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The metabolism of the triazine herbicides by plants appears to be a general phenomenon.
Although there is a good correlation between resistance and extent of metabolism, even
the highly susceptible plants have a limited capacity for degrading these chemicals. A
common pathway of degradation is indicated by the presence of the 2-hydroxy analogs

in plants treated with different triazines.

Paper chromatography of plant extracts in-

dicates that basic metabolites are also produced. A degradation scheme to account for

these products is proposed.

} il ANY  substituted, symmetrical
triazines possess considerable her-
bicidal activity (2, 72, 73). Their high
biological effectiveness against a wide
spectrum of plants has made them quite
useful as soil sterilants and as selective
herbicides on crops. The selectivity of
these herbicides is markedly influenced
by the substituent groups attached to the
triazine nucleus (73), Most of the
triazines possessing herbicidal activity
have alkyl-substituted amino groups in
the four and six positions. The selectivity
can be modified somewhat by varying
the alkyl substituents on these amino
groups. However, major changes in
selectivity are brought about by varying
the substituent in the two position.
Chlorine, methoxy, and methylmercapto
substitutions in the two position have
shown the most herbicidal activity (7.3).
Table I gives the structures of the
different tvpes of triazine herbicides.

Selective Toxicity of the Triazine
Herbicides

The selective toxicity of the triazine
1erbicides varies widely with structure.
Frequently, closely related plants exhibit
marked differences in tolerance to a
ziven triazine. Also, certain plants
which are very resistant to the chloro-
‘riazines are quite sensitive to other types
of triazines, such as methoxy- or methvl-
nercapto-substituted derivatives. These
sbservations  have  stimulated con-
iiderable interest in the interactions of
‘hese compounds with the biochemical
iystems of the plant. A number of
nvestigations (4, 8, 70, 78-20) have been
indertaken to determine the factors
‘esponsible for the tolerance of certain
slants to the triazines. These investiga-
ions have involved mode of action as
~vell as metabolism studies,

Several factors could be involved in
‘esistance of plants to triazines: the
ipparently resistant plants absorb very

little herbicide; the biochemical systems
inhibited in the sensitive plants are not
affected in the resistant plants; and the
resistant plant is able to metabolize or
detoxify the herbicide, thereby escaping
its toxic action. This last property is
probably a predominant factor in the
resistance of plants to the triazine
herbicides.

Studies have shown that the low
absorption of the herbicide by apparently
resistant plants is a factor in the
selectivity of certain triazines on a
limited number of plants (73). This is
illustrated by the selective use of simazine
on certain deep-rooted crop plants.
Simazine has a very low water solubility
and is strongly adsorbed by soils so that
very little herbicide is found below the
top 3 or 4 inches of soil (3, 73, 76).
This property, coupled with the fact
that simazine is poorly absorbed through
foliage, means that deep-rooted plants
will receive little exposure to the
chemical. Another possibility for de-
creased exposure of a plant to the
herbicide is that the resistant plants,
for some physiological reason, take up less
chemical. However, with the triazines,
this behavior has not been noted. In
studies where the amount of herbicide
taken up by resistant and susceptible
plants has been compared, little dif-
ference was found between the two types
of plants (7, 73). In most cases, ap-
parently, the resistance of plants to
the triazine herbicides cannot be
explained by the amount of chemical
absorbed.

Another possible explanation for the
resistance of certain plants is that the
herbicide is not active against the
enzymatic processes inhibited in the
susceptible species. Or, the resistant
plant might have an alternate pathway
whereby it could overcome the blockage
of a given enzymatic process. This
explanation is not readily proved or
disproved since the mode of action of the
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Table 1. Structure of the Triazine
Herbicides
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triazines has not been fully elucidated.
However, investigations have indicated
that the triazines interfere with the
photosynthetic mechanism (8, 27}. Car-
bon dioxide fixation and accumulation
of starch are inhibited (7, 77). Also, a
number of investigators (4, 78) have
shown that the triazines inhibit the Hill
reaction in concentrations of the same
order of magnitude as the urea herbicides
(5, 24). These observations indicatc
that the action of the triazine herbicides,
at least in part, involves the inhibition of
the reactions involved in photosynthesis.
Chloroplasts from corn, which is quite
tolerant to simazine, are as susceptible to
inhibition as chloroplasts from sus-
ceptible plants (79). Thus, the tolerance
may not be due to biological inertness of
the herbicide to the biochemical systems
of the tolerant plants.

Since plants have a complex bio-
chemical system which is able to metabo-
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lize numerous types of organic com-
pounds, they can degrade a foreign
organic molecule, However, this fact is
no more important than the rate at
which the herbicide is metabolized.
If the rate of absorption is much greater
than the rate of metabolism, a lethal
concentration of herbicide may ac-
cumulate.  With triazines, different
plants possess varying capacities for
detoxification. A number of investiga-
tions (6, 7, 9, 73, 20, 23) have shown a
good correlation between the extent of
metabolism and the degree of resistance
to the triazines. Thus, apparently the
metabolism of the triazine herbicide
plays an important role in a plant’s
resistance to these chemicals.

Metabolism of the Chlorotriazines

Chlorazine [2-chloro-4,6-bis  (die-
thylamino)-s-triazine] was the first
triazine herbicide, followed by simazine
[2-chloro-4,6-bis(ethylamino)- s- triazine ]
and atrazine (2 - chloro - 4 - ethyl-
amino - 6 - isopropylamino - s - triazine).
Simazine and atrazine metabolism have
received the most attenton. The
marked tolerance of corn to the chloro-
triazines indicated that this plant would
be well suited for metabolism studies.
Roth was the first to observe that
simazine was being extensively degraded
by corn (20). By incubating simazine
with expressed corn sap, he found that
after 100 hours only a small percentage
of the added simazine could be recovered
from the mixture. In contrast, over 909,
of the simazine added to wheat juice
could be recovered in a similar experi-
ment. This observation was quite
significant inasmuch as wheat is sensitive
to simazine. In a similar experiment
with CHM-atrazine and expressed corn
juice, Montgomery and Freed (75)
found that atrazine undergoes extensive
conversion to a new compound. On the
basis of the chromatographic behavior
of this compound, it was suggested that
the product was the hydroxy analog of
atrazine, the chlorine atom having been
replaced with a hydroxyl group. This
conversion can be readily made in the
laboratory under strongly acidic condi-
tions. These observations were con-
firmed by Castelfranco et al. (4), who
characterized the constituent responsible
for the conversion. The properties of
the active constituent strongly indicated
that it was not enzymatic or protein-
aceous.

This constituent was subsequently
isolated and identified by Roth and
Kniilsi (22) and, independendy, by
Hamilton and Moreland (74). It was
found to be the cyclic hydroxamate,
2,4-dihydroxy-3-keto-7 methoxy-1,4-
benzoxazine. In vitro conversion of
simazine to the hydroxy analog was
demonstrated by using a crystalline
sample of the cyclic hydroxamate or its

glucoside. The hydroxy analog was
also found in extracts of corn plants
exposed to simazine, demonstrating in
vivo conversion (74). This reaction is
probably a common one for all of the
chlorotriazines, since propazine under-
goes the same conversion when incubated
with corn juice. This rapid conversion
of the chlorotriazines to the hydroxy
analogs appears to be the primary
factor in the high tolerance of corn to
these herbicides. The hydroxy analog
appears to be biologically inactive on
plants, even on ones which are quite
susceptible to the chlorotriazines. (9).

Metabolism studies have also been
carried out in which whole plants were
exposed to simazine and atrazine in
nutrient media. Even the susceptible
plants have a limited capacity for de-
grading these herbicides. Davis et al.
(7) studied the uptake and translocation
of simazine in corn, cotton, and
cucumber plants.  Using Cl-labeled
herbicide, they showed that the amount
of simazine taken up by these plants was
of the same order of magnitude. How-
ever, they found quite a difference in the
solubility of the C!-labeled material in
the treated plants. Using a chloroform
extraction, which removes unaltered
simazine as well as certain metabolites,
they found that only 5%, of the radio-
activity in treated corn was chloroform-
soluble.  The per cent chloroform-
soluble for cotton and cucumber plants
was 25 and 509, respectively. These
results conclusively show that all three
plants are capable of degrading simazine
to varying extent. Of equal significance
is the fact that the extent of degradation
is in good agreement with the relative
susceptibilities of these plants. Corn is
quite tolerant to simazine, cotton is
moderately sensitive, and cucumber is
quite sensitive.

The extensive degradation of simazine
and atrazine by corn plants was also dem-
onstrated by Montgomery and Freed (77)
in residue and metabolism studies. In
residue studies, plants were grown in soil
treated with C!-labeled herbicide.
Plants were harvested periodically and
analyzed for total radioactivity as well as
for  chloroform-soluble radioactivity,
which would include any unaltered
triazine, The radioactivity in the
chloroform extract was not necessarily
the parent triazine, since any fragment
of degradation which was chloroform-
soluble would appear in the extract.
Therefore, the chloroform extracts were
fractionated by paper chromatography
and ion exchange resins to ascertain how
much of the chloroform-soluble radio-
activity could still be the parent triazine.

The amount of chloroform-soluble
radioactivity as well as total radio-
activity was appreciable at each harvest,
which ranged from 2 weeks to 3 months.
The per cent chloroform-soluble de-
clined at each time of harvest indicating
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that the triazines were metabolized and
the fragments incorporated into plant
constituents. This was confirmed by
analysis of the chloroform extracts.
Paper chromatography of the chloro-
form extract showed that very little, if
any, radioactivity was still in the form
of the parent triazine. Similar results
were obtained with ion exchange
fractionation. Thus, apparently, corn
readily degrades these triazines.

More direct evidence that these
triazines were completely degraded by
corn plants came from metabolism
studies using CH-labeled herbicide.
Plants were placed in an aqueous solution
containing the triazine, and the carbon
dioxide given off by the plants was
collected over a 3-day period and
analyzed for radioactivity. Preliminary
experiments with labeled herbicides in
water alone indicated that none of the
herbicide would volatilize and thus inter-
fere with the determination.

Significant amounts of radioactive
carbon dioxide were evolved from plants
treated with either simazine or atrazine.
In one experiment (77), plants were kept
in the dark during the experiment, and,
as would be expected, a greater per-
centage of the triazine taken up was
metabolized to carbon dioxide, since the
CH40, would not be fixed by photo-
synthesis. These findings clearly dem-
onstrate the ability of corn to degrade
the triazine nucleus and metabolize the
fragments, inasmuch as the C!* label was
located in the triazine ring.

Similar results were obtained by
Funderburk and Davis (70). These
investigators compared the metabolism
of ring and side-chain labeled simazine
by corn plants. Paper chromatography
of the extract of treated plants indicated
that hydroxy simazine and an un-
identified CY% product are formed with
either type of labeled herbicide. Also,
appreciable amounts of labeled carbon
dioxide are given off by plants treated
with either compound. These findings
show that all portions of the triazine ring
are subject to complete oxidation by
corn, cotton, and soybean plants.

Other plants beside corn metabolize
the chlorotriazines. As indicated earlier,
cotton and cucumber possess this ability,
as shown by the incorporation of the C1
of the simazine into chloroform-insoluble
products. Funderburk and Davis (70)
showed that cotton and soybeans exposed
to labeled herbicide give off appreciable
amounts of radioactive carbon dioxide,
showing these plants can completely
metabolize a portion of the absorbed
triazine. Studies in this laboratory have
shown that a number of plants are
capable of metabolizing atrazine (9).
Plants were exposed to C-labeled
herbicides through root uptake, and the
C1Q, evolved by the treated plants was
precipitated and analyzed for radio-
activity. This procedure measures only



completely oxidized triazine, so there
was undoubtedly a more extensive
degradation of triazine than was indicated
by CHO, evolution. Table IT gives the
relative extent of breakdown of atrazine
by a number of plants, with corn being
given an arbitrary rating of 100.

None of the more sensitive plants comes
close to being as active as corn in the
degradation of atrazine. However, oats,
which are susceptible to atrazine, can
break down the hydroxy analog as
rapidly as corn breaks down the parent
chlorotriazine. This demonstrates, in
the case of corn, the importance of the
ability to rapidly convert the chloro-
triazine to the hydroxy analog and gives
strong supporting evidence for the
direct relationship between resistance
and metabolism of the triazines by
plants.

Methylmercapto Triazine (Prometryne)

The metabolism of triazines other than
the chloro-substituted members has re-
seived only a limited amount of investiga-
don. Corn is moderately sensitive to the
methoxy and methylmercapto triazines.
[ncubation of corn juice with CH-la-
seled prometryne (2-methylmercapto-4,-
5 - isopropylamino - s - triazine) revealed
‘hat no significant amount of hydroxy
oropazine was formed. Apparently the
iystem responsible for conversion of the
‘hlorotriazine to the hydroxy triazine is
not active on the methylmercapto
derivative. Further, corn plants exposed
to labeled prometryne do not give off
significant amounts of C*Q,  However,
some of the absorbed herbicide is
metabolized. A study was carried out
with corn to compare the metabolism of
propazine and prometryne (9). Plants
were exposed to labeled triazine in
nutrient media. Three and 8 days
following exposure to the herbicide,
olants were exhaustively extracted with
:hloroform to remove unaltered triazine
as well as chloroform-soluble degradation
oroducts.  The radioactivity in the
:xtracted residue and in the chloroform
=xtract was determined. The chloro-
form extract was then subjected to paper
chromatography to determine the
amount of radioactivity still in the form
of the parent triazine. The results of
‘his experiment are given in Table III.

These data show that corn metabolizes
oropazine more rapidly than it does
srometryne. With prometryne, there is
1 significant increase in the amount
»f chloroform-insoluble  radioactivity
setween the 3- and 8.day harvest,
ndicating metabolism is occurring.
However, paper chromatography of the
:hloroform extracts reveals that there is
ittle change in the percentage of radio-
ictivity which represents unaltered pro-
netryne. In the case of propazine, the
‘hloroform-soluble radioactivity which
hromatographs as propazine declines

markedly between the third and eighth
day following exposure. This finding
illustrates the remarkable ability of corn
to degrade the chlorotriazines. It also
demonstrates its limited ability to
metabolize prometryne.,  Thus, corn
should be more sensitive to prometryne
than propazine, since it cannot readily
detoxify this methylmercapto triazine,
Wheat is another plant which has a
limited ability to metabolize prometryne.
The extent of metabolism was measured
in a similar experiment as carried out
with propazine and prometryne with
corn (9). Plants were exposed to
labeled herbicide in nutrient media and
extracted with chloroform 3 and 8 days
following exposure. The radioactivity
in the extracted residues and chloroform
extracts was measured, and the per-
centage of radioactivity in the chloroform
extract which could still be prometryne
was determined by paper chromatog-

raphy. The results are given in Table
IV.
Apparently wheat can degrade a

significant amount of prometryne. How-
ever, the rather slow decline in the per-
centage of radioactivity which represents
prometryne indicates that the tolerance of
wheat to this chemical should not be
large. This agrees fairly well with
greenhouse trials using prometryne on
wheat (9).

Since carrots are moderately re-
sistant to prometryne, the ability of this
plant to degrade prometryne was
measured. No significant amounts of
CH0O, were evolved from carrot plants
exposed to Cl%-labeled herbicide through
root uptake. However, in this 3-day
study, up t 239; of the absorbed
herbicide was altered. This was indi-
cated by behavior of the radioactivity in

treated soil. Plants were harvested
periodically and extracted with chloro-
form. The percentage of chloroform-
soluble radioactivity declined at each
harvest, indicating that prometryne was
being metabolized.

Further evidence that prometryne is
degraded by carrots came from studies
in which labeled prometryne was in-
cubated with carrot tssue.  The
chemical was placed in the tissue by
vacuum infiltration, and after an in-
cubartion period of from 4 to 8 days, the
tissue was extracted with chloroform.

Table ll. Metabolism of Atrazine
by Various Plants as Measured by
C14Q; Evolution

s

Plant Chemical Rating
Corn Atrazine 100
Oats Atrazine 14
Alfalfa Atrazine 12
Cucumber Atrazine 12
Oats OH Atrazine 100

Table lll. Metabolism of Propazine

and Prometryne by Corn Plants

Days % of C14 % of C!4 That
Following Chloroform  Could Be Parent
Treatment Extractable Triazine

PrROPAZINE
3 96.0 89.4
8 92.3 48 .2
PROMETRYNE
3 90.1 83.4
8 78 84.3

Table IV. Metabolism of Prome-
tryne by Wheat Plants

. D f i f C4 That
the chloroform extract on ion exchange A?f);' C7holoc:'oform C%ul?i Be pa,:n,
resins and incorporation of the C! label Exposure Extractable Triazine
into chloroform-insoluble constituents. 3 785 732
These data are supported by residue 8 76.8 62.5
studies on plants grown in prometryne-
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Figure 1.

Proposed sequence of reactions in the metabolism of triazine herbicides
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Paper chromatography of the chloro-
form exiract indicated that two radio-
active compounds were present. One
of these compounds was prometryne,
while the other component had an Rg
value that corresponded to hydroxy
prometryne, which is identical to
hydroxy propazine. Thus, the carrot
appears to degrade prometryne in a
manner analogous to that in which corn
degrades propazine.

Proposed Degradation Sequence

There has been considerable interest
and speculation in the sequence of
reactions leading to complete destruction
of the triazine nucleus. The intervening
reactions between formation of the
2-hydroxy compounds and complete
oxidation to carbon dioxide have not
been determined. Figure 1 shows the
authors’ proposed sequence of reactions
in the route of degradation of the triazine
herbicides, with herbicide labeled with
(M in the two position,

The hydroxy compound in the
brackets is shown in the keto form, since
the infrared spectrum of this compound
indicates a carbonyl group is present.

Evidence for the formation of the
suggested degradation products was
obtained by paper chromatography of
the extracts of corn plants treated with
propazine (experiment reported in Table
III). The developing solvent was
isoamyl alcohol saturated with 337
hydrochloric acid. With this developer,
the parent triazine has an Rp value of
about 0.88, while that of hydroxy propa-
zine is 0.55 to0 0.60. Chromatography of
the extract of propazine-treated corn 3
days following exposure showed three
radioactive components to be present.
Most of the radioactivity was present as
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propazine, with some hydroxy propazine
and a small amount of a third com-
ponent being present. The extract of
propazine-treated corn 8 days following
exposure, contained four radioactive
components, three of which were found
in the earlier extract.

This later extract contained appreci-
able amounts of the two unidentified
compounds. The Ry values of these two
compounds were much smaller than
propazine or hydroxy propazine, which
suggests they are basic compounds.
Similarity of the Rp values of a sub-
stituted  biguanide tested in  this
laboratory, analogous to the one postu-
lated in the degradation scheme, and of
one of the degradation products found in
corn indicates that one of the radioactive
components may very well be the
postulated biguanide. Also, the dif-
ference in the Ry values for unsub-
stituted biuret and the second un-
identified component is only 0.08,
indicating that the second compound
may be the substituted biuret. If the
substituted biguanide is formed, it prob-
ably undergoes hydrolysis to a substi-
tuted biuret or a substituted guanidine
and a substituted urea.
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thought to be somewhat less selective
in the field than simazine.

Extracts of corn degrade simazine in ¢
nonenzymatic manner (3, 5, 76). The
compound responsible for the apparen
catylitic degradation is 2.4-dihydroxy
7-methoxy-1,4-benzoxazin-3-one (I) o
its 2 glucoside (&, 77), and the structur
has recently been established (6, 7, 77
78, 79). The major product of the
degradation reaction (&) is 2-hydroxy-4,
6-bis(ethylamino)-s-triazine  (hydroxy
simazine), which is nonphytotoxic (5)



