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Microbial Degradation of the Herbicide Atrazine and Its 

2-Hydroxy Analog in Submerged Soils 

Kishore P. Goswaml and Richard E. Green 

Department of Agronomy and Soil Science, University of Hawaii, Honolulu, Hawaii 96822 

E Soil-applied pesticides transported by erosion from the site 
of application to waters and sediments are subject to condi-
tions sufficiently different from those of aerated soils to alter 
pesticide persistence. Microbial degradation of 11C ring-
labeled 2-choro-4-ethylamino-6-isopropylamino-s-triazine (at-
razine) and its 2-hydroxy analog (hydroxyatrazine) in sub-
merged soils was studied by measurement of 4C0 2 evolution 
and chromatographic separation of metabolites in soil ex-
tracts. In 90 days, 1.67 Y of hydroxyatrazine-I 4C was evolved 
as 4C0 2 , whereas only 0.005Y of atrazine-"1C was recovered 
as '4C0 2 . With an energy source added to the soil, 3.8 % of hy-
droxyatrazine-I 4C was recovered as I'CO, in 60 lays. Chemi-
cal hydrolysis of atrazine to hydroxyatrazine is the principal 
pathway of detoxication in soil and is conducive to ring clcav-
age and total breakdown by microbes. Biological dcalkylation 
without dehalogination occurs simultanCouSly; 2-chloro-4-
amino-6-isopropylanmino-.s-triazinc was identified by 'ILC in the 
extracts from atrazinc-treated soil. Ring-labeled atrazine or 
hydroxyatrazine in soil did not evolve "'CO, or "'CH.,gas 
when the system was subjected to an anaerobic condition. 
Total breakdown of atrazine is expected to be slower in sub-
merged sediments than in aerated soils because of the higher 
pH and restricted aeration of sediments. 

esticides are used increasingly in both agricultural and 
. urban areas. The ultimate fate of these materials is im-

portant to the n'aintenance of an environment which is 
largely free of toxic chemicals, especially those displaced from 
the site of their original application. Transport of soil-
applied pesticides to streams, ponds, lakes, or shoreline occan 
waters can be accomplished by vertical movement through the 
soil profile and subsurface strata to groundwaters; however, 
surface transport by runoff water and eroded soil is more 
likely in most cases. Eroded soils containing pesticides become 
sediments in wet, low-lying areas or in bodies of water so 
that any further transformation of the transported pesticide 
must occur under conditions of limited aeration. Although 
chemical reactions should not be alfected much by the degree 
of aeration, pesticide transformations by soil microflora may 
be quite dilferent under aerated and submerged conditions. 
Guenzi and Beard (1967) found that normally persistent D1" 
was converted to imi relatively fast in an anaerobic environ
ment. Raghu and MacRae (1966) and MacRae et al. (1967) 
showed that benzene hexachloride, which was relatively re-
sistant to microbial decomposition in aerated soils, was readily 
degraded under flooded conditions. These studies emphasize 
the need for assessing the importance of microbial degradation 
of pesticides with limited aeration- i.e., tnder conditions 
corresponding to the environment of submerged sediments, 

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-tri-
azine) is the most widely used chemical for pre-emergence weed 
control in corn. In Ilawaii, itis important to the culture of 
sugarcane, pineapple, and macadamia nut. Soil-applied atra-

zinc is subject to displacement from the site of application and 
subsequent deposition in either fresh- or saltwaters; such trans
port occurs most likely soon after application when fields are 
bare, thus more susceptible to runoffand erosion. 

Various pathways of chloro-s-triazine detoxication in 
plants, soils, and microbial cultures have been reported in the 
literature. Nonenzynmatic hydrolysis is an important initial 
degradation step in higher plants (Hamilton and Moreland, 
1962; Roth and Knusli, 1961; Castelfranco et al., 1961). The 
fungus Aspergillus hiu~igatus was found capable of causing 
dealkylation of 2-chloro-4,6-hi.v(cthylamino)-s-triazinc. (sima
zinc) without intermediate hydroxylation in culture solutions 
(Kearney et al., 1965). In natural soils, however, detoxication 
of atrazine occurs principally by chemical hydrolysis at the 
2-position (Armstrong etal., 1967; Harris, 1967; Skipper et al., 
1967; Obien and Green, 1969). The role of soil microorganisms 
in degrading atrazine has ben clarilied considerably by Skip
per et al. (1967). They measured I C( evolution from chain
and ring-labeled atrazine subjected to various microbial iso
lates, to determine the extent of dealk),lationand ringcleavage. 
Degradation of the ethylamino chain was accomplished by 
both bacteria and fungi, but neither prodluced l4CO- by ring 
cleavage. Evolution of ICO from ring-labeled atrazine and 
hydroxyatrazine in nonsterile soils was also measured. A three
fold greater rate of I'CO_, production from ring-labeled hy
droxyatrazine indicated that microbial destruction of the 
chloro-s-triazine ring is preceded by chemncal hydrolysis. 
Thus, detoxication of atrazine in aerated soils may result from 
cithe- chemical hydrolysis or microbial dealkylation, or both; 
but the rate of total decomposition of the s-triazine ring tj,
 
CO2 is considerably enhanced by piior chemical hydrolysis. A 
similar mechanism in plants was indicated by the rapid degra
dation of hydroxyatrazine to C(2 by oats which could not 
degrade the parent atrazine (Montgomery and Freed, 1964). 

The purpose of this investigation was to study microbial 
degradation of atrazine and its hydrolysi' product, hydroxy
atrazine, under limited aeration conditions similar to those 
prevailing in the sediments of lakesand bays where transported 
ntrazine may reside. Determinations of hydroxyatrazine 
degradation under aerobic conditions and both atrazine and 
hydroxyatrazine degradation under anaerobic conditions (N2 
environment) were also made. 

Experimwntal 

Degradation in Submerged Soil. In separate preliminary e' 
periments, the degradation of ring-labeled atrazine w. 
measured in submerged Kapaa and Molokai soils. Soil pro, 
erties are given in Table I. Atrazine, ring-labeled with Iit 

was added in aqueous solution to 5.0 g soil to give 10 and ' 
ug of atrazine per grain of soil for the Kapaa and Moll, 
soils, respectively. A I.(-nil suspension of ' bacterial cuhoir. 
inoculum (developed for 10 months on submerged atrai . 
treated Molokai soil) was added at the initiation of Ihe e'xLprI
ments. Sufle-int water was applied lo maintain the soil/%%alci 
ratio at 1:2 (weight basis). Incubation was performed in tripi
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cate 50-ml cei .rifuge tubes, each of which was equipped for 
displacement .,d collection of "CO 2. Control measurements 
were obtained on both soils. 

The ti . were incubated at room temperature (24.5 0C 
1") ar thLc contents were shaken daily. Evolved "1CO was 
per;,. ail;. displaced and collected in 10-ml portions of 
h,,,' 10-X (Packard Instrument- Co.) byox,:, of hyamine 
i*:, 02-free humidified air through each system sepa-

rr. 71)cc/min for 30 min.A 1.0-ml aliquot of the hyamine
i was mixed with 15 ml of 7:3 toluene/ethanol scintil-

Soi tion, and "4C activity was determined by liquid
.:~tion spectroscopy. The systems were kept closed be-

displacements. Separate tests revealed nn 1C activity 
.:hanol traps when dry and humidified air were passed at 

, tbove-mentioned rate for 4 hr over "C-labeled atrazine 
d hydroxyatrazine solutions or over soils treated with these 

. olutions. Thus, volatilization losses were neligible. 
In a second experiment, the degradation rates of '4C ring-

laieled atrazine (10 /g/g) and hydroxyatrazine (9.6 ug/g) were 
measured for 90 days in Molokai soil under the same condi-
tions described above. The effects of additional nitrogen and 
carbon sources on triazine-ring cleavage by soil microorga-
nisms were determined by additions of 25 mg sucrose at 40 days 
and 10 mi ammonium sulfate after 67 days of incubation. 

Hydroxyatrazine degradation was studied further in a third 
experiment, in which both a carbon source (50 mg potato 
starch) and a nitrogen source (40 mg ammonium sulfate) were 
supplied initially to 10 g of Molokai soil, which was treated 
with 3 ppmw of hydroxyatrazine. The need for the additional 
energy source was indicated in the second experiment. 

The products of degradation in the latter two experiments 
were separated and analyzed by thin-layer chromatography 
(TLC).At the end of incubation, the tubes were centrifuged at
16,000 rpm for 15 min, and the aqueous extracts were de
canted. The soils were then extracted with 10 ml 0.05N cal-
cium chloride in methanol by shaking for 2 hr. After centri-
fugati,)n, the aqueous and methanolic extracts were mixed; 
2.0-mi aliquots of the extracts were concentrated in the dark 
at 2,. "C -f: I0. The separation and measurement of the resi
dues and degradation products of atrazine and hydroxyatra-
zinc were . -ie by "iLC according to Obien and Green (1969). 
Nonlabeled standards of probable metabolites of atrazine 
were subject, ito the same °iLC evaluation as was'used to sepa-
rate metabolits from soil extracts. Rf values for nonlabeled 
chemicals %%eredetermined by iodine vapor staining. Solutions 
of "C-labeled atrazine and hydroxyatrazine were also ana-
lyzed by iIc to test the purity of these compounds as supplied 
[ the n; ;'!uf'iu!Urer. The specific activities of atrazine and 
h5 Irox.vu ineutilized in these experiments were 6.1 /pc/mg
anI 7.1 lc/, *:, respectively. Both atrazine and hydroxyatrazine 
were tinifor,, ly labeled with ''Cin the triazine ring. 

ih ,radation in Aerobic Soil. Ilydroxyatrazine applied at 3 
/ ,''w
w:a incubated with Molokai soil maintained at a water 
content corresponding to 85% of "saturation." Evolution 
of ''Cu was measured in triplicate as described previously.

Dr'gradation in Anaerobic Soil. Molokai soil samples (30 g) 
in 25(-mil conical flasks were treated at 10,pg/g of either atra-
zinc or hydroxyatrazine ("C-ring labeled) and mixed with 80 
ml of water. A culture inoculum was prepared from the sedi
ment of a stagnant water pool in a marshy area. Twenty milli-
liters of the water suspension were mixed with the contents of 
the flask. Ilalf of the flasks was flushed with N, gas for 30 
min to displace air and create anaerobic conditions. Gases 
produced during the 90 days of incubation were collected by
the displacement of saturated sodium chloride solution while 

maintaining a slight negative pressure (-18 cm water head)
in the system. Collected gases were transferred into gas sam
pling tubes containing concentrated sulfuric acid and kept 
under slight pressure for 24 hr for removal of traces of water 
vapor. The gas samples were then analyzed by mass spectro
graphy under high resolution for "C-methane and "IC-carbon 
dioxide gas fractions. 
Results and Discussion 

Atrazine Degradation in Submerged Soils. Evolution of 
14C0 2 from ring-labeled atrazine in Kapaa and Molokai soils 
is shown in Figure 1. In 30 days, Molokai soil evolved only
0.02% of the added atrazine, whereas 1-CO evolved from 
Kapaa soil, represented 0.59% of the input chemical. If the 
ring cleavage represented here by "4CO2 evolution resulted 
from microbial attack on hydrolyzed atrazine, as indicated by
Skipper et al. (1967), the results in Figure 1 may reflect faster 
hydrolysis of atrazine in Kapaa than in Molokai soil. Obien 
and Green (1969) found that 48 %of atrazine was hydrolyzed 
in Molokai soil in 30 days, compared with 85 %in Kapaa soil. 
The high organic matter content and high microbial popula
tion of the Kapaa scil (Table 1) probably enhanced degrada
tion of the hydrolyzed atrazine to CO relative to that in Molo
kai soil. Although the soils were submerged, the CO evolution 
shown in Figure 1 indicates the viability of organisms capable 
of metabolizing the triazine ring in the submerged environment 
of sediments. 

Table I. Properties of Kapaa and Molokai Soils 
Total bac-

Depth Organic terial counts4
sampled, matter, Total (X 101/gSoil cm pH % N, % soil) 

Kapaa 0-10 4.7 10.5 0.38 31.83 
Molokai 0-5 6.4 3.4 0.13 1.36 

a Viable on sodium caseinate agar medium. 
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Hydroxyatrazine vs. Atrazine Degradation. A comparison
of degradation rates for atrazine and its 2-hydroxy analog
under submerged conditions is indicated by relative tCO2o 

recovery curves (Figure 2). The upper curve in Figure 2 shows 
'4CO2 evolution from hydroxyatrazine with increased aeration, 

Molokai soil wasTotal destruction of the atrazine ring in 

minimal--only 0.005% of the input 11C being recovered as 
14C0 2. Hydroxyatrazine, on the other hand, was degraded to 
4
"CO2 to a much greater extent-1.67%. Faster degradation of 

hydroxyatrazine resulted from more adequate aeration; a 
total of 2.38 %of the applied 1

4C was evolved as IIC02 in 95 
days. Applications of sucrose (at 40 days) and ammonium 
sulfate (at 67 days) after initiation of the experiment en-
hanced hydroxyatrazine degradation (Figure 2, middle curve) 
When starch and ammonium sulfate were supplied at initia-
tion of incubation in the third experiment, "CO2 evolution 
was greater than in any of the previous experiments; 3.8 %of 
the applied '4C was recovered as 14CO within 60 days (Figure 
3). This increased 'C0 2 evolution resulting from additional 
energy sources indicates a nonpreferential utilization of hy
droxyatrazine by the soil microbes. 

Percentages of 1C recovery given here do not represent 
only detoxication of atrazine, but rather the extent of ring 
cleavage and subsequent breakdown. Three atoms of i4C on 
the hydroxyatrazine ring constitute about 20% of the molecule 
that produced 'C0 2. Microbial degradation u the side chains 
of atrazino has been shown to be much more rapid than ring 
cleavage. McCormick and Hiltbold (1966) calculateco a factor 

of 74 to 104 molecules of atrazine inactivated for each mole
cule of CO2derived from its ring. 

The results in Figures 2 and 3show that (a) under submerged 
conditions, microorganisms were capable of degrading the 
ring of hydroxyatrazine to a much greater extent than the 

atrazine ring; and (b)ring cleavage was accomplished princi
pally by facultative aerobic and aerobic organisms. 

The measurement of evolved gases from a system main-
tained in an anaerobic condition gave further evidence for 
aerobic metabolism. Mass spectrographic analyses revealed no 
"CH 4 in gases produced during the incubation of hydroxy-
atrazine and atrazine under anaerobic conditions in Molokai 
soil. A small peak at 46 (inol. wt.) for ICO2 was recorded for 
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gases produced in the hydroxyatrazine-treated system which 

was partially anaerobic. Nonlabeled methane and carbon 
dioxide were found in all gas samples collected from incubated 

with or without triazine application. It is concluded, 
therefore, that atrazine and hydroxyatrazine were not metab
olized by the anaerobic microflora. 

Products of Microbial Degradation of Atrazine and Ily
droxyatrazine. Figure 4 shows radiochromatographs of the 
extracts obtained from Molokai soil after incubation with 
atrazine and hydroxyatrazine for 90 days. The upper curveshows (a) a large residue of applied atrazine (Rf = 0.93); (h) 
a lesser amount of the 2-hydroxy analog produced b) chemical 
hydrolysis (R, = 0.13); and (c)a small quantity of product-B 
at Rf = 0.64. Table 11 contains Rf values obtained for the 
standard compounds and the extracts of soils incubated with 
atrazine and hydroxyatrazine. The metabolite rlcsignatcd prod
uct-B appears to be 2-chloro-4-amino-6-isoprop ltriiino-s
triazine. This is probably the same metabolitc which Obien 
and Green (1969) reported, with R/ = 0.70. Keniucy et al. 
(1965) also reported production of a similar metabolite from 
simazine in culture solutions supporting the growth of Als
pergillus finnigatus. This monodealkylated chloro-s-triazine 
has not been positively identified in soil previously. 

The radiochromatograph for hylroxyatrazine-treatedi soil 
(Figure 4, lower graph) shows evidence of an unknown metab
olite at Rf = 0.92. This peak appeared repeatedly in extracts 
of soils treated with hydroxyatrazine and did not appear in
chromatographs of the added standard compound. The antici
pared low mobility of ealkylated 2-hydroxy-s-triazines in the 
chloroform-acetone solvent would eliminate these compounds 

s 
as possible metabolites responsible for the measured peak.
Conjugation of some labeled breakdown product with lipoidal
molecules might be responsible for the peak at 0.92. This peak 
would normally be masked by atrazine when atrazine break
down is being studied. 

It is now clear that alternative first steps in the degradation 
of atrazine are chemical hydroxylation at the 2-position and 
m . w c i i
 
microbial dalkylation with chlorine intact in the 2-position.

The former product appears to be the most susceptible to ring 
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Figure 3. Cumulative "C recovered as i4CO, from hydroxyatrazlne 
when starch and ammonium sulfate were added Insubmerged Molokai 
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ATRAZINE Table II. RI Values of Standard Compounds andMetabolites In Soil Extracts Measured by8/ TLC In a 9:1 (v/v) Chloroform-Acetone Solvent Mixture 
Compounds R1 values 

U" 6 
Standard compounds 

-. PRODUCT - 8 2 -Chloro-4-amino-6-isopropylamino.C) (DEETHYLATED ATRAZINE) s-triazine 0.66
3- 4 HYROXYATRAZINE Atrazine 0.93 
!e Hydroxyatrazine 0.13 
< Soil extracts . Product-B 0.64 
>W Unknown metabolite 0.92Atrazine 0.93 

-I II RO YATRAZINE
 
- 6THydroxyatrazine 
 0.13 
ElI ' 

4 
rates of dealkylation of atrazine and ring cleavage of hydroxy
atrazine are expected to be relatively slow. While the sub-

UNKNOTWN merged environment enhances microbial degradation of DDT
and 111C, the degradation ofchloro-s-triazines will be retarded. 

0 , The anticipated decrease in the rate of degradation of triazinesI in sediments does not suggest that these materials are detri

cm SCALEFigure 4. Radiochiromatograph of TLC on water-methanol mental to environmental quality. Simazine has been used sucextract with no damage to fish (Walker, 1964). Thus, the chloro.scessfully for control of algae and aquatic plants in fish ponds
from Molokai soil 90 days after treatment with atrazine (I) andhydroxyatrazine (11) triazine herbicides are not expected to be hazardous pollutants

of shallow waters, but they are expected to persist longer in
submerged sediments than in terrestrial soils. 

cleavage by microbial attack. The two pathways, proposed in Ackno'ledgmentthe following diagram, could operate simultaneously in soil. The authors express their appreciation to Dr. D. D. Kauf-
OH -URTER man for his helpful suggestions and for supplying the standard 

N O~ FCRGOAL co,, ETC s-triazine metabolites, Sister M. Roger Brennan for mass spec'N ,.o, H, trometer determinations, the East-West Center, University of 
OCAH.,My,,. HY,,,.o, Hawaii, for a scholarship supporting the senior author, and toGeigy Chemical Co. for C-labeled triazine compounds.
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