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Sustained Ability of a Natural Microbial
Community to Remove Nitrate
from Groundwater

by Charles J. Paradis'?®, John I. Miller®3, Ji-Won Moon?, Sarah J. Spencer?, Lauren M. Lui®,
Joy D. Van Nostrand®, Daliang Ning®, Andrew D. Steen'”, Larry D. McKay', Adam P. Arkin®8, Jizhong Zhou®,
Eric J. AIm* and Terry C. Hazen!:23:89.10.11.12

Abstract

Microbial-mediated nitrate removal from groundwater is widely recognized as the predominant mechanism for nitrate
attenuation in contaminated aquifers and is largely dependent on the presence of a carbon-bearing electron donor. The repeated
exposure of a natural microbial community to an electron donor can result in the sustained ability of the community to remove
nitrate; this phenomenon has been clearly demonstrated at the laboratory scale. However, in situ demonstrations of this ability are
lacking. For this study, ethanol (electron donor) was repeatedly injected into a groundwater well (treatment) for six consecutive weeks
to establish the sustained ability of a microbial community to remove nitrate. A second well (control) located upgradient was not
injected with ethanol during this time. The treatment well demonstrated strong evidence of sustained ability as evident by ethanol,
nitrate, and subsequent sulfate removal up to 21, 64, and 68%, respectively, as compared to the conservative tracer (bromide) upon
consecutive exposures. Both wells were then monitored for six additional weeks under natural (no injection) conditions. During the
final week, ethanol was injected into both treatment and control wells. The treatment well demonstrated sustained ability as evident
by ethanol and nitrate removal up to 20 and 21%, respectively, as compared to bromide, whereas the control did not show strong
evidence of nitrate removal (5% removal). Surprisingly, the treatment well did not indicate a sustained and selective enrichment of a
microbial community. These results suggested that the predominant mechanism(s) of sustained ability likely exist at the enzymatic-
and/or genetic-levels. The results of this study demonstrated the in situ ability of a microbial community to remove nitrate can be
sustained in the prolonged absence of an electron donor.

Introduction

Natural microbial communities that can utilize nitrate
as an electron acceptor are ubiquitous in groundwater and
play a critical role in nitrate attenuation in contaminated
aquifers (Rivett et al. 2008). The typical order in which
electron acceptors are utilized is as follows: oxygen
(O), nitrate (NO37), manganese (Mn(IV)), ferric iron
(Fe(Ill)), and sulfate (SO4>7). The ability of these
communities to reduce and effectively remove nitrate from
groundwater is primarily limited by the availability of
a suitable electron donor (Rivett et al. 2008). Ethanol
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has been shown to be an effective electron donor
to stimulate nitrate removal in contaminated aquifers
(Cardenas et al. 2008; Jin and Roden 2011; Vidal-
Gavilan et al. 2014) and is relatively labile, miscible, and
easy to measure as compared to more complex donors
(Fowdar et al. 2015). Prior exposure of a community
to an electron donor can result in the sustained ability
of the community to conduct specific donor-acceptor
reactions (Leahy and Colwell 1990; Kline et al. 2011).
This phenomenon has been observed in the field based on
characterization studies and has been demonstrated in the
laboratory based on experimental studies (Koskella and
Vos 2015).

For example, in the field, Pernthaler and Pern-
thaler (2005) observed the sustained ability of a marine
microbial community in response to naturally fluctuating
electron donor availability over the course of a single
day. In the laboratory, Pernthaler et al. (2001) demon-
strated that the sustained ability of marine isolates was
dependent on the frequency of electron donor addition,
for example, one species out-competed the other during
a single addition whereas the other species performed
best during hourly additions. Leahy and Colwell (1990)
summarized the predominant, yet inter-related, mecha-
nisms by which sustained ability can occur as follows:
(1) induction and/or depression of specific enzymes; (2)
genetic changes that result in new metabolic capabili-
ties; and (3) selective enrichment of microbes able to
conduct the donor-acceptor reactions of interest. More
recently and in the laboratory, Oh et al. (2013) demon-
strated the inter-related mechanisms of the sustained abil-
ity of a river sediment microbial community to utilize
nitrate as an electron acceptor in response to expo-
sures of an electron donor (benzalkonium chlorides);
this resulted in both the selective enrichment of Pseu-
domonas species and genetic changes via benzalkonium
chlorides-related amino acid substitutions and horizontal
gene transfer.

These observations, demonstrations, and mechanis-
tic insights of the sustained ability of natural micro-
bial communities conduct specific donor-acceptor reac-
tions are only a small fraction of those in the vast lit-
erature (Koskella and Vos 2015) yet they clearly illus-
trate the importance and highlight the current under-
standing of the topic. Nevertheless, there is a need
to bridge the knowledge gap between field observa-
tions and laboratory demonstrations of sustained abil-
ity. Specifically, there is a need to design and conduct
highly controlled field experiments with the proper con-
trols to both demonstrate sustained ability and eluci-
date its mechanisms. The objectives of this study were
as follows: (1) establish a natural microbial commu-
nity able to utilize nitrate as an electron acceptor in
groundwater; (2) determine how long sustained ability
can last in the absence of a suitable electron donor;
and (3) elucidate the microbial mechanism(s) respon-
sible for sustained ability the community to remove
nitrate.

2 C.J. Paradis et al. Groundwater

Materials and Methods

Study Site

The study site is in Area 2 of the Y-12S-3 pond
field site which is a part of the Oak Ridge Reservation
(ORR) and in Oak Ridge, Tennessee, USA (Figure 1).
The hydrogeology of the study site has been previously
described (Watson et al. 2004; Paradis et al. 2016; Paradis
et al. 2018). The subsurface consists of approximately 6 m
of unconsolidated and heterogeneous materials comprised
of silty and clayey fill underlain by undisturbed and
clay-rich weathered bedrock. The study site contains 13
monitoring wells (FW218 through FW230), two of which
were used as test wells (FW222 [treatment well] and
FW224 [control well]), and one of which was used as
a source well (FW229) for groundwater injectate for the
exposure tests (Figure 1). The test wells are constructed
of 1.9-cm inside diameter schedule-80 polyvinyl chloride
(PVC) pipe and are screened from 3.7 to 6.1 m below
ground surface (mbgs). The test wells are screened within
the fill materials and were vertically terminated at contact
with the undisturbed weathered bedrock. The shallow
groundwater aquifer is unconfined and the depth to
groundwater is approximately 3.5 mbgs. The groundwater
pH is circumneutral (pH~6.5 to 8.0) and dissolved
oxygen (DO) is relatively low (DO & 1-2 mg/L). Nitrate
and sulfate concentrations are persistent due to the lack of
a suitable electron donor and range from approximately 5
to 75 and 10 to 200 mg/L, respectively; the groundwater
geochemistry has been previously described (Watson
et al. 2004; Paradis et al. 2016; Paradis et al. 2018). The
test wells (FW222 [treatment well] and FW224 [control
well]) are separated by approximately 6 m of horizontal
distance and are oriented up- and downgradient with
respect to each other (Figure 1).

Electron Donor Exposure Tests

Electron donor exposure tests were conducted using
the single-well push-pull test method (Istok 2013). During
a push-pull test, a volume of water which contains a
known mass of one or more nonreactive and reactive
tracers is injected into a single well under forced-flow
conditions; this is referred to as the push phase (Figure 2).
The mixture of the injection fluid and aquifer fluid is
then collected periodically from the same well under
natural-flow conditions; this is referred to as the pull
or drift phase (Figure 2). The concentrations of the
added tracers, reactants, and products are then plotted vs.
the time elapsed to generate breakthrough curves. The
breakthrough curves are then analyzed to characterize
the mass transport mechanisms within the groundwater
system, for example, advection, dispersion, sorption, and
microbial-mediated reactivity.

For this study, a volume of groundwater (5-40L) was
collected from upgradient well FW229 (Figure 1) using
a peristaltic pump and stored in a plastic carboy. A mass
of potassium bromide (KBr) (Sigma-Aldrich) and ethanol
(C,HgO) (Sigma-Aldrich) was added to the injection
solution and mixed by re-circulation using a peristaltic
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Figure 1. Plan-view maps of the study site from Paradis et al. (2018), clockwise from upper left, country map showing study
site location in the southeastern United States, area map showing study site location in Area 2 of the Oak Ridge Reserve, and
study site map showing well locations (source well FW229, control well FW224, and treatment well FW222), groundwater

elevations, and groundwater elevation iso-contours. m amsl = meters above mean sea level.

pump for a target concentration of 200 mg/L. bromide and
200 mg/L ethanol. Bromide was added as a nonreactive
tracer whereas ethanol was added as a reactive tracer. The
addition of ethanol (1400 mg/L) at the study site was
previously shown to serve as a suitable electron donor to
stimulate uranium removal (Paradis et al. 2016) whereas
the focus of this study was to stimulate sustained nitrate
removal. The injection solution was then injected into the
test well (either treatment or control well), followed by a
20-min resting period, and then periodically sampled over
the course of 4 h. Immediately prior to, and after mixing
of the injection solution, three samples were collected,

NGWA.org

filtered (0.2 pwm filter), stored in 20-mL scintillation vials
without headspace, preserved at 4 °C, and promptly
analyzed for bromide, nitrate, sulfate, and acetate by
ion chromatography (Dionex ICS-50007") and for ethanol
by gas chromatography (Agilent 6890). Acetate was
previously shown to be the predominant metabolite of
microbial-mediated oxidation of ethanol under anaerobic
conditions from sediments collected within Area 2 at the
OR-IFRC (Jin and Roden 2011). Three samples were also
collected from the injection well (FW222 and/or FW224)
immediately prior to injection and analyzed. The samples
collected from the injection well (FW222 and/or FW224)

C.J. Paradis et al. Groundwater 3
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Figure 2. Conceptual model of a single-well push-pull test in plain view showing the forced-flow injection (push) phase (top
panel) and the natural-flow drift (pull) phase (bottom panel); blue color represents the aquifer fluid, warmer colors represent
the relative concentration of the injection fluid; natural groundwater flow is from left to right.

immediately prior to injection were assumed to represent
the aquifer fluid. The samples collected from the tracer-
added injection fluid immediately prior to injection were
assumed to represent the injection fluid. The samples
collected from the injection well (FW222 and/or FW224)
after the injection were assumed to represent the mixture
of the aquifer and injection fluids, that is, the extraction
fluids.

A series of seven exposure tests were conducted
in test well FW222 (treatment well) and one exposure
test was conducted in test well FW224 (control well)
(Table 1).

The treatment well was exposed to ethanol for six
consecutive weeks (Weeks 2 through 7) followed by
six consecutive weeks (Weeks 8 through 13) of no
exposure to ethanol (Table 1). During this time, the control
well was not exposed to ethanol and was subject only
to natural hydrogeologic conditions. During Week 14,
both the treatment and control wells were exposed to
ethanol (Table 1). Both wells were sampled for DNA
analysis throughout the 14-week experiment (Table 1).
The exposure tests allowed for comparing the effects of
repeated exposure history (treatment well) vs. no exposure
history (control well) in terms of microbial-mediated
removal of nitrate.

The breakthrough curves of bromide, ethanol, acetate,
nitrate, and sulfate, were analyzed according to the general
methodology of Paradis et al. (2019a, 2019b). In brief,
three equations were used to characterize nonreactive
transport, reactive transport, and the recovery factor of
a reactive tracer, respectively, as follows:

Co = (Cit — Cu1)e" 4 Cuy (1

4 C.J. Paradis et al. Groundwater

Table 1
Experimental Design of Electron Donor (EtOH)
Exposure Tests and Microbial (DNA) Analysis for
the Treatment Well (FW222) and Control Well

(FW224)
Fw222 FW224

Week (Treatment Well) (Control Well)
01 DNA analysis DNA analysis
02 EtOH exposure 1 —
03 EtOH exposure 2 —
04 EtOH exposure 3, DNA analysis

DNA analysis
05 EtOH exposure 4 —
06 EtOH exposure 5 —
07 EtOH exposure 6, DNA analysis

DNA analysis
08 DNA analysis DNA analysis
09 DNA analysis DNA analysis
10 DNA analysis DNA analysis
11 — —
12 — —
13 — —
14 DNA Ana., EtOH DNA Ana., EtOH

Exp. 7, DNA Ana. Exp. 1, DNA Ana.

Ana. = analysis; DNA = 16S amplicon sequencing of rDNA from planktonic
microbes; EtOH = ethanol; Exp. = exposure.

where C,; = concentration of nonreactive tracer in
extraction fluid (L3/T ); C;,1 = concentration of nonreac-
tive tracer in injection fluid (L3/T ); C,,1 = concentration
of nonreactive tracer in aquifer fluid (L3/T); k = first-
order dilution rate (1/T); ¢+ = time elapsed (T); and

% (Ce,l_ca,l

@2 Ci1—Can

) (Cin—Cu2)+Cup (2
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where C;, = expected concentration of reactive tracer
in extraction fluid due to dilution (L3/T); C ;.2 = concen-
tration of reactive tracer in injection fluid (L3/7); Cun =
concentration of nonreactive tracer in aquifer fluid (L3/T);

and ,
fto Coo(r)dt

RF = &
Lyt

3)

where RF = recovery factor (dimensionless); C,o =
measured concentration of reactive tracer in extraction
fluid (L*/T).

Equation (1) describes the dilution of the finite
volume of injection fluid with respect to the nearly infinite
volume of aquifer fluid where the first-order dilution rate
(k) is proportional to the rate of groundwater flow through
the well and its surrounding aquifer material. Equation (2)
describes the expected concentration of a reactive tracer
in the extraction fluid due to dilution of the injection fluid
where any difference between its expected concentration
(C:,z) and its measured concentration (C,2) can be
attributed to one or more reactive processes, for example,
microbial-mediated reactivity. Equation (3) describes the
ratio of the measured mass recovery of a tracer as
compared its expected mass recovery when accounting
for dilution. For example, a recovery factor (RF) greater
than one indicates a net addition of the tracer to the
aqueous phase whereas an RF less than one indicates a
net removal of the tracer from the aqueous phase and
an RF equal to one indicates no change. Equation (3)
must be evaluated using numerical integration methods
because the breakthrough curve data is both discrete and
its underlying continuous function is unknown. For this
study, Equation (3) was evaluated using the mid-point,
trapezoid, and Simpson’s techniques and the average RF
plus or minus its standard error was reported.

Microbial Community Structure

The test wells were sampled for microbial community
structure according to the general methodology of Smith
et al. (2015). A volume of groundwater (5-10 L)
was collected from the wells immediately prior to and
following the exposure tests (Table 1). The groundwater
was filtered, in series, through a 10-um filter (to
remove particulate matter) and a 0.2-pwm filter (to capture
microbial biomass) and preserved at —80 °C. Microbial
DNA was extracted from the 0.2-pum filter using a
modified Miller method (Miller et al. 1999; Hazen
et al. 2010; Smith et al. 2015) and shipped to the Institute
for Environmental Genomics (Norman, OK, USA) for
analysis of microbial DNA.

Extracted DNA was amplified as described in Wu
et al. (2015). DNA was polymerase chain reaction (PCR)
amplified using a two-step PCR. In the first step, 16S
rDNA was amplified for 10 cycles using primers 515F
and 806R. In the second step, product from the first step
was amplified for an additional 20 cycles using primers
containing spacers to increase base diversity, barcodes,
Ilumina adaptor and sequencing primers, and the target
primers, 515F and 806R. Amplification efficiency was
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evaluated by agarose gel electrophoresis. PCR products
were pooled in equal molality and purified. Sequencing
libraries were prepared according to the MiSeq™ Reagent
Kit Preparation Guide (Illumina, San Diego, CA, USA)
(Caporaso et al. 2012). Sequencing was performed for
251, 12, and 251 cycles for forward, index, and reverse
reads, respectively, on an Illumina MiSeq using a 500-
cycle v2 MiSeq reagent cartridge.

The resulting DNA sequences were analyzed accord-
ing to the general methodology of Techtmann et al. (2015).
DNA sequences were analyzed using the QIIME version
1.8.0-dev pipeline (Caporaso et al. 2012) and paired-end
raw reads were joined using fastg-join (Aronesty 2015).
The joined sequences were demultiplexed and quality fil-
tered in QIIME to remove reads with phred scores below
20. Chimera detection was then performed on joined
reads using UCHIME (Edgar 2010; Edgar et al. 2011).
Joined, quality-filtered and chimera-checked sequences
were deposited at MG-RAST. Sequences were clustered
into operational taxonomic units (OTUs, 97% similarity)
with UCLUST (Edgar 2010) using the open reference
clustering protocol. The resulting representative sequences
were aligned using PyNAST (Caporaso et al. 2010) and
given a taxonomic assignment using Ribosomal database
project (RDP) (Wang et al. 2007) retrained with the May
2013 Greengenes release. The resulting OTU table was
filtered to keep OTUs that were present at greater than
0.005%, and then rarified to 13,753 sequences per sam-
ple (the minimum number of remaining sequences in the
samples).

To test the hypothesis that exposure to ethanol influ-
enced community structure, nonmetric multi-dimensional
scaling (NMDS) and hierarchical clustering analysis
(HCA) were performed. A Bray-Curtis (BC) dissimilar-
ity matrix was constructed using the scipy.spatial.distance
methods from the SciPy library (Jones et al. 2001)
in Python (Rossum 2017) and used as input for
NMDS and HCA. NMDS was performed using the
sklearn.manifold methods from the Scikit-learn library
(Pedregosa et al. 2011). At two dimensions, stress was
approximately 4, while at three dimensions and higher,
stress was approximately 0.5. The goal of NMDS is
to provide a low-dimensional visualization of the sim-
ilarity of the microbial communities; therefore, three
dimensions were chosen as the fewest dimensions with
the lowest stress value. HCA was performed with the
scipy.cluster.hierarchy methods using the average linkage
method. The number of dimensions was increased starting
from two to identify the minimum number of dimensions
necessary to achieve a reasonable stress value. A break-
point was identified at three dimensions, above which
ordination stress did not decrease substantially.

Results and Discussion

Electron Donor Exposure Tests
The breakthrough curves of bromide in the treat-
ment well (FW222) during the six consecutive weeks

C.J. Paradis et al. Groundwater 5
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Figure 3. Breakthrough curves of bromide (nonreactive tracer) for treatment exposures 1 through 6 (TE-1 through TE-6)
in well FW222. Solid circles (®) are concentrations of bromide in the extraction fluid; dashed line (— —) is the concentration
of bromide in the injection fluid; solid line (—) is the concentration of bromide in the aquifer fluid or the lower detection
limit; and dotted line (-----) is the best fit of the first-order dilution rate (k).

of ethanol exposure demonstrated first-order dilution
rates (Equation 1) ranging from —0.69 to —2.16/days
(Figure 3). The dilution rates during the latter 3 weeks
(TE-4, TE-5, and TE-6 in Figure 3) were substantially
greater then observed during the first 3 weeks (TE-1, TE-2,
and TE-3 in Figure 3). These results indicated that the
rate of groundwater flow through the treatment well and
its surrounding aquifer material was transient as opposed
to steady state. The transient behavior of groundwater
flow was not surprising when considering that the aquifer
is unconfined and the depth to groundwater is relatively
shallow (approximately 3.5 mbgs); these hydrogeologic
characteristics make the aquifer particularly sensitive to
recharge and discharge events. It should be noted that
a series of precipitation events occurred during the lat-
ter 3 weeks (TE-4, TE-5, and TE-6 in Figure 3) and that
the water table level rose during this time; these recharge
events may have been the cause of the observed increase
in the dilution rate as no pumping wells within the vicinity
of the study site were in operation.

The breakthrough curves of bromide in the treatment
and control wells during the final week of ethanol
exposure also demonstrated first-order dilution rates
(Figure 4). However, these rates were relatively low
(—0.15 to —0.30/days) as compared to the first 6 weeks

6 C.J. Paradis et al. Groundwater

(Figure 3) and further indicated the transient behavior of
groundwater flow. Nevertheless, the rates of groundwater
flow during the final week of ethanol exposure in both
treatment and control wells were notably similar as
evident by dilution rates within a factor of two (Figure 4).
It must be noted that the breakthrough curves bromide
(Figures 3 and 4) were interpreted to represent nonreactive
dilution between the injection and aquifer fluids.

The breakthrough curves of ethanol, nitrate, and
sulfate for exposure one in the treatment well (FW222)
did not demonstrate concomitant removal of ethanol
and nitrate or sulfate as evident by the lack of clear
and convincing trends in the data or recovery factors
(TE-1 in Figure 5). These results suggested that the
natural microbial community was not readily able to
utilize ethanol and nitrate. However, the breakthrough
curves for exposures two and three did demonstrate
concomitant ethanol and nitrate removal and subsequent
sulfate removal as evident by lower than expected
concentrations; nitrate and sulfate concentrations actually
fell below even that of the aquifer fluid (TE-2 and TE-3
in Figure 5). Moreover, the recovery factors for ethanol,
nitrate, and sulfate were consistently less than one, 0.826
to 0.785, 0.358 to 0.355, and 0.525 to 0.323, respectively
(TE-2 and TE-3 in Figure 5). These recovery factors

NGWA.org
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Figure 6. Breakthrough curves of ethanol, nitrate, and sulfate for treatment exposure 7 (TE-7) in well FW222 and control
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extraction fluid; open circles (O) are expected concentrations in the extraction fluid based on bromide (nonreactive tracer);
dashed line (— —) is the concentration in the injection fluid; and solid line (—) is the concentration in the aquifer fluid or

the lower detection limit.

indicated that up to 21, 64, and 68% of ethanol, nitrate,
and sulfate, respectively, was removed as compared to
bromide.

Microbial-mediated oxidation of ethanol to acetate
and reduction of nitrate and sulfate has been well
documented at the study site (Wu et al. 2006; Wu
et al. 2007) and abroad (Feris et al. 2008; Vidal-Gavilan
et al. 2014; Rodriguez-Escales et al. 2016). Moreover, the
relative increase in microbial activity during subsequent
exposures to ethanol, that is, sustained ability, was
expected based on previous studies (Kline et al. 2011).
Acetate production was observed for exposures one,
two, and three as evident by recovery factors greater
than one (data not shown). However, given that acetate
is an intermediate byproduct of ethanol reduction and
can serve as an electron donor for further reduction
its temporal behavior is somewhat difficult to interpret
beyond evidence of ethanol oxidation.

The rate of groundwater flow was so high for
exposures four, five, and six (TE-4, TE-5, and TE-6 in
Figure 3) that the concentration of ethanol was diluted
to below the method detection limit (20 mg/L) within the
first hour and therefore only two or three data points were
available for analysis (data not shown).

The breakthrough curves of ethanol, nitrate, and
sulfate for exposure seven in the treatment well (FW222)
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demonstrated concomitant ethanol and nitrate removal as
evident by lower than expected concentrations; again,
nitrate concentrations actually fell below even that of the
aquifer fluid (TE-7 in Figure 6). Moreover, the recovery
factors for both ethanol and nitrate were much less than
one, 0.796 and 0.789, respectively (TE-7 in Figure 6).
These recovery factors indicated that up to 20 and 21%
of ethanol and nitrate, respectively, was removed as
compared to bromide.

In contrast, the breakthrough curves for exposure one
in the control well (CE-1 in Figure 6) and exposure one in
the treatment well (TE-1 in Figure 5) were comparable in
that some ethanol removal was observed but not nitrate;
nitrate concentrations in the control well were nearly
identical to those expected due to dilution (CE-1 in
Figure 6). Moreover, the recovery factor for nitrate was
nearly equal to one, 0.952 to be exact (CE-1 in Figure 6).
This recovery indicated that only up to 5% of nitrate was
removed as compared to bromide.

Interestingly, the recovery factor for ethanol was
less than one, 0.865 to be exact (CE-1 in Figure 6).
Moreover, acetate production was also observed, although
substantially less as compared to the treatment well (data
not shown). One explanation for the apparent removal
of ethanol but not nitrate in the first exposure of the
control well (CE-1 in Figure 6) and the first exposure

NGWA.org



of the treatment well (TE-1 in Figure 5) is the presence
of oxygen as a higher energy yielding electron acceptor.
For example, it is likely that oxygen was introduced
to the injection fluid during the aboveground mixing
of bromide and ethanol; unfortunately, oxygen was not
measured to confirm this. However, it is possible that
aerobic respiration of ethanol occurred rapidly and prior
to the onset of anaerobic conditions when nitrate would
be the next highest energy yielding electron acceptor.
Another, simpler, explanation for the apparent removal
of ethanol but not nitrate is that ethanol may have
preferentially volatized and/or adsorbed to the aquifer
materials as compared to bromide; these abiotic mass
transport processes would result in a recovery factor of
ethanol that was less than one but fail to explain any
observed production of acetate.

Overall, these results strongly suggested that the
treatment well sustained its ability for nitrate removal
even in the absence of ethanol for up to 6 weeks. It is
conceivable that the duration of sustained ability could
have lasted much longer and therefore additional in situ
studies are needed to constrain an upper limit on the
duration of this phenomenon.

Microbial Community Structure

Pair-wise BC dissimilarity between microbial com-
munities was used to identify changes in community com-
position at the control and treatment wells. HCA and
NMDS analysis of BC was performed to further assess the
similarity of the natural microbial communities (Figures 7
and 8). HCA indicated that communities clustered into
four distinct groups: G1, G2, G3, and G4 (Figure 7).
Group 1 (G1) consisted entirely of communities from the
control well, whereas Groups 2, 3, and 4 consisted entirely
of communities from the treatment well. Notably, within
the control well (G1), the community composition fol-
lowing ethanol exposure (W14*) was most dissimilar as
indicated by the dendrogram (Figure 7). NMDS analy-
sis further illustrated that the microbial community at the
control well showed relatively little variability over time,
while there were large changes in the composition of the
community at the treatment well (Figure 8).

Group 2 (G2) consisted of the treatment well at Week
1 (WO01) and Week 14 prior to ethanol exposure (W14),
which were more similar to each other (BC = 0.67) than
to communities at other time points (BC >0.68) across
both treatment and control (Figures 7 and 8). Despite the
shift of the microbial community at the treatment site back
toward its initial composition (WO1), the breakthrough
curves suggested that the W14 community sustained its
ability for ethanol-induced nitrate removal (Figures 5
and 6). Group 3 (G3) consisted of communities from
the treatment well at Weeks 8, 9, and 10, and Group
4 (G4) consisted of communities from the same well at
Weeks 4, 7, and Week 14* (Figure 7). G3 communities
coincided with the 6-week period following ethanol
exposure, whereas G4 included communities during the
initial 6-week period of ethanol exposure (W04, WO07)
and following final ethanol exposure (W14*) (Figure 7
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Figure 7. Heat map and hierarchical clustering analysis
(HCA) of Bray-Curtis dissimilarity between microbial com-
munities. Samples are labeled by week number (W01-W14)
and site (control C or treatment T); * indicates community
after final ethanol exposure. G1, G2, G3, and G4 indicate dis-
tinct groups. The heat map is a symmetric matrix (x and y
axes are the same) showing the pair-wise Bray-Curtis dissim-
ilarity between microbial communities (0 indicates identical
community composition, 1 indicating no overlap in compo-
sition). HCA begins by clustering the two communities that
are the most similar (i.e., smallest Bray-Curtis dissimilar-
ity value) to each other into a single group. This process is
repeated until all communities are placed in a single group.
The dendrogram illustrates the order in which communities
are clustered, and the height of the lines represents the dis-
similarity between the communities (or clusters) at that step.
G1 consisted entirely of communities from the control well,
whereas G2, G3, and G4 consisted entirely of communities
from the treatment well. G2 is comprised of the pre-ethanol
exposure community (W01) and 7 weeks after cessation of
ethanol exposure (W14). G3 is comprised of communities
following 6 weeks of ethanol exposure, and G4 is comprised
of communities during initial or final ethanol exposure.

and Table 1). It is interesting that when ethanol exposure
stopped after Week 7, the community composition shifted
back toward the initial community composition, which
is evident from the similarity of WOl and W14 in
G2. This result was particularly interesting considering
the sustained ability for ethanol-induced nitrate removal
observed by the community at Week 14 (Figures 5 and
6), and that the composition rapidly shifted back toward
the composition during initial ethanol exposure (W14%).
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Figure 8. Nonmetric multidimensional scaling (NMDS) of Bray-Curtis dissimilarity between microbial communities. Markers
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was performed to three dimensions to reduce stress. The communities from the control wells were more closely related to each
other than the communities from the treatment well, which suggests that ethanol exposure influences community composition.

There are two possible explanations for rapid nitrate
removal at the treatment site during Week 14: (1) prior
ethanol exposure enriched the microbial community for
microbes that consume nitrate, and these changes were
persistent through the end of this experiment; or (2)
prior ethanol exposure induced genetic adaptations in
members of the microbial community that favor nitrate
consumption. It is also possible that the sessile microbial
community was readily able to utilize ethanol, but without
sediment samples this could not be tested. The extent to
which each of these mechanisms contributes to nitrate
removal remains unknown.
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Relative abundance analysis was conducted to assess
the shifts in particular taxa at the level of phylum
(Figure 9). The microbial community of the control well
was dominated by Proteobacteria for Weeks 1 through
the beginning of 14 but showed considerable variabil-
ity (Figure 9). The relative abundance of other taxa in
the control well, such as Nitrospirae, Firmicutes, and
Woesearchaeota were also notable for Weeks 1 through
the beginning of 14 and showed considerable variabil-
ity (Figure 9). During this time, the control well was
not exposed to ethanol (Table 1). Therefore, the temporal
changes in taxa in the control well for Weeks 1 through 14

NGWA.org



1.0

0.8

0.6

0.4

Relative Abundance

0.2

I

f
|

0.0

—-WO1
W04
Wo7
W08
W09
W10
W14

W14*
W01

W04

Acidobacteria
Bacteroidetes

Candidatus Saccharibacteria
Chlamydiae

Chloroflexi
Cyanobactenia/Chloroplast
Euryarchaeota

Firmicutes

gnavibacteriae

Nitrospirae

Omnitrophica
Pacearchaeota
Parcubacteria
Proteobacteria
Spirochaetes
Verrucomicrobia
Woesearchaeota
candidate division ZB3

=

Wo7
W08
W09
W10
W14
W14*

|
Control Well

|

Treatment Well

Figure 9. Relative abundance of microbial taxa at the phylum level during the 14-week experiment (W01 through W14)
for the control and treatment wells; * indicates community after final ethanol exposure. Each column represents an entire
community, and each of the color-coded bars represents a single taxon in that community. Abundance is quantified as the

proportion of DNA sequences assigned to that taxon.

were representative of natural biogeochemical conditions.
The high relative abundance and temporal variability of
Proteobacteria, Nitrospirae, and Firmicutes under nat-
ural biogeochemical conditions was expected based on
a recent study at the ORR by King et al. (2017). King
et al. (2017) demonstrated similar results from in situ
aboveground bioreactors and noted that such taxa are
associated with low DO and/or representative of nitrate
reducers. Both low DO and the presence of nitrate are
characteristic of the dissolved-phase chemistry at the study
site (Paradis et al. 2016). The control well was exposed
to ethanol during the middle of Week 14 (W14) and sam-
pled for microbial community structure at the end of
Week 14 (W14%) (Table 1). After exposure to ethanol
(W14%*), Acidobacteria substantially increased in rela-
tive abundance, replacing Proteobacteria as the dominant
phylum (Figure 9). These results differ from previous
studies at the ORR which showed increases of Proteobac-
teria and decreases of Acidobacteria after exposure to
ethanol (Spain et al. 2007; Cardenas et al. 2008). How-
ever, those studies characterized the microbial commu-
nities associated with sediment (sessile) and after pro-
longed (3 weeks to 2years) exposures of ethanol (Spain
et al. 2007; Cardenas et al. 2008) whereas this study char-
acterized microbial communities associated with ground-
water (planktonic) and after a brief (less than 4 h) exposure
of ethanol. It is possible that the sessile microbial commu-
nity changed in a manner consistent with previous studies,
but this is not known due to lack of sediment samples.

NGWA.org

It is also possible that duration of exposure to ethanol,
that is, prolonged vs. brief, had a notable effect on the
relative abundance of taxa as previously demonstrated
by Pernthaler et al. (2001). Nevertheless, these results
demonstrated that the planktonic microbial community in
the control well was relatively stable under natural con-
ditions but rapidly changed after exposure to ethanol.
The treatment well was dominated by Proteobacteria
for Weeks 1 through 10 but varied considerably more
than the control well (Figure 9). The relative abundance
of other taxa in the treatment well, such as Firmicutes
and Woesearchaeota were also notable for Weeks 1
through 10 and showed considerable variability (Figure 9).
Compared to the control well during this time, the
community in the treatment well by Week 10 was notably
different than Week 1 (Figure 9). A notable change
in the community in the treatment well was expected
because by Week 10 the treatment had been exposed to
six consecutive weeks of ethanol whereas the exposure
control had not been exposed to ethanol (Table 1). By
the beginning of Week 14, the treatment well had been
exposed to ethanol for six consecutive weeks followed
by six consecutive weeks without exposure to ethanol
(Table 1). As compared to the control well, the community
in the treatment well by Week 14 was notably different
than Week 1 (Figure 9). Therefore, if the microbial
community in the treatment was able, and sustained its
ability for, ethanol-induced removal of nitrate, which the
breakthrough curves strongly suggested (Figure 6), then

C.J. Paradis et al. Groundwater 1



the community at the beginning of Week 14 (W14) may
be representative of a sustained community (Figure 9).
Likewise, if the microbial community in the control well
lacked the sustained ability for ethanol-induced removal of
nitrate, which the breakthrough curves strongly suggested
(Figure 6), then the community at the beginning of Week
14 (W14) may be representative of a nonable community
(Figure 9). The relative abundance of taxa in the treatment
well after its final exposure to ethanol (W14*) was notably
different than before its final exposure to ethanol (W14) as
indicated by the increase of Woesearchaeota and decrease
of Nitrospirae (Figure 9). These results demonstrated
that the microbial community in the exposure treatment
changed upon exposure to ethanol and sustained a level
of ability in the absence of exposure to ethanol. As
previously noted, it is also possible that genetic changes,
rather than persistent changes to the community structure,
were the primary mechanism that allowed the treatment
well to respond rapidly to ethanol exposure (W14%).
Therefore, future in situ studies of sustained ability should
attempt to characterize the sessile community as well as
investigate the genetic changes to ethanol exposure.

Conclusions

The objectives of this study were to establish an
in situ natural microbial community able to remove
nitrate from groundwater via the addition of an electron
donor and then determine how long this ability could
be sustained in the absence of the electron donor and
elucidate the microbial mechanism(s) responsible for this
ability. The results of this study strongly suggested that
the in situ ability of a natural microbial community to
remove nitrate from groundwater can be sustained in the
prolonged absence of an electron donor; in this case,
at least 6 weeks in the absence of ethanol. However,
this ability was not revealed in the experiment by
a sustained and selected enrichment of a planktonic
microbial community based on 16S rDNA. Therefore, it is
possible that such a microbial community may be present
in the sessile state or that the predominant mechanism(s)
of this ability exist at the enzymatic- and/or genetic-levels.
Nevertheless, this study demonstrated that the exposure
history of groundwater to an electron donor can play an
important role in the removal of nitrate.
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