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1,1-Dichloro-2,2-bis(4-chlorophenyl)ethylene (DDE), a toxic breakdown product of 1,1,1-trichloro-2,2-bis (4-
chlorophenyl)ethane (DDT), has traditionally been viewed as a dead-end metabolite: there are no published
reports detailing enzymatic ring fission of DDE by bacteria in either soil or pure culture. In this study, we
investigated the ability of Pseudomonas acidovorans M3GY to transform DDE and its unchlorinated analog,
1,1-diphenylethylene (DPE). While strain M3GY could grow on DPE, cells grown on DPE as a sole carbon
source could not degrade DDE. Cells grown on biphenyl, however, did degrade DDE. Mass balance analysis of
["*C]DDE showed transformation of more than 40% of the recoverable radioactivity. Nine chlorinated me-
tabolites produced from DDE were identified by gas chromatography-mass spectrometry—Fourier-transform
infrared spectrometry (GC-MS-FTIR) from cultures grown on biphenyl. Recovery of these metabolites dem-
onstrates that biphenyl-grown cells degrade DDE through a meta-fission pathway. This study provides a
possible model for biodegradation of DDE in soil by biphenyl-utilizing bacteria.

1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) has
been banned in the United States since 1972; however, more
than 80% of the 4 billion pounds that were manufactured
between 1940 and 1970 were used in U.S. agriculture (36). A
large proportion of this chemical remains bound to the agri-
cultural soils on which it was sprayed or dusted (38). These
soils act as reservoirs from which DDT residues {DDT, DDE
[1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene], and DDD [1,1-
dichloro-2,2-bis(4-chlorophenyl)ethane]} are slowly but con-
tinuously introduced into waterways as suspended sediment in
agricultural runoff (9, 36).

Although DDT levels have dropped since 1972, 1990 levels
in regional studies were still as much as 10 times higher than
the chronic toxicity criterion established by the Environmental
Protection Agency (36). While actual DDT levels may be de-
creasing, this decrease appears to be accompanied by a con-
comitant increase in DDE levels, as DDT is transformed
mainly into DDE in aerobic environments (22, 38, 40). Thus,
even though DDT had not been used since 1972, the body
burden of DDE in some bird species was still increasing into
the early 1980s (41). A direct negative correlation has been
found between DDE levels in Alaskan hawks and eggshell
thickness (6, 35). DDE has also been identified as a potent
androgen receptor antagonist and has been linked to reports of
abnormalities in male reproductive systems (27).

Despite being banned in the United States, DDT continues
to be widely used in many developing nations. While DDE
appears to dissipate more rapidly in tropical climates than in
temperate climates (19), it continues to persist, being found to
accumulate in food sources and human adipose tissue (19, 25,
26). The main mechanism by which DDE is dissipated from
tropical soils is volatilization (19, 38). While limited mineral-
ization of DDE from tropical soils has been reported (1), the
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extreme environmental conditions employed made it unclear
what role microorganisms played in transforming DDE.

There are no published reports detailing bacterial mineral-
ization of DDE in pure culture. However, You et al. have
reported the “amicrobial” disappearance of DDE under re-
ducing conditions (43). Massé et al. have also reported trans-
formation of DDE via monohydroxylation of each ring and
elimination of chloride; however, no further transformation
was evident (31). In this study, we investigated the ability of
Pseudomonas acidovorans M3GY to transform DDE and its
unchlorinated analog, 1,1-diphenylethylene (DPE), via dioxy-
genation and subsequent meta cleavage.

MATERIALS AND METHODS

Chemicals. Biphenyl, DPE, DDE, diphenylacetaldehyde, diphenylacetic acid,
benzophenone, 2-hydroxybenzophenone, 3-hydroxybenzophenone, 4-chlorobenz-
aldehyde, 4-chlorobenzoate, 4-chloroacetophenone, and 4-chlorophenylacetic
acid were purchased from Aldrich Chemical Co., Inc. (Milwaukee, Wis.) and,
with the exception of 4-chloroacetophenone (97% pure), were determined to be
greater than 99% pure by gas chromatography-mass spectrometry (GC-MS)
analysis. [U-"*C]DDE (>99.9% pure; specific activity, 13 pwCi/mmol), N-nitrosyl-
N-methylurea, and ethyl ether were purchased from Sigma Chemical Co. (St.
Louis, Mo.). Radiochemical purity was confirmed by high-performance liquid
chromatography using a FLO-ONE\Beta radioactive-flow detector. N-Nitrosyl-
N-methylurea was used to generate diazomethane (2). Scintisafe Plus 50 scintil-
lation cocktail was obtained from Fisher Scientific (Pittsburgh, Pa.).

Bacterial culture and conditions. P.acidovorans M3GY is a recombinant strain
constructed by the continuous amalgamated culture method (30) and has been
described elsewhere (32). M3GY was able to use DPE as a sole carbon source,
though growth was poor without the addition of 0.005% yeast extract as a source
of cofactors. M3GY was unable to grow on DDE as a sole carbon source. DPE
metabolites were recovered from cells cultured in 2.8-liter flasks containing
1 liter of minimal salts medium (32) and either 200 mg of DPE or both 200 mg
of DPE and 400 mg of biphenyl. Cells incubated with either 100 mg of DDE, 200
mg of DPE, and 50 mg of yeast extract or 100 mg of DDE and 500 mg of biphenyl
were examined for transformation of DDE. Cultures of strain M3GY were
incubated in the dark, on a rotary-platform shaker at 28°C and 200 rpm, for at
least 25 days. Biphenyl-grown M3GY received 100 mg of additional biphenyl
every 7 days. Abiotic controls consisted of minimal salts medium plus biphenyl
and DDE, while biotic controls consisted of M3GY plus biphenyl but no DDE.
Burkolderia cepacia LB400 was obtained from Donna Bedard (General Electric
Co., Schenectady, N.Y.) and was cultured as described above.

UV-visible light spectra. Culture samples (1 ml each) were centrifuged at
10,000 X g for 5 min. The supernatant was then removed and analyzed on a
Uvikon 860 spectrophotometer from Kontron Instruments (Zurich, Switzer-
land). Supernatants were scanned from 260 to 700 nm at a rate of 120 nm/min.
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TABLE 1. Transformation of ['*C-DDE]

Percent recoverable radioactivity in®:

Strain® .
Neutral Acid Aqueous Pellet Total
extract extract extract
Control 99.5 0.2 0.2 0.0 100.0
M3GY 57.0 21.2 3.1 17.7 99.0
LB400 91.4 1.1 0.5 10.2 103.1

¢ Control, uninoculated; M3GY, P.acidovorans M3GY grown on biphenyl;
LB400, B. cepacia LB400 grown on biphenyl.

® Values are averages of three replications, normalized for a DDE extraction
efficiency of 91.1%.

['*C]DDE disappearance assay. Treatments were prepared by adding 100
ppm of DDE, 2.5 X 10° dpm of ['*C]DDE, and 500 ppm of biphenyl in hexane
to autoclaved 125-ml Wheaton bottles. The hexane was allowed to evaporate,
and then 40 ml of an early-log-phase culture was added to each bottle. A
foil-lined lid was used to seal each bottle. Glass test tubes (15 by 100 mm)
containing 10 ml of 2 N NaOH were place inside the Wheaton bottle to collect
any '*CO, that had evolved. Abiotic controls consisted of minimal salts medium
plus biphenyl and DDE. Biotic controls were obtained by adding 40 ml of
B. cepacia 1LB400, in early log phase, to Wheaton bottles containing biphenyl and
DDE. Strain LB400 was selected because of its ability to transform numerous
chlorinated biphenyl congeners (3).

Analysis of ['*C]DDE disappearance assay. After 50 days, treatments were
acidified with 1 ml of concentrated HCI. The treatments were then extracted four
times with 20 ml of ethyl ether. The ether fractions were pooled and evaporated
to dryness. The residue was extracted three times with 10 ml of 0.1 N NaOH. The
NaOH fractions were then pooled to give the acid-extractable fraction. The
residue was then further extracted three times with hexane. The hexane fractions
were combined and dried over anhydrous Na,SO, to give the neutral fraction.
The treatments were then centrifuged at 25,900 X g for 15 min, the supernatant
was decanted, and the pellet was washed twice with 10 ml of 50 mM NaHPO,
(pH 7). The supernatant and the two washes were combined to form the aqueous
fraction. The pellet was then resuspended in 50 ml of 50 mM NaHPO, (pH 7).
Aliquots (1 ml) of each fraction were individually added to 19-ml volumes of
scintillation cocktail and analyzed on a Beckman TD-4000 scintillation counter.
The neutral hexane extract was also analyzed for the disappearance of DDE on
a Hewlett-Packard (HP) 5890 series IT gas chromatograph equipped with a flame
ionization detector and an HP 5-ms capillary column (length, 25 m; inside
diameter [i.d.], 0.25 mm; film thickness, 0.52 wm). The initial oven temperature
was 155°C, but the temperature was immediately ramped to 250°C at 10°C/min
and held at 250°C for 10 min. The injector and detector were at 200 and 260°C,
respectively.

Metabolite recovery. Metabolites were recovered from cells cultured in the
dark for 25 days or more. Cultures were extracted with ethyl ether four times.
The ether extracts were pooled and then back-extracted four times with 40 ml of
cold 0.1 N NaOH. The NaOH fractions were pooled, acidified to pH 3 with
concentrated HCI, and then reextracted four times with 30 ml of ether. The
pooled ether extracts were then either dried over NaCl and concentrated by
rotary evaporation at 4°C under reduced pressure or methylated with 10 to 15 ml
of an ethereal solution of diazomethane, dried, and then concentrated by roto-
evaporation.

GC-MS-FTIR analysis. An HP model 5890 series II gas chromatograph cou-
pled in parallel with an HP model 5965B Fourier-transform infrared (FTIR)
detector and an HP model 5970B mass-selective detector (29) was used to
identify the metabolites. The injector temperature was held at 200°C. The initial
oven temperature was 37°C, but the temperature was immediately ramped to
250°C at 10°C/min and held at 250°C for 20 min. Helium, the carrier gas, was
used at a flow rate of 0.25 ml/min. A 30-m-long by 0.32-mm-i.d. DB-5ms capillary
column (film thickness, 0.25 wm) from J & W Scientific was used to separate the
DPE metabolites. A 25-m-long by 0.25-mm-i.d. HP 5-ms capillary column (film
thickness, 0.52 wm) was used to separate the DDE metabolites. The flow cell and
transfer line were held at 260°C. The ion source and quadrupole were held at 100
and 250°C, respectively. The quadrupole was scanned from m/z 60 to m/z 450.
For each spectrum obtained from the ether extracts, a library search was per-
formed in the HP Pesticide Database, the National Bureau of Standards (NIST)
49K Database, the Environmental Protection Agency’s Infrared Vapor Phase
Database, and the Robertet Flavor/Fragrance Infrared Database. Searches were
also performed manually in the Wiley/NIST Registry of Mass Spectral Data (33)
and the Eight Peak Index of Mass Spectra (37).

RESULTS

Unmethylated extracts from the supernatants of cultures
grown on DPE yielded eight metabolites that were identifiable
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by GC-MS-FTIR analysis. Metabolites 1 to 4 had retention times,
mass spectra, and infrared spectra identical to those of authen-
tic samples of diphenylacetaldehyde (retention time, 17.5 min),
diphenylacetic acid (retention time, 19.4 min), benzophenone
(retention time, 16.21 min), 2-hydroxybenzophenone (reten-
tion time, 21.1 min), and 3-hydroxybenzophenone (reten-
tion time, 20.7 min). Benzophenone was present in large quan-
tities and was by far the most abundant metabolite, although it
could not support the growth of strain M3GY. Small amounts
of metabolites 5 to 8 were recovered from cultures grown on
DPE and were identified by both mass and infrared spectra.
These spectra are consistent with those published for 2-phe-
nylpropenoic acid (retention time, 13.5 min), 2-phenylpropanoic
acid (retention time, 12.6 min), acetophenone (retention time,
10.9 min), and benzoic acid (retention time, 9.2 min), respec-
tively. Metabolites 5 to 8 were present at much higher levels in
cultures grown on both DPE and biphenyl than in cultures
grown solely on DPE. No chlorinated metabolites were iden-
tified when DDE was added to cultures using DPE as a sole
source of carbon and energy.

Supernatants from cultures containing biphenyl and DDE
produced a yellow color (A, 399 nm) that was absent in
biotic or abiotic controls. This color persisted under basic to
neutral conditions but was abolished under acidic conditions
(<pH 5). This color, which is characteristic of meta-fission
products, continued to increase linearly in absorbance even
after 25 days. No yellow color was observed in the supernatants
of cultures containing DPE and DDE.

Sequential extractions of liquid cultures containing [*C]
DDE demonstrated marked transformation of DDE by P.
acidovorans M3GY (Table 1). Transformation was evidenced
by a decrease in the percentage of radioactivity recoverable
from the neutral extract and an increase in the percentage of
radioactivity recoverable from the acid extractable fraction,
when compared to the control. There was also a significant
increase in the amount of radioactivity associated with the
pellet. Despite transformation, the amount of radioactivity re-
covered from sample NaOH traps was not statistically signifi-
cantly different from that recovered from control traps, indi-
cating that no [**C]CO, had evolved. The only peaks obtained
from GC-flame ionization detection analysis of the neutral
fraction had retention times of 14.52 and 19.34 min, identical
to those of authentic samples of biphenyl and DDE, respectively.

Extracts from supernatants of cells grown on biphenyl in the
presence of DDE were analyzed both as methylated derivatives
and without derivatization. Nine metabolites were identified
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FIG. 1. Mass spectrum of metabolite no. 1, 1,1-dichloro-2-(dihydroxy-4-chlo-
rophenyl)-2-(4-chlorophenyl)ethylene.
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FIG. 2. Mass spectrum of metabolites 2 and 3, meta and ortho isomers of
1,1-dichloro-2-(hydroxy-4-chlorophenyl)-2-(4-chlorophenyl)ethylene.

either by their mass spectra or by both their mass and infrared
spectra. Metabolite no. 1, which was recovered from the neu-
tral ether extract, had a retention time of 24.9 min. The mass
spectrum associated with this metabolite represents 1,1-di-
chloro-2-(dihydroxy-4-chlorophenyl)-2-(4-chlorophenyl)ethyl-
ene (C,,HgO,Cl,) (Fig. 1). The molecular ion at m/z 348 dis-
plays a characteristic tetrachloro ratio (X:X+2:X+4:X+6:X+38)
of 76.9:100:48.7:10.5:0.90, a result of the relative abundance of
the most common chlorine isotopes, *>Cl and *’CI. The loss of
HCI gives rise to the fragment at m/z 312, which has the X:X+2:
X+4:X+6 trichloro ratio of 100:97.5:31.7:3.4. The base peak at
m/z 278, having the characteristic X:X+2:X+4 dichloro ratio,
100:65.0:10.6, is consistent with the loss of two chloride ions
from the parent ion, a loss which is also common to DDE. The
loss of CHO from the base peak yields the peak at m/z 249.
Metabolites 2 and 3, recovered from ethyl ether extracts of
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acidified culture supernatant, had retention times of 22.5 and
22.9 min, respectively. These mass spectra represent different
isomers of 1,1-dichloro-2-(hydroxy-4-chlorophenyl)-2-(4-chlo-
rophenyl)ethylene (C,,HgOCl,). Both compounds had identi-
cal mass spectra (Fig. 2). The molecular ion at m/z 332 displays
the characteristic tetrachloro ratio. The loss of a chlorine from
the parent ion gives rise to the peak at m/z 297, which has a
trichloro ratio. The base peak detected at m/z 262, which is
ascribed to M-2Cl, has a dichloro ratio. The peak at m/z 233
represents the loss of CHO from the major m/z 262 fragment.
Losses of CO and Cl give rise to the peak at m/z 199. The loss
of HCI from the peak at m/z 199 yields the peak at m/z 163.

The spectrum of metabolite no. 4, with a retention time of
30.9 min, was obtained from ether extracts of acidified super-
natant and was methylated with diazomethane. This spectrum
is consistent with the structure of the dimethyl derivative of
6-0x0-2-hydroxy-7-(4-chlorophenyl)-4,8,8-trichloroocta-2,4-
dienoic acid (C,,H,,0,Cl,) (Fig. 3a). The weak molecular ion
at m/z 408 had a characteristic tetrachloro ratio but was fully
resolved only by selected ion monitoring (Fig. 3b). The loss of
a chloride ion results in the peak at m/z 373, which has a
characteristic trichloro ratio. The peak at m/z 349, representing
M-59, is consistent with the loss of COOCH; from the molec-
ular ion, a loss which is very characteristic of methyl esters (32).
The base peak at m/z 175, which has a characteristic X:X+2
monochloro ratio of 100:32.5, represents the methylated ali-
phatic fragment cleaved at the carbonyl carbon (C-6).

The infrared spectrum of metabolite no. 4 (retention time,
31.0 min.) shows two C=0 stretches at 1,745 and 1,679 cm ™'
(Fig. 4). At 1,595 cm~! C=C stretching is evident. A strong
C—O stretch, characteristic of an unsaturated ether, is ob-
served at 1,290 cm !, while a weaker C—O ether stretch is
observed at 1,187 cm™'. Another set of weaker asymmetrical
C—O stretches is observed at 1,093 and 1,015 cm™ ..

The mass spectrum of metabolite no. 5 (retention time, 18.3
min.) represents the methyl ester of 2-(4-chlorophenyl)-3,3-
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FIG. 3. (a) Mass spectrum of the dimethyl derivative of metabolite no. 4, 6-oxo-2-hydroxy-7-(4-chlorophenyl)-4,8,8-trichloroocta-2,4-dienoic acid. (b) Mass
spectrum of the dimethyl derivative of metabolite no. 4 obtained by selected ion monitoring at m/z 408, 410, 412, 414, and 416.
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FIG. 4. Infrared spectrum of the dimethyl derivative of metabolite no. 4,
6-0x0-2-hydroxy-7-(4-chlorophenyl)-4,8,8-trichloroocta-2,4-dienoic acid.

dichloropropenoic acid (C,,H,0,Cl;) (Fig. 5). The weak mo-
lecular ion at m/z 264 has a characteristic trichloro ratio, al-
though the X+8 peak is too low to be characterized. The peak
at m/z 229 represents M-35, suggesting the loss of a chlorine.
This is confirmed by the peak’s characteristic dichloro ratio.
The peak at m/z 205 had a trichloro ratio similar to that of the
parent ion and represents the loss of COOCH; (M-59). The
peak at m/z 170 is M-(59+35) and represents the loss of both
the COOCH; moiety (M-59) and a chlorine (M-35) from the
parent ion.

The infrared spectrum of metabolite no. 5 (retention time,
18.3 min.) displays a distinct C=0O stretch at 1,754 cm ™" (Fig.
6). C=C stretching, characteristic of an aromatic compound,
is found at 1,490 cm™'. Two C—O stretching bands are ob-
served at 1,281 and 1,206 cm ™", indicating the presence of eth-
er linkages.

The mass spectra of metabolites 6, 7, 8, and 9 were identical
to and had the same retention times as authentic standards of
4-chlorophenylacetic acid (retention time, 13.2 min), 4-chloro-
acetophenone (retention time, 10.4 min), 4-chlorobenzalde-
hyde (retention time, 8.8 min), and 4-chlorobenzoic acid (re-
tention time, 12.0 min), respectively. When extracts containing
these metabolites were methylated, the mass spectra of metab-
olites 6 and 9 were no longer observed. New spectra, however,
were obtained which were identical to the methyl ester deriv-
atives of authentic 4-chlorophenylacetic acid and 4-chlorobenz-
oic acid (retention times, 10.7 min and 12.2 min, respectively).

DISCUSSION

Although limited mineralization of DDE by fungi via dichlo-
robenzophenone has been demonstrated (5), this is the first
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FIG. 5. Mass spectrum of the methyl ester of metabolite no. 5, 2-(4-chloro-
phenyl)-3,3-dichloropropenoic acid.

ApPL. ENVIRON. MICROBIOL.

-
ciCl £ o
) I @ “
COOCH;8 [
! I'S ‘\ il
ct g
¢
fl "““ ‘\ H I
P A VLM,
Nl AUy Pl 4 . / R
W"W{“ YA ¥ U e
4000 3200 2400 1600 800

Wave number

FIG. 6. Infrared spectrum of the methyl ester of metabolite no. 5, 2-(4-
chlorophenyl)-3,3-dichloropropenoic acid.

published report detailing ring fission of DDE, long considered
a dead-end metabolite and/or a conversion product of DDT
(26, 34). Based on the information contained herein, we pro-
pose that biphenyl-grown P.acidovorans M3GY cometaboli-
cally transforms DDE in a manner analogous to the initial
transformation of biphenyl (Fig. 7).

Recovery of metabolite no. 1 from neutral extracts and of
metabolites 2 and 3 from acid extracts suggests that DDE is
attacked by a dioxygenase at the ortho and meta positions. Such
an attack would give rise to a 2,3-dihydrodiol-DDE interme-
diate. Previous studies by Gibson et al. (16, 18) have shown
that dihydrodiols are unstable, dehydrating rapidly under acid-
ic conditions. Such a dehydration yields two different monohy-
droxy isomers of the parent diol, one substituted in the meta
position and the other substituted in the ortho position. Similar
results were obtained by Nadeau et al. during a study of DDT
transformation by Alcaligenes eutrophus A5 (34). Based on the
recovery of two hydroxy-DDT metabolites with identical mass
spectra, Nadeau et al. suggested that DDT was subjected to
initial ring oxidation by a dioxygenase (34). Metabolite no. 1
was not observed when supernatants were first acidified before
extraction. Recovery of two monohydroxy-DDE metabolites (no.
2 and 3) under acidic conditions and a dihydroxy-DDE metab-
olite (no. 1) under neutral conditions is consistent with dioxy-
genase-mediated transformation of DDE.

Further evidence for the formation of dihydroxy-DDE arises
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FIG. 7. Proposed meta-fission pathway for the degradation of DDE by P.
acidovorans M3GY. 1, DDE; 1I, metabolite no. 1, 1,1-dichloro-2-(dihydroxy-
4-chlorophenyl)-2-(4-chlorophenyl)ethylene; IV, metabolite no. 4, 6-oxo-2-hy-
droxy-7-(4-chlorophenyl)-4,8,8-trichloroocta-2,4-dienoic acid; V, metabolite no.
5, 2-(4-chlorophenyl)-3,3-dichloropropenoic acid; VI, metabolite no. 6, 4-chlo-
rophenylacetic acid; VII, metabolite no. 7, 4-chloroacetophenone; VIII, metab-
olite no. 8, 4-chlorobenzaldehyde; IX, metabolite no. 9, 4-chlorobenzoic acid.
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from the accumulation of a ring cleavage product (metabolite
no. 4). It is well established that meta cleavage of dihydroxy-
biphenyl and other aromatic diols leads to the production of
unsaturated, a-hydroxy acids which absorb visible light (350 to
450 nm) strongly under basic conditions but not under acidic
conditions (7, 10-12, 15, 24, 42). Nadeau et al. observed the
accumulation of a metabolite with these spectral characteris-
tics during the degradation of DDT, although no further ana-
lytical data were provided (34). Our observation of a yellow
metabolite that absorbs light at 399 nm under basic conditions,
but not under acidic conditions, is consistent with meta cleav-
age of dihydroxy-DDE.

Results from infrared and mass spectra indicate that this
meta-cleavage product is 4,8,8-trichloro-7-(4-chlorophenyl)-2-
hydroxy-6-oxo-octa-2,4-dienoic acid (metabolite no. 4). This
DDE meta-cleavage metabolite was identified as its dimethyl
derivative on the basis of both mass and infrared spectra. The
loss of 59 mass units from the molecular ion (Fig. 3) is very
characteristic of a-hydroxy esters due to the electron-with-
drawing nature of the oxygen on the « carbon (2, 28). The lack
of a visible O—H stretch in the infrared spectrum (Fig. 4) of
metabolite no. 4 is consistent with methylation of both acid
hydroxyl and a-hydroxyl groups. Methylation of nonacidic hy-
droxyl groups with diazomethane usually requires a Lewis acid
as a catalyst (4); however, the keto/enol tautomerization that
arises as a result of o, unsaturation of C-1 in ring fission
products makes the a-hydroxyl proton acidic enough to allow
the oxygen to undergo methylation (2, 28).

The infrared spectrum of the DDE meta-fission metabolite
displays nonsymmetrical C—O stretching bands at 1,290 and
1,188 cm ™! which are characteristic of unsaturated aliphatic
esters. This ester results from methylation of the acid hydroxyl
group. Nonsymmetrical C—O stretches were also observed
at 1,093 and 1,015 cm™! and arise from the ether linkage
formed via methylation of the a-hydroxyl group. Similar ether
stretches can be observed in infrared spectra of other methyl-
ated ring fission metabolites (2, 28).

The DDE meta-fission metabolite also displays a strong
C==C stretch, observed at 1,595 cm~'. This may result from
conjugation of the double bonds in the unsaturated aliphatic
moiety with the methylene carbons on the aromatic ring. Fi-
nally, two C=O stretches are observed at 1,679 and 1,745
cm ™!, The low wave number of the first C=0O stretch (1,679
cm ') is characteristic of «,B-unsaturated ketones and corre-
sponds to the C-8 carbonyl group. The second C=0 stretch, at
1,745 cm™!, is characteristic of aliphatic esters and corre-
sponds to the C-1 carbonyl group.

Hydrolase activity against 2-hydroxy-6-oxo-6-phenylhexa-
2,4-dienoate, the meta-cleavage product of biphenyl, at the C-6
carbonyl group results in the formation of benzoate (14). In
like manner, the DDE meta-cleavage product appears to un-
dergo direct attack at the C-6 carbonyl group, yielding 2-(4-
chlorophenyl)-3,3-propenoic acid (metabolite no. 6). This is
also analogous to the production of 2-phenylpropenoic acid
from DPE by strain M3GY when grown on DPE plus biphenyl.
Focht and Alexander found evidence of a similar hydrolase ac-
tivity, recovering 3,3,3-trichloro-2-phenylpropanoic acid from
Hydrogenomonas sp. cultures incubated with 1,1-trichloro-2,2-
bis-[phenyl]ethane, a DDT analog (11).

Further work is required to elucidate the steps involved in
the transformation of 3,3-dichloro-2-(4-chlorophenyl)prope-
noic acid; however, reduction of C-3 could yield 3,3-dichloro-
2-(4-chlorophenyl)ethane, a hypothetical intermediate. This is
analogous to the reduction of 2-phenylpropenoic acid to 2-phe-
nylpropanoic acid in the metabolism of DPE by biphenyl-
grown cells. Such a reductive step is also consistent with the
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findings of Francis et al. (13), who recovered 2-(4-chlorophe-
nyl)propanoic acid from Pseudomonas sp. cultures incubated
with 1-(4-chlorophenyl)-1-phenylethylene.

Degradation of this hypothetical intermediate may proceed
via decarboxylation to yield 1,1-dichloro-(4-chlorophenyl)eth-
ane, a polychlorinated ethylbenzene. Ethylbenzene has been
shown by others to undergo oxidation of the aliphatic side
chain to yield 1-phenylethanol, which is further oxidized to
yield acetophenone (17, 39). Utkin et al. (39) also showed
that the terminal methyl group of ethylbenzene undergoes
oxidation to yield phenylacetic acid. Recovery of both 4-
chloroacetophenone and 4-chlorophenylacetic acid from cul-
ture supernatants suggests the existence of a common chloro-
ethylbenzene precursor.

In contrast to previous studies which showed that chloroace-
tophenones were transformed to chlorophenols via chlorophe-
nyl acetate (20, 21), strain M3GY appears to oxidizes 4-chlo-
roacetophenone to 4-chlorobenzoate. This may appear similar
to the transformation of 4-hydroxyacetophenone to 4-hydroxy-
benzoic acid (23), but the production of 4-chlorobenzaldehyde
by M3GY suggests that there exists another mechanism for
removal of the methyl group from the aliphatic moiety (23).
Darby et al. have speculated on an alternative pathway for the
transformation of 4-hydroxyacetophenone to 4-hydroxybenzal-
dehyde via complete oxidation and subsequent decarboxyla-
tion of the terminal methyl group (8). We suggest that a similar
mechanism may be responsible for transformation of 4-chlo-
roacetophenone to 4-chlorobenzaldehyde. Resting cells rapid-
ly transformed 4-chlorobenzaldehyde to 4-chlorobenzoate (data
not shown).

There was no apparent cometabolism of DDE by DPE-
grown cultures, which is not surprising in as much as the
predominant pathway for DPE metabolism by DPE-grown cul-
tures is via oxidation of the aliphatic moiety to benzophenone.
Thus, even though DPE-grown cultures yielded trace amounts
of metabolites consistent with a meta-fission pathway (DPE
metabolites 4 to 9), the enzymes involved in this meta-fission
pathway did not appear to be induced at levels high enough to
afford detectable DDE transformation. However, when biphe-
nyl was added as a cosubstrate to cultures containing only
DPE, much lower levels of benzophenone were found and
much higher levels of a yellow ring fission metabolite and of
DPE metabolites 5 to 9 were produced than in cultures con-
taining only DPE. This ring fission product (\,,,, = 423 nm)
was not produced from biphenyl (A, = 435 nm) (7).

The metabolites of DPE identified from cultures grown on
either DPE alone or DPE plus biphenyl are consistent with
earlier studies showing two distinct catabolic pathways for
DPE (12). DPE metabolites 4 to 9, which are consistent with a
DPE ring fission pathway, were analogous to the chlorinated
metabolites recovered after ring fission of DDE by cultures
grown on biphenyl.

Our study also suggests a possible mechanism for the pro-
duction of 4-chlorobenzoate from DDT as observed by Nadeau
et al. (34). Hydrolase activity on the DDT ring fission product
could produce 3,3,3-trichloro-2-(4-chlorophenyl)propionic
acid. Decarboxylation and subsequent oxidation could yield
a,a,a-4-tetrachloroacetophenone, which could be metabolized
in a similar manner to 4-chloroacetophenone, an intermediate
in the DDE pathway, which is degraded to 4-chlorobenzoate.

In conclusion, these results demonstrate that DDE can be
degraded by bacteria in pure culture when the correct pathway
is induced. Biphenyl was capable of effecting this induction,
while the more structurally similar compound DPE was not.
When grown on biphenyl in the presence of ["*C]DDE, strain
M3GY was able to effect greater than 40% transformation of
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recoverable radioactivity from liquid culture. These results
suggest a possible model for biodegradation of DDE in soil by
biphenyl-utilizing bacteria.
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