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GeoChip, a comprehensive gene microarray, was used to examine changes in microbial functional gene
structure throughout the 4-year life cycle of a pilot-scale ethanol blend plume, including 2-year
continuous released followed by plume disappearance after source removal. Canonical correlation
analysis (CCA) and Mantel tests showed that dissolved O, (which was depleted within 5 days of initiating
the release and rebounded 194 days after source removal) was the most influential environmental factor
on community structure. Initially, the abundance of anaerobic BTEX degradation genes increased
significantly while that of aerobic BTEX degradation genes decreased. Gene abundance for N fixation,
nitrification, P utilization, sulfate reduction and S oxidation also increased, potentially changing asso-
ciated biogeochemical cycle dynamics. After plume disappearance, most genes returned to pre-release
abundance levels, but the final functional structure significantly differed from pre-release conditions.

Resilience Overall, observed successions of functional structure reflected adaptive responses that were conducive to
Groundwater biodegradation of ethanol-blend releases.
Remediation

© 2015 Published by Elsevier Ltd.

1. Introduction

Microorganisms play vital roles in key biogeochemical cycles in
virtually all of our planet's environments, thus comprising the
backbone of most ecological systems (Zhou et al., 2014). Therefore,
unraveling microbial responses to environmental perturbations is a
central goal for environmental microbiologists (Allison and Martiny,
2008; Shade et al., 2012). As a typical environmental perturbation,
fossil fuel releases pose a big threat to groundwater biosphere,
which despite constituting the largest terrestrial freshwater biome,
it remains amongst the least explored habitats on earth (Griebler
et al., 2014). The growing use of ethanol as transportation biofuel
isincreasing the likelihood of encountering it in fuel releases, where
it may hinder the natural attenuation of co-occurring contaminants
such as benzene, toluene, ethylbenzene and xylenes (BTEX)
(Corseuil et al., 1998; Ma et al., 2013b; Powers et al., 2001a, 2001b).
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Therefore, it is important to understand how ethanol-blended fuel
releases influence the succession and functioning of indigenous
microbial communities in impacted aquifers, and the associated
microbial functional structure and bioremediation processes.

The impacts of ethanol-blended fuel releases on microbial
phylogenetic structure have been investigated via 16S rRNA pyro-
sequencing (Ma et al., 2013a), denaturing gradient gel electropho-
resis (DGGE) (Capiro et al., 2008; Elazhari-Ali et al., 2013) and
automated ribosomal intergenic space analysis (ARISA) (Nelson
et al., 2010). Although these 16S rRNA-based studies provided
useful taxonomic and phylogenetic information regarding resulting
microbial population shifts, little is known about the associated
changes in functional structure and metabolic potential.

Several individual functional genes such as mcrA (methano-
genesis), fhs (acetogenesis), aps (sulfate reducing), nirK and nirS
(nitrate reducing), PHE and TOD (BTEX aerobic degradation), and
bssA (BTEX anaerobic degradation) have been previously investi-
gated in aquifers impacted by ethanol blends (Beller et al., 2008;
Capiro et al., 2008; da Silva and Corseuil, 2012; Feris et al., 2008;
Ma et al., 2013a). However, these studies provided only partial
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information regarding a limited number of functional genes. A
more comprehensive characterization of microbial functional
structure is needed. As a high-throughput functional gene micro-
array, GeoChip is well suited for this purpose and it has been suc-
cessfully applied to characterize microbial functional diversity in a
variety of environments (Chan et al., 2013; Hazen et al., 2010; Wang
et al., 2009; Zhou et al., 2014, 2012).

Another knowledge gap relates to how the microbial commu-
nity responds after the contaminant source is removed and the
plume is attenuated or remediated, since previous research has
mainly focused on microbial responses before (baseline) and after
the contamination occurs. Improved understanding of the micro-
bial response after source removal may help optimize site man-
agement strategies for biofuel releases.

In this study, GeoChip 4.6 was used to characterize the dynamics
of microbial functional structure in response to 1) a pilot-scale,
continuous (two-year) ethanol blend release, and 2) its subse-
quent shut-off and natural attenuation over two additional years.
Therefore, the succession of the microbial community was
considered throughout the life cycle of the plume. The pilot-scale
experiments were unique in that they are of sufficient scale such
that more realistic three-dimensional contaminant plumes can be
established, but at a small enough scale to provide sufficiently
controlled experimental conditions. Chemical concentrations (e.g.,
ethanol, benzene, toluene, methane, acetate, butyrate, and butanol)
and environmental variables (e.g., temperature, pH, redox poten-
tial, and dissolved oxygen) were monitored to enhance the inter-
pretation of GeoChip data.

2. Materials and methods
2.1. Pilot-scale model aquifer system

An 8-m> (3.7 m x 1.8 m x 1.2 m) pilot-scale continuous-flow
tank packed with fine grain southeast Texas sand (Circle Sand;
Houston, Texas) was used in this study (Fig. S1 in the supporting
information). Tap water was added from the “inlet” (Fig. S1) at
170 L/day (average seepage velocity of 2.5 ft/day) to obtain a water
table elevation of about 70 cm from the bottom of the tank. The
groundwater retention time in this model tank was around 4 days.
The total aquifer thickness was 115 cm and the depth of the water
table was 45 cm below ground surface. The ethanol blend solution
was a water solution containing 10% (v/v) ethanol, 50 mg/L ben-
zene, 50 mg/L toluene and 24 000 mg/L of sodium bromide (NaBr).
The blend solution was continuously injected into the tank from the
ethanol blend injection port (22.5 cm below the water table) at a
rate of 0.4 L/day for 10 months. NaBr was added as a conservative
tracer, and to maintain a solution density to reach neutral buoyancy
with the flowing groundwater. The added NaBr was diluted by the
tank flow to less than 2000 mg/L (measured at groundwater sam-
pling well, see Fig. 1), which was within the typical tolerance range
of soil bacteria (Atlas and Bartha, 1997). The groundwater sampling
well was at the same depth as the ethanol blend injection port
(22.5 cm below the water table). Details on the tank construction
and packing methods can be found in (Ma et al.,, 2011) and (Ma
et al.,, 2012).

2.2. Release stages and plume life cycle

This pilot-scale release experiment lasts for 4 years, which could
be divided into 4 experimental stages (Fig. 1). General information
for each stage can be found in Table 1. Stage 1 was the pre-release
baseline. Stage 2 began with the continuous ethanol blend release
(10% ethanol + 50 mg/L benzene + 50 mg/L toluene) and lasts for 2
years. Stage 3 followed the removal of ethanol from the continuous

release, resulting in continuous exposure to 50 mg/L benzene and
50 mg/L toluene continues for 8 months. This mimicked the earlier
removal of ethanol than BTEX at contaminated sites (Corseuil et al.,
2011; Freitas and Barker, 2013; Freitas et al., 2011a, 2011b; Mackay
et al., 2006; Spalding et al., 2011). Stage 4 was the return to initial
conditions (benzene and toluene removed from the tank influent),
when clean water flowed through the aquifer material for 4
months. At the end of each experimental stage, sand samples were
collected for GeoChip and soil property analysis, and groundwater
samples were collected for chemical and geochemical analysis. The
sampling date can be found in Table 1.

2.3. Analysis of groundwater pollutants and geochemical
parameters

For chemical analysis, four replicate groundwater samples were
collected from the groundwater sampling well using 50 mL sy-
ringes at the end of each experimental stage. Ethanol, methane,
acetate, propionate, butyrate and butanol were measured by GC-
FID (Hewlett Packard, Palo Alto, CA, USA). Ethanol, acetate, propi-
onate, butyrate, and butanol were measured by liquid injections
while methane was measured by headspace injections. The
detection limits (aqueous concentration) were 1 mg/L for ethanol,
acetate, and propionate, 2 mg/L for butyrate and butanol, and
0.1 mg/L for methane. Benzene and toluene were pre-concentrated
by Purge and Trap System (Tekmar, Vernon, BC, Canada) and
measured by GC—MS (Agilent, Santa Clara, CA, USA) with a detec-
tion limit of 10 ug/L (aqueous concentration). Details on chemical
measurement methods can be found in Ma et al., 2011.

Groundwater geochemical parameters at Stage 1 and 2 (pH,
dissolved O, temperature, and redox potential) were monitored by
a YSI 600XLM groundwater quality probe (YSI, Yellow Springs,
Ohio, USA) which was installed 15 cm upstream from the
groundwater sampling well (Fig. 1). After Stage 2, this probe broke,
thus no redox data was available since then. For Stage 3 and 4, the
temperature was measured by a Pen-Style Thermometer (Taylor
Precision Products, Oak Brook, IL, USA); dissolved O, (DO) was
measured by a Dissolved Oxygen AccuVac® Ampules kit (Hach,
Loveland, CO, USA); pH was measured by a Pocket pH Tester (Davis
Instruments, Vernon Hills, IL, USA). Groundwater geochemical data
can be found in Table 1.

2.4. Sand sampling and analysis

Sand samples were collected in 5 replicates from a depth of
5—30 cm below water table (50—75 cm below the sand surface,
Fig. S1) on the same day when groundwater samples were
collected. Details on sand sampling method can be found in (Ma
et al.,, 2013a). Dry sand samples were sent to the Soil, Water and
Forage Testing Laboratory at Texas A&M University for the mea-
surement of soil pH, total organic carbon content, conductivity,
nitrate-nitrogen, P, K, Ca, Mg, S, and Na (Table S1). Details on soil
analytical methods can be found in the supporting information.

The release of Ethanol was removed. Benzene and
ethanol + benzene Only benzene and  toluene release

+toluene started toluene are released was shut off
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Fig. 1. Timeline of the pilot-scale release experiment.
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Table 1

General information for each experimental stage.
Experimental stage Stage 1 Stage 2 Stage 3 Stage 4
Sampling date 8/7/2009 9/5/2011 5/4/2012 9/2/2012

Action Pre-release baseline

Chemical concentration in the groundwater

Ethanol (mg/L) 0.0 3269.5
Benzene (ug/L) 0.0 83.1

Toluene (ug/L) 0.0 383
Methane (mg/L) 0.0 285

Acetate (mg/L) 0.0 116.0
Butyrate (mg/L) 0.0 267.0
Butanol (mg/L) 0.0 72.0
Geochemical footprints

pH 7.2 4.7
Dissolved oxygen (mg/L) 5.1+04 0.0+0.0
Temperature (°C) 29.1 285

Redox potential (mV) 108.3 £ 6.1 —4023 +7.6
Prevailing electron accepting conditions Aerobic Methanogenic

Exposed to ethanol, benzene and
toluene mixture for 2 years

Exposed to benzene and
toluene mixture for 8 months

Exposed to clean water for
4 months after Stage 3

0.0 0.0
1121.0 0.0

6.4 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

7.8 7.6

1.6 +£0.2 21+03
26.3 27.9
NA NA
Aerobic Aerobic

2.5. GeoChip hybridization and data processing

GeoChip 4.6 contains ~82 000 gene probes covering ~142 000
coding sequences from 410 gene families that were essential to the
biogeochemical cycling of carbon, nitrogen, sulfur, and phosphorus,
organic contaminant remediation, energy metabolism, antibiotic
resistance, metal resistance/reduction, stress response, virulence,
and bacterial phage genes (Tu et al., 2014). The coding sequences
are retrieved from 173 archaeal, 4138 bacterial, 404 eukaryotic and
252 viral strains (Tu et al., 2014). In this study, 12 DNA samples (4
stages x 3 replicates at each stage) were used for GeoChip analysis.
DNA was extracted from 10 g sand (collected from the same loca-
tion) using a modified PowerMax Soil DNA isolation kit (MOBIO,
Carlsbad, CA, US) with several modifications (see supporting in-
formation) to increase DNA yield. For each sample, 800 ng DNA was
used for hybridization at 42 °C for 16 h on MUNI hybridization
station in the presence of 40% formamide (BioMicro Systems, Salt
Lake City, UT, USA). Details on DNA extraction, GeoChip hybridi-
zation, scanning and data processing can be found in the sup-
porting information.

2.6. Statistical analysis of GeoChip data

Non-metric multi-dimensional scaling analysis (NMDS) based
on Bray—Curtis matrix was used to determine overall changes in
the functional structure. Non-parametric multivariate analysis of
variance (adonis) was used to examine whether such changes in

Stage 3
0.074
a u}
~ A Stage 4
a 2
s | Stage 1 ("o
= 0.00
A
-0.071 @ Stage 2
0.2 0.0 02
NMDS1

Fig. 2. Non-metric multi-dimensional scaling analysis of Bray—Curtis similarities for
the overall functional gene structure.

the functional structure are statistically significant. Canonical cor-
respondence analysis (CCA) was performed to discern the rela-
tionship between functional gene structure and measured
environmental variables using the software R (version 2.9.1).
Mantel test was performed using the software R to determine
whether the correlations between functional gene structure and
measured environmental variables were statistically significant.

3. Results and discussion

3.1. Geochemical footprint of the release at different experimental
stages

As the pre-release baseline, Stage 1 represented aerobic (5.1 mg/L
of DO) and oligotrophic (no pollutants) conditions. Stage 2 repre-
sented exposure to the ethanol-blend release for two years, and was
characterized by highly reducing anaerobic conditions (—402.3 mV
of redox potential) (Table 1 and Fig. S2). Fermentative activities
resulted in a decrease in pH (to 4.7) during Stage 2. Stage 3 followed
the removal of ethanol from the source (to mimic the earlier removal
of ethanol than BTEX at contaminated sites); continuous release of
benzene and toluene (at 50 mg/L each) continued for 8 months. The
DO increased to 1.6 mg/L and pH rebounded to near-neutral levels
during Stage 3. Stage 4 was the return to initial conditions (benzene
and toluene removed from the tank influent) and the aquifer ma-
terial was exposed to clean water for 4 months.

3.2. Changes in functional structure in response to continuous
release and subsequent shutdown

The functional gene structure significantly changed in response
to the continuous release of ethanol blend solution and the
following shut-off of such release. Multi-dimensional scaling
analysis (NMDS) showed that all 12 samples were well clustered by
corresponding experimental stages. The average distance between
replicates from the same stage was much smaller than that the
average distance between samples from different stages, indicating
that within-stage gene heterogeneity (among 3 replicates at the
same stage) was much smaller than between-stage gene hetero-
geneity (among 4 stages) (Fig. 2). This was further corroborated by
the number of overlapping gene shared by different samples
(Table S2). Samples from the same experimental stage shared more
overlapping genes than samples from other stages (Table S2).
Adonis dissimilarity test (Permutational Multivariate Analysis of
Variance) further confirmed that the pair-wise differences between
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Table 2
Dissimilarity test of adonis.
R? p value®

Stage 1 vs Stage 2 0.687 0.001
Stage 1 vs Stage 3 0.645 0.001
Stage 1 vs Stage 4 0.631 0.022
Stage 2 vs Stage 3 0.491 0.042
Stage 2 vs Stage 4 0.423 0.001
Stage 3 vs Stage 4 0.435 0.096

2 Bolded values indicate significant dissimilarity (p < 0.05).

Stage 1 and Stage 2 (before and after the release) and between
Stage 2 and Stage 4 (before and after the release was shut off) were
statistically significant (p < 0.05, Table 2).

Figs. 3—5 and Figs. S3—S8 showed that various aerobic func-
tional genotypes were detected during Stage 2, even though highly
reducing conditions prevailed (Table 1). Our previous study re-
ported that atmospheric oxygen (~21% v:v) penetrated the unsat-
urated zone (only 45 cm deep) and reached the water table of this
model aquifer system (Ma et al., 2012). In this study, sand samples
were collected at 5—30 cm below water table, thus it was most
likely that the top part of the sand core was aerobic or hypoxic,
which facilitated the survival of some aerobic microorganisms.

3.3. Changes in the abundance of biodegradation and
biogeochemical cycling genes

3.3.1. Biodegradation genes for BTEX and other contaminants

By creating highly reducing and strong anoxic conditions,
ethanol blend releases were likely to enhance the metabolic po-
tential for anaerobic BTEX degradation while inhibit that for aerobic
degradation. A variety of aerobic and anaerobic BTEX degradation
genes were detected in sand samples, indicating the existence of
various BTEX degradation pathways in this model aquifer (Fig. 3).
However, the temporal changes in the abundance of aerobic and
anaerobic BTEX degradation genes were different. Anaerobic
degradation genes (bssG, bss, and ebdABC) at Stage 2 were more
abundant than Stage 1. In contrast, most of aerobic degradation
genes (akbF, catB, pchCF, and xyl]) were less abundant at Stage 2
than at Stage 1, with tomABE and xyIM as exceptions (Fig. 3).

One common result of releases of relatively large volumes of
ethanol-blended fuel was the rapid depletion of available dissolved
oxygen, which inhibited aerobic biodegradation of toxic hydrocar-
bons such as BTEX (Corseuil et al., 1998). This transition to
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Fig. 4. Normalized signal intensities of nitrogen cycling genes. Letters indicate sta-
tistical differences at a p value of <0.05 between different treatments by LSD tests.
Statistical difference existed between two stages that do not have the same letter. Gene
for anaerobic ammonium oxidation (hzo) did not have statistical difference among 4
stages, thus was not shown in this figure. DRNA is the abbreviation for dissimilatory
nitrate reduction to ammonia.

anaerobic conditions was reflected by our GeoChip data, which
showed that the ethanol blend release decreased the abundance of
aerobic BTEX degradation genes while increasing the abundance of
anaerobic BTEX degradation genes (Fig. 3). A field study similarly
reported increased abundance of bssA gene (coding for anaerobic
toluene degradation) following an ethanol-blend release (Beller
et al., 2008).

Degradation genes for organic contaminants other than BTEX
(e.g., aromatic carboxylic acid, alpha hydroxy acid, polycyclic aro-
matics, heterocyclic aromatics, substituted aromatics, alkane,
pesticide and herbicide) were also detected, suggesting this model
aquifer was functionally diverse and had degradation potential for a
variety of organic contaminants and their potential metabolites
(Fig. S3—S5).

3.3.2. Other carbon cycling genes

The release significantly (p < 0.05) increased the abundance of
many C degradation genes (Fig. S6), while did not observe signifi-
cant (p > 0.05) changes in C fixation genes (Fig. S7). Such shifts in
carbon cycling potential were conducive to higher heterotrophic
activity and CO, generation in subsurface environments. Two
important C cycling gene mcrA (methanogenesis) and fhs

Anaerobic 125
degradation

1.0

0.5

Normalized signal intensity (anaerobic)

0.0

Fig. 3. Normalized signal intensities of BTEX degradation genes. Letters indicate statistical differences at a p value of <0.05 between different treatments by Fisher's least-
significant-difference (LSD) tests. Statistical difference existed between two stages that do not have the same letter.
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(acetogenesis) were detected in sand samples. Fig. S8 showed that
the release significantly increased the abundance of mcrA and fhs,
which was consistent with our previous experiment using qPCR
(Ma et al., 20134, 2015).

3.3.3. Nitrogen cycling genes

Ethanol blend releases significantly enhanced microbial meta-
bolic potential for nitrogen (N) fixation and nitrification. As an
essential nutrient for all forms of life, N is a common growth-
limiting factor for microorganisms (Atlas and Bartha, 1997). Fig. 4
showed that the abundance of genes for N fixation (nifH), nitrifi-
cation (amoA and hao), ammonification (ureC) and dissimilatory
nitrate reduction to ammonia (DRNA) (napA and nrfA) at Stage 2
were significantly higher (p < 0.05) than at Stage 1. In contrast,
differences in abundance of denitrification (nirK, norB, and nosZ),
anaerobic ammonium oxidation (anammox) (hzo), and assimilatory
nitrate reduction genes (nirA) between Stage 2 and Stage 1 were not
statistically significant (p > 0.05). These results suggested that the
ethanol blend release significantly enhanced the metabolic poten-
tial for N fixation and transformation/storage (nitrification), while
did not affect N loss (denitrification and anammox). Thus, we
inferred that such adaptive changes in N cycling potential were
likely to increase the abundance of assimilable N, potentially
enabling microbial growth and biodegradation of the release. An-
alyses confirmed that sand samples of Stage 2 had higher concen-
tration of nitrate-N than Stage 1 (Table S1). Total N and ammonia-N
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Fig. 6. Canonical correspondence analysis (CCA) of functional gene structure and
environmental variables. Environmental variables were chosen based on significance
calculated from individual CCA results and variance inflation factor (VIF) calculated
during CCA.

Table 3
The relationship of different environmental variables to the overall functional gene
structure revealed by Mantel test.

r-value p-value®
pH 0.350 0.008
Temperature 0.199 0.063
Dissolved oxygen 0.628 0.001
Ethanol 0.153 0.159
Benzene 0.119 0.187
Toluene 0.213 0.061
Methane 0.153 0.146
Acetate 0.153 0.149
Butyrate 0.153 0.151
Butanol 0.153 0.133

2 Bolded values indicate significant correlation between environmental variables
and overall functional gene structure (p < 0.05).

were not measured.

3.3.4. Phosphorus cycling genes

The release significantly enhanced the metabolic potential for
phosphorus (P) assimilation and utilization. GeoChip contains
probes for the enzyme phytase, gene ppk and ppx for P cycling.
Phytase breaks down phytate, an indigestible organic form of P and
releases a usable form of inorganic P, therefore acting to increase
the level of bioavailable P in soil (Menezes-Blackburn et al., 2013).
The gene ppk encodes polyphosphate kinase that catalyzes the
reversible transfer of the terminal phosphate of ATP to form a long-
chain polyphosphate (polyP), which is a common P storage form in
microbial cells (Rashid et al., 2000). The gene ppx encodes exopo-
lyphosphatase that degrades the long-chain polyP and produces
phosphate that is readily usable for microbes (Akiyama et al., 1993).
Fig. 5 showed that Stage 2 had significantly (p < 0.05) higher
abundance of phytase and gene ppx than Stage 1, suggesting that
the ethanol blend releases enhanced microbial metabolic potential
for P acquisition and utilization. As an essential nutrient for all
forms of life, P is a common growth-limiting factor for microor-
ganisms (Atlas and Bartha, 1997). Increases in P acquisition and
utilization potentials was likely to increase the abundance of bio-
usable P, which was conducive to stimulating microbial growth
and biodegradation of ethanol-blended fuel.

3.3.5. Sulfur cycling genes

The release significantly enhanced the potential for sulfur (S)
cycling, especially sulfate reduction which was a predominant
electron-accepting process in many fuel-impacted aquifers
(Muyzer and Stams, 2008). Stage 2 had significantly (p < 0.05)
higher abundance of sulfate reduction genes (aprA, dsrA, and dsrB)
than Stage 1 (Fig. S9). This result corroborated a field study that
used qPCR to show the enrichment of sulfate reduction gene aps
following an ethanol blend fuel release (Feris et al., 2008). The re-
leases also significantly (p < 0.05) increased the abundance of sulfur
oxidation genes (sox, soxB, and soxV, Fig. S9).

3.4. Dissolved oxygen plays an important role in shaping microbial
community structure

Canonical Correspondence Analysis (CCA) indicated that DO, pH
and groundwater temperature were major environmental factors
influencing the microbial community structure (Fig. 6). Mantel test
showed that only DO and pH were significantly (p < 0.05) corre-
lated with microbial functional structure, while temperature and
pollutant (and byproduct) concentrations (ethanol, benzene,
toluene, methane, acetate, butyrate, and butanol) were not
(Table 3). Compared to pH, DO had a more pronounced influence on
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functional structure (higher r-value and lower p in Table 3). DO was
depleted within 5 days of initiating the release, and rebounded 194
days after the ethanol source was removed (Fig. S2) It is well known
that availability of O, plays a crucial role in shaping aquifer mi-
crobial communities and regulating many important biogeo-
chemical processes in subsurface (Griebler and Lueders, 2009).
Several studies reported that ethanol-blended releases would
deplete dissolved O, and enriched certain anaerobic functional
genotypes such as methanogenesis (mcrA) (Ma et al., 2013a), sulfate
reduction (aps) (Feris et al., 2008), and BTEX anaerobic degradation
(bssA) (Beller et al., 2008; da Silva and Alvarez, 2004). This multi-
variate statistical analysis corroborated those previous findings.

3.5. Did microbial functional structure revert to pre-release
conditions?

After the continuous ethanol blended release was shut off (Stage
4), the abundance of most functional genes returned back to pre-
release (Stage 1) level, but the functional gene structure did not.
Figs. 3—5 and S2—S8 showed that the abundance of most functional
genes at Stage 4 was not statistically different (p > 0.05) from Stage
1, suggesting that most genes returned to pre-release abundance
levels after plume disappeared. However, the NMDS plot showed
that the overall functional gene structure at Stage 4 was still quite
different from Stage 1 (Fig. 2), which was further confirmed by
adonis dissimilarity test (p < 0.05, Table 2). On GeoChip, one gene
usually contains multiple gene probes covering different coding
sequences from different microbial strains (Tu et al., 2014). The
signal intensity of one gene is the sum of the signal intensity of all
gene probes belonging to that gene, and these gene probes may
represent different microbial strains. Our data suggested that
although Stage 4 and Stage 1 had same level of gene abundance for
most functional genes, their microbial community structures were
still quite different. Since Stage 4 was collected only 4 months after
the benzene and toluene release was shut off, it is not clear whether
the microbial community would eventually return to the pre-
release conditions given more time.

4. Conclusions

To our best knowledge, this is the first metagenomic study that
comprehensively characterized shifts in microbial functional
structure throughout the life cycle of a biofuel plume, from initial
release through its disappearance. We demonstrated that the
ethanol blend release initially enhanced the potential for anaerobic
BTEX degradation while decreasing the abundance of most aerobic
BTEX degradation genes. The release also enhanced the potential
for N fixation and P assimilation, which was likely to increase the
abundance of bioavailable N and P and thus stimulated the broader
microbial community, including hydrocarbon degraders. This re-
flected an adaptive response that was conducive to biodegradation
of ethanol-blend releases. We also showed statistically that dis-
solved O, was the most influential environmental factor shaping
the community structure. After the continuous release was shut off,
the abundance of most functional genes shifted towards pre-
release conditions, but the final functional structure was signifi-
cantly different. Longer monitoring periods may be needed to fully
understand the microbial response and recovery following the
complete attenuation of blended biofuel releases.
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