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Enantiomeric Differences in Permethrin Degradation Pathways
in Soil and Sediment
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Chirality occurs widely in synthetic pyrethroids. Studies have shown significant differences in both
aquatic toxicity and degradation rates between enantiomers from the same diastereomer of selected
pyrethroids. To better understand chiral selectivity in biodegradation of pyrethroids, “C-labeled
permethrin was used to characterize enantiomeric differences in the formation of transformation
intermediates in two soils and a sediment. Individual enantiomers of permethrin were spiked into soil
and sediment samples, and transformation products were identified with known standards. Enanti-
oselectivity was observed in most treatments when the dissipation of the parent enantiomers, the
amount of intermediates and bound residues formed, and mineralization rates were compared between
the enantiomers. The results show that all enantiomers of permethrin hydrolyzed rapidly and that the
hydrolysis products were quickly further transformed. The direct hydrolysis products, cyclopropanic
acid (CI,CA), 3-phenoxybenzyl alcohol (PBalc), and 3-phenoxybenzoic acid (PBacid), were recovered
at small percentages, ranging from 1 to 14% for CI,CA and from 0.2 to 6% for PBalc and PBacid.
The R-enantiomer of both cis- and trans-permethrin was mineralized more quickly than the
S-enantiomer after hydrolysis. The degradation products from cis-permethrin were more persistent
than those from trans-permethrin. As some transformation intermediates of permethrin may have
greater acute and chronic toxicity than the parent compound, enantioselectivity in the formation of
degradation intermediates may lead to different overall toxicities and merit further investigation. This
study suggests that for chiral compounds, enantioselectivity may be reflected not only in the dissipation
of the parent enantiomers but also in the kinetics of formation of intermediate transformation products.
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INTRODUCTION All pyrethroids are chiral compounds, having two or three
Chirality in modern pesticides has received an increasing chiral centers. Chirality _of pyrethroids may arise from the acid
amount of attention over the past decade (1—4). Pyrethroids MOi€tY, the alcohol moiety, or botfilg, 12). However, even
are synthetic derivatives of the chrysanthemumic acids. They (hough many studies have been carried out to understand the
constitute a group of very potent insecticides, which are Metabolism and environmental fate of pyrethroids (13—15),
considered to be good substitutes for organophosphate ancessentially all of the earlier studies regarded racemic pyrethroids
carbamate compounds)( Pyrethroids have been widely used @S Single compounds, failing to acknowledge potential enanti-
for insect control on agricultural crops, on animals, and around ©S€lectivity in their biologically mediated environmental pro-
householdsg—7). For instance, agricultural use of permethrin C€SSes. Recent studies showed that enantioselectivity may occur
in California increased by 50% from 1999 to 2004 (California N Poth aquatic toxicity and biodegradation of pyrethroids (16,
Pesticide Use Reports, http:/mww.cdpr.ca.gov/docs/pur/pur- 17)- Evaluation of chiral selectivity in the degradation pathways
main.htm). With the restriction of some organophosphate Of Pyrethroid enantiomers will be of significant value for
insecticides, the use of pyrethroids is expected to increase/MProving our understanding of the enantioselective degradation
further. Even though pyrethroids show low toxicity to birds and ©f Pyrethroids in the environment. In addition, some metabolites
mammals, they are acutely toxic to a wide range of aquatic of pyrethroids are known to have enhanced toxicity to certain
organisms, including water-column- and sediment-dwelling Nontarget organisms when compared to the parent compound.
invertebrates, often at a trace concentration<6f5 ppb (6— For instance, the effect of permethrln and its 10 degradation
8). This makes contamination of streams by pyrethroids a greatProducts on the growth of fungi and on the growth, photosyn-

environmental concern in both agricultural and urban argas ( thesis, and acetylene-reducing ability of two species of green
10). algae and three species of cyanobacteria was evaluated by

Stratton and Corkel@). For all of the test organisms, permethrin
* Author to whom correspondence should be addressed (e-mail WaS found to be relatively nontoxic, whereas some of its
jgan@ucr.edu). metabolites, including 3-phenoxybenzaldehyde, 3-phenoxyben-
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cis- permethrin Table 1. Textural and Chemical Properties of Soil and Sediment

Samples Used in This Study

Cl
/
Cl—C\\ o\\ . pH OM (%) sand (%) silt(%) clay (%)
HC c San Diego Creek sediment 7.9 1.1 20.0 46.0 34.0
turfgrass soil 74 1.7 65.0 225 12.5
groundcover soil 7.3 1.6 62.0 24.0 14.0
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Figure 1. Chemical structures and C-labeling positions of permethrin
enantiomers. Asterisks indicate labeled positions.

influenced the soil microbial communities in the rhizosphere. The
sediment sample (sandy clay) was collected from th@@cm depth

in San Diego Creek in Orange County, California. San Diego Creek is
the main drainage channel connecting the inland regions and the
Newport Bay estuaries. The soil and sediment samples were air-dried
for 24 h at room temperature, homogenized while still slightly moist,
and then passed through a 2-mm sieve before use.

Incubation Experiments. Ten grams of soil or sediment (dry weight
equivalent) was placed in 150-mL glass flasks (for aerobic treatments)
or 20-mL glass vials (for anaerobic treatments). For the groundcover
and turfgrass soils, the water content was adjusted to about 60% of the
field holding capacity (w/w) by adding deionized water. For the San
. . . . Diego Creek sediment, 6 mL of deionized water was added to each
zyl alcohol, 3-hydroxybenzoic acid, and 3-phenoxybenzoic acid, sample to immerse the sediment and form a 0.5-cm layer of water.
were found to be more toxic. In a study by Tyler et &l9), Individual 4C-carbonyl- o*4C-alcohol-labeled permethrin enantiomers
pyrethroid metabolites of environmental degradation were found were then spiked into the soil or sediment samples, at a rate @10
to have the potential to interact with steroid hormone receptors. of chemical in 5QuL of acetone for each sample. This resulted in an
Some metabolites of permethrin displayed both estrogenic andinitial pesticide concentration of 1.0 mg Kgwith a radioactivity of 5

antiandrogenic activities with potencie<.00-fold greater than x 10* dpm per sample. The treated soil samples were incubated under
those of the parent compound aerobic conditions, whereas the treated sediment samples were incubated

. I . . .. under both aerobic and anaerobic conditions. For aerobic treatments,

The. main .olbjectlve of .thls s'gudy was FO determine .'f the sample containers were loosely covered with aluminum foil and
.enant'loselectlwty occurred in the blodegrgdanon of pyre@hmlds kept at room temperature (28 1 °C). For the anaerobic treatment,
in soil and_sedlment media by comparing the formatlo_n of the sample vials were equilibrated, spiked, crimp sealed, and incubated
transformation products between enantiomers. Permethrin wasn a nitrogen-filled plastic chamber at room temperature. All of the
selected as a model pyrethroid compound due to its widespreacsamples in the aerobic treatments were checked regularly for water
use and the availability dfC-labeled permethrin and authentic  content by weighing and were frequently mixed by hand for aeration.
standards of some of its metabolites. Duplicate samples were removed from each treatment at 14 and 56
days after the pesticide application and immediately transferred into a
freezer (—2C°C) to stop degradation. For extraction, each sample was
thawed at room temperature and transferred to a preweighed 250-mL
glass centrifuge bottle. The sample was mixed with anhydrous sodium
sulfate (25 g for soil samples and 50 g for sediment samples,
respectively) and 50 mL of hexane/acetone (1:1, v/v)Xoh on a

MATERIALS AND METHODS

Chemicals. Racemic [‘Clpermethrin [3-phenoxybenzyl (1RS)-
cisfrans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecaboxylate], with
1C labeled in the acid or alcohol moiety, was provided by FMC
(Princeton, NJ). The structure and labeling positionsisf andtrans- mechanical shaker and then centrifuged at 1000 rpm for 20 min. The
permethrin are shown ifrigure 1. A previously developed HPLC same extraction step was repeated for a total of three times, and the
method (16) was used for the separation and preparation of individual solvent extracts were combined and evaporated to around 2 mL on a
14C-labeled permethrin enantiomers. The resolution of enantiomers wasvacuumed rotary evaporator at 0. The residues were transferred to
achieved on a Sumichiral OA-25001 column (Sumika Chemical a glass evaporation tube and blown down with nitrogen to 0.5 mL. To
Analysis Service, Osaka, Japan) by using 99.5% hexane and 0.5% 1,2-determine the organic-soluble radioactivity, a A0-4aliquot of the
dichloroethane as the mobile phase. The individual enantiomers werefinal extract was added into 5 mL of Ultima Gold cocktail (Perkin-
manually collected at the HPLC outlet and enriched. The purity of these Elmer, Boston, MA) and the radioactivity was measured on a Beckman

enantiomers was determined tob89% by HPLC and/or GC analysis

LC-5000TD liquid scintillation counter (LSC) (Beckman, Fullerton,

prior to their use. A similar approach was also used to prepare pure CA). The centrifuge bottle with the extracted soil or sediment was

enantiomers from nonlabeled permethrin. By mixiig-labeled and

weighed again to determine the water content of the solid phase. An

nonlabeled enantiomers, the radioactivity of each permethrin enantiomeraliquot of the extracted soil or sediment was removed, air-dried, and

was adjusted to about & 10° dpm mg.

Standards of four metabolitesis-3-(2,2-dicholorovinyl)-2,2-dim-
ethylcyclopropanecarboxylic acid (cClA, 98.9%), trans-3-(2,2-
dicholorovinyl)-2,2-dimethylcyclopropanecarboxylic acid (&CA,

then combusted on a biological oxidizer (OX-500 Biological Oxidizer,
R. J. Harvey, Hillsdale, NJ). The releasé@0O, was trapped in 15 mL

of cocktall, and the radioactivity was measured by LSC to obtain the
activity associated with the nonextractable or bound residues. The

99.3%), 3-phenoxybenzyl alcohol (PBalc, 99.5%), and 3-phenoxyben- recovery for the oxidizer was about 80% and was used to correct for
zoic acid (PBacid, 99.2%), were obtained from FMC. Solvents and the measured activity. The overall recovery of the added radioactivity
other chemicals used in this study were of analytical or HPLC grade. was 96.1-104.2% on the basis of analysis of soil and sediment samples
Soils and SedimentTwo soils and one sediment were used in this immediately following spiking.
study (Table 1). The soil samples were collected from the surface layer  Thin-Layer Chromatography (TLC). Silica gel glass TLC plates
(0—15 cm) of a field plot planted with a low-growing groundcover (60 F254, 10 x 20 cm, 0.25-mm thickness, Merck, Darmstadt,
(spring cinquefoil Potentilla tabernaemontani) and a field plot planted ~ Germany) were used for the separation and tentative identification of
with tall fescue turfgrass (Festuca arundinacea) at the Agricultural permethrin and metabolites in the organic-soluble fraction. The solvent
Experiment Station near the University of California, Riverside, campus. system used for developing the TLC plates was hexane/acetone (3:2,
The two soil samples were selected because they had been planted te/v). TheR values of the four metabolites ants- andtrans-permethrin
a dicot (spring cinquefoil) and a monocot (grass) for an extended time are given inTable 2. For each sample, 1Qd_ of the final sample
(about 10 years), and the different planting practices may have extract was spiked on the TLC plate at about 2 cm from the base with
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Table 2. Ry Values of Permethrin and Metabolites on Thin-Layer Silica tently found fortrans-permethrin than focis-permethrin in soils,
Gel Plates Developed in Hexane/Acetone (3:2, viv) in agueous systems and in plaftl(12, 21—26).
14C.acid-abeled 14C.alcohol-labeled Differences in tr.ansformation rates were further obseryed
: : between the enantiomers from the same diastereomer. Raired
compound as frans ais trans test showed significantly slower degradatiorRe¢is-permethrin
¢-Cl,CA 0.64 than of S-cis-permethrin in the two soils under aerobic condi-
t-Cl,.CA 061 tions. However, the difference between these two enantiomers
Ega"f 062 062 was found to be insignificant for the San Diego Creek sediment
acid 0.53 0.53 . LS .
cis-PM 081 0.81 under aerobic conditionp & 0.31). Paired test further showed
trans-PM 0.80 0.80 significant enantioselectivity in the San Diego Creek sediment

under anaerobic conditions, but the direction of selectivity was
reversed from that in the aerobic soils, wiBacis-permethrin

a microsyringe. Nonlabeled standards of the metabolites and permethrindegrading more slowly thaR-cis-permethrin. A similar com-
were spiked in parallel with the sample on the same plate. The spiked parison was also performed for the two enantiomersais-

plate was then developed in the solvent mixture to about 17 ¢m from permethrin. The results showed that in groundcover and turfgrass
the baseline. After the developed plate was air-dried, silica gel at the soils, R-trans-permethrin was significantly more persistent than
same positions as the reference standards was carefully scraped usm%trahspermethrin o= 0.03). However, in the San Diego Creek

a spatula. The silica gel was transferred to 5 mL of Ultima Gold cocktail di t diff f d und bi diti
solution (Perkin-Elmer) in 7-mL scintillation vials and mixed at high sediment, no difference was found under aerobic conditipns (

speed on a mechanical shaker for 30 min. After the silica gel had settled, = 0-91), whereasR-trans-permethrin was observed to be
the sample vials were measured for radioactivity on LSC. The silica Preferentially transformed ové&trans-permethrin under anaer-
gel remaining in the same channel was also scraped and the totalobic conditions (p= 0.01). These observations indicate that
radioactivity counted on LSC. This activity was defined as unidentified enantioselectivity frequently occurred in permethrin degradation

metabolites in this study. in the soil and sediment samples, but the direction of the
selectivity varied with the matrix and incubation conditions. In
RESULTS AND DISCUSSION this study, the groundcover soil and the turfgrass soil were taken

from adjacent field plots, and the soils were therefore of the
same origin Table 1). Planting of the soil to different plants
(i.e., dicot versus monocot) did not result in different enanti-
oselectivity in the degradation of permethrin. In contrast, the
San Diego Creek sediment was from a freshwater creek and

Disappearance of Parent EnantiomerThe fractions of the
parent permethrin enantiomer as percent of the applied radio-
activity after 14 and 56 days of incubation are givermable
3. Pairedt test showed that there was no difference in the
residual parent enantiomer fractions between the two labeling displayed different enantioselectivity from the soils. Even in

ggzlrtéodr;stic:ﬁroﬁ‘h;;%rgrizr:;e:rtnr;rft?;.mgrnsd\?vrasa?:rgr?;icsg;ﬂg/lt;ggtsérthe same sediment, enantioselectivity seemed to be influenced
in the two soils than in the sedimenfkgbles 4and5). In the by oxygenation, suggesting oxygen supply may play an

. . . 4 important role in the enantioselective degradation of pyrethroids
San Diego Creek sediment, all permethrin enantiomers were P g Py ’

- o likely by influencing the indigenous microbial communities.
degraded more slowly under anaerobic conditions than under "7 ~7 . . o
aerobic conditionsTable 5). Pairedt test for the same time Distribution of Permethrin Residues in Different Phases.
points between the aerobic and anaerobic treatments yielded & St€" cléavage is generally considered to be the predominant

p value of 0.04 for thé“C-carbonyl-labeled permethrin enan- Process in environmental degradation of permethrin, which
tiomers and <0.01 for the 1C-alcohol-labeled permethrin ~ esults in the production of the cyclopropanic acicy(t) and

enantiomers. The limited time points in this study precluded 3-Phenoxybenzyl alcohol (PBalc). The 3-phenoxybenzyl alcohol
the possibility for calculating a half-life value. However, it may fregment may be further oxidized to 3-phenoxybenzoic acid
be estimated that the half-life of all permethrin enantiomers was (PBacid). Other minor pathways with each isomer can lead to
<14 days in all treatments, with the only exception being the the formz_a'_uon of esters with one hydroxyl sub_stltuent at the 2'-
enantiomers fronais-permethrin in the sediment incubated under ©F 4-Position of the phenoxy group or t'igem-d|methyl group,
anaerobic conditions, for which the half-life was estimated to &0 €ster with hydroxylation at both’-ghenoxy andgem-
be around 14 days. Moderate persistence was previouslyd'methyl sites, an acid moiety hydroxylated at either mgthyl
reported for permethrin in soils, with average half-lives of 30 9roup, or conjugates of these acids. Further decarboxylation of
days for aerobic conditions and 108 days for anaerobic condi- the cyclopropanic acid and phenoxylbenzoic acid may also
tions ©0). The half-life of racemic permethrin in aged sediments ©ccur, which ultimately result in the evolution of GQ23—
was found to be much longer, at 160 days under aerobic 26). The o_veral_l pathways are depictedHigure 2 to facilitate
conditions and 240 days under anaerobic conditions (21). Thethe following discussion.
short persistence of permethrin in this study suggests that the In this study, permethrin residues were recovered in the
soil and sediment samples were likely to be more microbially organic-soluble and nonextractable or soil-bound fractions
active and that freshly spiked permethrin was more susceptible(Tables 4and5). The results show that 150% of the applied
to microbial transformations than aged pesticides (B321). radioactivity was bound to the soil or sediment phase following
In all treatments, enantiomers from thEans-permethrin  solvent extraction. In all treatments, significantly mope=t
diastereomer were a|WayS degraded more rap|d|y thagcifhe 001) bound residues were formed with tBeenantiomer than
permethrin enantiomers under the same conditions, and thefor theR-enantiomer, and the difference was observed for both
difference was always significant et= 0.05 (Table 3). For cis- andtrans-permethrin. The bourdC residues of pyrethroids
instance, after 14 days of incubation, only 913.7% of the are generally associated with organic matter and are considered
app“ed activity was recovered Hﬂns.permethrin enantiomers not to be bioavailable and therefore a pathway for detoxification
in the soils, whereas 21-B1.4% of the spiked activity remained ~ (26).
ascis-permethrin enantiomers. These results are consistent with The difference between the applied radioactivity and the
previous studies, in which more rapid degradation was consis-recovered activity is assumed to be the loss of radioactivity as
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Table 3. Recovered Activity as the Parent Permethrin Enantiomer in Soils Incubated under Aerobic Conditions and Sediment Incubated under
Aerobic or Anaerobic Conditions (Percent of Applied Activity)

14 days 56 days
cis trans cis trans
R S R S R S R S

14C-Carbonyl-Labeled Permethrin
groundcover soil 30.2+£0.2 25.0+£0.5 109+£17 96+1.0 43+0.1 3.8+02 26+0.0 15+£0.1
turfgrass soil 314+02 21.1+0.2 12.0+0.7 9.9+0.0 70+0.0 0.8+0.0 46+0.1 22+0.1
sediment, aerobic 346 £0.5 36.6 1.8 229+04 21.3+£0.7 153+13 146 +£0.5 112+11 142+ 0.6
sediment, anaerobic 50.7£0.1 53.3+£0.6 28.8+04 343+£0.1 264+£2.2 30.3+£0.3 134+£0.7 21.3+£20

14C-Alcohol-Labeled Permethrin
groundcover soil 28.8+0.4 23.1+19 108+1.8 11.2+£0.0 42+11 33+02 28+03 1.6+£0.3
turfgrass soil 207+12 237+16 13.7+0.2 123+11 54+06 22+0.2 33+0.0 17+0.2
sediment, aerobic 326+1.2 37.2+39 23.8+1.0 18.8+0.5 155+0.3 145+04 11.0+14 144+£0.9
sediment, anaerobic 452+25 51.3+1.8 259+21 30.3+£0.1 24.8+0.3 30.2+£0.7 144 +£0.0 244+1.0

Table 4. Recovered Activity in the Organic-Soluble and Soil-Bound Phases after Incubation of “C-Labeled Permethrin Enantiomers in Soils under
Aerobic Conditions (Percent of Applied Activity)

14 days 56 days
Cis trans Cis trans
R S R S R S R S
Groundcover Soil

14C-Carbonyl-Labeled Permethrin
organic-soluble 59.0+13 50.1+25 286+3.1 285+23 20.5+0.3 300+17 12.3+0.1 11.9+0.6
bound residues 21.2+£0.7 229+11 244+11 295+£0.7 21.3+£0.7 254+0.3 131+£0.3 18.0+£0.9
total recovered 80.2+£0.6 73.0+£3.6 52.8+4.2 58.2+1.4 425+1.1 55.4+1.6 253+04 29.0+£1.6

14C-Alcohol-Labeled Permethrin
organic-soluble 55.1+£0.5 456 +26 31.1+£33 28.6 £0.0 194+15 247+1.1 11.7+£0.1 11.3+£0.6
bound residues 21.1+09 25.0+0.1 237+0.2 30.6 0.0 20814 25.4+05 14.6 £0.5 18.6+1.6
total recovered 76.2+£0.4 706 £2.7 54.8+3.3 59.2+£0.0 406+0.1 49.6 £0.6 253+04 285+23

Turfgrass Soil

14C-Carbonyl-Labeled Permethrin
organic-soluble 54.9+0.2 462+ 1.4 296+1.0 245+0.9 26.8+05 31.0+24 13.0+0.1 12.1+0.9
bound residues 222+0.3 250+£1.2 25.0£0.6 31.5+£0.2 220+£0.8 254+£0.3 13.0+£0.9 171+£0.1
total recovered 77.1+£0.1 71.2+£2.6 54.6 £0.4 55.9+0.7 26.1+£1.0 30.1+04 26.1+1.0 30.1+£04

14C-Alcohol-Labeled Permethrin
organic soluble 55.1+13 483+4.3 30.0£0.6 286+21 226+08 315+3.1 123+0.1 11.5+05
bound residues 229+0.2 24.4+0.1 251+0.1 30.1+0.2 21.1+08 24.9+0.3 13.6 £0.6 17.2+3.0
total recovered 78.0+15 T7.7+£4.2 55.1+0.5 58.9+19 434+16 56.9+2.8 26.9+0.7 301+£1.2

14C0O,, which ranged from 20 to 75% of the originally applied
radioactivity for the different treatments. The fraction6€
potentially lost to mineralization was consistently greater for
transpermethrin than forcis-permethrin, suggesting that the
derivatives oftrans-permethrin were more readily mineralized
than those otis-permethrin. Between the two enantiomers, the
loss of theR-enantiomer to mineralization was greater than that
for the Senantiomer, and the difference was significant for both
cis- andtrans-permethrin at 56 dayg (< 0.05). This suggests
that even thougHiR-enantiomers were not always transformed
more quickly than th&-enantiomers initially, their subsequent
transformations and mineralization steps could be more rapid.
Degradation Products in the Organic-Soluble Phaser-our treatments, it is also evident that witlis-permethrin enanti-
major transformation intermediates that were identified in omers, the amount of all three hydrolysis products increased
previous studies23—26) were analyzed for each permethrin over the incubation time, whereas it decreased or remained
enantiomer. The relative fractions of these metabolites obtainedunchanged fotrans-permethrin. It is known that the hydrolytic
from the four permethrin enantiomers during incubation of soils metabolites of permethrin may exhibit potentially higher toxicity

trans-permethrin, no significant difference was found in their
relative fractions. In the soils spiked witiC-alcohol-labeled
permethrin, PBalc and PBacid were detected in most cases at
small percentages, usualiy5% of the applied activity. IrTis-
permethrin, PBalc and PBacid were detected at a greater or
similar percentage for theR-enantiomer than for the S-
enantiomer, whereas trans-permethrin an opposite trend was
observed. However, statistical analysis did not show a significant
difference for eithecis- or trans-permethrin. This may partly
be attributed to the relatively rapid transformation of PBalc to
PBacid and further to simpler derivatives in the environment
(25). From a comparison of the data from the 14 and 56 day

and sediment samples are summarized ables 6and7. In
soils spiked with“C-carbonyl-labeled permethrin, LA was
detected in all of the samples, ranging from 1.4 to 13.9% of
the applied activity. In all of the samples treated with individual
cis-permethrin enantiomers, L&A was formed in significantly

(p < 0.05) larger fractions foiS-cis-permethrin thamR-cis-
permethrin. However, between the two enantiomers from the

to certain nontarget organisms than permethrin (19, The

above finding suggests that hydrolysis productsi@permethrin

are more persistent than thosem@ins-permethrin and thus may

retain biological activity for a longer time in the environment.
A large fraction of the recovered radioactivity was defined

as unidentified metabolites in this study due to the lack of

chemical standards for all possible transformation metabolites.
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Table 5. Recovered Activity in the Organic-Soluble and Bound Phases after Incubation of *C-Labeled Permethrin Enantiomers in the San Diego
Creek Sediment under Aerobic or Anaerobic Conditions (Percent of Applied Activity)

14 days 56 days
cis trans Cis trans
R S R S R S R S

Aerobic Conditions
14C-Carbonyl-Labeled Permethrin

organic-soluble 49.2+05 549+3.0 418+0.1 43.7+£0.7 385+1.1 42.7+£0.3 282+26 345+09

bound residues 196+15 225+0.3 17.3+0.3 18.4+0.1 16.7+0.9 20605 16.5+0.6 19.9+0.7

total recovered 68.8+19 774+27 59.1+0.3 62.1+05 55.2+4.2 63.3+1.6 44.7+0.6 54.4+£0.1
14C-Alcohol-Labeled Permethrin

organic-soluble 50.6 + 0.4 61.4+34 481+15 46.2+2.0 384+15 448+0.9 26.8+3.2 358+28

bound residues 205+0.1 223104 16.8+0.5 20.1+£1.0 18.0+04 226+0.8 13.2+18 13.1+0.1

total recovered 71.1+£0.3 83.7+£6.7 64.9+1.0 66.3£0.0 56.4+£2.0 674+1.0 40.0£5.0 489+27

Anaerobic Conditions
14C-Carbonyl-Labeled Permethrin

organic-soluble 66.6 £ 2.0 709+22 545+0.2 609+0.1 51.1+1.4 65.6 +0.4 300+£18 39.8+3.7

bound residues 200+£2.2 23.0+£0.7 17.3+0.8 19.3+0.0 19.1+1.0 229+0.4 145+0.0 199+04

total recovered 86.6 £4.2 939+1.6 71.8+0.6 80.2+0.1 70.2+£0.4 87.9+0.8 445+1.2 59.7+£3.3
14C-Alcohol-Labeled Permethrin

organic-soluble 65.4 £ 3.0 72.7+£0.7 50.0£3.1 55.1+1.8 50.5+£0.8 64.8+£0.3 33.7+23 443+0.2

bound residues 202+0.1 21.1+04 165+1.4 208+1.0 188+1.1 227+0.9 17.2+0.7 225+14

total recovered 85.6 £3.8 93.8+1.1 66.5+4.5 75.9+27 69.3+1.9 87.5+0.6 50.9+3.0 66.8+1.1
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Figure 2. Degradation pathways of permethrin in soil. Asterisks indicate the metabolites identified in this study.

. o 1

The unidentified residues may derive from further transformation unidentified metabolites accounted for a greater fraction for the
of the hydrolysis products and other oxidation reactions of Senantiomer than for the-enantiomer, and pairddest yielded
permethrin. Previous studie2§, 27) showed that the most p values of 0.05 and 0.04 focis- and trans-permethrin,
important pathway for botlis- andtrans-permethrin is ester  respectively. In this study, as £0A, PBalc, and PBacid were
cleavage. However, mor¥CO, and ester cleavage products always found in relatively small fractions, whereas the unidenti-
were formed in the soils treated with the less persistiemts- fied metabolites were recovered in much greater fractions, it
permethrin, whereas oxidation products retaining the ester may be concluded that &IA, PBalc, and PBacid were rapidly
linkage such as diphenyl ether bond-cleavage products and ringtransformed to other products. From a comparison of the data
hydroxylated products were more predominant in soils treated from the 14 and 56 day treatments, it is apparent that for all
with the more persistemis-permethrin. In our study, the amount  enantiomers, the amount of unidentified products in the ground-
of unidentified products was always smaller with the enanti- cover soil and turfgrass soil decreased over the incubation time.
omers oftrans-permethrin thagis-permethrin, which implies ~ However, in the sediment samples, the amount of unidentified
that the derivates from the oxidization ois-permethrin may residues remained the same or even slightly increased. The
be more difficult to be further transformed in soils than the difference in the fraction of unidentified residues may be partly
hydrolysis products. For bothis- andtrans-permethrin, the  attributable to the different rates of subsequent mineralization
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Table 6. Recovered Activity as the Parent Compound and Metabolites in the Organic-Soluble Fraction after Incubation of *“C-Labeled Permethrin
Enantiomers in Soils under Aerobic Conditions (Percent of Applied Activity)

14 days 56 days
cis trans Cis trans
R S R S R S R S
Groundcover Soil

14C-Carbonyl-Labeled Permethrin
Cl,CA 23+0.1 3.6+0.7 10.1+£0.7 9.0+12 8.8+0.8 13.3+0.1 15+03 1.6£0.0
permethrin 302+0.2 25.0+05 109+17 9.6+1.0 43+0.1 3.8+0.2 26+0.0 15+0.1
unidentified 265+12 215+23 75+0.8 10.0+0.1 11.0+£05 16.8+ 1.8 6.9+04 83+0.7

14C-Alcohol-Labeled Permethrin
PBalc 28+0.1 18+0.1 53+12 46+0.0 49+0.3 6.2+05 28+0.2 21+02
PBacid 0.3+0.0 0.2+0.0 45+0.8 40+0.0 47+0.1 7.7+£09 24+02 25%02
permethrin 28.8+0.4 231+19 108+ 18 11.2+0.0 42+1.1 33102 28+0.3 16+0.3
unidentified 232+08 205+05 105+26 87100 7606 155+0.1 40+0.2 52+04

Turfgrass Soil
14C-Carbonyl-Labeled Permethrin

Cl,CA 14+£0.1 25+0.1 10.7+£05 9.8+0.8 88106 13.9+£0.7 53+£0.1 55+0.1
permethrin 31.4+0.2 21.1+£0.2 12.0+£0.7 9.9+0.0 7.0+0.0 0.8+0.0 46+0.1 22+0.1
unidentified 222+0.6 226+09 6.9+0.3 48+0.1 7.3+£0.0 123+ 1.7 4400 48+05
14C-Alcohol-Labeled Permethrin
PBalc 58+0.6 35102 22104 42403 56+05 39+£05 40+£14 19+10
PBacid 0.4+00 02+0.1 52+0.1 51+06 46+04 58+17 23+0.1 26+1.2
permethrin 29.7+1.2 23.7+16 13.7+£0.2 123+1.1 54+0.6 22+0.2 3300 1.7£0.2
unidentified 19.3+05 233128 88+0.1 72+0.1 51+0.0 116+0.7 26104 52+0.1

Table 7. Recovered Activity as the Parent Compound and Metabolites in the Organic-Soluble Fraction after Incubation of 1“C-Labeled Permethrin
Enantiomers in the San Diego Creek Sediment under Aerobic or Anaerobic Conditions (Percent of Applied Activity)

14 days 56 days
Cis frans cis frans
R S R S R S R S

Aerobic Conditions
14C-Carbonyl-Labeled Permethrin

Cl,CA 3.1+00 35+05 94+04 10.8+£0.3 8.6+0.7 126+2.0 6.8+0.3 7.0+£0.0
permethrin 34.6+£0.5 36.6+1.8 229104 21.3+£0.7 153+13 146 £0.5 112+1.1 142 £ 0.6
unidentified 11.5+0.0 149+0.7 96+0.1 116+0.4 153+0.1 146+1.6 112+1.1 13.4+0.6
14C-Alcohol-Labeled Permethrin
PBalc 25+0.3 1.1+01 19+04 32+0.3 3.0+0.3 28+0.3 53+£0.8 77101
PBacid 35+03 33+01 35+03 3.3+05 23+0.1 2005 1.2+£0.3 21+09
permethrin 326+1.2 37.2+£39 23.8+1.0 18.8+£0.5 155+£0.3 145+0.4 11.0+£14 144 +£0.9
unidentified 12.1+0.8 198+24 189+1.2 20.8+0.7 176+1.0 25405 92+0.7 116+1.0

Anaerobic Conditions
14C-Carbonyl-Labeled Permethrin

Cl,CA 25+03 28+0.1 10.2+£0.3 11.9+£0.0 10.0+£1.0 120+£0.4 6.6+0.4 8.0+09
permethrin 50.7+0.1 53.3+0.6 288+0.4 343+£0.1 264+2.2 30.3+£0.3 13.4+0.7 21.3+£20
unidentified 13.3+0.3 149+15 155+0.6 146+0.38 264+2.2 30.1+£0.3 13.4+0.7 20920
14C-Alcohol-Labeled Permethrin
PBalc 1.7+£0.2 1.0+£0.1 21+00 25+0.1 4002 3602 45+0.1 58+0.0
PBacid 40+0.1 36+03 27+04 20+£0.3 1.3£0.2 1.0£0.0 52+12 6.3+0.2
permethrin 452+25 51.3+18 259+21 30.3+£0.1 248+0.3 30.2+£0.7 14.4+0.0 244+10
unidentified 146 +0.7 16.8+0.7 19.3+0.6 203+2.1 204+0.8 300+£1.2 9.7+1.1 7816

of the hydrolytic intermediates that was influenced by the unidentified residues. The degradation products frois-

incubation conditions. permethrin were more persistent than those frivams-per-
In conclusion, findings from this study show that selective methrin under the same conditions. Such selectivity may
degradation occurred not only between this and trans contribute to a longer toxicity of the transformation products

diastereoisomers of permethrin but perhaps also between thdo certain nontarget organisms fraris-permethrin. This study

R- and S-enantiomers from the same diastereocisomer. The suggests that for chiral compounds, enantioselectivity may be
direction and rate of the enantioselective degradation may bereflected not only in the environmental dissipation of the parent
due to selectivity in both hydrolysis and subsequent transforma- enantiomers but also in the kinetics of formation of intermediate
tion pathways. Different enantiomers may undergo hydrolysis transformation products. As some of the transformation inter-
at different rates when incubated under different conditions. The mediates of synthetic pyrethroids may possess chronic toxicity
R-enantiomer of botleis- andtrans-permethrin was mineralized  (e.g., endocrine disruption), it is important to understand

more rapidly than the corresponditf@enantiomer following enantioselectivity in the rate of metabolite formation in the

hydrolysis, resulting in the formation of motCO, and fewer environment.
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