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Abstract

The degradation pathway for dinoseb (2-sec-butyl-4,6-dinitrophenol) under reducing conditions was investigated.
Cultures were inoculated with a dinoseb-degrading anaerobic enrichment culture used in field studies. Biotrans-
formation intermediates were extracted with ethyl acetate and analyzed by high pressure liquid chromatography,
gas chromatography, and mass spectrometry. Dinoseb degradation involves reduction of the nitro groups to amino
groups followed by replacement with hydroxyl groups. Depending on the pH and redox potential in the culture,
these intermediates may exist as quinones or hydroquinones.

Introduction

Bioremediation of chemical wastes in the environment
has received favorable attention as a cost-effective
alternative to other remediation strategies in recent
years. However, one reason for slow acceptance of
some treatment processes has been due to the inability
of some processes to demonstrate degradation of the
target compound to non-toxic products in the field. For
example, degradation of some compounds (e.g. PCE,
TCE) result in the production or more toxic products
{DiStefano et al. 1991). Others have been unable to
detect or identify degradation intermediates with lower
toxicity, calling into question the efficacy of the treat-
ment process (Williams et al. 1992). In some cases,
apparent degradation may actually be a simple abi-
otic transformation, polymerization, or immobiliza-
tion process in which the toxic chemical is bound to
some sort of insoluble support (e.g. humus or other
soil components). In order for bioremediation process-
es to become more accepted, it must be proven that
each process results in conversion of the target com-
pound to innocuous, readily metabolizable products in
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the laboratory as well as under field conditions. Here
we report a partial degradative pathway for dinoseb
(2-sec-butyl-4,6-dinitrophenol, DNBP, CAS Registry
# 88-85-7) under reducing conditions.

Dinoseb is a herbicide that we used on a wide vari-
ety of crops throughout the United States until its recall
by the US Environmental Protection Agency (USEPA)
in 1986 (Federal Register 1986a, b). Its potent tox-
icity to animals and fish and teratogenicity in sever-
al animal models was the reason its use was banned.
No accumulation of dinoseb has been documented at
sites where it was applied at recommended application
rates. However, due to improper disposal and han-
dling practices, dinoseb is often found as a soil and/or
groundwater contaminant at manufacturing facilities
and rural airstrips where crop-dusting activities took
place. At airstrips, excess dinoseb concentrate that was
not applied to crops was often discharged directly to
the soil. Due to its resistance to microbial attack, high
concentrations of dinoseb can persist in the environ-
ment for decades (Kaake et al. 1992),

Several groups in Europe have reported on the
degradation of nitrophenols by various bacterial gen-
era. The results from these studies can be sum-
marized into three different pathways. In the path-
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way described by Gunderson and Jensen (1956) and
Jensen and Lautrup-Larsen (1967), the nitro sub-
stituents are cleaved from some of the nitrophenols
that were studied (p-nitrophenol, 2,4-dinitrophenol,
2,4,6-trinitrophenol, and 2-methyl-4,6-dinitrophenol)
to form nitrite. The metabolites resulting from these
transformations were not followed or identified. How-
ever, none of these organisms transformed dinoseb.

A brief communication (Tewfik & Evans 1966)
described an aerobic, reductive pathway for the herbi-
cide 2-methyl-4,6-dinotrophenol (DNOC; 3,5-dinitro-
ortho- cresol) in which the nitro groups were reduced
to amino groups and then replaced with hydrox-
yl groups to form 2,3,5-trihydroxytoluene. Howev-
er, these data have apparently not been published.
A later paper (Hamdi & Tewfik 1970) identified the
first intermediate from DNOC as 6-amino-2-methyl-
4-nitrophenol. In a separate report (Wallnofer et al.
1978), an Azotobacter species was found to produce the
same intermediate from DNOC, as well as its analog
from dinoseb. In addition the 6-acetamido-derivatives
of both DNOC and dinoseb were identified. A par-
tial reductive pathway under anaerobic conditions was
reported by Froslie and Karlog (Froslie & Karlog 1970)
for DNOC and dinoseb using rumen fluid as inoculum.
They identified both the amino and diamino derivatives
of both compounds.

More recently, a novel reductive pathway has been
proposed for 2,4-dinitrophenol (2,4-DNP) (Lenke et
al. 1992) and 2,4,6-trinitrophenol (picric acid) (Lenke
& Knackmuss 1992) in which the aromatic nucleus is
saturated and then cleaved. This pathway was found
to occur as an alternative to the oxidative pathway
described above in which nitrite is released into the
medium. The resulting products from 2,4-DNP and
picric acid were identified as 4,6-dinitrohexanoate and
2,4,6-trinitrohexanone.

A patented biodegradation process has been devel-
oped for the remediation of dinoseb (Kaake et al. 1992;
Roberts et al. 1993a, b) and other nitroaromatic com-
pounds in soil (Funk et al. 1993) under reduced condi-
tions. The process has been applied at bench, pilot, and
full-scale for dinoseb biodegradation. In these studies,
unidentified biotransformation products were detected
and monitored by HPLC analysis. Degradation was
considered complete when no aromatic products could
be detected above the detection limit of 1 mg/liter
(Kaake et al. 1992). This study provides information
on the possible identities of some of these interme-
diates and proposes a pathway for the degradation of
dinoseb under reduced conditions.

Methods and materials
Enrichment culture

An anaerobic enrichment culture isolated from soil
which had undergone the bioremediation process pre-
viously described was used as inoculum (Kaake et al.
1992). Successive transfers of the culture were made
into fresh reduced liquid medium such that there was
no soil in the cultures. Cultures were incubated at
30° C.

Growth medium

The culture was maintained on a mineral medi-
um amended with 0.2 to 0.5 g/liter yeast extract,
10 gfliter glucose, and 100 mg/liter dinoseb. The
other medium components on a per liter distilled
water basis are as follows: 5 g NaCl, 5 g NH4Cl,
1 g CaCl,-2H,0, 1 g MgCly-6H,0, 50 mg Na,SOq,
50 mg MgS0,4-7H,0, 5 mg FeSO4-7H;0, 0.5 mg
MnCl;-4H,0, 0.05 mg H3;BO;, 0.05 mg ZnCl,
0.03 mg CuCl,, 0.01 mg Na;MoO4-FW2H,0, 0.5 mg
CoCly- FW6H,0, 0.05 mg NiCl;-6H,O, 0.05 mg
Na;SeO3, 0.02 mg Biotin, 0.02 mg folic acid, 0.05 mg
riboflavin, 0.05 mg thiamine, 0.05 mg nicotinic acid,
0.05 mg pantothenic acid, 0.05 mg cyanocobalamine,
0.05 mg p-aminobenzoic acid, 0.06 mg lipoic acid,
5.7 g NaHCO3, 6.48 g KoHPOy4, 1.96 ¢ KH,PO4, and
0.1 g Na;S,04. The medium was prepared anoxical-
ly by boiling and cooling under an 80% N»/20% CO,
oxygen-free atmosphere. The final pH was 7.0 to 7.2.
The medium was reduced with sodium dithionite and
dispensed into serum bottles (Sun Brokers, Wilming-
ton, North Carolina) using anaerobic technique.

Metabolite extraction

Cultures were extracted twice with a volume of ethyl
acetate equal to half the volume of the culture fluid to
be extracted. The pH of the culture fluids ranged from
7 to 7.3. Neither acidic nor basic extractions resulted
in greater extraction efficiency. Extractions were per-
formed aerobically in a separatory funnel or anoxical-
ly using a liquid-liquid extraction apparatus that was
continuously flushed with oxygen-free nitrogen gas.
Extracts were dried under aerobic or anoxic conditions
with anhydrous sodium sulfate and concentrated by
evaporation for HPL.C and/or GC/MS analysis.



Analytical procedures

Dinoseb and its biotransformation intermediates were
analyzed by high performance liquid chromatography
(HPLC) using a 250 x 2 mm Phenomonex (Torrance,
Calif.) Spherex 5 um Cg reverse phase column. A
Hewlett-Packard model 1090A series II instrument
(Palo Alto, Calif.), equipped with a diode-array detec-
tor and a computerized data system, was used for the
analyses. The column was run with 10% acetonitrile
and 90% 0.25 mM phosphate buffer (pH 4.0) for 2 min,
then the acetonitrile was increased to 100% over the
next 17 min and sustained for four min. The acetoni-
trile concentration was then decreased back to 10%
over 2 min and maintained for 2 more min. The sol-
vent flow rate was 0.2 ml/min, and the column tem-
perature was 40° C. Detection of dinoseb and trans-
formation products was accomplished using the diode-
array UV/VIS detector, recording absorption at 210
and 254 nm with continuous scanning of the absorp-
tion spectrum of each peak from 190 to 598 nm.

Some aerobic extracts were further purified by
preparative thin layer chromatography (TLC). Silica
gel plates (0.5 mm thickness) with fluorescent indica-
tor were spotted and developed twice in a 2:1:1 ratio
of ethyl acetate:toluene:benzene, respectively. Bands
were visualized with a 254 nm UV lamp, scraped, elut-
ed with HPLC grade acetonitrile, and filtered prior to
analysis.

High performance liquid chromatography/mass
spectrometry (HPLC/MS) was performed using a
Hewlett-Packard 1050 HPLC equipped with a UV/VIS
detector operating at 210 nm to deliver samples to a
particle-beam vacuum desolvation interface. This was
connected to a Hewlett-Packard 5989A mass spec-
trometer with a quadrupole detector. The following
adjustments were made to the electron impact sample
ionization mode: repeller 7 V, emission 300 V, and
electron energy 70 eV. The source temperature was
200-250° C. The MS was calibrated using perfluo-
rotributylamine. A PhaseSep microbore Spherisorb S5
ODS2 (25 x 0.2 mm) Cyg column (PhaseSep, Clwyd,
UK)) was used for separation. The solvent flow rate was
0.3 ml/min and consisted of 5% acetonitrile and 95%
water which was maintained for 5 min and increased to
100% acetonitrile over 25 min. The rate of increase and
length of the analysis were varied in order to maximize
separation and resolution of the intermediates present
in particular extracts.

Gas chromatography/mass spectrometry (GC/MS)
was performed on an HP Series IT 5890 gas chromato-
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graph equipped with a capillary fused silica DB-5MS
column (25 m x 0.21 mm x 0.33 mm; J & W Sci-
entific, Folsom, Calif.) and MS interface. The inter-
face temperature was set at 280° C. The MS detector
was set as it was for the HPLC/MS analyses, with the
exception of the source temperature, which was 175 to
200° C. The oven temperature was increased from 100
to 300° C at 10° C/min.

Mass spectra of biotransformation intermediates
were compared with standard mass spectra stored in a
software library (Wiley & Sons, New York) after back-
ground was subtracted. Background was defined as the
mass spectrum of an area of the HPLC chromatogram
immediately adjacent to the peak to be analyzed. The
relative abundances recorded in the adjacent area were
then subtracted from those of the peak of interest to
obtain the corrected spectrum shown in Fig. 2.

Results

Table 1 lists the compounds which were identified from
the enrichment culture supernatants and their mass
spectra, with the exception of diacetyl and triacetyl
glycerol (molecular weights 176 and 218 amu, respec-
tively). Their fragmentation patterns (mass/charge)
and relative intensities (in parentheses) are as fol-
lows. Diacetyl glycerol 145(8), 116(4), 103(22),
74(4), 43(100) and triacetyl glycerol 219(1.8 x 10~2),
145(33), 116(16), 103(41), 43(100). Figure 1 illus-
trates the proposed degradation pathway for dinoseb
under reducing conditions. The presence of phenol
(XI) and 6-amino-2-sec-butyl-4-nitrophenol (IT) was
confirmed by matching spectra with standard mass
spectra contained in the Wiley software library. Spec-
tra of the remaining biotransformation intermediates
were not in the library, nor were certified standards
commercially available. Therefore, identities of these
intermediates were hypothesized by their molecular
weight and fragmentation patterns.

Due to the instability of the diamino compound (IIT)
(Froslie & Karlog 1970), it could not be isolated from
aerobic extracts. Verification of (IIT) required immedi-
ate extraction under anoxic conditions and injection to
the mass spectrometer.

Although (III), (IV), (V), and (VI) have very simi-
lar molecular weights (178—180 amu), the compounds
can be distinguished by their mass spectral fragmen-
tation patterns. Compound (III) is the only compound
of the four to have a benzene nucleus. Since this struc-
ture imparts stability when in the electron beam of the
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Fig. 1. Proposed biodegradation pathway for dinoseb under reducing conditions. Brackets indicate compounds that were tentatively identified

by mass spectrometry.
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Fig. 2. Mass spectra of selected compounds isolated from culture supernatants,
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Table 1. Physical data for dinoseb and compounds isolated from culture supernatants.

Compound Molecular Mass spectrum (mass/charge) U.V. maxima*
weight (relative intensity) (nm)
(amu)
Dinoseb (1) 240 240(19),211(100), 163(48), 147(31), 213, 267, 363(sh)**,
117(22), 89(10), 77(4) 410(sh)
6-amino-2-sec-butyl-4-nitrophenol (IT) 210 210(37), 181(100), 194(9), 151(83), 135(43) 226,256,323
2,4-diamino-6-sec-butylphenol (ITI) 180 182(0.7), 180(100), 151(83), 123(60), 106(25) na

4-amino-6-sec-butyl-1,2-quinonimine or
2-amino-6-sec-butyl-1,4-quinonimine (IV)*** 178

4-amino-6-sec-butyl-1,2-dibenzoquinone (V) 179
2-amino-6-sec-butyl-1,4-benzoquinone (VI) 179

4-acetamido-6-sec-butyl-1,2-benzoquinone (VII) 221

(VIID 340
2-sec-butyl-4-nitrophenol (X) 195
phenol (XI) 94

180(26), 178(100), 151(66), 122(87), na
94(29), 41(46)

181(6), 179(73), 164(27), 152(63), 280, 472
136(34), 122(63), 69(47), 57(64)

181(6), 179(73), 164(30), 151(43), 280, 472

136(50), 122(100), 94(32), 41(48)
223(17),221(100), 192(34), 181(59),
179(33), 152(31), 151(28), 122(28), 68(18)

218,277, 378(sh)

340(46), 284(19), 177(100), 164(53), na
161(59), 149(42), 121(18), S7(8)

195(21), 166(15), 139(45), 138(100), na
110(17), 69(20), 41(16)

94(100), 66(52), 63(40) 270

* UV spectral data from diode array detector. Solvent was acetonitrile:water mixture. Solvent ratio dependent upon retention time. ** (sh)
— shoulder. *** HPLC and GC/MS retention times were indistinguishable. na — data not available.

mass spectrometer, the fragments from (III) consist
of the intact aromatic ring with whole or portions of
functional groups removed (Fig. 2b).

However, quinones are not aromatic (Berger &
Rieker 1974) and their ring structures are less stable.
Consequently, the quinone ring is subject to fragmen-
tation in addition to the functional groups. Quinones
typically show loss of carbon monoxide (mass/charge
28). This results in an increase in the number of major
fragmentation peaks (mass/charge 136 and 164) and a
change in the relative intensities of the peaks (compare
Fig. 2b and d).

Differentiation of the aminoquinones (V and VI)
can be accomplished by closely examining the mass
spectra (Fig. 2¢ and d). Quinones and their corre-
sponding hydroquinones are in an equilibrium which is
dependent upon pH and redox potential. This tautomer-
ization can also occur within the inlet port or solvation
chamber of the MS if trace amounts of water are present
orif theresidence timeis increased (Zeller 1974). Upon
reduction of the quinone in the mass spectrometer, a
peak 2 amu higher than the molecular ion (an [M + 2]
peak) is observed. For o-quinones, the [M + 2] peak is
much more pronounced than in p-quinones due to their

higher redox potential (Zeller 1974). The intensity of
the [M + 2] peak has been used as a characteristic in
differentiating 1,2- and 1,4-isomers of several types of
quinonoid compounds (Zeller 1974).

Figure 2c and d demonstrate this change in frag-
mentation patterns. Both (V) and (VI) have a molec-
ular weight of 179 amu. However, by looking at the
relative intensity of the [M + 2] peak at 181 amu (Table
1), the two isomers can be differentiated. The presence
of the two isomers in culture supernatants is supported
by the fact that they could be resolved on the HPLC
and GC, but had identical UV/VIS spectra.

Although the two isomers of (IV) could not be
resolved by chromatography, it is surmised that each
form can easily tautomerize to the other. Upon ana-
lyzing the mass spectrum of the peak corresponding to
(IV), the [M + 2] peak was found to vary in intensity
throughout the HPLC peak. This suggests that both
isomers of (IV) coeluted from the column.

Two other quinone by-products were isolated (Fig.
1 VII and VIII). Acetylation is a common mecha-
nism cells use to detoxify or inactivate some sub-
strates (Cundliffe 1989) including aromatic amines
(McCormick et al. 1981). Compound (VII) may be



formed in an alternate pathway which may serve to
decrease the toxicity of compound (V). This com-
pound was found to accumulate in reduced liquid cul-
tures. However, in open soil cultures in the laborato-
ry and field, (VII) only transiently appeared and was
removed.

Compound (VIII) was isolated from in an aerobic
extract of the enrichment culture. Linkages of this type
are common among p-quinones and anilines (Berger &
Rieker 1974). Implications of this condensation reac-
tion will be addressed in the discussion.

Isolation of trace amounts of (X) and (XI) from
some culture extracts suggest an alternate pathway.
Formation of (X) suggests the presence of an oxidative
pathway similar to that proposed by Gunderson and
Jensen (1956) and Jensen and Lautrup-Larsen (1967).
However, both (X) and (XI) (phenol) were isolated spo-
radically in only trace amounts on the GC/MS. Neither
compound was identified upon direct HPLC analysis
of aqueous samples nor was the production of nitrite
measured.

Quantitative analysis of the compounds was not
possible due to their instability and unavailability from
commercial sources. However, in a typical culture
supernatant midway through degradation, compounds
(V), (VI), and (VII) each made up 33, 21, and 25% of
the total non-dinoseb aromatic products as determined
by peak area at 210 nm, respectively.

Discussion

Because the degradation of dinoseb and its metabo-
lites takes place at such low redox potentials (about
- 200 mV), the difference in redox potential during
degradation compared to that at the time the metabo-
lites were extracted and analyzed must be considered.
During the extraction process, strict attention was paid
to exclude oxygen. However, even if anoxic condi-
tions were maintained, the pH and redox potential
would be affected by the loss of carbon dioxide and
hydrogen sulfide during the isolation and purification
steps. Although Fig. 1 does not explicitly illustrate
all the possible tautomeric forms of each compound
(i.e. IV through IX), it is reasonable to assume that
an equilibrium between the quinone and hydroquinone
is reached. This equilibrium is likely to be dependent
upon the redox potential. Typically, hydroquinones are
colorless while their quinone derivatives are colored
(Berger & Rieker 1974). In these experiments, the cul-
ture supernatants, which were colorless when under

335

anaerobic conditions, turned color upon exposure to
air, suggesting the conversion of hydroquinones to their
corresponding quinones. The high reactivity of these
compounds made their isolation difficult. Froslie and
Karlog (1970) had similar difficulties in isolating (III)
and had to chemically oxidize (IIT) to the more stable
(IV) for analysis. The quinone metabolites could exist
in their hydroquinone forms under the conditions in
which the culture is grown and spontaneously oxidize
upon exposure to oxygen or during extraction.

The primary reason for investigating anaerobic
bioremediation processes for nitroaromatics was to
determine if polymerization of the amino intermediates
that form during both oxic (Gundersen & Jensen 1956;
Tewfik & Evans 1977; Hamdi & Tewfik 1970; Won et
al. 1974; Wallnofer et al. 1978; Tan et al. 1992; U.S.
Army Environmental Center 1993) and anoxic (Froslie
& Karlog 1970; Tratnyek & Macalady 1989; Boopathy
et al. 1993; Gorontzy et al. 1993) incubations could be
prevented. Under oxic conditions, these aminoaromat-
ic compounds can react readily with soil organic matter
and other aminoaromatics to form insoluble polymer-
ic materials (Erdtman & Granath 1954; Brown 1967,
Musso 1967; U.S. Army Environmental Center 1993).
The observation of these polymerization reactions is
supported by the isolation of (VIII). While polymer-

Jization of aminoaromatics may result in reduced toxi-

city (Tan et al. 1992; U.S. Army Environmental Cen-
ter 1993), their environmental fate is unclear. Obser-
vations in our laboratory suggest that aminoaromat-
ic polymers can be resolubilized and degraded under
reduced conditions. However, it is desirable to prevent
polymerization reactions from occurring by maintain-
ing reduced conditions and allowing degradation to
continue.

While not isolated, compound (IX) (6-sec-butyl-
hydroxyhydroquinone) is a logical continuation of the
proposed pathway. Failure to isolate this compound
may be due to its high susceptibility to chemical
decomposition and microbial degradation. A review
by Hodge (1974), stated that hydroxyhydroquinones
spontaneously undergo complex hydrolytic reactions
under even mild conditions. These reactions involve
ring cleavage (most often with 1,4-benzoquinones)
and ring contraction reactions (common for 1,2-
benzoquinones). These ring contractions are a vari-
ation of the well-known reaction named the benzil-
ic acid rearrangement discovered in 1838 (Selman &
Eastham 1960). The reaction involves the introduc-
tion of a hydroxyl group into a diketone followed by a
molecular rearrangement to form a 5 membered cyclic
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alpha-hydroxy acid which subsequently decarboxy-
lates to form a 1,3-cyclopentadione. Musso and Bor-
mann (1965) conducted studies of these reactions on
compounds closely related to (IX). While substituents
on the ring affect the types of ring contractions that
occur, it is possible that compounds (VII) and (VIII)
could also undergo chemical decompositions similar
to (IX).

Strong evidence also exists for the microbial degra-
dation of (IX) under reduced conditions. Several stud-
ies have documented complete degradation of several
di- and tri-hydroxy substituted benzenes under reduc-
ing conditions by several bacterial genera (Balba &
Evans 1980; Patel et al. 1981; Szewzyk et al. 1985;
Krumholz et al. 1987; Schnell et al. 1989, 1991;
Brune & Schink 1992; Brackmann & Fuchs 1993).
Schink and co-workers (Schnell et al. 1991; Brune
et al. 1992) identified a Pelobacter sp. that degrad-
ed hydroxyhydroquinone to acetate via phloroglucinol
(1,3,5-trihydroxybenzene). Stevens (1989) identified
14C_acetate in an anaerobic dinoseb-degrading culture
fed [U-4C}-dinoseb. A similar pathway may occur
in this enrichment culture. This would necessitate the
formation of (IX), which then is likely metabolized
to acetate and/or TCA cycle intermediates. Diacetyl
and triacetyl glycerol may also be intermediates in this
pathway.

The chemical instability and commercial unavail-
ability of these proposed intermediates poses a diffi-
cult problem in elucidating the biodegradation path-
way of dinoseb under reducing conditions. However,
these data suggest that degradation of dinoseb under
reducing conditions continues beyond the formation of
aminoaromatic intermediates and prevents their poly-
merization. The replacement of amino groups with
hydroxyl groups may play an important role in the
degradation of dinoseb to non-toxic products.
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