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Su immary. Metabolism of the herbicide 2-chloro-4-ethylamino-6-isopropylamino-s-tri-
azine (atrazine) was investigated in resistant corn (Zea mays L.) and sorghum (Sorghum
zlvlgare Pers.), intermediately susceptible pea (Pisuim sativum L.), and highly susceptible
heat (Triticum vulgare Vill.) and soybean (Glycine max Merril.). This study revealed

that 2 possible pathways for atrazine metabolism exist in higher plants. All species studied
were able to metabolize atrazine initially by N-dealkylation of either of the 2 substituted
alkylamine groups. Corn and wheat, which contain benzoxazinone, also metabolized
atrazine initially by hydrolysis in the 2-position of the s-triazine ring to form hydroxyatra-
zine. Subsequent metabolism by both pathways resulted in th-e conversion of the parent
atraztine to more polar conmpounds and eventually into methanol-insoluble plant residue.
No evidence for s-triazine ring cleavage was obtained.

Both pathways for atrazine metabolism appear to detoxify atrazine. The hydroxyla-
tion pathway results in a direct conversion of a highly phytotoxic compound to a completely
non-phytotoxic derivative. The dealkylation pathway leads to detoxication through one
or more partially detoxified, stable intermediates. Therefore, the rate and pathways of
atrazine metabolism are important in determining the tolerance of plants to the herbicide.
Both quantitative and qualitative dififerences in atrazine metabolism were detected between
resistant, intermediately susceptible, and susceptible species. The ability of plants to
metabolize atrazine by N-dealkylation andl the influence of thhis pathway in determining
tolerance of plants to atrazine are discussed.

Two substituted s-chlorotriazines that are widely
used today as selective herbicides for the control
of annual weeds in fields of corn and sorghumii
are 2-chloro-4-ethylamino-6-isopropylamino-s-triazine
(atrazine) and 2-chloro-4,6-bis (ethylamino) -s-tria-
zine (simazine). These compounds are effective
inhibitors of the Hill reaction in photosynthesis (17)
andl are known to reduce the rate of 14COo fixation
in V!ants (3, 24).

Corn seems to be resistant to atrazine and sima-
zine largely because of its abilitv to convert the 2
herbicides rapidly to noni-phytotoxic 2-hydroxy-4-
ethylamino-6-isopropylamino-s-triazine (hydroxyatra-
zine) and 2-hydroxy-4,6-bis (ethylamino) -s-triazine
(hydroxysimazine) (5, 9, 12, 21). Other species have
also been reported to metabolize atrazine (18) anlcl
simazine (10) to their hydroxy derivatives. Tlle
conversion of 2-chlorotriazines to their 2-hydroxy
derivatives is probably non-enzymatic (5, 12, 20) anid
appears to be correlated with the presence of a cyclic
hydroxamate, 2,4-dihydroxy-3-keto-7-methoxy- 1,4-ben-
zoxazine (benzoxazinone), in plants (10).

Sorghum, a resistant species, does not contain
benzoxazinone and is nlot able to metabolize the
chlorotriazine to the hydroxytriazinie (10). In the
intcrmediately susceptible pea, atrazine was readily
metabolized to the dealkylated derivative, 2-chloro-4-

amino-6-isopropylamino-s-triazine (compound I) (23).
Hydroxyatrazine was not formed and benzoxazinone
was not detected in pea (23). Wheat contains ben-
zoxazinone (10) and soybean does not (8), but both
species are highly susceptible to atrazine.

Although corn and sorghum are both resistant to
the chlorotriazine herbicides, metabolism studies indi-
cate that their basis 'for resistance is quite different.
N-Dealkylation of atrazine, as it occurs in pea, may
be an important mechanism of resistance to the herbi-
cide in higher plants (22). This investigation was
undertaken to determine if dealkylation of atrazine
occurred in species other than pea. The occurrence
of this reaction in higher plants and its significance
as a basis for herbicidal selectivity are discussed.

Materials and Methods
Plant Material. Seeds of wheat (Triticutm vzul-

gare Vill. var. Justin), corn (Zea mays L. North
Dakota KE 47101), soybean (Glycine max Merril.
var. Hawkeye) and pea (Pisum sativum, L. var. Little
Marvel) were germinated betw-een moist paper tovels
and seedlings were grown in nutrient solution as
previously described (22). Sorghum seeds (Sorghumn
vulgare Pers. var. North Dakota 104) were germi-
nated in vermiculite for 11 days in a controlled
environment room with a 12-hour photoperiod, 27+20

1269



7PLAN-T PHYSIOLOGY

day ani nighlt temperature, 4045 % relative lhumilidity,
and a light intensity of 1600 ft-c. 'Fhe young sor-

ghum seedlings xvere remoxved froml vermiculite and

tranlsferred to stainless steel trays containing half

strengthi Hoacy1and's soltutioln andglrown in the green-

hlouse. rhe niultrielnt solultioni xvas COntiouSx

aeratcdl.
Atrasiulc illctabolisn i Plants. Unifornlv ring-

labeled atrazine- 4C specific activity /7.8 yc per mig)

xvas used in studying the metabolism of atrazine in

used in treating plants was

purnfieed 1w th' n-laver chromatographic separation on

a 250 S,<Ilica gel H F plate. using benzene :acetic acid

50 :4 /v solent A ) as the developing solxvent.

.\ssay '4C' activity purified atrazine-'I( shoxved

less than 0.6 % of the radioactivity present as impuri-

ties.
Root. of plants wxere imlmersed in ani aqueous

solution(of atr-azine-'4C addled to 200 nil of lhalf

streng,th lHoagland's solution. Plants uised for the

study of spe2es differecnces in atiazinie metaholism

xvere treated for 48 hours in a laboratory hood under

coniditions previously reported (23). Sorg,lhumni p1ants

tised in studying the metabolism of atrazine xxith time

xvere treate(d in a controlled-environment room uiinder

conlditions given previously except for a nighlt temn-

perattire of 20-2+.
I'lanit hrtr'action anid Assay folr 14C Activity. At

tlle end of the exposure period to atrazille- tlle

root and shoot tissues were extracted separately \xith
9O
% methanol and the extracts purified as reported

( 23 ). In tlle controls, 0.05) pc of atrazine- xas,

addecl to the tissuLes just prior to hoimogenlliz7atioIn 'nd

extractioni. -Methanol Nvas evaporated tinder aclluim

at 35°; the remiiaining plant resi(ue was removed by

centrifugation; and the restilting aquieous solution was
concentrated for further assav. W th corlii and

x-heat the aqueous solution wxas boiled directly over-

ani open flame for 5 minutes before centr-ifug<^ation.

This as required to inactivate benzoxazinone xhich

otherxise wvould cataly ze the conversion(of atrazne

to hydroxvatrazine in the extract. An aquieous solu-

tioln of atrazine-14C treated in a simiilar imianner

resulted in a loss of about 2 to 3 %, possibly Itdue to

voolatilizatioln. The aquieotus extract xxvas xashed xith

chhloroformii to remove atrazine, compound 1. aln( othier

chloroformi.-soluble metabolites. The 14C activ itv in

clhloroformii-soluble anid xvatcr-soluble compouin(ds xas

determined 1w liquid scintillation counting ( 23).

Unchanged atrazine and its clhloroforlml-soluble
metabolites xvere separated by thin-layer chromatog-

raphy' on 2250 f. silica gel HI plates developed in

Solvent A (23). Detection(of radioactive slpots wvs

a(le by autoradiograplhv of thin-laver plates on

Kodak no-.screen x-ray filmii. Quantitative assay of

unchanged atrazine, dealkylated metabolites, and other

unicentified chlloroform-soluble metabolites was made

by careful remloval of silicagel fromii the thlin-layer
plateanld( couniitinig by gel scintillationi couinting (22).

Eachi sample counted xva,. correcte(l fol- (djenzil ing

anl d re-uilts xxere expre-sed is dpmi.

h'l'e \-cater-soluble radioacti-e iimetabolites xwere
furtlher purified by cation exclhalnge clhroimatography
onl AG 50WA-X8 ([1 ) resin ( 23) aIncI eluted with
1() N \NH4011. Atrazine must h)e relnox,cd from the
aqueous solution before cation exchalngKe chromatog-
raphy is attempted b1ecatuse the strongly acidic resin
W .i' conv,ert atrazine to hytdroxyatrazjine. TIhe punri-
fie(d \\ater-oluable nmetaholites \\ ere >eparated on
silica gel HF thinl aver plates h)y intultiple chlromiia-
tography. The plate \vas first developed 3 tinmes in
1 tlirectioni in heluzeie :ethvlacetate :acetic acid :xx ater
25 :50 :20 :3, v v v ) ( solvent B3 and once in the

sanme direction in i-lbutanol :acetic aci(l :xxwater (1 20:
30:50, v/v/v).

In sorghum, relative concentrations of coml)oun(l I,
and( 2-chloro-4-amiiino-6-ethv\lamilno-s-triazine (com-
po)un(l II), wxere (letermiiine(d bN gas-liquid cliromia-
tog-raphic separation as previoutsly described ( 23)).
\Vith the tise of a 9 to 1 streamii splitter ancl gas
chromiatographic fraaction collector. (-lbheled chlloro-
formi-soluible effluents at relativxe retenltioin timiesl (tit)
of 2.0 (compoun(d 1) and 2.7 compound 1I) xv-ere
collected and counted by liquidl .>cintillation countilg
(23 ) (atrazine tR 1.0 ).

TIhle 14C activ-ity remilaining- in miethanol-insoluble
planit residue xas mieasured by dry combustion in
oxygen in Schoniger flasks as previotistl described
(22). The same reported procedure xxas followed
except for the use of 10 mil of a 2 to 1 ( /v ) miiixture
o f ethv!eneglycol mionomethvlvether iethyl cellosolve)
to m11onloethanolam-iine as the CO. trapping liquid in
lace of hyamine hxydlroxidle 10-X. I'lhree mil of the
CO. trapping liquid xvas added to 15 mil of scinitillationl
couniting liquid [6g,/ IPPO in nmethx l cellosolve:toltuele
(1 :2 v/v)] and a ssaved for 14C activity.

CO., E oluttionf tr'0o}1ata- 1MCletabolisll.
Ev_\-olution of 14CO., froimi sorghunm and corn plants
hose roots xvere exposed to uniformly ring-labeled

atrazine-'4C xas dleterminied by CO. trapping experi-
menlts. h'l'e 14C0., expired Nxas trapped anld assaye(l
over a period of 168 hioturs. At the end of this period,
the r1oots of plants xvere rinsed thoroughly, and the
plants frozeni imme(liatelv and freeze-dried for 24
houirs. Twxo traps in dry ice-metlhalnol baths xvere
pllaccel in the vacuumn line to collect anv volatile
tihstances. No 14C activity xvas recovered from the
condensate in the traps. 'Tlhe freeze-(dried plaint mate-
rial xxas assayed for i(C activitx by the dry corin-
bustion miiethod.

P11 totoxicitv of Atraziuc andits Mlctabolites. A
bioassay on phytotoxicity of atrazine anid its metabo-
lites xvai miiade on the extremely Stisceptible species,
oats .-'eiia saltiTa L. var. Rodnev). oat seeds were

g-ermiinated for 4 davs and(I placed innuitrienit solutioni
in a controlled-enx-ironmelnt roollm as reported for pea
scedllings ( 22). Fouir days after transfer into nu-
trlielnt solution, oat plants Nxxere placed il nutriCent
SoIlitions contaimning10(' \i concentraitionsl of atrazine,
hvd (x\-atrailzine. c(mi)oindl T. aull h1x dro-xv-con0-

po1llldlT.

1270



SHIMABUKURO-ATRAZINE METABOLISM AND HERBICIDAL SELECTIVITY

Hydroxy-compound I was prepared from com-
pound I 'in a manner similar to the conversion of
simazine to hydroxysimazine (5). Compound I was
hydrolyzed by adding 0.1 ml concentrated HCl per
15 mg compound I. The reaction mixture was
allowed to stand at room tenmperature for 2 hours
with frequent shaking. HCl was removed under
vacuum and the crystalilized product was dried.
Aqueous solutions of hydroxy-compound I and com-
pound I were analyzed for ultraviolet absorption.
The RF values of both compounds and hydroxyatrazine
were determined on silica gel HF, 250 /, thin-layer
plate developed in solvent B.

Compound I showed a single absorption maximum
at 204 to 206 mju and a new peak at 223 to 225 mMu
appeared for hydroxy-compound I. The RF values
indicated that hydroxy-compound I (RRF 0.08) was
much more polar than compound I (RF 0.80). How-
ever, hydroxy-compound I was very similar in polarity
to hydroxyatrazine (RF 0.14).

Results

Mletabolismn of Atrazine in Different Species. The
dealkylation products of atrazine were detected and
identified bv thin-layer and gas-liquid chromatographic
separations. The RF values and relative retention
times of atrazine and its dealkvlated metabolites were
previously reported (23). Pea is the only species of
higher plants in which dealkylation of atrazine has
been reported to occur (22,23). Thin-layer chroma-
tographic analysis of chloroforml-soluble conmpounds
in plant extracts showed that dealky'lation occurred
in sorghum, pea, soybean, wheat, and corn. Both
quantitative and qualitative differences in dealkylation
of atrazine between the 5 species were detected.

Dealkvlation of atrazine can result in 2 possible
products. N-Dealkylation at the ethylamine side
chain will result in the isopropyl derivative (com-
pound I) and N-dealkylation at the isopropylamine
side chain wvill result in t'he ethyl derivative (com-
pound I:). It was previously shown (23) that in
shoots of mature pea plants, compound I (R1F 0.26)
wvas the predominant metabolite of atrazine. How-
ever, a trace amount of compound II (RF 0.22) was
reported to be present in yotiung pea seedlings (22)
and it was also detected in plants used for this sttidy.
The predominance of compound I over compounid II,
as detected by autoradc:ography, Nwas also true in
soybean and wheat. In corn nearly equal amilouints
of compounds I and II were present as (letermimied
by autoradiogiraphy.

In sorghum high concentrations of both compounds
I and II were detected (fig 1). The chloroform-
soluble fraction from shoots of plaiits exposed to
atrazine-14C for 48 hours was diluted with autlhentic
non-radioactive atrazine, and comlpounds I and IT, and
chromatographed by gas-liquid chromatography. 'I'he
effluent up to t,, 3.5 was collected and assayed for
4C activity. Of the total] 4C activx.t chromatog-
raphed, 6/.4 % was in the peak at tR 1.0 (atrazine),

C qW 4Ijb
"

0000O O O
1 2 3 4 5 6 7

FIG. 1. Chloroform-soluble metabolites of atrazine-
]4C in sorghum shoots at 5 different periods of timle
after anl initial 48-hour exposure period. o-origin, a--
compounid II, 1-compound I, c-atrazine, 1-48 hours,
2-96 hours, 3-144 hours, 4-authentic atrazine, 5-authentic
hydroxyatrazine, 6-240 hours, 7-336 hours. Chloroform-
soluble compounds at origin are not hydroxyatrazine-
Thin-layer plate was developed in solvent A,

15.4 % in the peak at tR 2.0 (compound I) and 8.6 %
in the peak at tR 2.7 (compound II). The results
indicated that the concentration of compound I was
1.8 times more than compound II in shoots of sorghurn
after 48 hours.

Sorghum appears to have the ability to dealkylate
either N-alkyl side chains of atrazine very readily,
but peas, soybean, and wheat predominantly dealkvlate
the ethyl alkyl group. After the initial dealkvlation
reaction, subsequent metabolism of the dealkvlated
chlorotriazine derivatives may occur to give other
chloroform-soluble and water-soluble nmetabolites.

C] JNIDENTIFIFD CHtI OOFORM SOiLUIB iE CIMPOTIND

J hEALKYLATE CHILIRCIITRIAZIN- ME TAhi', T:T'
'lATR SOLUBLE COMPOLJNDS

Im METHANOL INSOLURLF RESIDUEz I X

UNCHANGF0 ATRAZINE
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FIG. 2. Metabolites of atrazine-14C present in resis-
tanit corn and sorghumii, intermiiediately susceptible peas,
anid susceptible soybean and xvheat after a 48-hour ex-
posure period. S-shoot, R-root. Six plants each of
corn, sorghum, soybean, and 15 plants of wheat wex-ec
treatedl with 0.46 ,uc per species of atra7ine-14C. Twenty-
four plants of pea were treatcd with 0.36 ,uc of atrazine-
14C. A secondl set of each species servecl as a conitrol.
At time of treatlmienit, the ages of plants frolmi date of
germiniationi were: sorghum, 35 days; wheat, corii, and
soybean, 16 days; alnd pea, 11 days.
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FuIrther maetabolislmi may result in the incorporation
of atrazine derivatives into mnethanol-insoltuble plaiit
residue. Assay of the different degradationi products
of atrCazine present in the dlifferent species after a.
48-houir exposure periocl to atrazine is giveni in
figure- 2.

i\Iost of the "C' activity froml atrazinie-'4C a.\
pJresent i tile shoots of each species except corin. The
stisceptible species, soybean and wheat, conitained
larger amounts of tinclhang,ed atrazinie as comiipared
to resistant sorglhtuni anid corn acnd intermiediatelv
stisce!)til)le pea. A strkinig difference bet\ween the
re-;istant species, sorghIumll anld corii, and the other
species \\was tlle highler percentage of water-soluble
metal)olites presenit in the resistanit plants. Another
ol)Viotls difference was the high percentage of deal-
kviated chilo-otriazine imietabolites present ill inter-
mlediately stisceptible pea as compare(l to otlher species.
'I'biis agrees Nitlh previouis reports (22, 23) showing
tllc acctunitlation of dealkvlated metabolites in pea.
All species showed the presence of other chloroforml-
.soltille metabolites. Nonc of these have beeni isolate(d
and idenitified, btt they were definitely more polar
comilpotlnlds than thle dealkylated clhlorotriaziines. com]-
poun(ls I and II. These uinidentified miietabolites re-

ainied at the origin when chromatographed in solvent
A ( fig 1).

Autoradiogramiis of water-soluble comiipoutids sepa-
rated by thin-laver chromiiatography indicatedl that
h (ldroxvatrazine ( RF. 0.62) w\-as niot presenit in sor-
g,ghiu.l)l,ea, and soybeani. Figture 3) shows the preselnce
ot at ]last 3 predomin.anlt \\ ater-soluble ilietabolites
in sorghum xx ith RI, valties of 0.29. 0.24, andtl 0.20.
Pea anlcd sovbean showed simiiilar water-soluible metabo-
lites except at mlluch lower concentratiotns.

The predominant w-ater-solible metabolite ill cor
and(l xheat was hvdroxvatraziue (fig 4). Detection

3 4 5 5

1FI1.. \W aIter-csoltiule mlatalbolites of atraezil 1C ill
sorgltium shoots at 5 differcint periods of timic a fter an
illititl 48-hour exposure period. o-origin, 1-48 hours,
2-96 hours, 3-144 hours, 4-240 lhoturs 5-336 hours, 6-
tithentic hyd(roxyatrazine. Thin-laycr plate was devel-
op2d 3 timies in one directioni in solvent B and once in
Samiie directioln i -l)utanol:acetic acid :xxater (120:30:50.
v v )

.

I 3
FiV(.. 4. \Vatr-soluible ilmetabolites of attraz:ne_14C inl

cori- (1 ) ol;d xheat (3) shoots aifter 48-lhouir- cxposure
perilold. o-origin, 2-iuthentic hydroxvatra,iiie. hin-
la er plite x a-' dcv . loped ill samlile solvents ais in fig-
ore 3.

of beuizoxazinone by the method previously describedt
1O. 23) in(licated the presence of this compoutnd in

thle varieties of cornl and w-heat used in these experi-
mlzents. Thie varietie. of pea, soybean, an(l sorghum
didinot contain benzoxazinone. The results agree
witlh lhamilton's (10) conclusion that the conversion
of 2-clorlol-o-4,6-dialk\lamiino-s-triazine to its 2-lhvdroxx
analog i5 directlv correlated with the conitent of ben-
zoxaz.:none in plants. Trace amoiunts of xvater-soltibie
nietabolites sinilar to those found ini sorghlium xvere
also detectedl in corn and xvheat.

Mlctabolism of Atrazinie in Sorghuim ict/i Time.
'Tlhe results on species differences in atrazine mietabo-
lismii indi-catecd that although sorghum and corn imietab-
olized atr-azinle in a di fferent xxay, the 2 resistant
species rapidly converted atrazine to xater-soluble
metabolites. 'I'o determine if rapid imietabolistlm of
atrazine 1wv dealkylation and subseqtuent conversionl of
compotin(ls I anid HI to xN-ater-so'ul)!e metabolites max
be a meclhanism of resistalnce operating ill sorghtim.
a timiie sttucd of atrazine metabolism was Made.

'T'lhe results of atrazine metabolismii over a periocl
of 48 to 336 hotirs are given in figture 5. All plants
xx ere alloxed an initial 48-hour atrazine-' 4C absorp-
tioIn period. Thllerefore, results of 9( to 33() hours
reflect ftirthler breakdoxvn of atrazine absorbed during
tlle initial 48-lhour period.

'I'lTe restults atre based oni total 4t activity (dpm
recovered fromii planits. The average C4Cactivity re
coveredl fr-omi the S saml)ples xas 437,193( dpm. )i f-
ferenices betxveen samlples (lid nlot xary milore thalni
12 %. 1resh xeights of 10)plants ill each sample
ranged frcoint 17.2 g shoots and 13.9 g roots for
48-hoour I)eriod to 41.1 slhoots and 28.2 g roots for
336-hotur periodl. Despite the active groxth of the
plalnts. the relatively conlstalnt amiiotiint of ' activitx
recovered fromii planits at d fferent l)eriodhs xxas niot
tinexpectedl. since little or- llO ( cltix itx xx.s los.t
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from sorglitm plants (discussed in section on 14C0,
evolution).

The time study showed almost total disappearance
of unchanged atrazine in sorghum from 26.7 % of
total I4C activity after 48 hours to 1.0 % after 336

rONDENTIFIED CGMLOWFO SOtLULE COAPOfL40S

3 ,-fALK YLArED CHLOROTRIAZINE METABOL:TES

WA(TER SOLUBLE COMPOUNDS

m VETHANOL INSOLUBLE RESIDLUF

NCHAN,GED ATRAZINE

z S S

H-I

0-C

Z

'2

4i
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48 96 44 240 336

HOR
FIG. 5. Metabo!ites of atraziine-4C present in sor-

ghunm shoots at 5 different periods of time after an

initial 48-hour- exposure period. Twenty-eight-day-old
sorglhtumii plants, divided into 5 sets of 10 plants each,
were trLated with 0.78 ,uc per set of atrazine-14C for 48
hours. At the en(d of the treatment period, the plants
in all sets were removed from the atrazine-14C solution,
their roots rinsed thoroughly, anid the plants returned
to fresh lnutrienlt solution. Onie set of plants was har-
vested at the end of the 48-hour treatment period. The
remainiing sets of plants were harvested at 96, 144, 240,
and 336 hours from the time of iniitial exposure to
atrazin-14C.

hours. A marked increase occurred in 14C activity
present as methanol-insoluble plant residue from
13.1 % after 48 hours to 52.4 % after 336 hours.
14C activity present as water-soluble compounds ac-

counted for a large part of the total activity. It
decreased slightly with time from a maximumil of
48.0 % after 96 hours to 30.8 % at 336 hours. 'T'he
amount of dealkvlated chlorotriazines and unidentified
chloroform soluble compounds remained fairly con-

stant In the range of 10 to 12 %, with slighit rediuc-
tions in the later periods.

Gas chromatographic separation andCl assay of 14C
activity in compounds I and 11 in sorghluni shloots
from 48-, 96-, and 144-hour periods gave r-atios of
compound I to compound II of 1.8, 1.9, and 2.5 re-
spectively. This indicated that in sorghum dealkvla-
tion of the ethyl side chain of atrazine mara occtir
nearly twice as rapidly as the dealkylationi o-f the
isopropyl side chain.

Figure 1 shows relative changes in the amounit of
unchanged atrazine, compound's I and(l II, an(d tin:den-
tified chloroforim-soluble metabolites (origin) in sor-
ghum shoots over a period of 336 hours. Autoradio-
gram in figture 3 shows simiIar changes occurring in 3
predom nant water-soluble metabolites in the shoots.
It showvs that with time further metabolism converts
water-solu'ble derivatives to increasingly more polar
metabolites. The predominant and least polar water-
soluble metabolite at 48-hour period (R1F 0.29) de-
creased from 43.2 % to 6.6 % of the total water-
soluble 14C activity after 336 hours. Identification
of thlese w-ater-soluble metabolites has not been miiade.

'4CO., Evolution from Sorghtim and Corn Exposed
to Atra2ine-1lC. No 14CO., froml either sorghum or

corn Nvas detected over a /7-day period. Table I sutiml-
miiarizes the data on recovery of l4C activity in the
experiments. Previous reports (15, 19) have inidi-
cated triazine ring cleavage and evolution of 14C'&,

Ilovever, results from these experiments slhow that
very little, if any, ring cleavage occurs witlh atraziine.

Table I. 14CO(, Evolutioni fromit Sorghum1l anid Corn Exposcd to AItrnjziejC-4C for 7-day Period
Six 21-day--old sorghtum planits or 6 8-day-old corn plants were placed in a 100 ml beaker with 75 ml of half

strength Hoagland's solution conitaining atrazine-14C. The beaker and plants were iniserted in an airtight plexiglass
cylinder, 6.7 cmtl inside diameter X 28.9 cm, and placed in a laboratory hood with a fixed fluorescent light bank
under coniditionis as previously reported (23). Atmospheric air was first pulled through the plant chamber, then
through a drying tower, and bubbled through 3 CO2 traps containiing 25 ml each of a solutioni of methyl cellosolve
an(l monoetlhaniolamitne (2:1, v/v). Part of the atmospheric air pulled through the chamber was used to aerate the
nutrienit solution. Trapped 'ACO2 was assayed by liquid scintill,ation cotunting. Solution in the traps was changed
and assayed every 24 hours up to 168 hours.

14C Activity recovered

Species*
Nutrient

14CO, solution Plants Recovered
Absorbed
by plants

dpm (11I)11 % %
Sorghv:nm 216,060 110,166 94.4 33.8
Cornll . 266,383 144,177 91.4 35.1
Control 162 460 94.1

* The following are the amiounts of radioactivity from atrazine-14C used to treat plants: sorghum, 345.456 dpm;
corn, 449,093 dpm; control, 172,728 dpm per 35 ml of nutrient solution (sorghum plants were grown in the
nutrient soluition prior to its use as a control solution).
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Fia;. 6. Chloroform -soluble coimpotiidls remaining in

nuttrienit solutions, of corni (1) and( sorghiumi (2) after

a 7 day exposuire period. Authientic atrazine- 4C added

to nutrieiat so1u,im,n in xxlhichi sorghumii pla nits ha.-d

,growxn wxas the conitrol ( 3). o-origin, a-coii n)iLn'l

h-compound 1, c-atrazine. 4 autitctic ~,trazine and(

h,vdroxvatJrazini,. Cliloro)forni-soluble compolunds at

origin are inot hvidroxy atrazine. Thin laycr pilate wxas

dlevelopIedl in so lv'ent A.

A~SSa\_ Of 14C activity remaining, in nuitrient solui

tieii usedl to treat corn plants shoxv-ed that 217.17 % of the

14C' activity as presenit in thle w%ater-soluble fraction

table The predomiinant compound in this frac-

tion xvas hlvdroxvatrazine. No hvdroxvatrazine xvas

dletectedI in nuitrient solutions of sorghiumi and the

conitrol. Chiromatographic separationi of chloroformi

soluble com,npounds in nutrient solutiton inidicated the

lpresence of dlealkylated chilorotriazinies in nuitrient
solutions of cor-n and sorghumli (fig 6). 'thle deal-

kv-latedI metabolites amiounted to 11 .2 % in sorghium

and 13.6 % in corn (table II). In the control 94.8 %

of the 'C activit as unchanged atrazinie xvithi no

dlealkv' ated mietabolites present. The results indicate

thlat some of the metabolites of atrazinie formied in

the roots of corni and sorghum, are excreted into the

external soluitioni. A miicroorganismi fromi ;,Oil can

dealkvlate chlorotriazines (14), buit the results of the

conitrol indicate that dlealkvlation and metabolism of

atr-azine by, microorganisms in nutrient solution xvere

negligible in this investigation. The imetabolites

fotindI in the nuttrient solution xvere the samie a,~tho;~e

fotnd in planlt tissuies.

Plivtotor-icitv of Atrazmie a01(1 Mlctabolites. Un-
changed atrazine is the nmajor phytotoxic fornm of the
herbicide in higher plant. Hv(lrolvcsiz of cl]orinie at
the 2-position of atrazine to form llvhlroxyatrazine
makes the original mlolecuile completelx n n1-plhv-totoxic
(5, 9, 12, 21). Dealkv,lation pIartial1v inactivated the
originiial molecule ( fig 7) but it tlefilitelx- retained
some plhvtotoxic properties. This l)artial inactivation
of atrazine by dlealkvlatioin was lemonstr-ated in peas
by comiiparing the inhibition of fre-;h weigllt increases
bv atrazine and compotlndl I ( 22). Eviden-e indi-
cates that metabolisnm of triazille. lealillg to increas-
inglv more polar derivatives. reLults in loss of phvto-
toxic l)roperties inhlerenit in originial imiolecule. Hy-
droxy-compound T, a water-soluble dlerivative of
coniipound I, was also completely nlon-phvtotoxic
( fig 7 ). Thle xater-soluble metabolite> in srghllum
haVe niot been identified, liut thev w\ ere foulndl to be
imiore polar tlhan F tller l1vdroxvatraz,n_in or hlv(droxy-
comiipotund I. Thlese results indicate ilit the xwater-
soluble miletabolites ofLatrazilne in sorglium are very

likely non-phvtotoxic derivative, of the origiinal
molecuile.

Discussion and Conclusions

Resistance or susceptibility of different -species to
chlorotriazine herbicides does nlot seem to be corre-

FIG. 7. Plhotograph of oat plants taken 7 days after
exposure to 10- \rM concetntrations of atrazinie. hydroxy-
atrazinie, comlpoulll(l I, and hv-droxv-com11)Ounld I. Con-
trol is on the left.

Table 11. Distribuioni1 of ]4C Activtvit in N.utriiCni Solutioi A1fter a -day Perliod
The niutrienit solution and rinsings fromi washiing of plant roots were combined, concentrated uinder -acuum at

35°, atid assav ed for atrazine-4C and its metabolites. The methods of analysis xvere the samne as those for plant
extracts.

Unclhanged
atrazine

85.0
46.9
94.8

D)ealkvlatcd
chlorotl-iazilins̀"

11.2
13.6

* Hydroxyatrazine xvas the predominant metabolite only in cornl.
** This fraction incluldes both compounds T and II.

Uni(lenitified
clilorof oi-im

soluble compounds

0.9
11.8
3.4

Species

Sorglhl1inx
Corn
Control

\Water*
soluble

2.9
27.7
1.8
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SHIMIABUKURO-ATRAZINE METABOLISM AND HERBICIDAL SELECTIVITY1

lated with the amount of herbicide absorbed by plants
(6, 7, 9). Chloroplasts from resistant and susceptible
species Nere equally sensitive to the inhibition of the
Hill reaction by the herbicides (16). Evidence show-
ing a possible interaction of atrazine with light to
produce toxic substances which cause destruction of
chloropiasts has been reported (1, 2). These obser-
vations indicate that the biochemical systems in re-
sistant and susceptible plants may be equlally sensitive
to the action of triazine herbicides.

The primary factor which seems to determine the
tolerance of plants to triazine herbicides is its ability
to degrade and detoxify the phytotoxic parent mole-
cule. With atrazine the rate and pathways of metabo-
lism are important in determining the tolerance of
plants to the herbicide. The rate of metabolism must
be rapid enough to prevent accuimtulation of a lethal
concentration of atrazine in the plant, anid the path-
way of metabolism must result in a chanige to the
parent molecule which reduces or eliminates its phyto-
toxic property.

This investigation revealed that 2 possible path-
ways for detoxication of atrazine exist in higher plants
(fig 8). The first involves the well-knowln hvdroxy-
lation reaction of chlorotriazines to form hydroxy-
atrazine which results in complete detoxication of
atrazine (5, 9, 12, 21). The second pathway involves
dealkylation of either of the 2 allkyl groups of atrazine
to form compounds I or II. Subsequeint metabolism
of compoounds I and II maay or may not proceed
throug-h a common intermediate. In this dtscussion,
the pathways are c!assified only according to the initial
chemical reaction which occurs in the degradation of
atrazine. Tihe formation of dealkylatecl derivatives
is only a partial detoxication reaction (fig 7) (22).
However, evidence strongly sugggests that subseqtuent
metabolism of the dealkylated derivatives resuilts in
complete detoxication of the parent molecUle. The
results show that the dealkylation pathway may be
operatinig to some degree in most higher plants while
botlh dealkylation and hydroxylation pathwavs for
detoxication may operate in species containing ben-
zoxazinone. In species where 1)oth pathways exist,
the relative activities of the 2 pathways may differ
considerably, as in corn and NVheat.

Evidence indicates that activities of both, pathways
may be very low in wheat. This results in a large
accumulation of atrazine in plants. Although activity
of the dealkylation pathway may be relatively low in
corn, the hydroxylation pathwsay is extremely active
in this resistant species. Corn shoot was reported to
contain 11.1 times as much benzoxazinone derivatives
as compared to wheat ( 10). Very little atrazine
remaincd in corn plants after 48 hours. In sorghum
and pea, dealkylation of atrazine occurs quite rapidly.
Howvever, subsequent metabolism of dealkvlated de-
rivatives in resistant sorg-humn appears to occur readily
while high concentrations of these (lerivatives accu-
mulate in pea. The relative concentrations of highly
phyitotoxic atrazine and the less phytotoxic dealkylated

products accumulating in plants may explain inter-
mediate degrees of tolerance as in peas (22).

In sorghum very little atrazine remained in the
plants after 336 hours. The results indicate that in
sorghltm N-dealkylation is the initial degradation re-
action in the conversion of atrazine to non-phvtotoxic
deriv-atives. Sorghum, althotugh resistant, was less
tolerant of high concentrations of atrazine than corn
(10). Inhibition of growth in sorghum occurred at
concentrations which did not affect corn. Although
sorghum metabolized atrazine much faster than the
suscepti'ble species, it was not as rapid as in corn.
In considering the efficiency or effectiveness of
detoxication between the 2 pathways (fig 8), it is
reasonable to assume that the hydroxylation pathway
may be more effective. This pathlway results in a
direct conversion of a highly phytotoxic compound
to a completely non-phytotoxic derivative. The de-
alkylatCon pathway leads to detoxication throughI one
or more partially detoxified, stable intermediates.
The difference in effectiveness between these 2 patlh-
ways may explain the observations made in comparing
tolerances of corn and sorghum toward atrazine.

oCI
N N1

, CH, _ W. NWN
oci /NH2 C C-N-CH L
c \~~~~~~~~N/ A CH, OH

N N COfOUND I

11 /CH, _N N N
/ \

O-,C,NC C-N-CH Y \/ZN CM, -CH2-N-C C-N-CHMCATRAZ
H CAN A \CH, N
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N< C-N-0H2-H,
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"84.Y PKYTUTOCK LESS FWTOTCIC NON-FIYTOF=

FIG. 8. Dealkylation and hydroxylation pathways
for atrazine detoxication in higher plants. Broken lines
signify unknown portions of pathways. Several un-
known intermediates are present before formationi of
insoluble residue.

Dealkylation of atrazine and subsequent rapid
metabolism of dealkylated products to non-phytotoxic
water-soluble and methanol-insoluble plant residue
seem to be responsible for resistance in sorghum. In
corn hydroxylation is primarily responsible for its
resistance. The extent to which dealkylation con-
tributes to the resistance in corn is unknown.

Results of this investigation and observations re-
ported in the literature suggest that ring cleavage
and complete oxidation of atrazine and other triazine
herbicides do not occur very readily in higher plants
(6, 11), microorganisms (13), or animals (4). In
sorghunm, and very likely in corn, the residue from
atrazine metabolism may still have the symmetrical
triazine ring intact. If ring cleavage occurs, the
carbon in the heterocyclic ring appears to be rapidly
incorporated into insoluble natural products.
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