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Abstract

:

Contamination of soil by spills of crude oil and oilfield brine is known to affect the species composition and functioning of soil microbial communities. However, the effect of such contamination on nitrogen cycling, an important biogeochemical cycle in tallgrass prairie soil, is less well known. Detecting nitrate-reducing (NR) and denitrifying (DN) bacteria via PCR amplification of the genes essential for these processes depends on how well PCR primers match the sequences of these bacteria. In this study, we enriched for NR and DN bacteria from oil/brine tallgrass prairie soil contaminated 5–10 years previously versus those cultured from uncontaminated soil, confirmed the capacity of 75 strains isolated from the enrichments to reduce nitrate and/nitrite, then screened the strains with primers specific to seven nitrogen cycle functional genes. The strains comprised a phylogenetically diverse group of NR and DN bacteria, with proportionately more γ-Proteobacteria in oil-contaminated sites and more Bacilli in brine-contaminated sites, suggesting some residual effect of the contaminants on the NR and DN species distribution. Around 82% of the strains shown to reduce nitrate/nitrite would not be identified as NR and DN bacteria by the battery of NR and DN primers used. Our results indicate an urgent need to expand the NR/DN functional gene primer database by first identifying novel NR/DN strains through their capacity to reduce nitrate/nitrite.
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1. Introduction


Soil is a very complex environment with a high diversity of bacteria [1]. After contamination of soil with crude oil and/or oilfield brine (e.g., water containing salts in solution, produced along with oil), certain groups of bacteria come to dominate the contaminated sites, particularly α-, β-, γ-, and δ Proteobacteria in the crude oil contaminated sites [2,3,4] and Firmicutes [5] and some Pseudomonas species [6] in brine contaminated sites. The alteration in bacterial species composition and numbers might be expected to affect biogeochemical cycling in soils. In tallgrass prairie soils, nitrogen is a limiting nutrient for the growth of plants and soil decomposition rates [7]. Therefore, the effect of oil/brine contamination on nitrogen-cycling bacteria is of particular concern in tallgrass prairie soil. In fact, nitrate-reducing (NR) and denitrifying (DN) bacteria are found in oil/brine contaminated soils [8,9,10,11], including Tallgrass Prairie Preserve (TPP) soil contaminated by oil/brine [12,13], but a detailed examination of their species composition and abundance in oil/brine contaminated TPP soil is unknown. In particular, the effects of long-term residual oil and brine contamination on NR and DN species composition are not known.



Nitrate-reducing microorganisms represent a widespread group with members among α-, β-, and γ-Proteobacteria, some members of Firmicutes, and even Archaea. These microorganisms use nitrate as an alternative electron acceptor that makes them able to obtain energy from dissimilatory reduction of nitrate into nitrite by nitrate reductase enzymes [14]. Nitrite can be reduced into gaseous nitrogen compounds by denitrification or by dissimilatory nitrate reduction into ammonia (DNRA) [15,16]. Nitrate reduction to nitrite is catalyzed by two different types of nitrate reductases, either membrane-bound encoded by the narGHJI operon or periplasmic encoded by the napABC operon [17]. Some NR bacteria can harbor either narG, napA, or both [18,19].



The denitrification process consists of four reaction steps in which nitrate is reduced, and nitrogen is lost in the form of nitrogenous gasses [20]. Because nitrite reductase produces NO, the first gaseous product, nitrite reductase is a significant enzyme in the denitrification pathway [21,22] and signals the potential for loss of nitrogen from the soil ecosystem. Nitrite reductase is found in two different forms. The first form contains copper and is encoded by nirK, while the second contains cytochromes (hemes) c and d1 and is encoded by nirS [14,22,23,24,25].



The reduction of nitric oxide is catalyzed by nitric oxide reductase, whose small and large subunits are encoded by norC and norB, respectively [26]. Based on the European Molecular Biology Laboratory (EMBL) sequence database, norB sequences are grouped in two very distinct branches where the first class encodes the cytochrome bc-type complex (cNorB) while the second class encodes the quinol-oxidizing single-subunit class (qNorB) [26]. The last step in the denitrification pathway is the reduction of nitrous oxide to N2, which is catalyzed by nitrous oxide reductase encoded by the nosZ gene.



Since denitrification also is common among phylogenetically unrelated groups, it is very unsuitable to investigate communities of DN bacteria by using an approach based on 16S rRNA gene sequences [23,27]. Therefore, genes coding for such key steps as nitrite and nitrous oxide reduction are often used to detect DN bacteria [23,28,29,30,31,32].



Nitrate reducers and denitrifiers are an excellent model system for investigating the response of an important component of the N-cycling soil community to the contaminants of crude oil and brine as they contain members from among many different groups of microorganisms. The objectives of this study were (1) to determine if the species composition of culturable dissimilatory nitrate reducers and denitrifiers in contaminated and uncontaminated soils were as predicted by their tolerance to and/or utilization of the particular contaminants and (2) evaluate whether dissimilatory nitrate-reducing and/or denitrifying bacteria can be more reliably identified using PCR primers specific for a broad suite of NR and DN genes versus screening for the capacity to reduce nitrate and/or nitrite. The PCR products were sequenced in order to determine that the expected genes were amplified.



The sites used in this study were located within the Tallgrass Prairie Preserve (TPP) in Osage County, Oklahoma. Mineral rights are owned by the Osage Nation, and oil, together with produced water (brine), has been produced for over 100 years [33]. Accidental spills of oil and/or brine have occurred, and our research on the most effective means of remediation/restoration has been described in detail in previous publications [12,13,33,34,35,36,37].



In this study, bacterial strains were isolated from crude oil- and oil/brine-contaminated and uncontaminated tallgrass prairie soils from TPP near Pawhuska, Oklahoma. Five to 10 years had lapsed between the contamination event and soil collection for isolation of the bacterial strains, yet somewhat elevated levels of petroleum hydrocarbons, Na+, Cl−, and NO3− persisted [13]. The nature of the contaminant was hypothesized to alter the species composition of NR and DN bacteria in certain ways, e.g., we hypothesized that NR and DN bacteria in the crude oil-contaminated sites would contain a greater proportion of strains affiliated with groups, such as γ-Proteobacteria, known to increase in crude-oil contaminated sites [38,39]. Some strains of γ-Proteobacteria are noted for the ability to use crude oil components as sole carbon sources [40,41], although the ability to degrade petroleum compounds is also found in many other microbial groups [42,43]. Since high levels of sodium chloride inhibit certain groups of bacteria [44,45], although Alcántara-Hernández et al. [46] found napA and narG genes in highly saline soil, we hypothesized that the NR and DN bacteria from oil/brine contaminated sites would be biased towards those groups that are salt tolerant, such as Bacillus [5] and Pseudomonas [6,47]. Our strains represent some of the diversity of readily culturable NR/DN bacteria present at these sites, but we acknowledge that this is not an exhaustive survey.




2. Materials and Methods


2.1. Summary of Sampling Sites and Sampling Protocol


The sites used in this study were located in the TPP in Osage County, Oklahoma. The bacterial strains described in this study were obtained from soil samples collected from the following sites 5–10 years post-contamination (see AbuBakr et al., 2019 [13]) for contaminant values when sampled for the current study): two sites (G5, G7) contaminated by both crude oil and brine (salt water), and three sites contaminated by crude oil (J6-F, J6-NF, LF). Samples from four uncontaminated sites adjacent to the contaminated sites (G5P, J6P; G7P, LFP) were collected at the same time as for contaminated sites. Both contaminants were present in sites G5 and G7, with a brine/oil ratio of approximately 10:1 (vol/vol) [36]. In brief, a trowel was used to remove five shallow scoops of soil from five widely spaced points within a 25 m radius from approximately the top four inches of soil. Samples were initially mixed in Whirl-pac® bags in the field using autoclaved spoons and, later in the lab, were homogenized in autoclaved beakers by mixing with autoclaved spoons.




2.2. Selection and Isolation of Nitrate- and Nitrite-Reducing Bacteria


The homogenized soils were serially diluted at a 1:10 ratio (2 g of soil/18 mL saline) up to a final dilution of 10−8 in sterile isotonic (0.85%) saline. Twenty microliters of each dilution were used to inoculate 180 µL of the nitrate broth in a 5-fold replicate in a microtiter plate. Nitrate broth medium consisted of 2.5 g of NaNO3 added to 500 mL of nutrient broth (Difco Inc., Detroit, MI, USA) before autoclaving. Nitrate broth is used to enrich bacteria that reduce nitrate into nitrite or produce N2 gas [48]. The antifungal agent, cycloheximide (100 µg/mL final concentration) (Sigma-Aldrich Corporation, St. Louis, MO, USA), was added after autoclaving. Internal controls for replicability included cultures of strains positive for NR (Stenotrophomonas maltophilia ATCC 13637), DN (Pseudomonas aeruginosa ATCC 27853), or negative for NR or DN (Pseudomonas putida pG7) grown in nitrate broth were added singly to three microtiter plate wells to serve as positive or negative controls for DN/NR. Additionally, three uninoculated wells were included as controls for contamination. After two weeks of incubation at room temperature (23–25 °C) in containers that excluded light [49], all wells were examined for evidence of growth (turbidity), and those that were turbid were scored positive for growth of aerobic/facultative anaerobic heterotrophic bacteria. Subsequently, half of the volume of the wells was transferred to a fresh set of microtiter plates containing nitrate broth and tested for the presence of the expected products of nitrate reduction or denitrification using Griess reagents [50,51]. Briefly, two drops of reagent 1 (Sulfanilic acid) and two drops of reagent 2 (N, N-Dimethyl-1- naphthylamine) (bioMérieux Vitek, Inc., Hazelwood, MO, USA) were added to every well. The presence of nitrite is detected by a red color after the addition of reagents 1 and 2, e.g., indicating nitrate reduction. If the medium remained colorless, e.g., no nitrite formed, it is due either to lack reduction of nitrate, e.g., no nitrate reduction, or the reduction of nitrite to other products, such as NO, N2O, or N2, hence denitrification. If the medium remained colorless, zinc metal dust (Mallinckrodt Chemical Works, St. Louis, MO, USA) was used to detect if unreduced nitrate was present by reducing nitrate to nitrite and turning the medium pink or red. Therefore, pink or red medium color after zinc dust indicates nitrate was not reduced. Therefore, neither NR nor DN bacteria were present, or if present, did not reduce nitrate under the test conditions. If colorless after zinc dust, the well was assumed to contain DN bacteria. However, since only the loss of nitrate and nitrite was demonstrated, bacteria in the colorless wells could be incomplete denitrifiers rather than performing the entire denitrification pathway, as this protocol does not screen directly for gaseous nitrogen compounds that are products of later steps in the denitrification pathway nor for ammonium produced by DNRA.




2.3. Obtaining Pure Cultures from Microtiter Plate Wells Positive for DN or NR


Nutrient agar plates (Difco Inc., Detroit, MI, USA) were quadrant streaked with 25 µL from the original set of microtiter plates, chosen randomly from 10−2 to 10−5 dilutions that scored positive for growth and nitrate reduction or denitrification. Positive results for nitrate and nitrite reduction were commonly obtained from the 10−2 to 10−7 dilution wells. The nutrient agar plates were incubated at 30 °C. A colony chosen from a plate was streaked at least three times in succession from a single colony to a fresh plate to obtain pure cultures. Seventy-five strains in total were isolated from microtiter plate wells for further testing. Each purified strain was retested for the ability to reduce nitrate or nitrite using the microtiter plate format, control strains, and Griess reagents as described previously.




2.4. DNA Extraction from Strains


Genomic DNA was isolated from cells using a bead-beating method. Each of the 75 strains was streaked on a nutrient agar plate and incubated for 1–3 days at 30 °C until good colony growth was observed. Then, a single colony from each plate was used to inoculate 5 mL nutrient broth and incubated at 30 °C until turbid growth was seen. One to 2 mL culture was centrifuged at 6000xg for 10 min to provide a pellet size of approximately 109 bacteria. The FastDNA®SPIN Kit (QBIOgene, Solon, OH, USA) was used to extract DNA from the cells by following the manufacturer’s directions. Extracted DNA was stored at −20 °C. Controls to detect contamination during DNA extraction included processing one kit unit to which sterile water rather than cells was added.




2.5. Molecular Detection of 16S rRNA Gene Sequences and Nitrate Reduction/Denitrification Functional Genes


Determination of the 16S rRNA gene sequence and screening for nitrate reductase genes (e.g., napA and narG) and nitrite reductase genes (e.g., nirK and nirS) were performed for all 75 strains. The 16S rRNA gene sequence was amplified using primer pairs 27F/1492R [52]. Fragments from nitrate reductase and nitrite reductase genes were amplified using specific primer pairs as listed in Supplemental Table S1. Thirty-three strains that were shown to reduce nitrate and/or nitrite were chosen as representative of the NR and DN 16S rRNA phylogenetic diversity and screened for the presence of qnorB, cnorB, and nosZ functional denitrifying genes (specific primers listed in Supplemental Table S1). Five strains were obtained from ATCC for use as positive controls for PCR detection of denitrification functional genes (Supplemental Table S1). The PCR products were sequenced to confirm their matching to the expected genes.




2.6. DNA Sequencing and Analysis


PCR products were prepared for sequencing using ExoSAP-IT (USBiochemicals, Cleveland, OH, USA). The nucleotide sequences of the PCR products were determined at the Oklahoma Medical Research Foundation (OMRF) in Oklahoma City, Oklahoma. Sequencher (Windows version 4.2; Gene Codes Corp., Ann Arbor, MI, USA) was used to analyze the chromatograms and produce a consensus sequence. The sequence of the 16S rRNA gene and nitrate reduction/denitrification functional genes were compared to the GenBank database using BLASTN searches (Basic Local Alignment Search Tool) [53]. The taxonomic assignation of the 16S rRNA gene sequence was determined by the Naïve Bayesian rRNA Classifier of the Ribosomal Database Project II (RDP) [54]. The 16S rRNA sequences were deposited in GenBank under accession numbers JQ917765-JQ917839. Sequences confirmed as genes of nitrate reduction/denitrification were deposited in GenBank under accession numbers OR416960-OR416973.



16S rRNA gene sequences of the 75 strains were clustered as operational taxonomic units (OTUs) at an overlap identity cut-off of 98% by MOTHUR software ver1.23 [55]. Unique sequences were aligned against the SILVA reference alignment database [56] using the NAST-aligner [57] and subsequently screened for chimeras using UChime [58]. A distance matrix was generated and used to cluster sequences into OTUs at 98% similarity. A representative sequence from each OTU was assigned a taxonomic classification based on the naïve Bayesian classifier [54]. The representative OTUs, together with closely related sequences from the GenBank database, were aligned by Clustal-X software version 1.81 [59]. As implemented in CLUSTALX, the neighbor-joining method of Saitou and Nei (1987) [60] was used to construct the phylogenetic tree among the aligned sequences. Distances were calculated as % divergence between all pairs of sequences from the multiple alignments, alignment positions with gaps were excluded from the analysis, and the Kimura two-parameter distance correction for multiple substitutions was applied [61]. The support for the tree branches was estimated from 1000 bootstrap replicates [62]. Only bootstrap values greater than 700 are shown on the phylogenetic trees.





3. Results


3.1. Distribution of Strains by Origin and Capacity to Reduce Nitrate/Nitrite


Seventy-five strains were isolated from tallgrass prairie soils after enrichment in nitrate broth (Supplemental Table S2). Out of the 75 strains tested, 48 strains were identified as nitrate reducers, six as nitrite reducers, and 21 strains did not show the ability to reduce nitrate or nitrite under the test conditions (Table 1). Among the 54 that showed a reduction of nitrate/nitrite, 17 were obtained from brine/oil-contaminated soils, nine from oil-contaminated soils, and 28 from uncontaminated prairie soils (Table 1, Figure 1). The highest proportion of nitrate/nitrite reducers isolated from a particular type of site was obtained from brine/oil contaminated soil (85%), next highest from oil-contaminated sites (75%), and the lowest proportion from the uncontaminated sites (65%).



The microtiter plate test conditions using Griess reagents did correctly identify nitrate-reducing control strains as nitrate reducers, while neither nitrate nor nitrite was detected after the growth of control strain denitrifiers. The Griess protocol does not screen for gaseous nitrogen compounds that are products of later steps in the denitrification pathway. Therefore, for the purpose of this study, strains that reduced both nitrate and nitrite are designated as denitrifiers (DN), with the understanding that strains labeled as “DN” may either be bacteria capable of reducing nitrate to nitrite and nitrite to gaseous nitrogen compounds that are not dinitrogen (e.g., incomplete denitrification) or “true” denitrifying bacteria, the latter capable of reducing nitrate completely to dinitrogen (“complete denitrification”).




3.2. 16S rRNA Phylogenetic Affiliations of the Strains


16S rRNA gene sequences were used to classify the 75 strains. The 75 strains consisted of 61% γ-Proteobacteria, 7% α-Proteobacteria, 7% β-Proteobacteria, 19% Bacilli, 5% Actinobacteria, and 1% Flavobacteria (Table 1). However, since strains were isolated from wells representing different dilutions (Supplemental Table S2), it is assumed that strains originating from the 10−4 or 10−5 wells represented species that were more abundant than those isolated solely from the 10−2 wells. Based on their origin from 10−4 or 10−5 wells, the most abundant bacteria were γ-Proteobacteria (59%), α-Proteobacteria (23%), Actinobacteria (12%), and Bacilli (1%). These abundance results corrected for the dilution show that γ-Proteobacteria were still the major group, but there were likely more α-Proteobacteria and fewer Bacilli than calculated from a direct count of the number of isolates (Supplemental Table S2). Note that due to isolating strains from different dilutions and small sample sizes, % values are descriptive and not statistically valid differences.



γ-Proteobacteria were represented by 46 strains (Table 1, Figure 1). The two most abundant genera of γ-Proteobacteria were Stenotrophomonas (27 strains) and Pseudomonas (9 strains, Table 1). The two most abundant genera of Bacilli were Brevibacillus (8 strains) and Bacillus (3 strains). Table 2 also shows that some genera (e.g., Aeromonas, Serratia, Enterobacter, Ensifer, Bosea, Brevundimonas, Arthrobacter, Microbacterium, Paenibacillus, and Chryseobacterium) were isolated from the contaminated sites, but not from the prairie sites. However, most of these genera were represented by single strains.



Most strains had 16S rRNA gene sequences highly similar (98–100%) to those of previously described isolates. The 75 strains were grouped into 29 OTUs based on 98% 16S rRNA sequence similarity. Figure 2a,b shows the phylogenetic affiliation of a representative sequence from each OTU, the total number of sequences in the OTU, and the NR and DN physiology of the strains in the OTU. Note that even grouping strains at the 98% level of 16S rRNA gene sequence similarity did not always create OTUs in which all strains had the same NR and DN physiology.



Figure 2a shows the phylogenetic affiliation of the γ-Proteobacteria. The nine Pseudomonas strains were grouped in four OTUs, each of which grouped together strains with the same nitrate reduction physiology. The three Pseudomonas strains represented by strain I-1 that reduced nitrite after incubation in nitrate broth in the microtiter plate (e.g., DN) were members of the same OTU, most similar to the 16S rRNA sequence of Pseudomonas syringae strain yangyueK13 (KU977117) while the other six Pseudomonas strains were nitrate reducers (e.g., NR) with five of the six most similar to P. putida strains. Other OTUs comprised of multiple strains that had the same nitrate reduction physiology were those most similar to Enterobacter cloacae (3NR) and Acinetobacter oleivorans (2 “None”, did not reduce nitrate, e.g., neither NR nor DN). However, a second OTU closest to Acinetobacter oleivorans consisted of a group of three strains, two of which were nitrate reducers and one that did not reduce nitrate or nitrite. The single strains of Aeromonas and Serratia were NR.



The 27 Stenotrophomonas strains were split into four OTUs, with variation in nitrate reduction physiology within the OTUs containing more than one strain. Twenty out of the 27 Stenotrophomonas strains clustered into one OTU, with the closest 16S rRNA gene sequence match to S. maltophilia strain 5633 with 11 nitrate reducers and nine that did not reduce nitrate or nitrite. A second Stenotrophomonas OTU, which matched most closely to S. maltophilia strain YNA104-1, had five strains (e.g., four nitrate reducers, and one did not reduce nitrate or nitrite). One strain, I-23, was grouped most closely with S. maltophilia strain YNA104-1 but distinct from the previous OTU. On the other hand, the only Stenotrophomonas (e.g., I-57, JQ917821) that reduced nitrite after incubation in nitrate broth (e.g., DN) was clustered by itself with 99.49% 16S rRNA gene sequence similarity to Stenotrophomonas sp. QW46 (KF737383).



Figure 2b shows the remaining taxa. Some strains appeared very similar in both 16S rRNA sequence and their ability to reduce nitrate/nitrite. For the most part, strains grouped together by their similarity in 16S rRNA gene sequence as belonging to the same OTU had the same nitrate/nitrite reduction phenotype. All four Achromobacter strains, although split into twp OTUs, were nitrate reducers, as were two strains most similar to Ensifer adhaerens. Neither of the two strains most similar to Bosea reduced nitrate, although some species of Bosea are denitrifiers. However, all eight Brevibacillus strains were grouped together as one OTU even though seven were nitrate reducers, and one did not reduce nitrate or nitrite. In addition, all three Bacillus strains (two nitrate reducers and one did not reduce nitrate or nitrite) were grouped together with Bacillus cereus strains. The two Lysinibacillus strains (one nitrate reducer and one did not reduce nitrate or nitrite) were most similar to different species of Lysinibacillus. We obtained single strains of the following genera (Table 1): Phenylobacterium (isolate #10) (nitrate reducer), which is 99.93% similar to Brevundimonas sp. AbaT-2 (FJ605405) (Figure 2a), Burkholderia (did not reduce nitrate or nitrite), Arthrobacter (did not reduce nitrate or nitrite), Rhodococcus (did not reduce nitrate or nitrite), Microbacterium (nitrate reducer), Kocuria (nitrate reducer), Paenibacillus (nitrate reducer), and Chryseobacterium (nitrate reducer).




3.3. Molecular Detection of Nitrate-Reducing Functional Genes napA and narG


For all functional genes, DNA sequencing of the PCR product was performed and matched against sequences in GenBank in order to confirm that the sequence of the PCR product matched that of the expected gene for its full length. Many strains that were shown to reduce nitrate and/or nitrite were not amplified by the primers for functional genes. In some cases, PCR products were produced but failed due to reading frame shifts that produced stop codons and/or contained regions that had little to no similarity to the expected gene. Gene sequences of control strains, by contrast, did not have these problems, nor did the 16S rRNA sequences of any strain. Supplemental Table S3 lists for each strain both any detected PCR products (“+”) and those verified as the correct sequence (“++”). Only the verified sequences are used for the following analyses.



Primers designed to detect napA and narG nitrate reductase genes were used to screen for the presence of nitrate-reducing genes in all 75 strains. The napA nucleotide sequence was obtained from seven strains out of the 75 screened (Table 2 and Table 3). The seven strains include α-Proteobacteria (three strains: two Bosea and one Ensifer), β-Proteobacteria (one strain: Achromobacter), and γ-Proteobacteria (three strains: Pseudomonas). The match similarity between the napA sequences of these seven strains (e.g., OR416962-OR416968) and napA sequences of other strains from GenBank ranged from 91% to 98% (Supplemental Table S4). Gene sequences are highly similar (99.61%) to that coding for membrane-bound nitrate reductase (narG) of Stenotrophomonas geniculata strain BR23 (CP134450) were confirmed in two Stenotrophomonas strains (e.g., strains I-39, OR416969 and I-42, OR416970) (Supplemental Table S4).




3.4. Molecular Detection of Denitrifying Functional Genes nirS, nirK, cnorB, qnorB, and nosZ


All 75 strains were screened for the presence of nitrite reductase gene(s) using primers designed to detect the nirS nitrite reductase gene and nirK nitrite reductase gene. In addition, screening with cnorB, qnorB, and nosZ primers, as another indication of denitrification genes, was applied to a subset of the chosen 33 strains that showed the ability to reduce nitrate/nitrite in the microtiter plate assay and that represented the phylogenetic diversity of the strains. The selected 33 strains are indicated in bold letters in Supplemental Table S3 and summarized in Table 2.



A total of four strains were found, where one or more denitrification functional genes were detected by PCR amplification and confirmed by sequencing to have high similarity to the denitrification genes (Table 3). The gene sequence coding for nitrite reductase (nirS) was detected in two Pseudomonas strains (I-1 and I-2, Supplemental Table S4), isolated from oil/brine-contaminated soil, but not in a third Pseudomonas strain classified as DN. Pseudomonas frederiksbergensis strain AS1 provided the best match to the nirS of I-1 and I-2, as well as to I-1 napA. Strain AS1 was listed as a naphthalene-degrader (CP018319), while the description of the type strain of P. frederiksbergensis notes it is a denitrifier, degraded phenanthrene and was isolated from soil contaminated by coal gasification. No nirK sequence gene was confirmed in any of the 33 strains screened for this gene using primers specific for nirK (Supplemental Tables S1 and S3).



The gene coding for nitric oxide reductase (cnorB) was confirmed in Ensifer strain I-4 (OR416960) and Pseudomonas strain I-65 (OR416961) (Table 3, Supplemental Table S4). The highest % match (96%) for I-4 cnorB was to E. adhaerens strain NER9 (CP101518), isolated from the rhizosphere of wheat grown in cadmium-polluted soil [63], but the strain was not examined for the ability to denitrify. The highest % match (89.21%) for the I-65 cnorB was to Pseudomonadaceae bacterium isolate f13e6c2e-50f2-4c75-b4f3-64e691971528 (OY763427). No qnorB sequence was detected in any of the 33 strains screened for this gene using primers specific for qnorB (Supplemental Table S1).



Primers specific for a portion of the nitrous oxide reductase gene were successful in amplifying the nosZ fragment from Pseudomonas strain I-65 (OR416973, Table 3, Supplemental Table S4). Its highest % match (97.35%) was to a region identified as nosZ in the genome sequence of Pseudomonas sp. P9_35 (CP125373), but P9_35 was not tested for the ability to denitrify.





4. Discussion


This study investigates the diversity of NR and DN bacteria isolated from tallgrass prairie soils and their dissimilatory nitrate reduction/denitrification pathway genes. Although sample sizes were small, nitrate-reducing/denitrifying bacteria were readily isolated from oil and/or brine/oil-contaminated soils after enrichment in nitrate broth, indicating that the contamination did not eliminate these important functional groups of bacteria, in accord with our previous research [13].



Although the use of nitrate broth containing high levels of proteinaceous components is biased towards the enrichment of certain genera, strains belonging to these genera, have been traditionally used for studies of denitrification, and the PCR primers were developed using strains from these commonly cultured genera. Therefore, the primer sets were expected to detect these groups and did detect the control strains. However, PCR amplification products were not produced for many of these strains using NR or DN functional gene primers, or if products were produced, they were not able to be verified by sequencing.



4.1. 16S rRNA Phylogeny and the Reduction of Nitrate/Nitrite


The 16S rRNA sequence results showed that nitrate/nitrite-reducing strains were well-represented among γ-Proteobacteria especially the genera of Stenotrophomonas (nitrate reducer) and Pseudomonas (nitrate/nitrite reducer). Our results were consistent with previous studies regarding the presence of certain groups of NR and DN bacteria in oil/brine-contaminated soils. In different culture-based studies on the composition of NR bacteria communities, Bacillus, Moraxella, and Pseudomonas were isolated from the sediment samples from the rhizosphere of the aerenchymatous plant Glyceria maxima [64]. A larger diversity was observed when Streptomyces, Bacillus, and Enterobacteriaceae strains were isolated from abandoned and reclaimed mine soils [65]. However, a different study showed that DN bacteria were well-represented among members of the genus Bacillus under anaerobic conditions [66]. Our 16S rRNA and denitrification genes sequence analysis were consistent in terms of phylogenetic affiliations. Taxonomic identification based on 16S rRNA gene sequences and nosZ phylogenetic relationships were also in good agreement for most of the strains studied by Rich et al. (2003) [67] and by Dandie et al. (2007a) [68]. The extensive phylogenetic analysis of multiple denitrification genes performed by Jones et al. (2008) [69] concluded that gene duplication and processes other than horizontal gene transfer were significant factors in the evolution of these genes.




4.2. Considerations When Estimating Numbers of NR and DN Bacteria by PCR


Our results show that the simple microtiter plate assay we used is a valuable complement to methods using denitrifier MPN tubes [65] and to PCR-based methods in detecting culturable NR and DN bacteria. With the microtiter plate assay, 54 strains out of 75 were detected as NR or DN bacteria (Table 2), while just ten strains out of the 54 were confirmed to possess the correct functional genes for nitrate reduction or denitrification after sequencing the PCR product, translating the codons into amino acids, and subjecting the translated sequence to BlastP analysis (Supplemental Table S3, Table 3). Therefore, although primers for nitrate reduction and denitrification genes produced PCR products from a number of strains, many of those products could not be confirmed as the expected sequence after analysis, suggesting caution when these primers are used to estimate population sizes of denitrifying bacteria [70,71].



The lack of amplification of NR and DN gene fragments from strains known to be capable of nitrate reduction or denitrification has been previously reported [68,69,72,73], suggesting that reliance on PCR amplification to determine population sizes could lead to underestimates. In addition, reliance on a limited number of genes and primers may cause some important pathways, such as DNRA, to be overlooked [16]. In our study, 44 strains reduced nitrate/nitrite when grown in nitrate broth in the microtiter plate assay, although no PCR products were produced using primers for nitrate/nitrite reductase genes (Supplementary Table S1) in these 44 strains (Supplementary Table S3). Our results suggest that the primers used in this study likely were not perfectly complementary to the nitrate/nitrite reductase genes in these 44 strains.



Our results show that all four isolates (e.g., I-1, I-2, I-4, and I-65) that were confirmed to possess one or more of the denitrification genes showed positive results (e.g., DN positive) in the microtiter plate assay (Table 3). Agreement between the detected requisite genes and the predicted phenotype is not always the case. Two strains of Bosea were confirmed to possess gene sequences with high similarity to napA, although they did not reduce nitrate in the microtiter plate assay (Table 3, Supplementary Table S4). However, Dandie et al. (2007a) [68] were able to isolate denitrifying Bosea strains after enrichment using denitrifier MPN tubes. With respect to denitrification, even with having more than one gene in the denitrification pathway, microorganisms may still lack the ability to denitrify under certain conditions due to their inability to express the genes they possess because those genes must be transcribed and translated into the denitrification enzymes and these enzymes must be active under the given environmental conditions [11].



Estimating population sizes of “denitrifying” bacteria by qPCR of single denitrification genes is complicated by cases in which microbes possess an incomplete denitrification pathway (e.g., the absence of one or more denitrification genes in the denitrification pathway) and, as a result, denitrification stops before the production of nitrogen gas [70,74,75,76]. Conversely, a substantial proportion of denitrifiers may lack nosZ [69], which would confound predictions of denitrification rates and N2O emissions if population estimates were based on other genes in the denitrification pathway [70]. On the other hand, there is a wide variety of bacteria that possess nosZ and reduce N2O yet do not contain any other denitrification pathway genes [74]. As noted by Mackelprang et al. (2018) [77], these atypical or “Clade II” nosZ genes accounted for the majority of nosZ sequences found in a metagenome survey of native prairie soil. In conclusion, we need to know much more about the suites of nitrogen cycling genes carried and expressed by a variety of bacteria before we can confidently use the qPCR of single genes to estimate population sizes of denitrifying bacteria and their role in nitrogen transformations.




4.3. Long-Term Impact of Brine/Oil Contamination on Nitrogen Cycling in Tallgrass Prairie Soil


Our results support the hypothesis that the species composition of NR/DN bacteria in brine and oil contamination continued to be affected years after the contamination event. In particular, strains of some groups (e.g., Bacilli) that are known to be salt tolerant [5,78] were found in brine/oil-contaminated soils but not in crude oil-contaminated soils, while most NR/DN strains isolated from the oil-contaminated sites were Gammaproteobacteria. Although it has been reported that many hydrocarbonoclastic bacteria responsible for the first steps of hydrocarbon degradation are classified as γ-Proteobacteria [79], it is not known whether hydrocarbons represent a readily usable carbon source for our NR and DN γ-Proteobacteria strains. Our previous studies of bioremediation at these sites did document the substantial loss of hydrocarbons in association with higher numbers of hydrocarbon-degrading bacteria [34] and of γ-Proteobacteria [37]; however, the hydrocarbon-degrading bacteria were not identified in those studies.



Other long-term effects from previous research indicated that sites contaminated 5–10 years prior had at least ten times the level of nitrate as nearby uncontaminated prairie sampled in parallel [13] despite our findings that NR and DN bacteria were not eliminated by brine/oil contamination. Although certain groups were relatively more or less abundant in oil or brine sites than in the parallel prairie sites, it is not known to what extent this shift in species composition directly affected the rate of nitrogen transformations in tallgrass prairie soil. There were a number of differences between contaminated and uncontaminated sites in terms of environmental parameters, such as soil moisture potentially impacting the activity of nitrate-reducing and denitrifying bacteria. In addition, plant community composition, nematode community structure, and the overall microbial community composition were affected as well [12,13,34,37]. Dominant groups of bacteria in undisturbed TPP included Actinobacteria and Acidobacteria as determined by 16S rRNA sequence analysis but were relatively low in Gammaproteobacteria in contrast to soil contaminated with crude oil [37], which contained a higher proportion of Gammaproteobacteria and lower proportions of Actinobacteria and Acidobacteria. For primarily brine-impacted sites, there was initially about half the PLFA concentration (phospholipid fatty acids, an indication of live cell biomass, [37]) and differences in PFLA structural groups (which roughly correspond to different higher-level taxonomic groups) compared to samples from native prairie. These differences had decreased but not vanished after four years [36,37]. As with oil-contaminated soil, 16S rRNA sequence analysis of brine-contaminated soil had a lower proportion of Acidobacteria and Actinobacteria but higher proportions of Firmicutes, Gammaproteobacteria, and Bacteroidetes [37]. It is noteworthy that at the time of the current study, as much as a decade post-contamination, native prairie had approximately 1/10 the concentration of nitrate as did adjacent contaminated sites, which had never been remediated [13]. Future research should investigate if an alteration in the rate of nitrogen transformations via nitrate reduction and denitrification has a long-term impact on contamination by crude oil and brine.





5. Conclusions


We were able to readily isolate and identify 75 strains of bacteria from tallgrass prairie soil contaminated up to 10 years prior with crude oil, a combination of brine and crude oil, or adjacent uncontaminated sites. Fifty-four of these strains proved capable of reducing nitrate and/or nitrite. The strains were affiliated with a variety of different taxonomic groups, with some indication of selection for halotolerant taxa in the primarily brine-contaminated soils and of Gammaproteobacteria in the oil-contaminated soils. However, around 82% of strains shown to reduce nitrate/nitrite would not be identified as NR or DN bacteria by the battery of the functional NR and DN PCR primers used. This low % detection by currently used PCR primers suggests caution in inferring numbers of NR/DN based on PCR amplification. It also attests to the value of a culture-first approach, in which a variety of bacteria are first screened for the ability to reduce nitrate /nitrite, followed by molecular analyses of their functional genes.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/microorganisms12101981/s1, Table S1: Summary of primers used to detect denitrification functional genes; Table S2: Site, site type, dilution origin, and phenotype, for 75 strains; Table S3: Genbank accession numbers for 16S rRNA gene sequence and functional genes for nitrate reducing and denitrifying genes; Table S4: Summary of nitrate reducing/denitrification genes from isolates (Accession number “in bold”/Closest GenBank match accession # (% similarity)).





Author Contributions


Conceptualization, S.M.A. and K.E.D.; methodology, S.M.A. and K.E.D.; software, S.M.A., F.Z.N. and K.E.D.; validation, S.M.A., K.E.D. and F.Z.N.; formal analysis, S.M.A. and K.E.D.; investigation, S.M.A. and K.E.D.; resources, S.M.A. and K.E.D.; data curation, S.M.A. and K.E.D.; writing—original draft preparation, S.M.A. and K.E.D.; writing—review and editing, S.M.A. and K.E.D.; visualization, S.M.A. and K.E.D.; supervision, K.E.D.; project administration, K.E.D.; funding acquisition, K.E.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the U.S. Environmental Protection Agency, Grant Number R830633C009.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors on request.




Acknowledgments


We thank Athenia Oldham for assistance in MOTHUR software ver1.23. We are grateful to Kerry Sublette for his leadership of bioremediation projects in the TPP.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Fierer, N.; Jackson, R.B. The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. USA 2006, 103, 626–631. [Google Scholar] [CrossRef] [PubMed]

	



Bragg, J.R.; Prince, R.C.; Harner, E.J.; Atlas, R.M. Effectiveness of bioremediation for the Exxon Valdez oil spill. Nature 1994, 368, 413–418. [Google Scholar] [CrossRef]

	



Harayama, S.; Kasai, Y.; Hara, A. Microbial communities in oil-contaminated seawater. Curr. Opin. Biotechnol. 2004, 15, 205–214. [Google Scholar] [CrossRef] [PubMed]

	



Head, I.M.; Jones, D.M.; Roling, W.F. Marine microorganisms make a meal of oil. Nat Rev. Microbiol. 2006, 4, 173–182. [Google Scholar] [CrossRef] [PubMed]

	



Boch, J.; Nau-Wagner, G.; Kneip, S.; Bremer, E. Glycine betaine aldehyde dehydrogenase from Bacillus subtilis: Characterization of an enzyme required for the synthesis of the osmoprotectant glycine betaine. Arch. Microbiol. 1997, 168, 282–289. [Google Scholar] [CrossRef] [PubMed]

	



Egamberdiyeva, D. Characterization of Pseudomonas species isolated from the rhizosphere of plants grown in serozem soil, semi arid region of Uzbekistan. Sci. World J. 2005, 5, 501–509. [Google Scholar] [CrossRef]

	



Nie, M.; Wang, Y.; Yu, J.; Xiao, M.; Jiang, L.; Yang, J.; Fang, C.; Chen, J.; Li, B. Understanding plant-microbe interactions for phytoremediation of petroleum-polluted soil. PLoS ONE 2011, 6, e17961. [Google Scholar] [CrossRef] [PubMed]

	



Song, B.; Palleroni, N.J.; Häggblom, M.M. Isolation and characterization of diverse halobenzoate-degrading denitrifying bacteria from soils and sediments. Appl. Environ. Microbiol. 2000, 66, 3446–3453. [Google Scholar] [CrossRef]

	



Vargas, C.; Song, B.; Camps, M.; Häggblom, M.M. Anaerobic degradation of fluorinated aromatic compounds. Appl. Microbiol. Biotechnol. 2000, 53, 342–347. [Google Scholar] [CrossRef]

	



An, Y.J.; Joo, Y.H.; Hong, I.Y.; Ryu, H.W.; Cho, K.S. Microbial characterization of toluene-degrading denitrifying consortia obtained from terrestrial and marine ecosystems. Appl. Microbiol. Biotechnol. 2004, 65, 611–619. [Google Scholar] [CrossRef]

	



AbuBakr, S.M. Nitrate reducing and denitrifying bacteria in oil/brine contaminated soils. Atlas J. Biol. 2020, 1, 699–705. [Google Scholar]

	



Duncan, K.E.; Kolhatkar, R.; Subramaniam, G.; Narasimhan, R.; Jennings, E.; Hettenbach, S.; Brown, A.; McComas, C.; Potter, W.; Sublett, K. Microbial dynamics in oil-impacted prairie soil. Appl. Biochem. Biotechnol. 1999, 77–79, 421–434. [Google Scholar] [CrossRef] [PubMed]

	



AbuBakr, S.M.; Duncan, K.E.; Thoma, G.; Sublette, K. The Effect of Environmental Factors on the Abundance of Culturable Nitrate Reducing/Denitrifying Bacteria from Contaminated and Uncontaminated Tallgrass Prairie Soil. Atlas J. Biol. 2019, 1, 592–602. [Google Scholar] [CrossRef]

	



Zumft, W.G. Cell biology and molecular basis of denitrification. Microbiol. Mol. Biol. Rev. 1997, 61, 533–536. [Google Scholar]

	



Philippot, L.; Piutti, S.; Martin-Laurent, F.; Hallet, S.; Germon, J.C. Molecular analysis of the nitrate-reducing community from unplanted and maize-planted soils. Appl. Environ. Microbiol. 2002, 68, 6121–6128. [Google Scholar] [CrossRef]

	



He, W.; Liu, S.; Jiang, Z.; Zheng, J.; Li, X.; Zhang, D. The Diversity and Nitrogen Metabolism of Culturable Nitrate-Utilizing Bacteria Within the Oxygen Minimum Zone of the Changjiang (Yangtze River). Estuary. Front. Mar. Sci. 2021, 8, 720413. [Google Scholar] [CrossRef]

	



Philippot, L.; Hojberg, O. Dissimilatory nitrate reductases in bacteria. Biochim. Biophys. Acta 1999, 1446, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Philippot, L. Denitrifying genes in bacterial and archaeal genomes. Biochim. Biophys. Acta 2002, 1577, 355–376. [Google Scholar] [CrossRef]

	



Roussel-Delif, L.; Tarnawski, S.; Hamelin, J.; Philippot, L.; Aragno, M.; Fromin, N. Frequency and diversity of nitrate reductase genes among nitrate-dissimilating Pseudomonas in the rhizosphere of perennial grasses grown in field conditions. Microb. Ecol. 2005, 49, 63–72. [Google Scholar] [CrossRef]

	



Kelly, C.N.; Schwaner, G.W.; Cumming, J.R.; Driscoll, T.P. Metagenomic reconstruction of nitrogen and carbon cycling pathways in forest soil: Influence of different hardwood tree species. Soil Biol. Biochem. 2021, 156, 108226. [Google Scholar] [CrossRef]

	



Ye, R.W.; Averill, B.A.; Tiedje, J.M. Denitrification: Production and consumption of nitric oxide. Appl. Environ. Microbiol. 1994, 60, 1053–1058. [Google Scholar] [CrossRef] [PubMed]

	



Casciotti, K.L.; Ward, B.B. Dissimilatory nitrite reductase genes from autotrophic ammonia-oxidizing bacteria. Appl. Environ. Microbiol. 2001, 67, 2213–2221. [Google Scholar] [CrossRef]

	



Braker, G.; Zhou, J.; Wu, L.; Devol, A.H.; Tiedje, J.M. Nitrite reductase genes (nirK and nirS) as functional markers to investigate diversity of denitrifying bacteria in Pacific Northwest marine sediment communities. Appl. Environ. Microbiol. 2000, 66, 2096–2104. [Google Scholar] [CrossRef] [PubMed]

	



Gruntzig, V.; Nold, S.C.; Zhou, J.; Tiedje, J.M. Pseudomonas stutzeri nitrite reductase gene abundance in environmental samples measured by real-time PCR. Appl. Environ. Microbiol. 2001, 67, 760–768. [Google Scholar] [CrossRef]

	



Avrahami, S.; Conrad, R.; Braker, G. Effect of soil ammonium concentration on N2O release and on the community structure of ammonia oxidizers and denitrifiers. Appl. Environ. Microbiol. 2002, 68, 5685–5692. [Google Scholar] [CrossRef]

	



Braker, G.; Tiedje, J.M. Nitric oxide reductase (norB) genes from pure cultures and environmental samples. Appl. Environ. Microbiol. 2003, 69, 3476–3483. [Google Scholar] [CrossRef] [PubMed]

	



Zumft, W.G. The denitrifying prokaryotes. In The Prokaryotes; Balows, A., Truper, H.G., Dworkin, M., Harder, W., Schleifer, K.-H., Eds.; Springer: New York, NY, USA, 1992; pp. 554–582. [Google Scholar]

	



Braker, G.; Fesefeldt, A.; Witzel, K.P. Development of PCR primer systems for amplification of nitrite reductase genes (nirK and nirS) to detect denitrifying bacteria in environmental samples. Appl. Environ. Microbiol. 1998, 64, 3769–3775. [Google Scholar] [CrossRef]

	



Scala, D.J.; Kerkhof, L.J. Nitrous oxide reductase (nosZ) gene-specific PCR primers for detection of denitrifiers and three nosZ genes from marine sediments. FEMS Microbiol. Lett. 1998, 162, 61–68. [Google Scholar] [CrossRef] [PubMed]

	



Hallin, S.; Lindgren, P.E. PCR detection of genes encoding nitrite reductases in denitrifying bacteria. Appl. Environ. Microbiol. 1999, 65, 1652–1657. [Google Scholar] [CrossRef]

	



Scala, D.J.; Kerkhof, L.J. Diversity of nitrous oxide reductase (nosZ) genes in continental shelf sediments. Appl. Environ. Microbiol. 1999, 65, 1681–1687. [Google Scholar] [CrossRef]

	



Qiu, X.Y.; Hurt, R.A.; Wu, L.Y.; Chen, C.H.; Tiedje, J.M.; Zhou, J.Z. Detection and quantification of copper-denitrifying bacteria by quantitative competitive PCR. J. Microbiol. Methods 2004, 59, 199–210. [Google Scholar] [CrossRef] [PubMed]

	



Sublette, K.; Jennings, E.; Mehta, C.; Duncan, K.; Brokaw, J.; Todd, T.; Thoma, G. Monitoring soil ecosystem recovery following bioremediation of a terrestrial crude oil spill with and without a fertilizer amendment. J. Soils Sediments 2007, 16, 181–208. [Google Scholar] [CrossRef]

	



Duncan, K.; Jennings, E.; Hettenbach, S.; Potter, W.; Sublette, K.; Subramaniam, G.; Narasimhan, R. Nitrogen Cycling and Nitric Oxide Emissions in Oil-Impacted Prairie Soils’. Bioremediation J. 1998, 1, 195–208. [Google Scholar] [CrossRef]

	



Harris, T.M.; Tapp, J.B.; Sublette, K.L. Remediation of oil-field brine-impacted soil using a subsurface drainage system and hay. Environ. Geosci. 2005, 12, 101–113. [Google Scholar] [CrossRef]

	



Sublette, K.L.; Moralwar, A.; Ford, L.P.; Duncan, K.; Thoma, G.; Brokaw, J. Remediation of a spill of crude oil and brine without gypsum. Environ. Geosci. 2005, 12, 115–125. [Google Scholar] [CrossRef]

	



Sublette, K.L.; Tapp, J.B.; Fisher, J.B.; Jennings, E.; Duncan, K.; Thoma, G.; Brokaw, J.; Todd, T. Lessons learned in remediation and restoration in the Oklahoma prairie: A review. J. Appl. Geochem. 2007, 22, 2225–2239. [Google Scholar] [CrossRef]

	



Shim, H.; Yang, S.T. Biodegradation of benzene, toluene, ethylbenzene, and o-xylene by a coculture of Pseudomonas putida and Pseudomonas fluorescens immobilized in a fibrous-bed bioreactor. J. Biotechnol. 1999, 67, 99–112. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.Y.; Jun, Y.S.; Cho, K.S.; Ryu, H.W. Degradation characteristics of toluene, benzene, ethylbenzene, and xylene by Stenotrophomonas maltophilia T3-c. J. Air Waste Manag. 2002, 52, 400–406. [Google Scholar] [CrossRef] [PubMed]

	



Van Hamme, J.D.; Singh, A.; Ward, O.P. Recent advances in petroleum microbiology. Microbiol. Mol. Biol. Rev. 2003, 67, 503–549. [Google Scholar] [CrossRef] [PubMed]

	



Dandie, C.E.; Miller, M.N.; Burton, D.L.; Zebarth, B.J.; Trevors, J.T.; Goyer, C. Nitric oxide reductase-targeted real-time PCR quantification of denitrifier populations in soil. Appl. Environ. Microbiol. 2007, 73, 4250–4258. [Google Scholar] [CrossRef]

	



Atlas, R.M. Microbial degradation of petroleum hydrocarbons: An environmental perspective. Microbiol Rev. 1981, 45, 180–209. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Chen, Q.; Gong, Z. Microbial remediation of petroleum-contaminated soil focused on the mechanism and microbial response: A review. Environ. Sci. Pollut. Res. Int. 2024, 31, 33325–33346. [Google Scholar] [CrossRef]

	



Soussi, M.; Santamaria, M.; Ocãna, A.; Lluch, C. Effects of salinity on protein and lipolysaccharide pattern in a salt-tolerant strain of Mesorhizobium ciceri. J. Appl. Microbiol. 2001, 90, 476–481. [Google Scholar] [CrossRef]

	



Hung, M.H.; Bhagwath, A.A.; Shen, F.T.; Devasya, R.P.; Young, C.C. Indigenous rhizobia associated with native shrubby legumes in Taiwan. Pedobiologia 2005, 49, 577–584. [Google Scholar] [CrossRef]

	



Alcántara-Hernández, R.J.; Valenzuela-Encinas, C.; Marsch, R.; Dendooven, L. Respiratory and dissimilatory nitrate-reducing communities from an extreme saline alkaline soil of the former lake Texcoco (Mexico). Extremophiles 2009, 13, 169–178. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, S.M.; Johnsen, K.; Sørensen, J.; Nielsen, P.; Jacobsen, C.S. Pseudomonas frederiksbergensis sp. nov., isolated from soil at a coal gasification site. Int. J. Syst. Evol. Microbiol. 2000, 6, 1957–1964. [Google Scholar] [CrossRef] [PubMed]

	



Atlas, R.M. Handbook of Microbiological Media; CRC Press, Inc.: Boca Raton, FL, USA, 1993. [Google Scholar]

	



Jones, R.A.; Broder, M.W.; Stotzky, G. Effects of genetically engineered microorganisms on nitrogen transformations and nitrogen-transforming microbial populations in soil. Appl. Environ. Microbiol. 1991, 57, 3212–3219. [Google Scholar] [CrossRef] [PubMed]

	



Baron, E.J.; Finegold, S.M. Bailey and Scott’s Diagnostic Microbiology, 8th ed.; CV Mosby Co.: St. Louis, MO, USA, 1990; pp. 286–402; 435–438. [Google Scholar]

	



Smibert, R.M.; Krieg, N.R. Phenotypic characterization. In Methods for General and Molecular Bacteriology; Gerhardt, P., Murray, R.G.E., Wood, W.A., Krieg, N.R., Eds.; American Society for Microbiology: Washington, DC, USA, 1994; p. 649. [Google Scholar]

	



Wilson, K.H.; Blitchington, R.B.; Greene, R.C. Amplification of bacterial 16S ribosomal DNA with polymerase chain reaction. J. Clin. Microbiol. 1990, 28, 1942–1946. [Google Scholar] [CrossRef]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [Google Scholar] [CrossRef] [PubMed]

	



Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [Google Scholar] [CrossRef] [PubMed]

	



Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glöckner, F.O. SILVA: A comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007, 35, 7188–7196. [Google Scholar] [CrossRef] [PubMed]

	



DeSantis, T.Z., Jr.; Hugenholtz, P.; Keller, K.; Brodie, E.L.; Larsen, N.; Piceno, Y.M.; Phan, R.; Andersen, G.L. NAST: A multiple sequence alignment server for comparative analysis of 16S rRNA genes. Nucleic Acids Res. 2006, 34, 394–399. [Google Scholar] [CrossRef]

	



Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 2011, 27, 2194–2200. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmongin, F.; Higgins, D.G. The ClustalX windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997, 25, 4876–4882. [Google Scholar] [CrossRef]

	



Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4, 406–425. [Google Scholar] [PubMed]

	



Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide sequences. J. Mol. Evol. 1980, 16, 111–120. [Google Scholar] [CrossRef]

	



Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 666–670. [Google Scholar] [CrossRef]

	



Sun, L.; Sheng, Q.; Ge, Y.; He, L.; Sheng, X. The quorum sensing SinI/R system contributes to cadmium immobilization in Ensifer adhaerens NER9 in the cadmium-contaminated solution. J. Hazard. Mater. 2024, 15, 470:134300. [Google Scholar] [CrossRef] [PubMed]

	



Nijburg, J.; Coolen, M.J.L.; Gerards, S.; Gunnewiek, P.J.A.K.; Lannbroek, H.J. Effects of nitrate availability and the presence of Glyceria maxima on the composition and activity of the dissimilatory nitrate-reducing bacteria community. Appl. Environ. Microbiol. 1997, 63, 931–937. [Google Scholar] [CrossRef] [PubMed]

	



Shirey, J.J.; Sextone, A.J. Denitrification and nitrate-reducing bacterial populations. FEMS Microbiol. Ecol. 1989, 62, 59–70. [Google Scholar] [CrossRef]

	



Verbaendert, I.; Boon, N.; De Vos, P.; Heylen, K. Denitrification is a common feature among members of the genus Bacillus. Syst. Appl. Microbiol. 2011, 34, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



Rich, J.J.; Heichen, R.S.; Bottomley, P.J.; Cromack Jr, K.; Myrold, D.D. Community composition and functioning of denitrifying bacteria from adjacent meadow and forest soils. Appl. Environ. Microbiol. 2003, 69, 5974–5982. [Google Scholar] [CrossRef] [PubMed]

	



Dandie, C.E.; Burton, D.L.; Zebarth, B.J.; Trevors, J.T.; Goyer, C. Analysis of denitrification genes and comparison of nosZ, cnorB and 16S rDNA from culturable denitrifying bacteria in potato cropping systems. Syst. Appl. Microbiol. 2007, 30, 128–138. [Google Scholar] [CrossRef] [PubMed]

	



Jones, C.M.; Stres, B.; Rosenquist, M.; Hallin, S. Phylogenetic analysis of nitrite, nitric oxide, and nitrous oxide respiratory enzymes reveal a complex evolutionary history for denitrification. Mol. Biol. Evol. 2008, 25, 1955–1966. [Google Scholar] [CrossRef] [PubMed]

	



Philippot, L.; Andert, J.; Jones, C.M.; Bru, D.; Hallin, S. Importance of denitrifiers lacking the genes encoding the nitrous oxide reductase for N2O emissions from soil. Glob. Chang. Biol. 2011, 17, 1497–1504. [Google Scholar] [CrossRef]

	



Shrewsbury, L.H.; Smith, J.L.; Huggins, D.R.; Carpenter-Boggs, L.; Reardon, C.L. Denitrifier abundance has a greater influence on denitrification rates at larger landscape scales but is a lesser driver than environmental variables. Soil Biol. Bioch. 2016, 103, 221–231. [Google Scholar] [CrossRef]

	



Ma, Y.; Zilles, J.L.; Kent, A.D. An evaluation of primers for detecting denitrifiers via their functional genes. Environ. Microbiol. 2019, 4, 1196–1210. [Google Scholar] [CrossRef] [PubMed]

	



Klatte, T.; Evans, L.; Whitehead, R.N.; Cole, J.A. Four PCR primers necessary for the detection of periplasmic nitrate reductase genes in all groups of Proteobacteria and in environmental DNA. Biochem. Soc. Trans. 2011, 39, 321–326. [Google Scholar] [CrossRef] [PubMed]

	



Sanford, R.A.; Wagner, D.D.; Wu, Q.; Chee-Sanford, J.C.; Thomas, S.H.; Cruz-García, C.; Rodríguez, G.; Massol-Deyá, A.; Krishnani, K.K.; Ritalahti, K.M.; et al. Unexpected nondenitrifier nitrous oxide reductase gene diversity and abundance in soils. Proc. Natl. Acad. Sci. USA 2012, 109, 19709–19714. [Google Scholar] [CrossRef]

	



Mefferd, C.C.; Zhou, E.; Seymour, C.O.; Bernardo, N.A.; Srivastava, S.; Bengtson, A.J.; Jiao, J.Y.; Dong, H.; Li, W.J.; Hedlund, B.P. Incomplete denitrification phenotypes in diverse Thermus species from diverse geothermal spring sediments and adjacent soils in southwest China. Extremophiles 2022, 26, 23. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, S.O.; Bharathi, P.A.; Bonin, P.C.; Michotey, V.D. Denitrification: An important pathway for nitrous oxide production in tropical mangrove sediments (Goa, India). J. Environ. Qual. 2010, 39, 1507–1516. [Google Scholar] [CrossRef] [PubMed]

	



Mackelprang, R.; Grube, A.M.; Lamendella, R.; Jesus, E.d.C.; Copeland, A.; Liang, C.; Jackson, R.D.; Rice, C.W.; Kapucija, S.; Parsa, B.; et al. Microbial Community Structure and Functional Potential in Cultivated and Native Tallgrass Prairie Soils of the Midwestern United States. Front. Microbiol. 2018, 9, 1775. [Google Scholar] [CrossRef] [PubMed]

	



Chu, S.; Zhang, D.; Wang, D.; Zhi, Y.; Zhou, P. Heterologous expression and biochemical characterization of assimilatory nitrate and nitrite reductase reveals adaption and potential of Bacillus megaterium NCT-2 in secondary salinization soil. Int. J. Biol. Macromol. 2017, 101, 1019–1028. [Google Scholar] [CrossRef] [PubMed]

	



Spini, G.; Spina, F.; Poli, A.; Blieux, A.-L.; Regnier, T.; Gramellini, C.; Varese, G.C.; Puglisi, E. Molecular and microbiological Insights on the enrichment procedures for the isolation of petroleum degrading bacteria and fungi. Front. Microbiol. 2018, 9, 2543. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 12 01981 g001] 





Figure 1. Taxonomic Affiliation of Strains. The number of strains affiliated with different higher taxonomic level bacterial groups found in oil-, brine-, and prairie-soils. The 16S rRNA gene sequences of seventy-five strains were classified by the RDP Classifier tool. Brine: isolated from sites contaminated primarily by oil field brine but also by crude oil (10:1 vol/vol), G5 and G7. Oil: isolated from sites contaminated by crude oil, J6-F, J6-NF, and LF. Prairie: isolated from uncontaminated sites, G5P, G7P, J6P, and LFP. “All” indicates the distribution of the 75 strains isolated after enrichment in nitrate broth, and “NR/DN” indicates the distribution of 54 strains confirmed as nitrate/nitrite reducers after incubation in nitrate broth as described in Materials and Methods. 
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Figure 2. Phylogenetic tree of the 16S rRNA gene of 75 bacterial strains isolated from tallgrass prairie soils with respect to related sequences. There were 29 OTUs (indicated in bold letters) at the 98% level of similarity. One strain representing each OTU was used for phylogenetic analysis. The number of strains contained in each OTU is included between parentheses next to the representative strain. The numbers of strains of NR (nitrate-reducing) bacteria, DN (nitrite-reducing) bacteria, and None (strains that did not reduce nitrate or nitrite) are also included next to the total number of strains included in the OTU. The tree is constructed from approximately 1400 bp 16S rRNA gene sequence using the neighbor-joining algorithm. One thousand bootstrap replications were performed; only values greater than 700 are shown. (a) (Bar: 0.02 nucleotide substitutions per nucleotide) shows the γ-Proteobacteria where the sequence of Ensifer adhaerens strain WJB69 (KU877644) was included as the outgroup, while (b) (Bar: 0.03 nucleotide substitutions per nucleotide) shows the remaining groups where the sequence of Archaeoglobus infectus DSM 18877 strain Arc51 (NR_028166) was included as the outgroup. 
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Table 1. Summary of the 75 strains by genus, origin, and capacity to reduce nitrate/nitrite.
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Taxonomic

Group

	
Genus *

(Total # of Strains)

	
Brine/Oil

	
Oil

	
Prairie






	
γ-Proteobacteria

	
Stenotrophomonas (27)

	
3NR **

	
2NR, 3“None”

	
11NR, 1DN

7 “None”




	
Pseudomonas (9)

	
2NR, 2DN

	
1NR

	
3NR, 1DN




	
Aeromonas (1)

	
1NR

	
0

	
0




	
Serratia (1)

	
0

	
1NR

	
0




	
Enterobacter (3)

	
0

	
3NR

	
0




	
Acinetobacter (5)

	
0

	
0

	
2NR, 3 “None”




	
Total # γ Proteobacteria (46)

	
8

	
10

	
28




	
α-Proteobacteria

	
Ensifer (2)

	
1 DN

	
0

	
1 DN




	
Bosea (2)

	
2 “None”

	
0

	
0




	
Phenylobacterium (1)

	
1NR

	
0

	
0




	
Total # α- Proteobacteria (5)

	
4

	
0

	
1




	
β-Proteobacteria

	
Achromobacter (4)

	
1NR

	
0

	
3NR




	
Burkholderia (1)

	
0

	
0

	
1 “None”




	
Total # β- Proteobacteria (5)

	
1

	
0

	
4




	
Actinobacteria

	
Arthrobacter (1)

	
1 “None”

	
0

	
0




	
Rhodococcus (1)

	
0

	
0

	
1 “None”




	
Microbacterium (1)

	
0

	
1NR

	
0




	
Kocuria (1)

	
0

	
0

	
1NR




	
Total # Actinobacteria (4)

	
1

	
1

	
2




	
Bacilli

	
Brevibacillus (8)

	
3NR

	
0

	
4NR, 1“None”




	
Bacillus (3)

	
2NR

	
0

	
1”None”




	
Paenibacillus (1)

	
1NR

	
0

	
0




	
Lysinibacillus (2)

	
0

	
0

	
1NR, 1”None”




	
Total # Bacilli (14)

	
6

	
0

	
8




	
Flavobacteria

	
Chryseobacterium (1)

	
0

	
1NR

	
0




	
Total # Flavobacteria (1)

	
0

	
1

	
0




	
Total # strains isolated

	
20

	
12

	
43




	
Total # NR + DN

	
17

	
9

	
28




	
#NR, #DN

	
14, 3

	
9, 0

	
25, 3








*: Genus assignments as determined by submitting the 16S rRNA gene sequence of the individual strains to The Ribosomal Database Project (RDP) Classifier. All classifications were at the 98% threshold level or higher. Origin: type of site from which the strain was isolated. See Supplementary Table S2. Brine/oil: isolated from sites contaminated primarily by oil field brine but also by crude oil, G5, and G7. Oil: isolated from sites contaminated by crude oil, J6-F, J6-NF, and LF. Prairie: isolated from uncontaminated sites, G5P, G7P, J6P, and LFP. **: number and type of strain. Strain type: NR, DN, None: confirmed as NR or DN by reduction of nitrate to nitrite, or no nitrate or nitrite detected (“DN”) after growth in nitrate broth and testing with Griess reagents. Strains that did not reduce nitrate were designated as “None”. See materials and methods for more information.













 





Table 2. Summary of the 75 strains by genus, nitrate/nitrite reduction, and detection of molecular markers.
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Taxonomic

Group

	
Genus *

(Total # of Strains,

# Screened for qnorB, cnorB, nosZ)

	
NR a

	
DN b

	
None c






	
γ-Proteobacteria

	
Stenotrophomonas

(27, 15)

	
16

narG (2)

	
1

	
10




	
Pseudomonas

(9, 7)

	
6

napA (2)

	
3

napA (1), nirS (2), cnorB (1), nosZ (1)

	
0




	
Aeromonas

(1, 1)

	
1

	
0

	
0




	
Serratia

(1, 1)

	
1

	
0

	
0




	
Enterobacter

(3, 1)

	
3

	
0

	
0




	
Acinetobacter

(5, 1)

	
2

	
0

	
3




	
α-Proteobacteria

	
Ensifer

(2, 1)

	
0

	
2

napA (1), cnorB (1)

	
0




	
Bosea

(2, 0)

	
0

	
0

	
2

napA (2)




	
Phenylobacterium

(1, 1)

	
1

	
0

	
0




	
β-Proteobacteria

	
Achromobacter 

(4, 2)

	
4

napA (1)

	
0

	
0




	
Burkholderia

(1, 0)

	
0

	
0

	
1




	
Actinobacteria

	
Arthrobacter

(1, 0)

	
0

	
0

	
1




	
Rhodococcus

(1, 0)

	
0

	
0

	
1




	
Microbacterium

(1, 1)

	
1

	
0

	
0




	
Kocuria

(1, 1)

	
1

	
0

	
0




	
Bacilli

	
Brevibacillus

(8, 1)

	
7

	
0

	
1




	
Bacillus

(3, 0)

	
2

	
0

	
1




	
Paenibacillus

(1, 0)

	
1

	
0

	
0




	
Lysinibacillus

(2, 0)

	
1

	
0

	
1




	
Flavobacteria

	
Chryseobacterium

(1, 0)

	
1

	
0

	
0




	
Total

	
75 (33)

	
48

	
6

	
21








Strains were identified from their 16S rRNA gene sequences and their ability to reduce nitrate and/or nitrite by the microtiter plate assay as described. All 75 strains were screened using the primer sets for napA, narG, nirS, and nirK (Supplementary Table S1). A subset of 33 strains were screened using the primer sets for qnorB, cnorB, qnorB, and nosZ. *: Genus assignments were determined by submitting the 16S rRNA gene sequence of the individual strains to The Ribosomal Database Project (RDP) Classifier. a Nitrate Reducers. b Nitrite Reducers. c None: no reduction of nitrate or nitrite.













 





Table 3. Strains in which gene sequences for nitrate reduction or denitrification were detected.






Table 3. Strains in which gene sequences for nitrate reduction or denitrification were detected.















	Strain # (Genus)
	Soil Type
	napA
	narG
	nirS
	cnorB
	nosZ
	NR or DN *





	1 (Pseudomonas)
	Brine/Oil
	Yes
	
	Yes
	
	
	DN



	2 (Pseudomonas)
	Brine/Oil
	
	
	Yes
	
	
	DN



	4 (Ensifer)
	Brine/Oil
	
	
	
	Yes
	
	DN



	7 (Bosea)
	Brine/Oil
	Yes
	
	
	
	
	None



	8 (Bosea)
	Brine/Oil
	Yes
	
	
	
	
	None



	39 (Stenotrophomonas)
	Prairie
	
	Yes
	
	
	
	NR



	42 (Stenotrophomonas)
	Prairie
	
	Yes
	
	
	
	NR



	49 (Achromobacter)
	Prairie
	Yes
	
	
	
	
	NR



	65 (Pseudomonas)
	Prairie
	
	
	
	Yes
	Yes
	DN



	67 (Pseudomonas)
	Prairie
	Yes
	
	
	
	
	NR



	68 (Pseudomonas)
	Prairie
	Yes
	
	
	
	
	NR



	69 (Ensifer)
	Prairie
	Yes
	
	
	
	
	NR







NR: Nitrate Reduction. DN: Nitrite reduction/denitrification. Genus: 16S rRNA sequence as classified by The RDP Classifier. * Loss of nitrate (NR) or nitrite (DN) after incubation in nitrate broth. napA: periplasmic nitrate reductase. narG: membrane-bound nitrate reductase. nirS: Cytochrome cd1-nitrite reductase. cnorB: Nitric oxide reductase gene. nosZ: nitrous oxide reductase gene. No verified PCR product was obtained for nirK (Copper nitrite reductase) or for qnorB (Nitric oxide reductase gene). 
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