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D,0,No. 3/ 7? /i

Dr. N.Sethunathan, Central Rice Research Institute
Soil Microbiologist. Cuttack=-6, Orissa§.

Dated the (|}, March,1978.
Dear Dr. Murty,

Please refer to your letter of 14.2.1978 concerning
the progress report of IAEA projects. IAEA supported the
following research projects in the Soil Microbiology Seection.

i) Isotope -tracer aided studies on the fate and significanc
- of insecticides used for the control of rice pests under
conditions of Indian Agriculture (under Dr. N,Sethunathan
from 1972-1976.

Projeet No.1179

ii) Pesticide - s0il microflora interactions in aquatic and
80il environments with special emphasis to rice and paddy
ecosystems (under Dr. N,Sethunathan) from October 1,1977
to date.

Project No.2089 - ANewr PPorer gr o o

iii) Nitrogen fixation by free-living microorganisms in
tropical rice soils (under Dr. V.Rajaramamohan Rao)
from August 1976 to date.

Project No.1804.

The first project terminated in 1976 and the progress
reports for this project as published by IAEA are enclosed.
IAEA gtarted a new 'L' programme on pesticide-soil HBiota
interactions in 1977 and under this new 'L' programme, the
second project started functioning on October 1, 1977 which
hopefully will continue for 3 or 4 years.

As a part of this newlprogramme we have initiated
studies towared developing 14C-labelled substrat?4techniques
(for eg. very dilute 14C-glucose, followed by '4CQ assay)
as an indicator of soil capacity for desirable trafisformations
and residue degradation in predominantly anaerobic flooded
soil systemwv. It is too early to report on the progress of this
new project yet; we hope to gather useful information on the
above aspect within 6 months. The third project (on nitrogen
fixation) started functioning from August,1976 and the
progress report of this project is also attached herewith.

14C-labelled pesticides are not available in our
country. Collaboration with IAEA assisted us in initiating
studies on pesticide residue problems in r}ge ecosystem in
India for the first time with the help of -labelled
pesticides supglied by IAEA under the contract. Likewise,
IAEA provided 15-analytical facilities in its laboratory
at Vienna facilitating the analysis of N 15 samples from
our nitrogen-fixation programme.

We hope that continued collaboration with IAEA in
the above programmes would contribute toward a better
understanding of pesticide-residue problems and nitrogen
fixation in rice soils under tropical conditions.

With kind regards,

Dr. B.R.Murty, Yours sincerely,

Project Director,
Nuclear Research Luborat ory,
IARI, New Delni-12.
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buring previous yea TXIng orge i d elr nitrogen-fizing
efficiency was scudied. 4lso, tae influence of ricc straw amended to soil at
two wmois ture levels on the nitrogen fixation amd population of different
nitrogen-fixing organisws was studied. rhe occurrence of symbio trophic nitrogen
fizing associ.tion and nitrogen fixing opirillum in [ndisn rice soils of varying
characteristics .as reported for the fivst time.

vurine the year under report nitrogen-fixin, activity of varous Inuian %
rice soils as influenced by orgunic amendments and water regimes, and /
pesticides was deuons trated enmyloying Kjeldahls' method and N-15 techniques. z
Furtiher investigatbons on factors influsncing nitrogen fixation by Spiriilum
were carried out. ihe results are sumnarized below :

nicrogen fixation in rice soils

a4lluvial, laterite, acid suline and two unigue acid sulphate saline
soils pokkali ana kari from Kerala were used in the present study. Lome
Charucteristics of the five soils used in this study are listed in ‘sble-1.
Une set of the soil sauples placed in swall vials was flooded with water
anc tue other set vas held moist (w.intained at 50, w.cer holding capacity 10)\
replesenting flooded and aonilooded condicions respective ly. ‘he flooded
anu nont looded s0ils were amended .ith (4/.) 0.54 rice s traw, 0.54 glucose 0.5 and
1.0/ malate to study the influence of organic substrates on nitrogen fixdation.
the 801l sauples were then transferred ©o a desiceator wrapped with black
paper to prevent algul growtily ‘the desiccator was then sealed and the air was
evacuated by vacuum and tiisg filled vith che gremized gas phase containing N,:
Ar (30:70). rthe soil Salples were thus indubated under ancerobic conditi on for
& period of 30 days ut 30°C in dark. Initial and finzl nitrogen content of
triplicate soil sauples was deterwined following wicronjeldahl method. witrogen
Tization in so0ils was calculated by the differential anu Iysis of the initial and

final nitrogen content. i ; ? s : +E

For heterotropnic nitrogen fixation by free-
cairoon substrate is an essential prerequisite, which i :
Luiting factor ia soils. Uiy data (table 2) Snow that soil Submergence ;
accelerated the indigenous nitrogen fixa cion, at least, in alluviel and laterite
s01ls. dowever, in acid sulphate saline kari and pokkali soils more nitrogen

Tigation occurred under nonflooded conditions. Highest indigenous nitrogen
fixation was nodced in a laterite soil under both flooded and nont looded

.condaitions. = : s

Under f locded conditions, addition of rice straw stimula ted nitrogen
fization only in kari soil as compared to the effect of glucose in enhancing
‘nitrogen fixataon in laterite and pokkali soils. wsalate addition led to an
increase in nitrogen fixation in three scils viz., alluvial, pokkali and

—
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Unuer nonfilooced conditions, application -f@ﬁice straw, malate anc
e was effective 1n enhancing ni trogen fixatiou in alluvial and later :
“(tablec 2). In ocaer soils addition of organi¢ sources had no influence on
nitrogen fixation. uur data dewowstrate that organic sources differcd as €0
their effect on the extent of nitrogen fixation depending on the woisture
regime and s0il type. ihe observed variation’ in the values of nitrogen
fixation in soils might oe due to the soil type and presence Or absence of
activate nitrogen-fixing microf lora. 5.

Lppicciable asounts of nitrogen was fiizcd in tie £90 unique acid
sulpiute saline kari and pokkali sOTIS Sd8Splte ‘their high acidity and
salinity. 1t is interesting to note taat in these two s0ils greater nitrogen
fixation was opserved under nouflooded conditions indicatime the role of
aeiobic anu microaerophilic nitrogen~fixing orgunisms . our prisingly , nitrogen
fisation was considerably supuressed in an acid saline sarap.dam s oil, eventhough,
arbon substrates were grovided.  Houever, the iudi enous N -fizing
by in this s0il was ap; 3 oded

15H=1 s t‘udies

In another experiment employing the 15-N labelled nitrogen gas, the
nitrogen fizxadon in alluvial soil nas been deteinined. pSoil samples ontained
ia glass vials were waterlog.ed and then tx ansferred to a desiccator wrapped
with black paper to prevent algal grogth. svolved CO, was absoibed in 400 KUE
placed 1n the desiccator at the beginning of the expeiisent. The desiccator
:as tnen sealed an. che air evacuated by vacuum,and then filled with the gas
mixture nitro.en and Argon containing 58 atom®% “N,. [he system was then
inaibated at 28°C ror 30 days. +The soil sauples o;ter Kjeldahl degestion znd
distillation were subjected to 15-i analysis. In our studies atom % excess 1in
soil samples was in the range of 0.664. Based on the deta the net nitrogen
fizution in tois soil was about 10 kg N/ha/30 days. The experiments with othex
s0ils are 1n progress .

pffect of pesticides on nitrogen fixation in goil

The effect of certain coumonly used pesticides on nitrogen fixation in
flooded s0ils was studied. Technical grade benomyl, carbofuran and BHC at 5 ppm
level were applied to flooded soil sywstem and incubated for a period of 30 days.
alluvial, loterite and acid-sulphate pokkali soils were used in the study.

The preliminary resul® sno.ed towt application of carboiuran at 5 ppn greatly
stimulated nitrogen fixation in laterite anu alluvial soils (iable 3.
application of benomyl to above s0ils also stimulated nitregen fixation.
Nitrogen fixation was not s tmula ted in -BHC amended soils, instead a
drzastic suppression was evident. I'nese results are being confirmed employing
15-N technique.

Studles on nitrogen fixing Spixillum from rice sals

'he widespread occurrence of nitrogen-fixing wpirillum Sp. in
various soils was reported during last year. IFurther studies on this
interesting organism were made duwing this year. fhe dynamics of nitrogen
fixation by opirillam isolates as ini luenced by flooding and rice straw
amendnent on different deps of incubation was inwstigated. A deciease in

—tne—mitrogen=fixins—goteniial was nouticed—{ravte 4)—itcultures—obtdned frouw

s011s incubated for prolonsed periods under both flooded and norflooded
conuldons. wost active and effective nitrogen fixation was noticed in cultures
isoluted from svils incubaced for 5 days. High nitrogen fixation was noiiced
in culgures Originating from rice straw-amended soils under flooded

conditions, excepting the culcures from an extreue ly acid sulphate saline kari
g0il. cnrichoent cultures obtained from rice str az—amended .nouil looded alluvial
and laterite voils exhibited greater nitrogen fixing efficiency than cultures

from unamended soils. The cultures from limed karl so0il exhibi ted higher nitrogen
fixing potential than cultures frow unaaended s«o0il under nonflooded conditions.
These results suggest that Spirillum isolates from various soil types wide Ly differ
in their nitrogen-fixin, potential. Uespite acidic and saline conditions in

" acid sulphate soils, pokka li anc kari, the isolates possessed appreciable
" nitrogen fixing activity indicatir: their acid and salt tolecrance. woensitivity

o ppizillug §o prolonged moisiure reoglue ds.another dateresting featurga =
4150 certain il anenduents

of those potential nitrogen=fizin, orginisms.
2 e *'235;»# o on o EEE L =




&~ 9Mided cultures with increased ni trogen—ficing abiliiy .

ropulatvion of opirillum in soils

4 method for counting the 5. irillum from soils has beenstandardized.

verial 10°= fold dilutions were repared from the soil samples and 1-al of

each dilution was iuoculated 10 the semi-solid malote medium in 5 replicate
tubes. r0sitive identification of o pirillun sp. was recorded when tiere was

tie fomation of fgypical white peliicle of few um below the surface of the
Sem-solid malate medium within 24 h at 30°C. iicroscopic examination
. of the pellicle revealed the wost characteristic forms with curved rods of
varying sizes coutulning refractive lipid bodies. ithe cells were extremely
active with a typical spiral moveaent. .05t probable numbers were calculated by
,using the probability taoles.

wnploying the cbove wstaod, the population of Spirillum sp. was
estimated in different 5011 types uncer rice cultivation and the data on the
eifect of rice straw amenduent and waier regime on the population density
are piesented in Table 5. all the s0il types investigated contained this
Orgenisa wi th macimum numbers in laterite s0il and minimum in «n extremely
acida sulopute saline kari soil. rnice straw amendment to f looded alluvial
laterite and acid sulphate pokkali soils cousiderable enhanced the population
of ppiriliuwa sp. In concrast, rice scraw amendment to kari soil had no effect
on spirillum population, at least, in soils incubated for 5 days. The
populetion of Spirillum sp. greatly increased in this soil following 1imin\g.

opirillun sps from rice rooits

ihe assodate symbiosis of ppirillum sp. with rice roots has been
established in our studies. in a field experiment a high yielding,

gcui dwarf rice cultivar (Chu.13-3241) was grown uuring the dry seasou under
irrigaced condi @ons with O, 20, 40, 60, 80 and 100 kg N/ha ap lied as

aumonium sulphate. iresn roots from respective treatments, collected at
diiferent Stages oi crop growth, wer thoroughly washed under running tap water
anu cut into pieces of 0.5-1.0 cm whicih were placed in 20 ml sterile improved
seuwi-solic walate medium for the isolation of Spirillum sp. The culture was
subsequently transferred (3-4 subcultures) to fresh seuwi-solid malate

medium. Nitrogen fixation in thesec multiple-transfer cul tures was csicimated.
opirilluwm s p.isolated from fresh roots receiving no fertilizer exhibited an
overall lo. efficiency in temms of nitrogen fixation (1eble 6). From such roots,
a gradusl decrease in tihe nitrogen—fixing efficiency with respect to plant

age was evident in cultures isolated at different stages of plant growth.

However cultures isolated from roots receiving combined nitrogen, in general,
showed gredater efficiency. The hi_nest doses of cowoined nitrogen did,

however, suppiess the nitiogen fixing potential of Spirillum sp. Thus,
opirillum 5 .. isolavea from roots wnich received above 60 kg N/ha were less
efficient, taroughout tiae growth o the rice plant, than cultures isolated

from roots fertilized with lo.er levels of coubined nitrogen.

wifect 01 so1l redox potential (wh) and pH on the enrichment culturc activity

In order w determine whether N, ~fizing efficiemcy of 3pirillum cultures
in malite medium was related o the (E.h% redox potential and the pH of the soil
samples prevailing a ¢ cthe time of transfer, Lh of the s0il samples after
appropriate amendments anu incubation(5, 10,20, and40 dadvs) was measured with a
por table revox meter model iw-IF (TOA slectronics Ltd., Tokyo, Japan) fitted
witih a canpound platinum and caloiiel electrode itype GC-211. After Eh
measurements, the pd of the .oil sample was determined. <LThere appeared to be a
tertain degree of relation between soil pH and the N -fixing activity of
enrichient cultures obtained from respecti v soils. Thus, sarichment cultures
origin fing from soils with higher pd values exnibited greater N, fixation,
with the exceptiou of cultures from flooded alluvial soil with pH above
7.0 (Pable T},
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A relationship existed between the in vitro N _~fixing efficiency of
Spirillun enrichuent cultures in malate wedium enc the redox status of the
suil sauples at tae time of transfer to wmalate medium i10r enrichment.
varichwent cultures originuting from flooded soils of relatively low potentials
(=50 to =150 uV,, showed aigher N, fixing efficiency in wvitro; cultures isolated
from soils with higher potentials were less efficient with respect to N
fixdng activity. Lor exaample, Pokkali soil characterized by more rapid decline
ia potentials upon flooding as couwpared to other soils harboured Dpirillum
cultures possessing highest N ~fixiug activity. ine soil potentia ls decreased
witn increasing incuba tion under f looded conditions. =sgain, the increased
eifidency of cultures from rice straw amended alluvial laterite and Pokkali
soils than in unaaended soils was apparently related to the accelerated
drop in potential by ricc straw in flooded soils.

with regard to the unique acid sulphate saline kari soil no such
rola tion scems to exist. Highest N -fixing activity was noticed in cultures
obtained from soils having Sh valueS of +100 nV. iice straw awcudmeant to
tnis soil did not appreciably lower the sh potential and also the enriciuent
culiures from amended S0il exhibited lower N, -fixing activity than the
cul tutes from unadended soil.. rhe pronounced effect of rice straw in lovering
the mn of tae soils an. the occurrence of spirillum sp. with high N, fixing
activity under such &itw ¢ions indicate the aajor role of 501l amendments in
opirillum mediated 1\:'2 fizxation in matural environments.
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Table 1 s Characteristics of the soils
‘_0“
Characteristics Alluvial Laterite Acid Acid Acid
sulphate sulphate saline
saline saline (Karapadam)

(Pokkali) (Kari)

&

Pid e, 5e2 4.2 3.0 5.0
Urgznic matter (%) 1.61 3.25 8.21 27.81 7.4
Total nitrogen (%) ' 0.09 0.09 0;24 0.36 0.24

- slectrical conductivity 0.6 0.2 55 s 15.0 6.3

(1 mhos/cm)b

mgasured as 1:1.25 soil-water suspension

S hlectrical conductivity of saturation extract of the

g80il determined in conductivity meter.

‘fable 2 : Influence of carbon substrates on nitrogen fixation in rice
soils unmder flooded and nonf looded condi tions

ooil type amendment mg of nitrogen fixed/g s0il/30 days
; Flooded condition  Nonflooded condition

Alluvial - 128 12
Y _+ rice straw (0.5%) 127 = 0g
+ glucose (0.5%) 110, 12
+ malate (0.5%) 193 110
"+ malate (1.0%) 198 nd
e laferite - =408 870
: -+ rice straw (0.5%) 1090 1220
+ glucose (0.5%) 1335 1090
+ malate (0.5%) SS9 1185
+

malate (1.0%) 1090 nd

Acid sulphate

saline (Pokkali) - 163 437
: -+ rice straw (0.5%) . e 320
+ glucose (0.5%) 584 448
+ malate (0.5%) 268 455
+ malate (1.00) 705 nd
Acid sulphate - : 70 292
3 saline (kari)»+ rice straw (0.5%) 30% 293
- e -+ glucose (Oabdlan . aat 72 ; 270
+ malate (0.5%) ' 110 163
+ malate (1 .0%) = nd
Acid saline - 105 -
(Karapadam) + rice straw (0.5%) 5 -
. + glucose (0.5%) : - 7
+ malate (0.5%) 35 -

- = No nitrogen fixation; nd = not determined.
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Table 5 : Bpirillum population in flooded rice soils

- Population x 10_4[g;soil

SEEe s Te Period of incubation(days)
5 10
Alluvial 92 54
Alluvial + RS* el ; 160 9.2
Lateri te 160 160
Laterite + I5% 230 160 e
Acid sulfate saline (Pokkali) 92 160
Acid sulfate saline (Pokkali) + Ro* 250 160
Acid sulfate saline (Kari) : 0.002 0.07
Acid sulfate saline 'Kari) + ES* 0.002 0.024
Acid sulfate saline - | ** 22 0.2

B*% - Soils amended with 0.5% (w/w) rice straw
*%

i =" Soil.limed with 0.6 g CaC0_,/20 g soil

Popula tion was cstimated by WMPN %ethod.

Table 6 : Nitrogen fixing-efficiency of Spirillum sp. isolated from
roots of ricec plants fertilized with different levels of
combined ni trogen.

Combined nitrogen mg of nitrogen fixed/g of malate by cultures of
applied (kg/ha) Spirillum Sp.
= Age of the plant(days)
40 55 65 78
0 3.92 1.68 1.38 1.10
20 3+ 98 2478 5% 2.38
40 e 4.91 5.00 4477
60 2.24 4 34 3.10 3.61
80 SRS 295 2.66 ¥ad9
10C 2.80 BA48 1.30 2+38

Table 7 : Nitrogen-fixing activity of Spirillum enrichment clltures
from.rice soils

©o0il type Condition of pH of soil gnrichment

incubation culture

(10 days) actH vity
Acid sulphate Nonflooded T 507
saline (Kari) Flooded s 347
Acid sulphate . . Nonflooded ’ 5.8 850
saline (Pokkxli) Ilooded 6.8 688
Laterite Nonflooded G 504
Flooded 6 .6 497
Alluvial Nonf looded 62 406
Flooded 7.2 2%
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Abstract

PESTICIDE-SOIL MICROFLORA INTERACTIONS IN FLOODED RICE SOILS.

Isotope studies revealed that gamma and beta isomers of HCH (hexachlorocyclohexane) decomposed rapidly
in nonsterile soils capable of attaining redox potentials of ~40 to —100 mV within 20 days after flooding.
Degradation was slow, however, in soils low in organic matter and in soils with extremely low pH and positive
potentials, even after several weeks of flooding. Under flooded conditions, endrin decomposed to six metabolites
in most soils. There is evidence that biological hydrolysis of parathion is more widespread than hitherto believed,
particularly under flooded soil conditions. Applications of benomyl (fungicide) to a simulated-oxidized zone of
flooded soils favoured heterotrophic nitrification.

INTRODUCTION

Insect pests seriously limit the yields of rice, a vital food crop in India and other Asian
countries. In recent years, there has been a steady increase in the use of pesticides in agriculture.
In India, insecticides constitute 66% of all the pesticides used in agriculture in terms of quantity.
Despite the widespread use of commercial formulations of parathion, HCH isomers and endrin
for controlling common rice insects, little is known about the fate of these insecticides in soils
under conditions of Indian agriculture. Isotope studies were initiated to determine the fate and
significance of these insecticides in Indian rice soils under flooded conditions. Most of the work
summarized in this paper refers to the studies with carbon-labelled insecticides. In the experiments
concerning parathion hydrolysis in flooded soils, nonlabelled parathion was used and the insecticide
was quantitated colorimetrically after its alkaline hydrolysis to p-nitrophenol. Also, the effect of
a fungicide, benomyl, on heterotrophic nitrification in a simulated oxidized zone of a flooded soil
was studied.

1. HEXACHLOROCYCLOHEXANE (HCH)

HCH (also known as BHC — benzene hexachloride) exhibits extreme stability in nonflooded
soils and other aerobic environments and is used increasingly in Indian agriculture because the raw
material needed for HCH production is in surplus. Commercial formulations of HCH generally
contain the alpha, gamma, beta and delta isomers of which the gamma isomer is the most
insecticidal and the beta isomer the most persistent. Entry of beta-HCH into the food chain has
caused concern in Japan leading to the restricted use of HCH formulations in agriculture. Isotope
studies in our laboratory [1] revealed that both gamma and beta isomers of HCH decomposed
rapidly in alluvial and laterite soils and in a unique acid sulphate, saline soil of Kerala, India,

27
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TABLE I. DEGRADATION OF ['*C] GAMMA AND BETA ISOMERS OF HCH?* IN
DIFFERENT SOILS UNDER FLOODED CONDITIONS AS A FUNCTION OF REDOX
POTENTIAL

Incubation Soils

(days) Alluvial Laterite Pokkali Kari Sandy

Gamma-HCHP recovered (counts/min X 10%/20 g soil)

0 9T (57.3) 52:.2°¢5%.1) 44.9 (49.9) 43.3 (45.1) 49.4 (55.6)
20 23 (12.4) 19.4 (28.1) 253 (31.3) 31.5 (32.0) 47.2 (52.9)
41 0.8 (2.9) 1.3 (8.2) 2:1:(8.6) 24.8 (25.0) 42.4 (44.4)

Beta-HCHP recovered (counts/min X 10%/20 g soil)

0 71.8 (75.9) 75.6 (81.6) 63.4 (66.1) 49.6 (50.7) 79.9 (82.6)
20 16.2 (25.1) 45.2 (62.3) 58.9 (62.0) 42.0 (42.4) 73.5 {79.9)
41 1.9 (4.3) 29 (11.4) 20.6 (23.1) 36.0 (36.7) 65.5 (70.8)

Redox potentials (mV)

0 +235 XIS +250 + 380 +220
20 =120 = 50 = 80 + 160 + 150
41 =143 = 79 - 100 +165 + 45

2 Gamma and beta isomers were applied to the soils in ethanol.

b Gamma and beta isomers recovered after separation of residues in chloroform-diethyl ether fraction.
Figures in parenthesis represent total radioactivity recovered in the chloroform-diethyl ether fraction.

locally known as pokkali, under flooded conditions (Table I). The degradation rate of these
isomers was considerably retarded in the autoclaved samples of these soils, thus indicating microbial
participation in their rapid loss. By contrast, gamma- and beta-HCH persisted in a sandy soil and

in another acid sulphate soil of Kerala, locally known as kari, even after 41 days of flooding.

The extent of degradation of gamma- and beta-HCH in different soils was related to the redox
potentials (Eh) attained by the soils following flooding [1]. In alluvial, laterite and pokkali soils
possessing exceptional capacity to decompose both HCH isomers, the redox potentials declined to
values of =50 to —145 mV within 20 days of flooding. The low Eh associated with HCH degradation
in flooded nonsterile soils supports the reported role of anaerobic microorganisms in their degra-
dation [2]. On the other hand, the highly oxidized conditions in sandy (+45 mV) and kari
(+165 mV) soils, even after 41 days of flooding, prevented the degradation of HCH isomers in these
soils. Moreover, microbial activity in these soils is expected to be low because of the low content
of organic matter in sandy soil and the highly acidic conditions in kari soil. However, liming the
kari soil was not effective in enhancing the degradation of the gamma and beta isomers despite
favourable conditions of pH (near neutral) and Eh (negative potentials) for microbial activity in
limed soils. Apparently, this unique acid sulphate soil lacked appropriate microorganisms involved
in HCH degradation.

The data demonstrate that the gamma and beta isomers are unlikely to cause serious soil
residue problems in microbially active soils capable of attaining Eh of —40 to =100 mV within days
after flooding. Moreover, the addition of rice straw — a common cultural practice in rice culture
(Table II) — or the incorporation of HCH in a carrier such as ethanol [1] would further accelerate
the Eh drop because of simultaneously enhanced microbiological activity and this in turn would
favour degradation of the insecticide.
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TABLE II. EFFECT OF RICE STRAW ON THE DEGRADATION OF ['*C]-GAMMA-HCH
IN ALLUVIAL SOIL UNDER FLOODED CONDITIONS

Rice-straw-amended soil Unamended soils

Incubation counts/min X 10%/20 g soil counts/min X 10%/20 g soil
ey gt s Gamma-HCH? o i Gamma-HCH?

0 + 205 2:3:(3.5) +220 1.8 (2.8)

3 £ 138 2.0 (3.5) + 160 2243.7)

T =V a8 1.0 (1.6) +°90 2.1:4(2.6)

11 - 40 0.8 (1.6) +150 2.1 (2.6)
20 - 160 0.1 (0.3) =190 20 (2.1)
30 - 160 Trace (0.1) =100 0.4 (0.7)

?  Gamma-HCH was applied to the soils in aqueous solution.
Figures in parenthesis represent radioactivity recovered in the chloroform-diethyl ether fraction.

TABLE IIl. VOLATILIZATION OF ['*C]-GAMMA-HCH FROM WATER OF FLOODED,
NONFLOODED AND SOIL-FREE SYSTEMS

Open vials Sealed vials
Incubation | Soil-free Flooded Nonflooded Soil-free Flooded Nonflooded
(days) water Alliviat Sandy alluvial water Afiivial Sandy water

Radioactivity recovered (counts/min X 10% vial)

0 15.9 15.0 15.4 13.6 B9 15.0 15.4 137
5 4.5 6.8 4.4 11:3 Eacl 13.1 14.9 13.0

Water evaporated (g)

5 12.9 ELLS 11.4 3.7 0 0 0 0
(49) (29) (29) (4) (49) (29) (29) (4)

Figures in parenthesis represent the amount of water (ml) initially added.

Also of interest to tropical agriculture is the observation that substantial loss of gamma-HCH
can occur by volatilization from the standing water of flooded soils. Thus, gamma-HCH was lost
more rapidly from flooded soils contained in open vials than from those in closed vials during
S-day incubation (Table III); this indicates volatilization. Such volatile loss of gamma-HCH,
before the flooded soils attain negative potentials, would render a portion of the applied
insecticide unavailable for anaerobic biodegradation processes in the soil.

2. ENDRIN

The fate of endrin in eight Indian rice soils was investigated under flooded conditions by means
of radiotracer techniques. Some of the characteristics of the soils used in the studies on HCH and
endrin persistence are given in Table IV. Endrin decomposed rapidly in most soils except in a
sandy soil (Table V). Interestingly, the most rapid degradation of endrin occurred in pokkali soil



TABLE1V. CHARACTERISTICS OF THE SOILS USED IN THE EXPERIMENTS

Soils
Characteristics Alluvial Alluvial Laterite Laterite Red Acid Acid Sandy
(1) 2 clay loam loam sulphate, sulphate,
saline saline
(pokkali)® (Kari)®
Location Central Rice Sakhigopal, Pattambi, Bastar, Chiplima, Tellichery, Vechoor, Badagara,
Research Orissa Kerala Madhya Orissa Kerala Kerala Kerala
Institute, Pradesh
Cuttack-6,
Orissa
pH® 6.2 4.8 5.0 5.0 59 4.2 3.0 6.0
Electrical 0.6 1.80 0.2 0.81 0.46 8.5 15.0 0.4
conductivityd
Organic matter (%) 1.61 2.38 3.25 1.24 1.89 8.21 27.81 0.02
Total nitrogen (%) 0.09 0.10 0.09 0.09 0.06 0.24 0.36 0.002

0 These unique acid sulphate, saline-rice soils are known by the local names pokkali and kari.

€ A 1:1.25 soil-water suspension was used for the pH measurements.

4 Electrical conductivity (mmho/cm) of saturation extract of the soil was determined in a conductivity meter.

0€
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TABLE V. PERSISTENCE OF ENDRIN IN DIFFERENT RICE SOILS UNDER FLOODED CONDITIONS
Endrin recovered® (counts/min X 10*/20 g soil)
taednatnn Red loam Pokkali Kari (acid Sandy
(days) (acid sulphate, sulphate,
saline) saline)
0 58.3 (90.1) 35.2 (59.2) 39.0 (58.1) 67.5 (100.3)
25 58.1 (67.9) 8.4 (29.8) 28.6 (40.8) 58.1 (79.5)
55 20.2 (48.9) 2.2:(33.6) 12.0 (28.7) 41.5 (68.6)

. ["(‘]—endrin recovered by TLC from the spots with Ry values identical to analytical-grade reference compound.
Figures in parenthesis represent total radioactivity recovered in the chloroform-diethyl ether phase.

+'1 NOLLVJINNWWOD
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TABLE VI. RECOVERY OF PARATHION AND ITS METABOLITES AFTER APPLICATION OF ['*C]-PARATHION TO FLOODED

RICE-STRAW-AMENDED AND UNAMENDED ALLUVIAL SOILS

Radioactivity recovered®

Rice-straw-amended soil

Unamended soil

Incubation Parathion Aminoparathion Unidentified Parathion Aminoparathion Unidentified
(days) (R, 0,21) (R, 0.1)
metabolite® metabolite®
Counts/min? % (‘ounts/mind % Counts/mind % Counts/mind % ('ounts/mind % (‘ounls/mind %
0 10500 100.0 9500 100.0 - -
1130 10.8 1000 9.5 860 8.2 5700 60.0 - = -

7 510 49 370 3.5 1920 18.3 4860 51.1 110 1.1 340 3.6
14 260 2.8 60 0.6 - - 180 1.9 20 0.2 2300 242
28 130 1.2 10 0.1 150 1.6 10 0.1 -

compare the relative loss of radioactivity at subsequent samplings.

Counts/min per 20 g soil recovered.

Residues in the solvent extract of the soils were analysed for intact parathion after separation by TLC. Radioactivity recovered at the start was considered as 100% to

Unidentified metabolite (R, 0.21) was not detected in unamended soil; in rice-straw-amended soil, radioassay for unidentified metabolite was made only for 3 and 7 days.
Unidentified metabolite (R, 0.01) was detected as a polar metabolite only in unamended soil; analysis was made only at 7 and 14 days.

P
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despite its high salt content [3]. Although in most soils endrin declined to low levels in 55 days,
the decrease in the total radioactivity partitioned in the solvent fraction was not as striking as that
of endrin, thus indicating the stability of endrin metabolites. Radioautography revealed that
endrin was converted to six metabolites in most soils within 25 days except in sandy and kari soils;
but, these metabolites persisted even after 55 days. Three compounds were detected in sandy soil
and four compounds were formed in kari soil. Studies also revealed that the degradation rate of
endrin in laterite, alluvial and pokkali soils was retarded considerably by autoclaving; this indicates
microbial participation. Moreover, endrin was converted to six metabolites in nonsterile samples
of these soils as compared to three compounds in sterile soils. These breakdown products of
endrin formed by chemical and biological processes appeared to persist even after 55 days.

3. PARATHION

The degradation of parathion in flooded soils proceeds by nitro-group reduction to amino-
parathion and by hydrolysis at the P-O-C linkage to p-nitrophenol and diethylthiophosphoric acid.
Microorganisms are involved in both reactions. Contrary to the common belief that nitro-group
reduction is the major pathway of microbial metabolism of parathion in soil, water and pure
cultures, rapid hydrolysis of parathion by biological action occurred in several soils under flooded
conditions, particularly after repeated applications [4]. Also, bacteria capable of hydrolysing
parathion and degrading its hydrolysis product, p-nitrophenol and other nitrophenols, have been
isolated from parathion-amended flooded soils and then characterized. A Pseudomonas sp.
hydrolysed parathion and then liberated nitrite from p-nitrophenol [5]. Another Pseudomonas sp.
was unable to hydrolyse parathion, but it converted p-nitrophenol to an intermediate, 4-nitro-
catechol, which persisted in pure cultures but not in soils. A Bacillus sp. liberated nitrite from
p-nitrophenol and not from intact parathion. Interestingly, the same bacterium also produced
nitrite from m-nitrophenol which is known for its extreme resistance to biodegradation.

The effect of organic matter on parathion degradation in flooded soils depended on the
pathway involved. Thus, the addition of organic matter enhanced the nitro-group reduction of
parathion to aminoparathion and an unidentified metabolite possessing a P = S bond and an ethoxy
side chain (Table VI). In contrast, organic substrate inhibited the biological hydrolysis of parathion
in flooded soils inoculated with parathion-hydrolysing enrichment culture [6]. Studies revealed that
a water-extractable and heat-resistant factor that inhibited the biological hydrolysis of parathion
developed in rice-straw-amended soil under flooded conditions; but in amended soils incubated
at 25, 50 and 75% water-holding capacity (WHC), the factor failed to develop (Table VII).
Molecular oxygen provided by stirring the flooded soils (Table VII) and potassium nitrate
(Table VIII) retarded the formation of the toxic factor. Both free oxygen and potassium nitrate
maintain the potentials of a flooded soil at a high level. These results indicate that a factor that
inhibits the biological hydrolysis of parathion accumulates and persists during anaerobic decompo-
sition of rice straw in flooded soils. The inhibition of parathion hydrolysis by organic matter is
unlikely to cause any residue hazard since nitro-group reduction is enhanced at the same time.

4. HETEROTROPHIC NITRIFICATION IN BENOMYL-AMENDED SOILS

In a study on benomyl-soil microflora interactions in a simulated oxidized zone of a flooded
soil, application of 5000 ppm of benomyl together with ammonium sulphate increased bacterial
numbers in an alluvial soil. Nitrite was produced from the ammonium in benomyl-amended soil,
though in small amounts. Nitrite disappeared later; but nitrate was not detected. No nitrite was
detected in unamended soil. Also, the predominant bacterium, isolated from benomyl-amended
soil and identified as a Pseudomonas sp., oxidized the ammonium to nitrite in a medium containing



TABLE VIL. INHIBITION OF BIOLOGICAL HYDROLYSIS OF PARATHION BY WATER EXTRACTS OF RICE-STRAW-AMENDED ALLUVIAL
SOIL INCUBATED UNDER DIFFERENT WATER REGIMES

Incubation Water content, % WHC Flooded Unamended
after 25 50 75 100 Still Shaking

inoculation®

(h) PP PN N P PN N P PN N P PN =N P PN N P PN N P PN N
36 167°320 ' T.0 10 7 1.0 J33 0O 134 0 0 132 0 0 99 ;R (4 g S
48 60 13 20 82 =9 19 13 26+ ¢ 128 1 0 132 0 0 71 11 15 9%’ 5 5
60 ¥ o3 Ry 40 19 34 2. 29 13 109 3 t 120 0 0 36 19 43 44 14 39
84 [} S ST ¥ 0 AN 3B > S R 105 3 t 116 0 0 23 2 =30 4 1 5.1

? Water extracts of soils were inoculated with parathion-hydrolysing enrichment culture.

® Initial quantity of parathion recovered, 134 ug/7 ml incubation mixture.

P Parathion, ug/7 ml incubation mixture.

PN p-Nitrophenol, ug/7 ml of incubation mixture.
N Nitrite-N, pg/7 ml of incubation mixture.

t Traces.

143
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TABLE VIII. REVERSAL OF INHIBITORY EFFECT OF RICE STRAW ON THE
HYDROLYSIS OF PARATHION BY NITROGEN SOURCES

ug/20 g soil recovered:

Treatment 2 days after inoculation® 3 days after inoculation®
Parathion® p-Nitrophenol Parathion p-Nitrophenol

Rice straw 370 23 176 33

Rice straw + KNO; 228 120 53 103

KNO;, 334 70 202 117

Unamended 211 145 1S 224

# 2 and 3 days after inoculation represent 4 and 5 days after flooding respectively.
® [nitial quantity of parathion recovered, 620 ug/20 g soil.

TABLE IX. FORMATION OF NITRITE FROM
PEPTONE BY Pseudomonas sp. ISOLATED
FROM BENOMYL-AMENDED SOIL

ug nitrite/50 ml medium recovered

Medium
+ Incubation (days)
0 4 10
N-Serve 0 L 43
AM 0 20 66
Benomyl 0 9 27
Unamended 0 ¥§ 49

N-Serve, AM and benomyl were incorporated in the
medium at 10 ppm in 0.1 ml ethanol,

glucose [7]. Moreover, oxidation of the ammonium to nitrite occurred in benomyl-amended soil
as well as in bacterial cultures even in the presence of N-Serve or AM at concentrations known to
inhibit autotrophic nitrification (Table IX). These studies revealed that benomyl applications to
flooded soils stimulated the proliferation of heterotrophic nitrifying bacteria. Nitrification, in
general, is not desirable in anaerobic environments, such as flooded soil, in view of the great
instability of nitrite and nitrate and consequent loss of nitrogen in gaseous forms through denitri-
fication. Moreover, intermediary products such as hydroxylamine, 1-nitrosoethanol and nitrite
reported in heterotrophic nitrification by an Arthrobacter sp. are known to be toxic. Accumulation
of such products even in small amounts in benomyl-amended soils, although not demonstrated in
this case except for nitrite, may pose an indirect environmental pollution hazard in addition to
the direct toxicity of the fungicide.
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Abstract

PERSISTENCE AND MICROBIAL DEGRADATION OF PARATHION IN INDIAN RICE SOILS UNDER FLOODED
CONDITIONS.

Parathion degradation in Indian rice soils under flooded conditions and the role of native or added organic
matter have been studied. Parathion was rapidly hydrolysed after its repeated addition to an alluvial soil in
contrast to the common pathway of reduction. A Pseudomonas sp., isolated from flooded alluvial soil by
enrichment culture, readily hydrolysed parathion with the formation of nitrite from the hydrolysis product, p-
nitrophenol, Organic matter amendments to flooded soil enhanced reduction of the nitro group of ['*C-ethoxy]
parathion to aminoparathion and an unidentified metabolite with a P=S bond and ethoxy label. The hydrolytic
pathway, on the other hand, was apparently inhibited by the presence of organic matter.

INTRODUCTION

High temperature and humidity, which are typical of the tropical
environment, favour the proliferation of insects that are harmful to the
rice plant., Furthermore, new management practices, such as the optimum
use of fertilizers to exploit the high yield potential of recently developed
nitrogen responsive rice varieties, also create environmental conditions
that favour the build-up of harmful insects [1]. Therefore, the need for
plant protection in-India has assumed great significance with the recent
widespread introduction of high yielding rice varieties. In India,
insecticides constitute 66% of the usage of all pesticides in terms of volume
and 80% in terms of value (Dhawan, C.L., Pesticides Association of India,
unpublished). Folidol, a commercial formulation of parathion, is exten-
sively used in India as a 0. 04% foliar spray at 14-d intervals for the
control of common rice pests. However, parathion sprayed on the foliage
is often washed off by frequent showers during the monsoon when most
rice is grown and thereby contaminates the soil environment.

Studies were initiated in our institute to follow the fate of parathion in
certain Indian rice soils under flooded conditions and to determine the role
of microorganisms in its degradation. The results of these experiments
are summarized in this report. More details of this work together with
the procedures used are reported elsewhere [2-5]. In the initial experi-
ments, non-labelled parathion was used; subsequently, [14C-ethoxy]
parathion was employed for confirmation.
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TABLE I. HALF-LIFE OF PARATHION IN FLOODED SOILS

pH
Organic p
Soil 28 d matter Rt
Initial after (%) )
flooding

Acid sulphate 3.15 3.65 12.2 8.32
Saline 3.15 4.10 5.9 10,83
Swampy 3.50 4.60 3.2 12,91
Laterite 5.25 6.70 0.95 25.45
Alluvial 5.50 6.40 0.8 10.85

TABLE II. RADIOACTIVITY RECOVERED AFTER APPLICATION OF
[14C]'PARATHION TO FLOODED ACID SULPHATE SOIL

Per cent radioactivity recovered
Incubation
@ Water Solvent Soil Total
0 0.5 81.8 10.6 82.4
1 0.5 84.1 13.2 97.8
5 0.2 68.2 20.9 89.3
10 0.2 65.0 32.2 97.4
20 0.2 29.4 31.3 61.3
30 0.5 16.1 45.6 62,2

DEGRADATION IN SOILS

The degree of parathion degradation in five Indian acid soils under
flooded conditions depended on soil properties. The insecticide degraded
faster in soils which had a higher organic matter content. Parathion
degraded rapidly in acid sulphate soil (Table I) which had the highest
organic matter content.

Isotope studies confirmed the rapid loss of parathion applied to flooded
acid sulphate soil. [4C-Ethoxy] parathion was applied to flooded acid
sulphate soil and the residues were extracted with chloroform-diethyl ether
at periodic intervals. Radioactivity in the various fractions is presented
in Table II, Radioactivity in the solvent phase decreased with incubation.
There was a net loss of about 38% radioactivity during 30 days of incubation.
Analysis of the solvent extract by thin-layer chromatography (TLC) and
subsequent counting confirmed that [14C]-parathion was rapidly decomposed

i
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after 10 days of flooding in acid sulphate soil. A radiochromatogram of the
solvent extract revealed only parathion; no other radioactive metabolite
was detected.

Parathion is chemically most stable at low pH values [16]. In lateritic
and alluvial soils, the pH increased to near neutrality after 28 days of
flooding and the insecticide degradation was slow, Again, highly acid
conditions were recorded even after 28 days of submergence in acid sulphate,
saline and swampy soils in which parathion degradation was rapid. Evidently,
soil factors other than pH were involved in the degradation of parathion in
these acid soils. In a test to find out whether the rapid degradation in acid
sulphate soil was biological or chemical, more rapid degradation of
parathion occurred in non-autoclaved soil than in autoclaved soil [3]. After
28 days of incubation, 62% insecticide was recovered from autoclaved soil
whereas only 9. 5% remained when the soil was not autoclaved, This
indicated that rapid degradation of parathion in acid sulphate soil was
caused by biological action although general microbiological activity is
considered to be low in soils of extremely low pH. Recently, a fungus,
Penicillium waksmani, isolated from flooded acid sulphate soil by enrichment
culture technique, tolerated concentrations of parathion as high as 2500 ppm
(Rao and Sethunathan, unpublished). Also, the insecticide was metabolized
by the fungus.

ENHANCED BIOLOGICAL HYDROLYSIS IN ALLUVIAL SOIL AFTER
REPEATED APPLICATIONS

It has been reported earlier [ 7] that diazinon is hydrolysed rapidly by
a biological action in flooded rice fields, particularly after its repeated
applications. Repeated applications of another organophosphate, parathion,
to flooded alluvial soil likewise accelerated the hydrolysis of parathion.
After the third addition of parathion to alluvial soil under flooded conditions,
the standing water above the soils in all the three replicates turned yellow;
in one replicate the standing water turned yellow following the second
addition [ 3]. The experiment was repeated and this phenomenon was noticed
in two of the three replicates following the third addition. This indicated
that parathion was hydrolysed rapidly in flooded soil following its repeated
applications to p-nitrophenol.

To test whether the enhanced parathion hydrolysis was biological, auto-
claved and non-autoclaved aliquots of the soil solution (enrichment culture)
from a flooded alluvial soil that received three applications of parathion
were added to alluvial soil amended with parathion, Within 48 h of incubation,
the standing water of the soils inoculated with non-autoclaved enrichment
culture turned yellow. Analysis by TLC indicated the formation of P
nitrophenol in soils inoculated with non-autoclaved enrichment culture E3ds
Heat treatment of the enrichment culture retarded the hydrolysis, indicating
microbial participation in the enhanced hydrolysis. Hydrolysis of parathion
in pure culture by a Flavobacterium sp., isolated from diazinon-amended
rice fields, has been reported recently [8]. Such rapid hydrolysis of
parathion in flooded soil by a biological action and in pure culture by
Flavobacterium sp. was surprising since the principal route for detoxication
of parathion in non-flooded soil, and in pure cultures, is by reduction of the
nitro group to form aminoparathion.
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FIG.1. Conversion of parathion to p-nitrophenol (A) and then to nitrate (B) by Pseudomonas sp. isolated from
flooded soil [5].

BACTERIAL ROLE IN THE ENHANCED HYDROLYSIS

Enrichment culture capable of hydrolysing parathion was prepared by
repeated additions of the insecticide to flooded alluvial soil. In one case,

a dilution (x 104) of this enrichment culture was mixed directly with modified
Wakimoto agar medium [9] and incubated. Individual colonies of bacteria
developing on the medium were tested for parathion-hydrolysing and p-
nitrophenol-degrading activity. A Bacillus sp. capable of utilizing
p-nitrophenol was isolated.

To isolate parathion-hydrolysing bacterium, maximum dilution
technique — a method successfully used earlier in isolating a diazinon-
hydrolysing Flavobacterium sp. from diazinon-amended rice soils [9] — was
employed. Serial dilutions were made from the enrichment culture and
each dilution was tested for parathion-hydrolysing activity by incubating it
with a mineral solution supplemented with parathion. Dilutions (up to x 108)
exhibited parathion-hydrolysing activity. The hydrolysing principle after
diluting 108-fold was multiplied by repeated transfers in a parathion-
containing mineral solution. After incubation following the third transfer,
the incubation mixture was streaked on modified Wakimoto agar. Individual
colonies appearing on the medium were transferred to mineral solution +
parathion. A bacterial isolate P-6 hydrolysed parathion as indicated by the
formation of yellow colour which, however, disappeared later. The bacterial
isolate P-6 was Gram-negative, rod and aerobic and was identified as a non-
fluorescent species of Pseudomonas (multivorans? 1

When Pseudomonas sp. was incubated with parathion, the insecticide
was degraded rapidly. At 4 h, about 50.3 ug of added parathion was
hydrolysed and 19. 4 ug of p-nitrophenol was recovered as the major
metabolite (Fig.1). No other metabolite could be detected in the thin-layer
chromatogram of the solvent extract. At 20 h, however, both parathion and
its hydrolysis product, p-nitrophenol were not detected in the incubation
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FIG.2. Suggested pathways of microbial metabolism of parathion in flooded soil.

mixture. When the bacterium was grown in a nitrogen-free medium with
E—nitrophenol as sole carbon source, nitrite nitrogen was readily formed
from the organic nitro molecule (Fig.1). The amount of nitrite formed was
proportional to the amount of p-nitrophenol degraded. In uninoculated control,
nitrite was not formed. Bacillus sp., also isolated from parathion-
hydrolysing enrichment culture, was not able to hydrolyse parathion; the
bacterium metabolized p-nitrophenol leading to the formation of nitrite [ 5],
Various nitrophenols are known to be metabolized by bacteria liberating
nitrite in the process [10-12]. Similarly, both Pseudomonas sp. and
Bacillus sp. used in our study formed nitrite from p-nitrophenol; the former,
in addition, possessed enzyme(s) to hydrolyse parathion.

Parathion metabolism in plant and insect systems via oxidation,
reduction of nitro group, or by hydrolysis is well known [13]; but stepwise
degradation of this insecticide in microorganisms is not well understood [14].
The major pathway of parathion metabolism in soils and pure cultures
appeared to be nitro group reduction. Now, biological hydrolysis of parathion
has been clearly demonstrated in flooded soil [ 3] as well as in pure cultures
of Flavobacterium sp. [8, 15] and Pseudomonas sp. (Fig.1). Degradation of
parathion by Flavobacterium sp. ceased at the p-nitrophenol stage whereas
Pseudomonas sp. decomposed parathion past p-nitrophenol to an inorganic
end product, nitrite (Fig.1). Based on the results summarized in this
report, the following mechanism for parathion metabolism in flooded soil
is proposed (Fig, 2).

EFFECT OF ORGANIC MATTER ON NITRO GROUP REDUCTION

Addition of rice straw to the flooded soil enhanced the nitro group
reduction of parathion [4]. The rate of parathion breakdown increased with
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TABLE III. RADIOACTIVITY RECOVERED AFTER APPLICATION OF
[1C]-PARATHION RICE STRAW AMENDED AND UNAMENDED ALLUVIAL
SOIL UNDER FLOODED CONDITION

Per cent radioactivity recovered
Incubation

: a4 Rice straw amended soil Unamended soil
Water Solvent Soil Total Water Solvent Soil Total
0 3.4 87.0 2.7 93.1 9.4 67.7 2.8 79.9
3 4,2 36.9 21.0 60.1 13.2 55.3 10.9 79.4
7 5.1 33.1 22,6 60.8 15.1 59.9 13.1 88.1
14 5.0 35.5 28.3 68.8 58.4 12.2 19.4 90.0
28 17.3 16.5 33.4 67.2 39.5 11,6 21.4 72.5

increasing concentrations of rice straw. In the earlier study, parathion
degraded faster in soils with higher native organic matter (Table I).

Isotope studies were conducted to follow the enhanced metabolism of
parathion in flooded soil amended with rice straw. The radiocactivity in the
solvent phase decreased rapidly in rice straw amended soil as compared
with unamended soil, particularly between 0 and 3 d (Table III). The radio-
activity declined from 87 to 37% in 3 d in amended soils and then finally to
17% in 28 d. In unamended soil, no appreciable loss in radioactivity in
the solvent phase occurred until 7 d, but at 14 d radioactivity in the solvent
phase decreased rapidly with a corresponding increase in the radioactivity
in the water phase remaining after solvent extraction. Thus, between 7
and 14 d the radioactivity in the solvent phase of the unamended soil declined
from 60 to 12%, whereas in the water phase the radioactivity increased from
15 to 53% during the same period. Even at 28 d, 40% of the radiocactivity
was found in the water soluble fraction. These studies indicated that, in
unamended soil, parathion was converted to water soluble metabolites
between 7 and 14 d. In amended soils, despite rapid breakdown of parathion,
the radioactivity in the water phase was low, but 40% of the applied radio-
activity was unaccounted for, perhaps due to the formation of volatile end
products.

A radioautochromatogram of the solvent phase revealed enhanced forma-
tion of aminoparathion and an unidentified metabolite in rice straw-amended
soil as early as 3 d (Fig.3). The unidentified metabolite apparently
possessed the ethoxy label and P=S bond. No other metabolite was recorded
in the radioautograph of the solvent phase. In unamended soil, parathion
degradation was slow until 7 d and then its concentration declined rapidly.
The rapid decline in insecticide levels resulted in a sharp rise in the radio-
activity of the water phase (Table III). Aminoparathion was formed in
unamended soil, but in smaller amounts when compared with amended soil.
A radioautograph of the water phase (after re-extraction of the acidified
water phase with solvent) revealed a clear radioactive spot close to the
origin (Fig. 3) in the unamended soil. This polar metabolite was not
detected in the amended soil.
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FIG.3. Radioautograph of [**C]-parathion and its metabolites formed in rice straw-amended and unamended
flooded alluvial soil [2]. (R: rice straw-amended; U: Unamended; A: Parathion; B: Aminoparathion;
C: Unidentified metabolite; D: Unidentified polar metabolite).

Sources of organic matter that generally get incorporated in tropical
rice soils are rice residues, farmyard manure and algal crust. The effect
of these sources on parathion reduction in flooded soil was investigated.
The per cent carbon and nitrogen was 40:0 for glucose, 34.0:0. 59 for rice
straw, 24.1:1. 51 for farmyard manure and 12, 8:1, 37 for algal crust.

Organic sources accelerated the degradation of parathion in flooded
soil. Easily available energy source, glucose, was the most effective
in stimulating the degradation with a loss of 99% of the applied insecticide
within 3 d (Table IV). The degradation followed the order glucose > rice
straw > algal crust farmyard manure > unamended soil, The thin-layer
chromatogram of the soil extract revegled the enhanced reduction of
parathion to aminoparathion and an unidentified metabolite in all the
amendments as noticed earlier with rice straw amendment. The rapid
reduction of soil components in flooded soil following organic matter
amendments apparently favours the reduction of parathion. Thus, high
carbon sources, glucose and rice straw, caused maximum degradation of
parathion via reduction. However, despite the higher carbon content in
the farmyard manure than in the algal crust, the latter amendment was
more stimulatory. Studies are underway to measure the redox potentials
of flooded soils amended with organic sources used in this experiment.
Enhanced degradation of certain chlorinated hydrocarbon insecticides in
flooded soils with high native organic matter content and in soils amended
with organic sources has been reviewed recently [16].
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TABLE IV. EFFECT OF DIFFERENT FORMS OF ORGANIC MATTER ON
NITRO GROUP REDUCTION OF PARATHION IN FLOODED SOIL

Parathion recovered (ug/20 g Seil)
Incubation Amendments (0. 5%)
(d)
Farmyard Algal Rice
Control
el manure crust straw el
0 628 628 594 630 630
3 276 189 155 89 )
500 4250
[] PARATHION
p-NITROPHENOL
400 4 200
3
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& 300+ 4150 &
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MANURE CRUST STRAW

FIG.4. Inhibition of parathion hydrolysis by organic sources in flooded soil during 48 h (2],

EFFECT OF ORGANIC MATTER ON HYDROLYSIS

The effect of rice straw on the biological hydrolysis of parathion in
flooded soil was investigated. In unamended soil inoculated with the
parathion-hydrolysing enrichment culture, parathion was readily hydrolysed
to p-nitrophenol [4]. In contrast, additions of rice straw increased the
persistence of parathion in the inoculated soil in proportion to the concentra-
tion of rice straw. p-Nitrophenol was not formed in the inoculated soil
amended with rice straw, indicating the inhibitory effect of organic matter
source on the hydrolysis. :
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The effect of different sources of organic matter on the hydrolytic
degradation of parathion was investigated. In general, organic sources
inhibited the hydrolysis. Glucose was the most inhibitory, followed by rice
straw, algal crust and farmyard manure (Fig.4). Within 16 h, 78 and 61%
of the applied insecticide were decomposed in unamended and farmyard
manure-amended soil, respectively, evidently owing to p-nitrophenol which
was recovered as the major metabolite. No appreciable degradation occurred
with algal crust and rice straw during the incubation period. Glucose
inhibited the hydrolysis of parathion to p-nitrophenol, but the insecticide
concentration rapidly declined owing to reduction,

How the organic amendments interfere with the biological hydrolysis
of parathion is not clear. Stimulation of microorganisms to the disadvantage
of hydrolysers is a possibility. The rapid reduction of the flooded soil
following organic matter decomposition may retard the hydrolysis of
parathion as reported earlier for diazinon [7]. These aspects are being
investigated.
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I. Introduction

In recent years, extensive use of toxic organic pesticides, particularly
the persistent organochlorines, in agriculture and public health has caused
great concern in developed countries from the standpoint of environ-
mental pollution and soil fertility. Organochlorine pesticides, by virtue of
their extremely long persistence and instances of several pests developing
resistance to them, are now being replaced by the generally less persistent
organophosphates and carbamates.

Among the organophosphates, parathion! is perhaps one of the most

® Central Rice Research Institute, Cuttack-753006, India.
1 Chemical names of pesticides mentioned in text are given in Table II.
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extensively used insecticides in agriculture. Parathion is a member of the
phosphoric acid esters group with a general formula of the type:

S
RO |
P—O0—X
RO

where R is an alkyl group and X is an organic radical.
Specifically, for parathion, R is an ethyl group and X is a nitrophenyl
group as given below:

S
C,HsO~ Il

P—O NO,
CZHSO/

The corresponding methyl derivative is known as methyl parathion and
is also extensively used because of its relatively low mamalian toxicity.
Parathion, like most organophosphates, is relatively less persistent
than the organochlorine compounds in soil and aquatic environments. A
summary of persistence data of 12 classes of pesticides in several soil
types demonstrated the relatively low persistence of organophosphorus
insecticides as illustrated in Figure 1 (Kearney et al. 1969). Parathion
appeared to be the least persistent among the organophosphates tested.
Interestingly, however, long-term persistence of parathion has also been
reported recently (STEwWART et al. 1971). Although parathion is generally
applied to the foliage, frequent applications of this insecticide, necessi-
tated by its relatively low persistence and recent build-up of harmful
pests particularly in areas under intensive cultivation (KULSHRESHTHA
et al. 1974), can eventually lead to its accumulation in the soil and water
environments (Harris and Mies 1975). Environmental pollution from
parathion can also occur from inadvertent spillage of concentrated
formulation (WorLre and Duraam 1966, WoLre et al. 1973) or from
used parathion containers (MunNEcke and Hsien 1974).
Organophosphates, in general, are known to be rapidly metabolized
in plant and animal tissues, but, until recently, information on their fate
in soil and in aquatic environments was limited (Avexanper 1969). In
more recent years, however, the environmental fate of parathion and its
metabolites has received considerable attention, with particular reference
to microbial roles in their transformations. This review would highlight
the progress in the studies on the (1) persistence of parathion in soil
and aquatic environments with emphasis on chemical versus microbial
aspects of its degradation and (2) metabolism of its predicted metabolites,
aminoparathion, p-nitrophenol and related nitrophenols in soils, and by
microorganisms in pure cultures to provide a more complete picture of
parathion degradation to the inorganic end products. The limited studies
on the fate of methyl parathion in soil and aquatic environments are also
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Organochlorine insecticides

Urea, triazine and picloram herbicides

Benzoic acid and amide herbicides

Phenoxy, toluidine and nitrile herbicides

Carbamate and aliphatic acid herbicides
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Phosphate insecticides
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Phosphate insecticides
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Fig. 1. Persistence of several groups of pesticides (A) and specific organophosphates
(B) in soils (KeEaRNEY 2t al. 1969).

reviewed in this paper in view of similar pathways of degradation for
parathion and methyl parathion.

II. Stability in soil

a) Residues

The reported persistence of parathion in soils varies from a few weeks
to several years. Carco et al. (1952) reported that no parathion was de-
tected in soil within 16 days of its application at 2.24 kg/ha. LicHTEN-
STEIN and ScHurz (1964) reported that in a field study, residues of
parathion and methyl parathion dropped to about 0.1 ppm within 90
and 30 days, respectively, after application of these insecticides to
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Carrington silt loam soil at 5.60 kg/ha. Also, under laboratory conditions,
parathion was relatively more stable than methyl parathion when 30%
of the applied parathion and 90% of the methyl parathion disappeared
within 12 days of their application to a loam soil. In another study, five
and fourteen % of the added parathion remained undegraded over a
period of eight weeks ( LicHTENSTEIN 1966). Bioassay of field soils treated
with a granular formulation of parathion at the rate of 1.12 kg/ha showed
less than 20% bioactivity after six weeks of application ( BurkzARDT and
FatrcHILD 1967 ). Parathion disappeared completely from the soils within
eight months after top dressing the soils at 3.4 and 6.7 kg/ha with a 20%
granular formulation (Mot et al. 1972). When applied to the soil at the
rate of 112 kg/ha, the insecticide persisted for 325 days (Kastmve and
Woopwarp 1951). NicuoLsoN et al. (1962) recovered parathion residues
from soils nine months after application. According to SACHER et al.
(1972), substantial losses of parathion occurred in soil within eight weeks
under both laboratory and simulated field conditions. Persistence of
parathion was, however, dependent on the formulation used; ten % para-
thion formulation on charcoal was the most persistent. Harris and Saxs
(1971) reported significant residues of parathion in organic soils, par-
ticularly after its repeated application for onion maggot control. Parathion
is more water-soluble and hence more mobile than most organochlorine
insecticides leading to significant residues in deeper layers of the soil by
downward movement or in surface run-off water (Stevens 1973, Harris
and Mices 1975). However, VoermaN and Besemer (1970) recovered
only low levels of 0.01 to 0.06 ppm parathion from the 0 to 10 cm layer
of a light, sandy soil with little or no residues in the deeper layers even
after its regular and repeated applications throughout a 15-year period.

Although CmismoLm et al. (1955) reported rapid loss of parathion
from field plots of sandy loam soil, recent reports by these investigators
showed persistence of parathion at low levels in soils over several years.
MacPuEE et al. (1960) found that parathion persisted in traces for at
least five years after its application to the soil. In the field experiments
extending over several years at Kentville, Nova Scotia, Canada, the plots
received annual applications of 14.1 kg/A of parathion (15.7 ppm soil
concentration) from 1949 to 1953. Analysis of soil residues from these
plots 16 years after the last application, employing a sensitive flame
photometric detector, confirmed that the residue recovered in concentra-
tions of 0.06 ppm from the top six in. was in reality parathion (STEWART
et al. 1971). Subsequently, CrisaoLm and MacPuee (1972) observed
that 0.2 kg/ha of parathion remained intact even 16 years after the last
application in soil samples taken from the plots that received a total of
176 kg/ha of parathion during 1949-1953. IwaTa et al. (1973) studied
the persistence of parathion in six California soils and concluded that
long-term, low-level residues could occur in the soils depending on soil
type. Such long-term low-level persistence of parathion despite its known
instability was attributed to its binding to lipid fraction of organic matter
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rendering it unavailable for degradation processes ( STEWART et al. 1971).
Environmental contamination from high concentrates of parathion through
waste disposal of containers or air spray operations may also create
problems of high residual deposit for extremely long periods. In a study
using different formulations and dilutions of parathion Worre et al.
(1973) observed a high level of persistence of parathion over a five-year
period in sandy loam soils, particularly following treatment with un-
diluted commercial grade formulations.

In recent years, the fate and metabolism of pesticides under flooded
rice soil conditions have been investigated. Flooded soil environments,
generally used for rice cultivation, differ from nonflooded soil in physico-
chemical and biological characteristics (PoNnampERUMA 1972). Certain
organochlorine insecticides of extremely long persistence in nonflooded
soils and other aerobic systems undergo rapid decomposition under
predominantly anaerobic flooded soil conditions (SETHUNATHAN 1973 a).
Likewise, SETHUNATHAN and YosHma (1973 a), while investigating the
persistence of parathion in Philippine rice soils, observed that this in-
secticide was degraded more rapidly in flooded soils than in nonflooded
soils. In all four soils tested, parathion residues reached low levels within
14 days after flooding, whereas in nonflooded soils no appreciable deg-
radation occurred during the same period (Fig. 2). On the other hand,
IwaTa et al. (1973) reported that the effect of flooding on parathion
persistence depended on the soil type used. When Madera Sandy Loam
soil was fortified with parathion, the insecticide disappeared more rapidly
from flooded soils than from moist soils; in flooded soils, the residues
dropped from 20 to 0.2 ppm within two weeks after fortification. In

Parathion (ug/20q soil)

Casiguran Luisiana Maahas Pila
120 = —"-.~~\ /’A\\\
80 — -
40 = 55
0 | |
0 7 14 0 7 14 0 7 14

Days after incubation

Fig. 2. Persistence of parathion in flooded and upland (nonflooded) soils (SETHUNA-
THAN and Yosmma 1973 a).
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contrast, the degradation of parathion in Santa Lucia Silt Loam and
Windy Loam was not enhanced by flooding. Rapid degradation of
parathion was also noticed in certain Indian soils following flooding
(SETHUNATHAN 1973 b).

b) Degradation

Degradation of pesticides in soils is mediated largely by chemical
and/or biological means. As for parathion, biological degradation is more
important, although limited studies using sterile soil and clay minerals
have provided indirect evidence for extremely slow chemical conversion
of parathion in soils over long periods of time. Chemical versus microbial
aspects of parathion decomposition in soils are discussed below.

1. Chemical degradation.—The major means of chemical degradation
for several organophosphorus pesticides in soil and aquatic ecosystems is
via hydrolysis at ester linkages. Chemical hydrolysis of organophosphorus
insecticides in soils is essentially pH-dependent. For example, malathion
can undergo rapid chemical hydrolysis under alkaline conditions (KoNrap
et al. 1969), ciodrin under acidic conditions (Konrap and CHESTERs
1969 ), and diazinon under acidic or alkaline conditions (Ko~rap et al.
1967). Adsorption-catalysed hydrolysis of these organophosphorus in-
secticides has also been reported in soils (Koxrap et al. 1967 and 1969,
Konrap and CuesTERS 1969).

Among the organophosphorus insecticides, parathion is perhaps one
of the most resistant to chemical hydrolysis. Parathion is stable in neutral
or acidic pH range, but is hydrolysed rapidly in alkaline conditions yield-
ing p-nitrophenol and diethylthiophosphoric acid. The mechanism of
hydrolysis essentially involves an attack on a relatively positive site, the
phosphorus, by the negatively charged OH~ group.

Studies with sterile soils and clay minerals have revealed that para-
thion, like several other organophosphorus pesticides, may undergo
chemical hydrolysis, but only slowly, in soil systems. Yaron (1975) in-
vestigated chemical conversion of parathion in irradiated (with three
Mrad using *°Co) soils differing in organic matter and clay mineralogy.
After 130 days of incubation at room temperature, three to 23% para-
thion was hydrolysed in air-dried soil and less than ten % in moist soils.
Among the soil constituents, clay and organic matter were the most
important in catalysing the chemical hydrolysis of parathion in sterile
soils, the rate decreasing in the order kaolinite > montmorillonite >
organic matter (Yaron 1975); interestingly, parathion adsorption fol-
lowed exactly a reverse order, organic matter being the most effective
(SaLTzmMAN and YaroN 1972, Savtzman et al. 1972, Wamm 1976). Pre-
sumably, surface catalysis of parathion occurs on specific active adsorp-
tion sites.

The decomposition of parathion on specific kaolinites provided further
insight to the understanding of parathion behavior in soils. The kaolinites
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catalysed the chemical hydrolysis of parathion, but the hydrolysis was
associated with water, temperature, and nature of exchangeable cation.
Ca-kaolinite was the most effective in catalysing the hydrolysis followed
by Na- and Al-kaolinites {SaLTzMAN et al. 1974); about 60% of 500 pg
of parathion added was hydrolysed within a week on dry Ca-kaolinite.
The presence of water blocked the catalytic effect of kaolinite while a
rise in temperature increased it (Yaron and Sartzman 1972). These
observations led to the conclusion that parathion molecules react with
dissociated water hydroxyls available at the clay surface according to

the reaction:
Sy &
25 Il
>P—O NO, + M—OH ———
C,H.0
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where M represents exchangeable cation (SALTZMAN et al. 1974).

Calcium catalysed parathion degradation in sand and soil systems as
it did on kaolinites. Addition of calcium salts such as CaCO; and CaSO,
enhanced the degradation of parathion in almost an inert system, sand,
but in soils the effect of calcium salts was not consistent, presumably due
to the interaction of certain soil components (MINGELGRIN and YARON
1974). The presence of such free salts in soils, as in several arid zone
soils, could, therefore, influence the decomposition of parathion.

According to Apamson and Incu (1973), chemical degradation,
rather than microbial, may be of great significance in methyl parathion
degradation in solution and soil systems. In solution, methyl parathion
was hydrolysed three times faster and was dealkylated 40 times faster
than parathion. The decomposition rates observed in natural soil, heat-
sterilised soil, and in ion-exchange resin resulted largely from surface
catalysis, and microbial degradation played little part in the removal of
methyl parathion and parathion from the soil.

2. Biological degradation.—Despite its resistance to chemical deg-
radation, parathion seldom gives rise to significant residues in the
environment. Based on several degradation studies using sterile and
nonsterile samples and isolated cultures of microorganisms, it has been
established convincingly that microbial metabolism is the major means
of parathion detoxication in soil and aquatic environments.

Licatenstery and Scrurz (1964) studied the effect of soil micro-
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organisms and soil water content on the persistence and metabolism of
parathion residues in nonflooded soil system. The insecticide was most
persistent in dry soils and least persistent in soils with high water content.
Degradation of parathion proceeded either by hydrolysis yielding p-nitro-
phenol and diethylthiophosphoric acid or by nitro-group reduction to its
amino analog depending on the populations of the microorganisms; how-
ever, parathion degradation appeared to occur principally by nitro group
reduction. Yeasts were involved in this transformation, particularly in
glucose-amended soils. Addition of sterilising agents such as sodium
azide or autoclaving of the soils increased the persistence of parathion
indicating microbial participation (LiCHTENSTEIN et al. 1968). Gerziv
and RoserFiELp (1968) also found that parathion and methyl parathion
broke down faster in nonsterile soils than in sterile soils. The rate of
degradation in soils sterilised by autoclaving or gamma-irradiation was
slow and comparable. Methyl parathion was shorter-lived than parathion;
more than 95% of methyl parathion added to nonsterile soils disappeared
within one week as compared to only 35% loss of parathion even after a
two-week incubation; during the corresponding periods, only 16 to 17%
of parathion and 20 to 26% of methyl parathion were degraded in soils
sterilised by autoclaving or irradiation. Studies also showed that another
organophosphorus insecticide, malathion, unlike parathion and methyl
parathion, degraded much faster in irradiated soil than in autoclaved soil,
attributed to a heat-labile and alkali-extractable soil fraction capable of
degrading malathion, but not other related compounds including para-
thion. GrrirrrTas and Warker (1970) reported rapid degradation of
parathion by a heat-labile agent, presumably of microbial origin, in soil
percolation experiments, but the organisms responsible were not isolated.
More recently, SacuEr et al. (1972) also noticed increased persistence of
parathion in soils treated with methyl bromide as a soil sterilant. More-
over, more rapid degradation of parathion occurred in summer months
with a half-life of 1.5 weeks than in winter months with a half-life of
more than three weeks, presumably due to more intense microbial
activity in summer months. LicutensTemn (1966) found that addition of
detergents such as ABS (alkyl benzene sulfonate) and LAS (linear alkyl
benzene sulfonate), also known for their antimicrobial action, increased
the persistence of parathion. Similarly, under flooded conditions, heat
treatment of the soils prior to flooding prevented the nitro group reduc-
tion (SETHUNATHAN and Yosama 1973 a) and hydrolysis ( SETHUNATHAN
1973 b) of parathion. Increased persistence of parathion thus reported in
soils sterilised by autoclaving, irradiation or anti-microbial agents pre-
sumably resulted from reduced microbial activity (Nauvmanxn 1970,
LicHTENSTEIN et al. 1968, GerziN and RoserteLp 1968, SACHER et al. 1972,
SETHUNATHAN and Yosumpa 1973 a).

More convincing evidence for microbial involvement in parathion
degradation in the soil was obtained by correlating its degradation rate
with microbial proliferation and/or by demonstrating its degradation in
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isolated cultures of microorganisms. In most studies reported until re-
cently, parathion degradation in soils and in pure cultures proceeded
principally by nitro group reduction to aminoparathion. LICHTENSTEIN
and Scaurz (1964) provided experimental evidence by linking the
formation of aminoparathion in soils with the proliferation of yeasts.
Degradation in Madera sandy soil flooded with water showed an initial
lag followed by a logarithmic rate of breakdown indicating the participa-
tion of microorganisms, perhaps algae (Iwara et al. 1973). NAUMANN
(1970) reported that several groups of soil microorganisms can proliferate
in soils by utilising parathion and methyl parathion. A soil fungus,
Trichoderma viride, degraded several insecticides including parathion
(Matsumura and Bousu 1968). Cultures of symbiotic nitrogen-fixing
bacteria, Rhizobium japonicum and R. meliloti, produced aminoparathion
as the major metabolite and p-nitrophenol as a minor metabolite (Mricx
and Daam 1970). Recently, Rao and SeTHUNATHAN (1974) found that
parathion was converted to aminoparathion and certain water-soluble
metabolite(s) by a fungus, Penicillium waksmanii, isolated from a flooded
acid sulfate saline soil. Pure culture studies demonstrated active par-
ticipation of soil aerobes in the transformation of parathion to amino-
parathion, essentially a product of reduction reaction. However, in a
predominantly anaerobic system such as flooded soil, facultative or
obligate anaerobes may be more involved than aerobes in the reported
formation of aminoparathion.

Although nitro group reduction of parathion is a widespread phenome-
non in soil and aquatic environments, recent studies have demonstrated
that hydrolysis of parathion, considered to be a chemical reaction of
minor importance and now largely or solely attributed to microorganisms,
is more common and widespread in natural ecosystems than hitherto
believed. Licutenstenn and Scaurz (1964) reported both reduction and
hydrolysis of parathion in soil, but experimental evidence for microbial
role was established only for the major pathway of nitro group reduction.
More recently, Kisuxk et al. (1976) demonstrated enzymatic hydrolysis of
methyl parathion with a pH optimum of 7.0 in soils when hydrolysing
activity was retarded partially by heat treatment and completely by
autoclaving of the soil. e

The most convincing report on the biological hydrolysis of parathion
as a major means of detoxication in soils was by SETHUNATHAN (1973 b).
Parathion was hydrolysed readily by biological action after two to three
additions of the insecticide to an alluvial soil flooded with water. En-
richment culture from flooded alluvial soil lost its ability to hydrolyse
parathion after autoclaving or Millipore filtration. Moreover, a Pseudo-
monas sp. isolated from this enrichment culture completely hydrolysed
parathion, apparently by a cometabolic process, and then metabolised
the hydrolysis product, p-nitrophenol, liberating nitrite (SmpARAMAPPA
et al. 1973) and CO, (SupHAKAR-BARIk et al. 1976) as end products.
Likewise, another organophosphate, diazinon, reported to hydrolyse in
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soil primarily by chemical action (Kearney and Herrine 1969), was
hydrolysed fairly rapidly by microorganisms developed in flooded rice
fields in response to its repeated applications (SeTHUNATHAN and PAaTHAX
1972, SeETHUNATHAN 1972). A Flavobacterium sp., isolated from diazinon-
treated rice fields, readily hydrolysed diazinon and then generated CO,
after ring cleavage of the pyrimidine moiety (SETHUNATHAN and YosHIDA
1973 b, SETHUNATHAN 1973 a). The same bacterium hydrolysed parathion
to p-nitrophenol; the p-nitrophenol formed resisted further degradation
(SETHUNATHAN and YosHma 1972). Dursban, and not malathion, was also
decomposed, but the metabolites were not identified. Interestingly, para-
thion, diazinon, and Dursban are characterised by a common P-O-C
linkage; at least, parathion and diazinon were hydrolysed by cleavage of
this bond. The enzyme involved in the hydrolysis of parathion and
diazinon by Flavobacterium sp. appeared to be constitutive. Contrary to
the common belief that hydrolysis of parathion and diazinon in soils is
purely chemical, recent work with flooded soils has demonstrated that
microorganisms actively participate in the extremely rapid hydrolysis of
these organophosphates after their repeated applications to flooded soils.

The conventional chemical detoxication procedures involving alkaline
hydrolysis of parathion using strong alkali raises the problems of en-
vironmental contamination from the alkali used for hydrolysis and the
products of chemical reaction such as p-nitrophenol and 2,4-dinitrophenol.
Of greater interest is the approach to use adapted mixed microbial cul-
tures as a means of detoxifying high concentrates of parathion arising
from used containers, accidental spills, industrial plants, and various
other sources (CorLey and Stutz 1966, Howe 1969 ). Mixed cultures often
employ a multiplicity of enzyme systems capable of degrading pesticides
via more than one pathway, if feasible from a molecular point of view,
in a sequential reaction process. This allows more effective and/or
complete degradation of pesticides in mixed cultures than in pure cul-
tures or chemical reactions.

Monsanto Chemical Company developed an activated sludge pilot
plant for processing concentrated parathion wastes from industrial plants
(Corey and Stutz 1966). Under adequate aeration to supply at least
42.5 m*/kg (1,500 ft*/Ib) chemical oxygen demand, complete destruction
of parathion and p-nitrophenol could be accomplished within seven to
ten days of treating the blended wastes with biologically activated sludge.

Recently, investigations at the University of California, Davis, revealed
the possibility of utilizing adapted mixed cultures for inactivation of high
concentrations of parathion. In continuous fermentor or batch culture
experiments, Hsien and MunNecke (1972) showed enhanced degrada-
tion of concentrated emulsifiable parathion (as high as 1,000 ppm) in
adapted microbial cultures at a rate 100 times faster than the rate of
hydrolysis in 1 N NaOH. Subsequently, a mixed culture of sewage and
soil origin was adapted to grow on parathion in a continuous fermentor
by gradually increasing parathion concentration in the broth (containing
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0.1% glucose) from ten pg/ml to three mg/ml over a 30-day period. At
the dilution rate of 0.05 L/hr and under oxygen-sufficient conditions, the
adapted mixed culture removed parathion at the rate of 500 ppm/hr and
at high concentrations of 5,000 mg/L. p-Nitrophenol, generated by enzy-
matic hydrolysis, produced a lag at concentrations exceeding 0.72 mM.
None of the bacterial isolates, mostly Pseudomanads, from the mixed
culture could utilize parathion as the sole source of energy and carbon
while p-nitrophenol was metabolised as the sole energy source by eight
out of nine isolates (MunneEcke and Hsien 1974). The chemical and
biological interactions involved in the degradation of parathion in mixed
cultures appeared to be more complex with a parathion emulsifiable
concentrate (xylene-based) than with technical parathion (MUNNECKE
and Hsmn 1975 a). The preferential utilisation of parathion as a carbon
source from the mixture of formulation chemicals, was dependent on the
select microflora and their growth environment. Slightly alkaline condi-
tions favored the metabolism of parathion over xylene in parathion
emulsifiable concentrate as compared to a shift to xylene metabolism
under acidic conditions.

Characteristically, rapid degradation of high concentrates of para-
thion in mixed cultures was accomplished by metabolic pathways in-
volving both oxidation and reduction reactions (MunNEcke and Hsien
1976). The primary oxidative pathway involved an initial hydrolysis of
parathion to p-nitrophenol and diethylthiophosphoric acid. In yet another
oxidative pathway, perhaps of secondary importance, parathion was first
oxidized to paraoxon followed by the hydrolysis of the latter to p-nitro-
phenol and diethylphosphoric acid. In mixed cultures, paraoxon was
hydrolysed faster than parathion. Under low oxygen conditions, parathion
was reduced to aminoparathion which was then hydrolysed to amino-
phenol and diethylthiophosphoric acid. The results indicated that mixed
cultures have potential advantages over axenic cultures and chemical
processes in preventing the undesirable effects of excessive concentration
of parathion wastes in the environment.

Enzymatic hydrolysis of parathion has been demonstrated also in
cell-free extracts of adapted mixed or pure cultures of microorganisms.
SETHUNATHAN and Yosuma (1972 and 1973 b) reported that a cell-free
enzyme extract of a Flavobacterium sp. showed exceptional ability to
hydrolyse parathion and diazinon as did the whole (growing or resting)
cells of the same bacterium. With respect to parathion, the reaction ceased
at the p-nitrophenol stage. The enzyme involved in the hydrolysis was
constitutive. More recently, a cell-free preparation of Pseudomonas sp.
(Smparamarpa et al. 1973) readily hydrolysed parathion but p-nitro-
phenol was not metabolised further (SupHARAR-Barik 1976), despite the
exceptional capacity of the whole (growing or resting) cells of the
bacterium to degrade parathion beyond p-nitrophenol to nitrite (Smpa-
RAMAPPA et al. 1973). Similarly, Mun~Necke and Hsien (1974) isolated
an inducible enzyme, parathion hydrolase, from adapted mixed cultures,
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capable of hydrolysing parathion at the rate of 416 nmol/min/mg of
protein. The rate of enzymatic hydrolysis of parathion was 2,450 times
faster than that of chemical hydrolysis in O. 1N sodium hydroxide solu-
tion at 40°C. Parathion hydrolase also hydrolysed eight out of ten organo-
phosphorus insecticides at rates ranging from 12 to 1,360 nmol/min/ mg
of protein (MunNEcke and Hsten 1975 b, MunNEcke 1976 a ). Triazophos,
paraoxon, diazinon, methyl parathion, Dursban, fenitrothion, and cyano-
phos, all organophosphates, were hydrolysed by parathion hydrolase at
rates 40 to 1,005 times faster than chemical hydrolysis.

Interestingly, mixed cultures metabolised parathion via three different
pathways while, in cell-free enzyme systems, primary degradation pro-
ceeded by initial hydrolysis of the P-O-C linkage. Also, it is not clear
whether p-nitrophenol, a product of enzymatic reaction, was metabolised
further, as in whole cells, by cell-free enzyme systems from mixed cultures.

The exceptional ability of cell-free enzyme systems, from pure (Se-
THUNATHAN and Yosmma 1972 and 1973 b) and mixed (MuNNECKE
1976 a) cultures, to hydrolyse parathion and several related organo-
phosphates has great implications in the decontamination of high con-
centrations of aqueous suspensions of these insecticides. As a practical
approach of economic importance, MunNecke (1976 b) initiated studies
to immobilise such active enzyme systems by binding on supports such
as cellulose or glass and to use such columns for decontamination of
pesticide wastes.

3. Factors.—Factors reported to affect parathion degradation in soils
are pH, soil type, soil moisture, and organic matter.

In alkaline soils, degradation of parathion occurs perhaps by chemical
hydrolysis (Apamson and Incu 1973) while in soils of neutral or near
neutral pH, degradation is predominantly microbiological.

According to IwaTa et al. (1973), persistence of parathion is partially
dependent on soil type as illustrated by two types of persistence curves
for parathion. Rapid degradation of parathion in four out of six soils
resulted from a combination of hydrolysis and strong microbial activity.
In the remaining two soils characterised by linear semilogarithmic per-
sistence curves, degradation was extremely slow and was attributed to
hydrolysis.

Soil moisture, apart from its effects on the adsorption characteristics
and overall biological activity of parathion in soils, may influence its
degradation rate, most probably by regulating microbial proliferation.
Under nonflooded soil conditions, LicutensTteEN and Scaurz (1964) found
that parathion was most persistent in dry soils and least persistent in soils
with high moisture content. Of interest is that much faster degradation of
parathion occurred in all four Philippine rice soils under flooded condi-
tions than under nonflooded conditions (SETHUNATHAN and YosHDA
1973 a). Within two weeks after application, parathion residues declined
from 1,000 xg/20 g soil to negligible levels in most soils when flooded
with water; during the corresponding period, loss from nonflooded soils
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was rather negligible (Fig. 2). Similarly, rapid degradation of parathion
was noticed in Indian rice soils under flooded conditions ( SETHUNATHAN
1973 b). In contrast, Iwata et al. (1973) showed accelerated degradation
of parathion, upon flooding, only in one out of three soils tried. Perhaps
the effect of soil moisture on the degradation rates of parathion in soils
is regulated by the pathways (nitro group reduction/hydrolysis) and
means (chemical/ microbiological ) of its breakdown.

Organic matter, either native or applied, influences the persistence of
pesticides in soils. On the one hand, organic matter increases the micro-
bial activity in soils which decreases the persistence of biodegradable
pesticides. On the other hand, the adsorption of pesticides onto the
organic matter decreases their availability for microbial attack increasing
their persistence in the soil. Under flooded conditions organic matter
accelerates the reduction of the soil favoring decomposition of certain
pesticides susceptible to anaerobic biodegradation ( SETHUNATHAN
1973 a). Excess water available under flooded conditions may also success-
fully compete for adsorption sites on the organic surface displacing
pesticides into water.

Organic matter has been implicated as one of the most important
factors affecting parathion persistence in soils. According to SETHUNATHAN
(1973 b), the persistence of parathion in flooded soils was inversely re-
lated to native soil organic matter content, but Iwara et al. (1973) found
that parathion disappeared at a faster rate from the soils with lower
organic matter content under both flooded and nonflooded conditions.

Added organic sources influenced the persistence of parathion in a
flooded soil depending on the metabolic pathway involved. In flooded
soils inoculated with an enrichment culture which exhibited an excep-
tional ability to hydrolyse parathion, rice straw amendment inhibited
parathion hydrolysis to p-nitrophenol and diethylthiophosphoric acid
(SETHUNATHAN 1973 ¢, RaJaARAM and SETHUNATHAN 1975); on the other
hand, in uninoculated soils, rice straw enhanced the degradation of
parathion via nitro group reduction. Isotope experiments revealed more
rapid conversion of parathion to aminoparathion and an unidentified
metabolite in rice straw-amended soil than in unamended soil (Rayaram
and SerHUNATHAN 1975). Decomposition of organic matter in oxygen-
depleted flooded soil hastened the drop in reduction-oxidation potential
(Eh) of a flooded soil (Ponnamperuma 1972). Clearly, such a low po-
tential prevailing in amended soil catalyses the reduction pathway of
parathion metabolism. In a subsequent study on the effect of different
organic sources, organic amendments particularly high carbon sources,
glucose, and rice straw, increased the rate of parathion loss by nitro
group reduction under flooded conditions in the order: glucose > rice
straw > algal crust > farmyard manure (RajaramM and SETHUNATHAN
1975). In flooded soils inoculated with parathion-hydrolysing cultures,
organic sources inhibited the hydrolysis. The rate of hydrolysis in different
amendments followed a reverse order of that for nitro group reduction.
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Despite the inhibition of biological hydrolysis by organic amendments,
the overall persistence of parathion was not increased because of a shift
in the pathway to nitro group reduction which was enhanced by these
amendments.

Though not conclusive, studies on the mechanism of inhibition of
biological hydrolysis of parathion in flooded soil amended with rice straw
showed a water-soluble, heat-resistant factor, capable of inhibiting para-
thion hydrolysis, accumulated and persisted in rice straw-amended soils
incubated under flooded unstirred conditions or under 100% water-
holding capacity, but not in amended soils incubated at lower moisture
regimes of 25, 50, and 75% water-holding capacity (Rajaram 1975,
Rajaram and SETHUNATHAN 1976); the toxic factor that developed during
incubation in rice straw-amended soil under flooded unstirred conditions
was destroyed when the flooded soil system was aerated by shaking or
amended with potassium nitrate (Rajaram 1975). Characterisation of
the toxic principle, most probably a product of anaerobic metabolism of
rice straw, has not been accomplished vyet; it is known, however, that
decomposition of rice straw in predominantly anaerobic flooded soils
produces a wide array of aliphatic and, perhaps, aromatic acids which

accumulate causing phytotoxic problems in rice culture (PoNNaMPERUMA
1972 ).

III. Stability in aquatic environments

a) Residues

Parathion is more water soluble than several organochlorine insecti-
cides and, as a result, its terrestrial application raises the problem of
pollution of ponds, streams, and rivers by residues from surface run-off
waters. Direct entry of parathion into the aquatic ecosystem also occurs
when it is sprayed into the aquatic environment as a larvicide for
mosquito control. The persistence of parathion in aquatic systems has,
therefore, received attention.

Parathion, like most organophosphorus insecticides, has a short half-
life in water and there is little indication of residue build-up. Residues of
0.3 to 70 ppb of parathion have been detected in water (Bowman and
Orroskr 1966, Lupwic et al. 1968). MuLLa et al. (1966) reported that
residues of parathion in the water decreased to 0.01 ppm from an initial
level of 0.4 to 0.5 ppm within eight days of its application to a pond at
the rate of 1.12 kg/ha. Only traces of the insecticide were recovered after
14 days. Parathion disappeared at a similar rate in a Utah pond water
(WARNICK et al. 1966), but the insecticide concentration in the bottom
muds increased almost ten times the original concentration during seven
days. MILLER et al. ( 1967) reported that parathion persisted at concentra-
tions toxic to aquatic organisms for only 96 hr in cranberry bog irrigation
water. GRAETZ et al. (1970) compared the rate of parathion degradation
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in two lake sediments. Sediments from Lake Nagawicka that received
waste water effluent from a nearby city appeared to be more active in
degrading parathion than less polluted sediments from Lake Tomahawk
sediment. In an aqueous/sediment system containing slightly acidic Lake
Tomahawk sediment, only 26% of added parathion was degraded in 92
days, while in the system containing 0.5 and 1.5 g of calcareous Lake
Nagawicka sediment, the degradation was faster and at the end of 54
days, 28 and 39% of added parathion was degraded. Rapid inactivation
of parathion and other organophosphorus insecticides has also been re-
ported in polluted waters in Japan (Yasuno et al. 1965). EICHELBERGER
and LicaTenserc (1971) reported complete hydrolysis of parathion
within three weeks in raw river water, but not in distilled water, to
p-nitrophenol and diethylthiophosphoric acid.

In general, concentrations of parathion detected in water are rela-
tively low, but may still pose residue problems because parathion is toxic
to Daphnia and other aquatic organisms at concentration of 0.4 to 11 ppb
and to bluegill fish at 47 ppb (Perry 1976).

b) Degradation in water and lake sediments

1. Chemical degradation.—Parathion is relatively more stable in water
than in soils but is rapidly hydrolysed in alkaline solution. The rate of
hydrolysis increased with temperature. Ruzuicka et al. (1967) compared
the chemical stability of parathion in a buffer solution (pH, 6.0), Thames
river water (pH, 8.0), and Irthing river water (pH, 7.5). The half-life of
parathion was 43 hr in buffer solution, 65 hr in Thames river water, and
68 hr in Irthing river water. Graetz et al. (1970) used dry-heat sterilised
and nonsterilised lake sediments to ascertain the relative importance of
chemical and microbial degradation in the aquatic environments. Micro-
bial degradation rather than chemical was more important although in
dry-heat sterilised systems, sediment-adsorbed parathion and parathion in
solution were hydrolysed at extremely slow rates to p-nitrophenol and
diethylthiophosphoric acid. According to Cowarr et al. (1971), hydrolysis
of parathion in water followed pseudo-first-order kinetics with a half-life
of 25 days.

Chemical oxidation may serve as an effective and economical means
of removing high concentrations of organophosphates and carbamates,
and not organochlorine compounds, in natural waters. Roseck et al.
(1965) used chlorine, potassium permanganate, and ozone for chemical
conversion of parathion in natural waters. Chlorine and potassium per-
manganate at one to five ppm did convert parathion, but to a more toxic
compound, undoubtedly paraoxon. Ozone appeared to be very effective
in removing parathion [again, conversion to paraoxon].?2 Gomaa and

2 Editor’s note: See GuntHeR, F. A., D. E. Ott, and M. TrTic: The oxidation of

Ii)lzigl':‘;:)}l)ion to paraoxon. IL. By use of ozone. Bull. Environ. Contam. Toxicol. 5, 87
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Faust (1971 and 1972) studied the kinetics of chemical oxidation of
parathion, paraoxon, and p-nitrophenol using oxidising agents, chlorine,
potassium permanganate, and chlorine dioxide. Several factors uviz.,
temperature, pH, concentration of the oxidant, concentration and type
of the pesticide, and contact time, influenced the rate of reactions in-
volving chemical oxidants. For example, the parathion-potassium per-
manganate reaction produced p-nitrophenol at pH 9.0 and a more toxic
product, paraoxon, under neutral or acidic conditions. Potassium per-
manganate was more effective in converting parathion than chlorine and
chlorine dioxide. Products of chemical oxidation of parathion detected
were paraoxon, p-nitrophenol, 2,4-dinitrophenol, 2-hydroxy-5-nitrobenzoic
acid, and 2,2-dihydroxy-5,5-dinitrodiphenyl. Paraoxon and 2,4-dinitro-
phenol are known for their toxic properties. It is, therefore, important to
control the environmental factors to enhance the rates of chemical oxida-
tion and, at the same time, prevent the accumulation of any toxic
product(s) of chemical reaction.

2. Biological degradation.—The rapid inactivation of fenitrothion and
related organophosphates, parathion, and methyl parathion, in polluted
waters of Japan was presumably caused by bacteria (Yasuno et al. 1965).
A bacterium, Bacillus subtilis, isolated from these polluted water environ-
ments, reduced these insecticides to their amino analogs. The bacterium
decomposed methyl parathion past methyl aminoparathion by desmethy-
Jation to desmethylaniinoparathion (Mrvamoro et al. 1966).

Likewise, Sumithion (fenitrothion) was metabolised by the same
bacterium to aminosumithion and desmethylaminosumithion. Both Sumi-
thion and methylparathion contain methoxy groups, in contrast to ethoxy
group in parathion, but are related to parathion in possessing common
P-O-C, P=S, and nitro groups. Likewise, parathion may undergo succes-
sive nitro group reduction and desethylation reactions, but products
beyond aminoparathion have not been characterised. Perhaps the un-
identified metabolite formed in rice straw-amended soil under flooded
conditions (RAJaraM and SETHUNATHAN 1975) is a product of desethyla-
tion of aminoparathion.

Graetz et al. (1970) showed that parathion was readily susceptible
to microbial degradation in biologically active lake sediments under
both aerobic and anaerobic conditions. In one % peptone solution
inoculated with microorganisms from lake sediments, parathion was
transformed to aminoparathion. Aminoparathion persisted under anaero-
bic conditions, but was further degraded under aerobic conditions to a
metabolite possessing both phosphoric acid and benzenoid moieties of
aminoparathion. In natural lake sediment system supplemented with
peptone, aminoparathion, generated as a major metabolite, was in turn
degraded to two compounds possessing phosphoric acid and benzenoid
moieties of aminoparathion; one of these compounds appeared to be
identical to the microbially-produced metabolite in peptone solution.

Degradation of parathion has been demonstrated also in cultures of
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algae isolated from water environments. AnvEp and CAsmDA (1958) re-
covered only 37% parathion after eight days of its incubation with fresh
water alga, Chlorella pyrenoidosa proteose. Mackiewicz et al. (1969)
reported that the same alga produced aminoparathion as a major metabo-
lite and an unidentified compound as a minor metabolite. In a subsequent
study, the same alga was shown to convert parathion to aminoparathion
and three unidentified compounds, two of which were cholinesterase
inhibitors (ZuckermAN et al. 1970). Sato and Kuso (1964) reported
that algae accelerated the decomposition of parathion in rice paddies.
Algal bloom is a common phenomenon in flood waters of rice fields, but
the role of algae in the inactivation of pesticides applied to rice culture is
little understood.

In a study on bioaccumulation of pesticides by microbes, cultures of
a blue-green alga (Anacystis nidulans), a green alga (Scenedesmus
obliqus), a flagellate ( Euglena gracilis), and two ciliates (Paramecium
bursaria and P. multimicronucleatum) concentrated parathion 50 to 116
times during a seven-day exposure period (Grecory et al. 1969). The
accumulation of parathion by microorganisms and protozoa is probably
responsible, at least in part, for the long-term, low-level retention of this
insecticide reported in the environment ( STEWART et al. 1971).

Complete hydrolysis of parathion, rather than nitro group reduction,
was noticed in raw river water within three weeks of incubation ( EicHEL-
BERGER and Licutexserc 1971). This was attributed to biological hy-
drolysis since little degradation occurred in distilled water during the
corresponding period; however, a microbial role in the hydrolysis was
not proved conclusively. Recent studies at our laboratory showed that
parathion was rapidly hydrolysed in nonsterile samples of water origi-
nating from ponds, rivers, and lakes, presumably by a biological action
(SupHAKAR-Barix 1976). Evidence suggests that biological hydrolysis of
parathion is more common and widespread in aquatic ecosystems than
hitherto believed.

1V. Stability of breakdown products of parathion

The major breakdown products of parathion detected in soil and
aquatic environments are aminoparathion, p-nitrophenol, diethylthio-
phosphoric acid, and paraoxon. Paraoxon, p-nitrophenol, and a wide
array of products are generated also during chemical oxidation of
parathion by chlorine, chlorine dioxide, and potassium permanganate in
water-treatment processes (Gomaa and Faust 1971 and 1972). p-Nitro-
phenol was the major product of potassium permanganate-parathion
reaction at pH 9.0 while under neutral or acidic conditions the reaction
yielded paraoxon and not p-nitrophenol. As far as parathion is concerned,
both nitro group reduction and hydrolysis are essentially detoxifying
reactions because of the relatively low toxicity of the immediate products
of these reactions, viz., aminoparathion, p-nitrophenol, and diethylthio-
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phosphoric acid. Paraoxon is more toxic, but generally less persistent,
than parathion. There are reports, however, that p-nitrophenol, and other
substituted phenols, often impart off-odor in drinking water, particularly
following conventional chlorination treatment in a water plant (Baker
1963, Gomaa and Faust 1972 and 1974). From the standpoint of pollu-
tion hazard, total mineralisation of parathion beyond paraoxon, p-nitro-
phenol, and aminoparathion to inorganic end products is, therefore, both
useful and necessary.

a) Paraoxon

Paraoxon, the oxygen analog of parathion, is potentially more toxic
to insects and mammals than the parent compound parathion. Paraoxon
was detected during chemical (Gomaa and Faust 1971 and 1972) and
photolytic (FrawLey et al. 1958, Er-Rerar and Hopkins 1966, Jomwer
et al. 1971) reactions, and in adapted mixed cultures (MuUNNECKE and
Hsien 1976 ); however, residue problems from paraoxon do not seem to
exist in parathion-polluted environments because of its extreme suscepti-
bility to chemical/biological hydrolysis.? LicuTENsTEIN and Schuiz
(1964 ) analysed paraoxon residues in a loamy soil by bioassay and colori-
metric techniques after its application at 20 ppm. Complete disappearance
of paraoxon occurred within 24 hr accompanied by the formation of
p-nitrophenol as a major metabolite. Paraoxon, produced in adapted mixed
cultures via oxidative pathway of secondary importance, was enzymati-
cally hydrolysed to p-nitrophenol and diethylphosphoric acid ( MUNNECKE
and Hsmn 1976). At low substrate concentrations, a crude enzyme
preparation from adapted mixed cultures hydrolysed paraoxon at a rate
of 11% faster than parathion. Kinetic studies with crude enzyme showed
the maximal rate of paraoxon hydrolysis as six pmol/mg of protein/min.

The rate of hydrolysis of organophosphates is determined by the
properties of the group attached to the phosphorus (O’Briex 1969 ). The
half-lives of some organophosphates at pH 8.0 and at 25°C are: TEPP
73 hr; paraoxon, 22,200 hr; and parathion 203,000 hr (Kmcore 1975).
Gomaa and Faust (1972) studied the kinetics of the chemical hydrolysis
and oxidation of parathion and paraoxon in aquatic environments. Both
parathion and paraoxon were hydrolysed in alkaline solutions; hydrolysis
of paraoxon proceeded at a rate faster than that of parathion at pH 9.0
while the reverse was true under acidic or near neutral conditions.
Hydrolytic half-lives at pH 9.0 were 523 hrs for parathion and 70 hrs for
paraoxon as compared to the values of 2,594 hrs for parathion and 3,450
hrs for paraoxon at pH 7.4. Furthermore, amendment with potassium

3 Editor’s note: However, see GunTHER, F. A, Y. Iwata, G. E. CARMAN, and
C. A. Syurn: The citrus reentry problem: Research on its causes and effects, and
approaches to its minimization. Residue Reviews 67, 1 (1977); these authors review
paraoxon residue persistence under certain field conditions.
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permanganate accelerated the removal of parathion and its oxygen analog
at pH 9.0 and within two hr hydrolysis of both compounds was almost

complete.

b) Aminoparathion and p-aminophenol

The major metabolite of nitro group reduction of parathion is amino-
parathion. Aminoparathion is relatively unstable in soils and in microbial
cultures. Most of the aminoparathion applied to a loamy soil at 20 ppm
disappeared within 24 hr; no residues of aminoparathion were recovered
after three additional days of incubation (LicaTEnsTEIN and ScHULZ
1964 ). p-Aminophenol, a predicted hydrolysis product of aminoparathion,
was not detected during the decomposition of aminoparathion in soils.
Interestingly, no residues of p-aminophenol were recovered even from
initial soil samples treated with 20 ppm p-aminophenol, indicating its
extreme instability and consequent loss during extraction and analysis;
however, in adapted mixed cultures, aminoparathion produced from
parathion under low oxygen tension was hydrolysed to p-aminophenol
and diethylthiophosphoric acid (Mun~ecke and Hsien 1976). p-Amino-
phenol was subsequently converted to a brown-colored compound,
presumably a polymer that resisted further degradation under aerobic
conditions. Graetz et al. (1970) found that aminoparathion formed in
both aerobic and anaerobic media inoculated with microorganisms from
a lake sediment was further degraded under aerobic conditions to an
unidentified benzene-soluble compound; p-aminophenol was not detected.
Under anaerobic conditions, aminoparathion resisted further degradation.
A cell-free preparation from Flavobacterium sp. hydrolysed parathion and
not aminoparathion despite a common P=S bond (SerHUNATHAN and
Yosuma 1972). On the other hand, in a preliminary experiment, para-
thion hydrolase obtained from adapted mixed cultures appeared to
hydrolyse aminoparathion (Mu~x~NeckE and Hsien 1975 b).

¢) Nitrophenols

Phenol derivatives have wide applications in agriculture as herbicides,
insecticides, and fungicides. Moreover, phenols are formed as key inter-
mediates in the breakdown of aromatic compounds by soil microorgan-
isms. From the standpoint of pollution, undesirable flavor/odor often
result from conventional chlorination of waters containing extremely low
concentrations of phenolic compounds. Therefore, p-nitrophenol, gener-
ated by hydrolysis of parathion and related nitroaromatic compounds,
should be degraded further to minimize odor hazard in water-treatment
processes. The following discussion deals especially with the metabolism
of p-nitrophenol and related nitroaromatic compounds by microorganisms.

The introduction of polar groups such as OH—, NH,~, N-C—(0)—,
COO-, and NO, to the benzene ring provides a new focal point for
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microbial attack in the metabolism of aromatic compounds ( HELLING et al.
1971, Woobcock 1971). The type, position, and number of substituents in
the benzene ring influence the rates of degradation of several organic
compounds by microorganisms (ALexanper and Lusticman 1966). Bio-
logical degradation of nitroaromatic compounds involves two modes of
attack, one involving the reduction of a nitro group to an amino group
and the other involving the oxidation of a nitro group as nitrite with the
concomitant formation of phenol; however, little direct evidence exists
with respect to the reduction of the nitro group in nitrophenols. McCog-
MiIck et al. (1976) provided indirect evidence for more rapid reduction of
ortho-nitro group than for the para-nitro group in nitrophenols by com-
paring the relative rates of hydrogen consumption by cell-free extracts of
Veillonella alkalescens on 40 mono-, di-, and trinitroaromatic compounds.
In yet another instance, both nitro groups in 2,4-dinitrophenol were found
to be vulnerable to reduction by a fungus Fusarium oxysporum leading
to the formation of 2-amino-4- and 4-amino-2-nitrophenol together with
an unidentified metabolite (MaprosingH 1961). TeEwrik and Evans
(1966) reported successive reduction of both nitro groups in dinitro-o-
cresol to yield first 3-amino-5-nitro-o-cresol and then 3-methyl-5-amino-
catechol.

Reports are not lacking to show that the release of nitro group as
nitrite is more common than reduction in the microbial metabolism of
mono-, di-, and trinitrophenols. Erkson (1941) reported that certain
strains of Micromonospora utilised picric acid ( trinitrophenol) and trini-
troresorcinol. Moore (1949) showed that two unspecified proactino-
mycetes metabolised nitrobenzene as a simultaneous source of carbon and
nitrogen.

Simpson and Evans (1953) found that two strains of Pseudomonas,
isolated from filter beds for detoxication of effluents from a chemical
factory, decomposed o- and p-nitrophenols, respectively, with the forma-
tion of nitrite; the strain degrading the ortho isomer had no action on
the para isomer and vice versa. Another bacterium formed nitrite from
2,4-dinitrophenol. The mechanism of detoxication, according to the
authors, apparently involved an oxidative elimination of the nitro group
prior to ring cleavage. The catechol formed by the o-nitrophenol-decom-
posing strain of Pseudomonas was then utilised.

A strain of Corynebacterium simplex, isolated from soil treated with
the herbicide 4-6-dinitro-o-cresol (DNOC), utilised DNOC as the sole
carbon and nitrogen source liberating more than 70% of the nitrogen in
DNOC as nitrite (Jensen and GunperseN 1955, GUNDERSEN and JENSEN
1956). The decomposition of DNOC proceeded presumably by an initial
attack at the para-nitro group, followed by attack on the second nitro
group. Besides DNOC, p-nitrophenol, 2,4-dinitrophenol, and 2,4,6-trini-
trophenol (picric acid) were also degraded by the same bacterium with
the formation of nitrite. Similarly, several bacterial strains from the soil
apparently belonging to Arthrobacter or Pseudomonas metabolised
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DNOC and other aromatic nitro compounds liberating nitrite; none of
these strains formed nitrite from dinitrobutyl phenol or o- and m-nitro-
phenols ( JENSEN and LAuTRUP-LARSEN 1967). An unidentified bacterium
readily produced nitrite from 2,4-dinitrophenol and DNOC and not from
p-nitrophenol despite a common para-nitro group (TeuTEBERG 1964 ).

Raymonp and ALEXANDER (1971) reported that a soil bacterium
metabolised p-nitrophenol as a sole carbon and energy source. Growing
cells of this organism produced nitrite from p-nitrophenol in stoichio-
metric amounts while resting cells treated with chloroform generated
4-nitrocatechol from p-nitrophenol, but not the end product nitrite. More
recently, two strains of Pseudomonas (strains 1 and 2) and a Bacillus
strain exhibiting exceptional capacity to hydrolyse parathion and/or
metabolise related nitrophenols have been isolated from flooded soil
treated with parathion (Smparamarpa et al. 1973, SupHAKAR-BARIK et al.
1976). Pseudomonas strain 1 hydrolysed parathion without proliferating
and then metabolised p-nitrophenol as a sole energy source releasing
nitrite (Smparamarpa et al. 1973) and carbon dioxide (SupHAKAR-BARIK
et al. 1976). Pseudomonas strain 2 and Bacillus sp. metabolised p-nitro-
phenol while being ineffective in hydrolysing parathion. The Bacillus sp.
produced nitrite from p-nitrophenol (Smparamarea et al. 1973) while
with Pseudomonas strain 2 the reaction ceased at 4-nitrocatechol (Sm-
parAMAPPA 1975). Both the Pseudomonas strain 1 and the Bacillus sp.
released nitrite from 4-nitrocatechol indicating the possibility of its
formation as an intermediate of p-nitrophenol metabolism (Raymonp
and ALexanper 1971) although no accumulation of 4-nitrocatechol oc-
curred during conversion of p-nitrophenol to nitrite by these bacteria.
Hydrolysis of parathion by Pseudomonas strain 1 was accomplished by
whole cells (growing and resting) and cell-free preparations of the
bacterium; only whole cells, not cell-free preparations, metabolised
p-nitrophenol (SupHAakAR-BARIK 1976).

Meta-substituted aromatic compounds are known for their extreme
resistance to microbial degradation (Gu~DERSEN and JENSEN 1956, KaMEDA
et al. 1958, CartwricHT and CamN 1959, ALExANDER and LusTicMAN 1966 ).
In a systematic study, Kamepa et al. (1958) isolated with ease several
strains of Pseudomonas capable of utilising o- and p-methoxybenzoate,
o- and p-aminobenzoate, and p-nitrobenzoate, but none of the 34 pseudo-
monads utilised m-methoxy-1, m-amino-, and m-nitrobenzoates. m-Nitro-
phenol, despite its known recalcitrance (Jensen and LAuTRUP-LARSEN
1967), was shown to undergo decomposition in bacterial cultures. Ray-
MoND and ALExANDER (1971) showed cometabolism of m-nitrophenol to
nitrohydroquinone by p-nitrophenol-grown cells of a bacterium. In a
more recent study, SupHAKAR-Barix et al. (1976) demonstrated more
complete transformation of m-nitrophenol by a p-nitrophenol-degrading
Bacillus sp. leading to nitrite, presumably formed prior to ring cleavage,
and phenol. These results lead to the conclusion that bacteria possessing
exceptional capacity to hydrolyse parathion and/or metabolise a variety



Table I. Microorganisms degrading parathion and its hydrolysis product, p-nitrophenol.

Degrading organism Decomposition
Compound product Related compounds
decomposed Name Source detected attacked Reference
Parathion
As sole Pseudomonas sp. Flooded soil p-Nitrophenol, p-Nitrophenol,
carbon nitrite, 2,4-dinitrophenol, SIDDARAMAPPA et al. 1973, SUDHAKAR-BARIK
source carbon dioxide 4-nitrocatechol et al. 1976
Flavobacterium sp. Flooded soil p-Nitrophenol Diazinon, SETHUNATHAN & Yosuma 1973 b
Dursban
Mixed cultures with Soil and p-Nitrophenol, Triazophos, MunNEckE & Hsien 1976, MunNecke 1976 a
at least 9 bacterial sewage aminoparathion, EPN,
isolates paraoxon, paraoxon,
(4 Pseudomonas; nitrite, diazinon,
Brevibacterium sp., hydroquinone, methyl parathion,
Azotomonas sp., carbon dioxide Dursban,
Xanthomonas sp., fenitrothion,
and one unidentified ) Cyanophos
Chlorella Water Aminoparathion _ AuMED & Casma 1958, MackiEwics et al.
pyrenoidosa and 1-3 unidentified 1969, ZuckermAN et al. 1970
proteose metabolites
In the Trichoderma viride Soil — MaTtsumura & Bousu 1968
presence of
additional  Rhizobium iapom'cum} Soil Aminoparathion, —_— Mick & Daam 1970
carbon Rhizobium meliloti i p-nitrophenol
source
Penicillium Flooded soil Aminoparathion _ Rao & SETHUNATHAN 1974

waksmanii



p-Nitrophenol

Bacillus subtilis

Pseudomonas sp.

Corynebacterium
simplex

Pseudomonas sp.

Pseudomonas sp.

Pseudomonas sp.

Bacillus sp.

Water

Filter bed
Soil

Flooded soil
Flooded soil

Flooded soil
Flooded soil

Aminoparathion

Nitrite

Nitrite

Nitrite

4-Nitrocatechol
Nitrite

Fenitrothion,
methyl parathion

Dinitro-o-cresol,

2,4-dinitrophenol,
2,4,6-trinitrophenol

m-Nitrophenol

Parathion,
2,4-dinitrophenol,
4-nitrocatechol

m-Nitrophenol,
4-nitrocatechol

Yasuno et al. 1965, Mivamoro et al. 1966

Smmpson & Evans 1953

JenseEN & GunDERSEN 1955, GUNDERSEN &
JENSEN 1956

RaymoND & ALEXANDER 1971

SiDDARAMAPPA et al. 1973, SUDHAKAR-BARIK
et al. 1976

SmpArRaAMAPPA 1975

SmparRAMAPPA et al. 1973, SUDHAKAR-BARIK
et al. 1976
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of related nitrophenols can develop and proliferate in flooded soils follow-
ing repeated applications of parathion.

V. Pathways of parathion metabolism

Degradation of parathion in soil, water, and microbial cultures pro-
ceeds via nitro group reduction to aminoparathion and/or via hydrolysis
at the P-O-C ester bond yielding p-nitrophenol and diethylthiophosphoric
acid. Chemically, parathion is reduced to aminoparathion involving three
consecutive steps as follows:

+2H +2H +2H
R-NO, Ncmemsan R=NO == TR NHOH o e RN [
-H,0 —H,0
nitro nitroso hydroxylamino amino

Enzymatic reduction of parathion to aminoparathion via hydroxyla-
minoparathion as an intermediate has been demonstrated under anaerobic
conditions in plant systems using spinach homogenate (Suvzukr and
Ucnryama 1975 a) and spinach chloroplasts (Svzukr and Ucrrvama
1975 b and c). Similarly, reduction is a major means of parathion metabo-
lism in soil, water, and microbial systems under aerobic and anaerobic
conditions, but the sequence in which parathion is reduced to amino-
parathion is not known. p-Nitrophenol and diethylthiophosphoric acid,
products of parathion hydrolysis, are relatively less persistent than the
parent molecule and are rapidly metabolised. Evidence suggests that
degradation of p-nitrophenol by bacteria involves ring hydroxylation with
4-nitrocatechol as key intermediate prior to ring cleavage yielding nitrite
and carbon dioxide as end products; however, stepwise reactions in p-
nitrophenol metabolism leading to the inorganic end products are largely
unknown. Also, little information is available on the fate of diethylthio-
phosphoric acid in aquatic and soil ecosystems. Figure 3 summarises the
proposed pathways of parathion metabolism in soil, water, and microbial
systems.

VI. Conclusions

Although parathion seldom gives rise to significant residues in soil
and aquatic environments, its reported long-term persistence, though at
low levels, in some Canadian soils over several years raises problems of
environmental contamination. Microorganisms, rather than chemical
agents, are almost exclusively involved in the detoxication of parathion
in the environment; factors generally associated with microbial activity,
viz., temperature, moisture, and organic matter, have been implicated in
its degradation. A list of microorganisms capable of degrading parathion
and its hydrolysis product, p-nitrophenol is presented in Table 1. Most
recent research has demonstrated that bacteria readily build up in
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natural ecosystems such as flooded soils in response to repeated additions
of parathion and diazinon and bring about rapid inactivation of these
organophosphates upon enrichment. Interestingly, proliferation of these
bacteria occurs not during the enzymatic hydrolysis of parathion and
diazinon, but through the utilisation of the resultant hydrolysis products,
p-nitrophenol and 2-isopropyl-4-methyl-6-hydroxy pyrimidine, as exclu-
sive carbon and energy source. The inactivation of pesticides after a
desired period of pesticidal activity is of great advantage in minimizing
pollution hazard, but their destruction by adapted microorganisms im-
mediately after application as reported with diazinon and parathion
following enrichment could prove harmful from the standpoint of econ-
omy and effective pest control.

Most studies dealing with the fate and behavior of pesticides in the
environment are essentially concerned with applications with an individual
test chemical. The increasing use of pesticides, in combination or in
rotation, in recent years raises the possibility of considerable impact of
such pesticide combinations on pesticide-microflora interactions in the
natural ecosystems. At least, in terms of phytotoxic and insecticidal
characteristics, there are instances of significant interactions, beneficial
or adverse, between different pesticides. Of direct relevance here is the
recent finding that herbicides, such as atrazine, simazine, monuron, -and
2,4-D, can increase the toxicity of parathion to certain insects (LicHTEN-
sTEIN ef al. 1973, Lianc and Licatensten 1974). Atrazine exhibited
maximum synergism with parathion although atrazine, by itself, was
nontoxic. Exposure of insects for 24 hr to 0.35 ug of parathion alone led
to eight % mortality while, based on dosage mortality curves, 50 %
mortality occurred with 0.35 ug of parathion 4 6.0 ug of atrazine. It is
also known that the organophosphorus insecticides, parathion and diazi-
non, inhibit the biodegradation of acylanilide, acetamide, and phenyl-
carbamate herbicides, thus increasing their persistence in soils ( Kaurman
1972). The impact of such pesticide combinations on microflora and
biochemical transformations of major importance in soil and water en-
vironments and vice-versa merits more intensive study.
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Summary

This review describes the fate and behavior of parathion in soil and
water environments. Microbial degradation, rather than chemical, is the
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best means of detoxication of parathion in the environment. More re-
cently, pathways of parathion metabolism have been demonstrated,
though not stepwise, in pure cultures of bacteria isolated from flooded
soils or in adapted mixed cultures, in addition to the already existing
knowledge on its metabolism by animal and higher plant tissues. Flood-
ing accelerates its degradation in soils via reduction and/or hydrolysis;
the effect of added organic matter under flooded conditions is governed
by the pathway of its degradation. Most recent demonstration of the
increased toxicity of parathion to insects in the presence of certain
herbicides emphasizes the need for more intensive study on the impact of
such pesticide combinations, rather than an individual test chemical, on
soil-microflora interactions in the environment.

Table II. Pesticides and other chemicals mentioned in text.

Common name Chemical name

ABS alkyl benzenesulfonate

Atrazine 2-chloro-4-ethylamino-6-isopropylamino-s-triazine

Ciodrin 2-methylbenzyl-3- ( dimethoxyphosphinyloxy) cis-crotonate

Cyanophos 0,0-dimethyl-O-( p-cyanophenyl)-thiophosphate

2,4-D 2,4-dichlorophenoxyacetic acid

Diazinon 0-0-diethyl-O-( 2-isopropyl-4-methyl-6-pyrimidyl)
phosphorothioate

Dursban 0,0-diethyl- O-(3,5,6-trichloro-2-pyridyl) phosphorothioate

Fenitrothion 0,0-dimethyl O-( 3-methyl-4-nitrophenyl) phosphorothioate

(Sumithion)

LAS linear alkyl benzenesulfonate

Malathion 0,0-dimethyl-S-[1,2-bis ( ethoxycarbonyl) ethyl] phosphorodithioate

Methyl parathion O,0-dimethyl O-( p-nitrophenyl) phosphorothioate

Monuron 3-(p-chlorophenyl)-1,1-dimethylurea

Parathion 0,0-diethyl O-(p-nitrophenyl) phosphorothioate

Simazine 2-chloro-4,6-bis( ethylamino ) -s-triazine

TEPP tetraethyl pyrophosphate

Triazophos 1-phenyl-3-( diethoxythiophosphoryloxy )-1,2,4-triazol
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