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Microbial processes are crucial for ecosystem maintenance, yet documentation of these processes in complex
open field sites is challenging. Here we used a multidisciplinary strategy (site geochemistry, laboratory
biodegradation assays, and field extraction of molecular biomarkers) to deduce an ongoing linkage between
aromatic hydrocarbon biodegradation and nitrogen cycling in a contaminated subsurface site. Three site wells
were monitored over a 10-month period, which revealed fluctuating concentrations of nitrate, ammonia,
sulfate, sulfide, methane, and other constituents. Biodegradation assays performed under multiple redox
conditions indicated that naphthalene metabolism was favored under aerobic conditions. To explore in situ
field processes, we measured metabolites of anaerobic naphthalene metabolism and expressed mRNA tran-
scripts selected to document aerobic and anaerobic microbial transformations of ammonia, nitrate, and
methylated aromatic contaminants. Gas chromatography-mass spectrometry detection of two carboxylated
naphthalene metabolites and transcribed benzylsuccinate synthase, cytochrome c nitrite reductase, and am-
monia monooxygenase genes indicated that anaerobic metabolism of aromatic compounds and both dissimi-
latory nitrate reduction to ammonia (DNRA) and nitrification occurred in sifu. These data link formation (via
DNRA) and destruction (via nitrification) of ammonia to in situ cycling of nitrogen in this subsurface habitat,
where metabolism of aromatic pollutants has led to accumulation of reduced metabolic end products (e.g.,

ammonia and methane).

Nonphotosynthetic microorganisms (particularly members
of the Archaea and Bacteria) colonizing natural habitats gen-
erate metabolic energy by linking the transfer of electrons from
reduced substrates (electron donors; e.g., ammonia, methane,
sulfide, carbohydrates, and hydrocarbons) to oxidized sub-
strates (electron acceptors; e.g., O,, nitrate, Fe*>*, and sulfate)
(18, 40, 62, 73). Whenever possible, strategies for documenting
biogeochemical change involve mass balance approaches that
quantitatively link materials subject to a given metabolic pro-
cess (e.g., consumption of carbon substrates) to formation of
metabolic by-products (e.g., CO,). However, owing to the open
nature of many natural systems (including ocean water, rivers,
and soils), convergent lines of evidence obtained using a vari-
ety of approaches (e.g., model incubations, analytical chemistry
of metabolites, and molecular biology of genes and mRNA)
are often needed to understand site biogeochemistry (40, 46,
71). Direct detection of mRNA in environmental samples has
increasingly become an effective approach for documenting
the in situ biogeochemical activity of microbial communities in
field sites (33, 34, 42). This approach has included at least three
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techniques: (i) reverse transcription-PCR (RT-PCR)-based
targeting of expression of specific functional genes (e.g., genes
encoding naphthalene dioxygenase [74], Fe(II) uptake protein
[47], RubisCo [70], or the anammox and denitrification pro-
cesses [33, 34]); (ii) creation and analysis of large community
cDNA libraries of expressed genes (2, 11, 51); and (iii) direct
pyrosequencing of total community-derived cDNA (19, 21, 50,
67). Documenting the occurrence of, ecological impact of, and
dynamic relationships between microbially mediated redox
processes poses many challenges (e.g., 32, 33, 34, 37, 46, 52).

Focusing on subsurface terrestrial habitats, a variety of re-
ports have emphasized the dynamic spatial and temporal geo-
chemical (15, 43, 44, 69) and microbiological (9, 23, 24, 59, 79)
characteristics of the habitats. Wilson et al. (76) and Anneser
et al. (1) used high-resolution subsurface sampling approaches
to show that gradients at the fringes of contaminated ground-
water can strongly influence microbial attenuation of pollut-
ants. Furthermore, steep redox gradients in the contaminated
subsurface have been attributed to biodegradation processes
(6). Although the implications of dynamic subsurface biogeo-
chemistry have been reported for arsenic (28, 48), very little
attention has been given to the biogeochemical impacts of such
dynamic conditions for broader cycling of carbon, nitrogen,
sulfur, and other elements. A few subsurface contaminant
transport models (15, 26, 68) explicitly account for the accu-
mulation of reduced by-products of microbial metabolism
[methane, sulfide, Fe(II), Mn(II), ammonia] since these re-
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FIG. 1. Map of field study site, showing the locations of monitoring wells (MW), the boundary of groundwater contamination, and the direction
of groundwater movement. MW 60 is the site used for determining background geochemical conditions and microbiology. MW 36 is the site where

there was the greatest contamination. (Adapted from reference 79.)

duced substrates have the potential to foster “secondary redox
reactions” that include aerobic methanotrophy, nitrification,
anaerobic ammonia oxidation, and anaerobic methane oxida-
tion. Evidence for the latter was reported by van Breukelen
and Griffoen (68), who found enrichment of residual *CH,, in
the anaerobic portion of a landfill leachate groundwater
plume. Much more work addressing dynamic interactions be-
tween subsurface microbial processes is warranted.

For the subsurface study site examined here there is a 16-
year record of diminishing concentrations of contaminants
(naphthalene, xylenes, toluene, 2-methylnaphthalene, and ac-
enaphthylene), and the site conditions support dynamic micro-
bial communities, including an extensive eukaryotic food chain
(79). Data reported here (i) further establish that the physio-
logical setting for contaminant biodegradation fluctuates geo-
chemically; (ii) demonstrate that in laboratory-based incuba-
tions naphthalene biodegradation is favored under only
aerobic conditions and not under five types of anaerobic, phys-
iological conditions; and (iii) show, based on a survey of ex-
pressed mRNA and metabolites, that microbial processes
anaerobically consume aromatic compounds and carry out
coupled cycling of nitrogen via dissimilatory nitrate reduction
to ammonia (DNRA) and nitrification.

MATERIALS AND METHODS

Site and groundwater sampling. The study site is a rural wooded area in South
Glens Falls, NY, where coal tar waste was buried in a shallow trench in the early
1960s. The source material was removed, and the groundwater plume is under-
going intrinsic bioremediation. This site has been described previously (5, 17)
and has been used extensively for a variety of field-oriented microbiological
studies (3, 4, 29, 75). A plan view of the site is shown in Fig. 1, which shows the
locations of monitoring wells (MW) sampled for chemical and molecular anal-
yses. Note that MW 60, the background control for chemical and nucleic acid
assays, is not contaminated. The screening intervals (depths for accessing
pumped groundwater) for all sampling wells were 5 to 7 m below the surface of
the ground.

For DNA and mRNA extraction, groundwater samples were collected at a

flow rate of 300 ml/min after 4 well volumes were purged with a peristaltic pump
with new polyethylene tubing. Cells in 5 liters of groundwater (collected in ~17
min) were concentrated on 142-mm-diameter Durapore membranes (pore size,
0.22 pm; Millipore Corp., Bedford, MA), placed in sterile Whirlpak bags, and
frozen immediately by immersion in a dry ice-ethanol bath. Samples were kept
on dry ice during transport to the laboratory, where they were transferred to a
freezer kept at —80°C.

Geochemical analyses. Alkalinity, the dissolved oxygen content, temperature,
the total organic carbon (TOC) content, the methane content, and the concen-
trations of nitrate, ammonia, sulfate, sulfide, and Fe>" were measured using
previously described methods (5). The levels of precision of the assays (relative
standard deviations) for groundwater constituents were as follows: nitrate, 5%;
ammonia, 2%; sulfate, 2%; sulfide, 1%; methane, 1%; Fe?**, 1%; and total
organic carbon, 5%.

Microcosms used to examine naphthalene biodegradation. Groundwater was
obtained from well 36 in October 2001 and used for biodegradation assays. To
prevent contact between water samples and air (25, 78), the receiving glass
canning jars (2 liters for water samples and 0.5 liter for sediments) were flushed
on site with nitrogen gas and, after they were filled, sealed without air bubbles.
Freshly gathered, oxygen-free subsurface material (depth, 5 m) from an area
adjacent to well 36 was obtained with a commercially operated Geoprobe hy-
draulic coring machine. The sediment was immersed in anaerobic groundwater
before it was sealed in a canning jar with no headspace air. The groundwater and
sediments were placed on ice and maintained at 4°C until they were dispensed
into serum bottles with an N, headspace containing a trace of H, in an anaerobic
hood (Coy Laboratory Products, Grass Lake, MI) within 2 days, as previously
described (25, 78). Triplicate sterile 125-ml serum bottles received 72 ml of well
36 groundwater plus 10% (wt/vol) well 36 sediment from 2 m below the water
table. Poisoned controls were prepared by adding 1 ml of poison (5% HCI, 0.25
M HgCl,) to serum bottles prior to addition of samples. After the bottles were
sealed, the headspace gas in each bottle was replaced with 100% O,-free N, gas.
To promote aerobic respiration and anaerobic respiration, including nitrate
reduction, sulfate reduction, manganese reduction, iron reduction, and metha-
nogenesis, the serum bottle microcosms were amended with air or sterile anaer-
obic preparations so that they contained 200 mM KNO;, 200 mM NaSO, plus 2
mM Na,S (reducing agent), 1 mg/ml MnO, slurry, 4.6 mg/ml FeOOH slurry, and
2 mM Na,S, respectively (25, 78). The serum bottles were incubated at the
ambient ground temperature (10°C) in the dark with no shaking. At various
times, samples (1 ml) of the slurries were removed with a syringe. After extrac-
tion with 1 ml ethyl acetate (5), the samples were analyzed by gas chromatog-
raphy-mass spectrometry (GC/MS) (5, 75) with a Hewlett-Packard model 6890
series IT gas chromatograph equipped with an HP-5SMS (5% phenylmethyl silox-



3126 YAGI ET AL. APPL. ENVIRON. MICROBIOL.
TABLE 1. PCR primers used in this study
Process Target gene/target enzyme Primer Sequence (5'-3") Reference

Ammonia oxidation (Bacteria) amoA/ammonia monooxygenase amoA-1F* GGGGHTTYTACTGGTGGT 53
amoA-2R CCCCTCKGSAAAGCCTTCTTC

Ammonia oxidation (Archaea) amoA/ammonia monooxygenase Arch-amoAF STAATGGTCTGGCTTAGACG 8
Arch-amoAR  GCGGCCATCCATCTGTATGT

Nitrate reduction narG/respiratory nitrate reductase narG1960f TAYGTSGGCARGARAA 60
narG2659r TTYTCRTACCABGTBGC

Methane oxidation mxaF/methanol dehydrogenase mxal003f GCGGCACCAACTGGGGCTGGT 27
mxal561r GGGCAGCATGAAGGGCTCCC

Methanogenesis mcrA/methyl-coenzyme M reductase MLf GGTGGTGTMGGATTCACACARTAYG 39

CWACAGC
MLr TTCATTGCRTAGTTWGGRTAGTT
mcrA/methyl-coenzyme M reductase MEI1f CGMATGCARATHGGWATGTC 27

ME2r TCATKGCRTAGTTDGGRTAGT

Anaerobic degradation of bssA/benzylsuccinate synthase 7772 GACATGACCGACGCSATYCT 77

alkyl aromatics 85461 TCGTCGTCRTTGCCCCAYTT
Dissimilatory nitrate nrfA/cytochrome c nitrite reductase  nrfAF1 GCNTGYTGGWSNTGYAA 60
reduction to ammonia nrfA7R1 TWNGGCATRTGRCARTC

ane; Hewlett-Packard) fused silica capillary column (30 m by 0.25 mm; film
thickness, 0.25 pm) connected to a Hewlett-Packard model 5973 quadrupole
mass-selective detector operated with an electron energy of 70 eV and a detector
voltage of 1,700 V. Splitless injection was used, with a 1-min delay before septum
purge. The carrier gas was helium (linear velocity, 30 cm/s). The injector and
detector temperatures were 250°C and 300°C, respectively.

Metabolite sampling and analysis. The aerobic metabolite 1,2-dihydoxy-1,2-
dihydronaphthalene (naphthalene cis-dihydrodiol) (75) and an anaerobic metab-
olite of naphthalenes, 2-carboxynaphthalene (20), were sought in freshly col-
lected contaminated and uncontaminated (Fig. 1) well water using previously
described procedures (20). For the cis-dihydrodiol metabolite, Envi-Chrom P
solid-phase extraction tubes (6 ml; Supelco, Bellefonte, PA) were used on site to
concentrate the analyte from 2 liters of well water. For carboxylated anaerobic
metabolites, 2 liters of water was extracted four times with 100 ml ethyl acetate;
pooled extracts were concentrated by rotary evaporation under N, to obtain a
volume of 50 ml. Extracts were concentrated under nitrogen, dehydrated, deri-
vatized with bis(trimethylsilyl)trifluoroacetamide (BSTFA), and analyzed by GC/
MS, as described above. For assays we used single-ion monitoring mode with m/z
244, 229, and 127 for the cis-dihydrodiol, and the carboxylated metabolites were
analyzed in scanning mode.

Nucleic acid sampling and analysis. For extraction of DNA and RNA from
groundwater biomass, previously described procedures (4, 29, 38, 74) were used,
with minor modifications. Briefly, for DNA extraction, frozen filters were
crushed twice and extracted twice by boiling them for 5 min with 5 ml preheated
extraction buffer (1% SDS, 0.1 M NaCl, 10 mM Tris, 1 mM EDTA; pH 8.0).
Decanted extracts were added to an equal volume of phenol (pH 8.0) and mixed
vigorously, which was followed by centrifugation at 4°C (15 min at 10,000 X g).
The upper aqueous layer was extracted with an equal volume of phenol-chloro-
form (1:1), and this was followed by centrifugation as described above and then
a final extraction with an equal volume of chloroform-isoamyl alcohol (24:1) and
centrifugation. DNA was precipitated from the final aqueous layer at —80°C with
sodium acetate (0.3 M) and an equal volume of isopropanol. After centrifugation
(30 min at 15,000 X g), DNA pellets were washed in 70% ethanol and repre-
cipitated. Pellets were then air dried and dissolved in 50 pl 10 mM Tris-1 mM
EDTA (pH 8.0).

For RNA processing, all reagents and labware were either certified RNase
free, baked overnight at 200°C, treated with RNase ZAP (Ambion, Austin, TX),
or treated with diethyl pyrocarbonate (DEPC) for inactivation of RNase activity
as appropriate. RNA was extracted from sections of the frozen filters (see above)
using a modified version of the DNA extraction protocol described above.
Briefly, crushed filter pieces were processed using acid extraction buffer (pH 5.1),
and acidic phenol (pH 4) was used for phenol and phenol-chloroform-isoamyl
alcohol (125:25:1) extraction. RNA was precipitated from aqueous extracts with

glycogen as a coprecipitant (2 wg/ml) at —80°C using sodium acetate (2.5 M) and
2 volumes of ethanol. Purified RNA pellets were recovered by centrifugation (30
min at 15,000 X g), air dried, and resuspended in 50 pl RNase-free water. DNA
was removed from RNA extracts by DNase I treatment (Invitrogen), and RNA
was reverse transcribed to cDNA using SuperScript III reverse transcriptase
(RT) (Invitrogen) and random hexamers according to the manufacturer’s in-
structions. Control PCRs with no RT were performed using primers and PCR
conditions described below to ensure complete removal of contaminating DNA.
DNA fragments associated with amoA, narG, mxaF, mcrA, nrfA, and bssA genes
were PCR amplified from cDNA pools using primer pairs listed in Table 1. PCR
amplification was performed using ThermoStart DNA polymerase (ABgene) and
a PTC-200 DNA engine thermocycler (MJ Research). Replicate 25-ul reaction
mixtures contained 0.5 to 25 ng DNA template, and the reactions were per-
formed using previously described cycling conditions (Table 1). Pooled PCR
products were resolved by agarose gel electrophoresis and were purified using a
QIAquick gel extraction kit (Qiagen). Except for archaeal amoA, amplicons of
the expected size were obtained for samples from well 36 and well 12 but not for
samples from upgradient control well 60. Purified DNA was cloned with either a
TOPO-TA cloning kit (Invitrogen) or a StrataClone PCR cloning kit (Strat-
agene) as described by the manufacturers. Functional biomarker gene cDNA
clone libraries were generated for samples from well 36 and well 12 collected in
2006. Three bssA cDNA clone libraries were obtained for samples collected in
August and November; one archaeal amoA cDNA clone library and one bacte-
rial amoA cDNA clone library were obtained for samples collected from well 36
in August; and two nrfA4 clone libraries were obtained for samples collected in
August. Clone libraries were screened by restriction fragment length polymor-
phism (RFLP) analysis, and representative inserts were sequenced. For the mxaF
and narG genes, amplified fragments from DNA from well 36 (August 2006)
were cloned as described above; eight and nine clones, respectively, contained
inserts of the expected size. These clones were screened by RFLP analysis; one
representative sequence of mxaF and three representative sequences of narG
were obtained.

Sequencing (Cornell University Life Sciences Core Laboratories Center) was
conducted routinely with the M13 forward and M13 reverse primers. Sequences
were manually checked for quality and edited using 4Peaks software (http://www
.mekentosj.com/4peaks/). Chimeras, vector sequences, and sequences that were
poor quality were excluded from further phylogenetic analyses. Sequences were
compared with the GenBank nucleotide database library by performing BLAST
on-line searches (http://ncbi.nlm.nih.gov/BLAST), and the closest BLAST
matches were included in phylogenetic comparisons. Phylogenetic trees were
constructed by performing neighbor-joining analyses (CLUSTALX alignments,
ARB analysis package). Bootstrap values of =50% for 100 replicates were
calculated for all dendrogram nodes.
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TABLE 2. Time-dependent geochemical characteristics of site well water samples®
Well 12 Well 8 Well 36
Characteristic Sampling dates (mo/yr) Sampling dates (mo/yr) Sampling dates (mo/yr)

8/2006 12/2006 5/2007 8/2006 5/2007 8/2006 12/2006 5/2007
Nitrate concn (mg/liter) 2.1 2.7 1.8 1.8 1.7 2.3 1.8 1.6
Ammonia concn (mg/liter) 0.13 0.12 0.15 BD” 0.002 0.2 0.12 0.09
Sulfate concn (mg/liter) 100 99 480 110 590 150 51 67
Sulfide concn (mg/liter) 0.01 0.003 0.001 0.01 0.003 0.1 0.02 0.014
Methane concn (pg/liter) ND¢ 2 ND ND ND ND 21 ND
Fe?* concn (mglliter) 0.14 0.28 0.06 0.09 0.02 0.45 0.14 0.06
Alkalinity (mg CaCOs) 140 460 ND 130 ND 76 140 460
Total organic carbon 59 29 ND ND ND 7.3 40 ND

concn (mg/liter)

“ The values are averages of duplicate determinations. The relative standard deviations were as follows: nitrate, 5%; ammonia, 2%; sulfate, 2%; sulfide, 1%; methane,

1%; Fe?*, 1%; and total organic carbon, 5%.
® BD, below detection limit (0.001 mg/liter).
¢ ND, not determined.

Nucleotide sequence accession numbers. The nucleotide sequences reported
here have been deposited in the GenBank database under accession no.
FJ810622 to FI810667.

RESULTS

Recent site geochemistry: variability in methane and inor-
ganic reductants with potential to fuel microbial reactions.
Data obtained for three on-site wells (wells 8, 36, and 12 [Fig.
1]) on three occasions over a 10-month period in 2006 and
2007 documented the fluctuating alkalinity and concentrations
of sulfate, nitrate, and reduced substrates, including ammonia,
methane, sulfide, Fe?*, and total organic carbon (Table 2).
The key observation is that the values for nearly all of these
analytes fluctuated over time for a given well. A previous
report showed that from 1999 to 2001 the on-site concentra-
tions of methane, sulfide, hydrogen gas, Fe**, Mn*", and al-
kalinity were elevated in the contaminated wells compared to
an upgradient control well (5). The new data (Table 2) confirm
the previous findings (presence of methane, sulfide, and Fe*").
However, the concentrations of sulfate, nitrate, and ammonia
rose approximately 10-fold during the intervening 6 years, and
the values for nearly all groundwater constituents were tem-
porally variable (Table 2).

Laboratory-based biodegradation is limited to aerobic con-
taminant metabolism. Given the prevailing oxygen-deprived
conditions reported previously for the study site (5, 79), a
series of laboratory-based biodegradation assays were per-
formed to assess the propensity of the endogenous microbial
community to metabolize native contaminants under a wide
variety of physiological conditions. We focused on slurries of
freshly gathered water and sediment from well 36 because this
well had the highest levels of contamination and was anaerobic
at depth (79). In the aerobic serum bottle incubations, the
ambient naphthalene (480 ppb) was fully metabolized within 1
day (Fig. 2A). No significant biodegradation activity was ob-
served over the 110-day incubation period under conditions
that fostered five alternate terminal electron-accepting pro-
cesses (denitrification, Fe oxide reduction, Mn oxide reduc-
tion, sulfate reduction, and methanogenesis) (Fig. 2B to F).
The data indicate that oxygen-based metabolism of aromatic
compounds is the most robust physiological mechanism by

which the native groundwater microbial community destroys
contaminants and contrast with field observations of anaerobic
loss of contaminants (79). Acknowledging that field processes
may depend on conditions not attained in laboratory incuba-
tions, we utilized field-based metabolite and mRNA assays to
address this discrepancy.

Detection of metabolites. Detection of metabolites is an in-
sightful, independent means of assessing in situ metabolic ac-
tivity (20, 22, 81). In 1995, a transient, unique metabolite of
aerobic naphthalene metabolism (1,2-dihydoxy-1,2-dihy-
dronaphthalene) was found at the study site at concentrations
ranging from 0.06 ppb to 45 ppm in seven monitoring wells
(75). To corroborate the previous observations and extend
them to anaerobic processes, liquid- and solid-phase extrac-
tions were combined with GC/MS to concentrate and docu-
ment the presence of the cis-dihydrodiol-type aerobic metab-
olite (see above) and key carboxylated indicators of anaerobic
metabolism of both naphthalene and 2-methylnapthalene (20,
22, 81) in water samples from the three contaminated wells
(wells 8, 12, and 36) and the background control (Fig. 1) in
January 2001 and November 2005. The previously established
assay, performed using authentic standards derivatized with
BSTFA, was sensitive to ~1 ng/liter. In single-ion monitoring
mode using m/z 228, 127, and 116 and m/z 244, 229, and 127 as
indicator ions for the diol and carboxylates, respectively, no
evidence was found of any metabolite in samples analyzed in
January 2001. However, when the assay for the carboxylated
compounds was carried out in November 2005, 1-naphthoic
acid and very strong evidence of 1,2,3,4-tetrahydro-1-naph-
thoic acid were detected in well 36 but not in the uncontami-
nated background control well (see Fig. S1 in the supplemental
material). (The case for the presence of 1,2,3,4-tetrahydro-1-
naphthoic acid rests on the fact that an authentic standard for
1,2,3,4-tetrahydro-2-naphthoic acid was available and, because
the metabolite at the site had a matching mass spectrum but
different retention time, it was inferred that the compound was
likely the 1,2,3,4-tetrahydro-1-naphthoic acid isomer.) Benzyl-
succinate-type intermediary metabolites (indicative of in situ
anaerobic degradation of toluene, xylenes, etc.) were not de-
tected in the GC/MS assays; the levels of these metabolites
must have been below the limits of detection, as mRNA tran-
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FIG. 2. Naphthalene biodegradation in microcosms containing well 36 groundwater and subsurface sediment from a location adjacent to well
36 in treatments (10°C) designed to favor aerobic metabolism (A), methanogenesis (B), nitrate reduction (C), sulfate reduction (D), manganese
oxide reduction (E), and iron oxide reduction (F). A, data for viable treatments; @, data for poisoned controls. The symbols indicate the averages

for triplicate microcosms; the error bars indicate one standard deviation.

scripts of the bssA gene were found (see below). Thus, while
transient intermediary metabolites for both aerobic and anaer-
obic metabolism of naphthalenes have been found at the site,
the patterns of occurrence vary temporally. This observation is
fully consistent with the dynamic state of the site indicated by
both geochemical (Table 2) (79) and community composition
(79) data.

Expressed genes indicate that there was in sifu microbial
metabolism of aromatic hydrocarbons and ammonia. In situ
aerobic metabolism of naphthalene has previously been indi-
cated by detection and sequencing of transcripts of the naph-
thalene dioxygenase gene, nahAc, in site groundwater (3, 74,
80). Substituted aromatic hydrocarbons (e.g., toluene, xylenes,
and 2-methylnaphthalene) are some of the cooccurring con-
taminants (79). Hypothesizing that these contaminants have
prominent roles in the biogeochemical repertoire of the study
site, we examined six additional key processes: anaerobic ca-
tabolism of methylated aromatic hydrocarbons, aerobic oxida-
tion of ammonia (nitrification), anaerobic reduction of nitrate
(the first step in denitrification), dissimilatory reduction of
nitrate to ammonia (DNRA), methanogenesis, and aerobic
methane oxidation. DNA and mRNA pools extracted from
water samples from the site were screened for individual func-
tional genes (bssA for anaerobic catabolism of methylated ar-
omatic hydrocarbons; bacterial and archaeal amoA for ammo-
nia monooxygenase; narG for the first step in denitrification;
nrfA for the second step in DNRA; mcrA for methyl-coenzyme
M reductase in methanogenesis; and mxaF for the second step
in aerobic methane oxidation). PCR amplification from ex-

tracted DNA was successful for all genes targeted except mcrA.
narG, encoding a membrane-bound nitrate reductase, is one of
nearly a dozen biomarkers widely used to assess reduction of
nitrate to nitrite in anaerobic habitats (60). The three repre-
sentative partial DNA sequences obtained from well 36 (Table
3) were 82 to 85% identical to genes from well-characterized
nitrate reducers, including Geobacter metallireducens. Water
samples from the site also harbored partial sequences that
were 98% identical to the mxaF gene of Methylocystis (Table
3); mxaF is one of several established biomarkers for aerobic
methylotrophy (27).

Patterns of occurrence and sequences of expressed genes.
Reverse transcriptase-based detection of expressed genes was
successful for bssA, nrfA, and both bacterial and archaeal
amoA. In all of these assays, the reverse transcriptase-free
control yielded no PCR product. Table S1 in the supplemental
material shows a summary of data for site sampling, detection,
and cloning of the four gene transcripts, while Table 4 shows
the distribution of specific transcript sequences in cDNA li-
braries from the two wells from November 2005 to November
2006. Because the sampling locations and times were limited,
an absence of gene amplicons in pools of DNA and mRNA did
not necessarily mean that a given process did not occur at the
site. Table S1 in the supplemental material shows that there
were clear temporal variations in two of the transcribed genes;
the data for both bacterial amoA and nrfA (November 2005,
well 36) indicate that mRNA was not detected despite the
presence of encoding DNA.

The recognition that benzylsuccinate synthase (BssA) is a
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TABLE 3. Closest relatives in the GenBank database for partial narG (652 bp) and mxaF (554 bp) DNA sequences obtained from well 36¢

Targeted Sequence Best BLAST match or closest match in Maximum % A .
AT : S ccession no.
gene designation cultured organism identity
narG JMYnarG02 Uncultured bacterium clone RT-250_16 84 DQ481115
Geobacter metallireducens GS-15 82 CP000148
narG JMYnarG03 Uncultured bacterium partial narG 88 AM408519
Geobacter metallireducens GS-16 84 CP000148
narG JMYnarGO05 Uncultured bacterium clone GRAMO27 85 AY955194
Methylobacterium sp. strain 4-46 81 CP000943
mxaF JMYmxaF01 Methylocystis sp. strain SFB2 98 EF212330

¢ Libraries were prepared from the August 2006 samples. For narG, a library of 9 clones led to three RFLP patterns and three gene sequences. For mxaF, a library

of 8 clones led to a single RFLP pattern and a single gene sequence.

pivotal enzyme in anaerobic metabolism of methylated aro-
matic hydrocarbons, especially toluene, has driven recent in-
vestigations of the diversity of bssA-related genes in environ-
mental samples (7, 77). In all five attempts, bssA transcripts
were obtained (a total of 207 clones in 5 libraries) for the
mRNA pool from wells 12 and 36 (November 2005, August
2006, and/or November 2006) (Table 4; see Table S1 in the
supplemental material). The expressed environmental bssA
genes comprised 24 RFLP types, 24 sequences, and 9 distinc-
tive operational taxonomic units (OTUs) (Table 4; see Table
S1 in the supplemental material) that fell into 7 main clades

(Fig. 3A), including sequences grouping with genes associated
with beta- and deltaproteobacteria and a cluster associated
with the unidentified bss4 F2 group reported previously (77).
One of the bssA alleles (bssA-05) was detected in both wells at
nearly all sampling times, while other bss4 alleles (e.g.,
bssA-09, bssA-10, bssA-11, and bssA-13) were detected rarely
(Table 4).

Members of the Bacteria and Archaea both carry out nitri-
fication reactions, although the catalytic subunits (AmoA) of
the ammonia monooxygenase enzymes that they utilize are
distinct (8). Expression of both types of amoA was detected in

TABLE 4. Summary of OTUs from cDNA clone libraries prepared from well 36 and well 12

No. of related clones

Gene OTU* Representativeb clone Well 36 Well 12
seauence Total November August November August November
2005 2006 2006 2006 2006
bssA 1 bssA-01 27 7 0 20 0 0
2 bssA-02 95 27 23 44 0 1
5 bssA-05 11 3 0 2 6 0
6 bssA-06 39 0 0 16 12 11
8 bssA-08 2 0 0 0 2 0
9 bssA-09 2 0 1 0 0 1
10 bssA-10 13 0 0 0 8 5
11 bssA-11 9 1 0 0 1 7
13 bssA-13 7 4 0 0 0 3
amoA (archaeal) 1 amoA (arc-1) 22 22
amoA (bacterial) 1 amoA-01 38 38
amoA-02
amoA-04
amoA-05
3 amoA-03 11 11
nrfA 2 nrfA-02 2 1 1
25 nrfA-25 2 1 1
26 nrfA-26 12 12 0
28 nrfA-28 3 3 0
3 nrfA-03 18 0 18
4 nrfA-04 13 0 13
5 nrfA-05 1 0 1
6 nrfA-06 1 0 1

“ OTUs are unique clone groups determined by RFLP screening.
b Representative sequences for each OTU are shown.
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water from well 36 (August 2006). In all three attempts, tran-
scripts of archaeal amoA genes were amplified; only a single
RFLP-OTU type was detected in a single 22-member clone li-
brary (Table 4; see Table S1 in the supplemental material), and its
sequence matched (99% sequence identity) that of uncultured
archaeal amoA environmental clones (e.g., GenBank accession
no. EU852688). In two of three attempts, transcripts of bacterial
amoA were detected; from a pool of 49 clones in one library, two
RFLP types and four distinct representative clone sequences were
obtained (Table 4; see Table S1 in the supplemental material).
Phylogenetically, the pool of bacterial AmoA mRNA sequences
fell into two main clades (Fig. 3B), and these were associated with
established nitrifying genera (e.g., Nitrosospira and Nitrosomo-
nas).

nrfA encodes an enzyme (cytochrome ¢ nitrite reductase)
that is responsible for a 6-electron transfer that reduces nitrite
to ammonia in the DNRA process (59, 60). In two of three
detection attempts, nrf4 was found to be expressed (in a total
of 52 clones in two libraries) (Table 4; see Table S1 in the
supplemental material) and occurred as 8 RFLP types and 8
representative sequences or OTUs in water from wells 12 and
36 in August 2006 (Table 4; see Table S1 in the supplemental
material). The environmental transcripts, shown as 7 main
clades in Fig. 3C, were related to nrfA4 genes previously asso-
ciated with Chlorobium phaeobacteroides and Geobacter (60).
Two of the nrfA4 alleles (nrfA2, and nrfA25) were detected in
both wells, while the other alleles occurred in single wells
(Table 4).

In contrast to the results described above for the contami-
nated wells (wells 36 and 12), the results of searches for mnRNA
transcripts in samples from the background control (well 60)
were negative in nearly all cases. There was one exception,
however; an amplicon for archaeal amoA was found. This
suggests that aerobic ammonia oxidation may be an ambient
process at the site, probably fed by mineralization of native
organic matter.

DISCUSSION

Spatial variability and temporal variability of geochemical
conditions at the groundwater site examined, as docu-
mented in this study and previously (79), largely preclude
construction of high-resolution maps for microbial pro-
cesses. In order to decipher causation in subsurface biogeo-
chemical processes, it is logical to give high weight to the
presence of genes, transcripts, and metabolites and low
weight to their absence. For example, the inability in this
investigation to detect the biomarker of aerobic naphtha-
lene metabolism (1,2-dihydoxy-1,2-dihydronaphthalene)
does not negate the prior detection of this biomarker (75)
documenting aerobic naphthalene biodegradation at the
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site. In contrast, the expression of bssA transcripts (Fig. 3A)
and the discovery of anaerobic metabolites characteristic of
naphthalene and 2-methylnaphthalene (see Fig. S1 in the
supplemental material) in the groundwater establish that
the microbial community native to the study site metabolizes
aromatic contaminant compounds in situ via anaerobic path-
ways.

The potential physiological electron donors fueling micro-
bial reactions occurring at the site include coal tar-derived
organic compounds, native organic compounds in the dissolved
organic carbon pool, methane, ammonia, and sulfide. The
complementary set of potential physiological electron accep-
tors includes O,, nitrate, sulfate, oxides of Fe and Mn (on
aquifer solids), and CO,. Depletion of O, and nitrate inside
but not outside the zone of contamination has provided evi-
dence of in situ aerobic and anaerobic metabolism of coal tar
waste constituents (5, 79). The constant slow delivery of am-
bient electron acceptors (e.g., oxygen, sulfate, and nitrate) to
the site via groundwater flow (on-site velocity, ~12 m/year
[17]) has the potential to drive (govern) the rates and types of
electron-accepting processes and lead to accumulation of re-
duced metabolic by-products (see below).

This study resulted in a variety of insights about a suite of
biogeochemical processes important to N cycling at the site.
The pools of ammonia and nitrate fluctuate (Table 2). Detec-
tion of archaeal amoA transcripts in the upgradient back-
ground well indicated that nitrification is among the myriad
biogeochemical processes that predictably occur in the absence
of contamination. However, the prevalence of anaerobic con-
ditions and the transcripts of the nrfA gene in groundwater
(Fig. 3C) indicate that dissimilatory reduction of nitrate to
ammonia (DNRA) (59, 60) is likely a key mechanism of in situ
ammonia production. Furthermore, the presence of mRNA
transcripts of both bacterial and archaeal amoA genes (Fig.
3B) indicates that there is in siftu ammonia oxidation. There-
fore, redox cycling of N appears to occur at the site, and it
likely stems indirectly from coal tar waste, whose oxidation
creates elevated concentrations of ammonia (via DNRA) in
water at the site. The presence in 16S rRNA clone libraries of
sequences representing microbial taxa known to carry out am-
monia oxidation (e.g., taxa related to Nitrosopumilus [32, 79])
provides additional support for the hypothesis that there is
redox cycling of nitrogen. The conclusion that emerges from
the observations described above is that the dynamic geochem-
istry of this subsurface site fosters the development of micro-
bial populations that catalyze biogeochemical redox reactions,
separated spatially and/or temporally, that are complementary
to one another. In the present study we simultaneously used
both empirical field geochemical measurements and the results
of a molecular (MRNA)-based strategy to argue that nitrifica-

FIG. 3. Phylogenetic analysis of mRNA transcripts found in water from the site for three key site metabolic processes: anaerobic degradation
of methylated aromatic compounds (bss4) (A), aerobic metabolism of ammonia (bacterial amoA) (B), and anaerobic dissimilatory reduction of
nitrate to ammonia (nrfA4) (C). The alignments are based on data for 250, 137, and 209 deduced amino acid sites, respectively. Neighbor-joining
analyses were performed with CLUSTALX alignments using the ARB analysis package. Sequences obtained in this study are indicated by bold
type, while reference sequences are indicated by light type. The distribution of clones in wells 36 and 12 is shown in Table 4. Bootstrap values of
=50% for 100 replicates are indicated at the nodes. The GenBank accession numbers for reference sequences are indicated after the clone and

organism designations. Scale bars = 0.10 change per nucleotide position.
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tion can cooccur with DNRA and thus that there is coupled
cycling of N in the subsurface.

Dissimilatory reduction of nitrate to ammonia is the 8-elec-
tron-accepting conversion of NO;~ to NH; (59, 64). This pro-
cess has long been considered a physiological peculiarity re-
stricted to enteric bacteria (16) or sulfur reducers (55), and its
ecological significance has been underexplored and underem-
phasized for decades (13, 14, 64, 65, 66). However, DNRA has
been reported to occur in a variety of habitats, including an-
aerobic bioreactors (41), landfills (10), freshwater sediment
(35), a glacial meltwater stream (45), marine sediments (36, 61,
72), and anaerobic river sediments (12, 31). Furthermore,
there has been a resurgence of efforts aimed at documenting
and understanding the occurrence of DNRA in tropical forest
soils (49, 56, 57, 63) and in African coastal waters (30) by using
measurements of the physiological conversion of *>NO;~ to
!SNH; by environmental samples. In the oxygen minimum
zone off the coast of Peru, DNRA has emerged as a crucial
N-cycling process, generating the ammonia pool that fosters
the anammox reaction (33).

This study reports apparent contradictions between two
types of information pertinent to aromatic hydrocarbon bio-
degradation. Laboratory incubations (Fig. 2) provided evi-
dence only for the commonly observed aerobic metabolism of
naphthalene (3, 80). Yet data for two independent field-de-
rived biomarkers (metabolites and mRNA transcripts) (Fig. 3;
see Fig. S1 in the supplemental material) clearly indicated that
anaerobic microbial metabolism of methylated and nonmeth-
ylated aromatic pollutants occurs in situ at the study site. We
reconcile the apparent contradictions by pointing to the fact
that metabolic relationships within microbial consortia (neces-
sary for expression of many anaerobic processes) may be dif-
ficult to assemble in laboratory settings (54). The field-derived
information trumps the laboratory information. It is possible
that trace amounts of oxygen entered our sampling bottles; this
may have led to elimination of populations essential for anaer-
obic naphthalene metabolism. Also, the concentrations of final
electron acceptors and/or reducing agents may have been so
high that they inhibited the physiological processes examined.
The recovery of both metabolites and transcripts indicative of
anaerobic aromatic hydrocarbon metabolism provides impetus
for redoubling our efforts to cultivate and isolate microbes
catalyzing these processes.
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