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ABSTRACT 

The aerobic microbial merabolism of benzothiophene, six isomers of each of 

methyl- and dimethylbenzothiophene, dibenzothiophene, three isomers of dirnethyldibenzo- 

thiophene, 1,2,3,4-tetrahydrodibenzothiophene, naphtho[2,1-b] thiophene, naphtho[2,3- 

b] thiophene, and 1-methylnaphtho[2,1-blthiophene was studied. Al1 21 of these 

compounds are found in petroleum or synthetic fuels, but only four of them are corner-  

cially available. The other condensed thiophenes were synthesized by Dr. i. T. Andersson 

(University of Münster), for use in biodegradation studies. The study of meth yl-substituted 

condensed thiophenes was motivated by recent research which showed that their resistance 

to biodegradation increases with increasing methyl-substitution. 

The objective was to identify metabolites in pure c u l a s  of aromatic hydrocarbon- 

degrading Pseudomonas spp. incubated in mineral medium in the presence of an aromatic 

growth substrate (i.e. 1-methylnaphthalene) and a pure condensed thiophene. As well. 

some studies investigated the biodegradation of condensed thiophenes in minerai medium 

with petroleum or the aromatic fraction of petroleum as the growth substrate for mixed 

cultures of petroleum-degrading bactena or for cultures inoculated with an environmental 

sample (Le. river water). These studies were done because mixed populations generally 

have greater degradative potential and more closely approximate the situation of an actual 

oil-contaminated environment. After appropriate incubation times, the cultures were 

extracted with orgânic solvent to recover substrates and products, and extracts were 

analyzed by gas chromatography with flame photometric, mass. and Fourier aansform 

infrared detectors. This enabled the identification of biocransformation products, whose 

structures frequenily were verified by cornparisons with synthesized authentic standards. 

Other identifications required the purification of metabolites and analysis by nuclear 

magnetic resonance spectromeûy. Gas chromatography anaiysis with an atomic emission 



detector, which gives a hear response to sulfur in al1 organic forms, was used to quantify 

sorne of the observed metabolites. 

By these methods, over 80 metabolites of the condensed thiophenes listed above 

were identified. These include sulfoxides. suifones. hydroxy- and carboxyl-substituted 

bemthiophenes, hyhy-substituted dibenzothiophenes, and substituted benzothiophene- 

2.3-diones and 3-hydroxy-2-formylbenzothiophenes. Benzonaphthothiophenes were also 

observed to f o m  by an abiotic condensation of microbially-produced benzothiophene 

sulfoxides. 
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1. INTRODUCTION 

1.1 Sulfur in petroleum 
PetroIeum is generally considered to be a naturally-occurring gaseous, liquid, or 

solid mixture predorninantly composed of hydrocarbons. This definition includes 
conventional and heavy cnide oils. minera1 wax. asphala (bitumens), and bituninous rock 
such as oil shales (Foght et ai.. 1990). 

Afkr carbon and hydrogen. sulfur is typically the third most abundant element in 
petroleum, ranging from 0.05 to 5% (w/w) in crude oils, depending upon the source 

(Speight, 1980). In some rare cases, the sulfur content is actualiy much higher than these 

typical values. Cnide oils from Utah, Germany, and California were reported by 
Thompson (1981) to have sulfur contents of 13.9, 9.6, and 7.5%. respectively. Sulfur 
contents of 0.2 to 12% and 0.4 to 11% are loiown for oil shales and tar sands. respectively 
(Czogalla and Boberg, 1983). Most of the sulfur present in m d e  oils is organically-bound 
sulfur, with hydrogen sulfide and elemental sulfur, dissolved in the crude oil, usually only 
represen~g a minor portion of the total (Sinninghe Damste' and de Leeuw, 1990). 

The sulfur content of typical cmde oils is too high to amibute its presence solely to 
the biochemical incorporation of sulfur into the biological material that eventually formed 

the peuoleum. As weil, the structures of organosulfur compounds found in petroleum are 
largely different from those which are biosynthesized (Sinninghe Damste' and de Leeuw. 
1990). Thus. it is generally accepted that rnuch of the organically-bound sulfur in 

pewleum was produced by reactions of organic matter with reduced inorganic sulfur 
species (sulfides) during the early stages of diagenesis (Sinninghe Damste' and de Leeuw. 
1990). The presence of sulfides from the bactend reduction of sulfate during these early 
stages would have depended upon the amount of sulfate present in the marine or lacusmne 
environment in which the petroleurn was king formed. As well, the amounts of reactive 

iron minerals that could compete with the organic matter for the reduced sulfur species and 

lead to the formation of low sulfur crudes even in marine environments that were nch in 

sulfate may have influenced the incorporation of sulfur into crude oils at different 
geographical locations (Sinninghe Darnste' and de Leeuw. 1990). Thus, the sulfur content 
of cmde oils varies with geographical location depending upon the conditions prevalent at 

the time of formation. 

1.2 Types of organosulfur compounds present in petroleum 
As a gneral d e ,  the greater the density of a crude oil (or the lower the API p v i t y  

of the crude oil). the higher the sulfur content (Speight. 1980). Thus. it follows that the 



distribution of sulfur within a particular crude oil is such that the sulfur compounds become 

progressively more concentrated as the boiling range of the fractions increases (Speight. 

1980; Thompson. 1981). As well, the types of organosulfur compounds which are 
predominant varies with the boiling range (Czogalla and Boberg, 1 983). Figure 1.1 shows 

structures that are representative of the various types of organosulfur compounds found in 

petroleun In fractions boiling below 150°C, the sulfur is present primarily as alkane 
(compound 1, Figure 1.1) and cycloalkane (compound 2) thiols, dialkyl (compound 4) and 

akyl cycloaikyl (compound 5) sulfides. disuifides (compound 7), 5- and 6-membered 
monocyclic sufides (compound 8), thiophene (compound 9), and thiophenes with one or 

two methyl groups. In fractions boiling between 150 to 250°C. many of these sarne 

compound types with slightly larger molecular weights dominate together with arene thiols 

(cornpound 3), aikyl aryl sulfides (compound 6), p o l y ~ ~ d e s  (compound 7), and mono-. 

bi-, and mcyclic sulfides (compound 8). As well, thiaindanes (compound IO), thiophenes 

(compound 9) with up to four short side chahs, and thiophenes condensed with one 
aromatic ring to form benzothiophenes (cornpound 11). thienothiophenes (cornpound 12). 

and thienopyridines (compound 13) are typically major sulfur-containing constituents in 
this boiling range (Czogalla and Boberg, 1983). The sulfur present in fractions boiling 

between 250 to 540°C exists primarily in substituted thiophenes (compound 9) and 

thiophene rings that are condensed to fom substituted benzo- (compound 1 l), dibenzo- 

(compound 141, naphtho- (cornpound 15). benzonaphtho- (compound 16), and phenan- 

throthiophenes (compound 17). As well, many other complex compounds containing 

thiophene rings anellated with aromatic and naphthenoaromatic structures have been 

identified in this fraction (Czogaila and Boberg, 1983). 

Speight (1980) reported that a substantial proportion (>O%) of the sulfur in 

higher-boiling fractions of various crudes is present as substituted benzothiophenes 

(compound 11, Figure 1.1). In some Texas oils, as much as 70% of the organic sulfur is 

present as dibenzothiophene (compound 14), and in some Middle East oils the alkyl- 

substituted benzo- and dibenzothiophenes contribute up to 40% of the organic sulfur 

present (Finnerty and Robinson, 1986). Thus, benzo- and dibenzothiophene and their 

alkylated denvatives are among the many condensed thiophenes which are an important 

fonn of organic sulfur in the heavier fractions of many crude oils. Condensed thiophenes 
are also the predominant form of sulfur identifed in synthetic fuels derived from coal. oil 

shale, and tar sands (Later et al., 1981; Nishioka et al., 1985; Nishioka, 1988; Thompson, 

1981; Willey et al.. 1981). Sulfur compounds in the extrernely high boiling fractions of 

petmleurn (>540°C) typically contain approximately half of the total sulfur content of crude 

oils. While these compounds are the most difficult to analyze and identify, approximately 



80% of the sulfur is estimated to be thiophenic in nature as part of larger complex 
molecules (Czogalla and Boberg. 1983). 

1.3 Toxicity, genotoxicity, and potential for bioaccumulation of condensed 
thiophenes 

From an industrial viewpoiat, the presence of organosulfur compounds of any of 

the types listed above is a concern because they cause corrosion and can poison catalysts 
drning the refining of petroleun The combustion of organosulfur compounds in peûoleum 
products releases sulfur dioxide into the aûnosphere which is an environmental concern 
because this leads to the problem of acid min. This is also an indusnial concem because 
legislation limits maximum allowable sulfur dioxide emissions. Thus, the refining process 
must be capable of removing sulfur h m  petroleum feedstocks to meet the requirements for 
subsequent use of the refmed product. 

Another environmental concem is focused particularly on the condensed 

thiophenes, which are predominant in the beavier fractions of petroleum where sulfur 
content is the highesr These polycyclic arornatic sulfur heterocycles consist of a thiophene 
ring fused with one or more benzene rings (compound 11, compounds 14 to 17; Figure 
1.1). As such, these sulfur-containing analogs of the polyc yclic aromatic hydrocarbons. 
whose carcinogenic and mutagenic potential are well known. may also have biological 
activity (Jacob, 1990). The mutagenicity. carcinogenicity, and acute toxicity of these 
organosulfur compounds in environments that becorne contaminated with condensed 

thiophene-containing cmde oil will impact the organisms that live in contaminated 

ecosystems. 
Pelroy et al. (1983) tested various 3- and 4-ring condensed rhiophenes for 

mutagenic activity in the Ames' Salmonella typhimurium assay after metabolic activation 
with hepatic monooxygenase from rats. McFall et al. (1984) tested the methyl-substituted 
derivatives of these compounds in the same assay. The structures of many of these 
compounds are shown in Figure 1.2. Naphth[ 1.2-b] thiophene (compound 1 5. Figure 

1.2) was shown to have mutagenic potential whereas dibenzothiophene (compound 14) and 
the other two isomers of naphthothiophene (compounds 18 and 19) were inactive. even 

after rnetabolic activation. Methyl substitution of dibenzothiophene (compound 14) did not 

lead to rnutagenic activity. Seven of the 13 unsubstituted Cring polycyclic aromatic sulfur 
heterocycles tested were shown to have rnutagenic potential that was activated by treatment 
with hepatic monooxygenase from rats. The highest activity for the 4-ring compounds was 
observed for phenanh[3.4-blthiophene (compound 17). which was of approximately the 

same mutagenic potency as the polycyclic aromatic hydrocarbon benzo[a]pyrene. The 



isomenc compound phenanthro[4,3-b] thiophene (compound 20) exhibited only low 
activity. even after metabolic activation, indicating that the position of the sulfur atom plays 
a key role in the biological activity. For the other unsubstituted 4-ring compounds with 

mutagenic potential, the mutagenic activities did not correlate with the mutagenicity of the 
isosteric pol ycyclic arornatic hydnxarbon. Several of the methy 1-substituted benzo [blnaph- 

tho[l-2-4- (compound 16), -[2,1-dl- (compound 21), and -[2,3-djthiophenes (compound 
22) were found to have mutagenic potential (McFall et ai., 1984). The most potent of these 

was 6-rnethylbenzo[b]naphthol2,1-athiophene which is isosteric to the potent rnutagen 

and carcinogen 5-rnethy lchry sene. For the O ther me thyl-su bstituted 4-ring compounds there 
was no observable correlation betwecn their mutagenic potentiai and that of the isosteric 
polycyclic arornatic hydrocarbon. Thus, numerous condensed thiophenes have been shown 

to possess rnutagenic potential and will contribute to the overall impact of petroleum 
hydrocarbons on contaminated environments. 

Jacob (1990) reviewed research on the carcinogenicity of nurnerous polycyclic 

aromatic sulfur heterocycles and methyl-substinited derivatives in rats and mice. Arnong the 

compounds which have been shown to be highly carcinogenic are the following (Figure 

1.3): 7,lI -dimethylphenanthro[2.3-b] thiophene (compound 23); 6.11-dimethylanthra[ 1.2- 

blthiophene (compound 24); 6.12-dimethylbenzo[ l,2-b:4.5-b'] bis[ 1 ] benzothiophene 
(compound 25); 7,13-dimethylùenm[b]phenanthro[3,2-dl thiophene (compound 26); 6.12- 

dimethylbenzo[l,2-b5.4-b']bis[l]benzothiophene (compound 27); and, benzo[b]phenan- 

thro[3,4-athiophene (compound 28). The carcinogenic potential of these compounds and 
the inactivity of other isomers does not correlate well with the carcinogenic activity of the 

polycyclic arornatic hydrocarbon isosters of these condensed thiophenes. In many cases, 

the condensed thiophenes were more potent carcinogens than their carbocyclic isosters. 

A series of polycylic arornatic sulfur heterocycles were compared to their sterically 

and structurally similar polycyclic aromatic hydrocarbons for acute toxicity to the 
zooplankton Daphnia magna (Easrrnond et al., 1984). Dibenzothiophene (compound 14. 

Figure 1.2) was shown to be more toxic than phenanthrene and anthracene, and 
benzo[b]naphtho[l,2-miophene (compound 16) was more toxic than benz[a]anthracene. 
However, benzothiophene (compound I l )  was less toxic than its homocyclic isoster 

naphthalene and benzo[b] naphtho[2,1-dJthiophene (compound 2 1) did not exhibit any 

toxicity in this test. 

The potential mutagenicity, carcinogenicity, and toxicity of condensed thiophenes is 

especially important in light of reports that these compounds are prone to bioaccumulation 

in tissues of living organisms with the subsequent potential for biomagnification in the food 

chai.. Rat and Japanese oysten fkom marine environments contaminated with oil from the 



Amoco Cadiz spi11 were shown to contain Cl-, C2-, and C3-substituted dibenzothiophenes 

with some of the more highiy substinited isomers persistant for up to three years after the 
spill (Berthou et al., 1981; Friocourt et al., 1982; Laseter et al., 1981). The enrichment of  

alkyl-dibenzothiophenes and phenanthrenes relative to unsubstituted parent compounds 
was aiso observai in tissues of clams and mussels impacted by the Tsesis oil spill (Boehm 
et al.. 1982). The accumulation of a series of polycyclic aromatic sulfur heterocycles was 
compared with their analogous polycyclic aromatic hydrocarbons by Eastmond et al. 

(1984). Benzothiophene (compound 1 1, Figure 1.2) and benzo[b]naphtho[2,1 -&hiophem 
(compound 21) were bioconcennated by D. magna to a greater extent than naphthalene and 
chrysene, respectively . but dibenzothiophene (compound 14) and phenan threne exhibited 
similar uptake cwes .  No clear trend was observed for elimination differences between 
polycyclic aromafic hydrocarbons and sulfur heterocycles in this system. 

The bioaccurnulation of condensed thiophenes in tissues of living organisms, 
coupled with the potential toxicity, carcinogenicity, and mutagenicity of these compounds 
suggests that they may make a significant contribution to the impact that oil spius have on 
contaminated environments. As low-sulfur feedstocks are depleted, the increased transport. 

refining, and use of higher-sulfur cmde oils and synthetic fuels derived from coal, tar 

sands, and shale oils may lead to increased environmental contamination with condensed 
thiophenes. The fate and effect of these compounds in contaminated environments will be 
partly detennined by the abilities of the microbial populations present to biodepde these 

complex mixtures of p l  yc yclic aromatic compounds. 

1.4 Biodegradation of condensed thiophenes within the complex mixture of 

petroleum 

Most studies of the biodegradation of condensed thiophenes within the complex 
mixture of hydrocarbons that make up peaoleum have been done using gas 
chrornatography (GC) analysis with a sulfur-selective Bame photomeaic detector (FPD) 
and GC-mass spectmmew (GC-MS) to follow the depletion of condensed thiophenes in 
the oil. The alkyl-substituted dibenzothiophenes have been reported to be among the 

compounds that are most resistant to biodegradation withh the aromatic fraction of 
petroleum. The investigations described above whic h studied the accumulation and 

persistance of akyldibenzothiophenes in tissues of oysters, musseIs, and clams impacted 

by oil from the Amoco Cadiz and Tsesis oil spills also evaluated the persistance of 
petroleum in contaminated sediments (Benhou et al.. 1981; Boehm et al., 1982; Laseter et 
al.. 1981). Benhou et al. (1981) observed that dibenzothiophene derivatives were the most 
persistant compounds in the environment 2 years after the Amoco Codiz spill. 



Dibenzothiophene and methyldîbenzothiophenes were observed to be more rapidly 
biodegraded than C2- and C3-dibenzothiophenes. They stated that in weathered oil, "some 

resulu suggest that di- and ai-methyldibenzothiophene could represent up to about 50% of 
the total aromatic fraction" (Berthou et al., 1981). In other studies, C2- and C3- 

dibenzothiophenes were also observed to be among the most persistant compounds in 

contaminated sediment (Boehm et al., 1982; Laseter et ai., 198 1). Boehm et al. (198 1) 
listed alkyldibenzothiophenes with C3- and Cq- phenanthrenes, naphthenoaromatic 

compounds, naphthenic compounds, and polycyclic aliphatics as the most persistant 

classes of compounds in residual Amoco Cadir oil. Similar findings were reported by Atlas 
et ai. (1981) in their studies of the same oil spill. TeaI et al. (1978) reported that 

dibenzothiophene and methyldibenzothiophene concentrations deerrase. more slowly than 

those of the aromatic hydrocarbons including phenanthrene and rnethylphenanthrenes in 

intertidal marsh surface sediment from Buuards Bay, Massachusetts contaminated with 

No. 2 hie1 oil. The persistance of alkyldibenzothiophenes in sediments and tissues of 

organisms in contaminated environments has led to the suggestion that these compounds 

might serve as oil pollution markers (Friocourt et al., 1982; Ogata and Fujisawa, 1985). 
These studies of environments contaminated by oil spillage give indication of the 

recdci~ance of alkyldibenzothiophenes relative to other aromatic compounds present in 

crude oil and the relative incrwe in recalciûance caused by increased aikyl-substitution of 

the dibenzothiophene nucleus. However, even in the studies described above, which 

focused on the persistence of dibenzothiophenes in contaminated environments and the 

resulting accumulation in tissues of Living organisrns, the dibenzothiophenes were indeed 

biodegraded to significant extents. Other studies have demons trated the biodegradation of 
dibenzothiophenes in the complex mixture of crude oil in contaminated environments 

(Hostettler and Kvenvolden, 1994; Wang and Fingas, 1995). within petroleum reservoirs 
(Westlake, 1983; Williams et al., 1985), as well as in laboratory mixed cultures of 

petroleum-degrading bacteria (Fayad and Overton, 1995; Fedorak and Westlake, 1983, 
1984; Wang and Fingas, 1995) and pure cultures (Bayona et al., 1986; Foght and 

Westlake, 1988). The primary findings of these investigations are highlighted below. 
Geochemicai changes in m d e  oil spilled from the Eucon Val&z supertanker into 

Rince William Sound (Alaska) were investigated by Hostettler and Kvenvolden (1994). 

They observed a decrease in the arnounts of alkylated phenanthrenes relative to the 

alkylated dibenzothiophenes, suggesting that dibenzothiophenes are more resistant to 
biodegradation. However, the dibenzothiophenes were observed to disappear progressively 
until aii that remained were trace levels of C3-dibenzothiophenes in the most highly 



Wang and Fingas (1995) reported a GC-MS method for the differentiation and 
source identification of crude and weathered oils by the use of methyldibenzothiophene 

d o s .  They demonstrated that the ratios of isomeric methyldibenzothiophenes in crude oils 

did not significantly change as a result of evaporation or in situ buming of crude oii. 
However, the ratios of îhese isomers in sarnples from a 12-year-old conuolled arctic oil 

spiii at Baffin Island and in sarnples ncovered h m  mixed petmleum-degrading laboratory 

cultures were affected by biodegradation. They reported that 2- and 3-methyl- 

dibenzo thiophene were degraded the fastest, followed by 4-meth yldibenzo thiophene and 1 - 
meth yldibenzothiophene, which was the most recalcimt isomer. The ring numbenng 
convention for dibenzothiophene is shown below. 

Westlake (1983) presented evidence that the samrate fraction and the aromatic 
fraction, including the condensed thiophenes, of Kumak crude oils were susceptible to 

biodegradation within their natural reservoir. The oils recovered from greater depths within 

the reservoir gave GC profiles consistent with increased recalcitrance to biodegradation. 

Westlake (1983) hypothesized that oxygen, nutrients. and rnicroorganisms responsible for 
the biodegradation of oil would reach oil pools through meteoric water via faults, fractures, 

and other conduits. Presumably this effect would diminish at greater depths within the 
nservoir resulting in decreased biodegradation of the penoleum cornponents. The increased 
temperature at greater depths within the reservoir would also Uely lirnit microbial activity . 

The biodegradation of South Texas Eocene oils in reservoirs ranging from 
approximately 350 m to 1300 m in depth was studied by Wiiams et al. (1986). Samples of 
26 oils from 21 fields, representing various degradation stages, were analyzed. The 

depletion of substituted benzothiophenes and dibenzothiophenes was observed in the most 

extensively degraded sarnples. but information on the relative susceptibilities of these 

compounds was not obtained. 
Fedorak and Westlake (1981) observed that the aromatic compounds in Prudhoe 

Bay m d e  oil were more readily anacked than the saturated compounds by the microbial 

populations in a pristine marine environment and a commercial harboor. Fayad and Overton 

(1995) observed a similar biodepdation pattern, for oil spilled during the 1991 Gulf war, 



in rnicrocosms containing Gulf seawater. The biodegradation of polycyclic aromatic 

compounds including the dibenzothiophenes was observed to proceed much faster than the 
degradation of the saturated n-aikane fraction of the crude oil. At oil concentrations of 20 

g/L, dibenzothiophene was gone within 144 h incubation and the methyldibenzothiophenes 
had k e n  significantly degmdcd. The 2- and 3-methyl-substituted isorners were the most 
susceptible to biodegradation, followed by 4methyldibenzothiophene, and 1 - 
methyldibenzothiophene. which was the rnost recalcitrant. This order of susceptibility of 
the methyldibenzothiophenes to biodegradation was the same as that observed by Wang 

and Figas (1995) in contarninated envimnrnents and mixed pefroleumdegrading cultures. 
At oil concentrations of 5 a, Fayad and Overton (1995) also examined the effect of 
nutrient amendment of seawater on degradation patterns. The rate of degradation of 1- and 

2-methylnaphthalene, dibenzothiophene, and al1 four isomers of methyldibenzothiophene 
was greatly reduced by the nutrient amendment, white the degradation of saturated n- 

allranes proceeded at a significantly greater rate. It seems that the activity of the 

rnimorganisms responsible for the degradation of the aromatic compounds in the crude oil 
was reduced by the nutrient amendment. This is an important observation because the 
addition of nutrients during bioremediation is proposed to stimulate biodegradation by 

aitering the C:N:P ratio to one more favousable for bacterial growth. However, this may 

decrease the biodegradation of the aromatic components of crude oiI which are of the most 
concem due to the3 known toxic, mutagenic, and carcinogenic properties. 

Fedorak and Westlake reported the biodegradation of condensed thiophenes in 
Rudhoe Bay crude oil by mixed cultures of petroleurn-degrading bactena enriched fiom 
three different marine environrnents (Fedorak and Westlake, 1983) and greenhouse soil 
(Fedorak and Westlake, 1984). In both cases, the C2-benzothiophenes were more 

susceptible to biodegradation than the Cg-benzothiophenes. The latter compounds were of 

approximately the sarne suscep tibili ty as dibenzo thiop hene, which was degraded before the 
methyldibenzothiophenes. The Q- and CJ-dibenzothiophenes increased in recalci@ance 

with increased substitution. In all of the enrichents, addition of N and P increased the rate 

and extent of degradation of condensed thiophenes. In fact, in the soil enrichment cultures, 
the addition of N and P promoted the degradation of most of the C2dibenzothiophenes and 
some of the C3-dibenzothiophenes which persisted when N and P were not added to 

minerd medium. 
Not only has the biodegradation of benzo- and dibenzothiophenes within crude oil 

k e n  observed with complex microbial populations in contarninated environments and 
mîxed cultures in laboratory studies, but i t has also k e n  demonstrated with pure cultures of 

petroleum-degrading Pseudomonas spp. Bayona et al. (1 986) isolated a Pseidomonas sp. 



from oil tanker ballast waters that grew on Arabian üght m d e  oil. This sîrain degraded 
different fractions of petroleum at different rates: saturates z monocyclic aromatics > 
polycyclic aromatic hydrocarbons > polycyclic arornatic sulfur heterocycles. Increased 
methyl-substitution of dibenzothiophenes increased the recalciaance towards 
biodegradation. Within a homologous series, the 2- and 3-methyldibenzothiophenes were 
degrade- before the isomers substituted at positions 1 and 4. The general nile that rnethyl- 
subs tituted pol yc y clic aromatic compounds were preferentiall y degraded in comp ounds 
containing unsubstituted alpha and beta positions was observed to hold m e  for methyl- 

substituted phenanthrenes, dibenzothiophenes, pyrenes, and chrysenes. 
Foght and Westlake (1988) isolated Pseudornonas sp. HL7b from a lake water 

enrichment that had grown with Norman Weils crude oil. This aromatic-hydrocarbon 
degrading bacterium grew on Prudhoe Bay cmde oil and depleted C2- and Cg- 
benzothiophenes, dibenmthiophene, methyldibenzothiophenes, and some C2-dibenzo- 

thiophenes. As well, the isolate degraded naphthalene and dkylnaphthalenes, biphenyl and 
methylbiphenyls, and phenanthrene and alkylphenanthrenes, but not saturated 
hydrocarbons. 

Thus. despite the fact that dibenzothiophenes are among the compounds in 
petroleum that are most resistant to biodegradation and that increased Wl-substitution has 
been shown to give increased recalcitrance of dibenzothiophenes, there are numerous 
reports with pure cultures and mixed populations that demonstrate the biodegradation of 

condensed thiophenes within the complex mixture of compounds known as petroleum. 
These studies assessed the biodegradation of condensed thiophenes by the use of GC 
analysis to follow the loss of peaks from the chromatogram obtained, usually, with a 

sulfur-selective detector (FPD). However, because of the complex mixture of components 
present in peaoleum, these rnethods are not amenable to the identification of metabolic 

intemediates, which gives an indication of the metabolic pathways whereby contarninants 

are degraded, nor do they d o w  for the identification of biotransformation products whose 
recalcitrance towards subsequent biodegradation and toxicity will influence the success of 
bioremediation (either intrinsic or engineered) to cleanup a contaminated environment 

The biodegradation of petroleum has k e n  reponed to cause a decrease in the 
content of saturate and aromatic fractions coupled with a comsponding increase in the 
content of polar N-, S-. and O-containhg materials (Boehm et al., 1981; Jobson et al., 
1972). This may be due to the accumulation of metabolic products which are not 
completely mineralized. Belkin et al. (1994) demonstrated that biodegradation of a 

polycyclic aromatic hydrocarbon mixture in percolating soii columns led to a corresponding 
increase in the genotoxic activity of column effluents. In some cases. the changes in 



genotoxicity were paraileled with toxicity data The possibility that the genotoxicity 
increases were due to accumulated intermediates from microbial metabolism of the 

polycyciic arornatic hydrocarbons in the soi1 colurnns was proposed by these researchers. 
SUnilar effects could resuit h m  the degradation of condensed thiophene-containing crude 

oils, with metabolites h m  the partial degradation of condensed thiophenes contributing to 
the overaIl effect Studies of the microbial metablism of condensed thiophenes which are 
focuseci on the identification of metabolites and biotransfonnation products have mostly 
been done using pure compounds, especially those which are cornrnercially available, 
narnely , benzo thiop hene and di benmthiophene. 

1.5 Aerobic microbial metabolism of pure condensed thiophenes 
While the identification of metabolic pathways for the degradation of condensed 

thiophenes and of biotransformation products are moa easily done with pure organosulfur 
compounds, many of the condensed thiophenes do not serve as sole carbon and energy 
sources for the growth of microorganisms (Fedorak, 1990). However, these condensed 
thiophenes are frequently rnetabolized in cultures of rnicroorganisms grown on other 

organic compounds which do serve as carbon and energy sources. This phenomenon is 
known as cometabolism (Dalton and Stirling, 1982). Many of the studies of pure 

condensed thiophenes described below included other organic cornpounds as primary 

growth substrates. 

1.5.1 Studies with benzothiophene and methylbenzothiophenes 
Sagardia et ai. (1 975) descnbed the biodegradation of benzothiophene by 

Pseudomonas aeruginosa PRG- 1, isolated from 02-contarninated soil. Benzothiophene did 
not support the growth of the isolate, but was cornetabolized in cultures grown on 0.05% 

yeast extract. The benzothiophene was supplied to cultures of the bacterium in a 5% light 
oil-basal medium system. This reduced the toxicity of benzothiophene to the bacterium, 
which had been observed when benzothiophene was supplied as a suspension directly in 

the aqueous phase. Growth of the culture resulted in emulsification of the oil phase and 

loss of 40% of the benzothiophene given within 6 days. Oxygen uptake rates of washed 
ceil suspensions were increased when benzothiophene was included in the incubations. 
However, the identification of metabolites from bactenal oxidation of benzothiophene was 

not pursued in these studies. 
Bohonos et al. (1977) observed the biodegradation of benzothiophene by rnixed 

populations of microorganisms in water samples from eutrophic and oligotrophic 
freshwater environrnents and from aeration effluents of wastewater oeatment plants. The 



rnicroorganisms present in the water samples were capable of biotransformation of 
benzothiophene only when naphthalene was included in the incubations. The authors were 
unable to obtain active enrichment cultures by subsequent transfer of the incubations 

containing benzothiophene and naphthaiene. However, extracts of the water samples were 

analyzed by GC-MS. and the metabolites benzothiophene sulfoxide, 2,3-dihydroxy-2,3- 
dihydrobenzothiophene (both the cik and tram isomers), and benmthiophene-2,3-dione 
were tentatively identified. The ring nwnbering convention for benzothiophene is shown 

Fedotak and Grbic'-Galic' (1991) studied the aerobic microbial cometabolism of 
benzothiophene and 3-methylbenzothiophene in a 1-methylnaphthalene (1-MN)-degrading 
rnixed enrichment culture and in pure cultures of a Pseudomonas sp., designated main 
BT1, which was isolated from the mixed culture. The 1-MN-degrading mixed enrichment 

culture was originaily inoculated fiom a petroleum-degrading mixed culture derived from 
fuel-contaminated beach matenal from Sheil Lake, Northwest Territories (Fedorak and 
Peakrnan, 1992). Neither of the heterocyclic compounds would support growth of the 1- 

MNdegrading mixed culture, but were biotransformed by the culture when it was grown 
on 1-MN. glucose. or peptone (Fedorak and Grbic'-Galic', 1991). Cometabolism of 

benzothiophene yielded benzothiophene-2.3-dione, whereas cometabolism of 3-methyl- 
benmthiophene yielded the corresponding sulfoxide and sulfone. The identifications of the 
metabolites were made by GC-MS and GC-Fourier transforrn infrared (GC-FTIR) analyses 
and verifid by cornparisons with authentic standards of the dione and sulfone. 

After severai months of bi-weekly transfers of the rnixed culture with 1-MN as 

growth substrate, the predominant rnicroorganism in the mixed culture was isolated. 

designated strain BT1, and shown to mineralize the 14~-containing arornatic hydrocarbons 

naphthalene, biphenyl, and phenanthrene, but not saturated hydrocarbons (Fedorak and 
Grbid-Galic', 1991). In pure cultures with isolate BTI grown on I-MN, the same 
metabolites were produced from benzothiophene and 3-methylbenzothiophene as had been 
observai previously with the mked culture. Isolate BTl was shown to be unable to 



further metabolize 3-methylbenzothiophene sulfone in the presence of 1-MN. and the 

further metaboiism of benzothiophene-2,3-dione was not tested due to its iirnited supply. 

When 3-methylbenzothiophene was added to Prudhoe Bay crude oil, it was oxidized to the 

sulfoxide and sulfone by strain BT1 as it grew on the ammatic hydrocarbons in the crude 
oil. Benzothiophene-2,3-dione was found to be chemicaily unstable when incubated with 

Pnidhoe Bay crude oil, so its formation by isolate BT1 incubated with oil and 

benzothiophene could not be detemiined. 

The results of these studies with isolate BT1 (Fedorak and Grbic'-Galic ', 199 1) l e .  
to the prediction that of the other five possible isomers of methyl-substituted 

benzothiophene. those which have a methyl group on the benzene ring would be 

cometabolized to give methylbenzothiophene-2,3-diones, whereas those which have a 

rnethyl group on the thiophene ring would give the corresponding sulfoxides and sulfones. 

These methylbenzothiophenes were synthesized and tested in cometabolism studies with 

cultures of isolate BTI grown on 1-MN or glucose (Saftic' et al., 1992). The prediction 
was observed to hold h i e  for al1 isomers of methylbenzothiophene except for 7- 
methylbenzothiophene, which yielded the methylbenzothiophene-2-3-dione, sulfoxide, and 

sulfone, among other unidentifieci products. As well, 2,3-dimethylbenzothiophene was 

synthesized and cometabolism studies showed that it was oxidized to the sulfoxide and 

sulfone in cultures of isolate BTZ. 

Recent studies have provided insight into the oxidation of the sulfur atom of 

benzothiophenes to form sulfoxides and sulfones by aromatic hydrocarbon-degrading 

bacteria. Recombinant bactena expressing toluene diox ygenase (Allen et al., 1995) and 

naphthalene dioxygenase (Selifonov er al., 1996) have been shown to catalyze 

monooxygenation reactions of numerous organosulfur compounds, including 3- 

methylbenzothiophene (Selifonov et al., 1996). to form sulfoxides and sulfones, as dead- 

end products. Thus, sulfoxidation by aromatic hydrocarbon-depding bacteria is likely a 

formitous oxidation by the dioxygenase enzymes. The primary funcaon of these enzymes 

is the dioxygenation of aromatic Nigs to form dihydrodiols as precursors to aromatic ring 

cleavage (Gibson and Subramanian, 1984). 

A m e n t  study of the biofransformation of benzothiophene by the isopropyl- 

benzene-degrading bacteriurn Pseudomnas pwida RE204 has also contributed insight into 

the mechanism of formation of the benzothiophene-2,3-diones (Eaton and Nitterauer. 

1994). Isopropylbenzene-2,3-dioxygenase (enzyme A, Figure 1.4) attack at positions 2 
and 3 of benzothiophene (compound 11, Figure 1.4) gives cis-2.3-dihydroxy-2,3- 

dihydrobenzothiophene (compound 29). This thioherniacetal (compound 29) can undergo 

spontaneous opening of the ring to yield 2'-mercaptomandelaldehyde (compound 30) and 



subsequently recyclize to form trnns-2.3-dihydroxy-2,3-dihydrobenzothiophene 
(compound 31) which was purifed and identifïed (Eaton and Nitterauer, 1994). In a 
mutant strain of P. puti& (designated W 13), which was deficient in 2.3-dihydroxy-2.3- 

dihydroisoprop ylbenzene dehydrogenase (enzyme B), this was the sole fate of cis-2.3- 
dihydroxy-2,3-dihydrobenmthiophene (compound 29). With strain RE204, a competing 
dehydrogenation reaction cataiyzed by enzyme B converted cis-2.3-dihydroxy-2.3- 
dihydrobenzothiophene (compound 29) into 2-hydroxy-3-0x0-2.3-dihydrobenzothiophene 
(compound 32). This keto-tautorner of 2,3-dihydroxybenzothiophene is not a substrate for 
the ring cleavage dioxygenase (3-isopropylcatechol 2.3-dioxygenase, enzyme C), but 

spontaneously opens to f o m  2-mercaptophenylglyoxaldehyde (compound 33) and 

subsequently 2-mercaptophenylglyoxalate (compound 34). 2-Mercaptophenylglyoxalate 
(compound 34) was shown to undergo an acid-catalyzed dehydration reaction to f o m  
benzothiophene-2.3-dione (compound 35). Thus, in the snidies described above (Bohonos 
et al.. 1977; Fedorak and Grbic'-Galic', 1991; Saftic' et al., 1992) the detection of 

benzothiophene-2,3-diones in extracts of acidified cultures suggests that thiophene ring 
cleavage had probably taken place. These fmdings also explain the result of Bohonos et al. 
(1977) that both cis- and ~ans-2,3dihydroxy-2,3-dihydrobenzothiophene were detected in 
extracts of environmental water samples incubatecl with benzothiophene. 

Eaton and Nitterauer (1994) also observed isopropylbenzene-2.3-dioxygenase 
(enzyme A, Figure 1.4) attack of the hornocyclic ring of benzothiophene (compound 1 1, 

Figure 1.4) at positions 4 and 5 to yield cis-4.5-dihydroxy-4.5-dihydrobenzothiophene 

(cornpound 36). This compound 36 accumulated with the mutant strain RE213 that is 
deficient in 2.3-dihydroxy-2,3-dihydroisopropylbenzene dehydrogenase (enzyme B). 

However, with ce11 extracts of strain RE204, enzyme B converted this dihydrodiol 
(compound 36) to 4.5-dihydroxybenzothiophene (compound 37) and enzyme C (3- 
isopropylcatechol2.3-dioxygenase) catalyzed meta cleavage of compound 37 to form cis-4- 
(3-oxo-2,3-dihydrothienyl)-2-hydroxybuta-24-enoate (compound 38) which was 

purifid and identifed as tran~-4-(3-hydroxy-2-thienyl)-2-oxobut-3noate (compound 39). 
Thus. the cometabolic oxidation of benzothiophene catalyzed by enzymes for the 
biodegradation of isopropylbenzene results in cleavage of both the homocyclic and 

heterocyclic Nigs of benzothiophene (Eaton and Nitterauer. 1994). 

1.5.2 Studies with dibenzothiophene and methyldibenzothiophenes 
The cornrnercially available cornpound dibenzothiophene has been frequently used 

as a mode1 compound for studies of the rnicrobial desulfurization of petroleum or coal 

(Inimi et al., 1994; Kayser et ol.. 1993; Ornori et al., 1992: Wang and Krawiec. 1994). 



The sulfur atom in the centrai thiophene ring is thought to be present in a sterically-hindered 

environment that is likely similas to that of the thiophenic sulfur in coal and higher boiling 

petmleum fractions. Furthemore, dibenzothiophene and its aIkyl-denvatives are frequently 

arnong the most abundant organosulfur compounds actually present in crude 02s. 
The biocatalytic activity which is needed for a microbial desulfirrization process will 

specifically cleave the sulfur atom from dibenzothiophene without breaking the 

hydrocarbon backbone of the molecule, because this wodd decrease the fuel value of the 

desulfutized product This biocatalytic activity has been reported for numerous bacterial 

strains and has been named the "4s pathway" (Gailagher et al., 1993; Olson et al., 1993; 

Wang and Krawiec, 1994). The pathway proceeds via oxidation of the sulfur atom of 

dibenzothiophene to the sulfoxide and sulfone, with subsequent thiophene ring cleavage 
and release of sulfur yielding the desulfurized metabolite 2-hydroxybiphenyl (Izumi et al., 

1994; Kayser et al., 1993; Olson et al., 1993; Omori et al., 1992; Wang and Krawiec, 

1994). This compound accumulates in stoichiometric amounts and is not M e r  degradeci 
by bactena which utilize the 4S pathway to metabolize dibenzothiophene as a sulfur source 
for growth. 

However, in petroleum-contaminated environments, panicularly marine 

environments. available sulfur is not likely to be the nutrient limiting the growth of 

microorganisms. Thus, it is not likely that the biodegradation of dibenzothiophenes in oil- 

conlaminated environments will proceed by the 4S pathway. Rather, the oxidation of 

dibenzothiophenes is likely to proceed by oxidation of the carbon backbone as 

microorganisms scavenge for carbon and energy. The dibenzothiophene backbone may 

serve as a source of carbon and energy or it may be cometabolized as other aromatic 

compounds in petrolewn serve as growth substrates. Thus, because the 4s pathway is not 

expected to be of significant relevance to the metabolism of dibenzothiophenes in 

petroleum-contaminated environments. the literature describing this pathway and the 

isolates reported to posws this capability are only briefly reviewed herein. 

Rhodococcus sp. IGTSS, isolated for the ability to utilize organic sulfur in coal as 
its sole sulfur source for growth, has been shown to oxidize dibenzothiophene via the 4s 

pathway (Gallagher et al., 1993; Kayser et al., 1993; Olson et al.. 1993) and the genetic 

basis of this ability has been characterized (Denome et al.. 1993a, 1994; Piddington et al., 

1995). Other isolates reponed to oxidize dibenzothiophene by this pathway include 

Rhodococcuc erythropolis D- 1 (izumi et al., 1994; Ohshiro et aL, 1994), R. erythropolis 
N 1-36 (Wang et al., 1996; Wang and Krawiec, 1994, 1 W6) ,  and Rhodococcur sp. S Y 1 

(Omori et al., 1992, 1995). Biodesulfurïzation of 2-8-dimethyldibenzothiophene, 4.6- 
dimethyldibenzothiophene, and benzo[b]naphtho]2,1-d] thiophene by whole cells of R . 



eryrhropolis H-2 (Ohshiro et al., 1996) and of 4.6-diethyldibenzothiophene by 

Arthrobacter sp. (Lee et al., 1995) have aiso been reported. 
The themophilic rnicroorganism Sui$olobus acidocal&n~~, which was also studied 

as a potential biodesulfurization catalyst, was shown to release sulfate from 

dibenzothiophene (Kargî. 1987; Kargi and Robinson, 1984), and Erom thianthrene and 
thioxanthïne (Kargi. 1987). In those shidies no other organic carbon source was supplied, 
but this facultative autotroph could also utilize carbon dioxide as sole carbon source (Kargi, 
1987). Kankipati and Ju (1994) tentatively identified 2'-hydroxybiphenyl-2-sulnnic acid as 
an intermediate in the oxidation of the suhr  atom of dibenzothiophene to sulfate. They also 

tentatively idenrified Chydroxybenmic acid as a metabolite, suggesting that the carbon 
backbone was further degradeci after the sulfir atom was released. Thus, since the pathway 
used by this isolate does provide organic carbon to the rnicroorganism it seems more 

relevant to an oil-contaminated environment than the 4s pathway. However, the 

temperature range of 60 to 90°C required for the growth of this thennophile Likely means 

that this rnicroorganism and the pathway it employs for dibenzothiophene oxidation do not 

accurately represent biodegradative processes that would occur in most oïl-contaminated 

environments. 

Other microorganisms have also been reported to initiate oxidation of 

dibenzothiophene by attack of the sulfur atom although the 4S pathway is not utilized. The 

fungi Cunninghamella elegans (Crawford and Gupta, 1990) and Pleurotus ostreatus 

(Bezalel et al., 1996) oxidize dibenzothiophene to the sulfoxide and sulfone, the latter of 
which accumulates as a dead-end product. 

As well, van Afferden et al. (1990) isolated a Brevibacterium sp. which utilized 

dibenzothiophene as sole source of carbon, sulfur, and energy for growth. This isolate 

initiated attack of dibenzothiophene by oxidation to the sulfoxide and sulfone. The further 
metabolism of dibenzothiophene sulfone was reported to proceed via angular dioxygenation 
at the bridgehead carbon beside the sulfur atom and the adjacent methine carbon, with 

spontaneous decay of the dihydroxylated dibenzothiophene sulfone to f o m  a sulfinated 

dihydroxybiphenyl structure (van Afferden et al., 1993). Subsequent release of sulfite 

occurred concornitantly with degradation of the dihydroxylated biphenyl metabolite via 

benzoate. By this mechanism, the complete mineralization of dibenzothiophene was 

accomplished by this strain. This isolate has k e n  studied primarily as a potential 

biodesulfurization cataiyst. but the fact that this pathway for dibenzothiophene oxidation 

releases carbon and energy for the growth of the strain suggests that this may also be 

relevant to the biodegradation of dibenzothiophenes in oil-contaminatecl environments. This 
is even more likely if other microorganisms such as the fun@ descnbed above (Bezalet et 



al., 1996; Crawford and Gupta, 1990) or aromatic h ydrocarbon-degrading bactena with 

aryl dioxygenases that fortuitously catalyze sulfoxygenation reactions (Allen et al., 1995; 

Selifonov et al., 1996) are present in contarninated environments and are actively involved 
in the oxidation of dibenzothiophenes to their corresponding sulfones which they do not 
further metabolize. Dahlberg et al. (1993) reported an Arthrobacter sp. that was capable of 

metabolizhg dibenzothiophene sulfone Ma the same pathway reported by van Afferden et 

al. (1993). although this isolate could not catalyze the initial oxidation of dibenzothiophene 
to its sulfone. 

Another pathway for dibenzothiophene oxidation which likely gives an accurate 

reflection of how dibenzothiop henes are metaboked in oil-contaminated environments in 
the presence of numerous abundant saturated and aromatic hydrocarbons is that which 

results &om initial attack, not of the sulfur atom, but of the homocyclic ring. This pathway, 
called the "Kodarna pathway" after the first researcher to study it, is shown in Figure 1.5 as 
it is currently understood, and results in degradation of one of the homocyclic rings of 
dibenzothiophene (compound 14) to form 3-hydroxy-2-formylbe11zothiophene (compound 
45). 

Yamada et al. (1968) reported the isolation of numerous soi1 Pseudomonas spp.. 
three of which were classified as two new species designated Pseudomonas abibnensis 
and Pseudomonas jianii. These soi1 bacteria were able to oxidize dibenzothiophene to 
water-soluble organic products. Nakatani et al. (1968) varied culaire conditions to optimize 
the abilities of these isolates to oxidize dibenzothiophene. Kodarna et al. (1970. 1973) 
identified compounds 42 through 45 (Figure 1.5) from dibenzothiophene oxidation in pure 
cultures of these Pseudomonas spp. and proposed the original Kodama pathway. The 
oxidation of dibenzothiophene via the Kodama pathway by P. jianii was shown to be 
cometabolic, because other substrates were required for growth and dibenzothiophene 
oxidation to occur (Kodama, 1977a, b). 

The direct precursor to enzyrnatic formation of 3-hydroxy-2-formylbenzothiophene 

(compound 45) was shown by Kodama et al. (1973) to be compound 44. Compound 43 

was thought to exist in chernical equilibrium with compound 42. which was thought to be 

the direct pncursor to compound 44 (Kodama et al., 1973). In Figure 1.5, compound 43. 

the herniacetal of compound 42. has b e n  included as a direct precunor to compound 44 

because of the ment  work of Denome et al. (1993b) which showed that a single genetic 
pathway controls the rnetabolism of dibenzothiophene (compound 14) CO 3-hydroxy-2- 
forrnylbenzothiophene (compound 45) and the metabolism of naphthalene to 
saiicylaldehyde. Recent studies of the upper pathway for naphthalene metabolisrn have 
shown that the herniacetal 2-hydroxychromene-2-carboxylate, which is the analog of 



compound 43 for naphthalene metabolism. is the direct precursor to trans-o- 
hydroxybenzylidenepyruvate, which is the analog of compound 44 for naphthalene 

mtabolism (Eaton and Chapman, 1992). Thus. it is iikely that the hemiacetal compowd 43 
is also the direct precursor to formation of nanr-4-12-(3-hy&oxy)-thianaphthenyll-2-0x0- 
3-butenoic acid (compound 44) in the Kodarna pathway of dibenmthiophene metabolism. 

Laborde and Gibson (1977) also contributed to the understanding of the Kodama 
pathway by their study of dibenzothiophene metabolism in succinate-grown cultures of a 
Beijerinckia sp. This isolate also converted dibenzothiophene to 3-hydroxy-2-formyl- 
benzothiophene (compound 45, Figure 1.5). but transiently accumulated (+)-cis- I ,2- 

dihydroxy-1.2-dihydrodibenzothiophene (compound 40) in the process. This compound 
was pirrified, identified, and shown to be converted by m d e  cell extracts and purified 1.2- 

dihydroxy- 1.2-dihydronaphthalene dehydrodrogenase to 1.2-dihydroxydibenzothiophene 

(compound 41). The M e r  enzyrnatic conversion of this compound to 3-hydroxy-2- 
formylbenzothiophene, which was not M e r  metabolized. was also demonstrated. 

The cometabolic oxidation of dibenzothiophene to 3-hydroxy-2-fomylbenzo- 
thiophene by the Kodarna pathway has also been reported to occur as a plasmid-mediated 
process in two Pseudomonas spp. (Monticello et al., 1985). In both of these strains, 
dibenzothiophene oxidation was inducible by naphthalene, salicyIate, or dibenzothiophene 
and was repressed by succinate. Pseudomonas sp. HL7b was also able to cometabolize 

dibenzothiophene via the Kodama pathway with the production of 3-hydroxy-2- 
formy lbenzo thiophene (Fogh t and Westlake, 1988). Strain HL7 b was able to constinitively 
oxidize dibenzothiophene, although it would no t utilize this compound as sole carbon 
source. In both of these studies, as weU as in those of Kodarna et al. (1970, 1973). a non- 

enzyrnatic dimerizahon product of 3-hydroxy-2-fomylbenzothiophene was produced in 

culture or during the purification of metabolites, and identified as 3-0x0-[3'-hydroxy- 
thianap htheny l-(2)-methy lene]-dihydrothianaphthene. 

Many of the isolates that have been reported to oxidize dibenzothiophene to 3- 
hydroxy-2-forrnylbenzothiophene by the Kodama pathway have also been observed to 
oxidize the sulfur atom of dibenzothiophene to give dibenzothiophene sulfoxide, which 

accumulates as a dead-end product (Kodama et al., 1970, 1973; Laborde and Gibson. 

1977). Monnile and Atlas (1989) described a strain of Pseudomonaspuridn which oxidited 
dibenzothiophene to 3-hydroxy-2-formylbenzothiophene and dibenzothiophene sulfone. 

Neither of these metabolites w e n  m e r  degraded by this bactenum. The oxidation of the 

sulfur atom of dibenzothiophene to give sulfoxides and sulfones is Likely a fortuitous 

sulfoxygenation catalyzed by the aryl dioxygenase enzymes responsible for the initial 
dioxygenation of dibenzothiophene (Allen et al., 1995; Selifonov et al.. 1996). 



Because 3-hydroxy-2-formylbenzothiophene, dibenzothiophene sulfoxide, and 

dibenzothiophene sulfone have been repeatedly reported as products accumulating from 
dibenzothiophene oxidation, M o d e  and Atlas (1988) studied the further biodegradation 
of these metabolites in mixed cultures inoculated with soi1 and with sediment of a polluted 
creek. 3-Hydroxy-2-formylbenzothiophene was depieted from both of the d e d  cultures 
relative to the s t d e  contmls. As weil, Cm production from diberwthiophene sulfoxide 

and sulfone was observed in the rnixed culture inoculated with sediment. However, the 
biodegradation of 3-hydroxy-2-formylbenzothiophene, dibenzothiophene suifoxide. and 

dibenzothiophene sulfone did not lead to d e a s e  of sulfate into the medium. Thus, the 
authors concluded that while these metabolites were M e r  degradecl. with the release of 
C*, they were not completely mberalized. 

Safac' et al. (1993) studied the aerobic cometabolism of all four isomers of methyl- 
substituted dibenzothiophene in pure cultures of three Pseudomonas spp. The meth yldi- 
benzothiophenes were synthesized for use in those studies. The saains tested were isolate 
BTI of Fedorak and Grbic'-Galic' (1991), which was described above. and two new 
strains, designated as W 1 and F, which were isolated from e ~ c h m e n t  cultures inoculated 
with water fiom a tropical freshwater aquarium and with activated sludge h m  a municipal 
wastewater treatment system, respectively. These enrichments were done with 1-MN and 

dibenzothiophene provided as carbon and energy sources. The three pure strains were 

maintained by weekly transfers into h s h  medium with 1-MN provided as carbon and 

energy source. The three isolates were shown to grow on 1-MN and cometabolize 
dibenzothiophene to benzothiophene-2,3-dione. 3-hydroxy-2-forrnylbenzothiophene, 

diôenzothiophene sulfoxide, and dibenzothiophene sulfone. Isolates W1 and F also 
fonuitously oxidized a small portion of the 1-MN to 1-naphthalenemethano1 and 1 - 
naphthoic acid which were dead-end products that were nor further metabolized Neither of 
these compounds would support the growth of either isolate. Isolate BT1 was able to 
survive repeated transfers with dibenzothiophene as sole carbon and encra source, 
indicating that the isolate was capable of growth on dibenzothiophene. However, neither 
isolate W1 nor isolate F were able to grow on dibenzothiophene. Isolate W1 was able to 

mineralize 14~-labe~ed naphthdene and phenanthrene, where isolate F only mineralized 
naphthalene. The mineralization of these labeled compounds was tested with Norman Wells 
crude oil spiked with these cornpounds provided as the growth subsnate. 

Cultures of each of these three isolates grown on 1-MN or glucose in the presence 
of an isomer of methyldibenzothiophene were extracted under acidic conditions and the 
extracts were analyzed to identify biotransformation products. For al1 isomers, the 
unsubstituted ring was preferentially oxidized and cleaved by the Kodama pathway to foxm 



methyl-substituted 3-hydroxy-2-fomylbenzothiophenes and benzothiop hene-2,3-diones. 

In addition, other oxidation products were detected for some of the isomers, including 

methyldibenzothiophene sulfones and dibenzothiophene methanols. Hydroxylated 

methyldibenzothiophenes which had a phenolic hydroxyl group were also detected and 

possibly resulted fiom acid-catalyzed dehydration of methyldibenzothiophene dihydrodiols. 

1.5.3 The qualitative nature of most studies of the biodegradation of 
condensed thiophenes thaï are relevant to petroleum-contaminated 
environments 

Quantitative investigations into the microbial metabolism of pure condensed 

thiophenes have k e n  mostly limitd to isolates which metabolize dibenzothiophene by the 

4S pathway (Inimi et al., 1994; Lee et al., 1995; Ohshiro et al ., 1994, 1996; Omori et al.. 

1992, 1995; Wang and Krawiec, 1996; Wang et ai., 19%). In those studies, the kinetics of 

dibenzothiophene depletion and the concomitant production of 2-hydroxybiphenyl and 
sometimes sulfate have been reported for many of the isolates with this activity. The 
potential of a biocatalyûc desulfurization process depends upon maximizhg the release of 
sulfur from dibenzothiophene and the accumulation of 2-hydroxybiphenyl without further 

metabolism. As weil, to commerciaily develop a biodesulfurization process quantitative 

data are required to detenriine rates of reactions, estimate economic viability, and monitor 
s d n  development programs. 

Brevibacterium sp. DO was shown to completely degrade 3 mM dibenzothiophene. 

with transient accumulation of dibenzothiophene sulfoxide and sulfone that were 
subsequently degradeci, resulting in the release of 3 m M  sulfate (van Afferden et al., 1990). 
Analysis of culture fluid from stationary phase cultures did not detect any water-soluble 

organic metabolites so it was concluded that the hydrocarbon backbone of the molecule was 

also completely mineralized. This is the only report of the complete mineralization of 
dibenzothiophene, and, because the pathway used provides carbon and energy for the 

growth of the bacterium, it may represent a pathway for dibenzothiophene degradation that 
is relevant to petroleumcontaminated environmen ts. 

However, other studies of the microbial metaôolism of pure condensed thiophenes, 

that are likely relevant to petroleum-contaminateci environrnents because they result in 

degradation of the carbon backbone of the molecule, have seldom reported quantitative 

data. Rather, these studies have focused on the identification of metabolites which 

accumulate in cultures, either transiently or as dead-end products. When quantitative data 
have been presented, either substrate depletion or metabolite formation were monitored, but 

not both. For example, Sagardia et al. (1975) reportcd a 40% loss of benzothiophene over 



6 days of incubation with Pseudomom aeruginosa PRG-1, but the quantification of water- 
soluble metabolites was not pursued. Kodama et al. (1970. 1973) reponed the yields of 

three of the pwified metabolites from dibenzothiophene oxidation by the Kodama pathway 
and by my calculations these account for 31% of the dibenzothiophene added a the culture. 

However, the amount of dibenzothiophene rernaining at the end of the incubation was not 
reported so it is not known if a mass balance existed. Conversely, M o d e  and Atlas 

(1 989) monitored the depletion of dibenzothiophene, but did not quanti3 the arnounts of 
dibenzothiophene sulfone and 3-hydroxy-2-fomiylbnizothiophene that were produced. 1 

am not aware of any other studies that have reported quantitative data for oxidation of 
dibenzothiophene by bacteria which utilize the Kodama pathway or for oxidation of 
benmthiophene, and none that have established a mass balance. Quantitative data of this 
nature is important in order to assess the signifcance of the metabolites which are detected 
and determine whether they are dead-end products or uansiently accumulating 
in termediates. 

Quantitative studies with benzothiophenes were not anempted by Fedorak and 
Grbic'-Galic' (1991) or by Saftic' et al. (1992), because the volatility of these compounds 
would have necessitateci extensive sterile controls to account for evaporation of substrates. 
The lirnited supply of synthesized methylbenzothiophenes meant that this was not feasible. 
The Iimited supply of synthesized methyldibenzothiophenes also resûicted the quantitative 
work that could have k e n  done by Saftic' et al. (1993), although volatility was not as 
serious a concem. 

In addition to these factors. the depletion of benzo- and dibenzothiophenes and the 

fornation of sulfur-containing metabolites were monitored in these previous studies 

(Fedorak and Grbic '-Galic', 1991; Safac' et al., 1992, 1993) by GC andysis of culture 
extracts with a fiame ionization detector (FU)) and a sulfur-selective FPD used to 
simultaneously analyze the column effiuent which was split between the two detectors. GC 
analysis to quantify the amounts of metabolites produced would have required authentic 
standards of each metabolite to construct caiibration curves, since the response of each of 
the detectors would Vary for different compounds. The non-linear response of the FPD to 
organic sulfur further complicates its use for quantitative analysis (Wenzel and Aiken, 
1979). A gas chromatopph with an atornic ernission detector (AED), which gives a linear 
response to sulfur in al l  organic forms that are arnenable to GC analysis (Andersson and 
Schrnid, 1993), would have allowed quantification of the amount of sulfur-containing 
substrate and metabolites present in a culture extract without authentic standards of each 
metabolite. However, during these previous studies (Fedomk and Grbic '-Galic', 199 1; 

Saftic' et al., 1992, 1993) a GC with an AED was not available to that research program. 



1.6 Research overview and objectives 
The research described in the following six chapters of this dissertation began in 

September of 1992, and is a continuation of the research prograrn that investigated the 
cometabolism of benzothiophene, al1 six isomers of methylbenzothiophene. and 2,3- 
dimethylbenzothiophene by Pseudomonas sp. BT1 (Fedorak and GrbicR-Galic ', 199 1; 
Saftic' et al., 1992). and of dibenzothiophene and a l l  four isomers of methyldibenzo- 
thiophene by Pseudomo~s spp. BT1, W 1, and F (Saftic' et al., 1993). Collaboration 
with a chemist, Dr. J. T. Andersson (University of Münster), who supplied 16 condensed 
thiophenes for the project described in this dissertation, provided a unique oppoxtunity to 

study the bidegradation of compounds that are not commercially available. Most of this 
work was funded and driven by a contract through the Environment Canada, Groundwater 
and Soi1 Remediation Program (Contract KA168-2-2191). The objective of the contract 
was to identify metabolites fkom a variety of organosulfur compounds found in petroleum. 
The work scope of the contract precluded investigations into the biochernical mechanisrns 
of formation of these metabolites. 

This study of the aerobic microbial metabolism of condensed thiophenes found in 

petroleum focused on numerous chemically-synthesized compounds, and so the extent of 
quantitative studies that could be done was again limited by the supply of these 

compounds. As well. for most of this project. a GC with an AED was not available for 
quantitative anaiysis. Due to these Limitations, the research described in Chapters 2 to 5 of 
this dissertation was focused pnmarily on the qualitative identification of metabolites 
detected in extracts of bacterial cultures incubated with numerous chemically-synthesized 
condensed thiop henes. A recently-acquired GC- AED was available during the completion 

of the studies descnbed in Chapters 5 and 6, and was used for preliminary quantitative 
investigations. The research described in Chapter 7 was begun after the GC-AED was 

acquired, and experiments throughout were designed to provide quantitative data. The 
specifc objectives of the research described in each of these chapters are as follows: 
Chapter 2. 

Chapter 3. 

To detexmine if Pseudomonar spp. W 1 and F (Safac' et aL, 1993) were able to 

oxidize benmthiophene and dl six isomers of methylbenzothiophene and give 

the sarne transformation products as observed previousl y with Pseudomonas 
sp. BTl (Fedorak and Grbic'-Galic', 1991; Saftic' et al., 1992) and 
Pseudomonas pseuhalcaligenes strain SB (G) (Gonçalves, 1 99 3). 

To identify and determine the mechanism of formation of some high- 

rnolecular-weight sulfur-containing products that were detected (Chapter 2) as 
products from benzothiophene and those methylbenzothiophenes that were 
substituted on the homocyclic ring. 



Chapter 4. 

Chapter 5. 

Chapter 6. 

Chapter 7. 

To determine if Pseudomonas spp. BT1, W1, and F were able to oxidize six 
isomers of dimethyl-substituted benzothiophene and to identify biouans- 
formation products. 

To determine if Pseudomonas spp. BT1, W1, and F and numerous petroleum- 
degrading rnixed cultures were able to oxidize three isomers of dimethyl- 
substituted aibenzothiophene and to idenntify biotransfomtion products. 
To d e t e d e  if Pseudomonas spp. BT1, W1, and F and a cyclohexane- 

degrading bacterium were able to oxidize 1,2,3.4-tetrahydrodibenzothiophene 
and to identlfy biotransfomtion products. As well, quantitative studies of 
dibenzothiophene metabolism by Pseudomonas spp. BTl, W1, and F were 
done to determine if a sulfm mass baiance could be achieved. 
To determine if Pseudomonas spp. BT1, W1, and F were able to grow on 
andor to cometabolize naphth0[2,Lb]thiophene and naphtho[2,3-blthiophene, 
and to identify and quantify biotransfomiation products. 

1.7 Organization of this dissertation 
This dissertation is prepared in "paper format" so that the results of the research 

descnbed in each of Chapters 2 through 7 are presented together with a bnef introduction, 

description of the matenals and methods used, and discussion of the results. As with this 

introduction (Chapter 1)- the relevant tables and figures which are cited in the text are 

grouped together at the end of each chapter, just before the list of literature citations. The 

overall discussion of the results and suggestions for future research are presented in 

Chapter 8. The appendices describe some research that was conducted to further 
characterize isolates W1, BT1, and F. niese appendices are aiso presented in paper format. 



Figure 1.1 Structures that are representative of the various types of organosulfur 
compounds found in petroleurn. Chernical designations: (l), alkane thiols; (2), 
cycloalkane thiols; (3), arene thiols; (4). dialkyl sulfdes; (5). aikyl cycloallcyl 
sulfides; (6), alkyl aryl sufides; (7), polysufides; (8), ryclic sulfides; (9), 
thiophenes; (1 0). thiaindanes; (1 l), benzothiop henes; (1 2), thienothio p henes; 
(13). thienopyridines; (14), dibemthiophenes; (15). naphthothiophenes; (16). 
benzonaphthothiophenes; (17), phenanthrothiophenes (After Czogalla and 
Boberg, 1983; Foght et al., 1990). 



Figurc 1.2 Structures of some of the condenseà thiophenes that have been tested for 
toxicity, mutagenicity, and bioaccumulation potential. Chernical designations: 
(1 i), benzothiophene; (14), dibenzothic?hene; (15), naphtho[l,2-blthiophene; 
(1 6), benzo[b] naphth[ l ,2-4 thiophene; (17), phenanthro[3,4-b] thiop hene; 
(1 8), naphtho[2,1-blthiophene; (19), naphtho[2,3-blthiophene; (20), phenan- 
thro[4,3-blthiophene; (21). benzo[b]naphtho[2,1-dlthiophene; (22), 
benzo[b]naphtho[2,3-dJthiophene (After Jacob. 1990). 



Figure 1.3 Structures of some of the condensed thiophenes that have been shown to be 
carcinogenic. Chemical designations: (23), 7,ll-dimethylphenan thro 12.3- 
blthiophene; (24), 6,l l -dimethylanthra[l,2-blthiophene; (25). 6,12-dimethyl- 
benzo[l,l-b; 4.5-b']bis[l] benzothiophene; (26). 7,13-dimethylbenzo[b]phen- 
anthro13.2-athiophene; (27), 6,12àimethylbenzo[l Sb; 5,4-b']bis[l]benzo- 
thiophene: (28), benzo[b]phenanthro[3,4-d] thiophene (Aftec Jacob. KWO). 
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Figure 1.4 Pathways for the biotransformation of benzothiophene by P. puti& REW.  
Chernical designations: (1 1), benzothiophene; (29). ris-2,3-dihydroxy-2,3- 
dihydrobenzothiophene; (30), 2'-mercaptomandelaldehyde; (3 1 ), trans-2.3- 
dihydroxy-2.3-dihydrobenzothiophene; (32), 2-hydroxy-3-0~0-2,3-dihydro- 
benmdùophene; (33). 2-mercaptophenylglyoxaldehyde; (34). 2-mercapto- 
p henylgl yoxalate; ( 3 3 ,  benzothiophene-2.3-dione; (36), cis-4,s-dihydrox y- 
4.5-dih ydrobenzothiop hene; (37). 4.5-dihydroxybenzo thiop hene; (3 8). c i s 4  
(3-0~0-2,3-dihydrothienyl)-2-hydroxybu~; (39), z'rans-4-(3- 
hydroxy-2-thieny1)-2-oxobut-3-enoate. Enzymes: A, isopropylbenzene-2,3- 
dioxygenase; B, 2.3-dihydroxy-2,3dihydroisopropyIbenzene dehydrogenase; 
C, 3-isopropylcatechol2,3-dioxygenase. Cornpounds in boxes were purifkd 
and identifid; heavy mows indicate transformations that occur during 
extraction of products (After Eaton and Nittemuer, 1994). 



Figure 1.5 Kodama pathway for the biotransformation of dibenzothiophene by amck of 
the homocyclic ring. Chernical designations: (14), dibenzothiophene; (40). (+)- 
cis- 1,2dihydroxy- 1.2dihydrodibe~lzothiop e n ;  (4 1 ), 1 -2-dihdyroxydibenzo- 
thiophene; (42). c i s 4 [ 2 -  (3-hy&oxy)-thianaphthen yll-2-0x03- b t e i c  acid; 
(43). hemiacetai form of (42); (44), trans4[2-(3- h ydrox y)-thianaphthen yil-2- 
0x0-3-butenoic acid; (45), 3-hydroxy-2-forrnylbenzothiophene (Afier Foght et 
al,, 1990; Denome et al., 1993b). 
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2. BACTERIAL TRANSFORMATIONS OF BENZOTHIOPHENE 
AND METHYLBENZOTHIOPHENES* 

2.1 INTRODUCTION 
Gas chromatographie analyses of residual petroleurn from laboratory cultures 

(Bayona et al., 1986; Fedorak and Westlake, 1983. l984), petroleum-contaminated 
environments (Atlas et al., 1981), and oil that has undergone biodegradation in the 

reservoir (Westlake, 1983; Williams et al., 1986) have shown that aky lbenzo thiop henes 

and alkyldibenzothiophenes are removed from the aromatic fraction of these oils by 

rnicrobial activity. However, the identities of the metabolites were not deterrnined in those 

studies because of the wmplexity of the mixture of compounds in the oiL 

Biodegradation of petroleurn lads  to a decrease in the content of saturates and 

aromatics (Atlas et al., 198 1; Fedorak and Westlake, 198 1; Patton et al., 198 1) and an 
increase in the content of polar materials (Jobson et al., 1972). Laboratory studies have 
also shown the formation of a variety of polar products that accumulate during the 

microbial metabolism of organosulfur compounds. These products include sulfoxides, 

sulfones and 2,Zdiones from benzothiophenes (Bohonos et al., 1977; Fedorak and Grbic'- 
Gaiic', 199 1; Saf'tic' et al., 1992); thiophene carboxylic acids from alkylthiophenes 

(Fedorak and Peakrnan, 1992); 3-h ydroxy-2-fomylbenzothiophene, dibenzothiophene 

sulfoxide and sulfone from dibenzothiophene (Kodarna et al., 1970; Laborde and Gibson. 

1977; Monticello et al., 1985); and methyl-3-hydroxy-2-formylbenzothiophenes, 

methylbenzothiophene-2.3-diones, hydroxylated methyldibenzothiophenes and sulfones 

£kom methyldibenzorhiophenes (Safac ' et al., 1993). 

A literature review (Fedorak, 1990) showed that of the hundreds of organosulfur 
compounds in petroleum, fewer than 20 of these compounds had been subjected to 

biodegradation studies. The best studied compounds are those that are commercially 

available. For exarnple, two commercially available organosulfur compounds. 

benzothiophene and 3-methylbenzothiophene were uansformed by a 1-MN-utilizing 

bacteriurn (Psezdomonas sp. BT1) and the predominant metabolites were benzothiophene- 
2.3-dione and 3methylbenzothiophene suifoxide, respectively (Fedorak and Grbic'-Galic', 

199 1). 3-Methylbenmthiophene also yielded a srnail amount of its sulfone. These fmdings 

led to the prediction that if a methyl group was on the thiophene ring of benzothiophene. 

the correspondhg sulfoxide and sulfone would be formeci, whereas if a methyl group was 

on the benzene ring, the comsponding dione would be formed. In a systematic study with 

A version of this chaprer has been previously published. Kropp. K. G.. J. A. Gonçalves. J. T. Anderson. 
and P. M. Fedorak. 1994. Environ. Sci. Technol. 2: 1348- 1356. 



Pseudomonas sp. BTl and synthesized methylbenzothiophenes, Saftic ' et al. (1 992). 
observed that this prediction held true for the metabolism of 2-, 4-, 5, and 6- 

methylbenzothiophenes, and 2.3-dirnethylbenzothiophene. However, the metabolisrn of 7- 

methylbenzothiophene yiddexi the dione, sulfoxide and sulfone, dong with several sulfur- 
containing metabolites which could not be identified. The ring numbering convention for 

benzothiophene is shown below. 

The objective of the work described in this chaptcr was to detemine whether two 

different bacterial strains (Pseudomonas spp. W1 and F) would give the sarne 

transfomation products from benzothiophene and the methylbenzothiophenes as those 

observed with Pseudomonas sp. BT1 (Fedorak and Grbic'-Galic', 199 1; Safüc' et of., 

1992) and Pseudomonas pseudoalcaligenes strain SB(G) (Gonçalves, 1993). These 
compounds would not support the ~ o w t h  of the two strauis studied herein, but were 
biouansformed in cultures grown on 1-MN or glucose. 

2.2 MATERIALS AND METHODS 

2.2.1 Chernicals 
1-MN was purchased from Fluka (Buchs, Switzerland). Benzothiophene and 3- 

methylbenzothiophene were purchased from Aldrich (Milwaukee, WI) and Lancaster 
Synthesis (Windharn, NH). respectively. The rnethods for the syntheses of 2-, 4-, 5-, and 

7-methylbenzothiophenes and a mixture of 4- and 6-methylbenzothiophenes are given by 

Andersson (1986). Sulfones of the benzothiophenes were synthesized by boiling the 

benzothiophene with hydrogen peroxide in acetic acid for 15 min. Benzothiophene 

sulfoxide was prepared in analytical amounts by oxidizing benzothiophene using horse 
heart cytochrome c and hydrogen peroxide (Vazquez-Duhalt et al., 1993). 5- 
Methylbenmthiophene-2.3-dione and 7-methylbenzothiophene-2,3-dione were synthesized 

according to the method of Hannoun er al. (1982). 2-Benzothiophenecarboxylic acid was 



also synthesized (Shirley and Cameron, 1950), as was m-tolyl methyl sulfoxide (Cemiani 
and Modena, 1959). 

2.2.2 Bacterial cuItures 
The isolation of Pseudomonas strain W1 and Pseudornonas strain F has been 

described previously, and cultures of these two bacteria accumulate 1-naphthalenemethano1 
and 1-naphthoic acid fiom 1 -MN (Saftic' et al., 1993). To determine the arnounts of these 

two compounds produced, isolates W1 and F were inoculated into flasks with 200 mL of 

mineml medium that contained 140 pmol of 1-MN. These flasks were sealed with Teflon- 
lined screw caps to reduce evaporation of the subsmte, and three times each day the caps 
were Loosened briefly to provide h s h  air to ensure that oxygen would not become limiting. 

Turbidity of the culture was monitored and maximum growth reached after 24 h. After 3 

days incubation. the cultures were acidifkd to p H 4  and extracted with dichloromethane 
@CM). The extracts were analyzed by GC to determine the amounts of 1-MN, 1- 
naphthalenernethanol. and 1-naphthoic acid present. 

2.2.3 Culture methods and medium 
Cultures were routinely grown at 2g0C in shake-flasks containhg 200 mL of Liquid 

minera1 medium. The medium contained (per 0.9 L): NH4C1, 1.0 g; Na2S04. 2.0 g; 

KNO3.2.O g; FeS04-7H20, trace; and 1 mL of trace metal solution (Fedorak and GrbicO- 

Galic', 1991). To this was added 0.1 L of a buffer prepared by adding a solution of 
KH2PO4 (4 gllOO rnL) into a solution of K2HPO4 (4 dl00 mL) until the pH was 7.0. 

After sterilizing in an autoclave, 1 .O mL of a separately sterilized solution of MgS047H20 

(4 dl00 mL) was added to each flask of 200 mL medium. 
Growing cells of isolates W1 and F were used for biotransformation studies. 

Because the isolates would not grow on the benzothiophenes, the growth substrates used 

were 1-MN or glucose. When 1-MN was used. the cultures were inoculated with 10 mL 
of a 1-MN-grown maintenance culture that was aansferred weekly. Often some of the 
metabolites of 1 -MN interfered with the analy sis of metabolites fiom the benzo thiophenes. 
This problem did not arise when glucose was used. In this case, a glucose-grown culture 
that had incubated for 2 to 3 days was used as the source of inoculum (1 mL). This 

glucose-grown seed cultm was inoculated h m  a single colony of the desired isolate that 

had grown 3 to 5 days on Plate Count Agar (PCA; Difco, Detroit, MI), after having been 

sneaked h m  a maintenance culture grown with 1-MN. Each 200-rnL pomon of medium 

was supplemented with 50 mg of one of the growth substrates and 2 to 5 mg of the 

benzothiophene. These cultures were incubated for 7 days prior to extraction. For each 



bio~sformation experiment, appropriate steriie controls were incubated to account for 

any abio tic transformations. 
A brief expriment was done to determine whether the microbid population in an 

unpoiluteà nver wata sample could produce oxidized metabolites h m  benzothiophene and 
3-methylbenzothiophene. A sample of water was collecteci from the ice-covered North 
Saskatchewan River at Edmonton. ups- from the wastewater treatment plant discharge. 
A total of 200 mL of the nver water were supplemented with 2 rnL of a fdter-sterilized 
nitrogen and phosphorus solution (which contained 59 g ~04% and 100 g NH4N03/L, 

pH 7.4) in a 500-mL Erlenmeyer flask. To this were added 200 pL of Rudhoe Bay crude 
oil, 8 mg of benzothiophene and 10 pL of 3-methylbenzothiophene. This culture was 
incubated for 14 days at 28OC with shahg, dong with a steriie nver water control. 

2.2.4 Analytical methods 
After incubation, the cultures were acidified with sulfuric acid to pH& and 

exaacted with DCM (4 times 20 mL) to recover substrates and products. The extracts were 
dried over anhydrous Na2S04 and concentrated on a rotary evaporator. To screen for the 

presence of sulfur-containhg metabolites, the extracts were analyzed by capillary GC using 
a 30-m DB-5 capillary column in an instrument equipped with a FID and a sulfur-selective 
FPD (Fedorak and Grbic'-Galic ', 199 1). Details of the methods for GC-FPD, GC-MS. 
and GC-FïIR analyses have k e n  describeci previously (Saflic' et al., 1993). 

To facilitate GC-MS identification of some of the metabolites, aimethylsilyl ( T M S )  

denvatives of compounds in culture extracts were made by silylating with N.0- 

bis(trimethy1silyl)acetamide (BSA) in acetonitde according to the manufacturer's 
instructions (Pierce, Rockford IL; method 5). 

2.3 RESULTS 

2.3.1 Methyl group oxidation of 1-MN 
When grown on 1-MN, isolates Wl an( d F produced 1 -naphthalenemethano1 and 1 - 

naphthoic acid that accumulated in the medium, because neither isolate cm grow on these 

two oxidation products. GC analyses of extracts from 3-&y-old cultures of isolate W1 
showed rhat of the 140 pmol of 1-MN added, 1 pmol remained, and 11 pmol of the 
methanol and 4 pmol of the acid accurnulated. Sirnilarly, 1 pmol of 1-MN remained in 
cultures of isolate F, in which 7 pmol of the methanol and 1 pmol of the acid accumulated. 
Analyses of the extracts fkom the sterile controls showed that only 58 p o l  of 1-MN was 

recovered after the 34ay incubation period. 



2.3.2 Biotransformations of benzothiophene 
The GC-FPD chromatogram of an extract from a culture of strain W 1 grown on 

glucose in the presence of benzothiophene showed numerous sulfur-containing 

metabolites. GC-MS analysis showed that one product had a molecular weight of 150 
(Figure 2.1) which was consistent wi th the rnetabolite king benzothiophene sulfoxide. The 
base peak was m/z 134, and corresponds to the loss of an oxygen amm. The ion at d z  121 

(M-29)+ would resuit nom the loss of CHO which has been observed in the mass spbctra 

of other sulfoxides (Glinzer et al., 1983). 
Sulfoxides of benmthiophenes are very difficult to chemicaily synthesize because 

the oxidation =actions usually proceed to yield the sulfone. However, Vaquez-Duhalt et 

al. (1993) recently demonstrated that in the presence of hydrogen peroxide, cytochrome c 
would oxidize benzothiophene to its sulfoxide. Thus, this reaction was used to produce 
enough of the suifoxide for GC-MS c o n f i t i o n  t h  rhe metabolite was the sulfoxide. 
Indeed, the rnass specmm in Figure 2.1 matched that of the synthesized sulfoxide. 

A second transformation product formed by isolate W1 h m  benzothiophene eluted 
on the tail of the sulfoxide peak, and its molecular ion at m/z 166 (Figure 2.2a) suggested 
that it was benzothiophene sulfone. The ions at m/z 137, 118 and 109 were observed by 
others who reported the mass specmm of benzothiophene sulfone (Porter, 1967). GC- 

FTIR analysis (Figure 2.2b) showed two strong absorptions at 1342 and 1167 cm-l. This 
was consistent with the metabolite king a sulfone because sulfones give two characteristic 
absorptions in the regions of 1350 io 1300 cm-1 and 1 160 to 1 120 cm-1 (Shnner et al., 

1980). Benzothiophene sulfone was synthesized and it gave the sarne mass specmm as 
s h o w  in Figure 2.2a. 

GC-MS analysis of the extract from this glucose-grown isolate W1 culture also 
detected the presence of small amounts of benzothiophene-2.3-dione. The mass specmm 
of this rnetabolite was identical to that reported by Fedorak and GrbicGalic' (1 99 1). 

GC-FPD and GC-MS analyses showed the presence a high-molecular-weight 
product in the extracts of cultures of isolate W1 grown on either 1-MN or glucose in the 

presence of benzothiophene. The molecular weight of this product was 234 which is 
consistent with the fonnula C 16H 10s. 

Isolate F grown on 1-MN with benzothiophene produced a single abundant sulfur- 

containing metabolite and GC-MS analysis showed that this compound had a molecular ion 

at m/z 234. When grown on glucose in the presence of benzothiophene. isolate F produced 
the high-molecular-weight compound (Mf=234), benzothiophene-2,3-dione, and the 

sulfoxide and sulfone of benzothiophene. 



2.3.3 Biotransformations of 2-methylbenzothiophene 
When isolates W1 and F were incubated individually with 2-methylbenzothiophene. 

they gave a product with a molecular weight of 164, and with a mass spectrum that was 
almost identical to that of 2-methylbenzothiophene sulfoxide which had k e n  previously 
identified as a metabolite of 2-methylbenzothiophene (Saftic'et al., 1992). GC-FiïR 
anaiysis showed that this compound gave a strong absorption at 1080 cm-1 which is also 
characteristic of 2-methylbenzothiophene sulfoxide. A less abundant, second metabolite 
produced by both of these isolates eluted immediately after the sillfoxide during GC 
analyses. GC-MS analysis showed this metabolite had a rnolecular ion at m/z 180, and GC- 
FïiR analysis showed strong absorptions at 1335 and 1162 cm-l, consistent with the 
metabolite k i n g  2-methylbenzothiophene sulfone. GC-MS analysis of chemically 
synthesized 2-methylbenzothiophene sulfone gave a mass spectrurn that was identical to 
that of the metabolite. 

When the extracts from cultures of isolates W1 and F grown on glucose in the 

presence of 2-methylbenzothiophene were reacted with BSA, new metabolites were 
detected by GC-MS. One gave a mass çpecmim with abundant ions at m/z 250,235. 191. 

161, 133 and 89 (Figure 2.3a). These results suggested that the metabolite was 2- 
benzothiophenecarboxylic acid. The TMS-derivative is drawn in Figure 2.3a. and the 

fragmentations that would yield most of the major ions are also shown. The fragment at 
m/z 191 is the (M-59)+ ion which is the result of the loss of a methyl group followed by 
skeletal remangement with the loss of CO;?. This fiapntation is a characteristic of TMS- 

esters of carboxylic acids (Pierce, 1968). 
To verify the identity of this metabolite, 2-benzothiophenecarboxylic acid was 

synthesized and its TMS-derivative was prepared giving a mass spectrum (Figure 2.3b) 
that was identical to that of the metabolite (Figure 2.3a). The underivatized acid in the 

culture exuact was not detected by GC-MS, presumably because it was too dilute and 
because the free carboxylic acid was pwdy chromatographed under the conditions used. 

Also in the extract from culture F, a trace arnount of another TMS-derivative was 
detected by GC-MS. The mass specbvm showed the base peak at m/z 73 (the trimeth ylsilyl 
fragment), a strong M+ at m/z 236. an (M+-15) ion fiorn the loss of methyl group, and an 
ion at m/z 147 from the loss of OSi(CH3)3. This spectnim was consistent with the 

rnetaboiite king a hydroxy-substituted 2-methylbenzothiophene, presumably 2-benzothio- 
phenemethanol because isolate F is known to oxidize the methyl group of 1-MN to 1- 

naphthalenemethano1 and 1 -naphthoic acid. 



2.3.4 Biotransforrnations of 3-methylbenzothiophene 
When the DCM-exaact of isolate F grown on 1-MN in the presence of 3- 

methylbenzothiophene was analyzed by GC-FPD, two sulfur-containing metabolites were 

detected. The mass spectra and the FïIR -&a (&ta not shown) of these two metabolites 

were essentially the same as those of 3-methylbenzothiophene sulfoxide and sulfone 

(Fedorak and Grbic '-Galic ', 199 1). 
A culture of isolate F grown on glucose with 3-methylbenzothiophene also 

produced 3-methylbenzothiophene sulfoxide and 3-rnethylbenzothiophene suifone based on 
their GC retention rimes and mass spectra. In addition to these metabolites, another 

compound was present which CO-eluted wiîh the sulfoxide. The molecular ion of thk novel 

metabolite was at rn/z 178, and the mass specmun confained an ion at m/z 161, which 

corresponds to the loss of OH. Further interpretation of this mass spectmm was not 

possible because it contained many contaminating ions contributed by the 3- 
methylbenzothiophene sulfoxide. However, the molecular weight and loss of OH 
suggested that the metabolite was 3-benzothiophenecarboxylic acid. 

To verify this, the culture extract was ueated with BSA to produce a TMS- 
derivative of the metabolite. GC-MS analysis showed that the denvative was well separated 
h m  the sulfoxide and that the mass specûum of the TMSderivative was vimially identical 

to those in Figure 2.3. These results strongly suggest the formation of 3- 

benmthiophenecarbxylic acid fiom 3-methylbenzothiophene by isolate F. 
A mace amount of another sulfur-contahing metabolite was detected in the exuact of 

this culture of isolate F grown on glucose in the presence of 3-methylbenzothiophene. The 
molecular ion of this product was at d z  164 and it had a base peak at rdz 147 (Figure 

2.4a). This fragmentation (M-17)+ corresponds to the loss of OH. The TMSderivative 

was prepared and its mass specmrn is shown in Figure 2.4b. These spectra suggest that 

this product is a hydroxy-substituted 3-methylbenzothiophene. The s m c w e s  shown in 

Figure 2.4 assume that the product was 3-benzothiophenemethanol because oxidation of 

the methyl group of 2-methylbenzothiophene to a carboxyl group has been demonstrated 
(Figure 2.3). 

Dolate W1 grown on glucose in the presence of 3-methylbenzothiophene produced 

the same four metabolites: 3-methylbenzothiophene sulfoxide, 3-methylbenzothiophene 

sulfone, 3-bentothiophenecarboxylic acid and 3-benzothiophenemethanol. 

2.3.5 Biotransformations of 4-methylbenzothiophene 
GC-FPD analysis of the extract of a culture of isolate W1 grown on glucose- 

containing medium with 4-methylbenzothiophene showed a single, large sulfur-containing 



peak. The mass s p e c m  (Figure 2Sa) showed a weak molecular ion at m/z 178, a base 

peak at m/z 150, and other fragments at m/z 121,78. and 69. This fragmentation pattern 
was consistent with the metabolite k i n g  4-methylbenzothiophene-2,3-dione, but an 

authentic sample of this compound was not available. However, 5-methylbenzothiophene- 

2,3-dione was synthesized and its mass spectrum (Figure 2.5b) showed the same 

fragmentation pattern as the metabolite h m  4methylbenzo thiophene, and authentic 7- 
methylbenzothiophene-2,3-dione (Saftic' et al., 1993). 

When this extract was treatd with BSA and analyzed by GC-MS, the TMS- 
derivatives of a carboxylic acid and a hydroxy-substituted 4-methylbenzothiophene were 

observed. The mass spectrurn of the acid had the same fragmentation pattern as those 
shown in Figure 2.3 (M+=250, other abundant ions at 191, 161, 133 and 89) with the 

exception that the base peak was at m/z 235. The other TMSdenvative had a molecular ion 

at rn/z 236, the base peak at rn/z 73. and an abundant (M-15)+ at m/z 221. Unlike the mass 
spectnim shown in Figure 2.4b. the ion at m/z 147 from this TMS-derivative was not very 

abundant. The hydroxy-substituted metabolite was presumed to be Cbenzothio- 

phenemethanol. 

Isolate F also produced 4-methylbenzothiophene-2.3-dione as the most abundant 

suifur-containing metabolite when it was grown on either glucose or 1-MN in the presence 

of 4-methylbenzothiophene. In addition, GC-MS analysis of the extract of the culture of 

isolate F grown on glucose in the presence of 4-methylbenzothiophene showed a high- 
rnolecular-weight compound Its molecular ion (m/z 262) was consistent with the molecular 
formula C 1 gH 14s. 

2.3.6 Biotransformations of 5-methylbenzothiopbene 
GC-FPD analysis of the extract of a c u l m  of isolate W1 grown on 1-MN in the 

presence of 5-rnethylbenzothiophene showed a single sulfur-containing metabolite. GC-MS 
analysis showed that the compound had a molecular ion at mlz 178 (Figure 2.6a). The 
fragments with m/z 16 1 (M- l7)+ and 133 (MAS)+ would result fiom the losses of OH and 

COOH. respectively, s u g g e s ~ g  that the metabolite was 5-benzothiophenecarboxylic acid. 

2-Benzothiophenecarboxylic acid was synthesized and its mass specmm (Figure 2.6b) 
showed the same hgmentation pattern as the metabolite from 5-methylbenzothiophene. 

Both ftee acids were amenable to GC-MS analysis. In addition, the TMS-derivative of this 

metabolite was prepared and its mass spectrum was vimially identical to that shown in 

Figure 2.3b. providing further evidence that 5-benzothiophenecarboxylic acid was 

produced in this culture of isolate W 1. 



Two abundant sulfur-containing metabolites were detected by GC-FPD analysis of 

the extract of a culture of isolate F grown on 1-MN in the presence of 5- 
methylbenzothiophene. One of these had the same retention time and mass specmim as 5- 
benzothiophenecarboxylic acid The mass spectrum of the second metabolite showed it was 
a high-molecular-weight product with a strong molecular ion at m/z 262, consistent with 
the molecular formula Cl gHlqS. 

When isolate F was grown on glucose in the pnsence of 5-methylbenzothiophene, 
5-benmthiophenecarboxylic acid and the high-molecular-weight product were detected by 

GC-MS analysis. In addition, a metabolite with the same GC retention tirne and identical 

mass spectrum as 5-methylbenzothiophene-2,3-dione (Figure 2.5b) was detected. 

2.3.7 Biotransformations of 4- and 6-methylbenzothiophenes 
The synthesis method for 6-methylbenzothiophene (Andersson, 1986) yielded a 

mixture of two isorners, 4- and 6-methylbenzothiophenes, and this mixture was used in the 

studies with the two bacterial isolates. 

GC-FPD analysis of an extract of a culture of isolate W1 grown in medium 
containing glucose and the mixture of these two isomrs of methylbenzothiophene showed 

several sulfur-containing products. The earliest of these to elute had a retention time and 

mass spectrum (~+=154,  base peak at m/z 139, other fragments at 1 1 1, 108.9 1.77, and 
65) that matched those of authentic m-tolyl methyl sulfoxide, and the metabolite produced 

by the activity of isolate BT1 on a mixture of 4- and 6-methylbenzothiophenes when 

grown on 1-MN (Saftic' et al., 1992). This ring-cleavage product could arise h m  either 4- 

methylbenzothiophene or 6-methylbenzothiophene. However, because it was not detected 

in the cultures of isolates W1 or F grown in the presence of 4-methylbenzothiophene, it is 

most likely that the m-tolyl methyl sulfoxide is a product of 6-rnethylbemthiophene. 

Two other sulfur-containhg products had nearly identical mass specna (weak 
M+=178, base peak at m/z 150, other fragments at 121 and 78), and these matched that of 

5-methylbenzothiophene-2.3-dione (Figun 2.5b). The GC retention time of the fmt dione 

to elute matched that of the dione observed in cultures that contained only 4- 

methylbenzothiophene. Therefore this was 4-methylbenzothiophene-2,3-dione, and the 

second dione to elute was 6-methylbenzothiophene-2,3-dione. 

Also present in this extract was a compound with a mass specaum that gave a 
molecular ion that was the base peak at m/z 178, with fragments at m/z 16 1 (M- 17)+ and 

133 (M-45)+ corresponding to the loss of OH and COOH, respectively. The mass 
spectrurn closely resembled that of 2-benzothiophenecarboxylic acid (Figure 2.6b). The 

?US-denvative of this metabolite was prepared and its mass spectrurn matched that of 2- 



benzothiophenecarboxylic acid (Figure 2.3b). Thus, a single isomer of benzothiophene- 
carboxylic acid was detected, but it is not known which isomer of methylbenzothiophene 
was oxidized to give this producr 

Fially, two high-molecular-weight, sulfur-containing products were detected in the 

extract of this culture of isolate W1 containing 4- and 6-metiiyIbenzothiophenes. These 
compounds both had molecular ions at m/z 262, consistent with the molecular formula 

C18H14S- 
A culture of isolate F grown on glucose-containing medium in the presence of 4- 

and &methylbenzothiophenes showed al1 the sarne s u h - - c o n m g  metabolites previously 
described for isolate W 1, with one exception: no 6-methylbenzothiophene-2.3-dione was 

detected in this culture of isolate F. 

2.3.8 Biotransformations of 7-methylbenzothiophene 
Several sulfur-containing metabolites were detected by GC-FPD analysis of an 

extract of a culture of isolate F grown on glucose in the presence of 7- 
methylbenzothiophene. The earliest of these to elute during GC-MS analysis had a 
molecular ion at rn/z 154 (Figure 2.7a). This molecular weight and the major £mgment ions 
at m/z 65, 77. 91, and 1 1  1 were also found in the mass specmim of m-tolyl methyl 
suifoxide published by Saftic' et al. (1992). One notable ciifference between the mass 

spectrurn in Figure 2.7 and that of m-tolyl methyl sulfoxide (Saftic' et al., 1992) was the 

ion at m/z 137 (M-17)+ (Figure 2.7a) that would resdt fiom the loss of OH. This ion was 

not found in the mass spectrum of m-tolyl methyl sulfoxide (Safac' et al., 1992) in which 
the base peak was at m/z 139 (M-15)+ resulting from the loss of a methyl group. The FïIR 

spectrum of the metabolite from 7-methylbenzothiophene (Figure 2.7b) shows a strong 
absorption at 1095 cm-1 which is characteristic of a sulfoxide (Shriner et al., 1980) and is 
very sirnilar to the FIïR spectrum of m-tolyl rnethyl sulfoxide (Safac' et al., 1992), which 
showed a strong absorption at 1099 c d .  A portion of the culture extract was oxidized 

(Bordwell et al., 1949). and GC-MS analysis of this material showed that the sulfoxide 
was absent and that a new product with a rnolecular weight of 170 had formed. This was 

16 mass units pater  than the sulfoxide, and was the comesponding sulfone. These results 

indicate that this metabolite from 7-methylbenzothiophene was O-tolyl methyl sulfoxide, 
which resulted fkom the cleavage of the thiophene ring. 

In the unoxidized extract, the second sulfur-containing metabolite to elute during 
GC analysis gave a rnass spectrum similar to those in Figure 2.5. The weak molecular ion 

at m/z 178, the base peak at m/z 150, other fragments at 121, and 78 were consistent with 



the metabolite king 7-methylbenzothiophene-2.3dione. In addition. the FTIR spectrum of 

this metabolite was identical to that of authentic 7-methylbenzothiophene-2,3-dione. 
Two other sulfur-containing products were detected, one of which eluted on the tail 

of the fust. The mass spectra of these compounds showed molecular ions at m/z 164 and 

180, respectively. GC-FiïR spectra of these two metabolites from isolate F showed that 

the first product to elute gave a stmng absorption ar 1072 c d ,  characuistic of a sulfoxide 

(Shriner et al., 1980), and the second product gave strong absorptions at 1334 and 1163 

cm-1, characteristic of a sulfone. Thus these metabolites were 7-methylbenmthiophene 
sulfoxide and 7-dylbenzothiophene suifone, respectively. 

A high-molecular-weight, sulfur-containing metabolite was also detected in the 

extract of this glucose-grown culture of isolate F. Its m a s  specmim showed a strong 
molecular ion at m/z 262, corresponding to a molecular formula of C 1 gH 14s. 

When the exuacr fiom the culture of isolate F grown on glucose in the presence of 

7-methylbenzothiophene was reacted with BSA, two new metabolites were detected by 

GC-MS. One gave a mass spectrum with abundant ions at m/z 250, 235. 191, 161, 133 

and 89. This is characteristic of a TMS-derivatized benzothiophenecarboxylic acid ( F i p  
2.3), suggesting that the metabolite was 7-benzothiophenecarboxylic acid. 

The TMS-derivatization also lead to the detection of another metabolite that was 
present in very low concentration. The mass spectrum of this TMS-derivatized metabolite 

had a weak molecular ion at m/z 236 with a s d  fiagrnent at m/z 221 (corresponds to loss 
of CH3) and the base peak at m/z 147. This fragmentation is the same as that observed in 

Figure 2.4b suggesting that the metabolite was a monohydroxy-substituted 7- 
methylbenmthiophene, presumably, a methanol k a u s e  the corresponding carboxylic acid 

was detected in this extract. 

The sulfur-conraining metabolites from isolate W1 grown on glucose in the 

presence of 7-methylbenzothiophene were identified by GC-PD and GC-MS analyses by 

cornparison with the results obtained for isolate F grown under identical conditions. 

Roducts with the sarne retention times and mass specm as those identified in the extracts 
from isolate F were: O-tolyl methyl sulfoxide, 7-methylbenzothiophene-2.3-dione. 7- 

methylbmzuthiophene sulfoxide, 7-methylbenzothiophene sulfone. 7-benzothiophene- 

carboxylic acid, 7-benzothiophenemethanol. and a high-molecular-weight product 
(M+=262), ClgH14S. 

2.3.9 Analysis of oil extracted from river water culture 
Prudhoe Bay crude oil was supplemented with the two commercially available 

compounds, benzothiophene and 3-methylbenzothiophene. to provide sufficient 



concentrations to enable the detection of any metabolite that might be formed. GC analysis 
of the exaact h m  the 14-day-old culture that was inoculated with river water showed that 

the n-alkanes had been degraded. The FPD showed that the two organosulfur compounds 

that had been added were sa1 present and a metabolite peak with the retention time of 
benzothiophene sulfoxide was detected. GC-MS analysis showed that the mass specuum 

of the metabolite was very similar to that of benzothiophene sulfoxide (Figure 2.1). but 

contaminatecl with numerous ions from background components in the oil extract. 
Nonetheless, the mass specmim of the metabolite showed the molecula. ion at m/z 150, the 
base peak at m/z 134, and other abundant ions at m/z 122,121,89,78,69 and 63. 

2.4 DISCUSSION 
The objective of this study was to determine if other bacterial strains would yield 

the sarne products fiom benzothiophene and the methylbenzothiophenes as Pseudomonos 
strains BTl and SB(G). Table 2.1 sumarizes the results from the survey with 

Pseudomonas strains W1 and F, and compares these to previously reported results 

obtained with strain BT1 (Saftic' et al., 1992) and strain SB(G) (Gonçalves, 1993). None 

of the compounds Listed in Table 2.1 was detected in the corresponduig sterile controls. In 
general, the major products observed with isolate BTl were (a) sulfoxides when there was 

a methyl group on the thiophene ring, and (b) 2,3-diones when there was no methyl group 

on the thiophene ring. 7-Methylbenzothiophene was a notable exception, yielding the 

sulfoxide, sulfone and 2-3-dione. In general, the major products observed with suain 
SB(G) were sulfoxides, sulfones, and high-molecular-weight products, although not all the 

isomers of methylbenzothiophene were tested with this isolate. 

Both of the new isolates produced the sulfoxide and sulfone of benzothiophene 
(Table 2.1) as was previously observed with strain SB(G). However these compounds 

were not produced by isolate BTI, which gave benzothiophene-2.3-dione. This dione was 

also produced by isolates W1 and F. No 2,3-diones were produced fiom any of the 

methyl benzothiophenes by isolate SB (G), whereas 2,3-diones were cornmonl y found in 

extracts of isolates W 1 and F grown in the presence of methylbenzothiophenes that had the 

methyl group on the benzene ring. Methylbenzothiophene-2.3-diones were identified as 

metabolites of methyldibenzothiophenes (Saftic' et al., 1993). 
The detection of 2-3-diones as metabolites from oxidation of benzothiophene. 

methylbenzothiophenes, and methyldibenzothiophene was originally interpreted as 

evidence for the resistance of the thiophene ring to rnicrobial aaack. Indeed, several 
investigations have shown that the rnicrobial metabolism of dibenzothiophene (Foght and 

Westlake, 1988; Kodarna er al., 1970, 1973; Laborde and Gibson. 1977) and 



methyldibenzothiophenes (Saftic' et al., 1993) leads to the removal of carbon atorns from 

one Nig, leaving substituted benzothiophenes that accumulate in the medium. However, 
recently Eaton and Nitterauer (1994) demonstrated that benzothiophene was microbially 

oxidized via dioxygenase attack at positions 2 and 3, and that subsequent reactions, 

including thiophene ring cleavage, led to the formation of 2-mercaptophenylglyoxalate 
which cyclized to give bnwthiophene-2.3-dione by acid catalyzed dehydration. Thus, the 

detection of benzothiophene-2,3-diones in my studies. which routinely involved 

acidification of the culture medium prior to extraction, gives indication that the thiophene 

ring is king cleaved. Eaton and Nitterauer (1994) &O observed the formation of î r u n s 4  

[3-hydroxy-2-thienyl]-2-oxobut-3-enoic acid which resulted from the cleavage of 43- 

dihydroxybenzothiophene. Besides the 2,3-diones, the only ring cleavage products 

detected in the cment study were m-tolyl methyl sulfoxide, which was produced from 6- 
methylbenzothiophene by both isolates W1 and F as had k e n  previously observed with 

saains BTl and SB(G), and O-tolyl methyl sulfoxide, which was produced from 7- 

methylbenzothiophene by only isolates W1 and F (Table 2.1). The mechanism for these 

ring cleavages is unknown. 

Benzothiophene-2.3-dione was the first product identified during the 

photooxidation of benzothiophene (Andersson and Bobinger, 1992)- and subsequent 

reactions lead to near stoichiomeoic formation of 2-sulfobenzoic acid. The microbially 

produced 2.3-diones observed in thk study (Table 2.1) may also undergo abiotic reactions 

yielding sulfobenzoic acids. However, these compounds are too polar to be exaacted fmrn 

the medium by the method used in this study. Indeed, this investigation focused on the 

identification of metabolites that could be partitiund into DCM, that were amenable to the 

GC analysis used, and that were detected by the sulfw-selective PD. 
Neither isolate BTl nor SB(G) oxidized the methyl groups of any of the 

methylbenzothiophenes. In contrast, isolates W1 and F produced carboxylic acids from 
several of the methylbenzothiophenes (Table 2.1). This was consistent with the latter two 

isolates being able to oxidize the methyl group of 1-MN to 1-naphthalenemethano1 and 1- 

naphthoic acid. In addition, these isolates oxidized the methyl groups of selected 

methyIdibenzothiophenes to give dibenzothiophenmethanols (Saftic' et al., 1993). Thus, it 

was presumed that the hydroxylated compounds produced from the 2-, 3-, 4- and 7- 

methylbenzothiophenes by isolates W1 and F were methanols. 

GC-MS analyses detected high-molecular-weight, sulfur-containing products in 

several of the culture extracts. In the case of benzothiophene, the molecular formula is 

consistent with the product k ing  a benzonaphthothiophene. Indeed. photochernical 

reactions of benzothiophene have k e n  show to yield benzo[b]naphtho[2.1-athiophene 



(Andersson and Bobinger, 1992; Haines et al., 1956). The high-molecular-weight 

metabolite b m  benzothiophene was identifieci as benzo[b] naphtho[l.2-dJ thiophene, and 

the mechanisrn of its formation was deterrnined (Kropp et al., 1994; Chapter 3). 
Several factors precluded quantitative studies of the metabolism of these sulfur 

heterocyclic compounds. These inchded the volatiüty of the benzothiophenes, the iimited 

amounts of the synthesized methylbenzothiophenes, the lack of authentic standards of some 

of the metabolites (in particdar. the sulfoxides), the decomposition of the sulfoxides in the 

CC injection pon (Fedorak and Andersson, 1992). the non-iinear response of the FPD, 
and its susceptibility to quenching (Wenzel and Aiken, 1979). Nonetheless, some general 

comrnents on the relative amounts of conversion of the substrates can be presented. In each 
of the c u l m  extracts, the original benzothiophene king studied was detected. Thus. the 
cultures did not convert all of the organosulfur compound to metabolites. Sulfoxides and 

sulfones were the most abundant products from 2- and 3-rnethylbenzothiophenes. 

Carboxylic acids were abundant products from 3-, 5- and 6-methylbenzothiophenes, and 
although benzothiophenemethanols were often detected, they were usually found in trace 

arnounts. 

The long-terni goal of this research program is to gain an understanding of the fates 

and consequences of organosulfur compounds in petroleurn- or creosote-contaminated 

environrnents. The results of the current study and other related investigations (Fedorak 

and Grbic-Galic', 199 1; Saftic' et al.. 1992, 1993) raise the following questions. Are 

these metabolites produced by microbial populations in the presence of petroleum or 

creosote? Will the sulfur-containing metabolites persist in the environment? Are the 

metabolites more toxic than the parent compounds? Few answers to these questions are 

avda ble. 

Revious studies with 3-methylbenzothiophene and isolate BTl (Fedorak and 
Grbic'-Galic', 1991) showed that the sulfoxide and the sulfone were produced in the 

presence of Prudhoe Bay crude oil. In the sarne study, Fedorak and GrbictGalic' (1991) 

demonstrated that only 50% of the authentic benzothiophene-2,3-dione added to sterile 
medium containhg Prudhoe Bay cnide oil could be recovered after a few minutes of 

incubation. These results suggest that the dione reacts quickly with some compounds in the 

oil. 

In the current study. a prelirninary investigation was undertaken to determine 

whether the mixe. microbial population in a simple of the North Saskatchewan River water 

could yield any of the metabolites detected in the pure culture studies. The results showed 

that after the culture had k e n  incubated for 14 days with Prudhoe Bay crude oil 

supplemented with benzothiophene and 3-methylbenzothiophene, benzothiophene 



sulfoxide could be detected in the residual oil extracted from the cultures. These preliminary 
findings suggest that the merabolites identified in the pure culture, pure subsuate systems 

rnay be formed in environments contaminated with pemleum 
Many studies with thiophenes have shown that microorganisms cm oxidize them to 

sulfoxides (Bohonos et al., 1977; Fedorak et al., 1988; Kodama et ai., 1973; Laborde and 
Gibson, 1977) and sulfones (Crawford and Gupta, 1990; Fedorak et al., 1988; MomiIe 
and Atlas, 1989: Omori et al., 1992). Recendy, Vaquez-Duhalt et al. (1993) demonstrated 

that eight of ten organosulfur compounds tested reacted with cytochrome c and hydrogen 

peroxide yielding the corresponding sulfoxides. There is littie information on the relative 

toxicities of these oxidized products and their parent compounds. When administered omlly 
to mts and mice, the LD50 values of benzothiophene were 1.26 and 0.96 @g, respectively 

(Lagno and Sviridov, 1975). Whereas the LD50 values of benzothiophene sulfone in the 

same experiments were 3.75 and 1.57 g/kg, respectively, but in contrast to 
benzothiophene, its sulfone had significant cumulative toxicity. Jacob (1990) reviewed a 
study in which the mutagenicity of dibenzothiophene, the three isomers of 

benzonaphthothiophene, and triphenyleno[l.l2-bcdlthiophene dong with some of their 

sulfoxides and sulfones were tested using Salmonella typhimurium strains TA 98 and TA 
100. No mutagenicity was observed for the parent compounds, but dl five sulfoxides and 

dibenzothiophene sulfone were weakly mutagenic and benzo[b]naphtho[2,1-dthiophene 

sulfone was a potent mutageri. Interestingly. dibenzothiophene sulfoxide has ken  patented 

as a herbicide (Schlesinpr, 1953). 
In general, the types of abundant metabolites detected in the extracts from 

Pseudomonas strains W1 and F were similar to those that had been previously reported 
from isolates BTl and SB(G) (Table 2.1). However, the occurrence of sulfoxides and 

sulfones was more prevalent with isolates SB@), W1. and F. The oxidation of the methyl 
groups to carùoxylic acids and presumably methanols, was restricted to isolates W 1 and F. 
2,3-Diones were detected h m  benzothiophene and those rnethylbenzothiophenes with a 
methyl group on the benzene ring by isolates BTl, W1, and F, but not by isolate SB(G). 
Two ring cleavage products, isomers of tolyl methyl sulfoxide, arose from 6- and 7- 

methylbenzothiophene. Sorne novel high-rnolecular-weight metabclites were derected and 

these are the subject of the following chapter. 



Table 2.1 Surnmary of the sulhir-containhg metabolites produced from benzothiophene 
and al1 methylbenzothiophenes by four baccerial isolates? 

Products found in cultures of each bacterial strain 

suifoxide 
sulfone 
2,3-dione 
C16H10S 

sulfoxide 
sulfone 
2,3-dione 
C16H10S 

sdoxide 
sdfone 
C16H10SC 

sulfoxide 
sulfone 
methanol 
carboxylic acid 

suifoxide 
sdione 

suifoxide 
sulfone 

sulfoxide 
sulfone 
carboxylic acid 

sulfoxide 
sulfone 

sulfoxide 
suifone 

sulfoxide 
sdfone 
rnethanol 
carboxylic acid 

sulfoxide 
sulfone 
methanol 
carboxylic acid 

2,3-dione 
methanol 
carboxylic acid 

sdfone 
C18H14S 

carboxylic acid carboxylic acid 
2.3-dione 
C18H14S 

m-tolyl rnethyl 
sulfoxide 

2,3-diones 

m-tolyl methyl 
sulfoxide 

sulfones 
Cl 8 H l d  

m-tolyl methyl 
sulfoxide 

2,3-diones 
carboxylic acid 
C18H14S 

m-tolyl methyl 
sulfoxide 

4-MBT-2,3-dione 
carboxylic acid 
C18H14S 

suifoxide 
sulfone 
2-3 -dione 
O-tolyl methyl 

sulfoxide 
methanol 
carboxylic acid 
C18H14S 

sulfoxide 
sulfone 
2.3-dione 
O-tolyl rnethyl 

sulfoxide 
methanol 

suifoxide 
suIfone 
2,3-dione 
several 

unidentifie. 
compounds 

carboxylic acid 
C18H14S 

aT'he results for isolate BTl were reponed by S a c '  et al. (1992) and the results for isolate 
SB(G) were reported by Gonçalves (1993). 
b BT = benzothiophene, MBT = methylbenzothiophene 

Formula of high-molecular- weight produc t 
d NT = Not tested 



Figure 2.1 Mass spectrum of a metabolite produced from ùenzothiophene by a culnue of 
isolate W1. 





Figure 2.3 Mass spectra of the TMSderivative of a sulfur-containing metabolite from a 
culture of isolate W1 grown on glucose in the presence of 2- 
methylbenzothiophene (a) and of the TMS-derivative of authentic 2- 
benzo thiophenecar boxylic acid (b). 



Figure 2.4 The m a s  spectra of a sulfurconiaining metabolite from a culture of isolate F 
grown on glucose in the presence of 3-methylbenzothiophene (a) and of the 
TMSderivative of the metabolite (b). 





Figure 2.6 M a s  spectra of a sulfurcontaining metabolite £rom a culture of isolate W1 
grown on 1-MN in the presence of 5-rnethylbenzothiophene (a) and of 
authentic 2-benzothiophenecarboxylic acid (b). 



Figure 2.7 Mass spectnim (a) and FIT2 specaum (b) of one of the sulfur-containhg 
metabolites frorn a culture of isolate F grown on glucose in the presence of 7- 
meth y1 benzothiop hene. 
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3. MICROBIALLY MEDIATED FORMATION OF 
BENZONAPHTHOTHIOPHENES FROM 

BENZO[b]THIOPHENES* 

3.1 INTRODUCTION 
The rnicrobial removal of alkylbenzothiophenes and ailqldibenzothiophenes h m  

the arornatic fiaction of cnide oil present in laboratory cultures (Bayona et al., 1986; 

Fedorak and Westlake, 1983,1984) and h m  the arornatic fkaction of cmde oil spilled into 

the environment (Atlas et al.. 1981) or biodegraded within its natural reservoir (Westlake, 

1983; Williams et al., 1986) has ken demonstrated. Because of the complexity of the 
mixture of compounds present in cmde oil, the metabolites of the biodegradation of these 
petroleum organosulfur compounds were not determineci in those studies. 

Various investigations using pure bactenal cultures and pure organosulfur 

compounds have demonstrated that benzothiophene and methylbenzothiophenes are 

susceptible to rnicrobial anack. For exarnple, Pseudomonas aemginosa PRG- I oxidized 
benzothiophene dissolved in light oil, but could not use this compound as a sole carbon 

source (S agardia et al., 1973, and a dibenzothiophene-oxidifig isolate, Pseudomonas 

alcaligenes D B R .  oxidized benzothiophene to water-soluble products (Finnerty et al.. 
1983). However, the metabolites of benzothiophene oxidation were not identified in either 
of these studies. 

In another investigation (Bohonos et al., 1977), e ~ c h m e n t  cultures from several 

aquatic environments and from wastewater treaunent plant effluents were able to oxidize 
benzothiophene when naphthalene was provided as a carbon source. Tentative 
identifications of the benzothiophene metabolites as benzothiophene sulfoxide, 2,3- 
dihydroknzothiophene-2,3-diol, and benzothiophene-2.3-dione were made on the basis of 

GC-MS analysis. Fedorak and Grbic '-Galic' (1 99 1) identified the products of 

biotransformation of benzothiophene and 3-methylbenzothiophene by a 1-MN-utilizing 
bacteriurn, Pseudbmonas sp. BT1. as benzothiophene-2,3dione and 3-methylbenzothio- 
phene sulfoxide, respectively. A smaU amount of the suifone of 3-methylbenzothiophene 

was dso produced. 
These fmdings led to the prediction that if benzothiophene was substituted with a 

methyl group on the thiophene ring, then the corresponding sulfoxide and sulfone would 

k fomed whereas if there was a methyl group on the benzene ring, the corresponding 2.3- 
dione would be formed (Fedorak and Grbic'-Galic', 1991). In a systematic snidy witb 

A version of this chapter has been previously published. Kropp. K. G.. J. A. Gonçalves. J. T. Andersson. 
and P. M. Fedorak, 1994. Appt. Environ. Microbiol. a: 3624-363 1. 



Pseudomonas sp. BT1 and synthesized methylbenzothiophenes, Saftic' et al. (1992) 

observed that this prediction held m e  for the metabolism of 2-, 3-, 4-, 5. and 6- 

methylbenzothiophene and 2,3-dimethylbenzothiophene. However, the metabolism of 7- 
meth y lbenzo thiophene yielded the 2.34one. suifoxide, and sulfone, in addition to several 

unidentifid products. The ring numbering convention for benzothiophene is shown below. 

A subsequent report (Kropp et al., 1994) described the abiiities of three other 

Pseudomonas strains to nansform benzothiophene and each of the six isomers of 
methylbenzothiophene. Sulfoxides and sulfones were fiequently detected and these were 
the most abundant products from 2- and 3-methylbenzothiophene. 2,3-Diones were 
observed as metabolites of benzothiophene and methylbenzothiophenes with a meth y1 

group on the benzene nng. However, these new strains also oxidized the sulfur atom of 

benzothiophene to give the sulfoxide and sulfone. Two of the isolates oxidized the methyl 
groups of the methylbenzothiophenes producing benzothiophenemethanols and 
benzothiophenecarboxylic acids. Isomen of tolyl methyl sulfoxide were also observed as 

thiophene ring cleavage products from 6- and 7-meth ylbenzothiophene. Recentl y, Eaton 
and Nitterauer (1994) identified several metabolites of benzothiophene produced by 

isopropylbenzene-degrading bactena. These included 2-mercaptophenylglyoxalate and 

trans-4-[3-hydroxy-2-thienyl]-2-oxobut-3-enoate that resulted from the cleavap of the 
thiophene ring and the benzene ring, respectively. 

Kropp et al. (1994) observeci that some high-molecular-weight products were 
formed in cultures that were incubated in the presence of benzothiophene and those 
methylbenzothiophenes that had the methyl group on the benzene ring. The molecular 
weight of the product h m  benzothiophene was 234, consistent with the chexnical formula 
CI# 10s. Methylbenzothiophenes gave products which were 28 mass units larger than the 

product from benzothiophene. consistent with the formula C 1 g H 14s. This chapter 

describes the identification of these high-molecular-weight compounds and the mechanisrn 
of their formation. 



3.2 MATERIALS AND METHODS 

3.2.1 Chernicals 
Benzo[b]thiophene, benzo[b]naphtho[2,1-dlthiophene, and 1-phenylnaphthalene 

were purchased from Aldrich (Milwaukee, WI). 3-Merhylbenzo[b]thiophene was 

purchased from Lancaster Synthesis (Wmdham, NH). 1-MN and 2-phenylnaphthalene 

were purchased from nuka (Buchs, Switzerland). The methods given by Andersson 

(1986) were used for the syntheses of 2-, 4, 5. and 7-methylbenzothiophene and a 

mixture of 4- and 6-methylbenzothiophene. Sulfones of the benzothiophenes were 
synthesized by boiiing the sulfur-containing compound with H202 in acetic acid for 15 min 

(Bordwell et al., 1949). 

Crude preparations of the sulfoxides were prepared by oxidizing the 
benzothiophenes with horse heart cytochrorne c (Sigma, St. Louis. MO) and Hz02 by 

scaling up the method of Vaquez-Duhalt et al. (1993). Specifically, benzothiophene or 5- 
methylbenzothiophene was dissolved in acetoniaile to 10 mM. This was diluteci to 1 mM 
with 6 mM phosphate buffer (pH 6. l), and then cytochrome c, in the same buffer solution, 
and Hz02 were added to concentrations of 400 nM and 1 mM, respectively. The reaction 

was stirred briefly and left to sit for 1 h at room temperature (20 to 22OC). Because Hz02 

destroys the activity of cytochrome c, multiple hourly additions of the cytochrome and 
H202 were made over the course of two working days. The reaction mixture sat at room 

temperame between additions. On the third day. the reaction mixture was sanirated with 

sodium chloride and exaacted with diethylether to recover the products. In an attempt to 

produce enough benzothiophene suifoxide to purify by column chromatography. 94 mg of 

benzothiophene was used for the reaction describeci above, with a total of 15 additions of 
the cytochrome c and FI202 solutions. 

3.2.2 Bacterial cultures 

The isolation and characterization of Pseudornonas stcain W1 and Pseudomonas 
strain F (Kropp et al.. 1994; Satic' et al., 1993) have been described previously. A mixed 
culhm of petroleumdegrading bac teria, designated SLPB (Fedorak and Peakrnan, 1 992) 
was d s o  used. 

3.2.3 Culture methods and media 

The mineral medium used for growing cultures of isolates W1 and F in 
biotransformation studies was modified from that of Fedorak and Westlake (1984) by 

increasing the phosphate concentration 8-fold to provide mater buffer capacity at pH 7.0. 



The rnMied medium contained (per 900 rnL): NH@, 1.0 g; Na2S04,2.0 g; KNO3, 2.0 

g; FeS04-7H20, trace; trace m e t .  solution (Fedorak and Grbic'-Galic', 1991). 1 mL. To 
this was added 100 mL of a buffer prepared by adding a solution of KH2PO4 (4 @100 

mL) into a solution of K2HP04 (4 gl100 mL) until the pH was 7.0. The buffered medium 

was then sterilized by autoclaving. Prior to inoculation, 1.0 mL of a separately sterilized 
solution of MgS047H20 (4 gllûû mL) was added to each 200-mL portion of medium. 

The benzothiophenes studieù in biotraosforrnation experiments with strains W1 and 
F would not support the growth of these isolates. Thus, 1-MN or glucose was used as the 

growth substrate and the biotransformations of the benzothiophenes were observed. When 
1-MN was used, the cultures were inoculated with 10 mL of a 1-MN-grown maintenance 
culture that was transferred weekly. When glucose was used, a glucose-grown culture that 

had incubated for 2 to 3 days was used as the source of inoculum (1 mL). This glucose- 
grown seed culture was inoculated from a single colony of the desired isolate that had 

grown for 3 to 5 days on PCA @ifco, Detroit, MI), after having k e n  streaked from a 

maintenance culture grown with 1-MN. The growth substrates were sterilized separately 

and 50 mg were added per 200 mL of modified medium. Each 200-mL portion of medium 
dso received 2 to 5 mg of benzothiophene or a methylbenzothiophene, and the culture was 
incubated for 7 days (unless othenvise stated) prior to extraction. Occasionally, the amount 

of benzothiophene added to culnues was increased to as high as 45 mg per 200-rnL culture. 
For each biotransformation experiment, appropnate stenle controols were incubated to 
account for any abiotic transformations. Al1 cultures and controls were incubated at 28OC 

with shaking at 200 rpm. 
In experiments which deterrnined the amount of high-molecular-weight compound 

produced f-rom benzothiophene by strains W1 and F, cultures of these isolates were given 
daily. 20 pL of 1-MN into which 4.12 mg (31 pmol) of benzothiophene had been 

dissolved. These cultures were incubated in screw cap flasks to minirnize evaporative loss 
of the benzothiophene and were opened daily to replenish oxygen in the culture headspace. 
Mer 10 days of incubation, when each culture had received a total of 41.2 mg (310 p o l )  

of benzothiophene, each culture received 4 mg of benzo[b]naphtho[2.1 -dmiophene to 
serve as a surrogate standard to quantify the amount of high-molecular-weight product that 
had fomed. 

A rnixed culture, designated SLPB, was used in experiments to detemine if the 

high-molecular-weight praduct would be formed in the presence of crude oil. This culture 
was grown in 200 mL of mineral medium (Fedorak and Westlake, 1984) with 0.2 mL of 
Prudhoe Bay m d e  oil supplemented with 8 mg of benzothiophene. 



3.2.4 Analytical methods 
After incubation, the cultures were acidified with sulfuric acid to pH<2 and 

extracted with DCM (4 times 20 mL) to recover substrates and products. The extracts were 
dned over anhydrous Na2S04 and concenûated on a rotary evaporator. To screen for the 

presence of sulfur-containing products, the extracts were analyzed by GC using a 30 m 

DB-5 capillary column in an instrument equipped with a FLD and a sulfur-selective FPD 
(Fedorak and Grbic '-Galic ', 199 1). 

Routine CC-MS analyses were done with a Hewlett-Packard (J3P; Mississauga, 
ON) mode1 5890 GC fined with a 30 m DB-1 or DB-5 capillary colurnn and coupled to a 

5970 series mass selective detector (Safac' et al., 1993). In some instances, GC-MS was 

done by the personnel in the Mass Spectrometry Laboratory, Chemistry Department, 
University of Alberta. The instrument and conditions have been described previously 
(Fedorak and Westlake, 1986). 

3.2.5 Column cbromatography procedure 

To purify the polar products from the cytochrome c-mediated oxidation of 

benzothiophene, the silica gel column chromatography method of Fedorak and Andersson 
(1992) was followed with a few modifications. Specifically, the prepared column was 
developed with 5 rnL of n-pentane, 5 mL of DCM:n-pentane (20:80). and 25 rnL of 
DCM:n-pentane (5050) as previously reporteci (Fedorak and Andersson, 1992), but the 
volume of methano1:benzene (5050) used as the frnal solvent was increased from 30 mL to 
45 rnL. The fmt 50 rnL to elute from the colurnn were collected as the aromatic fiaction. 
The next 5-rnL fraction was collected and concenaated to 100 yL, and analyzed by GC to 
ensure that no thiophenes or polar compounds were present, confimung a clean separation 
of these compounds. The final 20 mL were collected to contain the polar compounds, 
namely the sulfoxide and sulfone of benzothiophene. 

3.2.6 Nickel boride desulfurization procedure 
To help determine the structure of some sulfur-containing, high-rnolecular-weight 

products, the nickel bonde desulfurization reaction of Back et al. (1992) was used. The 

procedure was verified using dibenzothiophene and benzo[b]naphtho[2.1-dJ thiophene 
which yielded biphenyl and 2-phenylnaphthaiene, respectively. 



3.3 RESULTS 

3.3.1 Identification of the high-molecular-weight compound from 
benzothiophene 

DCM-extracts of the benzothiophene-containing medium that had k e n  incubated 

with either of the Pseudomo~s isolates showed the presence of a hi@-molecular-weight, 

sulfur-containkg compound that eluted h m  the GC column at a late retention time. GC- 

MS analysis gave a mass spectrum for the compound with a strong molecula. ion at m/z 
234 (Figure 3.1). corresponding to the empirical formula C16HloS. Figure 3.2 shows 

four products with this chemicai formula that could arise from a condensation reaction 

between two molecules of benzothiophene with the loss of two atorns of H and one atom of 
S. These include the three isomers with a central thiophene ring. the benzonaphtho- 

thiophenes, and one example of a condensation product with a peripherd thiophene ring, 
phenanthro[2,1-blthiophene. The mass spectrum of the compound found in culnire extracts 

was very similar to that of benzo[b]naphtho[ 1.2-dlthiophene and the other two 

benzonaphthothiophenes (Karcher et al., 1985). 
The GC retention time of the hi&-molecular-weight metabolite did not match that of 

an authentic standard of benzo[b] naphtho[2,1-4 thiophene (compound III), therefore it was 

not this isomer of benzonaphthothiophene. No authentic standards of the other possible 

sulfur-containing compounds shown in Figure 3.2 were available, so the nickel bonde 

desulfurization reaction was used to identify the high-molecular-weight compound. This 

reaction distinguishes between benzo[b]naphtho[1,2-athiophene (compound 1) and 

benzo[b]naphtho[2,3-dlthiophene (compound II) because the former gives 1-phenyl- 

naphthalene (compound V) and the latter gives 2-phenylnaphthalene (compound W) upon 

desulfurization. These two isomers of phenylnaphthalene were ~ a d i l y  separated by the GC 

method used. 
Desulfurization of the high-molecular-weight metabolite yielded a product with the 

same GC retention t h e  as 1-phenylnaphthaiene (compound V. Figure 3.2). The mass 
spectrum of the desulfurized metabolite is shown in Figure 3.3a and it matches that of 

authentic 1 -phenylnaphthalene shown in Figure 3.3 b. Thus, the high-molecular-weight 

product was benzo [blnaphtho [ l,2-6] thiophene (compound 1, Figure 3.2). 

3.3.2 Verifkation that the formation of benzo[b]naphtho[l,2-d]t hiop hene 
was microbially-mediated 

Evidence suggested that the formation of benzo[b]naphtho[1,2-dJ thiophene in 1 - 
MN- or glucose-grown cultures of isolates W1 and F was rnicrobially-mediated. For 



example, the high-molecular-weight compound never formed in the sterile controls that 

contauied medium and benzothiophene. Furthennorc, Gonçalves (1993) reported that when 

100 pg/mL of chloramphenicol was added to the ce11 suspension of isolate SB(G), the 
high-molecular-weight compowd was not fomed h m  benzothiophene. 

Haines et al. (1956) and Andersson and Bobinger (1992) identified 

benzo[b ]naphtho[2,1-athiophene as a photooxidation product of benzothiophene. To 
verify that the condensation product was not the result of a photochemical reaction. 

duplicate cultures of isolate W1 were grown on 1-MN in the presence of benzothiophene 
and duplicate sterile controls were incubatecl with these cultures. One flask of the inoculated 

cultures and one of the sterile conaols were wrapped in aluminum foi1 to prevent light kom 

reaching the benzothiophene-containing medium, and the remaining two flasks were left 

uncovered. After 7 days of incubation, the contents of the flasks were extracted and 

analyzed by GC-FPD. The sterile controls contained no sulfur-containhg compounds other 

than the benzothiophene originaily added. On the other hand, GC analyses of the extracts 

from both of the cultures of isolate W1 showed the presence of the high-molecular-weight 

product regardless of whether or not the culture was incubated with the exclusion of light. 
These results clearly indicate that the formation of benzo[b]naphtho[1,2-dthiophene in 

culnues containing benzothiophene was microbially-mediated and was not the result of a 
photochemical reaction of benzothiophene or of a photochemical reaction of the microbial 

metabolites of benzothiophene oxidation. 

Evaluations of some laboratory methods were done to verify that the formation of 

benzo[b] nap htho[1,2-6] thiophene did not occur during culture extraction or preparation for 
GC analysis. To ensure that the formation of the high-molecular-weight condensation 

product was not caused by the acidification to p H 4  prior to extraction, duplicate cultures 

of isolate W1, grown for 7 days on 1-MN in the presence of benzothiophene were 

extracted and analyzed One of these cultures was acidifiai to pHQ prior to extraction, and 

the other culture was extracted at neutral pH. GC analyses showed that both of the culture 

extracts contained benzo[b]naphtho [ 1 &d]th.iophene. 

To ensure that the formation of benzo[b]naphtho[1,2-dlthiophene was not an 
artifact of some other aspect of the liquid-liquid extraction procedure which was routinely 
used. another method to recover the high-molecular-weight product h m  aqueous cultures 

was used. In this case. a 200-mL culture of isolate F grown on 1-MN in the presence of 25 

mg of benzothiophene for 7 days, was freeze-dned overnight The residue was washed 
with acetoninile, and after concentraring under nitrogen, the wash was analyzed by CC 

which confmed the presence of benzo[b]naphtho[l.2-6]thiophene. A 200-mL sterile 

control containing 1-MN and 25 mg of benzothiophene was carried through the same 



procedure and no condensation product was detected in the acetonitrile wash of the freeze- 

dned matenal. These experiments confïmed that the formation of benzo[b]naphtho[l,î- 

athiophene was not caused by the conditions of the liquid-liquid extraction procedure that 
was routinely used. 

3.3.3 Dimethylbenzonaphthothiophenes from methylbenzot hiophenes 
In addition to the formation of benmDJnap htho[l,2-d] thiophene from 

benzothiophene, the fomiation of high-molecular-weight products nom 4-, 5-. 6-, and 7- 

methylbenwthiophenes in cultures of isolates SB(G), W1, and F was observeci (Kropp et 

of., 1994). All of these pmducts gave very similar mass specaa with an abundant molecular 
ion at m/z 262, with few fragmentations. This molecular weight is consistent with the 
empirical formula C 18H14S, which is 28 mass units greater than benzo[b] naphtho[ 1.2- 

d] thiop hene, suggesting dimethyl-substituted products. The mass specmim shown in 

Figure 3.4a is that of the product which was f o d  fiom 5methylbenzothiophene in a 1 - 
MN-grown culture of isolate F. The proposed structure shown in Figure 3.4a has the 

methyl groups substituted at positions 3 and 10 of the benzo[b]naphtho[l,2-djthiophene 

nucleus, which is consistent with the condensation mechanism discussed later. If 5- 

methylbenzothiophene condenses by the same mechanism which gives benzo[b]naph- 
tho[1,2-athiophene h m  benzothiophene, then 3.10-dimethylbenzo[b]naph tho[1,2- 

athiophene is postulateci to be the condensation product fiom 5-meth ylbenzo thiophene. 

This high-molecular-weight product was desulfurized with nickel boride to give a 
compound with a molecular weight of 232 (Figure 3.4b). This is consistent with a 

dimethyl-substituted 1-phenylnaphthalene. The fragments at m/z 2 17 and m/z 202 represent 

the loss of one and two methyl groups, respectively. However, no authentic standard was 
available to positively idennfy this compound. 

3.3.4 Methyl-substituted benzonaphthothiophenes from a mixture of 
benzothiophene and 5-methylbenzothiop hene 

When isolate F was incubated with 1-MN in the presence of both benzothiophene 

and 5-methylbenzothiophene. four high-rnolecular-weight products were detected. Two of 

these had the same retention t h e s  and mass spectra as benzo[b]naphtho[l,2-dlthiophene 
and 3.10-dimethylbenzo[b]naphtho[ 1.2-4 thiophene which were previously identified as 
products from benzothiophene and 5-methylbenzothiophene, respectively. The other two 

products eluted between the unsubstihited and dimethyl-substituted benzo[b]naphtho[l,2- 

athiophenes during GC analysis. These both gave very sirnilar mass specaa, so only one 
is shown (Figure 3.5). with a strong molecular ion at m/z 248. This molecular weight is 



consistent with the two possible monornethyl-substituted benzo[b] nap h tho[ l,2- 
dthiophenes which could form by the condensation of a molecule of benzothiophene with 

a molecule of 5-rnethylbenzothiophene. 

3.3.5 Mechanism of formation of benzo[b]naphtho[l,Z-dlthiophene 
Figure 3.6 shows six possible schemes that might lead to an initial Diels-Aider 

condensation reaction, the product of which could undergo subsequent reactions leading to 
the formation of benzo[b]naphtho[l,2-athiophene. The goal of this work was to determine 

which of these schemes was the most Iikely mechanism for the initiai condensation step. 
Benzo[b]naphtho[1,2-athiophene was never fomed in sterile controls containing 
benzothiophene, eliminating Scheme A and indicating the important role of the bacterial 
isolates in mediating the formation of these condensation products. It was postulated that 
after microbial oxidation of benzothiophene to the sulfoxide or sulfone, an abiotic 

condensation reaction occurred, leading to the formation of the high-molecular-weight 
product (Schemes B to F). Extracts of benzothiophene-containing cultures of isolates 

SB(G), W 1, and F, in which benzo[b]naphtho[l,2-dJ thiophene had been first identifid, 

always contained benzothiophene and its sulfoxide and sulfone (Kropp et al., 1994). 

The possibility that benzothiophene suifone condensed with either benzothiophene 
(Scheme C) or another molecule of benzothiophene sulfone (Scheme F) to give 
benzo[b]naphtho[l,2-dlthiophene was easily tested using synthesized benzothiophene 

sulfone. Benzo[b]naphtho[l,2-miophene was not detected in exBacts of cultures of 

isolates W1 or F grown on either 1-MN or glucose in the presence of benzothiophene 
sulfone, nor in sterile controls containing glucose or 1-MN and a mixture of 
benzothiophene sulfone and benzothiophene. Therefore, neither Schemes C nor F lead to 
the formation of benzo[b]naphtho[l,2-dthiophene. 

Hence. it appeared that the condensation reaction to give benzo[b]naphtho[l.2- 
djthiophene involved benzothiophene sulfoxide (Scheme B, D, or E) which could not be 
synthesized by chemical means. Thus, the method of Vaquez-Duhalt et al. (1993), using 
cytochrome c and H202, was scaled up to synthesize a modest amount of sulfoxide £rom 

94 mg of benzothiophene. However GC-FPD analysis of ether exmcts of the reaction 
mixture showed that little of the benzothiophene had been oxidized and that under these 

reaction conditions both the sulfoxide and sulfone of benzothiophene, dong with several 

other sulfur-containing compounds were formed. Interestingly. GC-MS analysis also 
showed that benzo[b]naphtho[l,Z-dthiophene was present in the exuact of the reaction 

mixture. GC-FiD analysis, using comrnercially available benzo[bjnaphtho[2.1-d] thiophene 
as a quantitative standard, showed that 1.4 mg of the high-molecular-weight product had 



fomKd in this reaction. This observation demonstratecl that active rnicrobial growth was not 

required for the formation of the condensation product The cytochrome c-catalyzed 

oxidation of benzothiophene was sufficient to promote the formation of 

benzo[b]naphtho[l.2-rnthiophene. 

The polar compounds benzothiophene sulfoxide and benzothiophene sulfone were 

separafed Born the excess benzothiophene and the condensation product by silica gel 

column chromatography. GC analysis revealed that the fhst 50 mL of solvent collected 

h m  the column contained the benzothiophene and benzo[b]naphtho[l.2-athiophene that 
had been present in the extract of the cytochrome c reaction mixture. The next 5 mL of 

solvent to elute fiom the column was concentrated approximately 50-fold, and GC analysis 

of the concenmte showed no sulfur-containing compounds. This confrmed that al1 the 

benzothiophene and benzo[b]naphtho[ l,2-dJ thiophene had eluted in the fust 50 mL of 

eluent and that none of the oxidized products had eluted. GC-MS analysis showed that the 

1 s t  20 rnL of methanol-benzene to elute conrainesi benzothiophene sulfoxide and sulfone. 

Furthemore, GC-MS analysis showed benzo[b]naphtho[l.2-athiophene in this polar 
fraction. This suggested that the high-molecular-weight product was formed by abiotic 

condensation of the compounds present in the polar hction thereby ruling out Scheme B. 
The benzo[b]naphtho[l,2-miophene formation during silica gel column chromatography 

is consistent with the enhancement of the rate of Diels-Alder reactions by absorption ont0 

silica gel as has been previously reporteci (Veselovsky et al.. 1988). 

The cytochrome c-catalyzed oxidation procedure was also done with a mixture of 
benzothiophene and 5-methylbenzothiophene. GC-MS analysis of the ether extract of the 

reaction mixture showed that it contained benzothiophene, 5-methy lbenzothiophene, the 
corresponding sulfones, benzothiophene sulfoxide, benzo[b]naphtho[ 1.2-dl thiophene. two 
isomers of mono-methyl benzo[b]naphtho[ l,2-dJ thiophene and a dimethylbenzo[b]naph- 

tho[I -2-4thiophene. Interestingly. no 5-methylbenzothiophene sulfoxide was detected in 
the extract, presurnably because it readily reacted to fonn the condensation products or was 

readily oxidized further to the respective sulfone. Alternatively. al1 of this sulfoxide may 
have decomposed in the GC injection port liner (Fedorak and Andersson, 1992). 

The observations from the cytochrome-c oxidation of the mixture of 

benzothiophene and 5-methylbenzothiophene provided a simple means to determine 
whether or not the sulfones played a role in the condensation mechanism (Scheme E). 
Benzothiophene (14 mg) and 3 mg of chernically synthesized 5-methylbenzothiophene 
sulfone were added to a reaction mixture containing cytochrome c and H202. At the end of 

the reaction time. the mixture was extracted and analyzed by GC-MS which showed that 

the only high-molecular-weight product that formed was benzo[b]nap h tho [ l , 2  - 



d] thiophene. This indicated that the condensation did not involve the sulfone, because if it 

had, the 5-methylbenzothiophene sulfone would have reacted with the benzothiophene 

sulfoxide (formed by the cytochrome c oxidation) to give a mono-methyl 

benzolb] nap htho[ l,2-dl thiophene. To funher verify this, the cytochrome c oxidation 

procedure was done with 5 mg of 5-methylbenzothiophene and 13 mg of chemically 

synthesized benzothiophene sulfone. If the sulfone was involved in the condensation 

rnechanism, then a mono-methylated condensation product would have k e n  detected. 

However. the only condensation product present was a dimethylbenzo[b]naphtho [ 1.2- 

dlthiophene which formed through the condensation of two moIecuIes of 5- 

methylbenzothiophene sulfoxide, produced by the cytochrome c oxidation. Thus, Scheme 

D describes the formation of benzo[b]naphtho[l,2-dJthiophene from benzothiophene 

sulfoxide. 
Based on these observations, the rnechanism shown in Figure 3.7 was proposed, 

whereby two molecules of benzothiophene sulfoxide, produced by bacterial or cytochrome 

c oxidation of benzothiophene, condense by a Diels-Alders type mechanism with the 

subsequent loss of one atom of sulfur, two atoms of hydrogen and two atoms of oxygen 

resulting in the formation of benzo[b]naphtho[l,2-dlthiophene. The sulfoxide of  

benzothiophene functions as both diene and dienophile in this reaction. The last two steps 

in the mechanism are considered to be abiotic because of the observed formation of the 

condensation product in the polar fraction obtained by silica gel chromatography. 

The methyl- and dimethyl-substimted benzo[b Jnaphtho[ 1,2-athiophenes observed 

in cultures of isolates SB(G), W 1, and F (Kropp et al., 1994) are believed to form by the 

same mechanism. Although the sulfoxides of 2-methyibenzothiophene and 3- 
methylbenzothiophene have been observed in other studies (Fedorak and Grbic'-Galic *. 

199 1; Kropp et al., 1994; Safuc' et al., 1992), condensation products from these isomers 

were never detected (Kropp et al., 1994). This is consistent with the mechanism shown in 

Figure 3.7. because the condensation would be hindered by a methyl group on the 
thiophene ring. 

Table 3.1 s d z e s  the high-molecular-weight products found in various cultures 

incubated with methylbenzothiophenes. Assuming the mechanism given in Figure 3.7 
applies to ali of these condensation reactions, the postulated identities of the methyl- and 
dimethyl-substituted benzo[b]naphtho[l,2-athiophenes are aven in Table 3.1. However. 

no authentic standards were available to unequivocally identEy these compounds. Aithough 

it is possible that four isomers of dimethyl-substituted benzo[b]naphtho[l,2-djthiophene 

could be formed from the mixture of 4- and 6-methylbenzothiophene. only two peaks on 



the gas chromatogram were detectcd. However, these peaks may have con tained CO-eluting 
isomers, 

3.3.6 Quantification of the amount of benzo[b]nap htho[l,2-dl t hiop hene 
produced by isolates W1 and F 

Cultures of isolates W1 and F that had k e n  incubated in screw cap flasks and had 

received 1-MN and benzothiophene daily for a period of 10 days were used to detemine 

the amount of benzo [blnap htho[ l , 2 4  thiophene produced. Peak areas from the GC-FID 
were compared to those of a known amount of the commercially available 

benzo[b]naphtho[2,1-d] thiophene added to the culture before extraction. These results 

showed that the 200-mL cultures of isolates W 1 and F produced 2.7 mg (1 1.4 pmol) and 

2.5 mg (10.7 pmol) of benzo[b]naphtho[l,2-dJthiophene, respectively, from 41.2 mg (310 
ymol) of benzothiophene. Because two molecules of benzothiopnene are required to 

condense to give one molecule of the condensation product, the maximum amount of 

benzo[b]naphtho[l,2-athiophene that could have fonned was 155 prnol. Thus, the 

amounts of benzo[b] naphtho[l,2-dlthiophene produced by isolates W 1 and F 
corresponded to yields of 7.4% and 6.9%. respectively. 

3.3.7 Formation of benzo[b]naphtho[l,2-athiophene by a mixed culture 
incubated with Prudhoe Bay crude oil 

The DCM extract from a 14-day-old culture of an oil-degrading mixed culture, 

SLPB. grown on benzothiophene-supplemented crude oil was analyzed by GC-FPD, and 

the extract from a sterile control was analyzed in the sarne manner (Figure 3.8). GC-MS 
analysis of the extract frorn the viable culture confumed the presence of the sulfoxide and 

sulfone of benzothiophene. and benzo [b]naphtho[ 1.2-4 thiophene. GC-RD analyses, 

using benzo[b]naphtho[2,1-athiophene as a quantitative standard, showed that 0.04 mg of 

the condensation product was fonned from the 8 mg of benzothiophene added to the oil. 
This amount of benzothiophene was approximately 5% of the weight of the oil added. In 

another experiment, 1 mg of benzothiophene was added, and the benzo[b]naphtho[l,2- 

dJ thiophene peak was just detectable in the culture extract 

3.4 DISCUSSION 
The oxidation of some of the benzothiophenes to their respective sulfoxides by the 

activity of the three Pseudomonus isolates SB(G) (Gonçalves et al., 1993), W 1. and F, or 
by the cytochrome c-catalyzed oxidation reaction, resulted in the formation of 

benzo [b jnap htho [ 1.2-d] thiophenes. Proving the involvement of sulfoxides in the 



condensation mechanism was complicated by the difficulty experienced in synthesizing and 

i s o i a ~ g  pure benzothiophene suIfoxide. Chernical methods of oxidiring the sulfur atom do 

not stop at the sulfoxide. but proceed to the sulfone. Vazquez-Duhalt et al. (1993) reported 

the oxidation of a nurnber of organosulfur compounds, including benzothiophene, to their 

respective sulfoxides by home heart c ytoc home c, in small-sale reactions. S ulfones were 
not detected by GC-MS and high performance liquid chromatography analyses in that 

report. In the current study, the synthesis of about 100 mg of benzothiophene sulfoxide 
was attempted using a scaled up version of their method. However, despite multiple 
additions of cytochrome c and H202, quantitative oxidization of the benzothiophene was 

not achieved. As well, the scaled up method yielded the sulfoxide and sulfone as 

detemlined by GC-MS analyses. The isolation of pure benzothiophene sulfoxide was 

M e r  complicated by the formation of the condensation product, benzo[b]naphtho[l,2- 
dJthiophene, fiom the benzothiophene sulfoxide in the reaction mixture and on the silica p l  

column. Although the atîempted synthesis of pure benzothiophene sulfoxide was 

unsuccessful. the formation of the condensation product in the cytochrome c-mediated 
oxidation reaction made it possible to detexmine that only the sulfoxides (Scheme D, Figure 

3.6) were involved in the condensation reaction. 

GC analyses of some of the extracts from cultures of isolates SB(G). W1, and F 

incubated in the presence of methylbenzothiophenes failed to detect the corresponding 

sulfoxide intermediates, although the dirnethylbenzonaphthothiophenes were detected 

(Kropp et al.. 1994). Likely, the sulfoxide had condensed to f o m  the high-molecular- 

weight product, or it had k e n  oxidized by the bacterial culture to the sulfone. However, it 
is possible that the undetected sulfuxides decomposed in the GC injection port liner 

(Fedorak and Andersson, 1992). 
There are a few reports on rnethods for the chernical synthesis of benzo[b]naph- 

tho[l,2-athiophene. For example, Davies et al. (1952) observed its formation as a rninor 

product when the reaction mixaire from the oxidaîion of benzothiophene to benzothiophene 
sulfone by H202 and acetic acid (Bordwell et al., 1949) was extracted with chloroform. 

dned and distilled under reduced pressure (boiling point 280°C at 15 mm Hg). Minor 
amounts of the sulfone of benm[b]naphtho[l,2-athiophene were also produced. In other 

studies (BordweLl et al., 195 1; Davies et al., 1952), 6aJ 1 b-dihydrobenzo[b]naphth0[1,2- 

athiophene sulfone was obtained in 80-908 yield from the controlled pyrolysis of 

benzothiophene sulfone (180-200°C in tenalin). The aromatization of this compound by 

sequential bromination and treatment with alcoholic potassium hydroxide followed by 
reduction of the sulfone with LiAIH4 has been used for the synthesis of 

benzo[b]naphtho[l .Zd]thiophene (Davies et al., 1952). This synthesis requires reaction 



conditions that are much more severe than those that lead to the formation of 
benzo[b]naphtho[ 1 thiophene h m  the mimbially-producd benzothiophene sulfoxide 

reported here. Indeed, the cytochrome c-catalyzed oxidation of benzothiophenes to their 

sulfoxides, that spontaneously condense, shouid sewe as a simple method for the spthesis 

of smail amounts of benzo[b]naphtho[l,2-d]thiophenes, although isolation of the 

condensation product h m  other sulfur-containing products will be required 
The microbially-mediated formation of benzonaphthothiophenes from 

benzothiophenes will produce cornpounds that are less volatile. l e s  water-soluble. and less 

mobile than the parent compounds. Whether this occurs in petroleum- or creosote- 

contaminated environments has yet to be detemiined. However. the laboratory tests using 

h d h o e  Bay crude oil supplemented with benzothiophene. to a concentration that was 

sufficient to allow detection of the metabolites. showed that a rnixed culture produced 

benzothiophene sulfoxide. benzothiophene sulfone, and benzo[b]naphtho[ 1.2-cilthiophene. 

Kropp et al. (1994) demonstrated that the microbid population in a river water sample also 
produced the benzothiophene sulfoxide from benzothiophene supplemented in crude oil. 

The presence of the microbiaily-produced sulfoxide may lead to the abiotic formation of the 

benzonaphthothiophene. These transformations would likely increase the recalcitrance of 

the residual petroleurn or creosote and rnay afkct its toxicity. 

As a generd rule, the larger the number of aromatic rings in a polycyclic aromatic 

molecuIe, the more recalcitrant it is to bidegradation. The condensation described in this 

chapter transforms a 2-Nig sulfur heterocycle into a 4 4 n g  sulfur heterocycle. which its 

presumably quite resistant to microbial attack. For exarnple, although the cornmercially 
available benzo[b] nap htho [2,1-d] thiophene has been oxidized to its sulfoxide by 

cytochrome c (Vaquez-Duhalt et ai., 1993). repeated attempts to demonstrate microbial 

transformation of this compound have failed (S. Saftic' and P.M. Fedorak. unpubiished 

results). In addition. the greater the number of aikyl carbons on an aromatic ring system, 

the more recalcitrant the molecule. For instance, naphthalene is more susceptible to 
biodegradation than are the Cpaphthalenes which are more susceptible to biodegradation 

than are the C2-naph thalenes (Fedorak and Westlake. 198 1). Similarl y. di benzo thiop hene 
is more susceptible to biodegraciaîion than are the Cl-dibenzothiophenes which are more 

susceptible to biodegradation than are the C2-dibenzothiophenes (Bayona et al., 1986: 

Fedorak and Westlake. 1983, 1984). The condensation reactions involving 
methylbenzothiophenes, that were demonstrated in the current study, yielded Cl- and CL- 

benzo[b] naphtho[ 1,2-athiophenes, which are likely more resistant to microbial 

degradation than benzo[b]naphtho[l.2-d] thiophene. 



Eastrnond et al. (1984) tested a variety of polycyclic aromatic hydrocarbons and 
structurally sirnilar polycyclic aromatic sulfur heterocycles for their toxicity to the 
zooplankton Daphnia magna. They observed LC50 values of 0.22 mg/L for 

benzo[b]naphtho[1,2-dthiophene and 63.7 mg/L for benzothiophene. Thus, the product of 
the microbidy-mediated condensation is more toxic than benzothiophene. However, 
benzo[b]naphtho[l.2-athiophene showed no mutagenicity in the standard Ames or pre- 
incubation Ames test (Pehy et al., 1983). 



Table 3.1 Postulated identities of methyl- and dimethyl-substituted benzonaphtho- 
thiophenes produced in cultures incubated with various methylbenzuthiophenes. 

Number of high- 
molecular-weight 
pmducts detected Postulateci identities Bacteriai strains 

S ubstratesa by GC-MS of productsb s tudiedC 

aBT=benzothiophene. 
bEksurning the rnechanism shown in Figure 3.7 applies. BNT = benzo[b]naphtho[ 1.2- 

athiophene. 
CNot ali strains were tested on each substrate. The results with strain SB(G) were reported by 
Gonçalves (1 993). 
d ~ h e  synthesis for 6-methylbenzothiophene yielded a mixture of this compound and 4- 

methylbenzothiophene. 
eunsubstituted benzo[b]naphtho[l,2-dj thiophene was also detected in these culturc extracts. 



Figure 3.1 From GC-MS analysis, the mass spectrum of the high-molecular-weight 
compound found in the extract of a culture of isolate W 1 incubated with 
benzothiophene. 



III 

Figure 3.2 Possible structures of the saur-containuig metabolite with rnolecular weight 
234. and the compounds that would be produced after desulfurization with 
nickel bonde. 1. Benzo[b]naphtho[l.2-dlthiophene: II. benzo[b]naphtho[2,3- 
dthiophene; III, benzo[b]naphtho[2,1-athiophene; IV, phenanthro[2.1- 
b] thiophene; V. 1-phenylnaphthdene; VI, 2-phenylnaphthalene; VU. 1 - 
eth ylphenanthrene. 



Figure 3.3 From GC-MS analyses, the mass spectrum of the desulfurized metabolite fkom 
isolate W1 incubated in the presence of benzothiophene (a) and the mas 
s p e c m  of authentic l -phenylnaphthalene (b). 



Figure 3.4 From GC-MS analyses. the rnass spectra of a sulfur-containing, high- 
molecular-weight compound found in the extract of a culture of isolate F 
grown on 1-MN in the presence of 5-methylbenzothiophene (a), and of the 
producr after nickel b r i d e  desulfurization of the high-molecular-weight 
compound (b). 



Figure 3.5 From GC-MS analysis, the mass spectrurn of one of the high-molecular- 
weight sulfur-contahhg metabolites detected in a culture of isolate F grown on 
1-MN in the presence of a mixture of benzothiophene and 5- 
meth y lbenzo thiophene. 



Scheme A 2 Benzothiophene- 

B Benzothiophene + Benzolhiophene sulfoxide -t 

C Benzothiopbene + Benzothiophene sulfone -F 

D 2 Benzothiophene suifoxide * 
E Benzothiophene suif'oxide + Benzothiophene sulfone 

F 2 Benzothiophene sulfone J 
Figure 3.6 Six possible schemes that might lead to a Diels-Alder condensation r e s u i ~ g  in 

the formation of benro[b]naphtho[l,î-a thiophene. 
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Figure 3.7 Proposed mechanism for the formation of benzo[b]nap htho[ 1.2-d] thiophene 
by abiotic condensation of mimbially-produced benzothiophene sdfoxide. 
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Figure 3.8 GC-FPD analysis of benzothiophene-supplemented Prudhoe Bay cmde oil 
extracted from a sterile control (a) and fiom a culture of the oil degrading 
rnixed culture SLPB afkr 14 days incubation @). Peak designation: A. C2- 
benzothiophene; B & C, C3-benzothiophenes; D, dibenzothiophe~e; E, F, & 
G, Cl-dibenzothiophenes; H, 1, J, & K, C2-dibenzothiophenes. 
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4. TRANSFORMATIONS OF SIX ISOMERS 
OF DIMETHYLBENZOTHIOPHENE BY 

THREE PSEUDOMONAS STRAINS* 

4.1 INTRODUCTION 
After carbon and hydrogen, sulfin is typically the third most abundant element in 

petroleurn, ranging from about 0.04 to 5 weight percent in conventional oils (Speight. 

1980). Sulfur is found in several organic foms, inctuding thiols, sulfdes and thiophenes. 

Biodegradation siudies of organosulfur compounds have primarily focused on 

those compounds found in the arornatic fiaction of petroleum or coal-derived liquids. These 

include benzothiophene, alkylated benzothiophenes, dibenzothiophene and alkylated 

dibenzothiophenes. There have been numerous investigations with dibenzothiophene, 

which is cornrnercially available to serve as a mode1 condensed thiophene (Crawford and 
Gupta, 1990; Hou and Laskin, 1976; Kodama et al., 1970, 1973; Laborde and Gibson. 

1977; Monticello et al., 1985). Dibenzothiophene and its alkyl-substituted analogues have 

been shown to be removed from the aromatic fraction of petroleum by microbial activity 

(Atlas et al., 198 1; Bayona et al., 1986; Fedorak and Westlake, 1983, 1984; Hostettler and 

Kvenvolden. 1994), although the identities of their metabolites were not detemiined in 

those studies. 
Analyses using GC-MS have dernonstrated the presence of C2-benzothiophenes in 

crude oils (Fedorak and Westlake, 1983; Westlake, 1983; Williams et al., l986), shale oils 
(Andersson, 1992; Willey et al., 1981), and coal ta. (Burchill et al., 1982). These may be 

ethylbenzothiophenes or dimediylbenzothiophenes, which have the sarne rnolecular weight 

and are difficult to distinguish by GC-MS analysis. Microbial activity has been shown to 
remove the C2-benzothiophenes from crude oil (Fedorak and Westlake, 1983, 1984; 

Westlake, 2983; Williams et al., 1986), however, little is known about the metabolites of 
these compounds, since C2-benzothiophenes are not commercially available. 

Benzothiophene and the methylbenzothiophenes do not appear to serve as growth 

substrates for aerobic bacteria, but biotransformation products have k e n  observed in 

cultures grown on other substrates. For example, Bohonos et al. (1977) used naphthalene 
as a growth substrate for mixed cultures and tentatively identified 2.3-dihydro- 

benzothiophene-2,3-diol, benzothiophene-2.3-dione and benzothiophene sulfoxide as 
metabolites of benzothiophene. The 2,3-dione was identifid in the extracu of cultures of 

Pseudomonos strain BT1 grown on 1-MN, glucose or peptone (Fedorak and GrbicO- 

A version of this chapter has been previously published. Kropp. K. G.. S. Saftic'. J. T. Andenson. and 
P. M. Fedorak. 1996. Biodegradation 2 S03-22 1. 
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Galic', 1991). Eaton and Nitterauer (1994) grew Pseudomonas putida RE204. an 
isopropylbenzene-degrading bactenum. on succinate and yeast exmct and identified t ram 
4-[3-hydroxy-2-thienyl]-2-oxobut-3-enoate as a product of cleavage of the homocyclic 
ring, and 2-mercaptophenylglyoxalate as a product of cleavage of the heterocyclic ring. 

They demonsfrated that the laiter compound cyclized to benzothiophene-2,3-dione when 
treated with acid. 

Sulfoxides, sulfones and 2.3-diones were commonly found as metabolites of 
benzothiophene and six methylbenzothiophenes in the DCM-extracts of acidifed cultures 
(Fedorak and Grbic'-Galic ', 199 1; Kropp et ai., 1994a; Saftic ' et ai.. 1992). Some of these 
cultures were also capable of oxidizing the methyl groups of the methylbenzothiophenes. 
yielding benzothiophene-methanols and benzothiophene-carboxylic acids (Kropp et al., 
1994a). Benzo[b] naph tho [ 1,241 thiophenes were identified as products of the abiotic 
condensation of microbially produced benzothiophene sulfoxide and some 
methylbenzothiophene sulfoxides (Kropp et al., 1994b). The only report on the rnicrobial 
metabolisrn of a dimethylbenzothiophene was by Saftic' et ai. (1992) who dernonstrated 
that 2.3-dimethylbenzothiophene was oxidized to its sulfone and sulfoxide by 

Pseudomonas strain BT 1. 
The objective of this work was to detect and identify sulfur-containing metabolites 

of six isomers of dimethylbenzothiophenes that were synthesized for this snidy. Three 
bacterial isolates were used for these investigations in which 1-MN or glucose served as the 

growth substrate. The ring numbering convention for benzothiophene is shown below. 

4.2 MATERIALS AND METHODS 

4.2.1 C bernicals 
The methods for the syntheses of 2.3-, 2,7-, 3 5 ,  3.7-, 4,6-, and 4.7- 

dimethylbenzothiophenes are given by Andersson (1986). These synthesized compounds 
were shown to be 299% pure by GC analyses. Sulfones of some of the dimethylbenzo- 
thiophenes were synthesized by boiling the dimethylbenzothiophene with Hz02 in acetic 



acid for 15 min. The structures of the sulfones were verified by GC-MS analyses which 
showed the correct molecuiar weight and by GC-FTLR analyses which showed strong 
absorptions in the regions of 1350-1300 c d  and 1 160-1 120 cm-l that are characteristic 
of sulfones (Shriner et of. 1980). 3-Methylbenzothiophene, 5-methylbenzothiophene and 

2-5-thiophenedicarboxylic acid were purchased from Lancaster Synthesis (Windharn, NH), 
and 1-MN was purchased h m  Fiuka (Buchs, Switzerlând). 

2-Methylbenzothiophene-3-carùoxylic acid was syndicsized from 2-methylbenzo- 
thiophene using a Friedel-Craft acylation with oxalyl chloride and alurninum chloride as 
cataiyst, according to the procedure of Sokol (1973). 2-Methyl-3-hydroxyrnethyl- 
benzothiophene was prepafed by chloromethylathg 2-methylbenzothiophene (Grummit and 
Buck, 1955) and hydrolysing the resulting chloride by the procedure of Baciocchi and 
Mandolini (1968). 2-Hydroxymethyl-3-methyIbenzothiophene was synthesized by 

bromination of 2,3-dirnethylbenzothiophene and hydrolysis (Baciocchi and Mandolini, 

1968). 
5-Methylbenzothiophene-2,3-dione and 7-methylbenzothiophene-2,3-dione were 

synthesized by the procedure of Hannoun et al. (1982). The structure and purity of the 
synthesized diones were confmed by determination of the melting points, which were the 
same as literature values. Using the general rnethods of Dickinson and Iddon (1970) and 

Stridsbeq and Allenmark (1974), authentic standards of 4,7-dimethylbenzothiophene- 
2(3H)-one and 4.7-dimethylbenzothiophene-3(2H)-one were prepared. The 2(3H)-one was 

synthesized by t r e a ~ g  4,7-dimethylbenzothiophene (50 mg) with n-butyllithium, tri-(n- 
butyl)borate, and H202, whereas the 3(2H)-one was synthesized from 2 g of 2,5- 

dimethylthiophenol (Aldrich. Milwaukee. WI) by treating it with chloroacetic acid, thionyl 
chlonde, and AICl3. Similarly, the 2(3H)-one and 3(2H)-one of 4.6-dirnethylbenzo- 

thiophene were synthesized from 4,6-dimethylbenzothiophene (20 mg) and from 3,s- 
dimethylthiophenol (1 g, Aldrich), respectively. The 2(3H)-ones, present in analytical 
arnounts, and the 3(2H)-ones of 4,6- and 4,7-dimethylbenzothiophene were recovered 

from reac tion mixtures by extraction and maintaineci as solutions in DCM to minimize the 
chance of air oxidation of the products (Fnedlhder. 1906). GC-MS analyses of these 
solutions showed that extracts of reaction mixtures frorn each synthesis containeci a single 
abundant cornpound with the molecular weight of the desired product. 

4.2.2 Bacterial cultures 
The isolation and characteristics of Pseudomonas strain BT1 were described by 

Fedorak and Grbic'-Galic' (1991). The isolation of Pseudomonas strain W1 and 

Pseudomonas s ~ a i n  F has also k e n  described previously (Saftic' et al., 1993). 



4.2.3 Culture methods and medium 
Growing cells of isolates BTl, W1 and F were used for biotransfomation studies. 

Bezause these isolates would not grow on the benzothiophenes, the growth substrates used 
were 1-MN or glucose. When 1-MN was used, the cultures were inoculated with 10 mL of 
a 1-MN-grown maintenance culture that was t r ans fed  weekly. When glucose was used, 
a glucose-grown culture that had been incubated for 2 to 3 days was used as the source of 
inoculum (1 mL). This glucose-grown seed culhm was inoculated fiom a single colony of 
the desired isolate that had been streaked ont0 PCA (Difco, Detroit, MI) 3 to 5 days earlier 
from a maintenance culture grown with 1-MN. Cultures were grown at 2g°C in 500-mL 
shake-flasks containing 200 rnL of liquid minerai medium supplemented with a trace metals 
solution (Kropp et al., 1994b). Each 200-mL portion of medium was supplemented with 
50 mg of one of the growth substrates and 2 to 5 mg of the dimethylbenzothiophene. 
Unless otherwise noted. these cultures were incubated for 7 days prior to extraction. For 
each biotransformation experiment, appropriate sterile controls were incubated to account 
for any abiotic transformations. 

4.2.4 Anal ytical methods 

After incubation, the cultures were acidified with sulfuric acid to pHc2 and 
exuacted with DCM (4 tirnes 20 mL) to recover substrates and products. The extracts were 
dried over anhydrous Na2S04 and concenaated on a rotary evaporator. To screen for the 

presence of sulfurcontaining metabolites, the extracts were analyted by capillary GC using 
a 30-m DB-5 capillary colurnn in a HP (Mississauga, ON) mode1 5890 equipped with a 

FID and a sulfur-selective FPD. Details of the operating conditions were given by Fedorak 
and Grbic'-Galic' (1991). Details of the methods for GC-MS and GC-FIIR analyses have 
been descnbed previously (Saftic ' et al., 1993). 

To facilitate GC-MS identification of some of the metabolites, TMSderivatives of 

compounds in culture extracts were made by s i l y l a ~ g  with BSA in acetonitrile according 

to the manufacturer's instructions (Pierce, Rockford, IL; method 5). 
Some culture extracts containing compounds suspected of k ing  carboxylic acids 

(based on GC-MS analysis) were methyl-esterifieci using BF3 in methanol (Aldrich). 

Specifically, a portion of the extract was evaporated to dryness under nitmgen. The residue 
was then dissolved in 1.0 rnL of BFymethanol reagent and heated at 65OC for 9 min. After 

cooling. the mixture was added to 10 mL of DCM and washed with 10 rnL of 4 M aqueous 
NaCl solution. The aqueous phase was sepmted and extracted with 10 rnL of DCM. The 
two organic extracts were pooled, dned over anhydrous sodium sulfate, concentrated and 

analyzed by GC. 



4.3 RESULTS 

Nearly 30 sulfur-containing metabolites, from the six isomers of 

dirnethylbenzothiophenes, were detected and identified during this smdy. None of the 
transformation products described below were detected in the sterile controls, thus they 
were a l l  products of bacterial oxidations. Active growth of the cultures on 1-MN and 
glucose, as indicated by hirbidity increases, occmed within the first 3 days of incubation. 

However, most of the cultures were incubated for 7 days prior to extraction, and those 

sulfur-containhg metabolites that remained were identified. With the exception of the 
cultures of isolate BT1 grown in medium containhg 3,5-dimethylbenzothiophene, all  of the 
extracts of the 7-day-old cultures contained residual dimethylbenzothiophene that had not 
been oxidized by the Pseudomonm strains. 

4.3.1 Metabolites from 2J-dimethylbenzothiopbene 
GC-FPD analysis of an extract of a culture of isolate W1 grown on glucose in 

liquid medium containhg 2.3-dimethylbenzothiophene revealed several sulfur-containing 
metabolites. GC-MS analysis showed that the most abundant of these gave a mass 
spectmm that was the same as that of 2.3-dimethylbenzothiophene sulfoxide identified by 

Safàc' et al. (1992). E l u ~ g  imrnediately afier the sulfoxide was a smaller peak which gave 

a mass spectrum with a molecular ion of m/z 194 and base peak at m/z 151. This spectrum 
was the same as that of an authentic standard of 2.3-dimethylbenzothiophene sulfone. 

Two other sulfur-containing metabolites eluted before the sulfoxide of 2.3- 
dimethylbenzothiophene. These two products eluted within 0.5 min of each other and gave 

identical mass spectra (Figures 4.la and 4.lb). The molecular ion for each of these was at 

m/z 178 which was consistent with the structures of hydroxy-substituted 2,3- 
dimethyibenzoihiophenes. Loss of OH (M-17)+ would give the fragment at m/z 161. An 

authentic standard of 2-methyl-3-hydroxymethylbenzothiophene had an identical mass 
spectrum (Figure 4. Ic) to those of the metabolites (Figures 4. la and 4. lb). The retention 
t h e  of this standard matched that of the metabolite that was first to elute, indicating that the 

hydroxy substitution was on the methyl group at position 3. The metabolite that was later to 
elute is likely 2-hydroxymethyl-3-methylbenzothiophene. These types of compounds are 

refemd to as methanols. 

TMS-derivatives were prepared using BSA. and the mass spectrum and retention 
time of the derivatized methanol wiih the shorter retention time matched that of the TMS- 
derivative of an authen tic standard of 2-meth yl-3-hydrox yrnethyl benzothiop hene. The O ther 
methanol metabolite also reacted to give a TMS-derivative. 





a rninor metabolite. Small amounts of both methanol isomers were found in the extract of 

the glucose-grown culture. 

4.3.2 Metabolites from 2,7=dirnethylbenzothiophene 
Three abundant sulfur-containing metabolites were detected during the GC-FPD 

analysis of an extract of a culture of isolate W1 grown on glucose in medium containing 
2,7-dimethylbenzothiophene. The metabolite that eluted last gave the mass spectmm shown 
in Figure 4.4. The molecular ion was at m/z 192 with a major fragment at m/z 147 (M- 

45)+, corresponding to the loss of COOH, suggesting that one of the methyl groups had 
been oxidized to a carboxylic acid. The TMS-denvative was prepared and its mass 
spectrurn was very similar to that shown in Figure 4.2b with the molecular ion at rdz 264, 

and abundant ions at m/z 249 (M-15)+, 175 @Mg)+, and 147 (M-117)+. There was also 
an abundant bgment at d z  205 (M-59)+, a characteristic fragmentation of TMS esters of 

carboxylic acids. 
GC-MS analysis revealed that a second sulfur-containhg metabolite in the extract of 

this culture gave a mass spectrum (Figure 4Sa) with the molecular ion at m/z 178, 

consisent with the metabolite being the sulfoxide of 2,7-dimethylbenzothiophene. The 
fragments at m/z 163, 162 and 161 correspond to the losses of CH3, O and OH, 

respectively. The base peak at rn/z 135 may be the result of the loss of the oxygen atom, the 

C-2 atom and the C-2 methyl group (M-43)+. Porter (1967) demonstrated the loss of the 
C-2 atom and the C-2 methyl group (M-27)+ from 2-methylbenzothiophene. GC-FTIR 

analysis of this extract showed that the metaboüte gave a stmng absorption at 1089 cm-l 
(Figure 4.5b) which is characteristic of a sulfoxide (Shriner et al., 1980). 

GC-MS analysis showed that the third sulfurîontaining metabolite in this extract 
had a molecular ion, which was the base peak, at m/z 178. Other abundant ions were at m/z 
16 1, 149, 134 and 1 15. These ions were found in the spectrum of 2-methyl-3- 

hydroxymethylbenzothiophene (Figure 4.1), suggesting that this metabolite was the result 

of the microbial oxidation of one of the methyl groups of 2,7-hethylbenzothiophene to 

yield a methanol. GC-MS analysis of this extract after it was treated with BSA showed the 

loss of this peak and the apearance of a new peak with a molecular ion at d z  250, and a 
base peak at m/z 161, resuloing from the loss of OSi(CH3)3. This is consistent with the 

formation of a TMS-derivative of a hydroxymethyl-methylbenzothiophene. 
GC-FPD analysis of the DCM extract of isolate BT1 grown on 1-MN with 2,7- 

dimethylbenzothiophene showed a single, major sulfur-containinp metabolite. The mass 
and FTIR spectra of this compound were nearly identical to those shown in Figure 4.5. 

Thus. the metabolite was 2,7-dimethylbenzothiophene sulfoxide. GC-FT[R analysis 



showed two different spectra existed within the peak of the sulfoxide. Closer examinaiion 
showed that a second cornpound eluted on the tail of the suifoxide peak. Its FTIR s p e c m  

had two strong absorptions at 1327 and 1 160 cm-l which are the sarne as an authentic 

standard of 2.7-dimethylbenzothiophene sulfone. The sulfone could not be detected by 

GC-MS analysis of this extract. Isolate BTl also produced a smaLl arnount of a single 

isomer of methylbenzothiophene-carboxylic acid widi a mass specaum similar to that of the 

acid product h m  isolate W1 shown in figure 4.4. 

GC-MS analysis of an exmct of a culture of isolate F grown on 1-MN in liquid 
medium con taining 2,7-dimethylbenzothiop hene showed four sulfur-containing produc ts. 

The metabolites were: a methyibenzothiophene-carboxylic acid; 2,7-dirnethyl- 
benmthiophene sulfoxide; and two isorners of the hydroxymethyl-methylbenzothiophenes. 
The same metabolites were detected when isolate F was grown on glucose in the presence 

of 2.7-dimethylbenzothiophene. The sulfone of 2,74irnethylbenzothiophene was not 

detected in any of the extracts of isolates F or W1. 

4.3.3 Metabolites from 3,5-dimethylbenzothiophene 
Four metabolites were detected by GC-FPD analysis of an extract of a culture of 

isolate W 1 grown in medium with glucose and 3.5-dimethylbenzothiophene. CC-MS 
analysis showed that two of these compounds had vimially identical mass spectra (Figure 

4.6). with the molecular ion at m/z 192. The major ions at rn/z 175 and 147 are the (M- 
17)+ and (M-45)+ ions, corresponding to the loss of OH and COOH, respectively. These 
data suggested that the metabolites were the results of oxidation of each of the two methyl 

substituents to carboxyl groups resulting in two methylbenzothiophene-carboxylic acids. 

The ion at m/z 147 was observed in Figures. 4.3,4.4 and 4.6. however the ion at m/z 175 
was observed in the carboxylic acids from 3,s-dimethylbenzodiiophene (Figure 4.6) and 

2,7-dimethylbenzothiophene (Figure 4.4). but was not as abundant as the ion at m/z 174 

(M-18)+ in the acids from 2,3-dimethylbenzothiophene (Figure 4.3). The methyl group 
adjacent to the carboxy group in the acids h m  2.3-dimethylbenzothiophene facilitated the 
loss of H20, rather than OH. 

The methyl esters of these acids from 3.5-dimethylbenzothiophene were prepared 
by treating the culture extract with BF3 in methanol. GC-MS analysis of these methyl 

esters showed that they had a molecular ion at d z  206, and major Bagments at m/z 175 
(M-CH30)+, and 147 (M-CH30CO)+. These results are consistent with the metabolites 

king 3-methylbenzothiophene-5-carboxylic and 5-methylbenzothiophene-3-carboxylic 

acids. No standards of these two acids were available. but the methyl ester of authenac 2- 



methylbenzothiophene-3-carboxylic acid was prepared and its mass spectrum showed a 
rnolecular ion at rn/z 206, and abundant ions at rn/z 175 and 147. 

GC-MS analysis showed the other two sulfur-containing metabolites from 3,5- 

dimethylbenzothiophene had very similar mass specaa The molecular ion was at m/z 178. 
and the loss of OH gave an (M-17)+ fkagment at m/z 161. These results suggested that the 

metabolites were the products of oxidation of a methyl group to the corresponding 

methanol. ûther abundant ions were at m/z 149, 134 and 115. These ions were observed in 

the spectrum of authentic 2-methyl-3-hydroxymethylbenmthiophene (Figure 4.1). TMS- 
denvatives of these metabolites were prepared and their mass spectra showed a molecular 
ion at m/z 250, and the fragments at m/z 235, from the loss of CH3, and mlz. 161. from the 

loss of OSi(m3)3. Although these two products may be phenols. it is more likely that 

they are the products of the oxidation of the two methyl groups to methanols because two 
methylbenzothiophene-carboxylic acids were detected as metabolites from 3,s-dimethyl- 

benzothiophene (Figure 4.6). 
Sulfur-containhg metabolites detected from 3,5-dirnethylbenzothiophene in a 1 - 

MN-grown C U ~ N ~  of isolate F were the two methanols and a monocarboxylic acid. In the 

exrract fiom a glucose-grown culture of isolate F (with 3,s-dimethylbenzothiophene in the 

medium), a single methanol was detected, dong with two carboxylic acids arising from the 

oxidation of each of the two methyl groups. 
Surprisingly, no sulfur-containing metabolites were found in the exûacts of isolate 

BT1 grown for 7 days in the presence of 3.5-dimethylbenzothiophene. In addition, only 

trace amounts of residual3,S-dimethylbenmthiophene were found in these extracts. 

4.3.4 Metabolites from 3,7-dimethylbenzothiophene 
GC analysis of an extract of a culture of isolate W1 grown in glucose-containing 

medium with 3,7-dimethylbenzothiophene showed five sulhir-containing metabolites. The 
last two of these to elute gave mass spectra with base peaks at m/z 192, which were the 
molecular ions. The next most abundant fhgments were at m/z 147 and 175. These were 

consistent with the metabolites king methylbenzothiophene-carboxylic acids. The TMS- 
derivatives were prepared and the GC-MS analysis showed molecular ions at mlz 264 with 

major ûagments at 249,205 (base peak) 175 and 147. With the exception of the mass to 

charge ratio of the base peak, these spectra matched those of the TMS-denvatives of the 

methylbenzothiophene-carboxylic acids h m  2,3-dimethylbenrothiophene (Figure 4.2). 
The metabolite that eluted just prior to the carboxylic acids had a molecular ion at 

rn/z 178. This molecular weight results from the incorporation of a single oxygen atom into 

3.7-dimethylbenzothiophene. However, this metabolite did not react with the TMS- 



derivatizing reagents so it was not an alcohol or phenol. GC-FTIR analysis showed a 
strong absorption at 1069 cm- l which is characteristic of a sulfoxide. Thus, the metabolite 
was 3.7-dimethylknzothiophene suifoxide. h t e r e s ~ g l  y, no sulfone was detec t e d  

The fim two metabolites to elute from the GC-MS also had base peaks that were 

the molecular ions at mlz 178 and very similar mass spectra with major fiagrnena at m/z 
161, 149, 134, and 115, Wre those in Figure 4.1. Both of these producu reacted with BSA 

giving products with molecular ions at m/z 250. The data suggest that these two products 

are hyciroxy -subs tituted 3.7-dimeth y lbenmthiophenes, presumably medianols. 
GC-MS analyses of extracts of cultures of isolate F gown on glucose or 1-MN in 

medium containing 3.7-dimethylbenzothiophene showed that it produced the same five 
metabolites as isolate W1. Under the same growth conditions, the major metabolite 

produced by isolate BT1 was 3.7-dimethylbenzothiophene sulfoxide. In addition. a srna11 

amount of a metabolite with the same mass spectrum and retention time as authentic 3,7- 

dimethylbenzothiophene sulfone (M+ = i94) was detected in these extracts. When grown 

on glucose, isolate BT1 oxidized the rnethyl groups producing the two methanols fiom 3,7- 
dimethylbenzothiophene in addition to the sulfoxide and sulfone. 

4.3.5 Metaboli tes from 4,7-dimethylbenzothiophene 
GC-FPD analysis of an extract of a culture of isolate BTl grown on 1-MN in the 

presence of 4,7-dimethylbenzothiophene showed an abundant suifur-containing metabolite 

and several other minor products. nie mass spectrum of the most abundant rnetabolite 

(Figure 4.7a) showed a weak molecular ion at m/z 192. This molecular weight was 

consistent with the structure of 4.7-dimethylbenzothiophene-2.3-dione. The base peak ( d z  

164) resulted from the loss of CO (M-28)*. Subsequent loss of CHO gave the abundant 
fragment at m/z 135 (M-57)+. Fragments at (M-28)+ were found in the mass spectra of 

benzothiophene-2,3-dione (Fedorak and Grbic'-Galic', 1991) and 5-rnethylbenzo- 
thiophene-2.3-dione (Saftic' et al.. 1992). Similarly, the (M-57)+ was observed in the 

mass spectra of 5-methyl- and 7-methylbenzothiophene-2.3-diones (Saftic' et al., 1992). 
GC-FIIR analysis of this metabolite (Figure 4.7b) showed a single strong absorption at 
1726 cm-1, simüar to the absorptions at 1739 cmm1 and 1735 cm-1 observed for 5-methyl- 

and 7-methylbenzothiophene-2,3-diones, respectively. These data indicate that the most 

abundant metabolite was 4.7-dimethylberuothiophene-2.3-dione. 
Eluting before the 2.3-dione, and within 0.5 min of each other, were two sulfur- 

containing metabolites that each had a molecular weight of 178. The product with the 

shorter retention time fragmented to give ions at dz 163 (M-15)+ and 149 (M-29)+ 
(Figure 4.8a). whereas the product with the longer retention time showed an abundant 



fragment ion at m/z 150 (M-28)+ (Figure 4.8b). Although these products had a molecular 

weight that was consistent with the incorporation of a single atom of oxygen into 4.7- 

dimethylbenzothiophene, they did not show fragmentation patterns that were commonly 
observed with hydroxy-substitut& dimethylbenzodiiophenes, such as the loss of OH (M- 
17)+ (Figure 4.1). Furthemore, GC-FTIR analysis showed that the product with the 

shorter retention time gave a strong absorption at 1710 cmo1 (Figure 4.9a) whereas the 

other product gave a smog absorption at 1746 cm-1 (Figure 4.9b). nius, the oxygen atorn 
in each of these products was in a carbonyl group. 

It was speculated that these two products were 4,7-dimethytbenzothiophene- 
3 (2H)-one and 4,7-dime th ylbenzothiop hene-2(3H)-one, and these two compounds were 
synthesized. The former compound had the same retention tirne as the metabolite with the 

shorier retention tirne. and the same mass and FTIR spectra as shown in Figures 4.8a and 

4.9a. respec tively. The second metabolite (Figures 4.8 b and 4.9 b) had identical 
charac teristics to the authentic standard of 4.7-dimeth ylbenzo thio p hene-2(3H)-one. Thus, 
these OHO products were the keto tautomers of 3-hydroxy-4,7-dirnethy1benzothiophene and 

2-hydroxy-4.7-dimethy1benzothiophene. nie equilibrium for the keto-en01 tautomerism lies 

strongly toward the keto forrn so that the oxygen atom is observed to be in a carbonyl 
group during GC-FïIR analysis. 

In addition to these metabolites, there were several hi@-molecular-weigh & sulfur- 
containing products in this exûact that could not be identified. One had a rnolecular weight 
of 290 (Figure 4. IO), and was Likely a tetramethylbenzo[b]naphtho[ 1,2-d] thiophene 
(C20HlgS) which could arise from the condensation of two molecules of 4,7- 

dimethylbenzothiophene in an analogous rnanner to that by which benzo[b]naphtho[l,2- 
dJthiophene was formed from benzothiophene (Kropp et al., 1994b). 

Other high-molecular-weight compounds had molecular ions at m/z 292,308,322, 

324. 340. and 342. Many of these products gave spectra in which the loss of methyl 
groups fkom the molecular ion was an abundant fragmentation, suggesting that these were 
some forms of condensation products with numerous methyl groups arising from the 
dimethylbenzothiophene. These products may be intennediates in the condensation reaction 
which leads to formation of the temethylbenzonaphthothiophene. They may also be 
products of bacterial oxidation of the temethylbenzonaphthothiophene. The identification 
of these mhor products was not pursued 

When strains F and W1 were grown on 1-MN in the presence of 4.7- 

dimethylbenzothiophene. they produced 4.7-dimethylbenzothiophene-2,3-dione, 4.7- 

dimethylbenzothiophene-3(2H)-one, 4.7-dimethylbenzothiophene-2(3H)-one and high- 
molecular-weight sulfur-containing products with molecular ions at m/z 290 



(corresponding to C ~ O H ~ ~ S ) ,  292, 308, 322, 340, and 342. In addition, each strain 

produced two rnetabolites that had mass specm similar to those shown in Figure 4.6, with 
M+ = 192, and major fragments at m/z 175 (M- l7)+ and 147 (M-45)+. These fragments 

corresponded to the loss of OH and COOH, respectively, suggesting that the rnetabolites 
were the two possible monocarboxylic acids. To verify this, the TMScsters were prepared 
and OC-MS analysis gave the m a s  spectra with M+ = 264 and the fragmentation pattern: 
m/z 249 (M- 15)+ 205 (M-59)+, 175, and 147 as observe- in Figure 4.2. 

4.3.6 Metabolites from 4,6-dirnethyl benzothiophene 
In the extract of a 1-MN-grown culture of isolate BT1 incubated with 4,6- 

dimethylbenzothiophene was a metabolite with a weak molecular ion at m/z 192, a base 
peak at m/z 164 (M-28)+ and another abundant fragment at m/z 135 (M-57)+. This 

spectrum suggested that the metabolite was 4,6àimethylbenzothiophene-2,3-dione because 
it was very sirnilar to that of 4,7-dimethylbcnu>thiophene-23-dione identified by GC-MS 
and GC-FIIR analyses (Figure 4.7) of extracts of cultures of isolates W1, BTl, and F 

when grown on 1 -MN in the presence of 4,7dimethylbenzothiophene. 
Isolate BTl also oxidized 4,6dirnethylbenzothiophene to give two minor products 

which nearly coeluted duMg GC analysis. These metabolites had identical mass spectra to 

the 3(2H)-one and 2(3H)-one of 4.7-dimethylbenzothiophene (see Figure 4.8). To prove 

the identities of these two metabolites, 4,6-dimethylbenzothiophene-3(2H)-one and 4.6- 
dimethylbenzothiophene-2(3H)-one were synthesized. The metabolite that eluted fmt had 
the same retention time and mass spectrum as the authentic 3(2H)-one. Similady, the GC 

retention tirne and mass spectrum of the second metabolite matched those of the authentic 
2(3H)-one. 

This extract nom isolate BTl also contained several high-molecular-weig sulfur- 
containing products that were not identified. Among these were products with abundant 
molecular ions ai rn/z 290,322,324 and 340. The product with a molecular ion at m/z 290 
is consistent with the structure of a tetrarnethylbenzo[b]naphtho[1,2-d] thiophene 
(C20HlgS) and had a mass spectrum similar to the analagous high-molecular-weight 

product h m  4.7-dimethy lbenzothiophene (Figure 4.10). 
4.6-Dimethylbenzothiophene-2,3-dione was the major metabolite found in extracts 

of isolates F and W1 grown on 1-MN in the presence of 4.6dimethylbenzothiophene. Also 
found in these extracts were minor arnounts of the 3(2H)-one and 2(3H)-one of 4.6- 
dimethylbenzothiop hene. A mce amount of the high-molecular-weight product with a 
molecular weight of 290 ( C ~ O H ~ ~ S )  was detected in the extract from isolate F, but not in 

that of isolate W 1. 



4.3.7 Additional investigations with isolate BTl 
Further studies with strain BT1 were prompted by the observations that this 

bacterium completely removed 3,ldimethylbenzothiophene from its p w t h  medium after 

7 days of incubation and that no oxidation products were detected. When a culture was 

incubated for 1 day, its exuacts contained two isorners of hydroxymethyl- 

methylbenzothiophene and two isomers of methylbenzothiophene-carboxylic acid. No 

metabolites were found in a culture that was incubated for 3 days. Thus, isolate BTI 
oxidized the methyl groups of 3,5-dimethylbenzothiophene to methanols and carboxylic 

acids which were transient metabolites. 

It was hypothesized that this saain might oxidize both methyl groups, yielding a 
dicarboxylic acid that was too polar to be recovered by the extraction method used. Thus. 

3-, 5-, and 7-day-old cultures were adjusted to pH 12, fneze-dried and the residue fiom 
each culture was refluxed with methyl alcohol and a catalytic amount of sulfuric acid to 

fomi the methyl esters of any carboxyüc acids present. However, the hypothesized 
product, 3.5-benzothiophenedicarboxylic acid. was not detected by GC-MS analyses in 

any of the cultures. The validity of this method was verified using 2.5- 

thiophenedicarboxylic acid, which is too polar to extract into DCM from an aqueous 

solution at pH 2. Indeed, the dimethyl ester of this acid was readily detected by GC 
analysis after the heze-drying and esterification procedures. 

To determine whether strain BT1 could oxidize the methyl goups  of 3- 
methylbenzothiophene and 5-methylbenzothiophene, it was also grown on either 1-MN or 
glucose with one of these condensed thiophenes in the growth medium for 1, 3, or 14 

days. Interestingly, neither the methanol nor the carboxylic acid of these two isorners was 

detected after any incubation p e n d  

The ability of isolate BTI to grow on 1-naphthalenemethmol and 1-naphthoic acid 

(50 mg per 200-mL culture) was tested. Lag penods of 2 days and 6 days, respectively, 
were observed with these substrates. Stationary phase (OD600 = 0.3) was reached after 5 

days of incubation with 1-naphthalenemethano1. and after 8 days of incubation with 1- 

naphthoic acid. In conuast, stationary phase was reached after 1 day of incubation with 1- 

MN. 

4.4 DISCUSSION 
Six of the possible 15 isomers of dimethylbenzothiophene were used in this 

investigation. The isomers were chosen to have a variety of substitution patterns: both 

methyl groups on the thiophene ring (the 2,3- isomer); a methyl group on each of the rings 



(the 2,7-, 3.5- and 3,7- isomers); and both methyl groups on the benzene ring (the 4,6- and 

4,7- isomers). 

Table 4.1 summarizes the sulfur-containing metabolites detected in the extracts of 7- 

&y-old cultures of the three Pseudomu~s  strains studied. The plural enmes "methanols" 
and "carboxylic acids" indicate that two isomers of these compounds were found in the 

extracts. 

Sulfoxides and sulfones were detected from oniy those compounds with a methyl 

group on the thiophene ring (Le. the 2,3-, 2.7- and 3,7- isomers). In contrast, 2,3diones 

were detected £tom those compounds with no methyl groups on the thiophene ring (Le. the 

4,6- and 4,7- isomers). These Fuidings are consistent wiîh the predictions of Fedorak and 

Grbic'-Galic' (1 99 1) and observations of Safnc' et al. (1 992) with monomethyl- 

benzothiophenes, although in the latter study and in that of Kropp et al. (1994a) sulfoxides 

and sulfones were observed from some methylbenzothiophenes with unsubstituted 

thiophene rings. The 2,3-diones detected in these cultures (Table 4.1) likely existed as 

dirnethyl-substituted 2-mercaptophenylglyoxalates in the culture medium at neuaal pH. 

Lndeed, Eaton and Nitterauer (1994) showed that benzothiophene was mkrobially oxidized 

to 2-mercaptophenylglyoxalate which cyclized to benzothiophene-2,3-dione when 

acidifed. In this study. the cultures were routinely acidified prior to extraction. 
Although no sulfoxides were detected in the cultures incubated with 4,6- or 47-  

dimethylbenzothiophenes, they were very likely produced, and then subsequently reacted 
to give the high-molecular-weight products with the empirical formula C2oHlgS. Kropp et 

al. (1994b) demonstrated that two molecules of benzothiophene sulfoxide undergo an 
abiotic Diel-Alder-type condensation to fom benzo[b]naphtho[l,2-miophene. Kropp er 
al. (1 994a) detected dimethylbenzo[b] naphtho[l,l-athiophenes in cultures incubated with 

4-, 5-, 6- or 7-methylbenzothiophene. However, no high-molecular-weight products were 

detected fkom 2- or 3-methylbenzothiophene because the methyl group on the thiophene 
ring sterically hinders the condensation reaction. The empirical formula C20H 18s is 

consistent with teaamethylbenzo[b]naphtho[1,2-dJthiophens and these products were not 

found in the extracts of the cultures incubated with isomers of dimethylbenzothiophene 

with a methyl group on the thiophene ring (2.3-, 2,7-, 33-.  and 3.7- 

dimethylbenzothiophenes). The sulfoxides of these isomers. with the exception of the 3.5- 
isomer, were detected in culture extracts mble  4.1). 

The metabolism of 3,Sdimethylbenzothiophene was unique among the six isomers 
studied (Table 4.1). In the 7-day-old cultures of strains W1 and F, methanols and 

carboxylic acids were found, but no sulfoxide was detected. No metabolites were found in 



the extract of a 7-day-old culture of strain BTI. Methanols and carboxylic acids were 
transient intermediates in cultures of strain BTl. 

With the exception of 4,6-dimethylbenzothiophene, methyl group oxidation products 
were found in culture extracts from isolates W1 and F (Table 4.1). These isolates were 

known to produce methanols and carboxylic acids from rnethylbenzothiophenes (Kropp et 

al., 1994a) and methaools from some isomers of methyldibcnzothiophene (Saftic' et al., 

1993). ln addition. 1 -naphthalenemethano1 and 1-naphthoic acid were found to accumulate 

in cultures of saains W 1 and F grown on 1-MN (Kropp et al., 1994a), and neither of these 

oxidation products serve as growth substrates for these two isolates. In contrast, methanols 
or carboxylic acids were found in fewer extracts fiom 7-day-old cultures of isolate BT1 
(Table 4.1). Furthermore, 1-naphthalenemethano1 and 1-naphthoic acid were produced by 

isolate BT1 but they ody transiently accumulated in cultures of this isolate grown on 1-MN 
before they were funher degraded. Indeed, 1-naphthalenemethano1 and 1-naphthoic acid 
serve as growth substrates for strain BT1. 

Shidies on the bacterial metabolisrn of dirnethylnaphthalenes have shown that the 

methyl groups are also susceptible to oxidation. For example, Dean-Raymond and Bartha 
(1975) showed that although dimethylnaphthalenes would not support growth of their 

bacterial isolates that grew on naphthalene and methylnaphthalenes, 1,5- and 2,6- 
dirnethylnaphthalenes were oxidized to their corresponding monocarboxylic acids by 

naphthalene-grown r e s ~ g  ceus. Similady, Barnsley (1988) identified 2-hydroxymethyl-6- 
methylnaphthalene and 6-methyl-2-naphthalenecarboxylic acid as metabolites from 2.6- 

dimethylnaphthalene. In addition to the metabolites found by Barnsley (1 988), Miyac hi et 

al. (1993) detected 2,6-naphthalene dicarboxylic acid by HPLC analysis of fluids From 

cultures grown on 2.6-dimethylnaphthalene. 
Because of the aansient nature of the methanols and carboxylic acids produced h m  

3.5-dimethylbenzothiophene by strain BT1, attempts were made to detect the 
corresponding dicarboxylic acid. Since the methanols and carboxylic acids were present 
after 1 and 2 days incubation but had ken depleted from the medium by the third day, I 
aied to detect the dicarboxylic acid over incubation periods of 3, 5 and 7 days. The 

dicarboxylic acid was not detected, nor were any other sulfur-containing metablites. Thus. 
the fates of the methanols and carboxylic acids from 3,5-dimethylbenzothiophene are 
unknown, and further investigations are required to determine the identities of subsequent 

metabolites. 
The 3(2H)-ones and 2(3H)-ones of 4,6- and 4,7-dimethylbenzothiophene (Table 4.1) 

are novel products. 3-Hydroxybenzothiophene (the en01 form shown below) and 2- 

hydroxybenzothiophene are known to exist almost exclusively as their keto tautomers 



(Iddon and Scrowston, 1970) and therefore are more appropnately called benzothiophene- 

3(2H)-one and benzothiophene-2(3WI+r;c, respectively. 

enol form keto form 

These compounds react as if they have a hydroxyl group on the thiophene ring. For 

exarnple, the methyl ethers of the 2(3H)-one and the 3(2H)-one can be formed by the 

methods of Dickinson and Iddon (1970) and Friedliinder (1907), respectively. In this 

study. the 3(2H)-ones and 2(3H)-ones of the dirnethylbenzothiophenes tautornenzed to the 
en01 f o m  which reacted with BSA giving TMS denvatives. 

In their studies on bacterial metabolisrn of benzothiophene, Eaton and Nitterauer 

(1994) identified Zhydroxybenzothiophene and 3-hydroxybenzothiophene. They proposed 

that these phenols were the result of dehydration of 2.3-dihydroxy-2.3- 
dihydrobenzothiophene. Phenol formation resulting from dehydration of dihydrodiols 

under acidic conditions has k e n  observed in snidies with dibenzothiophene (Laborde and 

Gibson, 1 977). phenanthrene and anthracene (Jerina er al., 1976) and carbazole (Resnick et 
al., 1993). Thus, the 2(3H)-ones and the 3(2H)-ones found in the extracts of cultures 

incubated with 4,6- and 4,7-dimethylbenzothiophene are likely the dehydration products of 

undetected 2,3-dih ydrodiols. 

During this investigation, quantitative analyses of the suIfur-containing metabolites 

were precluded for several reasons. For exarnple, routine analyses were done with a FPD 
which gives nonlinear response and is susceptible to quenching. In addition, authentic 

standards of some products. such as the sulfoxides and the tetramethyl- 

benzo[b]naphtho[l.2-d]thiophenes. were not available, and the quantities of other reference 
cornpounds that were synthesized, such as the 3(2H)- and Z(3H)-ones. were not sufficient 

for the preparation of calibration curves for quantitation using a ND. The analyses of 

sulfoxides is also complicated by their decomposition in GC injection port Liners (Fedorak 

and Andersson, 1992). 
The focus of these investigations was the identification of sulfur-containine 

metabolites that could be partitioned from an acidified culture into DCM and that were 

amenable to GC analysis. Other metabolites may have been produced but not detected if 

they were too polar to be extracted or chromatographed. Nonetheless. nearly 30 sulfur- 
containing products were identified during this survey . The metabolism of 3.5 - 



dimethylbenzothiophene by Pseudomonas saain BT1 deserves M e r  study because of its 
cornpIete removai of this compound from the medium and the absence of metabolites after 7 
days of incubation. 

Whether microbial oxidations of C2-benzothiophenes in petroleum- or creosote- 

contarninated environments lead to the same metabolites that were identified in this 
laboratory study is yet to be detemiined. Similarly, the fates of the identified oxidation 
products in diverse microbial populations found in the environment have not been 
deterrnined. 



Table 4.1 Summary of the sulfuf-containing products found in the extracts of three bacterial cultures after 

incubation with various dimeth ylbenzothiophenes for 7 day S. The produc ts were found in cultures 

grown on 1 -MN or glucose. 

Products found in cultures of Pseudomonas strain 

Subsmte BTl W1 F 

35-dimethyl- 

benzothiophene 

3.7-dimethyl- 

benzothiophene 

4,tkiimethyl- 

benzothiophene 

4.7-dirnethy l- 

benzothiophene 

suifoxide 

suifone 

carboxylic acid 

sulfoxide 

sulfone 

methanols 

suifoxide 

methanol 

carboxylic acid 

methanols 

caiboxyiic xi& 

sulfoxide 

me thanols 

carboxylic acids 

sulfoxide 

suIfone 

methanols 

carboxytic acids 

suifoxide 

methanols 

carboxylic acid 

methanols 

carboxylic acids 

sulfoxide 

methanols 

carboxylic acids 

23d.ionea 

3(2H)-one 

213-e 
carboxylic acids 

~ 2 0 ~ 1  8sb 

a exist as dimethyl-substituted 2-mercaptophenylglyoxalates at neutmi pH 
b and seved otha high molecular weight producls 
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Figure 4.1 h m  GC-MS analyses, the mass spectra of two wlfur-containing metabolites 
from a c u l m  of isolate W1 grown on glucose in the presence of 2,3- 
dimethylbenzothiophene. The metaboli te with the shorter reten tion time (a) 
and the metabolite with the longer retention time (b). The mass spectrum of 
au then tic 2-methy l-3 -hydroxymethy1 benzothiophene (c). 



Figure 4.2 From GC-MS analyses, the mass specna of the TMS-derivatives of two 
metabolites of 2,3-dimethylùenzothiophene (a,b) eom a culture of isolate W 1 
grown on glucose. The mass spectrum of the TMS-derivative of authentic 2- 
methylbenzothiophene-3i:arboxylic acid (c). 
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Figure 4.3 From GC-MS analyses, the mass spectra of a sulfur-containing metabolite (a) 
f h m  a culture of isolate F grown on glucose in the presence of 2,3- 
dimethylbenzothiophene and authentic 2-mthylbenzothiophene-3-carbxylic 
a d  @). 



Figure 4.4 From GC-MS analysis, the mass spectrum of a sulfur-containhg metabolite 
from a culture of isolate W1 grown on glucose in the presence of 2.7- 
dimeth y 1 benzothiophene. 



Figure 4.5 Mass specmim (a) and specmim @) of a sulfur-containing metabolite 
from a culture of isolate W1 grown on glucose in the presence of 2,7- 
dirnethylbenzothiop hene. 



AND 

Figure 4.6 From GC-MS analysis, the m a s  spectm of two sulfur-containing metabolites 
fkom a culture of isolate W1 grown on glucose in the presence of 3 3 -  
dimeth ylbenm thiop hene. The metaboli te with the shorter reten tion time (a) 
and the metabolite with the longer ertention time @). 



Figure 4.7 Mass spectrum (a) and FTIR specmim @) of a sulfur-containing metabolite 
from a culture of isolate BTl grown on 1-MN in the presence of 4,7- 
dimethylbenzothiophene. The metabolite was identified as 4 J-dirnethyl- 
benzodllophene-2,3-dime. 



Figure 4.8 From GC-MS analysis, the rnass spectra of two suihir-containhg metabolites 
from a culture of isolate BTl grown on 1-MN in the presence of 4,7- 
dimethyibenzothiophene. The metabolite with the shorter retention time (a) 
and the metabolite with the longer retention thne (b). 
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Figure 4.9 From GC-FIIR analysis, the FïlR specva of two sulfur-containing 
metabolites from a culture of isolate BT1 gro wn on 1 -MN in the presence of 
4.7-dimeth ylbenzo thiophene. The metabolite with the s horter retention tirne 
(a) and the metabolite with the longer retention t h e  @). 



Figure 4.10 Rom GC-MS analysis, the mass spectmm of a high-molecular-weight sulfur- 
containing metabolite from a culme of isolate BT1 grown on 1-MN in the 
presence of 4.7aimethylbenmthiophene. 
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5. BIOTRANSFORMATIONS OF 
THREE DIMETHYLDLBENZOTHIOPHENES 

BY PURE AND MMED BACTERIAL CULTURES* 

5.1 INTRODUCTION 
Studies of the biodegadation of petroleum or other fossïl fuel derivatives, and of 

pure compounds typically found in these complex mixtures. are done to better understand 

the feasibility of bioremediation in environmentai cleanup. Numerous organosulfur 
compounds are present in pewleum, making sulfur the third most abundant element in a 
typical m d e  oil. after carbon and hydrogen (Speight, 1980). The organosulfur compounds 
contain thiol, sulfide. and thiophene moieties. However, in crude oils of higher density. 
where sulfur content is typicay the highest (Speight, 1980). the sulfur exists primarily in 
the form of condensed thiophenes. Thus, most studies of the biodegradation of 
organosulfur compounds have focused on those compounds found in the aromatic fraction 
of petroleum, namely the benzothiophenes and dibenzothiophenes. 

Dibenzothiophene and its allqlated derivatives are present in most crude oils, and 

analyses of residual oil that has undergone biodegradation at contaminated sites has shown 
that these derivatives are among the most recalcitrant compounds in the aromatic fraction 
that can be analyzed by GC (Berthou et al.. 1981; Boehm et al., 1982; Teal et al., 1978). 
This recalcitrant nature is also reflected by studies showing the accumulation of 

dibenzothiophenes in sediments (Boehm et al.. 198 1) and in tissues of shellfish (Laseter et 
al., 198 1; Ogata and Fujisawa. 1985) in contaminated marine environrnents. The 
persistence and accumulation of these compounds has led to the suggestion that they might 
serve as oil poilution markers (Friocourt et al., 1982; Ogata and Fujisawa, 1985) and are a 
concem since these are potentially harmful environmental poilutants (Jacob, 1990). 

Despite the recalcitrance of the alkyldibenzothiophenes, their biodegradation in the 

aromatic fraction of crude oil has k e n  observed in laboratory cultures mayona et al.. 1986; 

Fedorak and WestIake, 1983a, 1984), in contaminated environments (Atlas et ai., 1981; 
Hostettler and Kvenvolden, 1994), and within natural petroleum reservoirs (Westlake. 
1983; Williams et al., 1986). Fedorak and Westlake (1983a, 1984) showed that the 

susceptibility of dibenzothiophenes in Rudhoe Bay crude oil to biodegradation decreased 

with increasing alkyl substitution. Biodegradation studies with complex mixtures of 
compounds such as crude oil allow one to follow the depletion of condensed thiophenes by 

GC analysis. However. the identification of metabolic intemediates, metabolic pathways. 

A version of this chapier has been previously published. Kropp. K. G.. J. T. Andersson. and P. M. 
Fedorak. 1997. Environ. Sci. Technol. 31: 1547-1554. 



or biotransformation products, whose recalcitrmce and toxicity may have implications for a 

contaminated environment and its bioremediation, are not easily done in these complex 
sys tems. 

The identification of metabolites is most easily accomplished using pure compounds 
in microbial cultures. Thus, there have been numerous studies of the rnicrobia! rnetabolism 
of dibenzothiophene as a mode1 condensed thiophene (Crawford and Gupta, 1990; 

Kodama et al., 1970, 1973; Laborde and Gibson, 1977; Monticello et al., 1985; M o r d e  
and Atlas, 1989). even though it is the least recalcitrant of the dibenzothiophenes. Bacteria 
have been reported to metabolize dibenzothiophene to 3-hydroxy-2-fomylbenzothiophene 

as the major product by oxidation and cleavage of one of the benzene rings of 
dibenzothiophene (Kodama et al., 1970, 1973; Laborde and Gibson, 1977; Monticello et 

al., 1985; Monnile and Atlas, 1989). MicrobiaI oxidation of the sulfur atom gives 
dibenzothiophene sulfoxide and sulfone (Kodarna et al., 1970, 1973; Laborde and Gibson. 
1977; Monnile and Atlas, 1989). which appears to be a dead-end pathway in these 
aromatic-degrading bacteria. Other snidies used isolates that utilize dibenzothiophene as a 

sulfur source by oxidizing dibenzothiophene via the sulfoxide and sulfone and then 

subsequently release the sulfur atom as sulfate leaving Zhydroxybiphenyl (Gallagher et al.. 
1993; Izurni et al., 1994; Omon et al., 1992). This pathway does not result in the 
degradation of the carbon backbone of dibenzothiophene and is potentially useful in the 
development of a microbial process for the biodesulfunzation of petroleum. 

The bacterial metabolism of al1 four isomers of methyldibenzothiop hene was 

investigated by Safiic' a al. (1993). The metabolites detected resulted from degadation of 

the unsubstituted benzene ring of each of the methyldibenzothiophenes to give the 
respective methyl-substituted 3-hydroxy-2-formylbenzothiophenes and benzothiophene- 
2.3-diones. They also detected dibenzothiophenemethanols and methyldibenzothiophene 
sulfones. 

The objective of this work was to smdy the cometabolic degradation of three 
dimethyldibenzothiophenes by three Pseudomonas spp. and by some petroleurndegrading 
mUted bacterial cultures, since mixed cultures generally have greater degradative potential 
and more dosely approximate the situation of an actuai oil-contaminated environment One 
isomer of dimethyldibenzothioptiene studied (3 .4)  has both methyl goups on the same 
benzene ring of dibenzothiophene and the other two isomers (2,8- and 4.6-) have a single 
methyl group on each extemal homocyclic ring. The ring numbering convention for 
dibenzothiophene is show below. 



These studies focused on the identifcation of metabolites detected from bacterid oxidation 

of the dimethyldibenzothiophenes, but near the completion of this investigation, access to a 

recenti y -acquired gas chrornatograph with an AED al10 wed prelimlliary quantifcation of the 
observeci transformations. 

5.2 MATERIALS AND METHODS 

5.2.1 C bernicals 
2.8-Dimethyldibenzothiophene (Gerdil and Lucken, 1965), and 3,4-dimethyl- and 

4-rneth y ldibenzothiop hene (Tdjamulia et al., 1 983) were synthesized ('299 % pure by GC) . 
4,6-Dimethyldibenzothiophene (Gerdil and Lucken, 1965) (97% pure by GC) was a gift 

from Dr. T.G. Back (üniversity of Calgary, Canada). 1-MN and dibenzothiophene were 
purchased from Fluka (Buchs, Switzerland). 5-Methylbenzothiophene-2.3-dione and 7- 
methylbenzothiophene-2,3-dione were synthesized (Hannoun et al., 1982) and their 

structure and purity were c o n f i  by determination of their melting points which were 

the sarne as the literature values. 6.7-Dimethylbenzothiophene-3(2K)-one and 5-methyl- 

benzothiophene-3(2H)-one were synthesized (Stridsberg and Allenrnark, 1974) from 2,3- 
dirnethylthiophenol (Tedjamulia et al., 1983) and Cthiocrescol (Aldrich, Milwaukee, WT), 

respectively. 6.7-Dimethylbenzothiophene-2(3H)-one and 5-methylbenzothiophene-2(3H)- 

one were synthesized (Dickinson and Iddon. 1970) from 6,7-dimethylbenzothiophene 

(prepared by Andersson (1986)) and 5-methylbenzothiophene (Lancaster Synthesis. 
Windham, NH), respectively. These 3(2H)-ones and 2(3H)-ones were recovered from 

reaction mixtures by extraction and kept in DCM to rninimize the chance of air oxidation of 
the products (Friedliinder, 1906). GC-MS analyses of these solutions showed that extracts 

of reaction mixtures from each synthesis contained a single abundant compound with the 

molecular weight of the desired product 



5.2.2 Silica gel column chromatography 
The aromatic fraction of Rudhoe Bay crude oil was obtained by column 

chromatography using 35 g of silica gel (100-200 mesh, Type 150A, Grade 644, Fisher 
Scientifc, Fair Lawn. NT) that had been activated at 125OC for 24 h. The silica gel was 
poured as a slurry in DCM into a 62 cm x 2.25 cm ID column. After displacernent of the 

DCM with n-pentane and application of 1.0 rnL of crude oil, the column was developed 
with 25 mL of n-pentane. 25 mL of 20% (vh) DCM in n-pentane, and 125 mL of 50% 
(v/v) DCM in n-pentane. The fint 65 mL to elute was the void volume of the column, the 

next 60 mL collected contained the saturated hydrocarbons, and the remaining solvent to 
elute contained the aromatic fraction, which was collected and concenaated. The solvent 
was removed using a rotary evaporator at 6S°C, and when the aromatic fraction was 
reduced to a volume of 1 to 3 rnL, the sarnple was transferred to a via1 and further 
concentrated to near dryness under a Stream of N2 at room temperature. The aromatic 

fraction was then dissolved in 1.0 mL DCM. GC analysis of this fraction gave a 
chromatogram that was nearly identical to one previously published (Fedorak and 
Westlake. 198 1 ), showing that volatile cornpounds such as the alkylbenzenes. naphthalene, 
and methylnaphthalenes remained in the fiaction after this concenûa~g procedure. 

To ensure a clean separation of the aromatic and the samted  fractions, each batch 
of silica gel was tested with crude oil supplemented with [1-14c]hexadecane and [9- 

14~lphenanthrene, and the volumes of the first nvo solvents (n-pentane, and 20% DCM in 
n-pentane) were adjusted to give the separation of the radioactive compounds shown by 

Fedorak and Westlake (1 98 1). 

For experirnents with the oil-degrading mixed cultures grown on the arornatic 
fraction of petroleum. the silica gel column chromatography method was modified and used 
to cleanup extracts prior to high resolution and chemical ionization GC-MS, GC-FTIR, and 
GC-AED analyses. The method was scaled d o m  using a 30 cm x 1.1 cm ID column with 

one-fifüi the amounü of silica and developing solvents. In addition, 100 rnL of a fourth 
developing solvent (benzene:methanol, 1:l) was used to elute the polar fraction which 

contained the dimethyldibemthiophene oxidation produca that eluted immediately after the 

ammatic fraction. 

5.2.3 Bacterial cultures and culture methods 
AU cultures were incubated on a rotaiy shaker at 28OC in 500-mL Erlenrneyer flasks 

containing 200 mL of mineral medium supplemented with a trace metals solution (Kropp et 

al., 1994b). Following inoculation and addition of the gowth substrate, each culture 
received 2 to 5 mg of a dimethyldibenzothiophene dispensed either as a solid for qualitative 



snidies aimed at detection and identification of oxidation products, or as a solution in 200 to 
300 of acetonitde or DCM for quantitative studies. The arnounts of dimethyldibenzo- 
thiophenes added exceeded the aqueous solubilities of these compounds. so that they were 

present in cultures as a f i e  suspension or partitioned into the growth subsuate 1-MN, 
when it was present. For each experiment, appropriate sterile controls were included to 
account for any abiotic transformations. With some cultures that did not yield detectable 
metabolites from cenain dirnethyldibenzothiop henes, heat-killed controls were used in 

quantitative experiments to determine if loss of the dimethyldibenzothiophene occumd in 
the growing culture relative to the heat-kï.lled control. For these heat-killed controls. flasks 
were inoculated with the appropnate culture, incubated for 5 days with the growth 
substrate, autoclaved, and then given the dimethyldibenzothiophene at the same time as the 

test culture was inoculated and given the growth substrate and dimethyldibenzothiophene. 

No dirnethyldibenzothiophene oxidation products were found in the heat-killed controls. 
The isolation and characteristics of the three Pseu&monus spp. BTI. W1. and F 

have been described previously (Fedorak and Grbic'-Galic', 199 1 ; Kropp et al., 1994a. 

1996; Saftic' et al., 1992, 1993). The 10-rnL inocula used to establish cultures for 
biodegradation studies with each of these isolates came h m  1-MN-grown maintenance 
cultures that were transferred weekly. Following inoculation. the cultures received 50 PL 
of 1 -MN as gmwth substrate together with the dimeth y ldibenzothiophene. 

The petroleum-degrading mixed cultures used in this study and the nature of the 
samples from which they were enriched are as foilows: SLPB, enriched from fuel- 
contaminated beach material from Shell Lake, Nozrhwest Territories (Fedorak and 

Peakrnan, 1992); 5W/5B, enriched from sea water and beach material h m  the Washington 
state coasc and, ESSO AG and ERN BIO, both e ~ c h e d  from petroleum refinery 
wastewater treatment systems in Germany. These mixed cultures were al1 screened ro 
venfy that they were capable of degradhg the C2-dibenzothiophenes naturally present in 

Prudhoe Bay cmde oil before they were selected for this study. These cultures have been 
maintained in this laboratory for several years by monthly trânsfers into mineral medium 
with Prudhoe Bay crude oil as the growth substrate. The medium for the 
dimethyldibenzothiophene bidegradation snidies received the aromatic fraction from 0.1 

mL of Prudhoe Bay cmde oil as growth substrate (added as 100 pL of the DCM solution 
from the silica gel fractionation) together with the dimethyldibenzothiophene. This was 

inoculated with 10 mL of these maintenance cultures and the DCM was dlowed to 
evaporate as the cultures incubated on the shaker. 



5.2.4 Extraction and analyses 
After incubation. cultures and controls were acidifieci with 2 M H2SO4 to pHQ 

and extracted with DCM (4 times 20 mL) to recover subsuates and products. The DCM 
extracu were dned over anhydrous Na2S04 and concentrated on a rotary evaporator. For 

qualitative experiments with the aromatic fraction of crude oil. 50 pL of a solution of 

chrysene (2 g/L) in DCM was added as an interna1 standard prior to extraction to help in the 
assessrnent of degradation (loss) of the aromatic compounds and added 
dimethyldibenzothiophene by GC-FID analysis. For quantitative experiments with the 
MD, known amounts of phenyl sulfide (Aiclrich, 9896) and/or dibenzothiophene sulfone 
(Aldrich, 97%), dissolved in acetoniûile or DCM. were added as internd standards pnor to 
extraction. For studies with oil-degrading cultures, these two standards were useful 
because phenyl sulfide eluted from the silica gel column in the aromatic fraction and thus 
could be used to quantify the arnount of dimethyldibenzothiophene substrate that remained, 

and dibenzothiophene sulfone eluted in the polar fraction and could be used to quanm the 

amounts of the polar oxidation products. The amounts of these standards added were 
nearly equirnolar to the amounts of the dimethyldibenzothiophene or its oxidation products 

that they were meant to be used to quant@. 
To screen for the presence of sulfur-containing metabolites, the extracts were 

analyzed by capillary GC using a 30-m DB-5 column in a HP (Mississauga, ON) mode1 
5890 equipped with a FID and a suifur-selective W D  (Fedorak and Grbic'-Galic', 199 1). 

The methods routinely used for GC-MS and GC-FTIR have k e n  descnbed (Saftic' et al., 

1992, 1993). To obtain high resolution and chernical ionization GC-MS data, analysis was 
done in the Mass Spectrometry Laboratory, Chemisw Department, University of Alberta 
(Fedorak and Westlake, 1986). 

Quantitative GC analyses were done using a HP 5921A AED, that gives an 
equimolar response to sulfur in dl organic forms (Andersson and Schmid, 1993), 
connected to a HP 5890 gas chromatograph. The gas chrornatograph was equipped with a 

split/splitless injection port and injections were made by an automatic sampler (mode1 HP 
7673). The column used was a HP-5MS with dimensions of 0.25 mm ID x 30 m (0.25 pm 

f i m  thickness). The temperature program held the initial temperawe of 90°C for 2 min 
before increasing it at 4OUmin to 250°C where it was held for 18 min. Helium (99.996% 

pure). after further purification with a VD-1200 helium purifier from VICI Valco 
Instruments (Houston, TX), was used as carrier and plasma gas. Hydrogen and oxygen 
were used as auxiliary gases as required. The system was connolied by a HP Chem Station 
382 using the HP 35920A software package. Gas selection and detector tuning were 

cornputer controlled. whereas the plasma gas flow rate was set manually to 60 W m i n  for 



optimal sensitivity and peak shape in the sulfur trace. The data presented are based on the 

moles of sulfur in each compound detected by the GC-AED analysis. 

To facilitate GC-MS identification of some of the metabolites, TMS derivatives of 

compounds in culhue extracts were made by silylating with BSA in acetonitrile according 

to the manufacturer's instructions (Pierce, Rockford, IL; method 5). 

5.3 RESULTS 

5.3.1 Pure culture studies with 3,4-dimethyldibenzothiophene 

The most abundant product in extracts of pure cultures of isolates BT 1, W 1, and F 
that had been incubated for 3 days with 3.4-dimethyldibenzothiophene gave the spectrum 

shown in Figure 5.1. The molecular ion at m/z 206 was the only abundant ion and was 

consistent with the structure shown of 6,7dimethyl-3-hydroxy-2-fomiylbenzothiophene. 

To v e m  that this product contained a hydroxy group, the BT1 culture extract was treated 

with BS A. GC-MS analysis of the denvatized extract showed that the metabolite did react 

to f o m  a TMS-ether. The mass spectrum showed the molecular ion at d z  278 (23%), the 

(M-15)+ fragment at m/z 263 (100%) which is characteristic of the loss of a methyl group 
from TMS, and the ion at rq/z 73 (2546) which is the TMS substituent. These ions are al1 

consistent with the TMS-ether of 6,7-dimethy l-3- hydroxy-2-formy lbenzothiophene. 

Further support for this identification of the product was obtained by GC-FTIR 
analysis of the underivatized BTI culture extract. The metabolite from 3,4-dirnethyldi- 

benzothiophene gave strong absorptions at 1644, 1523, and 1282 cm-1 which is very 

similar to the strong absorptions reported for 3-hydroxy-2-formylbenzothiophene ai 1640, 
1526, and 1272 cm-1 and 6-methyl-3-hydroxy-2-fomylbenzothiophene formed by 

bacterial cometabolisrn of 3-meihyldibenrothiophene at 1647, 15 13, and 1268 cm- l 

(Safac' et of., 1993). Non-methylated 3-hydroxy-2-formylbenzothiophene, that could 

po tentiall y form by cleavage of the dimeth yl-substituted ring of 3.4-dimeth y ldibenzo- 

thiophene, was not detected in the extracts Thus, it appears that the isolates oxidize and 
cleave only the unsubstituted benzene ring of 3Adimethyldibenzothiophene leading to the 

formation of 6,7-dimethyl-3-hydroxy-2-formylknzothiophene. 

A second product that was detected in small arnounts in the extract of only the BT1 
culture gave the rnass spectrum shown in Figure 5.2. The weak molecular ion at m/z 192 is 
consistent with the structure shown of 6,7-dimethylbenzothiophene-2,3-dione. The base 

peak at rn/z 164 (M-28)+ results fmm the loss of CO from the molecular ion and the other 
abundant ion at rn/z 135 (M-57)+ results from a subsequent loss of CHO. A weak 

molecular ion and the same fragmentation patterns were observed for 5-methylbenzo- 



thiophene-2,3dione (Saftic ' et al., 1992) and 7-methylbenzothiophene-2.3-dione (Safuc ' 
et al., 1993). Furthemore, GC-FTIR analysis showed that the metabolite from 3.4- 
dimethyldibenzothiophene gave a strong absorption at 1733 cm-1 indicative of the carbonyl 
groups (Silverstein et al., 1991) and sirnilar to 5- and 7-rnethylknzothiophene-2.3-diones 

whicb absorb strongly at 1739 and 1735 cm- 1, respec tively (Saftic ' et al., 1992). Thus, the 

extract contained 6.7-dirnethylbenmtbiophene-2.3-&one. 
GC-FPD analyses of extracts of cultures of aIl three isolates that had been incubated 

for 7 days prior to extraction showed that they each contained 6,7-dimethyl-3-hydroxy-2- 

formylbenzothiophene and 6,7-dimethylbenzothiophene-2,3-dione. After 30 days of 

incubation, only the 2.3-dione was detected in the W 1 and BTI culture extracts. and both 
the 6,7-dimethyl-3-hydroxy-2-fomylbenzothiophene and 2.3-dione were detected in the 

isolate F culture extract. Even after 30 days of incubation, 3,4dirnethyldibenzothiophene 

was sti l l  present in all the cultures. 
Quantitative analyses were donc on cultures that had been incubated for 7 days. The 

recovery of 3,4-dimethyldibenzothiophene nom the stenle control was 94%. In the isolate 

W1 cuiture extract, 74% of the 3,4-dimethyldibenmthiophene remained, and 2.8% and 

0.8% of the substrate added was detected as the 6.7-dimethyl-3-hydroxy-2-hylbenzo- 
thiophene and 6,7-dimethylbenzothiophene-2,3-dione. respectively. With isolate BT1, 
46% of the 3.4-dunethyldibenzothiophene was recovered from the culture as unoxidized 

substrate, and 1.1 % and 3.7% as 6,7-dimethyl-3-hydroxy-2-fomylbenzothiophene and 

6,7-dimethylbenzothiophene-2.3-dione, respectively. Finally, 61% of the 3,4-dimethyldi- 

benzothiophene was recovered unchanged in the isolate F culture extract. and 1.1 C and 

4.1% of the substrate added was recovered as the hydroxyformylbenzothiophene and 2,3- 
dione, respectively. 

5.3.2 Mixed culture studies with 3,4-dimethyldibenzothiophene 
The mixed cultures tested with 3.4-dunethyldibenzothiophene were SLPB and ERN 

BIO. GC-FPD analyses of the extracts of these cultures showed that the aromatic fraction, 

including the condensed thiophenes naturally presenk was extensively degraded and that 

the added 3,4-dimethyldibenzothiophene was also oxidized. Although much 3,4-dimethyl- 
dibenzothiophene remained in the extract of a Cday-old SLPB culture, there were two 

abundant sulfur-containing products detected which had the same GC retention times and 

mass spectra as the 6.7-dimeth yl-3-hydroxy -2-formy1 benzothiophene (Figure 5.1) and 6 7 -  
dimethylbenzothiophene-2,3dione (Figure 5.2) detected in the pure culture studies. 

By &y 7, some of the alkylbenzenes had evaporated fkom the stenle conwl, but 

the GC-FID chromatogram showed that naphthalene and the methylnaphthalenes were stili 



present (data not shown). Figure 5.3 shows the FID and FPD chromatograms from GC 

analysis of the extract of a 7-day-old ERN BI0 culture. The largest peak that was O bsewed 
arnong the isomers of Q-dibenzothiophene n a W y  present in Prudhoe Bay cmde oil was 

the added 3.4-dimethyldibenzothiophene. The six sulfur-containing metabolites detected 
Oabeled A to F) were too abundant to have fomed from any of the condensed thiophenes 
nanirally present in Rudhoe Bay crude oil and so must have fonned h m  oxidation of the 

added 3,4-dimethyldibenzothiophene. The peaks E and D (Figure 5.3) have the same 
retention times, mass spectra (Figures 5.1 and 5.2). and FITR specm as 6,7-dimethyl-3- 
hydroxy-2-formylbenzothiophene and 6,7-dimethylbenzothiophene-2,3-dione, 

respective1 y, which were identified in pure cultures. Metabolite C was not detected by GC- 

MS analysis, so iu identification was not pursued. 
GC-MS analysis pave the spectra for metabolites A and B shown in Figure 5.4 with 

saong rnolecular ions, which were the base peaks, at m/z 178 for both compounds. The 
chernical formula for both of these metabolites, determhed by high resolution GC-MS, 
was C10H100S. GC-FTIR analysis showed that the oxygen atom present in each of 

metabolites A and B was present in the form of a carbonyl goup with saong absorptions at 
1748 and at 17 19 cm-1, respectively. However, by keto-en01 tautomensm. these 

metabolites were both capable of reacting with one equivalent of BSA to give TMS-ethers 

of the en01 tautomers with molecular ions at m/z 250. The mass spectra of both denvatives 
showed strong ions at m/z 73 from the TMS substituent and the specmm of derivatized 
metabolite B also showed a strong (M-15)+ ion from loss of a methyl group from the TMS 
substituent Metabolites A and B were identified as 6,7-dimethylbenzothiophene-2(3H)-one 

and 6,7-dirnethylbenzothiophene-3(2H)-one, respectively, because they had identical 
retention tirnes, mass and FTIR spectra, and TMS-derivatives with identical retention thnes 
and mass spectra as authentic standards of these compounds. 

Metabolite F gave the mass spectrum shown in Figure 5.5 with a molecular ion at 
m/z 194 which is consistent with the chernical formula CloH1002S obtained by high 

resolution GC-MS. The GC-ITIR analysis showed that at least one of the oxygen atoms 
was present in the form of a carbonyl group since the metabolite absorbed strongly at 1729 
cm-1. However, metabolite F reacted with two equivalents of BSA to f o m  a di-TMS ether 
with a saong molecular ion at m/z 338 (60%) and only one other abundant fragmcnt at rn/z 
73 (100%). The oxygen atom that was present in the carbonyl group must undergo a keto- 
en01 tautomerism for metabolite F to be able to react with two equivalents of BSA. Thus. 
metabolite F appears to be the kero tautorner of 2.3-dihydroxy-6,7-dimethylbenzothio- 

phene. A hydroxy group at position 3, adjacent to the carbonyl group of authentic 6,7- 

dirnethylbenzothiophene-2(3H)-one which absorbs strongly at 1748 cm- l ,  would be 



expected to decrease the wavenumber at which the carbonyl group absorbs by hydrogen 

bonding to near the carbonyl absorption observed for metabolite F at 1729 cm-1. Thus. 
metabolite F is most Wely 3-hydroxy-6,7-dimethylbenzothiophene-2(3H)-one. The other 
possible isomer. 2-hydroxy-6,7-dirnethy1benzothiophene-3(Uf)-0ne, would be expected to 

give, by hydrogen bonding, a carbonyl absorption at a lower wavenumber than authentic 
6,7-dimethylbenzothiophene-3(2H)-one which absorbed strongly at 17 19 cm- l . This was 

not O bserved for metabolite F. so the keto tautorner of 2.3-dih ydroxy-6.7-dimethy l- 
benzothiophene that was present was most likely 3-hydroxy-6.7-dimethylbenzothiophene- 

2(3H)-one. This structural assignment for metabolite F is consistent with the available data, 

but was not proven by cornparison with an authentic standard. 

These metabolites were characterized and identified in the extract fiom the 7-day-old 
culture of ERN B I 0  (Figure 5.3). The GC-FID and FPD chrornatograms from the extract 

of a 3day-old culture are very similar to those of the 7day extract (Figure 5.3) except that 
at day 3 the peak of 6.7ilimethyl-3-hydroxy-2-fomylbenzothiophene (peak E) was larger 
than the peak of 6.7-dimethylbenzothiophene-2.3-dione (peak D). This sugests that larpr 
arnounts of the 6,7-dimethyl-3-hydmxy-2-formylbenzothiophene were present earlier in the 

incubation, and later more of the 2.3-dione accumulated. GC-FPD analysis of an extract of 
a 13-day-old culture revealed that the 3,4-dimethyIdibenzothiophene was absent and only 
trace amounts of a few sulfur-containing metabolites were detected. GC-AED analysis was 
pexformed on the exaact of a 7-day-old culture of ERN BIO. The amount of substrate 
rernaining in the culture was 34% of the amount of 3.4-dimethyldibenzothiophene that had 
been given to the culture and 6% of the substrate aven was present as metabolites A 

through F. In the corresponding sterile control. the recovery of 3,4-dimethyldibenzo- 

thiophene was 116%. 

5.3.3 Pure culture studies with 4,6-dimethyldibenzothiophene 
Although pure cultures of isolates BT1, W 1, and F grew and depleted the 1-MN 

from the medium in the presence of 4,6-dimethyldibenzothiophene. they did not deplete the 
4,6-dimethyldibenzothiophene from the medium relative to the stenle controls. No 
oxidation products were detected in cultures incubated for 3. 11,26, and 63 days. 

Another anempt to demonstrate oxidation of 4,6-dimethyldibenzothiophene used 
isolate BT1, which is the only one of the three Pseudomonas spp. capable of growth on 
dibenzothiophene as its sole source of carbon and energy (Saftic' et al.. 1993). to test its 
ability to msform 4,6-dimethyldibenzothiophene while growing on dibenzothiophene (8 

mg) or a mixture of dibenzothiophene (3 mg) and 4-methyldibenzodllophene (6 mg). Over 
incubation times ranghg fiom 3 to 12 days, the cultures grew on the dibenzothiophene and 



3-hydroxy-2-formylbenzothiophene was produced as an abundant metabolite, as was 7- 

methyl-3-hydroxy-2-forrny1benzothiophene h m  4methyldibenzothiophene. However. no 

metabolites fiom oxidation of 4.6-dimethyldibenzo thiop hene were detec ted and GC- AED 
analyses revealed that the 4,6-dimethyldibenzothiophene was not depleted from the medium 

relative to the heat-kiUed controls. 

5.3.4 Mixed culture studies with 4,6-dimethydibenzothiophene 
CC-FPD analysis revealed that the mixed cultures SLPB, ESSO AG, and ERN 

B I 0  extensively degraded the arornatic fraction of Prudhoe Bay d e  oil including the 

dimethyldibenzothiophenes nanually present within a 13-day incubation period. However, 

no products h m  4,6-dimethyldibenzothiophene oxidation were detected, and GC-AED 
analysis revealed that only a s m d  fraction of the 4.6-dimethyldibenzothiophene had been 
removed from the culture medium. The recovery of 4,6dimethyldibenzothiophene fiom 

active cultures of SLPB, ESSO AG, and ERN BI0 was 65%, 82%, and 79%, 

respectively, whereas the comesponding heat-kiiled controls showed recovery of between 

88% and 90% of the 4,6-dimediyldibenzothiophene given. 

5.3.5 Pure culture studies with 2,8-dimethyldibenzothiophene 
GC-FPD analyses of extracts of cultures of isolates W1 and F that had been 

incubated with 2,8-dimethyldibenzothiophene for up to 6 weeks did not detect any sulfur- 
containing metabolites in the extracts and GC-AED analyses of extracts of cultures 

incubated for 2 weeks confirmed that there was no depletion of the 2,8-dimethyl- 

dibenzothiophene relative to the heat-kil1e.d conwls. However, in cultures of isolate BT1 
that had been incubated for 1 to 6 weeks, three abundant, sdfu-containing metabolites 
(designated G. H, 1) and some unoxidized 2.8-dimethyldibenzothiophene were always 

detected. The charactenzation and identification of these three products was done using 

extracts of numerous cultures that had been incubated for 1 to 3 weeks. 

The first metabolite to elute fkom the GC (metabolite G) had a molecular ion at rri/z 
164 which was the base peak and was consistent with the chernical formula CgHgOS 

obtained by high resolution GC-MS (Figure 5.6a). GC-FIIR analysis gave a strong 
absorption at 1723 cm-1, indicating that the oxygen atom was present in the form of a 
carbonyl group. However, by keto-en01 tautomensm metabolite G was capable of reacting 

with BSA to give a TMS-ether of the en01 fonn with a molecular ion at d z  236 (100%) 
and abundant fragment ions at m/z 221 (M- l5)+ (68%) and m/z 73 (50%). Metabolite G 
was identified by cornparison with an authentic standard of 5-methylbenzothiophene- 

3(2H)-one which had the same retention time and mass (Figure 5.6a) and FTIR spectra as 



metabolite G, and gave a TMS-ether with the same retention tirne and mass specnurn as 
derivaûzed metabolite G. 5-Methylbenzothiophene-2(3H)-one was also synthesized and 

analyses of this compound showed that its retention time, mass spectrum, and FïIR 

s p e c m  were different h m  5-rnethylbenzothiophene-3(2u)-one, proving that metabolite 
G was 5-me thylbenzothiophene-3(2H)-one. 

Metabolite H was easily recognized during GC-MS analysis by its weak molecular 

ion at m/z 178 (8%) and abundant fragment ions at m/z 150 (M-28)+ (100%) and nilz 12 1 

(M-57)+ (70%) to be 5-methylbenzothiophene-2,3-dione (Saftic' et al., 1992). 

Comparison with the authentic standard showed that the rnetabolite had the same mass and 

FTlR spectra and retention tirne as 5-methylbenzothiophene-2,340ne. 
Figure 5.6b shows the mass spectrum of metabolite 1 with a weak molecular ion at 

m/z 180, consistent with the chernical formula CgH802S detemiined by high resolution 

GC-MS. The fragmentation pattern of metabolite 1 was very sh6la.r to that of metabolite F 

from 3,4&ethyldibenzothiophene (Figure 5.5) with fragments at d z  1 64 (M- 16)+, mlz 
150 (M-30)+. m/z 134 (M-46)+, m/z 121 (M-59)+, rn/z 106 (M-74)+. and m/z 89 (M- 

91)*. al1 of which were the kagrnent Iosses observed for metabolite F. GC-FIIR analysis 

showed a strong absorption at 1733 cm-1 for rnetabolite 1 suggesting that one of the 

oxygen atoms was present as a carbonyl group. By keto-enol tautomerism. metabolite 1 

reacted with two equivalents of BSA to give a di-TMS ether with a molecular ion at rn/z 
324 (46%) and abundant ions in the mass specmim at m/z 309 (76%), m/z 147 (100%), 
and rn/z 73 (64%). Thus, rnetabolite 1, a product analogous to metabolite F from 3,4- 

dimethyldibenzothiophene, appears to be the keto tautorner of 2.3-dihydroxy-5-methyl- 

benzothiophene which is 3-hydroxy-5-methylbenzothiophene-2(3H)-one. Although this 

smictural assignment is consistent with the available data, it was not confinned by 

cornparison with an authentic standard 
GC-AED analyses for sulfur compounds in extracts of 3-week-old BT1 cultures 

showed that 9.2% of the added 2,8-dimethyldibenzothiophene remained in the culture and 

that 2.9% of the substrate sulfur was present in the three metabolites detected. The 

correspondhg s terile control gave 90% recovery of the 2.8-dimethy ldibenzo thiop hene. 

5.3.6 Mixed culture studies with 2,8-dimethyldibenzothiophene 
The rnixed cultures SLPB, 5W/5B, ESSO AG, and ERN BI0 were incubated with 

Prudhoe Bay aromatics and 2,8-dimethyldibenzothiophene. GC-FPD analyses of extracts 
of Eweek-old SLPB and 5W/5B cultures showed that they degraded some of the 2.8- 
dimethyldibenzothiophene and a single sulfur-containing product was detected in both 

cultures. It had the sarne retention time and mass specûum as 5-methylbenzothiophene-2.3- 



dione (metabolite H). Although no metabolites were detected in extracts of the ESSO AG 

and ERN BI0 cultures incubated with 2,8-dimethyldibenzothiophene for 2 weeks. GC- 
AED analyses showed that 54% of the 2.8-dimethyldibenzothiophene was recovered from 

each of these cultures while the heat-killed controls gave recovenes of 94% and 92%, 
respec tively . 

5.4 DISCUSSION 
The metabolites observed from the oxidation of the three isomers of 

dimethyldibenzothiophene are sumrnarized in Figure 5.7. The susceptibility of the isomers 

of dimethyldibenzothiophene to bacterial degradation was dependent upon the positions of 

the rnethyl groups. The 3.4- isomer was oxidized by dl three aromatic hydrocarbon- 
degrading Pseudomonas spp., whereas the 4.6- isomer was not oxidized by any of the 

three strains and the 2.8- isomer was only oxidized by isolate BT1. Furthermore, both 

mixed cultures izsted (SLPB and ERN BIO) extensively degraded 3.4- 
dimethyldibenzodiiophene producing nurnerous metabolites, and the culture of ERN BI0 
completely removed the 3.4-dimethyldibenzothiophene h m  the medium within a 13-day 

incubation period. The amounts of 4,6aimethyldibenzothiophene remaining after 14 days 

incubation with this ERN BI0 culture, and with SLPB and ESSO AG were much higher at 

79%,65%, and 82% respectively. Fifty-four percent of the 2,8-dimethyldibenzothiophene 

was recovered from each of the cultures of ERN BI0 and ESSO AG incubated with this 

isomer for 2 weeks. Thus, lines of evidence from both the pure and mixed culture studies 

sugps t  that the order of susceptibility of these three isomers to degradation is 3.4- 
dimethyldibenzothiophene > 2,8-dirneth yldibenzothiophene > 4,6-dimeth yldibenzo- 

thiop hene. 

Of the two dimethyldibenzothiophenes studied which were substituted on both 

benzene rings. 2.8-dimethyldibenzothiophene is more susceptible to degradation. This is 
consistent with observations h m  studies wiâh methyldibenzothiophenes in petroleum that 

2- and 3-methyldibenzothiophene were more easily degraded than 1- and 4- 

methyldibenzothiophene (Bayona et al., 1986; Fayad and Overton, 1995; Wang and 

Fingas, 1995). 2.8-Dimethyldibenzothiophene bars the methyl groups on both benzene 

rings at the same position beta to the thiophene ring as in 2-methyldibenzothiophene. 4.6- 

Dimethyldibenzothiophene bears the methyl groups on both benzene rings at the same 

position alpha to the thiophene ring as in 4-methyldibenzothiophene. The relative 

recalcitrance of the syrnmetrical dimethyldibenzothiophenes reported herein reflects that 

previously reported for the methyldibenzothiophenes which have the methyl-substitution at 

the same location of only one of the homocyclic ring. 



The ease with which 3,aethyldibenzothiophene was degradeci is because it has 
an unsubstituted benzene ring which is preferentially attacked by aromatic hydrocarbon- 

degrading bacteria. This was observed for the bacterial rnetabolism of aromatic 

hydrocarbons. including 1- and 2-methylnaphthalene (Dean-Raymond and Bartha, 1975; 

Williams et al., 1975). 1- and 2-ethylnaphthalene (Dean-Raymond and Bartha, 1975), 1.3- 
and 2,3-dimethylnaphthalene (Dean-Raymond and Banha, 1975). and 3- and 4- 

meth ylbipheny 1 (Fedorak and Westlake, 1983 b). 
The Cl-dibenzothiophenes are more susceptible to biodegradation than the C2- 

dibenzothiophenes (Atlas et al., 198 1; Fedorak and Westlake. 1983a, 1984). Among the 

dimethyldibenzothiophenes found in cmde oil are sorne isomers that bear a methyl group 

on each of the homocyclic rings (Budzinski et al., 1992). Thus, in envïronments 

contaminated with crude oil, dibenzothiophene and methyldibenzothiophenes would be 
depleted from the crude oü before the isomers of dimethyldibenzothiophene that are 

substituted on one of the homocyclic rings, which will in tum be degraded before the 
isomers that contain methyl groups on both benzene rings. 

The 6,7-dirnethyl-3-hydroxy-2-fomylbenzothiophene detected in pure and mixed 
cultures incubated with 3.4-dimethyldibenzothiophene resulted from oxidation, cleavage. 

and degradation of the unsubstituted benzene ring in a manner analogous to that reported 

for the degradation of dibenzothiophene which yields 3-hydroxy-2-formylbenzothiophene 

as a major product (Kodama et al., 1970, 1973; Laborde and Gibson, 1977; Monticello et 
al., 1985; Momile and Atlas, 1989). This is consistent with the observation that the 

unsubstituted homocyclic ring of the methyldibenzothiophenes was attacked and degraded 

to give methyl-3-hydroxy-2-formylbenzothiophenes (Saftic' et al.. 1993). 

Extracts of cultures incubated with 3,4-dirnethyldibenzothiophene also contained 
6,7-dimethylbenzothiophene-2,3-dione. Methylbenzothiophene-2,3diones were detected 

in the studies with methyldibenzothiophenes (Saftic' et al., 1993). and benzothiophene- 

2,340ne was reported as a product from dibenzothiophene oxidation in cultures that also 

yielded 3-hydroxy-2-formylbenzothiophene (Bohonos et al., 1977). In the present study, 
6,7-dimethyl-3-hy&oxy-2-formyIben~othiophene was more frequently detected as a 

product and was more abundant in extracts of cultures that had been incubated for shorter 

times. whereas the 2,3-dione was more frequently detected and was present in greater 

arnounts over longer incubations. The 2,3-dione appears t~ result kom M e r  degradation 

of 6,7-dimethyl-3-hydroxy-2-forrnylbenzothiophene and is the most extensively degraded 

metabolite of 3,4-dimethyldibenzothiop hene that was detected. 

Eaton and Nitterauer (1994) showed that benzothiophene was rnicrobially oxidized 

via dioxygenase attack at positions 2 and 3 and that subsequent reactions, including 



thiop hene ring cleavage, led to the formation of 2-mercaptopheny lgl yoxalate w hich cyclized 
to give benzothiophene-2,3-dione by acid-catalyzed dehydration. In the present study , 

cultures were routinely acidified prior to extraction and so the 6,7dimethylbenzothiophene- 
2,3-dione detected in extracts of cultures incubated with 3,4-dimethyldibenzothiophene was 

likely present in the culture at neutral pH as the dimethyl-substituted 2- 

mercaptophenylglyoxalate. Thus, identification of this dione in acidifed culture extracts 
suggests that degradation of 3,4-dimethyldibenzothiophene includes cleavage of the 

thiophene ring. 
It is likely that metabolites A, B and F are transiently accumulating intermediates in 

the further degradation of 6,7-dimethyl-3-hydroxy-2-formyIbenzothiophene to the 
corresponding 2,3-dione. Metabolites A and B are the keto-tautomers of 2-hydroxy- and 3- 

hydmxy-6,7-dimethylbenzothiophene, respectively. They are analogous to 2-hydroxy- and 

3-hydroxybenzothiophene found as metabolites of benzothiophene (Eaton and Nitterauer, 
1994). It was proposed that these resulted from chernical dehydration of 2,3-dihydroxy- 
2.3-dihydrobenzothiophene that was produced by microbial dioxygenase-catalyzed 
oxidation of benzothiophene (Eaton and Nitterauer. 1994). Enzymatic dehydrogenation of 
this dihydrodiol was proposed to give the keto tautomer of  2.3-dihydroxybenzothiophene, 

namely 2-hydroxybenzothiophene-3(2H)-one (Eaton and Nitterauer. 1994). Metabolite F, 

3-hydroxy-6,7-dimethylbenzothiophene-2(3 is the keto tautomer of 2.3-dihydroxy- 
6.7-dimethylbenzothiophene, and is analogous to the other tautomer of 2.3-dihydroxy- 
benzothiop hene (Eaton and Nitterauer, 1994). Clearly the smctures of metabolites A, B, 

and F are comparable to compounds found from benzothiophene. suggesting that the 
pathway for biodegradation of 3&dimethyldibenzothiophene converges with the pathway 
previously reported for bacterial metabolism of benzothiophene. 

The formation of metabolites A. B. and F by funher degradation of 6,7-dimethyl-3- 
hydroxy-2-formylbenzothiophene requires removal of the formyl group by an as yet 
uncharactenzed mechanism. A possible mechanism was that proposed to explain the 
formation of 1-indanone from the degradation of fluorene via 2-formyl-1-indanone by 

Pseudomonai cepacia F297 (GnfoLl es al.. 1995). This mechanism may also explain the 

formation of Facenaphthenone as a metabolite fkom fluoranthene degradation (Weissenfels 
et al.. 199 1). Alternatively. since metabolites A, B, and F were detected in extracts of a 
rnixed culture, they rnay not m l y  represent a single biochemical pathway for the 

biodegradation of 3,4&ethyldibenzodiiophene as is often proposed from the results of 
pure culture-pure compound studies. 

The t h e  Pseudomonas spp. were unable to oxidize 4,6-dimethyldibenzothiophene 

and the three mixed cultures tested only degraded a small portion of the 46-dimethyl- 



dibenzothiophene (between 7% and 24% after accounting for losses in the heat-killed 

conmls) over a 2-week incubation period. with no metabolites detected. However, cultures 

grew in the presence of this compound as indicated by increased culture turbidity and 

deple ted the I -MN or Prudhoe Bay aromatics, including the condensed thiophenes 

natuMy present, which had k e n  provided as the growth substrates. Furthemore. the 

isolate BTl metabolued dibenzothiophene and 4-methyldibenzothiophene producing 3- 
hydroxy-2-formylbenwthiophene and 7-methyl-3-hydroxy-2-fomylbenzothiophen in the 

presence of 4.6-dimethyldibenzothiophene. Thus, the recalcitrance of 4,6-dimethyldibenzo- 
thiophene is not due io toxicity. 

Bacteria that extract the sulfur atom eom dibenzothiophenes have been shown to 

attack 4,6-diediyldibenzothiophene (Lee et ai., 1995) and 4.6-dimcth yldibenzothiophene 

(Ohshiro et al., 1996) yielding diethyl- and dimethyl-substituted rnonohydroxybiphenyls. 

The initial reaction rate for desulfurization of 4,6-dimethyldibenzothiophene by 

Rhodococcus erythropolis H-2 was 60% of that for dibenzothiophene (Ohshiro et ai., 
1996). Biodesulfurization of 2.8-dirnethyldibenzothiophene has also been reported 

(Ohshiro et al., 1996). 
In this stud y, 2.8-dimethyldibenzothiop hene was oxidized by one of the 

Pseudomonas spp. and al1 of the mixed cultures. Aithough the expected 5-methyl-3- 

hydroxy-2-formylbenzothiophene was not detected fiom oxidation of 2.8-dimethyldibenzo- 

thiophene. the metabolites that were detected were analogous to some of those observed 

£?om 3,4-dimethyldibenzothiophene. The 5-methylbenzothiophene-3(2H)-one (metabolite 

G) is analogous to metabolite B from 3,4-dimethyldibenzothiophene and could have 

fonned from the 5-methyl-3-hydroxy-2-forrnylbenzothiophene by the decarboxylation 

mechanism cited above (Grifoll et al., 1995). The analogue of metabolite A, 5-methyl- 

benzothiophene-2(3H)-one, was not produced fforn 2,8-dimethyldibenzothiophene. 

However, metabolite 1, the keto tautorner of 2,3-dihydroxy-5-methylbenzothiophene, 

which is analogous to metabolite F, and metabolite H, which is 5-methylbenzothiophene- 

2.3-dione and whose presence gives indication that the thiophene ring of 2.8-dimethyldi- 

benzothiophene was cleaved. were detected 

Methyl group oxidations by bactena yielding methanols and carboxylic acids from 
2.6-dimethylnaphthalene (Barnsley, 1988; Dean-Raymond and Banha, 1975; Miyachi et 
al., 1993). 1 ,Sdimethylnaphthalene (Dean-Raymond and Bartha. 1975), and meth yldi- 

benzothiophenes (Saftic' et al., 1993) have k e n  reported. The oxidation of the methyl 

groups of methyl- and dunethylbenzothiophenes by the three Pseudomonas spp. used in 

this study was observed (Kropp et al., 1994a, 1996). In the current study, oxidation of the 

methyl groups of dimethyldibenzothiophenes to give methanol- or carboxy-substituted 



dibenzothiophenes was not observed. However, if oxidation of both methyl groups of a 
dimethyldibenzothiophene were to give dicarboxylic acids, these would lilcely be too polar 
to extract and anaiyze by the methods used in this saidy. 

The metabolites detected and identified during this study were those sulfur- 
containhg metabolites that could be partition& fiorn an acidified culture into DCM and that 
were amenable to GC analysis. GC-AED analysis was done to quantify the amounts of 

sulfw-containhg substrate and products present in extracts of sorne of the cultures that 
were capable of oxidation of the individual dimethyldibenzothiophenes. In aU cases tested. 

a signincantly larger portion of the added subsmte had been depleted than was present in 
the suh-containing metabolites detected. For example, in extracts of 7day-old cultures of 
ERN BI0 incubateci with 3,4-dimethyldibenzothiophene, 34% was recovered unoxidized 
and 6% was present in the metabolites A through F. Thus, the detected rnetabolites are 
Wcely transiently accumulating intermediates that are further degraded to products too polar 
to exuact or analyze by GC. It is also possible that some of the substrate was oxidized to 
highiy polar intermediates in the formation of the detected metabolites. The metaboli tes that 
were detected from dimethyldibenzothiophene oxidation and those that remain to be 

determined are of concern because they may form in environments contaminated with 
condensed thiophene-containing cmde oil. If so, the polarity of these metabolites will 
mean that they are likely more mobile than the parent cornpounds in groundwater and 

surface water, and the toxicity and susceptibility of these metabolites to further degradation 
will influence the success of bioremediation as a cleanup technology. In an ideal situation. 
the sulfur-containing metabolites detected would be intermediates in the complete 
mineralization of the condensed thiophenes with the missing substrate sulfur existing as a 

relatively innocuous product such as sulfate. Unfortunately, the extent of the quantitative 
studies that could be done with the dimethyldibenzothiophenes was limited by the small 
supply of these synthesized compounds. 

Dibenzothiophene has k e n  used in quantitative studies of the metabolism of 
condensed thiophenes. Wang and Krawiec (1996) reported kinetic data of the metabolism 
of dibenzothiophene by R. erythropolis. However, this isolate utilized the desulfurization 
pathway to enable dibenzothiophene to serve as a sulfur source, but did not oxidize the 
hydrocarbon backbone (Wang and Krawiec, 1996). This pathway is not likely to be 

prevalent in o i l t  ontaminated environments where available sulfur is not expuited to be a 
growth-limiting nutrient. van Afferden et al. (1990) observed stoichiomemc release of 

sulfate h m  dibenzothiophene by a Brevibactenùm sp. that oxidized di benzothiophene via 
the sulfoxide and sulfone, nleased sulfite, and then subsequently degraded the desulfurized 
hydrocarbon. Kodama et al. (1970. 1973) identified dibenzothiophene metabolites from 



pure cultures of Pseudomonas jianii and proposed the so-called "Kodarna pathway". The 
yields of three of the purified metabolites were reponed (Kodama et al., 1970, 1973) and 
by my calculations account for 31% of the dibenzothiophene added to the culture. 
However, the amount of dibenzothiophene remaining at the end of the incubation period 
was not reported so it is not known if a mass balance existed. 

As far as 1 am aware, quantitative studies which establish a mass balance for 
bacteria which utilize the Koàama pathway have not been reported. Such investigations are 
the focus of ongoing studies in this laboratory and will fom the basis of a separate report. 
The results of these studies will provide insight into the significance of the metabolites 
identifid fiom oxidation of dibenzothiophene and its alkyl-derivatives and the implications 
that the formation of these metabolites might have for bioremediation. 



Figure 5.1 From GC-MS andysis, the mas specrrum of a sulfur-containing metabolite 
from a culture of isolate BTl pown for 3 days on 1-MN in the presence of 
3.4-dimethyldi benzuthiophene. This metabolite was identified as 6,ïdimethyl- 
3- h ydroxy-2-fomyl benzo thiop hene. 



Figure 5.2 From GC-MS analysis, the mass specaum of a sulfur-wntaining metabolite 
from a culture of isolate BTl grown for 3 days on 1-MN in the presence of 
3,4-dimethyldibenzotbiophene. This metabolite was identified as 6.7- 
dimeth ylbenzothiophene-2,3-dime. 
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Figure 5.3 GC-FID (a) and GC-FPD @) chromatopmu from GC analysis of the extract 
of a culture of ERN BI0 that was incubated for 7 days with the arornatic 
fraction of Prudhoe Bay crude oil and 3,4-dimethyldibenmthiophene. 



Figure 5.4 From GC-MS analysis, the mass spectra of metabolite A (a) and metabolite B 
@) detected in an extract of a culture of ERN B I 0  that was incubated for 7 
days with the aromatic fraction of Rudhoe Bay crude oil and 3.4- 
dimethyldibenzothiophene. Metabolites A and B were identifid as 6.7- 
dimethylbenzothiophene-2(3H)-one and 6,7-dimethylbenzothiophene-3(2H)- 
one, respectively. 



Figure 5.5 F r m  GC-MS analysis, the mass spectnim of metabolite F detected in an 
extract of a culture of ERN BI0 that was incubated for 7 days with the 
aromatic fiaction of Prudhoe Bay crude oil and 3,4-dimethyldibenzothiophene. 
This metabolite was identified as 3-hydroxy-6,7-dimethyIbenzothiophene- 
2(3H)-one. 



Figure 5.6 From GC-MS analysis, the mass spacaa of metabolite G (a) and metabolite 1 
(b) f?om a c u l m  of isolate BT1 grown for 7 days on 1-MN in the presence of 
2.8-dimethyldibenzothiophene. Metabolite G was idenufed as 5-methyl- 
benzothiophene-3(2H)-one and metabolite 1 was idenafieci as 3-hydroxy-5- 
methylbenzothiophene-2(3H)dne. 
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Figure 5.7 Summary of the metabolites detected from the oxidation of dimethyldibenzo- 
thiophenes by pure and rnixed bacterial C U ~ N ~ S .  
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6. QUALITATIVE AND QUANTITATIVE STUDIES 
OF BACTERIAL TRANSFORMATIONS OF 
1,2,3,4-TETRAHYDRODIBENZOTHIOPHENE 

AND DIBENZOTHIOPHENE* 

6.1 INTRODUCTION 
Organosulfur compounds are a smal l  but significant component of petroleum and 

coal-derived liquids. Conventional cmde oils contain between 0.04 and 5% (w/w) sulfur 
(Speight, 1980) and in general, crudes of higher density (lower API gravity) contain a 

higher percent sulfur. The organosulfur compounds present include thiols, sulfides, and 
thiophenes, but the sulfur compounds which predominate in the so-called heavy fractions, 

where sulfur content is the highest, are primarily the condensed thiophenes. Of these, the 

dibenzothiophenes were recognized to be among the compounds that were most resistant to 
biodegradation in sediments contaminated with oil fiom the Amoco Cadiz spill (Boehm et 
al., 198 1 ) .  The recdcitrance of the dibenzothiophenes. relative to the other arornatic com- 

pounds found in cmde oil that are amenable to GC analysis, has also been observed in 
other studies (Berthou et al., 198 1; Boehm et al., 1982; Teal et al., 1978) and contributes 
to the potential of condensed thiophenes to accurnulate in the tissues of shellfish in marine 

environments that become contaminated with crude oil (Laseter et al., 198 1 ;  Ogata and 
Fujisawa, 1985). This has led to the suggestion that the dibenzothiophenes rnight serve as 
oil pollution markers (Friocourt et al., 1982; Ogata and Fujisawa, 1985). 

There have k e n  numerous biodegradation studies using dibenzothiophene as a 

mode1 condensed thiophene (Crawford and Gupta, 1990; Hou and Laskin. 1976; Kodama 
et al., 1970, 1973; Laborde and Gibson, 1977; Monticello et al., 1985; M o d e  and Atlas, 
1989). Since the initial studies of Kodarna et al. (1970, 1973) with Pseudomonas strains, 
there have k e n  several reports of bacterial oxidation and cleavage of one of the benzene 
rings of dibenzothiophene to yield 3-hydroxy-2-formylbenzothiophene by the so-called 
"Kodarna pathway" (Laborde and Gibson, 1977; Monticello et al., 1985; Mormile and 

Atlas, 1989). Many of these isolates also oxidize the sulfur atom giving dibenzothiophene 
sulfoxide and sulfone (Kodama et al., 1970, 1973; Laborde and Gibson, 1977; Morrnile 
and Atlas, 1989), which appears to be a dead-end pathway in these aromatic-degrading 
bacteria. 

Other isolates are reported to use dibenzothiophene as a sulfùr source by oxidizing 
it via the sulfoxide and sulfone and then subsequently releasing the sulfur atom as sulfate 

* A version of this chapter has been accepred for publication. Kropp. K. G.. I. T. Andersson. and P. M. 
Fedorak. 1997. AppI. Environ. MicrobioI.. in press. 



leaving Zhydroxybiphenyl (Galiagher et al.. 1993; Imrni et al.. 1994; Ornori er al., 1992). 

This pathway is of potential use in the development of a microbial process for the 

biodesulfurizarion of peûoleum because it does not result in extensive degradation of the 

hydrocarbon. Kinetic data of the metabolism of dibenzothiophene by Rhodococcus 
erythropolis, which uses this pathway. have been reported (Wang and Krawiec, 1996). 

van Afferden et al. (1990) obsemexi stoichiomeaic release of sulfate h m  dibenzothiophene 

by a Brevibacteriwn sp. that oxidized dibenzothiophene via the sulfoxide and sulfone, 

released sulfite, and then subsequently degtaded the desdfunzed hydrocarbon. The only 

metabolite detected in the degradation of the carbon backbone was benzoic acid. Although 

quantitative data have been reported for isolates which oxidize dibenzothiophene to the 

sulfoxide and sulfone, and then further degra.de dibenzothiophene sulfone by one of the 

two pathways mentioned above, I am not aware of any quantitative studies which establish 

a mass balance for bacterial degradation of dibenzothiophene by the Kodama pathway. 

As part of a series of investigations into the metabolism of condensed thiophenes 
(Fedorak and Grbice-Galic', 199 1 ; Kropp et ai.. 1994% b. 1996, 1997; Safüc' et al., 

1992, 1993), I now report on studies of the biotransformation of 1,2,3,4-tetrahydrodi- 
benzothiophene. This compound is formed during hydroprocessing reactions aimed at the 

hydrodesulfurization of dibenzothiophenes found in petroleurn (Nagai et al., 1986; Rankel, 

199 1). and has been detected as a minor constituent of solvent refined coal liquids (Later et 
al.. 198 1; Nishioka, 1988). Tetrahydrodibenzothiophene consists of a benzene ring and a 

cycloparaffin ring fused to opposite sides of a thiophene ring, and as such there are various 

potential mechanisms that could be ualized for its oxidation by rnicroorganisms. 

This report describes the biotransformations of tetrah ydrodibenzothiop hene b y three 
Pseudomonas strains while growing on 1-MN and by ceil suspensions of a cyclohexane- 

degrading bactenum. The use of a GC-AED, which gives an equimolar response to sulfur 

in dl organic forms that are amenable to GC analysis (Andersson and Schmid, 1993), 
allowed quantitative analyses of the metabolites. However, the lirnited arnount of 

synthesized tetrahydrodibenzothiophene did not allow additional investigations. 

Subsequently, quantitative studies were done with dibenzothiophene in an attempt to 
establish a sulfur mass balance for dibenzothiophene oxidation by four Pseudomonas 

strains, which utilize the Kodarna pathway of dibenzothiophene metabolism. These 

quantitative studies with dibenzothiophene were motivated by the diffculty experienced in 
achieving a sulfur rnass balance in snidies with aromatic-hydrocarbon-depding bactena 

and teaahydrodibenzothiophene (this report) or dimethyldibenzothiophenes (Kropp et al., 
1 997). 



6.2 MATERIALS AND METHODS 

6.2.1 Chernicals 
1.2,3,4-Teaahydrodibenzothiophene (299% pure by GC) was synthesized by the 

method of Wilpune and Martin (1956). Dibenzothiophene (98%) and 1-MN (978) were 

purchased fiom Fiuka (Buchs, Swi~rland).  Cyclohexane (pesticide grade) was purchased 
kom Fisher Scientific (Fair Lawn, NJ). Dibenzothiophene sulfone (97%) was purchased 

from Aldrich (Milwaukee, WI). Tenahydrodibenzothiophene sulfone was synthesized by 
refluxing teaydrodibenzothiophene with H2@ (30%) in acetic acid for 15 min. 

6.2.2 Bacterial cultures and culture methods 
Biotransfomation experiments were done in 500-rnL Erlenmeyer flasks containhg 

200 mL of mineral medium supplemented with a trace metals solution (Kropp et al.. 
1994b) and these were incubatecl at 28OC on a rotary shaker. Following inoculation, each 

flask received 2 to 4 pL of liquid tetrahydrodibenzothiophene (1 pL = 1.0 mg) or 4 mg of 

dibenzothiophene dissolved in 100 pL of acetoniaile. For each biotransfomation 

experiment, appropriate sterile controls were included to account for any abiotic loss and 
transformations. Although sorne evaporation occmed, none of the oxygenated products 
detected in the culture extracts were found in the sterile controls. 

The isolation and charactenation of the three 1-MN-degrading Pseudomonas 

strains BT1, W 1, and F were described previously (Fedorak and GrbicO-Galic ', 199 1; 

SafticO et al., 1993). The IO-mL inoculum used for biotransformation experiments with 

each of these isolates was obtained from 1-MN-grown maintenance cultures that were 

transfemed weekly. Following inoculation, the biotransfomation cultures received 50 PL 
of 1-MN as growth substrate together with the cosubstrate teaahydrodibenmthiophene or 
dibenzothiophene. Because isolate BT1 can grow on dibenzothiophene as its sole carbon 

and energy source (Saftic' et al., 1993), some experiments tested this isolate with 

dibenzothiophene, ornitting 1-MN from the medium. The inoculum used for these 

experiments (10 rnL) also came from the 1-MN-grown BT1 maintenance culture. As well, 

a fourth strain, designated BTld was tested in some expehents with dibenzothiophene. 

This strain originated from isolate BT1 that was maintained for over 2 years by weekly 
transfers into minera1 medium with 4 mg dibenzothiophene as sole carbon and enerm 

source. Although the colonial morphologies of isolates BTI and BTld were identical, their 

metabolism of dibenzothiophene was found to be different, as discussed later. In ali of the 

studies with dibenzothiophene, the maintenance cultures used as inocula were 7 days old 

and had reached the stationary phase of growth. 



The cyclohexane-degrader CB1323. a gift from Celgene Inc. (Warren, NJ), was 

capable of growth on plates of mineral medium containing 1.5% Noble agar (Difco. 
Detroit, MI) incubated with cyclohexane vapors in a sealed 3-L container. However, better 
growth was obtained on plates of solidified Luria Broth (LB; per litre of distillecl water: 15 

g Difco agar. 10 g Bacto-Tryptone; 5 g Bacto-yeast extracc 10 g NaCl; adjust pH to 7.5) 
which were also incubated in the presence of cyclohexane vapors. The inoculum of strain 
CB 1323 for bioaansformation experiments was obtained by aseptically washing the 
growth from a Iday-oid culture from an LB agar plate with 9 mL of sterile phosphate 

buffer (pH 7.2, 10 rnM) into each flask for the biotransformation experiment. Five replicate 

celi suspensions were incubated at the sarne time. Teuahydrodibenzothiophene was the 
only carbon source added to these cell suspensions and after 2 days of incubation they were 

pooled pnor to extraction. 

6.2.3 SoIvent extraction 
Cultures. cell suspensions, and sterile controls were acidified with 2 M H2SO4 to 

pH& and extracted with DCM (4 times 20 mL) to recover substrates and products. The 
DCM extract was dried over arihydrous Na2S04 and concentrated on a rotary evaporator. 

For quantitative expenments by GC-AED analysis, known amounts of one or two of the 
foilowing commerciaily available organosulfur compounds (Aldrich, Milwaukee, W) were 
added as internai standards pnor to extraction: thianthrene (99%); phenyl sulfoxide (97%); 
and phenyl sulfide (98%). The standards used were chosen so that they would not CO-elute 
during GC analysis with tetrahydrodibenmthiophene, dibenzothiophene. or the products 
detected in preliminary screenings. 

6.2.4 CC analyses 
To screen for the presence of sulfur-containing metabolites, the extracts were 

analyzed by capillary GC using a 30-m DB-5 column in a HP (Mississauga. ON) mode1 
5890 equipped with a FTD and a sulfur-selective FPD. Details of the operating conditions 

were given previously (Fedorak and Grbic'-Galic', 199 1). The methods routinely used for 

GC-MS and GC-FT'IR have also k e n  described previously (Safnc ' et of., 1992, 1993). To 
obtain high resolution GC-MS data, analyses were done in the Mass Spectrometry 

Laboratory. Chernistry Department, University of Alberta (Fedorak and Westlake. 1986). 

The operation of the GC-AED for quantitative analyses was outlined by Kropp et al. 
(1997). 



To facilitate GC-MS identification of some of the metabolites, TMS derivatives of 

compounds in culture extracts were made by silylating with BSA in acetonitrile according 
to the manufacturer's instructions (Pierce, Rockford, IL; method 5). 

6.2.5 Total sulfur analysis 
The DCM extracts of cultures of the Pseudomonas strains incubated with 

dibenzothiophene were diluted to 1.0 mL with DCM in volurnetric flasks and 200-PL 
portions of these were applied to Nter paper (Whatman #42). After evaporation of the 
DCM. the Hter paper samples were combusted in sealed Schoninger oxygen flasks and the 
SO2 produced was trapped as H2SO4 in 10 mL of water to which 2 drops of 30% 

hydrogen peroxide had been added. After addition of 40 mL of 2-propanol, the amount of 
sulfate present was deterrnined by rnicrotitration with BaCI04 (0.01077 M) using Thorin as 

the endpoint indicator (Fritz and Yarnarnrna, 1955). 

6.2.6 Assessrnent of sulfate release from dibenzothiophene 
Cultures of the three l-MN-degrading Pseudomonas saains were maintained for 

three sequential 10-rnL m s f e r s  in 500-mL Erlenmeyer flasks containing 200-mL sulfate- 
free medium (Gonçalves and Fedorak. 1996). The transfers were done every 5 days after 
the cultures had grown and at each transfer the three isolates received 50 pL I-MN and 4 

mg dibenzothiophene. In addition, isolate BTld was grown on 4 mg dibenzothiophene 
without 1-MN. At the time of the third transfer, the cultures were transferred into flasks of 

medium that contained 50 mg of dibenzothiophene. After 6 days of incubation, the cultures 
were acidified with 2 rnL of 4 M HCI and centrifugai at 16 300 x g for 15 min to remove 

cells and undissolved dibenzothiophene. The supematant was then passed through an 
ENVI Chrom P solid phase extraction tube (Supelco, Bellefonte, PA) that had been pre- 
conditioned with 10 m .  methanol and 10 mL acidified sulfate-free medium. The solid 
phase extraction procedure effectively removed the colored dibenzothiophene oxidation 
products from the supematant The color of these metabolites would have interferred with 

the turbidometric method used to assay for sulfate (Amencan Public Health Association. 
1989). The solid phase extraction procedure did not retain sulfate when a standard solution 
of Na2S04 (15 m a )  was passed through the procedure. 

6.2.7 Lyophilization and methyl-esterification 
Cultures of the Pseudomonas strains incubated with dibenzothiophene were made 

alkaline @H>12) by the addition of 0.5 g NaOH before lyophilization. After lyophilization, 
the residue was transferred to a 100-mL round bottom flask with 40 mL of methanol and 4 



mL of concentrated H2SO4 and refluxed for 2 h. After cooling and the addition of 40 mL 

of water, the reaction mixture was extracted with DCM as described above. 

6.3 RESULTS 

6.3.1 Transformations of tetrahydrodi benzothiophene by Pseudomonus 
strains 

GC-FPD analysis of an extract of an acidified culture of isolate F grown in the 

presence of teaahydrodibenzothiophene for 3 days revealed the presence of three abundant 
sulfur-containing metabolites. GC-MS analysis (Figure 6.1) showed that metabolite A, 

with the shortest retention time, had a molecular ion at m/z 182 and a base peak at rn/z 154, 
that could result from the loss of CO or C2H4 (M-28)+. both of which would be 

fragmentations consistent with the structure shown (Figure 6.1). Loss of CO (M-28)+ is 
charactenstic of phenols and loss of C2H4 (M-28)+ is characteristic of cyclic alkanes 
(Silverstein er al., 1991). The molecular weight of metabolite A is 4 rnass units p a t e r  than 
that of 3-hydroxy-2-formylbenzothiophene, which has been previously reported as a 
product of dibenzothiophene biotransformation (Kodama et al., 1970. 1973; Laborde and 

Gibson, 1977; Monticello et al., 1985; Monnile and Atlas, 1989), and is consistent with 

the metabolite k ing  3-hydroxy-2-formyl-4,5,6,7-tetrahydrobenzoiophene, as shown in 

Figure 6.1. The presence of the hydroxy functional group was verified by preparing the 

TMS-ether of the metabolite which gave a weak molecular ion at d z  254 (3%) during GC- 
MS analysis. The derivative characteristically lost a methyl goup (M-15)+ from the 

molecular ion (Pierce, 1968) to give the base peak at m/z 239. 

GC-FTIR analysis of the underivatized metabolite A gave the FTlR specaum 

shown in Figure 6.2a. The aromatic C-H stretching absorption in the FTIR spectrurn of 

teaahydrodibenzothiophene at 3069 cm-1 (Figure 6.2b) is missing from the FTIR spectrum 

of metabolite A (Figure 6.2a) whereas the saturated C-H stretching absorptions observed at 

2863 and 2945 cm-l in the parent cornpound (Figure 6.2b) are still present in the FI lR  
spectrurn of the metabolite (Figure 6.2a). This suggests that the aromatic ring of 

teDahydrodibenzothiophene has been degraded while the saturated ring has been left 

unaltered to give metabolite A. However. the saturated C-H stretching absorption at 2863 
cm-l in the metabolite also overlaps with the aldehydic C-H stretching absorption obsetved 
in Figure 6.2a as a doublet at 2844 cm-1 and approximately 2770 c d  (Silverstein et al.. 

1991). The other suong absorption of metabolite A (Figure 6.2a) at 1638 cm-l is due to the 

carbonyl group and is similar to the saong absorption previously reported for 3-hydroxy-2- 

formylbenzothiophene at 1640 cm-1 (Saftic' et al., 1993). Thus. this evidence further 



suggests that metabolite A from teaahydrodibenzothiophene is 3-hydroxy-2-formyl- 

4,5,6,7-tetrahydrobenzothiophene. 

The second and third suh-containing metabolites detected by GC-FPD analysis of 

the isolate F culture extract nearly CO-eluted with one another, but were sufficiently 

resolved for GC-MS and G C - r n  analyses. The mass specmvn of the more abundant of 

these two metabolites (metabolite B) showed a molecular ion at m/z 204 (Figure 6.3a), 
which is 16 mass units greater than that of tetrahydrodibenzothiophene. suggesting the 
incorporation of a single atom of oxygen into the substrate. However, no TMS-ether of this 
metabolite was formed when the extract was aeated with BSA, ruling out the possibility 

that it is a hydroxy-substituted isomer of tetrahydrodibenzothiophene. Thus, the metabolite 

was thought to be tenah ydrodibenzothiophene sulfoxide. This conclusion was verified by 

GC-FTm analysis which showed that metabolite B absorbed stronply at 1081 cm-l, an 

absorption characteristic of sulfoxides (Silverstein et ai., 199 1). 

The later of these two metabolites to elute (metabolite C) gave the mass specmm 
shown in Figure 6.3b. This spectmm and the GC retention time of the metabolite were the 

same as an authentic standard of tetrah ydrodibenzothiophene sulfone. GC-FTIR analysis of 
metabolite C showed that it gave strong absorptions at 1331 and 1167 cm-l, which are 

charactenstic of sulfones (S ilverstein et ai., 199 1). Thus, metabolite C is tetrahydrodi- 

benzothiophene sulfone. 
Isolate W1 produced the same three abundant metabolites from tetrahydrodi- 

benzothiophene as the isolate F culture, and the extracts of both of these isolates showed 

similar amounts of metabolites and an abundant peak in the chromatograms corresponding 

to unoxidized teaahydrodibenzothiophene. However, GC-FPD analyses of the extracts of 
3-day-old cultures of isolate BT1 incubated with tewahydrdbenmthiophene showed onl y 

trace amounts of residual teaahydrodibenzothiophene and of a number of novel sulfur- 

containing metabolites that were not abundant enough to identify. 3-Hydroxy-2-fomyl- 

4,5,6,7- tetrahydrobenzothiophene (metabolite A), which was also present in trace 
amounts, was detected in S-day-old BTI culture extmcts. In extracts of BTl cultures that 

had k e n  incubated for 1 or 2 days, 3-hydroxy-2-formyl-4,5,6,7-tetrahydro benzo thiop hene 

was present in greater abundance. but only trace amounts of the novel sulfur-containing 

metabolites were ever observed, even with the shorter incubation times, and so they could 
not be identified. 

The sulfur-selective GC-AED analyses of exuacts of cultures that had been 

incubated for 3 days and extracted after the addition of interna1 standards showed that 92% 
of the 16.5 pmol of tetrahydrodibenzothiophene added w a .  recovered from the sterile 

control. After 3 days of incubation, recovery of residual tetrahydrodibenzothiophene was 



7.48 (1.2 pmol) for isolate F; 13% (2.1 pmol) for isolate W1; and 0.7% (0.1 pmol) for 
isolate BTI. In the isolate F culture extract, 3.3% (0.5 pmol) of the tetrahydrodibenzo- 

thiophene added was detected as 3-hydroxy-2-formyl-4,5,6,7-te~ydrobenzothiophene 
and 21% (3.5 w o l )  as the sulfoxide and sulfone, which were quantifid together because 
they were not adequately resolved during GC-AED analyses. Sirnilarly, in the e x m t  of the 
isolate W1 culture, 4.8% (0.8 pnol) of the tenahydrodibenzothiophene added was present 
as 3-hydroxy-2-formyl-4,5,6,7-tetrahydrobenzoiophene and 16% (2.6 pmol) was 
present as the sulfoxide and sulfone. In a 3-day-old BTl culture extract, 0.2% (.O3 pal) 

of the tetrah ydrodibenzothiop hene added was detected as 3-h ydrox y-2-formyl-4,5,6.7 - 
teaahydrobenzothiophene, and the sulfoxide and sulfone were not detected. 

Assuming that the evaporative loss from the viable cultures was the same as fiom 
the stenle control, 1.3 pmol of tetrahydrodibenzothiophene would have been lost 
abioticaliy. This value likely overestimates the loss due to evaporation in the viable cultures 
because the amount of teaahydrdbenzothiophene present decreased over the incubation 
period due to rnicrobial oxidation, and the extent of evaporation likely also decreased. 

Totaiing the estimated loss due to evaporation, the remaining teuahydrodibenzothiophene. 
and the identifid metabolites, the analytical methoci used accounted for 6.5 pmol(39%) of 
the sulfur from the initial arnount of tetrahydrodibenzothiophene added to the cultures of 

strain F; 6.8 m o l  (41%) of the organosulfur added to cultures of strain W 1 ; and 1.4 pmol 
(98) of the organosulfur added to cultures of smin BTl. Clearly, other metabolites were 

produced but not detected by these analytical methods. 

6.3.2 Transformations of tetrahydrodi benzothiophene by strain CB 1323 
Ce11 suspensions of strain CB1323 that had k e n  grown in the presence of 

cyclohexane vapors were shown to oxidize te~ahydrodibenzothiophene, producing three 
sulfw-containing metabolites (refend to as D, E, and F below) over a 2-day incubation. 

GC-MS analysis gave the mass spectrum show in Figure 6.4a for metabolite D. 
The stmng molecular ion at m/z 202 is consistent with the chemical formula of C12H100S 

that was detemiined by high resolution GC-MS analysis. The base peak at m/z 160 (M- 
42)+ results h m  loss of CH2CO. GC-FïlR analysis gave the specmrn shown in Figure 

6.4b for metabolite D. The presence of C-H stretching between 2850 and 2979 cm-1, and 

at 3072 cm-1 indicates that both saturate and aromatic C-H bonds were present in the 
molecule although the relative intensity of the saturate C-H stretching was decreased 
relative to unoxidized te~ahydrodibenzothiophene (Figure 6.2b). The swng  absorption at 

1740 cm-l (Figure 6.4b) is due to the presence of the oxygen atom in a carbonyl group. 
Because the chemical formula for metabolite D of Cl2HloOS is one oxygen atom p a t e r  



and two hydrogen atoms less than that of te~ahydrodibenzothiophene. it is likely that one 

of the methylene carbon atoms in the sanirated ring was oxidized to a ketone. This is 
indicated by the structure shown for metabolite D in Figure 6.4, although it is not known 
which of the methylene groups was oxidized to give the cyclic ketone. However, the loss 
of CH2CO to give the hgment at m/z 160 (M-42)+ in the mass spectrum of metabolite D 

(Figure 6.4a) has also k e n  observed in the mass spectrum of 3.4-dihydro-2(1H)- 

naphthalenone, but not in the mass spectrum of 3,4-dihydro-l(2H)-naphthalenone (Heller 

and Milne, 1978). This rnay indicate that the carbonyl group of metabolite D is not located 

alpha to the thiophene ring of teaahydrodibenzothiophene (Le. positions 1 or 4). but rather 

is located at a position beta to the thiophene ring (i.e. positions 2 or 3). This assignment is 

funher supported by the carbonyl absorption of metabolite D at 1740 cm-1 which is 

consistent with the carbonyl absorption of sanirated ketones (1725 to 1745 cm-1 in vapor 

phase), but not consistent with the carbonyl absorption of conjugated ketones (1690 to 

1720 cm-1 in vapor phase) (Lin-Vien et al., 199 1). 
Metabolite E gave the mass spectrurn shown in figure 6.5a with a strong molecular 

ion at m/z 204, consistent with the chernical formula C12m 2 0 s  determined by high 

resolution GC-MS analysis. This product resulted from the incorporation of a single atom 
of oxygen into tetrahydrodibenzothiophene (C 12H 12s) and GC-FTR anal ysis proved that 

it was present as a hydroxyl group since the metabolite absorbs saongly at 3653 cm-l 
(Figure 6.5b). The FIlR spectrum (Figure 6.5b) also suggests that the hydroxyl group is 

located on the saturated ring because of the relatively saong intensity of the aromatic C-H 
stretching at 3070 cm-l. Other evidence for this assignment cornes from the fragmentation 

pattern of metabolite E observed in Figure 6-51. The fragment at m/z 186 results fkom the 

loss of H20 (M-18)+and this fragmentation is also observed in the mass spectmm of 

cyclohexanol (Silverstein et aL, 199 1) and 1 -2.3.4-tetrahydro- 1 -naphthaleno1 (Heller and 
Milne, 1978). The base peak at m/z 160 (M-44)+ results from loss of CH2CHOH. Thus. 

metabolite E appears to be a hydroxy-substituted tetrahydrodibenzothiophene which bars  

the hydroxy group on the saturated ring, although the exact position is not known. 
However. metabolite E Iücely bears the hydroxy substituent at the sarne position beta to the 

thiophene ring (position 2 or 3) as was suggested above for the funher oxidized metabolite 

D. 
Metabolite F also appears to be a hydroxy-substituted temahydrodibenzothiophene. 

It has the same molecular weight of 204 (Figure 6.6a) and the same chemical formula of 
C12H120S- As well. GC-FïIR analysis shows a swng  O-H stretching absorption at 

3653 cm-l (Figure 6.6b). However, the data suggest that the hydroxy group is located on 

the benzene ring of te~ahydrodibenzothiophene, not on the saturated ring as proposed for 





and Atlas. 1989; Saftic' et al.. 1993). benzothiop hene-2.3-dione (Bohonos et al.. 1977). 
and dibenzothiophene sulfoxide and suifone (Kodama et al., 1970, 1973; Laborde and 

Gibson, 1977; M o d e  and Atlas, 1989). Strains W 1, F, and BT1 have also been reponed 

to oxidize methyldibenzothiophenes to give methyl-substituted 3-hydroxy-2-formylbenzo- 

thiophenes and benzothiophene-2.3-diones (Saftic' et al.. 1993). As weil, some of the 

meth yldibenzothiophenes were oxidized to the corresponding sulfones (Saftic ' et al.. 1993) 
GC-AED analyses of extracts of cultures of each of the Pseudomonas strains 

incubated with dibenzothiophene for 2 to 9 days gave quantitative data on the kinetics of 

dibenzothiophene oxidation to the observed metabolites. Figure 6.7a shows the oxidation 
of dibenzothiophene by a culture of isolate W1 growing on 1-MN in the presence of 

dibenzothiophene. This isolate and isolate F, which gave results similar to isolate W1 so 

they are not shown, cannot use dibenzothiophene as a growth substrate, but cometabolize it 

while growing on 1-MN. The recovenes of dibenzothiophene and the various metabolites 

after 7 days incubation are summarized in Table 6.1 for both isolates. Neither isolate WI 
nor isolate F completely degraded the dibenzothiophene, with 9.6% (2.0 pmol) and 12% 

(2.5 pmol) remaining after 7 days, respectively. As well, while 3-hydroxy-2- 

fomylbenzothiophene concentrations were appreciable after 2 days incubation (Figure 

6.7a), this accumulation was transient resulting in ody 0.6% (0.13 pmol) and 0.76 (0.15 

pmol) of the sulfur from dibenzothiophene persisting as this product in cultures of isolates 

W1 and F. respectively, after 7 days. Thus, the metabolite 3-hydroxy-2-formyl- 

benzothiophene is further degraded by these isolates. Only srnall amounts of the 

benzothiophene-2.3-dione were ever detected over the 7day incubation (Figure 6.7a Table 
6.1). The major products of these isolates were the sulfoxide and sulfone of 

dibenzothiophene d i c h  together accounted for 17% (3.6 prnol) and 24% (5.0 prnol) of 

the sulfur from dibenzothiophene in cultures of isolate W1 and F, respectively (Table 6.1). 

The sulfoxide and sulfone were quantitateci together because they CO-eluted from the GC 
column. 

Isolate BTl is capable of growth with either 1-MN or dibenzothiophene as sole 

carbon and energy source, so the transformation of dibenzothiophene by this strain was 
tested both with and without 1-MN in the medium. The results of these tests after 7 days 
are summarized in Table 6.1. and Figure 6.7b shows the oxidation of dibenzothiophene as 

sole carbon source over 9 days. A notable difference between isolates W 1 and F and isolate 

BTI, was that dibenzothiophene degradation proceeded to a greater extent in the cultures of 

isolate BT1, regardless of whether or not 1-MN was included in the medium. For example, 

only 0.8% (0.18 p o l )  of the dibenzothiophene remained when 1-MN was included (Table 

6.1, line 3), and 1.3% (0.29 pmol) remained when 1-MN was omitted (Table 6.1, line 4). 



As was observed with isolates W1 and F, the accumulation of 3-hydroxy-2-formyt- 

benzothiophene in BT1 cultures was transient (Figure 6.7b). with further degradation 

yielding only trace amounts of this product after 7 days innibation regardless of whether or 
not 1-MN was included in the culture (Table 6.1, lines 3 and 4). As well, only trace 

amounts of benzothiophene-2,3-dione were ever detected (Figure 6.7b, Table 6.1). 

When isolate BT1, pregrown on 1-MN, was incubated with dibenzothiophene as 

sole carbon source, oxidation of the sulfur atom gave the suifoxide and sulfone as the 
major products (9.4%. 2.1 p o l )  (Table 6.1, line 4). as was observed with isolates W 1 

and F. However, when 1-MN and dibenzothiophene were in the medium, only 1.6% (0.35 
p o l )  of the suifw originally pnsent as dibenzothiophene accumulated as the sulfoxide and 

sulfone (Table 6.1, line 3). Thus, with 1-MN in the BT1 cultures, either less 
dibenzothiophene was sulfoxygenated, or further degradation of the sulfoxygenated 

metabolites was stimulated, so that less of these products accumulated over the 7-day 

incubation. 

The ability of strains W1, F, and BT1 to further transform dibenzothiophene 

sulfone (17 pmol) was tested. Isolates W1 and F were unable to transform this sulfone 

over a 7-day incubation period when grown with 1-MN and the sulfone in the medium. 

The sarne was m e  for isolate BTl incubated with dibenzothiophene sulfone as sole carbon 

and energy source. However. when isolate BTI was grown on 1-MN in the presence of 

dibenzothiophene sulfone, 55% (9.4 p o l )  of the suIfone was depleted from the medium 

in 7 days. However, metabolites from oxidation of dibenzothiophene sulfone were not 

detected by the extraction and analytical methods used. The ability of isolate BT1 to further 

degrade dibenzothiophene sulfone. when provided with 1 -MN as growth substrate, 1ikeI y 

contributes to the large portion of organosulfur from dibenzothiophene (85.2%, Table 6.1. 

line 3) that was not detected by the DCM extraction and GC analytical methods used. The 

increase in the arnount of sulfoxide and sulfone detected in cultures of isolate BTI without 

1-MN over that detected in cultures which included 1-MN (7.8%- 1.7 m o l )  accounted for 

the smaller portion of organosuifur from dibenzothiophene that was undetected in cultures 

where 1-MN was excluded (74.8%, Table 6.1, line 4). 
Large fractions of organosulfur from dibenzothiophene were not detected by DCM 

extraction and GC analysis of cultures of isolates W1, F. and BTl (between 50.0% and 

85.2%. Table 6.1). With 1-MN-pwn cultures of isolate BT1, this was partly due to the 
further degradation of dibenzothiophene sulfone. Evidence that a large fraction of this 

undetected sulfur from dibenzothiophene resulted from the further degradation of 3- 

hydroxy-2-formylbenzothiophene by isolates W1, F. and BTI was obtained using strain 

BTld- The DCM extraction and GC analysis methods used accounted for 81.6% of the 



suifur from dibenzothiophene provided as sole carbon source to cultures of strain BTld 

after 7 days incubation (Table 6.1, line 5). This 8 1.6% recovery is determined by totaling 
the recovery of unoxidized dibenzothiophene (5.9%) with the recovery of the detected 
metabolites (6 1.7%) and the evaporative losses of dibenzothiophene observed in the sterile 
conml (14%). A large portion of this (5246, 11 p o l )  was present in culture extracts as 3- 

hydroxy-2-fomylbenzothiophene which accumulated in cultures (Figure 6.7~). While 
some further degradation of 3-hydroxy-2-fomylbenzothiophene did occur to yield the trace 
amount of benzothiophene-2,3-dione that was detected (Figure 6.7c, Table 6.1). cleariy 
much greater arnounts of 3-hydroxy-2-formylbenzothiophene accumulated with this snain. 
The direct result is that for strain BTld only 18.4% of the sulfur from dibenzothiophene is 
unaccounted for by the methods used. Thus, for strains W1, F, and BT1, which 
accurnulated 3-hydmxy-2-fomylbenzothiophene only transiently, the further degradation 
of 3-hydroxy-2-formylbenzothiophene is Likely a major contributing factor to the large 
portions of organosulfur from dibenzothiophene that were not detected by the methods 

used (50.0% to 85.2%). 
The sulfur fiom dibenzothiophene that escaped detection by GC-AED analysis of 

culture extracts could exist as metabolites that are extractable with DCM under the 
conditions used but are too polar to be analyzed by the GC methoci used. This was tested in 

a separate experiment cornparhg the recovery of dibenzothiophene and its metabolites as 
determined by GC-AED analysis with the recovery deterrnined by total sulfur analysis of 
DCM extracts of acidifed cultures. Table 6.2 shows that the two methods of analysis gave 
recoveries chat were within 12% of each other for the five cultures used in this cornparison. 
In addition. neither rnethod gave consistently higher recoveries. Thus there was not a large 
amount of DCM-extractable organosulfur from dibenzothiophene that was not arnenable to 

detection by the GC-AED methoci. 
Because some sulhir from dibenzothiophene escaped detection by the methods 

used, the isolates were tested to detemine if sulfate was k i n g  released from 

dibenzothiophene. The cultures were incubated for three serial transfers in sulfate-free 
medium to dilute the sulfate in the maintenance medium to negligible background levels, 
and the arnount of dibenzothiophene added at the time of the third transfer was increased to 
50 mg so that if sulfate was released, it would be more ükely to be detected above the 

background levels. The detection lirnit of the turbidomeaic assay used was 1 mgll sulfate 
which would have detected sulfate release from 50.8% of the 50 mg of dibenzothiophene. 
However. no sulfate was detected with any of the isolates incubated with 1-MN in the 
presence of dibenzothiophene or with isolate BTld incubated with dibenzothiophene alone. 

Thus, it appeared that the sulfur from dibenzothiophene that could not be detected 



was present in organic foms in aqueous cultures. but was too polar to extract with DCM. 

To test this hypothesis. duplicate cultures of al1 three isolates grown on 1-MN in the 

presence of dibenzothiophene, and of isolates BTI and BTld grown with 
dibenzothiophene as sole carbon and energy source were established using the usual culture 

methods. After 7 days of incubation, one of each of the cultures was acidified and extracted 
with DCM and the other was lyophilized and the residue methyl-estenfied pnor to 
extraction. Total sulfur analysis of the extracts was done to compare the recovery of sulfur 
from dibenzothiophene by the two rnethods (Table 6.3). A senes of controls. which 
consisted of each of the isolates grown on 1-MN without dibenzothiophene, were also 

taken through the lyophilization and methyl-esterification procedure to account for any 
organosulfur products recovered by this method that result from microbial incorporation of 

sulfate provided in the medium into organic compounds. 
As can be seen from Table 6.3, lyophilization and methyl-esterification gave 

increased recovery of organosulfur over that obtained by DCM extraction of acidifed 
cultures. The increases ranged fiom 2.2 to 13.1 km01 of s u f i .  or fkom 10% to 608 of the 

initial 22 pmol of dibenzothiophene added. Thus, there was a considerable portion of 
organosulfur that was not recovered by DCM exaaction of acidified cultures but is 
recovered by lyophilization and methyl-esterification. 

6.4 DISCUSSION 
Tetrahydrodibenzothiophene is a minor constituent of some fossil fuel derivatives 

(Later et al., 198 1; Nishioka, 1988) and, while it is not itself a sipificant environmentai 
contaminant or pnority pollutan~ its chemical structure incorporates a variety of molecular 
features offenng an interesting study of bacterial transformations. The oxidation of 
temhydrodibenzothiophene by cell suspensions of the cyclohexane degrader CB 1323 that 
had ken pre-grown in the presence of cyclohexane vapors yielded products analogous to 

those reported for the initiai steps in the metabolism of cyclohexane (Peny, 1984). Just as 
monooxygenation of cyclohexane and subsequent dehydrogenation yields cyclohexanol 
and c yclohexanone as intermediates in the bacterial metabolism of c yclo hexane, strain 
CB1323 also oxidized a methylene group in the alicyclic ring of tetrahydrodibenzo- 
thiophene to give a hydroxy-subs tituted tetrahydrodibenzohiophene (metabolite E), and 

subsequent dehydropnation yielded the corresponding ketone (metabolite D). It is not 

known which of the methyiene groups in the saturated ring was oxidized to give these 
products. 

In the metabolism of cyclohexane, these reactions are followed by a biological 
Baeyer-Villiger monooxygenation to give a lactone which is subsequendy hydrolyzed to 



give adipic acid (Perry, 1984). However, the analogous ring cleavage reactions were not 

evident in the oxidatioo of teaahydmdibenzo thiophene by strain CB 1323. The quantitative 
data obtahed by GC-AED analysis showed that 100% of the sulfur in the substrate 

tetrahydrodibenzothiophene was accounted for, assuming that the evaporative loss in the 
viable cultures was the sarne as in the sterile controI (27%). 

Other compounds that contain both an arornatic and an alicyclic ring have k e n  used 

in biodegradation studies which have focused primarily on bacteria that are able to degrade 

aromatic c ompounds. For exarnp le. the carbazole-degrading bacterium Pseudomonas sp . 
LD2 cometabolized 1,2,3,4-tetrahydrocarbazole when carbazole was provided as a growth 

subsaate, but could not utüize this compound as sole carbon and energy source (Gieg et 

al., 1996). Although over 60% loss of the 1.2,3,4-tetrahydrocarbazole was observed, no 
metabolites h m  its oxidation were detected by GC analysis. 

Schreibcr and Wuikler (1983) studied Pseudomonas stutzeri AS39 that was capable 

of growth on tetralin (1,2,3,4-tetrahydrooaphthalene) and naphthalene, but not 

cyclohexane, cyclohexanol, or cyclohexanone. They rcported the oxidation of teaalin to 1- 

tetralone (3,4-dihydro- 1 (2H)-naphthalenone) and 1 -tetralol (1,2,3,4-tetrah ydro- 1 - 
naphthalenol) which are analogous to metabolites D (Figure 6.4) and E (Figure 6.5) found 

fiom tetrah ydrodibenrothiophene. 

Sikkema and de Bont (1991a) described the ability of eight bacterial isolates to 
utilize tetralin as sole carbon and energy source. Al1 but one of the strains were able to 

grow on one or more aromatic hydrocarbons, but none could utilize cyclohexane as sole 

carbon and energy source. Reponed metabolites included products of oxidation of the 

alicyclic ring: 1.2.3,4-tetrahydro- 1-naphthalenol and 3.4-dihydro- 1 (2H)-naphthalenone; 

and products of oxidation of the aromatic ring: 5.6.7.8-tetrahydro-1-naphthalenol and 

5,6,7,8-tetrahydro-2-naphthalenol (Sikkema and de Bont, 199 1 b, 1993). Strain CB 1323, 
used in this study, also oxidized both the aromatic and alicyclic rings of tetrahydrodi- 

benzothiophene, yielding metabolites D, E, and F. 
The cometabolism of teaahydrodibenzothiophene by the 1-MN-degrading 

Pseudomonas strains resulted in oxidation, cleavage, and degradation of the benzene ring 
of teaahydrodibenzothiophene to form 3-hydroxy-2-formyl-4,5,6,7-tetrahydrobenzothio- 
phene (Figure 6.1). The assignment of these functional groups to positions 3- and 2- is 

based on analogy to the published Kodama pathway of dibenzothiophene metabolism 

(Kodama et al., 1970, 1973) which proceeds via dioxygenase attack at positions 1- and 2- 
of dibenzothiophene to give 1.2-dihydroxy-1,2-dihydrodibenzothiophene, followed by 

dehydrogenation to give 1.2-dihydroxydibenzothiophene. This intermediate then undergoes 

meta-cleavage to open the benzene ring of dibenzothiophene and degradation of the opened 



ring yields a molecule each of pynivate and 3-hydroxy-2-fomylbenzothiophene (Kodarna 
et al., 1970, 1973; Laborde and Gibson, 1977; Monticello et al., 1985; Monnile and Atlas, 
1989). In the current snidy, the data suggest that Pseudomonas strains W l .  F, and BTl 

utilize an analogous pathway to oxidize the benzene ring of tetrahydrodibenzothiophene. 

This is not surprising since these isolates metabolize dibenzothiophene via 3-hydroxy-2- 
formylbenzothiophene using the Kodarna pathway with M e r  transformation yielding 
benzothiophene-2,3-dione. These isolates degrade the unsubstituted ring of methyldibenzo- 
thiophenes (Saftic' et al., 1993) and 3.4-dùnethyldibenzothiophene (Kropp er al., 1997) to 
give methyl and dimethyl-substitutcd isomers of 3-hydroxy-2-foxmylbenzothiophene and 
benzothiophene-2,3-dione. The dibenzothiophene-oxidiPng cultures of Bohonos et al. 
(1 977) also transformed dibenzothiophene to 3-hydroxy-2-formylbenzo thiophene and 
benzothiophene-2,3-dione. However, 4.5.6.7-tetrahydrobenzothiophene-2,3-dion was 

not observed in these studies with tetrahydrodibenzothiophene. 

The pathway used by these Pseudomonas strains to oxidize dibenzothiophenes to 
analogs of 3-hydrox y-2-fonnylbenzothiophene is biochemically similar to the pathway 
reponed for naphthalene catabolism (Eaton and Chapman. 1992). Other research has 

shown that a single genetic pathway conaols the metabolism of dibenzothiophene, 
naphthalene, and phenanthrene in a soi1 Pseudomonas sp. (Denome et al., 1993). The 
oxidative activity of naphthalene dioxygenase is not resmcted to aromatic ring 

dioxygenation with the subsequent dehydropnation and ring cleavage reactions, but has 
also k e n  reponed to catalyze monooxygenations of benzylic methyl or methylene moities 
and sulfoxygenations of the sulfur atom of organic sulfur compounds (Allen et al., 1995; 

Selifonov et al., 1996). The monooxygenation of the C-1 and C-4 methylene groups of 

tetrahydrodibenzothiophene, which are not benzylic but are alpha to the aromatic thiophene 
ring, by the dioxygenases of the three Pseudomonos strains was not observed to occur as 
might be expected fiom previous reports of rnonoxygenation of benzylic rnethylene groups 
by naphthalene dioxygenase cloned fiom NAH7 (Selifonov et al., 1996) and &om studies 
of tetralin metaboiism (see above). However, the oxidation of the sulfur atom of 
teadhydrodibenzothiophene to give the sulfoxide and sulfone was observed with 1-MN- 
grown cultures of isolates W1 and F, and these were the most abundant products detected. 
The suifoxide and sulfone of tetrah ydrodibenzothiophene were not detec ted with isolate 
BT1. However, al1 four isolates were s h o w  to oxidize dibenzothiophene to the sulfoxide 
and sulfone as has been reported as an aiternate deadend route for other bacteria that utilize 

the Kodarna pathway to metabolize dibenzothiophene (Kodama et al., 1970,1973; Laborde 
and Gibson, 1977; Mormile and Atlas, 1989). This oxidation of dibenzothiophene to the 

sulfoxide and sulfone was a dead-end pathway for isolates W1 and F, however, isolate 



BTl was capable of funher degradation of dibenzothiophene sulfone if 1-MN was present 
as a growth subsmte. It is possible that the sulfoxide and sulfone were not detected in 

cultures of isolate BT1 grown on 1-MN in the presence of tetrahydrodibenzothiophene 
because the suifone of tetrahydrodibenzothiophene was also funher metabolized. 

Quantitative GC-AED analyses of exaacts of the three Pseudomonas strains 

incubated for 3 days with tetrahydrodibenzodiiophene and 1-MN showed that only 9% to 

41% of the sulfur in teaahydrodibenzothiophene was detected by the analytical methods 
used. GC-FPD analyses of extracts from cultures incubated for shorter tirnes suggested that 
3-hydroxy-2-formyl4,5,6,7-tetrahydr0benzoopene was more abundant pnor to day 3. 

However, the non-linear response of the FPD does not aUow quantiration, and GC-AED 
andysis was not done for these eariier sample tirnes. However. it appeared that 3- 
hydroxy-2-formyl-4~5,6.7-tetrahydrobenzothiophene accumulated transiently and was 
subsequently degraded by isolate BTI. Unfortunately, the amount of the synthesized 
tetrahydrodibenzothiophene available was insufficent to do further quantitative studies with 

this substrate. 
Because a sulfur mass balance was not achieved in these studies with aromatic- 

hydrocarbondegrading bacteria and tenahydrodibenzothiophene. and in other snidies with 

dimethy Idibenzothiophenes (Kropp et of., 1997). in depth quantitative studies were done 
with commercially available dibenzothiophene. In general, the amounts of 

dibenzothiophene remainine and the arnounts of the 3-hydroxy-2-formylbenzothiophene. 

sulfoxide and sulfone that were produced h m  dibenzothiophene were comparable with the 

arnounts of teaahydrodibenzothiophene and the andogous metabolites that were observed 

for each isolate incubated with 1-MN as growth substrate. The arnount of 3-hydroxy-2- 
formyl-4,5,6,7-tetrahydrobenzothiophene that was obsemed to f o m  with isolates W1 and 

F was siightiy larger than the amount of 3-hydroq-2-fomylbenzothiophene. Although the 

analog of benzothiophene-2,3-dione was not observed to form from tetrahydrodi- 
benzothiophene, this metabolite from dibenzothiophene was only observed in very small 
amounts (0.2% to 1.3% of the dibenzothiophene added to the cultures) so it does not 
signifcantly influence the sulfur m a s  balance. As well. the fact that the sulfoxide and 

sulfone of tetrahydrdbenzothiophene were not observed in 1-MN-grown cultures of 
isolate BTl did not significantiy influence the sulfur mass balance, because in 1-MN- 
grown cultures of isolate BT1 incubated with dibenzothiophene, only 1.6% of the 
dibenzothiophene was found in the form of the sulfoxide and sulfone. Therefore. similar 
results were obtained with dibenzothiophene as were observed with tetrahydrodibenzo- 
thiophene. That is, the sulfur present as the observed metabolites was rnuch less than the 



amount of substrate organosulfur that was depleted in cultures that were grown on 1 -MN 

(e.g. Table 6.1). 

As far as I am aware, quantitative studies that estabiish a sulfur mass balance for 
bacterial degradation of dibenzothiophene via the Kodama pathway have not been reponed. 
Kodama et al. (1970, 1973) identified metabolites frorn pure cultures of Pseudomonas 

jinnii. and the yields of three of the purifiecl metabolites were reporteci. By my calculations 
the metabolites accounted for 3 1% of the dibenzothiophene added tu the culture. However, 
the amount of dibenzothiophene remaining at the end of the incubation penod was not 
reported so it is not known if a mass balance existed. 

Maintahhg isolate BT1 on dibenzothiophene as sole carbon source for over 2 years 
yielded a strain, designated BTId, that had altered dibenzothiophene-degrading activity. 
leading to a difference in the abundance of 3-hydroxy-2-formylbenzothiophene remaining 
in batch cultures. The highest recovery of organosulfur was in the culture of isolate BTld 

grown with 21 p o l  of dibenzothiophene as sole carbon and energy source (Table 6.1). 

After 7 days incubation, 3-hydroxy-2-fomylbenzothiophene was the most abundant 
product, accounting for 52% of the sulfur fiom dibenzothiophene. Although some of the 3- 
hydroxy-2-formylbenzothiophene was degraded further, presumably yielding a small 
amount of benzothiophene-2,3-dione (0.8%)- 3-hydroxy-2-formylbenzothiophene 

accurnulated in the culture withou t extensive further degradation taking place (Fi- 6.7~). 
This accumulation of 3-hydroxy-2-fomylbenzothiophene resulted in a high total recovery 
of sulfur from dibenzothiophene by the DCM extraction and GC methods used in this study 
(81.6% after accounting for evaporative loss). The low total recoveries of sulfur from 
dibenzothiophene (14.8% to 50.0% after accounting for evaporative losses) found with 

cultures that accumulated 3-hydroxy-2-formylbenzothiophene transiently suggest that 
funher degradation of 3-hydroxy-2-fomylbenzothiophene leads to the formation of 
metabolites that are too polar to extract with DCM and analyze by the GC methods used. 
However, the further degradation of 3-hydroxy-2-formylbenzothiophene did not lead to a 
componding increase in the arnount of benzothiophene-2,3-dione that was detbc ted (Table 
6.1). There is only one report on 3-hydroxy-2-formylbenzothiophene biodegradation 
( M o d e  and Atlas, 1988) which demonstrated CO;! release f?om this compound, but no 

sulfate release was detected. 

Eaton and Nittemuer (1994) showed that ùenzothiophene was microbially oxidized 
via dioxygenase attack at positions 2 and 3, and that subsequent reactions, including ring 
cleavage, led to the formation of 2-mercaptophenylglyoxalate which cyclized to give 
benzothiophene-2,3-dione by acid-catalyzed dehydration. In this study, cultures were 
routinely acidified prior to extraction and so the benzotbiophene-2,3-dione detected in these 



extracts was likely present in the culture at neuual pH as 2-mercaptophenylglyoxalate. 

Thus, detection of this dione indicates that cleavage of the thiophene ring has occwed. The 
smail arnounts of benzothiophene-2,3-dione that were detected, even in culture conditions 
where further degradation of 3-hydroxy-2-formylbenzothiophene did occur. suggest that 2- 

mercaptophenylglyoxalate rnay also be fiirther degraded to compounds that are not demted 

by the methods used in this study. 

These experimental results show that the amounts of metabolites detected from 

dibenzothiophene by DCM extraction and GC-AED analysis did not account for the 
amounts of the substrate depleted. They also suggest that 3-hydroxy-2-fomylbenzo- 

thiophene. 2-mercaptophenylglyoxalate (detected as benzothiophene-2.3-dione), and 
dibenzothiophene sulfone were Iikely biodegraded under certain conditions. Thus. 
additional experirnents were undertaken to determine the fate of the sulfur in 
dibenzothiophene. Total sulfur analyses of DCM extracts indicated that there was not a 

large portion of suüur fÎom dibenzothiophene in the extract that was not detectable by GC- 
AED analysis. In addition, there was no evidence of sulfate release from dibenzothiophene 
by any of the Pseudomonas strains. Thus, it appears that the missing sulfur from 

dibenzothiophene is present as organic metabolites that are too polar to recover by liquid- 

Liquid extraction with DCM. This hypothesis was supported by the fact that lyophilization 
and methyl-esterification gave increased recovery of total sulfur over that obtained by 
simple DCM extraction of acidified C U ~ N ~ S  (Table 6.3). Some of the missing organic 
sulfur likel y results from further degradation of 3 -hydroxy-2-formy lbenzothiophene. 2- 

mercaptophenylglyoxaIate, and dibenzothiophene sulfone, and this possibility is the subject 
of ongoing investigations in this laboratory. 

The amounts of dibenzothiophene sulfoxide and sulfone that were produced in 

cultures of saain BTI incubated with and without 1-MN were quite different (Table 6.1). 

suggesting that cosubstrates may have a sipifîcant effect on the metabolism of organic 
contaminants. Of course, in petroleumcontaminated environments, dibenzothiophenes are 

present with numerous saturated and aromatic hydrocarbons. The complex mixture of 

compounds present in petroleum will Likely influence the fate of the sulfur present as 
condensed thiophenes. Biodegradation studies that use pure cultures and pure compounds 
are useful for the detemination of metaboLic pathways for the destruction of organic 

contaminants, and are a step towards the identification of metabolites whose possible 

formation in contaminated environments may influence the ability of bioremediation to 
reduce the toxicity of a contarninated site. However, this work demonstrates that 

cosubstrates may significantly influence the degradation and the environmental fate of 
contaminants. such as condensed thiophenes, typicaily found in a complex aromatic m a h .  



While the same metabolites were detected regardless of whether or not 1-MN was included 
in the pure culture snidies described in this report, the amounts of metabolites present and 
the effect on the overall sulfur mass balance was significant. This emphasizes the 
importance of takhg a quantitative approach and pursuing a mass balance in studies of the 
biodegradation of organic contaminants. There are relatively few studies of the 
biodegradation of condensed thiophenes that have emphasized this approach. 



Table 6.1 Quantification of dibenzothiophene and sulfurcontainhg metabolites as determined 
by GC-AED analyses of DCM extracts of acidified cultures of four Pseudomonas 
strains incubated for 7 days. 

Percent of sulfm h m  DBTa recovered as 

DBT Benzothio- Total Recovery 
Growth S ulfoxide phene-2,3- Recovery in S terile Dfier- 

Suain Substrate DBT HFBT~ & Sulfone dione ('w Control (%) 

BTle 1-MN 0.8 0.2 1 .O 0.2 2.8 88 85.2 
& DBT 

BTle DBT 1.3 0.2 9.4 0.3 11.2 86 74.8 

~ ~ l d d  DBT 5.9 52 8.9 0.8 67.6 86 18.4 

aDBT=dibenzothiop hene 
~ H F B T = ~ -  hydroxy-2-forrnY lbenzothiop hene 
Qifference between total recovery in culture extracts and the corresponding serile control. 
d21 pmol dibenzothiophene given. 
e22 pmol dibenzothiophene given. 



Table 6.2 Cornparison of the recovery of organosulfur from dibenzothiophene as 
determined by GC-AED analyses and by total sulfur analyses of DCM 
extracts of acidified cultures of four Pseudomonas strains incubated with 22 
m o l  dibenzothiophene for 7 days. 

Percent recovery by 

Strain Growth Substrate GC-AED Analysis Total Sulfur Analysis 

WI 

F 

BT1 

BTl 

BTld 

1 -MN 22 

1 -MN 50 

1-MN & D B F  4 

DBT 10 

DBT 64 

aDBT=dibenzo thiop hene 



Table 6.3 Cornparison of the recovery of organosulfur from dibenzothiophene by DCM 
extraction of acidified cultures and by lyophilization. The four Pseudomonas 
strains were incubated with 22 pmol dibenzothiophene for 7 days. Recovery 

was detemined by totai sulfur anaiysis of extracts obtained by the two 
methods. 

organosulfur 

found with 
tyophiliza tionb 

S d n  Growth Substmte DCM Extraction Lyophilizationa ( ~ 0 1 )  

W1 1 -MN 8.7 21.7 (5.6) 7.4 

F 1-MN 12.5 18.2 (3.5) 2.2 

BT1 1-MN & D B F  4.6 17.0 (3.9) 8.5 

BT1 DBT 6.8 19.9 (NA) 13.1 

BTld DBT 16.8 19.6 (NA) 2.8 

aThe number in brackets represents the pmol organosulfur that was also observed by total 
suifur analysis of controls that did not receive dibenzothiophene. An appropriate control 
was not availabIe (NA) for the cultures of isolate BTI and BTld with dibenzothiophene as 

growth substrate, because omission of dibenzothiophene yielded no growth of the 
cultures. 

b~ddit ional  sulfur found = arnount found by Lyophilization - (amount found in control + 
amount in DCM extract). 

cDBT=dibenzothiophene 



Figure 6.1 From GC-MS analysis, the mass spectrum of sulfur-containing metabolite A 
h m  a culture of isolate F grown on 1-MN in the presence of 
temhydrodibenzothiophene. These nsults indicate that metabolite A is 3- 
hydroxy-2-forrnyl-4,5,6,7-tetrahydrobenzothiophene~ 
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Figure 6.2 From GC-FTIR analyses, the FTIR specm of sulfur-containing metabolite A 
from a culture of isolate F grown on 1-MN in the presence of 
tetrahydrodibenzothiophene (a) and of teuahydrodibenzothiophene (b). These 
results indicate that metabolite A is 3-hydroxy-2-formyl-4,5,6,7- 
teaahydrobenzothiophene. 



Figure 6.3 From GC-MS analyses, the mass spectra of sulfur-containhg metabolite B (a) 
and metabolite C (b) from a culture of isolate F grown on 1-MN in the 
presence of teaahydrodibenzothiophene. Thes results indicate that metabolites 
B and C are the suifoxide and sulfone of tetrahydrodibenzothiophene, 
respectively. 
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Figure 6.5 Mass spectrum (a) and FIlR spectrum (b) of suLfur-containing metabolite E 
from the analyses of the extract of the ceIl suspension of strain CB1323 
incubated with tetrahydrodibenzothiophene. The results indicate that the 
metabolite is an isomer of hydroxy-substituted teaahydrodibenzothiophene. 
bearing the hydroxy group on the saturateci ring. 



Figure 6.6 Mass spectmm (a) and FT'IR spectmm @) of sulfur-contain'ng metabolite F 
from the analyses of the extract of the cell suspension of strain CB1323 
incubated with teaahydrodibenzothiophene. The results indicate that the 
metabolite is an isomer of hydroxy-substituted teaahydrodibenzothiophene. 
bearing the hydroxy g o u p  on the benzene ring. 
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Figure 6.7 Transformation of dibenzothiophene to rietabolites detected by GC-AED 
analysis of a culture of isolate W1 grown on 1-MN in the presence of 
dibemthiophene (a), a culture of isolate BT1 grown on dibenzothiophene as 
sole source of carbon and energy (b), and a culture of isolate BTld grown on 
dibemthiophene as sole source of carbon and energy (c). 
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7. BACTERIAL TRANSFORMATIONS 
OF NAPHTHOTHIOPHENES* 

SuIfur is usuaily the most abundant hetero-element in cmde oils. contributing 

between 0.04 to 5% of the mass of conventional crudes (Speight, 1980). The types of 

organosulfur compounds identifid in petroleurn include thiols, sulfides. and thiophenes. 
with benzo- and dibenzothiophenes predominant in the heavier fractions, where sulfur 

content is the highest (Finnerty and Robinson, 1986; Foght et al., 1990). For example. in 

some Texas oils, as much as 70% of the organic sulfur is present as dibenzothiophene. and 
in sorne Middle East oils the allcyl-substituted benzo- and dibenzothiophenes contribute up 

to 40% of the organic sulfur present (Finnerty and Robinson. 1986). Thus, it is not 

surpnsing that most studies of the microbial metabolism of organosulfur compounds have 

focused on the condensed thiophenes that are fond in the aromatic fraction of petroleurn, 

especiaüy those which are commercially available, namely benzothiophene (Bohonos et al.. 

1977; Eaton and Nitterauer, 1994; Fedorak and Grbic'Galic', 199 1; Finnerty et al., 1983; 

Kropp et al.. 1994a; Sagardia et al.. 1975), 3-methylbenzothiophene (Fedorak and Grbic'- 

Galic', 199 1; Kropp et al., 1994a). and dibenzothiophene (Bohonos et al.. 1977; Crawford 

and Gupta. 1990; Gallagher et al.. 1993; Hou and Laskin, 1976; lzumi et al., 1994; Kargi 

and Robinson, 1984; Kodarna et al., 1970, 1973; Kropp et al., 1997b; Laborde and 

Gibson, 1977; Monacello et al., 1985; Mormile and Atlas, 1989; Omori et al., 1992; van 

Afferden et al., 1990; Wang and Krawiec, 1996). As well, it is not surpnsing that only a 
few studies have k e n  done with alkyl-substituted benzothiophenes (Kropp et al.. 1994a, 

b, 1996; S a c '  et al., 1992) and dibenzothiophenes (Kropp et al., 1997a; Lee et al., 1995; 

Ohshiro et al., 1996; Saftic' et al., 1993), because these cornpounds are not cornmercially 
available, and must be chemically synthesized before they can be used in biodegradation 

studies. 

In addition to benzo- and dibenzothiophenes. other polycyclic aromatic sulfur 
heterocycles have k e n  identified by GC analysis of solvent refined coal liquids. coal tars, 

anthracene oils, shale oils, and higher boiling petroleurn fractions using sulfur-selective 

FPD or AED detectors and GC-MS. The compounds identified include benzonaphthothio- 
phenes, phenanthrothiophenes. dinaphthothiophenes. benzophenanthrothiophenes, and 

other compounds containing two to four benzene rings condensed with one or two 

* A version of this chapter has been accepted for publication. Kropp. K. G.. J. T. Andenson. and P. M. 
Fedorak. 1997. Appl. Environ. Microbiol.. in press. 



thiophene rings (Burchill et al., 1982% b; h s h e l  and Sornrners, 1967; Later er al., 198 1 ; 

Nishioka, 1988; Willey et al., 1981). 
Using a very polar cyanopropyl stationary phase for GC analysis with an AED, 

Andersson and Schmid (1995) detected naphtho[lJ-b]thiophee (Cl2HgS) in an Austrian 

shale oil, and reportai that this isomer CO-eluted with dibenzothiophene (Cl2H8S) during 

GC analysis with the non-polar stationary phases typicaliy used to analyze aromatic 

fractions. Naphtho[2,1 -b]thiophene and naphtho[2,3-b] thiophene, the two other 3-ring 
polycyclic aromatic sulfur heterocycles with the chemical formula of C I ~ H ~ S ,  were also 

detected. The CO-elution of dibenzothiophene with naphtho[l,2-blthiophene is consistent 

with earlier reports of Burchill et al. (1982% b) that only three chrornatographic peaks of 
chemical formula C12HgS were detected by GC-MS analysis of coai tar and anthracene oil 

for the four possible isomers that contain a thiophene ring condensed with two benzene 
rings. Thus, naphthothiophenes are arnong the condensed thiophenes present in fossil fbels 
and their derivatives. 

Previous studies using GC analysis with sulfur-selective detection to assess the 

biodegradation of crude oil in microbial cultures (Fedorak and Westlake. 1983, 1984: 

Foghr and Westlake, 1988). in contaminated environments (Fayad and Ovenon, 1995; 
Wang et of., 1995). and within natural petroleum reservoirs (Westlake, 1983) have 
demonstmted the loss of the peak comsponding to dibenzothiophene. This suggests that 

naphtho[ 1.2-blthiophene, if it is present in the particular crude oils studied, is also 

susceptible to microbial degradation. However, none of the isomers of naphthothiophene 

are commercially available and none of them have been previously subjected to 

biodegradation studies. 

The objective of this work was to test the abilities of three 1-MN-degrading 

Pseudomonas strains W1, BTl, and F, which have been previously shown to metabolize 

dibenzothiophene (Kropp et al., 1997 b), to grow on and/or to cometabolize naphtho[l,l- 
blthiophene and naphthor2.3-blthiophene. The ring numbering conventions for these 

chernically synthesized condensed thiophenes and for benzothiophene are shown below. A 

s m d  amount of 1-methylnaphtho[2,1-blthiophene was also synthesized and used in these 

studies. 



Benzothiophene 

7.2 MATERIALS AND METHODS 

7.2.1 C hemicals 
1 -MN was purchased from Fiuka (Buchs, S witzerland). Naphtho[2.1 -b] thiophene 

(Banfield et al.. 1956), 1-methylnaphtho[2,1-blthiophene @am and Kokorudz, 1958), 
and naphtho[2,3-blthiophene (Carruthers et al., 1962) were synthesized. 

7.2.2 Bacterial cultures and culture methods 
The isolation and characterization of the three 1-MN-degrading Pseudomonas 

snains BTI, W 1, and F were described previously (Fedorak and Grbic'-Galic', 199 1; 

Safüc' et al., 1993). The 10-mL inocula used for biotransfonnation experiments with each 
of these isolates was obtained from 1-MN-grown maintenance cultures that were 

rransferred weekly. These maintenance cultures were at least 4 days old when used to 

inoculate flasks for naphthothiophene biotransfonnation experiments. Al1 cultures were 
grown in 500-rnL Erlenmeyer flasks containing 200 mL of mineral medium supplemented 
with a trace metals solution (Kropp et al., 1994b) and these were incubated at 28OC on a 
rotary shaker. 

After inoculation, the cultures were given a naphthothiophene either as a solid, for 

qualitative studies, or as a solution in DCM (50 to 150 pL), for quantitative and thne course 
studies which required reproducible amounts of naphthothiophene in replicate cultures. 
When it was used, the DCM quickly evaporated as the cultures incubated on the shaker. 
The amounts of naphthothiophenes given exceeded the aqueous solubilities of these 
compounds, so that they were present in cultures as a fine suspension or partitioned into 
the CO-substrate 1-MN, when it was present. In all studies with naphtho[2.1-blthiophene 

and 1-methylnaphtho[2,1-blthiophene, the arnount of naphthothiophene given was 
approximately 10 mg per culture. In studies with naphtho[2,3-blthiophene, this amount 
was @en in only one experiment in which it was the sole carbon source. Subsequently, 



the amount of naphtho[2,3-blthiophene was reduced to 5 mg per culture in cometabolism 

snidies with 50 pL 1-MN present as the growth substrate. The same amount of 1-MN was 

used in cometabolism studies with naphtho[2.1-b] thiophene or 1-methylnaphtho[2,1- 

b] thiophene. For each biotransforrnation experiment, appropnate sterile controls were 
included to account for any abiotic loss and transformations. Although some evaporation 

occmed, none of the oxygenated products detected in the culture extracts were found in the 
sterile control S. 

When the isolates from 1-MN-grown maintenance culhues were incubated with 10 

mg of a naphthothiophene as sole carbon source, they were always capable of oxidation of 

at least a srnail portion of the substrate and some metabolites were observed to form. 

However, the isolates were only considered to be capable of growth on a naphthothiophene 

if they survived 14 days incubation of this culture and subsequent aansfer (10 rnL) into a 
second flask of naphthothiophene-containhg medium and were still able to oxidize the 

naphthothiophene. Growth of isolate W I on naphtho[2,1-blthiophene, after this second 

trmsfer, was demonstrated by monitoring the increase in colony forming units ( C m  over 

the following 2-week incubation. At various time intervals, 1.0 mL of the culture was 

removed, serially diluted in 9 mL volumes of sterïie phosphate buffer (pH 7.2, 10 mM). 

and then 0.1 mL of these dilutions were plated ont0 PCA (Difco; Detroit, MI). Afier 3 days 

of incubation of these plates at 28OC. the numbers of colonies present were counted. 

Two metabolites of naphtho(2.l -b] thiophene were detected and these were 

designated metabolites 1 and Il. The following procedure was used to obtain a mixture of 
these two metabolites for use in subsequent studies to determine if they could be 

biodegraded. Five replicate cultures of isolate W1 were incubated for 5 days with 

naphtho[2,1-blthiophene as sole carbon source. Then they were acidified, pooled. and 

extracted with DCM. Metabolites I and II were separated from unoxidized naphtho[2,1- 

blthiophene and non-acidic products in the DCM exaact by back extraction into aqueous 
5% NaHC03. After acidification to pHQ witii concentrated H2SO4, the metabolites were 

extracted with DCM. The DCM extract was concentrated to dryness and redissolved in 5 

mL of a solvent mixture of DCM and acetone (4: 1, v:v). Then 1 .O-mL pomons were added 

to each of five flasks of sterile medium together with 50 pL of 1-MN and incubated as 

follows: one of these was acidified and extracted at t h e  zero to determine the arnounts of 
metabolites 1 and II added; another flask served as a sterile control that was incubated with 

the cultures; and the t h e  remaining flasks were inoculated with snain W 1 and incubated 

for 1 1,3 1, or 98 h before extraction and analyses by GC-AED. 



7.2.3 Sohen t extraction 
C u l ~ e s  and sterile controls were acidifieci with 2 M H2SO4 to p H d  and extracted 

with DCM (4 tirnes 20 mL) to recover substrates and products. The DCM extract was dried 
over anhydrous Na2S04 and concentrated on a rotary evaporator. For quantitative 

experiments by GC-AED analysis, known arnounts of the following compounds were 

added to acidified cultures as interna1 standards prior to extraction: benzo[b ] naphtho [2,1- 
dJthiophene (99%- Aldrich, Milwaukee, WI) for cultures incubated with naphtho[2,1- 

b J thiophene; dibenzothiophene (9896, Fluka) for cultures incubated with l -methyl- 

naphtho[2,1-blthiophene; and phenyl sulfoxide (97% Aldrich) for cultures incubated with 

naphtho[2,3-blthiophene. The intemal standards used were chosen so that they would not 

coelute with substrates or products detected in preliminary experirnents. 

7.2.4 GC analyses 
To screen for the presence of sulfur-containing metabolites, the extracts were 

analyzed by capiliary GC using a 30-m DB-5 column in a HP (Mississauga, ON) mode1 

5890 equipped with a FID and a sulfur-selective FPD. Details of the operating conditions 
were &en previously (Fedorak and Grbic'-Galic', 1991). The methods routinely used for 
GC-MS have also been describeci previously (Saftic' et al., 1992, 1993). To obtain high 

resolution GC-MS data, analyses were done in the Mass Spectrometry Laboratory, 

Chernistry Department, University of Alberta (Fedorak and Westlake, 1986). The operation 

of the GC-AED for quantitative analyses was outlined by Kropp et al. (1997a). 

To facilitate GC-MS identification of some of the metabolites, TMS-derivatives of 

compounds in culture extracts were made by silylating with BSA in acetonitrile according 

to the manufacturer's instructions (Pierce, Rockîord, IL; method 5). As well, some 
metabolites were methyl-esterified by treating culture extracts with an ethereal solution of 

diazomethane generated using a Diazald kit (Aldrich). 

7.2.5 l ~ - ~ u c l e a r  magnetic resonance ( 1 ~ - N M R )  spectroscopy 
Metabolites were dissolved in deuterated-DCM and ~ I - N M R  spectra were recorded 

on an AM 400 NMR spectrometer by personnel in the NMR Service Laboratory, 

Chemistry Department, University of Alberta. Development of the sample isolation and 

pmification procedure is given in the Results section. 

7.2.6 Total sulfur analysis 
DCM exmcts were diluted to 1.0 mL with DCM in volumetric flasks and 200-PL 

portions were applied to filter paper (Whatman #42). After evaporation of the DCM, the 



fiter paper sarnples were combusted in sealed Schoninger oxygen flasks and the S02 
produced was trapped as H2SO4 in 10 mL of water to which 2 drops of 30% hydrogen 

peroxide had been added. After addition of 40 mL of 2-propanol. the amount of sulfate 
present was detemiined by rnicrotitration with Bac104 (0.01077 M) using Thonn as the 

endpoint indicator (Fritz and Yamamura, 1955). 

7.2.7 Lyophilization and meth yl-esterification 
Cultures (200 mL) were made alkaline @H>12) by the addition of 0.5 g NaOH 

before lyophilisation. After lyophilization. the residue was transfemed to a 100-rnL round 
bottom flask with 40 rnL of methano1 and 4 rnL of concentrated H2SO4 and refluxed for 2 

h. After cooling and the addition of 40 mL of water. the reaction mixture was extracted 
with DCM as described above. 

7.3 RESULTS 
The ability of the isolates to grow on the naphthothiophenes as sole carbon source 

was tested. Only isolate W1 was capable of growth on naphtho[2,1 -b] thiophene and none 
of the isolates was capable of growth on naphtho[2,3-blthiophene. The isolates were not 
tested for the ability to grow on 1-methylnaphtho[2,1-blthiophene. because 4 0  mg of this 

compound was available. Thus, the results described below focus on the metabolism of 
naphtho[2.1 -b] thiophene as sole carbon source for isolate W 1 and compares this with the 
cometabolism of naphtho[2.1 -b]thiophene and 1-rnethylnaphtho[2.1 -b]thiophene by 1 -MN 

grown cultures of this isolate. Subsequently, the cometabolism of naphtho[2,1-b] thiophene 
by isolates BT1 and F, and of naphtho[2,3-blthiophene by isolates W1. BTI, and F is 
briefl y descri bed. 

7.3.1 Metabolites from naphthol2,l-b] thiophene 
When a 13-day-old culture of isolate W 1 incubated with naphtho[2,1 -b] thiophene 

as sole carbon source was extracted and the extract was concentrated to I mL for GC 
analysis. a precipitate was observed to fa11 out of solution. GC-FPD analysis of the 

saturated solution showed the presence of two abundant sulfur-containing compounds. 
eluting at 19.4 and 19.8 min. respectively, and 10 minor sulfur-containing peaks. GC-MS 
analysis showed that the mass spectra of the two abundant compounds were virtually 

identical so only one is s h o w  (Figure 7.1). The molecular ion at mlz 150 was consistent 
with the compound king a hydroxybenzothiophene. The m/z 121 ion results fiom the loss 
of CHO (M-29)+ which is characteristic of phenols (Silverstein et al., 1991). 



When a culture extract was treated with BSA to prepare the TMS-ethers of the 

suspected hydroxybenzothiophenes, the precipitate that had been present in the extract was 
dissolved. and GC analysis revealed that the two abundant products at 19.4 and 19.8 min 
were gone from the chromatogram and two abundant sulfur-containhg denvatives with 
retention times of 33.0 and 33.2 min were present The m a s  spectra from GC-MS analysis 
of the two derivatives were vimiaily identical so only one is shown in Figure 7.2. The 

denvatives were not the expected TMSethen of the hydroxybenzothiophenes. The ion at 
m/z 147 is indicative of the addition of two TMS moieties ont0 the molecule (Pierce, 1986). 
T M S  derivatives typically lose a methyl group to give a strong (M-15)+ ion which was 
Iücely the m/z 323 ion in Figure 7.2. If this was me,  then the molecular ion would be at 
m/z 338. which is not visible in Figure 7.2. This molecular weight was consistent with 
benzothiophene substituted with a carboxylic group and a hydroxyl group, both of which 

had reacted with a TMS p u p .  

This led to the hypothesis that the metabolism of naphtho[2,1-b Jthiophene by 
isolate W1 gave two isomers of hydroxybenzothiophene carboxylic acid which were 
present in the culture extract and would react with BSA to give the TMS-derivatives 
observed. When undenvatized, these metabolites were too polar to be chromatographed 
under the conditions used, but underwent a thermal decarboxylation in the heated GC 
injection port liner to give the two isomers of hydroxybenzothiophene observed by GC 
analysis of underivatized extracts. This thermal decomposition is discussed below. 

Because it seemed likely that the precipitate in the concentrated DCM extract was the 

highly polar hydroxybenzothiophene carboxylic acids. a concentrated extract was filtered 
over glass wool in a pasteur pipette to remove the precipitate. After the glass wool was 
rinsed with 0.5 mL DCM to remove compounds readily soluble in this solvent, it was 

rinsed with methanol which was collected in a separate vial. After concentration under a 
Stream of nitrogn, only one isomer of hydroxybenzothiophene, with a retention time of 
19.4 min, was detected by GC analysis of this methanol rinse. Thus, by this method. the 
isomer of hydroxybenzothiophene carboxylic acid that was the least soluble in DCM was 
purified. 

After evaporation to dryness, the pwified residue was analyzed by high resolution 
MS with the sample introduced into the source of the mass specaometer on a room 
temperature probe. The m a s  spectra were recorded as the probe was heated. The fxst 25 
s a n s  showed the presence of a single abundant compound with a molecular ion at m/z 194 
and chernical formula of CgHgS03 (data not shown), consistent with the structure of 

underivatized hydmxybenzothiophene carboxylic acid. The mass specmm also showed the 

presence of the base peak at m/z 176 resulting from loss of Hz0 (M-18)+ from the 



molecular ion. No abundant ion at m/z 150 (Figure 7.1) was detected during these scans. 
so no hydroxybenzothiophene was present. However, as the probe was heared, the ion at 

rn/z 194 disappeared and ions at m/z 150 and 121 (Figure 7.1) came to predominate the 
mass spectra that were observed. The chernical formula for the molecular ion (m/z 150) 
was Cg&jSO, consistent with hydroxybenzothiophene. This compound was the result of 

thermal decomposition of the hydroxybenzothiophene carboxylic acid, because if a 
hydroxybenzothiophene was present as a contaminant in the sample introduced into the 
mass spectrometer, the hydroxybenzothiophene wodd vaporize from the probe fxst and 

predominate the earlier scans, because it would be more volatile than hydroxybenzo- 
thiophene carboxylic acid. Thus, the hydroxybenzothiophenes (Figure 7.1) were not 
metabolites from naphth0[2,bb]thiophene, but were artifacts produced by thermal decar- 
boxylation in the GC injection port liner of the two major metabolites produced during the 
g r o h  of isolate W 1. These metabolites were hydroxybenzothiop hene carboxy lic acids. 

The identification of these two major metabolites in culture extracts and al1 
subsequent quantitation by GC-AED analysis was further aided by the use of diazomethane 
denvatization. Reports in the literature (Le. March, 1985) suggest that diazomethane is 

capable of reacting with carboxylic acids and phenols to give methyl-esters and methyl- 
ethers, respectively. Although 1 have been able to demonstrate methyl-estefication of 
authentic standards of 1-naphthoic, 3-methyl-2-thiophenecarboxylic, and 5-methyl-2- 
thiophenecarboxylic acids, 1 have not been able to form the methylethers of 2-naphthol, m- 

cresol, and 1,2-dihydroxynaphthalene by treatment with diazomethane. This is consistent 
with my observations fiom treatment of the two major metabolites of naphtho[2,1- 
blthiophene with diazomethane that only the more acidic carboxyl group of these 

metabolites was reactive. The mass spectra of the two methyl-esterified hydroxybenzothio- 

phene carboxylic acids were virtually identical so only one is shown in Figure 7.3. The 
molecular ion at m/z 208 was consistent with the methyl-esters of hydroxybenzothiophene 
carboxylic acids, as was the base peak at m/z 176 which results from loss of CH30H (M- 

32)+ fiom the molecdar ion. The abundant ion observed at rn/z 148 results from the loss of 
C2H4O2 (M-60)+ from the molecular ion and a subsequent loss of CO (28 arnu) would 

give the ion at m/z 120. These ffagrnentations are consistent with the smictural assignrnents 
in Figure 7.3. 

The isomer of hydroxybenzothiophene carboxylic acid that was purified as the 
insoluble compound in the concentrateci DCM solution was methyl-esterified and analyzed 
by GC. This methyl-ester was the f i t  of the two methyl-esters to elute, thus it was 

designated the methyl-ester of metabolite 1. The 1~-MME€ spectrum of this methyl-ester 
was recorded. The IH-NMR spectrum of the methyl-ester of metabolite II was obtained by 



NMR analysis of a mixture of the two isomers isolated from a culture extract by back 
extraction into 5% NaHC03 pnor to diammethane marnent. The signals due to rnetabolite 

II could be deduced because the NMR spectrum of pure metabolite 1 was obtained 
p~viously and because metabolite II was present Li approximately one-third the amount of 
rnetabolite 1. 

Figures 7.4a and b show the aromatic region of the NMR spectra of rnetabolites 1 

and II. Merabolites 1 and II also showed the phenolic proton as a singlet at 1 1.60 and 1 1.65 
ppm, respectively, and the carboxymethyl group as a singlet at 4.0 and 4.1 ppm, 

respectively, which are not s h o w  in Figure 7.4. The aromatic region (7 to 8 ppm) shows 

the aromatic benzene protons H-6 and H-7 with a coupling constant of approximately 9 Hz 
and the arornatic thiophene protons H-2 and H-3 with a coupling constant of approximately 

5 Hz (Silventein et al., 1991). nie chemical shifts of the thiophenic protons are not useful 
in deducing the positions of the hydroxy and carboxymethyl functional groups in 

metabolites 1 and II, because one cannot predict the effects that these substituents on the 

benzene ring will have on the chemical shifts of the thiophenic protons. However, it is 

simple enough to distinguish the thiophenic protons from the benzene protons based on 

their smaller ortho coupling constants. Then, using only the chemical shifts of protons H-6 
and H-7, it is possible to deduce which isomer of hydroxybenzothiophene carboxylic acid 

corresponds to each of metabolites 1 and II. 

The IH-NMR spectnim of benzothiophene in benzene, acetone and carbon 
tetmchlonde was reponed by Balkau and Heffeman (1 972) with unambiguous assignmen ts 
for al1 6 protons. In al1 three solvents the chemical shift of H-6 was significantly upfield 

from that of H-7 (- 0.52. - 0.59. and - 0.54 ppm, respectively). A carboxymethyl group on 

a benzene ring is strongly deshielding (+ 0.74 ppm) to protons at positions ortho to it, but 

has relatively little effect on the chemical shift of the meta (+ 0.07 ppm) or para (+ 0.2 

ppm) protons (Jackman and Stemhell, 1969). A hydroxy group on a benzene ring is 

strongly shielding to protons ortho (- 0.50 ppm) and para (- 0.40 pprn) to it but has 
relatively little effect on the meta proton (- 0.14 ppm) (Jackrnan and Stemhell, 1969). 
Thus, for the methyl ester of 4-hydroxybenzothiophene-5-carboxylic acid, the 

carboxyrnethyl group at position 5 would be expected to deshield the ortho proton H-6 
which is further upfield in benzothiophene. ne hydroxy group at position 4 would be 
expected to shield the para proton H-7 which is further downfield in benzothiophene. 

Thus, the upfield proton H-6 of benzothiophene would become the downfield proton, and 

the downfield proton H-7 of benzothiophene would becorne the upfield proton. in the 

rnethyl ester of 4-hydroxybenzothiophene-5-carboxylic acid. Thus. a hydroxy group at 

position 4 and a carboxymethyl group at position 5 of benzothiophene would decrease the 



difference in chemical shift of protons H-6 and H-7 from approximately 0.55 ppm (Balkau 
and Heffeman. 1972) to approximately 0.33 ppm. This is consistent with the difference of 

0.37 ppm observed for the protons H-6 and H-7 in metabolite 1 (Figure 7.4a). Thus, 
metabolite 1 was identifd as 4-hydroxybenzothiophene-5-cart>oxylic acid. 

Using similar logic, it can be seen that the IH-NMR specaum of metabolite II is 

consistent with the structure of the methyl ester of 5-hydroxybenmthiophene-karkxylic 
acid. The shielding effect of the hydroxy group on the ortho proton H-6 of 

benzothiophene, which is already upfield, would be expected to cause it to resonate at even 

higher field. The deshielding effect of the carboxymethyl group on the para proton H-7 of 

benzothiophene, which is already downfield, would be expected to cause it to resonate at 

even lower field. Thus. a hydroxy group at position 5 and a carboxymethyl group at 

position 4 of benzothiophene would increase the difference in chemical shift of protons H-6 
and H-7 h m  approximately 0.55 ppm (Balicau and Heffernan, 1972) to approximately 1.1 

ppm. This is what is observed in the 1 ~ - N M R  spectrum of metabolite II (Figure 7.4b), 

which has the benzene protons H-6 and H-7 separated by 0.9 ppm. Thus, metabolite Ii 
was identifed as 5- hydroxy benzothiophene-4-carboxy lic acid. 

7.3.2 Quantitative studies of naphtho[2,1-blthiophene metabolism by strain 

W l  
Plate counts showed that the density of a culture of isolate W 1 increased from 2.3 

x 104 CFU/ml to 1.5 x 107 CFU/ml after 7 days of incubation in medium containing 52 

prnol naphtho[2.1-blihiophene as the sole carbon source. Replicate cultures were prepared 
for a time course experiment and Figure 7.5 shows the depletion of naphtho[2,1- 

blthiophene over 2 weeks in cultwes of isolate W1 grown on this substrate as sole carbon 

source. Each time point in Figure 7.5 represents the resulu from GC-AED analysis of a 

single culture extract Figure 7.5 shows the concomitant production of metabolites 1 and II, 
and other minor sulfur-containing peaks which were detected, but not identifie.. At rnost. 

only 8.2% of the total suifur from naphtho[2,1-blthiophene was present in these 7 to 13 

rninor products. The resuits indicate that after naphtho[2,1-blthiophene was depleted from 

the culture at 7 days, there was no significant degradation of metabolites I and II (Figure 
7.5). 

The recovery of metabolites and unaltcred substrate, as determineci by GC-AED 
analysis of extracts of cultures of isolate W1 grown on naphth0[2,Lb]thiophene for 7 
days, is summarized in Table 7.1 (lines 1 and 2). In one trial. the naphtho[2,1-blthiophene 

was essentially gone in 7 days fine 1). whereas the second trial showed that 8.4 prnol of 

the initial 52 pmol (16%) of the substrate remained (line 2). This difference was 



responsible for the better total recovery in the second trial of 46% (line 2) compared to the 

fust mal (364, line 1). because the percentage of the sulfur from naphtho[2,1 -b]thiophene 
that was detected as metabolites 1. II, and the unidentified proàucts was similar in both 
trials. 

Total sulfur analysis of DCM extracts gave a higher recovery of sulfur from 

naphtho[2,1-blthiophene than was observed by GC-AED analysis (Table 7.1. lines 1 and 
2), suggesting that there may be sulfur-containhg metabolites that are extracted from 

cultures with DCM but are not arnenable to GC analysis. The recovery from the 

corresponding sterile control(7546) suggests that 25% of the initial subsaate was lost due 

to evaporation. This indicates that 25% (line 1) and 10% (line 2) of the sulfur from 

naphtho[2,1-blihiophene is not recovered by DCM extraction of cultures of isolate W1 

grown on naphtho[2,1 -b]thiophene. 

7.3.3 Cometabolism of naphtho[2,1-blthiophene by strain W 1 
When cultures of isolate W 1 were incubated with naphtho[2,1 -b] thiophene in the 

presence of 1-MN as CO-substrate, the naphtho[2,1-blthiophene was depleted from the 

c u l m s  within 7 days in both of the quantitative trials Fable 7.1, lines 3 and 4). As well. 

comparable amounts of metabolite II were produced (lines 3 and 4) as had been observed in 

the incubations with naphtho[2,1-blthiophene as sole carbon source (lines 1 and 2). 
However, when 1-MN was included in the incubations (lines 3 and 4), metabolice 1 was 

not observed to accumulate as it had when 1-MN was excluded (lines 1 and 2), although it 

was still detected. The fact that metabolite I did not accumulate in cultures which included 

1-MN conmbuted to the lower total recovery observed by CC-AED analysis of DCM 
extracts (12% and 13% in two trials). Total sulfur analysis of DCM extracts showed that 

there was only a small amount of organic sulfur in the extracts that was not amenable to GC 
analysis. After accoun~g  for the evaporative loss observed in the stenle conaol, 59% @ne 

3) and 56% (line 4) of the sulfur from naphtho[2,1-blthiophene was not recovered by 

DCM extraction. 

To begin characterization of this fraction of sulfur h m  naphth0[2,Lb]thiophene 

that was not recovered by DCM extraction of acidified cultures. a culture was lyophilized 
and treated with a methyl-esterification procedure pnor to DCM extraction (Table 7.2, line 

1). Total sulfur analysis of the extract obtained by this procedure showed an increased 

recovery of 17.1 pmol organosulfur (32% of the 54 m o l  naphth0[2,Lb]thiophene given). 
This increase does not include the 5.8 pmol sulfur observed by total sulfur analysis of a 

control that did not receive naphtho[2,1-b] thiophene. This control was established tu 

account for any sulfur recovered by this method that resulted from microbial incorporation 



of sulfate provided in the medium into organic compounds. The observed increase in total 
sulfur recovery (Table 7.2) sugpsts that there is a significant portion of sulfur fiom 

naphtho[Z,I-blthiophene that was present in cultures as organic metabolites that were too 
polar to recover by DCM extraction of acidified culaires. 

Sorne of the metabolites that were too polar to recover by DCM extraction, leading 

to the low recoveries of total sulfur observed above, may result from the further 

biodegradation of metabolite i, which appeared to be promoted by the presence of 1-MN in 
the cultures of isolate W 1. This possibility was tested by adding a mixture of metabolites 1 
and II into four replicate cultures of isolate W1 and a sterile control. One culture was 
extracted immediately and analyzed by GC-AED to show that 3.9 and 2.8 pmol of 

metabolites 1 and II, respectively, had been added to each flask. The remaining three 
cultures were incubated for 11,31, and 98 h, and then extracted and analyzed by GC-AED. 

Analysis of the sterile control that incubated for 98 h detected 4.0 pmol (103%) and 2.7 

pmol (96%) of metabolites 1 and II. No depletion of metabolite II was observed in the 

cultures of isolate W 1 (2.8 pmol, 100% recovered after 98 h). However, after 1 1 h of 
incubation. 3.4 pmol (87%) of metabolite 1 remained, whereas after 31 h of incubation, 
only 0.04 pmol(l%) of metabolite 1 was present in the culture extract. Thus, the presence 
of 1-MN in cultures of isolate W1 clearly shulated the degradation of membolite 1, which 
accumulated in cultures of isolate W 1 grown on naphtho[2,1-blthiophene as sole carbon 
source. Metabolite II accumulated in cultures of isolate W1 regardless of whether or not 1- 

MN was present. 

7.3.4 Cometabolism of 1-methylnaphtho[2,1.olthiophene by strain W1 
Cultures of isolate W 1 grown on 1-MN in the presence of 1-methylnaphtho[2,1- 

blthiophene accurnulated a single abundant, sulfurcontaining product. GC-MS analysis of 
underivatized extracts gave a mass specmim with a molecular ion at d z  164 and an 
abundant fragment (M-29)+ at rdz 135 from loss of CHO (data not shown), which are 
consistent with the structure of hydroxy-substituted methylbcnzothiophene. However, GC- 

MS analysis after meamient of the extract with diammethane suggested that this hydroxy- 

methylbenzothiophene resulted from decarboxylation in the GC injection port liner of a 
hydroxymethylbenzothiophene carboxylic acid. The mass spectrum of the methyl-esterified 
hydroxymethylbenzothiophene carboxylic acid metabolite is shown in Figure 7.6. The 

molecdar ion at m/z 222 is consistent with the stmcture shown, as are the fragments at m/z 
190 (M-32)+ and m/z 162 (M-60)+ which result from loss of CH30H and C2H402, 

respectively. Again, only the carboxy group of the metabolite was observed to react with 

diazomethane to f o m  a methyl-ester. However, when the methyl-esterified metabolite was 



aeated with BSA, the hydmxy group was observed to react with one equivalent of BSA 
(72 amu) to form the TMS-ether with a molecular ion at m,h 294 and an abundant fragment 
(M- 15)+ at rn/z 279 (data not shown). 

Only one isomer of hydroxyrnethylbenzothiophene carboxylic acid, which could be 
the 3-methyl-substihited isomer of either metabolite 1 or II, was detected by GC analysis. 
To determine which isomer was present, the 1 ~ - N M R  s p e c m  of the methyl-esterified 
metabolite, that was purified fYom a culture extract by back extraction into 5% NaHCO3 

pnor to diazomethane denvatization, was recorded, and part of the spectmm is shown in 
Figure 7.4~. The NMR spectmm showed the hydroxy proton as a singlet at 11.8 ppm, the 

protons on the carboxymethyl group as a singlet at 3.9 pprn, and the methyl protons as a 
singlet at 2.7 ppm (data not shown). The thiophenic proton H-2 at 6.95 pprn is readily 
distinguished fiom the benzene protons H-6 and H-7 because the adjacent carbon atom 
does not bear any protons, so there is no suong coupling with proton R 2  and it appears as 

a singlet. The chernical shifts of protons H-6 and H-7 are very similar to those of 
metabolite 1 (Figure 7.4a), suggesting that the metabolite formed from 1- 
methylnap htho[2,1 -bwiophene in cultures of isolate W1 incubated with 1 -MN is 4- 

hydroxy-3-methylbemothiophene-5i:arboxyc acid (i.e. 3-methyi-metabolite 1). 
The recovery of this metabolite after 7 days incubation of the W1 culture is 

sumrnarized in Table 7.1 (lines 5 and 6). In nvo separate trials the 1 -methylnaphtho[2, 1 - 
blthiophene was almost completely degraded, with only 2.5 pmol (5.1 %, line 5) and 0.8 

pmol(1.596. Line 6) remaining after 7 days incubation. A srnall amount of the sulfur from 
the depleted substrate was present as 6 or 7 unidentifid minor products, but the vast 
majority of the organosulfur (34 and 35 pnol, representing 69% and 678, respectively) 
was present as 4-hydroxy-3-methylbenzothiophene-5-carboxyk acid in the two mals. The 

totai recoveries by GC-AED analysis of 8 1% and 76% in the two trials agree very closely 
with the recovery of naphtho[2,1-blthiophene in the sterile control (lines 3 and 4) of 79%. 
A quantitative stenle control with approximately 50 pmol of Lmethylnaphtho[2,1- 

b] thiophene was not done because of the small amount of this substrate that was available. 
However, it is likely that its losses due to volatility would be comparable to naphtho[l,l- 
blthiophene (lines 3 and 4). A qualitative sterile control with 5 mg 1-methylnaphtho[2.1- 
b] thiophene was incubated and the results verified that an active culture of isolate W 1 was 

necessary for the formation of 4-hydroxy-3-methylbenzothiophene-S-carboxylic acid. 

7.3.5 Cometabolism of naphtho[2,1-blthiophene by strains BTI and F 
Neither isolate BT1 nor isolate F was capable of growth with naphtho[2,1- 

blthiophene, but both isolates were able to oxidize this compound when provided with 1 - 



MN as growth substrate. After 7 days incubation with isolate BTI, the 54 pmol 

naphtho[2,1-blthiophene was essentially gone (0.1 pmol remaining), and only trace 
amounts of 13 sulfur-containing metabolites, none of which were consistent with 

metabolites 1 and II, were detected (Table 7.1, Iine 7). This led to the very low total 

recovery by GC-AED analysis of 2%. Total sulfur analysis reveaied that there was only a 
smal l  portion of sulfur firom naphtho[2,bbJthiophene present in the DCM extract that was 

not amenable to GC analysis. Only 15% of the sulfur h m  naphtho[2,1-blthiophene was 

observed by total sulfbr analysis of the DCM extract (Table 7.1. line 7). Most of the sulfur 

from naphtho[2,1-b]thiophene remained in the aqueous phase after DCM extraction. 

Isolate F degraded naphtho[2,1-blthiophene to a lesser extent over the 7-day 
incubation with 25 pmol of the original 54 pmol (46%) remaining. However, of the 

depleted substrate sulfur, only 0.1 and 0.8 pmol were detected as metabolites 1 and II, 
respectively, and there was only a smali amount (0.3 prnol) of 6 minor unidentified 

products Fable 7.1, line 8). In the case of isolate F, total sulfw analysis of DCM extracts 

gave the sarne recovery as had been observed by GC-AED (49% Table 7.1. line 8). Thus, 

the cometaboLism of naphtho[2,1-blthiophene by 1-MN grown cultures of isolates BT1 and 

F does not result in the accumulation of metabolites 1 or II. or other sulfur-containing 

metabolites that are amenabie to DCM extraction. As a result, there was a large fraction of 
the sulfur from naphtho[2,1-blthiophene that is not accounted for by the methods used 

(64% for isolate BTI and 30% for isolate F). 

In a sepamte experiment, the recovery of total sulfur by DCM extraction of cultures 

that had k e n  lyophilized and methyl-esterifed prior to extraction was compared with the 

recovery of total sulfur by DCM extraction of acidified cultures (Table 7.2, Lines 2 and 3). 

With both isolates there was an increase in the amount of organosulfur detected in cultures 

that were lyophilized (19.5 pmol and 13.1 pmol for isolates BT1 and F, respectively) over 

that observed in cultures that were acidified and extracted. This suggests that a significant 

portion of the suifur from the depleted subsuate still exists in the form of organic 
metabolites that are too polar to exmct h m  acidifiai cultures with DCM. 

7.3.6 Cometabolism of naphtho[2,3-blthiophene by strains W1, BTl, and 
F 

None of the three isolates was capable of growth with naphtho[2,3-blthiophene. 

but all were able to oxidize this compound when 1-MN was provided as a growth 

substrate. In cultures that were incubated 14 days with 25 pmol naphtho[2,3-b] thiophene, 

the observed depletion of the subsnate in cultures of isolates W1, BT1, and F was 32%, 
64%. and 30%, respectively. The recovery from the conesponding sterile control was 



95%. NO sulfur-containing metabolites or other products, such as the hydroxybenzo- 

thiophenes obsewed to form by decarboxylation of the hydroxybenzothiophene carboxylic 
acid metabolites in the GC injection port liner, were detected by GC analysis of 
underivatized ex tracts. However, after derivatization with diazomethane or B S A, two 

derivatized metabolites with the same mass spectra as in Figure 7.2 (after BS A treatment) 
or in Figure 7.3 (after diazomethane treamient) were detected in extracts of cultures of 

isolates W1 and F. By analogy with the identifications of metabolites 1 and II, the 

metabolites niorn naphtho[2,3-b] thiophene were presumed to be 5-h ydroxy benzothiophene- 

6-carboxylic and 6-hydroxybenzothiophene-5-carboxylic acids. However, neither isomer 

was p d i e d  and analyzed by NMR to detennine which peak from GC analysis 
corresponds to which isomer. The total amount of these two metabolites detected in 

cultures of isolates W1 and F, respectively, corresponds to 8.1% and 7.7% of the 
naphtho12.3-blthiophene given. These two products were not detected in denvatized 
extracts of BT1 cultures, where no metabolites were observed to accumulate over the 14 

&y incubation. 

7.4 DISCUSSION 
These results indicate that naphtho[2,3-blthiophene is more resistant to microbial 

attack than is naphtho(2,I-blthiophene. In cultures of isolates W1, BTI, and F incubated 

for 14 days with 1-MN and 25 pmol naphtho[2,3-blthiophene, the observed depletion of 

the naphthothiophene was 32%. 64%, and 30%, respectively. However, in only 7 days 

incubation with 1-MN and 54 pmol naphtho[2,Lb]thiophene, 97%. 99%. and 53% loss 

was observed in cultures of isolates W1, BTI, and F, respectively (Table 7.1). These 
results, taken together with the fact that only naphtho[2,1-blthiophene supported the 

growth of any of the isolates, suggest that naphtho[2.1-blthiophene is more susceptible to 

bacterial degradation. 

Cultures of isolate W 1 that were grown with naphtho[Z. 1 -b]thiophene as sole 

carbon source accumulated 4- hydroxy benzothiop hene-5 -carbox ylic acid (metabolite 1) and 
5-hydroxybenzothiophene-4-carboxylic acid (me taboli te II) as abundant products after 7 

days incubation with little. if any, further degradation of these metabolites occumng 

(Figure 7.5a). These metabolites presumably resuit fkom dioxygenase attack at positions 8 
and 9. and at positions 6 and 7 of naphtho[2,1-blthiophene, respectively, to give the 

correspondhg dihydrodiols. Subsequent dehydrogenation to form the diols. followed by 

meta cleavage, loss of pyruvate. and oxidation of the resulting hydroxyformylbenzo- 
thiophenes yielded these two isomen of hydroxybenzothiophene carboxylic acid. Figure 
7.7 shows this proposed pathway. This is analagous to the upper pathway for naphthalene 



catabolism that converts naphthdene to salicylic acid (Eaton and Chapman, 1992), and 
which has also been shown to be both biochemically and genetically similar to the pathway 
responsible for the oxidation of dibenzothiophene to 3-hydroxy-2-formylbenzothiophene 

(Denome et al.. 1993). phenanthrene to 1-hydroxy-2-naphthoic acid and 2-hydroxy-1- 

naphthoic acid (Denome et al.. 1993; Kiyohara et al., 1994; S a n s e v e ~ o  et al., 1993), and 
anthracene to 2-hydroxy-3-naphthoic acid (Kiyohara et al., 1994; Sanseverino et al., 
1993). 

The formation of two isomers of hydroxybenzothiophene carboxylic acid from 

naphtho[2,l -b] thiophene requires a suite of broad specificity enzymes which can attack 
either at positions 8 and 9 or at positions 6 and 7 of naphth0[2,Lb]thiophene and cary out 

the subsequent oxidation reac tions. The greater amount of metabolite 1 produced suggests 
that positions 8 and 9 are favoured for initial dioxygenation. This is consistent with the 

observation of Kiyohara et al. (1994) with Pseudomonas putida AC10 carrying plasmid 
W .  which encodes the enzymes for oxidation of naphthalene. phenanthrene. and 

anthracene, that phenanthrene was preferentially oxidized at positions 3 and 4 yielding 1 - 
hydroxy-2-naphthoic acid, but that 2-hydroxy-1-naphthoic acid was formed as a minor 
product. This minor product nsults bom initial dioxygenation of phenanthrene at positions 
1 and 2. These sites of dioxygenase attack of phenanthrene to give the major and minor 

products are analagous to those of naphtho[2,1-blthiophene oxidized by isolate W 1 to give 
metabolites 1 and II, respectively. 

The accumulation of hydroxybenzothiophene carboxylic acids from growth of 

isolate W 1 on naphtho[2. 1-blthiophene over a 7-&y incubation period resulted in moderate 
total recovenes of sulfur nom naphtho[2,1-blthiophene by GC-AED analysis of 36% and 

461,  in two mals (Table 7.1). Total sulfur analysis gave slightly higher recovenes. 
suggesting that srnail arnounts of DCM extactabk organic sulfur may be present that was 

not detected by GC-AED analysis. After accounting for evaporative losses in the sterile 
conaol incubated with these cultures, there was only 25% and 10% of the sulfur from 

naphtho[2.1-blthiophene that was not detected by DCM extraction and total sulfur analysis 

in the two trials. The sulfur from the depleted substrate that is not recovered by DCM 
extraction, that is not amenable to GC analysis. or even that which is present in numerous 
minor sulfur-containing peaks detected in the GC-AED chromatograrn that were not 
identified could potentially exist as intemediates in the formation of metabolites 1 and II or 

as metabolites that result from alternative pathways to those which cleave the extemal 
homocyclic ring of naphtho[2.1 -b]thiophene. 

Cultures of isolate W 1 that were gown with 1 -MN and naphtho[2.1-b] thiophene 

accumulateci metabolite II to sirnilar levels as were observed without 1-MN, but metaMite 



1 was not observed to accumulate Fable 7.1). This resulted in lower total recovery by GC- 
AED analysis and lower recovery by-total sulfur analysis of DCM extracts. The portion of 

sulfur that is not present in DCM extracts appears to exist, at least in part, in the form of 

organic metabolites that are too polar to extract with DCM, but were recovered by the 
ly ophilization and meth ylestenfication procedure (Table 7.2). 

When compared to isolate WI grown on naphtho[2,1-b] thiophene as sole carbon 
source, the increase in the hction of the sulfur h m  naphtho[2,1 -b]thiophene that is not 
recovered by DCM extraction is correlated with the decrease in the amount of metabolite 1 

that was observed to accumulate. The decreased accumulation of metabolite 1 may be due to 

the stimulation of its further degradation by the presence of the cosubstrate 1-MN. 
Alternatively, the effect of 1-MN may be to promote the oxidation of naphtho[2,1- 
blthiophene by some other pathway so that less substrate is oxidized by the dioxygenase at 

positions 8 and 9. However, this would also be expected to decrease the amount of 

naphtho[2,1-blthiophene entering the pathway d dioxygenase attack at positions 6 and 7 
that leads to formation of metabolite II. Since the amount of metabolite II accumulated is 
nearly that same as when 1-MN was excluded, this is not likely the effect of 1-MN. 
Indeed, 1-MN was shown to promote the degradation of metabolite 1, but not metabolite II, 

when these metabolites were separated nom extracts of cultures of isolate W 1 gown on 
naphthoI2,l-blthiophene and fed to cultures of isolate W1 incubated in the presence of 1- 

MN. 

Cultures of isolate W 1 incubated with 1-MN and 1 -rnethylnaphtho[2.1 -bwop hene 

accumulated the 3-methyl-substituted isomer of metabolite 1 in 67% and 69% yields over 7 
days of incubation. Total recovery of 3-methyl-metabolite 1, unoxidized substrate, and 

numerous minor sulfur-containing products as determined by GC-AED analysis (76% and 

8 1 %, Table 7.1, lines 5 and 6) was approximately the same as was observed with the 

sterile control containine 1-MN and naphtho[2,1-blthiophene (75% to 79%, Table 7.1). 

Assuming the evaporative losses of 1 -methylnaphtho[2,1 -b]thiophene were essentidl y the 

same as for nap htho[l,l -b] thiop hene, there was nearly a stoic hiometric recovery of su1 fur 
from the cultures of isolate W1 grown on 1-MN in the presence of 1-methylnaphtho[2,1- 

b] thiophene. 
Other than the work by Kropp et al. (1997b), the majority of studies that have 

attempted quantitative analysis of the rnicrobial metabolkm of condensed thiophenes are 

those that addressed the biodesulfuriration of mode1 compounds in which the cleavage of 
C-C bonds is undesirable ( h r n i  et al., 1994; Lee et al., 1994; Ohshiro et al., 1996; Omori 

et al., 1992; Wang and Krawiec. 1996: Wang et al., 1996). in studies with the same three 
Pseudomonas strains (Kropp et al., 1997b), between 2.8% and 38% of the sulfur from 



dibenzothiophene was recovered as DCM-extractable metabolites that were amenable to 

GC-AED andysis. Comparable results appear in Table 7.1 that shows 2% to 49% of the 

suifur from naphtho[2,1-blthiophene was recovered and detected in the same manner. 

The mediyl group in 1-methylnaphtho[2,1-blthiophene appears to direct the attack 

of the dioxygenase at carbons 8 and 9, yielding the 3-rnethyl analogue of metabolite I as the 

major product. In fact, the fmethyl analogue of metabolite II was not detected (Table 7.1, 

lines 5 and 6), so the dioxygenase attack at positions 6 and 7 was not significant. As well, 

with 1 -methylnaphtho[2,1 -b] thiophene there was not a simcant fraction of sulfur from 

the substrate that was present in cultures as organosulfursontaining metabolites that were 

too polar to extract with DCM as had b e n  observed with unsubstituted naphtho[2,1- 

blthiophene. Thus, this highly polar fraction from naphtho[2,1-blthiophene likely results 

from oxidation by an alternative pathway to those which cleave the extemal homocyclic 

ring to give metabolites 1 and II. This alternative pathway was likely blocked by the methyl 

group at position 1, with the result that essentially all the subsmte was oxidized at 

positions 8 and 9, leading to such high recovenes of 3-rnethyl-metabolite 1, a metabolite 

which is arnenable to the extraction and analytical methods used. 
1-MN was show to promote the funher degradation of metabolite 1, but the methyl 

group of 4-hydroxy-3-rnethylbenzothiophene-5-carboxyle acid (3-methyl-metabolite I) 
prevents further degradation of the latter compound. Tiis suggests that the funher 

degradation of metabolite 1 in cultures of isolate W1 incubated with 1-MN occurs by a 
pathway that is blocked by the methyl group at position 3 of 4-hydroxy-3- 

meth y1 benzo thiophene-5-carùoxylic acid. 

The bacterial metabolism of benzothiophene and of methyl- and dimethyl- 

substiaited benzothiophenes that do not bea. methyl groups on the thiophene ring has been 

studied (Eaton and Nitterauer, 1994; Fedorak and Grbic-Galic ', 199 1 ; Kropp et ai.. 

1994a, 1996; Saftic' et al., 1992). Those investigations showed that the thiophene ring is 

oxidized and cleaved to give 2-mercaptophenyiglyoxalates which are often detected as the 
benzothiophene-2,3-diones fornicd by acid-catalyzed dehydration during culture extraction 
(Eaton and Nitterauer, 1994). Also, Eaton and Nitterauer (1994) showed that both the 

hornocyclic and heterocyclic rings of benzothiophene were cleaved by their 

isopropylbenzene-degrading bacteria. Thus, it is possible that similar oxidations of the 

thiophene ring of naphtho[$l-blthiophene compte with dioxygenation at positions 6 and 

7, and at positions 8 and 9. However, no naphtho[Z,l-blthiophene- l,2-dione was found in 

any of rny culture extracts, although it may have been one of the minor compounds that 

was not identified. Furthemore, it is possible that oxidation at positions 2 and 3 of 

metabolite I are responsible for its subsequent degradation in cultures of isolate W 1 grown 



on 1-MN and naphtho[2,1-blthiophene. This is consistent with the observation thar a 

methyl group located on the thiophene ring of metabolite 1 prevented its funher 

degradation. 
Isolate W1 is known to oxidize the methyl groups of some methyl- and 

dirnethylbenzothiophenes to methanols and carboxylic acids (Kropp et al., 1994a. 1996) 
and of some methyldibenzothiophenes to methanols (Saftic' et al. 1993). However, in this 

smdy, there was no evidence of oxidation of the methyl group of 1-rnethylnaphtho[2,1- 
blthiophene, although some of the minor sulfur-containhg metabolites that were not 

identified may have been a methanol or carboxylic acid Nonetheless, ody 3.3% and 3.8 % 

of the sulfur fkom 1-methylnaphtho(2.1-blthiophene was recovered as other sulfur- 

containing metabolites (Table 7.1). so if the methanol andor carboxylic acid were fomed. 

they were rninor products. 

The cometabolic oxidation of naphtho[2,1-b] thiophene by cultures of isolates BT 1 

and F resulted in extensive degradation of the substrate without accumulation of metabolites 
detected by GC analysis of culture extracts. Metabolites 1 and II were present in trace 

amounts in extracts of cultures of isolate F (Table 7.1, line 8). but were not even detected 

in extracts of BT1 cultures (Table 7.1, Line 7). Increased recovery by lyophilization and 

methyl-esterincation procedures suggested that a sipificant portion of the sulfur from the 

depleted subsirate was still present as organic metabolites that were not detected by the 

DCM extraction and GC analysis methods used (Table 7.2). 

The cometabolism of naphtho[2,3-blthiophene by cultures of the three isolates 

grown on 1-MN also resulted in extensive depletion of the parent compound. For isolate 

BTI. no metabolites were observed to accumulate despite the fact that 64% of the subsuate 

was depded. With isolates W 1 and F. approximately 25% of the sulfur from the depleted 

subsoate was present as 5-hydroxybenzothiophene-6-carboxylic and 6-hydroxybenzo- 

thiophene-5-carbxylic acids. These metabolites would result from dioxygenase attack at 

position 5 and 6. and position 7 and 8, respectively, of naphtho[2,3-blthiophene. Thus. the 

broad specifîcity of the dioxygenase that allows isolates W1, BT1, and F to grow on 1-MN 

also allows the cometabolic oxidation of both naphtho(2,l-blthiophene and naphtho[2,3- 

b] thiophene. 
Two in te res~g  observations of this study are (a) the effect of 1-MN on the funher 

degradation of 4-hydroxybenzothiophene-5-carboxylic acid (metabolite I) in cultures of 

isolate W1 and (b) the effect of the methyl group of 1-methylnaphtho[2,1-blthiophene on 

its metabolism. The effect of 1-MN on the subsequent degradation of metabolite 1 from 

bacterial metabolism of naphtho[2,1-blthiophene suggests that CO-contarninants in the 

environment wiIl influence the fate of condensed thiophenes. This is important because 



condensed thiophenes are found in environrnents contaminated with petroleum and other 

fossil fuel derivatives in complex mixtures of sanirated and aromatic hydrocarbons. Thus, 

many other compounds would be present to serve as cosubstrates that could influence the 

fate of condensed thiophenes. The methyl group of 1-methylnaphtho[2.1-b] thiophene 

influencecl the location of dioxygenase attack of the naphtho[2,1-blthiophene nucleus and 

the resistance of the 4-hydroxybenzothiophene-5-~arboxyfic acid that was thus fomed to 
further degradation. As has been observed previously (Bayona er al., 1986; Kropp et al.. 

1994a, 1997a), the methyl-substitution pattern of condensed thiophenes c m  also influence 
the microbial metabolism of these compounds. In addition. the availability of the 1- 

methylnaphtho[2,1-bJthiophene provided some clues into the mechanism for further 

depdation of metabolite 1, but these have not k e n  elucidated 



Table 7.1 Quantification of naphtho[2,1 -b]thiophene (NT). 1 -methylnaphtho[Z, LbJthiophene (1 -MeNT), and their sulfur-containing 
metabolites as detemineci by GC-AED analyses of DCM extracts of acidified cultures of three Pseudom012as strains incubated 
for 7 days. The total recovery by GC-AED analysis is also compared with the recovery by total sulfur analysis and with the 
recovery in the corresponding stenle controls as determined by OC-AED. 

. .. . 

pmol of sulfur fiom NT or 1-MeNT recovered as 

Unal terd O ther sulfur- Tot al Recovery by Recovery in 
thiophenic Metabolite Metabolite containing recovery total sulfur stenle control 

Strain Substrates su bs tra te Ia IIb rnetabolitesc P o l  (45) analysis (%) (%) 

~ l d  NTe O. 2 1 1  4.6 3.1 [Il] 18.9 (36%) 50 75 

F 1-MN & N T ~  25 O. 1 0.8 0.3 [63 26.2 (49%) 49 79 
a 4-Hydroxybenzothiophene-5-carboxylic acid 
h 5-Hydroxybenzothiophene-4-carboxylic acid 
c The pmol organosuifur present in other minor sulfur peaks which were not identified and the nurnber of peaks [in brackets] which are 

represen ted by this toial. 
d With isolate W 1 the results of two separate trials are shown for each set of substrates. 

52 pmol naphtho[2,1-blthiophene or 1-metbylnaphtho[2,1 -b]thiophene initially in the culture. 
f 54 pmol naphtho[2,1-blthiophene initially in the culture. 
6 49 pmol 1-methylnaphtho[2.1-blthiophene initially in the ciilture. 
h The 3-methyl-analogue of metabolite 1. 
i The 3-methyl-analogue of metabolite II. 
j ND=not determined. 



Table 7.2 Cornparison of the recovery of organosulfur from naphthora, 1-blthiophene 

by DCM extraction of acidified cultures and by lyophilization. The three 
Pseudarnonas soains were incubated with 1-MN and 54 pmol naphtho[2,1- 
blthiophene for 7 days. Recoveiy was deternined by total sulfu analysis of 
extracts obtained by the two methods. 

-- - - - - - - - - - - 

Additional 

pin01 organosulfur recovered by organosulfur 
found with 
lyop hilizationb 

S train Substrates DCM Exaacton Lyophilizationa (POU 
- -- - - - - - - - - - - - 

WI 1-MN & NT 9.1 32 (5.8) 17.1 

BTl 1-MN & NT 11 34 (3.5) 19.5 

F 1-MN & NT 17 34 (3.9) 13.1 

aThe number in brackets represents the pmol organosulfur that was also observed by total 
sulfur analysis of conaols that did not receive naphtho[2,1-blthiophene. 

b~dditional sulfur found = amount found by lyophilization - (amount found in control + 
arnount in DCM extract). 



Figure 7.1 From GC-MS analysis, the mass specmm observed for the two abundant 
sulfur-containing producîs d e t e d  during analysis of underivatized extracts of 
culture- of isolate W 1 grown on naphthol2.1-b] thiophene. These products 
were identified as 4- and 5-hydroxybenzothiophene, which formed by thermal 
decarboxylation in the GC injection port liner of the metabolites 4-hydroxy- 
benzothiophene-5-carbxylic acid and 5-hydroxybenzothiophene-4-carboxylic 
acid. 
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Fygure 7.2 From GC-MS analysis, the mass spectnim observed for the two abundant 
sulfur-containing metabolites detected in cultures of isolate W1 grown on 
naphtho[2,1-blthiophene afier trament with BSA. These metabulites were 
identified as 4-hydroxybenzothiophene-5-carboxylic and 5-hydroxybenzo- 
thiop hene-4carboxylic acids. 
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Figrire 7.3 From GC-MS analysis, the mass specaum observed for the two abundant 
sulfur-containhg metabolites detected in cultures of isoiate W1 grown on 
naphtho[2.1-blthiophene aftn treatment with diazomethane. These metabolites 
were identifid as 4-hydroxybenzothiophene-5-carboxylic and S-hydroxy- 
benzothiophene-4carboxylic acids. 
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Figure 7.4 400 MHz hl-NMR spectra of methyl-esters of metabolite 1 (a) and a mixture 

of metabolites 1 and II (b) detected in cultures of isolate W1 grown on 
nap htho 12.1 -b ] thiophene, and of the only abundant metaboli te (c) detected in 
cultures of isolate W1 grown on 1-MN in the presence of 1- 
methylnaphtho[2,1-blthiophene. These metabolites were derivatized with 
diazomethane pnor to analysis. The shaded signals in panel (b) are fiom 
metabolite II. 
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Figure 7.5 From GC-AED analysis, the oxidation of naphthoI2,l -b] thiophene to 
metabolites I, II, and other minor, unidentifid sulfur-containing products in 
cultures of isolate W 1 incubatexi with naphtho[2,1 -b] thiophene as sole carbon 
source. 



Figure 7.6 From GC-MS analysis, the mass spectmm of the only abundant metabolite 
detected in cultures of isolate W1 grown on 1 -MN in the presence of I- 
methylnaphtho[2, l -b] thiophene after treatment with diazomethane. The 
me taboli te was identified as 4-hydrox y-3-me th ylbenzothiophene-5-carboxyk 
acid. 
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Figure 7.7 Pmposed pathways for the forniarion of metabolites 1 and II. The compounds 
in brackets are hypothesized interrnediates in the formation of metabolites 1 and 
II that were not detected. The dashed Iine (---) indicates the proposed location 
of meta-cleavage of dihydroxy-substituted naphtho[2,1 -b]thiophenes. 
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8. OVERALL DISCUSSION AND SUGGESTIONS 
FOR FURTHER RESEARCH 

8.1 OVERALL DISCUSSION 
The biodegradation of petroleum leads to a decrease in the content of saturate and 

aromatic fiactions coupled with a correspondhg increase in the content of polar N-, S-, and 
O-containhg materials, which is greater than would result simply fiom enrichment caused 

by the loss of the satmate and aromatic fractions (Jobson et al., 1972). This is Likely due to 
the accumulation of oxygenated metabolites from the degradative processes that deplete the 
saturate and arornatic compounds. which are not completely rnineralized. The nature of the 

compounds in this polar hction wiu influence the abiiïty of bioremediation to reduce the 
toxicity of a pewleum-contaminaiad environment, which is the aim of bioremediation as an 
engineered cleanup technology. However, the identification of these metabolites within the 

complex mixture that constitutes the polar fraction of biodegraded petrooleum is very 

difficult due to the lack of suitable analytical methods. This hinders the assessrnent of the 

toxicological properties of these compounds. 
The research describeci in this dissertation has identifid more than 80 metabolites 

of 2 1 pure condensed thiophenes, that accumulate at leas transiently and. in some cases, as 

dead-end products. in pure cultures of the 1-MN-degrading Pseudomonas spp. W1, BT1. 
and F. As well, in some cases, mixed cultures of petroleum-degrading bacteria and mixed 

cultures inoculated with an environmental sample (Le. river water) were used to investigate 
the biodegradation of condensed thiophenes in the presence of petroleum or the aromatic 
fraction of petroleum. Metabolites were also identified in these more complex systems 
which had been supplernented with condensed thiophenes to concentrations much higher 

than naturally present in crude oil. These metablites, which have been identified in culture 
systems that are simpWed relative to contarninated environments, may also forrn during the 
biodegradation of condensed thiopheneîontaining crude oil in contaminami environments. 
If so, they would conaibute to the increase in the content of polar materials that is observed 
to result fiom the biodegradation of cmde oils and therefore may influence the toxicity of 
residuai biodegraded oil. 

In previous studies, Pseudomonas sp. BTl was shown to oxidize the thiophene 
ring of 'oenzothiophene and methylbenzothiophenes that were substituted on the homocyclic 
ring leading to the formation of benzothiophene-2.3-diones (Fedorak and Grbic'-Gaiic'. 
199 1; Saftic' et al., 1992). In this investigation, isolates W 1 and F also produced 
benzothiophene-2-3-diones from oxidation of benzothiophene and homocyclic ring- 



substituted methylbcnzothiophenes (Chapter 2). and together with isolate BT1, from 

oxidation of 4,6- and 4,7-dimethylbenzothiophene (Chapter 4). 

Isolates W1. BTl, and F were also previously shown to oxidize, cleave. and 

degrade the unsubstituted homocyclic ring of methyldibenzothiophenes with the resulting 

formation of methyl-substituted benzothiophene-2.3-diones (Saftic ' et al., 1993). In this 

investigation, attack and cleavage of the unsubstituted ring of 3,4-dimethyldibenzo- 
thiophene and of a methyl-substituted ring of 2,8-dimethyldibenzothiophene yielded 6.7- 

dimethyl- and 5-methylbenzothiophene-2,3-&one, nspectively, in pure and mUted bacterial 

cultures (Chapter 5). Benzothiophene-2.3-dione was also detected as a metabolite from 

oxidation of dibenzothiophene by isolates W1. BT1, BTld, and F (Chapter 6). However. 

the analogous product 4,5,6,7-tetrahydrobenzothiophene-2,3done was not detected from 

the observed attack and degradation of the aromatic ring of 1.2.3.4-tetrahydrodibenzo- 

thiophene by 1-MN-grown cultures of isolates W1, BTI. and F (Chapter 6). As well. 
naphtho[2.l-b]- and -[23-blthiophene. which have a temiinal thiophene ring analogous to 

that of benzothiophene. were not observed to yield naphtho[2.1 -b] thiophene- 1.2-dione or 

naphtho[2.3-blthiophene-2.3-dione. respectively, in cultures of isolates W 1, BT1, or F 
(Chapter 7), as might be expected fiom studies with benzothiophenes (Chapter 2; Chapter 

4; Fedorak and GrbicO-GaIic ', 199 1; Saftic' et al., 1992; Eaton and Nitterauer, 1994). 

Eaton and Nitterauer (1994) showed that benzothiophene-2.3-dione, detected in 

culture exaacts of an isopropylbenzene-degrading bactenum incubated with benzothio- 

phene. resulted from acid-catalyzed dehydration of 2-mercaptophenylglyoxalate during 
cuIture extraction. Thus, the numerous benzothiophene-2,3-diones which have been 

detected during this investigation in extracts of acidified cultures incubated with berizo- and 

dibenzothiophenes indicate that degradation of these compounds includes thiophene ring 
cleavage. It also suggests that the pathways for biodegradation of dibenzothiophenes 
converge with those of benzothiophenes, since mercaptophenylglyoxalates, detected as 

benzothiophene-2,3-diones. are products cornmon to cultures incubated with both of these 
classes of condensed thiophenes. 

Revious reports also demonstrated that 1-MN-grown cultures of isolate BTl 

catalyzed oxidation of the sulfur atom of 2-rnethyl-, 3-methyl-, 7-methyl- and 2,3- 
dimethylbenzothiophene to yield sulfoxides and sulfones (Fedorak and GrbicR-Galic'. 

1991; Saftic' et al.. 1992). In this investigation. sulfoxides and sulfones were detected in 

exrracts of cultures of isolates W1 and F incubated with benzothiophene and 2-. 3-. and 7- 

methylbenzothiophene (Chapter 2), and in exmcts of cultures of isolates W1, BT1, and F 
incubated with 2.3-, 2,7-. and 3,7-dimethylbenzothiophene (Chapter 4). 



Furthemore. benzonaphthothiophenes were observai (Chapters 2 and 3) to form in 

cultures incubated with benzothiophene. 4-.5-, and 7-methylbenzothiophene. a mixture of 

4- and 6-methylbenzothiophene. and with 4,6- and 4.7-dimethylbenzothiophene (Chapter 
4). The formation of these benzonaphthothiophenes was shown to be catalyzed by 
microbial oxidation of benzothiophenes that are unsubstituted at positions 2 and 3 to their 
corresponduig sulfoxides (Chapter 3). T'us, the detection of rhese high-molecular-weight 
compounds suggests that sulfoxidation did occur. even though the conespondhg 
benzothiophene sulfoxides wae not always detectcd because they underwent further abiotic 
condensation reactions. The sulfoxide and sulfone of naphtho[2,1-b]- and -[2,3- 
blthiophene were not detacted in extracts of cultures of isolates W1. BTI, and F, nor were 
the corresponding high-molecular-weight products (Chapter 7), which might be expected to 

form after oxidation to the sulfoxide because the unsubstituted thiophene ring would be 
arnenable to a Diels-Alder-type condensation reaction (Chapter 3). 

Isolates W1, BT1, and F were also previously shown to oxidize 2- and 4- 

methyldibenzothiophene to their corresponding sulfones (Saftic ' et al., 1993). In studies 
with 2.8-, 3.4-, and 4.6-dimethyldibenzothiophenes (Chapter 5) ,  sulfoxicies and sulfones 
were not detected in pure cultures of these three isolates, nor were they detected as products 

in mixeci cultures of petroleum-degrading bactena. However, the oxidation of the sulfur 
atom of 1,2,3,4-tetrahydrodibenzothiophene and dibenzothiophene in pure cultures of 

isolates W 1 and F yielded the sulfoxide and sulfone as the most abundant products detected 

(Chapter 6). Recent reports suggest that the observed sulfoxidation of benzo- and 

dibenzothiophenes is likely a fonuitous oxidation catalyzed by the aryl dioxygenase 
enzymes that ailow growth of these isolates on 1-MN (Allen et al.. 1995; Selifonov et al.. 
1996). However, the sulfoxidation of dibenzothiophene to its sulfone was not a dead-end 
pathway for isolate BTI, which was shown to further metabolize dibenzothiophene sulfone 

when provided with 1-MN as a growth substrate (Chapter 6). The resulting metabolites 
were not detected by the extraction and analytical methods use& 

Previous studies with isolate BT1 and methyl-substituted benzo- (Saftic' et al., 
1992) and dibenzothiophenes (Saftic' et a!., 1993) did not detect metabolites of these 
condensed thiophenes that resulted from oxidation of the methyl groups to the 
comsponding methanols and carboxylic acids. However, oxidation of the methyl groups 
of rnethyldibenzothiophenes to give dibenzothiophene methanols was observed with 

isolates W1 and F (Saftic' et al.. 1993). This is consistent with the ability of these isolates 
to oxidize the methyl group of 1-MN to form 1-naphthalene methanol and 1-naphthoic acid, 
which are dead-end products that accumulate in cultures and do not support the growth of 

these isolates (Safac' et al., 1993; Chapter 2). 



In this investigation. methanols and/or carboxylic acids were produced by isolates 

W1 and F from aU methylbenzothiophenes (Chapter 2) and nearly aU dimethylbenzothio- 

phenes tested (Chapter 4). Furthemore. isolate BT1 was shown to oxidize the methyl 

groups of 2,3-, 2.7-. and 3.7-dimethylbenzothiophene yielding methanols andlor 

carboxylic acids as minor products after 7 days incubation (Chapter 4). After 1 or 2 days 

incubation, methanols and carboxylic acids were the only major products detected in 

cultures of isolate BTI hcubated with 3.5-dimethylbenmthiophene. These were only 

transiently accurnulating metabolites which were subsequently degraded within 3 days 

incubation, resulting in the formation of other metabolites that were not detected by the 

extraction and anal ytical methods used (Chapter 4). This M e r  degradation of methanol 
and carboxylic acid metabolites of 3.5-dimethylbenzothiophene by isolate BTl is consistent 

with the abiüty of isolate BT1 to oxidize the methyl group of 1-MN to 1-naphthalene 

me thanol and 1 -naphthoic acid, and subsequentl y degrade these methyl group oxidation 

products (Chapter 4). Indeed, isolate BTI was shown to be capable of growth on 1- 

naphthalene methanol and 1-naphthoic acid as sole carbon sources (Chapter 4). 

The monooxygenation of benzyiic methyl and methylene groups in 

naphthenoarornatic and methyl-substituted arornatic cornpounds has k e n  reportai to be a 
fortuitous activity of the naphthalene dioxygenase enzyme whose normal physiological 

function is the dioxygenation of aromatic rings as a pncursor to ring cleavage (Selifonov et 

al., 1996). If this mechanism is responsible for the oxidation of methyl groups of 

substituted benzo- and dibenzothiophenes by isolates W1, BTl. and F, it is not a dead-end 

pathway for isolate BTI which is able to further metabolize the carboxy-substituted 

products (Chapter 4). 

Metabolites consistent with the oxidation of the methyl groups of 

dime thyldi benzothiop henes (Chap ter 5) and I -methylnaphtho[2. 1 -b] thiophene (Chap ter 7) 
were not detected. It is conceivable that both of the methyl groups of a 

dimethyldibenzothiophene could be oxidized to give a dicarboxylic acid which would be 

too polar to extract and analyze by the methods used (Chapter 5). However, in the studies 
with 1 -merhylnaphtho[2,1 -b Jthiophene and 1 -MN-grown cultures of isolate W 1, a sulfur 

mass balance was obtained in the quantitative studies. but methyl group oxidation products 

were not detected (Chapter 7). 

The formation of 2-mercaptophenylglyoxalates. detec ted in extracts of acidified 
cultures as benzothiophene-2.3-diones. the sulfoxidation to f o m  sulfoxides and sulfones. 
and the oxidation of methyl groups to methanols and carboxylic acids have al1 been 

observed to some extent as general oxidation pathways with both benzo- and 

dibenzothiophenes. A final class of metabolites obsented as products from both benzo- and 



dibenzothiophenes are the benzothiophene-2(3H)- and -3(2H)-ones. These metabolites of 

4,6- and 4,7àirnethylbenzothiophene were detected in cultures of isolates W 1, BTl . and F 

and presurned to fonn by acid-catalyzed dehydration of 2.3-dihydrodiols of 4,6- and 4,7- 

dimethylbenzothiophene during culture extraction (Chapter 4). 6.7-Dimethylbenzothio- 

phene-2(3H)- and -3 (2H)-one were detected as metabolites that resulted from degradation 

of the unsubstituted homocyclic ring of 3,4-dimethyldibenzothiophene in the mixed 

petroleumdegrading culture ERN BI0 (Chapter 5). Degradation of the methyl-su bs titu ted 

Nig of 2.8-dkethyldibenzothiophene by 1-MN-grown cultures of isolate BTl led to the 

formation of 5-methylbenzothiophene-3(2H)-one (Chapter 5). These 3(2H)- and 2(3H)- 
ones are the keto tautomers of fhydroxy- and 2-hydroxy-substituted benzothiophenes, 

respectively. In the studies of 3,athyldibenzothiophene degradation by ERN BI0 and 

2.8-dimethyldibenzothiophene degradaiion by isolate BT1, the products 3-hydroxy-6.7- 

dimeth ylbenzothiophene-2(3H)-one and 3-hydroxy-5-methylbenzothiophene-2(3H)-one 
that were detected are the keto tautomers of benzothiophene-2,3-diols (Chapter 5). These 

keto tautomers of benzothiophene-2.3-diols were only observed in the studies with 

dimethyldibenzothiophenes (Chapter 51, and not with any of the benzothiophenes snidied. 

Other metabolites that were observed as products of dibenzothiophenes included 

analogues of 3-hydroxy-2-formylbenzothiophene. 3-Hydroxy-2-fomylbenzothiophene 
was a metabolite of dibenzothiophene produced in cultures of isolates W1, BT1, BTld, 
and F, which was presumably further oxidized leading to the formation of 2- 
mercaptophenylglyoxalate that was detected as benzothiophene-2,3-dione (Chapter 6). The 

transformation of dibenzothiophene by other isolates has been frequentiy reponed to yield 

3-hydroxy-2-formylbenzothiophene which accumulates without further metabolism 

(Kodama et al.. 1973; Laborde and Gibson. 1977; Monticelio er al., 1985; Monnile and 

Atlas. 1989). However. there is one previous report of oxidation of dibenzothiophene to 3- 
hydroxy-2-formylbenzothiophene and benzothiophene-2.3-dione (Bohonos et ol .. 1977). 

As weU, the oxidation of methyldibenzothiophenes to methyl-3-hydroxy-2-formylbenzo- 

thiophenes and methylbenzothiophene-2Wones has been previously reponed for isolates 

W1, BTl, and F (Saftic' et al., 1993). 

Attack of the unsubstituted ring of 3,4-dimethyldibenzothiophene by isolates W 1, 

BTl. and F, and by the mixed cultures SLPB and ERN BI0 led to the formation of 6.7- 
dinethyl-3-hydroxy-2-fo~myIbenzothiophene and 6.7-dimethylbenzothiophene-2.3-dione 

(Chapter 5). 5-Methyl-3-hy&oxy-2-formylbenrothiophene was not detected from 

degradation of the methyl-substituted ring of 2.8-dimethyldibenzothiophene in pure and 

mu<ed cultures, although the presumed funher oxidized product 5-methylbenzothiophene- 

2,3-dione was detected (Chapter 5). Isolates W 1. BTI. and F attacked the aromatic ring of 



1,2,3.4-teuahydrodibenzothiophene leading to the formation of 3-hydroxy-2-formyl- 

4,S,6.7- tetrahydro benzothiophene (Chapter 6). 

The hydroxybenzothiophene carboxy iic acid metaboli tes detec ted, that resul ted from 

oxidation of the extemal homocyclic ring of naphtho[2,1 -b] thiophene, naph tho[2,3- 

blthiophene, and 1 -methylnaphtho[2,1 -b] thiophene by isolate W 1. were producü unique to 

the naphthothiophenes (Chapter 7). These metabolites form by a mechanism analogous to 

that which yields 3- h ydroxy-2-fonnylbenwthiophene from dibenzo thiop hene, wi th initial 

dioxygenase amck taking place at either of two locations on the external homocyclic ring of 

the naphthothiophenes, and further oxidation of the fomyl group in the products 

responsible for its oxidation to a carboxyl group. The further degradation of these 

hydroxybenzothiophene carboxylic acids was affected by the presence of 1-MN as a 

cosubstrate and by the presence of a methyl-substituent on the thiophene ring of the 

metabolites (Chapter 7). 

8.2 SUGGESTIONS FOR FURTHER RESEARCH 
A literature review by Fedorak (1990) showed that of the hundreds of organosulfur 

compounds found in perroleum, fewer than 20 of these had been subjected ro 

biodegradation studies. The discussion above summarizes the types of organosulfur- 

containing metabolites that were observed from microbial metabolism of 21 different 

benzo-, dibenzo-, and naphthothiophenes. Over 80 metabolites were recovered from 

cultures by extraction with DCM and were analyzed and identified pnmarily by GC 

methods. sometimes after denvatization in an organic solvent In some cases, purification 

of metabolites and analysis by NMR was required for identification. In other cases. 

synthesized authentic standards were used for identifications. These methods were 

amenable to the rapid screening and idenrification of metabolites from a large number of 

condensed thiophenes as was dictateci by the contract which funded this research project for 

more than two-thirds of its duration (Environment Canada, Groundwater and Soi1 

Remediation Program, Conaact KA 168-2-2 19 1). 

Most of these studies were done before the GC-AED was available to quantify the 

metabolites observed by the GC-FPD method used. Thus, while the metabolites of 

benzothiophenes identifïed in Chapters 2 through 4 were those that were detected during 

GC-FPD analyses, it is not known that they existed in a sulfur mass balance with the 

depleted substrate, after accounting for substmte loss due to evaporation. Thus, there may 

be other metabolites formed that were not detected by the DCM extraction and GC methods 

used. The supply of synthesized benzothiophenes also lirnited the controls that could be 
done to accurately determine evaporative losses. Further research aimed at quantitative 



studies of the metabolism of benzothiophenes, especially those which are now 
commercially available, narnely, benzothiophene. 3methylbenzothiophene. and 5- 
methylbenzothiophene, so that adequate sterile controls can be done to account for 
evaporative losses, would be valuable. This would indicate whether the metabolites 

detected in Chapters 2 through 4 were the only metabolites formed and whether they were 
dead-end products or aan~iently accumulating intemediates in the biodegradative processes 
catalyzed by the bactenal cultures tested. To date. no quantitative study of the bactenal 
metabolism of any isomer of benzothiophene has becn reportexi in the literature. 

Relirninary quantitative snidies of the type suggested above for benzothiophene 
metabolism were can-ied out during completion of the snidies with dirnethyldibenzothio- 
phenes (Chapter 5) and tetrahydrodibenzothiophene (Chapter 6) when a GC-AED became 
available. These results showed that the organosulfur present as the detected metabolites 
was only a small portion of the depleted substrate organosulfur. To follow up on this 
observation. funher quantitative studies were done with commercially available 
dibenzothiophene (Chapter 6). Again, a large portion of the sulfur from the depleted 
substrate was not detected by the DCM extraction and GC methods used. The sarne 
observation was made with cultures of isolates W1, BT1, and F that were incubated with 
1 -MN and naphtho[2,1 -b]thiophene or naphtho[2,3-blthiophene (Chapter 7). However, 
since sulfate release from dibenzothiophene was not observed to occur (Chapter 6), the 
sulfur from these depleted substrates that was not detected as the identified metabolites is 

presumed to exist as organosulfur-containing metabolites that are too polar to extract from 
aqueous cultures with DCM. This argument is supportai by the obsented increases in total 
suifur recovered from dibenzo thiophene (Chapter 6) and naphtho[2,1 -b]thiop hene (Chapter 
7) when cultures were lyophilized and methyl-esterified prior to DCM extraction over 
cultures that were acidified and extracted. Further research aimed at the characterization and 
quantification of the organic sulfur that is recovered by this lyophilization and methyl- 
esterifcation procedure would provide valuable insight into the nature of these highly polar 

organosulfur-containing metabolites. Altematively, the application of new methods, such 

as high performance liquid chrornatography (HPLC), to analyze these highly polar 
metabolites in aqueous cultures would be valuable. Such studies would likely be most 
easil y developed wi th a cornmerciall y available organosulfur compound like diben zothio- 
phene. To date. studies of diknzothiophene metabolism by bactena that utilize the Kodarna 
pathway have not established a sulfur mass balance. 

Further quantitative investigations into the metabolism of condensed thiophenes by 

the bacterial cultures studied in this dissertation would give a better indication of the 

significance of the obsented metabolites. These studies would help address the question of 



whether the observed metabolites are dead-end products in the metabolism of condensed 
thiophenes or msiently a ~ ~ ~ r d a ~ g  intermediates in these processes. If the metabolites 
are only transiently accumulating intemediates, then future snidies might lead to the 
identification of M e r  oxidized, highly polar metabolites which are dead-end products that 
are of greater environmental relevance. 

The results of the extensive qualitative studies described in this dissertation and the 

quantification that was done dlrring completion of the project lead to numerous possibilities 
for M e r  qualitative snidies. AU of these areas of further research would be facilitated by 
the application of methods such as HPLC for the analysis of highly polar metabolites that 
were not amenable to DCM extraction and GC analysis. Among the areas of further 
research are elucidation of the mechanism whereby isolate BT1 was able to funher degrade 
the carboxylic acid metabolites that resulted fiom oxidation of the methyl groups of 33-  
dimethylbenzothiophene in the presence of 1-MN (Chapter 4). As well, isolate BT1 was 
shown to oxidize dibenzothiophene to its sulfoxide and sulfone, and to subsequently 

degrade dibenzothiophene sulfone in the presence of 1-MN (Chapter 6). The mechanism of 

funher oxidation of dibenzothiophene sulfone by isolate BTI is not yer known. since 
M e r  oxidation products were not detected by extraction and GC analysis. 

The mechanism used by isolates W1, BT1, and F to further degrade 3-hydroxy-2- 

fomylbenzothiophene presumably resulting in the formation of 2-rnercaptophenyl- 
glyoxalate. which is detected as benzothiophene-2,3-dione (Chapter 6). awaits elucidation. 

Further study of 3-hydroxy-2-formylbenzothiophene degradation may be facilitated by the 

use of isolate BTld to produce 3-hydroxy-2-formylbenzothiophene from dibenzothio- 

phene, which c m  be subseqently pded and fed to cultures of isolates W1, BTl, and F 

with 1-MN. Furthemore, the amount of benzothiophene-2.3-dione detected did not 
increase in cultures of isolates W 1, BT1, and F, where 3-hydroxy-2-fomylbenzothiophene 

degradation occurred, relative to cultures of isolate BTld, where 3-hydroxy-2- 
fomylbenzothiophene accumulated with little funher degradation occumng over 9 days 
incubation (Chapter 6). This suggests that 2-mercaptophenylglyoxalate is also susceptible 
to further transformations which are not yet known. 

Another suggestion for future research involves study of the mechanism of further 

degradation of 4-hydroxybenzothiophene-5-carboxylic acid, a metabolite of naphtho[2.1- 
blthiophene produceci by isolate W 1. that is stirnulated by the presence of 1-MN (Chapter 
7). As well, it is interesting that degradation of the extemal homocyclic ring of 
dibenzothiophene leads to the formation of 3-hydroxy-2-fomyl-substituted benzothiophene 
(Chapter 6) while naphthothiophenes yield hydroxybenzothiophene carboxylic acids 
(Chapter 7). The reason that the formyl group of the metabolite from dibenzothiophene is 



not funher oxidized to the carboxylic acid group or is not detected after it is formed is not 
yer known, but may provide insight into the mechanism of funher degadation of 3- 

hydroxy-2-formybenzothiophenes. 
These suggestions for further research with the bacterial cultures and condensed 

thiophenes descnbed in this dissertation would iikely lead to the identification of other 

metabolites of condensed thiophenes that have avoided detection and identification thus far, 

because their high polarity meant that they were not arnenable to the extraction and GC 
methods used in this investigation. 

'The metabolites identifïed in this shidy were produced primarily in pure cultures of 

1-MNdegrading Pseudomonas spp. In some cases. the formation of these metabolites was 

snidied in rnixed cultures of petmleum-degrading bacteria or cultures inoculated with river 

water and given crude oil or the arornatic fraction of crude oil as a growth substrate. These 

latter studies more closely approximate an actuai oil-contaminated environment and give a 
more reliable indication of whether or not the identified metabolites will be produced in 

actual 02-contaminated environments. However, the identification of metabolites is most 

easily accomplished in pure culture-pure compound systems. Thus, a trade-off exists in the 

design of experimental systems that closely resemble contaminated environments with 

those that give reasonable chance of successfd identification of products. This is due to the 

limited analytical techniques available for the analysis of the polar fraction of petroleurn. 

Future research should attempt to gain further insight into the question of whether or not 

the metabolites produced in pure culture-pure compound smdies are actually forrned in 

systems that more closely resemble oil-contarninated environrnents and whether or not the 

rnetabolites are funher degraded in these systems. 

If these metabolites are formed in contarninated environments, they may conaibute 

to the toxicity and genotoxicity of the residual polar matenal that remains after petroleum is 
biodegraded. Few studies of the toxicity and genotoxicity of condensed thiophenes and 
their metabolites have been done. Easmiond et al. (1984) tested a variety of condensed 
thiophenes for their toxicity to the zooplankton Daphniu magna. They observed LC50 

values of 0.22 mgfL for benzo[b]naphtho[l.2-d] thiophene and 63.7 mg/L for 

benzothiophene. Thus, the product of the microbially-mediated condensation reaction 

describecl in Chapter 3 is more toxic than the parent compound benzothiophene. However, 

benzo[b]naphtho[l,2-athiophene showed no mutagenicity in the standard or pre- 
incubation Ames test (Pelroy et al.. 1983). Jacob (1990) reviewed a study in which the 
mutagenicity of dibenzothiophene and three isomers of benzonaphthothiophene were 

compared with some of their sulfoxides and sulfones using Salmonella îyphimuriwn strains 
TA 98 and TA 100. No mutagenicity was observed for the parent compounds, but al1 



sulfoxides and dibenzothiophene sulfone were weakly mutagenic, and benzo[b]naph- 

tho[ 12-djthiophene sulfone was a potent mutagen. 

M e n  administered orally to rats and rnice, benzothiophene sulfone was less toxic 

than benzothiophene (Lagno and Sviridov, 1975). As well, Seymour et al. (1997) 

detennined the acute toxicities of benzothiophene, 3- and 5- methylbenzothiophene, and 

dibenzothiophene, as well as of their mtaboütes benzothiophene sulfone, benzothiophene- 

2,3-&one, 3- and 5-methylbenzothiophene sulfone, 5- and 7-methylbenzothiophene-2,3- 
dione, and dibenzothiophene sulfoxide and sulfone. The toxicities of these compounds 

were deteTmined by the MicrotoxB and Daphnia magm bioassays. In nearly every case, the 

oxidized cornpounds were less toxic than their parent thiophenes. These studies suggests 

that as a general mle microbial oxidation of 2- and 3- ring condensed thiophenes decreases 
their acute toxicity. except when mimbiaily-producd benzothiophene sulfoxides condense 

to form benzonaphthothiophenes. However, sulfoxidation of dibenzo- and benzonaphtho- 

thiophenes rnay increase their genotoxicity. However. these conclusions are based on a 
limited body of literanire and further studies of the toxicity of condensed thiophenes and 

their metabolites should be done. 

The pursuit of these areas of further research will provide valuable insight into the 

fate of condensed thiophenes in petroleum-contaminated envkonments and the implications 

that bactenal metabolism of these compounds will have on the bioremediation of 

contarninated sites. Although much remains to be learned, the investigations of the bactenal 
metabolism of benzo-, dibenzo-, and naphthothiophenes described in this dissertation will 

serve as a strong foundation on which to build funher studies. 
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APPENDlX A. SCREENING ISOLATES 
W1, BT1, BTld, AND F FOR PLASMIDS 

A . l  INTRODUCTION 
The upper pathway for naphthalene catabolism. which converts naphthalene to 

salicylate, has been shown to be biochernically and geneticaily simüar to the pathway 
responsible for the oxidation of dibenzothiophene to 3-hydroxy-2-formylbenzothiophene 

(Denorne et al., 1993). and for the oxidation of phenanthrene and anthracene to isomers of 

hydroxynaphthoic acid (Denome et al., 1993; Kiyohara et al., 1994; Sanseverino et al.. 
1993). Because the archetypal naphthalene-degradative genes are frequently plasmid 
encoded (Yen and Serdar. 1988), Pseudomonos spp. W1, BT1, BTld. and F were 

screened for the presence of plasmids by a method that detected the TOL (or p W 0 )  

plasmid (115 kb) in Pseudomonas putida strain ATCC 33015 (Williams and Murray, 

1974), the pWW60 (or NAH2) plasmid (87 kb) and the pWW61 plasmid (65 kb) in P. 

putida snain NCIB 9816 (Cane and Williams. 1982), the NAH7 plasmid (83 kb) in P. 

p u t i h  PpG 1064 (Yen md Gunsalus, 1982), and the LP plasrnid (63 kb) in Pseudomonas 
fluorescens LP6a (Foght and Westlake. 199 1). 

A.2 MATERIALS AND METHODS 
Two-hundred-millilitre maintenance cultures of isolates W 1, BTI , and F grown on 

1-MN (50 PL); of isolates W1 and F grown on 1-MN with dibenzothiophene (4 mg) 

present; of isolate BTld grown on dibenzothiophene (4 mg); and of isolates W1, BTl, and 

F grown with glucose (50 mg) as sole carbon source were streaked ont0 PCA (Difco. 

Detroit, MI). Al1 of these maintenance cultures had k e n  maintained with these carbon 

sources by weekly aansfers for over 2 years prior to this plasmid screening experirnent. 

After 4 days of incubation at 2g°C, single colonies from the PCA plates were used to 

inoculate tubes containhg 5 mL Trypticase Soy Broth (?SB; Difco). 
Pseudomonas strains ATCC 33015. NCIB 9816, PpG 1064, and LP6a were gifts 

from Dr. J. M. Foght (Department of Biologicai Sciences, University of Alberta), and 

these were resuscitated from glycerol stocks stored at -70°C by srnaking ont0 PCA. After 
incubation at 28OC for 2 days. a colony of saain ATCC 33015 was streaked onto a plate of 

mineral medium (Fedorak and Westiake, 1984) that had k e n  supplemented with 2.5 m M  

m-toluate and solidif~ed with purified agar (15 g/L; Difco). The other three strains were 

streaked ont0 solidifîed mineral medium and provided with naphthalene vapors as a growth 

substrate by placing crystals of this compound on the Lid of the plate. After the colonies on 



these plates were weii grown, single colonies of each strain were transferred into tubes 
containhg 5 rnL of TSB. 

After 24 h incubaaon at 2g°C, 1.5-rnL portions of the cultures grown in TSB were 

used for the srnall scale rapid plasmid preparation method of Kieser (1984). The DNA 

isolated by this procedure was analyzed by electrophoresis in 0.7% agarose gels and 

visuaked under UV light after neamient with ethidium bromide. 

A.3 RESULTS AND DISCUSSION 
Figure A. 1 is a photograph of the gel that resulted h m  electrophoresis of the DNA 

isolated by the procedure describcd above. Lane 1, on the far left, contained lambda DNA 

digested with H i n d m  as a standard. Lanes 2 tbrough 14, from left to nght, show the 

plasrnid profiles of the various Psezuiomonas strains. The intense band that is located 40 to 

45 mm fiom the top of the gel in lanes 2 through 14 represents the chrornosomal DNA that 

was recovered by the procedure used. The 115 kb TOL (or pWWO) plasmid of saain 

ATCC 33015 is observed in lane 2 and is the largest plasrnid observed. In lane 3, two 

plasmids are observed for strain NCIB 9816 and these are consistent with the plasrnids 

pWW60 (or NAN2) and pWW61 of 87 and 65 kb, respectively. In lane 4, the 83 kb 

NAH7 plasmid of strain PpG 1064 is observed to move slightly further than the 87 kb 

pWW60 (or NAH2) plasmid of strain NCIB 9816 (lane 3). Finally, strain LP6a shows a 
plasmid of approximarely 63 kb in lane 5. Thus, this method was able to detect the 

plasmids bearing archetypal aromatic ring-degradative genes from strains that have been 
used in previous studies. 

With isolates W1, BT1, BTld, and F, the only saains that were shown to contain 

plasmids that could be detected by the procedure used were isolates BTl and BTld (lanes 

7, 10, and 13). This plasmid was smaller than that observed in strain LP6a of 63 kb and 

was present in isolate BTl regardless of whether the isolate was grown on 1-MN (lane 7) 

or glucose (lane 13). Isolate BTld, which came fiom the 1-MN-grown maintenance culture 
of isolate BTl, but has been maintained for over 2 years with dibenzothiophene as sole 

carbon source, also contained the same plasmid (lane 10). 

Although plasrnids were not detected for isolates W1 and F, it is possible that these 

isolates contain plasrnids which were not recovered by the method used. Furthemore, the 

fact that a plasrnid was detected in strains BT1 and BTld does not mean that the aromatic 
hydrocarbon-degmding capabilities of these strains are plasrnid encoded. The genes for 

aromatic hydrocarbon degradation could also be chrornosomally encoded in these two 

strains. The fact that the plasrnid detected in isolate BT1 was still present in the isolate after 

2 years of weekly transfen with glucose as sole carbon source indicate that the plasmid is 



stable. Thus, curing the plasmid h m  strain BT1 by transfer with glucose as sole carbon 
source could not be accomplished and so it is not known if curing the saain of the plasmid 
would lead to the loss of aromatic hydrocarbon-degading capabilines. This would have 
given indication of whether or not the genes for arornatic hydrocarbon degradation are 
acnially located on the plasnid that is present in s a a i n  BTI. 



Figure A.1 Photograph of agarose gel showing plasmid profùes of various bacterial 
strajns. From left to right: lane 1,lamb& DNA digested with Hindm;  lane 2, 
ATCC 33015; lane 3, NCIB 9816; lane 4, Q G  1064; lane 5, LP6a; lanes 6 
through 8, 1-MN-grown isolates W1, BTl, and F, respectively; lane 9, isolate 
W1 grown on 1-MN in the presence of dibenzothiophene; lane 10. isolate 
BTld grown on dibenzothiophene; lane 11, isolate F grown on 1-MN in the 
presence of dibenwthiophene; lanes 12 through 14, glucose-grown isolates 
W1, BT1. and F, respectively; lane 15, empty. 
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APPENDIX B. GROWTH OF STRAINS W1, BT1, AND F 
UNDER ANAEROBIC CONDITIONS 

B.1 INTRODUCTION 
Although Pseudomonas spp. undergo a stnctly respiratory type of metabolism, 

some spacies are capable of anaerobic growth with nitrate as terminal electron acceptor 
(Krieg and Holt, 1984). As well, there have b e n  several reports of isolates, identified as 
Pseudomonas spp., that are capable of anaerobic growth with the reduction of femc iron 

(Lovely, 1987; Obuekwe et al., 1981; Obuekwe and Westiake. 1982a, b; Oaow and 

Glathe, 1971). Other aerobic Gram negative bacteria rhat were capable of reducing femc 

iron under anaerobic conditions, and some strairis that had k e n  previously identified as 
Pseudomonas spp., were shown to be more appropnately classified as strains of 
Alterornonas putrefaciens (Semple and Wesdake, 1987). One of these strains, which was 
originaLIy identifiecl as a Pseudomonas sp. (strain 200, Obuekwe et al., 198 1). and shown 

to be more appropnately classified as a rnember of the genus Alteromonas, has since been 

reclassified as Shavanella putrefaciens (Semple et al., 1989). The reclassification of this 
and other sû-ains reflects the increase in knowledge about diese facultatively anaerobic iron- 

reducing strains. Because it is evident that strains which are similar to and have been 

incorrecdy classified as Pseudomonads in the past are capable of anaerobic growth with the 

reduction of femc iron, the isolates W 1, BT1, and F were tested for the ability to grow 

under anaerobic conditions with ferric iron and nitrate as terminal electron acceptors. 

B.2 MATERIALS AND METHODS 

B.2.1 Ferric iron reduction 
The ability of the isolates to reduce ferric iron was tested using tubes of B 10 broth 

and B 10 soft agar (0.25% agar added to B 10 broth) as descnbed by Semple and Westlake 

(1987). These media mm from a brownish gold colour to green as ferrous ions are 
produced. The tubes were inoculated with 0.1 mL of the 1-MN-grown maintenance culture 
of each isolate, hand-rnixed, and incubated at 28OC together with tubes that were inoculated 
with strains of S. putr@aciem obtained from K. M. Semple (Department of Biological 

Sciences, University of Alberta). 

B.2.2 Nitrate reduction 
As a preliminary test of the nitrate-reducing ability of isolates W1, BTl, and F. 

tubes of the semi-solid nitrate reduction medium of Stanier et al. (1966) were used. Tubes 



of the semi-solid medium were inoculated with 1 .O mL of an isolate bom the 1-MN-grown 

maintenance culture, hand-mixed, overlaid with the same medium, and incubated at 2S°C. 
Nitrite production was monitored with alpha-naphthylamine and sulfanilic acid reagents in 
5 M acetic acid and the formation of N2 was observed by ihe presence of gas bubbles in the 

semi-solid medium. 

Subsequent growrh tesrs with individual carbon sources and isolates W1 and F 
used a mineral medium modified from Fedorak and Westlake (1984) by increasing the 
KNO3 concenrration from 2.0 to 6.0 g per L and by adding 10 mL of Wolfe's vitamin 

solution (Wolin et al.. 1963) per L of medium. For aerobic experiments with this medium, 

100-mL portions were sterilized by autoclaving in 250-mL Erlenmeyer fiasks stoppered 

with foam plugs. For anaerobic experiments, the medium was boiled on a hot plate for 2 

min, cooled under a headspace of anoxic helium gas, and then 100-mL portions were 

dispensai into 158-mL senun botties which had also k e n  flushed with helium. These were 

then sealed with Teflon-lhed semm stoppers that were held on with alurninurn caps and 
autoclaved to sterilize. 

The growth subsmtes were given so that 4.4 mm01 of carbon would be present in 
eac h 100-mL culture. The substrates sodium acetate aydrate ,  trisodium citrate dihydrate, 

and glucose were added in 2-rnL volumes of aqueous solutions prepared using boiled water 

that had k e n  cooled under helium. These solutions were prepared in semm bottles under 

helium, capped. and autoclaved for sterility. These solutions were added to culture bottles 

using sterile disposable syringes that had k e n  rinsed with heliurn. When 1-MN was given 
as growth substrate, 70 p.L was added directly to the culture with a glas syringe together 

with 1.9 rnL of helium to give the same positive pressure in the culture as in those which 

received 2 mL of the aqueous solutions of the other substrates. In the same way, cultures 
which received no growth substrate received 2 mL of helium. Al1 cultures were inoculated 

by syrhge with 5-mL portions of aerobic 1-MN-grown maintenance cultures of isolates 

W 1 or F. The cultures were incubated at 28OC Appropriate sterile controls which received 
growth substrates and 5 rnL heiium, but no inocuium, were incubated with the cultures, but 
they never showed any activity so the data are not shown. 

Dibenzothiophene (4 mg) was given to cultures grown on acetate, citrate, and 

glucose after they had incubated for 1 day to ensure that anaerobic conditions were reached 

in the cultures. The dibenzothiophene was added with a glass syringe as a solution in 150 
pL hexadecane and the cultures were incubated with shaking to facilitate dispersion of the 

hexadecane as droplets into the aqueous phase. 
After 15 days incubation. the culture headspace gas was analyzed for N2 and CO2 

by ~pl ica te  injections of 0.1 mL headspace gas into a Varian Aerograph mode1 700 GC 



fitted with a 3 m by 0.5 cm column packed with Poropak R. The thermal conductivity 
detector was operated at 25OC and 150 mV. Heiiurn was used as the carrier $as at a flow 
rate of 107 mU&. GC oven and injector temperatures were 60°C and 24T, respectively. 
A HP mode1 3390A integrator was used for peak area measurements. Culture headspace 
gas sarnpling and GC injections were made with gas îight Lo-dose 112 cc u-100 insulin 
syringes with 286112 needles (Becton Dickinson, Rutherford, NJ). The syringe was 
rinsed with helium between sarnples.The percent (by volume) N;! and CO2 in the 

headspace gas was detemiined by cornparison with standard curves prepared in serum 
bottles that had k e n  Bushed with helium. The N2 standard came from a gas cylinder 
whereas the C@ standard came h m  dry ice placed in a sealed flask with a sarnpling port. 
Culture headspaces were analyxd for N2 before 1.5 rnL sarnples of the aqueous phase 
were rernoveà for N02- analysis (described below). Then the cultures were acidified with 

1.5 mL of 2M HzSO4, shaken, and the headspaces were analyzed for CO2. 
The 1.5 mL aqueous phase that was removed fiom the cultures for NOT analysis 

was centrifuged at 13,500 RPM for 4 min and 1.0 rnL of the supernatant was removed and 
serklïy diluted in 9 mL volumes of twice distilled water. Then the various dilutions were 
assayed for NO2- by a spectrophotometric method (American Public HeaIth Association, 

1989). This method was scaled down (1/50) so that 1.0 mL of each dilution was mixed 
with 40 pL of colour reagent. A calibration curve over the Linear region of the assay was 
prepared using NaN02. Using the reading from the diluted samples, the standard curve. 
and the appropnate dilution factor, the concentration of NO2- in each culture was 

calculated. 
Cultures that received dibenzothiophene in hexadecane were spiked with thianthrene 

as an intemal standard pnor to extmction with 3 x 20 mL DCM. The extracts were drkd 

over anhydrous Na2S04, concentrated on a rotary evaporator, and analyzed by GC-AED 

as descri bed previously (Kropp et al.. 1997). 

B.3 RESULTS AND DISCUSSION 

B.3.1 Ferric iron reduction 
n i e  two strains of S. putrefaciens that were used as positive controls both grew 

throughout the tubes of broth and soft agar within 3 days incubation and tumed the medium 

to a greenish-black colour, indicating that ferrous ions were produced. However, after 45 

days incubation, isolates W1. BT1, and F had only grown in the top aerobic portion of the 

tubes of BI0 broth and soft agar and the medium remained a brownish gold colour, 



indicating that ferrous ions had not been formed. Thus, none of isolates W 1, BT1, and F 
was able to reduce ferric iron. 

B.3.2 Nitrate reduction 
Using the nitrate reduction medium of Stanier et al. (1966) isolate W1 was 

observed to reduce nitrate to N2 within 3 days incubation, while isolate BT1 was unable to 
reduce nitrate even after 45 days. Isolate F produced N02' within 3 days incubation and 
reduced this further to N2 which was first observed as bubbles in the soft agar after 2 

weeks incubation. 
After demonstrating that isolates W1 and F could grow under nitrate-reducing 

conditions with yeast extract and glycerol provided as carbon and energy sources, 
nurnerous experirnents were done to demonstrate growth in minera1 medium prepared using 
standard anaerobic techniques in semm bottles. In these conditions, growth was indicated 
by CO2 and N2 production, as measured by GC analysis of headspace gases, and N02- 

production, as measured by spectrophotometric assay of culture supernaiants, in cultures 
that received acetate, citrate, and glucose, and was compared with cultures that were 

inoculated but received no growth substrate. 1-MN was also tested, but none of the isolates 
were capable of growth on this carbon source under anaerobic conditions. 

Table B.l shows the levels of N02-, N2, and CO2 detected in cultures of isolates 

W 1 and F grown on acetate, citrate, and gLucose in the presence of hexadecane and 
dibenzothiophene after 15 days of incubation. These levels are compared with inoculated 
cultures that were incubated with hexadecane and dibenzothiophene. but did not receive a 
growth substrate. As well, the recovery of dibenzothiophene in these anaerobic cultures is 
compared with the recovery fkom identical cultures that were incubated aerobically. From 
Table B.1 it can be seen that isolates W1 and F were capable of growth under nitrate- 

reducing conditions with acetate. citrate, and glucose in the presence of hexadecane and 

dibenzothiop hene. However, significant depletion of dibenzothiophene was not observed 
in the anaerobic cultures. The depletion of dibenzothiophene in the identical cultures that 
were incubated aerobically suggests that the inability to oxidize dibenzothiophene is due to 
the lack of oxygen in the anaerobic incubations and not due to repression of the 

dibenzothiophene oxidative genes by the presence of acetate, citrate. or glucose or due to 
physical inaccessibility of the dibenzothiophene presented to the isolates in hexadecane. 
Thus, the oxidation of 1-methylnaphthalene and dibenzothiophene by isolates W1 and F 
requins 02, even though these isolates cm grow with simple carbon sources under nitrate- 

reducing conditions. 



The anaerobic biodegradation of monocyclic aromatic hydrocarbons such as 

benzene, toluene, ethylbenzene, and xylenes has k e n  demonstrated under nitrate-reducing 

conditions (Colberg and Young, 1995). The anaerobic biodegradation of benzene and 

toluene under femc iron-reducing conditions has also been documented (Colberg and 

Young, 1995; Lovley et al., 1994). There are even pure cultures capable of anaerobic 
biodegradation of toluene under femc iron-reducing and nitrate-reducing conditions, 

including anaerobic nitrate-reducing Pseudomonas spp. (Colberg and Young. 1995). The 

anaerobic biodegradation of naphthalene, which is the simplest polycyclic aromatic 

hydrocarbon, under nitrate-reducing conditions has ken  demonstrated for mixed microbial 

populations in soil-water systems (Al-Bashir et al., 1990; Mihelcic and Luthy, 1988a. b), 
but there are no reports of pure cultures with this ability. There is no evidence for the 

biodegradation of any polycyciic aromatic hydrocarbon under femc iron-reducing 

conditions (Coates et al.. 1996). Thus, since there are no reports in the literature of pure 
cultures capable of anaerobic biodegradation of polycyclic aromatic hydrocarbons, it is not 

surprising that none of the pure cultures of Pseudarnonas spp. W1, BT1, and F was 

capable of oxidation of 1-MN or dibenzothiophene under anaerobic conditions. 



Table B.l  Production of Nm-,  N2, and Cm in c u l t ~ ~ ~ s  of isolates W1 and F grown for 

15 days on acetate, citrate, and glucose in the presence of hexadecane and 
dibenzothiophene as cornpared with inoculated cultures that did not receive a 
simple carbon source as growth substrate. The recovery of dibenzothiophene 
fkom the anaerobic cultures is also cornpared with identical cultures that were 
incu bated aero bicaily . 

Citrate 10 2.0 27 96 35 

Glucose 18 6.2 28 94 54 

Citrate 22 1.2 19 99 7.3 

Glucose 5 1 .O 4 101 71 
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