7 = 3.0, a n d 9 . 0 H z ) , a n d a 
meta doublet at δ 6.87 (7 = 3.0 H z ) i n accordance w i t h the protons pos i 
t i oned at ( C 1 6 ) , ( C 1 7 ) , a n d ( C 1 9 ) of the indo l e r i n g . T h e proton 
assigned to pos i t ion 3 was at δ 5.37 ( m u l t i p l e t ) . A c h e m i c a l shift for one 
D 2 0 exchangeable pro ton appear ing at δ 5.94 was assigned to the O H 
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9. C I E G L E R E T A L . Tremorgenic Mycotoxins 173 

Figurée. The 13C-NMR spectrum of verruculogen (Structure I). ( )— 
Assignments may be reversed. *—Assignment uncertain. All values 

in ppm downfield from Τ MS; solvent CDCl3. 

group f o r med on ( C 2 8 ) . T h e s ix-proton s igna l i n the spec trum of v e r r u 
culogen resonating at δ 1.66 a n d assigned to the g e m - d i m e t h y l group 
attached to ( C 2 3 ) was absent i n the spectrum of T R - 2 . A l s o absent 
w e r e the t w o c o u p l e d meth ine protons resonating i n the T R - 1 spec t rum 
at δ 6.57 ( C 2 1 ) a n d 4.98 ( C 2 2 ) (doublets ; / — 8.0 H z ) . 

F u r t h e r evidence suppor t ing the (Structure I I ) proposed for T R - 2 
was p r o v i d e d w h e n the 1 3 C - N M R spectra of T R - 1 a n d T R - 2 were c o m 
p a r e d ( F i g u r e s 4 a n d 5 ) . Those five carbons are present i n the 1 3 C - N M R 
spectrum of T R - 1 b u t are absent f r o m the 1 3 C - N M R spec t rum of T R - 2 
corresponded to ( C 2 3 ) , ( C 2 4 ) , ( C 2 5 ) , ( C 2 6 ) , a n d ( C 2 7 ) . These data 
are consistent w i t h that expected for the proposed conversion of v e r r u c u 
logen T R - 1 to T R - 2 . 

Fumitremorgens. O n l y t w o br ie f manuscr ipts have been p u b l i s h e d 
on fumitremorgens A a n d Β ( F T A a n d F T B ) , two c losely re la ted toxins 
p r o d u c e d b y A . fumigatus (16, 17). T h e structure of F T B was estab
l i shed i n the latter p u b l i c a t i o n a n d was s h o w n to conta in p r o l i n e a n d 
6-methoxyindole groups (Structure I I I ) . F T B appears i d e n t i c a l to 

Structure 111 
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Figure S. The 13C-NMR spectrum of TR-2 (Structure II). ( )—Assignments 
may be reversed. *—Assignment uncertain. AU values in ppm downfield from 

TMS; solvent CDCls. 

lanosu l in , the major metabol i te of Pénicillium lanosum (18). T h e struc
ture o f F T B appears almost i d e n t i c a l to that of verrucu logen ( T R - 1 ) 
except for the presence of the peroxide moie ty l i n k i n g the t w o isoprene 
fragments. B o t h F T A a n d F T B are so luble i n ch loro form a n d e t h y l 
acetate, b u t on ly s l ight ly so luble i n m e t h y l a n d e t h y l alcohols. 

I n the u v spectra there are three m a x i m a : A m a x E t 0 H 225.5 (e = 
66,900), 275.5 ( c — 1 2 , 0 0 0 ) , a n d 2 9 5 n m ( € = 8500) . F T A has the f o l 
l o w i n g propert ies : Color less pr isms f r o m methano l ; m p 202.5° -203 .5°C; 
e lemental compos i t ion C32H41N3O7; m/e 579; i r spectra ( K B r ) : 3420, 
2940, 1670, 1565, 1440, 1370, 1300, 1160, 1070, a n d 1035 c m " 1 . F T B 
crystal l izes f r o m m e t h a n o l as colorless needles w i t h the f o l l o w i n g charac 
terist ics : m p 2 1 1 ° - 2 1 2 ° C ; e lementa l compos i t ion C27H33N3O5; m/e 479; 
the I R spectra was s imi lar to that of F T A . 

T o x i c i t y data i n d i c a t e d that 1 m g F T A / k g m i c e caused sustained 
t r e m b l i n g w h i c h was more severe w h e n F T B was in jected i .p . at a s imi lar 
dose. T h e L D 5 0 was not determined , b u t 5 m g of e i ther F T A or F T B 
( i .p . ) caused 7% death w i t h i n 96 h r . T h e fumitremorgens have not 
been i n d i c a t e d i n any n a t u r a l o c c u r r i n g mycotoxicosis . 
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9. C I E G L E R E T A L . Tremorgenic Mycotoxins 175 

Structure IV Structure V 

Group C 

I n a p r i v i l e g e d c o m m u n i c a t i o n f r o m G . Bùchi, Massachusetts Ins t i 
tute of Techno logy ( 1 9 ) , w e l earned that h e a n d his colleagues h a d 
iso lated t w o n e w tremorgenic toxins f r o m Aspergillus clavatus—trypto-
q u i v a l i n e (Structure I V ) a n d t ryptoqu iva lone (Structure V ) . T h e p r o 
d u c i n g fungus h a d been iso lated o r ig ina l l y f r o m a sample of m o l d y r i ce 
co l lected i n a T h a i household w h e r e a y o u n g b o y h a d d i e d of an u n i d e n t i 
fied toxicosis. T h e isolated s t ra in p r o d u c e d two n e w nontox ic metabol i tes , 
k o t a n i n a n d desmethy lkotanin ( 2 0 ) , as w e l l as s m a l l amounts of the 
h i g h l y toxic cytochalas in Ε (21). 

T h e more po lar of the t w o n e w tremorgens, t ryptoquiva l ine , h a d the 
f o l l o w i n g propert ies : m p 1 5 3 ° - 1 5 5 ° , [ a ] 2 5 D 142° ; m/e 546.2; e lementa l 
composi t ion C 2 9 H 3 o N 4 0 7 ; I R ( C H C 1 3 ) 3520, 1790, 1735, 1680, a n d 1615 
c m " 1 ; u v A m a x

E t 0 H 228 ( c — 37,000) , 275 (e — 8550) , 305 (e — 3800) , 
3 1 7 n m (c = 3040) ; N M R ( C D C 1 3 ) δ 1.03 ( d , 3, 7 = 7 H z ) , 1.17 ( d , 3, 
7 = 9 H z ) , 1.50 (s, 3 ) , 1.52 (s, 3 ) , 2.19 (s, 3 ) , 2.63 ( m , 1 ) , 3.10 ( d , 1, 
J = 10Hz), 3.15 ( d , 1, J = 10Hz), 3.63 (b , 1 ) , 4.04 ( b , 1 ) , 5.00 (s, 1 ) , 
5.61 ( d , 1, 7 = 9 H z ) , 5.70 (t , 1, 7 — 1 0 H z ) , 7 . 1 2 - 7 . 9 0 ( m , 7 ) , 8.22 
( d , 1, 7 — 8 H z ) . C h e m i c a l a n d spectral data i n d i c a t e d that t r y p t o q u i v a 
l ine is a spiro-y- lactone rather than a δ-lactone. F i g u r e 6 shows a c o m 
puter generated d r a w i n g of the x-ray m o d e l of the p -bromopheny lure -
thane der ivat ive of t ryptoqu iva l ine . 

T h e less po lar tremorgen, t ryptoquiva lone , h a d the f o l l o w i n g charac 
terist ics : m p 2 0 2 ° - 2 0 4 ° ; [ « ] 2 5 D 254° ; m/e 488.17; e lemental compos i t ion 
C 2 e H 2 4 N 4 0 4 ; U V A m a x

E t 0 H 234 ( c — 34,950) , 292 ( c — 9550) , 3 2 0 n m ( € — 
6300) ; I R ( C H C 1 3 ) 2525 ,1790 ,1735 ,1715 , a n d 1680 c m " 1 ; N M R ( C D C 1 3 ) 
δ 1.24 ( d , 3, 7 — 7 H z ) , 1.31 ( d , 3, J = 7 H z ) , 1.59 ( d , 3, J = 7 H z ) , 3.09 
( d of d , 1, 7 — 1 0 , 1 4 H z ) , 347 ( d of d , 1, 7 — 1 1 , 1 4 H z ) , 5.12 (qu intent , 
1, 7 = 7 H z ) , 4.36 (quartet , 1, 7 = 7 H z ) , 5.24 (s, 1 ) , 5.51 (t , 1, 7 = 10 
H z ) , 7.12 ~ 7.94 ( m , 7 ) , 8.28 ( d , 1, J =8 H z ) . 
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176 MYCOTOXINS 

Figure 6. Computer generated drawing of the 
x-ray model of the p-bromophenyl-<irethane deriva

tive of tryptoquivaline. Data from Ref. 19. 

T r y p t o q u i v a l i n e a n d t ryptoquiva lone appear to be tetrapeptides de 
r i v e d f r o m tryptophane , anthrani l i c a c i d , va l ine a n d alanine, or m e t h y l -
a lan ine . 

T h e t w o n e w tremorgens apparent ly are not as toxic as those t remor
genic substances prev ious ly reported. G l i n s u k o n et a l . (27) no ted that 
the t w o compounds w h e n injected into w e a n l i n g rats at 500 m g / k g 
caused t r e m o r i n g w h i c h persisted for five days; the animals d i e d b y e ight 
days w i t h no observable histopathologic changes. 

Paspalum Staggers. A neuro log i ca l d isorder occurs i n cattle a n d 
horses c o n s u m i n g A r g e n t i n e B a h i a grass (Paspalum notatum), D a l l a s 
grass ( P . dtlatatum), a n d brown-seed p a s p a l u m ( P . plicatulum) whose 
seedheads h a v e been in fec ted b y the ergot fungus Claviceps paspali. 
T h e symptoms i n affected animals c losely resemble those caused b y the 
tremorgens i so lated f r o m other f u n g i except that severe s t ructura l d a m 
age was f o u n d i n the b r a i n , cerebe l lum, a n d s p i n a l c o r d (23, 24, 25, 26, 
27). N o attempts have been reported to isolate the causative t ox in ; the 
p r o b l e m has apparent ly been so lved b y d i s cont inu ing this f a m i l y of 
grasses as fodder . 
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Zearalenone and Related Compounds 

S. V. PATHRE and C. J. MIROCHA 

Department of Plant Pathology, University of Minnesota, St. Paul, Minn. 55101 

Zearalenone [6-(10-hydroxy-6-oxo-trans-1-undecenyl)-β-re-
sorcylic acid-μ-lactone] is a secondary metabolite of species 
of Fusarium and is notable because of its estrogenic and 
anabolic activity in animals. Mass spectral, NMR, fluores
cence, and x-ray diffraction properties are summarized with 
emphasis on fragmentation patterns resulting from analyses 
by mass spectrometry. Use of mass spectrometry in struc
ture elucidation is illustrated. Zearalenone is biosynthesized 
via the acetate-malonyl-CoA pathway and can be metabo
lized to the two isomers of 8'-hydroxyzearalenone. Struc
ture-activity relationships indicate that the most active 
derivative of the series is 7'-carboxyzearalane which is one
-tenth as active as diethylstilbestrol and 100 times more 
active than the parent zearalenone. The naturally occurring 
macrolides related to zearalenone are radicicol, lasiodi-
plodin, and curvularin. The chemistry and total synthesis 
of this molecule are described and discussed. 

Zearalenone is a secondary metabolite produced by Fusarium roseum, 
Fusarium tricinctum, Fusarium oxysporum, Fusarium culmorum, and 

Fusarium moniliforme. It is usually produced on maize and barley in 
storage, and when fed to animals, particularly swine, it causes hyper-
estrogenism. A thorough treatment of this subject can be found in reviews 
by Mirocha et al. (1) and Mirocha and Christensen (2). Hyperestro-
genism was first noted in swine by Buxton in 1927 (3) and Legenhausen 
in 1928 in herds in Iowa (4). Although they did not know its cause, 
they described symptoms in young gilts of the swelling and eversion of 
the vagina until, in some cases, the cervix was visible. Legenhausen also 
described a swelling of the prepuce in males. McNutt was the first to 
associate this disease with the consumption of moldy maize and to 
reproduce the estrogenic syndrome (5). 

178 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 179 

Stob et a l . ( 6 ) iso lated a n act ive p r i n c i p l e f r om cultures of GUbberella 
zeae (Fusarium roseum, G r a m i n e a r u m ) i n 1962 f o l l owed b y Chr is tensen 
et a l . ( 7 ) i n 1965. T h i s metabol i te h a d m a r k e d anabol i c a n d uterotrophic 
ac t iv i ty w h e n adminis tered to mice , appeared to inc i te the estrogenic 
syndrome, a n d was ca l l ed F - 2 ( 7 ) . U r r y et a l . (8) n a m e d the act ive 
p r i n c i p l e zearalenone. 

Zearalenone acts as a hormone i n Fusarium roseum w h e r e i t regulates 
the produc t i on of the sexual stage—Le., f o rmat ion of per i thec ia ( 9 ) . I n 
the fungus system i t acts i n concert w i t h cyc l i c 3 ' -5 ' -adenosine m o n o 
phosphate to regulate per i thec ia p roduc t i on (10). A l t h o u g h i t regulates 
the sexual stage i n other genera of f u n g i as w e l l , i t has been f o u n d on ly 
w i t h i n the genus Fusanum (11). 

Zearalenone belongs to a group of n a t u r a l products ca l l ed resor-
cylates. I n this paper the chemistry of zearalenone, its derivatives , a n d 
other re lated na tura l products are r e v i e w e d to summar ize the more 
interest ing a n d u n u s u a l features of macrocyc l i c resorcylates. A n attempt 
is m a d e to treat those aspects of zearalenone of spec ia l interest to the 
organic chemist a n d to the biologist as w e l l . 

Nomenclature. T h e estrogenic macro l ide was designated zearale
none, an enone der ivat ive of resorcyl ic a c i d lactone isolated f r o m Gib-
berella zeae (8). Zearalane is a parent c o m p o u n d of zearalenone. T h e 
n u m b e r i n g system used throughout this paper for the zearalane system 
is shown i n F i g u r e 1. T h e c h e m i c a l name commonly used for zearalane 
is 6 - (10 -hydroxy - l -undecy l ) -^ - resorcy l i c a c i d - μ-lactone. A c c o r d i n g l y , 
zearalenone is n a m e d 6- (10-hydroxy-6-oxo- imfw- l -undecenyl ) -^-resorcy l i c 
a c i d μ-lactone. 

Figure 1. Structure and number
ing system for zearalane 

Zearalenone 

Structural E l u c i d a t i o n . Structure 1 of zearalenone (C18H22O5) was 
e luc idated i n 1966 b y U r r y et a l . ( δ ) w h o f o u n d that i t absorbed h y d r o g e n 
i n the presence of p l a t i n u m to give a d i h y d r o produc t 2 (C18H24O5); 
however , hydrogénation over R a n e y n i c k e l at 50 p s i gave a mix ture of two 
diastereomeric alcohols 3 (Ci8H2e05). C h e m i c a l degradat ion of zearale -
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180 M Y C O T O X I N S 

2 C i 8 H 2 4 0 5 R ^ = H 3 C18H26O5 
4 R = C H 3 

none (Scheme I ) v i a B e c k m a n n rearrangement y i e l d e d a produc t i d e n t i 
fied as 2 (5 - carboxy penty l ) -4 ,6 -d imethoxybenzo ic a c i d ( 5 ) de termined 
o n the basis of N M R data . Ozonolys is of the d i m e t h y l ether of zearale
none gave 2 ,4-dimethoxy-6- formylbenzoic ac id . Zearalenone, w h e n re -
fluxed 8 h r i n 1 0 % s o d i u m bicarbonate so lut ion, y ie lds an a l coho l 6 
(C17H24O4) after ac idi f i cat ion. These studies establ ished the positions 
of the olefin a n d ketone i n the a l i cyc l i c lactone r i n g . A l s o N M R spectral 
da ta (see Spectra l Propert ies ) ind i ca ted the presence of trans olefinic 
protons ( / = 16 H z ) a n d a secondary m e t h y l group. T h u s the structure 
of 1 is consistent w i t h the data obta ined f r om the studies l i s ted above 
(see Scheme I ) . 

A b s o l u t e C o n f i g u r a t i o n . Because of a n asymmetr ic center at C I O ' , 
na tura l l y o c c u r r i n g zearalenone exhibits op t i ca l ac t iv i ty a n d p u r i t y 
( [«] 2 5 546 — - 1 7 0 . 5 ° , c = 1 .0M M e O H ) . T h e absolute configuration of 
this na tura l enant iomorph was determined b y K u o et a l . (12) us ing a 
m e t h o d based o n the k inet i c resolut ion technique (13) of H o r e o u (14, 
15,16) to determine the configurations of secondary alcohols. T h e y con
ver ted the n a t u r a l zearalenone to the dihydroseco a c i d k e t a l 7, f o rmed 
the m e t h y l ester 8, a n d then a l l o w e d i t to react w i t h ( ± ) -a -pheny lbutyr i c 
a n h y d r i d e i n p y r i d i n e . T h e excess of a - pheny lbutyr i c a c i d was recovered, 
a n d its rotat ion was determined . T h e recovered a c i d exhib i ted a negat ive 
rotat ion (corresponds to R ( — )α -phenylbutyr i c a c i d ) thereby denot ing 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 181 

S C H E M E I 

a n S-configuration at the opt i ca l ly act ive ΙΟ'-center of zearalenone. 
A l t e r n a t i v e l y the lactone 9 de r i ved f r o m the exhaustive ox idat ion of 
zearalenone h a d a n ident i ca l op t i ca l rotat ion to that of the S( — ) enant io -
mer of 5-hydroxyhexanoic a c i d lactone. 

Naturally Occurring Derivatives of Zearalenone 

M i r o c h a et a l . ( 1 ) reported the n a t u r a l occurrence of at least seven 
derivatives of zearalenone f r o m Fusarium roseum g r o w i n g i n cu l ture o n 

C H 3 0 t . H 

8 C H 3 9 
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182 MYCOTOXINS 

( 8 'R,10 'S ) -8 'Hydroxyzearaler ione 

Figure 2. (A) Packing of molecules in a crystal of 8'-dihydroxyzearalenone 
(F-5-3) based on x-ray crystallography analysis. Note the intermohcular asso
ciation arising from water of hydration. (Courtesy of I. F. Taylor.) (B) Stereo

chemistry of 8f-dihydroxy zearalenone. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 183 

corn , a n d designated t h e m as F -5 -0 t h r o u g h F-5-7 . T h e metabol ites were 
p a r t i a l l y character ized b y the ir u v absorpt ion spectra a n d separation b y 
t h i n layer a n d g a s - l i q u i d chromatography. T h e most abundant of these 
derivatives were designated as F -5 -3 ( m p 1 9 8 ° - 1 9 9 ° C ) a n d F-5 -4 ( m p 
1 6 8 ° - 1 6 9 ° C ) , b o t h of w h i c h have a mass of 334 a n d the e m p i r i c a l for
m u l a C i 8 H 2 3 0 6 . T h e structure was incorrec t ly reported as 3 ' -hydroxy-
zearalenone ( a l p h a a n d beta isomers) b y M i r o c h a et a l . ( 1 ) . Subsequent 
studies b y Jackson et a l . (17) revealed that the O H group of b o t h isomers 
is i n the 8' pos i t ion. Independent ly , B o l l i g e r a n d T a m m (18) i so lated 
two isomeric hydroxyzearalenones w h i c h w h e n o x i d i z e d w i t h Jones 
reagent ( C r 0 3 - H 2 S 0 4 i n acetone) y i e l d e d ident i ca l diketones ( ία]Ώ

24 = 
—93.2° a n d —92.8° ) i n d i c a t i n g the ep imer i c nature of the hydroxy group. 
Mass spectral data interpretat ion revealed that these isomeric h y d r o x y 
zearalenones were ep imer i c 8 ' -hydroxyzearalenones. B y convert ing t h e m 
into [S] -zearalanone, Jackson et a l . (17) also showed that F -5 -3 a n d 
F-5 -4 are epimeric . Recent ly F -5 -3 has been shown (19) to be ( 8 ' R , 1 0 ' S ) -
hydroxyzearalenone, b y x-ray crysta l lography ( F i g u r e 2 ) . 

B o l l i g e r a n d T a m m (18) also repor ted the occurrence of 5 - formyl -
zearalenone 11 a n d 7 ' -dehydrozearalenone 12 i n cultures of Fusanum 
roseum ( T a b l e I ) . Steele (20) i so lated a c o m p o u n d f r o m Fusarium 
roseum g r o w i n g on a so l id m e d i u m of shredded wheat w h i c h was i d e n t i 
c a l w i t h 6 ' ,8 ' -d ihydroxyzearalene 13, N a B H 4 - r e d u c t i o n produc t of F -5 -3 . 
H e also isolated 7 / -dehydrozearalenone 12 w h e n the ch loro form extract of 
the cultures was par t i t i oned w i t h 2 N K 2 C 0 3 . H o w e v e r 12 was not de
tected w h e n the base par t i t i on was ehminated . 

Table I. Naturally Occurring Derivatives of Zearalenone 

H O ' 

R 2 R 3 R 4 

10 
11 
12 
13 

8 ' -hydroxyzearalenone 
5- formylzearalenone 
7 , -dehydrozearalenone 
6 ' ,8 ' -d ihydroxyzearalene 

— H 
— H 

— H 
— C H O 

= 0 = H 2 — O H 
= 0 = H 2 = H 2 

= 0 — H — H 
— O H = H 2 — O H 
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184 MYCOTOXINS 

Reactions of Zearalenone 

Ring Stability. A l t h o u g h zearalenone is a lactone, i t is f a i r l y stable 
i n c o l d a l k a l i ; b u t pro longed exposure extensively hydro lyzes the lactone 
r i n g . T h e lactone funct ion of 1 is easily h y d r o l y z e d w i t h s o d i u m hydrox 
i d e i n ref luxing aqueous d i m e t h y l sul foxide ( D M S O ) a n d y ie lds a 
r a c e m i z e d seco a c i d 14 i n almost quant i tat ive y i e l d (21). T h e racemiza -
t i o n of the seco a c i d is a t t r ibuted to in terna l d isproport ionat ion ar is ing 
f r o m the presence of the 6' ketone ( 15 *± 16 ) since the ethylene ke ta l 17 
of zearalenone undergoes the opening of the lactone w i t h o u t r a c e m i z a -
t i o n (21). Peters a n d H u r d (22) used this p r i n c i p l e i n open ing the 
lactone r i n g of the natura l l y o c curr ing (S ) -zearalenone to prepare ( R ) -
zearalanone, a n d they have inver ted the conf iguration at C 1 C v i a the 
p-toluenesulfonic ester of the seco a c id . 

Aromatic Substitution. W i n d h o l z a n d B r o w n (23) examined sub
st i tut ion of the carboxy l a n d f o r m y l groups into the aromatic por t i on of 
zearalenone. W h e n 1 is heated at 175° w i t h anhydrous potass ium car 
bonate at 800 p s i C 0 2 for 3 hr , i t is carboxylated at the C 3 pos i t i on ; 
however i f the react ion t ime is increased to 5 hr , the carboxy lat ion occurs 
at C - 5 (24). These results are consistent w i t h the conclusions (25) that 
such carboxylat ion is reversible a n d that , k m e t i c a l l y , subst i tut ion i n the 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 185 

O R C H 3 

O H — D M S O 

R O ' 

0 

± 1 4 R = H or C H 3 

l a or l b 

15 16 17 

ortho pos i t ion is favored , but , thermodynamica l ly , the p a r a pos i t ion is 
favored . T h i s is l og i ca l since the greater separation of the two negative 
charges (phenoxide a n d carboxylate) gives greater thermodynamic 
stabi l i ty . 

Zearalenone is f o rmylated at the C 3 pos i t ion b y a l l o w i n g e thy l for 
mate to react w i t h a l u m i n u m chlor ide ( F r i e d e l - C r a f t f o rmylat ion ) (23) 
a n d b y the R i e m e r - T i e m a n n a n d G a t t e r m a n n reactions (18). ( R e i m e r -
T i e m a n n react ion is used to formylate sensitive aromat ic r ings ; f o r m y l a 
t i on occurs i n ch loro form i n the presence of a strong base such as potas
s i u m hydrox ide (see Ref . 26). T h e G a t t e r m a n n react ion is used to 
f o rmylate phenols (see Refs. 27 a n d 28). I n these reactions f o rmylat i on 
y i e l d e d a mix ture of 3 - formyl a n d 5 - formyl zearalenone. T h e G a t t e r m a n n 
react ion gave 8 9 % of the f o rmylated produc t i n w h i c h the 3 a n d 5 
f o r m y l derivatives were i n the rat io of 2 :1 , respect ively . 

N i t r a t i o n of d i m e t h y l ether zearalenone l b w i t h a 5 0 / 5 0 mixture of 
concentrated su l fur i c a c i d a n d n i t r i c a c i d gives a mix ture of 3,5-dinitro 
a n d 5-nitro derivatives ( 29 ) . These ni tro derivatives can be transformed 
into the corresponding amino derivatives b y reduct i on w i t h i r on p o w d e r 
i n a 5 0 % methano l i c so lut ion conta in ing h y d r o c h l o r i c a c i d (0.25 e q u i v ) . 
Johnston et a l . (30) reported the conversion of 5-aminozearalenone 18 to 
5-hydroxyzearalenone 20 b y o x i d i z i n g the amino der ivat ive w i t h s i lver 
o x i d e - a m m o n i u m hydrox ide to a 4 -hydroxyquinone der ivat ive 19 w h i c h 
y i e l d e d 20 w h e n treated w i t h aqueous s o d i u m thiosulfate. 
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186 MYCOTOXINS 

20 

Halogen-subst i tuted derivatives of zearalenone such as mono - a n d 
di iodozearalenone a n d monobromozearalenone have been reported ( 3 1 ) . 
H a l o m e r c u r i c - a n d arsonic ac id -subst i tuted derivatives of zearalenone 
have also been p r e p a r e d a n d show ant ibacter ia l a n d ant i fungal ac t iv i ty 
(32). 

D i e l s - A l d e r A d d u c t s . Several adducts of zearalenone have been 
p r e p a r e d ( F i g u r e 3 ) to develop n e w growth -promot ing agents ( 3 3 ) . 
M a l e i c anhydr ide , sul fur d iox ide , p -benzoquinone , 1,4-naphthoquinone, 
nitroethylene, a n d acro le in c a n easily f o r m the 5-2 / -adduct w i t h 
zearalenone. 

Figure 3. Diels-Alder adduct of zearalenone 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 187 

B i r c h R e d u c t i o n . B i r c h reduc t i on of zearalenone derivatives was 
s tud ied b y W i n d h o l z a n d B r o w n (23). T h e ethylene k e t a l of the d i m e t h y l 
ether of zearalenone 21, w h e n treated w i t h 4 equ iv of sod ium i n l i q u i d 
a m m o n i a a n d tert-butyl a l coho l y i e l d e d t w o rather unstable products (22 
a n d 23), w h i c h on treatment w i t h C r 0 3 i n p y r i d i n e aromat ized to the 
deoxy derivatives 24 a n d 25, respectively. T h e mechanist i c interpretat ion 
of these reactions is shown i n Scheme II ( 2 3 ) . T h e deoxy produc t 26 
was i somer ized to 23 because of treatment w i t h a base d u r i n g iso lat ion. 
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188 MYCOTOXINS 

Scheme I I 

26 

Hydrogénation and Hydrogenolysis. T h e condit ions under which 
1 is hydrogenated to 2 a n d to the diastereomeric zearalanols 3 have been 
noted i n our s tructura l e luc idat ion of zearalenone. T h e complete satura
t i on of the aromatic r i n g 27 ( concomitant w i t h the reduct i on of the olefin 
a n d the 6'-keto groups) occurs w h e n hydrogénation is carr i ed out i n 
methano l u n d e r drast ic condit ions (34). T h e perhydrozeara lano l d e r i v a 
t ive has been shown to have ant i - inf lammatory ac t iv i ty ( 3 5 ) . 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 189 

R — Η or C H 3 

27 

Hydrogeno lys i s of the pheno l i c hydroxyls i n zearalenone has been 
reported b y Johnston et a l . (30) a n d Wehrme i s te r a n d Robertson (36 ) . 
I t involves preparat ion of the l -pheny l -5 - t e t razo ly l 28 or benzyxazo ly l 29 
ethers a n d the subsequent hydrogenolysis w i t h 5 % P d - C w h i c h also 
reduces the Γ-olefln. 

ΟβΗδ 
I 

O x i d a t i o n . Zearalenone or its d i m e t h y l ether, w h i l e ref luxing i n 1 4 % 
n i t r i c a c id , oxidizes extensively to y i e l d g lutar ic , succ inic , a n d oxal ic acids. 
T h e n i t rated aromatic fragment can be isolated only b y ox id i z ing the 
d i m e t h y l ether der ivat ive (8, 37 ) . T h e advantage of such degradat ion 
was taken to determine the d i s t r ibut ion of 1 4 C i n zearalenone ( F i g u r e 4 ) 
isolated f r o m cultures of Fusarium roseum inocu lated w i t h [ 1 - 1 4 C ] -
acetate ( 37 ) . 

T h e a l l y l i c ox idat ion of the ether of zearalenone 30 w i t h Sarett 
reagent ( C r 0 3 - p y r i d i n e complex ) gives a 3-keto der ivat ive 31 ( 3 8 ) . 
T h e ox idat ion appears to be sensitive to the type of substituent at the 
6' pos i t ion . T h e y i e l d of the 3-keto der ivat ive obta ined f r o m the other 30 
was less than 1 5 % ; however the ethylene ke ta l 32 a n d the ep imer ic 
acetates 33 afforded the corresponding 3-keto derivatives i n more t h a n 
7 0 % y i e l d . A c c o r d i n g to Jensen et a l . (38) the change i n h y b r i d i z a t i o n 
of C 6 ' (sp2 -» sp3) a l lows a favorable r i n g conformation, a n d the presence 
of oxygen attached to sp3 C 6 ' assists the attack at 0 3 ' . 

O s m i u m tetroxide reacts smoothly w i t h the double b o n d of the 
d i b e n z y l ether of zearalenone 34 to produce a mixture of ep imer i c Γ ,2 ' -
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190 MYCOTOXINS 

17,9,13 

•co2 

Figure 4. Chemical degradation of 14C-labelled zearalenone. The filled circles 
(·) mark the location of 14C atoms derived from 1-14C-acetate. 

31 

d i o l 35 w h i c h i n the presence of a n a c i d rearranges to g ive 36 ( 3 8 ) , 
p r o b a b l y v i a ac id - ca ta lyzed openings of the lactone 35 to f o r m 37. T h e 
2 ' ,10 ' -d io l 37 then undergoes an intramolecu lar k e t a l f o rmat ion w i t h the 
6'-ketone. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 191 

O R Ο I Η O R Q I Η 

O s 0 4 

R O ' ^ ^Ιι Ί R O " 

S O H O ' 

36 37 

Modification of the Lactone Ring. React ions i n v o l v i n g the a l iphat ic 
por t i on of zearalenone have been examined extensively either to mod i fy 
the estrogenic ac iv i ty (39) or to synthesize natura l ly o c curr ing der iva 
tives of zearalenone; namely , 7 ' -d ihydrozearalenone 12 a n d 8 ' -hydroxy-
zearalenone 10 (40). 

Jensen et a l . (38) r epor ted that the reactions of act ivated methylenes 
(at 5' a n d 7') of zearalenone show considerable ' reg iose lec t iv i ty" (see 
Ref. 41 for the de f in i t i on ) . F o r m y l a t i o n of zearalenone ethers i n benzene 
under the condit ions of s o d i u m h y d r i d e a n d terf-butyl a l coho l gave pre 
d o m i n a n t l y the C 7 ' p r o d u c t 38 ( < 7 0 % ). T h i s preference for C 7 ' for 
m y l a t i o n was also no t i ced i n the zearalanone derivatives. React ion of 
zearalenone-2-4-diacetate 39 w i t h i s o p r o p e n y l acetate i n the presence of 
p-to luenesulfonic a c i d gave the eno l acetate i n w h i c h the major product 
iso lated was 40 (eno l i zat ion i n C 5 ' d i re c t i on ) i n 6 1 % y i e l d . T h e other 
isomer ( eno l i zat ion i n C 7 ' d i re c t i on ) was isolated i n ca. 4 % y i e l d . 
W h e t h e r such select iv ity is k ine t i c or t h e r m o d y n a m i c has not yet been 
determined . O n e postulat ion is that the ac id -cata lyzed enol izat ion pr ior 
to eno l acetate f o rmat ion y ie lds the i somer most favored thermodynami -
ca l l y w h i l e base-catalyzed a l k y l a t i o n favors that p roduc t result ing f r om 
react ion at the least ster ical ly h i n d e r e d pos i t ion . Some p r e h m i n a r y obser
vations o n d e u t e r i u m exchange experiments w i t h zearalenone i n s od ium 
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192 MYCOTOXINS 

P T S = p-toluenesulfonic ac id 

m e t h o x i d e - m e t h a n o l ind i ca ted that exchange occurs r a p i d l y at the C 7 ' 
pos i t ion (42). 

T h e selective in t roduct i on of f o r m y l group at C 7 ' pos i t i on is use fu l 
since i t serves as a potent ia l precursor i n the synthesis of various zearale
none derivatives . Synthesis of i someric zearalenone was repor ted b y 
Jensen et a l . (38) i n w h i c h the hydroxymethy lene der ivat ive 38a was 
converted into zearalan-7 / -one (Scheme I I I ) . Synthesis of l ' , 7 ' - z eara ld i e -
none (7 ' -dehydrozearalenone) was at tempted i n w h i c h 7 ' - formylzearale-
none-2 ,4 -d imethyl ether 38b was used as an intermediate (40). B r o m i n a -
t i on of this ether was expected to y i e l d the 7 / -bromo der ivat ive 41 w h i c h 
c o u l d be dehydrohalogenated to the dienone. H o w e v e r the c r u d e b r o m i -
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 193 

S C H E M E I I I 

7 ' -Zearalanone 

nat ion product was a mixture of monobromo 41 a n d d ibromo derivatives 
42 w h i c h on t h i n layer chromatography de formylated extensively w i t h o u t 
y i e l d i n g a satisfactory separation. D e h y d r o b r o m i n a t i o n of this p roduc t 
w i t h co l l id ine gave l ' ,7 ' - zearald ienone i n s m a l l y i e l d as detected b y c o m 
b i n e d gas chromatography-mass spectrometry ( G C - M S ) . 

T h e double b o n d i n the macrocyc l i c lactone is qu i te resistant to 
b rominat i on ( 4 0 ) , epoxidat ion , a n d hydroborat ion (38 ) . T h i s is p r o b a b l y 
a result of the electron w i t h d r a w i n g effect of the ortho carboxy l group 
w h i c h makes the olefin e lectron de f i c i ent . T r e a t i n g zearalenone w i t h 
N - b r o m o s u c c i n i m i d e fa i l ed to produce the a l l y l i c b r o m i d e ; instead the 

41 H 
42 B r 
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194 MYCOTOXINS 

Table II. Reaction Conditions for Forming Various Ethers 
of Zearalenone 

R 2 0 ' 

Ri R2 Conditions Ref 

H C H 3 excess of CH 2N<> i n ether 8 
C H 3 H ( C H 3 ) 2 S 0 4 i n 1 0 % N a O H 8 
C H 3 C H 3 excess of ( C H 3 ) 2 S 0 4 i n 1 0 % N a O H 8 

or C H 3 I i n acetone i n the presence of 
K 2 C 0 3 at reflux 18 

— C H 2 C 6 H 5 H C 6 H 5 C H 2 C 1 i n anhydrous M e O H i n the 
presence of K 2 C 0 3 at reflux {see 
Scheme I V ) 80 

— C H 2 C 6 H 5 — C H 2 C 6 H 5 C 6 H r , C H 2 C l i n acetone i n the presence 
of K 2 C 0 3 at reflux for 5 days 38 

— C H 2 O C H 3 — C H , O C H 3 1) N a H i n D M F at 0 ° ; 
2) C H 3 O C H 2 C l i n D M F at 0 ° 38 

H ^ \ / \ 30 

Ç6H5 C 6 H 5 l - pheny l -5 - ch l o ro te t razo l e i n ref luxing 
I I anhydrous acetone i n the presence 

f V v V , , K A 

Ν — Ν Ν — Ν 
Ν 2-chlorobenzoxazole i n acetone i n the 
\ presence of K2CO3 at reflux for 

24 h r 86 

brominated zearalenone isolated h a d b r o m i n e subst i tuted on the aromatic 
r i n g (40 ) . 

Ether Formation. Because of its two pheno l i c hydroxy ls , zearalenone 
forms a var iety of ethers; however these two hydroxy ls differ i n react iv i ty . 
T h e phenol i c p ro ton at the C 2 pos i t i on is h y d r o g e n b o n d e d to the p e r i -
carbony l of the lactone funct ion . There fore i t is more ac id i c , a n d reac
tions of this h y d r o x y l d e m a n d h i g h steric requirements . T a b l e II shows 
the reaction condit ions for p r e p a r i n g different ethers of zearalenone w i t h 
corresponding references. A l t h o u g h the C 2 O H proton is more ac id i c 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 195 

S C H E M E I V 

H O Ο | ^ H 

Ο 
2. l-phenyl-5-chlorotetrazoIe 

L 3 . 5% P d / C 

1. Q ) H * 

2. C6H5CH2CI, K2CO3 
3. H + 

4. l-phenyl-5-chlorotetrazole 
5. 5% P d / C , H 2 

1. l-phenyl-5-chlorotetrazole 
2. 5% P d / C 

than the 4 0 H proton, methylation with diazomethane occurs at 4 0 H . 
This can be attributed to the strong intramolecular Η bonding which 
precludes the transfer of the bonded proton (C2 O H ) to diazomethane. 
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196 MYCOTOXINS 

H o w e v e r , i n the presence of a l k a l i the C 2 phenoxide c a n be selectively 
f o r m e d to effect the corresponding etherif ication b y metathesis w h e n 
steric requirements are not h i g h . S u c h selective etherif ication has been 
used (SO) to make the 2- or 4-deoxy der ivat ive of zearalenone as shown 
i n Scheme I V . T h e key react ion i n this sequence is the selective mono-
t e t r a h y d r o p y r a n y l ether format ion at C 4 i n good y i e l d . 

C i s - t r a n s Isomer izat ion . T h e geometr ical i somerizat ion of zearalene 
derivatives is accompl ished photochemica l ly . T h i s can be brought about 
b y l i ght of a wave length that is absorbed b y the olefinic system (usua l ly 
u v l i g h t ) . Since energy is absorbed, this process does not establ ish 
t h e r m a l e q u i l i b r i u m . H o w e v e r a steady state m a y be reached w h i c h 
general ly corresponds to a predominance of the less stable isomer. T h u s 
i r r a d i a t i o n of frans-zearalenone w i t h u v l i g h t l e d to a mix ture conta in ing 
8 8 % ds -zeara lenone 43 (43 ) . 

Miscel laneous React ions . Several reactions of 6 ' ketone have been 
reported , such as: G r i g n a r d reactions ( 4 4 ) , ad d i t i on of hydrogen cyanide 
( 4 5 ) , Re formatsky react ion ( 4 6 ) , ch lor inat ion w i t h phosphorus penta -
ch lor ide ( 4 7 ) , th ioketa l format ion ( 4 8 ) , a n d a dd i t i on of acetylene ( 4 9 ) . 

Related Natural Macrolides 

C o m p o u n d s s imi lar i n molecu lar f o r m to zearalenone, b u t perhaps 
not i n b i o l og i ca l act iv i ty , have reportedly been synthesized b y f u n g i . 

R a d i c i c o l ( M o n o r d e n ) . T h i s c o m p o u n d , an ant ib io t i c , was first iso
la ted i n 1953 f r o m Monosporium honor den (50) a n d was n a m e d monor 
den (51 ). T e n years later M c C a p r a et a l . (51 ) a n d M i r r i n g t o n et a l . (52) 
independent ly p r o v e d that the structure of this c o m p o u n d was 44 . T h e 
c o m p o u n d was ca l l ed r a d i c i c o l since i t was isolated f r om Nectri radicicola 
( 5 2 ) . Important c h e m i c a l studies were carr i ed out on r a d i c i c o l b y M i r 
r ing ton et a l . (53) w h o f o u n d that r a d i c i c o l exh ib i ted m a r k e d ins tab i l i ty 
t o w a r d a l k a l i . W h e n i t was treated w i t h aqueous ethanol ic potass ium 
hydrox ide , the solut ion instantaneously turned br ight red . T h e react ion 
was reversed on ly i f the a lka l ine solution was q u i c k l y quenched w i t h an 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 197 

H O 

O C H 

ac id . H o w e v e r the tetrahydro der ivat ive 45 obta ined b y cata lyt i c h y d r o 
génation of r a d i c i c o l d i d not show such decomposi t ion . T h e compar ison 
of the u v a n d N M R spectra of r a d i c i c o l w i t h those of t e t rahydrorad i c i co l 
i n d i c a t e d the presence of a n isolated, l inear conjugated dienone 

Ο 

( — C — C H = C H — C H = C H — ) system. A l s o the iso lat ion of a d i p i c a c i d 
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198 M Y C O T O X I N S 

46 from the c h r o m i c a c i d ox idat ion products of the tetrahydro der ivat ive 
conf irmed the presence of the dienone system. 

A series of c h e m i c a l transformations ( 4 5 - » 4 8 ) showed the i n v o l v e 
ment of an oxirane r i n g w h i c h was assigned the trans conf igurat ion o n 
the basis of f o rmat ion of the trans olefin 49 f r o m 4 5 . 

I t was ment ioned earl ier that r a d i c i c o l undergoes degradat ion u n d e r 
a lka l ine condit ions. S u c h degradat ion is in i t ia ted b y the f o rmat i on of 
the enolate an ion 50 a n d gives rise to t w o isolable products : a p h t h a l i d e 
51 a n d a n i socoumar in der ivat ive 52. T e t r a h y d r o r a d i c i c o l under a lka l ine 
condit ions also y ie lds an i socoumar in der ivat ive . 

Lasiodiplodin and De-O-methyllasiodiplodin. L a s i o d i p l o d i n a n d de-
O-methy l las i od ip l od in are p r o d u c e d b y Lasiodiplodium theobromae. 

H + 

O C H ; 

51 
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10. P A T U R E A N D M I R O C H A Zearalenone and Related Compounds 199 

las i od ip l od in R = C H 3 

d e - O - m e t h y l l a s i o d i p l o d i n R ^ = H 

O H Ο O H 0 

c u r v u l a r i n — d e h y d r o c u r v u l a r i n 

Figure 5. Naturally occurring macrolides 

B a s e d o n the ox idat ion a n d spectral studies, A l d r i d g e et a l . (54) reported 
the structure of these macrol ides . O x i d a t i o n of l a s i od ip l od in w i t h Jones 
reagent gave the qu inone i n d i c a t i n g a resorcyl ic a c i d der ivat ive . F u r t h e r , 
the compar ison of the re lated synthetic macro l ide 76 w i t h d e - O - m e t h y l 
l a s i o d i p l o d i n conf irmed the structure of L a s i o d i p l o d i n ( F i g u r e 5 ) . 

Curvularin . M u s g r a v e i n 1956 (55) i so lated two re lated metabol ites 
f r o m species of Curvnilaria. T h e metabol i te , C i 6 H 2 o 0 5 , w h i c h appears to 
be a major metabol i te , was n a m e d c u r v u l a r i n . T h e m i n o r metabol i te , 
C i 6 H i 8 0 5 , was a n α,^-dehydrocurvularin ( 5 6 ) . M u s g r a v e (55, 57) a n d 
B i r c h et a l . (58) p r o v i d e d the proof for the structure of c u r v u l a r i n . B i r c h 
et a l . (58) also demonstrated that c u r v u l a r i n is der ived f r o m the head to 
t a i l condensation of e ight acetate units . 

Naturally Occurring 3-4-Dehydroisocoumarins. S ince zearalenone 
is a m e m b e r of a class of n a t u r a l products ca l l ed the β-resorcylates, the 
n a t u r a l l y o c curr ing d ihydro i socoumar in derivat ives , a l though not macro 
l ides, are usua l ly considered to be re lated to zearalenone. T a b l e III lists 
some of these d ihydro isocoumarins a n d appropr iate references. 

Synthetic Approaches to Macrolides (Zearalenone and Its 
Derivatives and Related Macrolides) 

T h e first total synthesis of na tura l l y o c curr ing zearalenone together 
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200 MYCOTOXINS 

Table III. Naturally Occurring 

Compound 

3 , 4 - D i h y d r o - 6 - m e t h o x y , 8 - h y d r o x y - 3 - m e t h y l i s o c o u m a r i n 
3 , 4 - D i h y d r o - 6 , 8 - d i h y d r o x y - 3 - m e t h y l i s o c o u m a r i n 
3 , 4 - D i h y d r o - 6 , 8 - d i h y d r o x y - 3 - [β- (4 -methoxyphenyl ) e thy l ] i socoumarin 
3 ,4 -D ihydro -6 ,8 -d ihydroxy -3 ,4 ,5 - t r imethy l i so coumar in 
3 ,4 -D ihydro -6 ,8 -d ihydroxy -3 ,4 ,5 - t r imethy l i so coumar in -7 - carboxy l i c ac id 
R e t i c u l o l 
C l a d o s p o r i n 

w i t h its op t i ca l resolut ion was accompl ished b y a team of M e r c k chemists 
(21). T h e key feature i n v o l v e d i n the synthesis (Scheme V ) was the W i t 
t i n g condensation of an appropr iate ly subst i tuted aromatic nucleus 53 
w i t h a n a l iphat i c component 54. N o t e w o r t h y i n this synthesis are the 
c r i t i c a l steps used to construct the a l iphat i c moiety 54 i n w h i c h the C 6 
a n d C I O funct ional i t ies are m u t u a l l y masked v i a in terna l keta l format ion . 

G i r o t r a a n d W e n d l e r (65, 66) were successful i n condensing the 
a l iphat i c intermediate 56 w i t h d imethoxyhomophtha l i c anhydr ide 57 to 
g ive lactonic a c i d 58 w h i c h undergoes decarboxylat ion to y i e l d the seco 
a c i d 14. C y c l i z a t i o n of the seco ac id us ing tri f luoroacetic a c i d anhydr ide 
i n benzene a n d subsequent demethylat ion w i t h boron t r ibromide y i e l d e d 
( db )-zearalenone. A n approach at synthesis s imi lar to that of T a u b et a l . 
(21) was made b y Vlat tas et a l . ( 6 7 ) ; however the aromat ic 59 a n d 
a l iphat i c 60 portions w e r e constructed i n a different manner (Scheme 
V I ) . N o t e that the specific c leavage of the keta l at C I O of the side cha in 
of the a c i d 61 i n aqueous acetone conta in ing p-toluenesulfonic a c i d 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 201 

6,8-Dihydroxyisocoumarin Derivatives 

Ri R% Rs Rs Re 

Η Η C H 3 Η Η C H s 
Η Η Η Η Η C H . , 
Η Η Η Η Η C U T G 
Η Η Η C H 3 C H s C H s 
Η C O O H Η C H s C H s C H s 
Η O C H s Η Η Η C H s 
Η Η Η Η Η 

C H s C H 

Ref 

59 
60 

OCH3 61 

64 

- C H 2 C H ( C H 2 ) 3 C H 

C H 3 

proceeded i n 8 5 % y i e l d to g ive the r e q u i r e d monoketa l 62. H o w e v e r 
the corresponding ester of the a c i d was c leaved to a mixture of monoketals 
a n d diketone. 

Wehrmeis te r a n d Robertson (36) reported the synthesis of d ideoxy-
zearalane 65, a s imple macrocyc l i c lactone h a v i n g the same skeletal 
structure as zearalenone. T h e y synthesized the basic skeleton 63 r e q u i r e d 
for m a k i n g the appropr iate h y d r o x y a c i d 64 b y condensation of 10-
undecenoic anhydr ide w i t h phtha l i c anhydr ide i n the presence of s od ium 
acetate. T h e hydroxy ac id 64 was expected to lactonize to the des ired 
c o m p o u n d 65; however the cyc l i za t i on of the h y d r o x y a c i d 64 to d ide -
oxyzearalane, w h i c h lacks zearalenone's doub le b o n d , ketone, a n d aro
ma t i c hydroxyls , was unexpectedly difficult. S i m i l a r difficulties were 
reported i n attempts to prepare d i - o - m e t h y l c u r v u l a r i n b y cyc l i za t i on of 
the hydroxy a c i d 66 (68, 69 ) . Several techniques , i n c l u d i n g use of 

57 58 
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202 MYCOTOXINS 

S C H E M E V 

O C H 3 

J ^ C O O N a 

ΓΓ ΐ Γ + ? J - [ D M S O ] — ± 1 4 

C H a O - ^ ^ C H O ( C e H 5 ) a P ^ ^ ^ t 5 g ; 
53 54 

T h e W i t t i n g - C o u p l i n g w i t h sod ium s a l t of the a c i d 53 proceeded r a p i d l y 
i n good y i e l d . 

[ ( C F 3 C O ) 2 0 ^ D L - l b 1. BCI3 
2. Reso lved 
3. B B r 3 

· (—)-zearalenone 

Synthes is of the aromat i c nucleus 53: 

CH3O Q C H 3 

C H 3 O 

L i ( 0 - i -
B u t ) 3 A l H 
T H F , 20° 

- 1 OCH3 

O O C H 3 

Χ . C O O H 

O C H T C H O 
Η 

53 

Synthes is of the a l iphat i c component : 

C H 3 C O ( C H 2 ) 3 C O O H H ^ B H 4 ^ ^ ^ 

55 

1. HC1, 
M e O H 

2. 0 3 , 
M e O H , 
- 6 0 ° O C H o 

1. ^ v ^ s ^ - M g B r J 
EtîO, - 1 5 ° 

2. d i s t i l 

1. N a B H 4 

l2. PTSC1, P y . 
- 1 3 . N a B r |*54 

4. ( C e H 5 ) 3 P 
5. N a H , D M S O 

56 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

10



10. P A T H B E A N D M I R O C H A Zearalenone and Related Compounds 203 

S C H E M E V I 

O C H 3 

X . C O O E t 

JL Jl + (CeHsUP' 
CH3O' ^ C H O 

59 

ο Η , ο <j, R , 

K ' - f - B u t O " 

CH3O' 

62 =0 [S 
L o 

Synthesis of the aromat i c component 59'· 

C O O E t 

A c O ^ ' c J H i O A c ) , 

1. A c 2 0 - H 2 S 0 4 - C r 0 3 

2. H 2 S 0 4 - E t O H 
3. M e l , K 2 C 0 3 

59 

Synthesis of the a l iphat i c component 6 0 : 

JÏ J 
Ο 

C H a 

1. N a H -
( E t O ) 2 C O 

2. " O E t , 

C O O E t 

J J - [ H C ( O E t ) 
N C H 2 

O O E t 

O E t 
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204 MYCOTOXINS 

S C H E M E V I (Continued) 

1. N a O H 
2. H + 

N a B H 4 - B F 3 

H 2 0 2 ; 
P T S C 1 
N a B r 
( C e H 5 ) 3 P 

: E t 2 0 

60 

R i n g closure: 

61 Aqueous acetone 
[ conta ining P T S J - ^ 62 -

1. C H 2 N 2 

2. N a B H 4 

3. H O -
4. H + ; 5. B B r 3 

(+ ) - zeara lenone 

a l u m i n u m isopropoxide , s o d i u m ethoxide w i t h molecular sieves, s od ium 
tr iphenylmethox ide , s od ium h y d r i d e , po lymer i c d i b u t y l i n oxide, a n d t r i -
fluoroacetic a c i d anhydr ide were used to f o rm the lactone of 64. F i n a l l y 
i t was lac tonized to ( ± ) d ideoxyzearalane under h i g h d i l u t i o n condit ions 
i n the presence of phosgene a n d t r ie thy lamine i n 2 5 % y i e l d . T h e r i n g 
closure of seco ac id 14 under less d i lu te condit ions p r o v i d e d zearalenone 
ether i n as h i g h as 8 0 % y i e l d (21). T h e presence of add i t i ona l funct iona l 
groups plays an impor tant role i n ach iev ing the necessary steric requ i re 
ments for such cyc l izat ions . 

A rather nove l approach was deve loped b y H u r d a n d Shah ( 70, 71 ) 
to cyc l i ze macrocyc l i c structures. T h e approach essentially i n v o l v e d p r e 
p a r i n g an appropr ia te ly subst i tuted <*,ω diester (see Refs. 72 a n d 73) 67 
a n d its in terna l D i e c k m a n n condensation to a desired macro l ide 69 a n d 
70 . A notable feature of this D i e c k m a n n cyc l i za t i on is the use of s od ium 
b i ( t r i m e t h y l s i l y l ) a m i d e , [ ( C H 3 ) 3 S i ] 2 N N a , as a base. T h e convent ional 
base potass ium teri-butoxide used i n ref luxing solvents d i d not appear 
p r o m i s i n g to cyc l i ze 67 because of the basic attack either o n the lactone 
of 69 , 70 , or on the ester funct ion of 67 . S o d i u m bis ( t r imethy l s i l y l ) amide 
p e r m i t t e d the cyc l i za t i on to proceed smoothly i n good y i e l d . 

A c lassical m e t h o d to prepare a large -r ing ketone us ing T h o r p e -
Z ieg ler cyc l i za t i on was also at tempted i n order to synthesize the zearale-
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 205 

none skeleton (70 ) . T h e d i n i t r i l e 68 i n the presence of a sui table con
dens ing agent [ N a N ( C H 3 ) C 6 H 5 i n ether] was expected to g ive a mixture 
of i someric enamino nitr i les 71 a n d 72 w h i c h u p o n hydrolys is a n d decar
boxy la t i on w o u l d y i e l d a zearalenone skeleton. H o w e v e r the enamino 
nitr i les i n the presence of base rearranged to y i e l d lactams 73 a n d 74. 

Synthesis of ( ± ) - d i - o -methy l curvu lar in has been reported b y B a k e r 
et a l . ( 6 8 ) . T h e i r attempts to lactonize the hydroxy a c i d 66, as noted 
before, w e r e unsuccessful . I n an alternat ive route B a k e r et a l . (68) ob
ta ined the desired macro l ide i n 1 4 % y i e l d f r o m the a c i d 75 under the 
Friedel—Crafts react ion condit ions. 

B a g l i a n d I m m e r (74) reported the synthesis of a macro l ide , 4'-oxo-
l a s i o d i p l o d i n 76. Since this type of macro l ide was not reported to occur 
natura l l y at that t ime, 4 / - oxo las iod ip lod in was referred to as a b iogenet i -

67 Ζ — C O O C H 3
 Y 

68 Ζ — C N 69 X = H , Y = C O O C H 3 

R = — C H 2 C 6 H 5 70 X = C O O C H 3 , Y — H 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 207 

- d i - O - m e t h y l c u r v u l a r i n 

O C H 3 O 

75 

ca l ly possible isomeric c u r v u l a r i n . T h e key feature i n this synthesis 
( Scheme V I I ) is the ingenious dev ice of the enole ether 77 w h i c h u p o n 
ox idat ion renders the desired macro l ide . 

Spectral "Properties 

P M R Spectroscopy of Zearalenone and Related Compounds. T h e 
P M R spectral characteristics of zearalenone a n d its derivat ives , a l though 
not un ique , are representative of the macrol ides of the class of /?-resor-
cylates a n d are presented i n T a b l e I V . T y p i c a l l y the aromat ic protons 
of the macro l ide constitute an A B system ( / A B = 2.0-2.5 H z ) a n d are 
observed at ca. 6.5 p p m . I n general the undeceny l r i n g system is def ined 
b y the doublet (/== 16 H z ) observed at 6.3-7.1 because of C I ' protons, 

Table IV. Chemical Shifts (δ Values) for Protons in 
Zearalenone and Its Derivatives 0 

Position 

C3 C5 c r C2' cm CW 

Zearalenone 6.50d 6.39d 7.01d 5.63m 5.00m 1.40d 
(2.5) (2.5) (16) (6) 

3 - F o r m y lzearalenone β — 6.47s 7.04d 5.88m 5.04m 1.45d 
(16) (6) 

5 -Formylzeara l enone β 6.42s — 7.00d 5.43m 5.20m 1.42d 
(16) (6) 

8 ' -Hydroxyzeara lenone 6.42d 6.30d 7.00d 5.62m 5.29m 140d 
(F -5 -3 ) (2.5) (2.5) (16) (6) 

8 ' - H y droxy zearalenone β 

(mp 172° -174°C) 
6.51d 6.32d 7.08d 5.86m 5.60m 1.43d 8 ' - H y droxy zearalenone β 

(mp 172° -174°C) (2.5) (2.5) (16) (6) 
Zeara len-6 ' ,8 ' -d ione β 6.67d 6.38d 6.32d 6.18m 5.44m 1.47d Zeara len-6 ' ,8 ' -d ione β 

(2.5) (2.5) (16) (6) 
Zearalen-3 ' ,6 ' -dione* 6.43s 6.43s 7.67d 6.47d — 1.27d Zearalen-3 ' ,6 ' -dione* 

(16) (16) (6) 
7 ' -Zearalanone 6.32d 6.25d — — 1.37d 

(3) (3) (6) 
a Ref. 18. 
b Ref. 88. 

e Coupling constants are given in (Hz) : s = singlet, d = doublet, m = multiplet. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 209 

Figure 6. NMR spectrum of the dimethyl ether of radicicol. (Data from 
Ref. 53.) 

the m u t l i p l e t centered around 5.6 because of C 2 ' a n d C I O ' protons, a n d 
a doublet of the C I O ' m e t h y l at 0.98 to 1.5 p p m (/ = 6 H z ) . Saturat ion of 
the double b o n d of zearalenone collapses the l ' - H doublet to y i e l d a 
spectrum s imi lar to that of l as i od ip lod in . T h e b e n z y l i c protons of zeara la -
none a n d las i od ip l od in render a m u l t i p l e t at ca. 2.5 p p m . T h i s m u l t i p l e t 
i n the natura l ly o c curr ing 3,4-dihydroisocoumarins, such as c ladospor in , 
becomes an A B part of the A B X system because of the asymmetry at C 3 
pos i t ion (64). 

T h e spectrum shown i n F i g u r e 6 is that of the d i m e t h y l ether of 
r a d i c i c o l a n d is a rather complex spectrum a m o n g the β-resorcylate 
macrol ides . M i r r i n g t o n et a l . (52, 53) a n d M c C a p r a (51) d u r i n g i n d e 
pendent studies on the structure of r a d i c i c o l interpreted the P M R spectra 
of r a d i c i c o l a n d its derivatives. T h e notable features of the spectrum of 
r a d i c i c o l are the presence of complex sp in systems i n v o l v i n g a l iphat i c 
protons at C 2 , C 3 , C 4 , a n d C 5 a n d protons of the d ienone system—i .e. , 
protons at C 6 , C 7 , C 8 , a n d C 9 . 

T h e methine protons at C 5 a n d 4 are observed as unresolved m u l 
t iplets at 3.45 p p m a n d 3.05 p p m , respectively. T h e magni tude of the 
c o u p l i n g constant ( J 4 ) 5 = 2.8 H z ) between these two protons is consistent 
w i t h the trans configuration of the epoxide. T h e doublet of tr iplets at 
2.45 p p m together w i t h a doublet of doublets at 1.8 p p m are at t r ibuted 
to C 3 gemina l protons ( J g e m = 1 5 H z ) as revealed b y sp in decoup l ing 
experiments. F u r t h e r i t has been establ ished that the pro ton resonating 
at 1-8 p p m is coup led to the C 4 proton (/3,4 = 8.6 H z ) . 

T h e olefinic pro ton reg ion i n the spectrum is w e l l resolved. A b s o r p 
t ion at 7.5 p p m ( doublet of doublets ) can be assigned to the C 8 proton . 
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210 MYCOTOXINS 

T h i s pro ton is located trans to the C 9 pro ton as shown b y the c o u p l i n g 
constant J 9 , 8 — 16 H z . T h e protons at C 7 a n d C 6 absorb at 6.15 a n d 
5.65 p p m , respectively . T h e sp l i t t ing constant between the C 7 a n d C 6 
protons is c ompat ib le w i t h the cis configuration about the C 6 - C 7 b o n d . 

Mass Spec t ra . Mass spectrometry has p r o v e d indispensable i n so lv ing 
s t ructura l prob lems i n natural -products chemistry . Cons iderab le l i t e ra 
ture is avai lab le on the mass spectrometry of n a t u r a l products such as 
steroids, terpenoids , a n d a lkalo ids (75, 7 6 ) , b u t l i t t le has been p u b l i s h e d 
o n macro l ides such as zearalenone a n d its derivatives. 

Zearalenone is a macrocyc l i c c o m p o u n d h a v i n g a fourteen-membered 
r i n g . E x a m i n a t i o n of molecu lar models shows that the r i n g is flexible a n d 
resembles a n aromat ic ester i n add i t i o n to be ing a lactone. It is expected 
that u p o n fragmentat ion the molecule w o u l d y i e l d fragments der ived 
f r o m the a l iphat i c macrocyc l i c r i n g a n d those containing the aromat ic 
nucleus . Peaks at m/e+ 41, 51, 69, 122, 125, a n d 151 arise f r o m the a l i 
p h a t i c moiety w h i l e those between m/e+ 161 a n d 318 contain an aromat ic 
r i n g ( 8 ) . T h i s has been demonstrated elegantly us ing a bromine-subst i 
tute der ivat ive of zearalenone (17 ) . T h e presence of bromine atoms i n 
the f ragment is qui te d iagnost ic because of its isotopic doublet o c curr ing 

5 0 

Â [AM U 

188 

ZEARALENONE 

231 2 4 9 

, 1 , 1 , 

HO 

MONOBROMOZEARALENONE 

125 

OU Η A 
3 9 6 3 9 8 

2 0 6 0 100 140 180 2 2 0 2 6 0 3 0 0 3 4 0 3 8 0 

Figure 7. Mass spectra of zearalenone and monobromozearalenone 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 211 

i n approx imate ly equa l abundance separated b y two mass units . I n 
a d d i t i o n a b romine subst i tuted on a n aromatic r i n g w o u l d not be expected 
to be lost r ead i l y d u r i n g fragmentat ion i n the mass spectrometer. 
There fore the fragments i n v o l v i n g an aromat ic ring of zearalenone show 
the apparent shi ft i n the mass spectrum of monobromozearalenone, i.e., 
b r o m i n e on the aromatic r i n g ( F i g u r e 7 ) . T h e shift i n mass is d e m o n 
strated b y m/e+ 318 i n the zearalenone spectrum; i t is shifted to a c lean 
double t at m/e+ 396 a n d 398 i n monobromozearalenone. T h e fragment 
at m/e+ 188 is shi f ted to m/e+ 266 a n d 268, a n d m/e* 300 to m/e+ 378 
a n d 380. 

Studies o n some major fragments reveal that the differences observed 
among the spectra of derivatives of zearalenone are best rat ional ized on 
the basis o f the stabil it ies of the ions a n d neutra l species p r o d u c e d b y 
fragmentat ion . T h e lactone carbony l a n d the m e t h y l protons are so 
or iented that the M c L a f f e r t y rearrangement (see Ref . 77) smoothly con
verts zearalenone to the open-chain t e r m i n a l olefin 78 . A s imple α - c leav
age of 7 8 , w e l l k n o w n i n the mass spectra of a l iphat i c ketones, generates 
f ragment 79 w h i c h loses a molecule of water to give a f a i r l y intense i o n 
80 at m/e+ 231. A metastable i on observed at m/e+ 214 substantiates the 
p a t h w a y . 

W h e n zearalenone loses a n electron f r o m the aromatic por t i on , i t 
produces a r a d i c a l cat ion capable of de loca l i z ing the posit ive charge over 
the ent ire aromat ic por t i on ; i t subsequently breaks d o w n to 81 a n d 82 
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212 MYCOTOXINS 

S C H E M E V I I I 

81 82 

as s h o w n i n Scheme V I I I . H i g h resolution mass spectroscopy of zearale
none, monobromozearalenone, a n d other derivatives provides sufficient 
evidence for the above fragmentat ion ( T a b l e V ) . T h e rearranged 
molecu lar i o n 78 also part ic ipates i n another f ragmentat ion process as 
descr ibed i n Scheme I X . 

m/e* 179. F o r m a t i o n of this f ragment apparent ly requires over lap 
of the π bonds of the carboxy l i c a c i d c a r b o n y l a n d the C i olefin i n the 
i o n 78 . W h e n this cond i t i on is not satisfied, the f ormat ion of such a 
fragment becomes a n un impor tant process. Zearalanone w i t h o u t the 
olefinic b o n d gives an equivalent peak (at 181) of on ly 1 % of the base 
peak. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 213 

Table V . Fragments Produced by Pathways in Scheme VIII 

Zearalenone 
Monobromozearalenone 
2 ,4 -Dimethoxyzearalenone 
2 ,4-Dideuteroxyzearalenone (d2) 
2 ,4 -D i - t r imethy l s i l y l oxyzeara l enone 

Fragment 81 
m/e 

161 
239,241 

189 
163 
305 

Fragment 82 
m/e 

189 
267,269 

217 
191 
333 

S C H E M E I X 

O H O H 
Η J . Η 

m/e+ 151. T h i s f ragment arises f r om the a l iphat i c por t i on of the i o n 
78 a n d also requires the presence of a double b o n d . T h e f ragment is 
absent i n the mass spectrum of zearalanone. E v i d e n c e is p r o v i d e d b y the 
h i g h reso lut ion mass spectroscopy of the deuter ium- labe led zearalenone 
( T a b l e V I ) . 

Fragments with m/e* o f 97 > 112, and 125. These peaks arise b y the 
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214 MYCOTOXINS 

Table V I . Fragments Produced by Pathways in Scheme IX 

Fragment 83 Fragment 84 

Elemental Elemental 
Composition m/e+ Composition m/e+ 

C i 0 H 1 5 O 151.1122 C 9 H 7 0 4 179.0344 
Zearlanone-do 
2,4,5,5,7,7, -Hexadeu-

terozearalenone C i 0 H 1 2 O D 3 154.1310 C 9 H 5 0 4 D 2 181.0476 
(86% d e ) 

2 , 4 - D i m e t h o x y z e a r a l e - C i 0 H i 2 O 151.1103 Ο ι ι Η η 0 4 207.0656 
none 

p a t h w a y d e p i c t e d i n Scheme X . T h e rearranged molecular i on 78 u n d e r 
goes bas i ca l ly three cleavages i n v o l v i n g an a l iphat i c por t ion of the mole 
cule zearalenone. A l l y l i c c leavage at C 3 ' gives a fragment at m/e* 125; 
a M c L a f f e r t y rearrangement causes a cleavage at C 4 ' to produce an 
intense peak at m/e+ 112. I n a d d i t i o n the usua l α -c leavage at C 5 ' y ie lds 
m/e* 97. These fragments prov ide va luab le in format ion on the locat ion 
of other substituents o n the macrocyc l i c r i n g . It was noted (17,18) that 
i n the natura l ly o c c u r r i n g zearalenone der ivat ive ( 8 ' -hydroxyzearale-
none) fragments m/e* 97, 112, a n d 125 i n the zearalenone mass spectrum 
have been shi f ted to m/e* 95, 110 a n d 123, respectively. It was conc luded 
that the h y d r o x y l g roup is located at C 8 ' (Scheme X I ) . 

M o d i f i c a t i o n of the lactone r i n g causes signif icant changes i n the 
mass spectra of zearalenone ( 4 0 ) , general ly causing an increase i n its 
complexi ty . M a s s spectra of zearalanone derivatives have spectra qui te 
different f r o m the corresponding zearalenone derivatives. O n e of the 
major differences is the format ion of fragment type 84 w h i c h is qu i te 
intense i n the mass spectra of zearalenone derivatives. Another major 
difference is the f o r m a t i o n of a fragment 81 at m/e* 161 f r o m zearale
none a n d a f ragment 86 at m/e* 163 f r om zearalanone. L o w resolut ion 
mass spectra indicates that the peaks represent s imi lar fragments di f fer ing 
on ly b y saturat ion of the doub le b o n d . H o w e v e r h i g h resolution mass 
spectral data proves that the fragment 86 at m/e* = 163 is not f o rmed ; 
instead a f ragment 87 that has the same n o m i n a l mass as fragment 86 is 
f o rmed as s h o w n i n Scheme X I I ( 4 0 ) . 

Jensen et a l . (38) no ted that isomeric zearalanone (zearalan-7 , -one) 
undergoes a n i n i t i a l M c L a f f e r t y rearrangement at the lactone f o l l owed 
b y a c leavage ( b ) to y i e l d 88, or a M c L a f f e r t y rearrangement at the 
ketone ( a ) to y i e l d 89 as s h o w n i n the Scheme X I I I . H o w e v e r w e not i ced 
a d iscrepancy i n the fragments a n d their corresponding masses. F r a g 
ments 88 a n d 89 are not f o r m e d b y the cleavages at ( b ) and ( a ) , respec
t ive ly , nor do they h a v e corresponding values of ra/e+ = 265 a n d 98. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 215 

m/e = 112 m/e = 110 

S C H E M E X S C H E M E X I 

Instead fragments 90 (m/e* 265) a n d 91 (m/e* 98) are f o r m e d b y a 
cleavage at ( b ) or ( a ) respectively. Nevertheless this m o d e of f ragmen
tat ion provides va luab le in format ion r e g a r d i n g the l o ca t i on o f the ketone 
group i n the macrocyc l i c lactone. T h u s peaks at m/e* 265 a n d 98 i n the 
7'-keto isomer are shi f ted to m/e* 237 a n d 126 i n 5'-keto der ivat ive . 
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216 MYCOTOXINS 

Since zearalenone a n d its derivatives exhib i t s imi lar uv , i r , a n d 
N M R spectral properties , d is t inct ion f r o m each other us ing on ly these 
methods is usual ly difficult. Mass spectrometry is u n i q u e i n p r o v i d i n g a 
so lut ion to the p r o b l e m , a n d G C - M S offers even greater advantage i n 
terms of sensit ivity. F o r example , detect ion a n d identi f icat ion of zearale
none i n corn us ing T L C a n d G L C have been descr ibed (78); however the 
b a c k g r o u n d interference becomes significant w h e n the zearalenone l eve l 
i n the sample is too l o w ( < 20 p p b ) , a n d precise identi f icat ion becomes 
a c r i t i c a l p r o b l e m . S u c h sample extracts, after proper c lean-up, are con 
ver ted into t r imethyls i ly le ther derivatives a n d are ana lyzed b y G C - M S . 
A n example of such an extract is i l lustrated i n F i g u r e 8a where m u l t i p l e 
components are f ound , a n d zearalenone is b u r i e d among them. A mass 
spectral scan of the peak as shown i n F i g u r e 9 can be taken, a n d i d e n t i 
fication can be made b y the fragmentat ion pattern. A l t e rnat ive ly , i d e n t i 
fication can be made b y m u l t i p l e i o n detect ion, i.e., f ocus ing on diagnost ic 
fragments (m/e* 305, 333) of the T M S ether of zearalenone w h i l e i t is 
b e i n g separated on the G L C c o l u m n ( F i g u r e 8 b ) . 

Fluorescence 

Zearalenone a n d its m a n y derivatives exhib i t fluorescence w h e n 
i r r a d i a t e d b y u v l ight . T h i s proper ty has been use fu l i n i d e n t i f y i n g these 
compounds on T L C plates. E x a m i n a t i o n of derivatives of zearalenone 
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S C H E M E X I I I 

7 / -Zearalanone 

91 m/e = 98 90 m/e = 265 
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218 MYCOTOXINS 

Β 

12 18 2 4 

MIN 
Figure 8. (A) Separation by GLC of the trimethylsilyl 
(TMS) ether derivatives of the constituents found in a com
mercial swine ration. The response measured in the GLC 
chromatogram is the total ion current as monitored by the 
mass spectrometer. The arrow indicates a peak thought to 

be di-TMS-zearalenone. 
(B) Mass fragmentogram of the sample as shown in A when 
monitored by multiple ion detection (MID). The ion monitor 
was focused on masses 305 and 333; their structures are 

shown. 

o n T L C under u v l ight showed that the presence of a n h y d r o x y l group at 
C 2 is a prerequisite for fluorescence—i.e., the ethers der ived f r o m zearale
none b y rep lac ing the C 2 h y d r o x y l protons do not fluoresce. 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 219 

Figure 9. Mass spectrum of the di-TMS-ether of zearalenone 

T h e fluorescent propert ies of several s imple compounds were exam
i n e d on T L C plates u n d e r u v l i ght . Sa l i cy l i c a c i d a n d e thy l β-resorcylate 
appear b lue fluorescent, a n d acety l sa l i cy l i c a c i d does not. C o p l a n a r i t y of 
the lactone carbony l a n d C 2 h y d r o x y l group of zearalenone is also essen
t ia l since any conformat iona l change that destroys coplanarity el iminates 
fluorescence. A molecu lar m o d e l ( D r e i d i n g ) of zearalenone reveals that 
the presence of a doub le b o n d i n the Γ ,2 ' pos i t ion is necessary to m a i n t a i n 
the cop lanar i ty of the lactone c a r b o n y l a n d C 2 h y d r o x y l group. T h u s the 
r e m o v a l of double bonds , as i n zearalanone derivatives, renders t h e m 
nonfluorescent. 

Biosynthesis 

T h e subst i tut ion pat tern of the various macrol ides discussed indicates 
that these metabolites are po lyket ides—Le. , they are f o rmed b y condensa
t i on of acety l or a c y l units w i t h m a l o n y l units a n d concomitant decar
boxy lat ion as i n fatty a c i d biosynthesis b u t w i t h o u t obl igatory reduct ion 
of the intermediate β-dicarbonyl system (79, 80). T h e result ing po ly -β -
ketomethylene ( p o l y k e t i d e ) system has act ivated methylene groups that 
can take part i n i n t e r n a l a ldo l - type condensation to g ive aromatic 
compounds . 

I n the study of the biosynthesis of zearalenone, a c e t a t e - l - 1 4 C , d i e t h y l 
m a l o n a t e - 2 - 1 4 C , s h i k i m a t e - G 1 4 C , s e n e c i o a t e - l - 1 4 C , a n d D L - m e v a l o n i c - 2 - 1 4 C -
a c i d lactone were used i n isotope incorporat ion studies, b u t only acetate 
a n d d i e t h y l malonate w e r e r ead i l y incorporated into zearalenone i n as 
l i t t le as 1 m i n . 1 4 C 0 2 was also r ead i l y fixed b y Fusarium roseum a n d was 
incorporated into zearalenone i n as short a t ime as 5 m i n . T h e mechanism 
invo lved i n this incorporat i on is not k n o w n , b u t C 0 2 is p robab ly fixed 
into a d i carboxy l i c a c i d (e.g., oxalacetic a c i d ) , cy c l ed through the t r i -
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220 MYCOTOXINS 

c u r v u l a r i n 

las i od ip lod in 

Figure 10. Cyclization of the octaketide chain to form curvularin and 
lasiodiplodin 

carboxyl i c a c i d cycle , a n d then metabo l i zed to acetate units w h i c h are 
then incorporated . 

M a l o n a t e competes w i t h acetate—i.e., i t lowers the incorporat ion of 
acetate into zearalenone w h e n p laced i n compet i t ion . T h e data are con
sistent w i t h the synthesis of zearalenone v i a the a c e t a t e - m a l o n y l - C o A 
pathway . T h i s was conf irmed b y studies of the incorporat ion of acetate-
1 - 1 4 C fo l l owed b y c h e m i c a l degradat ion ; the results are compat ib le w i t h 
the po lyket ide p a t h w a y as shown i n F i g u r e 4. 

R a d i c i c o l is also be l i eved to be der ived f rom nine acetate units (53). 
S i m i l a r l y , c u r v u l a r i n , as noted before, has been shown to arise f r o m eight 
acetate units (58). L a s i o d i p l o d i n , an octaketide, is de r i ved b y an a l terna
t ive cyc l i za t i on of the precursor of c u r v u l a r i n ( F i g u r e 10) . 

Structure and Biological Activity 

T h e estrogenic ac t iv i ty of the various derivatives of zearalenone is 
l i s ted i n T a b l e V I I a n d is based on the increase i n w e i g h t of the uterus 
of the mouse as descr ibed b y D o r f m a n a n d D o r f m a n (81). A s a basis of 
comparison the uterotropic act iv i ty of the various derivatives is c o m p a r e d 
w i t h zearalenone a n d diethylst i lbestro l ( D E S ) , respectively. 

Zearalenone is approx imate ly 0.0005 times as act ive as D E S b u t is 
f requent ly encountered i n nature i n concentrations (0 .1-200 p p m ) suffi
c ient to account for signs of hyperestrogenism i n f a r m animals . O n e of its 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 221 

most act ive derivatives ( ep imer A of 7 ' -carboxyzearalane) is almost one-
tenth as act ive as D E S a n d 192 times more active than its parent c o m 
p o u n d . H o w e v e r the carboxy der ivat ive has not been f o u n d i n nature . 
N o t e that the f o r m y l der ivat ive ( ep imer Β of 7 ' - formylzearalane) is 
almost as active as the 7 ' -carboxy der ivat ive ; this c o m p o u n d is less stable 
than the carboxy der ivat ive , a n d this m i g h t exp la in its loss of ac t iv i ty . 
A l s o note that the funct iona l group at the C 6 ' pos i t ion can be v a r i e d a n d 
m o v e d o n the u n d e c e n y l r i n g of zearalenone u n t i l o p t i m u m act iv i ty is 
achieved. 

S i m p l e reduct ion of the v i n y l group of zearalenone a n d zearalenol 
w i l l increase the uterotropic response, a n d this enhancement, a l though 
sometimes s l ight , appears to h o l d true throughout the series. A s a n 
example, subst i tut ing the 6'-ketone w i t h a h y d r o x y l group concomitant 
w i t h reduct ion of the Γ ,2 ' double b o n d yie lds two diasterioisomers i d e n t i 
fied b y their di f ferential me l t ing points. T h e zeara lano l isomer w i t h the 
h igher m e l t i n g po int ( 1 7 8 ° - 1 8 0 ° C ) is about 1.5 times more act ive t h a n 
the isomer w i t h the l ower m e l t i n g po int ( 1 4 6 ° - 1 4 8 ° C ) , a n d b o t h are 
more active than zearalenone. B o t h isomers are s l ight ly less act ive w h e n 
the Γ , 2 ' double b o n d is not reduced . A l l estrogenic ac t iv i ty is lost w h e n 
a l l func t i ona l groups are reduced as i n dideoxyzearalane. O n the other 
h a n d zearalane is just as active as zearalenone, w h i c h i l lustrates that the 
pheno l i c h y d r o x y l groups are necessary prerequisites for act iv i ty whereas 
the 6'-ketone is not. 

H u r d a n d Shah ( 71 ) c ompared the uterotropic ac t iv i ty of S-zearale-
none (natura l ly o c curr ing ) w i t h the synthetic R,S-zearalanone. T h e S-
zearalanone was about twice as act ive as the natura l ly o c curr ing S-zearale-
none; the R-zearalanone h a d about 0.6 the ac t iv i ty of S-zearalenone. 

Peters (42) c ompared the ac t iv i ty of the cis a n d trans ( n a t u r a l l y 
o c curr ing ) isomers of zearalenone a n d f o u n d that the cis isomer h a d 
about the same ac t iv i ty as the trans one. H o w e v e r i n the zearalenol 
series the cis isomers of the diasterioisomers ( h i g h a n d l o w m e l t i n g p o i n t ) 
were s ignif icantly more active than their respective trans isomers. 

Johnston et a l . (30) s tudied the effect of the pheno l i c hydroxy ls o n 
the aromatic r i n g a n d on estrogenic act iv i ty . T h e 2,4-dideoxyzearalanone 
a n d 4-deoxyzearalanone derivatives reta ined less t h a n 0.2 the ac t iv i ty of 
zearalenone, a l though 2-deoxyzearalanone was about 1.3 t imes more 
active. T h e 5-hydroxyzearalanone der ivat ive re ta ined less than 0.6 the 
ac t iv i ty of zearalenone. A c c o r d i n g to Johnston et a l . (30) the greater 
ac t iv i ty of 2-deoxyzearalanone was somehow re lated to conformat ional 
restr ict ion w h i c h H b o n d i n g of the lactone c a r b o n y l i m p o s e d o n the 
molecule . T h e 2,4-dimethoxy a n d 4-methoxy derivat ives of zearalenone 
re ta ined 6 % of the ac t iv i ty of zearalenone, a n d 2-methoxyzearalenone 
re ta ined about 2 0 % ( 8 2 ) . 
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222 MYCOTOXINS 

Table VII. Estrogenic Activity, Based on Uterotropic 
Activity is Compared with 

Compound 

Zearalane 
Zeara lano l ( H M ) a 

Zeara lano l ( L M ) 6 

OS) -zearalanone 
(β ) - zeara lanone 
7 ' - F o r m y l zearalane (isomeric mixture) 
7 ' - F o r m y l zearalane (epimer A , m p 141° -146°C) 
7 ' - F o r m y l zearalane (epimer B , m p 148° -152°C) 
7 ' - C a r b o x y zearalane (epimeric mixture ) 
7 ' - C a r b o x y zearalane (epimer A ) 
7 / - C a r b o x y zearalane (epimer Β ) 
2 -Deoxyzeara lanone 
4- Deoxyzeara lanone 
2 ,4 -Dideoxyzeara lanone 
5- H y d r o x y z e a r a l a n o n e 
5 -Ni t rozeara lanone 
2 ,4 -Diace toxyzeara lano l 

6 ' -Ace ty l zeara lane 
2 ,4 -Dimethoxyzearalenone 
4 -Methoxyzeara lenone 
2 -Methoxyzeara lenone 
Zearalenone 1 
D i e t h y l s t i l b e s t r o l ( D E S ) 

e High melting point. 
h Low melting point. 

Conclusions and Discussion 

T h e beta resorcylate macrol ides , a l though not commonly encoun
tered i n nature , are extremely interest ing because of their c h e m i c a l 
structure a n d phys io l og i ca l act iv i ty . Zearalenone, one of the s t ructura l ly 
less complex members of this class i n spite of its large lactone r i n g , is 
surpr i s ing ly stable to h y d r o l y t i c cleavage. T h i s is part ly a t t r ibuted to 

Ri R2 

O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
O H O H 
H O H 
O H H 
H H 
O H O H 
O H O H 
O A c O A c 

O H O H 
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 223 

Response in the Mouse of Various Derivatives of Zearalenone. 
Zearalenone and Diethylstibestrol 

Uterotropic Activity 
Relative to: 

R$ Zearalenone DES Ref 

Η Η 2 Η 2 0.22-1.0 0.0001-0.0005 82 
Η Ο Η Η 2 4.8 0.0024 82 
Η ΟΗ Η 2 2.7 0.0013 82 
Η = 0 Η 2 2.0 0.0010 82 
Η = 0 Η 2 0.63 0.0003 22 
Η Η 2 — C H 0 50.0 0.025 83 
Η Η 2 — C H O 18.0 0.009 88 
Η Η , — C H 0 94.0 0,047 83 
Η Η 2 — C O O H 100.0 0.050 83 
Η Η 2 — C O O H 192.0 0.096 88 
Η Η 2 — C O O H 18.0 0.009 83 
Η = 0 Η , 1.26 0.00063 80 
Η = 0 Η 2 < 0 . 2 < 0.0001 80 
Η = 0 Η 2 < 0 . 2 < 0.0001 30 
Ο Η = 0 Η , < 0.6 < 0.0003 30 
ΝΟο = 0 Η 2 1.4 0.0007 84 
Η ΟΗ Η 2 3.8 0.0019 84 

Η 
84 

Η O A c Η 2 2.0 0.0010 84 
— — — 0.06 0.000003 82 
— — — 0.06 0.000003 82 
— — — 0.22 0.000017 82 
— — — 1.0 0.0005 82 
— — — 2000.0 1.0 82 

the presence of a secondary m e t h y l group that h inders the n u c l e o p h i l i c 
attack o n the lactone carbony l . T h e Γ ,2 ' trans doub le b o n d of zearale 
none is electron poor as revealed b y its resistance to b r o m i n a t i o n , epox i 
dat ion , a n d hydroborat ion . T h e a l l y l i c ox idat ion of zearalenone w i t h 
c h r o m i u m trioxide i n p y r i d i n e was affected b y the substituent (ketone 
or h y d r o x y l ) at the C 6 ' posit ion. A ketone at C 6 ' activates b o t h a l p h a 
methylene positions ( C 5 ' a n d C 7 ' ) . T h e base-catalyzed acy la t i on ( a n d 
a lky la t i on ) of zearalenone indicates that an enolate an ion at C 7 ' is pre fer -
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224 MYCOTOXINS 

ent ia l ly f ormed. A l t h o u g h the reason (k inet i c or t h e r m o d y n a m i c ) for 
such a preference is not k n o w n , i t appears that the C 7 ' pos i t ion is ster i -
c a l l y less h i n d e r e d ; therefore the proton abstraction a n d a lky la t i on at C 7 ' 
occur r a p i d l y a n d preferent ia l ly . Base-cata lyzed enol izat ion of zearale
none needs to be explored i n greater d e p t h since these enolates serve as 
po tent ia l precursors of a var ie ty of 7 ' -substituted zearalanes. 

T h e approaches discussed for synthesis of zearalenone a n d re lated 
macro l ides are based o n convent ional methods : the d irect cyc l i za t i on of 
a h y d r o x y a c i d a n d ester (21 , 36, 67) a n d the p e r a c i d ox idat ion of 
b i c y c l i c enole ethers ( 85 ) . Successful synthesis of zearalenone b y the 
latter m e t h o d has not been descr ibed , a l though it holds promise as a 
successful m o d e of synthesis. Nevertheless B a g l i a n d I m m e r (74) suc
cessful ly synthesized an isomeric c u r v u l a r i n (4 / - oxo las iod ip lod in ) us ing 
the p e r a c i d ox idat ion method . T h e synthesis deve loped b y H u r d a n d 
S h a h (70) is an extension of an intramolecular acetoacetic ester condensa
t i o n ca l l ed the D i e c k m a n n condensation w h i c h leads to β keto esters. 
T h e revers ib i l i ty of this condensation react ion n o r m a l l y restricts its use 
to diesters that can y i e l d five- a n d s ix -membered r i n g products . H o w e v e r 
H u r d a n d Shah were able to cyc l i ze the α,ω diester to the des ired β keto 
ester 69 , 70 successfully a n d i n good y i e l d . 

M a s s spectrometry has proved to be inva luab le i n e luc idat ing the 
structure of zearalenone. Fragments such as 81 (m/e* 161) a n d 82 
(m/e* 189) shown i n Scheme V I I I are useful i n l ocat ing substituents on 
the aromat ic r i n g . T h e fragments dep ic ted i n Scheme X prov ide i n f o r m a 
t i on regard ing the substituents at positions 4' through 9' together w i t h the 
l ocat ion of the ketone group. T h u s fragments at m/e* 97, 112, a n d 125 are 
diagnost ic for zearalenone, a n d those at 95, 110, a n d 123 are characterist ic 
of the 8 ' -hydroxyzearalenones. 

A s far as w e cou ld determine no O H substituted, zearalenone d e r i v a 
t ive at C 3 ' , C 4 ' , or C 5 ' has been f ound i n nature ; such subst i tut ion at 
C 3 ' a n d C 5 ' does not n o r m a l l y occur i n the acetate, b iosynthet ic pa thway . 
H o w e v e r the absence of a C4 ' - subst i tuted der ivat ive a n d the occurrence 
of C 8 ' derivatives ind icate that the hydroxy la t i on react ion p r o b a b l y 
occurs after the format ion of zearalenone rather t h a n o n the nascent 
po lyket ide cha in . 

Zearalenone is b iosynthes ized v i a the a c e t a t e - m a l o n y l - C o A meta
b o l i c p a t h w a y , a n d this has been conf irmed b y studies i n v o l v i n g degrada 
t i o n of the molecule after ass imi lat ion of 1 4 C f r o m acetate. 1 4 C 0 2 is 
r e a d i l y incorporated into the molecule , but the m e t h o d of its fixation to 
accommodate such incorporat ion has not been s tudied . 

T h e study of s t ruc ture -ac t iv i ty relat ionships indicates that : ( a ) the 
h y d r o x y l at C 2 is necessary for ac t iv i ty ; ( b ) the cis isomers of the 
zeara leno l series are more active than the trans isomers; ( c ) s imple reduc -
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10. P A T H R E A N D M I R O C H A Zearalenone and Related Compounds 225 

t ion of the v i n y l group i n the r i n g enhances act iv i ty ; ( d ) a l l ac t iv i ty is 
lost i n the dideoxyzearalane product ; a n d (e ) 7 ' -carboxyzearalane is the 
most act ive der ivat ive of the series—i.e., 192 times more act ive than 
zearalenone. 
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11 

The Chemistry of the Epipolythiopiperazine-
3,6-diones 

C. LEIGH and A. TAYLOR 

National Research Council of Canada, Atlantic Regional Laboratory, 
Halifax, Nova Scotia, Canada 

The 2,5-epipolythiopiperazine-3,6-dione system occurs in 
many natural products that have antiviral, antitumor, and 
antimicrobial properties as well as high mammalian toxicity. 
The chemistry of the epipolythiopiperazine-3,6-dione sys
tem is discussed in this review from five points of view. 
First, the unique reactions of the bridge of sulfur atoms are 
described, followed in the second section by a discussion of 
the complex stereochemistry of the system. An account of 
the syntheses of these compounds follows, illustrated by 
those of dehydrogliotoxin and sporidesmin. Our meager 
knowledge of the biosynthesis of these fungal metabolites is 
then summarized, and the review ends with a short section 
devoted to analytical methods that can be used for this 
structural moiety. 

In 1932 Weindling (1) reported the production of a metabolite by 
Gliocladium spp. that inhibited the growth of other fungi. He ob

tained the material in crystalline form, but it was not until 1958 that its 
structure was elucidated, I (R = H) (2), and at about the same time the 
isolation of a second example of this class of mould metabolite (II) was 
reported (3). In the latter case however, Synge and White were pursuing 
a material that was thought to be toxic to sheep and cattle in New 
Zealand (4), a far cry from the antifungal behavior of gliotoxin 
(I). The next development occurred when screening techniques for 
compounds that inhibited the growth of virus were initiated by many of 
the large pharmaceutical companies. Quite rapidly several new speci
mens of the class III (5, 6), IV (7, 8), V (9, 10, 11), and VI (12) were 
isolated, and by a curious coincidence the enantiomer of IV was reported 
by a group primarily interested in compounds that were active against 
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Co-CO 

OR I % I 
O C ^ ^ N M e 

CH 2 0H 

MeO 
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230 MYCOTOXINS 

T a b l e I . F u n g a l Metabol i tes H a v i n g a 

Formula 

C13H12N2O4S2 

C13H14N2O4S2 

C13H14N2O4S2 

0 . 5 H 2 O 
C14H16N2O3S2 

C14H16N2O3S2 

C14H16N2O3S3 
C i 4 H i 6 N 2 0 3 S 4 

C15H16N2O5S2 
C x s H s o C ^ O s ^ 

Name and Structure 

D e h y d r o g l i o t o x i n 
V I I I , χ = 2 

G l i o t o x i n 
I , R = H 

G l i o t o x i n Β 
I , R = H 

A 2 6 7 7 1 A , I V , χ = 2 

H y a l o d e n d r i n 
I V , z = 2 
I V , z = 3 

A 2 6 7 7 1 C , I V , z = 4 
G l i o t o x i n acetate 

I , R — A c 
Spor idesmin Β 

I I , R = Η, ζ = 2 

Producing Organism0 

P. terlikowskii 

P. terlikowskii 
A. terreus 
A. fumigatus 
G. fimbriatum 
P. terlikowskii 
G. fimbriatum 
P. turbatum 
U n k n o w n , N R R L 3888 
Hyalodendron sp. 

U n k n o w n , N R R L 3888 
P . turbatum 
P. terlikowskii 

Pith, chartarum 

C18H20CIN3O6S2 

C18H20CIN3O6S3 

C18H20CIN3O6S4 

C20H18N2O6S2 
C20H18N2O7S2 
C22H20N2O8S2 

C30H28N6O6S4 

C30H28N6O6S4 

Spor idesmin 
I I , R — O H , χ — 2 

Spor idesmin Ε 
(etherate) 

I I , R = O H , χ = 3 
Spor idesmin G 

I I , R — O H , χ = 4 

A p o a r a n o t i n 

A r a n o t i n A21101 

I I I , R — H , R — A c 
A c e t y l a r a n o t i n 

LLS88« , R — A c 

C h a e t o c i n 
V , R ' = R " = , H R = 

R " ' = O H , χ = 2 
V e r t i c i l l i n A 

V , R ' — R " — O H , R = 
R ' " = Η, a: = 2 

Pith, chartarum 

Pith, chartarum 

Pith, chartarum 

Arachniotus aureus 
N R R L 3205 

Arachniotus aureus 
N R R L 3205 

Arachniotus aureus 
N R R L 3205 

A. terreus 
N R R L 3319 

C. minutum 

Verticillium sp. 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 231 

2,5 -Epipolythiopiperazine- 3,6-dione Functionality 

*-(max) X-Ray Cryst. Data (Ka) 

mp,°C [ M ] D nm (log e) a b b1 c β 

188° - 1 3 1 0 ° 214 (4.34) 
272 (3.73) 
300 (3.67) 

221° - 8 4 0 ° 216 (3.97) 1.644 1.658 1.655 1.707 79° 
272 (3.80) 

- 8 4 0 ° 10.36 7.59 18.74 100° 

105° - 2 8 5 ° 10.911 8.137 8.978 106.4° 

101° + 8 4 ° 260(Sh) (3.00) 

130° - 7 2 6 ° 
170°_2° - 7 2 0 ° 268 (3.80) 

183° + 5 5 ° 218 (4.50) 

256 (4.08) 
307 (3.41) 

179° + 3 8 ° 218 (4.60) 9.64 10.58 23.88 
254 (4.12) 
302 (3.45) 

1 8 0 ° - 5 ° - 6 6 6 ° 217 (4.52) 
252 (4.22) 
295 (3.50) 

148° -153° - 4 8 2 ° 219 (4.64) 15.160 21.369 9,978 
252 (4.16) 
300 (3.78) 

200° -205° - 2 1 9 0 ° 265 (3.59) 

198° -200° 

201° -205° - 2 6 4 0 ° 222 (Sh) (4.01) 11.720 14.164 13.245 93.55° 
270 (Sh) (3.26) 

240° + 5 5 0 0 ° t 306 (3.78) 23.30 7.73 17.31 

199° -213° + 4 9 1 0 ° 306 (3.78) 
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232 MYCOTOXINS 

T a b l e I . 

C30H28N6O7S4 

Formula 

V e r t i c i l l i n Β 
V , R — H , R ' — R " = 

R " ' : = O H , x = 2 

Name and Structure Producing Organism0 

Verticillium sp. 

C30H28N6O7S5 V e r t i c i l l i n C Verticillium sp. 

CsoH^eNeOeSé 

V , R — H , R ' = R " = 
R " ' = O H , χ — 2, 3 
V , R — R ' = R " — 

R ' " _ O H , « — 2 
Verticillium tenerum 

a A. = Aspergillus, G = Gliocladium, P. = Pénicillium, Pith. = Pithomyces, 
C . = Chaetomium. 

other f u n g i ( 1 3 ) . T h e b i o l og i ca l investigations on spor idesmin, I I , 
( R = O H , χ = 2 ) (14), revealed its ab i l i t y to i n h i b i t the g r o w t h of 
lambs that otherwise d i d not appear to be i l l . T h i s result associated 
f u n g a l metabol ites w i t h the w e l l - k n o w n (15) poor g r o w t h of ruminants 
i n the f a l l . A search of funga l isolates obta ined f r o m so i l samples c o l 
l e c ted w h e r e s u c h an i l l - thr i f t condi t ion was c o m m o n resulted i n the 
iso lat ion of another metabol i te of the ep ipo ly th iod ioxop iperaz ine class 
( V I I ) w h i c h was probab ly the same as one of the earl ier , h i g h l y act ive 
bacter iostat ic materials iso lated b y W a k s m a n (16, 17 ) . T h u s the c o m 
pounds discussed i n this r e v i e w have a major role i n theories of the 
et io logy of poor g r o w t h i n domestic animals a n d also i n the attempt to 
find drugs capable of amel iorat ing R N A v i r a l infections. 

T h e 2 ,5-epipolythiopiperazine-3,6-dione un i t is present i n a l l of these 
metabol i tes ment ioned , a n d the simplest example k n o w n , 1 ,4-dimethyl-
2 ,5-epidithiopiperazine-3 ,6-dione ( 1 8 ) , has m a n y of the b i o l og i ca l p r o p 
erties of its more complex, natura l l y occurr ing classmates. H o w e v e r , 
n o t h i n g is k n o w n of its l ong- term toxicology. 

G l i o t o x i n , I , ( R — H ) a n d spor idesmin, I I , ( R = O H , χ = 2 ) were 
invest igated chemica l ly before the nuclear magnet i c resonance N M R , 
mass spectroscopic ( M S ) , a n d c i r cu lar d i chro i sm ( C D ) behav ior of 
compounds c o u l d be easi ly measured. T h u s a great dea l of degradat ive 
chemistry was done, a n d the structures were assembled b y fitting the 
degradat ive pieces together into a harmonious whole . Indeed i n the case 
of spor idesmin ( I I ) the chemistry was compl i ca ted b y an error i n the 
x - ray crysta l lographic structure analysis (19). M o s t of this w o r k has 
been s u m m a r i z e d i n a previous r e v i e w (20) a n d is not repeated here. 
H e r e a l ist of the k n o w n compounds , their p h y s i c a l properties , a n d the 
names of the organisms that produce them are presented. T h e f o l l o w i n g 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 233 

X-Ray Cryst. Data (Ka) 

a b b1 c β 

2 3 0 ° - 2 3 5 ° + 5 7 9 0 ° 306 (3.74) 

232° -234° + 5 5 2 0 ° 6 308 (3.76) 

6 Rotation determined in dimethyl sulfoxide. 

C o n t i n u e d 

λ (max) 

mp,°C [ M ] D nm (loge) 

230° -233° + 5 0 2 0 ° 306 (3.75) 

section of the r ev i ew is d i rected to the chemistry that has been deve loped 
w h i l e invest igat ing some of the newer antibiot ics . O n e of the most inter 
esting advances i n the field i n recent years has concerned the stereo
chemistry of the epipolythiopiperazine-3 ,6 -d ione system, espec ia l ly w i t h 
regard to the ch i ra l i t y of the c h a i n of sul fur atoms a n d the theoret i ca l 
interpretat ion of their complex C D spectra. A c r i t i c a l examinat ion of this 
subject forms the t h i r d part of the rev iew. Recent ly the b i o l o g i c a l ac t iv i ty 
of these compounds has s t imulated m u c h w o r k on the ir synthesis; the 
several methods that have been deve loped are descr ibed next. M a n y of 
the n a t u r a l products h a v i n g the ep ipo lyth iod ioxop iperaz ine f u n c t i o n are 
biosynthesised f r o m t ryptophan or phenyla lan ine , a n d those that are not 
—e.g . , aranotins a n d s i rodesmins—can be hypothet i ca l ly e laborated f r o m 
such precursors through oxepin intermediates. T h i s subject forms the 
penul t imate section. F i n a l l y a short section devoted to methods of ana ly 
sis of compounds of this class is g iven. 

M u c h of the in format ion s u m m a r i z e d i n this chapter has been p u b 
l i shed as p r e l i m i n a r y short papers w i t h pious promises to p u b l i s h f u l l 
details later. W e tended to take the authors ' c laims at the i r face va lue , 
b u t readers shou ld refer to the o r ig ina l references a n d shou ld w r i t e to the 
authors i f exper imental procedures are not obvious. 

Production of Epipolythiodioxopiperazine s by Fungi 

O n l y two famil ies of l i v i n g organisms are k n o w n to produce ep ipo ly -
thiodioxopiperazines , a n d one of these is restr icted to a s ingle spec ies— 
Homo sapiens—which is discussed later. F o r the remainder , this esoteric 
chemistry is restr ic ted to the fung i . Reference to T a b l e I shows, h o w 
ever, that this a b i l i t y is w idespread among the f u n g i , a n d there is good 
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234 MYCOTOXINS 

Table II. 2,5-Epipolythiopiperazine-3,6-diones Whose Structures 

Formula 

C20H26N2O8S2 

C20H26N2O8S2 

C20H26N2O8S3 

C20H26N2O8S4 

C25H30CIN2O8S2 
C 3 i H 3 o N 6 0 6 S 4 

C32H30N6O8S4 

C34H34N6O6S4 
C45H45N9O12S6 

Name and 
Structure 

S i r o d e s m i n - A 
( V I , s - 2 ) 

S i r o d e s m i n - G 
( V I , 2) 

S i r o d e s m i n - C 

S i r o d e s m i n - B a 

O r y z a c h l o r i n 
C h e t o m i n ( V I I ) 

M e l i n a c i d i n - I I I 
M e l i n a c i d i n - I I 
M e l i n a c i d i n - I V 

Producing Organism 

Sirodesmium diversum (Cooke) 
Hughes C M I 102519 

Sirodesmium diversum (Cooke) 
Hughes C M I 102519 

Sirodesmium diversum (Cooke) 
Hughes C M I 102519 

Sirodesmium diversum (Cooke) 
Hughes C M I 102519 

Aspergillus oryzae 
Chaetomium cochliodes, 

C. globosum 

Acrostalagmus cinnabarinus 
Acrostalagmus cinnabarinus 
Acrostalagmus cinnabarinus 

a Preliminary details of sirodesmins—D, E , F , H , and J have also been given in 
Netherland Patent No. 7312627. 

evidence that the p r o d u c i n g organisms use this synthetic act iv i ty i n their 
n a t u r a l habi tat ( 14 ) . T h e metabolites that have been thoroughly char 
acter ized , are g iven i n T a b l e I together w i t h p h y s i c a l properties that can 
be used to estimate their pur i ty . I n T a b l e I I several other metabolites 
are l i s ted that are also ep ipo lythiodioxopiperaz ines but whose structures 
are either not establ ished or have not been confirmed b y synthesis or 
x-ray crystal lography. I n T a b l e I I I the closely re lated 2 ,5 -d i thiomethyl -
piperazine-3,6-diones that have been isolated f r om fungal cultures are 
g iven . I n general , these compounds are not acutely toxic (5, 6, 8, 21, 22, 

Formula 

C16H22N2O3S2 

C16H22N2O3S2 
C 1 9 H 2 2 C l N 3 O e S 
C20H26CIN3O6S2 

C24H26N2O7S2 

C24H26N2O8S2 

Table III. 

Producing Organism0 

H. victoriae 
P . turbatum 
U n k n o w n N R R L 3888 
Hyalodendron sp. 
Pithomyces chartarum 
Pithomyces chartarum 
Arachniotus aureus 

Arachniotus aureus 

A. terreus 

Naturally Occurring 

Compound 

G l i o v i c t i n 
A 2 6 7 7 1 E 

Sporidesmin F 
Sporidesmin D 
B i s d e t h i o d i ( thiomethyl ) 

apoaranot in 
B i s d e t h i o d i ( th iomethyl ) 

ace ty laranot in 
L L - S 8 8 0 

β H . = Helminthosporium, P. = Pénicillium, A . = Aspergillus. 
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11. LEIGH AND TAYLOR Epipolyihiopiperazine-3fi-diones 235 

A w a i t C o n f i r m a t i o n b y Synthesis a n d / o r X - R a y C r y s t a l l o g r a p h y 

[ M ] D (nm) Notes Reference 

D e s a c e t y l der ivat ive 12 
m p 198° -201° 

D e s a c e t y l der ivat ive 12 
m p 195° -196° 

12 

12 
298 129 

+ 2 3 1 0 274 17 
285 
293 

+ 7 7 6 300 130 
+ 7 2 6 300 130 
+ 7 1 8 301 130 

2 3 ) . T h e y are i n c l u d e d because, w i t h one exception (128 ) , they are 
f o u n d i n extracts of cultures that produce the polysulfides a n d they are 
often use fu l to characterize mixtures of polysulfides. 

Reactions of the 2,5-Epipoly thiopiperazine-3,6-dione System 

F i g u r e 1 is a s u m m a r y of the reactions that have been reported for 
the sul fur funct iona l i ty i n this system. T h e groups R , R ' , a n d R " shou ld 
not be interpreted as the same i n a l l the react ion shown; no doubt most 

2,5 - D i t h i o m e t h y l p i p e r a z i n e - 3,6 -diones 

mg/l. mp [ M ] D Vma* (Cm'1) Ref. 

40 
4 

134° 
135° 

- 2 3 0 ° 
- 1 6 6 ° 

1650 
1655,1640 

128 
8 

0.02 
0.1 

140° 
6 5 ° - 7 5 ° 
110° -120° 
105° -107° 

+ 2 2 7 ° 

+ 2 9 2 ° 
- 9 0 7 ° 

1657 
1690,1615 
1680,1665 

y 
23 
21 
21 
22 

213° -217° - 1 5 0 5 ° 1685 5 

215° -236° 1678 6 
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236 MYCOTOXINS 

Figure I . Summary of the reactions reported for the sulfur functionality in the 
system (XI τ* XXXV) 

of the transformations c o u l d be effected o n a l l piperazine-3,6-diones. T h e 
compounds i n F i g u r e 1 are d i v i d e d into those o n the left w h i c h are ox ida 
t i o n products of those o n the r ight . T h e reactions s h o w n o n the left of 
F i g u r e 1 have been observed most ly i n the spor idesmin a n d dehydrog l i o -
tox in ( V I I I , χ = 2, 3, 4 ) series. T h u s spor idesmin ( I I , R — O H , χ — 2 ) 
is converted into the tr isulf ide ( I I , R — O H , χ — 3 ) w i t h one mole of 
d i h y d r o g e n disul f ide, b u t i t is converted into a mixture of the t r i - a n d 
tetrasulfides ( I I , R — O H , χ = 4 ) w i t h phosphorus pentasulf ide or 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 237 

d i h y d r o g e n polysulf ide, the tetrasulfide predominat ing . These reactions 
proceed w i t h o u t invers ion at the asymmetr i c centers because spor idesmin 
( I I , R — O H , χ — 2) a n d dehydrog l i o tox in ( V I I I , χ — 2 ) can be ob 
ta ined f r o m the trisulfides so f o r m e d either photo ly t i ca l ly or b y react ion 
w i t h tr ivalent phosphorus compounds (e.g., t r i p h e n y l p h o s p h i n e ) . S i m 
i l a r l y (12) s irodesmins Β a n d C ( V I , χ = 3, 4 ) are converted into 
s irodesmin A b y treat ing w i t h t h i o n y l ch lor ide i n p y r i d i n e at 0 ° . H o w 
ever v e r t i c i l l i n - C ( V , R = H , R ' " — R ' = R " = O H , χ — 2, χ = 3 ) was 
not converted into v e r t i c i l l i n - B (V , R = H , R ' — R " — R ' " = O H , χ = 2) 
w h e n treated w i t h phosphine derivatives (11)- T h e exper imental facts 
have been interpreted b y associating the sul furat ion react ion w i t h a 
specific insert ion of the centra l sul fur a t o m ( s ) a n d the reverse react ion b y 
their extrusion (24, 2 5 ) . 

T h e reactions m a y w e l l proceed through intermediate b r a n c h e d 
isomers, e.g., 

for whose existance there is considerable support (26, 27, 28 ) . W h e n 3 5 S 
was inserted into the disul f ide system b y us ing H 2

3 5 S 2 desul fur izat ion of 
the tr isulf ide product b y t r i p h e n y l phosph ine or photolysis resulted i n 
disulf ide products whose rad ioac t iv i ty was l ower than the detect ion 
l imits . I n the phosphine react ion, the t r i p h e n y l phosphine sulfide b y 
product conta ined 9 5 % of the ac t iv i ty of the trisulf ide. T h i s result i m 
plies that i f b ranched sul fur chains are i n v o l v e d i n these reactions, the 
i somerizat ion involves only — S — S — bonds—i .e. , — S — C — bonds r e m a i n 
intact as r e q u i r e d b y the retention of the ch i ra l i ty of the carbon centers 
(24, 2 5 ) . Disul f ides are not the e n d products of the react ion of phos-
phines w i t h these sul fur b r i d g e d compounds . Episul f ides can be iso lated 
( 2 5 ) , a n d the ir C D show that invers ion has occurred at the c h i r a l centers. 
These episulfides, w h e n treated w i t h peracids , g ive products thought to b e 
sulfoxides o n the basis of their M S a n d the presence of a n i r b a n d @ ca. 
1730 c m " 1 analogous to that f o u n d i n the strained ring system of the ir p a r 
ents. These sulfoxides were racemates—i .e. , no asymmetr i c absorpt ion 
bands w e r e f o u n d at 21O-400 n m . P r e s u m a b l y b o t h sulfoxides enantio
mer i c at the sul fur atom are f o r m e d d u r i n g the react ion ( 2 9 ) , but such 

\ 

\ 

R s P - ^ S + I 
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238 MYCOTOXINS 

racemiza t i on w o u l d not be expected to result i n products w i t h o u t op t i ca l 
ac t iv i ty . T h e mechan ism of the observed racemizat ion is not clear; the 
react ion is s imi lar i n some respects to that between disulfides a n d d i h y -
d r o g e n disulf ide. H e n c e a n intermediate that has a l inear s u l f u r - o x y g e n 
b r i d g e m a y be formed , a n d its f ormat ion w o u l d be expected to result i n 
r a c e m i z a t i o n of the carbon centers: 

T h e r i g h t h a n d side of F i g u r e 1 is concerned m a i n l y w i t h the reac
tions of piperazine-3,6-dione-2,5-dithiols ( I ) . T h e i r s tabi l i ty a n d m a n y 
of the ir reactions were unexpected. T h e smooth cyc l i za t i on , i n h i g h y i e l d 
to the disulf ide, w i t h a var ie ty of reagents was not pred i c t ed because of 
the l o w d i h e d r a l angle of the — S — S — group (30, 31, 32, 33) (see T a b l e 
V ) ; i t impl ies that the system was, i n some degree, strained. Secondly , 
the conversion of piperazine-3,6-dione-frans-2,5-dithiols (e.g., I X ) to 
epidisulf ides (34) a n d the format ion (35) of thioacetals (e.g., X ) f r om 
trans d i th io ls (e.g., X I ) show that a n u n u s u a l ep imer i za t i on e q u i l i b r i u m 
exists at the c h i r a l centers (cf., 131); p resumably the r i n g closure reac
t ions occur on ly w i t h the ds -d i th io l s thus i n d u c i n g further e q u i l i b r i u m of 
the trans isomers. E v e n though the mechan i sm for this interest ing change 
is not k n o w n , one is impressed w i t h the poss ib i l i ty of the sequence: 

or a l ternat ive ly w i t h r i n g opening a n d closure of an hemithioaceta l - l ike 
species: 

— N -

.S 

— N ' 
Ρ 

+ H 2 0 — Ν 
HHS- \ s-

+ H 2 0 

=0 

S u c h reactions are of course c o m m o n i n th iazo l id ine chemistry (36). B y 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 239 

contrast, decarboxylat ion of compounds l i k e ( X X I X , R = C 0 2 H ) gave 
predominent ly one stereoisomer ( 37 ) . 

T h e dithio ls ( X I ) are read i ly a lky la ted w i t h a l k y l iodides i n the 
presence of a weak base such as p y r i d i n e (6, 21, 23). T h i s react ion is 
useful . T h e d imethy l th io derivatives (e.g., X I I I , R " = M e ) i n p a r t i c u l a r 
often prov ide abundant molecular ions i n their M S even i n the case of 
such complex metabolites as chetomin ( V I I ) . Such behav ior is i n 
m a r k e d contrast to that of the corresponding disulfides whose p r i n c i p a l 
f ragmentat ion i n the mass spectrometer is the loss of sul fur as S 8 w i t h the 
result that molecu lar ions have been observed only i n the cases of the 
gliotoxins, sporidesmins, a n d s imi lar s imple entities. Secondly , as s h o w n 
i n Tables I a n d I I most of the organisms k n o w n to produce ep ipo ly th i o -
dioxopiperazines elaborate most of the k n o w n variations of the su l fur 
funct ion . T h e separation of these complex mixtures is often tedious a n d 
can be c i r cumvented b y convert ing the mixture into a single d i t h i o m e t h y l 
der ivat ive b y borohydr ide reduct ion a n d methy lat ion . F i n a l l y the b i o 
synthesis of the d i t h i o m e t h y l metabolites m a y be of some economic i m p o r 
tance, for these compounds have n o k n o w n acute toxic i ty (6, 21, 23) as 
compared w i t h , e.g., the analogous disulfides. If, therefore, the fungus i n 
the field c o u l d be i n d u c e d to produce these metabolites at the expense of 
the toxic epipolysulf ides, a w a y of contro l l ing the effect of these c o m 
pounds o n a n i m a l g r o w t h m i g h t be open. 

B a s i c condit ions do not appear necessary for the format ion of b r i d g e d 
tetrasulfides b y the react ion of dithio ls a n d dichlorodisul f ide (38). T h e 
r i n g systems here are analogous to S 8 , a n d these tetrasulfides are p r o d u c e d 
under a range of react ion condit ions (69). T h e seven-membered r i n g 
system, e.g., the trisulfides ( X I V ) , the dithiocarbonate ( X I I ) , a n d the 
dithiothiocarbonate ( X V ) , are a l l f o rme d u n d e r m i l d bas ic condit ions 
(38 ) . These seven-membered r i n g sulfides are of considerable c h e m i c a l 
interest. A discussion of the stereochemistry of the trisulf ide group is 
deferred to a later section, a n d unfortunate ly structures X I I a n d X V w e r e 
symmetr i ca l w i t h respect to the sul fur br idge . H o w e v e r , the th ioaceta l 
( X , R ' = H , R — M e , R " = 2-methoxy-6-chloromethyl -phenyl ) can be 
obta ined i n two diastereoisomeric forms; because only one isomer cyc l izes 
to the indo l ine , i t can be conc luded (35) that the protons ( R ' ) have a c i d 
ities dependent on the stereochemistry of the br idge . T h i s react ion of the 
di thio ls ( e.g., X I ) w i t h anisaldehyde is general , a n d derivatives of f o r m a l 
dehyde , acetaldehyde, a n d benza ldehyde have been m a d e ( 3 5 ) . H o w 
ever on ly the anisa ldehyde derivatives were converted into epidisulf ides 
b y ox idat ion w i t h peracids presumably to sulfoxides a n d then a c i d i c r e 
arrangement. T h i s react ion is c lear ly an example of the sulfenate^-sul-
foxide rearrangement (39, 40) where solvolysis of the semithioaceta l is 
favored b y resonance s tabi l i zat ion of the intermediate c a r b o n i u m i on . 
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240 MYCOTOXINS 

Elimination of Sulfur from Epipolythiodioxopiperazine s 

Reductive Elimination. S u l f u r has been rep laced w i t h hydrogen i n 
these ketopiperazines either b y t reat ing w i t h R a n e y n i c k e l or a l u m i n i u m 
amalgam. A p a r t f r o m the spor idesmin group (41) use fu l products have 
been obta ined b y a p p l y i n g these react ion condit ions to the na tura l l y oc-
c u r i n g epidisulf ides. H o w e v e r , i t is c lear that usua l ly mixtures of products 
were obta ined a n d that the ir structures di f fered w h e n the results f r o m one 
group of metabolites were c o m p a r e d w i t h another. T h u s R a n e y n i c k e l 
r educ t i on of acety laranot in ( I I I , R = A c ) gave the dethio c o m p o u n d 
(5 ) w i t h retent ion of conf iguration at the asymmetr ic centers. T h e p r o d 
uc t ( X V I ) gave a n opt i ca l ly act ive octahydro der ivat ive o n catalyt ic 

I I I , R = A c 

X V I I I 

r educ t i on w i t h h y d r o g e n ( X V I I , R — A c ) . T h e latter on hydrolys is p ro 
v i d e d a d i o l ( X V I I , R = H ) , a n d ox idat ion of this d i o l w i t h manganese 
d iox ide resulted i n the iso lat ion of the opt i ca l ly act ive d iketone ( X V I I I ) . 
These reactions not on ly show that the h y d r o x y l (ester) groups i n arano-
t i n are not funct ional i t ies of substituents of the d ioxopiperaz ine r i n g (as 
occurs i n m a n y other groups of ep ipo lythiodioxopiperaz ines ) but also 
proves that the reduct ive desul fur izat ion proceeded w i t h retent ion of 
conf iguration. Johnson a n d B u c h a n a n (42) obta ined a dextrorotatory 
te trahydrodethioghotox in ( m p 194°C, [ « ] D + 7 3 ° ) b y R a n e y n i c k e l de
su l fur i zat ion of g l io tox in ( I , R = H ) ; they reported that D u t c h e r also 
i so lated this mater ia l together w i t h a n isomer ( m p 155°, [ « ] D + 5 0 ° ) . 
Poss ib ly b o t h materials were mixtures since R a n e y n i c k e l reduct i on of 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6'diones 241 

v e r t i c i l l i n - A ( V , R — R ' " = H , R ' = R " — O H , χ = 2 ) gave a mix ture 
of products that w e r e diff icult to separate (11). 

Reduct ions w i t h a l u m i n i u m a m a l g a m have i n general p r o d u c e d 
dethio compounds i n the major i ty of examples s tudied , b u t the nature of 
the products differs. T h u s g l io tox in ( I , R — H ) (43, 44) a n d h y a l o d e n -
d r i n (13), ( I V , χ = 2 ) gave d i h y d r o d e t h i o products ; however , a l t h o u g h 
the produc t f r o m g l io tox in appeared to re ta in its conf iguration, the p r o d 
uct f r o m h y a l o d e n d r i n h a d [ « ] D = 0 ° . ( I n some runs a d iketop iperaz ine 
w i t h l o w opt i ca l rotat ion was i so lated) . C h a e t o c i n ( V , R = R ' " = O H , 
R ' = R " = Η, χ — 2) (9) gave the bisexocycl ic , methylene der ivat ive 
whose op t i ca l ac t iv i ty was not reported , a n d b isdeth iod i th iomethylacety -
aranot in gave an opt i ca l ly act ive b isdethiomonothiomethylacety laranot in . 
I n the case of the ver t i c i l l ins , a l u m i n i u m a m a l g a m reduc t i on p r o v i d e d the 
key to the s tructura l e luc idat ion of these complex molecules , w h i c h were 
very diff icult to crystal l ize . T h e reactions are shown i n F i g u r e 2: v e r t i c i l -
l i n - A ( V , R — R ' " = H , R ' — R " = O H ) gave t w o tetrahydrodethio 
compounds ( X I X ) , p resumably stereoisomers, w h i c h w h e n treated w i t h 
a l k a l i gave 3 ,3 ' -d i - indo ly l ( X X I V ) . T h e monoacetate of v e r t i c i l l i n - A 
w h e n reduced under the same condit ions gave two products X X a n d X X I , 
the former b e i n g analogous to the product obta ined f r o m chaetoc in under 
the same react ion condit ions. W h e n these compounds were treated w i t h 
d i lu te potassium carbonate so lut ion, the indoles X X I I a n d X X I I I w e r e 
obta ined , the former h a v i n g the same u v spectrum as chetomin ( V I I ) 
( 17 ) . I n add i t i on , the 2 - formylp iperaz ine ( X X V ) c o u l d be iso lated f r o m 
the react ion of X X a n d X X I w i t h carbonate; this react ion h a d prev ious ly 
been observed under a c i d condit ions i n the spor idesmin series ( 4 5 ) . T h e 
isolat ion of the a ldehyde ( X X V ) is c onv inc ing evidence for the or ienta
t ion of the h y d r o x y l groups i n the vert i c i l l ins . 

Elimination of Sulfur under Acid or Basic Reaction Conditions. T h e 
e l iminat i on of sul fur f r o m gliotoxins a n d sporidesmins under a c i d i c a n d 
basic condit ions has been r e v i e w e d (20 ) . G e n e r a l l y speaking, the react ion 
proceeds i n h igher y i e l d w h e n the methyleneoxy or methinoxy subst i 
tuents of the p iperaz ine r i n g are esterified. W h e n this procedure is 
adopted , sul fur is often smoothly e l iminated mere ly b y heat ing the c om
pounds i n p y r i d i n e solution. T h e react ion is best conducted under 
anhydrous condit ions a n d also results i n the e l iminat i on of the acy loxy 
group : 

C H 2 R C H R 
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242 MYCOTOXINS 

I , R « R " ' - H 3C, R = R"'= H 
R'=R"=OH > R'=OH,R"=OAc 

X = 2 X = 2 

XXVI W 

Figure 2. Structural elucidation of the verticillins 

T h i s react ion is use fu l for several reasons. T h e olefinic products are easily 
detected because they have characterist ic absorpt ion i n the v is ib le spec
t r u m a n d because their f ragmentat ion i n the mass spectrometer is h i g h l y 
characterist ic (46); the i o n react ion M + ( M — 67 — R ' — R " ' ) + is 
h i g h l y probable . These olefins often crystal l ize r ead i l y , a n d i f one of the 
unsaturated bonds is not conjugated, reduct i on a n d hydrolys is g ive v a l u 
able in format ion about one of the amino a c i d components of the p i p e r a -
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 243 

zine-3,6-dione moiety . I n the w o r k on chetomin (17) structure X X V I I I 
was the most complex crysta l l ine molecule obtained. 

Stereochemistry of Epipolythiodioxopiperazines 

I n this section only problems associated w i t h the 2 ,5-epipolythio-
piperazine-3 ,6-dione group w i l l be discussed. F o r this purpose the subject 
w i l l be d i v i d e d into parts dea l ing w i t h disulfides, trisulfides, a n d tetrasul 
fides. A general b a c k g r o u n d to problems of sul fur stereochemistry can be 
f o u n d i n a recent rev iew ( 4 7 ) . I n the past 10 -15 years several x-ray 
crysta l lographic studies on piperazine-3,6-diones have been reported (e.g., 
48, 49, 50, 51 ). I n most cases the four atoms b o n d e d to the ni trogen a n d 
carbon atoms of the amide groups are i n a plane. T h u s there are two 
planes of atoms i n the d ioxopiperaz ine r i n g , a n d the junct ion of the two 
planes lies a long a l ine connect ing the nonamide carbon atoms of the r i n g . 
T h e angle f o rmed b y this junct ion m a y be 180° w h e n the d ioxopiperaz ine 
r i n g is p lanar , or the value of the angle m a y be smaller w h e n the dioxo
p iperaz ine r i n g is i n the boat conformation. O n l y i n the case of aranot in 
(32) are the amide groups nonplanar ; there has only been one other case 
w h e r e the p iperaz ine r i n g was i n the chair conformation (52 ) . I n T a b l e 
I V the molecu lar dimensions of a selected group of d ioxopiperazines are 
g iven. T h e angle θ i n T a b l e I V indicates the angle f o rmed between the 
two planes of atoms about the amide groups. I t therefore indicates the 
degree of f o ld ing of the r i n g a long the l ine j o in ing the two c h i r a l or po 
tent ia l ly c h i r a l carbon atoms. Genera l ly , such f o l d i n g is observed w h e n 
the nonamide carbon atoms are subst ituted, b u t this is not always the case 
(53) a n d its presence or absence m a y d e p e n d o n the ch i ra l i ty of the two 
asymmetr i c centers. I n most cases w h e n these centers have the same con
figuration, the r i n g is f o lded about 30° out of p lane. I f a source of r i n g 
strain is in troduced , e.g., b y fus ion of a p y r r o l i d i n e r i n g ( X X I X , R + R ' 
- ( C H 2 ) 3 , R 3 — H , R 2 — M e 2 C H · C H 2 - ) , the angle of the p lanar junc
t i on is n o w about 140°. F i n a l l y , construct ion of a b r idge of two sul fur 
atoms across the r i n g increases the dev iat ion f r om p lanar i ty to about 50° , 
a surpr is ing ly s m a l l increment ( T a b l e I V ) . T h u s as W i t k o p a n d his 
co-workers po in ted out ( 5 4 ) , the geometry of the d ioxopiperaz ine r i n g is 
on ly m a r g i n a l l y affected b y the presence of the ep id i th io br idge . W h e n 
compounds w i t h a b r i d g e of f our sul fur atoms are examined ( T a b l e I V ) , 
this t r e n d is reversed, a n d the d ioxopiperaz ine r i n g is more planar— i . e . , 
the p lane of one a m i d e b o n d is about 160° to the other. 

Disulfides 

I n acyc l i c disulfides the d i h e d r a l angle of the group — C — S — S — C — 
usua l ly lies at 74-105° ( 4 7 ) , a n d the S—S b o n d l ength is 2.03-2.05 A . 
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244 MYCOTOXINS 

Table IV. Bond Angles and Bond Lengths in Some Piperazine-3,6-diones 

R 

Compounds and Structure 

R = R 1 = R 2 = R 8 = H 
R — R 2 = H , R 1 = R 3 = M e 
R = R 2 = M e , R 1 = R 3 = H 

R = R 1 = ( C H 2 ) 3 , R 3 = H , 
R 2 = M e 2 C H C H 2 -

R + R 1 = R 2 + R 3 = ( C H 2 ) 3 

I I , χ = 2 

I , R = H 
V , R ' = R " = H , R = 
R ' " = O H , ζ = 2 
I I I , R = A c 
I V , a; = 2 

R 1 = R 3 = M e , R + R 2 = S 4 

I I , χ = 4 

Peptide 
Bond 

Lengths 
(A —a) 

1.325 
1.348 
1.344 
1.323 
1.341 
1.367 

1.35 
1.39 
1.35 

1.446 
1.347 
1.369 
1.345 
1.35 
1.33 

Bond Angles Ο 

Ύ Ψ θ Ref. 

126 118.9 180 48 
124.6 118.1 180 49 
126.05 116.8 154 50 

123.25 114 143 51 
159* 52 

115.1 113.5 135 30 
121.7 110 
118 114 130.5 31 

118 112 130 33 
119 111 ? 32 
113.9 117.1 — 8 

122.6 118 159 74 
124.2 117.5 157 73 

* Calculated from N M R . 

Reference to T a b l e V shows that the S — S b o n d lengths of a l l the e p i d i -
th iodioxopiperaz ines that have been de termined l i e outside this range 
a n d i n d e e d are greater than that f o u n d ( 2.059 Â ) i n the s tra ined cyc lo -
hexasul fur ( 55 ) . T h e d i h e d r a l angles of the C — S — S — C br idge are also 
g iven i n T a b l e V where c lear ly the range f o u n d (8 .8-18.2° ) differs greatly 
f r o m that f ound i n acyc l i c disulfides. I t is an interest ing but unexp la ined 
fact that i n two cases (31 , 32) w h e r e two ep id i th iod ioxop iperaz ine units 
are f o u n d i n the crysta l u n i t ce l l , the d i h e d r a l angles of the C — S — S — C 
groups are not the same, a n d each lies at one extreme of the range. T h e 
d i h e d r a l angle of about 90° i n acyc l i c disulfides impl ies that i f rotation 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 245 

about the S—S b o n d is restr icted by , for example , repuls ion between lone 
pairs of electrons on different sul fur atoms, then the c o m p o u n d is capable 
of existence i n two enantiomeric forms. S u c h isomers have been shown to 
exist i n a var ie ty of c y c l i c disulfides of w h i c h 3,3,6,6-tetramethyl- l ,2-
d i t h i a n was one of the first examples (56 ) . F o r s imple cyc l i c compounds 
of this type i t is possible to show that the energy barr ier for intraconver -
s ion is about 10 k c a l / m o l e . H o w e v e r , the geometry of the substituents 
can be m a n i p u l a t e d to increase this energy barr ier to the po in t w h e r e 
the enantiomers can be separated. A n example of such a c o m p o u n d is 
X X X (57, 58) w h e r e the A G * of invers ion was est imated to b e 28.8 k c a l / 
mole . T h u s the disul f ide group is c h i r a l a n d m a y be regarded as h a v i n g a 
r i ght -handed ( P ) screw sense or a le f t -handed ( M ) screw sense. H e n c e 
the stereochemistry of the ep ipo lyth iod ioxopiperaz ine system involves not 
on ly the ch i ra l i t y of the n o n a m i d e carbon atoms but also the more u n 
usua l asymmetry o f the cha in of sulfur atoms. T h i s fact is w e l l i l lus trated 
i n T a b l e V w h e r e the d i h e d r a l angles C — S — S — C of those disulfides 
whose structures have been the subject of x - ray crysta l lographic studies 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

11



246 MYCOTOXINS 

Table V . Bond Lengths and Bond Angles of the 

Bond Angles 
Bond Lengths r\ 

(A) U 
II 

Structure -S-S- • -c-s- c-c-s N-C-S c-s-s 

I I , χ = 2 2.08 1.90 102° 112° 98° 

I , R = H 2.08 1.89 103° 112° 98° 

V , R ' — R " = H 
R = R ' " = O H , x = 2 2.077 1.88 103° 112° 98° 

I I I , R = A c 2.082 1.882 103° 111° 97° 
I V , χ = 2 2.068 1.888 98.8° 111.6° 98.4° 
I I , . x = 4 2.027 1.891 106.7° 112.7° 103° 

2.082 1.858 
2.011 

X X I X , R = R 2 = S 4 2.0244 1.866 108.6° 113.9° 103.02° 
R 1 = R 8 = M e 2.076 

are g iven. I n these cases the d i h e d r a l angle is smal l , bu t b o t h screw 
senses are k n o w n a n d are shown as + a n d — i n T a b l e V . 

T h e x-ray crysta l lographic studies discussed so far give no i n f o r m a 
t i o n about the absolute conf iguration of these molecules a n d also have the 
d isadvantage that the p a c k i n g of c h i r a l sul fur compounds i n the crysta l 
l i n e state often involves p a c k i n g forces sufficient to ensure that on ly one 
enant iomer is f o u n d i n a crysta l (25, 59 ) . Therefore , it has been neces
sary to supplement the x-ray data w i t h studies of op t i ca l rotatory disper
s i on a n d C D of these compounds i n solution. T h e C D curves of ep ipo ly -
thiopiperazine-3,6-diones are complex ( F i g u r e 3 ) , a n d at least three 
C o t t o n effects are observed ( 6 0 ) . H o w e v e r the C D s of a l l the compounds 
examined so far ( T a b l e V I ) are remarkab ly s imi lar after a l l o w i n g for the 
fac t that some are m i r r o r images of the others. Q u i t e closely re lated 
metabol i t ies , e.g., the epitrisulf ides a n d the de th iod i th iomethy l derivatives , 
have very different C D curves (21 , 61). F u r t h e r , as seen i n T a b l e V I , the 
results obta ined i n different laboratories a n d on different instruments show 
surpr i s ing ly good agreement. T h e C D of an ep id i th iod ioxop iperaz ine 
therefore has excellent d iagnost ic va lue for the presence of this func t i on 
a l i t y i n a n e w l y isolated n a t u r a l product . T h i s conclus ion receives r e i n 
forcement f r om the theoret ical studies of Nagara jan a n d W o o d y (62). 
These authors invest igated the C D of g l iotoxin a n d acety laranot in a n d 
at tempted , f r o m calculations of the rotat ional strengths of the various 
chromophores a n d pa i rwise combinat ions of them, to der ive theoret ica l 
C D curves i n agreement w i t h the exper imental data. T h e results for the 
t w o metabolites are shown i n F igures 4 a n d 5. F o r the three asymmetr i c 
absorptions at ca. 230, 265, a n d 340 n m the theoret ical curve predicts cor-
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 247 

S u l f u r F u n c t i o n i n Ep ipo ly th iop iperaz ine -3 ,6 -d i ones 

Dihedral Angles 

C-Sr-S-C C-S-Sr-S Sr-SSr-S S^S^C 

- 1 0 ° 
1 9 0 8.8° 
" 15.8° 

+ 1 1 ° 
- 1 8 . 2 ° ( - 1 5 . 2 ° ) 
- 1 1 . 8 ° 

- 6 7 . 4 ° 107.1° - 7 1 . 7 ° 

68.63° - 1 0 5 . 3 3 ° 68.6 e 
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248 MYCOTOXINS 

T a b l e V I . C i r c u l a r D i c h r o i s m 

Structure (nm) 

I , R = H M e O H 338 312 272 234 I , R = H 
D i o x a n 337 — 271 235 
E t O H ~ 3 3 5 — 274 233 

V I I I , ζ = 2 E t O H 340 300 282 230 
I V , a ; = 2 M e O H 310 264 234 I V , a ; = 2 

M e O H 360 313 263 233 
D i o x a n 362 316 265 237 

X X X I E t O H — 325 285 230 
I I , χ = 2, R = Η E t O H 360 300 268 232 
I I , χ = 2, R = O H E t O H 360 300 — 235 I I , χ = 2, R = O H 

M e O H 365 300 268 232 
I I I , R = A c M e O H 344 310 266 228 I I I , R = A c 

D i o x a n 347 313 265 228 
V , R ' = R " = H , x = S 2 M e O H — 304 270 239 

R = R ' " = O A c M e O H 380 304 268 240 
V , R = R ' = R " == R ' " = O H , M e 2 N C H O 372 307 274 253 

χ = S 2 

V , R ' = R " = Η , χ = Sa 375 307 272 236 
R = R ' " = O H 

V , R ' = R " = R ' " = O H D i o x a n 370 306 274 237 
R = Η, χ = S 2 

V I I , (Diacetate ) D i o x a n — 303 272 238 
V I I I , x = 3 D i o x a n — 320 260 — 
I I , χ = 3 M e O H — 306 263 — 

C H C l s — 312 263 — 
V , R = H , x = S 2 , S 3 D i o x a n 377 311 277 237.5 

R ' = R " = R ' " = O H 
I V , χ = 4 M e O H 328 297 263 255 
V I I I , x = 4 D i o x a n 313 290 260 230 
I I , χ = 4 D i o x a n 313 302 276 253 

rect ly the wavelengths of the m a x i m a a n d m i n i m a , b u t predict ions of 
e l l ip t i c i ty , t h o u g h of the r ight s ign, were less accurate. T h e i r final assign
ments were : the ~ 340 n m b a n d was assigned to the ησ* disulf ide t rans i 
t i o n ; the ~ 270 n m b a n d was assigned to the disulf ide orbitals n 2 , n 3 —» ττ* 
charge transfer bands ( over lapp ing the π —» π* trans i t ion of the diene 
group i n g l i o t ox in ) , a n d the 230 n m b a n d is assigned to n2, th σ* d i s u l 
fide transitions over lapp ing the pept ide ηπ* transitions. T h e shoulder , 
f requent ly seen i n the C D of these compounds at ~ 310 n m , was assigned 
to the Πι - » π* charge transfer b a n d where n i is the highest filled o r b i t a l 
of the disulf ide a n d where π* represents the ant ibond ing π orbitals of the 
pept ide groups. T h u s the possible transitions of the disul f ide group con -
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11. LEIGH AND TAYLOR Epipolythiopiperazine-3,6-diones 249 

of Ep ipo ly th iod ioxop iperaz ines 

Ref. 

- 0 . 4 9 - 0 . 1 9 + 7 . 4 - 3 3 . 5 62 
- 0 . 5 1 — + 6 . 6 - 2 9 . 3 62 
- 0 . 4 5 — + 5 . 2 3 - 2 5 . 3 3 60 
- 0 . 5 7 - 0 . 8 6 + 1 . 7 - 2 0 . 0 60 

— +0 .04 - 8 . 6 3 + 2 2 . 5 13 
+0 .32 - 0 . 0 6 + 8 . 8 - 2 5 . 4 8 
+ 0 . 2 4 - 0 . 1 2 + 7 . 1 - 2 5 . 5 8 

— - 5 . 8 + 2 . 9 - 2 0 . 0 60 
+ 0 . 2 3 +2 .05 +7 .08 - 2 8 . 6 60 
+0 .31 +1 .80 — - 2 0 . 9 60 
+ 0 . 3 +2 .59 +5 .88 - 3 4 . 0 62 
- 0 . 6 7 - 0 . 3 3 + 8 . 2 - 7 2 . 0 62 
- 0 . 8 1 - 0 . 4 1 + 8 . 2 - 7 3 . 9 62 

— +14 .3 - 6 . 5 2 + 7 3 . 8 9 
- 0 . 1 9 +14 .7 - 5 . 1 + 7 6 . 7 62 
- 0 . 9 5 +19 .4 - 4 . 6 8 + 4 7 . 8 10 

- 0 . 8 3 +17 .43 - 7 . 5 8 +100.46 11 

- 0 . 9 3 +18 .76 - 8 . 4 9 +106 .09 11 

— +2.21 - 0 . 3 3 + 5 . 0 9 17 
— +7 .69 - 1 7 . 6 1 — 24 
— +0 .27 - 4 . 0 3 — 61 
— +0 .76 - 2 5 . 7 — 61 

- 0 . 4 2 +19 .13 - 7 . 7 9 +84 .27 11 

+ 0 . 9 - 4 . 4 +13 .6 + 1 2 . 1 71 
+13 .34 - 9 . 2 - 2 4 . 5 5 - 5 3 . 3 5 24 

+ 1 . 0 3 +1 .49 - 1 . 1 9 - 2 . 0 8 63 

t r ibute to a l l the observed C D bands at wavelengths greater t h a n 210 
n m . F r o m this discussion i t m i g h t be conc luded that the ch i ra l i t y of the 
disul f ide group w o u l d be de termined b y the s ign of the C o t t o n effect at 
340 n m (64 ) . Unfor tunate ly such a conclus ion is untenable since the 
magn i tude of the rotat ional strength (-0.02 D e b y e - B o h r magnetons) is 
cons iderably less than that p r e d i c t e d for a d i h e d r a l angle of ~ 15° ( 6 5 ) . 
O n e source of this reduct ion is the c o u p l i n g of the % σ * disul f ide t rans i 
t i o n w i t h the d ioxopiperaz ine pept ide ττπ* transitions. I n s u m m a r y the 
C D s of ep id i th iod ioxopiperaz ines are h i g h l y characterist ic of this m o l e c u 
lar group a n d also a l l o w the n a t u r a l products that have been isolated to 
be classified into two enantiomeric groups; however , the asymmetr i c ab -
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250 MYCOTOXINS 

Figure 4. Experimental and theoretical CD curves for gliotoxin 

sorption bands cannot be s i m p l y assigned to u n i q u e asymmetr i c units . 
T h e p r o b l e m of the absolute conf igurat ion of the natura l ly o c curr ing 

epidithiodioxopiperazines was so lved b y H e r r m a n n a n d her colleagues 
(60 ) . T h e y were able to convert spor idesmin -B into anhydrospor ides-
m i n - B ( X X X I ) , a molecule i n w h i c h the c h i r a l centers have the same 
symmetry a n d are exclusively l o ca ted i n the ep id i th iod ioxop iperaz ine 
moiety. F u r t h e r , one of these asymmetr i c centers is l ocated i n the mole 
cule i n the same orientat ion to the i n d o l e chromophore as the asymmetr ic 
carbon atom is located i n L - t r y p t o p h a n whose absolute conf igurat ion 
is k n o w n . T h e op t i ca l rotatory d ispers ion curve of X X X I ( F i g u r e 6) 
h a d a negative C o t t o n effect at the same frequency a n d s imi lar a m p l i t u d e 
to that observed i n L - t r y p t o p h a n . T h u s the absolute conf iguration of b o t h 
asymmetric centers i n anhydrospor idesmin -B was establ ished, a n d f r o m 
the x-ray crysta l lography the absolute conf igurat ion of the other c h i r a l 
centers i n spor idesmin c o u l d be deduced . I n dehydrog l i o tox in ( V I I I , 
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11. LEIGH AND TAYLOR Epipolythiopiperazine-396-diones 251 

10 

0 

- 1 0 

- 2 0 

- 3 0 

- 4 0 

- 5 0 

- 6 0 

- 7 0 

2 0 0 2 5 0 Λ , 3 5 0 4 0 0 
λ ( n m ) 

Figure 5. Experimental and theoretical CD curves for acetyl-
aranotin 

χ = 2 ) , l ikewise , the ep id i th iod ioxop iperaz ine moie ty is the on ly a s y m 
metr i c f ragment i n the molecule ; this c o m p o u n d too has a negative C o t t o n 
effect i n its op t i ca l rotatory d ispers ion curve . H e r r m a n n et a l . (60) c o n 
c l u d e d on this evidence a n d on the C D data ( T a b l e V I ) that the absolute 
configurations of the sporidesmins a n d gliotoxins were the same so far as 
the ep id i th iod ioxop iperaz ine units were concerned. T h i s conc lus ion has 
been a m p l y conf irmed b y m a n y other groups of workers . T h u s F r i d r i c h -
sons a n d M a t h i e s o n (31) s tud ied the intensi ty differences i n the x - ray 
di f fract ion pattern of g l iotoxin i n 15 Bi jvoet (66) pairs (associated w i t h 
the sul fur a toms) , l f c l a n d lkl o rdered for a r i g h t - h a n d set of axes. T h e 
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252 MYCOTOXINS 

Figure 6. Optical rotatory dispersion curves for anhydro-
sporidesmin-B X — X — X and dehydrogliotoxin Ο — Ο — Ο 

differences were i n a l l cases of opposite s ign , w h i c h showed that the ab 
solute conf iguration of the ep id i th iod ioxopiperaz ine group of g l iotox in 
be longed to the L series. S i m i l a r studies b y M o n c r i e f (67) showed that 
b isdeth iod i th iomethylacety laranot in h a d the same absolute configuration, 
a n d the w o r k of W e b e r (33) showed that chaetoc in ( V , R = R " ' — O H , 
R ' — R " — Η, χ — 2 ) h a d the opposite configuration at the p iperaz ine 
carbon centers w i t h right-handed ( P ) he l i c i ty i n the disul f ide groups. 
These studies a l l o w n e w l y isolated epid i thiodioxopiperaz ines to be as
s igned an absolute conf iguration f r o m their C D properties i f they be long 
to classes w h e r e the carbon c h i r a l centers are L a n d the sul fur c h a i n is M 
or w h e r e the carbon centers are D a n d the sul fur c h a i n is P . X - r a y analy 
sis of the other two possible classes has not yet been reported . 

Trisulfides 

F i v e natura l l y o c c u r r i n g epi tr i th iodioxopiperazines have been re 
por ted ; one of them, the tr isulf ide analogue of chetomin ( V I I , 6 8 ) , has 
not yet been f u l l y character ized . T w o of the other compounds [ I V , χ = 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6~diones 253 

3, ( 7 ) a n d V , R = R ' " — H , R ' — R " = O H , χ — 2, χ — 3, ( I I ) ] have 
N M R spectra w h i c h suggest the presence of s ingle conformat ional species 
or r a p i d interchange of one conformer to the other w i t h respect to the 
N M R t ime scale. T h e r e m a i n i n g trisulfides, spor idesmin -E [ I I , χ = 3, 
(61 ) a n d s i r odesmin -C ( 1 2 ) ] appeared on the basis of their N M R spectra 
to be mixtures of two isomers. E v i d e n c e that the t w o isomers of sporides
m i n - E w e r e interconvertable was obta ined as fol lows. T h e re lat ive in ten 
sities of the two sets of signals v a r i e d accord ing to the solvent used for the 
N M R experiment . F o r example , i n methano l the rat io 1:3 was observed, 
a l though i n ch loro form the re lat ive intensity of one set of peaks c om
p a r e d w i t h the other was 2:3. T h e signals observed i n the spectrum were 
also temperature dependent ; at 90 ° C most of the doublets co l lapsed, a n d 
single peaks h a v i n g chemica l shifts of the average of each doublet were 
observed. T h e phenomenon was reversible— i .e . , w h e n the solution was 
coo led to r o o m temperature , the o r ig ina l N M R spectrum was obtained. 
W h e n s p o r i d e s m i n - E was coo led to — 4 0 ° C , a n d dissolved i n ch loro form at 
that temperature a n d its N M R spectrum recorded at the temperature, 
on ly one set of signals was seen ( F i g u r e 7 A ) ( 25 ) . A s the so lut ion was 

(a) 

- J 1 1 1 1 1 I I I I I I I I « ' 

(b) 

-J I I L 

Figure 7. (a) The NMR spectrum of spondesmin-E etherate (II, 
x = 3) crystals cooled to 233°K, dissolved in deuteriated chloroform 
and the spectrum measured at 233° K. (b) NMR spectrum of the 
same solution after being heated to 237° Κ and the ether removed. 
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254 MYCOTOXINS 

C(I6) 
„ 0 ( 5 ) 

CI 

0(4) 

S(2) 
}0(3) 

S(l) 

0(1) 

Figure 8. View of the sporidesmin molecule down the C axis 

a l l o w e d to w a r m to r oom temperature , the other set of signals appeared 
( F i g u r e 7 B ). H o w e v e r this group of peaks d i d not d isappear w h e n the 
so lut ion was coo led to —40° . These phenomena are t y p i c a l of the effects 
of changes i n the conformat ion of sul fur chains on the c h e m i c a l shifts of 
h y d r o c a r b o n groups adjacent to the sul fur funct ion (59 Λ 69 ) . A m o d e l of 
s p o r i d e s m i n - E ( I I , R = O H , χ = 3 ) shows that the center sul fur atom 
m a y be d i rec ted towards or a w a y f r om the h inge of the book - l ike mo le 
cule ( F i g u r e 8) ( 3 0 ) . P r e s u m a b l y interconversion of the two conformers 
is s l ow enough at 2 5 ° C for the N M R spectra of b o t h to b e observed, b u t 
at — 40 ° C the rate of interconvers ion is sma l l indeed . S ince the react ion 
rate of t r i p h e n y l phosphine w i t h polysulfides is greater w i t h sul fur atoms 
b o u n d to sul fur atoms other t h a n w i t h those b o u n d to carbon a n d the 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 255 

react ion is accompanied b y invers ion , i t seemed possible that the react ion 
was b imolecu lar , a n d i n the case of spor idesmin -E the assumed transit ion 
complex of such a react ion w o u l d be more easily f o rmed w i t h the con-
former i n w h i c h the central sul fur atom was d irected a w a y f r om the h inge 
of the molecule . W e therefore examined the react ion of t r i p h e n y l phos
ph ine w i t h spor idesmin -E at — 40 ° C and f ound that the intensity of one 
set of signals decreased m u c h more r a p i d l y than the intensity of the other. 
T h e r e is therefore good evidence that spor idesmin-E exists as two stable 
conformers that differ on ly i n the conformation of the trisulf ide group. 
T h e difference i n concentration of these two conformers i n methano l a n d 
ch loro form (see above) suggested that any differences i n the C D s of the 
t w o conformers m i g h t be observable b y c o m p a r i n g the ir C D s i n the t w o 
solvents. O f course the ampl i tude of the C o t t o n effect is solvent d e p e n d 
ent ( 7 0 ) , b u t the wave length of the asymmetr ic b a n d at ~ 310 n m shi f ted 
f r o m 306 n m i n methanol to 312 n m i n chloroform. Therefore i t seems 
possible to conc lude that the wave length m a x i m u m w h e r e this asymmetr i c 
b a n d is observed m i g h t ind icate the screw sense of the trisulf ide group. 

Tetrasulfides 

F o u r natura l ly o c curr ing epitetrathiodioxiopiperazines are k n o w n . 
T h e y inc lude the epimers of ( I V , χ = 4 ) (8,71) s i rodesmin-B (VI, χ = 4) 
(12) a n d spor idesmin -G ( I I , χ = 4) ( 63 ) . These compounds have con
siderable stereochemical a n d hence b i o l og i ca l interest. M o d e l s can be 
made of these molecules where the d i h e d r a l angles of the sul fur c h a i n do 
not deviate greatly f r o m the values f ound i n acyc l i c sulfides ( 47 ) . C l e a r l y 
as i n the case of the disulfides, each of the two possible stereoisomers at 
the carbon centers can be associated w i t h sul fur chains of Ρ or M he l i c i ty . 
I n a d d i t i o n g iven that — S — S — d i h e d r a l angles of < 20° are stable, 
there are four a d d i t i o n a l conformations of the sul fur cha in , where the 
centra l — S — S — d i h e d r a l angle is smal l , that m i g h t be expected to exist. 
T h e N M R spectrum of spor idesmin -G ind i ca ted the presence of on ly one 
conformer. N o t e that the sporidesmins are a d m i r a b l y sui ted for this k i n d 
of w o r k since their N M R spectra consist on ly of singlets ( 72 ) . T h e tetra -
sulfide obta ined f r o m the react ion of spor idesmin w i t h H 2 S# h a d the same 
C D a n d N M R as the natura l product . Therefore the quest ion arose: w h a t 
is the geometry of this conformation , a n d w h a t is the reason for its appar 
ent s tabi l i ty compared w i t h other possible conformers? A n x-ray crysta l lo 
g r a p h y analysis was undertaken to answer these questions (73). A n x-ray 
crysta l lographic analysis of the synthetic (38) c o m p o u n d ( X X I X , R 1 — R 3 

«= M e , R + R 2 = S 4 ) has also been reported (74 ) . T h e epitetrathiodioxo-
p iperaz ine group i n the latter crystals was enant iomeric to that of s p o r i 
d e s m i n - G . Some of the crysta l lographic data is g iven i n Tables I V a n d V . 
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256 MYCOTOXINS 

I n b o t h cases the d ioxopiperaz ine r i n g is i n the boat conformation, b u t the 
r i n g is more p lanar than i n the case of compounds w i t h a disulf ide br idge . 
I n b o t h of the tetrasulfides the S - S b o n d lengths alternate; the centra l 
S - S bonds are about the same lengths as those f o u n d i n the epidisulf ides, 
a n d the two t e r m i n a l S - S bonds are about 2 . 5 % shorter. S i m i l a r a l terna
tions i n b o n d lengths of S - S bonds i n sul fur chains have been observed i n 
severa l other compounds (75, 76, 77 ) . A s seen f r om T a b l e V , the d i h e d r a l 
angles of the three S - S bonds f a l l just outside the n o r m a l range, a n d the 
con format ion of the sul fur chains i n bo th compounds was that i n w h i c h 
the centra l p a i r of sul fur atoms was d irected towards the n i trogen atoms 
of the d ioxopiperaz ine r i n g . P r z y b y l s k a a n d G o p a l a k r i s h n a (73) f o u n d 
that the interatomic distances between the centra l sul fur atoms a n d the 
n i t r o g e n atoms of the pept ide bonds were shorter (3.162 Â ) t h a n the sum 
of the i r v a n der W a a l ' s r a d i i (3.35 Â ) . T h e y suggest that this m i g h t arise 
f r o m donor -ac cep tor interactions a n d that this m a y be the reason for the 
s tab i l i ty of this conformation. H o w e v e r , these facts do not answer the 
ques t i on : C a n the organisms whose metabolites these compounds are d is 
c r i m i n a t e be tween Ρ a n d M hel ic i t ies i n sul fur chains at the instant of 
b iosynthesis? It is possible that the br idge is an ox idat ion artefact w h i c h 
occurs d u r i n g the iso lat ion procedure . T h e quest ion is of considerable 
b i o l o g i c a l interest because the topography of m a n y proteins depends o n 
the presence of d isul f ide bonds of b o t h Ρ a n d M hel ic i t ies (47). A r e 
these artefacts of the crysta l l i zat ion process, a n d i f so, can any conc lus ion 
about the mechan ism of catalysis of enzymes, for instance, be made based 
o n such d e r i v e d topography? These questions m i g h t be answered i f an 
ep i tetrathiod ioxopiperaz ine c o u l d be isolated a n d s h o w n b y x-ray crysta l 
l o g r a p h y to possess a tetrasulfide c h a i n of different conformation. S u c h a 
c o m p o u n d m i g h t be present i n one of the two enantiomeric tetrasulfides 
( I V , χ = 4 ) w h i c h have recently been reported (8, 71). 

Synthesis of Epipolythiodioxopiperazine s 

T h e first successful synthesis of an ep ipo ly th iod ioxop iperaz ine was 
d i scovered b y T r o w n (18) w h o started w i t h l ,4 -d imethy lp iperaz ine -3 ,6 -
d i o n e a n d converted i t into the d i b r o m i d e ( X X X I I I , R — M e ) w h i c h 
gave the thioacetate ( X X X I V , R ' = H , R = M e ) w i t h potass ium th io -
acetate; then i t was h y d r o l y z e d to the d i t h i o l a n d ox id i zed to the e p i -
d isul f ide . T h e L e d e r l e workers (78) a n d two other groups (38, 63) 
s h o w e d that the d i b r o m i d e ( X X X I I I , R = M e ) reacted w i t h various 
s u l f u r a t i n g reagents, perhaps the best of w h i c h is d i h y d r o g e n polysul f ide , 
to g ive the tetrasulfide ( X X V I I , R ' — H , R = M e ) i n h i g h y i e l d . T h e 
tetrasulf ide m a y then be r educed w i t h borohydr ide to the d i m e r c a p t a n 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-396-diones 257 

a n d then o x i d i z e d to the d i su l f ide—the overa l l y i e l d f r o m the d i b r o m i d e 
is ca. 7 5 % . Several N-subst i tuted e p i d i - a n d tetrathiodioxopiperazines 
have been synthesized i n this w a y ; they i n c l u d e ( X X X V , R — C 6 H 5 R — 
p - M e O · C 6 H 5 ) . A l l these compounds showed ant i funga l propert ies , b u t 
unfortunate ly b rominat i on of d ioxopiperazines h a v i n g a substituent at the 
t w o a n d / o r five positions has been unsuccessful poss ib ly due to the stereo
c h e m i c a l parameters discussed above. 

T h e r e are three obvious strategies that m a y be taken w h e n start ing a 
synthesis of ep ipo lythiodioxopiperaz ines . O n e m a y start w i t h p i p e r a z i n e -
3,6-dione a n d introduce the possible substituents sequential ly . A l t e r n a 
t ive ly one m a y start w i t h a 3,6-piperazinedione obta ined f r o m su i tab ly 
chosen amino acids a n d then introduce the sul fur funct ion . T h i s proce 
dure has the advantage that the ch i ra l i t y of the carbon centers is estab
l i shed at once. F i n a l l y the piperazine-3 ,6-dione complete w i t h its su l fur 
br idge (or potent ia l b r i d g e ) m a y be embe l l i shed w i t h appropr ia te sub
stituents. A l l of these strategies have been successfully explo i ted . T h u s 
Po ise l a n d S c h m i d t (79) f o u n d that L - p r o l y l - L - p r o l i n e a n h y d r i d e [ X X I X , 
R + R 1 = ( C H 2 ) 3 , R 2 + R 3 = ( C H 2 ) 3 ] c o u l d be converted into its d i -
an ion w i t h l i t h i u m d i - i sopropy l imide a n d that its monoan ion c o u l d b e 
obta ined w i t h N a + [ C H 2 — S O · C H 3 ] ". T h e reactions of these anions 
w i t h a l k y l hal ides p r o v i d e d two a n d / o r five subst i tuted d ioxopiperaz ines 
w i t h retent ion of configuration. H i n o a n d Sato (80) p repared the d i a n i o n 
of the ester ( X X I X , R = R 2 = = C 0 2 E t , R i = R 3 = M e ) w i t h N a H a n d 
f o u n d that its treatment w i t h S C 1 2 or S 2 C 1 2 gave the ep i th io a n d e p i d i t h i o 
derivatives ( X X X V , R = M e , R ' = C 0 2 E t a n d X X X V I , R = M e , R ' = 
C 0 2 E t ) . S i m i l a r i on izat i on c o u l d also be ach ieved b y us ing s o d i u m i n 
l i q u i d a m m o n i a ( 8 1 ) . A l t e r n a t i v e l y ox id i z ing piperazine-3,6-diones w i t h 
l e a d tetraacetate gave the 2,5-diacetoxy compounds (82) w h i c h c o u l d 
then be easily transformed into epipolysulf ides b y the reactions s h o w n 
i n F i g u r e 1. 

An ions at the two a n d five positions of the p iperaz ined ione r i n g c a n 
also be made w h e n these positions bear a sul fur substituent (e.g., X ) 
( 3 5 ) . Since such groups are read i ly converted into epidisulf ides (see 
above ) , this constitutes a versati le approach to the synthesis of the 
natura l ly o c curr ing epipo lythiodioxopiperaz ines . 

A l t h o u g h the synthesis of the g l iotoxin a n d spor idesmin groups of 
antibiot ics m a y be regarded as outside a discussion of the chemistry of 
the ep ipo ly th iod ioxop iperaz ine group since i t involves a good d e a l of 
indo l ine chemistry , i t w o u l d be unsatisfactory not to inc lude a s u m m a r y 
of the considerable efforts that have been so successfully made . T h e s y n 
thesis of dehydrog l io tox in (83) has been reported brief ly (84) a n d is 
s h o w n i n F i g u r e 9. I t i l lustrates the sequent ia l in t roduc t i on of subst i 
tuents into the piperazine-3,6-dione r i n g , b u t p r o b a b l y the most r e m a r k -
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258 MYCOTOXINS 

OC0 2 H Η Ν ^ γ ° C 6 " 5 N ° 2 , Γ " j l C 0 * H Q C H 2 N 2 

I + 1 . M M . C u 2 I 2
 > u^n^*^ ^1 © NBS/Beazoyl3 

0 ' ^ ^ „ i ' , , „ „ . MeO I Peroxide 
OMe K 2 C0 3 /I70- 0 ^ N M e © K S C O C H 3 

Φ Ν,Ν-carbonyl-
dimidozote c c > 4 R fH Γ Ι Φ B u L i 

®T^Û 2 ( C 8 H | 8 ) 3 P > 2 (DHOAc 

Figure 9. Synthesis of dehydrogliotoxin 

able react ion is the first. A n alternative approach to the synthesis of the 
fused indo l inepyraz ine system has been reported b y Ot tenhe i jm a n d his 
colleagues (135, 136, 137, 138). T h e y showed that e t h y l indol ine-2-car -
boxylates r e a d i l y reacted w i t h β- a n d γ-mercapto acids g i v ing i n d o l i n o -
[2 , l -b ] - th iazo l idones or tetrahydrothiazones. T h e latter compounds 
smoothly c y c l i z e d i n excellent y i e l d a n d h i g h stereospecificity, to dioxo
p iperaz ines h a v i n g a — C H 2 — S — br idge , i.e., to dehydrog l io tox in- l ike 
compounds where one sul fur atom is rep laced w i t h a methylene group 
(137) . N o b i o l og i ca l ac t iv i ty was detected i n these products . T h e syn
thesis of the spor idesmin group depends o n the tedious synthesis of a n 
indo le der ivat ive hav ing the m e t h y l , ch lor ine , a n d methoxy substituents 
i n the r i ght or ientat ion a n d then on the correct stereochemical f ormat ion 
of the eserine ring system ( the cis junc t i on of the two five-membered 
r i n g s ) . T h e or ientat ion p r o b l e m was solved (39, 85) w h e n i t was shown 
that ch lor inat i on of k n o w n (86) 6-7-dimethoxyoxindoles a n d 6 ,7-dimeth-
oxyisatins gave the 5-chloro der ivat ive . T h e f o rmat ion of the eserine ring 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 259 

system has been ach ieved b y three groups of workers . A l l depend o n the 
oxidative generation of an indo lenine r a d i c a l at the three pos i t ion of 
the indo le r i n g : 

f o l l o w e d b y a d d i t i o n to the enamine system. W i t k o p a n d his co-workers 
(87) were able to exploit m u c h w o r k done prev ious ly b y his school (e.g., 
88 ) a n d show that l ead tetraacetate, oxygen i n the presence of p l a t i n u m , 
or f - b u t y l hypoch lor i te ox idat ion of «-acylaminotryptamine derivatives 
resulted i n cyc l i za t i on to the t r i cyc l i c eserine system. T h e procedure 
suffers f r om the ready aromatizat ion to the indo le type ( X X X I X ) of the 
indo l ine intermediate ( X X X V I I I ) , but the react ion seems to be general 
a n d has been used recently to synthesize possible degradat ion products 
of chetomin . A photo lyt i c ox idat ion of t r y p t o p h a n a n d its derivatives has 
been reported (89 ) . T h e intermediate hydroxy indo l ine ( X L ) was 
smoothly reduced to the hydroxyeserine ( X L I ) ca ta ly t i ca l ly i n the pres
ence of a trace of hydrogen chlor ide . A t h i r d method i n v o l v e d the use of 

OH OH 

H 2 /Pt 

NMe ^ 
Ν 0 v IT Ν 
H H Me 

iodosobenzene diacetate i n acetonitri le i n the presence of d i m e t h y l 
sulfide to cyc l i ze the intermediate X L I I to the eserine der ivat ive X L I I I . 
X L I I I was an important re lay i n Kish i ' s (90) synthesis of spor idesmin 
since i t was also obta ined b y borohydr ide reduct ion of spor idesmin (21), 
f o rmat ion of the cyc l i c thioacetal of p -methoxybenzaldehyde , a n d acety la 
t ion . T h e synthesis of X L I I I is shown i n F i g u r e 10. T h e intermediate 
acetate ( X L I I ) was reduced to the methy lene der ivat ive ( X L I V ) w h i c h 
was cy c l i z ed to the eserine ( X L V ) b y heat ing w i t h b e n z o y l peroxide 
at 90 ° C for 2 hr i n the presence of a trace of 4,4'-thiobis(-6-£-butyl-3-
m e t h y l p h e n o l ) . O n l y one of the possible isomers was f o rmed , poss ib ly 
because of the steric effects of the b u l k y p -methoxythiobenzal moiety . 
T h i s product ( X L V ) was also prepared f r o m spor idesmin-B (72) b y a 
series of steps analogous to those shown i n F i g u r e 10 f r o m spor idesmin 
(91 ) . These procedures constitute f o r m a l syntheses of a l l the k n o w n 
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260 M Y C O T O X I N S 

Figure 10. 

sporidesmins except spor idesmin -F ( 2 1 ) . T h e y have also been success
f u l l y used i n the to ta l synthesis of h y a l o d e n d r i n ( I V , χ = 2) ( 9 2 ) . 

O n e of the consequences of this synthet ic a c t i v i ty has b e e n to c a l l 
attent ion to the re lat ionship between the ep id i th iod ioxopiperaz ines a n d 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 261 

the other great class of d ipept ide ant ib io t i cs—the pen i c i l l ins . O n e c a n 
envisage the transformation of one class into the other b y such a reac t ion 
scheme as: 

O C ^ N C O R 

C H o S H 

O C ^ J N C O R 
Ï 
C H S H 

»> I 
C O O H 

O C v ^ N H C O R : 

Π 
C H S H 

C O O H 

H N ' 

o i ^ C H S H 

N H C O R 

C O O H 

a n d / o r 

N H C O R 

C O O H 

N H C O R 

Transformations analagous to that shown at ( a ) have recent ly been de 
scr ibed i n a lecture b y Y . K i s h i at the I . U . P . A . C . sympos ium on n a t u r a l 
products h e l d i n O t t a w a , C a n a d a , June 1974. 

Biosynthesis 

T h e earliest studies re la t ing to the biosynthesis of g l io tox in concerned 
the op t imiza t i on of its y i e l d b y adjust ing the composi t ion of the cu l ture 
m e d i u m . Perhaps the most s t r ik ing feature of the Trichoderma viride 
(Gliocladium spp. ) fermentat ion is the l o w p H needed for m a x i m u m 
gl iotoxin produc t i on (2 -3 .5 ) as opposed to m a x i m u m m y c e l i a l g r o w t h 
a n d sporulat ion ( p H 6 -7 ) (93,94, 95 ) . Pénicillium terlikowskii a n d other 
f u n g i p r o d u c i n g epipolythiodioxopiperazines have h igher p H op t ima , e.g., 
Chaetomium cochliodes, p H 6.9 (16). G l i o t o x i n was one of the first a n t i 
biot ics obta ined b y shake-flask (93) a n d semicontinuous (94) f e rmenta 
t i on , a n d the h i g h oxygen requirement of the fungus for its p r o d u c t i o n 
was no t i ced early. It has been s h o w n to have a n o p t i m u m for oxygen 
signif icantly above that necessary for g r o w t h (96). A w i d e var ie ty of 
carbon sources, e.g., glucose, can be u t i l i z e d b y T . viride. A m m o n i u m was 
pre ferred to nitrate as a source of n i trogen a n d also gave rise to fewer 
chloroform-soluble gums t h a n d i d peptone. Sulfate incorporat ion was 
apparent ly nonspecific, a n d no g rowth supplements were f o u n d that i n 
creased g l iotox in produc t i on ( 9 4 ) . A t least one group (97) has f o u n d 
augmented yields w h e n an a l ternat ing cycle of 12 hr periods of l i g h t a n d 
dark w e r e used. 
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262 MYCOTOXINS 

W i t h the in t roduc t i on of radioact ive a n d heavy isotopes, d irect 
studies w e r e m a d e on the biosynthesis of g l iotoxin. D u r i n g the prepara 
t i o n of this rev iew, i t became clear that several, apparent ly conf l ict ing 
results were recorded i n the l i terature. W e dec ided to present a l l of the 
results i n T a b l e V I I a n d a l l ow the reader to f o rm a n op in ion . A l l of the 
groups of workers whose results are summar ized i n T a b l e V I I sought re
produc ib l e h i g h yields of the ant iobiot ic b u t were not always successful. 
I n add i t i on , the precursors were general ly a d d e d at a t ime judged to m a r k 
the highest biosynthet ic ac t iv i ty i n order that the d i l u t i o n of the isotope 
be kept l ow . T h i s considerat ion is especial ly important w h e n isotopes 
that are not radioact ive are used for l abe l l ing , for i n these cases the detec
t i on techniques ( M S a n d N M R ) are less sensitive. It can be seen f r om 
the experiments us ing carboxy l - labe l led phenyla lan ine that the mass of 
precusor f ed also has a m a r k e d inverse re lat ion to the d i l u t i o n value. 
T h u s i n us ing nonradioact ive labels one must feed rather h i g h concentra
tions of precursor. 

U s i n g 1 4 C - a n d later 3 H - l a b e l l e d precursors i t was f o u n d that neither 
t ryptophan nor acetate was a d irect precursor of g l iotoxin , a l though bo th 
were taken u p into the cells. O n the other h a n d phenyla lanine a n d M e -
labe l l ed methionine were incorporated into the ant ib iot i c i n h i g h y i e l d 
(98, 9 9 ) . Serine was also a b iosynthet ic precursor of g l iotoxin (99, 100) . 
A m i n o a c i d interconversions are a p r o b l e m i n such studies, a n d g lyc ine 
was also incorporated i n about the same y i e l d as serine. I n one of the 
first uses of M S for b iosynthet ic purposes Bose et a l . (101 ) used the basic 
degradat ion product of g l io tox in ( X L V I , R = H ) to show that p h e n y l 
a lanine labe l l ed w i t h 1 4 C a n d 1 5 N can be incorporated d i rec t ly i n about 
1 0 % y i e l d a n d that the n i trogen atom of phenyla lanine appeared on ly i n 
the indo l ine n i trogen atom of g l iotoxin. B y contrast 1 5 N - g l y c i n e , 1 5 N -
aspartic a c id , a n d 1 5 N - g l u t a m i c a c id gave rise to u n e q u a l l abe l l ing of 
b o t h n i trogen atoms of g l iotoxin . W h e n amino acids labe l l ed w i t h bo th 
1 5 N a n d 1 4 C were fed , the d i l u t i o n of the two isotopes dif fered; the 1 4 C : 1 5 N 
rat io increased, thus suggesting deaminat ion of the amino a c i d a n d 
aminat ion of the corresponding a-ketoacid (102). T h u s these precursor 
amino acids part i c ipate i n the ni trogen poo l , but the labe l l ing exper i 
ments suggested that there was l i t t le exchange between, e.g., p h e n y l a 
lan ine a n d serine. These experiments conf irmed previous w o r k (103) 
that the carbon skeleton of pheny la lan ine was incorporated intact . Since 
b o t h D - a n d L -phenyla lanines were equa l ly good precursors, the p h e n y l a 
lanine fed was deaminated to an ach i ra l intermediate . 

B y a d d i n g a constant amount of 3 5 S - L - m e t h i o n i n e to a thousandfo ld 
greater concentrat ion of various potent ia l precursors of the sul fur funct ion 
( that were not l a b e l l e d ) , i t was shown (104) that cysteine was pre ferred 
to methionine as a source of the sul fur i n g l iotoxin. I n a s imi lar w a y 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine'3,6-diones 263 

serine was f o u n d to be twenty times as effective a precursor of the carbon 
skeleton of g l iotox in as cysteine or alanine (105). S i m i l a r experiments i n 
the aranot in series showed that b o t h stereoisomers of pheny la lan ine were 
good precursors of b i sde th iod i th iomethy l acetylaranot in ( B D A ) . E q u i -
mo lar 3 5 S a n d C [ 3 H ] 3 tagged L - m e t h i o n i n e l e d to a h igher incorporat ion 
of t r i t i u m than of 3 5 S , i m p l y i n g that the t h i o m e t h y l groups w e r e not in t ro 
d u c e d i n a single step. A l s o 3 5 S - l a b e l l e d B D A was not transformed into 
acetylaranot in (104), t h o u g h some evidence was obta ined that the B D A 
was taken u p into the cells. 

T r y p t o p h a n , a lanine, methionine , a n d serine brought about l a b e l l i n g 
of spor idesmin, b u t t ryptophan greatly reduced the incorporat ion of 
serine. L - C y s t e i n e a n d to a lesser extent 3 5 S - s o d i u m sulfate a n d m e t h i o n 
ine labe l l ed the disul f ide b r i d g e (106). T h e secondary h y d r o x y l group is 
p r o b a b l y in t roduced stereospecifically after f ormat ion of the eserine r i n g 
system (132). 

S p u r r e d b y reports of exceedingly h i g h incorporations of m-tyrosine 
into g l io tox in ( 9 9 ) , three separate groups have attempted to repeat this 
w o r k (107,108,109), but none has succeeded. H o w e v e r , some aspects of 
p y r r o l i d i n e r i n g f o rmat ion i n these antibiot ics have been c lari f ied i n these 
investigations. A l l of the groups ( T a b l e V I I ) f o u n d that pheny la lan ine 
was incorporated better that Bz-oxygenated precursors, even though , e.g., 
m-tyrosine was f o u n d to accumulate i n the cells (109). Perhaps most 
signif icantly, 3 - 3 H - p h e n y l a l a n i n e was incorporated into g l io tox in a n d into 
B D A w i t h retention of the labe l (108). O n the basis of the oxepin struc
ture of the aranotins, i t was proposed (22) that pyr ro l id ine r i n g closure 
was ach ieved t h r o u g h attack of the lone p a i r on the ni trogen atom on the 
epoxide ( X L V I I ) , analogous to the intermediate i n the " N I H shift" (110). 
T h e proposed scheme is shown i n F i g u r e 11. I t is clear that the stereo
chemistry of the br idgehead protons w i t h respect to the secondary h y 
d r o x y l groups i n the aranotins a n d perhaps i n the gliotoxins is correct 
for the trans opening of an epoxide. W h e n total ly deuter iated p h e n y l 
a lanine was incorporated in to acety laranot in ; almost seven of the eight 
deuter ium atoms w h i c h were carbon substituents w e r e re ta ined (109). 
G i v e n that there is signif icant deaminat ion of the amino ac id , this result 
seems too good to be true ; for on ly 4 % of pheny la lan ine d ideuter iated i n 
the methylene groups was recovered i n d ideuter iated g l io tox in (111)* 

M u c h w o r k has been done on the l a b e l l i n g of the methylene protons 
of pheny la lan ine w i t h the object of ob ta in ing in format ion about the m e 
chanism of a d d i t i o n of the sul fur br idge—there is some poss ib i l i ty that an 
olefinic intermediate l ike X L V I , R = H , was i n v o l v e d (21). S u c h a reac
t i o n can be rea l i zed chemica l ly since the a d d i t i o n of ethanethio l to Δ 2 3 -
pro l ineanhydr ide to give cw-2,5-dithioethylpiperazine-3 ,6-dione ( X I I I ) 
has been reported (112). S u c h an intermediate w o u l d require the loss 
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264 M Y C O T O X I N S 

Table VII. Biosynthetic Feeding Experiments with 

Precursor 

T r y p t o p h a n - 7 a - 1 4 C 
Sod ium a c e t a t e - 2 - 1 4 C 

M e t h i o n i n e - 1 4 C H 3 

M e t h i o n i n e - 3 * ^ ( 2 S o n l y ) 

M e t h i o n i n e - 3 H 3 C (2S only ) 
G l y c i n e - 2 - 1 4 C 
G l y c i n e - 1 5 N 
G l y c i n e - 2 - 1 3 C 
G l y c i n e - l - 1 3 C 
A s p a r t a t e - 1 5 N and - 1 - 1 4 C 
G l u t a m a t e - 1 5 N 
F o r m a t e - 1 3 C 
A l a n i n e - 3 - 1 4 C * 

A l a n i n e - 3 - 3 H e 

S e r i n e - 3 - 1 4 C 

S e r i n e - l - 1 4 C 
2 , 3 - D O P A - [ 4 , 5 , 6 - 3 H ] ' 
3 , 5 - D O P A - 2 - 1 4 C ' 

o r t h o - T y r o s i n e - 3 , 5 - 3 H 

m e t a - T y r o s i n e - 8 H 

m e t a - T y r o s i n e - [ 2 , 4 , 6 - 2 H 3 ] + 
- 1 - 1 4 C 

m e t a - T y r o s i n e - l ' - 1 4 C 

m e t a - T y r o s i n e - 2 ' - 1 4 C 
m e t a - T y r o s i n e - 2 ' - 1 4 C * 

m e t a - T y r o s i n e - [ 2 , 4 , 6 - Ή ] 
meta -Tyros ine + DL -1 -

1 4 C - p h e n y l a l a n i n e 

P h e n y l a l a n i n e - l ' - 1 4 C 

P h e n y l a l a n i n e - l ' - 1 4 C 

Amount 
Fed 

(mg/l.) 

0.45 
0.53 
0.62 
0.08 
0.17 

0.65 

1.56 

1.53 
0.08 

33.3 
33.3 
33.3 
33.3 
33.3 
33.3 

164 

163 

0.043 

0.18 
0.83 

15 
1.5 
1.02 

0.042 

185 

0.96 
9.4 

14.2 
15 

1.5 
2.87 

6.7 + 0.2 
3.2 + 3.1 

0.33 

9.5 

m l . 

Sp. 
Activity 

(mCi/mm) 

0.153 
1.0 

0.42 

1.96 

526 

127 
1.68 

9 0 - 9 5 % 1 5 N 
5 0 - 6 0 % 1 3 C 
5 0 - 6 0 % 1 3 C 

9 0 - 9 5 % 1 5 N 
5 0 - 6 0 % 1 3 C 

0.014 

0.169 

2.02 

1.77 
18.5 

.422 

16.8 

9 . 6 / * C / m l 

8 4 % D ; 3 6 . 6 

0.33 

0.536 

0.536 

rat io 11.5 
ra t i o 11.9 

0.422 

0.174 

Fed at 
(hr) 

24 -96 
2 4 - 9 6 

2 4 - 9 6 

4 2 - 6 5 

72 

72 
2 3 - 50 
60 
60 
60 
60 
60 
60 

264* 
312* 
264* 

4 4 - 5 3 

31 -52 
20 

48 

20 

2 7 - 6 5 

30 

30 
36 
48 

48 

0 

0 

2 4 - 59 
2 4 - 3 5 
36 
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11. LEIGH AND TAYLOR Epipolythiopiperazine-3,6-diones 265 

Gliocladhim spp (T. viride) a n d Pénicillium terlikotvski 

Harvested at Gliotoxin Incorporation 
(hr) (mg/l.) (%) Dilution" Reference 

120 
120 

120 

120 

96 

96 
120 
120 
120 
120 
120 
120 
120 
336 
360 

120 

120 
36 

72 

36 

1 2 0 8 7 7 0 ΤΔ - 9 9 

94.6 0 — 98 
65 0.02 1.53 Χ 10 5 

Oft 
89 0.005 7.1 X 10 s yo 
95 0.16 3.26 X 10 s Oft 
43 0.27 4.55 X 10 5 

44 3.39 9.1 Χ 10 3 QQ 
28 1.74 1.1 χ 10 2 yy 
— 10.2 — 104 

— 13.3 — 
27 0.88-1.17 8.5-6.5 Χ 10 3 99 
20 -67 3.0-9.0 11-33 101 
2 0 - 6 7 2.3-4.2 22 -39 
20 -67 4.0 23 
2 0 - 6 7 2.7 + 0 3 7 + o o 102 
20 -67 2.7 37 
2 0 - 6 7 1.8-4.5 2 2 - 5 5 101 
49.5 0.098 214 103 
43.5 0.001 2320 
94.8 0.014 2450 
36 0.72 3.7 Χ 10 4 QQ 
72 2.74 1.9 χ 10 4 yy 
81 1.92 7.4 Χ 10 3 99 
52 0.04 9.3 Χ 10 4 107 

— 0.01 — 109 

39 0.003 6.1 X 10 e 99 

72 33 0 + 0.0024 4 X 10 3 107 

72 91 
69 

0.0043 
0.053 

1.2 χ 10« 
7 . 7 X 10 3 

107 

72 — 0.04 — 

72 — 0.37 
0.12 109 

120 72 0.009 — 108 

120 78 
53 

4.9 ( 1 4 C ) 
1.6 ( 1 4 C ) 

rat io 0.009 
ra t i o 0.13 108 

120 

72 

70 
33 
36 

4.2 
8.4 
5.4 

2600 
530 

33 

98 
107 
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266 MYCOTOXINS 

Precursor 

P h e n y l a l a n i n e - l ' - 1 4 C 
P h e n y l a l a n i n e - l ' - 1 4 C 
P h e n y l a l a n i n e - r - 1 4 C 
P h e n y l a l a n i n e - l ' - 1 4 C 
P h e n y l a l a n i n e - 2 ' - 1 4 C 

P h e n y l a l a n i n e - 3 ' - 1 4 C 
P h e n y l a l a n i n e - 3 ' - 1 4 C a 

P h e n y l a l a n i n e - 3 ! ! 
P h e n y l a l a n i n e - 1 5 N 
P h e n y l a l a n i n e + 2 ' S - 1 - 1 4 C 

P h e n y l a l a n i n e + 2 ' i M - 1 4 C 

P h e n y l a l a n i n e - l ' - 1 4 C + - l ' - 1 3 C 

P h e n y l a l a n i n e - 3 ' - 1 4 C + - l ' - 1 3 C 

P h e n y l a l a n i n e [ a r y l - 1 4 C ] * 
P h e n y l a l a n i n e [ a r y l - 1 4 C ] a 

P h e n y l a l a n i n e - l ' - 1 4 C + - 2 - 3 H 
P h e n y l a l a n i n e - l ' - 1 4 C + - 3 - Ή 
P h e n y l a l a n i n e - r - 1 4 C + - 3 - Ή 
P h e n y l a l a n i n e - l ' - 1 4 C + - 4 - 3 H 
P h e n y l a l a n i n e - [2 ,3 ,4 ,5 ,6 - 2 H 5 ] 
P h e n y l a l a n i n e - [3 ' , 3 ' - 2 H 2 ] 

P h e n y l a l a n i n e - [ 3 ' - 3 H , l ' - 1 4 C ] 
P h e n y l a l a n i n e - 3 ' i S - 2 H + l ' - 1 4 C 

P h e n y l a l a n i n e - 3 ' S - 2 H + l ' - 1 4 C 

P h e n y l a l a n i n e - 3 ' i S - 3 H + l ' - 1 4 C 
Phenyla lanine-3 'Λ-Ή + l r - 1 4 C 

Phenylalanine-S ' i î^H + r i n g - 3 H 

Phenyla lanine-3 'Β-Ή + l ' - 1 4 C 

X X I X , R' = R 3 — H 
R — P h C H 2 , R 2 = C H 2 O H 
D e h y d r o g l i o t o x i n - 1 4 C β 

( V I I I , x = 2 ) . . 

T a b l e V I I . 

Amount Sp. 
Fed Activity Fed at 

(mg/l.) (mCi/mm) (hr) 

1.0 0.168 20 
219.7 0.0019 20 

22 0.017 20 
2.2 0.17 20 
0.95 n SA 4 7 - 6 9 
0.18 4 5 - 4 7 
6.8 4.86 48 
2 16.5 48 
0.42 m l 5 . 5 / i C i / m l 2 7 - 4 7 

33.3 9 0 - 9 5 % 1 5 N 60 
33.3 9 0 - 9 5 % 1 5 N 60 

33.3 9 0 - 9 5 % 1 5 N 60 

33.3 5 0 - 6 9 % 1 3 C 60 

33.3 5 0 - 6 0 % 1 3 C 60 

100 0.066 192° 
700 0.023 216" 

2.6 ra t i o 1:38.2 0 
2.6 rat io 1:7.1 0 
3.4 rat io 1:6.5 0 

~ 1 0 - 3 ra t i o 1:4.7 0 
231 8 5 % 2 H 20 

— 9 5 % 2 H 20 

ra t i o 6.45 0 
93 9.8 χ 10" 5 20 

218 2.0 Χ 10" 4 20 

ra t i o 4.6 0 
228 1.8 χ 10" 4 20 

234 5.2 Χ 10" 4 20 

ra t i o 5.01 0 
2.9-3.6 ra t i o 0 

12.2-13.7 
202 1.2 Χ 10" 2 0° 

10 4.8 X 10 ' 3 192-264 
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11. LEIGH AND TAYLOR Epipolythiopiperazine-3,6-diones 267 

C o n t i n u e d 

Harvested at Gliotoxin Incorporation 
(hr) (mg/l.) (%) Dilution' Reference 

36 46 11.0 200 
34 — 3.4 2.7 
34 — 3.7 28 107 
34 — 6.5 107 
7 9 23 12.4 1000 Q S 

' 50 6.9 2050 y o 

72 — 2.6 
72 — 9.1 

10.3 ( 1 4 C ) 
20 9.6 1.9 

107 

120 53 14.2-17.6 — 
120 20 -67 0.6-4.3 — 101 
120 20 -67 9.7 ( 1 5 N ) 4.3 ( 1 4 C ) , 

11.1 ( 1 5 N ) 1 0 2 

120 2 0 - 6 7 1 1 . 9 ( 1 5 N ) 2 . 6 ( 1 4 C ) , 
9.1 ( 1 5 N ) 

120 20 -67 6 8.4 ( 1 3 C ) ; 
8.1 ( 1 4 C ) 102 

120 2 0 - 6 7 5 10 .0 ( 1 3 C) 

103 
336 54 2.4 3.8 
120 55 7.5 ra t i o 1:36.2 114 
120 38 3.3 r a t i o 1:7.6 108 
120 43 2.3 rat io 1:6.7 
120 67 7.5 rat io 1:4.9 114 
34 23 — 5 107 
34 — _ 4 3 % 2 H 2 , 111 

4 % 2 H ! 
120 63 8.4 r a t i o 3.17 114 

34 — _ 19 ( 2 H ) , 111 
3.35 ( 1 4 C ) 

34 — — 4 . 4 ( 2 H ) 113 
2.7 ( 1 4 C ) 

120 — — ra t i o 3.78 114 
34 — — 5 . 7 6 ( 2 H ) ; 111 

5.31 ( 1 4 C ) 
34 — _ 4 . 2 5 ( 2 H ) ; 113 

I . 29 ( 3 H ) 
120 — — ra t io 1.01 114 

72 66 19-24 rat io 113 
I I . 5-13.1 

168 150-180 0.3 238-144 133 
336 63 31 20 103 
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268 MYCOTOXINS 

Precursor 

6 - H y d r o x y p y r a z i n o i n d o l e - 1 4 C 
( X L V I , R = O H ) 

3 - M e t h y l e n e p y r a z i n o i n d o l e -
1 4 C a ( X L V I , R = H ) 

Amount 
Fed 

(mg/l.) 

20 

10 

Sp. 
Activity 

(mCi/mm) 

T a b l e V I I . 

Fed at 
(hr) 

4.8 Χ 10" 3 240-312 

4.8 Χ 10" 3 192-264 

"Experiment used Pénicillium terlikowskii. 
* D O P A = dihydroxy phenylalanine. 

of one of the protons of the methylene group of phenyla lanine . W h e n 
pheny la lan ine d ideuter iated at the methylene group was used as a pre 
cursor , 4 3 % of the labe l l ed species were monodeuter iated. T h i s result 
l e d to a n examinat ion (111) of the fate of phenyla lan ine w h e n the p r o -
c h i r a l hydrogen atoms of the methylene group were sterospecifically 
l a b e l l e d (111, 113, 114). I n a l l cases bo th labels were reta ined to some 
extent, b u t the pro-S proton was reta ined i n two to four times the amount 
of the p r o - R pro ton—the earl ier report (111) incorrect ly reversed this 
resul t (134). I t is possible that these incorporat ion studies mere ly reflect 

Phenylalanine 

~0 NH CO 
I I NH CO 

gliotoxin series 

aranotin series 

Figure 11. Formuhtion of ring closure and trans opening of an epoxide 
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11. L E I G H A N D T A Y L O R Epipolythiopiperazine-3,6-diones 269 

Continued 

Harvested at Gliotoxin Incorporation 
(hr) (mg/l.) (%) Dilution0 Reference 

— 50 6 73 103 

336 77 0 — 103 

* dilution = specific activity of precursor/specific activity of product. 
= (x + y)/y where χ and y refer to mass spectral intensities of selected 

peaks of mass M+ and M + 1+. 

a stereospecific eno l izat ion of a subst i tuted p y r u v i c a c i d since p h e n y l 
a lanine recovered f r om the m y c e l i u m f rom such precursor experiments 
also reta ined the pro-S proton preferential ly . 

ο 

XLVI XLV III 

OH 

XLIX 

E c h i n u l i n ( X L V I I I ) a n d b r e v i a n a m i d e - E ( X L I X ) have been s h o w n 
to be b iosynthesized f r o m piperazine-3,6-diones (115, 116). L i k e w i s e 
D L - 3 - h y d r o x y m e t h y l e n e - L - 6 - ( B z - [ 3 H ] )benzy lp iperaz ine -2 ( 1 4 C ) , 5 - d i o n e 
was incorporated into g l iotoxin b y Gliocladium sp. ( Γ . vidide) i n about 
2 0 % y i e l d w i t h a n unchanged 1 4 C : 3 H ratio (113). T h i s result fits neat ly 
w i t h the benzoxep in theory of r i n g closure of the heterocyc l i c ring of the 
indo l ine moie ty of g l iotoxin. W i t k o p a n d his co-workers (87) have 
s h o w n that the analogous d ioxopiperaz ine of t r y p t o p h a n a n d alanine 
( X X X V I I ) is smoothly c y c l i z e d to the eserine ( X X X V I I I ) b y r a d i c a l 
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270 MYCOTOXINS 

oxidat ion . M a c D o n a l d a n d Slater (133) have also s tud ied the incorpo 
ra t i on of L -3 -hydroxymethy lene - L -6 -benzy lp iperaz ine -2 ,5 ( 1 4 C) -d ione b y 
Pénicillium terlikowskii. T h i s precursor was shown to be taken u p b y 
the cultures, b u t was not incorporated into the g l io tox in p r o d u c e d b y 
the cells , a n d was recovered unchanged f r o m the cu l ture filtrates. I t is 
just possible that a different route of g l i o tox in biosynthesis occurs i n this 
organism, for most isolates also produce dehydrog l io tox in (83, V I I I , χ = 2) 
a n d the latter seems to be a precursor of g l io tox in , par t i cu lar ly i n the 
later stages of the fermentat ion (103). T h e r e are precedents for this type 
of hydrogénation of aromatic r ings (117). 

I n summary , the incorporat ion of D- a n d L -phenyla lanine into g l i o 
tox in or aranotins b y Gliocladium spp. , P. terlikowskii, A. aureus a n d 
Aspergillus terrius is establ ished. I t seems l ike ly , under certa in g r o w t h 
condit ions , that the carbon a n d nitrogen skeleton of the amino a c i d is 
incorporated intact. O t h e r aspects of these b iosynthet ic reactions are less 
certa in . T h e isolat ion of apoaranot in ( T a b l e I ) f r o m cultures of A . 
aureus h a v i n g b o t h hydroxycyc lohexadiene a n d hydroxybenzazep in 
moieties i n the molecule , strongly supports the mechanism of f o rmat ion 
of the indo l ine r i n g system proposed b y the L i l l y workers ( 5 ) . H o w e v e r , 
m u c h further w o r k is r e q u i r e d to resolve some of the apparent i n c o n -
sistancies ev ident i n the reported exper imental results. 

Analysis of Epipolythiodioxopiperazines 

C h e m i c a l Methods . Ep ipo ly th iod ioxop iperaz ines c a n be detected on 
paper chromatograms or t h i n layer chromatography plates b y spray ing 
the chromatograms w i t h 5 % aqueous si lver nitrate solution. A b o u t 0.1 
/*g can be detected b y this method , a n d the sensit ivity can be increased 
to 0.02 /Ag b y over spray ing the s i lver sulf ide spots w i t h 0 .01N s o d i u m 
arsenite solution (118). A n o t h e r m e t h o d that is about as sensitive de 
pends on spray ing the chromatograms w i t h a 1% solut ion of s od ium az ide 
i n 0 .01N iodine . T h e spray shou ld be used very l i gh t ly , a n d the chromato
grams are kept about five m i n a n d sprayed again w i t h 1 % soluble starch 
solut ion. Ep id i th iod ioxop iperaz ines appear as colorless spots o n a b l u e 
b a c k g r o u n d (119). 

T h r e e methods have been used to quant i tat ive ly estimate ep id i th i o 
dioxopiperazines . O n e that involves radioisotope d i l u t i o n depends of 
course on the isolat ion of a pure sample of the metabol i te of k n o w n 
specific act iv i ty . A second method used depended o n a modi f i cat ion of 
the s tandard p e n i c i l l i n i odometr i c assay (120, 121). I t suffers f r o m the 
facts that spur ious ly h i g h results are often obta ined a n d that re lat ive ly 
large quantit ies (~ 1 m g ) of the polysufides are needed for accurate 
estimations. T h e t h i r d m e t h o d uses the a b i l i t y of the disulfides ( b u t not 
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always the t r i - a n d tetrasulfides) to catalyze the decompos i t ion of az ide 
w i t h iodine . These disulfides are efficient catalysts (122, 123) b u t the 
method requires care ful s tandardizat ion (124, 125) . T h e method is v e r y 
sensitive; 1 m l of 0.012V iod ine is reduced b y az ide for each 0.055 m g of 
epidisul f ide present, or al ternat ively 4 / J of n i trogen are evo lved for each 
m i c r o g r a m of epidisul f ide i n the react ion mixture . 

B i o l o g i c a l Methods . These methods have been r e v i e w e d recent ly 
( 14 ) . T w o techniques are gene ia l ly appl i cab le . M o s t of the ep ipo ly th io 
dioxopiperazines descr ibed so far i n h i b i t the g r o w t h of Bacillus subtilis 
(126 ) . O f course the sensit ivity of this organism to these metabol ites v a r 
ies ( 127 ) , bu t i n general there is a l inear re lat ionship over a concentrat ion 
range of two or three orders of magni tude between a s tandard increment 
i n the l a g phase of g r o w t h of the organism a n d the concentrat ion of the 
ant ib iot i c . A more sensitive m e t h o d (121) involves the g r o w t h of d i s 
continuous layers of H e L a cells i n the presence of these su l fur c o m 
pounds. T h e effect can be measured either b y de termin ing the increase 
( or decrease ) of the amount of prote in i n the cultures or b y s imply ob 
serving the spread of the cells on the glass surface of the cu l ture vessel. 
I n general i n a t w o f o l d d i l u t i o n series ( w i t h respect to the concentrat ion 
of the ant ib io t i c ) a sharp end-point is usua l ly seen between one concen
trat ion where the cells complete ly cover the surface of the cul ture vessels 
a n d the next h igher concentration w h e r e the ce l l layer is discontinuous 
a n d the cells are pyknot i c . I n the case of the sporidesmins the m e t h o d is 
extremely sensitive; about 1 n g of the toxin can be easi ly determined . 
O t h e r epipo lythiodioxopiperazines are less sensitive: che tomin is about 20 
times less toxic, a n d gl iotoxin is about 100 times. 
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The Ochratoxins and Other Related 
Compounds 

STANLEY NESHEIM 

Division of Chemistry and Physics, Food and Drug Administration, 
200 "C" Street, S. W., Washington, D.C. 20204 

The ochratoxins are toxic metabolites elaborated by several 
species of Aspergillus ochraceus as well as by Penicillium 
viridicatum. The discovery, chemistry, history, sources, oc
currence, toxicology, and fate in foods and feeds of these 
metabolites are reviewed. Emphasized are the analytical 
methods for the detection and estimation of the ochratoxins 
with reference to their applicability in commodities such as 
grains, nuts, beer, and animal tissues. Similarities and dif
ferences in sampling procedures, extraction methods and 
solvents, extract purification, toxin detection and estimation, 
and chemical and biological techniques of confirmation of 
identity are described. Other metabolites which interfere 
with current methods are listed. Suggestions to direct fur
ther efforts in developing analytical methods of ochratoxins 
are proposed. 

In a screening program to determine possible causes of certain animal 
diseases in South Africa, Scott showed that three of five strains of 

Aspergillus ochraceus Wilh isolated from local domestic legumes and 
cereal products were toxigenic (1). The toxic metabolites were later 
isolated and chemically characterized (2, 3, 4). The major toxic com
pound was named ochratoxin A; several related compounds were also 
isolated and identified (Figure 1). More recently one or more of the 
ochratoxins have been isolated from various mold species of the Asper
gillus and Penicillium genera (5-14). These molds are commonly found 
in soils and on food and feed commodities such as nuts, dried fish, grains, 
beans, peas, coffee, spices, alfalfa, and meats (9, 10, 12, 15-24). Ochra
toxin A, the 7-carboxy-5-chloro-8-hydroxy-3,4-dihydro-3-R-methyl isocou
marin amide of L-β-phenylalanine (Figure 1), is the most toxic of the 
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ochratoxins (25) a n d is p r o d u c e d i n highest y i e l d ( 2 6 ) . Its c h e m i c a l 
structure has been conf irmed b y synthesis (27, 2 8 ) . B o t h i t a n d o c h r a 
tox in B , its dechloro analog, are a c id i c compounds a n d fluoresce intensely 
under ultravio let l ight . T h e y are re lat ive ly heat stable, res ist ing auto -
c lav ing i n oatmeal a n d cereal ( 2 9 ) . H o w e v e r , they are large ly destroyed 
i n coffee b y heat ing to 200°C for 5 m i n or more under s imulated coffee 
roast ing conditions ( 2 1 ) . B o t h ochratoxins A a n d Β have been f o u n d as 
n a t u r a l contaminants of food a n d feeds such as wheat , bar ley , oats, coffee 
beans, corn, rye , a n d d r i e d w h i t e beans ( 9 , 1 0 , 1 2 , 1 4 , 29-39). T h e levels 
detected ranged f r om < 1 0 / *g /kg to 28 m g / k g . T h e h igher levels were 
f o u n d i n lower grade or m o l d y materials . I n D e n m a r k , where samples 
were taken f rom districts experiencing a h i g h inc idence of swine n e p h r o p 
athy, 5 8 % of 33 samples were contaminated , a n d averaged 3 m g / k g . I n 
other surveys there a n d elsewhere i n v o l v i n g nonselected samples the i n c i 
dence a n d degree of contaminat ion was low. T o contro l , reduce or e l i m i 
nate ochratoxin contaminat ion , factors w h i c h c a n mod i fy m o l d deve lop 
ment ( i n c l u d i n g moisture, temperature, aerat ion, t ime , a n d substrate) 
have been investigated (21, 40, 41). T h e fate of ochratox in i n the n o r m a l 
use of contaminated products has also been studied . A s ment ioned above, 
under s imulated coffee roasting condit ions the ochratoxins are la rge ly 
destroyed (21), b u t 3 0 % remained intact i n oatmeal or r i ce cereals after 
3 h r of autoc laving ( 2 9 ) . O n m a l t i n g a n d b r e w i n g beer f r o m bar ley con 
taminated w i t h 1-5000 /xg /kg ochratoxin A the beer conta ined f r o m 6 - 2 0 
/Ag/1.; this corresponds to a 2 - 7 % transmission (42). 

Several investigators s tudied the toxico logical a n d patho log i ca l 
effects produced b y the ochratoxins. T h e L D 5 o for ochratoxin A a d m i n 
istered per os varies f r om 2.1-4.67 m g / k g for the chick , swine, a n d trout 
to 22 m g / k g for the female rat (12, 25, 30, 33, 43-57). O c h r a t o x i n A has 
been reported as teratogenic to mice a n d rats (51 , 59, 59) a n d to the 
ch i cken embryo (60); other investigators however report n o teratogenic 
effects i n ch icken embryos (61, 62). A dose of 200 /xg ochratoxin A / k g 
b o d y we ight has been reported to produce nephrosis i n pigs (31, 52). 

Figure 1. Ochratoxin A: R1 =H,R2 = Cl; ochratoxin B: 
Ri = R2 = H; ochratoxin C: R1 = -CH2-CHS, R2 = Cl 
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278 MYCOTOXINS 

T h e depos i t ion of ochratoxin A i n the l i ver , k idney , fat, a n d musc le tissues 
of swine a n d the excret ion of ochratox in A i n cows ' m i l k have been re 
p o r t e d (30,63,64). 

T o he lp detect, contro l , a n d e l iminate ochratoxin f r om h u m a n a n d 
a n i m a l foods a n d feeds, sensitive ana ly t i ca l methods i n c l u d i n g some 
screening methods have been deve loped . Some of these have been used 
for the survei l lance of various commodit ies a n d to detect the n a t u r a l 
occurrence of ochratoxins. T w o of the ochratoxin methods have been 
tested i n inter laboratory co l laborat ive studies (65, 66) a n d were adopted 
"off icial first a c t i o n ' for inc lus i on i n O f f i c i a l M e t h o d s of A n a l y s i s " of the 
Assoc ia t i on of Of f i c ia l A n a l y t i c a l Chemists (67). S u c h adopt ion means 
that the m e t h o d has been v a l i d a t e d b y testing i n several laboratories on 
ident i ca l sets of samples conta in ing ochratoxins at u n k n o w n levels occur
r i n g b o t h as a na tura l contaminant a n d as a n a d d e d contaminant . 

A l t h o u g h several good general reviews cover ing b r o a d areas of the 
subject ( 1,12,14,33,47, 68-71 ) a n d reviews of some of the methods (25, 
72, 73) have been prepared , n o i n - d e p t h rev iew of the methodology has 
been made. T h i s chapter attempts to summarize a l l the w o r k o n m e t h 
odology i n c l u d i n g m u c h that has been scattered as parts of reports i n 
other areas, fields, or d isc ipl ines . 

M o s t of the p u b l i s h e d ochratox in methods descr ibed be l ow a p p l y 
on ly to the analysis of ochratoxins A a n d B . A f ew methods have been 
a p p l i e d to the analysis of the m e t h y l a n d e t h y l esters (2-4,15, 26, 43, 65, 
67, 74-78). A l t h o u g h the esters of ochratoxin A are as toxic as the parent 
compounds (47), they have been f o u n d on ly i n substrates m o l d e d under 
laboratory condit ions a n d at m u c h lower concentrations t h a n those of 
ochratoxins A a n d Β (4). 

A U ochratoxin methods consist of two or more of the f o l l o w i n g basic 
steps: lot sampl ing , ana ly t i ca l sample preparat ion , extract ion of the toxins, 
pur i f i cat ion or concentrat ion, detect ion, quant i ta t ion , a n d conf irmation of 
ident i ty of the tox in . T h e methods differ i n c o m m o d i t y a p p l i c a b i l i t y , sen
s i t iv i ty (or m i n i m u m detect ion l e v e l ) , accuracy, prec is ion, amount of 
v a l i d a t i o n data support ing the method , cost of materials , equipment , t ime , 
a n d labor . 

T h e choice of a m e t h o d is d i c ta ted b y factors such as type a n d n u m 
ber of samples to be ana lyzed a n d in format ion r e q u i r e d for the par t i cu lar 
study. T h e analyst shou ld not be l i m i t e d to any specific method . F o r a 
survey, for example, he c a n a n d shou ld use the simplest re l iab le m e t h o d 
avai lab le (i.e., a screening m e t h o d ) to e l iminate the m a n y negative 
samples a n d then perhaps a p p l y another, more rigorous m e t h o d to the 
pos i t ive samples. O f course the screening m e t h o d shou ld have a sensit iv
i t y adequate to the needs of the survey. 

M e t h o d s are cont inua l ly i m p r o v e d as n e w techniques appear a n d 
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12. N E S H E i M Ochratoxins 279 

are a p p l i e d to o l d problems. T h e a n n u a l report of the G e n e r a l Referee 
o n Myco tox ins of the Assoc iat ion of Of f i c ia l A n a l y t i c a l Chemists is p u b 
l i shed every year i n the M a r c h issue of the Journal of the Association of 
Official Analytical Chemists a n d provides a cont inu ing rev i ew of deve lop
ments i n methodology. Associate Referees are assigned to separate topics 
such as Όchratox ins , , , "Aflatoxins i n Coffee," "Myco tox ins i n G r a i n s , " 
to name a few, under the r e v i e w of the G e n e r a l Referee. T h e Associate 
Referees also report progress i n their assignments b u t on a less regular 
basis. 

Lot Sampling 

F o r mycotoxins i n general or for ochratoxins specif ically, the contami 
nat i on i n the c o m m o d i t y m a y be i n smal l pockets or i n a f e w of m a n y 
units of the commodi ty . A . ochraceus is k n o w n to produce as h i g h as 
1.3-1.5 m g ochratoxin A / k g o n chopped corn , po l i shed r i ce , or wheat 
b r a n (29) a n d 3.9 g / k g on shredded wheat ( 79 ) . These h i g h levels can 
be associated w i t h very smal l portions of a to ta l lot. Therefore , large 
samples must be taken to increase the p r o b a b i l i t y of i n c l u d i n g contami 
nated port ions of heterogeneous lots. C o m m o n pract i ce for aflatoxin 
analysis is to take a 25 k g sample for larger kerne l materials such as nuts 
a n d a five k g sample for commodit ies such as smal l grains. T h e considera
tions i n v o l v e d i n sampl ing peanuts have been p u b l i s h e d (80-82). 

Analytical Sample Preparation 

T h e effectiveness of some approaches to reduct i on of the lot sample 
to an ana ly t i ca l sample, 10-350 g, has been s tudied (83, 84). G e n e r a l l y 
10 g is considered too smal l for adequate ana ly t i ca l sampl ing ; current ly a 
100-g sample is recommended . F o r s m a l l samples ( < 1 k g ) the entire 
quant i ty can be extracted. I t is g round finely enough for efficient extrac
tion— i .e . , to pass a 1-2 m m screen. I f i t is too fine, prob lems c a n arise i n 
filtration steps subsequent to extraction. L a r g e r samples must be g r o u n d 
s i m i l a r l y a n d b l e n d e d thoroughly before sample selection. W h e n i t is not 
p r a c t i c a l to g r i n d finely the entire sample lo t ( as i n the case of cottonseed 
l intels for example ) , a compromise c a n be made b y first coarsely g r i n d i n g 
the sample to pass through a 2 - 5 m m screen a n d then b l e n d i n g a n d re 
m o v i n g a 1-1.5-kg subsample. T h i s subsample is ground , b l e n d e d , a n d 
sampled for analysis. 

Extraction 

T h e methods for w h i c h quant i tat ive data have been p u b l i s h e d , the 
extract ion solvent used, a n d representative commodit ies for w h i c h they 
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280 MYCOTOXINS 

Table I. Quantitative Ochratoxin Methods 

Sensi
Extraction Recoveryb tivity " 

Commodity Solvent0 % μϋ/kg Reference 

C u l t u r e media C H C l 3 - M e O H , 10-100 3 1 , 4 9 , 8 5 , 
and m y c e l i a 1:1 86 

W h e a t , flour, M e O H - H 2 0 - 63-102 2 5 , 2 0 10, 87 ,88 
corn mea l , H e x a n e , 

2 5 , 2 0 10, 87 ,88 

cooked bar ley , 55 :45 :40 
rice 

C e r e a l , beans, M e O H - H 2 0 - 90-100 10 
peanuts, feces Hexane , 

55 :45 :40 + 
1% H 2 S 0 4 

(20%) 
M a i z e , peanuts, C H C l 3 - M e O H - 80-100 20 81 

sorghum Hexane , 8 :2 :1 
C a p s i c u m pep C H C 1 3 79-103 40 15 

per, bar ley , 
green coffee 

C o r n meal , (1) H e x a n e 73-165 10-50 85 
r ice , cereal , (defat) 
wheat b r a n , (2) C H C I 3 -
oat mea l M e O H , 1:1 

B a r l e y , oats, 
beer, coffee, 

CHCI3-H2O 55-117 2 - 2 0 3 2 , 4 2 , 52, B a r l e y , oats, 
beer, coffee, ( 0 . 1 M 65-67,74 
tissue H3PO4) 10:1 89 

N u t s , grains, 
beans, f ru i t , 

C H C 1 3 - H 2 0 , 40 -60 50 3 5 - 3 9 , 75, N u t s , grains, 
beans, f ru i t , 10:1 90 ,91 
coffee, cocoa, 

90 ,91 

coconut, meats, 
potatoes, d a i r y 
products , sugar, 
candy 

G r a i n s , sausage C H 3 C N - H 2 0 
( 4 % K C 1 ) 
9:1 

86-100 50-100 7 , 7 6 , 9 2 G r a i n s , sausage C H 3 C N - H 2 0 
( 4 % K C 1 ) 
9:1 

7 , 7 6 , 9 2 

G r a i n s C H 3 C N - H 2 0 85 -113 10 10 ,41 
( 4 % K C 1 , 
2 % H 2 S 0 4 ) 
9 :1 

β Solvents (v/v) : H O Ac = acetic acid ; n -BuOH = butanol, E t 2 0 = ethyl ether ; 
EtOAc = ethyl acetate; Formic acid = formic acid (90%) ; i -PrOH = 2-propanol; 
M e O H = methanol; M i B K = methyl isobutyl ketone; Pet. ether = petroleum 
ether; Τ = toluene. 

* Recovery of ochratoxin A as obtained using the entire procedure described in 
references. 
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12. N E S H E i M Ochratoxins 281 

were deve loped or to w h i c h they have been a p p l i e d are s h o w n i n T a b l e I . 
I n general , three extract ion techniques are used : ( a ) Soxhlet extract ion, 
the most t ime-consuming ; ( b ) shaking the c o m m o d i t y for 10 -30 m i n . w i t h 
solvent; a n d ( c ) b l e n d i n g w i t h solvent i n a W a r i n g type b lender for 1-3 
m i n . A l l extractants are organic solvents or mixtures of these; water , a c i d , 
or b o t h are a d d e d i n some cases. T h e recoveries shown i n T a b l e I are for 
ochratox in A only. I t can be assumed that s imi lar results w o u l d be ob
ta ined for ochratoxin B . T h e recoveries tabulated are for the entire 
m e t h o d a n d not for the extraction step alone. 

T a b l e I I lists the methods for w h i c h on ly qual i tat ive in fo rmat ion is 
avai lab le . O f t e n these are methods for i so lat ing the toxins rather t h a n 
methods of analysis. 

Extract Purification 

T h e extract ob ta ined f r om a mater ia l conta in ing more than t t g / k g 
amounts of ochratoxin can be taken d i rec t ly for analysis , b u t for the more 
general case further pur i f i cat ion is necessary to remove inter fer ing c o m 
ponents. T h e extract, after filtration, m a y be concentrated or disso lved i n 
a different solvent a n d pur i f ied b y one or more of the f o l l o w i n g tech -

Table II. Qualitative Methods for Ochratoxin Analysis 

Application 

Shredded wheat cereal, 
yeast extract , m o l d 
culture media , d r y 
m o l d m y c e l i u m , 
a n i m a l tissue 

C o r n , d r y m y c e l i u m 
G r a i n 
U r i n e 
L i q u i d culture m e d i u m , 

m y c e l i u m 
R i c e , l i q u i d culture 

m e d i u m 
C o r n , peanut sorghum 
C o r n , wheat 

L i q u i d sucrose yeast 
extract 

Star ter m e d i u m 

U r i n e 

Extradant0 

C H C 1 3 , p H 1.5-7 

C H C l 3 - M e O H , l : l 
C H C l 3 - M e O H , 7 : 3 
C H C l 3 - M e O H , 4 : l 
C H C l 3 - M e O H , p H 1 

E t O A c , p H < 3 

A c e t o n e - H 2 0 , 8 5 : 1 5 
C H 3 C N - H 2 0 - h e x a n e , 

9 : 1 :5 
D o w e x 1 - X 8 resin 

(formate form) 
200-400 mesh 

D o w e x 1 formate, 
50 mesh 

N a H C 0 3 (sat soin) 

References 

7 , 1 3 , 1 8 , 2 6 , 3 2 , 3 5 , 4 2 , 
45 ,52 , 6 2 , 6 9 , 8 9 , 9 0 , 
93 -102 

2 - 4 , 1 0 3 
5 
88 
104 

14,105 

75 
8 

105 

53 ,106 

106 
"See note a, Table I. 
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282 MYCOTOXINS 

Table III. Quantitative Methods of Extract Purification 

Liquid/Liquid Partition in Separatory Funnel or on 
Diatomaceous Earth Column 

Solvent Pairs° References 

C H C 1 3 / 0 . 1 or 0 . 5 M N a H C 0 3 7 5 , 8 5 , 8 6 , 1 0 3 
N a H C 0 3 + excess a c i d / C H C l 3 

H e x a n e / M e O H - H 2 0 , 5 5 : 4 5 / C H C l 3 - h e x a n e , 1:1 9 ,10 ,87 

(1) H e x a n e / M e O H - H 2 0 , 85:15 75 
(2) M e O H - H 2 0 , l : l / C H C l 3 

H e x a n e - a c e t o n e - f o r m i c a c id /0 .2 iV N a O H 15 
N a O H + H C 1 to p H 2 . 5 / C H C l 3 

So l id e x t r a c t / 1 % N a H C 0 3 85 
N a H C 0 3 + H C 1 to p H 2 . 5 / C H C l 3 

C H 3 C N - H 2 0 (4% K C 1 ) 9 : l / i - o c t a n e (fat) 76, 92 
C H 3 C H - H 2 0 / C H C 1 3 

C H 3 C H - H 2 0 / C H C 1 3 7 
C H 3 C N - H 2 0 / C H C 1 3 

Chromatography 

Adsorbent 

S i l i c a gel 

S i l i c a gel 

F l o r i s i l 

D ia tomaceous 
ear th -O. l iV 
N a H C 0 3 

Sephadex 
L H - 2 0 

Ε luting Solvent0 

(1) Pet . e t h e r - E t 2 0 , 3 : l 
(2) M e O H - C H C l 3 , 3 : 9 7 
(3) C 6 H c - H O A c , 9 : l 
(1) H e x a n e 
(2) A c e t o n e - C 6 H 6 , 5 : 9 5 
(3) M e O H - H O A c , 3 : 9 7 
(4) H O A c - C 6 H 6 , l : 9 
(1) M e O H - C H C l 3 , l : 9 
(2) Acetone-hexane , 1:1 
(3) H e x a n e - a c e t o n e - f o r m i c 

ac id , 59 :40 :1 
(1) Hexane 
(2) C H C 1 3 

(3) F o r m i c a c i d - C H C l 3 , 1 : 9 9 
or H O A c - C 6 H 6 , 2 : 9 8 

(1) C H C 1 3 

(2) M e O H o r M e O H - C H C l 3 , 
1:1 

References 

75 

3 5 - 3 9 , 9 0 , 9 1 

15 

2 1 , 3 2 , 4 2 , 5 2 , 65 ,67 , 74 

43 ,85 ,107 

aSee note a, Table I. 
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12. N E S H E I M Ochratoxins 283 

n iques : ( a ) l i q u i d - l i q u i d par t i t i on of toxins a n d inter fer ing materials 
be tween immisc ib l e l i q u i d s ; ( b ) f o rmat ion of water-so luble salts a n d 
subsequent recovery of toxins after ac id i f i cat ion b y extract ion w i t h a n 
organic solvent; ( c ) c o l u m n chromatography or preparatory t h i n layer 
chromatography ( T L C ) . Several p a r t i t i o n systems, adsorbents, a n d e lut -
i n g solvents w h i c h have been used are s h o w n i n Tables I I I a n d I V . 

Table IV. Qualitative Methods of Extract Purification 

Liquid/Liquid0 Partition in Separatory Funnel 

Partitioning Solvents References 

C H C 1 3 / 0 . 5 M N a H C 0 3 ; N a H C 0 3 + excess a c i d / C H C l 3 2 , 3 , 1 3 , 1 8 , 1 9 , 2 6 , 
89 98 102 

(1) 1 0 M F o r m i c a c id i n M e O H - H 2 0 , 1 : 1 / C H C 1 3 53 ,106 ' 
(2) H O A c - C 6 H 6 , 1 2 : 8 8 / 0 . 5 M N a H C O 3 ; 

N a H C 0 3 / C H C l 3 

Column Chromatography 

Adsorbents Eluting Solvents0 References 

A c i d i c s i l i ca gel CqRq—CHC13,3:1 2 , 3 
S i l i c a gel H O A c - C e H e , l : 9 5 ,43 ,107 
S i l i c a gel H O A c - C e H 6 , 1 2 : 8 8 53,106 
S i l i c a gel (1) C e H e 13 S i l i c a gel 

(2) C 6 H e - C H C l 3 , l : l 
(3) C H C 1 3 

(4) C H C l 3 - M e O H , 1 9 : l 
(5) C e H e - A c O H , 9 : l 

S i l i c a gel H O A c - C e H e , 0 :100 to 15:85 26 
S i l i c a gel E t O A c - C H C l 3 , 1 : 3 62 ,108 
S i l i c a gel C e H e - C H C l 3 - H O A c , 12 :3 :1 28 
S i l i c a gel C H C l 3 - M e O H , 5 0 : l 27 
S i l i c a ge l - oxa l i c (1) C e H 6 98,102 

ac id , 95 :5 (2) C H C l s - a c e t o n e , 100:0 a c id , 95 :5 
to 90 :10 

S i l i c a ge l - oxa l i c C H C l 3 - a c e t o n e , 100:0 to 85 :15 102 
ac id , 95 :5 

S i l i c a ge l - oxa l i c C e H e - E t O A c , 100:0 to 30 :70 102 
ac id , 95 :5 

C e H e - E t O A c , 100:0 to 30 :70 

S i l i c a ge l - oxa l i c C e H e - a c e t o n e , 100:0 to 85:15 102 
ac id , 95 :5 

A l u m i n a , ac id (1) C 0 H e 13 A l u m i n a , ac id 
(2) C e H 6 - C H C l 3 , l : 3 
(3) C H C 1 3 

(4) C H C l 3 - H O A c , 2 0 : l 
(5) C H C l 3 - H O A c , 10:1 

Sephadex G - 2 5 0 . 0 1 M N a C l - O . l M phosphate 109 
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284 MYCOTOXINS 

Table IV. Continued 

Column Chromatography 

Adsorbents Eluting Solvents0 References 

buffer, p H 7.2 
" D o w e x 1 X 8 " 3.5-10ΛΓ formic ac id i n 3, 53,106 

200-400 mesh M e O H - H 2 0 , l : l 
3, 53,106 

( formate form) 

Miscellaneous 

D i s s o l v e i n C H C 1 3 and precipitate ochratoxins A 
a n d Β by adding hexane 

C h i l l at 5° for 18 hr i n C H C 1 3 and remove 
so l id impur i t ies 

P r e p a r a t o r y T L C on s i l i ca gel 

P r e p a r a t o r y T L C on s i l i ca gel sheets 
P r e p a r a t o r y T L C on 0.25 m m or 2 m m C h a n n e l 

plates (Kontes G lass C o . , Κ 41603) 
M e m b r a n e diffusion 
'See note a, Table I. 

References 

26 

13 

4 , 9 , 1 3 , 1 8 , 27, 
28 ,49 ,100 , 
102-104,110 

99 
15 

34 

Separation, Detection and Quantitation 

T h e most sensitive techniques for quant i ta t ion of ochratoxins are 
u l t rav io le t spectrophotometry a n d v i s u a l est imation or spectrofluoroden-
s i tometry of T L C plates. H o w e v e r , the u v determinat ion requires several 
micrograms of mater ia l a n d is therefore used m a i n l y to quantitate s tand
a r d solutions of pure ochratoxins. T h e fluorescence determinat ion can be 
m a d e o n a f ew nanograms. T h e toxins as isolated b y a l l methods of 
analysis consist of m i c r o g r a m or smaller quantit ies of one or more toxins 
d isso lved i n extraneous mater ia l w h i c h m a y amount to > 100 m g f rom 
10-g samples of commodit ies such as grains or nuts. T h i s mixture is there
fore further fract ionated (usua l ly b y T L C ) , a n d the toxins are determined 
b y v i s u a l or ins trumenta l comparison o n t h i n layer plates of the fluores
cence intensities of the u n k n o w n spots w i t h spots of the T L C standards. 
T h e m a n y solvents a n d absorbents w h i c h have been used for the T L C 
detect ion a n d est imation of ochratoxins a n d some t y p i c a l R f values are 
l i s t ed i n T a b l e V . I t shou ld be emphas ized that near ly a l l the methods 
d e p e n d o n good T L C reso lut ion of the toxins f r o m each other a n d f r om 
inter fer ing materials . T h e T L C Rt values are not very reproduc ib le , a n d 
u n k n o w n spots are best ident i f ied b y chromatography w i t h k n o w n ochra 
t ox in standards a d d e d to the extract either i n so lut ion or on the o r i g i n 
spot o n the T L C plate. Ident i ca l Rt values of u n k n o w n a n d standard, even 
i n several T L C systems, do not pos i t ive ly ident i fy the u n k n o w n . U s u a l l y 
fur ther conf irmation of i dent i ty must be made . T h i s is discussed be low. 
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12. N E S H E I M Ochratoxins 285 

Table V . Rt Values' of Ochratoxins for Their Separation, 
Detection and Quantitation 

Ochratoxins: 
Esters" of 

Solvent" Α Β A Β 

Thin Layer Chromatography (Silica Gel) 

C e H 0 - H O A c , 25 :1 
C 0 H e - H O A c , 9 : l 45 24 

C e H 6 - H O A c , 8 : 2 
C e H e - H 0 A c , 3 : l 50 35 
C e H 6 - H O A c , 4 : l 69 45 

C 6 H e - H O A c - H 2 0 90 :10 :1 32 
C 6 H c - M e O H - H O A c , 18 :1 :1 65 

52 
35 

55 
67 

65 

30 
46 

50 100 100 

81 

80 

C e H e - M e O H - H O A c , 12 :2 :1 60 
C e H e - M e O H - H O A c , 2 4 : 2 : 1 60 

C e H 6 - C C l 4 - n B u O H - E t O A c -
formic ac id , 35 :25 :20 :19 :1 

C e H 6 - M e O H - E t O A c , 15 :3 :1 31 14 74 
C e H 6 - E t O A c - f o r m i c ac id , 50 

70 :30 :1 
C 6 H e - a c e t o n e - f o r m i c ac id , 46 

80 :20 :1 
C e H e - B u O H - E t O A c - f o r m i c 74 65 

a c i d , 69 :15 :12 :4 
C e H e - B u O H - E t O A c - f o r m i c 71 63 

ac id , 50 :15 :33 :2 
T o l u e n e - E t O A c - f o r m i c 70 

ac id , 5 :4 :1 

T o l u e n e - E t O A c - f o r m i c 5 5 - 7 0 
ac id , 6 :3 :1 

E t O A c - t - P r O H - H 2 0 , 5 : 2 : 1 42 25 95 
E t 2 0 - M e O H - H 2 0 - f o r m i c 27 

ac id , 9 5 : 4 : 1 : 1 
C H C I 3 - a c e t o n e , 9 3 : 7 
C H C l s - E t O A c - f o r m i c 

a c i d , 60 :40 :1 
C H C l s - a c e t o n e - i - P r O H , 

85:12.5:2.5 

References 

4 ,27 
1, 5 - 9 , 1 3 , 

26, 37 ,75 , 
79 ,90 

111,112 
78 ,86 ,110 
27, 62,104, 

108,111 
113 

3 5 - 3 8 , 9 6 
8 , 2 1 , 3 5 , 3 6 , 

67 ,74 , 76 
77 ,96 ,117 

1 -3 ,86 ,111 
9 , 1 0 , 8 5 , 8 7 

100,115-117 
15 

14, 97 ,105 
28 

28 

15 

15 

1 3 , 1 8 , 2 1 , 2 8 , 
35 ,36 , 75, 
87, 9 0 , 9 1 , 
9 4 - 9 6 , 9 9 -
102, 111, 
118 

6 , 7 , 9 , 1 0 , 9 8 , 
116 

97 
10 

91 
119 

15 
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286 MYCOTOXINS 

T a b l e V . C o n t i n u e d 

Ochratoxins: 
Esters' of 

Solvent* Α Β A Β References 

C H C l 3 - a c e t o n e - f o r m i c 65 28,102 
ac id , 80 :20 :1 

C H C l 3 - M i B K , 4:1 (Oxal ic 48 20 1,120 
ac id impregnated s i l ica) 

D i - i s o p r o p y l ether (Oxal i c 35 28 
ac id impregnated s i l i ca) 

H e x a n e - a c e t o n e - H O A c , 50 6 7 , 7 4 , 7 6 
18 :2 :1 

Thin Layer Chromatography (Alumina) 

C H C l 3 - a c e t o n e , 4 : l 9 

Paper Chromatography 
i - P r O H - 3 i V ( Ν Η 4 ) 2 0 0 3 , 3 : 1 65 2 , 3 , 8 6 
H e x a n e ( formamide 50 18 4 

impregnated paper) 

Silica Gel Mini-Column Chromatography Detection4 

T o l u e n e - E t O A c - f o r m i c 89 
a c i d , 5 :4 :1 

° RfxlOO. 
bSee a, Table I. 
• Methyl or ethyl esters of ochratoxins A and B . 
d Fluorescent band detected on 4 mm X 7 cm silica gel column. 

T h e m e t h o d of v i s u a l compar ison of fluorescence intensities suffers 
f r o m poor prec is ion ( > db 2 0 % ) (65 ) a n d depends greatly o n the a n a 
lyst's a b i l i t y a n d experience. T h e T L C densitometry is more objective 
b u t suffers more f r o m ins t rumenta l problems, interferences, a n d poor 
reso lut ion i n T L C . T h e types of T L C scanning instruments, l inear ranges 
a n d sensitivities ob ta ined w i t h t h e m are s h o w n i n T a b l e V I . A l s o l i s ted 
i n T a b l e V I are other ana ly t i ca l methods. These are less sensitive or more 
compl i ca ted to use b u t have been used i n spec ia l c ircumstances as i n d i 
cated i n references l i s ted i n the table . 

Chemical Confirmation of Identity 
T h e presence of ochratoxins i n a sample is i n i t i a l l y based o n the 

ident i ty of the Rt values of the unknowns w i t h those of s tandard o chra 
toxins. A d d i t i o n a l proo f is most f requent ly ob ta ined b y deve l op ing 
chromatograms i n several solvent systems. T h i s is conc lus ive evidence 
o n l y i n a negative sense—i.e., that the i n i t i a l suspect spots are not ochra 
toxins. F o r pos i t ive proof the toxins are separated a n d pur i f i ed b y pre -
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12. N E S H E I M Ochratoxins 287 

Table VI . Instrumental Methods for Quantitation of Ochratoxins 
(ng/spot) 

Linear Sensi-
Instrument Range tivity CVh References 

TLC Fluorodensitometrya 

Photovo l t , model 530 10-100 7.1 1 5 , 2 6 , 9 1 , 1 0 1 
O z u m o r , S D - 9 1 , A s u k a 0-5000 170 14,105 

K o g y o Co . , T o k y o 
H i t a c h i F l u o r o spec- 65, 74 

trometer, M P F - 2 A , T L C 
accessory 018-0057 

Schoeffel, S D 3000 3 -10 65 ,77 
A m i n c o - B o w m a n spectro 0 -10 0.5-1.0 3.6 5 , 4 3 , 8 5 , 1 1 4 , 121 

photo fluorometer 
A m i n c o - B o w m a n spectro 0 .25-5 0.25 52 ,117 

photo fluorometer 
(after exposing T L C 
spots to N H 3 ) 

F o u r different i n s t r u - 6.4 3 2 , 4 2 , 5 2 , 6 5 , 6 7 , 
ments (Photovo l t , 74 
Schoeffel, A m i n c o -
B o w m a n a n d H i t a c h i ) 

Miscellaneous Techniques 
U V spectrophotometry sens i t iv i ty 15 ,18 ,26 , 2 8 , 4 3 - 4 5 , 

0 .5-5 / xg /ml 67 ,74 , 8 5 , 9 8 , 1 0 3 , 
109 ,110 ,112 ,118 , 
121-123 

U V spectrophotometric d ia lys i s 121 
a n d t i t r a t i o n 

Phosphorescence and fluorescence 118 
H y d r o l y s i s fo l lowed b y G L C 43 ,121 

analys is for phenyla lan ine 
R a d i o c h e m i c a l methods 62 ,99 ,108 ,110 

β In acid medium : excitation maximum 310^340 nm, emission maximum 440-475 
nm; in basic medium: excitation maximum 360-390 nm, emission maximum 427-
445 nm. 

br* m - χ £ · χ · standard deviation Χ 100 
° Coefficient of variation = 

average 
paratory T L C a n d ident i f ied b y one or m o r e of the p h y s i c a l c h e m i c a l or 
bioassay techniques ( T a b l e V I I ) . 

A l m o s t every instrument for measur ing p h y s i c a l parameters has b e e n 
a p p l i e d to the ident i f i cat ion of ochratoxins ( i r , u v , N M R , a n d mass spec
t r o m e t r y ) . P h y s i c a l a n d c h e m i c a l propert ies such as m e l t i n g po ints , 
e lemental analysis , a n d c h e m i c a l der ivat ive f o rmat ion have also b e e n 
used. T h e basic T L C sprays l i s ted i n T a b l e V change the fluorescence of 
ochratoxins A a n d Β f rom green to b l u e b y f o r m i n g a salt w i t h the 
pheno l i c func t i ona l group. 
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288 MYCOTOXINS 

Table VII. Chemical Confirmation of Identity of Ochratoxins 
TLC Sprays References 

N E U O H or N H 3 fumes 5 - 7 , 1 0 , 1 3 , 3 5 , 36, 87, 90 ,91 , 93, 
9 4 , 9 9 - 1 0 1 , 1 1 7 , 1 1 9 

T r i e t h y l a m i n e 87 
N a H C 0 3 67 ,74 
F e C l 3 7 ,104,120 
K O H (20%) 75 
A1C1 3 6 ,7 

Repeated TLC with up to 10 differ- 4 , 9 , 27, 28 ,35 , 36 ,86 ,87 , 90, 95 
ent solvent systems 

Solubility in NaHCOs solution 9, 9 0 , 9 4 , 3 5 - 3 8 
Chemical derivatives 

M e t h y l esters and ethers 2 -4 , 7,10, 26 ,31 , 3 5 , 3 7 , 3 8 , 9 4 , 9 9 , 
104 

E t h y l esters 4, 26, 65 ,67 , 52, 74 
Acetates 15,100 
Tri f luoroacetates 15 
T r i m e t h y l s i l y l ether 15 

Spectral methods 
V i s u a l comparison under short and 

long u v l ight 76 ,94 
Fluorescence spectrophotometry, 5 

acid-base 
U l t r a v i o l e t spectrophotometry 2 -4 , 9 , 1 5 , 1 8 , 2 6 , 2 8 , 4 4 , 98 ,100 , 

102,122 
In f rared spectrophotometry 2 - 4 , 1 3 , 1 5 , 2 6 - 2 8 , 1 0 2 
O p t i c a l r o ta tory dispersion and 2 - 4 , 1 3 , 2 7 , 28,104 

p o l a r i m e t r y 
N u c l e a r magnetic resonance 2 - 4 , 1 3 , 2 6 , 27 ,31 , 69 ,102 ,104 ,124 
M a s s spectrometry 2 -4 , 26 -28 , 69 ,104 ,125 
M e l t i n g points , C , H , N analys is 2 - 4 , 1 3 , 2 6 , 2 7 , 9 8 , 1 0 2 , 1 2 4 

A T L C ident i f i cat ion m a y be made b y prepar ing the esters or ethers 
of b o t h the u n k n o w n a n d standard ochratoxins a n d compar ing the T L C 
characteristics ( R / s ) of these derivatives. 

Biological Tests 

T a b l e V I I I lists some of the more sensitive tests w h i c h have been 
dev ised to test ochratoxin for b i o l og i ca l act iv i ty . These are for the most 
par t qual i ta t ive i n nature. I n conjunct ion w i t h other p h y s i c a l a n d c h e m 
i c a l da ta some of the b i o l og i ca l tests are occasional ly used for conf i rming 
the ident i ty of ochratoxins. 

Ochratoxin-Kelated Metabolites (Table IX) 
T h e f ew chemica l ly re lated derivatives of the ochratoxins reported 

so far inc lude , besides the e t h y l a n d m e t h y l esters of ochratoxins A a n d 
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12. N E S H E I M Ochratoxins 289 

T a b l e V I I I . B i o l o g i c a l Tests f o r O c h r a t o x i n A 

Type 
System Response Sensitivity Reference 

C h i c k e n embryo death L D 5 0 0 . 0 1 - 17 μg/egg 2 5 , 6 0 - 6 2 , 7 0 , C h i c k e n embryo L D 5 0 0 . 0 1 - 17 μg/egg 
78, 126 

Zebra fish l a r v a death L C 5 0 1.7 / x g / m l 129 
B r i n e shr imp death 2 0 % m o r t a l i t y 70,130 

1 / A g / m l 
B r i n e shr imp larvae death L C 5 0 l O r t / m l ; 1 7 % 131 

m o r t a l i t y 0.2 /xg/disc 
Bacillus megaterium growth 1 fig/disc 35, 36 ,127 , 

i n h i b i t i o n 128 
Bacillus cereus growth 1.5 j t tg / d i s c 127 

mycoides i n h i b i t i o n 
1.5 j t tg / d i s c 

Tetrahymena pyri- growth 1 % 2 0 0 f t g / m l 132 
formis H S M i n h i b i t i o n 

H e L a cel l cy to tox i c i ty 1 0 / x g / m l 22, 68 ,97 
T r a c h e a l organ death L C 5 0 1.7 f t g / m l 133 

culture 
D a y o ld d u c k l i n g death 150 / A g / d u c k l i n g 1-4 
D a y o ld ch ick death L D 5 0 135-166 / A g / c h i c k 107, 122,134 

B , 4 -hydroxy-ochratoxin A a n d ochratoxin a a n d β ( F i g u r e 1 ) . M e t h o d s 
for one or more of the m e t h y l a n d e thy l esters have been p u b l i s h e d (4, 
65, 74-77). T h e y are as toxic as the parent compounds (25) b u t are 
p r o d u c e d i n rather l o w y i e l d b y the m o l d ( 4 ) . Ochra tox in D repor ted b y 
Scott is synonymous w i t h 4 -hydroxyochratoxin A . O c h r a t o x i n a is d e r i v e d 
f r o m ochratoxin A b y r e m o v i n g the pheny la lan ine moiety . Several of the 
other compounds shown i n T a b l e I X are re lated to the ochratoxins o n l y 
i n that they are p r o d u c e d b y the same molds a n d hence c a n interfere 
b o t h i n chemica l analyses, tests, a n d i n b i o l og i ca l assays or tox i c i ty studies. 
T h e derivatives for the most par t are re lat ive ly nontoxic ( 2 5 ) . M e t h o d s 
of analysis are avai lable for some of these substances b u t have not been 
referenced because they are b e y o n d the scope of this rev iew. 

Conclusion 

T h e m u l t i p l i c i t y of methods i n use as ou t l ined here indicates the lack 
of a single method adequate for a l l tasks. M e t h o d o l o g y w i l l p r o b a b l y b e 
greatly i m p r o v e d i n the near future w h e n the promis ing technique of 
h i g h efficiency l i q u i d chromatography (a l ready successfully a p p l i e d to 
the analysis of the mycotoxins , aflatoxins, p a t u l i n , a n d ster igmatocyst in) 
is a p p l i e d to ochratoxins. I t is h o p e d that the future w i l l b r i n g re l iab le , 
r a p i d , inexpensive, a n d even automated methods to effectively a n d eco
n o m i c a l l y protect the food a n d feed supply . 
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290 MYCOTOXINS 

Table IX. Ochratoxins, Related Metabolites and Derivatives 
Produced by T w o Major Ochratoxin-Producing Fungi 

A. ochra- P. viridi
Compound ceus catum Reference 

O c h r a t o x i n A a n d Β + + 1 , 1 2 , 1 3 , 9 3 , 9 8 , 1 1 9 
M e t h y l a n d e t h y l esters of + 

+ 
4 

ochratoxins A a n d Β + 
4 - H y d r o x y ochratox in A + + 12,98, 104 
O c h r a t o x i n T A

a a n d T c
a 

+ 78 
O c h r a t o x i n a and β* + + 29 ,44 , 88, 99 ,104, O c h r a t o x i n a and β* + + 107, 111, 112,113, 

117 
L - A l a n i n e and L - l euc ine de 136 

r i va t i ves of ochratox in a 
4 - H y d r o x y a s p e r g i l l i c a c id + 4 ,97 
A s p o c r a c i n + 137,138 
B r e v i a n a m i d e A a n d Β + + 139 
C i t r i n i n + 9 , 1 0 , 1 2 , 3 1 , 5 0 , 1 1 9 
E m o d i n + + 14 
3- (1 ,2 -Epoxy propy l ) -5 ,6- + 140 

d i h y d r o - 5 - h y d r o x y - 6 -
methy l -2 -one 

Ergostero l + 13,14 
E r y t h r i t o l + 14 
G r i s e o f u l v i n + 141 
M e l l e i n (ochracin) + + 1, 22, 125 
4 - H y d r o x y m e l l e i n + 96 ,135 
O x a l i c a c id + 9,50 
P e n i c i l l i c a c id + + 4, 5, 14,22, 9 1 , 9 3 , + 97 ,103 ,119 , 142, 

143 
L - P r o l y l - L - l e u c i n e anhydr ide + 1 
L - P r o l y l - L - v a l i n e anhydr ide + 1 
Secalonic a c id + 14,145 
V i r i d i c a t i n + 146 
V i r i d i c a t o l + 147 
V i r i d i c a t u m tox in + 141 
U n i d e n t i f i e d toxins + + 11,16, 2 3 , 9 3 , 9 7 , + + 119 ,144 ,148 -152 

β Ochratoxins A and C in which the phenylalanine moiety has been replaced with 
tyrosine. 

* Ochratoxins in which the phenylalanine moiety has been removed. 
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Phytopathogenic Toxins from Fungi: 
An Overview 

H. H. LUKE 

U.S. Department of Agriculture, Plant Pathology Dept., University of Florida, 
Gainesville, Fla. 32611 

R. H. BIGGS 

Fruit Crops Department, University of Florida, Gainesville, Fla. 32611 

Phytopathogenic toxins that are produced by plant patho
gens are classified into two types: nonspecific, those that 
affect a greater number of plant species than the pathogen 
that produces them; and specific, those that affect only the 
same hosts as the pathogen. Evidence indicating that plant 
pathogens induce disease by toxigenic action has been 
established by using specific toxins produced in vitro. It 
is difficult to isolate toxins from infected plants and there
fore it is hard to show that toxins produced in vivo incite 
disease. Most phytopathogenic toxins are produced by 
species of Alternaria or Bipolaris (formerly Helminthospo-
rium). Similarities in the molecular structure of mycotoxins 
and some phytopathogenic toxins indicate that the latter 
may be toxic also to animals. Moreover some phytotoxins 
occur in higher concentrations in infected plants than 
mycotoxins. 

Phytopathogenic toxins are produced by plant pathogens, induce dis-
ease development, and may be considered as pathogenic agents (2). 

Many fungal metabolites are toxic to plants but do not initiate disease 
development. Toxins that do not initiate disease or that have a minor 
influence on disease are referred to as phytotoxins (2). Phytotoxins are 
usually produced during the later part of the disease syndrome. Some 
phytotoxins that are produced in vitro have not been found in vivo. The 
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idea that p lant pathogens produce toxins that cause p l a n t disease o r i g i 
nated about a century ago ( I ) . C u r r e n t l y on ly 10 k n o w n toxins in i t iate 
disease, a n d their precise mode of act ion is not k n o w n . O n e of the major 
reasons for l i m i t e d progress o n this topic is the lack of k n o w l e d g e of the 
c h e m i c a l structure of these toxins. T h e exact structure of on ly a f e w 
toxins is k n o w n , a n d unfortunate ly most of those that have been descr ibed 
chemica l l y either do not cause disease or have on ly a m i n o r influence on 
disease development. W e hope i n this discourse to alert chemists to the 
need to determine the structures of phytopathogenic toxins. 

M o s t toxins that inc i te diseases of h igher plants are p r o d u c e d b y 
species of Bipolaris ( f o rmer ly Helminthosporium) or Alternaria. Some 
toxins p r o d u c e d b y these two genera are specific a n d some are n o n 
specific. A f e w f u n g i other than species of Bipolaris or Alternaria also 
p roduce toxins. Therefore this discourse is s u b d i v i d e d into six categories: 
specific a n d nonspecific Bipolaris toxins, specific a n d nonspecif ic Alter
naria toxins, a n d other toxins. I n the sixth section w e discuss s imilarit ies 
between mycotoxins a n d phytopathogenic toxins. Several toxins f r o m 
each category are discussed. 

Specific Bipolaris Toxins 

Specific toxins are those that affect the same hosts as the pathogen 
that produces them. Specif ic toxins have been termed pathotoxins (2 ) 
a n d host-specific toxins ( 3 ) . These terms are synonymous because they 
denote a substance p r o d u c e d b y a p lant pathogen that initiates disease. 
T h e most conclusive evidence that toxins p r o d u c e d b y p lant pathogenic 
f u n g i inc i te disease has been obta ined w i t h specific toxins (2 , 3 2 ) . W e 
bel ieve that there are m a n y specific toxins that occur on ly in vivo, b u t i t 
is diff icult to extract them f r o m the infected host. Therefore the most 
conclusive evidence that toxins in i t iate p lant disease has been obta ined 
b y us ing specific toxins p r o d u c e d i n art i f i c ia l m e d i a . 

Bipolaris victoriae. T h i s fungus ( f o rmer ly Helminthosporium vic-
toriae) causes a devastating disease of oat cult ivars that have the V i c t o r i a 
gene for c r o w n rust resistance (4). T h e fungus causes necrosis at the 
base of the stem a n d s t r ip ing or redden ing of leaves. L e a f s t r ip ing a n d 
disco lorat ion progress u p w a r d f r o m the l ower leaves. Plants show 
b l i g h t i n g a n d discolorat ion at n o d a l areas a n d severe l o d g i n g at the base 
a n d u p p e r nodes. Because the pathogen c o u l d not be iso lated f r o m the 
disco lored leaves, i t was suggested that this s y m p t o m resulted f r o m a 
toxin that or ig inated at the site of in fect ion ( 5 ) . T h i s observation was 
conf irmed a n d extended to show that cul ture filtrates w e r e toxic to 
cult ivars that were susceptible to the pathogen. O a t cult ivars resistant 
to the pathogen were u n i f o r m l y resistant to the tox in ( 6 ) . F u r t h e r study 
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revealed that nonpathogenic cultures of the fungus d i d not produce the 
toxin . Differences i n degree of pathogenic i ty among cultures w e r e pos i 
t ive ly correlated w i t h differences i n t ox in produc t i on , a n d tox in p r o d u c 
t i on was d irect ly re lated to the g r o w t h rate of the fungus (7). T h u s this 
tox in , g iven the t r i v i a l n a m e v i c t o r in ( 8 ) , was establ ished as a specific 
tox in that is the causal agent of V i c t o r i a b l i g h t of oats. 

T h e intact v i c to r in molecule does not react w i t h n i n h y d r i n , b u t 
hydrolys is yields two compounds that do react w i t h n i n h y d r i n . O n e was 
reported to be a t r i cyc l i c secondary amine ( v i c tox in ine , e m p i r i c a l f o r m u l a 
of C17H29NO), a n d the other was a p e p t i d e composed of five amino acids 
( 9 ) . V i c tox in ine was sa id to be the toxic p r i n c i p l e , a n d the s m a l l pept ide 
supposedly conveyed specif ic ity to the intact mo lecu le ( 1 0 ) . A n o t h e r 
report however stated that v i c tox in ine was not the toxic moiety of v i c t o r i n 
(3). I n a later discussion Pr ing l e a p p e a r e d re luctant to concede that a 
pept ide l inkage occurs i n the intact t ox in molecu le ( I I ) . U n f o r t u n a t e l y 
the chemistry of the intact toxin has not been s tud ied successfully. 
E m p h a s i s was p laced on v ic tox inine w h i c h m a y not be i n v o l v e d i n the 
disease caused b y B. victoriae. A s a result , the chemistry of v i c tox in ine 
is not presented i n this discourse. A re l iab le molecu lar structure for 
v i c t o r in w o u l d certainly be useful to determine the mode of act ion of 
this toxin. 

A l t h o u g h the precise m o d e of ac t ion of v i c t o r in is not k n o w n , var ious 
forms of c i rcumstant ia l evidence suggest that the tox in causes an i r r e 
vers ib le phys io log ica l mal funct i on of the p lasma membrane (12, 13). 
T h i s conclusion is based on five different lines of ev idence : 

(a ) S m a l l quantit ies of tox in caused electrolyte leakage w i t h i n 5 
m i n after treatment, a n d there was a strong posit ive corre lat ion between 
electrolyte leakage a n d toxin concentrat ion (14). 

( b ) E l e c t r o n micrographs showed that v i c t o r i n caused p a r t i a l sepa
rat ion of the p lasma membrane f r om the c e l l w a l l resu l t ing i n b l i s ter - l ike 
formations. Such separation d i s rupted the osmotic properties of the 
membrane a n d caused the loss of c e l lu lar components a n d c e l l turgor 
(12.15). 

( c ) W h e n ce l l wa l l s were removed , v i c t o r i n caused burs t ing of 
protoplasts f r om susceptible cul t ivars , b u t protoplasts f r o m resistant 
cult ivars seemed to burst at a s lower rate (16). 

( d ) Treatment w i t h tox in caused leakage of phosphory la ted hex-
oses f rom susceptible tissue. Phosphory la ted sugars do not pass t h r o u g h 
membranes that funct ion normal ly , a n d therefore v i c t o r i n appears to 
d i srupt the phys io log i ca l funct ion of the p l a s m a m e m b r a n e (13). 

(e ) V i c t o r i n i n d u c e d leakage of 8 6 R b a n d 4 5 C a f r o m susceptible 
b u t not f rom resistant root tissue. I f v i c t o r i n a n d c a l c i u m compete for 
negatively charged sites on the p l a s m a membrane , the r e m o v a l of c a l 
c i u m from negat ively charged sites m a y result i n a repu ls ion between 
negative charges o n the m e m b r a n e a n d the ce l l w a l l (17). R e p u l s i o n 
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13. L U X E A N D B I G G S Phytopathogenic Toxins 299 

forces w o u l d result i n b l i s ter - l ike formations observed w i t h the electron 
microscope ( 12 ) . 

T h e exact manner b y w h i c h v i c t o r i n causes dys funct ion of the p l a s m a 
membrane is not k n o w n , nor is i t k n o w n i f the act ion on the p lasma 
membrane is a p r i m a r y or secondary one. T h e speed (5 m i n ) w i t h w h i c h 
v i c t o r i n disrupts the func t i on of the p lasma membrane suggests that the 
act ion is direct , b u t a firm conc lus ion to this effect s h o u l d be supported 
b y d irect evidence. T h e unstable nature of the pur i f i ed tox in has p r e 
vented successful l abe l ing experiments that c o u l d show the site of act ion 
of v i c to r in . 

Bipolaris zeicola. T h i s fungus ( f ormer ly Helminthosporium car-
honum) causes a leaf b l o t ch on certain i n b r e d lines of corn (Zea mays). 
I n the early stages of disease, water soaking of leaf tissues is pronounced . 
Les ions become elongated a n d develop a y e l l o w i s h - b r o w n color. T h e 
margins are i rregular , a n d i n advanced stages the lesions show a definite 
zonate pattern (IS, 19). 

A l t h o u g h the structural configuration of the B. zeicola tox in has not 
been determined , its e m p i r i c a l f o rmula is considered to be C32H50N6O10. 

T h i s f o r m u l a is considered approximate because of the unstable nature 
of the molecule . D a t a f r o m i o n exclusion columns ind i ca ted that the 
tox in has a molecu lar w e i g h t of less than 700 (II) . H o w e v e r the unre 
l iab le nature of data obta ined f r o m i on exclusion co lumns suggests that 
more s tudy of the molecular properties of this tox in is needed. I R spec
trometry revealed that the B. zeicola toxin is a subst i tuted p o l y a m i d . A 
complete a c i d hydrolys is resulted i n five different n inhydr in - reac t ing 
products , a l l of w h i c h appeared to be on a l iphat i c carbons. Because 
none of these compounds reacted w i t h p -n i t robenzy lch lor ide , none appear 
to have m e t h y l a m i n o groups (11). T h e intact tox in d i d not react w i t h 
n i n h y d r i n or w i t h 2,4-dinitrofluorobenzene. T h i s tox in contains 11 r ings , 
double bonds, or b o t h (11). T h u s either the intact t ox in has r i n g struc
ture, or the t e r m i n a l amino groups are acylated . 

L o w levels of the tox in (45 / *g /ml ) i n h i b i t root e longation of other 
nonhost plants . I f the tox in concentrat ion is l o w enough, cult ivars suscep
t i b l e to B. zeicola are more sensitive to the tox in than cult ivars that are 
resistant to the fungus (20). Therefore the tox in m a y be considered 
specific i f the proper concentrat ion is used. 

A l t h o u g h the mode of act ion of the B. zeicola t ox in is not k n o w n , 
some in format ion on phys io log i ca l changes i n d u c e d b y this tox in is a v a i l 
able. T h e tox in st imulates respirat ion, induces electrolyte leakage, a n d 
increases dark fixation of C 0 2 . B u t amino a c i d a n d u r i d i n e incorporat ion 
is decreased. T h e uptake of B. zeicola t ox in seems to requ i re energy ( 2 0 ) . 

Bipolaris may dis. T h i s fungus ( f o rmer ly Helminthosporium maydis) 
causes a severe leaf b l i g h t o f corn cult ivars that have the Texas m a l e -
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sterile cytop lasm a n d a m i n o r leaf spot on cult ivars that do not have 
this cytoplasm. T h e symptoms of the disease are character ized b y smal l , 
l ight -green, water -soaked spots. A f ter five to six days the symptoms on 
resistant a n d susceptible cult ivars differ d ist inct ly . Lesions on leaves 
of resistant cult ivars are smal l ( 2 - 5 m m ) a n d have brown-to - tan necrot ic 
centers c i r cumscr ibed b y r edd i sh borders a n d chlorot ic margins. Blotches 
o n leaves of susceptible cult ivars range f r o m 10 to 40 m m a n d have l ight 
tan necrot ic centers w i t h o u t def ined p i g m e n t e d borders. A f t e r 10 days 
blotches on susceptible cult ivars have dark b r o w n borders b u t l i t t l e or 
no chlorosis ( 18,19 ). 

B . may dis produces four toxins in vitro re ferred to as toxins I , I I , I I I , 
a n d I V . Three of these have been isolated f rom leaf tissue of susceptible 
corn plants infected w i t h the fungus. T h e toxic i ty a n d specificity of a l l 
four are s imi lar . Tox ins I , I I , a n d I I I , w h i c h can be b i o l og i ca l l y der ived 
f r o m mevalonic a c i d , have been reported to be two terpenoids a n d a 
terpeno id glycoside (21 ) . Tox ins I a n d I I are h i g h l y saturated a n d give 
proton magnet ic resonance spectra s imi lar to spectra emitted b y tetra
cyc l i c tr iterpenoids. T o x i n I I I m a y be a glycoside of a c o m p o u n d s imi lar 
to toxins I a n d I I , b u t tox in I I I contains a larger n u m b e r of h y d r o x y l 
groups. T h e molecu lar we ight of tox in I I I , about 162, is greater than the 
weights of toxins I a n d I I . T o x i n I I I has properties s imi lar to those of a 
r e d u c i n g hexose sugar, i n d i c a t i n g that tox in I I I is a glycoside. D a t a 
seem to indicate that the complete ly saturated carbon skeleton is s imi lar 
to tetracyc l i c tr i terpenoids or the pentacyc l i c tr i terpenoids (21 ) . 

T h e produc t i on of toxin b y B . may dis was first reported b y Orsenigo 
a n d S ina (22 ) . Tox ins reported b y t h e m a n d those reported b y Q u i m o 
a n d Q u i m o (23) were s l ight ly toxic a n d nonspecific. L a t e r reports h o w 
ever showed that B . maydis p r o d u c e d a specific tox in (24, 2 5 ) . These 
researchers ind i ca ted that toxins were p r o d u c e d in vivo and in vitro. 

Isolated mi to chondr ia f r om resistant cult ivars were not affected b y 
B . maydis toxin , b u t m i t o c h o n d r i a f r o m Texas male-steri le cult ivars were 
severely affected b y i t (26). A later report suggested that the mi to chon 
d r i a were not the p r i m a r y site of ac t ion of the tox in (27). T h i s con 
c lus ion was based on two observations. F i r s t , tox in treatment i n h i b i t e d 
root g r o w t h i n 30 m i n , but 2 h r of tox in treatment was r e q u i r e d to 
i n h i b i t respirat ion. Second, p r o l o n g e d treatments w i t h h i g h tox in c o n 
centrations were r e q u i r e d to decrease ce l lu lar A T P . H o w e v e r a current 
report ind i ca ted that the m i t o c h o n d r i a f r o m susceptible cult ivars are 
perhaps the site of act ion of this tox in (28). These researchers also r e 
por ted that the close agreement between suscept ib i l i ty to B . maydis a n d 
the suppression of respiratory contro l of iso lated mi to chondr ia i n d i c a t e d 
that either measurement c o u l d be used to pred i c t the other (28). M i t o 
c h o n d r i a iso lated f r o m cult ivars resistant to B . maydis race Τ are not 
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affected b y tox in treatment. T h i s fact raises some quest ion o n h o w 
mi to chondr ia affect disease development because resistant cult ivars are 
not i m m u n e to the fungus or the toxin (29 ) . H o w e v e r , iso lated organelles 
m a y not react in vitro as they do in vivo. 

T h e toxin p r o d u c e d b y B . maydis causes electrolyte leakage of 
cult ivars susceptible to the fungus, but resistant cult ivars also leak elec
trolytes w h e n h i g h concentrations of the tox in are used (30). T h i s 
observation is consistent w i t h the react ion of the fungus a n d the tox in . 
A later s tudy w i t h toxin on excised roots d i d not indicate a large or r a p i d 
i o n leakage. T h e workers reported that root g rowth was i n h i b i t e d i n 
30 m i n after tox in treatment. T h i s was the earliest effect of the tox in that 
c o u l d be detected (31). Roots do not leak electrolytes as r a p i d l y as 
leaves, a n d therefore root tissue is not adequate for permeab i l i t y studies. 
I n another s tudy these researchers c o u l d not detect any damage to m e m 
branes of susceptible cult ivars treated w i t h the toxin (31). O t h e r r e 
searchers however suggested that toxins m a y cause phys io l og i ca l d i s 
ruptions of membranes or that the phys i ca l damage is b e l o w the resolut ion 
of the electron microscope (12, 32). A r n t z e n et a l . (31) c o u l d not 
determine the site of act ion of the B. maydis tox in , but they suggested 
that neither the mi to chondr ia nor the p lasma membrane was i n v o l v e d . 
T h e site a n d mode of act ion of the B. maydis toxins have been diff icult to 
resolve for two reasons. F i r s t , one or more of the four toxins that the 
fungus produces m a y act as a nonspecific tox in . Second, nuc lear genes 
m o d i f y the cy top lasmica l ly - inher i ted react ion to the tox in a n d the fungus 
(29 ) . T h i s modi f i cat ion m a y expla in the lack of agreement among 
various scientists w o r k i n g on the m o d e of act ion of the B . maydis toxins. 
G r a c e n (29) speculated that the site of act ion of this tox in is a component 
that is a s t ruc tura l u n i t of membranes . T h i s fungus appears to in i t ia te 
disease i n a w i d e var iety of genotypes, a n d the tox in amplifies an abnor
m a l i t y i n the structure of membranes i n cult ivars w i t h the Texas m a l e -
sterile cytoplasm. 

Bipolaris sac chart. T h i s fungus ( f ormer ly Helminthosporium sac-
chart ) causes eyespot disease of certain clones of sugarcane. E a r l y s y m p 
toms on leaves consist of e longated lesions w i t h r e d centers c i r cumscr ibed 
b y n a r r o w chlorot ic margins. A f e w days after infect ion r e d d i s h - b r o w n 
streaks m a y lengthen to 8 c m (33). 

L e e first suggested that a tox in was i n v o l v e d i n the disease (34). 
T h e absolute structure of the specific toxin p r o d u c e d b y B . sacchari is not 
k n o w n ; however , m u c h is k n o w n about the chemistry of this tox in w h i c h 
was n a m e d helminthosporos ide (2 -hydroxycyc lopropyl -a -D -ga lactopyrano-
s ide ) (35). T h e l ocat ion of the h y d r o x y l group o n the cyc lopropane r i n g 
ind i ca ted that positions 2 a n d 3 were ident i ca l . T h e conc lus ion that ga lac 
tose is the glycone por t i on of the tox in was based o n chromatography 
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after a c i d hydro lys is a n d the incorporat ion of g a l a c t o s e - l - 1 4 C into the 
g lycone por t i on of the tox in . N M R spectral data ind i ca ted that the 
aglycone por t i on of the tox in is 2 -hydroxycyc lopropane. T h e presence of 
a h y d r o x y l group on the aglycone was conf irmed b y detect ing acro le in 
as an end produc t of a c i d hydrolys is ( 3 5 ) . 

Deta i l s of the mode of act ion of helminthosporos ide were establ ished 
i n a series of papers p u b l i s h e d b y Strobe l a n d associates. T h e first exper i 
ments i n d i c a t e d that clones susceptible to B. sacchari h a d a membrane 
prote in that b inds helminthosporos ide whereas membranes f r om resistant 
clones d i d not have b i n d i n g properties. M o r e o v e r clones that h a d an 
intermediate react ion to the toxin also h a d an intermediate b i n d i n g 
capaci ty . These results were conf irmed in vivo w i t h radioact ive tox in . 
T h e b i n d i n g pro te in was iso lated, a n d a molecu lar we ight of about 
45,000 was determined . I t consisted of four subunits , each w i t h a m o l e c u 
lar we ight of about 11,700. T h e two b i n d i n g sites that were repor ted 
appeared to have different b i n d i n g affinities ( 36 ) . 

L a t e r reports i n d i c a t e d that the pro te in f r om susceptible clones that 
b inds helminthosporoside is on the external surface of the p lasma m e m 
brane (37, 3 8 ) . T h i s conc lus ion was based on three k inds of data : 
( a ) T h e app l i ca t i on of ant iserum prepared to membranes f rom suscep
t ib le plants resul ted i n the protect ion of leaf tissue susceptible to the 
tox in , ( b ) T h e app l i cat ion of the ant iserum to the b i n d i n g pro te in 
agg lut inated protoplasts f r o m susceptible clones, ( c ) P y r i d o x a l phos
phate reacts w i t h the surface of the p lasma membrane . Sugarcane cells 
w e r e treated w i t h p y r i d o x a l phosphate that h a d been r e d u c e d w i t h 
8 H N a B H 4 . B i n d i n g prote in was isolated f r o m treated tissue a n d was 
f o u n d to be labe led suggesting that the prote in that b inds the t ox in is o n 
the surface of the p lasma m e m b r a n e ( 3 9 ) . 

T h e tox in b i n d i n g pro te in b inds the tox in a n d increases A T P a s e 
act iv i ty . Increased A T P a s e act iv i ty causes a net increase i n K + uptake . 
D i s rupt i ons of enzymes i n the p lasma membrane m a y cause i o n efflux to 
be greater than i o n inf lux; thus the osmolar i ty of the p lasma m e m b r a n e 
is par t ia l l y lost. Increased osmotic pressure or general loss of membrane 
integr i ty m a y cause cells to burst . These suppositions need to be sup 
por ted b y d irect evidence showing that membranes f r om w h i c h the 
b i n d i n g pro te in was extracted were indeed pure p lasma m e m b r a n e p r e p a 
rations. E v i d e n c e showing h o w the b i n d i n g of the tox in to b i n d i n g 
prote in activates the p o t a s s i u m - m a g n e s i u m - A T P a s e system is also needed. 
A l t h o u g h w e do not k n o w the precise mode of act ion of this tox in , i t 
appears that the site of act ion of helminthosporos ide is on the p l a s m a 
membrane . T h i s assumption is consistent w i t h an earl ier report i n d i c a t i n g 
that the site of act ion of v i c t o r i n is the p lasma membrane (12 ) . T h e r e -
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fore the p lasma membrane m a y be the site of act ion of m a n y specific 
toxins that incite abrupt electrolyte leakage. 

Nonspecific B ipo lar i s Toxms 

Nonspeci f i c toxins are toxins p r o d u c e d b y p lant pathogens that do 
not affect the same hosts as the pathogens that produce them. E m p h a s i s 
on specific toxins has left the impress ion that nonspecif ic toxins have 
l i t t le importance i n disease development. A l t h o u g h some nonspecif ic 
toxins have been shown to be unre lated to disease development , w e 
bel ieve that some are disease- inducing agents. Sometimes, nonspecif ic 
toxins are v i t a l to the entry of the host b y the pathogen. M o r e o v e r some 
toxins p r o d u c e d in vitro m a y not show specif icity or adequate tox i c i ty 
because compounds that regulate entry of the toxin into p l a n t cells are 
not p r o d u c e d in vitro. A l s o some toxins m a y not show speci f ic ity because 
admin is ter ing the correct concentrat ion of the toxin to the host is diff icult . 

Bipolaris oryzae. T h i s fungus ( f ormer ly Helminthosporium oryzae) 
causes a seedl ing b l i ght a n d leaf b l o t ch of r ice . S m a l l e l l i p t i c a l leaf spots 
enlarge a n d have redd i sh -brown margins w i t h gray centers. D u r i n g 
severe epidemics infected leaves d r y out before plants mature . B r o w n 
necrot ic areas result i n shr ive led kernels a n d broken panic les . W h e n the 
disease is severe, smal l b r o w n lesions occur on bracts a n d seeds caus ing 
disco lorat ion of the gra in ( 3 3 ) . 

T h e first tox in isolated f r o m B. oryzae was ca l l ed co ch iobo l in (41). 
A n o t h e r group named the tox in oph iobo l in (42). A later repor t p r o 
posed the t r i v i a l names oph iobo l in A , B , C , a n d D . O p h i o b o h n A is a 
sesquiterpenoid w i t h an e m p i r i c a l f o r m u l a of C25H36O4 (43). T h e 
molecule appears to have two doub le bonds a n d four r ings , a n d its 
mo l ceu lar structure has been proposed. O p h i o b o l i n was the first of the 
n e w f a m i l y of C25 terpenes to be discovered, a n d its biosynthesis is b e i n g 
determined . N o correlation was possible between ophiobo l ins a n d other 
natura l ly - o c curr ing compounds because of the ir pecu l iar structures. T h e 
structures of ophiobol ins A , B , C , a n d D are s imi lar . E x c e l l e n t rev iews 
on the structure a n d biosynthesis of this u n i q u e group of compounds are 
n o w avai lab le (44, 45). 

I n 1939 i t was first reported that B. oryzae produces a t ox in that 
m a y ini t iate disease (46). A t the onset of in fect ion the pathogen p r o 
duces two or more toxins that are s tructural ly s imi lar to oph iobo l in . These 
toxins k i l l host cells i n advance of h y p h a l deve lopment suggesting that 
analogs of oph iobo l in are responsible for the penetrat ion of the host b y 
the pathogen. A f t e r invas ion the pathogen produces o p h i o b o l i n w h i c h 
causes a mal func t i on of the p o l y p h e n o l metabo l i sm of the host (47). 
A n o t h e r assumption about the m o d e of act ion of o p h i o b o l i n is that the 
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tox in depresses regulatory factors that m a i n t a i n the n o r m a l enzyme 
synthesis i n hea l thy plants (48). A n o t h e r worker suggested that oph io 
b o l i n i r revers ib ly damages cytoplasmic membranes (41). 

Bipolaris sorokinianum. T h i s fungus ( f o rmer ly Helminthosporium 
sativum) causes a seedl ing b l i g h t a n d spot b l o t ch of bar ley a n d attacks 
other gramineous species. D a r k b r o w n lesions occur on the coleopti le 
a n d progress i n w a r d . Seedl ing leaves become dark green w i t h dark 
lesions near the so i l that extend into the leaf b lade . Seedl ing development 
is re tarded , a n d t i l l e r i n g becomes excessive. I n the later stages of disease, 
tissue rots at or b e l o w the so i l surface (33). 

A l t h o u g h the role of the toxin he lminthospora l i n p lant disease is 
dub ious , m u c h is k n o w n about the chemistry of toxins p r o d u c e d b y B. 
sorokinianum. F i r s t attempts to ident i fy he lminthospora l i n d i c a t e d that 
i t is a sesquiterpenoid w i t h a n e m p i r i c a l f o rmula of C15H22O2 ( 4 9 ) . Its 
structure has been descr ibed ( 4 4 ) , a n d its biosynthesis appears to invo lve 
meva lon i c a c i d (50). A n o t h e r tox in , he lminthosporo l , w i t h growth-pro 
m o t i n g properties has been isolated f r om B. sorokinianum. T h e structure 
of he lminthosporo l is s imi lar to that of he lminthospora l , b u t strains of 
the fungus that produce he lminthosporo l do not p roduce he lminthospora l 
( 5 1 ) . 

H e l m i n t h o s p o r o l inhib i ts respirat ion , a n d the site of act ion appears 
to b e between f lavoprotein dehydrogenase(s ) a n d cytochrome C . T h i s 
tox in also disrupts oxidat ive phosphory lat ion (52). H e l m i n t h o s p o r o l acts 
as a g rowth -promot ing substance s imi lar to the cytokinins (53). 

Specific Alternaria Toxins 

Tox ins p r o d u c e d b y Alternaria citri, A. kikuchiana, a n d A . malt have 
been reported to have the same host range as the pathogens that produce 
them. L i t t l e is k n o w n about the toxins p r o d u c e d b y A . citri a n d A . malt, 
b u t toxins p r o d u c e d b y A. kikuchiana have been s tud ied more extensively. 

Alternaria citri. T h i s fungus causes a d ist inct ive dark b r o w n spot 
w i t h a l i ght tan center on y o u n g leaves a n d fruits of E m p e r o r m a n d a r i n , 
c a l a m o n d i n , a n d Citrus reticulata cv. Sovereign. Leaves of susceptible 
cul t ivars become more resistant as they approach matur i ty . M a n y c u l t i 
vars of c i trus are resistant to A. citri. W h e n the disease is severe, y o u n g 
fruits d r o p f r o m the tree w i t h i n three days after in fect ion (54 ) . 

H i s t o l o g i c a l studies showed that A . citn d i d not penetrate y o u n g 
fruits a n d leaves of susceptible cult ivars . Nevertheless inocu lat ion w i t h 
the pathogen resulted i n t y p i c a l b r o w n spots i n d i c a t i n g that a tox in 
i n i t i a t e d disease. C u l t u r e filtrates f rom pathogenic isolates d i l u t e d 100-
f o l d caused t y p i c a l b r o w n spot symptoms. Other results showed that 
nonpathogenic strains of A. citri d i d not produce the toxin . T h u s three 
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lines of evidence suggest that A. citri causes disease through tox igenic 
act ion. T h e last report avai lable to us was p u b l i s h e d i n 1966 (54), a n d 
recent correspondence ind i ca ted that a d d i t i o n a l w o r k w i t h this t ox in 
has not been in i t ia ted (55 ) . H o p e f u l l y a d d i t i o n a l research w i l l be car 
r i e d out w i t h this system. W e k n o w that the tox in p r o d u c e d b y A . citri 
causes disease through toxigenic act ion a n d that o l d tissue is resistant 
to the toxin. Therefore genetic v a r i a b i l i t y i n the host w o u l d not b e a 
p r o b l e m as i t is i n other toxin-host combinations . 

Alternaria kikuchiana. T h i s fungus produces a smal l , b l a c k necrot ic 
spot surrounded b y a y e l l o w halo on fruits a n d leaves of certa in cu l t ivars 
of Japanese pears ( 56 ) . I t is h i g h l y pathogenic on N i j i s s e i k i pears b u t 
does not cause disease on E u r o p e a n a n d N o r t h A m e r i c a n pears ( 5 7 ) . 

T h r e e different toxins, phytoal ternar ian A , B , a n d C w e r e iso lated 
b y H i r o e a n d A o e (58) f r om the culture filtrates of this fungus. A l t h o u g h 
phytoa l ternar ian A affects the same hosts as A . kikuchiana, l i t t l e is k n o w n 
about the chemistry of these toxins. T h e phytoalternarians g ive a negat ive 
F e h l i n g react ion b u t express a posit ive n i n h y d r i n react ion , i n d i c a t i n g 
that they have pept ide l inkages ( 5 9 ) . 

T h e r e is l i t t le in format ion concerning the mode of act ion of these 
toxins. In format ion recently rece ived ind i ca ted that a r b u t i n a n d ch loro -
genic a c i d m a y be responsible for the b r o w n spot s y m p t o m that is c h a r 
acteristic of the disease (60). A n o t h e r report ind i ca ted that the t o x i n 
i n h i b i t e d β-glucosidase i n susceptible cult ivars but not i n resistant c u l t i 
vars ; thus β-glucosidase act iv i ty is responsible for resistance (61). D e t a i l s 
of other aspects of the phytoalternarians were r e v i e w e d b y T e m p l e t o n 
(62). 

A l t e n i n is another tox in that has been isolated f r om A . kikuchiana. 
L i t t l e has been reported on its toxic i ty a n d specif icity. I t has been i d e n t i 
fied as e thy lhydroxy -5 - ( l -hydroxyethy l ) -4 -oxote t rahydro furonate w i t h a n 
e m p i r i c a l f o r m u l a of C 9 H i 4 0 6 (63). T h i s structure was also synthes ized , 
a n d the active por t i on of a l tenin was reported to be i n the e n d i o l c a r b o x y l 
g r o u p i n g (64). 

Alternaria malt. T h i s fungus causes b r o w n necrot ic spots o n I n d o 
a n d Ra l l s apple varieties, b u t the pathogen a n d toxic cu l ture filtrate d o 
not affect Jonathan or M c i n t o s h varieties. A tox in p r o d u c e d b y the fungus 
k i l l e d cells of y o u n g apple leaves i n advance of the i n v a d i n g pathogen . 
M o r e o v e r cu l ture filtrates f r om h i g h l y v i ru lent strains of A . mali w e r e 
more toxic than those f r o m moderate ly v i ru lent strains. C u l t u r e filtrates 
f r o m nonviru lent strains were nontoxic . These two observations strongly 
suggest that A . mali causes disease b y toxigenic act ion. O t h e r ev idence 
i n d i c a t e d that A . mali also p r o d u c e d a nonspecif ic tox in w h i c h caused 
w i l t i n g a n d v e i n - b a n d i n g necrosis i n several plants (65). 

Recent papers ind i ca ted that the specific t ox in a l ternar io l ide p r o -
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306 MYCOTOXINS 

d u c e d b y A. mali has an e m p i r i c a l f o r m u l a of C23H31N3O6. T h e structure 
that has been proposed for a l ternario l ide ind i ca ted that this t ox in is a 
cy c l i c t r ipept ide lactone. T h e three amino acids were reported to be 
2 -hydroxyisovaler ic a c i d , a lanine , a n d one designated as a l ternamic a c i d 
( 6 6 ) . N o w that some chemistry is k n o w n about this phytopathogenic 
tox in , studies on its mode of act ion s h o u l d y i e l d conclusive results. 

Nonspecific Alternaria Toxins 

A recent report lists 19 toxic compounds produced b y various species 
of Alternaria (62). H o w e v e r on ly a f e w toxins p r o d u c e d b y A . solani, 
A. tenuis, a n d A . zinniae w i l l be discussed. T h e phytotoxic compounds 
p r o d u c e d b y these species of Alternaria v a r y c h e m i c a l l y — a carboxy l i c 
a c i d , a c y c l i c pentapept ide , a n d a penta-substituted benzene. 

Alternaria solani. T h i s fungus causes a devastating b l i g h t of the 
tomato a n d potato. Symptoms first appear on leaves as smal l ( 1 - 4 m m ) , 
d a r k b r o w n spots. L a t e r a chlorot ic r i n g appears around the necrot ic 
spot. Sometimes leaflets next to the necrot ic spot become chlorot ic . W h e n 
the disease is severe, leaflets w i ther a n d drop off (67). 

A l t h o u g h this tox in m a y p l a y only a m i n o r ro le i n disease, its c h e m 
is t ry has been studied . A l t e r n a r i c a c i d has an e m p i r i c a l f o r m u l a of 
C 2 i H 3 0 O 8 . Its structure was reported to be 12- (5 ,6-dihydro-4-hydroxy-6-
methy l -2 -oxopyran-3 -y l ) -4 ,6 -dehydroxy -3 -methy l -9 -methy lene -12 -oxodo -
dec-6-ene-5-carboxyl ic a c i d (68, 69). A l t e r n a r i c a c i d has a l o w l eve l of 
tox ic i ty , a n d i t is toxic to m a n y plants not paras i t ized b y A . solani. N o 
de ta i l ed data on its mode of act ion have been reported. 

Alternaria tenuis. T h i s fungus causes a variegated seedl ing chlorosis 
o n cotton, c i trus , a n d m a n y other plants. Symptoms are character ized b y 
ch lorot i c spots sharp ly de l ineated f rom n o r m a l green areas. Chloros is is 
i rrevers ib le , a n d seedl ing g r o w t h is retarded . C o t t o n seedlings w i t h 
more than 3 5 % chlorosis usua l ly die. T h e fungus appears to produce a 
t ox in w h i l e g r o w i n g on the seed coat or so i l refuse. T h e tox in diffuses 
into the cotyledons either through in jury d u r i n g germinat ion or w h e n 
the seed coat ruptures (70). 

T h e tox in p r o d u c e d b y A . tenuis, tentoxin, has a molecular w e i g h t of 
414.5 a n d an e m p i r i c a l f o r m u l a of C22H30N4O4. Its structure has been 
d e s c r i b e d as c y c l o - N - m e t h y l d e h y d r o p h e n y l a l a n y l - L - l e u c y l g l y c y l - L - 2 V -
m e t h y l a l a n y l (62). Because the structure is cyc l i c , the intact t ox in gives a 
negat ive react ion to n i n h y d r i n . N M R data have ind i ca ted the a m i n o a c i d 
sequence. T h e op t i ca l ro tary dispersion spectrum shows opt i ca l act iv i ty . 

A l t h o u g h the precise mode of action of this tox in is not k n o w n , i t 
appears that tentoxin inhib i ts c h l o r o p h y l l f o rmat ion i n specific tissues of 
certa in p l a n t species. O n l y the cotyledons a n d p r i m a r y leaves of sensitive 
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13. L U K E A N D B I G G S Phytopathogenic Toxins 307 

species become chlorot ic w h e n seeds or v e r y y o u n g plants are treated 
w i t h the toxin. E x c e p t i n tomato a n d the cruci fers , o l d p r i m a r y leaves 
are not affected b y the toxin . M o s t dicotyledonous plants are sensitive to 
the tox in , but s o rghum a n d crabgrass are the only monocots that have 
been f o u n d to be sensitive. T e n t o x i n does not interfere w i t h the conver
s ion of p ro to ch lo rophy l l to ch l o rophy l l . M o r e o v e r i t appears that this 
toxin causes a reduc t i on i n c h l o r o p h y l l synthesis w i t h i n each chloroplast 
rather than a n o n u n i f o r m expression of toxic i ty a m o n g plastids ( 71 ) . 

Alternaria zinniae. T h i s fungus causes a leaf spot a n d seedl ing 
b l i g h t of z i n n i a , sunflower, a n d marigo lds (72, 73 ) . S m a l l b r o w n spots 
occur on cotyledons, leaves, stems, a n d flowers. I n i t i a l symptoms are 
character ized b y a necrot ic fleck surrounded b y a ch lorot i c halo . L a t e r 
spots enlarge a n d become i rregular a n d r e d d i s h b r o w n . Plants that have 
severe stem lesions w i l t r a p i d l y even though the lesion does not g i rd le the 
stem. T h i s react ion seems to suggest that a tox in is i n v o l v e d i n the 
disease syndrome (74). 

T h e toxin p r o d u c e d b y A. zinniae, z i n n i o l , is a penta-subst i tuted 
benzene w i t h an e m p i r i c a l f o r m u l a of C 9 H 2 i 0 4 . A structure of z i n n i o l 
has been suggested (73). M o r e o v e r two isomeric phthal ides obta ined 
f r o m z i n n i o l have been used to resynthesize a n d conf irm its structure. 

T h e mode of act ion of z i n n i o l is not k n o w n . I t does not appear to 
inc i te disease development, b u t i t m a y b e i n v o l v e d i n some of the sec
ondary symptoms because 500-1000 p p m of the tox in are r e q u i r e d to 
cause severe symptoms; also i t is not specific. 

Other Toxins 

N u m e r o u s toxins have been reported ; therefore i t w o u l d be unreal i s 
t i c to inc lude the remainder of the phytopathogenic toxins i n this section. 
O n l y a f e w that are k n o w n to in i t iate disease a n d those that have been 
recent ly d iscovered are i n c l u d e d . M o r e o v e r the presence of a tox in i n 
this section does not i m p l y that i t is re lat ive ly un important . T h e toxins 
discussed i n this section are p r o d u c e d b y Periconia, Phyllosticta, Didy-
metta, a n d Fusicoccum. 

Periconia circinata. T h i s fungus is a so i l inhab i tant that invades 
the subterranean parts of mi l o - type sorghums (75 ) . T h e fol iage of d i s 
eased plants turns ye l l ow , w i l t s , a n d shows t y p i c a l b l i g h t symptoms. I f 
the infect ion is severe, the plants c o m m o n l y b l o o m early, g row stunted, 
a n d die premature ly (76). C u l m s appear r e d near the base of the p lant 
( 77 ) . L e u k e l (77) first reported that a tox in p r o d u c e d the same s y m p 
toms as the pathogen a n d that they h a d the same host range. T h e 
observations were conf irmed i n 1961 (78). 

A l t h o u g h two toxins were isolated f r o m cu l ture filtrate of P . circinata, 
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308 MYCOTOXINS 

on ly one of these has been s tudied , a n d l i t t le in f o rmat ion o n its nature 
has been reported . I t has a molecu lar w e i g h t of less t h a n 2000 a n d reacts 
pos i t ive ly to n i n h y d r i n . T h e first report ind i ca ted that a c i d hydro lys is 
y i e l d e d five amino acids (aspart ic , g lutamic , a lanine, serine, a n d one of 
the leucines) ( 3 ) . A later paper reported four amino acids (aspart ic , 
g lutamic , a lanine, a n d serine) (11). A s s u m i n g that leuc ine does not occur 
i n the molecule , i t appears that the tox in m a y be a s m a l l pept ide that 
y ie lds 6 moles alanine, 4 moles aspartic , a n d 2 moles each of g lu tamic a c i d 
a n d serine (11). 

L i m i t e d studies of the m o d e of act ion of the tox in p r o d u c e d b y P . 
circinata revealed that the tox in a n d the fungus cause increased resp i ra 
t i on , electrolyte leakage, a n d decreased a b i l i t y to incorporate amino acids 
a n d ur id ine (79). T h e tox in d i d not affect the activities of m i t o c h o n d r i a 
i n cell - free preparations. T h e phys io log i ca l disruptions caused b y the 
tox in p r o d u c e d b y P . circinata are s imi lar to those caused b y v i c t o r i n thus 
suggesting that the site o f act ion is the p lasma membrane (79). These 
conclusions were not adequate ly substantiated; therefore the site of act ion 
a n d an explanat ion for host-specif icity need to be de termined before the 
mode of act ion can be ascertained. 

Phyllosticta maydis. T h i s fungus produces a y e l l o w leaf b l i g h t of 
corn w h i c h first appears as y e l l o w blotches on the l ower leaves. Blotches 
expand r a p i d l y resul t ing i n general y e l l o w i n g . Necro t i c , buf f -co lored 
lesions are e l l i p t i c a l ( 7 - 1 0 X 15 -25 m m ) r u n n i n g p a r a l l e l w i t h , but not 
ent ire ly del ineated by , the veins. Severely diseased leaves d ie a n d t u r n 
b r o w n ; eventual ly a l l b u t the topmost leaves become severely b l i gh ted . 
Les ions on the upper leaves are l ong a n d n a r r o w a n d are usua l ly concen
trated near the m i d v e i n . T h e necrot ic lesions of y e l l o w leaf b l i g h t are 
s imi lar to those of southern leaf b l i gh t ( 8 0 ) , a n d the presence of Texas 
male-steri le cytop lasm greatly increases suscept ib i l i ty to P . maydis. 

N o t h i n g is k n o w n about the chemistry of the t ox in ( s ) p r o d u c e d b y 
P . maydis, b u t electrolyte leakage, d i s rupt i on of m i t o c h o n d r i a l funct ion , 
a n d root i n h i b i t i o n caused b y the P . maydis tox in are s imi lar to phys i o l og i 
c a l mal funct ions inc i t ed b y Bipolaris maydis race Τ tox in (81, 8 2 ) . 

Didymella applanata. T h i s fungus causes a stem a n d b u d disease 
of the raspberry character ized b y defective b u d d i n g i n the axils of the 
leaf stalks. T h e fungus enters the stem through insect wounds a n d causes 
dark disco lorat ion near the buds . D i s c o l o r e d spots become l ighter i n the 
summer. D a m a g e to stems k i l l s buds a n d severely damages fruits ( 83 ) . 

T h e toxin p r o d u c e d b y D. applanata is a monosaccharide der ivat ive 
o l igosaccharide w i t h a molecu lar we ight of 1682 db 150, a n d no or v e r y 
l i tt le r e d u c i n g power . O n e of the monosaccharides is glucose. M o n o 
saccharides w e r e f o und after t r imethy ls iy la t ion . G r o u p s other than m o n o -
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13. L U K E A N D B I G G S Phytopathogenic Toxins 309 

saccharides are attracted to some members of the monosaccharide 
nucleus ( S 3 ) . 

A l t h o u g h the tox in appears to cause symptoms s imi lar to those 
caused b y the pathogen, one experiment f a i l e d to y i e l d in format ion on its 
phytotox ic i ty ( 83 ) . Nevertheless these workers i n d i c a t e d that u n p u b 
l i shed results of K e r l i n g a n d Sch ipper establ ished that D. applanata p r o 
duces a phytotox in i n cu l ture that causes s m a l l in terve ina l necrotic spots 
on the leaves a n d sprout w i l t i n g . 

Fusicoccum amygdalt. T h i s fungus causes a leaf b l i g h t a n d w i l t of 
a l m o n d a n d peach trees. T h e fungus enters through a b u d or leaf scar 
a n d causes, some distance f r o m the po int of in fect ion , w i l t w i t h i n a f e w 
days. E i g h t to 10 days after invas ion , g u m materials occur i n the bark 
a n d x y l e m tissue next to the lesion site. W h e n gummosis occurs, the 
pathogen behaves as a l o ca l parasite a n d becomes l i m i t e d to the tissue 
that was first invaded . T h e n corky layers that f o r med a r o u n d the lesion 
cause canker format ion (84). 

T h e tox in fus icocc in p r o d u c e d b y F. amygdali, is a s m a l l d i terpeno id 
w i t h an e m p i r i c a l f o r m u l a of C 3 6 H 5 6 0 i 2 a n d a molecular we ight of 680. 
L a b e l e d mevalonalactone incorporated into fus icocc in ind i ca ted that 
fus icocc in aglycone has a d i terpenic t r i cy c l i c skeleton. T h u s fus icocc in 
is a glucoside of a carbotr i cyc l i c terpene ( 8 5 ) . F u s i c o c c i n has been 
synthesized, a n d its absolute structure has been determined . M o r e o v e r 
16 different derivatives of fus icocc in have been prepared . Perhaps more 
is k n o w n about the chemistry of the phytopathogenic tox in than about 
any of the others that have been studied (44, 85). 

F u s i c o c c i n is not specific a n d is h i g h l y toxic to m a n y p lant species at 
2 jug /ml , b u t i t appears to cause w i l t i n g at some distance f r o m the po int 
of invasion. Therefore i f the water-transport system is not phys i ca l l y 
b l o cked , fus icocc in w o u l d appear to be an exceptional non-specific t ox in 
that is important i n disease. 

Var i ous derivatives were prepared to s tudy the por t i on of the mo le 
cule responsible for the toxic i ty of fus icocc in (86). R e m o v a l of the text-
penteny l or the g lucos id ic moiety drast i ca l ly r educed toxic i ty . F u s i c o c c i n 
increases water uptake of pea seedlings, a n d derivatives f r o m w h i c h the 
fer f -pentenyl group has been r e m o v e d also st imulate water uptake of pea 
seedlings. T h i s uptake is signif icant because the terf-pentenyl group is 
needed for toxic ity . Therefore fus icocc in appears to be active i n b o t h the 
water -uptake a n d water-transport systems. M o r e evidence i n d i c a t e d that 
fus icocc in causes irreversible extension of the c e l l w a l l (87). 

A l s o fus icocc in causes a b n o r m a l opening of the stomata. T h i s obser
vat ion l e d to the conclusion that u n u s u a l stomatal o p e n i n g resulted i n 
excessive water loss (88 ) . I t has also been suggested that fus icocc in 
causes permeab i l i ty changes i n the p l a s m a membrane of p l a n t cells ( 89 ) . 
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Others observed that stomata treated w i t h fus icocc in c o u l d be c losed 
w i t h absc is in , b u t tomato cuttings after this treatment w i l t e d . I t was 
therefore c onc luded that the tox in decreases the resistance of the p lasma 
membrane to water passage a n d that stomatal open ing is a secondary 
effect ( 9 0 ) . It appears that d i s rupt i on of the func t i on of the p l a s m a 
membrane of s u b e p i d e r m a l cells w o u l d result i n loss of ce l l turgor . Loss 
of c e l l turgor of these cells w o u l d result i n a loss of pressure on g u a r d 
cells , a loss that c o u l d cu lminate i n stomatal opening . F u s i c o c c i n c o u l d 
cause w i l t i n g i n this manner . 

Ftisarial Phytotoxic Mycotoxins 

Fusarium species produce numerous toxins, b u t a f ew species produce 
b o t h mycotoxins a n d phytotoxins. A l t h o u g h some toxins affect b o t h 
plants a n d animals , none of the mycotoxins that affect plants in i t iate p lant 
disease. M a n y of the mycotoxins ( trichothecenes ) p r o d u c e d b y Fusarium 
species have a molecu lar structure s imi lar to that of the sesquiterpenoids. 
M o r e o v e r some phytopathogenic toxins p r o d u c e d b y different f u n g i are 
d i terpenoids or sesquiterpenoids. U n f o r t n u a t e l y l i t t le is k n o w n about 
the a n i m a l toxic i ty of the phytopathogenic terpenoids that are impor tant 
i n p lant disease. T h e objective of this section is to discuss the re lat ionship 
between mycotoxins a n d phytotoxins. 

T h e phytotoxic materials p r o d u c e d b y f u n g i are referred to as p h y t o 
toxins (2). Phytopathogenic toxins differ f r om phytotoxins i n i n i t i a t i n g 
p l a n t disease. Phytotoxins do not in i t iate disease, b u t they are i n v o l v e d 
i n a m i n o r w a y d u r i n g the later part of the disease syndrome. I n this 
discourse a mycotox in is considered a tox in p r o d u c e d b y a fungus that is 
toxic to animals . 

B r i a n et a l . (91) first observed that compounds (tr ichothecenes) 
p r o d u c e d b y p lant pathogens are toxic to plants a n d animals . T h e same 
trichothecenes that caused sk in i r r i ta t i on , nerve damage, a n d hemorrhage 
i n animals also cause w i l t i n g a n d necrosis i n pea seedlings (92). T h e 
trichothecenes also i n h i b i t p lant g r o w t h b y inter fer ing w i t h the act ion 
of indo leact i c a c i d (91). T h e interact ion between the trichothecenes a n d 
g r o w t h hormones has not been reported i n animals . M o r e o v e r the t r i 
chothecenes are very toxic to b o t h plants a n d animals . Concentrat ions as 
l o w as 0.1 f t g / m l i n h i b i t g r o w t h of certa in p lant species (91). M o n i l i -
f o r m i n is a tox in recent ly i so lated f r o m a p l a n t pathogenic fungus 
(Fusarium moniliforme) that is toxic to p lants a n d animals (93). 

Some phytotoxins cause phys io log i ca l disturbances i n plants s imi lar 
to those that mycotoxins cause i n animals . F o r example fus icocc in ( a 
d i t e rpeno id ) causes permeab i l i t y changes a n d necrosis i n m a n y p lant 
species whereas certain sesquiterpenoids cause increased vascular per -
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m e a b i l i t y i n rats (94). T h i s observation m a y exp la in the edema a n d 
hemorrhag ing i n animals w h i c h is characterist ic of the tr ichothecene-type 
toxins. M o r e o v e r the trichothecenes are chemica l l y s imi lar to fus icocc in . 
T h e specific mechanism b y w h i c h the tr ichothecene toxins affect m e m 
brane systems i n animals is not k n o w n . 

T h e s imilarit ies i n molecu lar structure a n d phys io log i ca l response 
between certa in phytopathogenic toxins a n d some mycotoxins indicate 
that some phytopathogenic toxins m a y also be toxic to animals . Some of 
the phytopathogenic toxins have not been isolated f r o m diseased plants 
because of their l ab i l e nature or because of l o w concentrations; therefore 
these types of toxins w o u l d not injure animals i n nature. Some toxins 
that cause p lant disease ( fus icocc in , he lminthosporos ide) have been i so 
la ted f r o m infected plants . M o r e o v e r some of these have c h e m i c a l struc
tures s imi lar to those of various mycotoxins, a n d the phytopathogenic 
toxins occurred i n re lat ive ly large quantit ies . O n the other h a n d certain 
mycotoxins ( tr ichothecenes) have not been isolated f r om natura l ly i n 
fected plants or stored gra in . Because i t has not been establ ished that a 
g iven tr ichothecene was responsible for mycotoxicosis i n the field, i t has 
been suggested that natura l l y o c curr ing mycotoxicosis m a y result f r o m 
different substances p r o d u c e d b y several f u n g i (95). T h i s assumption 
adds significance w h e n i t is rea l i zed that some of the phytotoxins a n d 
phytopathogenic toxins occur i n h igher concentrations i n natura l l y i n 
fected plants t h a n do the mycotoxins. Therefore some of these phytotox ic 
compounds m a y be i n v o l v e d i n the natura l ly o c curr ing mycotoxicosis 
complex . T h i s invo lvement w o u l d suggest that the a n i m a l toxic i ty of 
phyto tox i c compounds isolated f r o m infected plants should be s tudied . 
L i t t l e attention has been g iven to this subject. 

Discussion 

A l t h o u g h toxins have been i m p l i c a t e d i n p lant disease for almost a 
century, o n l y 10 are considered to induce disease. E v i d e n c e that these 
10 inc i te disease hinges on t w o forms of c i r cumstant ia l ev idence : the 
tox in has the same host range as the pathogen, a n d a posit ive corre lat ion 
exists between toxin p r o d u c t i o n a n d pathogenic i ty . 

A l t h o u g h indirect evidence suggests that a f e w toxins induce p lant 
disease, the ir precise mode of act ion is u n k n o w n . P l a n t scientists have 
h a d l i t t l e success i n this area. T h e explanat ion, m a i n l y conjecture, rests 
o n three major points. T h e first concerns concentrations a n d stabi l i ty of 
the toxin. M a n y toxins are p r o d u c e d i n s m a l l quantit ies m vivo, a n d some 
of major importance are not stable w h e n pur i f ied . Sometimes, t w o or 
m o r e toxins of s imi lar const i tut ion are produced , a n d thus i t is dif f icult 
to ascertain w h i c h tox in incites disease development. 
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A 

Β 

Figure 1. Chemical structure of helmin
thosporol A and helminthosporol Β 

T h e second po int involves interactions between the host a n d the 
t o x i n ( s ) . Sometimes the host produces toxins that cause necrosis. S u c h 
toxins are p r o d u c e d i n response to in fect ion or in jury . W h e n toxins p r o 
d u c e d b y the host a n d the pathogen are p r o d u c e d on ly in vivo, i t is di f f i 
cu l t to determine the o r i g in of a g iven tox in or one that triggers disease. 
Occas iona l ly b o t h resistant a n d susceptible cult ivars inact ivate toxins at 
different rates. M a n y compounds are not r ead i l y transported i n plants , 
a n d i t is diff icult to detect ce l lu lar damage somewhat r e m o v e d f r o m the 
po in t of in fect ion . S u c h detect ion ( 5 -10 m m ) f r o m the i n v a d i n g patho 
gen shou ld be used as a p r i m a r y cr i ter ion to imp l i ca te a tox in as a disease-
i n d u c i n g agent. T h i s cr i ter ion w o u l d be most useful w h e n the tox in is 
p r o d u c e d on ly in vivo. W e bel ieve that m a n y disease- inducing toxins 
are c ommonly p r o d u c e d on ly in vivo a n d that scientists w h o are interested 
i n the toxigenic nature of phytopathogens shou ld t u r n their attention to 
toxins p r o d u c e d in vivo. 

T h e t h i r d a n d perhaps the foremost reason for the s low progress 
w i t h phytopathogenic toxins is the lack of k n o w l e d g e of the c h e m i c a l 
structures of these compounds. U n t i l recently v e r y l i t t le was k n o w n about 
the structures of phytopathogenic toxins. M o s t of the toxins that attracted 
the attention of chemists were not the causal agents of p l a n t disease. 
M u c h credit to e lucidate the modes of act ion of antibiot ics a n d mycotoxins 
must be g iven to chemists w h o determined the structures a n d funct i ona l 
groups of these compounds. O n c e these are k n o w n , the site of ac t ion 
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is more easily ascertained. K n o w l e d g e of this k i n d w o u l d be h e l p f u l to 
biologists w h o w i s h to determine the mode of act ion of toxigenic c o m 
pounds . H o p e f u l l y this sympos ium w i l l st imulate the interest of chemists 
i n phytopathogenic toxins. T h e i r expertise is sorely needed. 

Since this s y m p o s i u m emphasizes mycotoxins or toxins that affect 
animals , i t is interest ing to note similarit ies between mycotoxins a n d 
toxins that affect plants . Some of the important mycotoxins ( t r i chothe
cenes) are k n o w n to be the p r i m a r y agents that inc i te p l a n t disease. 
T h a t is , some mycotoxins are of on ly m i n o r importance to s y m p t o m 
development i n plants , or their toxic i ty to plants m a y be co inc identa l . 
T h i s po int of v i e w m a y be i n error because some mycotoxins cause severe 
reactions a n d death i n certa in plants at v e r y l o w concentrations. Several 
phytotoxins a n d mycotoxins have c h e m i c a l structures that are terpenic i n 
or ig in . S t ruc tura l relationships a n d pathways of synthesis a l l o w classif i 
cat ion as sesquiterpenoid , d i terpeno id , a n d sesterterpenoid. 

Several w e l l k n o w n sesquiterpenoids are fomannosin , h e l m i n t h o 
sporal , he lminthosporo l (see F i g u r e 1 ) , a n d diacetoxyscirpenol . Some 
compounds that have the 12,13-epoxytrichothecene nucleus have s imi lar 
c h e m i c a l structures a n d b io l og i ca l properties of toxic i ty to p l a n t a n d 
a n i m a l cells (44). I n a recent rev iew, 22 natura l l y o c curr ing 12,13-epoxy-
trichothecenes were fisted, a n d their chemica l structures w e r e c ompared 
(95). Exper iments w i t h labe led compounds showed that the n u c l e i of 
these substances are der ived f r o m mevalon ic a c i d (96, 9 7 ) . 

A w e l l - k n o w n , d i terpeno id , phytopathogenic toxin is fus icocc in . Its 
structure is k n o w n a n d is w e l l documented i n a recent r e v i e w (44). T h e 
absolute structure for fus icocc in is shown i n F i g u r e 2. Incorporat ion of 

HO 

^CHpCH 3 

Figure 2. Chemical structure of fusicoccin 
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ν 
OH 

0 = < 

Figure 3. Chemical structure of ophiobolin A 

l abe l ed mevalonolactone i n the c o m p o u n d ind i ca ted that the fus icocc in 
aglycone h a d a d i terpenic t r i cy c l i c skeleton. O t h e r evidences f r o m o x i d a 
t i o n a n d add i t i on reactions, x -ray analysis of derivatives , a n d N M R spectra 
substantiate the structure. T h e same basic r i n g system that occurs i n 
fus icocc in occurs i n the ophiobol ins ( F i g u r e 3 ) . Because the add i t i ona l 
isoprene un i t y i e l d e d C25H40 there has been f o r m a l internat ional agree
ment that substances l i k e z izanins a n d ophiobol ins constitute a n e w class 
of terpenoids, sesterterpenes, w i t h the term ophiobolane proposed for the 
f u n d a m e n t a l h y d r o c a r b o n (98). T h e essential evidence to e luc idate 
the s t ructura l relationships have been r e v i e w e d b y C a s i n o v i ( 44 ) . G e r a n y l 
farnesol seems to be an intermediate i n the biosynthesis of the oph io 
bol ins ( 9 9 ) . 

Because some phytopathogenic toxins a n d mycotoxins are terpenic 
i n o r i g in a n d have portions of their b iosynthet ic pathways the same as 
those for phytohormones (g ibbere l l ins ) a n d a n i m a l hormones (var ious 
s tero ids ) , cont inued w o r k on e luc idat ing b iosynthet ic pathways , c h e m i c a l 
structures of active components, a n d modes of act ion are m u c h needed . 
I t m a y be significant that several phytotoxins a n d several p lant a n d 
a n i m a l hormones seem to alter membrane physio logy , b u t the actual sites 
of act ion are not k n o w n . 
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Helminthosporium, Drechslera, and 

Bipolaris Toxins 

ODETTE L. SHOTWELL and J. J. ELLIS 

Northern Regional Research Laboratory, Agricultural Research Service, 
U.S. Department of Agriculture, Peoria, Ill. 61604 

Metabolites produced by Helminthosporium and Drechslera 
(Bipolaris) species include: pigments—polyhydroxyanthra-
quinones and polyhydroxyxanthones; antibiotics—ophiobo
lins, monocerins, siccanin, and helmintin; mycotoxin— 
sterigmatocystin; phytotoxin—helminthosporal; pathotoxins 
from Drechslera carbonum, D. victoriae, D. maydis, and 
D. sacchari, and teratogenic compounds—cytochalasins. 
Most of these compounds are toxic either to animals or 
plants. Others such as the polyhydroxyanthraquinones and 
polyhydroxyxanthones belong to classes of compounds 
known to be toxic. With the exception of the pathotoxins 
there is little evidence for the natural occurrence of Helmin
thosporium and Drechslera toxins. The mycotoxin sterigma
tocystin has been found in moldy grain collected on a farm 
in Canada. 

Many biologically active compounds are produced by species of Hel-
minthosporium Link and Drechslera Ito ( Bipolaris Shoem. ). Toxins 

include the pigments described by Raistrick and co-workers in a series of 
papers beginning in 1933. Almost all the pigments, polyhydroxyanthra
quinones and polyhydroxyxanthones, came from molds implicated in 
plant diseases. Much later Helminthosporium and Drechslera species 
were found to produce antibiotics, but these were too toxic for human 
therapy. Although the pathotoxins have been studied extensively, the 
structure of only one has been elaborated—helminthosporiside. Helmin
thosporal, one of the better known Helminthosporium phytotoxins, dam
ages cereal crops. Sterigmatocystin, a carcinogen whose metabolic path
way is related to that an aflatoxin B 1 , is formed by an unidentified species 
of the genus. The cytochalasins form one of the more important groups 
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14. S H O T W E L L A N D E L L I S Helminthosporium 319 

of metabolites because of their teratogenic properties a n d are considered 
to be mycotoxins. Cytochalas ins are p r o d u c e d b y A s p e r g i l l i , Phoma, 
Zygosporium, a n d p r o b a b l y Phomopsis as w e l l as b y Helminthosporium 
species. 

Species i n this group of molds inc lude the genera Helminthosporium 
a n d Drechslera (Bipolaris). T h e sexual stages of the group are Ophio-
bolus Riess, Trichometasphaeria M u n k , Cochliobolus Drechs ler , Pyreno-
phora F r . , a n d Leptosphaeria Ces . et de N o t . W h e n examin ing the 
l i terature for secondary metabolites a n d toxins p r o d u c e d b y Helmintho
sporium y o u must look under a l l these names. T h e r e are reviews that 
cover m u c h of the earl ier w o r k on these phytotoxins, pathotoxins, a n d 
secondary metabolites (1,2,3,4). W o r k since then w i l l be emphas ized 
here. 

Pathotoxins are phytotoxins p r o d u c e d b y p lant disease f u n g i that 
are host specific (3). T h a t is, a pathotoxin causes a l l the symptoms of 
a g iven disease even i f its p r o d u c i n g fungus is not present. Resistance 
or suscept ib i l i ty i n a g iven p lant strain applies to bo th the fungus a n d 
the pathotoxin i t forms. O f the seven k n o w n host-specific toxins, four 
are p r o d u c e d b y Helminthosporium species: D. victoriae ( M e e h a n et 
M u r p h y ) Subram. et J a i n , H. carbonum U l l s t r u p (the Drechslera c o n i -
d i a l state of Cochliobolus carbonus N e l s o n ) , H. maydis N i s i k et M i y a k e 
[Drechslera c o n i d i a l state of Cochliobolus heterostrophus ( D r e c h s l e r ) 
D r e c h s l e r ] , a n d H. sacchari B u t l e r [ synonym of Drechslera sacchari 
( B u t l e r ) S u b r a m . et Ja in ] (2). 

T h e best k n o w n pathotoxin , v i c t o r i n f o rmed b y D . victoriae, is the 
causative agent for leaf b l i g h t of the V i c t o r i a var iety of oats ( 5 ) . I t has 
been isolated a n d part ia l ly character ized . T h e tox in is a po lypept ide 
complex that can be b roken d o w n b y m i l d a l k a l i treatment into two 
components : a pentapept ide a n d a basic t r i cyc l i c c o m p o u n d , v i c tox in ine 
(5 ) . H y d r o l y s i s of the pentapept ide yie lds the c o m m o n amino a c i d s — 
aspartic , g lutamic , va l ine , g lyc ine , a n d leucine. T h e pentapept ide is 
nontoxic . V i c t o x i n i n e is toxic to oats, rye , bar ley , wheat , a n d gra in 
sorghum l a c k i n g the select ivity or host specif ic ity of the complete t ox in 
(6 ) . E v i d e n t l y the specif icity of the complete toxin is a func t i on of the 
pentapept ide moiety . V i c t o r i n (act ive at 0.01 f tg / m l ) is about 7500 
times as toxic as v i c tox in ine on a we ight basis to susceptible oat species. 
A l t h o u g h v ic tox inine has been character ized , the structure of the penta 
pept ide a n d the nature of its attachment to v i c tox in ine i n the pathogen 
remains to be determined . T h e mechanism of the act ion of v i c t o r i n i n 
plants depends on the complete structure. Sophist icated techniques exist 
that should m a k e the e luc idat ion of the complete s tructure possible. 

F o r s tructura l studies v ic tox inine C17H29NO was iso lated f r o m c u l 
ture filtrates of H. sativum P a m m e l , K i n g et B a k k e [the Drechslera 
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320 MYCOTOXINS 

I. Victoxinine II. R = Η , Ο Η Prehelminthosporol 
III. R = 0 

IV. R = Η 
V. R = M e S 0 2 

Figure I . Victoxinine and related 
compounds 

c o n i d i a l state of Cochliobolus sativus ( I to et K u r i b a y a s h i ) Drechs l e r 
et D a s t u r ] i n 8 -12 m g quantit ies ( 7 ) . T h e acetylated der ivat ive , N M R 
spec t rum, a n d b iogenet ic re lat ionship to other terpenoid metabolites 
suggested Structure I as a possible structure for v i c tox in ine ( F i g u r e 1 ) . 
T h e s tructure was conf i rmed b y its p a r t i a l synthesis f r o m prehe lmintho 
sporo l (S t ruc ture I I ) . Prehe lminthosporo l was converted into the lactone 
(S t ruc ture I I I ) a n d then into the d i o l (Structure I V ) w i t h H t h i u m a l u m i 
n u m h y d r i d e . A c i d treatment c y c l i z e d Structure I V to the saturated 
i somer Struc ture V I . T h e d i m e t h y l sulfonate (Structure V ) from Struc 
ture I V was treated w i t h ethanolamine i n d ioxan to give v i c tox in ine . 
Structures I V a n d V I w e r e subsequently f o u n d as major metabolites i n 
cu l ture filtrates of D . victoriae ( 7 ) . 

A metabo l i te be l ong ing to a complete ly different class of compounds 
was i so la ted i n 1974 f r o m cul ture filtrates of D . victoriae ( 8 ) . T h e n e w 
metabo l i te , g l i o v i c t i n V I I , belongs to a series of m i c r o b i a l su l fur -conta in
i n g c ompounds such as g l io tox in (S t ruc ture V I I I ) a n d spor idesmin D 
(S t ruc ture I X ) whose o r i g i n can be exp la ined b y a d iketop iperaz ine 
precursor ( F i g u r e 2 ) . G h o v i c t i n is not as toxic as g l iotoxin. A p p a r e n t l y 
the disul f ide g roup present i n g l io tox in is responsible for the difference 
i n tox ic i ty . A l s o m e t h y l a t e d sulf ide groups are not as toxic. 

T h e pathotox in f r o m H. carbonum ( a Drechslera) causes leaf spots 
a n d ear rots o n cer ta in k i n d s of corn a n d is toxic to susceptible c o r n at 
0.5 m g / m l . T h e i m p u r e tox in is stable b u t becomes unstable w h e n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

14



14. S H O T W E L L A N D E L L I S Helminthosporium 321 

OH 

SCH 3 

SCH 3 

NCH3 

OH 

0 

CH20H C H 3 S C H 3 

VII. Gliovictin VIII. Gliotoxin IX. Sporidesmin D 

Figure 2. Microbial sulfur-containing compounds 

pur i f i ed a n d crysta l l i zed a n d loses ac t iv i ty at — 20 ° C . A c i d hydro lys i s 
y ie lds five n i n h y d r i n - r e a c t i n g compounds : a lanine , p r o l i n e , a n d three 
unident i f ied ones. Because the tox in is soluble i n organic solvents, i t is 
p r o b a b l y a cyc l i c pept ide ( 9 ) . 

He lminthosporos ide ( F i g u r e 3 ) is the first host-specific p l a n t t o x i n 
to have a structure (Structure X ) proposed for i t ( 1 0 ) . T h e c o m p o u n d 
is p r o d u c e d b y H. sacchari (D. sacchari), the causa l o r g a n i s m of eye 
spot disease i n sugar cane. Sugarcane leaves t reated w i t h the p u r e t ox in 
exhib i t symptoms i d e n t i c a l to those p r o d u c e d b y the fungus . A l i g h t 
green spot forms, w h i c h develops into r edd i sh b r o w n runners . A c i d h y 
drolysis of helminthosporoside resulted i n galactose a n d a h y d r o x y l a t e d 
cyc lopropane. O n the basis of spectral a n d c h e m i c a l propert ies the p r o 
posed structure for the tox in is 2 -hydroxycyc lopropy l -a -D -ga lac topyrano-
side (Structure X ) . 

A pathotoxin p r o d u c e d b y H. maydis (D. maydis) causes b l i g h t 
symptoms on corn ( I I ) . E v i d e n c e indicates that the t o x i n is a f a i r l y 
stable, l ow-molecu lar -we ight po lypept ide . Severa l phytotoxins have been 
repor ted as metabolites of species of Helminthosporium. Helmintho
sporium sativum ( a Drechslera) produces a tox in responsib le f o r w i d e 
spread seedl ing b l ight , foot a n d root rot, a n d leaf spot i n cereals i n N o r t h 
A m e r i c a that has brought about financial losses, p a r t i c u l a r l y i n western 
C a n a d a (12,13). T h e tox in he lminthospora l (Structure X I ) is not host-
specific ( F i g u r e 4 ) . A closely re lated sesquiterpenoid c o m p o u n d , h e l m i n 
thosporo l (Structure X I I ) , is also f o r m e d b y H. sativum. S t ruc ture X I 

C H 2 0 H 

HO 

X. Helminthosporoside 
H Figure 3. 2-Hydroxycyclopropyl-a-O-gahctopyrano-

side, helminthosporiside 
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322 MYCOTOXINS 

XI. R = CHO Helminthosporal 
XII. R = CH20H Helminthosporol 

XIII. Ri = CH3 Prehelminthosporol 
XIY. Rt = CH20H 

9-hydroxyprehelminthosporol 

Figure 4. Sesquiterpenoid compounds 

has been determined , a n d the c o m p o u n d , a d ia ldehyde , has been s y n 
thesized. H e l m i n t h o s p o r o l (Structure X I I ) , the c o m p o u n d i n w h i c h 
one of the a ldehyde groups is reduced to a n alcohol , stimulates the e longa
t i on of leaf sheaths of r i c e seedlings. 

B iosynthet i c studies indicate that these compounds are p r o b a b l y 
f o r m e d b y nonhead-to - ta i l l i n k i n g of three terpene units f o l l owed b y a 
cyc l i za t i on of the precursor (14). P r o b a b l y he lminthospora l a n d h e l m i n 
thosporo l do not exist as such i n cul ture l iquors , b u t they are f o r m e d 
d u r i n g iso lat ion procedures f r o m acetals of compounds designated as 
prehe lminthospora l (Structure X I I I ) a n d prehe lminthosporo l (Structure 
I I ) . Prehe lminthosporo l a n d 9-hydroxyprehelminthosporo l (Structure 
X I V ) have been isolated f r o m cu l ture filtrates of fermentations of Cochlio
bolus sativus ( Ito et K u r i b a y a s h i ) Drechs ler ex D a s t u r [the perfect 
stage of H. sativum ( the Drechslera c o n i d i a l state of C . sativus)'] (15). 
Prehe lminthospora l has not been detected i n culture l iquors of H. sativum. 

Some of the first secondary metabolites of molds s tud ied were the 
po lyhydroxyanthraqu inone pigments iso lated a n d character ized b y R a i s 
t r i ck a n d his associates (16, 17, 18, 19, 20, 21). These compounds are 
closely re lated ( T a b l e I ) . F o r example tr i tospor in is indeed ω-hydroxy-
catenarin a n d can be synthesized f r o m catenar in ; cynodont in has been 
synthesized f r o m he lminthospor in . Helminthosporium a n d Drechslera 
strains that p roduce po lyhydroxyanthraquinones have been isolated as 
causative agents of p lant diseases ( T a b l e I ) . T h e compounds are h i g h l y 
co lored p igments that fluoresce a n d are p r o b a b l y responsible for the 
discolorations not i ced o n diseased leaves. I n 1974 chrysophano l a n d 
emod in , po lyhydroxyanthraquinones , were iso lated f r o m culture l iquors 
of Drechslera catenaria ( D r e c h s l . ) I to (H. catenarium D r e c h s l e r ) (22). 
These n a t u r a l l y o c curr ing quinones have cathart ic properties (23). 

A po lyhydroxyxanthone , ravene l in (Structure X V , F i g u r e 5 ) , is p r o 
d u c e d b y H . turcicum (D. turcica), the causative agent of northern corn 
b l i gh t , a n d H. ravenelii C u r t , [ synonym of Drechslera ravenelii ( C u r t . ) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

14



14. S H O T W E L L A N D E L L I S Helminthosporium 323 

OH 

OH 0 OH 

XV. Ravenelii) 

Figure 5. Ravenelin 

S u b r a m . et J a i n ] , a parasite g r o w i n g on grasses i n N o r t h a n d South 
A m e r i c a a n d i n C h i n a (24 ) . M y y c e l i a of D . leersiae ( A t k . ) S u b r a m . et 
J a i n conta in luteoleersin ( 0 2 β Η 3 8 θ 7 ) a n d a lboleers in (C26H40O7) w h i c h 
are c losely re lated a n d read i l y interconvert ib le ( 25 ) . Luteo l eers in is 
thought to be a subst i tuted qu inone or semiquinone a n d alboleers in , the 
p h e n o l corresponding to luteoleersin. 

A l t h o u g h the structures of po lyhydroxyanthraquinones a n d p o l y 
hydroxyxanthones indicate possible tox ic i ty , a c tua l toxicities of these 
compounds to animals have never been determined . N o in f o rmat i on 
exists on the possible effects on animals g r a z i n g on grasses in fec ted w i t h 
Drechslera strains p r o d u c i n g these compounds . Because of the n u m b e r 
of a n i m a l deaths at t r ibuted to mycotoxicoses, i t w o u l d b e impor tant to 
determine whether these compounds are responsible for any deaths or, 
i f not, any toxic effects. 

Several metabolites of species of Helminthosporium a n d Drechslera 
have a n t i m i c r o b i a l properties a n d were d iscovered i n searches f or n e w 
antibiot ics . T h e species were selected for screening programs for n e w 
antibiot ics because of the ir k n o w n toxic i ty against plants . M e m b e r s of 
a f a m i l y of antibiot ics k n o w n as ophiobo l ins have been iso lated as 
metabolites of the f u n g i that are responsible for southern corn b l i g h t 
[Cochliobolus heterostrophus ( D r e c h s l e r ) D r e c h s l e r ] a n d nor thern c o r n 
b l i g h t [ D . turcica (Pass. ) S u b r a m . et J a i n , the c o n i d i a l state of Tricho-
metasphaen turcica L u t t r e l l ] . N o m e n c l a t u r e of the compounds was 
c lar i f ied i n a joint paper b y a group of Japanese a n d I ta l ian workers (26) 
w h o s tud ied them. T h e i r structures a n d b i o l o g i c a l properties are s u m 
m a r i z e d i n T a b l e I I . T h e structure of o p h i o b o l i n A (Structure X V I ) 
was de termined independent ly b y Nozoe et a l . (27) a n d b y C a n o n i c a 
et a l . ( 2 8 ) . N o z o e a n d his co-workers based the i r conclusions o n x-ray 
crysta l lographic analysis a n d o n i r a n d N M R spectra of the b romo-
methoxy der ivat ive . C a n o n i c a a n d his associates s tud ied N M R , i r , a n d 
u v spectra of several derivatives a n d react ion products . T h r e e other 
compounds s t ructura l ly re lated to o p h i o b o l i n A w e r e iso lated f r o m 
cultures of Ophiobolus heterostrophus D r e c h s l e r [ synonym of Cochlio
bolus heterostrophus Drechs le r (H. maydis N i s i k . et M i y a k e , the 
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324 M Y C O T O X I N S 

T a b l e I . 

Ο 
R4 II R i 

O H II O H 
Ο 

Compound 

C a t e n a r i n 

Rl J?2 Rz 

O H C H 3 O H 

Color and 
Ri Crystal Form 

Η deep red plates 

C y n o d o n t i n O H C H 3 Η O H bronze plates 

H e l m i n t h o s p o r i n H C H 3 Η O H d a r k red needles 

T r i t i s p o r i n O H C H 2 O H O H Η b r o w n needles 
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14. SHOTWELL AND ELLIS Helminthosponum 

P o l y h y d r o x y a n t h r a q u i n o n e s 

325 

Producing Species 

Drechslera catenaria (Dreschsler) S. I to 
Drechslera graminea (Rabenh . ex 

Schlecht.) Shoem. [conidial state of 
Pyrenophora graminea I to et 
K u r i b a y o s h i ] 

Helminthosporium velutinum L i n k ex 
F i c i n u s et Schubert 

Helminthosporium tritici-vulgaris 
N i s i k a d o [Drechslera con id ia l state 
of Pyrenophora tritici-repentis 
(Died.) Drechsler] 

Pénicillium islandicum Sopp 
Aspergillus amstelodami (Mang . ) 

T h o r n et C h u r c h 
Drechslera cynodontis (Mar ignon i ) 

S u b r a m . et J a i n [conidial state 
of Cochliobolus cynodontis Nelson] 

Drechslera euchlaenae (Z imm.) 
S u b r a m . et J a i n 

Pyrenophora avenae I to et K u r i -
bayash i [conidial state is Drechslera 
avenae (E idam) Schari f = Helmin
thosporium avenae E i d a m ] 

Drechslera victoriae (Meehan et 
M u r p h y ) S u b r a m . et J a i n 
[conidial state of Cochliobolus 
victoriae Nelson] 

Drechslera graminea (Rabenth . ex 
Schlecht.) Shoem. 

Drechslera cynodontis (Mar ignoni ) 
S u b r a m . et J a i n 

Drechslera catenaria (Drechsler) 
S. I to 

Helminthosporium tritici-vulgaris 
N i s i k a d o [a Drechslera, see above] 

Helminthosporium tritici-vulgaris 
N i s i k a d o [a Drechslera] 

Plant Disease Associated 
with Producing Species Reference 

16,17,18 
leaf stripe of bar ley 

ye l low spot disease 
of wheat 

parasite on B e r m u d a , 16,17,19 
d u r b a , a n d teosinte 
grasses 

leaf spot of oats 

leaf str ipe of bar ley 19, ; 

parasite on B e r m u d a , 
d u r b a , a n d teosinte 
grasses 

ye l low spot disease 
of wheat 

ye l low spot disease 
of wheat 
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326 MYCOTOXINS 

T a b l e I . 

Color and 
Compound R\ R2 Rs R* Crystal Form 

C h r y s o p h a n o l H H C H 3 H d a r k ye l low 
leaflets 

E m o d i n H O H C H 3 H orange needles 

T a b l e I I . 

Ophiobolin Other Names 

X V I 
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14. S H O T W E L L A N D E L L I S Helminthosponum 

C o n t i n u e d 

327 

Plant Disease Associated 
Producing Species with Producing Species Reference 

Drechslera catenaria (Drechsler) S. I to 22,23 

Pénicillium islandicum Sopp 
Trichoderma polysporum ( L i n k ex 

Pers.) R i f a i [Pachybasium 
candidum (Sacc.) Peyron.] 

Drechslera catenaria (Drechsler) S. I to 22,23 

Ophiobo l ins 

Producing Organisms 

Drechslera turica 
(Pass.) S u b r a m . 
et J a i n [conidial 
state of Trich-
ometasphaeria 
turcica L u t t r e l l ] 

Drechslera zizaniae 
(Nis ikado ) S u b r a m . 
et J a i n 

Drechslera leersiae 
(Atk . ) S u b r a m . 
et J a i n 

Drechslera panici-
miliacei (Nis ikado) 
S u b r a m . et J a i n 

Cochliobolus 
heterostrophus 
(Drechsler) Drechs ler 
[the sexual stage of 
Drechslera maydis 
( N i s i k . et M i y a k e ) 
S u b r a m . et Ja in] 

Antimicrobial 
Activity 

act ive at levels of 
1-5 M g / m l 
against 
Trichophyton, 
Glomerella, 
Gleosporium, 
Trichomonas 
vaginalis D o n n e , 
a n d phytotox i c 
fungi 

Toxicity Reference 

to mice , L D 5 0 : 26,27 
12 m g / k g i . v . ; 
238 m g / k g , sub -
cutaneously ; 
73 m g / k g i . p . 28,29 

pathogenic to rice 
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328 

Ophiobolin Other Names 

B z izanin 

ophiobolosin A 

z i zan in B 

cochl iobol in B H O C H 3 

X V I I 

z i zan in A C H 3 

D cephalonic ac id 

C H 3 

X I X 
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14. SHOTWELL AND ELLIS Helminthosporium 329 

Continued 

Producing Organisms 

Cochliobolus 
heterostrophus 
(Drechsler) 
Drechs ler 

Drechslera zizaniae 
(Nis ikado) S u b r a m . 
et J a i n 

Cochliobolus 
miyabeanus 
(S. I t o et K u r i -
bayashi ) Drechs ler 
ex D a s t u r [conidial 
state is Drechslera 
oryzae ( B r e d a de 
H a a n ) S u b r a m . 
et J a i n 

Drechslera zizaniae 
(Nis ikado ) S u b r a m . 
et J a i n 

Antimicrobial 
Activity 

ac t ive against 
Trichophyton 
interdigitale, 
Macrosporium 
bataticola, 
Glomerella 
fructigena, a n d 
Gleosporium kaki 

Toxicity Reference 

to mice , LD50 : 
4.4 m g / k g i . p . 

29,30 

31,32 

pathogenic to rice 

31 

Cephalosporium 
caerulens 
M a t s u a m a e , 
K a m i o et H a t a 
[name not v a l i d l y 
published] 

S l i g h t l y act ive 
against 
Staphylococcus 
aureus 
Rosenbach 

33,34 
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330 MYCOTOXINS 

Drechslera c o n i d i a l state) ] a n d D . zizaniae ( N i s i k a d o ) S u b r a m . et J a i n 
(29, 30, 31, 3 2 ) . These w e r e oph iobo l in Β (Structure X V I I ) , o p h i o b o l i n 
C (Structure X V I I I ) , a n d anhydrooph iobo l in . O p h i o b o l o s i n Β was iso
la ted f r o m the m y c e l i u m of Cochliobolus miyabeanus ( I to et K u r i -
bayash i ) D r e c h s l e r ex D a s t u r [ c on id ia l state is D . oryzae ( B r e d a de 
H a a n ) S u b r a m . et Ja in ] w h i c h also f o rmed oph iobo l in Β ( 3 2 ) . 
A l t h o u g h the structure of ophiobo los in Β has not been elaborated, the 
c o m p o u n d has the same effect on r ice seedlings a n d f u n g i as o p h i o b o l i n 
B . C e p h a l o n i c a c i d (Structure X I X ) , a c o m p o u n d closely re lated to the 
ophiobol ins , has been iso lated as a m i n o r metabol ite of Cephalosporium 
caerulens Matsuamae , K a m i o et H a t a (name not v a l i d l y p u b l i s h e d ) 
( T a b l e I I ) (33,34). 

T h e n o v e l skeletons of the ophiobol ins are f o r m e d b iosynthet i ca l ly 
b y the head- to - ta i l condensation of five isoprene units ( 3 5 ) . These are 
the first examples of C 2 5 terpenoids. E v i d e n c e for the f ormat ion of the 
skeleton was establ ished b y c u l t u r i n g C. miyabeanus i n a synthetic 
m e d i u m conta in ing ( 2 - 1 4 C ) meva lon i c a c i d lactone (14). L a b e l s a p 
peared i n carbons 4, 8 , 1 2 , 1 6 , a n d 24 (or 25) i n o p h i o b o l i n A ( F i g u r e 6 ) . 
B o t h N o z o e et a l . (35) a n d C a n o n i c a (14) proposed that i n the b i o s y n 
thesis of oph iobo l in A a n d Β molecu lar oxygen m a y be d i rec t ly incorpo -

23 18 2 5 * 

i > 
OH 

0 

20 

XVI. Ophiobolin A 

OH C H 3 

XXI. Getanylnerolidol 

OH C H 3 

XX. Precursors 

CH 3 

X H 3 

Figure 6. Compounds involved in biosynthesis of ophiobolins 
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14. S H O T W E L L A N D E L L I S Helminthosporium 331 

XXII. Ri = R3 = H; R 2 = OH; R4 = OAc Cochlioquinone A 
XXIII. Ri = R2 = H; R3R4 = 0 Cochlioquinone Β 

Figure 7. Cochlioquinones 

rated into the C 1 4 a n d that the oxygen o n the C 3 comes f r o m the m e d i u m . 
T h e p a t h w a y for the formation of ophiobol ins is precursor Structures 
X X -> X V I I I - » X V I I - » X V I . T h e probab le course of cyc l i za t i on of the 
b io l og i ca l equivalent of gerany l farnesyl pyrophosphate was s tud ied b y 
incorporat ing t r i t i u m - l a b e l e d a n d d o u b l y labe led ( t r i t i u m a n d 1 4 C ) 
meva lon i c a c i d lactone into fermentations of C. miyabeanus a n d C. hetero
strophus (14, 36). 

T w o compounds , gerany lnero l ido l (Structure X X I ) a n d a proposed 
precursor of the ophiobol ins (Structure X X ) , have been iso lated f r o m 
C. heterostrophus (37). I n the same study N o z o e a n d co-workers detected 
b y g a s - l i q u i d chromatography diterpene a n d sesterterpene hydrocarbons , 
a sesterterpene a lcoho l , a n d squalene. A n y one of these compounds c o u l d 
be i n v o l v e d i n the biosynthesis of ophiobol ins . 

W h e n the m o l d that produces the ophiobol ins , C. miyabeanus, is 
g r o w n u n d e r suitable condit ions, two y e l l o w pigments can be iso lated 
f r o m the m y c e l i u m a n d m e d i u m (38). These pigments can be extracted 
w i t h hexane a n d pur i f i ed b y f ract ional c rysta l l i zat ion a n d chromatogra 
phy . Structures X X I I a n d X X I I I ( F i g u r e 7 ) were establ ished for the 
two pigments cochl ioquinones A a n d Β b y chemica l , spectroscopic, a n d 
crysta l lographic evidence. Coch l i oqu inones A a n d Β contain a sesqui-
terpeno id unit . Studies show that the biosynthesis of A a n d Β occurs 
t h r o u g h the introduct ion of a farnesyl u n i t onto an aromat ic precursor 
(39). L a b e l e d meva lon ic a c i d lactone is incorporated exc lusively into 
the C15 terpenoid u n i t (R ings A , B , a n d C ) . T h e nonterpeno id precursor 
is aromatic a n d has secondary m e t h y l groups der ived f r o m methionine . 

I n screening Helminthosporium a n d Drechslera species pathogenic 
to p lants for a n t i m i c r o b i a l act iv i ty , several metabolites other t h a n the 
ophiobol ins have been isolated a n d descr ibed ( T a b l e I I I ) . Pyrenophora 
avenae Ito et K u r i b a y a s h i [ H . avenae E i d a m is a synonym of the 
Drechslera c o n i d i a l state, D. avenae ( E i d a m ) S c h a r i f ] , a pathogen of 
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332 MYCOTOXINS 

Metabolite 

Siccan in 

T a b l e I I I . Metabol i tes o f 

Structure 

C H 3 ^ C H 3 

C H 3 C H 

X X I V 

H e l m i n t i n C i i H 8 0 2 N 2 
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14. SHOTWELL AND ELLIS Helminthosporium 333 

Helminthosporium Species 

Producing Organisms 

Pyrenophora avenae 
I to et K u r i b a y a s h i 
[conidial state 
is Drechslera 
avenae ( E i d a m ) 
Schar i f = H. avenae 
E i d a m ] 

Drechslera siccans 
(Drechsler) 
Shoem. 

Antimicrobial 
Activity 

Tichophyton, 
0.1 M g / m l 
Gibberella, 
A s p e r g i l l i , 
P e n i c i l l i a , 
Alternaria; 
5-12 / i g / m l 

Toxicity 

no adverse effect 
i n mice at 
500 m g / k g i .p . 

Reference 

40,41 

Drechslera siccans 
(Drechsler) 
Shoem. 

Pyrenophora avenae 
I to et K u r i b a y a s h i 
(see above) 

Trichophyton, 4® 
5 M g / m l 
Microsporum 
gypseum 
(Bodin) G u i a r t 
et Gr igorak i s , 
10 M g / m l ; 
Rhizopus 
stolonifer 
(Ehrenb . ex F r . ) 
V u i l l . [R. nigricans 
Ehrenb . ] , 
10 jug/ml 

ant i tumor , some LD50 for m i c e : 4&i 44 
yeast, pathogenic 44.1 m g / k g i . p . 
p lant fungi , 
Trichomonas 

Drechslera monoceras 
(Drechsler) 
S u b r a m . et J a i n 

inh ib i t s powdery 
mi ldew (Erysiphe 
graminis D C . ) 
of wheat 

45 
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334 M Y C O T O X I N S 

T a b l e I I I . 

Metabolite Structure 

3 ' - A m i n o -
3'-deoxyadenosine 

N = C — N H 2 

I I 
C H C — N v 

C H 

N — C — Ν C O H O H C — C H 2 O H 
- c — C ^ 

Η Η 
N H 2 Η 

Heveadr ide 

X X V I I 

C H 3 C H 2 

CH3CH2CH2 

Q Ο 
// 

X X V I I I 

oats, forms s i ccanin (Structure X X I V ) a n d p y r e n o p h o r i n (Structure 
X X V ) . Drechslera siccans ( D r e c h s l e r ) Shoem., the fungus responsible 
for leaf spot on r y e grass, forms s i ccanin a n d h e l m i n t i n . O t h e r c o m 
pounds s u c h as monocer in (Structure X X V I ) , 3 ' -amino-3 ' -deoxyadeno-
sine (Struc ture X X V I I ) , a n d heveadr ide (Structure X X V I I I ) have been 
iso lated f r o m culture filtrates a n d m y c e l i u m of Helminthosporium species 
( T a b l e I I I ) . H e v e a d r i d e (Structure X X V I I I ) is a n isomer of bysso-
c h l a m i c ac id . 

T h e b iosynthet ic p a t h w a y of s i ccanin (Structure X X I V ) has been 
establ ished t h r o u g h intact a n d cell-free systems of D . siccans ( D r e c h s l e r ) 
Shoem. (49) ( F i g u r e 8 ) . I t involves the f o l l o w i n g steps: (a ) F o r m a t i o n 
of frarw-y-monocyclofarnesol (Structure X X I X ) f r o m meva lon i c a c i d 
lactone or farnesyl pyrophosphate ; ( b ) c o u p l i n g react ion of the terpenic 
precursor w i t h orsel l inic a c i d ; ( c ) ox idat ive conversion of pres iccanochro-
m e n i c a c i d (Structure X X X ) into s i ccanochromenic a c i d (Structure 
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14. S H O T W E L L A N D E L L I S Helminthosporium 335 

C o n t i n u e d 

Antimicrobial 
Producing Organisms Activity Toxicity Reference 

Helminthosporium sp. A n t i t u m o r , L D 5 0 for m i c e : 46,47 
inh ib i t s yeast 28 m g / k g i .p . 

48 

X X X I ) ; ( d ) decarboxylat ion of Structure X X X I to s i ccanochromen A 
(Structure X X X I I ) , a n d (e ) epoxy-o le f in type of cyc l i za t i on of s iccano
c h r o m e n Β (Struc ture X X X I I I ) to s i ccanin . T h e precursors of s i ccanin 
have prev ious ly been iso lated f r o m cultures of H. siccans Dresch ler 
( s y n o n y m of D. siccans) d u r i n g b iosynthet ic studies a n d character ized 
as t r i p r e n y l p h e n o l derivatives. T h e y inc lude Structures X X X ( 5 0 ) , X X X I 
(51), X X X I I , a n d X X X I I I (52,53). Prev ious ly irans-a-monocyclo farnesol 
has been iso lated as a m i n o r constituent of H. siccans m y c e l i a ( 5 4 ) . 

Ster igmatocyst in (Structure X X X I V , F i g u r e 9 ) , a carc inogenic c o m 
p o u n d structural ly re lated to the aflatoxins, was reported to be p r o d u c e d 
b y a n unident i f ied species of Bipoforis b y H o l z a p f e l et al (55). I n 1970 
A u c a m p a n d H o l z a p f e l (56) d iscovered that three po lyhydroxyanthra 
q u i n o n e s — b i p o l a r i n (Structure X X X V ) , vers ico lor in C (Structure 
X X X V I ) , a n d averufanin (Structure X X X V I I ) — w e r e p r o d u c e d b y 
Bipolaris. I n the same study c u r v u l a r i n (Structure X X X V I I I ) , a macro -
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336 M Y C O T O X I N S 

COOH 

XXIX. trans r-monocyclofarnesol XXX. P r e s i c c a n o c h r o n e i i c acid 

R 

XXXI. R = COOH, Siccanochromenic a c i d XXXIII. S i c c a n o c h r o m e i Β 
XXXII. R = Η , Siccanochromen A 

Figure 8. Precursors of siccanin 

c y c l i c lactone, was also iso lated f r o m Bipolaris. Ster igmatocyst in has 
been k n o w n as a metabol i te of Aspergillus versicolor ( V u i l L ) T i r a b o s c h i . 
V e r s i c o l o r i n C is p r o d u c e d b y A . flhvus L i n k ex F r . , A . versicolor, a n d 
A . nidulans ( E i d a m ) W i n t . These compounds are significant because 
the i r b iosynthet i c pathways are closely re lated to those of the aflatoxins, 
potent carcinogens e laborated b y strains of the A . flavus series. 

V e r s i c o l o r i n C , an orange-red p igment , a n d averufanin have also 
been iso lated as metabol ites f r o m a strain of A . flavus that produces 
af latoxin B i (S truc ture X X X I X ) ( 5 7 ) . A u c a m p a n d H o l z a p f e l (56) p r o 
posed that b i p o l a r i n m a y b r i d g e the gap i n biosynthetic pa thways 
be tween a h y p o t h e t i c a l C i 8 - p o l y k e t i d e o n the one h a n d a n d vers i co l o r in 
C , s ter igmatocyst in , a n d aflatoxin B i o n the other. T h e po lyket ide w o u l d 
b e f o r m e d b y the condensation of acetate units after w h i c h i t w o u l d 
cyc l i ze to a n anthraquinone ( 5 8 ) . I n 1973 the conversion of ster igmato
c y s t i n to af latoxin B i b y the rest ing m y c e l i u m of A . parasiticus Speare 
was repor ted ( 5 9 ) . 

Ster igmatocyst in was p r o d u c e d b y Bipolaris o n corn m e a l i n y ie lds 
as great as 1.2 g / k g . T h i s h i g h y i e l d raises the poss ib i l i ty that ster igmato
c y s t i n c o u l d be a dangerous mycotox in . T h e L D 5 0 of the m y c o t o x i n 
admin is tered intraper i tonea l ly i n d i m e t h y l sulfoxide or wheat g e r m o i l 
w a s 6 0 - 6 5 m g / k g i n a lb ino rats. Necros is o f k i d n e y a n d l iver cells was 
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14. S H O T W E L L A N D E L L I S Helminthosporium 337 

revea led b y histopathological examinations of tissues ( 5 5 ) . A n o t h e r 
s tudy (60) showed that ster igmatocyst in caused not o n l y l o c a l sarcomas 
b u t also l i ver tumors a n d h a d about 1 / 1 0 0 - 1 / 2 5 0 of t h e ac t i v i ty o f 
aflatoxin. Subcutaneous injections of ster igmatocyst in i n rats (0 .5 m g 
twice wee ldy for 24 weeks) i n d u c e d l o c a l sarcomas a n d after 47 weeks 
i n d u c e d l iver tumors i n t w o rats. L a r g e doses of aflatoxin B i subcutane-
ously d i d not produce l i ve r tumors a l though they caused m a n y m o r e l o c a l 
sarcomas. O r a l administrat ion of sterigmatocyst in also p r o d u c e d l i v e r 
tumors i n rats (61). T u m o r s of other types were not i ced . 

Besides sterigmatocystin one other myco tox in has been repor ted as 
a p r o d u c t of Helminthosporium (62). T h e u n k n o w n m y c o t o x i n m a y i n 
fact be several toxic compounds . I t is f o r m e d o n a h i g h - p r o t e i n cerea l 
m e d i u m b y H. carbonum ( a Drechslera) a n d is toxic to m i c e . 

Cytochalas ins A (Structure X L ) , Β (Structure X L I ) , a n d F (S t ruc 
ture X L I I ) produced b y H. dematioideum Bubâk et W r o b l e w s k i [syno
n y m of D. dematioidea ( B u b . et W r o b . ) S u b r a m . et J a i n ] ( F i g u r e 
10) be l ong to a series of re lated b i o l og i ca l l y active compounds s tud ied 
b y groups i n three countries. T h e compounds have a n effect o n ce l lu lar 
funct ions a n d morphology a n d are considered to be mycotox ins . T h e y 

OH ο 0 C H 3 

XXXIV. Sterigmatocystin 

0 

XXXV. Bipolarin 

OH 0 OH 
XXXVI. Versicolorin G XXXVII. Averufanin 

0 

0 0 

XXXVH1. Curvularin XXXIX. A f l a t o x i n B i 

Figure 9. Helminthosporium metabolites with biosyn
thetic pathways related to aflatoxin 2^ 
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338 MYCOTOXINS 

0 ο 
XL. R = 0 C y t o c h a l a s i n A 

XLI. R = H.OH C y t o c h a l a s i n Β 

0 0 

XLII. C y t o c h a l a s i n F 

XLIII. C y t o c h a l a s i n C 

X L I X . C y t o c h a l a s i n D XLV. C y t o c h a l a s i n Ε 

Figure 10. Cytochalasins 

are character ized b y a substituted, hydrogenated isoindole group to 
w h i c h is fused a macrocyc l i c r i n g that is either a carbocyc l i c c o m p o u n d , 
a lactone, or a cyc l i c carbonate. T h e metabolites i so lated b y the Swiss 
f r o m a Phoma species have been ca l l ed phomins . Those f r o m Zt /go-
sporium masonii H u g h e s were n a m e d zygosporins b y the Japanese. T h e 
E n g l i s h descr ibed the ir metabolites f r o m Helminthosporium species as 
cytochalasins (cytos = c e l l ; chalasis == re laxat i on ) . T h e three groups 
proposed a systematic nomenclature based on the generic name cyto-
chalasan for the cytochalasins, phomins , a n d zygosporins ( 63 ) . 

P h o m i n (phomine , cytochalas in B ) , the first cytochalas in reported , 
was descr ibed i n 1966 as a macro l ide ant ib iot i c w i t h cytostatic a c t i v i ty 
p r o d u c e d b y a Phoma species (64). L a t e r i n a m o r e detai led invest igat ion 
of the Phoma metabolites a closely re lated c o m p o u n d w i t h s imi lar ac t iv i ty , 
d e h y d r o p h o m i n ( cytochalas in A ) , was iso lated ( 6 5 ) . Structures were 
first de termined b y a series of degradations; later i r , N M R , a n d mass 
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14. S H O T W E L L A N D E L L I S Helminthosporium 339 

spectroscopy of the compounds conf irmed these degradat ion products . 
X - r a y analysis of the p h o m i n - s i l v e r fluoroborate complex establ ished the 
absolute stereochemistry of p h o m i n (66). 

I n 1967 A l d r i d g e a n d co-workers (67) iso lated cytochalasins A a n d Β 
f r o m H. dematioideum (Drechslera dematioidea) a n d C a n d D f r o m 
Metarrhizium anisopliae ( M e t s c h . ) Sorok. Subsequent ly they establ ished 
Structures X L a n d X L I as the structures of A a n d Β ( 6 8 ) . C . T a m m of 
Base l , S w i t z e r l a n d a n d D . C . A ldr idge ' s group determined the structure 
of cytochalas in Β ( p h o m i n ) about the same t ime based o n almost c o m 
plete ly independent evidence, b u t the degradations they designed d i f 
fered . E a r l i e r a F r e n c h patent reported two f u n g i c i d a l compounds 
p r o d u c e d b y H. dematioideum (Drechslera dematioidea) that conta ined 
nitrogen. T h e y w e r e intraconvert ib le b y o x i d a t i o n - r e d u c t i o n reactions, 
h a d the e m p i r i c a l formulas of C29H35NO5 a n d C29H37NO5, a n d almost 
cer ta in ly were cytochalasins A a n d Β (69). 

Cytochalas ins C a n d D are p r o d u c e d i n l o w yie lds b y M. anisopliae 
a n d are difficult to separate. Because he h a d par t i cu lar dif f iculty ob ta in 
i n g cytochalas in D , almost a l l of A ldr idge ' s degradat ive studies were 
done on C (70). H e determined that cytochalasins C (Structure X L I I I ) 
a n d D (Structure X L I V ) have lactone groups i n the macrocyc l i c r i n g . 
S imultaneous ly M i n a t o a n d M a t s u m o t o (71) reported the iso lat ion of a 
cytotoxic ant ib iot i c , zygospor in A , f r om cu l ture filtrates of Zygosporium 
masonii. T h e i r studies revealed Structure X L I V for zygospor in A w h i c h 
is i d e n t i c a l to cytochalas in D . L a t e r M i n a t o a n d K a t a y a m a (72) i so lated 
a n d character ized m i n o r metabol ites of Z . masonii, zygosporins D , E , F , 
a n d G that were re lated to the cytochalasins i n structure a n d b i o l o g i c a l 
act iv i ty . 

Structures were proposed i n 1972 for cytochalasin Ε p r o d u c e d b y 
Rosellinia necatrix ( H a r t i g ) B e r l . et P r i l l , a n d for F , a m i n o r metabol i te 
of H. dematioideum (Drechslera dematioidea) (73). S ince then alternate 
structures that seem correct have been establ ished for cytochalas in Ε 
(Structure X L V ) a n d F (Structure X L I I ) ( 7 4 ) . T h e cyclohexane r ings 
i n Ε a n d F conta in epoxides rather than the prev ious ly suggested doub le 
b o n d a n d h y d r o x y l group. Perhaps more important ly , the cytochalas in Ε 
s tud ied was p r o d u c e d b y Aspergillus clavatus D e s m . co l lected f r o m 
m o l d - d a m a g e d r ice i n a T h a i househo ld where a y o u n g b o y d i e d of a n 
unident i f ied toxicosis. T h e cytochalas in Ε p r o d u c e d on r i c e inocu la ted 
w i t h A . clavatus h a d a n L D 5 0 i n rats of 2.6 m g / k g i .p . or 9.1 m g / k g ora l ly . 
D e a t h i n mice was a t t r ibuted to c i r cu latory col lapse caused b y massive 
extravascular effusion of p lasma. 

I n I n d i a a c o m p o u n d that is considered closely re lated to cytochalas in 
D was p r o d u c e d b y a n e w l y identi f ied fungus, Phomopsis paspali Pendse 
(name not v a l i d l y p u b l i s h e d ) ( 7 5 ) . T h e fungus h a d been iso lated f r o m 
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the food gra in , mi l l e t (Paspalum scrobiculatum L i n n . ) , w h i c h is c on 
sumed b y the poorest section of the r u r a l popu lat i on . T h e g r a i n s tox ic i ty 
to m a n a n d animals has been k n o w n for centuries, a n d extracts reported ly 
have a t r a n q u i l i z i n g effect on animals . B h i d e a n d Pendse also reported 
that cytochalasins g iven b y i p inject ion to dogs at 1-2 m g / k g p r o d u c e d 
t r a n q u i l i t y a long w i t h tremors a n d depressed motor act iv i ty . 

Cytochalas ins affect ce l lu lar functions a n d possess teratogenic p r o p 
erties that m a y present potent ia l hazards to animals a n d m a n . So m a n y 
studies have been m a d e on the b i o l og i ca l properties of cytochalasins that 
a complete presentation cannot be made here. T h e activities of cyto 
chalasins A , B , C , a n d D are essentially s imi lar b u t v a r y i n potency. 
A l m o s t a l l w o r k has been on Β because i t is more ava i lab le t h a n A , C , 
a n d D . C a r t e r (76) first f o u n d that cytochalasins i n h i b i t movement a n d 
cytoplasmic c leavage i n cu l tured cells l ead ing to mul t inuc l ea ted cells. 
A t h igher concentrations nuc lear extrusion takes p lace . 

T h e effect of cytochalas in Β on morphogenesis has been further 
s tud ied w i t h mouse sa l ivary -g land e p i t h e l i u m cells (77), mouse embryos 
(78), on ion roots ( 7 9 ) , a n d the water m o l d Achlya ambisexualis J . R . 
R a p e r (SO) . E m b r y o n i c development of mice cells was extremely l i m i t e d 
after cytochalas in treatment a n d d i d not proceed into organogenesis. 
D e f e n d i a n d Stoker (81) s t u d i e d the general p o l y p l o i d p r o d u c e d b y 
cytochalas in B . Cytochalas ins also affect hexose a n d sucrose transport i n 
cells (82, 83, 84 ) . E a r l i e r Wessels a n d co-workers (85) s u m m a r i z e d the 
effects of cytochalas in on microf i laments i n ce l lu lar a n d deve lopmenta l 
processes. O n e report has been made on the mode of act ion of t r i t i u m -
labe led cytochalas in Β of h i g h specific ac t iv i ty (86). 

T h e cytochalasins m a y be one of the more impor tant mycotoxins , 
a n d the extent to w h i c h they present a p r o b l e m to m a n a n d animals 
shou ld be evaluated. T h e w o r k i n T h a i l a n d on cytochalas in Ε (74) a n d 
i n I n d i a o n cytochalas in D (75) impl icates them as poss ib ly occurr ing 
natura l l y on foods that comprise an impor tant par t of the diets of people 
i n these countries. W h e n cases of mycotoxicosis arise, considerat ion 
shou ld be g iven to the cytochalasins as causative agents. 

M o s t of the antibiot ics descr ibed as b e i n g p r o d u c e d b y Helmintho
sporium a n d Drechslera species are k n o w n to be tox ic—too toxic to be 
usefu l therapeut ica l ly . These antibiot ics m i g h t t u r n out to be mycotoxins . 
O f the mycotoxins n o w considered to present serious prob lems, several 
were o r i g ina l l y descr ibed as toxic antibiot ics (e.g., p a t u l i n a n d p e n i c i l l i c 
a c i d ) . 
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The Structure and Toxicity of the 
Alternaria Metabolites 

D. J. HARVAN and R. W. PERO 1 

National Institute of Environmental Health Sciences, P.O. Box 12233, 
Research Triangle Park, N . C. 27709 

The Alternaria are a common field fungi responsible for a 
variety of plant diseases including tobacco brown spot, to
mato blight, and citrus seedling chlorosis. They have been 
implicated in diseases of poultry and have been demon
strated lethal to mammals. The metabolites of the Alternaria 
represent several structural classes: dibenzo-pyrones, anthra
quinones, tetramic acids, and polypeptides. The metabolites 
are discussed with regard to: structure; mammalian, plant, 
and cytotoxicity; methods of analysis; synthesis, and biosyn
thetic pathways. 

The Alternaria are common plant pathogens which infest a wide variety 
of food crops. Grain crops, hay, and silage are often contaminated 

with this fungus, generally as a field infection (1,2). Black spot of Jap
anese pear (3), tobacco brown spot (4), early blight of tomato and po
tato, and citrus seedling chlorosis are all caused by Alternaria spp. (5). 

The toxicity of the Alternaria has been well established. Grains which 
had been infected with A. humicola and A. alternata (Fries) Keissler (A. 
tenuis, Auct. and A. longipes) (6) were believed the source of several out
breaks of moldy grain toxicosis in man in the U.S.S.R. during World War 
II (7). Of the Alternaria isolates tested from a variety of food crops, 90% 
were lethal to rats when fed in a corn-rice mixture (2). Doupnik and 
Sobers (8) reported that 33% of the isolates tested were lethal to chicks. 
Slifkin and Spalding (9) found that A. mali was toxic to HeLa cells and 
mice in feeding studies. The Alternaria have been implicated as toxins 
to geese and other poultry (10, 11). Of 212 Alternaria isolates from 
tobacco, 60% were lethal to mice following intraperitoneal injection (12). 
Several workers attempted to establish a correlation between pathogenicity 

1Current address: University of Lund, Lund, Sweden. 
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ALTENUENE DEHYDRQAL7ENUSIN ALTENUSIN AL7ENUIC ACID II 

ALTERSOLANOL A ALTERSOUWL Β 

Figure 1. Structures of the metabolites of Alternaria spp. 

to tobacco leaves a n d toxic i ty of the isolates ( 1 3 ) . I n these studies 7 4 % 
of the pathogenic isolates w e r e toxic to chicks , a n d 7 5 % of the n o n p a t h 
ogenic isolates were nontoxic . T h e Alternaria possess a w i d e range of 
ant ib io t i c ac t iv i ty . O f 127 isolates 86 were act ive against either bacter ia , 
yeast, o r molds ( 1 4 ) . 

Structure of the Metabolites 

T h e structures of the k n o w n Alternaria metabolites are presented i n 
F i g u r e s 1 a n d 2. T h e most c o m m o n l y o c c u r r i n g class of compounds are 
the d ibenzo-pyrones a n d the i r der ivat ives : a l ternar io l , a l ternar io l m e t h y l 
ether, a l tenuiso l , a l tertenuol , altenuene, dehydroal tenusin , a l tenusin, a n d 
the a l tenuic acids. 

A l t e r n a r i o l a n d the m e t h y l ether are p r o d u c e d b y most A . alternata 
isolates as w e l l as m a n y other Alternaria species; b o t h are colorless, c rys 
ta l l ine compounds . A l t e r n a r i o l has a m e l t i n g po in t o f 350°C ( d e c ) ; the 
m e t h y l ether melts at 267°C. Because of the ir pheno l i c nature , they exhib i t 
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AL7ER7TJXIN I 0 ^ PHYTQftLŒRNARIN A 

AL7ERT0XIN II (qfyfo PHY7OAL7ERNARIN Β 

BRASSICICOLINA 0 ^ PHYTOALTERNARIN C 

Figure 2. Structures of the metabolites of Alternaria spp. 

intense p u r p l e ferr i c reactions a n d fluoresce b r i ght b l u e under u v i r r a d i a 
t ion . T h e y are p r o d u c e d i n rather large quantit ies account ing for u p to 
1 3 % of the d r y m y c e l i a l we ight of some isolates ( 1 5 ) . T h e i r biosynthesis 
is the best s tud ied of the metabolites (16 ,17) . Several synthetic methods 
have been reported for a l ternar io l (18,19), a n d the selective methy la t i on 
of a l ternar io l to the m e t h y l ether has been descr ibed (20). 

A l t e n u i s o l a n d altertenuol are closely re lated metabolites of A . alter-
nata a n d i n fact m a y be ident i ca l compounds . T h o m a s (20) postulated 
the a l tertenuol structure based m a i n l y on the e m p i r i c a l f o r m u l a a n d b i o 
synthet ic arguments. A l t e r t e n u o l is a crystal l ine m a t e r i a l ( m p = 2 8 4 ° -
2 8 5 ° C ) w h i c h forms a triacetate ( m p — 2 4 5 ° C ) . P e r o et a l . (21) iso
la ted a l tenuiso l ( m p = 2 7 7 ° - 2 8 2 ° C ; triacetate m p — 2 1 0 ° - 2 1 3 ° C ) a n d 
proposed this di f fer ing structure based on the fact that a l tenuisol f a i l e d to 
react w i t h a molybdate i on , a proper ty c o m m o n to o r thod ihydr i c phenols 
( 2 2 ) , b u t d i d react after demethylat ion w i t h h y d r i o d i c a c id . T h e pos i t ion 
of the m e t h o x y l group was establ ished b y c o m p a r i n g the N M R shifts of 
a l tenuiso l a n d its triacetate w i t h scopolet in a n d its acetate. F u r t h e r w o r k 
is necessary to resolve the structure of these two metabolites . 

A l tenuene , dehydroal tenus in , a n d al tenusin are closely re lated m e t a 
bolites whose structures have been de termined b y x-ray crystal lography. 
A l t e n u e n e was isolated b y s i l i ca ge l chromatography of A . alternata ex-
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15. H A R V A N A N D P E R O Alternaria Metabolites 347 

tracts a n d was crysta l l i zed as colorless needles, me l t ing po int · = 1 9 0 ° -
191 ° C . Its o r ig ina l structure postulat ion (23) has been rev ised (24). 
Dehydroa l t enus in was iso lated b y the adsorpt ion of A . alternata cu l ture 
m e d i u m o n charcoal , f o l l o w e d b y ethanol extraction. T h e resul t ing so lu 
t i on y i e l d e d dehydroal tenusin as y e l l o w plates m e l t i n g at 189° -190°C . 
T h e o r i g i n a l structure postulat ion was incorrect (25) a n d has been re 
cently rev ised (26). A l t e n u s i n crysta l l i zed f r o m chloro form extracts as 
colorless pr isms, me l t ing at 2 0 2 ° - 2 0 3 ° C . It is interconvert ib le w i t h de
hydroa l tenus in b y ox idat ion w i t h ferr ic ch lor ide or reduct ion w i t h s od ium 
d i th ion i te (27). 

A l t e n u i c a c i d I I is one of three isomeric acids isolated f r o m A . alter
nata (27). I t was separated f r o m acids I a n d I I I b y its l i m i t e d so lub i l i ty 
i n ether, a n d crysta l l i zed f r om aqueous dioxane as colorless plates m e l t i n g 
at 2 4 5 ° - 2 4 6 ° C . A l t e n u i c a c i d I a n d I I are converted into a l tenuic a c i d I I I 
b y treatment w i t h d i lute sod ium hydrox ide . T h e structure of a l tenuic a c i d 
I I has been established b y x-ray crysta l lography (28). T h e structures of 
a l tenuic acids I a n d I I I are undetermined . 

A second class of metabolites are the anthraquinone pigments iso
la ted f r o m A . solani (29, 30). T h e p igments were isolated b y s i l i ca ge l 
chromatography of the ch loro form extracts of the fungus. Anthraquinones 
A , B , a n d C are subst ituted xanthopurpur ins , a n d the altersolanols are 
par t ia l l y r educed anthraquinones. A l te rso lano l A is converted to anthra 
quinone Β u p o n dehydrat ion at moderate temperatures, a n d altersolanol 
Β furnishes anthraquinone A u p o n aromat izat ion w i t h t h i o n y l ch lor ide i n 
p y r i d i n e . A n t h r a q u i n o n e C is i dent i ca l to the prev ious ly ident i f ied macro -
sporin , a metabol i te of Macrosporium porri (31). 

T e n u a z o n i c a c i d is a te tramic a c i d der ivat ive w h i c h is p r o d u c e d b y a 
large var iety of Alternaria spp. (32). It is also a metabol i te of Pyricularia 
oryzae ( 3 3 ) , Sphaeropsidales, a n d some Aspergilli (34). It was first iso
la ted b y Rosett i n 1957 ( 2 7 ) , a n d its structure was e luc idated b y St i ck
ings i n 1959 (35 ) . I t has been f o u n d i n n a t u r a l l y in fected r ice plants at 
2.6 m g / k g p lant tissue (36). T e n u a z o n i c a c i d is an opt i ca l ly active l i q u i d 
w h i c h loses act iv i ty u p o n l ong s tanding or w i t h treatment i n a base. T h i s 
is a t t r ibuted to the format ion of isotenuazonic ac id , a crysta l l ine so l id 
w h i c h is be l i eved to be a mixture of diastereoisomers. T e n u a z o n i c a c i d 
forms a crystal l ine salt w i t h Ν,Ν'-dibenzylethylenediamine w h i c h is a 
convenient m e t h o d for storage of the compound . T h e synthesis of the 
c o m p o u n d has been descr ibed ( 3 7 ) ; a series of analogs was prepared , a n d 
their b i o l og i ca l activities were assessed (38). 

Z i n n i o l is a penta-subst ituted benzene der ivat ive p r o d u c e d b y A . 
zinniae (42). T h e structure is be l i eved to be l , 2 - b i s - ( h y d r o x y m e t h y l ) - 5 -
(3 ,3 ' -d imethyla l ly loxy) -3 -methoxy-4 -methylbenzene , a l though the pos i 
t i on of the methoxy a n d d i m e t h y l a l l y l o x y substituents is not absolutely 
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348 M Y C O T O X I N S 

establ ished (43 ) . It is qui te s imi lar i n structure to the ant i fungal agent 
q u a d r i l i n e a t i n , a metabol i te of Aspergillus quadrilineatus. 

A l t e r n a r i c a c i d is p r o d u c e d b y strains of A . solani w h i c h are noted for 
the i r specific ant i funga l act iv i ty . T h e c o m p o u n d is pur i f ied b y recrysta l -
l i z a t i o n f r o m benzene, g i v i n g colorless plates a n d m e l t i n g at 138 ° C (44, 
4 5 ) . Its structure was establ ished b y B a r t e l s - K e i t h a n d G r o v e i n 1959 
( 4 6 ) . 

A l t e n i n is a n opt i ca l ly active, y e l l o w l i q u i d that is p roduced b y A . 
kikuchiana. I t is isolated f r o m the cul ture filtrate a n d pur i f ied b y chroma
t o g r a p h y o n a l u m i n a a n d s i l i ca gel . I t is unstable at h igher temperatures; 
i t loses its b i o l og i ca l ac t iv i ty i n ten minutes at 8 0 ° C a n d i n 1 hr at 60 °C . 
T h e assigned structure is be l i eved to be the most probable of several 
tautomer i c forms ( 3 ) . 

«,)S-Dehydrocurvularin is a metabo l i c product of A . cucumerina, the 
causative agent of leaf spot on cucurbi ts , par t i cu lar ly muskmelon a n d 
w a t e r m e l o n ( 4 7 ) . I t is a colorless, crystal l ine so l id , m e l t i n g po int 2 3 0 ° -
2 3 2 ° C , w i t h an opt i ca l rotat ion of —85° . I t is also a metabol i te o f several 
Curvularia spp. ( 48 ) . 

A l ter tox ins I a n d I I are metabolites of u n k n o w n structure a n d are 
p r o d u c e d b y A . mali (49) a n d A . alternata. A l t e r t o x i n I ( C 2 o H i 6 O e ) is a 
y e l l o w , amorphous so l id w i t h an undef ined m e l t i n g po int ; i t decomposes 
at ca. 210 ° C . It fluoresces b r i g h t y e l l o w under i r rad ia t i on , a n d this p r o p 
erty has been used as a m e t h o d of analysis ( 50 ) . A l t e r t ox in I I ( C 2 o H i 4 0 6 ) 
is a n orange, crystal l ine so l id w h i c h decomposes at 1 8 5 0 - 1 9 5 ° C . It is 
c losely re lated to A l t e r t o x i n I a n d is p r o b a b l y the dehydro der ivat ive . 
U n d e r i r rad ia t i on i t appears as a dark , quench ing spot. B o t h compounds 
are h i g h l y aromat ic materials , possessing neither methoxy l nor c a r b o n -
m e t h y l groups. T h e y b o t h have carbony l absorptions at 1650 c m " 1 w h i c h 
indicates hydrogen -bound ing b y adjacent hydroxyls . T h e i r structure is 
b e i n g invest igated b y x -ray crystal lography. 

Brass i c i c o l in A is a metabol i te iso lated f r o m A . brassicicoh. T h e 
m a t e r i a l is a colorless o i l , w i t h [ « ] D = 20.1° . Its e lemental composi t ion 
has been reported to be C 2 o H 3 i 0 9 . T h e c o m p o u n d possesses anti-yeast 
a n d m i l d ant i -bacter ia l ac t iv i ty (51). 

Phytoal ternar ins A , B , a n d C are p r o d u c e d b y A . kikuchiana T a n a k a . 
P h y t o a l t e r n a r i n A is a colorless so l id ; Β is a y e l l o w fluorescent l i q u i d , a n d 
C is a colorless so l id , m e l t i n g at 235°C ( 5 ) . A l l three give pos i t ive n i n 
h y d r i n , L i e b e r m a n , a n d Xanthopro te i c tests, b u t negative F e h l i n g a n d 
B i u r e t reactions (52 ) . 

Synthetic Methods 

A l t e r n a r i o l was first synthesized b y c o up l ing 2-bromo-4,6-dimethoxy-
benzo i c a c i d w i t h 3 ,5-dihydroxytoluene i n the presence of bas ic copper 
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15. H A R V A N A N D P E R O Alternaria Metabolites 349 

sulfate. T h e resul t ing mater ia l was methy la ted g i v i n g a c o m p o u n d 
ident i ca l to a l ternar io l t r i m e t h y l ether ( 18 ) . A more elegant synthesis of 
a l ternar io l has recently been descr ibed ( 1 9 ) . T h e d i b e n z y l ether of 
m e t h y l orsell inate was condensed w i t h d i l i th ioacety lactone to g ive a 
triketone derivat ive . T h e tr iketone was carboxylated w i t h l i t h i u m d i -
i sopropy lamide a n d esterified w i t h d iazomethane. R e m o v a l of the b e n z y l 
protect ive groups caused spontaneous cyc l i za t i on to a c h r o m a n der ivat ive . 
Treatment of the chroman w i t h s o d i u m acetate gave a l ternar io l i n 5 2 % 
y i e l d ( F i g u r e 3 ). A l t e r n a r i o l p resumably is f o rmed b y an a l d o l condensa
t i on between positions two a n d seven, f o l l owed b y dehydrat i on a n d 
lactonizat ion . Since a l ternar io l can be selectively methy la ted to a l ternar io l 
m e t h y l ether, this constitutes a synthesis of the m e t h y l ether as w e l l ( 2 0 ) . 
B y use of the appropr iate benzo ic a c i d analogs this m e t h o d c o u l d also 
prov ide synthetic routes to a l tenusin, dehydroal tenusin , a n d altertenuol . 

Tenuazon i c a c i d is synthesized b y condensing L - i so leuc ine w i t h 
diketene. T h e product is methy la ted w i t h d iazomethane a n d c y c l i z e d b y 
ref luxing w i t h the sod ium methoxide i n benzene. T h e c o m p o u n d is p u r i 
fied b y recrysta l l izat ion of its copper (37) or its N , N ' - d i b e n z y l e t h y l e n e d i -
amine salt ( 34 ) . 

A l t e n i n has been prepared b y the condensation of e t h y l glyoxalate 
w i t h 3-acetoxy-acetylacetone i n the presence of potass ium amide ( 3 ) . 
T h e synthet ic mater ia l was ident i ca l to the natura l l y o c curr ing c o m p o u n d 
i n phytopatholog ic ac t iv i ty as w e l l as spectroscopy. 

T h e on ly anthraquinone metabol i te that has been synthesized is 
macrospor in m o n o m e t h y l ether ( 54 ) . T h e m e t h o d i n v o l v e d condensing 
a-resorcyl ic a c i d w i t h 3-methoxy-4-methylbenzoic a c i d b y heat ing w i t h 

C « 0 

Figure 3. Biogenetic type synthesis of alternariol 
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350 MYCOTOXINS 

concentrated sul fur ic a c i d a n d bor i c anhydr ide . M e t h y l a t i o n of this m a 
ter ia l gave macrospor in m o n o m e t h y l ether. A l t h o u g h t w o isomers were 
possible, only that one corresponding to natura l ly - o c curr ing macrospor in 
was isolated. 

Biosynthetic Pathways 

T h e biosynthesis of a l ternar io l has been discussed i n re lat ion to the 
po lyket ide hypothesis ( 56 ) . T h i s theory maintains that a l ong poly-β 
carbony l cha in is f o rm e d b y head-to - ta i l condensations of acetate w i t h 
m a l o n y l - C o A units . T h e resultant c h a i n m a y then cyc l i ze b y a l d o l or 
Claissen-type reactions a n d l e a d to the observed products . T h e theory 
involves on ly s l ight modi f i cat ion of that be l ieved to be responsible for 
fat ty -ac id synthesis. 

T h e enzyme complex responsible for a l ternar io l synthesis has been 
pur i f i ed b y ge l filtration o n Sephadex G-25 (16 ) . T h e enzyme ut i l izes 
a c e t y l - C o A a n d m a l o n y l - C o A as substrate b u t is i n h i b i t e d b y excessive 
concentrations of either reagent. O p t i m u m veloc i ty was observed w i t h a 
rat io of m a l o n y l pantotheine to a c e t y l - C o A of 6:1 w h i c h is the rat io of 
malonate to acetate f o und i n a l ternario l . T h e o p t i m u m act iv i ty was ob
served at p H 7.8 at 2 8 ° C ( 1 7 ) . It was also demonstrated that the a d d i 
t i on of S-adenosylmethionine to the react ion mixture caused the format ion 
of a l ternario l m e t h y l ether. 

T h e degradat ion of a l ternar io l m e t h y l ether c o u l d account for most 
of the other d ibenzo -pyrone metabolites ( F i g u r e 4 ) . A l t e n u s i n w o u l d be 
the result of hydroxy la t i on f o l l owed b y reduct ive open ing of the lactone 
r i n g . Dehydroa l tenus in a n d altenuene c o u l d arise f r o m altenusin b y 
oxidat ion a n d reduct ion . T h e oxidat ion of the c a r b o n - m e t h y l group f o l 
l o w e d b y decarboxylat ion w o u l d l ead to altertenuol . O x i d a t i o n of the 
catechol g roup ing of a l t e n u s i n — i n a manner analogous to the degradat ion 
of catechol to mucon i c a c i d a n d then to muconolactone (56)—would l e a d 
to the formation of a l tenuic ac id . 

Tenuazon i c a c i d is f o rm e d b y the N-acetoacety lat ion of iso- leucine 
f o l l owed b y enzymat i c cyc l i za t i on (57 ) . I t has been demonstrated that 
a d d i n g va l ine or leucine to cultures of the fungus produces the correspond
i n g tetramic a c id der ivat ive but that pheny la lan ine is not u t i l i z e d ( 5 8 ) . 

Analytical Methods 

F e w ana ly t i ca l methods have been reported for the Alternaria metab 
olites. A l t e r n a r i o l , the m e t h y l ether, a n d altenuene have been ana lyzed 
b y gas chromatography as s i l y l ethers ( 5 9 ) . T h e s i l y l ethers are c h r o m -
atographed on 3 % O V - 1 7 at 1 0 0 ° - 2 5 0 ° C at 8 ° / m i n . U n d e r these c o n d i -
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Acetyl-CoA 

+ 
6 Malonyl-CoA 

alternariol 

alternariol 
methyl ether 

•OCH3 

dehydroaltenusin 
I I.) oxidn. 

altertenuol 

redn. 2 ) C 0 2 

altenuene 
altenuic acid 

Figure 4. Possible biosynthetic pathway for the dibenzo-pyrone metabolites of 
the Alternaria 

tions altenuene has a retent ion t ime of 23 m i n , a l ternar io l 27 m i n , a n d the 
m e t h y l ether, 29 m i n . T h i s method has also been used for several c o m 
m o n l y o c curr ing f u n g a l metabolites such as stearic a c id , p a l m i t i c a c i d , 
succ inic ac id , erythr i to l , a n d manni to l . I t is also use fu l for some m e t a b 
olites of other fung i , e.g., ko j i c a c id , p e n i c i l l i c a c i d , a n d p a t u l i n (60). 
T h i n layer chromatography has been used recently to detect a l ternar io l 
a n d the m e t h y l ether i n gra in samples (61). T h e m e t h o d was of v a l u e i n 
d is t inguish ing between al ternario l , zearelenone, a n d aflatoxin i n in fec ted 
grains. T e n u a z o n i c a c i d has been ana lyzed b y a spectrophotometr ic 
method (62) a n d a gas chromatographic m e t h o d (63). 

C r u d e Alternaria extracts are l e tha l to mice ( i p in ject ion) at 300 
m g / k g ( 50 ) . S i m i l a r levels of toxicosis occur i n rats w i t h o r a l dosage. 
T h e major m a m m a l i a n tox in is be l ieved to be tenuazonic a c i d (64). Sev
era l investigators demonstrated the toxic i ty of tenuazonic a c i d to m i c e 
(38, 6 5 ) , rats, dogs, monkeys a n d guinea pigs (65). 

S o d i u m tenuazonate is h i g h l y i n h i b i t o r y to the h u m a n adenocarc i -

Toxicity 
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352 MYCOTOXINS 

n o m a ( H A d l ) i n the egg host system at 0.1 m g / e g g a n d toxic to the 
embryo at 0.48 m g / e g g (34 ) . T h e D-allo a n d D-isomers as w e l l as struc
t u r a l analogs of tenuazonic a c i d , subst i tuted i n the carbon-five pos i t ion , 
were m u c h less act ive against tumors. Analogs subst ituted on ni trogen 
showed an increased ant ibacter ia l ac t iv i ty b u t a reduced ant i tumor act iv 
i ty . A g a i n s t Bacillus megaterium, analogs substituted at carbon-five were 
about as act ive as the parent compound . Aga ins t B. megaterium, L- a n d 
D -sodium tenuazonate were equal ly active (38 ) . 

S o d i u m tenuazonate a n d isotenuazonate were equal ly effective against 
enteroviruses ( E C H O - 9 , Coxsackie Β ) , respiratory viruses [parainf luenza-
3, ( H A - 1 ) , Sa l i sbury H G P ] , vacc in ia , herpes s implex H F , a n d ΊΓ v irus 
at 100-500 / x g / m l . S o d i u m tenuazonate was effective against pohovirus 
M E F 1 , whereas sod ium isotenuazonate was not. N e i t h e r was act ive i n 
tissue cu l ture against p o l y o m a virus or i n mice against A s i a n inf luenza, 
rabies, or F r i e n d l e u k e m i a (66). 

T e n u a z o n i c a c id inhib i ts the incorporat ion of amino acids into prote in 
in vivo i n S p r a g u e - D a w l e y rats a n d in vitro i n E h r l i c h Ascites tumor cells. 
I t is be l i eved that tenuazonic a c i d interferes w i t h the release of n e w l y -
f o rmed prote in f r om the ribosomes thus prevent ing the ribosomes f r om 
accept ing amino acids f r o m transfer R N A (67). Tenuazon i c a c i d is also 
k n o w n to b l o ck pept ide b o n d format ion i n prote in synthesis of h u m a n 
tons i l a n d p ig - l i ver ribosomes (68). 

T e n u a z o n i c a c i d has a protect ive effect on in vivo c e l l death of intes
t i n a l c rypt ep i the l ia l cells after exposure to l-β D -arabinofuranosylcytosine, 
n i trogen mustard , or x - i r rad iat ion . A t 30 -75 m g / k g i n male rats tenua
zonic a c i d inhib i ts leucine incorporat ion into prote in a n d t h y m i d i n e i n 
corporat ion into D N A but not u r i d i n e incorporat ion into R N A . T h e pro 
tect ive effect was at t r ibuted to the i n h i b i t i o n of prote in synthesis (69). 

Several other metabolites have been examined for cytotoxic i ty (50, 
70) a n d teratogenicity (50). A l t e r n a r i o l a n d the m e t h y l ether exhib i ted a 
synergist ic effect against bacter ia and as teratogens. A l tenuene , a ltenuisol , 
a n d the altertoxins were a l l active against H e L a cells, w i t h I D 5 0 values 
f r o m 0.5-28 ^ g / m l ( 50 ) . 

T h e toxic i ty of the r e m a i n i n g Alternaria metabolites has not been 
s t u d i e d extensively. N o data exist for altertenuol , a ltenusin, d e h y d r o a l 
tenusin, a l tenuic ac id , or the anthraquinone pigments. Brass i c i o l in A has 
l o w ant ibacter ia l act iv i ty b u t fa ir antiyeast a n d ant i fungal properties. 
T h i s a n d other metabolites of A . brassicicola need further s tudy since 
strains of this type were the most consistently active against bacter ia , 
molds , a n d yeast ( 14 ) . E v e n though α ,β -dehydrocurvular in has not been 
invest igated for ant ib iot i c or phytotox ic act iv i ty , i t is s imi lar i n structure 
to zearelenone, a Fusarium metabol i te w h i c h has strong estrogenic act iv 
i ty , a n d m a y be of interest i n studies of that type. 
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Phytotoxicity 
Several Alternaria metabolites have been associated w i t h phytotox ic 

i t y ( 5 ) . T e n t o x i n is responsible for seedl ing chlorosis of cotton a n d citrus 
fruits . T h e pur i f i ed c o m p o u n d interferes w i t h c h l o r o p h y l l f o rmat ion i n 
m a n y h igher p lant species. M o s t dicotyledons are sensitive w i t h the excep
t i on of tomato a n d the C r u c i f e r a e (71 ) . T h e c o m p o u n d does not affect 
the a lga Euglena gracilis, bacter ia , the yeast Saccharomyces cerevisiae, or 
filamentous f u n g i at concentrations that cause 1 0 0 % chlorosis of c u c u m 
ber cotyledons. 

A l t e n i n is capable of causing b l a c k spots on susceptible Japanese pear 
at 2 Χ 10" 5 m g / m l . T h e act ive moiety is be l i eved to be the enedio lcar-
b o n y l g roup ing ( 3 ) . 

Z i n n i o l is responsible for leaf spot a n d seedl ing b l i g h t of z i n n i a , s u n 
flower, a n d mar igo ld . Plants w i t h severe in fect ion often w i l t a n d die . A t 
500 p p m z i n n i o l inhib i ts the germinat ion of z i n n i a , tomato, lettuce, water 
melon , a n d carrot seeds. A t 1000 p p m i t causes complete w i t h e r i n g of cut 
seedlings of watermelon , squash, sp inach , beet, tomato, oat, corn , pea , 
a n d bean. T h e c o m p o u n d is m i l d l y inh ib i t o ry to Act inomycetes at 485 
/*g/disc ( 42 ) . 

A l t e r n a r i c a c i d was isolated f r o m cultures of A . sohni, the fungus 
responsible for ear ly b l ight of tomatoes a n d potatoes, an economica l ly 
significant p lant disease i n the U n i t e d States (44, 72). A t 5 -10 / x g / m l i t 
causes w i l t i n g a n d death to seedlings of rad ish , cabbage, mustard , a n d 
carrot. A t 2 -20 μg/m\ i t causes necrot ic lesions i n tomato a n d potato 
shoots. I t also possesses some ant i fungal act iv i ty , i n h i b i t i n g the germina 
t i on of Absidia, Myrothecium, a n d Stachybotrys at 0.1-1.0 f t g / m l . A t 200 
f t g / m l i t inhib i ts the rate of germinat ion of Botrytis, Fusarium, a n d 
Pénicillium ( 5 ) . 

A l t e r n a r i o l m e t h y l ether has also been s h o w n to cause chlorosis i n 
tobacco leaves (73). W h e n solutions of the mater ia l are in jected into 
tobacco leaves, chlorot ic zones, propor t i ona l i n size to concentrat ion, w e r e 
f o rmed w i t h i n 48 hr . T h e l eve l of act iv i ty was between 10-25 /Ag /m l . I t 
was also observed that the m e t h y l ether was p r o d u c e d b y g r o w i n g A . 
alternata on tobacco substrate. T h e c o m p o u n d was r a p i d l y metabo l i z ed 
a n d was nondetectable 72 h r after inject ion into l i v i n g tissue. T h i s is 
supported b y the fact that other workers f a i l ed to find a l ternar io l or the 
m e t h y l ether i n extracts of natura l ly m o l d y tobacco (74). 

Phytoalternarins A , B , a n d C have been isolated b y chromatography 
o n a l u m i n a columns. Phytoa l ternar in A has the same host specif ic ity as 
the fungus itself. A correlat ion is observed between tissue age a n d o p t i 
m u m temperature for symptom development between the fungus a n d 
pure tox in . Phytoalternarins Β a n d C are toxic to susceptible varieties of 
Japanese pear ( 5 ) . 
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354 MYCOTOXINS 

Summary 

T h e importance of the Alternaria toxins as env ironmenta l hazards has 
not yet been firmly establ ished. H u m a n populat ions w o u l d not be ex
p e c t e d to receive acute ly toxic doses i n h igh ly -deve loped nations. H o w 
ever i n underdeve loped areas there is a greater poss ib i l i ty of h u m a n expo
sure to in fected f ood crops. M o r e important is the poss ib i l i ty of effects 
ar i s ing f r o m cont inued l o w - l e v e l exposure to the metabolites. T h e l i m i t e d 
fetotoxic i ty data impl ies some c o m b i n e d act iv i ty for a l ternar io l a n d the 
m e t h y l ether, b u t the major i ty of the metabolites have not been tested. 
T h e authors fee l that cont inued research is necessary to evaluate the po 
t e n t i a l hazards of the Alternaria toxins par t i cu lar ly at the chronic l eve l of 
exposure. 
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Phytoalexins, Plants, and Human Health 

J. KUĆ 

Department of Plant Pathology, University of Kentucky, Lexington, Ky. 40506 

W. CURRIER 
Purdue University, Lafayette, Ind. 47907 

Plants accumulate many different compounds as a result of 
infection or stress. Some (the phytoalexins) are toxic to 
microorganisms and rapidly accumulate in resistant plants 
following infection. Others accumulate in susceptible host
-parasite interactions and may be precursors or degradation 
products of phytoalexins or unrelated to them. Phytoalexin 
accumulation can be caused by: living organisms, products 
of living organisms, chemical toxicants, ethylene, pesticides, 
and temperature stress. Plant breeders developing new re
sistant varieties may select for plants which accumulate 
phytoalexins. The presence of phytoalexins and related 
compounds in foods obtained from new varieties, stressed 
plants, plants treated with pesticides and infected plants is 
a potential hazard to human health. 

People naturally are most aware of human diseases. However the 
world's population depends as much on the control of the diseases of 

plants and animals that comprise our living environment as it does on the 
control of human disease. Starvation is the world's number one killer, and 
its control requires a healthy agriculture and living environment. Early 
man recognized that if he survived some diseases, he subsequently be
came immune to them. Eventually the concept of immunization was 
accepted and, together with antibiotics, has been responsible for the con
trol of many of man's most deadly diseases in some parts of the world. 
Starvation has not been controlled, and any hope of control depends on 
the control of plant diseases. Yet little support has been given to eluci
date the nature of disease resistance in plants relative to the support for 
work with human disease. 

The basic mechanism for resistance in man is twofold. First, there 
are physical and chemical barriers to keep infectious agents out of the 
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16. κυ<5 A N D C U R R I E R Phytoalexins 357 

body . Second, there are response mechanisms w h i c h i n h i b i t infectious 
agents a n d e l iminate those that have penetrated. These basic mechanisms 
also exp la in disease resistance i n plants . T h i s paper considers one aspect 
of the complex mechanisms for disease resistance i n p lants ; the presence 
or p r o d u c t i o n of compounds i n response to infect ion. Since these c om
pounds can occur i n c o m m o n foodstuffs or products der ived f rom such 
foodstuffs a n d since some have demonstrated tox ic i ty to animals , their 
impl i cat ions to h u m a n heal th w i l l also be considered. 

A phenomenon s imi lar to i n d u c e d i m m u n i t y i n animals was reported 
w i t h the potato b y M u l l e r a n d Borger ( I ) . T h e y f o u n d that tubers de
ve loped l oca l i zed resistance to a pathogenic race of Phytophthora in-
festans i f they were first inocu lated w i t h a race of the fungus to w h i c h 
they were resistant. T h i s observation l ead to the "Phytoa l ex in Theory . " 
T h e basic concept of this theory is that c h e m i c a l compounds , phytoalexins, 
are p r o d u c e d b y p lant cells as a result of metabo l i c interact ion between 
host a n d infectious agent. G e n e r a l l y pathogens are either not sensitive 
to the phytoalexins or not able to cause the ir accumulat i on to toxic levels 
soon enough after penetrat ion. Plants i n the famil ies Leguminosae a n d 
Solanaceae a n d their interactions w i t h f u n g i have been s tudied most often. 
I n general , phytoalexins f rom members w i t h i n a f a m i l y appear structural ly 
re lated , though the phytoalexins p r o d u c e d b y an i n d i v i d u a l species m a y 
not be. 

Pisatin 

P i s a t i n accumulates i n the pods of the garden pea Pisum sativum L . 
inocu lated w i t h fung i . I t is a weak ant ib io t i c w i t h a b r o a d b io l og i ca l 
spectrum. F u n g i pathogenic to pea are general ly insensit ive to the 
amounts of p i sa t in a c cumula t ing after in fect ion , whereas nonpathogens 
of pea are general ly sensitive. P i sa t in ac cumulat i on is s t imulated b y m a n y 
fung i , metabo l i c inhib i tors , spore-free germinat ion fluids, ethylene, u l t r a 
v io let rad ia t i on , D N A intercalat ing compounds , a n d m a n y m i c r o b i a l 
metabolites i n c l u d i n g w e l l k n o w n antibiot ics . P i sa t in is degraded b y 
several pathogens of pea , a n d the a b i l i t y to detoxicate p isat in m a y deter
m i n e pathogenic i ty . Since p i sa t in is not a stable end product i n p lant 
tissues, degradat ion b y the p lant itself is also a consideration. 

Phaseollin 

Phaseo l l in is the major phytoa lex in i n diffusâtes f r o m seed cavities 
of green bean pods Phasèolus vulgaris inocu la ted w i t h a nonpathogen of 
bean M . fructicola. Recent ly several compounds structural ly re lated to 
phaseo l l in have also been iso lated f r o m diffusâtes or tissues inocu lated 
w i t h fung i , bacter ia , a n d viruses : phaseo l l id in ( 2 ) ; phaseo l l id in , phaseol -
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358 MYCOTOXINS 

Figure 1. Phytoalexins in pea and green bean. Pea: (1) pisatin. Green bean: (2) 
phaseollin, (3)phaseollidin, (4)phaseollinisoflavan, (5)kievitone, (6)coumesteroi. 

l in iso f lavan, a n d k iev i tone ( 3 ) ; k ievi tone (4); coumesteroi ( 5 ) . I n a d d i 
t i o n several degradat ion products of phaseo l l in have been reported i n 
in fec ted tissue, cu l ture filtrates of f u n g i , a n d diffusâtes f r om infected 
tissue (6, 7, 8). A c c u m u l a t i o n of phaseo l l in a n d phaseo l l in - l ike c o m 
pounds appears associated w i t h a mechan ism for var ie ta l resistance to 
Colletotrichum lindemuthianum as w e l l as resistance to nonpathogens. 
T h e t ime of a c cumula t i on a n d its magni tude , rather t h a n the a b i l i t y to 
accumulate the phytoa lex in , d i s t ingu ish suscept ib i l i ty f r o m resistance ( 9 ) , 
a n d the phaseo l l in concentrat ion i n infected resistant hypocotyls appears 
sufficient to i n h i b i t g r o w t h of the fungus (10). B e a n hypocoty ls i n o c u 
l a t e d w i t h an incompat ib le (nonpathogenic ) race or heat-attenuated 
c ompat ib l e (pathogenic ) race of C. lindemuthianum are protected f r om 
disease w h e n subsequently inocu lated w i t h a compat ib le race (11,12,13, 
14), a n d protec t ion is expressed at a distance f r o m the sight of i n o c u l a 
t i o n w i t h a n incompat ib le race. Protec t i on is i n d u c e d i n varieties of bean 
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10 

Figure 2. Phytoalexins in soybean, alfalfa, red clover, and broad bean. Soy
bean, (7) Glyceollin; Alfalfa, (8) Medicarpan; Red Clover, (8) Medicarpan (9) 

maackiain; Broad Bean, (10) Wyerone. 

susceptible to a l l races of C. lindemuthianum b y Colletotrichum sp. non 
pathogenic on green bean ( 1 5 ) . S k i p p a n d D e v e r a l l (16) demonstrated 
that cu l ture filtrates of c ompat ib l e a n d incompat ib le races caused pro 
tected tissue to produce a n i n h i b i t o r of spore germinat ion , a n d B e r a r d , 
K u c a n d W i l l i a m s (17,18) r e p o r t e d the presence of a nonfungitoxic sub
stance i n cell-free diffusâtes f r o m i n c o m p a t i b l e , b u t not compatib le , inter 
actions w h i c h caused protect ion . P h a s e o l l i n accumulat ion is also caused 
b y l o w concentrations of h e a v y m e t a l ions, metabol i c inhib i tors , a n d 
ant ib io t i c inhib i tors of nuc le i c a c i d a n d pro te in synthesis. 

Glyceollin 

Several fungitoxic compounds accumulate i n open soybean pods a n d 
hypocoty ls inocu lated w i t h nonpathogens of soybeans. O n e of these (19, 
20) o r i g ina l l y ident i f ied as 6 α -hydroxyphaseo l l in a n d subsequently char
acter ized as g ly ceo l l in (21), was i so lated f rom soybean hypocotyls inocu 
la ted w i t h Phytophthora sojae. T h e c o m p o u n d is c losely re lated to p isat in 
a n d phaseo l l in , a n d i t accumulates 10-100 times faster i n hypocotyls 
cha l l enged w i t h a n i n c o m p a t i b l e as c ompared w i t h a compat ib le race of 
the fungus. I n incompat ib l e a n d compat ib l e reactions the concentration 
of g lyceo l l in is 100-400 a n d 1—4 t imes the E D 5 0 concentrat ion for i n h i b i t 
i n g m y c e l i a l g r o w t h of the fungus. A s w i t h other phytoalexins, resistance 
a n d suscept ib l i ty apparent ly d e p e n d o n the speed a n d magni tude of 
accumulat ion . Pro tec t i on is i n d u c e d against pathogens b y var ie ta l non -
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360 MYCOTOXINS 

17 R=GLU,RHA,RHA 
18 R:GAL,GLU,RHA 

Figure 3. Phytoalexins in potato: (11) chlorogenic acid, (12) scopolin, (13) 
rishitin, (14) phytuberin, (15) rishitinol, (16) lubimin, (17) a-chaconine, (18) 

a-solanine. 

pathogenic races of pathogens or nonpathogens. Several fungic ides , u v 
rad ia t i on , a n d tobacco necrosis v irus also induce accumulat i on of g lyceo l 
l i n (22, 23, 24). G l y c e o l l i n , da idze in , coumesteroi , a n d sojagol m a y 
accumulate i n infected hypocoty ls because of a general act ivat ion of iso-
flavonoid biosynthesis w i t h metabolites d i rec ted to the biosynthesis of 
pterocarpans. 
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Coumesteroi, Medicarpin, Maackiain, and Wyerone 

Coumestero i a n d m a n y other flavonoid aglycones a n d glycosides 
accumulate i n in fec ted a l fa l fa , a n d the concentrat ion of coumesteroi is 
d i rec t ly re lated to the degree of in fect ion (25). M e d i c a r p i n has been 
isolated f r o m al fa l fa leaves inocu la ted w i t h spores of the corn pathogen 
Helminthosporium turcicum (26), a n d the pathogen Stemphylium botryo-
sum, b u t not H. turcicum, degrades m e d i c a r p i n to n o n i n h i b i t o r y c o m 
pounds. Colletotrichum phomoides, a nonpathogen, a n d S. loti, a w e a k 
pathogen of a l fa l fa , also degrade m e d i c a r p i n , b u t the degradat ion p r o d 
ucts are inh ib i t o ry to these fung i . T w o phytoalexins , m e d i c a r p i n a n d 
m a a c k i a i n , were isolated f rom r e d clover fol iage infected w i t h H. turcicum 
(27); wyerone a n d wyerone a c i d were f o u n d i n b r o a d bean (28). 

Phenolic Acids, Ris hit in, and Steroid Glycoalkaloids 

Chlorogen i c a n d caffeic acids, scopol in , α -chaconine, a n d «-solanine 
are fungi tox ic compounds f o u n d i n potato peel . T h e y accumulate i n 
mechan i ca l l y in jured or infected tubers. R i s h i t i n , r i sh i t ino l , p h y t u b e r i n , 
a n d l u b i m i n accumulate i n infected tubers, a n d after treatment w i t h some 
chemicals ; they do not accumulate after mechan i ca l in jury . Quinones of 
chlorogenic a n d caffeic a c i d have been suggested to be phytoalexins , a n d 
they also f o rm polymers w h i c h m a y l i m i t m i c r o b i a l development. Reac 
t ive quinones are toxic to p lant cells as w e l l as infectious agents, a n d their 
p r o d u c t i o n may exp la in the necrosis often associated w i t h hypersensit ive 
resistance. P o l y m e r i z a t i o n m a y represent a detoxicat ion mechan ism to 
prevent extensive in jury to the plant . Recent ly C l a r k e (29) reported that 
scopol in accumulates i n potato tissue i n response to in fect ion b y viruses, 
fung i , a n d a n actinomycete. T h e greatest accumulat i on occurs i n tissue 
infected b y v i ru lent isolates of pathogens, i n c l u d i n g P . infestans. L i t t l e 
or none accumulates i n response to w o u n d i n g , av i ru lent isolates, or 
nonpathogens. 

A n o t h e r group of phytoalexins ac cumulat ing i n potato after in fect ion 
are i sopreno id derivatives i n c l u d i n g the b i c y c l i c norsesquiterpene a l coho l 
r i s h i t i n (30). R i s h i t i n is first detected w h e n the g r o w t h of P. infestans is 
i n h i b i t e d i n resistant cul t ivars ; i t accumulates r a p i d l y to levels m a n y 
times that necessary to complete ly prevent i t . L i t t l e accumulates after 
in fect ion i n susceptible cult ivars . B r o w n i n g a n d restr icted c e l l death i n 
d u c e d b y m a n y chemicals a n d phys io log i ca l s t i m u l i do not cause r i s h i t i n 
accumulat i on , but i t a n d other i soprenoid derivatives accumulate i n re 
sponse to inocu lat ion w i t h nonpathogens of potato. Ce l l - f ree sonicates of 
P. infestans cause r i sh i t in to accumulate i n susceptible a n d resistant c u l 
t ivars of potato. A consistent response of tubers to in fect ion i n resistant 
cult ivars inc ludes r a p i d necrosis a n d the ac cumulat i on of r i s h i t i n (31), 
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362 MYCOTOXINS 

phytuber in , a recently character ized a l i p h a t i c , unsaturated , sesquiterpene 
acetate ( C i 7 H 2 6 0 4 ) ( 3 2 ) , r i s h i t i n o l ( 3 3 ) , l u b i m i n ( 3 4 ) , a n d several 
spirovet iva derivatives ( 3 5 ) . T h e p o t e n t i a l for resistance apparent ly exists 
i n completely susceptible cu l t ivars , b u t this potent ia l is not expressed. A 
race ( compat ib le ) of P. infestans o n a suscept ible cu l t i var suppresses b o t h 
necrosis a n d the accumulat i on of r i s h i t i n a n d p h y t u b e r i n i n tubers sub
sequently inocu lated w i t h a race u n a b l e to attack ( i n c o m p a t i b l e ) . T h e 
supression of the response to the i n c o m p a t i b l e race, or inocu lat ion w i t h 
the compat ib le race alone, is a c c o m p a n i e d b y the accumulat i on of n o n -
fungitoxic terpenoids w h i c h are not detected i n incompat ib le reactions 
(36 ) . A compat ib le interact ion also suppresses the hypersensit ive host-
response to cell-free sonicates of the fungus . 

A t least t w o steroid g lycoa lka lo ids , α -solanine a n d α -chaconine, m a y 
also be associated w i t h resistance as p a r t of a general w o u n d response. 
T h e y occur i n tubers a n d fol iage a n d appear l o ca l i zed around sites of 
in jury i n tubers. T h e steroid g lycoa lka lo ids are largely restr icted to the 
pee l of who le tubers, a n d they are the major ant i funga l compounds i n 
potato peel . T h e accumulat i on of α -solanine a n d α -chaconine at the sur
face of cut tissue slices is m a r k e d l y suppressed b y inocu la t i on w i t h P . 
infestans. T h e suppression is most m a r k e d after inocu lat i on w i t h i n c o m 
pat ib le races of the fungus (37 ,38) . 

Figure 4. Phytoalexins in pepper and cotton. Pepper: (19) capsidiol. Cotton: 
(20) gossypol, (21) hemigossypol, (22) vergosin. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

16



16. κυό A N D C U R R I E R Phytoalexins 363 

Capsidiol 

T h e sesquiterpene phytoa lex in caps id io l was isolated f r o m the f r u i t 
of sweet pepper Capsicum frutescens L . inocu la ted w i t h several f u n g i (39, 
40, 41). C a p s i d i o l accumulates r a p i d l y i n some interactions, b u t i n others 
i t is r a p i d l y ox id i zed to capsenone. 

Gossypol 

G o s s y p o l is one of m a n y ether-soluble phenols a c cumula t ing i n b o l l 
cavities or xy l em vessels of excised stems of Gossypium hirsutum or 
Gossypium barbadense 24 -72 h r after inocu lat i on w i t h c o n i d i a of the 
pathogen Verticillium albo-atrum. T h e rate of accumulat ion of gossypol 
a n d gossypol- l ike compounds i n stem sections a n d intact plants is d i r e c t l y 
re lated to host resistance a n d inversely re lated to v i ru lence of the 
pathogen. 

H e a t - k i l l e d c on id ia or c on id ia attenuated b y heat i n stem sections 
cause gossypol ac cumulat i on a n d increase resistance. A v i r u l e n t strains of 
the fungus also protect against damage f r om subsequent inocu la t i on w i t h 
v i ru lent strains. L i k e the m a n y phytoalexins discussed i n preced ing sec
tions, gossypol synthesis is act ivated b y l o w concentrations of m a n y toxic 
chemicals a n d b y w o u n d i n g a n d c h i l l i n g . V e r g o s i n a n d hemigossypo l m a y 
be the major ant i fungal phenols a c cumulat ing i n cotton i n response to 
in fect ion (42 ) . T h e chemica l structure of vergosin is s t i l l i n doubt . Z a k i , 
K e e n , a n d E r w i n (43) reported that a pro te in - l i popo lysacchar ide c o m 
plex isolated f r o m cul ture filtrates of V . albo-atrum elicites a c c u m u l a t i o n 
of gossypol derivatives i n cotton. T h o u g h suscept ib i l i ty to disease appears 
d i rec t ly re lated to sensit ivity to the complex, K e e n , L o n g , a n d E r w i n (44) 
f o u n d the complex e l i c i ted ca. f our times the a c cumula t i on of gossypol 
derivatives i n a susceptible as compared to a resistant var iety . 

Ipomeamarone, Phenolic Acids, and Coumarins 

Infect ion, in jury , or treatment w i t h chemicals a l l l e a d to the a c c u m u 
la t i on of chlorogenic a c id , isochlorogenic a c i d , caffeic a c id , scopolet in , 
esculetin, umbel l i ferone , a n d ipomeamarone i n sweet potato root. T h e 
pee l of sweet potato also contains a l l of the above. 

Ipomeamarone, ipomeanine , ipomeanic a c id , a n d numerous other 
furanoterpenes accumulate more r a p i d l y i n several varieties resistant to 
b lack rot ( caused b y Ceratocystis fimbriata) as c ompared to suscept ib le 
varieties. Ipomeamarone m a r k e d l y inhib i ts g r o w t h of the fungus in vitro 
at concentrations f o u n d i n infected tissue. 

T h e development of p rune a n d coffee isolates of C . fimbriata is se
vere ly restr ic ted i n sweet potato roots; however the a c c u m u l a t i o n of 
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2 4 R - H 
2 5 R=OH 

: 0 

2 3 2 6 

Figure 5. Phytoalexins in sweet potato, carrot, parsnip, and safflower. Sweet 
potato: (23) ipomeamarone, (24) umbelliferone, (25) esculetin. Carrot: (26) 

6-methoxymellein. Parsnip: (27) xanthotoxin. Safflower: (28)safynol. 

furanoterpenes is less t h a n i n tissue infected b y a pathogenic isolate. 
T h u s i t appears that furanoterpene accumulat i on m a y not be the sole or 
p r i m a r y determinant of disease resistance. 

6-Methoxy mellein and Xanthotoxin 

Chlorogen i c a c i d a n d 6-methoxymel le in reach fungitoxic levels 
a r o u n d in fec t ion sites w i t h i n 24 h r after inocu lat ion w i t h several f u n g i 
nonpathogenic to carrot. T h e ac cumula t i on of 6 -methoxymel le in has been 
reported w i t h seven isolates of C . fimbriata as w e l l as w i t h five varieties 
of carrot. A c c u m u l a t i o n of 6 -methoxymel le in c a n also be i n d u c e d b y 
chemicals , c o l d treatment, a n d ethylene (45, 4 6 ) . T h e c o m p o u n d is re 
sponsible for the c ond i t i on of b i t ter carrot, a phys io log i ca l d isorder of 
carrots resu l t ing f r o m storage at subopt ima l temperatures. Recent ly 
xanthotoxin has been demonstrated to accumulate i n parsnip root i n o c u 
la ted w i t h f u n g i , a n d i t m a y act as a phytoa lex in ( 4 7 ) . 

Polyacetylenes 

T h e polyacetylene safynol has been identi f ied i n hea l thy a n d w o u n d e d 
hypocoty ls of safflower a n d r a p i d l y accumulates to fungi tox ic levels i n 
resistant tissue after in fect ion . I t appears, as w i t h other phytoalexins 
s tudied , that a series of po lyacety lenic compounds m a y accumulate ( 4 8 ) . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

16



16. KUC* A N D C U R R I E R Phytoalexins 365 

Summary 

T h i s paper is not in tended to present a n exhaustive l i terature rev iew. 
Several reviews are ava i lab le ( 4 9 - 6 0 ) , a n d these consider i n d e p t h the 
earl ier w o r k w i t h p i sat in , phaseo l l in , ipomeamarone , 6 -methoxymel le in , 
a n d gossypols. O n l y the more recent publ i cat ions are c i t ed i n this paper . 
Several general observations appear v a l i d . T h e phytoalexins are not 
p r o d u c e d as a specific response to infect ion. T h e y m a y occur i n trace 
quantit ies i n apparent ly hea l thy plants, a n d they accumulate i n tissues 
treated w i t h some m i c r o b i a l metabolites, ant ib iot ics , l o w concentrations 
of metabo l i c inhib i tors , u l trav io let rad iat ion , pesticides, or after m e c h a n i 
c a l in jury or temperature stress. T h e y m a y be part of a general tissue 
repair mechanism w h i c h m a y have a role i n resistance. Inoculat ion w i t h 
some bacter ia , viruses, a n d f u n g i causes phytoalexins to accumulate , 
t h o u g h evidence i m p l i c a t i n g phytoalexins i n resistance to bac ter ia l or 
v irus diseases is meager. I n most host -paras i te interactions several p h y t o 
alexins accumulate . Some are s tructural ly re lated, a n d some are not. 
Phytoa lex in accumulat i on after in fect ion is not restr icted to a resistant or 
i m m u n e plant , a n d a specific phytoa lex in is not p r o d u c e d for each i n 
fectious agent. Speci f ic i ty of phytoa lex in accumulat i on appears to reside 
i n b o t h the t ime a n d magni tude of accumulat ion . 

T h e most p o w e r f u l w e a p o n i n our batt le against p lant disease is the 
deve lopment of n e w disease resistant varieties. T h o u g h the app l i ca t i on 
of chemicals to contro l disease is extremely important w i t h some crops, i t 
w o u l d be imposs ib le to feed the world 's popu la t i on i f disease contro l 
depended solely o n the use of exist ing chemicals . T h e large increase i n 
p roduc t i on costs, scarcity of supp ly , a n d the p r o b l e m that residues w o u l d 
cause to a l l a n i m a l a n d p lant l i fe make dependence on chemica l contro l 
i m p r a c t i c a l . 

Disease resistant plants however do not prov ide a so lut ion w i t h o u t its 
share of problems. N e w strains of pathogens develop w h i c h can attack 
resistant plants , a n d there are m a n y diseases of a single crop. A g a i n s t 
w h i c h disease does the breeder develop resistant plants? C a n n e w strains 
of o l d pathogens be predicted? I n add i t i on , h i g h y i e l d a n d q u a l i t y must 
also be incorporated into crops together w i t h disease resistance. F i n a l l y 
a f ood crop must be nutr i t ious a n d safe for a n i m a l or h u m a n consump
t ion . I t m a y be comfort ing , b u t unwise , to t h i n k that a resistant cu l t i var 
is i d e n t i c a l to a susceptible cu l t i var except for a single factor w h i c h con 
trols resistance, a n d this factor does not affect the safety of the crop for 
a n i m a l consumption . . A l t h o u g h today's foods have stood the test of t ime , 
is last year's potato the same as a n e w l y deve loped resistant var iety? 
W h a t factors have been incorporated a long w i t h the genetic in format ion 
for resistance w h e n crosses are made w i t h ined ib le species? W e have 
detected t w o steroid g lycoalkalo ids , a- a n d β-solamarine, i n in jured potato 
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366 M Y C O T O X I N S 

tubers of the var iety K e n n e b e c w h i c h is resistant to certa in races of P . 
infestans (61). These compounds are not detected i n either of the two 
parents f r om w h i c h this var iety was developed. 

Phaseo l l in , g lyceo l l in , phytoalexins of green bean, soybean, a n d 
m e d i c a r p a n ( a phytoa lex in of a l fa l fa a n d r e d c lover ) cause lysis of bov ine 
erythrocytes at < 0.35 m M . Phaseo l l in also lysis h u m a n erythrocytes (62, 
63). G l y c e o l l i n a n d phaseo l l in can be isolated f r o m infected pods. T h e 
steroid g lycoalkalo ids of potato have a l ong history of toxic i ty to animals 
(64, 65, 66,67). U s u a l l y 20 m g / 1 0 0 g of potato is considered toxic ( 6 5 ) , 
though as l i t t le as 3 m g / k g b o d y weight has been reported toxic to m a n 
(67) . U n d e r certa in condit ions of stress the levels i n tubers can exceed 
this concentrat ion (37, 38). Recent ly a var iety of potato, L e n a p e , was 
released a n d subsequently w i t h d r a w n because of its extremely h i g h levels 
of steroid g lycoalkalo ids even w h e n g r o w i n g under n o r m a l condit ions 
(68) . Ipomeamarone derivat ives , 4- ipomeanol , 1-ipomeanol, ipomeanine , 
a n d 1,4-ipomeadiol , w h i c h are a l l part of the phytoa lex in complex of 
furanoterpenoids i n sweet potato, produce p u l m o n a r y toxic i ty i n animals 
(69) . These toxicants can accumulate to h i g h levels i n m i n i m a l l y b l e m 
i shed potatoes infected w i t h any of a b r o a d spectrum of fung i , a n d they 
are not destroyed b y cook ing ( 6 9 ) . T w o phytotox ic psoralens, 4, 5', 8'-
t r i m e t h y l psoralen a n d 8-methoxypsoralen (xanthotox in ) , were iso lated 
a n d character ized f r om celery heads a n d stalks infected w i t h p i n k rot 
caused b y Sclerotinia sclerotiorum (70, 71). T h e later psoralen has also 
been reported as a phytoa lex in i n parsn ip root (47). T h e two psoralens 
i n in fected celery appear responsible for the b l i s ter ing cutaneous disorder 
c o m m o n w i t h celery workers . T h e compounds are not detected i n heal thy 
celery. Coumestero i a n d other isof lavonoid derivatives are phytoalexins 
i n several legumes, a n d m a n y have oestrogenic, insect i c ida l , p i s c i c i d a l , 
a n d ant i fungal act iv i ty (72, 73, 74, 75). Gossypo l a n d gossypol d e r i v a 
tives, phytoalexins of cotton, also have a long m e d i c a l h istory of toxic 
effects (76). 

T h e development of n e w varieties does introduce n e w c h e m i c a l 
factors, some of w h i c h m a y be phytoalexins. I t seems imperat ive that 
these n e w varieties shou ld be screened before be ing released for a n i m a l 
consumption . Efforts to regulate genetic m a n i p u l a t i o n of f ood crops have 
been in i t i a ted b y the F o o d a n d D r u g A d m i n i s t r a t i o n (77). These efforts 
s h o u l d be expanded to i n c l u d e studies of toxic phytoalexins p r o d u c e d 
u n d e r condit ions of in fect ion a n d stress. T h e fact that compounds occur 
n a t u r a l l y does not speak for the ir safety. 
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Stress Metabolites of White Potatoes 
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Washington, D.C. 20204 

Many compounds are produced in white potatoes as a result 
of physiological stress imposed on the tissues. Stress condi
tions in a potato may result from exposure to light, injury, 
certain microorganisms, and extreme temperatures. The im
posed stress may alter normal metabolic pathways in the 
potato resulting in the synthesis of abnormal amounts of a 
particular compound or may cause different metabolic path
ways to be utilized thus giving rise to new or unusual com
pounds. The stress phenomenon results in the production of 
certain compounds including chlorogenic acid, scopolin, so-
lanine, and chaconine in levels greater than that found in 
the normal tissue and in the production of other compounds 
like rishitin, phytuberin, lubimin, alpha-solamarine, and 
beta-solamarine which are not found in nonstressed tissue. 
The chemistry of these metabolites is reviewed, and the 
potential toxicological significance of the presence of these 
compounds in potatoes is discussed. 

White potatoes (Solanum tuberosum) are widely used in many parts 
of the world as a staple food for man. Potatoes are susceptible to 

attack by various microorganisms and insects while in the field and during 
storage; they may also be subjected to mechanical damage during the 
harvesting operation. The imposition of any of these conditions on healthy 
potatoes will upset some normal physiological sequences thereby causing 
"stress" on the metabolic system. Stress can also be induced by certain 
chemical toxicants as well as by variations in temperature and environ
mental factors. Stressed potatoes may be found to contain increased 
amounts of certain compounds that are normal constituents of the tissue 
or certain compounds that are not normally found in the tissue. In the 
latter case the pathways for the synthesis of these compounds must exist 

369 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
49

.c
h0

17



370 MYCOTOXINS 

i n the tissue, yet they m a y not be act ivated or u t i l i z e d unless the usua l 
metabo l i c pathways become altered or damaged as a result of stress con 
dit ions . I n plants stress metabolites are synthesized b y m o d i f y i n g either 
the s h i k i m i c a c i d , acetate -malonate , or acetate-mevalonate pathways . 

U n u s u a l compounds p r o d u c e d b y plants i n response to various exoge
nous s t i m u l i are general ly re ferred to as phytoalexins. T h i s term was i n 
t r o d u c e d b y M i i l l e r a n d Borger ( I ) to define a chemica l c o m p o u n d pro 
d u c e d on ly w h e n the l i v i n g cells of the host are invaded b y a parasite 
a n d undergo necrobiosis. T h a t def init ion was later modi f ied b y M i i l l e r 
(2 ) as a result of further studies a n d was restated as "antibiot ics w h i c h 
are p r o d u c e d as a result of the interact ion of two metabol i c systems, host 
a n d parasite, a n d w h i c h i n h i b i t the g r o w t h of microorganisms pathogenic 
to p lants . " A de ta i l ed descr ipt ion of the properties of phytoalexins a n d 
the i r ro le i n host -paras i te interactions was presented i n reviews b y C r u i c k 
shank (3 ) a n d C r u i c k s h a n k a n d P e r r i n (4). A more recent r ev i ew on 
phytoalexins was w r i t t e n b y K u c (5 ) based on the concept that " the t e r m 
phytoalexins shou ld serve as a n u m b r e l l a under w h i c h chemica l c o m 
pounds cont r ibut ing to disease resistance can be classified whether they 
are f o rmed i n response to in jury , phys io log i ca l s t imul i , and the presence 
of infectious agents or are the products of such agents." A s imi lar de f in i 
t i o n was used b y K i r a ' l y (6 ) w h o defined phytoalexins as substances pro 
d u c e d b y plants after in fect ion a n d adverse treatments and responsible 
for resistance to in fec t ing agents. 

P r i o r to 1972 interest i n compounds produced i n plants as a result of 
stress condit ions was centered around the development of an unders tand
i n g of the b i o c h e m i c a l basis of disease resistance i n plants. E x ce l l en t re 
v iews o n phytoalexins a n d compounds accumulat ing i n plants after infec 
t i on have been presented b y K u c (5 , 7 ) . C u r r e n t l y , part icular emphasis 
is o n stress metabolites that accumulate i n the tubers of whi te potatoes 
because of a report b y R e n w i c k (8 ) w h i c h i m p l i e d that certain potatoes 
conta ined a specific but unident i f ied c o m p o u n d that caused b i r t h defects 
i n humans . T h e c o m p o u n d ( compounds ) was be l ieved to be p r o d u c e d 
as a result of exposure of the potato to stress condit ions, par t i cu lar ly expo
sure to the m o l d Phytophthora infestans, the causative agent of late b l i ght . 
T h i s hypothesis was supported b y ep idemio log i ca l data that showed cor
relations between inc idence of b i r t h defects, potato b l ight , a n d potato 
consumpt ion b y geographic reg ion , year, a n d income group. E x p e r i m e n t a l 
ev idence suppor t ing the presence of a teratogenic agent i n b l i gh ted pota 
toes was later presented b y P o s w i l l o et a l . ( 9 ) . T h i s evidence was based 
o n observations made w h e n cotton-eared marmosets were fed a d iet w h i c h 
i n c l u d e d sprouted, unpee led , i r rad ia ted , bo i l ed , freeze-dried b l i g h t e d 
potatoes. F o u r of e leven fetuses f r o m six females that h a d consumed the 
d iet for a p e r i o d of t ime showed a b n o r m a l c ran ia l defects; no defects 
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17. W O O D Stress Metabolites 371 

were observed i n fetuses f r o m females i n a contro l group that d i d not 
consume potatoes i n the ir diet . I n further experiments i n w h i c h pregnant 
marmosets were g iven a mixture of potatoes that were b l i g h t e d a n d other
wise damaged no gross abnormalit ies were observed, b u t behav io r ia l de 
fects were noted ( 1 0 ) . Since then, other investigators have c i ted data , 
ep idemio log i ca l a n d exper imental , w h i c h show inconsistencies i n the r e l a 
t ionship between the consumpt ion of b l i g h t e d potatoes a n d b i r t h defects 
( I I , 12,13,14,15). 

T h e purpose of this paper is to reveal those compounds that are con
s idered stress metabolites i n w h i t e potatoes a n d to r ev i ew their chemistry 
a n d in format ion that is k n o w n about their toxic i ty . A report concerning 
metabolites a c cumula t ing i n potato tubers f o l l o w i n g in fect ion a n d stress 
recently appeared i n the l i terature (16). 

Normal Constituents Whose Concentrations Increase Because of Stress 

T h e structure a n d c h e m i c a l composi t ion of the potato tuber was re 
v i e w e d b y S c h w i m m e r a n d B u r r (17). T h e c h e m i c a l compos i t ion of the 
potato differs w i t h the var iety , age, c ond i t i on of g r o w t h , a n d even i n 
d i v i d u a l differences, b u t these variables f a l l w i t h i n wel l -de f ined l imi t s 
(18). 

Glycoalkaloids. A l t h o u g h the potato contains m a n y types of c o m 
pounds, some of w h i c h have intr ins i c toxic properties , on ly solanine or the 
g lycoalkalo ids are hazardous to m a n (19). T h e a lkalo ids that are n o r m a l l y 
f o u n d i n the w h i t e potato are derivatives of the steroid base so lanidine 
( F i g u r e 1 ) . T h i s base (ag lycone) contains an a l coho l h y d r o x y l group , a 
reduc ib le doub le b o n d a n d a tert iary ni trogen that does not bear a m e t h y l 
group a n d has four C - m e t h y l groups a n d the composi t ion C27H43ON (20). 
T h e alkalo ids i n potatoes are referred to as g lycoalkalo ids because they 

L - R h o 

Figure 1. Major glycoalkaloids in white potatoes 
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372 MYCOTOXINS 

exist as glycosides or acetals resu l t ing f r o m a combinat i on of a s tero id 
base w i t h various sugars. T h e two major g lycoalkalo ids i n potatoes are 
α -solanine a n d α - chaconine; b o t h conta in the solanidine base b u t differ i n 
the ir carbohydrate components. Solanine contains one mo le of glucose, 
one mole of galactose, a n d one mole of rhamnose; chaconine contains one 
mo le of glucose a n d two moles of rhamnose. α -Solanine a n d α - chaconine 
account for 9 5 % of the to ta l g lycoalkalo ids i n potatoes ( 21 ) . O t h e r 
g lycoalkalo ids f o u n d i n smaller amounts i n c l u d e β - a n d γ-solanine a n d 
β- a n d γ-chaconine ( 2 2 ) ; these are products resul t ing f r o m the p a r t i a l 
hydro lys is of α -solanine a n d α -chaconine. T h e presence of glycosidases i n 
potato sprouts that hydro lyze «-solanine a n d α - chaconine was d e m o n 
strated b y G u s e v a a n d Paseshnichenko (21). M o s t studies have been 
conducted o n α -solanine a n d α - chaconine because they are usua l ly the 
major components of the potato a lkalo ids . I n m a n y reports the t e rm 
solanine is used to refer to a mixture of the two compounds since they 
are not easily separable. These compounds have been reported to exist 
i n a rat io of one solanine to two chaconine i n several varieties of potatoes 
(23, 24). Some reports i n the l i terature conta in data o n total g lycoa lka 
loids w i thout dif ferentiating between solanine a n d chaconine. 

T h e amount of tota l g lycoalkalo ids i n n o r m a l hea l thy potatoes can 
be affected b y such factors as locat ion , condit ions of g rowth , var iety , a n d 
storage condit ions. I n a deta i led study b y W o l f a n d D u g g a r (25) i n v o l v 
i n g 32 varieties of potatoes g r o w n i n W i s c o n s i n the tota l g lycoa lka lo id 
content i n heal thy potatoes ranged f r om 1.8-13 m g % w i t h 7 5 % of the 
varieties between 3.2 a n d 9.4 m g % . I n a more recent study b y S i n d e n 
a n d W e b b (26) five commerc ia l varieties of potatoes g r o w n at 39 l oca 
tions throughout the U n i t e d States were ana lyzed for tota l g lycoalkalo ids 
content. T h e average g lycoa lka lo id content of the five varieties tested i n 
1970 was 7.2 m g / 1 0 0 g. I n 1971 the average content for three c ommerc ia l 
varieties was 9.0 m g / 1 0 0 g for a l l locations. Excessive (20 m g / 1 0 0 g ) 
g lycoa lka lo id contents for samples of the five varieties f r o m certain l oca 
tions were at t r ibuted to u n u s u a l env i ronmenta l condit ions or postharvest 
h a n d l i n g procedures at the par t i cu lar locat ion. T h e solanine content of 
potatoes has been observed to increase as a result of exposure to l i ght of 
various intensities (27, 28, 29) a n d various temperatures (30). I n studies 
b y Sa lunkhe et a l . (30) potato slices were d i v i d e d into two groups: one 
was stored i n the dark, a n d the other exposed to fluorescent l ight . E a c h 
group was subjected to different storage temperatures rang ing f r om 0 ° -
24 ° C . A f t e r 48 h r at 24 ° C i n the dark the solanine l eve l h a d increased to 
seven times as m u c h as i n the o r ig ina l contro l samples; after 48 h r as 
24 ° C i n the l i ght the solanine l eve l was three to four times greater than 
that observed i n the dark. T h e authors conc luded that this phenomenon 
m a y be a f o r m of phys io log i ca l defense mechan ism i n tubers or slices 
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17. W O O D Stress Metabolites 373 

w h e n exposed to a stress such as h i g h l i g h t intensity that m i g h t occur i n 
grocery stores or w o u n d i n g as i n the case of slices or strips prepared 
for chips or f rench fries. I n an earl ier s tudy b y K u c (31) i t was observed 
that the levels of solanine a n d chaconine increase s ignif icantly i n potato 
slices that were stored i n the dark at r o o m temperature for three days. 

So lanid ine , the aglycone of solanine a n d chaconine, has been noted 
to accumulate i n certa in varieties of potatoes. Z i tnak (32) f o u n d that 
under condit ions of intense solar r a d i a t i o n alternated w i t h exposure to 
near f reez ing temperatures, w h i c h f requent ly occur d u r i n g the potato 
harvest i n northern areas, so lanidine is r a p i d l y p r o d u c e d i n excess of 
amounts that cou ld be b o u n d as solanine. 

T h e l eve l of solanine a n d chaconine i n potatoes is k n o w n to increase 
as a result of w o u n d i n g ( 3 3 ) . L o c c i a n d K u c (34) noted an increase i n 
these a lkalo ids i n aged noninocu lated s l i ced tissue. T h e y conc luded that 
the a lkalo ids accumulated i n response to phys io log i ca l stress w h i c h was 
i n d u c e d b y mechanica l in jury . I t has been demonstrated that a lkalo ids 
are large ly restricted to the pee l of w h o l e potatoes, b u t in jury caused b y 
s l i c ing results i n increased synthesis a n d accumulat i on i n peeled potatoes 
(24). O t h e r investigators have also observed an accumulat ion of g lyco 
alkalo ids at the surface of cut tissue (35, 36, 37). S h i h et a l . (37) no ted 
however that the accumulat i on is suppressed signif icantly i f the cut tissue 
is inocu la ted w i t h Phytophthora infestans. T h i s suggests that the b i o 
synthetic p a t h w a y for g lycoa lka lo id p roduc t i on can be further altered as 
a result of add i t i ona l stress imposed b y in fect ion w i t h microorganisms. 

M a n y cases of h u m a n po isoning have been at t r ibuted to the consump
t i o n of potatoes (38 ) . I n some of the reported cases, analyses of the sus
pected potatoes for tota l g lycoalkalo ids w e r e made , a n d i t was f o u n d that 
a l l of the potatoes invo lved h a d a n a b n o r m a l l y h i g h solanine content. A 
g lycoa lka lo id content of 20 m g / 1 0 0 g of potato tissue is considered toxic 
for humans (39 ) . I n experiments w i t h humans i t was f o u n d that an o r a l 
dose of 200 m g of solanine can cause drowsiness a n d labored breath ing ; 
h igher doses caused v o m i t i n g a n d d iarrhea (40). A n extensive p h a r m a 
co log ica l s tudy of solanine was carr i ed out b y N i s h i e et a l . (41). Solanine 
was f o u n d to be toxic to ch i ck embryos , mice , rats, a n d rabbits w h e n a d 
minis tered parenteral ly . T h e L D 5 0 values i n ch i ck embryos ( yo lk sac 
in ject ion) a n d i n mice a n d rabbits ( i p ) were 18.8, 42, a n d 20 m g / k g , 
respectively . O r a l adminis t rat ion of 1 g / k g p r o d u c e d no toxic effects i n 
mice . So lanid ine , the aglycone, was less toxic t h a n solanine; i t was n o n 
toxic to mice at 500 m g / k g I P . These investigators conc luded f rom their 
findings that the re lat ive ly rare occurrence of solanine po isoning f r o m 
potatoes a n d the l o w ora l tox ic i ty of solanine for laboratory animals m a y 
be exp la ined on the basis of poor absorpt ion f r o m the gastrointestinal 
tract, r a p i d u r i n a r y a n d fecal excret ion of metabolites , a n d gastrointestinal 
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Figure 2. Phenoh and coumarin-like compounds in 
white potatoes 

hydro lys i s of solanine to the less toxic solanidine. N o in format ion is a v a i l 
able o n the tox ic i ty a n d pharamco log i ca l properties of α -chaconine, the 
second major g lycoa lka lo id of the potato. 

Phenolic Compounds. Ch lorogen i c a n d caffeic acids are present i n 
a l l parts of the potato. T h e levels of caffeic a c i d (42) a n d chlorogenic 
(43) have been observed to increase i n potatoes after s l i c ing ( F i g u r e 2 ) . 
C h l o r o g e n i c a c i d is the p r i n c i p a l pheno l that accumulates i n cut tissue. 
Caf fe i c a c i d c a n be f o rmed b y the hydro lys is of chlorogenic a c i d ; certain 
f u n g i are capable of f a c i l i ta t ing this hydrolys is a n d metabo l i z ing the 
hydro lys i s p r o d u c t ( 4 4 ) . Z u c k e r (45) f o u n d that br ie f exposure of potato 
disks to l i g h t of l o w intensity d o u b l e d the synthesis of chlorogenic a c i d 
i n the dark ; cont inued exposure of disks to l i ght of h i g h intensity for u p 
to 40 h r resul ted i n h igher levels of the compound . I n other studies (46) 
i t was f o u n d that the produc t i on of the enzyme phenyla lan ine deaminase 
i n potato disks was great ly s t imulated b y w h i t e l ight , a n d its i n d u c t i o n 
was d i r e c t l y propor t i ona l to the p r o d u c t i o n of chlorogenic a c i d ; the 
enzyme was not present i n fresh tissue. O n e can therefore conclude that 
the l i g h t imposes stress o n the potato a n d that i t serves as an inducer of 
p h e n o l i c synthesis. Pheny la lan ine deaminase is considered the key en
z y m e i n the b iosynthet ic p a t h w a y of chlorogenic a c i d synthesis. 

A l t h o u g h in jury to the potato usua l ly results i n a n increase i n ch lor 
ogenic a n d caffeic acids, in jury also can cause r a p i d ox idat ion of these 
acids ( 5 ) . O x i d a t i o n products of these acids are toxic to m a n y m i c r o 
organisms. I n one study (47) chlorogenic a c i d i n the cul ture m e d i u m 
s t imula ted the g r o w t h of Phytophthora infestans, a l though i t also under 
goes transformat ion ( b y ox idat ion) to q u i n i c a n d caffeic acids. Q u i n i c 
a c i d h a d a s t imulat ing effect on the growth of the organism, b u t caffeic 
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17. W O O D Stress Metabolites 375 

a c i d was toxic a n d therefore i n h i b i t e d g rowth . Ch lorogen i c a n d caffeic 
acids are be l i eved associated w i t h the disease resistance of potatoes. T h e 
l e tha l i p dose of chlorogenic a c i d i n m i c e was f ound to be 3.5 g / k g ; 4 - 5 
g / k g o r a l or S C gave no toxic manifestations (48 ) . T o x i c i t y data f r om 
other a n i m a l species shou ld be obta ined before one can safely say that 
the p r o d u c t i o n of increased amounts of chlorogenic a n d caffeic a c id does 
not pose a threat to h u m a n hea l th . 

Scopolin and Scopoletin. Scopo l in a n d scopolet in are coumarin- type 
compounds that are normal ly present i n potatoes. Scopo l in accumulates 
to a greater extent than other coumarin- type compounds i n tissue that has 
been in fec ted w i t h f u n g i , bacter ia , or viruses (49 ) . M e c h a n i c a l w o u n d i n g 
of tissue slices alone d i d not induce the accumulat i on of scopol in. T h e 
content of caffeic a c i d a n d scopolet in i n tubers is reported to change i n 
response to various phys io log i ca l states. K o r a b l e v a et a l . (50) f ound that 
the content of these compounds is highest i n the per i od w h e n the tubers 
are i n p r o f o u n d dormancy ( S e p t . - O c t . ) . D u r i n g the emergence f r o m 
d o r m a n c y ( D e c - J a n . ) the content of these substances decreases. T h e 
increased amounts of these compounds was at t r ibuted not on ly to d irect 
synthesis b u t also to the hydrolys is of glucosides since beta-glucosidase 
ac t iv i ty is highest i n tubers i n a state of p ro f ound dormancy . 

Unusual Compounds Produced in Response to Stress 

T h e compounds i n c l u d e d i n this category are not normal ly f o u n d i n 
hea l thy potatoes; they are p r o d u c e d or synthesized w h e n the potato is 
subjected to phys io l og i ca l stress ( F i g u r e 3 ) . T h e stress condit ions that 
result i n p r o d u c t i o n of these compounds i n c l u d e ag ing of s l i ced potatoes 
a n d inocu la t i on or treatment of potatoes w i t h certain microorganisms or 
cell - free extracts of certa in fung i . T h e latter stress condit ions have been 
reported elsewhere ( 51 ). 

Alkaloids. T h e presence of t w o n e w glycoalkalo ids i n the leaves a n d 
aged slices of K e n n e b e c potatoes was recently reported b y S h i h a n d K u c 
(52 ) . These g lycoalkalo ids , ident i f ied as a l p h a - a n d beta-solamarine, con
t a i n the spirosolane, t omat ideno l (tomatid-5-en-3/?-ol ) , as the aglycone 
instead of so lanid ine w h i c h is f o u n d i n solanine a n d chaconine. T h e pres
ence of the spirosolane aglycone i n potatoes was reported b y Schreiber i n 
1957 w h e n a smal l amount was isolated f r om the hydrolysate of a c rude 
solanine preparat i on (53 ) . T o m a t i d e n o l is the major aglycone i n a l k a 
loids of Solarium dulcamara ( w o o d y nightshade or b i t tersweet ) , a toxic 
p lant b e l o n g i n g to the potato fami ly . A l p h a - a n d beta-solamarine were 
not f o u n d i n tuber pee l or freshly s l i ced tubers of Kennebec or i n 20 other 
cu l t ivars ; they were on ly f o u n d i n the leaves of Kennebec tubers a n d ac
c u m u l a t e d at the cut surface of aged K e n n e b e c tuber slices i n amounts 
e q u a l to that of solanine a n d chaconine. A l t h o u g h the solamarines con -
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376 MYCOTOXINS 

SPIROVETIVA-UIO), SPIR0VETIVA-III0),3, PHYTUBERIN 
II-DIEN-2-ONE I I -TREIN-2-ONE 

D-Glu L-Rha 

Figure 3. Compounds not present in healthy white potatoes but which 
are produced in response to stress 

t a i n the spirosolane aglycone, they are s tructural ly re la ted to the so lanidine 
a lkalo ids i n that the tr isaccharide moie ty of a lpha-so lamarine is i dent i ca l 
to that of a lpha-solanine, a n d the tr isaccharide mo ie ty of beta-solamarine 
is i d e n t i c a l to that of a lpha-chaconine . S h i h a n d K u c (52) suggest that 
the spirosolane aglycone m a y have been inher i t ed b y the K e n n e b e c v a r i 
ety as a result of cross-breeding w i t h w i l d p lant species w h e n efforts were 
m a d e to produce n e w varieties of potatoes resistant to late b l i ght . S ince 
the K e n n e b e c var ie ty of potatoes is v e r y p o p u l a r a n d w i d e l y consumed i n 
cer ta in areas of the U n i t e d States, the p r o d u c t i o n of these n e w alkalo ids 
at the surface of aged slices of potatoes is of great concern f r om the s tand
po in t of h u m a n health . 
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17. W O O D Stress Metabolites 377 

Terpenes. T e r p e n o i d compounds that accumulate i n potatoes as a 
result of stress inc lude r i s h i t i n , r i sh i t ino l , p h y t u b e r i n , l u b i m i n , t w o n e w 
vet ispirane derivatives , a n d others not yet identi f ied. These compounds 
are p r o d u c e d i n response to stress condit ions created b y the inocu lat i on of 
potato tubers w i t h numerous nonpathogens of potatoes a n d w i t h Phy-
tophthora infestans or b y treatment w i t h cell-free sonicates of P. infestans 
(16). These compounds accumulate at levels that are fungitoxic a r o u n d 
the site of in fect ion a n d are thought to be a par t of the mechanism of 
disease resistance of the potato. T h e greatest a c cumulat i on of these c om
pounds seems to be i n potato varieties that are resistant to P . infestans. 

R i s h i t i n (C14H22O2) was o r ig ina l ly isolated f r o m the R i s h i r i var ie ty 
of potatoes b y T o m i y a m a et a l . (54) a n d was determined to be a b i c y c l i c 
norsesquiterpene a l coho l ( 55 ) . R i s h i t i n was not f o u n d i n intact hea l thy 
potatoes, but trace amounts were f o u n d i n s l iced noninocu lated tissue. 
R i s h i t i n accumulated to significant levels i n s l i ced tubers inocu lated w i t h 
certa in fung i . I n other studies (56) traces of r i sh i t in were f o u n d i n s l i ced 
noninocu lated aged tissue; also r i s h i t i n a n d another terpene, p h y t u b e r i n 
(C17H2GO4), were f ound to accumulate i n 11 cult ivars that were inoc 
u l a t e d w i t h P . infestans (57). R i s h i t i n is active b io l og i ca l ly as an a n t i 
funga l agent (58). T h e h y d r o x y l group o n carbon 3 i n the molecule is 
be l i eved to be indispensable for its ant i fungal act iv i ty . 

P h y t u b e r i n was isolated b y V a r n s et a l . (57) a n d descr ibed as an 
a l iphat i c , unsaturated, sesquiterpene acetate. T h e structure of p h y t u b e r i n 
was recently determined b y H u g h e s a n d C o x o n (59 ) . T h e accumulat i on 
of r i s h i t i n a n d p h y t u b e r i n i n tissue slices is usual ly preceded b y necrosis. 
I n later studies b y V a r n s et a l . (60) i t was f ound that the i n d u c t i o n of 
necrosis i n tissue b y p h y s i c a l or c h e m i c a l means does not cause the ac
c u m u l a t i o n of the terpenes i n the absence of the fungus or funga l pro 
ducts. Recent ly , D e a h l (61) reported that tubers w h i c h do not show 
significant ac cumulat i on of terpeno id compounds on in fect ion w i t h P . 
infestans d i d accumulate significant quantit ies of r i sh i t in , p h y t u b e r i n , a n d 
unident i f ied terpenoids w h e n a l l o w e d to w o u n d - h e a l for 72 h r p r i o r to 
inoculat ion . 

T h e presence of r i sh i t ino l (C15H22O2), a sesquiterpenoid a lcohol , i n 
potatoes in fected w i t h P . infestans was reported i n 1971 (62). T h e struc
ture a n d conf iguration of the molecule were deduced f rom spectral a n d 
c h e m i c a l data a n d conf irmed b y synthesis ( 63 ) . N o other in format ion o n 
this c o m p o u n d has been reported. 

L u b i m i n (C15H24O2) is a sesquiterpenoid hydroxya ldehyde first iso
la ted f r om the Soviet L y u b i m e t s var ie ty of potatoes infected w i t h P . 
infestans (64). Its structure was d e r i v e d f r o m i r , N M R , a n d mass spectra 
of the isolate, its deuterated a n d monoacety l derivatives , a n d its 2,4-
d in i t ropheny lhydrazone (65). A rev ised structure for l u b i m i n was re -
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378 MYCOTOXINS 

cent ly reported (66). L u b i m i n has greater b i o l og i ca l ac t iv i ty as a n a n t i 
f u n g a l agent than r i s h i t i n (67). 

T w o n e w vetispirane derivatives , S p i r o v e t i v a - l ( 1 0 ) , l l - d i e n - 2 - o n e a n d 
S p i r o v e t i v a - l ( 1 0 ) , 3 , l l - t r i e n - 2 - o n e , were recently iso lated s imultaneously 
a n d independent ly b y research groups i n the U n i t e d States a n d E n g l a n d 
f r o m potatoes infected w i t h P. infestans (68). 

Toxicological Studies 

T o obta in in format ion on the toxic i ty of compounds that a c cumula ted 
i n potatoes subjected to stress b y in fec t ion a n d b y s l i c ing a n d ag ing , a 
p r e l i m i n a r y study was conducted i n our laboratory (69). T h e potatoes 
( K e n n e b e c var ie ty ) were separated into two m a i n groups: one group ( A ) 
was inoculated w i t h Phytophthora infestans ( w i l d t y p e — p r o v i d e d b y 
courtesy of G a r y A . M c l n t y e , D e p t . of P l a n t Patho logy , U n i v e r s i t y of 
M a i n e ) , a n d the second group ( B ) was used to produce a lkalo ids b y 
a l l o w i n g slices to age i n l i n e d pe t r i dishes stored i n the dark for 96 hr . 
T h e potatoes i n group A were surface ster i l ized, s l i ced , a n d p l a c e d i n large 
sterile flasks. T h e flasks were inoculated w i t h P . infestans suspended i n 
phosphate buffer. N o n i n o c u l a t e d contro l slices were treated w i t h on ly 
phosphate buffer. T h e flasks were incubated at 16 ° C for six days. T e r 
p e n o i d compounds were extracted f rom one por t i on of the i n c u b a t e d 
slices w i t h methano l b y us ing the procedure descr ibed b y V a r n s et a l . 
( 57 ) . G lycoa lka lo ids were extracted f rom a second por t i on of the i n c u 
bated slices a n d f rom the aged slices w i t h ch l o ro f o rm-ace t i c a c i d -
methano l (50 :5 :45) us ing the procedure descr ibed b y S h i h et a l . ( 37 ) . 
S i m i l a r extracts were prepared f r o m the noninoculated slices treated w i t h 
phosphate buffer a n d f r o m freshly s l i ced heal thy potatoes. A l l extracts 
were examined b y th in- layer chromatography. T h e methano l i c extract 
f r o m the infected tissue contained r i sh i t in , p h y t u b e r i n , a n d unident i f i ed 
compounds that were not observed i n the contro l tissue extract. T h e 
g lycoa lka lo id extract f rom nonaged tissue contained two compounds w i t h 
Rt values corresponding to solanine a n d chaconine; the extract f r o m the 
in fected tissue contained add i t i ona l compounds not observed i n contro l 
extracts; a n d the extract f r o m the aged tissue also conta ined a d d i t i o n a l 
compounds two of w h i c h h a d R f values corresponding to a l p h a - a n d be ta -
solamarine (70 ) . T h e crude extracts a long w i t h adequate contro l samples 
were evaporated to dryness, suspended i n ethanol a n d injected into n o n -
incubated a n d four day - incubated , fert i le ch i ck eggs v i a yo lk sac route, at 
400 /Ag /egg for the terpene-containing extracts a n d u p to 80 μg/egg for 
g ly coa lka lo id conta in ing extracts. T h e non incubated eggs were used to 
detect any n e u r a l tube defects w h i c h should show u p d u r i n g the first 
2 4 - 4 8 h r of incubat ion . N o toxic or teratogenic effects were observed i n 
embryos injected w i t h the methano l i c extract w h i c h conta ined the ter-
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17. W O O D Stress Metabolites 379 

penes f r o m the in fec ted potatoes. I n contrast, moderate tox i c i ty a n d scat
tered abnormalit ies were observed i n embryos that were in jected w i t h 
g lycoalkalo ids f r o m uninocu lated , infected, a n d aged tissue. T h e most 
severe abnormalit ies were i n the embryos injected w i t h g lycoa lkalo ids 
f r om the aged tissue. T h e abnormalit ies i n c l u d e d crossed beaks, de formed 
eye cavit ies, a n d ma l f o rmed wings ; no sp ina l or b r a i n defects were noted . 
T h e r e was no apparent specific abnormal i ty associated w i t h any f ract ion . 

S w i n y a r d a n d C h a u b e ( I S ) conducted studies to dete irnine i f b l i g h t e d 
potatoes (potatoes infected w i t h P . infestans), solanine, a n d to ta l g lyco 
alkalo ids extracted f r om potato blossoms were teratogenic for exper i 
menta l animals . N o teratogenic effects were observed i n pregnant rats 
g iven a k n o w n quant i ty of homogenized b l i g h t e d potatoes b y gavage o n 
days 7-16 of gestation. Solanine a n d total g lycoalkalo ids ( suspended i n 
carboxymethylce l lu lose) were re lat ive ly nontoxic to materna l a n d fe ta l 
rats at i p doses of 5 a n d 10 m g / k g / d a y w h e n g iven on days 5 -12 of gesta
t i on , b u t a h i g h inc idence ( 4 4 % ) of re lat ive ly m i n o r abnormal i t ies w e r e 
observed. B y compar is ion on a m g / k g / d a y basis the to ta l g l y c o a l k a l o i d 
sample was about seven times more toxic to fetuses at 10 m g / k g / d a y t h a n 
was solanine. T h i s suggests that the total g lycoa lka lo id sample conta ined 
other mater ia l more toxic than solanine. D a i l y i p injections of 5 m g / k g 
of solanine i n pregnant rabbits on days 0 - 8 of gestation p r o d u c e d abor
tions a n d resorptions b u t no teratogenesis. Y o l k sac injections of 5 -20 
m g / k g of solanine i n embryonated ch i ck eggs p r o d u c e d 6 3 - 9 0 % mor ta l i t y 
w i t h o u t significant teratogenesis. T h e morta l i ty was h i g h i n b o t h the 
exper imental a n d contro l groups. A single i p in ject ion of 40 m g / k g of 
to ta l g lycoa lka lo id extract a n d two injections of 20 m g / k g of solanine 
k i l l e d adul t rhesus monkeys i n 48 hr . 

R u d d i c k et a l . ( 71 ) f ed rats a diet conta in ing f reeze-dr ied b l i g h t e d 
potatoes (75 g / k g / d a y ) d u r i n g days 1-22 of gestation a n d f o u n d no 
teratogenic effects. O r a l adminis t rat ion of α-solanine, α -chaconine, a n d 
scopolet in g iven o n days 6 -15 of gestation also fa i l ed to e l i c i t teratogenic 
effects i n rats. 

G u l l et a l . (72) reported that the growth rate of rats was suppressed 
w h e n they were f ed a diet conta in ing 200 m g of solanine per 100 g of 
food. T h e L D 5 0 for i p inject ion of solanine was 7.5 m g / 1 0 0 g of b o d y 
we ight a n d 59 m g / 1 0 0 g w h e n the c o m p o u n d was admin is tered b y stom
ach tube. Russ ian investigators (73) f o u n d that pregnant rats g iven 
25 -50 m g / k g of s o l a n i n e - H C l w i t h their food gave b i r t h to l itters w i t h 
surv iva l rates be l ow that of controls. A d m i n i s t r a t i o n of the c o m p o u n d 
before or after pregnancy d i d not affect rats b o r n d u r i n g subsequent 
pregnancies. 

M u n et a l . (74) reported on the teratogenic effects i n c h i c k embryos 
of solanine a n d glycoalkalo ids f rom potatoes infected w i t h Phytophthora 
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380 MYCOTOXINS 

infestans. Solanine or tota l g l y c o a l k a l o i d extracts f r o m the in fected pota 
toes that were injected into 0 -26 h r i n c u b a t e d ch i ck eggs at 130-260 f i g / 
egg (yo lk sac inject ion) resulted i n 2 2 - 2 7 % morta l i ty a n d 1 6 - 2 2 % ab
n o r m a l embryos. A t the solanine l eve l of 15 f ig / egg , 2 5 % of the embryos 
were abnormal , b u t there was no morta l i ty . Some abnormalit ies a n d 
deaths were also observed i n embryos injected w i t h contro l solutions. T h e 
most conspicious defect noted was the absence of the t a i l or t runk be low 
the w i n g b u d ; this defect was not observed i n embryos injected w i t h 
contro l solutions. 

Tox i co l og i ca l studies o n solanine were ment ioned earl ier ; however 
the toxic i ty of the n e w g lycoa lkalo ids , a l p h a - a n d beta-solamarine, have 
not been investigated. Beta-so lamarine is reported to show t u m o r - i n h i b i 
tory ac t iv i ty against sarcoma 180 i n mice (75 ) . A l p h a - a n d beta-sola
mar ine are s tructural ly re lated to cyc lopamine , a steroid a l k a l o i d isolated 
f r o m Veratrum californicum that produces teratogenic effects i n sheep 
(76 ) . T h e t e r m i n a l por t i on of cyc l opamine consists of a fused furano-
p iper id ine r i n g ; the t e r m i n a l por t i on of the solamarine molecu le consists 
of a furan moiety fused to the stero idal por t ion of the molecule rather 
than to the p i p e r i d i n e r i n g . A c c o r d i n g to K e e l e r (77) the fused furano-
p i p e r i d i n e arrangement is the essential s tructura l feature necessary for 
teratogenicity among the V e r a t r u m alkalo ids . H e postulated that potato 
a lkalo ids that possess a t e r m i n a l f u r a n a n d a p iper id ine r i n g c o u l d poss ib ly 
be teratogens accord ing to the s t ructura l a n d configurational s imi lar i ty to 
the k n o w n V e r a t r u m teratogens ( 7 8 ) . I n v i e w of this i t is t e m p t i n g to 
suggest that the abnormalit ies observed i n our studies i n ch i ck embryos 
w i t h extracts f r o m aged tissue were a t t r ibuted to the presence of a l p h a -
a n d beta-solamarine i n the extracts; solanine a n d chaconine do not con
ta in a furan r ing . T h e above finding suggests that the g lycoalkalo ids of 
stressed a n d nonstressed w h i t e potatoes should be thoroughly invest igated 
toxicological ly . Tox i co l og i ca l data f r o m chronic studies us ing pure sola-
nine a n d chaconine are needed. T h e tox ic i ty of the n e w stress metabolites 
a l p h a - a n d beta-solamarine, shou ld be invest igated i n several a n i m a l 
species. M o s t of the terpeno id stress metabolites are toxic to various fung i , 
b u t no data are avai lable on the i r tox i c i ty for other a n i m a l species. Sev
era l research groups have a l ready i n i t i a t e d studies o n m a n y of the k n o w n 
stress metabolites. T h e results f r om these studies m a y be de layed because 
of problems i n v o l v e d i n o b t a i n i n g a sufficient amount of the p u r e com
pounds for toxico logical studies i n exper imenta l animals . T h e use of the 
ch i ck embryo as a r a p i d bioassay system m a y prove very advantageous i n 
ob ta in ing p r e l i m i n a r y in fo rmat ion o n the tox ic i ty of these compounds. 

Biosynthetic Studies 

T h e chemistry of the S o l a n u m alkalo ids was rev i ewed b y Schreiber 
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(22). F r o m a b iogenet ic v i e w p o i n t steroid a lkalo ids are considered pseu-
doalkalo ids i n that they are derivatives of general ly o ccurr ing n i trogen-
free compounds . N i t r o g e n is in t roduced into the structure of steroid 
a lkalo ids at some stage d u r i n g their biosynthesis f rom nitrogen-free der iva 
tives. Studies o n the biosynthesis of the sterol cholesterol were rev iewed 
b y B l o c h (79). T h e sequences i n v o l v e d i n the biosynthesis of the steroids 
a n d terpenoids proceeded v i a the acetate -mevalonic a c i d pathway , a n d 
squalene, a po ly i sopreno id hydrocarbon , was a key intermediate . Since 
so lanidine , the aglycone moiety of the a lkalo ids i n potatoes, possesses a 
carbon skeleton re lated to cholesterol , i t has been assumed that both have 
c o m m o n precursors. I n studies o n the biosynthesis of a lkaloids i n potato 
seedlings, G u s e v a et a l . (80) observed a significant incorporat ion of 
ace tate -2 - 1 4 C a n d DL -mevalonic a c i d - 2 - 1 4 C into the alkaloids a n d solanidine, 
thus suggesting that these compounds are intermediates i n the pathway . 
Tschesche a n d H u l p k e (81) f o u n d that radioact ive cholesterol app l i ed to 
leaf surfaces of potato plants was metabo l i zed to solanidine, ind i ca t ing 
that cholesterol can be a precursor. T h e conversion of the sterols lanos-
tero l a n d cyc loartenol to so lanidine a n d tomatine has recently been re
por ted (82). I n more recent studies us ing labe l l ed compounds Jadhav et 
a l . (83) f o u n d that β-hydroxy-^methylglutaric a c i d ( H M G ) , leucine, 
a lanine, a n d glucose were incorporated into the g lycoalkalo ids of potato 
sprouts; the percent of incorporat ion was less for these precursors than for 
meva lon i c a c id . T h e y also observed that certain chemicals effectively re 
d u c e d a l k a l o i d synthesis i n the sprouts. 

Stress metabolites i n plants are synthesized b y a l ter ing either the 
s h i k i m i c a c i d , acetate-malonate, or acetate-mevalonate pathways or b y 
joint par t i c ipa t i on of a l l three pathways (84). E x p e r i m e n t a l evidence sug
gests that the biosynthesis of g lycoalkalo ids a n d terpenoid compounds i n 
stressed potatoes involves the use of the same pathway . Ozeretskovskaya 
et a l . (36) observed a decrease i n the g lycoa lka lo id l eve l i n damaged 
potato tissue infected w i t h P. infestans a n d conc luded that the fungus 
c o u l d decompose the alkalo ids . T h e y also f o u n d that i n w o u n d e d tissue 
mevalonate was used to synthesize g lycoalkalo ids , but i n necrotic tissue 
( resu l t ing f r o m funga l in fect ion) g lycoalkalo ids were not formed, a n d a l l 
mevalonate was used to synthesize l u b i m i n a n d rishitin. S h i h et a l . (37) 
f o u n d that the accumulat ion of g lycoalkalo ids i n potato slices was sup
pressed w h e n the cut surface was inoculated w i t h P. infestans; this sup
pression was associated w i t h the accumulat i on of h i g h levels of r i sh i t in . 
I n further studies (85) us ing 1 4 C - l a b e l l e d acetate a n d mevalonate they 
f o u n d that the accumulat i on of the g lycoalkalo ids a n d r i s h i t i n i n potato 
tubers after cu t t ing or cut t ing a n d inocu lat ion w i t h P . infestans appeared 
to arise f r o m de novo synthesis v i a the acetate-mevalonate pathway . T h e 
b r a n c h po in t i n the synthetic p a t h w a y w h i c h leads to r i sh i t in or the 
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382 MYCOTOXINS 

glycoalkalo ids appears to be after mevalonate. P h y t u b e r i n , w h i c h is u s u 
a l l y p r o d u c e d a long w i t h r i s h i t i n w h e n resistant varieties of potatoes are 
in fec ted w i t h P . infestans, is be l i eved to be synthesized b y a p a t h w a y 
different f r o m r i s h i t i n . I n studies (86) us ing 2-chloroethylphosphonic 
a c i d , w h i c h exhibits growth-regulat ing properties on certain plants , i t was 
f o u n d that the c h e m i c a l s t imulated p h y t u b e r i n synthesis i n potato slices 
inocu la ted w i t h P . infestans b u t h a d the opposite effect o n r i s h i t i n ac
c u m u l a t i o n i n the same tissue. F u r t h e r studies are needed to e lucidate the 
biosynthet ic p a t h w a y i n v o l v e d i n the synthesis of other stress metabolites. 

Future Research 
A b n o r m a l concentrations of various constituents i n potatoes a n d the 

p r o d u c t i o n of n e w or u n u s u a l compounds i n this w i d e l y used p lant food 
u n d e r various condit ions of stress have s t imulated m u c h research a n d 
concern for the effects of these compounds o n h u m a n heal th . T h e results 
of studies that have been conducted i n exper imental animals indicate that 
the g lycoalkalo ids are not on ly toxic b u t m a y be teratogenic i n certain 
animals . A l t h o u g h solanine is toxic for humans , deta i led studies are 
needed on the other g lycoalk la lo ids , terpenes, phenols , a n d other c o m 
pounds that accumulate i n response to various stress condit ions. I t is 
possible that some of the products resul t ing f rom the degradat ion of these 
compounds m a y also be toxic. 

T h e r e is a n e e d for a c ont inua l evaluat ion of n e w varieties of potatoes 
for the ir acceptab i l i ty a n d safety for humans . I n 1970 the L e n a p e var ie ty 
of potatoes was w i t h d r a w n f r o m commerc ia l use because of its h i g h glyco
a l k a l o i d content (87). I n future evaluations a l l k n o w n stress metabol ites 
s h o u l d be i n c l u d e d i n the screening process. P l a n t breeders shou ld be 
i n f o r m e d a n d aware of a l l non-nutr i t ive compounds that have been i d e n t i 
fied i n n o r m a l , hea l thy potatoes a n d condit ions under w h i c h a d d i t i o n a l 
compounds m a y be p r o d u c e d as a result of stress. T h e y should also have a 
knowledge of the types of compounds present i n nonedib le varieties of 
solanaceous p lants , so that i n the breed ing program, the possible in t roduc 
t i on of deleterious compounds to edib le varieties can be avo ided . 
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Toxic Furanosesquiterpenoids from 
Mold-Damaged Sweet Potatoes 
(Ipomoea batatas) 

LEO T. BURKA and BENJAMIN J. WILSON 

Center in Environmental Toxicology, Vanderbilt University, 
Nashville, Tenn. 37232 

Sweet potatoes (Ipomoea batatas) when infected with fun
gus or under certain other stress conditions produce several 
3-substituted furans; some of these have now been isolated 
and identified. Of these the hepatotoxic sesquiterpene 
ipomeamarone is perhaps the best known and has been in
vestigated for many years. As a result of outbreaks of pul
monary disease in cattle which consumed mold-damaged 
sweet potatoes, recent investigations have concentrated on 
the causative agents of this disease which has been described 
as atypical interstitial pneumonia. In addition to ipomeama
rone and other hepatotoxins, a series of 1-(3-furyl)-l,4-
dioxygenated pentanes has been isolated from sweet pota
toes infected with Fusarium solani. These compounds, espe
cially 1-(3-furyl)-4-hydroxy-1-pentanone (4-ipomeanol), show 
marked pulmonary toxicity in laboratory animals. It seems 
likely that these compounds are also the toxic factors in the 
bovine disease. The isolation, identification, synthesis, and 
toxicity of several of these furans are discussed. 

In response to stress conditions the sweet potato produces several metab-
olites which normally are absent or present in only minute amounts. 

These stress metabolites are formed under a variety of conditions includ
ing fungus infection, treatment with heavy metal salts and other com
pounds (1), and mechanical injury from slicing (2) or weevil infestation 
(3). The known stress metabolites fall into two general classes: hydroxy-
cinnamic acid derivatives (including coumarins) and furanosesquiterpenes. 
Although several of the cinnamic acid derivatives seem important to the 
defense mechanism of the plant (4), the emphasis of this review focuses 
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388 MYCOTOXINS 

o n the furan metabolites since some of these are apparent ly causative 
agents i n the enzootics of l ivestock po i son ing that result f r o m ingest ion of 
mo ld -damaged sweet potatoes (5 , 6 ) . T h e furans thus far ident i f ied f a l l 
into two categories: those conta in ing a n o r m a l unrearranged sesquiter
pene skeleton, a n d those conta in ing less than fifteen carbon atoms b u t re 
t a i n i n g the sesquiterpene skeleton. T h e latter compounds are p r o b a b l y 
the result of metabo l i c degradat ion of the sesquiterpenes. 

A m o n g the stress metabolites p r o d u c e d b y the sweet potato i m -
pomeamarone ( 1 ) is perhaps the best k n o w n . T h e c o m p o u n d was first 
iso lated b y H i u r a ( 7 ) , a n d early s tructura l studies were p e r f o r m e d b y 

several Japanese groups (8, 9, 10). F i n a l structure determinat ion was 
accompl ished b y K u b o t a a n d co-workers (11). 

Structura l determinat ion was based p r i m a r i l y on ident i f i cat ion of the 
products of oxidat ive degradat ion. Ozonolys is of 1 gave t w o products : 
ipomeanic a c i d ( 2 ) a n d i p o m i c lactone ( 3 ) ( I I ) . T h e latter was con
ver ted to m e t h y l anhydro ipomate ( 4 ) b y saponif ication, dehydrat i on , a n d 
reesterfication. T h e semicarbazone of 4 was ozonized ; m e t h y l l evu l inate 

1 

H 0 2 C Ό ' C H 2 C C H 2 C H (CH3) 2 

Ο 

2 

O' Ό ' C H 2 C C H 2 C H ( C H 3 ) 2 

Ο 

3 

Ο C H 3 

C H 3 O C C H 2 C H 2 C = C H C C H 2 C H ( C H 3 ) 2 4 
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18. B U R K A A N D W I L S O N Toxic Furanosesquiterpenoids 389 

a n d the bissemicarbazone of i sobuty lg lyoxa l were isolated. B a r b i e r - W i e -
l a n d decomposi t ion a l l o w e d the conversion of 2 to 3. C o m p o u n d 3 was 
subsequently synthesized. A l d e r - R i c k e r t degradat ion of 1 gave furan-3,4-

0 ι 
. / I ^ C H ^ C O E t — — 

(1) O H -

» I « Z n B r C H 2 C O E t + C H 3 C C H 2 C H 2 C O E t — 

, C H 3 o (2) S0C12 

O E t 
(3) C d ( C H 2 C H ( C H 3 ) 2 ) 2 

dicarboxy l i c a c i d ind i ca t ing that the furan r i n g i n Structure 1 must be 
^-subst i tuted. T h i s in format ion , c o up le d w i t h identi f icat ion of the ozo-
nolysis products established Structure 1 as ipomeamarone except for the 
stereochemistry about the tetrahydrofuran r i n g . 

C o n t e m p o r y w i t h Kubota ' s work , groups f r om A u s t r a l i a were inves t i 
gat ing ngaione, a toxic p r i n c i p l e of the N g a i o b u s h (Myoporum laetum) 
a n d re lated plants, w h i c h was first descr ibed b y M c D o w a l l (12, 13, 14). 
T h e s imi lar i ty be tween ngaione a n d ipomeamarone was noted (15), a n d 
after some i n i t i a l confusion (16) they were establ ished as enantiomorphs 
(11, 17). T h u s the unusua l s i tuat ion exists i n w h i c h a major phytoa lex in 
of the sweet potato is the enantiomer of a n o r m a l constituent of several 
species of Myoporum a n d Eremorphila. 

A synthesis of racemic ipomeamarone was descr ibed b y K u b o t a ( I I , 
17). T h e last step i n this react ion sequence, treatment of the a c i d ch lo 
ride 6 w i t h d i i s obuty l c a d m i u m , gave the t r i cyc l i c ketone 7 as the 
major product a n d a m i n o r produc t ( 8 ) w h i c h was s imi lar to 1 b u t d i f -

0 
C C H 2 C O E t 

il 0 
Ο II Tvj a 

+ B r C H 2 C = C H C O E t J Benzene 
C H 3 

Ο Ο 
Il II 

.CÇHCH 2 O=CHC0Et 

Il Λ Ç=0 C H 3 ( 1 ) H * 
l / } O E t ( 2 ) C H 2 N 2 

O 
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390 MYCOTOXINS 

, C C H 2 C H 2 C = C H C O M e 

C H 3 A l ( O C H ( C H 3 ) 2 ) 3 

O H 
I 

, C H C H 2 C H 2 

Ο 
II 

= C H C O M e 

C H o (1) O H -
(2) (C0C1) S 

C d ( C H 2 C H ( C H 3 ) 2 ) 2 

, C H 3 

Ό ' ^ C H s C C H g C H i C H s i a 

O 

8 

ferent i n spectral characteristics. It was argued that since most of the cis 
a c i d ch lor ide c y c l i z e d to g ive 7, 8 must have a trans configuration about 
the te trahydro furan r i n g . Ipomeamarone, i t is postulated, must b e the 
corresponding cis c ompound . C o m p o u n d 8, so-cal led epingaione, has 
been isolated f r om Myoporum sp ( 1 8 ) . 

T o complete the synthesis of 1 K u b o t a re l i ed o n a react ion f r om the 
ear ly w o r k on ngaione, i.e., treatment w i t h potass ium acetate i n acetic 
anhydr ide to g ive the r ing -opened acetate 9 (12, 13, 14). T h e hydrolys is 
of 9 h a d been reported to give racemic 1, i m p l y i n g that cyc l i za t i on oc
c u r r e d to g ive the cis conf igurat ion at the tetrahydrofuran r i n g ( 1 6 ) . 
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18. B U R K A A N D W I L S O N Toxic Furanosesquiterpenoids 391 

K O A c 
AcoO 

O A c Ο 
I II 

C H C H 2 C H 2 C = C H C C H 2 C H ( C H 3 ) 2 

C H 3 

T h u s w h e n synthetic 8 was treated w i t h potassium acetate a n d acetic 
anhydr ide , then saponified, the c y c l i z e d mater ia l was ident i ca l to that 
obta ined b y treat ing n a t u r a l 1 i n the same w a y ( I I , 17 ) . 

A s a result of the need for a source of 1 to further investigate the 
tox ic i ty of ipomeamarone, B u r k a et a l . descr ibed a second synthesis of 1 
( 19 ) . I t was f o u n d that 9 c o u l d be synthesized i n good y i e l d f r o m 1-
i p o m e a n y l acetate (10) ( v i d e in f ra ) a n d the phosphonate W i t t i g 

O A c Ο 

C H C H 2 C H 2 C C H 3 

? ν 
+ ( C H 3 0 ) 2 P C H C C H 2 C H ( C H 3 ) 2 

θ 
10 11 

reagent 11. H y d r o l y s i s of 9 resulted i n f ormat ion of 1:1 mixture of 
epimers 1 a n d 8 w h i c h c o u l d be separated b y h i g h pressure l i q u i d c h r o m 
atography. T h e saponif ication was further invest igated b y scanning re 
peatedly the N M R spectrum of a solut ion of 9 i n methano l i c s o d i u m 
hydrox ide . It was de termined that 1 a n d 8 were f o rmed at about the 
same rate a n d that their re lat ive concentrations d i d not change w i t h 
equ i l ib ra t i on . A p p a r e n t l y the r i n g c losure is not stereospecific. 

T w o sesquiterpenes, w h i c h are s imi lar s tructural ly to 1 have been 
iso lated f r om m o l d - d a m a g e d sweet potatoes. T h e first of these, i pomea -
marono l (12) was s imultaneously isolated a n d identi f ied b y Y a n g et a l . 
(20) a n d b y K a t o et al. (21 , 22). T h e structure e luc idat ion was deter
m i n e d m a i n l y f r o m spectral data. O g u n i et al. recently reported the i so la 
t ion of dehydro ipomeamarone (13) f r o m C. fimbriata in fected sweet 
potatoes (23, 24, 15 ) . C o m p o u n d 13 h a d prev ious ly been isolated f r o m 
Anihenasia sp b y B o h l m a n n a n d R a o (26) a n d f r o m Myoporum sp b y 
H a m i l t o n et a l . ( 1 8 ) . N o synthesis of 12 or 13 has been reported . 
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392 MYCOTOXINS 

A n add i t i ona l sesquiterpene, 7 -hydroxymyoporone (14), has been 
isolated w h i c h does not conta in the t e t rahydro furan r i n g f o u n d i n 1, 12, 
a n d 13 ( 27 ) . C o m p o u n d 14 was ident i f i ed b y spectra l means a n d b y 
oxidative degradat ion to the a c i d 15 w h i c h i n t u r n was synthesized. 

0 0 
II 

, C C H 2 C H 2 C H C H 2 C C H C H ( C H 3 ) 2 

A: Ho 

14 

I 
O H IO4-

0 Ο 

A C C H 2 C H 2 C H C H 2 C O H 

C H 3 

15 

O g a w a a n d H i r o s e reported the presence of dendro las in (16) a n d 
the ketone 17 i n fuse l o i l r esu l t ing f r o m f e rmentat i on of sweet potatoes 
( 2 8 ) , but A k a z a w a c o u l d not establ ish the presence of 16 a n d 17 i n C . 
fimbriata in fected sweet potatoes ( 2 9 ) . 
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18. BURKA AND WILSON Toxic Furanosesquiterpenoids 393 

H H 
i I 

C H 2 C H 2 C = C C H 2 C H 2 C = C ( C H 3 ) 2 

C H S 

16 

C H 2 C H 2 C H 2 C H C H 2 C C H 2 C H ( C H 3 ) 2 

C H 3 

17 

Seawright a n d M a t t o c k s f o u n d that ngaione (the enantiomer of 1), 
epingaione, a n d ipomeamarone ( 1 ) are a l l hepatotoxic ; L D 5 0 values for 
the compounds center about 200 m g / k g ( 3 0 ) . Seawright a n d OTDonahoo 
made a deta i l ed s tudy of the patho logy of ngaione toxic i ty i n the mouse 
l iver (31). Invo lvement of organs other than the l i ver was not mentioned. 
T h e toxicities of compounds 12, 13, a n d 14 have not been studied i n de
t a i l , b u t apparent ly the compounds are hepatotoxic a n d are about as 
potent as 1 (18,20,27). 

Several compounds that h a v e been isolated f r o m mold -damaged sweet 
potatoes contain fewer t h a n fifteen carbons a n d seem to be formed as a 
result of sesquiterpene catabo l i sm. T w o of these are 3-furoic a c i d (18) 
a n d batat i c a c i d (19) ( I I ) . T h e structure of 19 was confirmed b y 

K u b o t a f r o m iso lat ing α -methy lg lutar i c a c i d after ozonolysis a n d f r o m 
synthesis of 19 (11). 

O f greater interest is a series of compounds conta in ing n ine carbon 
atoms w h i c h have been researched b y W i l s o n a n d co-workers for several 
years. W h e n this research began , ipomeamarone was the only sweet 
potato phytoa lex in whose t ox i c i ty h a d been studied. T h e p r i m a r y tar 
get o rgan i n cattle po i soned b y m o l d - d a m a g e d sweet potatoes was the 
l u n g (5 , 6). T h i s observat ion suggested that the hepatotoxic ipomea
marone m i g h t not b e the causat ive agent. R e a l i z a t i o n of this inconsistency 

18 19 
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394 MYCOTOXINS 

p r o m p t e d a search b y W i l s o n for a so-cal led l u n g edema factor i n sweet 
potatoes infected w i t h Fusarium sohni. A s a result of this search a c o m 
p o u n d caus ing l u n g edema i n mice was isolated b y us ing a combinat i on 
of c o l u m n chromatography a n d gas chromatography. T h e structure of the 
c o m p o u n d , 4 - ipomeanol ( 20 ) , was established b y spectral means ( 3 2 , 3 3 ) . 
Subsequent ly t w o s imi lar l u n g edemagenic compounds , 1- ipomeanol (21 ) 

3 

20 21 

C H C H 2 C H 2 C H C H 3 C C H 2 C H 2 C C H 3 

c i cS 
<r 0 

2 2 23 
a n d 1,4-ipomeadiol ( 22 ) , were isolated a n d identi f ied i n the same manner 
( 3 4 ) . A f our th c o m p o u n d i n this series, ipomeanine (23), h a d been iso
la ted f r o m C. fimbriata in fected sweet potatoes b y K u b o t a , b u t its toxic i ty 
apparent ly h a d not been invest igated (11). 

T o establ ish unequ ivoca l l y the structure of compounds 20—22 a n d to 
p r o v i d e mater ia l for further testing, each was synthesized as s h o w n b e l o w 
( 3 4 ) . Ipomeanine h a d prev ious ly been synthesized b y K u b o t a , a n d that 
synthesis is i n c l u d e d i n the scheme. T h e syntheses are s tra ight forward 
a n d prov ide a good source for these interest ing compounds . 

C o m p o u n d s 20-23 a l l demonstrated an acute p u l m o n a r y tox ic i ty i n 
rodents w h i c h was indis t inguishable f r o m the acute response p r o d u c e d b y 
admin is ter ing crude extract f r o m F . sohni in fected sweet potatoes. T h e 
L D 5 0 of the synthetic edemagens ranges f r o m : 25 m g / k g for 23 to 67 
m g / k g for 22 — IP , male m i c e ( 34 ) . I t shou ld be noted that these c o m 
pounds are cons iderably more toxic than ipomeamarone. 

T h e l u n g edemagens demonstrate a specific toxic act ion o n the lungs. 
M i c e w h i c h d i e d w i t h i n 24 h r of toxicat ion d i d not show ( b y l i ght m i c r o 
scopy) signif icant patho logy i n organs other than the lungs. I n m i c e sur
v i v i n g the i n i t i a l p u l m o n a r y attack r ena l necrosis was often observed 
several days after admin is t rat i on of 21 a n d 22 ( 3 4 ) . 
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18. BURKA AND WILSON Toxic Furanosesquiterpenoids 395 

Ο 

B r C H 2 C C H 3 

E t O " // w 

ο 0 
II II 

JCÇHCH2CCH3 

C O E t 
II 
Ο 

O H -
23 

N a B H 4 22 

B o y d et a l . invest igated the d i s t r ibut i on of r a d i o l a b e l e d 20 i n the rat. 
Rad ioac t i v i ty is r a p i d l y a c cumula ted i n the lungs, l i ver , a n d k idneys a n d 
remains i n these organs l ong after most of the rad ioac t iv i ty has been 
e l iminated f r o m the rest of the b o d y ( 3 5 ) . I t has been postulated that 
the p u l m o n a r y toxic i ty is associated w i t h the covalent b i n d i n g of 20 
or a metabol i te of 20 to macromolecules i n the lungs ( 3 6 ) . 

T h e e laborat ion of f u r a n o i d metabolites i n m o l d - d a m a g e d sweet 
potatoes has, not unexpectedly , i n s p i r e d considerable interest i n the ir 
biogenesis. N e a r l y a l l the in fo rmat ion o n the biosynthesis of furanoter-
penoids i n the sweet potato has been d e r i v e d f r o m Japanese w o r k a n d 
relates p r i m a r i l y to ipomeamarone . These studies have been confined to 
sweet potato s t imulat ion w i t h the b lack-rot organism C. fimbriata. T h e 
nature of the st imulus w h i c h modifies sweet potato metabo l i sm is not c lear 
b u t appears to have a somewhat specific et io logic basis since on ly cer ta in 
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396 MYCOTOXINS 

H H H 
I 

Ç H 2 C = C C H 2 C H 2 C = C C H 2 C H 2 C = C ( C H 3 ) 2 

O H C H 3 C H 3 

τ 

24 

CH2C==CCH2CH2C=ÇCH2CH2C=C (CH3) 2 

O H C H C H 3 

o / 

25 

H H 

^^CH2CH2C=ÇCH2CH;2C=C ( CH3 ) 2 ^ 1 6 

0 

C H 3 

26 

O H H 
Il I I 

C C H 2 C = C C H 2 C C = C ( C H 3 ) 2 

? 

27 

H H 

C H C H 2 C H 2 C = C H C C = C ( C H 3 ) 2 » 13 * 1 

C H 3 O 

28 

f u n g i are capable of i n d u c i n g these toxic metabolites. I n fact, some strains 
of C . fimbriata i so lated f r o m sources other t h a n sweet potato st imulate 
furanosesquiterpene p r o d u c t i o n m i n i m a l l y or not at a l l (37, 3 8 ) . 

T h e incorporat ion of acetate (29, 38, 39, 40,41), mevalonate (29, 40, 
42), py ruvate (41), c i trate (41), e thanol (43), l euc ine (44), a n d farnesol 
( 45, 46) into ipomeamarone has been demonstrated. L i t t l e exper imental 
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18. B U R K A A N D W I L S O N Toxic Furanosesquiterpenoids 397 

in format ion is ava i lab le concerning the steps i n the b iosynthet ic p a t h w a y 
b e y o n d farnesol . I n the ir studies o n furanosesquiterpenes f r o m the N g a i o 
tree a n d re lated plants Suther land a n d P a r k suggested that furano
sesquiterpenes f r o m those sources c o u l d result f r o m ox idat ion of a l l y l i c 
carbons i n farnesol f o l l owed b y cyc l i za t i on (47). B y a p p l y i n g this idea to 
biosynthesis i n the sweet potato a p a t h w a y can be postulated. F a r n e s o l 
(24) c o u l d be ox id i zed to oxofarnesol (25) w h i c h c o u l d cyc l i ze to h e m -
iacetal 26 a n d undergo 1,4-dehydration to f o r m dendro las in (16). 
F u r t h e r modif ications of 16 c o u l d account for f ormat ion of the r e m a i n i n g 
furanosesquiterpenes—e.g. , a l l y l i c ox idat ion to g ive 27 f o l l owed b y reduc 
t i o n of one of the keto groups a n d rearrangement of a doub le b o n d to 
g ive 28 w h i c h c o u l d cyc l i ze M i c h a e l - f a s h i o n to g ive 13. T h e conversion 
of 13 to 1 b y C. fimbriata in fected sweet potatoes has been demonstrated 
b y O g u n i a n d U r i t a n i (23,25). Var iat ions i n this scheme w o u l d a l l o w for 
f o rmat ion of the other observed products . Since 16 has not been f o u n d i n 
C. fimbriata in fected sweet potatoes, i t m a y be that ox idat ion at other 
sites precedes furan r i n g format ion l ead ing to 27 or some s imi lar precursor 
w i t h o u t the intermediacy of 16. 

T h e biosynthet ic o r i g in of the furans w h i c h comprise the l u n g edema 
factor is not yet clear. I t is possible that the compounds are f o rmed f r o m 
metabo l i sm of the C-15 compounds b y the sweet potato, b y the fungus, 
or both . F o r instance one can imag ine hydrolys is of the tetrahydrofuran 
r i n g i n ipomeamarone to f o rm the β-hydroxyketone 29 w h i c h after a 
re troa ldo l react ion w o u l d give 1-ipomeanol. F u r t h e r ox idat ion or reduc 
t i o n of 21 w o u l d l ead to the other l u n g edemagens. W e recent ly iso lated 
a c o m p o u n d s imi lar to 29, 4 -hydroxymyporone (30), i n w h i c h ox idat ion 
of the carbon adjacent to the furan r i n g has taken p lace ( 4 8 ) . It seems 
l i k e l y that this c o m p o u n d is a key intermediate i n the biosynthesis of the 
l u n g toxins. 

O H O H Ο 
I ! II 

C H C H 2 C H 2 C C H 2 C C H 2 C H (C H 3) 2 
1 0 

C H 3 II 
21 + C H 3 C C H 2 C H ( C H 3 ) 2 

29 

Ο O H 0 
II I II 

C ! C H 2 C H 2 C C H 2 C C H 2 C H ( C H 3 ) 2 

C H 3 

30 
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398 MYCOTOXINS 

Extens ive research remains to be done on the sweet potato stress 
metabolites. L ives tock po ison ing general ly occurs after acute exposure to 
the toxins; the chronic effects of these compounds have not been invest i 
gated. Study of the effects of chronic exposure seems important espe
c i a l l y w i t h respect to h u m a n health . R e l i a b l e ana ly t i ca l techniques are 
avai lab le on ly for ipomeamarone. I t is imperat ive that suitable ana ly t i ca l 
procedures for the l u n g edemagens be developed i f the i m p l i c a t i o n to 
hea l th is to be e luc idated . 

T h e pharmaco log i ca l aspects of the toxic i ty of the l u n g edemagens 
also prov ide a n area for further research. There are f e w k n o w n l u n g 
toxins, especial ly those exh ib i t ing the specif icity for the lungs s h o w n b y 
20 a n d 23. T h e reason for this specif ic ity or the mode of act ion of the 
toxins has not yet been establ ished. 

T h e biosynthesis of the stress metabolites is also incomple te ly under 
stood. F u r t h e r invest igat ion is needed not only to unders tand the inter 
mediate steps f r om acetate to ipomeamarone a n d the l u n g toxins b u t also 
to determine the tr igger ing mechanism for sesquiterpene metabo l i sm i n 
the sweet potato. 
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INDEX 

A 
Acetonitrile-hexane 101 
Acid(s) 60 

altenuic 347 
alternaric 348,353 
amino 308, 319 
aspergillic 68,77 
caffeic 374 
chlorogenic 369 
helvolic 68,86 
ipomeanic 388 
ipomic 388 
isocoumarin 72 
kojic 68,79,351 
mycophenolic 91 
neoaspergillic 78 
neohydroxyaspergillic 78 
3-nitropropanoic 68 
oxalic 68 
penicillic 41,90-105, 351 
phenolic 363 
shikimic 72,370 
tenuazonic 347,350,352 
terreic 68, 83 
trifluoroacetic 79 

Acute toxicity 54 
Adducts, Diels-Alder 186 
Aflatoxin(s) 27,51 

B i 51,59 
formation in peanuts 14,15 
in human disease 51 
levels in corn 10 
M i 62 
-producing isolates 18 
production of total 12 

Alfalfa 276 
Alimentary toxic aleukia 24 
Almond(s) 32,33,309 
Alkaloids 375 
Altenin 348,349,353 
Altenuene 345,346,350 
Altenuic acid(s) 345,347 
Altenuisol 345,346 
Altenusin 345,346 
Alternaria 297 

citri 304 
kikuchiana 304,305 
mali 304,305 
metabolites 344-354 

structure of 345 
toxicity of 351 

toxins 304 
nonspecific 306 

sohni 306 
tenuis 306 
zinniae 307 

Alternaric acid 348,353 
Alternariol 345,348-350 

methyl ether 345,353 
Altertenuol 345,346 
Altertoxins 348 
Amino acids 308,319 
Analysis of epipolythiodioxo

piperazines 270 
Analysis, qualitative methods for 

ochratoxin 281 
Analytical sample preparation . . . . 279 
Angles in some piperazine-3,6-

diones, bond 244 
Anhydrosproidesmin-B 252 
Animal incidents, mold-related . . . 24 
Apple 305 

juice 100,101 
Arachniotus aureus 270 
Arginine 98 
ARS 35 
Ascladiol 68,82 
Aspergillic acid 68,77 
Aspergillus 

candidus 21 
chevalieri 86 
clavatus 175,339 
flavus .2,5,7-10,12,15,17,18,25, 77 
fumigatus 86,173 
glaucus 4 
niger 4 
ochraceus 13,15,20,68,276 
paraciticus 12,76 
terrius 86,270 
toxins 68 
versicolor 76 

A T A 24 
Austamide 68,80 
Averufanin 336 

Β 
B i , aflatoxin 51 
B i destruction in corn 65 
B i , fluorescence of 64 
Barley 178,277,319 
Beans 276 
Biological 

factors 13 
tests 288 

ochratoxin A 289 
Biosynthesis of gliotoxin 261 
Biosynthesis of trichothecenes . . . . 153 
Bipolaris 297 

maydis 299 
oryzae 303 
sacchari 301 
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404 MYCOTOXINS 

Bipolaris (Continued) 
sorokinianum 304 
toxins 297,318 

nonspecific 303 
victoriae 297 
zeicola 299 

Birch reduction 187 
Bisdethiomonothiomethylacetyl-

aranotin 241 
Blending of grain 7 
Bond angles and lengths in some 

piperazine-3,6-diones 244 
Brassicicolin A 348 
Brazil nuts 30 
Bread 104 
Brevianamide-E 269 
Butenolide 68 

C 
Caffeic acid, structure of 374 
Calonectria nivalis 144 
Calonectrin 146,157 
Cancer, human liver 51 
Capsicum 37 
Capsidiol 363 

structure of 362 
Carbon dioxide 11 
Carbon tetrachloride-carbon 

disulfide treatment 14 
7'Carboxyzearalane 225 
Carcinogenicity 110 
Cassava 54 
C D curves for gliotoxin 250 
Cereal grains 11 
α-Chaconini, structure of 360 
Chaetocin 241 
Chetomin 239,243 
Chlorogenic acid 364, 369 

structure of 374 
m-Chloroperbenzoic . . . 153 
Chronic toxicity 51 
Circular dichroism of epipoly

thiodioxopiperazines 248,249 
Cis-trans isomerization 196 
Citreoviridin 163 
Citrinin 41 
Claviceps paspali 176 
Claviceps purpurea 23 
Clavicin 91 
Claviformin 91 
Clavitin 91 
Cochliobolus 

fimbriata 395,396 
heterostrophus 331 
miyabeanus 331 
sativus 320 

Cochlioquinones 331 
Coffee 276 
Commingling of grain 7 
Contamination, mycotoxin 1 
Copra 34 
Corn 35,101,104,277,323 

aflatoxin levels in 10 
B i destruction in 65 

Cottonseed 33,34,104 
Coumarins 363 
Coumesteroi 361 

structure of 358 
Crotocol 149 
Curvularin 199 
Cysteine 98 
Cytochalasin ( s ) 338, 340 

A 337 
Β 338 

effect on morphogenesis 340 
C 339 
D 339 
Ε 68,84 

D 

Dairy products 37 
Dehydroaltenusin 345, 346,350 
Dehydrogliotoxin 236,237,250,252,270 
3,4-Dehydroisocoumarins 199 
Dehydrophomin 338 
7'-Dehydrozearalenone 183 
De-o-methyllasiodiplodin 199 
15-Desacetylcalonectrin 157 
Detection 204 
Diacetoxyscirpenol 148,158 
Diacetyl verrucarol 146 
Dichlorodisulfide 239 
Dichroism of epipolythiodioxo

piperazines, circular 248-249 
Dideoxyzearalane 225 
2,4-Dideuteroxyzearalenone 213 
Didymella applanata 308 
Dieckmann condensation 224 
Diels-Alder adducts 186 
Differences, fungal strain 17 
Differences, plant varietal 16 
Dihydroxytrichothecene 154 
6',8'-Dihydroxyzearalene 183 
8'-Dihydroxyzearalenone 182 
3,3'-Di-indolyl 241 
2,4-Dimethoxyzearalenone 213,214 
Disease, aflatoxin in human 51 
Disease resistance in plants 357 
Disulfides 243-252 
Dithiocarbonate 239 
Dithiols 239 
Di-TMS-ether of zearalenone, mass 

spectrum of 219 
2,3-Ditrimethylsilyloxyzearalenone 213 
D N A 90,100,101 
Drechslera 318 

victoriae 319 
Dried fruits 37 

Ε 

E. coli 155 
Echinulin 269 
Effect of 

carbon tetrachloride-carbon 
disulfide treatment 14 
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INDEX 405 

Effect of (Continued) 
gas mixtures 12 
phosphine treatment 14 
relative humidities 12 

Elimination of 
sulfur from epipolythiodioxo

piperazines 240 
sulfur, reductive 240 
sulfur under acid or basic reac

tion conditions 241 
Enzymes 94 
Epipolythiodioxopiperazines 

analysis of 270 
circular dichroism of 248,249 
elimination of sulfur from 240 
by fungi, production of 233 
stereochemistry of 243 
synthesis of 256 

Epipolythiopiperazine-3,6-diones 228-271 
Episulfides 237 
12-Epitrichodermin 153 
Eremorphila 389 
Esculetin, structure of 364 
Ether formation 194 
Ethers of zearalenone, reaction con

ditions for forming various . . . 194 
Ethyl acetate 101 
Expansin 91 
Extract purification 281-283 
Extraction 279 

F 
Factors, biological 13 
Factors, chemical 11 
Filberts 32 
Fish 276 
Fluorescence of B i 64 
Formation, ether 194 
Formation, mycotoxin 3 
Formylation, Friedel-Craft 185 
2-Formylpiperazine 241 
5-Formylzearalenone 183 
Friedel-Craft formylation 185 
Fruits, dried 37 
F T A 163,169,173 
F T B 163,169,173 
Fumigacin 86 
Fumagillin 68,86 
Fumigatin 68, 86 
Fumitremorgens 163,173-174 
Fungal strain differences 17 
Fungi 

mycotoxin-producing 4 
phytopathogenic toxins from 296-314 
production of epipolythiodioxo

piperazines by 233 
saprophytic 4 
of Sitophilus oryzae 16 
toxigenic 1 
which produce mycotoxins . . . . 2 

Fungus infection 15 
Furanosesquiterpenoids, toxic . . 387-398 
Fusarenon-X 155,156 

Fusarial phytotoxic mycotoxins . . . 310 
Fusarium 4, 8,15,16,23 

culmorum 144,178 
graminearum 25 
moniliforme 178 
oxysporum 178 
roseum 178,179,181,183 
solani 394 
sporotrichieUa 24 
tricinctum 178 

Fusicoccin 309,313 
Fusicoccum amygdali 309 

G 
Gas mixtures, effect of 12 
Gattermann reactions 185 
Geranylnerolidol 331 
GibbereUa zeae 6,179 
Gliockdium spp 265,270 
Gliocladium frimbriatum 86 
Gliotoxin 68,86,232 

biosynthesis of 261 
C D curves for 250 

Glyceollin 359,366 
structure of 359 

Glycoalkaloids 371,379 
steroid 361 

Gossypol 363 
structure of 362 

Grain 36,276,319 
blending of 7 
cereal 11 
commingling of 7 

Grass 176 

H 
HeLa 100 
Helminthosporal 304,321 

A 312 
Β 312 

Helminthosporium 4,297,318 
carbonum 299,320 
maydis 16,299,319 
metabolites 332,333,337 
oryzae 303 
sacchari 301,319,321 

Helminthosporiumsativum 304 
Helminthosporoside 321 
Helvolic acid 68,86 
Hemigossypol, structure of 362 
2,4,5,5,7,7-Hexadeuterozearale-

none 214 
Histidine 98 
Host-specific toxins 297 
Human disease, aflatoxin in 51 
Human incidents, mold-related . . . 23 
Human liver cancer 51 
Humidities, effect of relative 12 
Hyalodendrin 260 
Hydrogénation 188 
Hydrogenolysis 188 
8'-Hydroxyzearalenone 183 
Hyperestrogenism 178 
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406 MYCOTOXINS 

I 
Identity of ochratoxins 288 
Induced immunity 357 
Infection, fungus 15 
Infection in peanuts 14,15 
Insect vectors 15 
Instrumental methods for quantita

tion of ochratoxins 287 
Iodosobenzene diacetate 259 
Impomeamarone 363,388 

structure of 364, 388 
Ipomeanic acid 388 

structure of 388 
Ipomeanine 394 
Ipomic acid, structure of 388 
Ipomic lactone 388 
Ipomoea batatas 387-398 
Isocoumarin acid 72 
Isoleucine 77 
Isomerization, cis-trans 196 
Itanthotoxin, structure of 364 

J 
Juice, apple 100,101 

Κ 
Kenya 51 
Kievitone, structure of 358 
Kojic acid 68,79,351 

L 
Lactone ring, modification of the . 191 
Lasiodiplodin 199,220 
Legumes 37 
Lengths of some piperazine-3,6-

diones, bond 244 
Leucine 77 
Leucopin 91 
Liver cancer, human 51 
Lot sampling 279 
Lubimin 377 

structure of 360,376 
Lysine 98 

M 
M i aflatoxin 62 
Maackiain 361 

structure of 359 
Macrolides, synthetic approaches 

to 199 
Maize 178 
Malonate 220 
Maltoryzine 68,84 
Marigolds 307 
Meat 101,276 
Mechanism of action of trichothe

cenes 154 
Medicarpin 361 

structure of 359 

Mellein 70 
Metabolites 290 

Alternaria 344-354 
Helminthosporium 337 

species 332—333 
ochratoxin-related 288 
stress 369—387 
structure of the Alternaria 345 
toxic 276 
toxicity of Alternaria . . 351 
of various Pénicillium species 110-139 

Methods 
of extract purification, qualitative 283 
of extract purification, quanti

tative ^ 282 
for ochratoxin analysis, qualita

tive 281 
for quantitation of ochratoxins, 

instrumental 287 
6-Methoxymellein 364 

structure of 364 
Methyl anhydroipomate 388 

structure of 388 
M I D 218 
Mineral nutrition 13 
Mitosis 100 
Mold-related animal incidents . . .23,24 
Monoacetoxyscirpendiol 144 
Monobromozearalenone . : 211-213 
Morphogenesis, cytochalasin effect 

on 340 
Mutagenicity 110 
My coin c 91 
Mycophenolic acid 91 
Mycotoxin-producing fungi 4 
Mycotoxins, tremorgenic 163 
Mycotoxins, trichothecene 144 
Myoporum 389 
Myrothecium 4 

Ν 
Necrosis 297 
Neoaspergillic acid 78 
Neohydroxyaspergillic acid 78 
Neosolaniol 155 
3-Nitropropanoic acid 68 
Nivalenol 154 
1 3 C - N M R 150 
Noital 360,362 
Nutrition, mineral 13 
Nuts 276 

Brazil 30 
pistachio 31 

Ο 

Oats 36,101,277,319 
Ochratoxin ( s ) 39,68,276-295 

A 69,276 
biological tests for 289 

analysis, qualitative methods for 281 
Β 277 
detection of 285 
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INDEX 407 

Ochratoxin ( s ) ( Continued ) 
identity of 288 
quantitation of 285 

instrumental methods for . . . . 287 
methods, quantitative 280 
-related metabolites 288 
separation of 285 

Ophiobolane 314 
Ophiobolin A 314 
Ophiobolins 314,323 
Ophiobolins (table) 327 
Oxalic acid 68 
Oxidation 189 
Oxidizing agents 59 
Oxygen 12 

Ρ 
PA 163 
Paspalum notatum 176 
Paspalum staggers 176 
Pathotoxins 297,319 
Patulin 42,90-105,351 
PB 163 
PC 163 
Peach 309 
Peanuts 7,11,27-30,104 

aflatoxin formation in 14,15 
infection in 14,15 

Peas 276 
Pecans 32,33 
Penicidin 91 
Penicillic acid 41,90-105,351 
Pénicillium 

brevi-compactum 123-125 
chrysogenum 17,122 
citrinum 2 
crustosum 164 
cyclopium . . . . I l l , 114,115-119,164 
dilatatum 176 
duponti 2 
expansum 103,122 
frequentans 137 
funiculosum I l l , 126-127 
infestans 377 
islandicum I l l , 129-137 
fonosum 174 
martensii 104 
oxalicum 111,121-122 
palitans 164 
patulum 128 
plicatulum 176 
puberulum 164 
purpurogenum 111,135 
rubrum 25 
species v 16 

metabolites of various 110-139 
terlikowskii 261,265,270 
urticae 103,128 
variable 135 
viridicatum 13,20,68,111, 

114,119-121,276 
Penitrems 163 
Peppers 37 

Periconia circinata 307 
Phaseollidin, structure of 358 
Phaseollin 357,366 

structure of 358 
Phaseollinisoflavan, structure of . . 358 
Phenolic acids 361,363 
Phenolic compounds 374 
Phenols 374 
Phenylalanine 263 

deaminase 374 
Phenylhydrazine 101 
Phomin 338 
Phomine 338 
Phosphine treatment, effect of . . . 14 
Phosphorylated sugars 298 
Phyllosticta maydis 308 
Phytoalexin theory 357 
Phytoalexins 356-366,370 
Phytoalternarins 353 

A 348 
Phytohormones 314 
Phytopathogenic toxins from 

fungi 296-314 
Phytophthora infestans . . .370,373, 378 
Phytotoxic mycotoxins, fusarial . . . 310 
Phytotoxicity 353 
Phytotoxins 296,310 
Phytuberin 377 

structure of 360,376 
Piperazine-3,6-diones, bond angles 

and bond lengths in some . . . 244 
Piperazine-3,6-dione-frans-2,5-

dithiols 238 
Pisatin 357 

structure of 358 
Pistachio nuts 31 
Plant stress 13 
Plant varietal differences 16 
Pleomorphism 96 
Polyacetylenes 364 
Polyhydroxyanthraquinones 323 
Polyhydroxyanthraquinones 

(table) 325 
Polyhydroxyxanthones 323 
Potato 361 

sweet 387,398 
white 369-387 

Production of epipolythiodioxo
piperazines by fungi 233 

Production of total aflatoxins 12 
Protein synthesis 90 
Purification, qualitative methods of 

extract 283 
Purification, quantitative methods 

of extract 282 
Pyrenophorin 334 

Q 
Quadrilineatin 348 
Qualitative methods of extract 

purification 283 
Qualitative methods for ochratoxin 

analysis 281 
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408 MYCOTOXINS 

Quantitation of ochratoxins, instru
mental methods for 287 

Quantitative methods of extract 
purification 282 

Quantitative ochratoxin methods . . 280 

R 

Radicicol 220 
Raney nickel 179 
Ravenelin 323 
Reactions 

Gattermann 185 
Riemer-Tiemann 185 
of zearalenone 184 

Reduction, Birch 187 
Reductive elimination of sulfur . . 240 
Relative humidities, effect of 12 
Reshitinol, structure of 360 
Resorcylic acid lactone 179 
Respiration 304 
Reye's syndrome 51 
Rhizoctonia sohni 16 
Rhizopus I l l 
Rice 24,36,322 

weevil 16 
Riemer-Tiemann reactions 185 
Rishitin 361,377 

structure of 360,376 
Rishitinol 377 

structure of 376 
R N A 59,90,100,101 
Roridins 145,147 
RSH 98,99 
Rye 101,277,319 

S 
Safynol, structure of 364 
Sample preparation, analytical . . . 279 
Sampling, lot 279 
Saprophytic fungi 4 
Sausage 104 
Scirpentriol 157,159 
Scopoletin 375 

structure of 374 
Scopolin 369,375 

structure of 360,374 
Seed oil 35 
Separation 284 
Sesquiterpene 144 
Shifts for protons in zearalenone, 

chemical 207 
Shikimic acid 72,370 
Siccanin 334 

precursors of 336 
Sirodesmin-B 255 
Sirodesmin-C 253 
Sitophilus oryzae, fungi of 16 
Soapstock 60 
Solanidine 373 
α-Solanin, structure of 360 
Solanine 369,380 

Solanum dulcamara 375 
Solanum tuberosum 369 
Sorghum 36,101,319 
Soybeans 104 
Spectroscopy of zearalenone, PMR 207 
Spices 276 
Spinulosin 68, 86 
Sporidesmin 232,236, 237 

Ε 253 
etherate 253 

F 260 
G 255 

Stachybotrys alternans 25 
Stachybotrys atra 145 
Stachybotryotoxicosis 145 
Stereochemistry of epipolythiodi

oxopiperazines 243 
Sterigmatocystin ( s ) 68,73,318,335,336 
Steroid glycoalkaloids 361 
Stress metabolites 369-387 
Stress, plant 13 
Structure of 

Alternaria metabolites 345 
caffeic acid 374 
capsidoil 362 
α-chaconini 360 
chlorogenic acid 360, 374 
coumesteroi 358 
esculetin 364 
glyceollin 359 
gossypol 362 
hemigossypol 362 
impomeamarone 364,388 
impomeanic acid 388 
ipomic acid 388 
itanthotoxin 364 
kievitone 358 
lubimin 360,376 
maackiain 359 
medicarpan 359 
6-methoxymellein 364 
methyl anhydriopomate 388 
phaseollidin 358 
phaseollin 358 
phaseollinisoflavan 358 
phytuberin 360,376 
pisatin 358 
rishitin 360,376 
rishitinol 360, 376 
safynol 364 
scopoletin 374 
scopolin 360,374 
α-solanini 360 
umbelliferone 364 
vergosin 362 
wyerone 359 

Substrate, nature of 12 
Sugars, phosphorylated 298 
Sulfur 

from epipolythiodioxopipera
zines, elimination of 240 

reductive elimination of 240 
under acid or basic reaction con

ditions, elimination of 241 
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INDEX 409 

Sunflower 307 
Sweet potato . . . 363,387-398 
Syndrome, Reye's 51 
Synthesis 

of dehydrogliotoxin 257 
of epipolythiodioxopiperazines . . 256 
protein 90 
of trichodermin 151 

Τ 
T-2 toxin 155 
Tautomerism 93 
Temperature 6 
Tentoxin 353 
Tenuazonic acid 347,350,352 
Teratogenicity 110 
Tercinin 91 
Terpenes 377 
Terreic acid 68, 83 
Terrein 68 
Tests, biological 288 
Tests for ochratoxin A , biological . 289 
Tetrasulfides 255,256 
Thailand 51 
Thioacetals 238 
Thiosulfate 98 
T L C 102 
T M S 218 
Tobacco 104 
Toxic furanosesquiterpenoids . .387-398 
Toxic metabolites 276 
Toxicity 

acute 54 
of Alternaria metabolites 351 
chronic 51 
trichothecene 159 

Toxigenic fungi 1 
Toxins 

Alternaria 304 
Aspergillus 68 
Bipolaris 297 
from fungi, phytopathogenic .296-314 
host-specific 297 
nonspecific Alternaria 306 
nonspecific Bipolaris 303 
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