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Leveraging the capabilities of microorganisms to reduce (degrade or transform) concentrations of pollutants in soil and groundwater can be a cost-effective, natural remedial approach to manage contaminated sites. Traditional design and implementation of bioremediation strategies consist of lab-scale biodegradation studies or collection of field-scale geochemical data to infer associated biological processes. While both lab-scale biodegradation studies and field-scale geochemical data are useful for remedial decision-making, additional insights can be gained through the application of Molecular Biological Tools (MBTs) to directly measure contaminant-degrading microorganisms and associated bioremediation processes. Field-scale application of a standardized framework pairing MBTs with traditional contaminant and geochemical analyses was successfully performed at two contaminated sites. At a site with trichloroethene (TCE) impacted groundwater, framework application informed design of an enhanced bioremediation approach. Baseline abundances of 16S rRNA genes for a genus of obligate organohalide-respiring bacteria (i.e., Dehalococcoides) were measured at low abundances (101–102 cells/mL) within the TCE source and plume areas. In combination with geochemical analyses, these data suggested that intrinsic biodegradation (i.e., reductive dechlorination) may be occurring, but activities were limited by electron donor availability. The framework was utilized to support development of a full-scale enhanced bioremediation design (i.e., electron donor addition) and to monitor remedial performance. Additionally, the framework was applied at a second site with residual petroleum hydrocarbon (PHC) impacted soils and groundwater. MBTs, specifically qPCR and 16S gene amplicon rRNA sequencing, were used to characterize intrinsic bioremediation mechanisms. Functional genes associated with anaerobic biodegradation of diesel components (e.g., naphthyl-2-methyl-succinate synthase, naphthalene carboxylase, alkylsuccinate synthase, and benzoyl coenzyme A reductase) were measured to be 2–3 orders of magnitude greater than unimpacted, background samples. Intrinsic bioremediation mechanisms were determined to be sufficient to achieve groundwater remediation objectives. Nonetheless, the framework was further utilized to assess that an enhanced bioremediation could be a successful remedial alternative or complement to source area treatment. While bioremediation of chlorinated solvents, PHCs, and other contaminants has been demonstrated to successfully reduce environmental risk and reach site goals, the application of field-scale MBT data in combination with contaminant and geochemical data analyses to design, implement, and monitor a site-specific bioremediation approach can result in more consistent remedy effectiveness.
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1. Introduction

Natural or enhanced bioremediation is increasingly utilized in contaminated site management strategies. Bioremediation methods can be favorable strategies for contaminated site management as natural microorganisms present at impacted sites are capable of reducing (degrading or transforming) concentrations of a wide range of pollutants in soil and groundwater (Bouwer and Zehnder, 1993; Wiedemeier et al., 1999; Bombach et al., 2010). Traditional design and implementation of bioremediation strategies, including enhanced bioremediation treatment technologies or monitored natural attenuation (MNA) strategies, rely on contaminant concentrations and spatiotemporal trends, field-scale geochemical data, and/or lab-scale biodegradation studies. While useful for remedial decision-making, these evaluations are largely indirect indicators of in situ microbial activity and bioremediation potential (Wiedemeier et al., 1999; Rittmann and McCarty, 2001; Key et al., 2014; Lawson et al., 2019). Additional insights can be gained through the field-scale application of Molecular Biological Tools (MBTs) to analyze field samples and directly measure biomarkers (e.g., genes) associated with contaminant-degrading or transforming microorganisms and associated enzymes, which can vary spatially and temporally (Interstate Technology and Regulatory Council, 2013; Taggart and Clark, 2021).

Over the past 20 years, MBTs have been increasingly utilized, due to scientific advancement and decreased analytical cost, to directly assess microbiological processes at contaminated sites (Wilson et al., 1999; Madsen, 2000; Beller et al., 2002; Winderl et al., 2007; Cupples, 2008; Gedalanga et al., 2016; Wilson et al., 2019; Taggart and Clark, 2021; Wetterstrand, 2022). MBTs, such as quantitative polymerase chain reaction (qPCR) and 16S rRNA gene amplicon sequencing [often termed within the contaminated site management community as Next Generation Sequencing (NGS)], can be used to provide actionable data to inform site management. Many publications, including those in this research topic issue, present the advantages of employing MBTs in concert with contaminant chemistry and geochemistry evaluations to reduce site uncertainties and better characterize subsurface microbiology (Rittmann and McCarty, 2001; Amos et al., 2008; Busch-Harris et al., 2008; Bombach et al., 2010; Zhang et al., 2016; Bouchard et al., 2018; Lawson et al., 2019). Nonetheless, application, implementation strategies, and data interpretation of MBTs can be inconsistent in practice, which could potentially become barriers to increased uptake and acceptance within the contaminated site management community.

A framework was developed to demonstrate how MBTs could be consistently applied at the field-scale to reduce uncertainty of subsurface biological processes and support decision-making using site-specific biogeochemical data (Key et al., 2022). This framework was successfully performed at two contaminated sites to assess bioremediation capacity and guide remedial decision-making. The framework was applied to a site with trichloroethene (TCE) impacted groundwater, enumeration of 16S rRNA genes for a genus of obligate organohalide-respiring bacteria (i.e., Dehalococcoides) along with contaminant trends and geochemical data were utilized to develop a full-scale enhanced bioremediation design and to monitor remedial performance. At a second site with residual petroleum hydrocarbon (PHC) impacted soils and groundwater, MBTs, specifically qPCR and 16S rRNA gene amplicon sequencing (NGS), were used to identify and characterize contaminant-degrading microorganisms and associated biodegradation activities to assess the feasibility of a MNA approach within the downgradient plume and an enhanced bioremediation approach (i.e., biostimulation) within the source area.



2. Materials and methods


2.1. Field-scale framework

The field-scale framework structure applied to the sites is detailed in Key et al. (2022) and consists of two elements: (1) following a staged process and (2) using a multiple lines of evidence (MLOE) approach for data generation and interpretation to establish and address site-specific bioremediation objectives (SSBOs). The objective of the framework is to define a systematic approach to assess applicability of bioremediation, support Conceptual Site Model (CSM) development by measuring in situ biogeochemical processes, design a bioremediation approach, and measure bioremediation performance using field-scale MBT data. Many of the details applied through the framework at these two sites, such as tool selection and sampling plan development, were aligned with ASTM E3354 Standard Guide for Application of Molecular Biological Tools to Assess Biological Processes at Contaminated Sites (ASTM International, 2022). It should be noted that while this framework was found to be both pragmatic and effective to support site decision-making at the two sites described here, other frameworks or approaches may be applicable.

The framework staged process begins with the Framework Commencement where historical site data is reviewed to understand the current site setting, nature and extent of contamination, and site-specific risk drivers and establish SSBOs. Evaluation of existing chemical data and hydrogeological data should be integrated to a coherent CSM summarizing contaminant fate and transport processes, and receptor exposure to inform the rationale for and scope of generating MBT data to support bioremediation. The SSBOs should be defined to focus on the intent of MBT data generation, such as determining whether the generated data will be used to support a natural or enhanced bioremediation strategy and develop biodegradation data objectives. In Stage 1: Assessment, the objective is to identify potential biodegradation or biotransformation processes by performing targeted sampling for MLOE (contaminants, geochemical indicator parameters, and MBTs) at locations across the area of interest and across intrinsic contaminant concentration or geochemical gradients. Spatial and temporal contaminant trends provide empirical evidence of attenuation and biodegradation, while geochemical results help to elucidate potential associated biodegradation mechanisms and potential electron acceptor/donor limitations to intrinsic biodegradation. MBTs are evaluated to determine the presence and abundance of contaminant-degrading microorganisms or enzymes, and the inferred extent of intrinsic biodegradation. When the results of the assessment stage suggest a bioremediation approach is feasible, the contaminant, geochemical, and MBTs results are evaluated during the Stage 2: Design to support determination and design a site-specific bioremediation strategy. For natural bioremediation strategies, these data should provide conclusive evidence to support occurrence of intrinsic bioremediation across the area of interest. Additionally, the contaminant, geochemical, and MBT data should guide the design of the natural bioremediation monitoring program. If the results of the Assessment Stage indicate enhanced bioremediation (i.e., biostimulation) is warranted to meet site goals, the contaminant, geochemical, and MBTs data can guide approaches to enhance attenuation by adding a site-specific amendment [e.g., electron donor (emulsified vegetable oil [EVO], lactate, formate), electron acceptor (oxygen, nitrate, and sulfate), nutrients (nitrogen, phosphorous, trace metals, and vitamins)], and/or microbial cultures (e.g., bioaugmentation) to areas of residual impacts. Following implementation of the natural or enhanced bioremediation strategy, the Stage 3: Performance Monitoring includes generating and monitoring contaminant, geochemical, and MBT data to assess remedy progress toward objectives. Because spatiotemporal contaminant trends can be confounded by complex fate and transport processes that complicate biodegradation and remedy performance determinations, MBTs and geochemical data can be helpful to demonstrate biogeochemical effects of the remedy, and in some cases serve as a leading indicator of remedy performance.



2.2. Site 1 description

The framework approach was applied and validated at a former manufacturing site where trichloroethene (TCE) was used during manufacturing activities that resulted in impacted soil and groundwater. Groundwater impacts extend across three general hydrostratigraphic depth zones (termed shallow, intermediate, and deep) within the underlying eolian loess deposits. Hard-pan horizons characterized by comparatively lower hydraulic conductivity separate the hydrostratigraphic zones. Within each zone, groundwater generally flows to the south. Site investigation activities, primarily high-resolution site characterization using membrane interface probe (MIP) technology, identified the transport of TCE-impacted groundwater is controlled by lateral migration along the hard-pan layers until isolated areas of vertical fractures are encountered that facilitate downward transport into the underlying hydrostratigraphic zone. These transport mechanisms result in a stair-shaped plume, as shown by MIP results in Figure 1.
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FIGURE 1
 Site 1 TCE plume configuration based on MIP results. Pilot study injection wells are shown in orange and pilot study performance monitoring wells are shown in blue.




2.3. Site 2 description

The field-scale framework was applied to a former PHC bulk storage terminal that operated from at least the 1920s to the 1990s. Soil and groundwater impacts have been investigated across the site and have observed free-phase, light non-aqueous phase liquid (LNAPL) in shallow soil and in the shallow water table zone which generally fluctuates one to five feet below the ground surface. Multiple source areas characterized by observations of LNAPL are present within the former site footprint (Figure 2). Shallow impacts are vertically contained within the anthropogenic fill unit that underlies the site to depth of more than 20 feet below the ground surface. The anthropogenic fill unit comprises a heterogeneous mixture of silts, sands, wood fragments, and brick debris deposits with hydraulic conductivity varying from 4 to 84 feet per day (ft/day). Shallow, unconfined groundwater generally flows to the northwest.

[image: Figure 2]

FIGURE 2
 Site 2 overview showing shallow groundwater TPH-Dx plume contraction between August 2010 and March 2018.


The primary contaminants at the site are PHC, primarily diesel range organics (TPH-Dx) and gasoline range organics (TPH-Gx). TPH-Dx is detected most consistently above regulatory thresholds across the site in soil and groundwater and beyond the site within the shallow, dissolved-phase groundwater plume (Figure 2). TPH-Gx is detected only in soils and groundwater within the residual source areas. When detected in soil and groundwater, aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and total xylenes (BTEX) are near detection limits and below cleanup criteria. Excavation of impacted source soils occurred from the 1980s to the 2000s. Free-product removal at recovery wells and installation and operation of LPH-recovery and soil-vapor extraction trenches also were performed and reached technological mass removal limits. However, impacts above regulatory standards are still present in soil and groundwater.



2.4. Chemical sample collection and analysis

Groundwater sampling was performed at Sites 1 and 2 during the field-scale framework stages in a systematic approach to characterize contaminant and geochemical conditions within impacted areas, including source and downgradient plume areas, and from background sample locations for comparative purposes. Groundwater samples were collected using low-flow groundwater sampling methods (Puls and Barcelona, 1996).

Groundwater sampling at Site 1 was performed to establish contaminant concentrations and geochemical conditions across the lateral and vertical extent of the groundwater plume at groundwater monitoring wells during the Assessment Stage baseline characterization (nine monitoring wells), Design Stage pilot-scale implementation (four monitoring wells), and remedy Performance Monitoring Stage (nine monitoring wells). Contaminant analyses included volatile organic compounds [VOCs; U.S. Environmental Protection Agency (EPA) Method 8260] and ethene (US EPA Method RSK-175), a non-toxic reductive dechlorination end product. Geochemical analyses included general biogeochemical indicators [pH, specific conductivity, temperature, dissolved oxygen, oxidation–reduction potential (ORP), and alkalinity (SM 2320B)], potential bacterial electron acceptors (nitrate and sulfate by US EPA Methods 353.3 and 300.0 respectively), potential by-products of anaerobic microbial respiration [ferrous iron (SM21 3500FE B), sulfide (SM 4500 S2 F), and methane (US EPA Method RSK-175)], and organic carbon growth substrate availability [i.e., total organic carbon (TOC) by SM 5310B]. Samples for contaminant and biogeochemical indicators were analyzed by a certified, commercial analytical laboratory (Pace Analytical Services, LLC).

Groundwater samples were collected at Site 2 to supplement historical contaminant and biogeochemical indicator data from the background, source area, and downgradient plume monitoring wells during the Assessment Stage baseline characterization (seven monitoring wells) and from six pilot study monitoring wells during the Performance Monitoring Stage. Contaminant analyses included PHCs (TPH-Dx and TPH-Gx by NWTPH) and BTEX (US EPA Method 8260C). Biogeochemical indicator analyses included general biogeochemical indicators [pH, specific conductivity, temperature, dissolved oxygen, ORP, and alkalinity (SM 2320B)], potential bacterial electron acceptors (nitrate and sulfate by US EPA Method 300.0), and potential by-products of anaerobic microbial respiration [ammonia (SM 4500 NH3-C), iron and manganese (US EPA Method 6020), and methane (US EPA Method RSK-175)]. Samples for contaminant and biogeochemical indicators were analyzed by a certified, commercial analytical laboratory (Eurofins Calscience, LLC).



2.5. Sampling and analysis of MBTs

Groundwater samples (500 mL to 1 L of groundwater) were collected from Sites 1 and 2 to supplement contaminant and geochemical data to characterize microbiological conditions and potential contaminant biodegradation processes. Groundwater samples for molecular analyses were collected concurrently with contaminant and geochemistry samples from monitoring wells within impacted areas, including source and downgradient plume areas, and from background monitoring well locations for comparison. Groundwater samples from Sites 1 and 2 were shipped overnight on ice to Microbial Insights, Inc. of Knoxville, TN (MI). MI personnel extracted DNA from the groundwater samples.

qPCR was performed on the Site 1 samples for PCR primers targeting the Dehalococcoides (DHC) 16S rRNA gene, a genus capable of complete, sequential reductive dechlorination of TCE (and tetrachloroethene) to the non-toxic end product ethene (Maymó-Gatell et al., 1997; Löffler et al., 2013). DHC obtain metabolic energy by using hydrogen as an electron donor, acetate as a carbon source, and halogenated organic compounds, such as TCE, as electron acceptors. MI performed qPCR utilizing assay details, primers, and thermocycler conditions as previously described (Hatt et al., 2013).

Due to limited dissolved oxygen present in groundwater (i.e., <1 mg/L), qPCR analysis was performed on the Site 2 samples to detect and quantify functional genes related to anaerobic PHC biodegradation mechanisms including the benzoyl coenzyme A reductase (bcrA) gene implicated in cleavage of the benzene ring structure under anaerobic conditions (Boll and Fuchs, 1995), benzylsuccinate synthase (bssA) gene implicated in anaerobic biodegradation of toluene and xylenes (Biegert et al., 1996; Achong et al., 2001; Beller et al., 2002; Heider et al., 2016; Rabus et al., 2016), naphthyl-2-methyl-succinate synthase (mnssA) gene (Selesi et al., 2010), anaerobic naphthalene carboxylase genes (ANC; Mouttaki et al., 2012), and alkylsuccinate synthase (assA) which is linked to anaerobic biodegradation of alkane PHCs. Further, the adenosine-5′-phosphosulfate reductase gene (APS) characteristic of sulfate-reducing bacteria (SRB; Friedrich, 2002), which can be associated with anaerobic PHC biodegradation was also quantified (Johann Heider et al., 1998). MI performed qPCR utilizing commercially available assays for bssA, assA, mnssA, bcrA, ANC, and APS. It is important to note that some of the commercially available assays involve the use of multiple qPCR assays (five assays for bssA, six for assA, two for mnssA, three for bcrA, and seven for APS) for which quantities are added as previously described (Beller et al., 2002; Rossmassler et al., 2019; Kharey et al., 2020).

All qPCR analyses were performed using TaqMan™ 2X Universal PCR Master Mix (Thermo Fisher Scientific™) and were run on the QuantStudio™ 12 K Flex (Thermo Fisher Scientific™) with a thermal cycling amplification profile for including a single cycle of 2 min at 50°C for uracil-N-glycosylase (UNG) enzyme activation, followed by a single cycle of 10 min at 95°C to inactivate UNG enzyme, template DNA denaturing, and AmpliTaq Gold polymerase activation, followed by 40 cycles of 15 s at 95°C and 1 min at 60.0°C for repeated denaturing, polymerase annealing, and extension (Hatt et al., 2013). qPCR data herein are reported as cells/mL, which were calculated by dividing gene copies/mL by the number of gene copies/genome and dividing by the number of genomes/cell. All gene targets analyzed in this manuscript were assumed to have one genome per cell and one gene copy per genome.

Additionally, taxonomic 16S rRNA gene sequencing (i.e., NGS) was performed to assess microbial community composition and potential phyla and genera linked to PHC biodegradation. MI performed NGS of the 16S rRNA gene utilizing MiSeq Reagent Kit V3 300 cycle (Illumina®) and Nextera Index Kit V2 Set A (Illumina®) and were run on the MiSeq (Illumina®). Universal primers targeting the V3 and V4 regions of bacterial 16S rRNA genes were used as previously described (Klindworth et al., 2013): forward primer (S-D-Bact-0341-b-S-17) 5′-CCTACGGGNGGCWGCAG and reverse primer (S-D-Bact-0785-a-A-21) 5′-GACTACHVGGGTATCTAATCC. Illumina adapter overhang nucleotide sequences were added to the primer sequences and NGS library preparation methods were followed as described in the 16S Metagenomic Sequencing Library Preparation Protocol (Illumina®).

It should be noted that while qPCR and NGS were applied at these two sites to support site objectives, additional MBTs (e.g., metabolomics or proteomics) may have been useful to assess and demonstrate in situ contaminant biodegradation and support site decision-making.




3. Results


3.1. Site 1: TCE bioremediation

The field-scale framework was applied and SSBOs were established to assess the potential for natural or enhanced bioremediation of the primary contaminant, TCE. Baseline chemical characterization as part of the initial step of the framework process was performed and demonstrated that TCE and the first reductive dechlorination daughter product, cis-1,2-dichloroethene (cDCE), were the dominant contaminants present in saturated soil (TCE and cDCE maxima of 3,970 μg/kg and 364 μg/kg respectively) and groundwater. Vinyl chloride (the second daughter product of sequential reductive dechlorination of TCE) and non-toxic end products, ethene and ethane, were generally absent in groundwater suggesting that complete reductive dechlorination of TCE was not occurring (De Bruin et al., 1992; Maymó-Gatell et al., 1997; Wiedemeier et al., 1999; Amos et al., 2008). Since TCE can be degraded by natural dechlorinating microorganisms that utilize hydrogen, formate, or other fermentation products as an electron donor, it was hypothesized that contaminant-degrading activities of native dechlorinating microorganisms were limited by the availability of fermentable substrates or electron donor (i.e., organic carbon) and/or that these microorganisms were not present in sufficient abundance (Sung et al., 2006; Moe et al., 2009; Löffler et al., 2013; Key et al., 2017; Yang et al., 2017; Chen et al., 2022; Jiang et al., 2022). Based on these observations, additional evaluation was performed in accordance with a standardized framework to assess the feasibility of an in situ biostimulation strategy to treat TCE and lesser chlorinated daughter products.


3.1.1. Assessment

Initial baseline geochemical characterization in November 2010 indicated that while plume conditions were anaerobic as shown by the absence of dissolved oxygen in groundwater monitoring wells, the geochemical conditions were not favorable for intrinsic reductive dechlorination (Table 1). Detections of electron acceptors nitrate (up to ~40 mg/L) and sulfate (~100 mg/L) in conjunction with low levels of organic carbon (TOC <10 mg/L) indicated limited intrinsic microbial fermentation activities needed to produce hydrogen, formate, and similar electron donor substrates utilized by DHC and other microorganisms during reductive dechlorination (Sung et al., 2006; Moe et al., 2009; Löffler et al., 2013; Key et al., 2017; Yang et al., 2017; Chen et al., 2022; Jiang et al., 2022). Groundwater samples collected for qPCR analysis confirmed that DHC were present, but at abundances [101–103 cells per milliliter (cells/mL); detection limit of 10−1 cells/mL] that likely limited the rate of biodegradation. Therefore, while the requisite dechlorinating bacteria were present demonstrating that a bioremediation approach was feasible, the data indicated that biostimulation could be a useful strategy to increase the availability of fermentable substrates and promote geochemical conditions favorable for sustained in situ bioremediation through reductive dechlorination.



TABLE 1 Summary of baseline ranges for key parameters measured during the Assessment Stage from groundwater monitoring wells within the plume core.
[image: Table1]



3.1.2. Design

The contaminant, geochemical, and MBT data generated during the Assessment Stage provided MLOE that a biostimulation approach to enhance intrinsic bioremediation could be effective. The Assessment Stage results indicated that low levels of natural organic carbon in the source area and associated groundwater plume likely limited the intrinsic reductive dechlorination capacity of native dechlorinating microorganisms. Therefore, based on these data and hydrogeologic understanding, injection of a soluble organic carbon amendment (sodium lactate solution) was posited to be effective in enhancing intrinsic reductive dechlorination activities. During the Design Stage, the mass of lactate in the amendment solution (25 kg of lactate in 750 gallons of water) was calculated to provide the electron equivalents necessary to satisfy the demand for reductive dechlorination of chlorinated contaminants in aqueous and sorbed phases (assuming equilibrium partitioning to aquifer solids) and other competing electron acceptors in the system (e.g., nitrate, iron and manganese oxides, and sulfate) over a period of four injection events (Supplementary Table S1).

During the Design Stage, a pilot test was conducted that consisted of four, quarterly, low-pressure (<20 pounds per square inch of injection backpressure) amendment injections (25 kg lactate in 750 gallons of water) in three injection wells that targeted the shallow and intermediate portion of the plume nearest the source area between November 2010 and August 2011. Pilot performance groundwater samples for contaminant chemistry, geochemical indicator parameters, and MBTs (i.e., qPCR for DHC abundance) were collected from four groundwater monitoring wells (Well #1, Well #3, Well #7, and Well #6) ~2 months after each injection. With the exception of Well #7, which was determined to be outside of the radius of influence of injections, TCE concentrations decreased following the first injection and remained <50 μg/L in pilot wells following the second and third injections (Figure 3). Conversely, levels of cDCE varied but remained elevated following the first three pilot injection events indicating stalled reductive dechlorination (sometimes referred to as “cDCE stall”). This was further evidenced by the absence of corresponding increases in vinyl chloride or ethene concentrations. Despite positive influence in the treatment area including increased TOC levels and redox transition to sulfate-reducing conditions (i.e., decreased sulfate levels) that promote reductive dechlorination processes (Wiedemeier et al., 1999), the amendment had modest effects on the abundance of the native DHC population capable of complete reductive dechlorination (Figure 3). The limited effect on the DHC population may have been due to competition for growth substrates with other native microorganisms, which was not evaluated. These contaminant and MBT data supported the decision to bioaugment with a commercially available bioaugmentation DHC culture (SDC-9™ comprising more than 107 DHC cells/mL), which was added to the three pilot injection wells (2 L per well) during the fourth quarterly amendment injection event. DHC abundance increased by up to three orders of magnitude (OoM) after the fourth injection event (105–108 cells/mL) and cDCE concentrations decreased while the concentration of ethene increased (Figure 3).

[image: Figure 3]

FIGURE 3
 Site 1 field pilot study performance monitoring trends for TCE, cDCE, vinyl chloride, ethene, and DHC.


The pilot test results during the Design Stage were used to conclude that (1) injection of a lactate amendment could favorably achieve biogeochemical conditions that promote reductive dechlorination, and (2) biostimulation was unlikely to stimulate growth of native DHC to support complete reductive dechlorination at the site and bioaugmentation was warranted following establishment of appropriate, reducing geochemical conditions.



3.1.3. Performance monitoring

Following and informed by the pilot test, an expanded amendment injection program was designed, and implemented with 31 additional on-site and off-site injection wells in the shallow source area and the intermediate and deep hydrostratigraphic zones of the dissolved plume (Figure 4). Amendment injections were performed on a quarterly basis between October 2012 and November 2014 in the intermediate zone and deeper zone using the lactate dosage from the pilot test of 25 kg of lactate in 750 gallons of water. Amendment injections were performed in October 2012 and January 2013 in the shallow zone and were discontinued due to attainment of regulatory criteria for TCE, cDCE, and vinyl chloride.

[image: Figure 4]

FIGURE 4
 Site 1 cross-sectional view of full-scale implementation of the enhanced bioremediation strategy.


Similar to the pilot test, groundwater samples were collected from nine on-site and off-site monitoring wells ~1 month prior to each amendment injection event for contaminant chemistry, geochemical indicator parameters, and MBT data (DHC abundances). Overall, the results of the full-scale amendment injection program mirrored the results of the pilot test. The amendment injections increased the availability of organic carbon (TOC concentrations >100 mg/L in remedy performance monitoring wells) and promoted geochemically reducing conditions favorable for reductive dechlorination. Following the first several on-site and off-site amendment injection events, TCE concentrations within the dissolved plume in the hydrostratigraphic zones decreased (Figure 5). Consistent with the pilot test, the levels of cDCE remained elevated in the intermediate and deeper zones outside of the pilot test treatment zones. The qPCR results showed that the abundance of DHC did not substantially increase in the intermediate and deeper treatment zones, consistent with the observations of incomplete reductive dechlorination.

[image: Figure 5]

FIGURE 5
 Site 1 full-scale implementation of enhanced bioremediation performance monitoring trends of TCE, cDCE, vinyl chloride, ethene, and DHC within the treatment area.


Bioaugmentation with the commercially available SDC-9™ DHC culture was added to the injection wells screened in the intermediate and deep treatment zones (2 L per injection well) during the April 2013 amendment injection event. Following bioaugmentation, abundances of DHC increased up to four and three OoM, respectively, to 103–107 cells/mL in the intermediate zone and 103–106 cells/mL in the deep zone. cDCE levels generally decreased in the June 2013 groundwater sampling event in both intermediate and deep zones, while vinyl chloride and ethene also increased above baseline levels. Continued quarterly amendment injection continued until November 2014 and TCE, cDCE, and vinyl chloride levels decreased below baseline levels across the plume. Based on attainment of regulatory criteria across a substantial portion of the plume, the bioremediation strategy was shifted in March 2015 to a MNA strategy for a 3-year period to assess the long-term stability of the treatment area. The lack of plume rebound except for two isolated areas and the continued detection of DHC indicated that natural biodegradation capacity was sufficient to meet remedial and regulatory objectives and the site was transitioned to a long-term monitoring regulatory program.



3.1.4. Key lessons

Application of the field-scale framework at the Assessment Stage demonstrated that intrinsic reductive dechlorination was occurring at the site, but that the activities of native dechlorinating bacteria were limited by electron donor availability. Field pilot studies during the Design Stage demonstrated that injection of an organic carbon amendment could modify geochemical conditions to those that favor reductive dechlorination, but the MBT data (i.e., qPCR results) demonstrated that abundance of native populations of DHC did not substantially increase suggesting that bioaugmentation should be part of the remedial strategy at this site. Following full-scale implementation of the enhanced bioremediation strategy, groundwater monitoring during the Performance Monitoring Stage demonstrated remedy success through a MLOE approach, including decreasing plume contaminant concentrations (primary line of evidence), shift toward reducing geochemical conditions favorable for reductive dechlorination (secondary line of evidence), and increased DHC abundance following bioaugmentation and injections sufficient for enhanced bioremediation as determined by MBT analyses, specifically qPCR (tertiary line of evidence).




3.2. Site 2: PHC bioremediation

The field-scale framework was applied to the Site and SSBOs were established to assess the potential intrinsic biodegradation capacity to assess whether bioremediation was applicable to mitigate Site contamination. As the initial step of the framework application, critical review of historical groundwater data collected between August 2010 and March 2018 demonstrated that plume contraction had occurred during this period within the source areas and in the downgradient plume (Figure 2). Due to the observed TPH-Dx plume contraction, coincident absence of TPH-Gx and BTEX outside the source area, and ability for PHC biodegradation by natural microorganisms that utilize oxygen, sulfate, or other terminal electron acceptors, it was hypothesized that (i) intrinsic contaminant degradation was occurring and (ii) contaminant-degrading activities of native microorganisms are limited by the availability of electron acceptor (i.e., sulfate). Therefore, an additional SSBO was established and a study was implemented to assess the feasibility of intrinsic bioremediation and/or enhanced bioremediation as a potential component(s) of the site management strategy.


3.2.1. Assessment stage

Analytical results of geochemical parameters indicated that anaerobic and strongly reducing biogeochemical conditions were present in the on-site source area, as monitored by W-1, W-15R, and MW-A1, and extend into the downgradient plume area, as monitored by MW-19, MW-A2, and MW-A4. Spatial distribution plots of key biogeochemical indicator parameters sulfate and dissolved methane are presented in Figure 6. Review of these data in comparison to background monitoring well MW-11 showed a depletion of sulfate and concomitant increase in dissolved methane in groundwater monitoring wells that correlate to decreased TPH-Dx concentration with increasing distance from the source area. This is a well-characterized condition of PHC sources and plumes where the excess availability of PHC (and potentially other organic compounds), which are microbial growth substrates and/or electron donors, promotes these anaerobic and strongly reducing geochemical conditions (Wiedemeier et al., 1999; Roychoudhury and McCormick, 2006; Suthersan et al., 2011). Overall, the depletion of sulfate below the background and increased dissolved methane levels above the background suggested that intrinsic biodegradation of TPH-Dx was occurring by both sulfate reduction and methanogenesis pathways, as well as by fermentation processes.
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FIGURE 6
 Site 2 sulfate (mg/L) and dissolved methane (mg/L) distribution in shallow groundwater as determined during the Assessment Stage.


qPCR analyses (Figure 7) showed that the abundance of functional genes related to anaerobic degradation of TPH-Gx, TPH-Dx, and BTEX in the source area and downgradient plume was as high as three OoM greater than the abundance in background wells. The benzoyl coenzyme A reductase (bcrA) gene implicated in cleavage of the benzene ring structure under anaerobic conditions (Boll and Fuchs, 1995) and benzylsuccinate synthase (bssA) gene implicated in anaerobic biodegradation of toluene and xylenes (Biegert et al., 1996; Achong et al., 2001; Beller et al., 2002; J Heider et al., 2016; Rabus et al., 2016) were detected in source area monitoring wells (bcrA: 9.5 × 102–1.5 × 103 cells/mL; bssA: 4.4 × 101–2 × 102 cells/mL) and downgradient plume area monitoring wells (bcrA: 3.2 × 102–3.2 × 103 cells/mL; bssA: not detected to 6 × 102 cells/mL), which were at higher abundances compared to the background area well (bcrA: 1.5 × 102 cells/mL; bssA: not detected). Abundances of functional genes associated with anaerobic biodegradation of TPH-Dx components, including naphthyl-2-methyl-succinate synthase (mnssA) gene (Selesi et al., 2010) and anaerobic naphthalene carboxylase genes (ANC; Mouttaki et al., 2012) were also as high as two OoM higher in source area (mnssA: 1.1 × 103–1.2 × 103 cells/mL; ANC: 2.4 × 102–2.7 × 102 cells/mL) and downgradient plume monitoring wells (mnssA: not detected to 6.7 × 103 cells/mL; ANC: not detected to 1.5 × 103 cells/mL) as compared to background (mnssA and ANC not detected above detection limits of 4.6 cells/mL). The abundance of alkylsuccinate synthase (assA) which is linked to anaerobic biodegradation of alkane PHCs was also elevated in the source area and plume samples (not detected to 5.2 × 102 cells/mL) as compared to background. Further, many SRB, detected and measured by APS (Ramos et al., 2012), anaerobically degrade PHCs (Heider et al., 1998). The abundance of APS in the source area and downgradient plume monitoring wells are nearly two OoM greater than background, suggesting SRB as relevant PHC-degrading microorganisms at the site.

[image: Figure 7]

FIGURE 7
 Site 2 abundance of functional genes in background, source area, and downgradient plume monitoring wells related to anaerobic degradation of PHC. The mean abundance for functional genes in source area and downgradient plume monitoring wells is represented by the green and blue circles, respectively, and the data spread (maximum and minimum) is represented by the error bars. The measured abundance for functional genes in the background monitoring well is represented by the black horizontal bars. Abundances of functional genes related to PHC biodegradation in source area and downgradient plume monitoring wells are several OoM greater than abundances in the background monitoring well.


The 16S rRNA gene NGS results identified that changes in microbial community composition and relative abundance are apparent in source and downgradient plume areas as compared to background (Figure 8). Several genera known to be implicated in biodegradation of PHCs and various TPH constituents are found above 2% relative abundance in samples from source area (primarily W-15R, W-1, and MW-A1) and downgradient plume (MW-A2) monitoring wells that are absent from the background sample. Genera detected in source area and plume area monitoring wells above background relative abundances and linked to PHC biodegradation include Dechloromonas (Chakraborty et al., 2005), Deinococcus (Liang et al., 2011), Clostridium (Gieg et al., 2014), Geobacillus (Elumalai et al., 2019), Syntrophus (Gieg and Toth, 2019), Zoogloea (Farkas et al., 2015), Enterobacter (Ramasamy et al., 2017), and Petrotoga (Purwasena et al., 2014). In addition to the presence of PHC degraders in the source and plume area, methanogenic microorganisms including those belonging to the Classes Methanobacteria and Methanomicrobia were also found in higher relative abundance in the source and downgradient plume areas above the background suggesting hydrocarbon degradation to methane by methanogens is likely occurring.
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FIGURE 8
 Site 2 taxonomic distribution of bacterial communities for each sample location. Operational taxonomic units (OTUs) detected (A) at the phylum level (>1% of relative abundance) and (B) at the genus level (>2% relative abundance).




3.2.2. Design

The contaminant, geochemical, and MBT data generated during the Assessment Stage provide strong evidence to suggest that intrinsic, anaerobic biodegradation processes are supporting contaminant attenuation and temporal plume contraction within the source and downgradient plume areas. Decreasing TPH-Dx and TPH-Gx concentration trends for plume and source area groundwater monitoring wells (Supplementary Figure S1) and associated plume contraction (Figure 2), most significant within the downgradient portion, are primary lines of evidence of contaminant attenuation and potential biodegradation. Geochemical characterization provides a secondary line of evidence of biodegradation. Depletion of sulfate below the background concomitant with increasing dissolved methane levels in the source area infers contaminant biodegradation is occurring by sulfate reduction, methanogenesis, and fermentation pathways. MBT results (qPCR and NGS data) provide a tertiary line of evidence of PHC biodegradation as functional genes and several genera known to be implicated in PHC biodegradation were observed in higher relative abundance in the source and downgradient plume as compared to background.

Overall, the Assessment Stage data provide sufficient, strong evidence that supports occurrence of intrinsic bioremediation across the source area and downgradient groundwater plume. Given the collapse of the downgradient TPH-Dx plume to levels near regulatory criteria and demonstrated intrinsic biodegradation, a MNA approach was determined to be appropriate for the downgradient plume. A monitoring program developed during the Design Stage that includes continued sampling of downgradient plume monitoring wells (MW-A2, MW-A4, MW-A5, MW-A6, and MW-19) for analysis for contaminants, key geochemical indicator parameters (e.g., sulfate, dissolved methane), and key functional and taxonomic genes related to anaerobic biodegradation of PHCs (bcrA, bssA, mnssA, ANC, assA, APS) was recommended for performance monitoring of MNA of the downgradient plume.

While the data generated during the Assessment Stage showed that source area TPH biodegradation is occurring, the depletion of electron acceptors (primarily sulfate) is potentially limiting the biodegradation capacity of the residual PHCs in the source areas (Anderson and Lovley, 2000; Sublette et al., 2006; Buscheck et al., 2019). Therefore, a field pilot study was designed to assess whether injection of a sulfate amendment (i.e., soluble magnesium sulfate solution) and nitrogen and phosphorous nutrients (diammonium phosphate) could promote native SRB activities to enhance intrinsic biodegradation of PHCs. The pilot study location was selected in the area immediate to W-15R based on observations of consistently elevated TPH-Dx aqueous concentrations in shallow groundwater. The pilot study comprised two injection wells (IW-1 and IW-2) sited 10 feet upgradient of W-15R, and four performance monitoring wells (OBS-1, OBS-2, OBS-3, and W-15R) as shown in Figure 9. The initial amendment was designed to comprise 15 kg of magnesium sulfate in 500 gallons of potable water, which was estimated to target a sulfate concentration of ~100 mg/L across a treatment area with a thickness and radius of 10 ft. and 20 ft., respectively. In addition to baseline sampling, performance groundwater sampling events were designed to be conducted monthly after the initial injection and then quarterly for the duration of the 1-year study.
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FIGURE 9
 Site 2 field pilot study layout. IW-1 and IW-2 are injection wells. OBS-3 monitors conditions upgradient of the injection area. OBS-1 and OBS-2 monitor conditions cross-gradient to the injection area. W-15R monitors conditions downgradient of the injection area.




3.2.3. Performance monitoring

The sulfate amendment was initially injected in November 2020. One, two, and three months (December 2020, January 2021, and February 2021 respectively) after injection, performance groundwater samples were collected for analyses of contaminants (TPH-Dx and TPH-Gx), geochemical parameters, and MBTs (qPCR targeting genes for SRB, methanogens, and total bacteria) to assess the initial effects of the sulfate amendment on native microorganisms and associated anaerobic biodegradation of PHCs. As shown in the concentration trends presented in Figure 10, following injection in November 2020, sulfate levels initially increased from baseline concentrations of <1 mg/L to near 100 mg/L in December 2020 in IW-1 and W-15R, and to 45 mg/L in OBS-2 and then declined during January and February 2021 toward baseline presumed to be due to a variety of attenuation mechanisms, including consumption by native SRBs, advection, and dilution. This trend was mirrored with the qPCR data measuring the APS gene abundance to monitor SRB. APS abundances increased in IW-2, IW-3, and W-15R in December 2020 and then declined thereafter concomitant with decreasing sulfate availability. These lines of evidence suggest the injected sulfate had effectively biostimulated native SRB to promote biodegradation activity within the immediate injection area. This observation was further supported by the observed decreases of TPH-Dx and TPH-Gx during the initial 3 months in IW-1, IW-2, and OBS-2. However, the limited or absent sustained reduction in contaminant levels outside of the immediate injection (IW-1) and downgradient areas (W-15R) suggests that the distribution of sulfate and biostimulation across the broader treatment area was limited.
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FIGURE 10
 Site 2 field pilot study performance monitoring results for the injection wells (IW-1 and IW-2) and the downgradient well (W-15R) before and 3 months after the initial November 2021 injection.


The sulfate dosage was subsequently increased to 30 kg of magnesium sulfate in 500 gallons of water for the second (February 2021) and third (May 2021) injection events. Owing to increased sulfate availability, abundance of SRBs (measured by APS) increased by more than one OoM in April 2021 as compared to February 2021 in IW-1 (1.11 × 104 cells/mL to 6.53 × 105 cells/mL), IW-2 (1.41 × 104 cells/mL to 2.09 × 105 cells/mL), OBS-2 (6.34 × 103 cells/mL to 2.23 × 105 cells/mL), and W-15R (5.59 × 104 cells/mL to 2.60 × 106 cells/mL) as shown in Supplementary Figures S2,S3. While levels of TPH-Dx and TPH-Gx remained below baseline levels in IW-1, IW-2, and OBS-3, TPH-Dx and TPH-Gx concentrations in samples from W-15R were variable with consistent concentrations above 1,000 μg/L detected. The elevated detection of TPH-Dx above baseline levels in IW-1 in July 2021 is considered likely anomalous due to the absence of concomitant increase of TPH-Gx. The variability of TPH-Dx observed at W-15R is consistent with the variability measured in upgradient well OBS-3 and cross-gradient well OBS-1 (Supplementary Figure S3), thus the influence of injection effects cannot be determined based on aqueous TPH-Dx concentrations as a single line of evidence. However, additional lines of evidence including increased followed by decreased sulfate concentrations with concomitant increase followed by decrease in APS abundance after the February 2021 and May 2021 injections at W-15R suggest that biodegradation of PHCs was enhanced through biostimulation using sulfate as an amendment. The presence of residual source material in soil may obscure potential positive effects of enhanced bioremediation observable by aqueous phase TPH concentrations due to increased rate of dissolution or desorption of source material as multi-phase equilibrium is maintained (Seagren et al., 1994; Amos et al., 2008). Further, it did not go unnoticed that analysis of additional functional genes via qPCR, such as alkane succinate synthase (assA), or application of additional MBTs (e.g., metabolomics) may have provided further evidence to assess effectiveness of enhanced bioremediation of TPH constituents through biostimulation with sulfate.

Overall, the results of the field pilot performance monitoring demonstrated through MLOE including contaminant, geochemistry, and MBT (i.e., qPCR) suggest that direct injection of a sulfate amendment could promote growth, increased abundance, and presumably activity of PHC-degrading SRBs. However, while SRB abundance did increase above pre-injection levels downgradient of the injection area suggesting increased biodegradation capacity, TPH-Dx and TPH-Gx concentration trends did not exhibit sustained decreasing concentration trends. These data suggest that a higher sulfate mass dosage and potentially a less soluble sulfate source, such as gypsum, to sustain elevated levels of sulfate for longer durations should be considered to enhance bioremediation capacity and activity at the site.



3.2.4. Key lessons

Application of the field-scale framework at the Assessment Stage demonstrated that intrinsic biodegradation of the PHCs was occurring within the source and downgradient plume areas. MLOE including contaminant spatiotemporal trends, geochemical characterization, and abundance of functional genes and microorganism linked to anaerobic PHC biodegradation above background abundances provided strong evidence that groundwater remedial objectives could be achieved by natural intrinsic bioremediation. Yet, the data suggested that limited availability of electron acceptors may be restricting intrinsic bioremediation in the source area. The field pilot study developed during the Design Stage demonstrated during the Performance Monitoring Stage that a sulfate amendment could promote increased biodegradation by sulfate reduction mechanisms, but that substantial sulfate mass may be required to achieve success at full-scale implementation.





4. Discussion

Natural or enhanced bioremediation treatment strategies can be favorable approaches for contaminated site management as natural microorganisms present at impacted sites are capable of reducing (degrading or transforming) concentrations of a wide range of pollutants in soil and groundwater. Increasing application of MBTs to directly measure microbiological processes can reduce site uncertainties to better inform remedial decisions and increase the potential for success of bioremediation. Yet, while many publications and guidance documents extol the advantages of employing MBTs in concert with contaminant chemistry and geochemistry evaluations, MBTs application, implementation strategies, and data interpretation are inconsistent. To aid in demonstration of the utility of MBTs to increase knowledge of relevant subsurface microbiological processes, this study focuses on field-scale application of a standardized and systematic framework that pairs MBTs with traditional contaminant and geochemical analyses.

The previously published framework describing a standardized approach to applying MBTs at the field-scale (Key et al., 2022) was successfully applied at two contaminated sites to assess bioremediation capacity and guide remedial decision-making. Framework application at a site with TCE impacts in groundwater supported design, implementation, and monitoring of full-scale injection of an electron donor to promote reductive dechlorination degradation mechanisms within the groundwater plume. Enumeration of 16S rRNA genes via qPCR for obligate reductive dechlorinating bacteria during a field pilot study demonstrated that injection of electron donor (biostimulation) alone would likely not be sufficient for remedy success and that bioaugmentation with a DHC culture could enhance the native dechlorinating microbial population to achieve remedy at this site. At the second site, framework application using MLOE showed that (1) intrinsic bioremediation of PHCs was occurring in the source area and downgradient plume sufficient to meet groundwater remedial objectives, and (2) that addition of a sulfate to increase electron acceptor availability in the source area can increase bioremediation capacity.

Increased application of a standardized approach that employs MBTs in concert with traditional analyses to assess physical, chemical, and biological processes has the potential to reduce site uncertainties, improve bioremediation effectiveness, and provide site managers and stakeholders greater confidence in contaminated site management. Further, it is hoped and anticipated that the associated framework applied and data herein to contextualize current field-scale use of MBTs, identify areas of improvement, and inform future targeted research. As example, potential areas for future research to further improve field-scale use of MBTs at contaminated sites include demonstrating comparative analysis of metabolomics or proteomics versus qPCR data at field-scale to improve or support bioremediation decision-making or conceptual site model development, and development of machine-learning algorithms to assist or automate data interpretation of field-scale MBT, contaminant, and geochemical data to decrease time between data generation and interpretation to support to more informed site decision-making.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://doi.org/10.6084/m9.figshare.21905697.v1.



Author contributions

AM and TK contributed to conception and design of this perspective. SS and YW refined and sharpened conceptual layout and messaging of content. AM and TK wrote sections of the manuscript. All authors contributed to manuscript review and read and approved the submitted manuscript.



Funding

Funding and in-kind contributions were provided by ExxonMobil Environmental and Property Solutions Company, Golder Associates USA, Inc., and Imperial Oil Limited. The funder had the following involvement in the study: study design, interpretation of data, and the writing of this article.



Acknowledgments

The authors would like to thank numerous reviewers, supporters, critics, and contributors to the development of this framework within ExxonMobil, Imperial Oil, Golder, and many other organizations. Although we cannot mention them all, we would especially like to thank Thomas Maldonato of ExxonMobil Environmental and Property Solutions Company for his visionary support and input behind the origin of this work and Lynn Anne Sanguedolce of ExxonMobil Environmental and Property Solutions Company for her mentorship, critique, and support of this work. The authors would also like to thank Microbial Insights, Inc. for performing qPCR and NGS analyses and providing associated technical support.



Conflict of interest

AM and SS were employed by Golder Associates USA Inc. YW was employed by Imperial Oil Limited. TK was employed by ExxonMobil Environmental and Property Solutions Company.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1005871/full#supplementary-material



References

 Achong, G. R., Rodriguez, A. M., and Spormann, A. M. (2001). Benzylsuccinate synthase of Azoarcus sp. strain T: cloning, sequencing, transcriptional organization, and its role in anaerobic toluene and m-xylene mineralization. J. Bacteriol. 183, 6763–6770. doi: 10.1128/JB.183.23.6763-6770.2001 

 Amos, B. K., Suchomel, E. J., Pennell, K. D., and Löffler, F. E. (2008). Microbial activity and distribution during enhanced contaminant dissolution from a NAPL source zone. Water Res. 42, 2963–2974. doi: 10.1016/j.watres.2008.03.015 

 Anderson, R. T., and Lovley, D. R. (2000). Anaerobic bioremediation of benzene.PDF. Environ. Sci. Technol. 34, 2261–2266. doi: 10.1021/es991211a

 ASTM International (2022). ASTM E3354 Standard Guide for Application of Molecular Biological Tools to Assess Biological Processes at Contaminated Sites, Published September 2022. doi: 10.1520/E3354–22

 Beller, H. R., Kane, S. R., Legler, T. C., and Alvarez, P. J. J. (2002). A real-time polymerase chain reaction method for monitoring anaerobic, hydrocarbon-degrading bacteria based on a catabolic gene. Environ. Sci. Technol. 36, 3977–3984. doi: 10.1021/es025556w 

 Biegert, T., Fuchs, G., and Heider, J. (1996). Evidence that anaerobic oxidation of toluene in the denitrifying bacterium Thauera aromatica is initiated by formation of benzylsuccinate from toluene and fumarate. Eur. J. Biochem. 238, 661–668. doi: 10.1111/j.1432-1033.1996.0661w.x 

 Boll, M., and Fuchs, G. (1995). Benzoyl-CoA reductase (dearomatizing), a key enzyme of anaerobic aromatic metabolism. Eur. J. Biochem. 234, 921–933. doi: 10.1111/j.1432-1033.1995.921_a.x 

 Bombach, P., Richnow, H. H., Kästner, M., and Fischer, A. (2010). Current approaches for the assessment of in situ biodegradation. Appl. Microbiol. Biotechnol. 86, 839–852. doi: 10.1007/s00253-010-2461-2

 Bouchard, D., Hunkeler, D., Madsen, E. L., Buscheck, T., Daniels, E., Kolhatkar, R., et al. (2018). Application of diagnostic tools to evaluate remediation performance at petroleum hydrocarbon-impacted sites. Ground Water Monit. Rem. 38, 88–98. doi: 10.1111/gwmr.12300

 Bouwer, E. J., and Zehnder, A. J. B. (1993). Bioremediation of organic compounds — putting microbial metabolism to work. Trends Biotechnol. 11, 360–367. doi: 10.1016/0167-7799(93)90159-7 

 Buscheck, T., Mackay, D., Paradis, C., Schmidt, R., and de Sieyes, N. (2019). Enhancing microbial sulfate reduction of hydrocarbons in groundwater using permeable filled borings. Ground Water Monit. Rem. 39, 48–60. doi: 10.1111/gwmr.12346

 Busch-Harris, J., Sublette, K., Roberts, K. P., Landrum, C., Peacock, A. D., Davis, G., et al. (2008). Bio-traps coupled with molecular biological methods and stable isotope probing demonstrate the in situ biodegradation potential of MTBE and TBA in gasoline-contaminated aquifers. Ground Water Monit. Rem. 28, 47–62. doi: 10.1111/j.1745-6592.2008.00216.x

 Chakraborty, R., O’Connor, S. M., Chan, E., and Coates, J. D. (2005). Anaerobic degradation of benzene, toluene, Ethylbenzene, and xylene compounds by Dechloromonas strain RCB. Appl. Environ. Microbiol. 71, 8649–8655. doi: 10.1128/AEM.71.12.8649-8655.2005 

 Chen, G., Murdoch, F. K., Xie, Y., Murdoch, R. W., Cui, Y., Yang, Y., et al. (2022). Dehalogenation of chlorinated Ethenes to Ethene by a novel isolate, ‘Candidatus Dehalogenimonas Etheniformans’. Appl. Environ. Microbiol. 88:e0044322. doi: 10.1128/aem.00443-22 

 Cupples, A. M. (2008). Real-time PCR quantification of Dehalococcoides populations: methods and applications. J. Microbiol. Methods 72, 1–11. doi: 10.1016/j.mimet.2007.11.005 

 De Bruin, W. P., Kotterman, M. J. J., Posthumus, M. A., Schraa, G., and Zehnder, A. J. B. (1992). Complete biological reductive transformation of Tetrachloroethene to ethane. Appl. Environ. Microbiol. 58, 1996–2000. doi: 10.1128/aem.58.6.1996-2000.1992 

 Elumalai, P., Parthipan, P., Narenkumar, J., Anandakumar, B., Madhavan, J., Byung-Taek, O., et al. (2019). Role of thermophilic bacteria (Bacillus and Geobacillus) on crude oil degradation and biocorrosion in oil reservoir environment. 3 Biotech 9:79. doi: 10.1007/s13205-019-1604-0 

 Farkas, M., Táncsics, A., Kriszt, B., Benedek, T., Tóth, E. M., Kéki, Z., et al. (2015). Zoogloea Oleivorans sp. Nov., a Floc-forming, petroleum hydrocarbon-degrading bacterium isolated from biofilm. Int. J. Syst. Evol. Microbiol. 65, 274–279. doi: 10.1099/ijs.0.068486-0 

 Friedrich, M. W. (2002). Phylogenetic analysis reveals multiple lateral transfers of Adenosine-5′-Phosphosulfate Reductase genes among sulfate-reducing microorganisms. J. Bacteriol. 184, 278–289. doi: 10.1128/JB.184.1.278-289.2002 

 Gedalanga, P. B., Madison, A. S., Yu, M., Richards, T. R., Hatton, J., Diguiseppi, W. H., et al. (2016). A multiple lines of evidence framework to evaluate intrinsic biodegradation of 1,4-Dioxane. Remediation 27, 93–114. doi: 10.1002/rem.21499

 Gieg, L. M., Jane Fowler, S., and Berdugo-Clavijo, C. (2014). Syntrophic biodegradation of hydrocarbon contaminants. Curr. Opin. Biotechnol. 27, 21–29. doi: 10.1016/j.copbio.2013.09.002

 Gieg, L. M., and Toth, C. R. A. (2019). “Anaerobic biodegradation of hydrocarbons: metagenomics and metabolomics,” in Consequences of Microbial Interactions with Hydrocarbons, Oils, and Lipids: Biodegradation and Bioremediation. Handbook of Hydrocarbon and Lipid Microbiology. ed. R. Steffan (Cham: Springer).

 Hatt, J. K., Ritalahti, K. M., Ogles, D. M., Lebrón, C. A., and Löffler, F. E. (2013). Design and application of an internal amplification control to improve Dehalococcoides Mccartyi 16S RRNA gene enumeration by QPCR. Environ. Sci. Technol. 47, 11131–11138. doi: 10.1021/es4019817 

 Heider, J., Schühle, K., Frey, J., and Schink, B. (2016). Activation of acetone and other simple ketones in anaerobic bacteria. Microbial Physiol. 26, 152–164. doi: 10.1159/000441500 

 Heider, J., Spormann, A. M., Beller, H. R., and Widdel, F. (1998). Anaerobic bacterial metabolism of hydrocarbons. FEMS Microbiol. Rev. 22, 459–473. doi: 10.1111/j.1574-6976.1998.tb00381.x

 Interstate Technology and Regulatory Council (2013). Environmental molecular diagnostics: New Site characterization and remediation enhancement tools. Washington, DC: Interstate Technology and Regulatory Council.

 Jiang, L., Yang, Y., Jin, H., Wang, H., Swift, C. M., Xie, Y., et al. (2022). Geobacter sp. strain IAE Dihaloeliminates 1,1,2-Trichloroethane and 1,2-Dichloroethane. Environ. Sci. Technol. 56, 3430–3440. doi: 10.1021/acs.est.1c05952 

 Key, T. A., Bowman, K. S., Lee, I., Chun, J., Albuquerque, L., da Costa, M. S., et al. (2017). Dehalogenimonas Formicexedens sp. Nov., a chlorinated Alkanerespiring bacterium isolated from contaminated groundwater. Int. J. Syst. Evol. Microbiol. 67, 1366–1373. doi: 10.1099/ijsem.0.001819 

 Key, T. A., Sorsby, S. J., Wang, Y., and Madison, A. S. (2022). Framework for field-scale application of molecular biological tools to support natural and enhanced bioremediation. Front. Microbiol. 13:958742. doi: 10.3389/fmicb.2022.958742 

 Key, K. C., Sublette, K. L., Johannes, T. W., Ogles, D., Baldwin, B., and Biernacki, A. (2014). Assessing BTEX biodegradation potential at a refinery using molecular biological tools. Ground Water Monit. Rem. 34, 35–48. doi: 10.1111/gwmr.12037

 Kharey, G., Scheffer, G., and Gieg, L. M. (2020). Combined use of diagnostic Fumarate addition metabolites and genes provides evidence for anaerobic hydrocarbon biodegradation in contaminated groundwater. Microorganisms 8:1532. doi: 10.3390/microorganisms8101532 

 Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 41:e1.

 Lawson, C. E., Harcombe, W. R., Hatzenpichler, R., Lindemann, S. R., Löffler, F. E., O’Malley, M. A., et al. (2019). Common principles and best practices for engineering microbiomes. Nat. Rev. Microbiol. 17, 725–741. doi: 10.1038/s41579-019-0255-9 

 Liang, Y., Van Nostrand, J. D., Deng, Y., He, Z., Liyou, W., Zhang, X., et al. (2011). Functional gene diversity of soil microbial communities from five oil-contaminated fields in China. ISME J. 5, 403–413. doi: 10.1038/ismej.2010.142 

 Löffler, F. E., Yan, J., Ritalahti, K. M., Adrian, L., Edwards, E. A., Konstantinidis, K. T., et al. (2013). Dehalococcoides Mccartyi gen. Nov., Sp. Nov., Obligately Organohalide-respiring anaerobic bacteria relevant to halogen cycling and bioremediation, belong to a novel bacterial class, Dehalococcoidia classis Nov., order Dehalococcoidales Ord. Nov. and Fami. Int. J. Syst. Evol. Microbiol. 63, 625–635. doi: 10.1099/ijs.0.034926-0 

 Madsen, E. L. (2000). Nucleic-acid characterization of the identity and activity of subsurface microorganisms. Hydrogeol. J. 8, 112–125. doi: 10.1007/s100400050012

 Maymó-Gatell, X., Chien, Y.-T., Gossett, J. M., and Zinder, S. H. (1997). Isolation of a bacterium that reductively Dechlorinates Tetrachloroethene to Ethene. Science 276, 1568–1571. doi: 10.1126/science.276.5318.1568

 Moe, W. M., Jun Yan, M., Nobre, F., da Costa, M. S., and Rainey, F. A. (2009). Dehalogenimonas Lykanthroporepellens gen. Nov., Sp. Nov., a reductively Dehalogenating bacterium isolated from chlorinated solvent-contaminated groundwater. Int. J. Syst. Evol. Microbiol. 59, 2692–2697. doi: 10.1099/ijs.0.011502-0

 Mouttaki, H., Johannes, J., and Meckenstock, R. U. (2012). Identification of naphthalene carboxylase as a prototype for the anaerobic activation of non-substituted aromatic hydrocarbons. Environ. Microbiol. 14, 2770–2774. doi: 10.1111/j.1462-2920.2012.02768.x 

 Puls, R. W., and Barcelona, M. J. (1996). Low-flow (minimal drawdown) ground-water sampling procedures. Ground Water Issue, EPA/540/S-95/504.

 Purwasena, I. A., Sugai, Y., and Sasaki, K. (2014). Estimation of the potential of an anaerobic Thermophilic oil-degrading bacterium as a candidate for MEOR. J. Pet. Explor. Prod. Technol. 4, 189–200. doi: 10.1007/s13202-013-0095-5

 Rabus, R., Boll, M., Heider, J., Meckenstock, R. U., Buckel, W., Einsle, O., et al. (2016). Anaerobic microbial degradation of hydrocarbons: from enzymatic reactions to the environment. J. Mol. Microbiol. Biotechnol. 26, 5–28. doi: 10.1159/000443997

 Ramasamy, S., Arumugam, A., and Chandran, P. (2017). Optimization of Enterobacter Cloacae (KU923381) for diesel oil degradation using response surface methodology (RSM). J. Microbiol. (Seoul, Korea) 55, 104–111. doi: 10.1007/s12275-017-6265-2 

 Ramos, A. R., Keller, K. L., Wall, J. D., and Cardoso Pereira, I. A. (2012). The membrane QmoABC complex interacts directly with the Dissimilatory adenosine 5′-Phosphosulfate Reductase in sulfate reducing bacteria. Front. Microbiol. 3, 1–10. doi: 10.3389/fmicb.2012.00137 

 Rittmann, B. E., and McCarty, P. L. (2001). Environmental Biotechnology: Principles and Applications. New York: McGraw-Hill Education.

 Rossmassler, K., Snow, C. D., Taggart, D., Brown, C., and De Long, S. K. (2019). Advancing biomarkers for anaerobic O-xylene biodegradation via metagenomic analysis of a Methanogenic consortium. Appl. Microbiol. Biotechnol. 103, 4177–4192. doi: 10.1007/s00253-019-09762-7 

 Roychoudhury, A. N., and McCormick, D. W. (2006). Kinetics of sulfate reduction in a coastal aquifer contaminated with petroleum hydrocarbons. Biogeochemistry 81, 17–31. doi: 10.1007/s10533-006-9027-5

 Seagren, E. A., Rittmann, B. E., and Valocchi, A. J. (1994). Quantitative evaluation of the enhancement of NAPL-Pool dissolution by Flushing and biodegradation. Environ. Sci. Technol. 28, 833–839. doi: 10.1021/es00054a014 

 Selesi, D., Jehmlich, N., von Bergen, M., Schmidt, F., Rattei, T., Tischler, P., et al. (2010). Combined genomic and proteomic approaches identify gene clusters involved in anaerobic 2-methylnaphthalene degradation in the sulfate-reducing enrichment culture N47. J. Bacteriol. 192, 295–306. doi: 10.1128/JB.00874-09 

 Sublette, K., Peacock, A., White, D., Davis, G., Ogles, D., Cook, D., et al. (2006). Monitoring subsurface microbial ecology in a sulfate-amended, gasoline-contaminated aquifer. Ground Water Monit. Rem. 26, 70–78. doi: 10.1111/j.1745-6592.2006.00072.x

 Sung, Y., Ritalahti, K. M., Apkarian, R. P., and Löffler, F. E. (2006). Quantitative PCR confirms purity of strain GT, a novel Trichloroethene-to-Ethene-respiring Dehalococcoides isolate. Appl. Environ. Microbiol. 72, 1980–1987. doi: 10.1128/AEM.72.3.1980-1987.2006 

 Suthersan, S., Houston, K., Schnobrich, M., and Horst, J. (2011). Engineered anaerobic bio-oxidation Systems for Petroleum Hydrocarbon Residual Source Zones with soluble sulfate application. Ground Water Monit. Rem. 31, 41–46. doi: 10.1111/j.1745-6592.2011.01354.x

 Taggart, D. M., and Clark, K. (2021). Lessons learned from 20 years of molecular biological tools in petroleum hydrocarbon remediation. Remediation 31, 83–95. doi: 10.1002/rem.21695

 Wetterstrand, K. A. (2022). DNA Sequencing Costs: Data from the NHGRI Genome Sequencing Program (GSP). Available at: www.genome.gov/sequencingcostsdata (Accessed June 15, 2022).

 Wiedemeier, T. H., Rifai, H. S., Newell, C. J., and Wilson, J. T. (1999). Natural Attenuation of Fuels and Chlorinated Solvents in the Subsurface. New York, NY, USA: John Wiley & Sons, Inc.

 Wilson, M. S., Bakermans, C., and Madsen, E. L. (1999). In situ, real-time catabolic gene expression: extraction and characterization of naphthalene Dioxygenase MRNA transcripts from groundwater. Appl. Environ. Microbiol. 65, 80–87. doi: 10.1128/aem.65.1.80-87.1999 

 Wilson, J. T., Mills, J. C., Wilson, B. H., Ferrey, M. L., Freedman, D. L., and Taggart, D. (2019). Using QPCR assays to predict rates of Cometabolism of TCE in aerobic groundwater. Ground Water Monit. Rem. 39, 53–63. doi: 10.1111/gwmr.12321

 Winderl, C., Schaefer, S., and Lueders, T. (2007). Detection of anaerobic toluene and hydrocarbon degraders in contaminated aquifers using Benzylsuccinate synthase (BssA) genes as a functional marker. Environ. Microbiol. 9, 1035–1046. doi: 10.1111/j.1462-2920.2006.01230.x 

 Yang, Y., Cápiro, N. L., Yan, J., Marcet, T. F., Pennell, K. D., and Löffler, F. E. (2017). Resilience and recovery of Dehalococcoides Mccartyi following low PH exposure. FEMS Microbiol. Ecol. 93:fix130. doi: 10.1093/femsec/fix130

 Zhang, S., Gedalanga, P. B., and Mahendra, S. (2016). Biodegradation kinetics of 1,4-Dioxane in chlorinated solvent mixtures. Environ. Sci. Technol. 50, 9599–9607. doi: 10.1021/acs.est.6b02797 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Increasing in situ bioremediation effectiveness through field-scale application of molecular biological tools



		1. Introduction



		2. Materials and methods



		2.1. Field-scale framework



		2.2. Site 1 description



		2.3. Site 2 description



		2.4. Chemical sample collection and analysis



		2.5. Sampling and analysis of MBTs









		3. Results



		3.1. Site 1: TCE bioremediation



		3.1.1. Assessment



		3.1.2. Design



		3.1.3. Performance monitoring



		3.1.4. Key lessons









		3.2. Site 2: PHC bioremediation



		3.2.1. Assessment stage



		3.2.2. Design



		3.2.3. Performance monitoring



		3.2.4. Key lessons















		4. Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-13-1005871-t001.jpg
Parameter Shallow zon

Parent contaminant and associated daughter products

TCE 1,490-3,900 pg/L
<DCE 682-1,140 pg/L
Vinyl chloride <1-25pg/L
Ethene <10pglL

Ethane <10pglL

Geachemical indicator parameters

TOC 0.5-4.1 mg/L.
Dissolved oxygen <ImglL.
Nitrate 252406 mg/L.
Sulfate 87-106mg/L.
Methane <10pg/L

MBT (qPCR analysis for 165 rRNA gene)
DHC 1.5x10*-1.85x 10° cells/mL

Intermediate zon¢

148-25,400 g/l

548-4.450pg/L.

<I-Lopgl

<10pglL
<10pglL

<1-3.6mg/L

<ImglL

<0.1mg/L

523-122mg/L.

<10pg/L.

8107 cells/mL

Deeper zot

2,660-28,300 pg/l
5410pg/L.
g/l

<10pg/L.
<10pg/L.

<1-26mglL
<Img/L

<0.1-0.17mg/L.
65.4-68.3mg/L.

<10pg/L.

12x10'-4.3% 107 cells/mL





OPS/images/fmicb-13-1005871-g010.jpg
(EBAC)
|/A MGN (Methanogen)

A APS (SRB)

W TPHDX
W TPH-Gx
10°F | A Total Bacteria

[ Suffate

N om__xma_mvm

0%

1

W:‘F.m ::nm_.v

110t

1202624

120z-uer

0202990

1202-994

zoz-uer

0202920

120z-994

L2oz-uer

0202920
g8 8 °

(7/6ri) spunoduios oueBIo





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Increasing in situ bioremediation
effectiveness through field-scale
application of molecular biological
tools












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-13-1005871-g005.jpg
T

r Concentration (umoliL)

H

E
§

]

Well #1

Quartery Injection
Period
>

R
=

e
—TcE
acDCE
oyl Chionide
ecthene

Monitored Ceased Due
to Attainment of
Regulatory Criteria

gy vy 2o v o s o v o o

ot
Well #3 e
Quarterly —-TcE
cocE
iy Chiorido
mcihere

roe0s

§

18w

raer0s

H

H
£
H
8

e

“oen)

1062

iz,

1oeor

1ogi0s

Dehalococcoides Abundance (cellsimL)

e v o o e o s

Well #6
= ‘Quarterty Injection
period
i

s

Molar Concentration (umollL)
38

o
A T, B A N,
o

Well #8
uartrly njction
Fetiod
o

I

H

H

£

H

B

2

g

.
s o
s

ST AL L

—pHC.
. rogs 5
oo Z
H
P . |
—tthene E
[ |
2
roeus 3
roe §
3
roeen &

1062

e |
—ce
ancDCE wnd
wviny Crloide %
o0 H
2
e |
. |
8
| o
0722015 01} 20,





OPS/images/fmicb-13-1005871-g006.jpg
Sulfate (mg/L) |~ ~ % gty Groundwater
= [~ NS <<= Fion Dirction
T [ "MW-A5 Residual
I 0.80® Source Area
o
MW-A4
240 ft
Methane (mgl/L) Groundwater
— < Fiow Dirsction

Residual
Source Area






OPS/images/fmicb-13-1005871-g003.jpg
* tnjetion
WY

Well #1

Ijecion .8
Bloaugmentaton

Well#6

“ ijecton 1 Ijection s 1w
N njoction 2 Bloaugmentation

Avundcs i)

[rRm—

[rm——

# Injcton 1
N o

Well #3

Injecton &
Blosugmentation






OPS/images/fmicb-13-1005871-g004.jpg
North

South

Well #1 Well #6

Well #3 Well #8

Elevation

Deeper Zone

e

00 gler

Note: Vertically Exaggerated X

Well

Well Screen

Ao Iy 420 feet
Well Types
1l Onssite Injection Wells
[l Offsite Injection Wells
[l Monitoring Wells





OPS/images/fmicb-13-1005871-g009.jpg
¢

ok o
W15R H

) Groundwater
Flow Direction
oBs-2
10 15 20 25

— —





OPS/images/fmicb-13-1005871-g007.jpg
‘Abundance (cells/mL)

1,000,000

100000

10,000

~Background
Sourcs area
‘@ Downgradient Plume






OPS/images/fmicb-13-1005871-g008.jpg
Background w7 |
O — I

Source
Area IR S
L e EE—————
NIt —

Downgradient
Plume R e
pvov I I O
O% 1% 208 306 46 SO%  60%  70% 80K 0% 100%

= Actinobacteria 8 Bacteroidetes = Caldithrix = Chiamydize
= Ciloroflex & Cyanobacteria mEuryarchacota wFimicues
u Nitospirae Plancromycetes  mProteobacteria mspirochactes
& Tenericutes & Thermi Thermodesulfobacteria ® Thermotogae
# Vernucomicrobia ® Orher

Background tw-a7 N S —
wik I CE .

Source
Area v N
-1
-2 N 1
Downgradient
Plume 1o
e I I
% 1% 206 0% Ao SB6 60k 0% 8% 0% 100%
wazoarcus bifidobacterium = Caldithrix = Condidatus calindua @ Clostidium
ncrenothiix mDechioromonas @ Defnococcus moeniatioma W Desuosarcina
Oesulfoubrc  WEmerobacter W Favobacterum @ Gallonella Geobaclus
u Geobacter aongiines a Marinitoga Methylomonss mMoorella
ycobacrerium  mNitrspina anitmspira pedobacter a peoromaculum
apetrotoga Rhodoferax « Shewianella a Sporotomaculum  mSulfricurvum
asdfurimonas  mSulurtlea Frm—  Thermodesulfstator W Thermodesufovibiio

Thiobacillus = Treponema = 200g0ea Other





OPS/images/fmicb-13-1005871-g001.jpg
IW Series —Phase | Injection Well - Buildings N Ts
Injection Well Screen 4 Ground Surface

MW Series — Monitoring Well Plume (screened back)
MIP Signal Response
- -
Low High

Monitoring Well Screen
Note: Model Vertically Exaggerated 2X.






OPS/images/fmicb-13-1005871-g002.jpg
TPH-Dx - August 2010 :

240 ft -

L) ordudvaer

Flow Direction

Residual
Source Area

240 ft

TPH-Dx - March 2018

Al
ND)

|

Groundwater
Flow Direction
Residual
Source Area






