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Abstract

Bioremediation is an accepted technology for cleanup of soil contaminated with polycyclic 

aromatic hydrocarbons (PAHs), but it can increase the genotoxicity of the soil despite removal of 

the regulated PAHs. Although polar biotransformation products have been implicated as causative 

genotoxic agents, no specific product has been identified. We pursued a non-target analytical 

approach combining effect-directed analysis (EDA) and metabolite profiling to compare extracts 

of PAH-contaminated soil from a former manufactured-gas plant site before and after treatment in 

a laboratory-scale aerobic bioreactor. A compound with the composition C15H8O2 and four 

methylated homologs were shown to accumulate as a result of bioreactor treatment, and the 

C15H8O2 compound purified from soil extracts was determined to be genotoxic. Its structure was 

established by nuclear magnetic resonance and mass spectroscopy as a heretofore unidentified 

α,β-unsaturated lactone derived from dioxygenation of pyrene at an apical ring, 2H-naphtho[2,1,8-

def]chromen-2-one (NCO), which was confirmed by synthesis. The concentration of NCO in the 

bioreactor was 11 μg g−1 dry soil, corresponding to 13% of the pyrene removed. It also 

accumulated in aerobically incubated soil from two additional PAH-contaminated sites and was 

formed from pyrene by two pyrene-degrading bacterial cultures known to be geographically 

widespread, underscoring its potential environmental significance.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous class of soil contaminants found 

in high concentrations at industrial sites associated with the former production of 

manufactured gas, wood preservation, and petroleum processing.1 They are constituents of 

highly complex mixtures in the primary contamination sources such as coal tar or creosote,
1, 2 although only 16 PAHs are regulated by the U.S. Environmental Protection Agency 

(EPA) and many international agencies.2 Bioremediation is an accepted technology for PAH-

contaminated soil,3 but like other remediation methods its efficacy is evaluated only on the 

basis of removal of the regulated compounds rather than on broader measures of risk. For 

example, bioremediation of PAH-contaminated soil can have little effect on4, 5 or actually 

increase6–10 the soil’s genotoxicity, despite extensive removal of the EPA-regulated PAHs.

The source(s) of increased genotoxicity resulting from bioremediation have not been 

identified in previous studies8, 10, 11, although polar compounds formed during treatment 

have been implicated.10 Prior efforts have focused on possible microbial metabolites, such as 

oxygenated PAHs (oxy-PAHs), that can cause DNA damage12 or exhibit mutagenicity.13 

However, some commonly observed oxy-PAHs and known bacterial transformation products 

are not mutagenic13, 14 and have been observed to decrease during bioremediation when 

increases in genotoxicity have been observed.10, 15

In this study, we used a non-target approach to investigate extracts of contaminated soil from 

a former manufactured-gas plant (MGP) site whose genotoxicity has been shown to increase 

following treatment in a lab-scale, aerobic bioreactor.9, 10, 15 The approach involved a two-

tiered separation of soil extracts (pre- and post- treatment) in an effect-directed analysis 

(EDA)16–18 based on the DT40 DNA damage-response assay. A semi-polar fraction of the 

post-treatment extract exhibiting the greatest cytotoxicity was compared to the 

corresponding fraction of the pre-treatment extract using metabolite profiling, a method 

originating in metabolomics19 and more recently used in environmental analysis,20–24 which 

combines high-resolution analytical techniques with rigorous statistical analysis. Coupling 

EDA to metabolite profiling can efficiently identify biologically active compounds in 

complex samples, as has been shown in the field of drug discovery,25 but it has had limited 

application in environmental studies.
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MATERIALS AND METHODS

Chemicals.

PAH standards (EPA 610 PAH mixture), silica gel (high purity, 70–230 mesh), pyrene, 

methyl methanesulfonate (MMS), dimethylsulfoxide (DMSO), and phosphate buffer 

solution (PBS) were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Anhydrous 

sodium sulfate and HPLC-grade solvents, including n-hexane, dichloromethane (DCM), 

acetone, ethyl acetate (EA), and methanol, were purchased from Fisher Scientific 

(Pittsburgh, PA, U.S.A.).

5H-naphtho[8,1,2-cde]chromen-5-one (4-oxapyrene-5-one) and 4H-

cyclopenta[def]phenanthrene-8,9-dione were synthesized according to previously published 

methods.26, 27 The authentic standard of 2H-naphtho[2,1,8-def]chromen-2-one (NCO) was 

synthesized de novo and characterized by high-resolution mass spectrometry (HRMS), 1H 

nuclear magnetic resonance (NMR) spectroscopy, and 2-dimensional NMR methods as 

described in Supporting Information (SI). Details of the synthetic scheme and 

characterization of intermediates will be published in a forthcoming manuscript.

Soil and bioreactor treatment.

PAH-contaminated soil treated in the bioreactor was collected from a former manufactured 

gas plant site in Salisbury, North Carolina, USA. Detailed information on collection, 

processing and characterization of the soil can be found in a previous publication.9 The 

concentrations of target PAHs (14 of the 16 EPA-regulated PAHs, excluding acenaphthylene 

and indeno-[1,2,3-cd]pyrene) were quantified by HPLC with fluorescence detection28 and 

are shown in Table S1.

The bioremediation process was achieved in a laboratory-scale (2 L), semi-continuous, 

aerated bioreactor containing a slurry of soil in an aqueous buffer (15% w/w). Every week, 

20% of the treated slurry was removed from the bioreactor and replaced with new untreated 

(feed) soil suspended in fresh buffer (pH 7.5) containing 5 mM phosphate and 2.5 mM 

ammonium nitrate (“bioreactor buffer”). Bioreactor-treated soil was recovered from the 

slurry by centrifugation at 3900 rpm for 20 min.

Extraction and Fractionation.

Soil samples were extracted according to the method described in SI. Extracts from both 

feed and bioreactor-treated soils were fractionated using the two-level EDA method 

described in Figure S1. In the first level of fractionation, extracts were separated into broad 

compound classes by column chromatography using silica gel, according to the method of 

Bandowe et al.29 The second level of fractionation was achieved with solid-phase extraction 

(SPE) cartridges containing cyanopropyl-bonded silica (SiliCycle, QC, Canada). Details on 

the fractionation are provided in SI.

Bioassay.

To avoid toxicity effects related to the extraction or elution solvents, extracts were dried and 

re-dissolved in DMSO prior to the bioassay. Aliquots of fractions and subfractions were 
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evaporated in pre-weighed vials, and dry masses of residues were determined on an 

analytical balance. Mass balances of residues in the fractions were calculated according to 

the dry masses and the proportions relative to the mass of residue in the whole extract. The 

residues were then dissolved in DMSO under sterile conditions and stored at −80 °C until 

analysis.

Toxicity and genotoxicity of the soil extracts and fractions were evaluated using a 96-well 

plate-based DT40 chicken lymphocyte DNA-damage response assay.9, 30 The DT40 isogenic 

cell line, and its mutants knocked out in specific DNA repair pathways, were exposed to 

residues dissolved in DMSO and serially diluted with PBS. The concentration of DMSO was 

adjusted to 0.3% for all cell exposures. To verify the consistency of cells across different 

batches, methyl methanesulfonate (MMS) was used as positive control while the vehicle 

blank (DMSO diluted in PBS) was used as negative control.

LD50 values were calculated by fitting the dose-response curve (survival percentage versus 

log concentration) using GraphPad Prism 6.05 for Windows. The mass of residue in each 

dose was converted to the equivalent mass of soil from which that mass would have been 

obtained 9 for the purpose of comparing doses between samples. The LD50 for the DT40 

parental cell line represents the cytotoxicity, and the relative LD50 (LD50 of mutant cell line 

divided by LD50 of parental cell line) was calculated as the measure of genotoxicity.9, 31

Instrumental analysis.

For the selected fractions, analysis was performed using an Agilent 1100 series HPLC 

coupled to a 6520 series high-resolution quadrupole time-of-flight MS (HR-QToF-MS) 

equipped with an electrospray ionization (ESI) source (Agilent Technologies, Palo Alto, CA, 

USA). HPLC-MS analysis using an atmospheric pressure photoionization (APPI) source 

was performed on a Thermo TSQ Quantum Ultra triple quadrupole mass spectrometer (QqQ 

MS; Thermo Fisher Scientific). Details of HPLC-MS methods are described in SI.

Quantification of NCO was accomplished on the triple quadrupole mass spectrometer using 

the synthetic compound as an analytical standard. The samples were analyzed in selected 

reaction monitoring (SRM) mode using the transition m/z 221.06 ([M+H]+) to m/z 165.06 

([M+H-2(CO)]+) and the optimized collision energy, 29 V.

Purification of NCO and structure identification.

To obtain enough material for NMR analysis, 150 g (dry weight) of bioreactor-treated soil 

samples were extracted and combined for purification. NCO formed during bioreactor 

treatment was purified by a three-level separation method: low-pressure silica gel-column 

chromatography, medium-pressure column chromatography, and HPLC. Details of the 

purification and structural identification are provided in SI.

Other biotransformation experiments.

To demonstrate that the isolated product was derived from pyrene, microcosm incubations 

were performed with the bioreactor-treated slurry in the presence of pyrene. To confirm that 

NCO is a bacterial metabolite, transformation of pyrene by selected bacterial strains was 
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evaluated in resting-cell incubations. To test the potential prevalence of NCO formation in 

PAH-contaminated soils, microcosm incubations were performed with soil samples from 

two independent and geographically distant PAH-contaminated sites: creosote-contaminated 

soil from a wood-treatment facility in Andalucía, Spain, which had a 100-year history of soil 

pollution32 and soil from the Holcomb Creosote Superfund Site in Yadkinville, North 

Carolina, USA. Incubation details are provided in SI.

Data Analysis.

The HPLC-QToF profiles of extract fractions from feed soil and bioreactor-treated soil were 

compared with the metabolomics platform XCMS Online (https://xcmsonline.scripps.edu/). 

Data for the treated and feed soil samples were set as the test and control groups, 

respectively. Data files from three replicate samples were obtained for each group, and the 

input parameters were based on the default method optimized for HPLC-QToF (details in 

SI). It has been shown that three replicates are sufficient for metabolite profiling of complex 

samples that have been simplified through EDA.25 Independent t-tests (Welch’s t-tests) were 

used to test for statistically significant differences of features between the two groups (feed 

and treated soils).

The R language and environment for statistical computing (version 3.2.3) was used for 

analysis and hypothesis testing on toxicological data. Paired t-tests were employed to test for 

statistically significant differences of LD50 or relative LD50 values between samples. 

Significance level was set at α = 0.05.

RESULTS AND DISCUSSION

Fractionation of soil extracts and selection of genotoxic fraction.

Two-level fractionation of soil extracts was directed by cytotoxicity and genotoxicity 

measured with the DT40 DNA damage-response bioassay, which is based on DT40 isogenic 

chicken lymphocytes and mutants that are each knocked out in a specific DNA repair 

mechanism.30 The Rad54−/− and Rev1−/− mutants were selected for this study because of 

their sensitivity to the increased genotoxicity of bioreactor-treated soil.9 The Rad54−/− 

mutant is deficient in Rad54 proteins and therefore is sensitive to genotoxicants that cause 

double-strand breaks and replication-fork blockage. The Rev1−/− mutant is deficient in Rev1 

proteins, resulting in vulnerability to chemicals causing DNA depurination or stable covalent 

adducts.

The first level of fractionation using deactivated silica gel is a classical adsorption-based 

method to separate the extracts into broad classes,29 in this case a nonpolar fraction 

(containing compounds such as PAHs and alkylated PAHs), a semi-polar fraction 

(containing compounds such as oxy-PAHs and azaarenes), and a polar fraction (containing 

acids and phenols) designated A, B, and C, respectively. As indicated in Figure S1, mass 

balance was achieved in the separation, with the greatest mass in Fraction B. Complete 

recovery of the toxic compounds was demonstrated by comparison of the cytotoxicity and 

genotoxicity of recombined fractions and whole-soil extracts (Figures S2 A and B, 
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respectively). Consistent with earlier work,9, 10, 15 whole-soil extracts indicated that the 

bioreactor-treated soil was more genotoxic than the untreated feed soil (Figure S2B).

Fraction C did not cause toxicity and is not discussed further. Nonpolar fraction A from the 

treated soil had a significantly higher LD50 than for feed soil for all three cell lines (Figure 

1A), suggesting detoxification of the nonpolar compounds; this would be consistent with 

removal of the PAHs in the bioreactor (Table S1). Semi-polar fraction B showed the opposite 

trend (Figure 1B); the LD50 for all three cell lines was significantly lower for treated soil 

than for feed soil, indicating greater toxicity of treated soil. The relative LD50 values of 

fraction B, however, were not significantly different between treated soil and feed soil 

(Figure S3A). Given that fractionation did not appear to influence the recovery of cytotoxic 

or genotoxic compounds when the fractions were recombined (Figures S2 A and B), we 

inferred that the high cytotoxicity of the semi-polar compounds in fraction B for all three 

cell lines could have masked a genotoxic effect. On this basis, we selected fraction B for 

further fractionation.

The second level of fractionation on fraction B was achieved by cyanopropyl solid-phase 

extraction (SPE), which retains semi-polar to polar compounds based on partitioning and has 

been used previously to separate mutagens without affecting activity.33 Three subfractions 

(B1, B2, and B3) were obtained for each soil (Figure S1). Subfractions B1 from each sample 

(feed and treated soil) accounted for the greatest dry mass of residue, but the cytotoxicity in 

treated soil was lower than in feed soil (Figure 1C). Subfractions B3 did not present any 

detectable toxicity for either soil. For subfraction B2, treated soil had significantly lower 

LD50 than feed soil (Figure 1D), implying greater cytotoxicity. The relative LD50 values for 

treated soil and feed soil were not significantly different at α = 0.05 (Figure S3B); 

nevertheless the relative LD50 values indicate genotoxicity. As a result, subfractions B2 were 

selected for metabolite profiling.

Metabolite profiling.

Metabolite profiling was achieved by HPLC-MS and data analysis with XCMS Online, a 

widely used metabolomics platform.34 Assuming that the compounds responsible for 

increased genotoxicity would be significantly more abundant in bioreactor-treated soil than 

in feed soil, we focused on what the software categorizes as “upregulated” analytes and infer 

that they were formed in the bioreactor from constituents of feed soil. Although these 

analytes were likely to be transformation products of soil constituents, they would not 

necessarily be microbial metabolites.

Because the sensitivity of different ionization sources in mass spectrometry varies for 

different compound classes and functional groups,35, 36 we employed electrospray ionization 

in positive (ESI+) and negative (ESI-) ionization modes, and atmospheric pressure 

photoionization in positive (APPI+) and negative (APPI-) ionization modes. The 

composition of ions of interest was determined from exact mass measurements on the HR-

QToF-MS instrument. Few upregulated ions, none with notable intensities, were detected by 

ESI operated in the negative ionization mode or by APPI in negative ionization mode. The 

greatest number of upregulated features was observed in the ESI+ mode, a small subset of 
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which were also detected by APPI+ (Table S3). As a result, we focused on the ions detected 

in ESI+ mode for further investigation.

Of the ions detected in ESI+ mode, XCMS Online prioritized 146 with absolute intensity ≥ 

1000 and fold-change ≥ 1.5, with p ≤ 0.01 (Figure 2A); 54 of them had higher 

concentrations in bioreactor-treated soil (“upregulated”). Application of more-restrictive 

criteria (absolute intensity ≥ 5000 and fold-change ≥ 2, p ≤ 0.01) yielded 14 significantly 

upregulated ions (Table S2). Two of the upregulated ions can be attributed to the neutral 

composition C15H8O2: m/z 221.0595, [M+H]+ (Figure 2B) and m/z 243.0416, [M+Na]+. A 

third ion, at m/z 463.0934, can be assigned as the sodium adduct of the dimer, [2M+Na]+. 

Intensity at m/z 235.0753, corresponding to the composition C16H10O2, was resolved into 

three ions in the extracted ion chromatogram (EIC; Figure 2C); because two of the three ions 

co-eluted, only two were distinguished by the XCMS Online software (Table S2). The 

composition C16H10O2 corresponds to addition of a methyl group to the parent C15H8O2 

framework, suggesting the presence of three methyl congeners of the C15H8O2 parent. 

Similarly, an upregulated ion at m/z 249.0912, with the composition C17H12O2, may 

represent either a dimethyl or ethyl congener of C15H8O2.

Based on the summed intensities of the protonated and sodiated adduct ions, C15H8O2 was 

the most abundant of the upregulated compounds in the bioreactor-treated soil extract, with 

the mono- and dimethylated (or ethylated) congeners also present at high levels. This group 

of compounds showed exclusively high values in fold-change between feed soil and 

bioreactor-treated soil, 861 for C15H8O2 and 196–347 for the remaining compounds (Table 

S2). Among the limited number of upregulated ions detected in APPI+ mode that met the 

input criteria, m/z 221.06 and m/z 235.08 were also prominent (Table S3), confirming that 

these compounds were not artifacts of the ionization source. In a preliminary EDA study on 

our bioreactor-treated soil using one level of fractionation,10 genotoxic fractions subjected to 

non-target analysis by HPLC/(ESI+)-MS were also observed to contain analytes 

corresponding to C15H8O2 and C16H10O2, although the compounds were not identified.37

The relevance of the putative biotransformation product C15H8O2 to our previous studies on 

increased genotoxicity of treated soil9 was determined by analysis of eight archived extracts 

of bioreactor-treated soil samples collected over a four-year period. The compound and its 

methylated homologs were detected in all samples at levels comparable to those in this 

study. Consequently the most abundant product, C15H8O2, was considered the most likely 

source of increased genotoxicity resulting from bioreactor treatment of the soil and was 

targeted for structural characterization.

Isolation and structural characterization of C15H8O2.

The fragmentation pattern obtained from MS/MS of the parent ion at m/z 221.0595 was 

characterized by a major product ion at m/z 165.0691 (rel. intensity 100), corresponding to 

[M+H-2(CO)]+, and a second product ion at m/z 193.0640 (rel. intensity ~0.3) 

corresponding to [M+H-(CO)]+ (Figure S4F). Such a fragmentation pattern is typical of 

PAH-derived quinones and lactones.35, 38
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Based on current knowledge of PAH biotransformation39–41 and database searches 

(SciFinder and ChemSpider), two structures were deduced as candidates for C15H8O2. 5H-

naphtho[8,1,2-cde]chromen-5-one (also called 4-oxapyrene-5-one; Figure S4A) has been 

found in particulate matter from diesel exhaust and verified by comparison with an authentic 

standard.42 Lundstedt et al.40 reported that 4-oxapyrene-5-one accumulated in an aerobic 

bioreactor treating a creosote-contaminated soil; to our knowledge, however, this assignment 

was based solely on mass spectrometry, which does not allow a definitive structural 

assignment in the absence of an authentic standard. We synthesized 5H-naphtho[8,1,2-

cde]chromen-5-one and definitively ruled it out as the C15H8O2 product observed in this 

study by HPLC/HR-QToF-MS (Figure S4).

A second known structure with the composition C15H8O2 is 4H-

cyclopenta[def]phenanthrene-8,9-dione, a quinone derived from 4H-

cyclopenta[def]phenanthrene. We also synthesized this compound and while the MS/MS 

spectrum was similar to that of the target product in this study (Figure S4D), it was ruled out 

based on a different HPLC retention time. Since the target product did not correspond to any 

known structure, structural assignment required isolation and characterization by an 

unambiguous technique. Hence, we purified a sufficient quantity for NMR studies from 

extracts of bioreactor-treated soil using bulk extraction and three-level chromatographic 

separation (SI).

The 1D 1H NMR spectrum (Figure S5) along with 2D homonuclear coherence (COSY; 

Figure S6C), heteronuclear multiple bond coherence (HMBC, Figure S6A), and 

heteronuclear single quantum coherence (HSQC; Figure S6B) spectra of the purified 

compound were acquired. The expected eight proton signals observed in the 1H NMR 

spectrum appeared as two pairs of doublets and two doublets coupling into a triplet in the 

aromatic region along with a singlet at higher field than generally observed for aromatic 

protons. As inferred from the 1H NMR spectrum, the 13C NMR spectrum indicated 8 carbon 

signals with intensities expected for H-bearing carbons and 7 low-intensity signals 

characteristic of quaternary carbons. Importantly, only one quaternary carbon signal 

appeared at a chemical shift associated with carbonyl carbon (162 ppm), ruling out a 

quinone structure. A second quaternary carbon signal at 154 ppm appeared in a region 

characteristic of an aromatic carbon bearing an oxygen atom. These two observations were 

consistent with a PAH-derived lactone structure. The COSY spectrum confirmed two sets of 

coupled proton signals with two additional protons coupled into the triplet. This pattern is 

typical for the K-region and apical ring signals of pyrene. The pattern of proton signals 

suggested 2H-naphtho[2,1,8-def]chromen-2-one (NCO; Figure 3 inset), an apparent pyrene-

derived structure in which an apical ring had been oxidized to a lactone.

Connectivities observed in the HSQC and HMBC spectra were key to the structural 

determination. A high-field carbon signal (106 ppm) in the HSQC spectrum was coupled to 

the high-field proton, confirming the high-field proton signal as non-aromatic. No C-H 

coupling was detected for the carbon signals at 162 and 154 ppm, in line with expectations 

for carbonyl and quaternary aromatic oxygen-substituted lactone carbons, respectively. In 

the HMBC spectrum, couplings predicted for NCO were observed between the non-aromatic 

singlet and the carbonyl carbon, and between a K-region doublet and the oxygen-substituted 
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carbon assigned as part of the lactone structure. Thus, the NMR data are uniquely satisfied 

by the NCO structure.

Finally, NCO synthesized by an unambiguous route was identical in all respects to the 

product isolated from extracts of bioreactor-treated soil (Figures S5 and S7), establishing the 

NCO structure at the highest level of confidence for identifying unknown compounds.43 The 

synthetic standard was subsequently used as an analytical standard for quantification of 

NCO in samples.

The cytotoxicity and genotoxicity of NCO were confirmed by the DT40 bioassay. The LD50 

of NCO for the parental cell line was 16.8 μM (Figure 3), lower than that of the positive 

control methyl methanesulfonate (MMS; 58.5 μM), suggesting stronger cytotoxicity. The 

LD50 was 7.36 μM for the Rad54−/− mutant and 6.49 μM for the Rev1−/− mutant, 

corresponding to relative LD50 values of 0.44 and 0.28, respectively, clearly demonstrating 

the genotoxicity of this compound. For comparison, the relative LD50 values for MMS were 

0.31 and 0.07 for the Rad54−/− and Rev1−/− mutants, respectively. In a recently published 

study44 the relative LD50 values for hydrogen peroxide for these same two mutants were 

0.54 and 0.32, respectively, comparable to that of NCO.

One possible mechanism for the observed genotoxicity of NCO might be through DNA 

alkylation, as α,β-unsaturated lactones have been demonstrated to modify DNA bases45 and 

formation of bulky adducts is consistent with the type of damage detected by both DT40 

mutant cell lines used in this study. While biotransformation products other than NCO might 

contribute to the increased genotoxicity resulting from bioreactor treatment of the soil, the 

high concentration of NCO and its potent genotoxicity support its significant contribution to 

the overall genotoxicity of the treated soil. As a newly discovered biotransformation product 

in an environmentally relevant system, further studies on its toxicological behavior would be 

warranted.

Source, putative formation pathway, and potential prevalence.

The structure of NCO is consistent with its proposed origin as a transformation product of 

pyrene. This hypothesis was verified in microcosm incubations of the bioreactor-treated soil 

with or without added pyrene. After 3 days of incubation, the average concentration of NCO 

in the pyrene-spiked microcosms increased from 0.27 μg·mL−1 to 2.05 μg·mL−1, while the 

concentration in the control group was essentially unchanged (Figure S8). This experiment 

unambiguously demonstrated that NCOwas a transformation product of pyrene.

The concentration of pyrene in the untreated soil used to feed the bioreactor was 108 ± 8.5 

μg·g−1 dry soil, second highest among the EPA-regulated PAHs monitored (Table S1). The 

estimated yield of NCO in the bioreactor was ~13%, based on its concentration in treated 

soil samples (11.2 ± 2.5 μg·g−1 dry soil, n=8) compared to the removal of pyrene in the 

bioreactor (84.0 ± 9.0 μg·g−1 dry soil). We assume that the detected alkylated congeners of 

NCO (C16H10O2, C17H12O2) are likewise biotransformation products from the 

corresponding methylated and dimethylated pyrene isomers also present at relatively high 

concentrations (53.5 ± 2.0 μg·g−1 and 21.4 ± 1.0 μg·g−1 dry soil, respectively) in the soil 

used to feed the bioreactor.31
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To further confirm NCO as a bacterial metabolite of pyrene, the potential biotransformation 

to NCO was screened with three bacteria known to grow on pyrene as a sole carbon and 

energy source: Mycobacterium vanbaalenii strain PYR-1T, Rugisobacter aromaticivorans 
strain Ca6 T,46 and Immundisolibacter cernigliae strain TR3.2 T.47 M. vanbaalenii PYR-1T 

is the most comprehensively studied39, 48 bacterial isolate capable of growing on pyrene but 

is not known to be present in our bioreactor. R. aromaticivorans strain Ca6 T and I. 
cernigliae strain TR3.2 T (previously referred to as PG1 and PG2, respectively) were 

identified by stable-isotope probing as major contributors to pyrene degradation in several 

PAH-contaminated soils49–51 and possess 16S rRNA gene sequences highly similar to those 

recovered from geographically widespread contaminated soils;46, 47. Rugosibacter sequences 

are present in the soil that was treated in the bioreactor in this study,28 but are not present in 

high relative abundance in the bioreactor. Strain TR3.2 T, recently isolated from bioreactor-

treated soil46, 52, and uncultivated Immundisolibacter strains are significant members of the 

bioreactor microbial community53. Both strains Ca6 T and TR3.2 T accumulated NCO after 

24 hours of resting-cell incubation in the presence of pyrene, whereas strain PYR-1 did not. 

The yield of NCO from pyrene was 1.3 ± 0.4% for strain Ca6 T and 0.3 ± 0.1% for strain 

TR3.2 T. These results confirmed that NCO is a bacterial metabolite of pyrene. The low 

yields of NCO with the pure cultures compared to the yield observed in the bioreactor could 

have resulted from significant differences between bioreactor conditions and incubations of 

the pure cultures; for example, inocula were uninduced for pyrene metabolism, the 

incubation was short-term, and there were no other substrates that would be present in the 

bioreactor that could influence metabolic flux or differential transcription of the multiple 

ring-hydroxylating dioxygenases in both organisms. It is also possible that other, 

undetermined PAH-degrading bacteria in the bioreactor contributed to NCO accumulation.

The proposed pathway for formation of NCO is shown in Figure 4. The first three steps are 

consistent with the canonical steps for aerobic bacterial metabolism of PAHs:48 cis-

dihydroxylation by a ring-hydroxylating dioxygenase (RHD), dehydrogenation, and ring 

cleavage by an extradiol dioxygenase. Lactonization of the α-ketohydroxycarboxylic acid 

resulting from extradiol ring cleavage has been reported for the bacterial oxidation of 

naphthalene,54 phenanthrene55 and anthracene;56, 57 in most cases, however, the lactone was 

considered to be a minor product relative to further metabolism of the ring-cleavage product 

by an aldolase-catalyzed release of pyruvate.

Initial ring hydroxylation would have to occur at the C1-C2 position to form NCO from 

pyrene, whereas complete (growth-related) metabolism of pyrene involves initial attack at 

the C4-C5 position, or K-region.39 M. vanbaalenii PYR-1 is known to initiate C1,2 

oxidation of pyrene39, 58, 59 via Nid-type dioxygenases,39 although as a minor side reaction 

relative to dihydroxylation at C4-C5 59. Dead-end products retaining three58 or four39 rings 

have been found to accumulate from initial C1,2-dioxygenation of pyrene by strain PYR-1, 

but NCO was not reported as a product in either case. Given the low yield of NCO from the 

two pyrene-degrading pure cultures shown to produce it, it may be a dead-end metabolite 

initiated by a dioxygenase whose dominant regiospecificity is for C4-C5. Alternatively, 

given the differential substrate specificity of RHDs in strain Ca6 T,60 it is possible that 

pyrene was oxidized in the pure cultures via an RHD with higher specificity for a different 

PAH substrate in which pyrene would align differently at the active site than in an RHD 
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highly specific for pyrene. After ring hydroxylation, the next two steps would have to be 

carried out by enzymes that can accommodate the substitutions at C1-C2. It appears that the 

hydratase-aldolase that would normally be involved in releasing pyruvate from an extradiol 

ring-cleavage product48 of other PAHs is either not present in the organism(s) that produce 

NCO or is unable to accommodate the product resulting from oxidation of pyrene at C1-C2.

To verify that NCO could be produced in PAH-contaminated soils other than the soil we 

treated in our bioreactor, we prepared aerobic microcosms of creosote-contaminated soil 

samples from two other sites, to which no additional pyrene was added: the Holcomb 

Superfund site in North Carolina, USA, and a wood treatment facility in Andalucía, Spain.32 

After six weeks of incubation, NCO was detected in both samples (no NCO was present in 

either sample initially). In the Holcomb sample, 0.5 ± 0.02 μg NCO ·g−1 dry soil was 

produced, and in the Andalucía sample 10.3 ± 0.54 μg NCO ·g−1 dry soil was produced.

Environmental relevance.

We have identified a genotoxic bacterial metabolite of pyrene, one of the most abundant of 

the EPA-regulated PAHs in contaminated systems,61 produced during lab-scale 

bioremediation of field-contaminated soil from a former MGP site. Its yield and 

concentration in the lab-scale bioreactor are high enough to be of potential concern, because 

oxy-PAHs such as NCO and quinones are likely to be more mobile in the environment than 

their parent PAHs.13 Furthermore, we have shown that NCO formation from pyrene in our 

bioreactor is not likely to be an isolated observation. We observed its formation in soils from 

three different sites, two in North Carolina (USA) and one in Europe, with different 

contamination sources (coal tar and creosote). It is also produced by two major pyrene-

degrading bacteria that are closely related phylogenetically to uncultivated bacteria found in 

geographically diverse contaminated environments.46, 47 In addition, it is possible that NCO 

has been observed in previous studies but not recognized as such. A metabolite of pyrene 

from two different Mycobacterium strains, including M. vanbaalenii PYR-1, was 

reported41, 62 to have an electron-ionization mass spectrum with a molecular ion at m/z 220 

and fragment ions at m/z 192 [M+ - (CO)] and 164 [M+ - 2(CO)] or 163 [M+ - COOCH], 

consistent with the composition C15H8O2. However, the metabolite was not further 

characterized in either study; in the case of strain PYR-1, the authors assumed that the 

metabolite was 4-oxapyrene-5-one.62 Although we did not observe NCO production (or any 

other product with m/z 220) by strain PYR-1 in the present study, this may have been due to 

differences in incubation conditions. As noted above, Lundstedt et al.40 reported the 

accumulation of a compound assumed to be 4-oxapyrene-5-one in an aerobic bioreactor 

treating a PAH-contaminated soil. In these earlier studies it would have been reasonable to 

assume that an analyte with the same molecular formula as NCO was 4-oxapyrene-5-one; it 

had already been identified definitively in particulate matter from diesel exhaust,42 and it 

would be reasonable to predict a bacterial metabolite of pyrene via oxidation at C4-C5, the 

predominant site of attack in aerobic bacterial metabolism.

Because of its cytotoxicity, genotoxicity, and potential occurrence in other PAH-

contaminated environmental systems, we believe that attention should be paid to NCO 

during active bioremediation efforts or as a result of natural attenuation in situ. This study 
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adds to the increasing awareness of the potential toxicity and persistence of transformation 

products of environmental contaminants63–67 and reinforces the need to include such 

products in risk analysis. Traditional environmental analysis has focused on target 

compounds that could be identified and quantified by commercial standards, overlooking 

many possibly important contaminants.68 As illustrated in this study, combining non-target 

analysis with EDA methods allows greater insights into the chemicals that can pose 

substantial threats to human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Results of DT40 DNA-damage response bioassays on solvent extracts and fractionated 

extracts from PAH-contaminated soil used to feed a lab-scale bioreactor (“feed soil”, FS) 

and bioreactor-treated soil (TS). Assays were conducted with the parental DT40 cell line and 

two mutant cell lines deficient in different DNA-repair mechanisms, Rad54−/− and Rev1-/−. 

(A and B) LD50 values from the two fractions exhibiting measurable cytotoxicity (over the 

dose range tested) after the first level of extract fractionation. (C and D) LD50 values from 

the two subfractions of primary fraction B that exhibited cytotoxicity. Error bars represent 

standard deviations from replicates at each dose (n = 5). Asterisks indicate a significant 

difference between feed soil and bioreactor-treated soil for a given cell line. Plots of relative 

LD50 values corresponding to data in panels A-D are in Figure S2.
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Fig.2. 
Non-target analysis of extract subfractions B2. (A) Cloud plot from metabolite profiling 

comparing the high-resolution mass spectra (ESI+ mode) of subfraction B2 from bioreactor-

treated soil to subfraction B2 from feed soil. Mass spectral features with significantly higher 

intensities in the treated soil than in the feed soil (upregulated) are in green and those 

significantly lower in the treated soil are in red. Bubble size is proportional to peak intensity; 

the darker the shading, the higher fold change. All 146 features with intensity ≥ 1,000, fold-

change ≥ 1.5 in either direction, and p ≤ 0.01 are shown. (B) and (C) Extracted ion 

chromatograms for m/z 221.0596 and m/z 235.0753, respectively.
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Fig. 3. 
DT40 bioassay results on 2H-naphtho[2,1,8-def]chromen-2-one (NCO, inset) purified from 

extracts of bioreactor-treated soil.

Tian et al. Page 19

Environ Sci Technol. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Proposed pathway for the formation of NCO from pyrene by PAH-degrading bacteria.

Tian et al. Page 20

Environ Sci Technol. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Chemicals.
	Soil and bioreactor treatment.
	Extraction and Fractionation.
	Bioassay.
	Instrumental analysis.
	Purification of NCO and structure identification.
	Other biotransformation experiments.
	Data Analysis.

	RESULTS AND DISCUSSION
	Fractionation of soil extracts and selection of genotoxic fraction.
	Metabolite profiling.
	Isolation and structural characterization of C15H8O2.
	Source, putative formation pathway, and potential prevalence.
	Environmental relevance.

	References
	Fig 1.
	Fig.2.
	Fig. 3.
	Fig. 4.

