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Assessment of Anaerobic Toluene Biodegradation Activity by bssA

Transcript/Gene Ratios

Christina N. Brow,* Reid O’'Brien Johnson,* Richard L. Johnson, Holly M. Simon

Institute of Environmental Health, Oregon Health and Science University, Beaverton, Oregon, USA

Benzylsuccinate synthase (bssA) genes associated with toluene degradation were profiled across a groundwater contaminant
plume under nitrate-reducing conditions and were detected in significant numbers throughout the plume. However, differences
between groundwater and core sediment samples suggested that microbial transport, rather than local activity, was the underly-
ing cause of the high copy numbers within the downgradient plume. Both gene transcript and reactant concentrations were con-
sistent with this hypothesis. Expression of bssA genes from denitrifying toluene degraders was induced by toluene but only in the
presence of nitrate, and transcript abundance dropped rapidly following the removal of either toluene or nitrate. The drop in
bssA transcripts following the removal of toluene could be described by an exponential decay function with a half-life on the or-
der of 1 h. Interestingly, bssA transcripts never disappeared completely but were always detected at some level if either inducer
was present. Therefore, the detection of transcripts alone may not be sufficient evidence for contaminant degradation. To avoid
mistakenly associating basal-level gene expression with actively degrading microbial populations, an integrated approach using
the ratio of functional gene transcripts to gene copies is recommended. This approach minimizes the impact of microbial trans-
port on activity assessment and allows reliable assessments of microbial activity to be obtained from water samples.

he use of molecular biological tools has led to significant ad-

vancements in the area of in situ bioremediation. Of particu-
late note is the use of quantitative PCR (qPCR) for the detection
and quantification of functional genes associated with the degra-
dation of contaminants. However, as has been repeatedly demon-
strated in both column and field studies, functional gene abun-
dance is not always predictive of contaminant degradation, nor
does it consistently correlate with gene expression or contaminant
concentration (1, 2). Furthermore, high gene copy numbers are
often sustained when there is little or no active degradation (3, 4),
making such measurements difficult to interpret.

In some cases, microbial transport may provide an explanation
for elevated gene copies in the absence of degradation. It has been
suggested that genes recovered from groundwater samples may
represent conditions upgradient of where they were sampled, be-
cause planktonic microorganisms are subjected to transport (5).
As a result, organisms observed in groundwater samples may not
reflect local chemical conditions; rather, their presence may be the
result of transport from upstream locations where chemical con-
ditions favored their activity and growth. The impact of microbial
transport can be minimized by assessing activity with sediment
sampling (6); however, the relative simplicity of groundwater
sampling makes it more attractive from a practical standpoint.

Functional gene transcripts have been suggested as a more re-
liable indicator oflocal contaminant biodegradation, because they
typically have half-lives of only a few hours (7) and, as a result, are
too short-lived to be transported significant distances in the sub-
surface. Although expression of functional genes has been corre-
lated with contaminant degradation in certain studies, the rela-
tionship between gene expression and activity varies with the
particular genes examined (8, 9) and environmental stressors ap-
plied (10, 11). Furthermore, gene expression is sometimes ob-
served in response to non-growth-supporting substrates (12, 13),
consistent with the uncoupling of growth from biodegradation.

In the current study, we quantified the abundance of func-
tional genes and gene transcripts in sediment and water samples
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from a large-scale model aquifer to assess the in situ activity of
toluene-degrading organisms. We evaluated the effects of subsur-
face transport and substrate and electron acceptor concentrations
on the distribution and activity of toluene degraders within the
contaminant plume in order to identify metrics that would pro-
vide robust indicators of degradation activity.

MATERIALS AND METHODS

Samples were collected from a large physical model aquifer (Fig. 1) with
the following dimensions: 7.3 m long by 2.4 m high by 0.5 m thick. The
aquifer has been described elsewhere (6). Briefly, it was filled with me-
dium sand of basaltic origin, and no microorganisms were added to the
aquifer. Groundwater flow velocity was approximately 30 cm/day and was
maintained using constant-head reservoirs at either end of the aquifer.
Oxic tap water was supplied to the upgradient reservoir. A fluorescein
tracer and dissolved toluene source (65 mg/liter) using helium-sparged
water was continuously introduced near the upgradient end of the model,
resulting in the formation of an anoxic plume. The system had been in
continuous operation for over a year at the time of this study.

Initial investigations in the model aquifer involved water samples col-
lected from an array of horizontal ports constructed on the side of the
physical model and spanning the upper interface of the anoxic plume (Fig.
1). A vertical sediment core was collected cryogenically at the same down-
stream distance (2.9 m) using the method described by Johnson et al. (6).
In subsequent experiments involving the addition and removal of nitrate
from the injection source, samples were collected from ports installed
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FIG 1 Side-view schematic drawing of the model aquifer and toluene plume.
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Groundwater flow in the model was from left to right. A vertical transect of

groundwater sampling ports (black circles) was installed 2.9 m downgradient from the injection port. Ten additional groundwater sampling ports were installed
along the centerline of the plume between the injection port and 2.9 m. A black rectangle is used to show the location of the cryogenically collected sediment core.

along the centerline of the plume between the injection port and 2.9 m
(Fig. 1).

DNA and RNA extraction and purification and cDNA conversion.
DNA extractions were performed on filtered water samples and 1-g frac-
tions of sediment using the FastDNA spin kit for soil (MP Biomedicals,
Solon, OH). Independent DNA extractions were performed on duplicate
sediment subfractions from each depth. (Duplicate water samples were
not possible without reducing sample resolution.) RNA was extracted
from filters as described in reference 14. A similar procedure was used for
sediment with the exception that 4 independent extractions were per-
formed on replicate 1-g subfractions, and the RNA was pooled during
elution. RNA was treated with Turbo DNA-free (Applied Biosystems,
Carlsbad, CA) and was confirmed to be free of DNA contamination by
RT-minus qPCR (a gPCR run without reverse transcriptase). Total RNA
was converted to cDNA using SuperScript IIT and random primers (In-
vitrogen Corp., Carlsbad, CA) at a concentration of 300 ng in each 20-pl
reaction mixture.

Primer design and construction of qPCR standards. Experiments
with the bssA qPCR primer set designed by Winderl etal. (15) to target the
F1 cluster of bssA deltaproteobacterial clone sequences did not pro-
duce PCR products with DNA extracted from the model aquifer. How-
ever, the broad-specificity PCR primer set used to produce those
clones (16) did yield a bssA signal with model aquifer DNA. It was
concluded that F1-type organisms were not dominant in the model
aquifer; therefore, a qPCR primer set was designed to target the same
set of betaproteobacterial bssA sequences used to develop the broader
primer set (16). Primers were designed using the CLC Genomics
Workbench from conserved sequences of benzylsuccinate synthase
(bssA) genes from denitrifying, toluene-degrading betaproteobacterial
organisms: Thauera sp. DNT-1, Thauera aromatica K172, Thauera
aromatica T1, Azoarcus sp. T, Azoarcus sp. EbN1, and Magnetospiril-
lum sp. TS-6 (GenBank accession numbers AB066263_BAC05501.1,
AJ001848_CAA05052.1, AF113168_AAC38454.1, AY032676_AAK50372.1,
CR555306_c2A304, and AB167725_BAD42366.1, respectively). Primer se-
quences are as follows: 997F, 5'-CTG-CTG-TGG-CCS-TAY-TAC-AAG-
3’; and 1230R, 5'-GAT-GGC-GTC-GGT-CAT-GTC-GKT-3'. Positions
are given relative to the bssA gene of Azoarcus sp. EbN1.

Genomic DNA from the model aquifer was extracted and purified,
and bssA gene sequences were PCR amplified in a MyiQ real-time qPCR
detection system using iQ SYBR green Supermix (Bio-Rad Laboratories
Inc., Hercules, CA) as follows. Primers were added to reactions at a final
concentration of 200 nM. Cycling conditions consisted of 5 min initial
denaturation at 95°C followed by 40 cycles of 45 s of denaturation at 95°C,
1 min annealingat 61.5°C, and a 1.5-min extension at 72°C. PCR products
were purified using the Wizard SV gel and PCR cleanup system (Promega
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Corp., Madison, WI) and cloned into E. coli with the pCR2.1 vector sys-
tem using a TOPO TA cloning kit (Invitrogen Corp., Carlsbad, CA) ac-
cording to the manufacturers’ instructions. Randomly selected clones
were analyzed by PCR and gel electrophoresis to ensure the presence of the
insert and sequenced with an ABI3130XL Genetic Analyzer (ABI, Foster
City, CA) to confirm primer specificity.

For use as an external standard for quantification purposes, a plasmid
with an insert sequence most similar to bssA from Magnetospirillum sp.
TS-6 (98% sequence identity over 230 nucleotides [nt]) was linearized by
digestion with restriction exonuclease Xbal (New England BioLabs, Ip-
switch, MA) in a 200-pl reaction mixture. The products were purified
using a plasmid purification kit (Qiagen, Valencia, CA), and concentra-
tions of linearized plasmids were determined fluorometrically using
PicoGreen (Invitrogen Corp., Carlsbad, CA) and a NanoDrop fluorome-
ter (Thermo Scientific, Wilmington, DE) and were used to determine
gene copy number based on the molecular weight of the plasmid. Specif-
ically, a serial dilution of the linearized plasmid stock was quantified using
the PicoGreen assay to ensure that the measurements were within the
linear range of the instrument. A dilution from within the linear range was
then selected as the starting point for the dilutions in the standard curve
and remeasured in an independent assay as confirmation. Dilutions of
linearized plasmids, each tested in duplicate, spanning 5 orders of magni-
tude were used as standard curves for the determination of gene copy
numbers. Standard curves were linear over this range (1.7 X 10" to 1.7 X
10° copies per reaction), with amplification efficiencies greater than 96%.

Quantification of bssA genes and gene transcripts. Quantitative PCR
was performed in an MyiQ real-time qPCR detection system using iQ
SYBR green Supermix (Bio-Rad Laboratories Inc., Hercules, CA) as de-
scribed above. qPCR data were analyzed using LinReg PCR (17), and gene
copy numbers were determined by comparison to standard curves. Neg-
ative controls showed no signs of contamination through 40 cycles, as
evidenced by analysis of amplification and melt curves.

Lifetime of bssA transcripts following removal of toluene. A total of
800 ml of pore water was collected from a port along the plume centerline
located 0.5 m downgradient of the injection port (Fig. 1). Toluene in the
sample was removed by sparging with helium gas, which was also used to
keep the sample anoxic, and the sample was incubated at room tempera-
ture. Subsamples (100 ml) for RNA analysis were collected at the begin-
ning of the experiment (+ = 0) and at 2, 4, 8, 12, 20, and 30 h. Samples for
DNA analysis (25 ml) were also collected at the beginning and end of the
experiment. Samples for both DNA and RNA analyses were filtered as
described, frozen in liquid nitrogen, and stored at —80°C until extraction
of nucleic acids. Additionally, 15-ml samples were collected periodically
in gas-tight syringes for analysis of toluene and nitrate concentrations.
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FIG 2 Vertical chemical profiles (a and c) and bssA gene abundance (b) in samples collected in a vertical transect 2.9 m downgradient of the injection port. Data
are displayed as values relative to the sample of greatest concentration (in panel a, 82% saturation for DO, 1.7 mg/liter for nitrate, and 61 mg/liter for toluene; in
panel b, 9.08 X 10° copies/g for water and 5.23 X 107 copies/g for sediment; in panel ¢, 83% saturation for DO, 2.3 mg/liter for nitrate, and 0 mg/liter for toluene).
Panel d shows the fold increase in bssA gene abundance in pore water following biostimulation with nitrate.

Geochemical analyses of water samples. Water samples collected
from the model aquifer ports and from the bssA lifetime experiment were
analyzed for fluorescein, toluene, dissolved oxygen, and nitrate using
methods described by Johnson et al. (6). Briefly, 15-ml water samples were
collected in gas-tight syringes. Toluene concentrations were measured by
headspace gas chromatography, dissolved oxygen (DO) with a flow-
through electrode, nitrate by ion chromatography, and fluorescein with a
flowthrough fluorometer.

RESULTS

Prebiostimulation. The introduction of toluene to the model
aquifer resulted in the formation of an anoxic toluene plume
within an otherwise oxic aquifer. This can be seen in Fig. 2a, which
profiles the pore water concentrations of toluene, dissolved oxy-
gen, and nitrate in a vertical transect extending from above the
plume to the plume center. Prior to biostimulation with nitrate
(i.e., at background nitrate levels of ~2 mg/liter), the abundance
of bssA genes from organisms that couple denitrification to tolu-
ene degradation was quantified in water samples and the core
sample collected from this transect (Fig. 2b). The bssA gene en-
codes benzylsuccinate synthase, the key enzyme involved in an-
aerobic toluene degradation, and has been found in all microbial
isolates capable of anaerobic toluene degradation to date (16).

Maximum bssA recovery was greater from sediment than from
an equivalent mass of water (~600% greater). This is consistent
with sediment-attached organisms dominating the subsurface
population, which has been repeatedly shown in both column
experiments and in the field (18, 19). More importantly, the ver-
tical distributions of bssA genes in sediment and water were dis-
tinctly different. Maximum bssA abundance in the sediment was
largely confined to a narrow peak near the plume interface, where
electron acceptor availability would be more favorable. The
groundwater distribution of bssA genes showed the highest abun-
dance near the center of the plume where there was no available
nitrate and where toluene degradation was insignificant.

During and after biostimulation. Nitrate was added to the
injection solution at a concentration of 80 mg/liter to stimulate
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anaerobic biodegradation under denitrifying conditions. This re-
sulted in the removal of >97% of the toluene within 0.5 m of the
injection port, with no toluene detectable at any downgradient
location (data not shown). Nitrate was also consumed within 0.5
m of the source. This is illustrated in Fig. 2c, which depicts the
toluene, DO, and nitrate profiles 2.9 m downgradient of the injec-
tion port during biostimulation.

Abundance of the bssA gene in pore water at 2.9 m increased as
much as 21-fold within the plume (Fig. 2d) during biostimulation.
The increased recovery of bssA genes from nitrate and toluene-
depleted pore water further supports the idea that the organisms
harboring these genes originated upgradient, where biostimula-
tion resulted in toluene degradation activity. In this case, gene
expression activity should be much lower at 2.9 m than that at
upgradient locations. However, under these conditions, it was not
possible to assess the relationship between gene expression and
chemical conditions, since none of the plume samples contained
nitrate or toluene. To address this, the concentration of nitrate
injected was reduced to 52 mg/liter, and water sampling ports
were installed along the centerline of the plume between the in-
jection port and the transect at 2.9 m (Fig. 1), in an attempt to
capture the leading edge of the plume.

As shown in Fig. 3a, the concentrations of toluene and nitrate
within the plume decreased to 4 and 0% of their influent concen-
trations, respectively, over 2.9 m. Over this distance, the abun-
dance of bssA genes in pore water samples remained fairly con-
stant along the length of the plume (Fig. 3b), showing no apparent
relationship to either toluene or nitrate concentrations. In con-
trast, the abundance of bssA gene transcripts peaked (5.7 X 10° =
6.7 X 10° copies per ml) at 0.5 m, where toluene and nitrate were
present at 40 and 24% of their influent concentrations, respec-
tively, and then decreased more than 300 times at 2.9 m. This
supports the hypothesis that bssA genes detected downgradient in
the plume were not highly expressed and likely originated nearer
to the source zone of the plume. However, even at 2.9 m in our
experiments (where no biodegradation was occurring), bssA tran-
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FIG 3 (a) Relative abundance of toluene, nitrate, and fluorescein in pore
water collected along the centerline of the plume downgradient of the injection
port. Also shown are the abundances of bssA genes and gene transcripts (b) and
the ratio of bssA transcripts to bssA genes (c). Error bars (in panel b) represent-
ing the standard deviation of 2 independent PCRs are smaller than the width of
the symbols and therefore not visible. Toluene and nitrate concentrations used
for normalization were 65 and 42 mg/liter, respectively.

scripts were still detectable on the order of 10* to 10° copies/ml.
Two possible explanations for this are that (i) a slow and poten-
tially incomplete downregulation of bssA transcription occurred
or (ii) bssA genes were constitutively transcribed at a basal level,
even in the absence of inducers.

Toluene regulation of bssA gene expression. To distinguish
between incomplete downregulation and basal-level expression,
we assessed the lifetime of bssA gene transcripts following the re-
moval of toluene. An 800-ml sample of pore water was collected
from the plume centerline port at 0.5 m, which had shown peak
abundance of bssA transcripts (Fig. 3b). Toluene was removed
from the sample by sparging with helium gas, and bssA gene ex-
pression was monitored over the next 30 h. The concentration of
toluene fell to 3 and 1% of its initial value within 1 and 2 h, respec-
tively, after which toluene was undetectable (detection limit of 50
pg/liter toluene) (Fig. 4a). Within the same 2 h, the abundance of
bssA transcripts fell 92% (from a starting value of ~2 X 10° down
to ~1.6 X 10°) (Fig. 4b). Transcript abundance after this point
remained fairly constant at ~10° copies per ml.

Nitrate regulation of bssA expression. Results from both the
model aquifer and the bssA lifetime experiment suggested that
bssA gene expression was upregulated in response to toluene but
only in the presence of the electron acceptor, nitrate. Therefore,
we subsequently assessed whether availability of nitrate regulated
bssA gene expression. Unlike toluene, nitrate cannot be sparged
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FIG 4 bssA mRNA lifetime following removal of toluene by sparging with
helium gas. (a) Concentrations of nitrate and toluene over time, relative to
their initial concentrations; (b) abundance of bssA gene and transcript copies/
ml; and (c) bssA gene transcript/gene copy ratios. Initial toluene and nitrate
concentrations were 11.2 and 15.5 mg/liter, respectively.

from a sample. To evaluate how quickly bssA gene expression was
downregulated in response to the depletion of nitrate, biostimu-
lation in the model aquifer was ceased, and bssA gene abundance
and expression were monitored at 0.5 m downgradient of the in-
jection location.

Toluene degradation ceased rapidly following the termination
of biostimulation, and the toluene plume evolved down the length
of the model aquifer (Fig. 5). Within 3 weeks, the toluene plume
had reached its prebiostimulation state. Note that the toluene con-
centration went up in response to the loss of degradation (Fig. 6a).
Changes in groundwater chemistry were accompanied by signifi-
cant changes in the abundance and expression of bssA genes at 0.5
m in the plume. By day 3, the transcript copies had dropped more
than an order of magnitude (from a starting value of ~1.5 X 10’
down to ~6 X 10°) (Fig. 6b). This coincided with the complete
disappearance of nitrate from the system, as well as the first ob-
served movement of the leading edge of the toluene plume (Fig. 5;
3 days).

DISCUSSION

Quantification of functional gene copies. Prebiostimulation pro-
filing of bssA genes in sediment and pore water from the model
aquifer revealed distinct differences in distribution related to po-
tential transport artifacts. Sediment concentrations reached a
maximum in the “plume fringe,” where overlapping countergra-
dients of electron donors and acceptors existed (15, 20). The high
abundance of bssA genes in nitrate-depleted water, however, sug-
gested the possibility that genes detected there did not represent
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FIG 5 Profiles of toluene and nitrate in the model aquifer following the ter-
mination of biostimulation with nitrate. Toluene data are presented relative to
injection concentration. Nitrate data presented relative to injection concen-
tration prior to termination. Arrows are present to indicate the points at which
nitrate was no longer detectable and the leading edge of the toluene plume
began to move. Toluene and nitrate concentrations used for normalization
were 29.7 and 43.8 mg/liter, respectively.

actively degrading populations but were instead associated with
organisms that originated upgradient, where chemical conditions
favored their growth. These results were similar to those from a
recent report involving the same model aquifer and tm0A, a gene
involved in the aerobic degradation of toluene via a monooxygen-
ase pathway (6). The data showed that tmoA gene copy numbers in
water samples peaked within the anoxic plume core, while in the
sediment they were most abundant at the oxic/anoxic interface.
Given the long distances a microorganism can travel in the sub-
surface (21, 22), this limits the likelihood of developing useful
correlations between gene abundance and contaminant concen-
tration, gene expression, or degradation activity.

Quantification of functional gene transcripts. Biostimulation
with nitrate led to a 21-fold increase in abundance of bssA genes in
pore water at 2.9 m within the plume (Fig. 2d). Transcripts were
quantified to determine whether the genes were being actively
expressed. The peak abundance of bssA gene transcripts at 0.5 m
coincided with significant quantities of toluene and nitrate (mea-
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FIG 6 Time series data at 0.5 m downgradient from the injection point in the
days following cessation of nitrate biostimulation. Shown are toluene and
nitrate concentrations (a) corresponding to abundance of bssA genes and gene
transcripts in pore water from along the centerline of the plume (b) and ratios
of bssA gene transcripts to gene copies (c). Toluene and nitrate concentrations
used for normalization were 29.7 and 43.8 mg/liter, respectively.

sured at 40 and 24% of their influent concentrations, respectively)
and toluene degradation activity (Fig. 3b). At 2.9 m, where toluene
and nitrate were depleted, transcript copy numbers had de-
creased more than 300 times. These results suggested that gene
expression was a better indicator of both geochemical condi-
tions within the plume and actively degrading populations
than genes themselves. Given the short-lived nature of bacterial
mRNA (23), this is not surprising. However, taking into con-
sideration the fact that bssA transcripts were still detectable at
2.9 m on the order of 10* to 10° copies per ml, this suggests that
the detection of functional gene transcripts is not sufficient to
demonstrate biodegradation activity.

Effects of toluene and nitrate on transcript copy number.
Toluene has been shown to induce expression of bssA under both
aerobic and anaerobic conditions in Thauera sp. strain DNT-1
(24) and of a suite of genes (including bssA) and gene products
involved in anaerobic toluene degradation in Azoarcus sp. strains
T and EbN1 (25, 26). Note that in each case, induction took place
in the presence of nitrate. The removal of toluene from pore water
resulted in an order-of-magnitude decrease in bssA transcript
copy number within ~2 h (Fig. 4a and b). This indicates that bssA
gene expression was downregulated quickly in the absence of tol-
uene. However, the persistence of transcripts at about 10° copies/
ml, extending at least 30 h after the removal of toluene, indicates
that bssA transcription may occur at a basal level even in the ab-
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sence of toluene. This further supports the idea that detection of
bssA gene transcripts alone is not sufficient to indicate toluene
degradation activity.

Termination of biostimulation resulted in an increase in tolu-
ene (because it was no longer being degraded) and a decrease in
nitrate in the model aquifer. Coincident with these changes, bssA
transcript copies decreased by more than an order of magnitude
(Fig. 6a and b). This result suggests that bssA gene expression was
also regulated by the availability of nitrate.

Transport effects. After termination of biostimulation, the in-
crease of more than an order of magnitude in bssA gene abun-
dance observed at 0.5 m on day three (Fig. 6b) is evidence of
increased microbial transport due to the change in geochemical
conditions and is consistent with observations made during other
periods of change in the aquifer. We believe this result was due to
reentrainment of attached cells following the reduction in pore
water ionic strength caused by the removal of nitrate. Reentrain-
ment upon decreases in ionic strength results from expansion of
the electrical double layer surrounding particles and sediment
surfaces. As a result, the effective distance of electrostatic repul-
sion increases, causing the release of particles reversibly held in
secondary energy minima (27). This phenomenon has been well
documented for both biological (28) and nonbiological colloids
(29) in saturated porous media.

Integrated mRNA/DNA approach. The bssA transcripts con-
tinued to be detected at >10* copies/ml even 3 weeks after nitrate
depletion (Fig. 6b). From these results, it is evident that a simple
presence-versus-absence approach to interpreting gene expres-
sion data is inadequate for assessing the in situ physiological state
of the toluene degraders in this system. In fact, 10* to 10> bssA
transcripts/ml could be detected in all plume samples depleted in
both nitrate and toluene, as well as those from the bssA lifetime
experiments. This suggests that bssA genes were expressed at low
levels, even in the absence of inducers. (However, the steady de-
cline in transcripts over distance when both inducers were de-
pleted [Fig. 3b] does suggest that one or the other inducer must be
present for sustained basal-level transcription.)

Constitutive expression of catabolic genes is thought to confer
a selective advantage for organisms inhabiting oligotrophic envi-
ronments. In carbon- and energy-limited environments, consti-
tutive expression increases an organism’s capacity to react quickly
to transiently available nutrients (30). For example, in what they
termed “catabolic preparedness,” Trautwein et al. (31) recently
demonstrated that Azoarcus sp. EbDN1 expressed a large number of
proteins involved in anaerobic hydrocarbon degradation despite
the absence of their respective substrates from the growth me-
dium. Given the oligotrophic nature of most groundwater sys-
tems, it is possible that many of the catabolic genes associated with
contaminant degradation also exhibit some degree of constitutive
expression, thus making a presence/absence approach to inter-
preting gene expression data insufficient. This is, in fact, likely to
be the case for studies in most natural systems, in which microor-
ganisms are generally believed to be limited by nutrients for
growth (32).

To differentiate between constitutive expression and gene ex-
pression associated with actively degrading populations of organ-
isms, it was necessary to take an integrated approach. For example,
model aquifer samples containing both toluene and nitrate con-
sistently had higher bssA gene transcript/gene copy number ratios
than those samples lacking either nitrate or both toluene and ni-
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trate (Fig. 3¢, 4c, and 6¢). Ratios on the order of 10™" were con-
sistently associated with samples in which toluene degradation
coupled to nitrate reduction was actively taking place, while ratios
1 to 2 orders of magnitude lower were observed in areas where no
active toluene degradation was occurring. A comparable relation-
ship was seen in samples from the bssA lifetime experiment, in
which the transcript-to-gene ratio was reduced from 0.12 to 0.001
following the removal of toluene.

The recovery of lower numbers of transcript to corresponding
gene copies has been reported in other studies examining func-
tional gene expression in the environment (8, 10, 33-35). This
may be the result of partially active populations due to physiolog-
ical differences among members, differential extraction efficien-
cies, incomplete conversion of mRNA into cDNA during the re-
verse transcription reaction, or other factors (33-36).

In the likelihood that many genes involved in contaminant
degradation may also be constitutively expressed, an integrated
mRNA/DNA approach could provide more-robust evidence for
active degradation than quantification of either gene copies or
transcripts alone. An appropriate “activity threshold” (mRNA/
DNA ratio) would need to be determined experimentally for each
gene in question, but in doing so, accurate assessments of in situ
degradation could be made from water samples, without concern
for transport artifacts. Molecular analysis of sediment samples has
been shown to better reflect solution chemistry and degradation
activity when usinga DNA-only approach (6). However, sediment
sampling presents a unique set of challenges that make ground-
water sampling more practical, particularly when repetitive sam-
pling is necessary, as is the case for monitored natural attenuation.
Therefore, an integrated mRNA/DNA approach improves our
ability to use pore water sampling to assess microbial degradation
of contaminants.
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