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I. INTRODUCTION 

In common with most other toxicants, fungicides have come in for 
their share of research as metabolic inhibitors. And by the same token, 
most of the research has been done with working fungicides—those whose 
dramatic performance in disease control has attracted attention to their 
possible mode of action. 

As far as we know, no working fungicide has been developed from a 
known antimetabolite. We might as well note, too, that despite a large 
array of data on metabolism, we have few or, perhaps, no cases where the 
whole of the activity of a working fungicide can be ascribed to a specific 
metabolic inhibition. 

Metabolic inhibitors usually interact directly with metabolites or 
enzymes, or compete with metabolites. They may act also as physical 
toxicants by destroying the integrity of cellular structures, without which 
the orderly sequence of vital processes cannot proceed. The various path
ways to metabolic inhibition are not mutually exclusive. We shall see that 
many individual fungicides inhibit metabolism in more than one way or 
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at more than one stage in the metabolic sequence. The action of the 
successful fungicide, then, may be better compared to a shotgun blast than 
to a single shot from a sniping rifle. This is a major difference between 
most fungicides and other useful metabolic inhibitors, such as medical 
chemotherapeutants. The differences arise from the manner in which 
fungicides are sought. Medically useful compounds are screened for use 
on one species, man, and against a limited number of pathogens. Fungi
cides, however, must work on many kinds of plants or materials, against 
a wide range of fungi. This is a broad-spectrum action not common in 
medicine. 

The discussion will be divided into sections devoted to the broad groups 
of fungicides, what they do to metabolism, and how they are presumed 
to do it. 

Because of limited space, we will not attempt to give exhaustive re
views of the literature, but rather discuss pertinent research. Expanded 
literature reviews may be found in Horsfall (1), Rich (2)} and Sisler and 
Cox ( S ) . 

II. INORGANIC FUNGICIDES 

A. Metals 

Copper in Bordeaux mixture is the best known metallic fungicide. I t is 
not, however, the most toxic of metallic cations, being exceeded by both 
silver and mercury (1). 

In spite of extensive research, argument still rages as to the properties 
of metallic cations that make them poisonous. Through most modern 
theories, however, runs the common theme that the toxicity of metallic 
cations is related to the stability of the bonding between the metals and 
reactive groups within the cell. Horsfall (1) correlated the toxicity of the 
various metals with the stability of their metal chelates, Shaw (4) with 
the insolubility of the metal sulfides, and Danielli and Davis (5) and 
Somers (6) with the electronegativity of the metal ion. 

When metallic ions react with important cellular groups, the reaction 
may not be a simple substitution. Metals may break disulfide bonds, as 
in the reduction of cystine to cysteine, with the subsequent formation of 
mercaptides (7, 8). The opposite is also true. Metallic ions may aid for
mation of disulfide bonds; for example, cupric ions react with cystine to 
give cuprous cysteinate and cystine [9). 

How do metallic ions affect enzyme systems in vitro? Owens (10) 
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tested a series of metallic cations against four separate enzymes con
sidered to be amino-dependent, sulfhydryl-dependent, iron-dependent, 
and copper-dependent. Mercury inhibits all four enzymes. This is ex
pected, as mercury forms strong bonds with both sulfhydryl and amino 
groups and denatures proteins. Copper inhibits the amino- and sulfhydryl-
dependent enzymes but has no effect on the metal-dependent enzymes. 
Copper should have replaced the iron in the iron-dependent enzyme, but 
did not appear to do so in Owens' studies. Zinc presumably has a particu
lar affinity for the amino-dependent enzyme and inhibits it, but not the 
others. Iron has little effect on any of the four enzymes. Presumably, iron 
cannot form sufficiently strong bonds with amino or sulfhydryl groups to 
inhibit enzymes dependent upon them; nor would iron be expected to 
displace copper in the copper-dependent enzyme. 

Byrde et al. (11) reported that cupric ion inhibits a number of sulf
hydryl-dependent enzymes isolated from Sclerotinia laxa. Here again 
cupric ion showed little or no inhibition of iron-dependent enzymes. 

Now for the effect of metals on the living fungus. McCallan et al. (12) 
found that in every species they tried spore germination is more sensitive 
to metal poisoning than is spore respiration. The differences, however, are 
small for silver, mercury, or copper. Greater differences in sensitivity of 
respiration and germination showed up in a number of fungi when their 
spores were treated with cadmium or zinc. The spore germination of 
some fungi is 10-500 times more sensitive to cadmium and zinc than 
is their respiration. 

A surprising effect was the actual stimulation of Neurospora spore 
respiration by sublethal doses of silver. This effect is probably caused by 
the increased permeability of silver-treated spores, allowing easier en
trance of metabolites. 

McCallan and Miller (13) found that the mycelial respiration of some 
fungi is more sensitive to metal poisoning than is mycelial viability. In 
most cases the two functions are about equally sensitive. Respiration of 
mycelium is usually more sensitive to metal poisoning than is the respira
tion of spores. The opposite appears to be true for viability. Spore 
germination is usually more readily poisoned by metals than is mycelial 
growth. 

I t appears, then, that the more potent metallic ions—silver, mercury, 
and copper—usually inhibit both spore germination and spore respiration. 
The exception is copper sulfate, which is an effective poison for the 
germination of Aspergillus spores but has practically no effect on their 
respiration. The less potent metallic ions—cadmium, zinc, and cerium— 
often inhibit spore germination with little or no effect on spore respiration. 
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Some metallic ions, such as silver, destroy the integrity of semipermea
ble membranes, allowing metabolites to leak out (14)-

Recently, Siegel and Crossan (15) studied the effect of sublethal doses 
of copper sulfate on the mycelial metabolism of the fungus Colletotrichum 
capsici. Copper cations inhibit both exogenous and endogenous respira
tion, and reduce both the reserve sugars and the free amino acids. Copper 
has very little effect on the bound amino acids of the fungus, except to 
increase the amount of valine and tyrosine. 

Metallic ions can change fungus morphology without appreciably re
ducing growth. Nickerson and van Rij (16) converted a budding strain of 
bakers' yeast and changed a mycelial strain into a budding strain by 
feeding it cysteine. Nickerson and van Rij proposed that the cell wall 
of the yeast contains reducible disulfide bonds which control cell division. 
When the disulfide bonds are reduced, either enzymically or chemically, 
the yeast buds. When the sulfhydryl sites of the budding yeast are blocked 
by cobaltous ions or penicillin, the yeast becomes mycelial. Nickerson and 
Falcone (17) actually demonstrated the presence of reducible disulfide 
bonds in cell wall protein of bakers' yeast. 

Surprisingly, copper does not give the cobalt effect (16); this in spite 
of the greater avidity of copper for sulfhydryl groups and the greater 
insolubility of the copper mercaptides. The answer may be that copper ion 
may not get into the cell fast enough to do its work. Cobaltous ion is very 
rapidly accumulated by yeast cells, even though it is not essential to their 
growth (18). 

Metallic fungicides do act as metabolic inhibitors. They can inhibit 
respiration and growth. In some cases, e.g., cobalt on yeast, they can stop 
cellular division without stopping growth. Sulfhydryl-dependent enzymes 
are usually inhibited by metallic fungicides. But inhibition by metallic 
cations is not limited to sulfhydryl-dependent enzymes, e.g., mercuric ion 
inhibits catalase and polyphenol oxidase. Here, the effect may be protein 
denaturation, rather than the binding of active sulfhydryl groups. Other 
possible toxic mechanisms of metallic ions are: (a) ion antagonism; 
(b) displacement of a metal essential to the activity of an enzyme; and 
(c) the formation of a poisonous organometallic complex with free cellular 
or extracellular constituents. 

B. Nonmetals 

The only important inorganic, nonmetallic fungicide is sulfur. It is 
used either in its elemental form or as lime-sulfur, a mixture of calcium 
polysulfides. 
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Sulfur in the form of lime-sulfur inhibits fungal enzymes in vitro. 
Byrde et al. (11) tested the effect of lime-sulfur on enzymes from S. laxa. 
Lime-sulfur strongly inhibits the iron-dependent enzymes, but surpris
ingly, has no effect on the copper-enzyme polyphenol oxidase. Elemental 
sulfur slightly inhibits metal-dependent enzymes in vitro (10). 

How does sulfur affect fungal metabolism? According to McCallan and 
Miller (19), sulfur added to spores in air with exogenous glucose de
presses oxygen uptake for 3-6 hours. The inhibition of oxygen uptake is 
concomitant with H 2 S production. After H 2 S production diminishes, there 
is a great burst of oxygen uptake and a subsequent drop to the level of 
the untreated spores. We interpret this to mean that sulfur first knocks 
out the aerobic respiration, perhaps by inhibiting cytochrome c. Mean
while the anaerobic cycle continues to produce pyruvate or a similar sub
strate, which piles up. Then, as the H 2 S production drops, the aerobic 
system revives. The accumulated substrate from the anaerobic system 
fuels the revived aerobic system to produce the burst of oxygen uptake. 
As the accumulated substrate is used up, the oxygen uptake declines to 
that of the untreated spores. 

Sulfur stimulates endogenous respiration. Total oxygen uptake of 
treated spores over a 12-hour period is about twice that of untreated 
spores (19). Analogous to this is the effect of 2,4-dinitrophenol ( D N P ) 
on yeast (20). In untreated yeast, under anaerobic conditions, endogenous 
C 0 2 production is very low. D N P treatment apparently stimulates 
mobilization of reserves, stimulating evolution of C 0 2 , and causes addi
tional ethanol production. Fungi treated with sulfur under anaerobic 
conditions and without glucose evolve additional C 0 2 concomitant with 
H 2 S production (19). 

In Neurospora sitophila conidia, colloidal sulfur, N a 2 S and Na2Sa. pre
vent the production of citrate from exogenous acetate, and cause succinate 
to increase, indicating a "blockage of enzymes in the pathway between 
acetate and citrate and at least partial inhibition of the succinoxidase 
system" (21). 

The action of sulfur in vivo may well be different from its effect on 
enzymes in vitro. Sulfur prevents the darkening of the mycelial pellets of 
Alternaria oleracea (19). This indicates inhibition of polyphenol oxidase 
and contrasts with the earlier statement that sulfur and lime-sulfur have 
little effect on polyphenol oxidase in vitro (10, 11). It may be that the 
H 2 S produced from sulfur by the living fungus is the actual inhibitor of 
polyphenol oxidase. H 2 S would not be produced from sulfur mixed with 
purified polyphenol oxidase in vitro. 

The role that H 2 S production plays in the fungitoxicity of sulfur is one 
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of the most intriguing problems in fungicide research. McCallan and 
Wilcoxon (22) concluded that H 2 S production is definitely related to 
sulfur fungitoxicity. Their sulfur-sensitive fungi produced more than a 
self-poisoning amount of H 2 S from sulfur. Their sulfur-resistant fungi 
did not. 

Later, Miller et al. (23) took another look at the problem and decided 
"that the role of hydrogen sulfide in the toxic action of sulfur to fungus 
spores may have been previously exaggerated." This conclusion was based 
on the following: (a) colloidal sulfur is usually much more toxic than 
H 2 S ; (b) Cephalosporin™ acremonium, which is "especially resistant," 
produces 10 times as much H 2 S as does the sulfur-sensitive Monilinia 
fructicola; (c) M. fructicola spores are killed after evolving 0.28 mg of 
H 2 S from sulfur, while an equal weight of Aspergillus niger spores ger
minated 97% after giving off 0.23 mg of H 2 S. 

As an alternative to the "toxic H 2 S" theory, Miller et al. proposed that 
"sulfur may exert its effect through its action as a hydrogen acceptor and 
therefore its interference in the normal dehydrogenation and hydrogena-
tion reactions." 

It appears to us, however, that the data used to unseat the H 2 S theory 
also unseats the substitute theory. If the amount of H 2 S produced is a 
measure of the activity of sulfur as a hydrogen acceptor, then those spores 
which produce the most H 2 S should be the most severely damaged. This, of 
course, is not so. 

Owens (21) suggested that free radicals of sulfur are formed in sulfur-
polysulfide-H 2S conversions and that it is these highly reactive, free 
radicals which are the toxicant. But again, the same contradiction arises. 
Those species that most actively produce H 2 S should most actively pro
duce free radicals and be most readily poisoned by sulfur. As before, this 
is not so. 

Perhaps the best way to resolve this question is to look at sulfur 
toxicity from the point of view of the fungus. Whether or not a fungus 
spore will be poisoned by a unit dose of sulfur depends on two things: 
first, the total number of vulnerable, vital sites within the fungus and, 
second, the amount of the dose which penetrates to these sites. For exam
ple, a spore which is inhibited when only 10 vital, vulnerable sites are 
attacked is much more susceptible to poisoning than a spore that requires 
the blocking of 1000 sites before it is inhibited. In other words, the more 
cellular sites competing for a toxicant, the less toxicant is available at 
each site. If some sites bind the toxicant without injury to the cell, an 
even smaller amount is available for toxic action. Further, given two 
species both requiring 1000 sites to be blocked, one may be much less 
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permeable to the poison and may, therefore, be considered more resistant. 
Let us now go back to the data of Miller et al. (23). Sulfur-resistant 

C. acremonium spores produce 10 times as much H 2 S from sulfur as does 
the same weight of sulfur-sensitive spores of M. fructicola. However, a 
unit weight of C. acremonium spores contains 150 times as many spores 
as the same weight of Μ. fructicola spores. Therefore, each Μ. fructicola 
spore is attacked by 15 times as much H 2 S as is each C. acremonium 
spore. As toxicity is measured by the response of individual spores, the 
production of H 2 S from sulfur may well be correlated with the fungi-
toxicity of sulfur. 

Now, how about the amount of sulfur entering the spore? Miller et al. 
emphasized that sulfur-resistant spores such as those of Stemphylium 
sarcinaeforme absorb sulfur poorly and thus produce much less H 2 S than 
do the more susceptible species. 

Again, correlating sulfur sensitivity with H 2 S production does not help 
us decide which of the three theories of sulfur action is correct. Perhaps 
all three are equally important to the fungitoxicity of sulfur. 

The production of H 2 S from sulfur by fungus spores is, then, the most 
prominent interaction between sulfur and spores, but it may or may not be 
directly related to sulfur toxicity. One point seems to be evident. The 
production of H 2 S appears to be closely geared to spore germination. 
Miller et al. reported that ground up spores produce no H 2 S from sulfur 
and that only viable spores can reduce sulfur to H 2 S. Spores treated with 
toxic amounts of sulfur or other fungicides lose their ability to evolve 
H 2 S from sulfur as they lose their germinability. Still, McCallan and 
Miller (19) found that spores may produce H 2 S from sulfur anaerobically, 
and fungus spores do not germinate without oxygen. 

III. ORGANIC FUNGICIDES 

A. Di thiocarbamates 

Derivatives of dithiocarbamic acid are the most widely used of the 
organic fungicides, and thus their ability to inhibit metabolism has been 
intensively studied. 

There are two groups: the dialkyldithiocarbamate, or D D C group, and 
the ethylenebisdithiocarbamates, based on the disodium salt. As disodium 
ethylenebis(dithiocarbamate) is called nabam, we shall refer to the 
ethylenebisdithiocarbamates as the nabam group. 
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1. D D C G R O U P 

The D D C fungicides are made by allowing dialkylamines to react 
with CS 2 . The most successful of the D D C fungicides are those derived 
from the dimethylamine. These are sodium dimethyldithiocarbamate or 
N a D D C (I) and its ferric and zinc salts, ferbam and ziram. Also in this 
group is tetramethylthiuram disulfide, or thiram (II) , the oxidation 
product of N a D D C . 

s s s 
II I I I I 

(CH 3) 2N—C—S Na (CH 3) 2N—C—S—S—C—Ν (CH 3 ) 2 

(I) (Π) 
According to Klopping (24), growth of A. niger and Penicillium 

italicum is affected by % 5 to % 0 o of the dosage of N a D D C that will 
affect respiration. He concluded that the D D C types as well as the nabam 
types "most probably act by interfering with certain assimilatory proc
esses." 

Klopping attributed the toxicity of the D D C group to the dithiocar-
bamate ions because depressing ionization depresses fungitoxicity and 
enhancing it increases fungitoxicity. 

D D C fungicides can inhibit enzymes dependent for activity on amino 
groups, on sulfhydryl groups, or on iron and copper (10). Chefurka (25) 
demonstrated that D D C fungicides strongly inhibit the sulfhydryl-
dependent enzymes glucose-6-phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase, isolated from houseflies, and that the inhibition 
could be partly alleviated by the addition of cysteine. From this he 
concluded that D D C fungicides act on sulfhydryl-dependent enzymes of 
the aerobic hexose monophosphate oxidation pathway of carbohydrate 
metabolism. 

Sisler and Cox (26) also thought that D D C compounds inactivate 
sulfhydryl enzymes, because (a) thiram inhibits fermentation by yeast 
of glucose, fructose-1,6-diphosphate, and glyceraldehyde-3-phosphate, 
and (b) the inhibition is alleviated by cysteine, glutathione, and diphos-
phospyridine nucleotide ( D P N ) . They concluded that thiram inhibits 
triosephosphate dehydrogenase. They presumed that the sulfhydryl com
pounds change thiram to a less active form and that D P N protects from 
oxidation the sulfhydryl groups necessary for the activity of triosephos
phate dehydrogenase. 

In Fusarium roseum, ziram inhibits synthetic processes that use up 
α-ketoglutarate, without inhibiting the glucose oxidation cycle that manu
factures keto acids (27). 
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Owens (28) noted a correlation between the ability of D D C fungicides 
to inhibit polyphenol oxidase in vitro and their toxicity to A. niger. He 
could demonstrate no correlation using Botrytis cinerea, P. italicum, and 
Rhizopus nigricans. As D D C compounds are powerful chelators, Owens 
suggested that metal inactivation may be a principal toxic mechanism of 
D D C fungicides against some fungi but not others. Metal inactivation as 
a toxic mechanism for D D C fungicides had been proposed earlier by 
Horsfall (29). 

One of the most interesting peculiarities of the D D C group is the bi-
modal dosage response curves first reported by Dimond et al. (SO). They 
found that toxicity of thiram to spores of S. sarcinaeforme increases as 
expected with increasing dosage up to a certain concentration. Then, sur
prisingly, more and more thiram becomes less and less toxic. Further 
increases in thiram dosage beyond this inversion point are again increas
ingly toxic. The bimodal dosage response to D D C fungicides was later 
found for Venturia inaequalis (SI), A. niger (82), and yeast (88). 

The currently accepted theory for the bimodal response is that of 
Goks0yr (S3), who worked with yeast. He theorized that N a D D C forms 
two types of chelates with the cupric ions in the growth medium. At the 
lower concentrations of N a D D C there is insufficient D D C ion to fully 
satisfy the bivalent cupric ions in the medium; hence, a copper-DDC 
half-chelate is formed: C u ( D D C ) + . This, Goks0yr concluded, is ex
tremely toxic. With the addition of more N a D D C , the C u ( D D C ) + 
becomes saturated to form the extremely stable full chelate C u ( D D C ) 2 . 
The full chelate is relatively nontoxic, and its formation at the expense 
of the half-chelate accounts for the dip in toxicity. More N a D D C after 
the complete chelation of the cupric ions allows the formation of the zinc, 
manganese, and iron dithiocarbamates. I t is the build-up of the latter 
meta l -DDC complexes that produces the second rise in toxicity. Goks0yr 
detected the presence of the various DDC-metal complexes spectrophoto-
metrically. 

From his enzyme inhibition studies (34), Goks0yr concluded that D D C 
compounds do not inhibit respiration by blocking ATP. Instead, he felt 
that the main injury to respiration is due to inhibition of succinic 
dehydrogenase. 

The mechanism of action of the D D C fungicides has also been investi
gated at van der Kerk's laboratory in Utrecht. The results of this work 
are summarized by Kaars Sijpesteijn and Janssen (35). 

They classified their test fungi into three groups, according to their 
sensitivity to N a D D C . The growth of the first, or "sensitive," group is 
inhibited by about 0.2 ppm of N a D D C . This group of organisms, which 
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includes Glomerella cingulata, does not show a bimodal response to 
N a D D C , but remains inhibited by any larger dose of N a D D C . 

The second group of fungi shows a "first zone of inhibition" at 0.5-2 
ppm of N a D D C ; then a "zone of inversion growth" as growth resumes at 
5, 10, or 20 ppm of N a D D C ; and a "second zone of inhibition" as the 
concentration of the fungicide exceeds 50 ppm. This group includes 
A. niger. 

The third, or "insensitive," group is inhibited only when the concentra
tion exceeds about 50 ppm of N a D D C . Fusarium oxysporum is an example 
of this group. 

N a D D C fungitoxicity can be alleviated by histidine and other imid
azole derivatives only when the concentration of N a D D C did not exceed 
50 ppm. From this the authors suggested that the toxic mechanism of 
low concentrations of N a D D C differs from that of higher concentrations 
of N a D D C . 

Kaars Sijpesteijn and Janssen explained their results as follows. The 
first, or "sensitive," group is sensitive to both C u ( D D C ) + and to 
C u ( D D C ) 2 . Hence, no inversion growth with G. cingulata. The second 
group of fungi is sensitive to C u ( D D C ) + but not to C u ( D D C ) 2 . A. niger, 
therefore, is not poisoned by the higher concentrations of N a D D C which 
combine with C u ( D D C ) + to give C u ( D D C ) 2 . This produces the zone of 
inversion growth. The third or "insensitive" group of fungi is not poisoned 
by either form of copper-DDC chelate. The "insensitive" fungi are 
poisoned only when all the metals in the growth medium are chelated, and 
free D D C - ions appear. Free D D C ~ ions are toxic to all three groups of 
fungi, as they are all poisoned by concentrations of N a D D C exceeding 
50 ppm. These authors emphasized the importance of free D D C - ions in 
the second zone of inhibition. In this respect, they differ from Goks0yr 
(33), who believed that the zinc-, manganese-, and iron-DDC chelates 
are the poisons in the second zone of inhibition. Kaars Sijpesteijn and 
Janssen supported their own view with the evidence that other metal-
binding compounds, such as histidine, reverse toxicity in the first zone of 
inhibition but not in the second zone of inhibition. They take this to mean 
that metal chelates are involved in the first zone but not in the second 
zone. 

Kaars Sijpesteijn and Janssen concluded from their own work and that 
of others that D D C fungicides inhibit enzymes having essential dithiol 
groups. They proposed that the enzymes inhibited are those that require 
dihydrolipoic acid as a coenzyme. 

Owens (21) analyzed organic acids in the conidia of N. sitophila treated 
with various fungicides. He found that thiram and ferbam, like elemental 
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sulfur, appears to inhibit at least one enzyme needed to form citrate from 
acetate. Ziram, however, does not have this effect. Instead, it inhibits 
metabolism of pyruvate and α-ketoglutarate. Owens concluded that the 
toxicity of elemental sulfur, thiram, and ferbam are related to the ability 
of these compounds to produce free radicals. The ziram effect is different, 
he argued, because ziram cannot produce free radicals. Owens also sug
gested that the ziram effect may result from the inactivation of aconitase. 
The essential iron of aconitase could be removed by ziram. The more 
stable iron-DDC chelate would form by taking the iron from aconitase 
and replacing it with zinc. 

The D D C fungicides, then, may inhibit metabolism in at least two 
ways. They may inactivate sulfhydryl-dependent enzymes, such as dehy
drogenases; or they may bind metals essential to such enzymes as poly
phenol oxidase or aconitase. 

2. N A B A M G R O U P 

Dimond et al. (36) first reported the fungitoxicity of nabam (III) . 
They noted particularly that when a thin film of the water-soluble nabam 
dries, the resulting fungitoxic residue has "tenacity." In other words the 
water-soluble nabam leaves a water-insoluble toxic residue when dried. 

S 
Η || 

H 2C—Ν—C—S—Na 

H 2C—Ν—S—S—Na 
Η || 

S 

(HI) 

Barratt and Horsfall (37), speculating about the toxic mechanism of 
nabam, suggested that it might act as a metal binder or possibly by 
releasing toxic H 2 S. Barratt and Horsfall mentioned the possibility of 
nabam breaking down to diisothiocyanate but concluded that the latter is 
too unstable to be a likely possibility. Significantly, they also reported 
that dry spray deposits of zineb, the zinc ethylenebis(dithiocarbamate), 
becomes more fungitoxic with age. They presumed that this increased 
potency "is due to the gradual formation in the spray deposit of a more 
toxic derivative." 

That nabam fungicides act by releasing toxic H 2 S was shown to be 
untenable by Rich and Horsfall (88). 



274 S. RICH AND J. G. HORSFALL 

Meanwhile, Klopping (24) proposed that nabam fungicides actually 
are toxic because they oxidize to diisothiocyanate. His argument is based 
on three observations. First, the comparative sensitivity of the four 
fungi he used is approximately the same for nabam fungicides and for 
diisothiocyanates. This comparative sensitivity he called the "biological 
spectrum." Second, the four fungi are much more sensitive to diisothio
cyanates than they are to the parent nabam fungicides. Third, nabam 
fungicides can be oxidized to give corresponding diisothiocyanates. 

The biological spectrum for the nabam fungicides is distinct from that 
of the D D C fungicides. Klopping therefore concluded that the toxic 
mechanisms of the two groups of fungicides are also distinct. 

Ludwig and Thorn (89) aerated large batches of commercial nabam 
and found that this treatment increased fungitoxicity. As the aerated so
lution became more toxic, nabam disappeared and was replaced by a new 
fungitoxic material which was identified as ethylenethiuram monosulfide, 
so-called ETM. Ludwig and Thorn concluded that the fungitoxicity as 
well as tenacity of nabam fungicides is caused by their oxidation to ETM. 
Later, Ludwig et al. (40) demonstrated that metallic ions catalyze the 
formation of isothiocyanates from ETM. This they could detect only in 
a nonaqueous medium (chloroform). Ludwig and Thorn (41) also found 
that trace amounts of managanese catalyze the oxidation of nabam to 
ETM. 

What do the metabolic studies tell us about the relation between 
nabam fungicides and isothiocyanates? As Klopping (24) also tested 
metabolic effects of these fungicides, we should begin with his work. He 
studied their effect on the 0 2 uptake of A. niger. For our purpose, his two 
most significant experiments were those testing nabam and tetramethyl-
enediisothiocyanate ( T D I ) . He could not use ethylenediisothiocyanate 
because it is too unstable. Klopping's experiments show that, although 
T D I is more potent than nabam as a growth inhibitor, nabam is by far 
the more potent inhibitor of 0 2 uptake. Thus, Klopping's own data show 
that they act differently. 

Before we present other pertinent studies, we should discuss the special 
status of sodium iV-methyldithiocarbamatae (IV). Klopping was the first 
to point out that this compound, although structurally reminiscent of the 
D D C types, actually is quite different. I t is more like a half-molecule of 
nabam sliced between the ethylene carbons. He noted that sodium 
iV-methyldithiocarbamate, because of the mobile hydrogen on the nitrogen 
atom, can break down to methyl isothiocyanate. In addition this com
pound gives a biological spectrum of the nabam class. 

If nabam fungicides act by producing isothiocyanates, we suggest that 
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S 
Η || 

(CH 3)N—C—S—Na 

(IV) 

sodium iV-methyldithiocarbamate or its breakdown product, sodium 
methylisothiocyanate, should give metabolic effects similar to those of 
nabam. Let us see if they do. 

In vitro, nabam completely inhibits polyphenol oxidase activity 
whereas sodium N-methyldithiocarbamate has very little effect on this 
enzyme (28). 

Owens included nabam fungicides and methyl isothiocyanate in his 
studies of the effect of fungicides on the organic acid metabolism of 
N. sitophila (21). Here again the nabam fungicides differ drastically from 
methyl isothiocyanate. Nabam fungicides inhibit citrate metabolism. 
Methyl isothiocyanate does not. Nabam fungicides do not affect the 
metabolism of malate, succinate, or α-keto acids. Methyl isothiocyanate 
strongly inhibits the metabolism of these acids. Owens suggested that 
nabam fungicides inhibit aconitase, whereas methyl isothiocyanate in
hibits essential dehydrogenases. 

Wedding and Kendrick (42) used Rhizoctonia solani to compare the 
toxicity of sodium iV-methyldithiocarbamate with that of its breakdown 
product methyl isothiocyanate. They measured the production of C 1 4 0 2 

from uniformly labeled glucose-C 1 4 by the mycelium of R. solani and 
found that both fungicides inhibit glucose metabolism, "but in a manner 
indicating different modes of action for the two toxicants." 

Wedding and Kendrick also measured loss of dry weight and leakage 
of P 3 2 - labeled cell constituents from the treated mycelium. The highest 
doses of sodium iV-methyldithiocarbamate caused the mycelium to lose 
30% of its weight and 50% of its leachable P 3 2 . In both cases, the losses 
increased with increasing concentrations of fungicide. In contrast, methyl 
isothiocyanate had practically no effect on cellular permeability. Wedding 
and Kendrick concluded that "iV-methyl dithiocarbamate and methyl 
isothiocyanate do not have a completely common mode of action." 

Ludwig and Thorn (43) compared isothiocyanate formation by D D C 
and nabam fungicides and the ability of these fungicides to inhibit en
zymes in vitro. For this study, they used Chefurka's (25) data on the 
inhibition of glucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase from the housefly. ETM, which produces isothiocyanate, 
and thiram, which does not, are equally strong inhibitors of both enzymes. 
Conversely, disodium tetramethylenebisdithiocarbamate, which produces 
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isothiocyanate, and ΛΓ,ΛΓ'-dimethylethylenethiuram monosulfide, which 
does not, are only very weak inhibitors of the housefly enzymes. The 
ability of these fungicides to produce isothiocyanates, then, has no rela
tionship to their action as inhibitors of Chefurka's enzymes. After study
ing the 20 years of research on the dithiocarbamate fungicides, Ludwig 
and Thorn concluded that "the two types of dithiocarbamate cannot be 
readily divorced"; and "much more research is obviously needed before 
any basic mode or modes of action can be firmly established." 

Our own studies suggest that the nabam fungicides produce most of the 
reactions of the D D C types and others besides. This greater reactivity is 
probably caused by the mobile hydrogen on the nitrogen atom that occurs 
in the nabam types, but not in the D D C types. 

B. Quinones 

Two of the most potent of fungicides are tetrachloro-l,4-benzoquinone 
or chloranil (V), and 2,3-dichloro-l,4-naphthoquinone or dichlone (VI). 
McNew and Burchfield (44) reviewed the literature on the biological and 
biochemical activity of quinones. They proposed that quinone fungicides 
may act by "binding of enzymes to the quinone nucleus by substitution 
or addition at the double bond, an oxidative effect on sulfhydryl enzymes, 
or a change in redox potential in some subjects such as gram-positive 
bacteria." 

Ο Ο 

Owens (45) found that quinone fungicides inhibit both amino-
dependent and sulfhydryl-dependent enzymes. Those compounds that 
strongly inhibit the enzymes are very fungitoxic. The reverse is not true, 
however; for example, 3,4-dichlorotoluene, which does not inhibit the 
enzymes, is also quite fungitoxic. Perhaps, living fungi convert 3,4-dichlo
rotoluene to a quinone and so poison themselves. Another anomaly is 
2-methyl-l,4-naphthoquinone which is very fungitoxic but does not inhibit 
Owens' enzymes. Owens ascribed the discrepancy to the water-insolubility 
of this compound. Earlier, Colwell and McCall (46) had shown that 
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2-methyl-l,4-naphthoquinone does, indeed, form addition products with 
sufhydryl compounds and that the fungitoxicity of this compound is 
alleviated by adding sulfhydryl compounds to the testing system. Colwell 
and McCall, however, raised another problem. They found that 2-methyl-
3-methoxy-l,4-naphthoquinone is a good fungicide in spite of its inability 
to form reaction products with sulfhydryl compounds. They concluded 
that the toxic mechanism of 2-methyl-3-methoxy-l,4-naphthoquinone 
must differ from that of other naphthoquinones. 

Owens and Miller (47) treated fungus spores with radioactive fungi
cides and then disintegrated the treated spores ultrasonically. Most of 
the absorbed dichlone appears in the water-soluble fraction. Only 15% 
of the dichlone in the water-soluble fraction is bound to water-soluble 
protein. That portion of the absorbed dichlone not in the water-soluble 
fraction is firmly bound to particulate fractions believed to be mitochon
dria and microsomes. Owens and Miller also observed that substances 
from N. sitophila spores react aerobically with dichlone to give at least 
five separate but unidentified brown and yellow products. 

Dichlone acts as an uncoupler of respiration and phosphorylation in a 
manner similar to the action of 2,4-dinitrophenol (48). Mahler et al. (49) 
earlier had found a similar burst of molecular oxygen when metalloflavo-
protein enzyme systems are treated with quinones. They suggested that 
quinones uncouple phosphorylations by diverting electrons from the 
enzymes to molecular oxygen. 

Owens and Novotny (48) believed that the "toxicity of dichlone is due 
to concomitant inhibition of phosphorylation, certain dehydrogenases and 
carboxylases and inactivation of coenzyme A. This involves many loci 
distributed throughout practically all major metabolic pathways, pre
cluding effective metabolic by-passes and growth." 

Dichlone inhibits coenzyme A, but not cell-free aceto-Co Α-kinase or 
citrogenase. I t reacts with coenzyme A or glutathione to give a mixture 
of mono- and disubstituted products (50). 

Presumably, the principal fungitoxic mechanisms of quinones are in
hibition of sulfhydryl- and amino-dependent enzymes, inactivation of 
coenzyme A, and uncoupling of phosphorylation. 

Quinones not only disrupt fungi, but fungi also modify quinones. The 
modification of quinones by fungi may make a derivative either more or 
less toxic to the fungus. 

Byrde and Woodcock (51) converted the weakly fungitoxic 1,4-
diacetoxy-2,3-dichloronaphthalene to a potent fungicide by adding a 
fungal acetylesterase. They postulated that the acetylated dichloro-
naphthalene is de-esterified to the fungitoxic 2,3-dichloro-l,4-naphtho-
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hydroquinone. Horsfall (1) suggested that a fungal phenol oxidase 
changes the hydroquinone to the still more toxic dichlone. 

Rich and Horsfall (52) demonstrated that polyphenol oxidases from 
dark colored fungi may oxidize phenols to quinones and polymerize the 
quinonoid pigments. They proposed that this process would act as a 
detoxifying mechanism to protect dark-colored fungi against fungitoxic 
phenols and quinones. 

C. Heterocyclic Nitrogen Compounds 

Heterocyclic nitrogen compounds include a large number of fungicides 
{58). Their similarity in chemical structure, however, is not paralleled by 
a similarity in fungitoxic mechanism. The ethylenethioureas (54, 55), 
nitrosopyrazoles (56), and tetrahydropyrimidines (57) may well act as 
physical toxicants. Physical toxicants injure by disrupting the physical 
integrity of the cell, rather than by direct chemical reaction with a vital 
constituent. 

The three heterocyclic nitrogen fungicides we will discuss are 2-hep-
tadecyl-2-imidazoline (glyodin), 8-quinolinol (oxine), and N- (trichloro-
methylthio)-4-cyclohexene-l,2-dicarboximide (captan). 

1. G L Y O D I N 

Glyodin (VII) is perhaps the only commercial fungicide so far proposed 
to act as a competitive inhibitor. West and Wolf (58) reported that 
guanine, xanthine, and xanthosine competitively reverse the toxicity of 
glyodin to the growth of Μ. fructicola. None of the other purine or purine 
derivatives they tested are effective. West and Wolf concluded that 
glyodin is a competitive inhibitor of guanine or xanthine synthesis. They 
were unable to detect the accumulation of the purine precursor, 5-amino-
4-imidazolecarboximide, in the culture filtrates of cultures partially in
hibited with glyodin. Therefore, they could not suggest just what enzyme 
or enzymes are inhibited by glyodin. 

Η 

HgC C~~C 1 7 H 3 5 

H 2 C Ν 

(vn) 
Other experiments with glyodin are also enlightening. Glyodin, an 

excellent surfactant, is rapidly sorbed by fungus spores (59). In addition 
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it is a potent inhibitor of respiration. McCallan et al. (12) found that the 
extremely low ambient dose of glyodin that inhibits respiration concomi
tantly inhibits spore germination. The characteristics of rapid sorption by 
spores, and potent inhibition of respiration and germination are also 
shared by silver ions (12, 59). Silver disrupts the semipermeability of the 
spore, allowing the escape of cell contents (H). Without confirming data, 
we would predict that glyodin also disrupts the permeability of conidia 
as other surfactants do. 

Glyodin, then, may well be a competitive inhibitor of purine synthesis. 
In addition, however, glyodin is a potent inhibitor of respiration and could 
have a profound effect on the permeability of spores. As a protein re-
actant, glyodin may be a nonspecific inhibitor of many enzymes, e.g., 
polyphenol oxidase (28). 

2. O X I N E 

The toxic mechanism of oxine (VIII) has probably been investigated 
by a greater number of laboratories than that of any other fungicide. 
Zentmyer (60) stimulated this burst of activity by proposing that the 
fungitoxicity of oxine is due to its ability to chelate essential minor 
elements. Research on the toxic mechanism of oxine has been reviewed by 
Horsfall (1) and more recently by Rich (2). 

In many respects oxine is similar to the D D C fungicides, which are also 
chelators. Both can produce a bimodal dosage response. Both show the 
differences in toxicity among the unchelated compound, the half-chelate, 
and the full chelate. 

Oxine analogues must have two properties to be highly fungitoxic: they 
must be able to chelate, and they must be lipoid-soluble (61). 

Rich (2) proposed that the highly toxic copper oxinate acts at vital 
sites which can only be attacked by compounds with high lipoid solubility. 
Once within these sites, e.g. microsomes, the half-chelate may block func
tional groups by being bound to cellular constituents through the unsatis
fied metallic atom. The less toxic, and more water-soluble, unchelated 
oxine may poison by taking essential metals from water-soluble constitu
ents of the cell. 

OH 

(vm) 
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Block (61) reported that oxine is a powerful inhibitor of cresolase, 
a copper-dependent enzyme. Surprisingly, the polyphenoloxidase from 
Agancus campestris, also copper-dependent, is only very slightly inhibited 
by oxine (28). 

Owens (21) found that the effect of oxine on the organic acid meta
bolism of N. sitophila conidia is similar to that of the nabam fungicides 
and not like the D D C fungicides. He suggested that oxine inhibits 
aconitase in vivo by removing the F e + + atom essential to the activity of 
this enzyme. 

Esposito and Beckman (62) have recently reported that pterins, pteri-
noids, and their precursors alleviate the toxicity of copper oxinate to 
microspores of Fusarium oxysporum. They proposed a mechanism of 
copper-oxine action based on interference with pterin biosynthesis and the 
metabolism of compounds with the group 

Oxine, then, may inhibit fungal metabolism by sequestering essential 
metals or, as a metal chelate, may block functional sites. 

3. C A P T A N 

Theories about the fungitoxicity of captan (IX) feature either the 
carboximide or the S—CC1 3 moieties of the molecule as the poisonous 
portion. Horsfall and Rich (63) proposed that the S—CC1 3 group acts to 
get captan into the cell, where the carboximide does the poisoning. Lukens 
and Sisler (64) demonstrated the rapid reaction in vitro between captan 
and sulfhydryl groups to release thiophosgene. They suggested that "the 
trichloromethylthio group attaching to vital cellular components through 
sulfur or acting through a thiophosgene intermediate can account for the 
fungitoxicity of captan to Saccharomyces pastorianus." 

OH 

Ο 

Ο 

(IX) 
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Captan is eighty-fold more effective as an inhibitor of M. fructicola 
respiration than it is as a spore germination inhibitor (12). In F. roseum 
and S. pastorianus, captan appears to interfere with decarboxylation 
reactions that require thiamine pyrophosphate (65). Dugger et al. (66) 
studied captan inhibition of enzymes from higher plants. They concluded 
that "this inhibition probably is caused by the reaction of the inter
cellular breakdown product of captan, thiophosgene, through C-bridge(s) 
to the apoenzyme of carboxylase interfering with the coenzyme-enzyme 
linkage necessary for decarboxylation." 

Owens and Novotny (67) proposed that captan acts as an intact mole
cule, forming substitution products with essential thiol groups of the cell, 
as in Eq. (1). 

Cl 2 

I 
R—S—CCI3 + HS—R -> R—S—C—S—R + HC1 ( 1 ) 

To them the breakdown of captan is secondary, and captan appears to 
inhibit "a number of enzymes in phosphorous metabolism, certain oxidases 
and dehydrogenases, carboxylases and coenzyme A." Later, Owens and 
Blaak (50) found that captan does indeed interact with coenzyme A. 

According to Byrde and Woodcock (68), the toxicity of captan is due 
primarily to its ability to accumulate within the fungus spore, and that 
the S — C C I 3 group acts both as a "lipophile and toxophore." 

Presumably, then, captan interacts with sulfhydryl compounds of the 
cell. The interaction may be as the intact captan molecule; or captan may 
be destroyed in the interaction by rupture of the Ν—S bond to give tetra-
hydrophthalimide and thiophosgene. The highly reactive thiophosgene in 
turn may injure the cell at many sites. It is also possible that tetrahydro-
phthalimide may inhibit dehydrogenases as does glutarimide and suc-
cinimide (69). Although captan can poison in so many possible ways, its 
toxicity to some fungi can be alleviated simply by the addition of 
Z-histidine (70). 

IV. CONCLUSIONS 

This discussion is by no means a complete report of fungicides as 
metabolic inhibitors. It is meant to illustrate that fungicides do inhibit 
metabolism. 

In common with other kinds of metabolic inhibitors, fungicides attack 
sulfhydryl groups, amino groups, and essential metals; act as protein 
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denaturants, alkylating agents, and competitive inhibitors; and disrupt 
the physical integrity of cells. 

If fungicides have a group distinction, it is their individual ability to 
poison in many different ways. Rarely is a fungicide limited to a single 
toxic mechanism. In this respect they may be considered nonspecific. To a 
particular fungus, under particular conditions, however, a fungicide may 
be highly specific. For example, glyodin, which is known to have other 
modes of toxic action, inhibits the mycelial growth of Μ. fructicola in 
culture by competitively inhibiting the synthesis of guanine (58). 

It is often questionable whether the metabolic inhibitions reported are 
in every case responsible for fungitoxicity. Therefore, past studies of 
fungicides as metabolic inhibitors have not been too useful in predicting 
fungitoxicity. Where do we go from here? Two questions desperately need 
answers. What specific metabolic systems are vital to spore germination 
and mycelial growth? What fractions of a poisonous dose within the cell 
cause specific metabolic inhibitions? The answers to these two questions 
would pinpoint the metabolic lesions most important to fungitoxic action. 
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