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MANAGEMENT PERSPECTIVE 

Polycyclic. aromatic hydrocarbons (PAH) are a class of fused-ring aromatic 

compounds which are of great concern to the public and regulating agencies because of 
their toxicity, carcinogenicity, and potential for biomagnification. As products of 

combustion and as components of fossil fuels, PAHs are ubiquitous environmental 
contaminants. Nitrogen-containing polycyclic aromatic hydrocarbons (PAN Hs) are another 
specific group of chemicals which occur concomitantly with PAI-Is in coal and coal- 
related industrial processes such as coking. In general PANHs are more toxic and/or 
carcinogenic than are their corresponding PAI-I analogs. Both PAH and PANH compounds 
have been detected in _some groundwaters, thus posing a possibly significant impact on 
the quality of our dri_n_ki_ng water. For this reason it is essential to understand the fate and 
movement of these substances in the aquatic ecosystem. Sometimes a chemical’s 

metabolites are more toxic or persistent than the parent compound. The main objective 
of this study was the identification of metabolite and pathways during the microbial 
degradation of PAHs and PAN Hs. Three PAI-Is (njaphthalene, phenanthrene, anthracene) 
and one PANH (quinoline) were tested and six major metabolites were identified. Work 
is in progress to identify several other new metabolites.



SQMMAIRE A L’INTENTION DE LA DIRECTION 

Les hydrocarbures aromatiques polycycliques (HAP) sont une classe de composés 
aromatiques 51 anneaux condenses qui préoccupent beaucoup la population et les organismes de 
réglementation en raison de leur toxicité, de leur carcinogénicité et de leur potentiel de 
bioamplification. Comme produits de combustion et composants de combust_ibl‘e_s fossiles, les 

sont des contaminants omniprésents dans l’environnement. Les hydrocarbures aromatiques 
polycyclique azotés (HAPA) constituent un autre groupe particulier de produits chimiques 
présents en meme temps que les HAP dans le charbon et des processus industriels liés au charbon 
comxne la cokéfaction. En général, les HAPA sont plus toxiques et (ou) cancérogenes que leurs 
analogues correspondants des HAP, Des HAP et des HAPA ont été décelés dans cettaines eaux 
souterraines, ce qui exerce donc un effet qui peut étre important sur la qualité de notre eau 
potable. C’est pourquoi, il est essentiel due comprendre le devenir et le cheminement de ces 
substances dans l’écosystéme aquatique. I_l arrive parfois que des métabolites d’un produit 
chimique soient plus toxiques ou persistants que le composé parent. Le principal objectif de la 
présente étude est Pidentification du métabolite et des voies de migration pendant la dégradation 
microbienne des HAP et des HAPA. On a analysé trois HAP (naphtaléne, phénanthréne et 
anthracene) et un HAPA (quinoléine), et six métabolites ont ete identifiés. Les travaux 
d’i_de_ntificati0n de plusieurs autres nouveaux metabolites progressent. “



ABSTRACT 

Fermentor studies were conducted to ex_am_ine the microbial degradation of 

polycyclic aromatic hydrocarbons (naphthalene, phenanthrene, anthracene) and a 

polycyclic aromatic nitrogen heterocyclic (quinoline) using a mixed bacterial culture 
capable of utilizing these compounds as sole carbon and energy source for growth. Half- 
lives for the three PAHs in the cyclone fermentor system ranged from 1 day for 

naphthalene to 4 days for anthracene. Several major metabolites during the biodegradation 
of PAI-Is were also identified. These included 2-hydroxybenzoic acid, and 1-naphthalenol 
(for naphthalene); 1-phenanthrenol and 1-hydroxy-2-naphtha]enecarboxylic acid (for 

phenanthrene); and 3-hydroxy-2-naphthalenecarboxylic acid (for a_n_t_hracene). Thus our 
bacterial culture biodegraded the three PAHs by initial hydroxylation of the molecule 
followed by the eventual cleavage of the ring to yield the ortho- or meta-cleavage 
intermediates, which would be further metabolized via conventional metabolic pathways. 
However, biodegradation of the PAN}-l compound quinoline by our culture resulted in the 
accumulation of .4-5 metabolites, one of which has been identified as 2-quinolinol. Work 
is in progress to identify the other metabolites from quinoline degradation.



RESUME 

Des études en ferrnenteur ont été menées afin d’analyser la dégradation microbienne 
d’hydrocarbures arornatiques polycycliques (naphtaléne, phénanthrene, anthracéne) et d’un 

hydrocarbure aromatique polycyclique hétérocyclique azoté (quinoléine) au moyen d’une culture 
bactérienne mixte pouvant utiliser ces composés comme unique source cle carbone ct d’énergie 
pour se développer. Les derni-vies des trois HAP dans le fermenteur cyclone étaient comprises 
entre 1 jour pour le gaphtaléne et 4 jours pour l’anthracéne. On a également décelé plusieurs 
métabolites importants au cours de la biodégradation des HAP, don't l’acide 2-hydroxybenzoique, 
et le naphtalen-1-ol (pour le naphtalene); le phélnanthrén-1-ol et l’acide 1-hydroxy-2- 

naphtalenecarboxylique (pour le phénanthréne), et l’acide 3-hydroxy-Zmaphtalénecarboxylique 

(pour Parithracéne). Nos cultures bactériennes permettaient la biodégradation des trois HAP par 
une hydroxylation initiale de la molécule suivie de l’ouverture éventuelle de l’anneau pour 
obtenir les intermédiaires ortho et méta, qui pourront étre mét_abolisés davantage par des voles 
métaboliques courantes. Toutefois, la biodégradation de la quinoléine (HAPA) par not-re culture 
s’est traduite par l’accumulation de 4 ou 5 metabolites, dont l’un a été identifié comme le 2- 
quinolinol, Les travaux d’identification d’-autres métabolites 5 partir de la degradation de la 
quinoléine progressent.
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INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) occur commonly in the environ_me_nt as 
incomplete combustion products of fossil fuels and organic substances (Blumer and 
Youngblood 1975). PAHs may be acutely toxic or genotoxic, depending upon the number 
and configuration of fused benzene rings and the presence or absence of other substituents 

(Heitkamp and Cerniglia 1989). The contamination of air (Daisey et aL 1-979), soil 

(Bossert and Bartha 1984), and aquatic environments (Andelman and Snodgras 1974) by 
PAHs has been well documented. Of concern to public health is that many PAHs and in 
particular their metabolites are mutagenic, carcinogenic, or both (Bumpus 1989). As a 

result, the U.S. ‘Environmental Protection Agency has listed 16 PAH compounds, 
including n‘aphthale_ne, as priority pollutants to be monitored in industrial effluents (Keith 
and Telliard 1979). 

Before the environmental fate of PAH compounds can be satisfactorily evaluated, 
there should be an understanding of the various mechanisms by which these compounds 
are degraded. Microbial biodegradation has been implicated as one of the major 
mechanisms for the elimination of PAHs from the enviromnent (Mihelcic and Luthy 
1988). In general, PAHs containing three or fewer aromatic rings are more biodegradable, 
but little is known about the microbial degradation of PAHs containing four orlmore 
aromatic rings (Heitkamp and Cemiglia 1989). Nitrogen-containing polycyclic aromatic 
hydrocarbons (PANHs) are another group of chemicals whose impact in the environment 
is also of concern because of their toxicity, mutagenicity and carcinogenicity (Birkholz 
et al. 1989). Since PANHs occur concomitantly with PAI-ls in coal and coal-derived 
materials, they are also universally found e.g., in ambient air (Adams et al. 1982), fresh 
water and marine environments (Blumer and Sass 1977; Wakeham 1979;), and 
groundwater (Stuermer et al. 1982; Pereira et al. 1987).
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The potentially deleterious effects of toxic chemicals, including both PAHs and 
PANHs, on groundwater quality is of particular concem to public health authorities and 
regulating agencies, because groundwater supplies 25% of all fresh water used in the 
U.S.A., and accounts for nearly 50% of U;S.A. drinking water supplies (Anon, 1980). In 
Canada, approximate 38% of the municipalities also rely entirely or partially on ground 
water for their water supply (Hess 1986), thus further demonstrating the necessity to 

protect the groundwater source from chemical contamination. To deliver an effective 
management strategy for the control of toxic substances in the environment, it is essential 
to understand the fate and movement of these substances in the aquatic ecosystem. For 
this reason, the main objective of this study was intended to provide some in-depth 
information on microbial degradation of PAI—ls and PAN:Hs, with the emphasis on the 
isolation and identification of major metabolites. Such information may also have the 
potential to be utiliied in bioremediation of contaminated sites and groundwater. 

MATERIALS and METHODS 

Medium 
The growth medium and the biodegradation medium used in the present study 

were essentially the same with the following ingredients: 0.130 g of K21-IPO,,, 0.08 g of 
‘KHZPO4, 0.05 g of NH,,NO,, 0.005 g of MgSO_,.7H2O, 0.001 g of FeS0,,.7H,O, and 10- 
100 mg of the test chemical (PAHs or PANHs) in 1 L of distilled water. The final pH of 
the medium was 7.0 and the medium was not sterilized. To save time, the above mineral 
medium (without the test chemical) was prepared in 10 X concentrated stock solution and 
was diluted before being used i_n the experiment.
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Chemicals 

The biodegradation studies involved the use of four PAH and two PANH 
compounds as the test chemicals. The PAH compounds included 1 two-ring PAH 
(naphthalene), 2 three-ring PAHs (phenanthrene and anthracene), and 1 four-ring PAH 
(chrysene). The PANI-Is tested were the two-ring compounds quinoline and isoquinoline. 
The test chemicals used in this study were all of gas chromatographic grade, with the 
PAl-ls from Supelco Inc. (Bellefonte, Penn., USA 16823) and the PANHs from Aldrich 
Chemicals Company (Milwaukee, Wis., USA 53233). All the test chemicals with the 
exception of quinoline were assessed at a concentration of 10 ppm level. The 
biodegradability of quinoline was determined at a concentration of 100 ppm level. 

Enrichment Bac-teriaI..Cultures 
The enrichment bacterial cultures for the biodegradation experiments of PAI-Is 

were derived from various sources, encompassing fresh activated sludge (Liu et al. 1981), 
PCB~degrading bacteria (Liu, 1982), and chlorophenol-degrading mixed cultures (Liu et 
al. 1990). One mL of inoculum from each of the above sources was added to a cyclone 
fermentor (Liu et al. 1981) containing 1 L of mineral growth medium and 100 mg of 
naphthalene. The fast circulation of the fermentor fluid (14.7 L/min, linear velocity = 30.4 
cm/sec) produced a very homogenous solution, thus eliminating the need for a carrier 
solvent to dissolve the test PAHs. The fermentor was operated at room temperature (21°C) 
and the fermentor broth was sampled frequently to determine whether a mixed PAH- 
degrading bacterial culture was developed. The culture was subjected to several 

continuous transfers before using in the biodegradation study of PANHs. 

Biodegradation System '

‘ 

The biodegradation experiments were conducted in glass- teflon cyclone 
fermentors (Liu et al. 1981). A minimum of "two fermentors was required for each test 
chemical; the first operated as the aerobic biodegradation fermentor with a steady supply 
of air (flow rate = 20 ml/min), while the second one containing the microbial inhibitor 
(100 mg HgCl2) was used for correcting for abiotic degradation processes. Each fermentor
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contained 1 L of biodegradation medium, 10-50 mL of bacterial inoculum (enrichment 
culture), 10-100 mg of the test chemical, or 100 mg of HgCl, (abiotic control). At various 
time intervals, the concentration of the test chemical in the fermentor broth was 
determined to establish the trend of its biodegradation. Since PANHs are fairly sensitive 
to light, all fermentors involved in PANH biodegradation were covered with black plastic 
film to eliminate any possibility of photodegradation. 

Sample Preparation and Chemical Analysis 
For analysis of the test chemicals, a 50-mL aliquot was withdrawn from the 

fennentor and was acidified with 2 mL of 6N sulfuric acid. The contents were extracted 
with dichloromethane (3 x 10 mL) and the combined extracts were allowed to pass 
through an anhydrous Na2~SO,, column. The DCM extracts were then reduced in volume 
under a nitrogen stream and solvent-exchanged into toluene (0.5 mL). The toluene 
extracts were directly used in G.C. or GC/MS analyses. Acetylation and methylation of 
the DCM extracts followed the conventional procedure (Liu et al. 1990). GC analyses 
were performed by using a DB-5~ capillary column (30 m by 0.25 mm) and a Hewlett- 
Packard model 5730A gas chromatograph with a flame ionization detector operated at the 
following temperatures: injection port, 250°C; detector, 300°C; column temperature, 80°C 
isothermal for 2 min and then 4°C/min to 280°C. GC-MS was performed by interfacing 
a HP model 5890 GC to a HPm0d'el 5970 quadrupole mass spectrometer, The carrier gas 
was helium (1 ml./min) and the capillary column (30 m by 0.25“ mm) was DB-5. The 
oven temperatures were operated from 50°C to 140°C at 10°C/min, 140°C to 280°C at 
4°C/min, and isothermal at 280°C for 10 min. The MS interface temperature was set at 
250°C and mass spectra were scanned from 40 to 450 amu. 

Manomegy 
Oxygen uptake in oxidizing quinolines and their met_abolites was determined at 

20°C using a Gilson differential respirometer. Resting cell suspensions were prepared 
from culture grown as reported above. The cells were harvested by centrifuging at 15,000 
x g for 20 min. The cells were washed three times in cold 0.05 M (pH 7.0) phosphate



5 

buffer and resuspended in the same buffer at 10 X concentr_ation_. The standard incubation 
mixture for the assays were: 1 mL of cell suspension (3-10 mg dry weight), 1 mL of 0.05 
M phosphate buffer, l mL of distilled water, 2-20 mg of substrate (in the side arm) and 
0.15 mL of 20% KOH in the center well for CO2 absorption.

0 

The biodegradation rate of PA!-Is and PANHs was measured in terms of primary 
degradation, i.e., by following the disappearance of the test parent compounds from the 
ferinentor broth after correction for loss due to abiotic processes. The lag time and half- 
life (ty, ) were all determined graphically by plotting log % of remaining test compound 
concentrations in the fermentor broth against log incubation time (hour). The lag time was 
defined as the time in hours required for the observed biodegradation of 10% of the test 
chemical as measured against the control. The t was defined as the time in hours required 
for the degradation of 50% of the test chemical. The rate of oxygen consumption by the 
resting cells in oxidizing quinolines and their metabolites was expressed in terms of Q0 
which denotes the amount ( uL) of oxygen consumed/ mg cell dry wt/ hr. 

RESULTS 

The enrichment bacterial cultures developed from our cyclone fermentor system 
showed an active biodegradation potential against both the low and medium molecular 
weight PAH compounds. Half-lives for the three tested PAHs in the cyclone fermentor 
system were 22 h for- naphthalene, 37 h for phenanthrene, and 89 h for anthracene (Table 
1). However, the cultures exhibited little or no biodegradation potential towards the higher 
molecular weight PAH compound chrysene. 

Bio‘degr_ada_tion of naphthalene by the enrichment cultures (‘Fig 1), also resulted in 
the accumulation of two major metabolites in the fermentor broth. Based on matching the 
retention time and the mass spectra with those stored in the GC/MS library, the two
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metabolites were tentatively identified as 1-naphthalenol (Fig 2a), and 2-hydroxybenzoic 
acid (Fig _2b), respectively. 

Similarly, two major metabolites were tentatively identified by the retention time 
and mass spectra matching techniques as 1-phenanthrenol (Fig 3a) and 1-hydrox'y-2- 
naphthalenecarboxylic acid (Fig 3b), during the degradation of phenanthrene by the 
enrichment cultures (Fig 4). Attempts to identify the other minor metabolites were, 
however, unsuccessful due to their low concentration, 

At least four possible metabolites were found in the fermentor broth during the 
biodegradation of anthracene by the enrichment cultures (Fig 5). However, only one of 
them was identifiable by the ‘retention time and mass spectra matching techniques. It was 
3-hydroxy-2-naphtha]enecarboxylic acid (Fig 6). Besides being able to attack PAH 
compounds, the enrichemnt cultures were also able to degrade the PANFI-I compound 
quinoline (Fig The degradation resulted in the accumulation of several oxygenated 
intermediates in the fermentor broth and one major metabolite was identified as a 

quinolinol intermediate by the matching mass spectra technique (Fig 8). 

Further studies with resting cells and the manometric technique confirmed that this 
quinolinol metabolite was actually 2-quinolinol (Fig 9), The proposed 2-quinolinol 

metabolite could be rapidly oxidized _(' Q0 = 63,2 ) by the quinoline~g'row'n resting cells 
without any lag period in oxygen uptake, while the other three quinoli_nols (namely 4- 
quinolinol, 5-quinolinol, and 8-quinolinol) were not oxidized by the resti_ng cells. 

Isoquinoline, an isomer of quinoline, could be also slowly oxidized by the quinoline- 
grown resting cells after a brief contact period of approximately 60 min (Fig 10).
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DISSCUSION 

To assess the ultimate mutagenic and carcinogenic potential/risk of PAHs and 
PANHs on biota, it is imperative to have data on the formation and concentrations of 
critical metabolites (Deshpande, 1989). However, results from this study and literature 
data (Guerin and Jones 1988) clearly indicate that positive identification of a metabolite 
during microbial degradation of PAHs and PANHs is very complicated. Several factors 
may contribute to this difficulty. Firstly, only a very small and limited numbers of 
metabolites are on the GC/MS library, when compared with those of the parent 

compounds. This would limit the usefulness of the matching mass spectrium technique 
in the identification of a new metabolite. Secondly, mass spectrometry alone could not 
provide the absolute confirmation as to the identity of a chemical compound, particularly, 
when other isomers also exist. For example, in our quinoline biodegradation study, the 
quinolinol metabolite (Fig 8) was identified as 8-‘quinolinol by the computer mass 
spectrum matching technique. However, further studies using the quinoline-grown resting 
cells and the manometric technique suggested that this metabolite was actually 2- 

quinolinol not the isomer 8-quinolinol. For this reason, it is suggested that at least two 
different methods should be used in the characterization of a metabolite, if the situation 
permit. 

Another problem in the biodegradation study of PAHs and PAN]-Is is their very 
low solubility in water. This would limit the amount of these chemicals which could be 
used in a biodegradation system, thus diminishing the chance of isolating and identifying 
metabolites during the degradation process. It is generally accepted that for most organic 
compounds’ degradation, the accumulation of total metabolites amounts to only 1 to 10% 
of the parent compound. Guerin and Jones (1988) reported that the yield of water-soluble 
metabolites was very poor when low concentrations ( 0.5 mg/L) of phenanthrene were 
used in their biodegradation experiments. To overcome the problem of the low water 
solubility of PAH and PANH compounds in the growth medium, various carrier solvents 
including acetone (Guerin and Jones 1988; Bumpus 1989), dimethyl sulfoxide (Pothuluri
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et aL 1990), dimethyl formamide (Mahaffey et al. 1988), hexadecane (Heitkamp and 
Cerniglia 1987), and crude oil (Foght and Westlake 1988) have been employed in many 
biodegradation studies on PAHs and PAN!-ls. 

However, the use of an organic solvent to dissolve the test chemical in a 

biodegradation experiment sometimes may lead to complication. Many commonly used 
laboratory solvents such as acetone and methanol are excellent growth substrates for 

bacteria (Liu et al. 1984). Thus the unintentional introduction of an additional or 

alternative carbon and energy source, (in the form of an oxidizable organic solvent), to 
a biodegradation system could complicate the conclusion as to whether the test chemical 
is biodegraded metabolically or cometabolically. Moreover, most organic solvents are 
known to be capable of altering a cel1’s membrane and thus affecting its enzyme activity. 
For example acetone, one of the most commonly used carrier solvents in aquatic 

bioassays , has been shown to be capable of influencing the bioassay results at very low 
concentration levels (Berglind and Dave 1981; Mac and Seelye 1981; Stratton et al. 
1982).

T 

Because of the above reasons, we believe that the substrate supercharging 

technique in our cyclone fermentor system is particularly suitable for studying the 

biodegradation of water insoluble chemicals. PAI-ls and PANHS could be studied at very 
high concentration levels (100 ppm or higher) without the need for a carrier solvent, thus 
facilitating the identification of metabolites and pathway elucidation. Based on the 
identification of" the two major metabolites 1-naphthalenol and 2-hydroxybenzoic acid) 
from the fermentor broth and literature data (Kiyohara and Nagao 1978; Cerniglia and 
Crow 1_981), it appears that our enrichment cultures oxidized naphthalene predominantly 
to 1-naphthalenol and then followed the conventional pathway of ring cleavage. 

The growth of our bacterial culture on phenanthrene in the fermentor resulted in 
the accumulation of several metabolites (Fig 4). Two of these were identified by MS as 
1-phenanthrenol (Fig 3a) and 1-hydroxy-2-naphthalenecarboxylic acid (Fig .3b),
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respectively. Even with only these two key metabolites, it is possible to deduce that our 
cultures degraded phenanthrene mainly via protocatechuic acid prior to the ortho- or meta- 

cleavage. The metabolite 1-hydroxy-2-naphthalenecarboxylic acid had been identified as 
the predominant product during bacterial degradation of phenanthrene (Kiyohara and 
Nagao 1978*, Guerin and Jones 1988). Attempts to identify other intermediates such the 

bicyclic or substituted monocyclic aromatic intermediates were reported to be 
unsuccessful, primarily due to their low levels of accumulation (Guerin and Jones 1988). 
The much higher biodegradability of phenanthrene (Table 1) when compared with 
anthracene, an analog, may partially explain why this chemical has not caused any 
environmental concem. Phenanthrene is considered of low hazard amongst PAH 
compounds (Phillips 1983). 

_

, 

Quinoline is a good model compound for studying the fate and impact of PANHs 
on the environment, because it is a common contaminant in many aquifers affected by 
cresote wood- preservation and fossil fuel-processing activities (Pereira et al. 1987, 

Pereira et al. 1988). It is also a suspected carcinogen (Weisburger and Williams 1975), 
and consequently quinoline has been the subject of many studies. Bacteria able to degrade 
quinoline have been isolated from various environmental compartments including river 
Water, sediment, soil, and groundwater (Cassidy et al. 1988, ‘Broclcman et al. 1989; 

Aislabie et al. 1990, Pereira et al. 1988). Microbial degradation of quinoline apparently 
involves hydroxylation at the number 2 position, with only 2-quinolinol (Shukla 1986, 
Aislabie et al. 1990), and 2(1l-I)quinolinone (‘Pereira et al. 1988) as the major metabolites. 
Thus the initial cleavage of the pyridine ring of the quinoline molecule is critical in 
microbial degradation of quinoline. The positive identification of the metabolite 2- 
quinolinol in the fermentor broth strongly suggested that our enrichment cultures 

biodegraded quinoline mainly via the above conventional pathway. Our research activity 
is now concentrated on tracing and identification of several other oxygenated 
intermediateds during the degradation of quinoline.
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From the results of this study and literature data (Baarscher et al. 1980) it is 

conceivable that in the near future metabolite identification will become more important 
in research on toxic substances in the environment. Certain chemical compounds after 
metabolism or biotransformation may exhibit a marked increase in their toxic or 

carcinogenic potential against biota. This increase sometimes is due to the formation of 
active metabolites with high reactivity, which are far more toxic than their parent 
compounds (NRCC 1975, Liuet al. 1990). In the natural environment the formation of 
active metabolites could also dictate the fate of" a chemical compound, because under 
certain circumstances the reactivity of the polar metabolites would favour their interaction 
or condensation with natural humic materials, thus rendering this chemical not available 
for complete biodegradation (Guerin and Jones 1988). For this reason, it can be 
concluded that without adequate information on metabolites, it is unrealistic to try to 

predict the ultimate impact and fate of a chemical in the environment.
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TABLE 1: Persistence (ty) of naphthalene, phenanthrene, and anthracene in the 
cyclone fermentor system* 

Q (hr) 

naphthalene 22 

phenanthrene 37 

anthracene 89 

"‘ The fermentors were operated aerobically at 21°C with 1% bacterial 
inoculum and the test chemical as the sole carbon and energy 
source.
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