
ib not due to :.tarvation It is a secondary 
result of inhibition of the photochemical 
reaction. Ashton suggested (2) that 
the action spectrum of the acute re- 
sponse is similar to the absorption spec- 
trum of the chlorophylls. Apparently 
a vital cellular component may be de- 
stroyed by photooxidation in sensitive 
plant5 \vhen the Hill reaction is blocked. 
'This component may be replaced by 
qynthesis if the plants are >tipplied a sugar 
or a n  amino acid. .Uthough sorghum. 

and corn ma>- show severe growth 
ition following treatment \vith atra- 

zine. no acute tosicit>- symptoms ever 
become apparent. 

Since barley, oats, and sorghum roots 
appear to contain water-soluble metabo- 
lites other than hydro 
possibility of other degradation mecha- 
nisms must be considered. .Also short- 
term studies \vith excised roots may not 
preclude the ability of the intact plant 
to degrade simazine to h>droxysimazine 
over longer time intervals. 

Another kind of se1ectivit)- mechanism 
\vould be the differential ability of the 
several specirs to take u p  the herbicide 
and translocate i t  to chlor.oplast-contain- 
ing leaf mesophyll tissue. Even Ivithin a 
mesoph~-ll cell. and especially along the 

transport route, binding or deposition a t  
inactive sites may take place. In  the 
case of excised roots, there was no con- 
sistent difference in the ability of dif- 
ferent species of Gramineae to take up 
C"-simazine. There \viere also no evi- 
dent trends in the amount of Cld found in 
the 807, ethanol-insoluble residue 
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The metabolism of 3-amino- 1,2,41-triazole (amitrole) by Canada thistle results in the 
formation of at least three chromatographically distinct derivatives. Two compounds, 
(Unknowns I and II) are similar to metabolites reported by other workers and relatively 
inactive. A third metabolite (Unknown 111) is herbicidally more active than amitrole. 
Furthermore, Unknown Ill will translocate out of leaves under a condition (light starvation) 
unfavorable for the translocation of amitrole. The evidence is  consistent with the hy- 
pothesis that amitrole must undergo metabolism to an active form prior to translocation 
within the phloem. 

REVIOLS STUDIES (3. 8. 7 7 ,  73, 75, 77) P have indicated a rapid metabolism 
of 3-amino-l,2.4-triazole i(amitro1e) in a 
wid? variety of species. T \vo  metabo- 
lites. Vnknowns I and 11: were observed 
(8) in Canada thistle (Czr.sium arvense L.). 
One of these metabolites was isolated and 
reapplied to thistle and found to be 
inactive. 

These same studies with thistle (8) 
demonstrated the existence of a lag be- 
t\ve?n penetration of amitrole into the 
treated leaf and its subsequent trans- 

location from that leaf. Under normal 
conditions, amitrole applied to a leaf is 
translocated via the phloem (7 ,  9. 72) 
to aerial and subterranean portions of 
the plant. In  the absence of light, hoiv- 
ever, translocation of amitrole is in- 
hibited ( 7 ,  9, 72). It has been con- 
sidered that translocation of amitrole (7) 
and other synthetic plant gro\vth regu- 
lators, such as 2,4-D (2,4-dichlorophen- 
oxyacetic acid) ( 7 4 ,  is associated with 
the photosynthetic food stream. 

It was hypothesized (8) that for ami- 

V O L .  1 2 ,  

trole to be transported in the phloem it 
must undergo a chemical reaction to an 
active transport form. The present 
communication provides additional evi- 
dence in support of this hypothesis. 

Materials and Methods 

Canada thistle (Czrszum arcense L.) 
\vas grown under controlled environ- 
mental conditions (1 500 foot-candles 
supplied by incandescent and fluorescent 
lamps) with alternating 12-hour light 
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Figure 1. Infrared spectrum of the synthetic glucose-amitrole adduct at two concentrations prepared as Nujol mulls 

Table 1. R f  Values of Unknown I 
from Thistle as Compared with the 
RI Values of a Similar Compound 
Obtained from Other Plants in 

Various Solvent Systems 
R/ 

Plant Metabolite Value Ref. 

ISOPROPANOL-NHaOH-HzO (80: 5:15) 
Cotton Metabolite Y 0.18 ( 73) 
Thistle Unknown I 0 . 1 4  

ISOPROPANOL-NH~OH-HZO (6: 2 : 2)  
Bean Compound Y 0.63 (75) 
Thistle Unknown I 0 .63 

ETHANOL-~-BUTANOL-H~O (4: 1 : 1) 
Cotton Metabolite Y 0.20  ( 73) 
Thistle Unknown I 0 . 2 4  

METHANOL-HCOOH-H20 (80 : 15 : 5) 
Cotton Metabolite Y 0 ,61  ( 73) 
Thistle Unknown I 0.66 

(80' F.) and dark (70' F.) periods. 
Amitrole was applied to the upper sur- 
face of the leaf with a micropipet and a 
Hamilton screw-type syringe. Volumes 
between 10 and 100 11. were applied as 
several droplets spread out over the distal 
third of the leaf. Following application, 
all plants were observed closely until the 
droplets dried to ensure that no surface 
run-off to the stem occurred. The 
typical response-the achlorophyllous 
new growth-induced by amitrole is 
termed discoloration. Necrosis refers 
to the localized burning response ob- 
served at the point of application, gen- 
erally observed following application of 
excessive amounts of amitrole. The 
leaf infiltration methods used to obtain 
two metabolites, Unknowns I and 11. 
were essentially those previously re- 
ported (8, 75). Elution of amitrole and 
its metabolites from the IR-120 cation 
exchange resin with NHaOH (100 ml., 
4 5 )  through the resin, and concentra- 
tions of this eluate in vacuo to remove 

ammonia \rere the only modifications in 
the previous methods ( 8 ) .  

Amitrole and Unknown I were an- 
alyzed as previously described (7). 
Unknown I was isolated free of Cnknown 
I1 by preparative paper chromatography 
in n-butanol-95yo ethanol-H20 (55: 30 : 
15) followed by elution and rechroma- 
tography in methanol-formic acid-HSO 
(80:15:5). Unknown I (ca. 50 pg. 
amitrole equivalents) was applied to 
thistle and found to be incapable of 
inducing discoloration of the new growth. 
This compound has R, values compara- 
ble to those reported by other workers 
for a similar metabolite (Table I). 

Bioassay 

Solutions containing the test chemical 
were placed in Petri plates containing 
25 lettuce (Lactuca sativa, var. Great 
Lakes) and tomato (Lycopersicurn es- 
culentum, var. Bonny Best) seeds each 
Seeds were allowed to germinate at 
80' F. for 5 days. At the end of this 
period root lengths were measured and 
the growth was expressed as a per cent 
inhibition of a deionized-water control 
Probit transformations of the per cent 
inhibition were plotted against the log 
of the concentration in parts per million. 
From these curves, the concentration re- 
quired to inhibit root growth 50% of the 
control (150) can be derived. All 
treatments were duplicated in each 
experiment, and each experiment was 
repeated at least three times. 

Translocation 

Thistles were maintained in complete 
darkness for 66 hours (light starved). 
The compounds to be tested were applied 
to the light-starved plants and to cor- 
responding plants maintained in the 
light a t  comparable air temperatures. 
Twenty-four and 48 hours after applica- 
tion treated leaves of a portion of the 
plants under the light and dark regimes 
were excised at the base of the leaf. The 

treated leaves of a second portion of the 
plants \vere kept intact but were washed 
\vith water to remove any amitrole re- 
maining on the leaf surface. Additional 
treated plants were kept intact \vithout 
washing. After leaf treatment, excision, 
or washing, plants were placed under the 
lights. The experiment was repeated 
twice \rith three replications each time. 

Results 

.4 third metabolite of amitrole pre- 
viously unreported was obtained by 
modification of the original procedure 
( 8 ) .  The concentrated aqueous ex- 
tract from vacuum-infiltrated leaves was 
streaked directly on Lt'hatman 3hIM 
filter paper and developed in a de- 
scending manner with the n-butanol 
solvent. One-centimeter strips were cut 
perpendicular to the direction of solvent 
flow and eluted with \+ater. The 
eluates were then concentrated (40' C. 
in vacuo) and reapplied to thistle. 

Extremely rapid and effective re- 
sponses, both discoloration and necrosis. 
were observed associated with a chromat- 
ogram area distinct from amitrole. 
This active area was designated Un- 
known 111. If the distance amitrole 
moved is considered as unity, Unknown 
111 moved consistently a t  an Ramltrole of 
0.60 to 0.68. Considerably less time 
was required for the appearance of 
localized necrosis and discoloration than 
the minimum times observed for amitrole 
when Unknown I11 was applied to 
thistle. Unknown 111 was obtained 
from intact treated plants and was not 
considered an artifact of the infiltration 
procedure. 

Amitrole has been reported to be 
metabolized to a glucose adduct (5. 6 ,  
76). One report (76) presents chro- 
matographic evidence obtained with 
Canada thistle. Unknown 111 was 
compared with a synthetic glucose 
adduct of amitrole. The adduct was 
synthesized by refluxing amitrole (0.025 
mole) dissolved in minimum 95% 
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ethanol with glucose (0.025 mole) 
dissolved in minimum hot methanol in 
the presence of trace amounts of HC1 
for 48 hours. The  white crystals which 
appeared were filtered and washed with 
cold methanol and were then recrystal- 
lized twice from hot methanol: 204'- 
5' C. (dec.). lit. (6) 215' C. (dec.). 
Calculated for C"I4OGNg: C. 39.02YG; 
H. 5.65; A*, 22.76. Found: C. 38.64; 
H, 5.85; S. 21.61. The infrared 
spectrum obrained using a Nujol mull 
preparation (Figure 1) of this synthetic 
product is comparable to that reported 
for the amine glucoside (5). I t  is also 
comparable to the infrared spectrum 
(Sadtler Reference: 12530) of a product 
obtained by heating amitrole (0.3 
mole) and glucose (0.1 mole) in lvater. 
200'-20lo C.  (dec.) 12). 

Keither the synthetic amine glucoside 
nor Unkno\\.n I11 reacts with para- 
anisidine. ninhydrin, or I<-acid. Both 
compounds can be hy-drol)-zed to ami- 
trole ivith cation exchange resin and 
dilute acid. The R 
amine glucoiide (0 
kno\vn 111 (0.60-0.68) in the n-butanol 
solvent prove that these are dissimilar 
entitie<. The method used for the 
determination of the R 
the t\vo conipounds \vas as folloivs. 
i2liquots \vere spotted and developed 
in the ri-butanol solvent. One-centi- 
meter strips perpendicular to the direc- 
tion of solvent flo\v \ \ere cut. eluted ivith 
\vatt-r. h>-drolyzed with HCY (0.43.\-) for 
2 hour.; at 80' C.. and then analyzed for 
amitrole. Thi; procedure made it pos- 
sible to obtain positive reaction for each 
compound ivhtzreas the unhydrolyzed 
material \cas undetectable. 

Eluates of paper chroma tograms con- 
taining L-nknoIvn I11 fcut from 

.;mall ainounr.: of amitrole \\.hen an- 
alyzed direcil!-. Repealed chroma- 
tography ( 3  X ) of this eluate continued 
to sho\v the presence of amitrole. indi- 
catinz continued breakdown of Un- 
kno\cn 111 during elution and concen- 
tration. Addition of HCI (I.-'l.Y) fol- 
lo\vrcl by heating (80' C.i  resulted in the 
appearance of substantial quantities of a 
substance Sivine a poqitive color reaction 
(Table 11). ;\laximum formation of 
amitrole occurred after heatino; for 2 to 
4 hours. .Additional heat reduced the 
amount obtained. Cochroinatoqraphic 
a n a l v w  Lvith authentic amitrole indi- 
catrd amitrole \va< present in the 

in detectable amitrole 
\Then an aliquot of C n -  

kno \vn  111 \va\ treated Xvith a cation ex- 
rhmge  rwin (10 grams of IR-120. H+ 
form). Hortever. hydrolysis on the 
i ~ i n  \vas not complete. and the addition 
of heat and HCl increared the detectable 
amitrole. Repeated treatment \vith 
c,ition exchanqe reqin 
the dearer of hydro1 

0.4 to 0.8) indicated the pres f 

Table I I .  Hydrolysis of Unknown Ill 
Amitrole 
Formed 

Treafment (pg .  per m l . )  
Oriqinal eluate from chromat- 

ograms 4 :  

1 Hour 77 0 
HC1 (1.71S) and heat 80' C. for 

3 Hours 86 .0  
4 Hours 101 . o  
6 Hours 101 . o  
7 . 5  Hours 88 .0  

24 Hours 49.0 
28 7 
30.0 

7 0 . 7  

IR-120 resin, no heat 
IR-120 resin, no heat 2nd time 
IR-120 resin HCI (l.7lAY) + 

heat (80' C.) 1 hour 

Table 111. Amount of Amitrole 
Contained in Various Derivatives 
Required to Inhibit the Growth of 
Tomato and lettuce Roots by 5Q% 

(M 
150 (P.P.M. of Amitrole) -~ 

Compounds Tomofo leffuce 

Amitrole 4 . 4  15 6 
Amine glucoside'' 183.6 986.0 
Unknown 1115 0 . 9  1 . 9  

P.P.M. of amine glucoside X 0.34. 
Calculated on the basis of amitrole 

rcleased bv acid hydrolysis. 

The amount of amitrole contained as 
Unknown 111 \vas determined by heat- 
ing eluates containing UnknoLvn 111 
IvithHC1 (1.71-Y), 

Results of grolvth-inhibition studies 
with amitrole and its various derivatives 
are shoivn in Table 111. Amitrole as 
UnknoLvn 111 \vas more active as an 
inhibitor of lettuce and tomato root 
growth than amitrole itself. Amitrole 
when introduced as the amine glucoside 
\vas substantially less active than the 
original amitrole. This provides addi- 
tional evidence for the dissimilarity of 
Unknown I11 and the synthetic amine 
glucoside. 

Results of the translocation study are 
presented in Table I\-. Bared on the 
degree of discoloration. no detectable 
translocation of amitrole occurred under 
dark conditions when the treated leaf 
\vas excised 24 or 48 hours after treat- 
ment. S o  translocation occurred in 
24 hours. and little translocation occurred 
in 48 hours after application of amitrole 
under light conditions. I n  both cases. 
sufficient penetration of amitrole oc- 
curred to induce discolorarion as shown 
by these plants Lvhich had been ivashed 
free of surface amitrole and the treated 
leaf kept intact. UnknoIvn 111. on the 
other hand. translocated rapidly out of 
the treated leaf under both light and 
dark conditions. .4 smaller amount of 
Unknown 111 was used because of the 
extensive necrosis at the point of applica- 
tion in the dark. 

Table IV. Response of Thistles to 
Unknown Ill and Amitrole under 

light and Dark Conditions" 
Time o f  

leaf  
Treof- 
menf, b leaf Relafive Discolordion' 

Hours Treatment Amitrole Unknown 111 

LIGHT CONDITIOXS 
24 t\'ashed +++ +++ 
48 IVashed +++ +++ 
24 Excised 0 +++ 
48 Excised + +++ 

D A R K  CONDITIONS 
24 IVashed +++ +++ 
48 i\'ashed +++ +++ 
24 Excised 0 +++ 
48 Excised 0 +++ 

Amitrole (100 pg. per plant) and 
Unknown I11 (8.6 yg. per plant.based acid 
hydrolysis) applied to leaves after pre- 
conditioning plants for 66 hours in light o r  
dark. 

h Following leaf treatment, those plants 
in the dark were placed under liqhts. 

0 = no discoloration: + = sliqht 
discoloration; + + = moderate discolora- 
tion : + + + = severe discoloration. 

Discussion 

Three distinct products of amitrole 
metabolism have been observed in 
thistle. One metabolite. Unknown 11, 
\vas shoivn previously (8) to be incapable 
of inducing the typical amitrole re- 
sponse in thistle. This agrees with 
results obtained by other workers (3. 1. 
7 0 )  \vith a similar metabolite. A 
second metabolite froin thictle. Un- 
knoivn I. \vas sho\vn in the present 
study to be nontoxic when isolated and 
reapplied to thistle. Based on Rc 

Unknoivn I appears to be similar 
ler and Hall's Metabolite Y (73) 

and Racusen's Compound Y (75). 
Racusen (7,s) \vas unable to obtain any 
indication of phytotoxicity on Lmna  by 
Compound Y. 

A third metabolite. Cnknoivn 111. 
has been obtained from vacuum-in- 
filtrated thistle leaves and intact plants. 
This metabolite is considerably more 
effective than amitrole in the induction 
of discoloration (8.6 pz. of Cnknoivn 111 
\vi11 induce severe discoloration : a 
minimum of 25 p(s .  of amitrole are re- 
quired to give the same respove) .  
Cnknown I11 is also a more effective 
inhibitor of seedling gro\\-th than ami- 
trole. This essentially is a bioactivation. 
Racusen (77)  pointed out that amitrole 
inhibition of both liver and leaf catalase 
is greater in vivo than can be accounted 
for by in vitro inhibition. 

'Translocation of synthetic growth 
regulators out of treated leave% is light 
dependent. Little or no amitrole \vi11 
translocate from a liyht-starved leaf 
(7:  9. 72). This h2.s been confirmed 
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Figure 2. Proposed reaction sequences of amitrole metabolism in plants 

\vith amitrole translocation in thistle 
in the present stud!.. I n  the prewnce of 
light, no evidence of translocation is 
observed if the treated leaf is removed 
24 hours after application. Slight activ- 
ity is observed \\-hen the treated lea[ 
is removed 48 hours after application of 
amitrole ; hoivever. it is considerably 
less than that obtained \%.hen the treated 
leaf is allo\ved to remain on the plant. 
This may be considered as additional 
support for the lag phenomena ( 8 )  
associated \vith amitrole translocation. 

L-nkno\+-n 111. on the other hand. \vi11 
translocate readily either in the presence 
or absence of light. suggesting that the 
lag is actually a biosynthesis of Unkno\\-n 
111. 'l'hus. translocation of amitrole 
is not directly associated \\-ith the move- 
ment of the photosythetic food stream. 
Light provides the energy source or 
substrate for the synthesis of Unkno\\-n 
111, but once the compound is formed, 
translocation is no longer light- 
dependent. 

' lhe  structure of Unknotvn I11 is 
presently unknoivn. I t  does. ho\\-ever. 
contain amitrole. Based upon paper 
chromatographic and biological evi- 
dence. Cnkno\vn 111 is not the amine 
glucoside ivhich has been proposed 
(3. /j. 7f7) as a product of amitrole metab- 

olism. I'he ion exchange resin data 
indicate there ma!- be more than one 
component. one of \\-hich is resin-labile 
and the other resin-stable. 

Figure 2 presents a possiblc scheme 
relating amitrole metabolism to its 
systemic herbicidal properties. Once 
amitrole has pcncrrated the leaf. the 
compound may be either dctorified to 
Cnkno\\-ns I and I 1  or activated to 
Cnkno\vn  111. I t  is not kno\vn in the 
detoxication portion of the scheme 
\\-hethey Cnkiio\vii~ I and I1 arise from 
independent reactions or \+ hrther one 
might be an  intt-rmediate in the forma- 
tion of thr other. S r i the r  metabolite 
can  induce discoloration \\-hen applied 
at t \ \  ice the amount oi'amitrole required. 

In the activation portion. amitrole is 
inetaholizrd t o  a n  active rransport 
form. '1 ranslocation of amitrole re- 
quires both time and light. \\-hereas 
translocation of L n k n o \ \ . n  I I I  occurs 
very rapidl:. and  in the absence of light. 
Possibl! Lnlino\\ n I I 1  brcaks do\vn to 
amitrolc either prior to or during- traiis- 
location : ho\\-ri-er. the apparent energy 
barrier limiting translocation of applied 
amitrole is ovcrcome \\ i th the hiosyn- 
thesis of Lnlino\\n 111. 

'l'he obser\-ed increase in acrivit)- oi 
Lnkno\ \ -n  I I I  ma!- be accounted for i f  ~ v e  

c.onsidir that the deroxii,arion rracrioni 
occ~ir on  amitrole per sr ;tiid nor on thr 
Active form until c l e a \ - a ~ r  has occ.ut.rt~d. 

.As A \ \orkinq h!.porhris. the  authors  
hou ld  like to preseiit the rollo\\iiiy. 
.itnitrole must u i i d e r ~ o  mrtabolism to 'i 

chrmicall\. disrinct intic! prior to trans- 
location. .S\.stemic lir:.bicidal aciivit! 
oi' this compound is a diircr consequenrt  
01' this metabolism. I t  i> oiil\- possiblr 
t o  speculare on the grnrral i,elationship 
0 1  bioaciivarion and phloem inobilit)-: 
ho\\-e\.er. i t  has Ixrn \ \ v l l  documented 
thdt  light is required i'or thr rranslocation 
oi' another phlot.m-rnobilr gro\\ rh requ- 
lator. 2.4-D I / / I .  ' I he  translocation 
of 2.4-D ma! also occiir as a r r s u l ~  oi' n 
similar bios\.ntheric ac.ii\-arion. 
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