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30Abstract

31Polycyclic aromatic hydrocarbons (PAH) are widespread and persistent environmental
32contaminants, especially in oxygen-free environments. The occurrence of anaerobic PAH-
33degrading bacteria and their underlying metabolic pathways are rarely known. In this study, PAH
34degraders were enriched in laboratory microcosms under sulfate-reducing conditions using
35groundwater and sediment samples from four PAH-contaminated aquifers. Five enrichment
36cultures were obtained showing sulfate-dependent naphthalene degradation. Mineralization of
37naphthalene was demonstrated by the formation of sulfide concomitant with the depletion of
38naphthalene and the development of *C-labeled CO, from ["*Cs]-naphthalene. 16S rRNA gene
39and metaproteome analyses revealed that organisms related to Desulfobacterium str. N47 were
40the main naphthalene degraders in four enrichment cultures. Protein sequences highly similar to
41enzymes of the naphthalene degradation pathway of N47 were identified, suggesting that
42naphthalene was activated by a carboxylase, and that the central metabolite 2-naphthoyl-CoA was
43further reduced by two reductases. The data indicate an importance of members of the family
44Desulfobacteraceae for naphthalene degradation under sulfate-reducing conditions in freshwater

45environments.



46Introduction

47Polycyclic aromatic hydrocarbons (PAH) are ubiquitous abundant environmental contaminants of
48natural and anthropogenic origin. They are known to be toxic (Loibner, et al., 2004) as well as
49potential carcinogenic (Menzie, et al., 1992). PAH easily accumulate in soil (Lu, et al., 2011) due
50to their physicochemical properties like low water solubility and high hydrophobicity. Once
S51released into the environment, PAH can enter into food chains and lead to environmental and
52human health risks (U.S. EPA, 1984). Although generally limited by the low water solubility,
53biodegradation of PAH has been demonstrated e.g., in soils (Johnsen & Karlson, 2007). Due to
54the input of organic matter, oxygen-consuming microbiological processes are stimulated, leading
55eventually to anoxic conditions. Thus, anaerobic PAH biodegradation plays probably a crucial
56role in subsurface environments (Christensen, ef al., 1994, Christensen, et al., 2001). In contrast
57to its environmental importance, anaerobic PAH degradation has been poorly studied. In a few
58laboratory aquifer and marine microcosm studies, naphthalene oxidation coupled to the reduction
590f nitrate (Mihelcic & Luthy, 1988, Rockne, et al., 2000, Eriksson, et al., 2003), sulfate (Coates,
60et al., 1996a, Bedessem, et al., 1997, Zhang & Young, 1997, Rothermich, et al., 2002,
61Meckenstock, et al., 2004a), or ferric iron (Coates, ef al., 1996b, Kleemann & Meckenstock,
622011) has been demonstrated. Two marine strains, NaphS2 and NaphS3, the marine enrichment
63culture NaphS6 and the freshwater enrichment culture N47 have been reported to degrade
64naphthalene under sulfate-reducing conditions (Galushko, et al., 1999, Meckenstock, et al., 2000,
65Musat, et al., 2009). NaphS2, NaphS3 and the dominant organisms of NaphS6 and N47 are
66members of Desulfobacteraceae belonging to the Deltaproteobacteria (Meckenstock &
67Mouttaki, 2011). The environmental relevance of single bacterial species for anaerobic PAH

68degradation has not been investigated yet. A general problem associated with studying anaerobic



69PAH degradation is the long doubling time of PAH degraders of several weeks to months
70(Meckenstock & Mouttaki, 2011).

710ne of the most critical steps of PAH removal is the initial activation of the stable aromatic ring
72system in the absence of molecular oxygen, which excludes the involvement of dioxygenases or
73cytochrome P450 monooxygenases as described for initial reactions of aerobic PAH degradation
74pathways (Bamforth & Singleton, 2005). Based on studies employing "*C-labeled bicarbonate as
75tracer, 2-naphthoic acid was identified as a central metabolite in a sulfate-reducing naphthalene
76degrading culture (Zhang & Young, 1997). Accordingly, a direct carboxylation of naphthalene as
77the initial activation reaction was postulated and later confirmed for N47 (Meckenstock, et al.,
782000, Mouttaki, et al., 2012) and NaphS2 (Tarouco, et al. 2013). In addition to 2-naphthoic acid,
79further reduced compounds like 5,6,7,8-tetrahydro- and octahydro-2-naphthoic acid analogs were
80identified indicating that the non-substituted ring of 2-naphthoic acid becomes completely
81reduced before reduction of the substituted ring (Zhang, et al., 2000, Annweiler, et al., 2002,
82Meckenstock & Mouttaki, 2011). Recently, the enzymes catalyzing the reduction of 2-naphthoic
83acid in cell extracts of the enrichment culture N47 were identified and characterized (Eberlein, et
84al., 2013a, Eberlein, et al., 2013b). After formation of a conjugated hexahydro-2-naphthoyl-CoA
85isomer, the following steps are proposed to proceed via cyclohexane analogs by yet non-
86characterized enzymes (Eberlein, et al., 2013b) leading finally to the formation of acetyl-CoA
87and CO, (Meckenstock, et al., 2004b, Selesi, et al., 2010).

88Here, we report on the enrichment, phylogenetic and functional characterization of five novel
89anaerobic naphthalene-degrading cultures. Enrichment cultures were obtained from laboratory
90microcosms inoculated with groundwater or aquifer sediment samples from four different
91hydrocarbon-contaminated sites located in Germany and the Czech Republic. The complete

92mineralization of naphthalene to CO, under sulfate-reducing conditions was confirmed by the



93formation of sulfide, the decrease of naphthalene and the development of *C-CO,. The microbial
94community structure was examined by 16S rRNA gene analysis using Illumina amplicon
95sequencing (Camarinha-Silva, et al., 2013). In addition, a global proteome analysis was
96performed in order to obtain functional protein information of the anaerobic naphthalene
97degradation pathway.

98

ggMaterials and methods

100Chemicals

101Chemicals were purchased from AppliChem (Darmstadt, DE), Fluka (Steinheim, DE), Merck
102(Darmstadt, DE), Roth (Karlsruhe, DE) and Sigma-Aldrich (Taufkirchen, DE) in p.a. quality if
103not otherwise stated. One-ring labeled ["*Cs]-naphthalene was obtained from Sichem (Bremen,
104DE) with a chemical and isotopic purity of 99 %. ['°C,]-phenanthrene and [°C,]-acenaphthene
105were synthesized as described elsewhere (Hass, et al., 1983, Richnow, et al., 2000).

106

107Site description and sampling procedure

108To enrich sulfate-reducing naphthalene-degrading microorganisms, groundwater and aquifer
109sediment were collected from four contaminated field sites located in Germany and Czech
110Republic. Locations, designations, main contaminants and geochemical characteristics of the
111different sites are summarized in Table 1. Concentrations of redox species for groundwater
112samples from the Czech Republic were determined by the engineering service AECOM (CZ).
113Groundwater samples were collected from aquifers located in Sobéslav (Sob), Michle (Mic) and
114a field site in East Germany (Eg). Samples were collected in sterile 1 L Schott bottles and closed
115immediately with Teflon-coated screw caps with a headspace of maximal 5 mL in order to avoid

116bursting of the bottles. Sediment samples were obtained from Weilandt-Gdlzau (G6l) and the Eg



117site. Fresh aquifer sediments were taken from a drilled core using a sterile spatula and
118immediately transferred into sterile plastic bags. The filled bags were transferred into an
119anaerobic jar including a reduction kit (AnaeroGen, Oxoid Ltd., Basingstoke, UK) to remove the
120remaining oxygen. All samples were stored at 4 °C in the dark until further processing.

121

122Cultivation

123 Preparation of laboratory microcosms

124Microcosms were set up in an anaerobic glove box (Coy Laboratory Products Inc., Grass Lake,
125USA) containing a gas atmosphere of 95 % N, and 5 % H,. Approximately 20 mL groundwater or
126sediment sample was transferred into a 56 mL serum bottle (Glasgerdtebau Ochs, Bovenden-
127Lenglern, DE). Subsequently, microcosms were filled up with anoxic mineral salt medium
128containing 20 mM sulfate described elsewhere (Vogt, et al., 2007) to a total volume of 40 mL.
129For the first enrichment two different kinds of microcosms were prepared. The first set of
130microcosms was spiked with non-labeled PAH to detect PAH biodegradation and metabolization
131by analyses of PAH and sulfide concentrations, respectively. The second set of microcosms was
132spiked with the equivalent *C-labeled PAH to prove PAH mineralization by determining the
133production of *C-CO,. Labeled and non-labeled PAHs (naphthalene, phenanthrene or
134acenaphthene) were added dissolved in 2,2,4,4,6,8,8-heptamethylnonane (HMN) which served as
135a carrier phase for the poorly water soluble PAHs. For this purpose, anoxic stock solutions
136containing non-labeled or *C-labeled PAH dissolved in anoxic HMN (20 mg PAH/mL HMN)
137were prepared, respectively. Microcosms containing non-labeled PAH received 2 mL of the
138respective stock solution yielding a final concentration of 7.8 mM naphthalene, 5.6 mM
139phenanthrene or 6.5 mM acenaphthene. Microcosms containing *C-labeled PAH received 30 pL

1400f the stock solution leading to final concentrations of 0.12 mM [*Cs]-naphthalene, 0.08 mM



141["*C,]-phenanthrene or 0.1 mM ["*C,]-acenaphthene. The bottles were closed gastight with
142aluminum crimped Teflon-coated butyl septa (ESWE Analysentechnik, Gera, DE). For each
143environmental sample two microcosms with non-labeled and two microcosms with *C-labeled
144PAH were prepared. In addition, control bottles containing 2 mL HMN without PAH were
145established for each sample in the same way. All microcosms were incubated statically in the
146dark at 20°C. For the groundwater enrichment EgN1, no *C-naphthalene-spiked microcosms
147were prepared. For the following sub-culturing of the enrichment cultures, the microcosms with
148non-labeled PAH were used as inoculum. Aliquots of the different enrichments were transferred
149to fresh medium if a) the sulfide concentration was five times higher compared to the respective
150control bottles and b) more than half of the initial PAH amount was transformed. Before
151transferring the cultures, groundwater and sediment enrichments were shaken manually to obtain
152a homogenous mixture for inoculation. Approximately 20 mL enrichment culture was transferred
153into a new bottle using a truncated 5 mL plastic tip. Cultures were filled up with anoxic mineral
154salt medium to a total volume of 40 mL and overlaid with 2 mL anoxic stock solutions of non-
155labeled PAH dissolved in anoxic HMN (20 mg PAH /mL HMN; without PAH in control bottles).
156The bottles were closed gastight and incubated as described above.

157

158A4nalytical techniques

159The carbon isotope ratio of formed CO, was determined using a gas chromatography-isotope ratio
160mass spectrometer (GC-IRMS) as described previously (Herrmann, ef al., 2010). Carbon isotope
161ratios were expressed in the delta notation (8"°C) in per mil [%o] units relative to the Vienna Pee

162Dee Belemnite (VPDB) according to the following equation (Coplen, 2011):

513C [%o]:

sample

Rsample _ 1)

R reference

163



164where Ryumpie and R,.zrence are the ratios of the heavy isotope to the light isotope (*C/'*C) in the
165sample and in the standard (V-PDB).

166Sulfide concentrations were determined spectrophotometrically by the method of Cline as
167described elsewhere (Herrmann, et al., 2008). PAH concentrations of microcosms with non-
168labeled PAH were measured by gas chromatography equipped with a flame ionization detector or
169a mass spectrometer as described below. Prior to sampling, syringes were flushed with nitrogen
170before use to avoid oxygen contaminations inside the culture bottles. Removed liquid volume
171was always replaced by nitrogen to avoid negative pressure inside the bottles. Naphthalene
172concentrations were measured by automated headspace gas chromatography. Twenty-microliter
173aliquots of the HMN phase were taken with a gastight glass syringe (Hamilton, Bonaduz, CH)
174and transferred to 20 mL glass vials sealed with crimped Teflon-coated caps (ESWE
175Analysentechnik, Gera, DE). HMN samples were incubated for 30 min at 70°C in an agitator
176(rotation regime, 250 rpm for 5 s and no rotation for 2 s) prior to analysis. One milliliter of each
177sample’s headspace was analyzed with a Varian 3800 gas chromatograph (Varian, USA) equipped
178with a CP SIL 5 CB capillary column (25 m x 0.12 mm ID x 0,12 um FD; Varian, USA) and a
179flame ionization detector. The chromatographic conditions were as follows: injector temperature,
180250 °C (split 1:50); detector temperature, 260 °C; and an oven temperature program consisting of
181120 °C for 5 min, followed by an increase at a rate of 60°C/min to 220°C, which was hold for
1822 min. Nitrogen (1 mL/min) was used as carrier gas. For calibration, diluted standards of
183naphthalene dissolved in HMN were treated in the same way as the samples. Phenanthrene and
184acenaphthene concentrations were measured mass spectrometrically using an HP 6890 gas
185chromatograph coupled with an HP 5973 quadrupole mass spectrometer (Agilent Technologies,
186Palo Alto, CA). Fifty-microliter of the HMN phase were taken with a gastight glass syringe

187(Hamilton, Bonaduz, CH) and transferred to 2 mL glass vials closed with Teflon-coated screw



188caps (VWR International, Darmstadt, DE). Aliquots (1 to 5 puL) of the HMN samples were
189separated on a Zebron BPX-5 column (30 m x 0.32 mm ID x 0.25 mm FD; Phenomenex,
190Torrance, USA) with the following temperature program: 60 °C for 1 min, 25°C/min to 228°C,
1912 °C/min to 230°C, and 25°C/min to 300°C and hold for 6 min. For calibration, diluted standards
1920f phenanthrene and acenaphthene dissolved in HMN were treated in the same way.

193

194DNA analyses

195DNA extraction

196DNA from groundwater enrichment or from the supernatant of sediment enrichments was
197extracted from 20 mL of culture; samples for DNA extraction were taken from actively
198naphthalene-degrading cultures of the first enrichment and the following subcultures. Liquid
199samples were filtered using a sterile 0.2 pm filter membrane (Pall Corporation, Ann Arbor, USA)
200and cut into slices with a sterile scalpel. DNA from enrichment cultures containing sediment was
201extracted from 1 g wet sediment. DNA extraction was performed as described elsewhere (Pilloni,
202et al., 2012) with minor modifications: After a bead beating step in a FastPrep-24 (MP
203Biomedicals, Eschwege, DE) supernatants were collected by centrifugation at 6000 g for 5 min at
2044°C. The pellets were re-extracted by adding 300 uL. PTN buffer (120 mM Na,HPO,, 125 mM
205Tris, 0.25 mM NaCl, pH 8), and incubated at 65 °C for 5 min and 700 rpm in a Thermomixer
206comfort (Eppendorf, Hamburg, DE). Finally, the purified and precipitated DNA was suspended in
20730 pL EB buffer (10 mM Tris-HCI, 1 mM sodium EDTA, pH 8).

208

209168 rRNA gene sequencing and analysis

210To study the microbial community 16S rRNA gene fragments were analyzed by Illumina

211amplicon sequencing. Description of PCR amplicon library preparation, bioinformatic analysis of



2120btained sequence reads, and the final sequence analysis can be found elsewhere (Camarinha-
213Silva, et al., 2013). Briefly, the V5-V6 region of the 16S rRNA gene was amplified using 807F
214and 1050R primers (Bohorquez, et al., 2012). Libraries were prepared by pooling equimolar
215ratios of amplicons (200 ng of each sample), tagged with a unique barcode (Camarinha-Silva et
216al., 2014) and sequenced on a MiSeq (Illumina, Hayward, CA, USA) giving, after quality
217filtering, 686,844 sequence reads for 14 samples. For this study, 80 bases of the forward and 80
218bases of the reverse sequence reads were analyzed and clustered allowing for two mismatches.
219The data-set was then filtered to consider only those phylotypes that: a) were present in at least
2200ne sample at a relative abundance > 1%, or b) were present in at least 10% of samples at a
221relative abundance > 0.1%, or ¢) were present in at least 20% of samples a relative abundance >
2220.01% leaving a total of 576,909 reads. Relative abundance of bacterial families was determined
223by summing up all sequence reads and calculating the relative share of each family to the whole
224microbial community.

225

226Proteome analyses

227Protein extraction from groundwater cultivations and sediment supernatants

228Proteins were extracted from 20 mL liquid culture sample; samples were taken from actively
229naphthalene-degrading cultures of the initial enrichment phase (last measurement point for each
230culture shown in Figure 1). Samples were centrifuged (4°C, 12000 rpm, 10 min) and the
231remaining pellets were dried by vacuum centrifugation using a SpeedVac (5 min). The cell pellets
232were subsequently suspended in 20 uL SDS loading buffer (Benndorf, et al., 2009), heated to
23390°C for 10 min and used for the following SDS gel electrophoresis.

234

235Protein extraction from sediments



236About 2 g of sediment were suspended in 5.4 mL extraction buffer (50 mM Tris/HCI, | mM
237PMSF, 0.1 mg/mL chloramphenicol). The slurry was subjected to 3 cycles of freeze (in liquid
238nitrogen) and thaw (water bath at 65 °C) with the addition of 0.6 mL of SDS (10 % w/v) before
239the last thaw. Proteins were purified by phenol extraction and acetate precipitation (Benndorf, et
240al., 2009). Protein pellets were resolved in SDS sample buffer and subjected to SDS-PAGE.

241

242Mass spectrometry

243 After protein separation by SDS-PAGE, gel lanes were cut into five pieces and proteins were
244further in-gel digested. Description of SDS sample buffer, SDS-PAGE adjacent clean-up steps,
245and in-gel digestion can be found elsewhere (Jehmlich, ef al., 2008). Peptides were reconstituted
246in 0.1% formic acid buffer and were loaded on a trapping column (nanoAcquity UPLC column,
247C18, 180 um x 2 cm, 5 um, Waters) using with water containing 0.1% formic acid buffer at a
248flow rate of 15 pL/min. After 6 min, the peptides were eluted into a separation column
249(nanoAcquity UPLC column, C18, 75 pm x 25 cm, 1.7 pm, Waters). Chromatography was
250performed with 0.1 % formic acid in solvent A (100 % water) and B (100 % ACN). The solvent B
251gradient was set in the first 10 min from 2 % to 15 % solvent B and in the following 67 min from
25215 % to 40 % solvent B with a final switch to 85 % solvent B within 5 min for additional 8 min
253using a nano-high pressure LC system (NanoLC-Ultra-2D, Eksigent Technologies, Redwood
254City, USA). Ionized peptides were analyzed using a LTQ-Orbitrap XL mass spectrometer
255(Thermo Fisher Scientific, Waltham, USA).

256

257Data analysis

258First, an artificial metagenome database was created from an unfiltered protein identification list

259using Proteome Discoverer (Thermo Scientific, v1.4.0.288), Mascot (v2.3) and the NCBInr



260database (December 17", 2013) with a restriction to prokaryotic entries. Second, protein
26lidentification was done with the open-source software MaxQuant (v1.4.0.12) (Cox & Mann,
2622008) and the model metagenome (7,503 entries). The main search was performed with
263MaxQuant with the standard settings; peptides were considered as identified with a false
264discovery rate (FDR) < 1%. Reversed sequences as decoys and contaminant sequences were
265automatically added by MaxQuant. Complete lists of the peptide and protein identifications are
266available (S2_proteome-analysis.xIsx).

267

268Results and discussion

269Enrichment of sulfate-reducing PAH-degrading bacteria

270A series of three groundwater and two aquifer sediment enrichment cultures able to couple
271naphthalene degradation to sulfate reduction was obtained using groundwater and sediment
272samples of four geographically different locations. Groundwater enrichment cultures were gained
273from the sites Sobé&slav (CZ; SobN1), Michle (CZ; MicN1) and an industrial site in Eastern
274Germany (EgN1), whereas enrichments based on aquifer sediment originated from WeiB3andt-
275Golzau (DE; GOIN1) as well as an industrial site in Eastern Germany (EgN2).

276After 500 days of incubation, all microcosms spiked with naphthalene as carbon source showed a
277significant formation of sulfide ranging from 2 mM for MicN1 to 6 mM for EgN1. Increasing
278sulfide concentrations correlated with decreasing naphthalene concentrations (Figure 1). In PAH-
279free control microcosms, sulfide was solely formed during the first enrichment phase, ranging
280from 0.02 mM for EgN2 up to 0.5 mM for GO6IN1, indicating the oxidation of endogenous
281electron donors present in the contaminated environmental samples. The production of sulfide
282ceased in the controls after the first transfer of the cultures (data not shown). The cultures SobN1,

283MicN1 and EgN2 showed the highest transformation rate of naphthalene. Here, 4 mM



284naphthalene was degraded within 300 days of incubation. The groundwater enrichment EgN1
285degraded the same amount of naphthalene in 550 days. Notably, for individual cultures sulfide
286formation exhibited longer lag phases in comparison to decreasing naphthalene concentrations,
287indicating that some sulfide might be precipitated by abiotic processes (e.g., by formation of iron
288sulfide) leading to a reduction of the soluble sulfide concentrations. In this initial stage of
289enrichment, the ratios of produced sulfide versus degraded naphthalene were significantly lower
290(< 1.2) than expected for a mineralization of naphthalene under sulfate reducing conditions
291(CyHg + 6 SO* +2 H" + 6 H,O = 10 HCO; + 6 H,S). During further sub-cultivation, the
292amount of sulfide produced per degraded naphthalene clearly increased, reaching values between
29353% and 93% of the theoretical amount of formed sulfide for complete mineralization of
294naphthalene (SI table 1, SI figure 1). In microcosms spiked with phenanthrene or acenaphthene,
295neither significant sulfide formation in comparison to non-PAH-spiked controls nor decreasing
296PAH concentrations were observed over a time of 600 days incubation (data not shown).
297Mineralization of naphthalene was confirmed by addition of *C-labeled naphthalene and analysis
2980f formed C-CO, (Figure 2). Generally, the sediment enrichment cultures (G6IN1, EgN2)
299showed higher mineralization rates, indicating that the sediment samples contained initially more
300naphthalene degraders than the groundwater, which is reasonable due to the sessile lifestyle of
301most aquifer microorganisms (Griebler and Lueders, 2008). An increase of A3"*C = 10 %o for
302S0bN1 to A8"C = 127 %o for GoIN1 and AS"C = 185 %o for EgN2 was recorded. For enrichment
303MicN1, a significant production of *C-CO, was evident after 300 days of incubation (A3"C =
30420 %o). The culture EgN2 exhibited the most rapid development of *C-CO,. After 160 days of
305incubation, CO, produced by this enrichment showed an isotopic signature of +1400 %o. In
306comparison, the formation of *C-CQ, in the cultures MicN1, GoIN1 and SobN1 were slower, and

307the magnitudes of “C-CO, development were lower. After 430 days of incubation, the isotopic



308signature of the formed CO,ranged from +50 %o for MicN1 to +215 %o for GGIN1 and +430 %o
309for SobN 1. These different production rates of *C-CO, might be due to incomplete naphthalene
310mineralization in the first stage of enrichment, as also indicated by the low ratio of produced
311sulfide to degraded naphthalene. The isotopic signatures of CO,in control microcosms without
312PAH and in microcosms prepared with non-labeled naphthalene were stable over the entire
313incubation period (500 days) ranging from -22 %o to -27 %o. In cultures spiked with C-labeled
314phenanthrene or acenaphthene no significant enrichments of °C in the formed CO, in comparison
315to control microcosms without added PAH or supplemented with non-labeled phenanthrene or
316acenaphthene, respectively, were observed over a time period of 500 days incubation (data not
317shown). In contrast, Morasch and colleagues (2007) observed a (rather small) mineralization of
318"C-labeled acenaphthene in anoxic sediment microcosms prepared from different areas of a
319former cokery; in this study, also a rapid naphthalene mineralization during anaerobic incubation
320was reported.

321

322Microbial community composition of the naphthalene degrading enrichment cultures
323Analysis of the microbial community structure through sequencing of the V5/V6 variable regions
3240f the 16S rRNA gene revealed the presence of 291 phylotypes out of which 193 (66.3 %) could
325be identified down to the family; the data are summarized in a supplemental file (S1_16S-
326analysis Kuemmel.xlsx). Various phylotypes (45 phylotypes or 15.5 %) could not be identified
327even to the phylum level, which was in the majority of the cases not due to the short sequence
328length, but to the fact that the sequences were identical or highly similar to that of so far
329unclassified bacteria.

330Several different bacterial families could be identified after the first enrichment and the following

331sub-cultivation (Figure 3). Bacterial families highly abundant in all enrichments were



3324naerolineaceae (5.7-47.0 % relative abundance), Desulfobacteraceae (2.8-25.1 % relative
333abundance) and Spirochaetaceae (1.4-19.4 % relative abundance). Notably, phylotypes belonging
334to the family Desulfobacteraceae increased significantly during the course of cultivation in all
335enrichments (Table 2), indicating a major role in naphthalene degradation under sulfate-reducing
336conditions (see further discussion below). In contrast, phylotypes related to the Anaerolineaceae
337increased substantially only in the supernatant but not in the sediment of the enrichment cultures
338GOIN1 and EgN2. So far, there are just a few organisms described belonging to this bacterial
339family, being strictly anaerobic and able to ferment carbohydrates (Yamada, et al., 2006).
340Recently, microbial community analyses revealed members of the Anaerolineaceae as putative
341anaerobic phenol degraders in an anaerobic sequencing batch reactor (Rosenkranz, ef al., 2013),
342indicating that this family might contain also anaerobic aromatics degrading species.

343For phylotypes affiliated to the family Spirochaetaceae, clear evidence for enrichment in the
344cultures EgN1, SobN1 and EgN2 was obtained (S1_16S-analysis Kuemmel.xIsx; phylotype 17).
345Members of this family are known to be able to grow chemoheterotrophically under anoxic
346conditions using carbohydrates and amino acids as carbon and energy source (Paster, 2011).
347Recently, a phylotype belonging to the Spirochaetaceae has been identified in a stable toluene-
348degrading sulfate-reducing consortium (Mueller, et al., 2009) and also in the naphthalene-
349degrading culture N47 (Selesi, et al., 2010), indicating that those bacteria can have some (but yet
350not resolved) function in aromatics degradation under sulfidic conditions. As phylotypes
351affiliated with Spirochaetes have been also detected in chloroethenes dehalogenating enrichment
352cultures (Duhamel & Edwards, 2006; Gu ef al., 2004), their function might be connected to
353secondary metabolism.

354In addition to the bacterial families mentioned, some phylotypes belonging to the families

355Pseudomonadaceae, Peptococcaceae and Ignavibacteriaceae increased in individual



356microcosms. The relative abundance of a member of the family Pseudomonadaceae increased
357from 0.5 % to 3.8 % in culture GOIN1. On the contrary, a decreasing abundance over time of
358Pseudomonadaceae was detected in culture EgN2 (from 17.4 % to 2.9 % relative abundance).
359Sulfate reduction by Pseudomonadaceae is not expected as members of the Pseudomonadaceae
360are known to exclusively use molecular oxygen or nitrate as terminal electron acceptor (Garrity,
36let al., 2005), questioning a direct involvement of Pseudomonadaceae in naphthalene
362metabolization under sulfate-reducing conditions. However, fermentation by Pseudomonadaceae
363have been described (Schobert & Jahn, 2010), indicating a possible ecological niche of members
3640f the Pseudomonadaceae under strictly anoxic conditions. In culture EgN1, an enrichment of a
365phylotype belonging to the family Peptococcaceae was observed, the relative abundance of
366which increased from 0.1 % to 10.9 % during the course of cultivation. Members of this bacterial
367family are known to be obligate anaerobic organisms possessing a fermentative and respiratory
368metabolism (Ezaki, 2009). In culture EgN2, a phylotype belonging to the family
369Ignavibacteriaceae increased during the cultivation with a change in the relative abundance from
3700.2 % to 4.7 %. So far, the knowledge about this bacterial family is rather low. Members of this
371bacterial family are known to be able to grow aerobically or anaerobically — either by
372fermentation of carbohydrates or by anaerobic respiration using fermentable and non-fermentable
373substrates and several electron acceptors (lino, et al., 2010, Podosokorskaya, ef al., 2013).
374The significant increase of Desulfobacteraceae give some evidence that a phylotype belonging to
375this family might be involved in the metabolization of naphthalene under the given conditions.
376Within the Desulfobacteraceae, a phylotype which over the observed sequence length differed
3770nly in one base from the sequence of Desulfobacterium strain N47, a known sulfate-reducing
378naphthalene degrader (Meckenstock et al., 2000) was the most abundant one (Table 2; S1 _16S-

379analysis Kuemmel.xlsx; phylotype 1). This phylotype 1 increased in abundance in four out of the



380five enrichments (EgN1, SobN1, MicN1 and EgN2) indicating its function as main naphthalene-
381degrading organism in these cultures. Notably, relatives of Desulfobacterium strain N47 within
382the detected Desulfobacteraceae were almost absent in the sediment enrichment culture GOIN1
383(Table 2). Here, a phylotype affiliated to the Desulfobulbaceae significantly increased its
384abundance during the course of cultivation from 12.6 % to 14.6 % in the sediment and from
3853.0 % to 14.3 % in the aqueous fraction of the enrichment culture (S1_16S-

386analysis Kuemmel.xlsx; phylotype 4). Members of the Desulfobulbaceae are known to be
387metabolically versatile (Kuever, et al., 2005) and have been previously described as aromatic
388degraders under sulfate-reducing conditions (Muller, et al., 2009, Pilloni, et al., 2011), indicating
389that this phylotype might be directly involved in naphthalene degradation in the culture GGIN1.
390

391Characterization of anaerobic naphthalene degradation pathways in the community by
392protein analysis

393Enzymes of the anaerobic naphthalene and 2-methylnaphthalene degradation pathways of strain
394N47 (Annweiler, ef al., 2002, Safinowski & Meckenstock, 2004, Meckenstock & Mouttaki, 2011,
395Mouttaki, et al., 2012) were also identified in the enrichment cultures (S2_proteome-
396analysis Kuemmel.xlsx). Previous studies suggested that carboxylation is the initial step of
397naphthalene degradation by NaphS2, NaphS3, NaphS6 (Musat, et al., 2009; Tarouco et al., 2013)
398and N47 (Mouttaki, ef al., 2012), whereas 2-methylnapthalene degradation is initiated by
399fumarate addition in these strains (Safinowski & Meckenstock, 2004, Musat, et al., 2009,
400DiDonato, et al., 2010). During both pathways, 2-naphthoyl-CoA is formed as central metabolite
401which is further reduced. Metabolic traces of the first metabolite of the 2-methylnaphthalene
402degradation pathway, (2-naphthylmethyl)succinate, have been detected during growth on

403naphthalene by NaphS2, NaphS3 and NaphS6, probably originating from a reverse reaction



404sequence starting with 2-naphthoyl-CoA and succinyl-CoA as suggested by Musat and colleagues
405(Musat, et al., 2009). Deuterated (2-naphthylmethyl)succinate accumulated also during
406metabolization of deuterated naphthalene by N47 (Safinowski & Meckenstock, 2006), probably
407for the same reason. Thus, our findings suggest that the enzymes catalyzing the transformation of
408(2-naphthylmethyl)succinate to 2-naphthoyl-CoA (and vice versa) may be constitutively
409expressed (at least on a low level) in N47, NaphS2, NaphS3 and NaphS6.

410Putative reverse reactions by constitutively expressed enzymes may explain why we identified
411the full set of enzymes of the N47 derived upper 2-methylnaphthalene degradation pathway to 2-
412naphthoyl-CoA in the groundwater enrichment cultures SobN1 and EgN1 (Annweiler, ef al.,
4132000, Annweiler, ef al., 2002, Heider, 2007) (Figure 4 and Table 3). Starting from 2-naphthoyl-
414CoA, these include the enzymes for the replacement of HS-CoA by succinyl-CoA (VI),
415reduction/hydrogenation (V), dehydration (IV), reduction/hydrogenation (III), and transfer of the
416CoA thioester to succinate (II). Notably, also the enzyme initiating the degradation of 2-
417methylnaphthalene by adding fumarate, naphthyl-2-methyl-succinate synthase (I), was detected.
418In addition, putative subunits of the enzymes for naphthalene carboxylation (Figure 4 A)
419(Bergmann, ef al., 2011a) and subsequent CoA ligation (Figure 4 B) forming 2-naphthoyl-CoA
420were identified (S2_proteome-analysis Kuemmel.xlsx). These enzymes are referred as
421candidates and have not been fully characterized with regard to the number and identity of the
422subunits. The terms alpha and beta subunit have been chosen to clearly differentiate them, in
423agreement with previous studies (Bergmann, ef al., 2011a). The identified hypothetical protein
424N47 K27540 (gi|308273914) is the putative alpha subunit of the naphthalene carboxylase
425(Bergmann, et al., 2011a). Two candidate beta subunits of the putative carboxylase were further
426detected in our cultures: the hypothetical proteins N47 K27480 (gi|308273908) and

427N47 K27500 (gi|308273910) (S2_proteome-analysis Kuemmel.xIsx). In the genomic study of



428N47, four open reading frames (ORFs) for putative beta-subunits were identified on the same
429contig (Bergmann, et al., 2011a), including those two which were found to be expressed in the
430enrichment cultures investigated in the present study. Again, we identified two candidates for the
431CoA-ligation, but only the acetyl-coenzyme A synthase (gi|308273028) could be observed in
432SobN1 as well as in EgN1. The resulting key metabolite of the naphthalene and 2-
433methylnaphthalene degradation pathway, 2-naphthoyl-CoA, is dearomatized in N47 by two ring
434reductases which have been recently described (Eberlein, ef al., 2013a, Eberlein, et al., 2013b), 2-
435naphthoyl-CoA reductase (VII) and the ATP-dependent 5,6,7,8-tetrahydro-2-naphthoyl-CoA
436reductase (VIII). These reductases were also identified in the SobN1 and EgN1 samples (Figure
4374, Table 3).

438After initial activation and subsequent oxidation of naphthalene, acetyl-CoA is supposed to be the
439central metabolite (Bergmann, et al., 2011b). Proteomic results suggest that usage of acetyl-CoA
440for biomass production is achieved by pyruvate flavodoxin/ferredoxin oxidoreductases,
441carboxylating acetyl-CoA to pyruvate (Furdui & Ragsdale, 2000, Ragsdale, 2004). In case of
442energy production, acetyl-CoA is assumingly terminally oxidized to CO, by a reversed
443(oxidative) Wood-Ljungdahl (Acetyl-CoA) pathway as described before for sulfate-reducing
444bacteria (Janssen & Schnik, 1995).

445In summary, the proteomic results indicated the presence of a N47-affiliated phylotype in the
446enrichment cultures EgN1, EgN2, MicN1 and SobN1 by identifying the enzymes of the upper
447naphthalene and 2-methylnaphthalene degradation pathways known from N47. This is in
448agreement with the 16S rRNA results, which showed increasing abundances of a N47-related
449phylotype. The fact that the proteins of the degradation pathway were mainly detected in the
450sediment samples of the enrichment culture EgN2 indicates — again in agreement with the 16S

451rRNA gene data - that the N47 phylotype was preferentially attached to the sediment particles.



452Notably, the discussed enzymes of the N47-related naphthalene and 2-methylnapthalene
453degradation pathways were not detected in the enrichment culture G6IN1 (Table 3, Figure 4)
454which was characterized by the absence of the N47-related phylotype, supporting the assumption
455that a phylotype taxonomically different from N47 is the key naphthalene degrader in this culture.
456This might be by a phylotype belonging to the bacterial family Desulfobulbaceae, as indicated by
457the 16S rRNA gene sequence data.

458In conclusion, we successfully enriched sulfate-reducing naphthalene-degrading cultures from
459four different PAH-contaminated anoxic aquifers, indicating that the ability to degrade
460naphthalene anaerobically with sulfate as terminal electron acceptor is widespread in nature. The
461combination of proteomics, 16S rRNA gene sequencing as well as the usage of isotope tracers
462turned out to be an effective strategy to prove naphthalene mineralization as well as to analyze
463the microbial community structure and degradation pathways. Cultures mineralizing PAH of
464higher molecular weight could not be established, confirming the assumptions that PAH with
465three or more rings are extremely resistant under sulfate-reducing conditions. Our findings
466support previous studies that organisms belonging to the Desulfobacteraceae are widely
467distributed in nature and might be important for naphthalene degradation under sulfate-reducing
468conditions. Understanding the diversity and physiology of anaerobic PAH degradation will
469contribute to remediation efforts of anoxic environments such as aquifers or river sediments.
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740L.egends of figures and tables

741Figure 1: Time course of metabolization indicated by sulfide formation (A) and transformation of
742naphthalene (B) by the groundwater enrichment cultures EgN1 (@), SobN1 (A) and MicN1 (H),
743and sediment enrichment cultures GOIN1 (V) and EgN2 (O). Data are shown for a single
744microcosm of each initial enrichment culture.

745

746Figure 2: Time course of *C-CO, formation in sulfate-reducing groundwater enrichment cultures
747SobN1 (A) and MicN1 (H) and sediment enrichment cultures G6IN1 (V) and EgN2 (O) due to
748mineralization of *C-labeled naphthalene. Data are shown for a single microcosm of the initial
749enrichment culture. The culture EgN1 (see Figure 1 and text) was not spiked with *C-labeled
750naphthalene.

751

752Figure 3: Phylogenetic distribution of bacterial families in naphthalene degrading enrichment
753cultures based on16S rRNA gene analysis. To trace potential naphthalene degraders, 16S rRNA
754gene analysis was performed after the first enrichment (a) and the following sub-cultivation (b).
755For enrichment cultures prepared with sediment samples both the aqueous supernatant (sup) and
756the sediment (sed) were analyzed.

757



758Figure 4: Reconstructed naphthalene degradation pathway based on the proteome analysis in
759sulfate-reducing naphthalene-degrading enrichment cultures. Dashed arrows indicate possible
760reverse reactions from 2-naphthoyl-CoA to (2-naphthylmethyl)succinate. The color code
761describes the certainty of the identifications (green: half of all subunits with at least 2 peptides
762each identified; yellow: less than half of all subunits with at least 2 peptides each identified;
763white: not detected). For enrichment cultures prepared with sediment samples both the aqueous
764supernatant (sup) and the sediment (sed) were analyzed. A legend for the identifiers (A, B and I to
765X) can be found in table 3.

766

767Table 1: Characteristics of the field sites examined in this study.

768

769Table 2: Relative abundance of 16S rRNA genes belonging to the bacterial family
770Desulfobacteraceae and relative abundance of genes affiliated to Desulfobacterium str. N47.
771Enrichment cultures were analyzed at the end of the first enrichment and the following sub-
772cultivation. Regarding sediment enrichments both the aqueous supernatant (sup) and the sediment
773(sed) were analyzed.

774

775Table 3: Overview of the identified proteins of the upper and lower naphthalene degradation
776pathway.

777

778Supplemental information

779Figure S1: Time course of sulfide formation (A) and naphthalene degradation (B) by the
780groundwater enrichment cultures EgN1 (@), SobN1 (A) and MicN1 (), and sediment

781enrichment cultures GOIN1 (V) and EgN2 (O) during the first sub-cultivation.



782

783Table S1: Overall change of sulfide and naphthalene concentrations during the course of each
784cultivation step. Based on these differences the ratios of formed sulfide to consumed naphthalene
785for each culture were calculated. Enrichment cultures were analyzed at the end of the first
786enrichment and the following sub-cultivation.

787

788The proteomic and 16S rDNA-related data are available in two separate files:

789S1 16S-analysis Kuemmel

790S2_ proteome-analysis Kuemmel



