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In the course of the last few years we have obtained a better in- 
sight into the mode of action of an important group of agricultural 
fungicides, the dialkyldithiocarbamates, and we should like to give 
here a general picture of the views we hold at present. Whereas the 
dialkyldithiocarbamates differ in their mode of action from the bis- 
dithiocarbamates (17), we have found that  there is a close parallel in 
the behaviour of dialkyldithiocarbamates, 8-hydroxyquinoline and 
pyridine-2 thiol-N-oxide (19,21 ). 

When testing growth of a large variety of moulds on glucose mine- 
ral salts agar of pH 7.0, made up with tap water and containing dif- 
ferent amounts of sodium dimethyldithiocarbamate (NaDDC) or 
tetramethylthiuram disulphide (TMTD, the oxidation product of 
NaDDC), one will find that  according to their behaviour the moulds 
can be roughly divided into three groups (Table 1). 

Group I : 

Group I I :  

complete growth inhibition by ca. 0.2 p.p.m, of NaDDC. 
This picture of "sensitive moulds" is shown by  Glome- 
rella cingulata (21), Botrytis allii, Botrytis cinema, Cera- 
toslomella ulmi, Glomerella /ructigenum, Sclerotinia /ruc- 
ticola and the yeast Rhoclotorula glutinis. 
growth is inhibited by low concentrations of NaDDC, 
e.g. 0.5-2 p.p.m. ("first zone of inhibition") but returns 
again at higher concentrations: 5, 10 and 20 p.p.m. 
("zone of inversion growth") ; inhibition follows again 
from 50 p.p.m, onwards ("second zone of inhibition"). 
The moulds showing this unusual pat tern we have cal- 
led "moulds with inversion growth". Examples: As- 
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Group I I I  : 

pergillus niger, Asp. oryzae, Asp. ruber, Alternaria 
solani, Alt. tenuis, Cladosporium cucumerinum, Clad. 
herbarum, Pen. brevicompactum. 
growth is inhibited from ca. 50 p.p.m, of NaDDC up- 
wards. Examples of these insensitive moulds are : Fusa- 
rium oxysporum, Pen. expansum, Asp./umigatus, Asp. 
nidulans, Asp. ochraceus, Asp. versicolor, Fusarium 
avenaceum, Fus. bulbigem~m, Fus. coeruleum and Pen. 
citrim~m. 

A behaviour intermediate between these groups can also be found: 
Slow growth ill the zone of inversion growth [e.g. Pen. italicum (18) 
and Saccharomyces cerevisiae] or in the first zone of inhibition is seen 
then .The phenomenon of inversion growth has already been described 
by DIMOND, HEUBERGER and STODDARD (8) in 1941 for spore 
germination tests with Macrosporium sarcinae/orme and TMTD 
where they found a double maximum curve. 

With the exception of A. niger the action of all moulds studied is 
independent of the pH value (16). This mould belongs to group I I  at 
pH above 6.5, whereas below a pH of ca. 6.5 a first zone of inhibition 
is not seen (group III). 

A further study of these three groups has given us a better insight 
into their interrelationships and at the same time into the relation of 
growth inhibition by  NaDDC and other dithiocarbamates, by  8-hy- 
droxyquinoline (oxine) and by pyridine-2-thiol-N-oxide (PTO). 

First zone of  inhibition: 

Our starting point has been the observation that  on malt agar of 
pH 7.0 and on agar with I% "casamino acids" (Difco) Aspergillus 
niger appears to grow in up to 20 p.p.m, of NaDDC, the first zone 
of inhibition which is shown on glucose agar, now being absent il 6). 
Also the moulds of group I appear far less sensitive on these media 
than on glucose agar. For the insensitive moulds (group III) the 
medium does not influence the results. An analysis of the antagonis- 
tic activity of some probable constituents of "casamino acids" 
showed us (16) that  of 18 amino acids, 9 growth factors, 4 purines 
and 2 pyrimidines, L~histidine is the only compound that  is able to 
counteract NaDDC at pH 7.0. This effect is far more pronounced at 
this pH value than at pH 4, where cysteine was found to antagonize, 
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as was also repor ted  b y  SMALE, COX and SISLER (3 ] ). Thus the  hist i-  
dine conta ined in mal t  is held responsible for the observed difference 
in growth  response on mal t  agar  as compared  with tha t  on glucose 
agar.  Ear l ier  results  of KLOPPING and VAN DER KERK (25) on the 
act ivi t ies  of d i th iocarbamates  are quite comparable  to our present  
results  if we consider tha t  their  exper iments  were carried out  on mal t  
agar  of p H  ca. 6.0. 

His t id ine  as well as cer ta in  other  imidazole der ivat ives  (18) ap- 
peared  to be compet i t ive  antagonis ts  of NaDDC for moulds  of group I 
and II, but  only in the  region up to 20 p.p.m, of NaDDC. At  50 
p.p.m, and  higher  concentra t ions  his t idine did  not  show any  effect. 
These results  suggested s t rongly  tha t  for these two groups the  mode 
of ac t ion of NaDDC at  low concentra t ions  differs f rom its mode of ac- 
t ion at  higher  concentra t ions  (from 50 p.p.m, onwards).  

The role of  metals:  

We had  found earl ier  t ha t  also oxine was less act ive on mal t  agar  
than  on glucose medium.  As i t  appeared  tha t  here too hist idine as 
well as cer ta in  other  imidazole  der ivat ives  were antagonis ts ,  we 
suggested a common factor  in the  mode of act ion of NaDDC and 
oxine. 

I t  is a well-known fact  t ha t  d ia lky ld i th iocarbamates ,  oxine as 
well as his t idine form complexes wi th  metals .  Moreover, the  mode 
of act ion of oxine on bac te r ia  was found b y  ALBEI~T (l) to be connec- 
t ed  wi th  complex format ion  of oxine wi th  Fe  and Cu; bacter ic idal  
ac t iv i ty  was found to coincide with the  presence in the  medium of 
oxine and meta l  in a 2 : 1 ra t io ,  whereas tox ic i ty  was less when either 
oxine or the  meta l  was present  in excess. Meanwhile BLOCK (5) has 
confirmed these findings for fungi. This suggested s t rongly  tha t  met -  
als might  also p l ay  a role in the  fuangitoxic act ion of NaDDC. A fur- 
ther  confi rmat ion was ob ta ined  b y  an inves t iga t ion  of the  meta l -  
b inding  ab i l i ty  of the  var ious  imidazol  der ivat ives ,  which are act ive 
antagonis ts .  We found tha t  when Cu was taken  as the  metal ,  there  
was indeed a s t rong correlat ion between this p rope r ty  and the an ta -  
gonistic ac t iv i ty  (unpublished).  

The  role of meta ls  was then  fur ther  inves t iga ted  especial ly wi th  
regard  to the  work  of GoI~sCYR (9) He stressed the  impor tance  of the  
two complexes of Cu and DDC in the  inh ib i to ry  act ion of NaDDC on 
Saccharomyces cerevisi~e. An equi l ibr ium exists between these two 
possible complexes of Cu l l  and  DDC in the  following way :  
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-I- D DC 
CuDDC + <__~_~ CuDDC= 

+Cu 
1 : 1 complex 1 : 9. complex 

The 1 " 1 complex is water soluble and its concentrat ion can be de- 
termined spectrophotometrically. The 1 : 2  complex is extremely 
insoluble (see later). GOKS~YR studied the combined effect of NaDDC 
and metal  salts on the oxidation of acetate and glucose. A max imum 
in inhibi t ion of acetate oxidation was found to coincide with a maxi- 
mum in the amount  of 1 �9 1 complex present (namely in media con- 
taining 6.25 p.p.m. CUSO4.5 HeO and 0.9-1.5 p.p.m. NaDDC). At 
higher NaDDC concentrat ions the 1 : 1 complex is tu rned  into the 
l : 2 complex and there was no inhibi t ion of acetate oxidation. Also 
in a medium without added Cu the reversal phenomenon was seen in 
the inhibit ion of acetate oxidation ; it was ascribed to the presence of 
NaDDC chelated with traces of metals adhering to the yeast cells. 
Under  these lat ter  circumstances the effect of NaDDC on growth 
was also studied and strict correlation between growth inhibi t ion 
and inhibi t ion of acetate oxidation was found, both showing a dou- 
ble max imum curve. Although no growth experiments were carried 
out with NaDDC and added Cu, it is inferred by  GOKS0YR from the 
above experiments tha t  growth inhibi t ion in the first zone is due to 
I : 1 complex. Inversion growth occurs when all 1 �9 1 complex has 
been transforrned into the non-toxic 1 : 2 complex. 

The role which Cu appeared to p lay  urged us to apply henceforth 
basal media with an extremely low Cu content.  To this end we used 
(21) a glucose mineral  salts solution (pH 7.0) with a Cu content  not 
exceeding 0.01 p.p.m. 

The Cu content of the agar which we had used for our media was only very 
low. We had, however, generally washed this agar and it was now found 
that by washing with tap water the Cu content of agar ~Iicreases considerably. 
An argument against using unwashed agar was the fact that for As yet 
unknown reasons, the same amount of Cu was far more effective here than 
in liquid media. 

By comparing growth results in l iquid shaken medium (Table 2) 
to which Cu had been added, with the u.v. absorption spectra of simi- 
lar media (20), we could confirm that  for A. niger the first zone of 
inhibi t ion coincided closely with the presence of certain amounts  of 
1 �9 1 complex of Cu and dimethyldi thiocarbamate.  This amount  is 
not  yet reached in media with 3 p.p.m, of copper sulphate in con- 
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TABLE 2. 
Effect of addition of copper sulphate on growth inhibition of 

A sperg{llus niger by NaDDC. 

Shake culture in glucose mineral salt solution; glass-distilled 
p i  7.0; aneurin and biotin added; 3 days 24 ~ 

water ; 

p.p.n]. 
CuSO,t.5H20 

added 
0 
3 

10 

p.p.m. NaDDC 

0 0.2 0.5 1 2 5 10 20 50 

+ + + + + + + + - -  
+ + + + + + + + - -  
+ + :t: + + - -  

t rast  to those with 10 p.p.m, copper sulphate (c/. also Table 4). With 
increasing NaDDC concentrat ion the 1 : l complex is turned into 
tiae very insoluble 1 : 2 complex and toxicity disappears. When  ex- 
cess of NaDDC is p r e s e n t - -  inevi tably together with a certain amount  
of 1 : 2 complex - -  toxicity returns again, but  in this case it is due in 
our opinion to the free di thiocarbamate ion (c/. also S~'IALE (32)), 
and not  to zinc or iron di thiocarbamates as GOKS0YR (9) suggests 
for his experiments with yeast. These lat ter  compounds hydrolyze 
to a great extent.  NIoreover, the amount  of free ions of these metals 
is greatly reduced due to the presence of other complexing agents as 
e.g. the phosphate ions. 

To produce the first zone of inhibi t ion Cu clearly is required. Of 
other heavy metals tested (Fe, Co, Mn, Zn) only Co appeared to have 
some action which, however, is less than that  of Cu (20). 

The  act ion  o f  CuDDC and CuDDC 2 on  m o u l d s  o f  the  three  groups :  

The fact tha t  CuDDC is toxic in contrast  to CuDDC 2 was remarka- 
ble with respect to ALBERTS finding that  Cuox 2 was more toxic than 
Cuox. A further s tudy shed more light upon this discrepancy. When 
in our Cu-free culture solution (21) G. ci,ngulata was grown in the 
presence of different amounts  of NaDDC and copper sulphate (Table 
3), no inversion growth was witnessed at any  combinat ion of NaDDC 
(up to 50 p.p.m.) and CuSO 4 (up to 10 p.p.m.). 

I t  appeared to us tha t  the difference in response between A.niger 
and  G.cingulata might be unders tandable  if G.cingulata were sensitive 
to CuDDC 2 in contrast  to A.niger which is not  inhibi ted even by 
high amounts.  This supposition proved to be true as G.cingulata was 
inhibited by  0.05 p.p.m, of CuDDC~, 0.02 p.p.m, still giving growth. 
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TABLE 3. 

Effect of addition of copper sulphate on 
growth inhibition of Glomerella c ingula ta  by NaDDC. 

Shake culture in glucose mineral salt solution. 

p.p.m, copper sulphate minimal inhibiting 
added conc. of NaDDC (p.p.m.) 

0 
0.03 
0.1 
0.3 
1 
3 

0.1 
0.05 
0.1 
0.1 
0.2 
0.2 

TABLE 4. 

Amount of CuDDC present (p.p.m.) in the medium (1% glucose, 0.5% 
K2HPO 4, 0.1 O//o (NH4)oSO4,. 0.05% NaC1, 0.05% MgSO~, glass distilled water; 

pH 7.0). 

p.p.m, p.p.m. NaDDC 
CuSQ.5H20 

added 0.02 0.05 0.1 0.2 0.5 l 2 5 I0 

0 
0.03 
0.1 
0.3 
1 

3 
10 

0.01l 0 0 
0.02 0.03 0.02 0 
0.02 0.04 0.05 0.04 0 0 
0.02 0.05 0.1 0.1 0.1 0.06 0 
0 . 0 2  0 . 0 5  0 . 1  0 . 2  0 . . . 2  ........ 0 : 2  ........ 0:.1 ...... 0 
0.02 0.05 0. l 0.2 0.4 0.34 0.32 0.30 

0 
0.2 

- -  inhibition pattern of Glomerella c ingulata .  
. . . . . . . . .  ,, ,, A spergi lhts  niger. 

T h e  so lub i l i ty  of th is  c o m p o u n d  is on ly  ca. 0.01 p .p .m.  [(15), c/ .  T a -  

ble 8]. P r o b a b l y  this  c o n c e n t r a t i o n  is jus t  inh ib i to ry ,  b u t  t h e  ra te  of 

d issolu t ion  is s low;  the re fore  s o m e w h a t  more  seems to  be  r equ i r ed  to 

bu i ld  up qu ick ly  an  i nh ib i t o ry  concen t r a t ion .  

T h e  a m o u n t s  of C u D D C  and  C u D D C  2 p re sen t  in each  i n s t ance  of 

our  e x p e r i m e n t s  could  be ca l cu la t ed  (Table  4, 5) s t a r t i ng  f r o m  t h e  

k n o w n  va lues  for t he  s t ab i l i t y  cons t an t s  for t he  c o m p l e x e s  a n d  t h e  
solubi l i ty .  
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TABLE 5. 
Amount of CuDDC. present in solution (p.p.m.) 

in the medium. 

p.p.m. NaDDC p.p.m. 
CuSO4.SH20 

added 
0 
0.03 
0.1 
0.3 
1 
3 

0.02 0.05 0.1 0.2 0.5 

s I s s s s 
0.002 S S S S 
0.001 0.004 S S S 

0.001 0.005 S S 
0.001 S S 

Inhibition pattern of Glomerella cingulata. 
S = saturated solution of CuDDC 2 (ca. 0.01 p.p.m.). 

In  the  calculat ions the  pa r t i a l  hydrolys is  of Cu § ions at  p H  7 was 
t aken  into account.  No allowance was made  for the  act ion of other  
complexing  agents,  bu t  since thei r  concentra t ions  are small ,  it  is 
assumed tha t  thei r  influence will be negligible. Of course the  calcula- 
t ed  values of the  Tables  4 and 5 are approximate .  A comparison of 
these  wi th  Table  2 confirms t ha t  A.niger is not  inhibi ted  b y  CuDDC2, 
b u t  b y  the  1 : 1 complex,  namely  when the amount  of this  l a t te r  
subs tance  surpasses ca. 0.3 p .p .m. ;  this  leads  to the  first zone of 
inhibi t ion.  Fo r  G.cingulata, however,  CuDDC 2 had  proved  to be- 
toxic.  _At all Cu concentra t ions  sufficient CuDDC2 seems to be pre- 
sent  to expla in  growth inhibi t ion,  though at  several  instances the  
concent ra t ion  of the  1 : 1 complex m a y  at  the same t ime be inh ib i tory  
as well (15). This cannot  be proved  since sufficient CuDDC2 is inva-  
r i ab ly  present  to explain  inhibi t ion.  Yet ,  s imilar  exper iments  with 
d i e thy ld i th ioca rbamate  (see later) gave evidence tha t  the  1 : I com- 
p lex  will be inh ib i to ry  as well. Inh ib i t ion  in flasks wi thout  added  Cu 
mus t  be due to complex format ion  of d i th ioca rbamate  with Cu pres- 
ent  in the  med ium or adher ing to the  cells. 

The  difference between moulds  with and wi thout  inversion growth  
(groups n and I) thus  seems to be solely t ha t  the  former are somewhat  
less sensit ive than  the  l a t t e r  so tha t  a toxic concentra t ion  of the  very  
insoluble compound CuDDC 2 cannot  be reached.  Fu r the r  confirma- 
t ion will be given below. 

The dis t inct ion between group n and I I I  equal ly  is not  fundamen-  
tal .  Moulds of the  l a t t e r  group do in fact  also show a first zone of 
inhibi t ion - followed by  inversion growth  - if only  sufficient Cu is 
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added. For instance with F.oxysporum on glucose a g a r when l0 
p.p.m, of copper sulphate is added. For A.niger only 1 p.p.m, of 
copper sulphate is required to give the same effect on agar (20). 
Thus the difference between these groups appears to be a gradual  
one which means tha t  the dist inction in two groups is more or less 
deliberate. I t  was only on our, arbi trari ly chosen, glucose agar medi-  
um made up with tap water and inevi tably  containing a certain 
amount  of Cu that  we could distinguish these two groups. 

In view of the three types of response to NaDDC, it seems a happy coin- 
cidence that TMTD or the dimethyldithiocarbamates can be used at all as a 
fungicide. If the solubility of CuDDC~ had only been slightly less, these 
compounds would have proved completely useless. VVe now know several 
important plant parasites which are sensitive to CuDDC 2 as e.g. Ventz,ria 
inaeq~r and which can thus be combatted by dithiocarbamates; Phyto- 
phthora, in~estate.s, another ill-famed plant parasite, cannot be combatted by 
these compounds; CuDDC2 in fact, was here not inhibitory i~z vih,o. 

Antagonists: 
For the second zone of inhibi t ion (NaDDC content  50 p.p.m, or 

more) we know no antagonists.  But  in the first zone of inhibi t ion of 
A.niger growth can be restored (20): a) b y t h e  addit ion of agents tha t  
b ind Cu more readily than  NaDDC does, i.e. by  higher dithiocarba- 
mates, or b) by  addit ion of a large excess of agents tha t  b ind  Cu less. 
readily than NaDDC, i.e. ethylene diaminetetraacet ic  acid (EDTA) 
or c) by certain imidazole derivatives. The lat ter  bind Cu less readily 
than  NaDDC and E D T A  bu t  they are believed to compete with the 
enzyme for the toxic 1 : 1 complex by  formation of imidazole: Cu 
: DDC complexes. As exposed above the antagonist ic  act ivi ty  of 
imidazole derivatives runs closely parallel to their Cu-binding abili- 
ty. Also the fact tha t  the antagonist ic  act ivi ty  of imidazole derivati- 
ves decreases with lowering of the pH is an argument  for metal  b ind-  
ing being involved. 

In general the pH dependence of the action of the fungitoxic agents as 
well as of the antagonists is in accordance with expectations. Dithiocarbamic 
acids which are completely ionized at pH about 7 show no effect of pH, whereas 
oxine and imidazole derivatives which are partially ionized do show the effect. 

The same compounds are also antagonist ic  for other moulds;  
for those of group U in the first zone of inhib i t ion;  in group I up. 
to about  20 p.p.m, of NaDDC (21). 

c~-Keto acids antagonize in the first zone of inhibit ion,  bu t  only 
when A.niger is used (18). We cannot  give an explanat ion for th is  
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anomalous behaviour.  Yet, on the other hand  it seems possible tha t  
the remarkable fact, tha t  this same mould shows no first zone of 
inhibition at low pH values, could be due to a production of ~-keto 
acids by  spores and mycelium leading to antagonism of NaDDC. 

In  general we can say tha t  for moulds the action of NaDDC in 
various media is determined by  the Cu content of the medium and 
by the histidine content of organic additions. The barrier of 50 
p.p.m, of NaDDC can, however, not  be surpassed since from here on- 
wards the flee di thiocarbamate ion is inhibitory. 

Act ion  o f  NaDDC on bacteria: 

Though G r a m +  bacteria seem to be very sensitive to NaDDC in 
contrast  to G r a m - -  bacteria, further confirmation of this is requi- 
red. We found that  the inhibition of Bac.subtilis by  NaDDC fol- 
lows the same pa t te rn  as tha t  of the fungi of group I ;  thereis  no 
inversion growth. Complete inhibition is obtained by  ca. 02 p.p.m. 
of NaDDC, and Cu probably is the only metal involved in inhibition. 

H o m o l o g u e s  o f  NaDDC : 

If  we now turn to the higher dithiocarbamates we find that  the 
e thyl  compound does not show a first zone of inhibition with A.niger ; 
this mould is only inhibited by 50 p.p.m, of the diethyl compound 
irrespective of the amount  of Cu present (21). On the other hand 
G.cingulata shows (21) with diethyldi thiocarbamate more or less the 
pat tern  of A.niger with NaDDC (see Fig. 2). This difference between 
the dimethyl and the diethyl compound can be fully explained by  
the fact tha t  the solubility of the 1 : 2 complex with Cu is far less 
for the latter compound than for the first namely only 0.002 p.p.m. 
(15); G.ci'ugulata obviously is not  completely inhibited by  this 
concentrat ion (Table 8). Spectrophotometric measurements have 
shown that  the first zone of inhibition coincides with the presence 
of maximal amounts  of I : I complex. However, because of the low 
solubility of the 1 : 2 complex the concentration of 1 : 1 complex 
present (ca. 0.15 p.p.m, when 0.2-5 p.p.m, diethyldi thiocarbamate 
are combined with l0 p.p.m, copper sulphate) is less than the corres- 
ponding concentration when NaDDC is used. This fact explains 
why A.niger does not show a first zone of inhibition with the diethyl 
compound.  

Because the 1 : 1 complex of the diethyl compound is toxic for 
G.ci~,gulata we suggested above that  the dimethyl complex is toxic 
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too. I t  seems impossible,  however,  to tel l  which of the  two 1 : 1 com- 
plexes is the  most  toxic,  since the  toxic  CuDDC~ always  accompa-  
nies the  CuDDC. 

Bac. subtilis follows again the pattern of G. cingulata showing a first zone 
of inhibition and a zone of inversion growth. CRmCI~S~ANK (7) in a paper on 
the differentiation of three Brucella species describes that, when a disc con- 
taining diethyldithiocarbamate is placed on a plate which then is incubated 
with the bacteria, Brucellamelitensis and Br. abortus develop around the disc 
a ring of growth between ~vo rings of inhibition, whereas Br. suis shows only 
one large zone of inhibition. This points to the same differentiation as we 
have found above between moulds of group II  and of group I for NaDDC. 

W i t h  the  p ropy l  and  d ibu ty l  compounds  the  concentra t ion  of the  
1 : l complexes is stil l  less t han  wi th  the  d ie thy l  compound (21) 
because  of the  lower solubi l i ty  of the  1 : 2 complexes {15}, Even  
G.cingulata does not  show a first zone of inhibi t ion now. Bac.  

subtilis however,  appears  to be more  sensi t ive:  on glucose agar  wi th  
5 p .p .m,  of copper su lphate  one finds inhibi t ion  with  1, 2, 5 and 10 
p.p.m,  d ip ropy l  der iva t ive  and incomplete  inhibit iofl  wi th  l a n d  2 
p.p .m,  d ibu ty l  der ivat ive .  

The f r e e d ie thy l  compound  is as toxic  as the  f r e e d ime thy l  
compound (21), i.e. i t  acts  a t  ca. 50 p.p.m.  The  free d ip ropyl  com- 
pound  acts at  ca. 500 p.p.m,  whils t  the  d ibu ty l  compound  is not  ye t  
inh ib i to ry  a t  this  concentrat ion.  The same was found for Bac.subt i-  

Its. As we know t h a t  the  chelat ing ab i l i ty  of the  d i th ioca rbamates  
increases from methy l  to b u t y l  (14) i t  seems unl ike ly  t ha t  the  ac t ion 
of the  free d i th ioca rbamates  is due to chelat ion,  unless pe rmeab i l i t y  
of these free compounds  differs considerably.  

We know only few compounds  with  an 1 : 2 complex having  the  
"h igh"  solubi l i ty  of the  d ime thy l  or d ie thy l  compound.  Na-cyclo-  
pen t ame thy l ened i th ioca rbama te  shows an ac t iv i ty  of the  1 : 1 com- 
plex which is somewhat  less t han  t ha t  of the  d ie thyl  compound;  also 
the  solubi l i ty  of i ts  1 : 2 complex wi th  Cu was somewhat  less t han  
t h a t  of the  d ie thyl  compound  (15). The  ac t iv i ty  of the  1 : 2 com- 
plexes seems to be de te rmined  r a the r  b y  solubi l i ty  t han  b y  s t ructure .  
But  another  fac tor  is also involved,  since bis (hydroxyethyl)  di thio-  
ca rbama te  is not  toxic,  ye t  i t  can be expected  to have  a higher  solu- 
b i l i ty  than  the  d ia lky l  der ivat ives .  I t  has been found tha t  the  I : 2 
complex with  Cu r ap id ly  decomposes wi th  fo rmat ion  of a complex of 
univa lent  copper.  So the  p ic ture  becomes fair ly  compl ica ted  a l though 
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up till now all facts can be related to the chemical and physicoche- 
mical properties of the dithiocarbamates. 

The conclusion from these investigations seems to be tha t  in gene- 
ral the act ivi ty of the dialkyldithiocarbamates at low concentrations 
is determined by  the solubility of the 1 : 2 complex with Cu and by  
the sensitivity of the mould. 

Comparison of the action of 8-hydroxyquinoUne and pyridine-2-thiol- 
-N-oxide with that of  the dithiocarbamates: 

We have already mentioned that  the action of oxine can also be 
antagonized by  histidine and other imidazole derivatives. This can 
also be affected by  E D T A  and dibutyldi thiocarbamate,  antagonism 
never going beyond 5 p.p.m, of oxine (19). This suggested that  oxine 
has the same mode of action as NaDDC. ALBERT (1,3) has shown that  
the bactericidal action of oxine is effected by  the 1 : 2 complex 
which is supposed to penetrate rapidly into the cells and to be trans- 
formed there into the actual toxic agent : the 1 : 1 complex. The lat- 
ter is supposed to penetrate slowly and thus to act only when high 
concentrations are present in the outside medium. BLOCK (5) confir- 
med this for fungi. 

We carried out the same experiments with oxine and CuSO 4 as we 
did with NaDDC (19) ; equally the amounts  of 1 : 1 complex and 1 : 2 
complex were calculated (Table 5 and 7). 

The inhibition picture of A .niger is drawn in these tables. I t  appeared 
tha t  moulds of all three groups showed the same picture now and 
this was the picture which we found for G.cingulata and NaDDC;  
there was no inversion growth. Accordingly Cuox~ appeared inhibito- 
ry  to moulds of all three groups (Table 8). Clearly the figures in Ta- 
bles 5 and 7 show tha t  for A.niger there is no correlation between 
inhibition and amount  of Cuox in the medium unless perhaps at 
high Cu concentrations. The amounts of Cuox~ show, however, a 
correlation with inhibition, 0.03 p.p.m, being about the inhibitory 
concentration. This is just about  the value which we find inhibitory 
when Cuox 2 is added as such to the medium. Only when Cuox occurs 
in amounts  >/0.5 p.p.m. (e.g., in the combination of 0.5 p.p.m, oxine 
sulphate and I0 p.p.m, copper sulphate where only 0.02 p.p.m, of 
Cuox 2 is present) it seems to have a definite effect o5 its own. 

Similar growth experiments have been described for bacteria by  
SORKIN, ROTH and ERLENMEYEI~ (33). From their results it appeared 
that  Staphylococcus aureus and Mycobacterium tuberculosis are inhi- 
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T A B L E  6. 

A m o u n t  of  Cuox p re sen t  (p.p.m.) in t he  m e d i u m .  

p .p .m,  oxine  su l pha t e  p .p .m.  
copper  

s u l p h a t e  0.05 O. 1 0.2 0.5 
added  

0 
0.03 
0.1 
0.3 
1 
3 

10 

0 0 I 0 0 
0 ! 0 0 0 
0.03 0.04 0 0 
0.05 0.08 0.1 0 
0.05 0.1 I 0.2 0.3 

J 

0.1 0.2 0.5 
0.2 0.5 

. . . . . . . . .  Inh ib i t ion  p a t t e r n  of Aspergillus niger. 

T A B L E  7. 

A m o u n t  of Cuox 2 p re sen t  (p.p.m.) in t h e  m e d i u m .  

p .p .m.  
copper  

su lpha te  
added  

p .p .m,  oxine  su l pha t e  

0.05 0.1 0.2 0.5 

0 0 
0.03 0.04 
0.1 0.02 
0.3 0.007 
1 0.002 
3 i 

lO ', 

0 0 
i 0.04 0.04 

0.06 0.14 
0.03 0.09 
0 . o 0 s  i . . . .  0:o3_ 
0.003 0.01 

0.004 ! 

0 
0.04 
0.14 
0.4 
0.2 
0.07 
0.02 

. . . . . .  Inh ib i t ion  p a t t e r n  of A spergillus niger. 

T A B L E  8. 

Solubil i ty and  inh ib i to ry  concen t ra t ion  of var ious  complexes .  

C u o x ~  

CuPTO~ 
CuDDC~ 
Cu die thyl -  
d i th ioca rbamat~  

solubility 
in p.p.m. 

1 
0.2 
0.01 

0.002 

min.  inh. conc. in p .p ,m.  

G. cingulata 

0.02-0.05 
0.1 
0.05 

par t ia l  inh.  

A. niger F. oxysporum 
0.1 0.2 
0.2 

no inh. no inh. 

no  inh.  no inh. 
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b i ted  b y  Cuox 2 bu t  the  ac t iv i ty  increased b y  the addi t ion  of more Cu. 
His t id ine  must  have been present  in these media  and since it also 
combines wi th  Cu, i t  seems difficult to eva lua te  the  amounts  of 
Cuox and Cuox 2 ac tua l ly  present .  

In  Table  8 some figures are also given for pyr id ine-2- th io l -N-  
oxide (PTO) a compound tha t  shows the same response as oxine in 
the  presence of various amounts  of Cu (19). ALBERT (3) repor ted  
tha t  the mode of act ion of PTO on bac te r ia  is comparable  to tha t  of 
oxine. 

Oxine and PTO, like NaDDC, can be antagonized b y  s t ronger  Cu 
binders  as e.g. d ibu ty l  d i th iocarbamate .  E D T A  and imidazole deriva- 
t ives are also antagonis t ic  and  will act as exposed above for NaDDC. 
Antagonis t ic  ac t iv i ty  never  surpasses the  bar r ie r  of 5 p.p.m, of oxine 
or PTO, and we suppose tha t  from here onwards the  free compound 
is inhibi tory.  ~-Keto acids have  no antagonis t ic  act ivi ty .  

Thus there is a ve ry  close correlat ion in the mode of act ion of dial-  
ky ld i th iocarbamates ,  oxine and PTO. 

Theories on the site of  action of  NaDDC: 

I t  will be clear t ha t  since NaDDC can act in three  different ways 
(l : 1 complex,  1 : 2 complex and d i th ioca rbamate  ion) each of these 
forms could have a different mode of action. We th ink  it, however,  
most  l ikely at  present  tha t  the  two complexes bo th  act wi th in  the  
cells as the 1 : 1 complex,  much in the  same way  as ALBERT suggests 
for the  complexes of oxine : The l ipophilic 1 : 2 compound pene t ra tes  
be t t e r  t han  the  hydrophi l ic  1 : 1 compound,  bu t  the  l a t t e r  is the  
ac tua l  toxic  agent  which combines wi th  an essential  enzyme. The  
l : 2 complex then  mus t  be t r ans formed  into the  l : I complex 
within the  cells. The mode of t ransformat ion  is as ye t  unknown. The 
d i th ioca rbamate  ion acts p r o b a b l y  on a qui te  different enzyme and 
there is reason to believe tha t  the  complexes act  more fungicidal ly  
whereas the  ion acts more fungis ta t ical ly ,  bu t  conclusive experi-  
ments  are stil l  lacking. 

F r o m  Warbu rg  exper iments  described b y  VAN DER KERK and 
KLOPPING (23) i t  follows tha t  02 consumpt ion  of A.niger in mal t  is 
left und i s tu rbed  b y  the free d i th ioca rbamate  ion up to about  500 
p.p.m. GOKS0YR (9) fomld t ha t  O2.consumption of Saccharomyces 
cerevisiae with glucose as a subs t ra te  was only s l ight ly  inhib i ted  b y  
concentra t ions  of 1 : 1 complex of NaDI)C which did inhibi t  growth.  
Wi th  aceta te  as a subst ra te ,  inhibi t ion of respira t ion was much 
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decreased. Moreover, acetate incorporation was strongly inhibited by 
the 1 : 1 complex. The acetate-activating properties of a yeast ex- 
tract  were inhibited by ca. 20 p.p.m. TMTD, but not by NaDDC 
with or without addition of Zn (5). GOKS0YR (10) found, moreover, 
that  in cell-free homogenates, but not in intact cells 2-20 p.p.m. 
NaDDC caused strong inhibition of succinic acid dehydrogenase, 
especially in the presence of ca. 15 p.p.m, zinc sulphate (9). The Cu 
complexes were inactive. SISLER and Cox (23) described that  the 
anaerobic fermentation of glucose by Saccharomyces cerevisiae was 
strongly inhibited by 20 p.p.m, of TMTD and this was due to inhi- 
bition of the oxidation of glyceraldehyde-3-phosphate. 

Some other enzyme complexes are known to be inhibited by 1 o w 
concentration of NaDDC or TETD (tetraethylthiuram disulphide, 
the oxidation product of sodium diethyldithiocarbamate). Thus KEI- 
LIN and HARTREE (22) reported that  ca. 1-3.5 p.p.m. TETD caused 
strong inhibition of the succinic dehydrogenase' of heart muscle. We 
found that  CuDDC, but not CuDDC~, gave rise to some accumula- 
tion of pyruvic acid by A.niger, whereas the dithiocarbamate ion 
caused much stronger accumulation of this metabolic product (20). 
Acetaldehyd oxidase of liver homogenate appeared to be inhibited 
by 0.06 p.p.m. TETD (KJELDJAARD (24)) and by 1 p.p.m. TETD 
(GRAHAM (11)). •YGAARD and $UMNER (26) reported that  1 p.p.m. 
TETD inhibited D-glyceraldehyde 3-phosphate dehydrogenase 
from muscle. 

These reports seem sometimes contradictory and the role played 
by metals is far from clear. Yet, when one considers the enzyme sys- 
tems which can be inhibited by low concentration of NaDDC, 
TMTD or TETD, it is striking that  with the exception of glyceralde- 
hyde dehydrogenase all are -known to contain an essential dithiol 
group ; the dithiol compound dihydrolipoic acid functions in pyruva-  
te oxidase (12), in the acetate-activating system of animal tissues 
(27) and yeast (28) ; in addition dithiol groups act in acetaldehyde 
oxidases (13) and their presence in succinic acid dehydrogenase was 
made acceptable (30). Arsenite is known to act on all these enzyme 
systems (12, 13, 18, 30) and this is due to interference with the dithiol 
group. This means that  there is a parallel between enzyme inhibition 
by arsenite and dithiocarbamate, though arsenite is not growth- 
inhibiting in concentrations which produce strong effects on the 
,enzymes mentioned. 

Thus there seems to be much reason to suggest that  NaDDC acts 
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in general on enzymes which contain dihydrolipoic acid as coenzyme. 
We know that  an analogue of dihydrolipoic acid causes growth 

inhibition of bacteria and a yeast (6). The compound appeared to 
inhibit pyrt lvate oxidase and phosphotransacetylase (4). Growth 
inhibition by the analogue is thought  to be due to interference with 
one of the functional forms of lipoic acid concerned in acetyl trans- 
fer, and in our opinion it may  well be tha t  growth inhibition by  
NaDDC is due to interference with the same system. 

Little is known about the role which copper plays in the inhibition 
by NaDDC of the enzymes mentioned, but it seems acceptable tha t  
dithiols react rather with the l : 1 complex than with the dithiocar- 
bamate  ion. 

Knowledge about the action of oxine or PTO and their metal com- 
plexes on enzyme systems with essential dithiol groups is very 
scanty. We have, however, found that  pyruvic acid accumulation 
can be effected by oxine and by  its 1 : I complex with Cu, in the 
same way as described above for NaDDC. 

S u m m a r y .  

In  the action of sodium dimethyldi thiocarbamate on moulds and 
bacteria the formation of its 1 : 1 and I : 2 complexes with Cu++ 
from tile medium plays a decisive role. These Cu complexes on the 
whole have a higher toxicity than NaDDC itself. The response pat-  
tern varies, however, according to tile sensitivity of the organism 
used. 

The activi ty of higher homologues of NaDDC is determined by 
the solubility of their 1 : 2 complexes. 

The mode of action of the dialkyldithiocarbamates is closely com- 
parable with that  of oxine and pyridine-2-thiol-N-oxide. 

It  is suggested tha t  di thiocarbamates act by  interference with 
some function of lipoic acid. 
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