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Mercury contamination at legacy nuclear sites such as the Savannah River Site and Oak Ridge
Reservation poses persistent ecological risks, yet its impact on soil microbiomes remains incompletely
understood. This study integrates qPCR, 16S/ITS amplicon sequencing, and shotgun metagenomics
to assess bacterial and fungal community structure, diversity, and functional potential across
gradients of total mercury, methylmercury, and bioavailable mercury. Bacterial a-diversity declined
with increasing Hg levels, while fungal diversity remained stable and highest in low-contamination
soils. Dominant bacterial phyla included Pseudomonadota, Bacteroidota, Bacillota, Acidobacteriota,
and Actinomycetota; fungal communities were primarily Ascomycota and Basidiomycota. Canonical
correspondence analysis revealed distinct taxon-Hg speciation linkages, and functional gene profiling
showed enrichment of stress-response genes, membrane transporters, and phosphate metabolism
pathways in contaminated soils. Notably, bioavailable Hg did not correlate directly with total Hg,
underscoring the importance of speciation in microbial exposure. These findings highlight the adaptive
plasticity of native microbiomes and identify microbial taxa and pathways relevant to bioremediation
and can guide ecosystem restoration activities in Hg-impacted soil habitats.
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Mercury (Hg) is among the top ten chemicals of public-health concern due to its toxicity, persistence, and global
distribution'. Although naturally occurring, Hg remains widely used in metallurgy, electronics manufacturing,
and fluorescent lighting?. In the environment, Hg occurs as inorganic Hg(I1), elemental Hg(0), and the microbially
produced monomethylmercury (MeHg), with speciation governed by local geochemistry and biology®. MeHg is
particularly hazardous because it is neurotoxic, carcinogenic, and bioaccumulative?, Hg exposure also threatens
organisms across the tree of life, including humans®. Once released, Hg is transported and transformed by both
natural and anthropogenic processes, including volcanic activity, fossil-fuel combustion, mining, and industrial
operations such as chlor-alkali production®. Under favorable conditions, microorganisms convert inorganic
or elemental Hg to MeHg, which biomagnifies through aquatic food webs’, contributing to metabolic, renal,
neurological, and cardiovascular disorders®, as also impairing terrestrial and aquatic ecosystems®.

Microbes are central to Hg cycling and remediation. Mercury-resistant (HgR) bacteria in contaminated
environments can volatilize Hg via mer operon-encoded enzymes: merA (mercuroreductase) reduces Hg(II)
to Hg(0), and merB (organomercurial lyase) cleaves C-Hg bonds, enabling detoxification®!’. Some bacteria
(e.g., Escherichia, Bacillus, Streptomyces) can re-oxidize Hg(0) to Hg(II) via catalase/peroxidase activity'l.
Historically, Hg methylation was attributed mainly to anaerobes, but hgcAB has now been identified across
diverse lineages-including iron- and sulfate-reducing bacteria (SRBs), syntrophic Bacillota, and members of
Bacteroidota—expanding the known methylator guilds'2. In Bacillota, species such as Bacillus, Clostridium, and
Paenibacillus are well-documented for harboring merA and merB genes- enzymes that facilitate the reduction
of Hg?* to volatile Hg" and the cleavage of methylmercury (MeHg) into less toxic forms. Within Bacteroidota,
genera such as Flavobacterium and Sphingobacterium have shown resistance to mercury and may possess partial
detoxification pathways, although the presence of complete mer operons is less common. Conversely, microbial
demethylation occurs aerobically and anaerobically, often involving mer-regulated pathways!2.
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In fact, across Hg-impacted sites, bacterial communities are typically dominated by Pseudomonadota,
Bacillota, and Actinomycetota'®!%, with Verrucomicrobiota and Campylobacterota also observed in MeHg-
impacted sediments at ORR'>. Our prior work at the Savannah River Site (SRS) and Oak Ridge Reservation
(ORR) combined genomic, proteomic, and physiological approaches to isolate HgR taxa (e.g., Arthrobacter,
Serratia, Stenotrophomonas) that harbor merA/merB and mer regulators!*!-1%; our findings have also shown
that long-term metal exposure may co-select for antibiotic resistance in soils at two former U.S. nuclear legacy
sites: SRS (South Carolina) and ORR (Tennessee), respectively.

Despite decades of work on bacterial Hg cycling, fungal mechanisms remain comparatively underexplored.
Fungi often tolerate high-Hg conditions'® as evidenced in strains isolated from wastewater and mining sites
(e.g., Candida, Pichia, Aspergillus, Cladosporium, Trichoderma, Alternaria®??, employing biosorption,
bioaccumulation, and enzymatic transformation mechanisms, potentially via metallothioneins and glutathione-
mediated sequestration?!. Putative fungal contributions to MeHg methylation/demethylation have been
proposed, but the underlying genetic bases remain unclear. To this end, to investigate fungal contributions to
mercury cycling, we employed diffusion chambers (DC) and microbial traps (MT), which allow in situ-like
microbial interactions while enabling nutrient exchange through semipermeable membranes using SRS soils.
These methods enriched HgR bacteria (e.g., Chthoniobacter, Bradyrhizobium, and Burkholderia) and fungi (e.g.,
Penicillium, Trichoderma), potentially involved in Hg methylation or demethylation.

Despite growing interest in microbial responses to mercury (Hg) contamination, several key research gaps
remain. First, cross-kingdom integration is limited: bacterial responses to Hg are comparatively well characterized,
whereas fungal dynamics remain poorly resolved, and co-variation between bacterial and fungal communities
under chronic Hg exposure has been rarely examined. Second, Hg speciation and exposure pathways are often
under-modeled; many field studies focus primarily on total Hg (THg), while the more toxic and bioaccumulative
methylmercury (MeHg) and bioavailable Hg (BHg), which determine microbial exposure potential, are
infrequently analyzed together, weakening mechanistic inference. Third, functional responses are often inferred
rather than measured; while amplicon-based predictive pipelines can suggest potential gene functions, shotgun
metagenomic approaches that directly quantify gene and metabolic pathway repertoires across Hg gradients
remain uncommon. Additionally, long-term, multi-site studies are scarce, with few investigations spanning
multiple legacy sites with distinct contamination histories and climatic contexts, limiting the generality of
observed patterns. Finally, the temporal stability of microbial responses remains unclear, as the persistence of
taxonomic and functional shifts across seasons under chronic Hg stress is not well established. In this study, we
address some of the above-stated knowledge gaps by conducting a comprehensive evaluation of bacterial (16S)
and fungal (ITS) community assemblages alongside evaluating gene functional shifts across high/medium/low
gradients of THg, MeHg, and BHg at the SRS (South Carolina, USA) and ORR (Tennessee, USA) ecosystems.

SRS is a former nuclear weapons production facility with soil and wetland ecosystems that remain co-
contaminated with nuclear waste materials, including mercury (Hg), uranium (U), and nickel (Ni)?*. Similarly,
during the mid-twentieth century, nuclear weapons production at the Oak Ridge Y-12 plant released significant
amounts of elemental mercury into East Fork Poplar Creek?!. Despite the cessation of these activities decades
ago, mercury concentrations at both sites remain high, ranging from 9.80 ng/g to 1688 ng/g®. Therefore, the
SRS and ORR ecosystems provide contrasting operational histories where Hg in the soils and sediments remains
elevated even decades after the initial release, underscoring the continued need for effective monitoring and
remediation efforts®*~2°. To address the long-term impacts of Hg in soils, we performed this integrated study using
qPCR, amplicon sequencing (with PICRUSt2 used strictly to support amplicon-based functional inference), and
metagenomes to: (i) evaluate bacterial vs. fungal community structure and diversity across variable levels of
Hg contamination; (ii) evaluate correlations between dominant bacterial and fungal taxa to Hg speciation via
constrained ordination; (iii) test whether stress-response, membrane-transport, and core metabolic pathways are
consistently enriched across Hg-contaminated sites and seasons; and (iv) identify taxon-function-environment
linkages that highlight resident microbial pathways relevant to Hg resistance and bioremediation at the SRS and
ORR former nuclear-legacy sites.

Materials and methods

Site description and sample collection

Soil samples were collected from two former nuclear legacy U.S. Department of Energy (DOE) sites: the
Savannah River Site (SRS) near Aiken, South Carolina, and East Fork Poplar Creek (EFPC) within the Oak
Ridge Reservation (ORR), Oak Ridge, Tennessee?®. Both sites have a long history of contamination with heavy
metals and organic compounds?.

From the SRS ecosystem, four samples (SRSS1-SRSS4) were collected from distinct locations in Steed Pond
(Tims Branch watershed)- an area impacted by historical heavy-metal inputs?”. Two additional samples (HO2-1
and HO2-2) were collected from the constructed wetland system treating runoff from the SRS Tritium Processing
Facility?®. A reference/background site (R1/ R2) was selected along SRS Mills Branch, with no known direct soil
contaminants beyond regional atmospheric Hg deposition!*. From the ORR ecosystem, three soils (SoilA, SoilB,
and SoilC) were collected from EFPC- these sites represent soil/ sediments with a well-established history of
high mercury contamination?*. Due to the extensive contamination at the ORR site, a suitable reference site
could not be located. Triplicate surficial soils were collected, stored on ice, and shipped overnight to the FAMU
laboratory for each location. Geographic coordinates for all locations are provided in Fig. 1 and Supplementary
Table S1. Upon receipt, samples were immediately processed for total Hg (THg), methylmercury (MeHg), and
bioavailable Hg, and aliquots were reserved for DNA extraction. All laboratory work began within 24 h of
collection.

Our initial approach was to study the bacterial and fungal communities at only one time point in winter, and
these samples were analyzed using 16S/ITS amplicon metagenomics and qPCR. Additionally, we got interested
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Fig. 1. The Integrated workflow for microbial community/functions profiling at two of the US metalliferous
legacy sites. (a) the Savannah River Site (SRS), South Carolina, showing the SRSS, R-1, H20-1, and H20-2
sampling points (https://cntaware.org/wp-content/uploads/2020/02/2.20.20-UA-for-web.pdf); (b) The Oak
Ridge Reservation, Tennessee, showing the sampling points (https://www.scirp.org/journal/paperinformation?
paperid=103351); (c) The general workflow for community and functional profiling.

in the gene functions associated with the identified microbiomes after PICRUSt2 analysis on the 16S-based
amplicon data and thus collected samples during the ensuing summer season for shotgun metagenomics. Thus,
for seasonal comparisons, genomic DNA from both seasons and sites (SRS and ORR) were included in the
shotgun metagenomics analysis.

Total Hg (THg), methyl Hg (MeHg), and bioavailable Hg (BHg)

THg was measured with a direct mercury analyzer (DMA-80) with atomic absorption detection, following
previously described procedures'®. Methylmercury (MeHg). MeHg was quantified using the MERX automated
methylmercury system (Brooks Rand, Seattle, WA, USA) per the described method!4.

Bioavailable Hg was estimated using the mercury bioreporter Escherichia coli ARL1, which carries a
chromosomal merR: luxCDABE fusion and produces light at Hg concentrations as low as 10 nM?%. Cultures
were grown at room temperature in minimal salts medium to OD600=0.2-0.3 before assay; luminescence
measurements followed?’.

gPCR analysis

qPCR was performed in polypropylene 96-well plates in 25 pl reactions containing 12.5 ul QPCR master mix
(ABgene), 1.25 pl each primer, 2.5 pl BSA (bovine serum albumin), 1.0 pl SYBR Green I, 1.0 ul ROX dye, 0.5 pl
nuclease-free water, and 5 pl template DNA (0.5 ng pl™!). Template DNA was extracted using the DNeasy
PowerLyzer kit following the manufacturer’s instructions (Qiagen, Germantown, MD, USA).

Primers for fungi were nu-SSU-0817 / nu-SSU-1196; bacterial primers were Eub338 / Eub518. Thermal
cycling conditions were: 95 °C for 15 min (initial denaturation), followed by 40 cycles of 95 °C for 60 s, 53 °C for
30 s, and 72 °C for 60 s. Each plate included triplicate reactions for each DNA sample and standards. Standard
curves were prepared by cloning and purification of plasmid standards, followed by calculation of gene copy
numbers®.,
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Microbiome analysis

Soil genomic DNA was isolated using the DNeasy PowerLyzer kit (Qiagen). DNA quantity/quality was assessed
with a NanoDrop micro-volume spectrophotometer. Samples were processed for amplicon (16S/ITS) and
shotgun metagenomics as follows.

Libraries were prepared for 16S amplicon sequencing with the Illumina Nextera XT kit. Primers used
were 515F/926R for Domain bacteria and®* ITS1F/ITS2R* for Domain fungi. Sequencing was performed
on an Illumina NextSeq 500 (2 x 150 bp, mid-output). Paired-end reads were merged with PEAR*, trimmed
to remove primers and ambiguous bases, and filtered at p=0.01. The QIIME pipeline generated taxonomic
summaries at sub-OTU resolution®. (Taxonomic assignment employed USEARCH against SILVA v132 (=90%
similarity) for 16S and UNITE for ITS**%. Out of the three ORR soil samples, soilA did not yield publishable
data so it was removed from the downstream analysis. PICRUSt2 (Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States)?, was applied to 16S rRNA gene sequences to infer the functional
potential of microbial communities, enabling prediction of gene family abundances and metabolic pathways
across tested samples.

For shotgun metagenomics, equimolar libraries from high-quality DNA were prepared per Illumina protocols
and sequenced on an Illumina HiSeq (2 x 150 bp). Reads were mapped to the NCBI non-redundant (NR) protein
database using DIAMOND (default parameters;*®). Taxonomic assignments were derived with MEGAN using
the Least Common Ancestor (LCA) algorithm?. Relative abundances were computed from read counts. The
SUPER-FOCUS pipeline was used to estimate gene and subsystem pathway abundances.

Metagenomic sequence accession numbers
Sequence data are available at NCBI SRA/ENA, accession SUB15225813, BioProject PRINA1245361.

Statistical analysis

MicrobiomeAnalyst*! was used on QIIME-processed data to identify the core microbiome and to perform
diversity and differential-abundance analyses. a-diversity (Chaol; t test/ ANOVA), p-diversity (PCoA on Bray-
Curtis; PERMANOVA), and edgeR-based differential abundance (genus level; FDR-adjusted p<0.05) were
computed with built-in modules.

Canonical correspondence analysis (CCA) was conducted in CANOCO v5 (Microcomputer Power, Ithaca,
NY, USA) to relate microbial communities to soil THg, MeHg and BHg data, following approaches shown to
yield meaningful constrained ordinations for microbiological abundance data*?. The integrated workflow for
this study is shown in Fig. 1c.

To classify the environmental samples based on mercury concentrations, we employed a quantile-based
statistical approach (https://pro.arcgis.com/en/pro-app/latest/help/mapping/layer-properties/data-classificati
on-methods.htm). Specifically, the concentrations of total mercury (THg), bioavailable mercury (BHg), and
Methylmercury (MeHg) were binned into three categories: low, medium, and high. For each mercury species,
the dataset was sorted in ascending order, and the 33rd and 66th percentiles were calculated. These percentiles
served as thresholds to define the three categories:

o Low: Values<33rd percentile
o Medium: Values between the 33rd and 66th percentiles
« High: Values>66th percentile

This method ensures an even distribution of samples across categories and allows for relative comparison within
the dataset. It is particularly useful when absolute regulatory thresholds are not applicable or when the goal is to
explore internal patterns and variability in mercury speciation. Dendrogram analysis of the measured soil THg
and MeHg concentrations from the SRS and ORR metalliferous sites was performed using the Primer-e software
(https://www.primer-e.com/software).

Results and Discussion

Soil mercury measurements

Collected soils were analyzed for total mercury (THg) and methylmercury (MeHg). Based on the total Hg
contamination levels, soils were divided into three (3) different categories: high, medium, and low (Table S1
and Fig. 2). Furthermore, to facilitate comparative analysis of mercury speciation across the tested samples,
we categorized each sample based on the concentrations of three mercury forms: Total Mercury (Total Hg),
Bioavailable Mercury (BHg), and Methylmercury (MeHg). The classification was performed using a quantile-
based approach, which divides the dataset into three equal-sized groups corresponding to low, medium, and
high concentration categories. It is noteworthy that using the quantile-based approach, only site SRSS-S2 was
shown to be high using all three measurements of THg, BHg, and MeHg, respectively (Table S1).

Opverall, the three soil samples obtained from the ORR ecosystem were found to be highest in total Hg
concentration in comparison with the samples collected from SRS, hence were combined and categorized as
‘high), with an average total Hg concentration of 2021 ppb. Samples obtained from SRSS1 and SRSS2 had the
highest Hg concentration among the SRS samples, but lower than the ORR, and hence were categorized as
‘medium, with an average of 847 ppb total Hg. SRS soil samples SRSS3 and SRSS4, along with HO2-1 and
HO2-2, had considerably lower Hg contamination (62 ppb) and were categorized as low’. Uncontaminated soils
collected from SRS were used as ‘reference; with an average of 20 ppb Hg. The grouping of the samples according
to the contamination levels can be found in the Supplementary Table S1.

Methylmercury (MeHg) was also analyzed for these soil samples and the highest concentration was found
in the three ORR samples, followed by the soils marked as ‘medium’ based on THg (Fig. 2). The Lowest amount
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Fig. 2. Shown is the comparison of total mercury (THg), methylmercury (MeHg), and bioavailable mercury
(BHg) in the SRS and ORR soils.

of MeHg was observed in the soils with low’ THg. The amount of MeHg in ‘low’ soils was even lower than
the amount of MeHg in the ‘reference’ soils with no apparent Hg contamination. In summary, the following
trend was observed for MeHg concentration on soils: high > medium > reference >low (Supplementary Table
S1). It should be noted that not much difference was observed in MeHg concentrations between ‘high’ and
‘medium’ soils. It was surprising to observe the high MeHg levels in the reference sample, relative to the low’
Hg contaminated soils. Several factors influence the soil MeHg concentrations, such as the amount of carbon
and nitrogen in the soils?’. Higher carbon in the soil leads to higher binding of Hg to carbon and, in turn, can
increase methylation rates*.

Furthermore, when bioavailable Hg (termed as BHg) was measured for these soils using the E. coli ARL1
bioreporter strain, the highest bioavailability of mercury was found in the soils with low total Hg, followed by
“medium” THg soils. Counterintuitively, the lowest BHg was present in soils with high total Hg. The amount
of BHg in ‘high’ soils was even lower than the amount of BHg in the ‘reference’ soils with no apparent Hg
contamination. The order of BHg was in the following order: low > medium > reference > high, based on THg
concentration (Fig. 2). Hence, it should be noted that the total soil Hg is not reflective of the bioavailable Hg
fraction, as bioavailability can be affected by several biogeochemical parameters, such as dissolved organic
carbon and salinity**. In this context, it has been shown previously that bioavailable Hg can significantly differ
from the total Hg concentration*®, where soils from two different regions in China were compared; this study
found that bioavailable mercury in Wuhu samples was 0.0183% of the total Hg, while the bioavailable Hg in
samples from Beijing was 0.296% of the total Hg. According to*®, the fraction of bioavailable mercury in a
soil laden with high mercury contamination does not depend on the total mercury content of the soil; the
bioavailable mercury varied indirectly with the organic carbon and the decreasing pH of the soil. In a similar
experiment on the correlation between bioavailable mercury and total dissolved organic carbon,*” reported that
the dissolved organic carbon inhibited the mercury available for plant uptake, indicating the inverse relationship
between the bioavailable mercury and the organic carbon contents of soil.

There have been a few studies at the SRS to define the bioavailable fraction of Hg in the SRS; however, they
have used entirely different sets of parameters. For example, Hg in the tissues of wild animals in the area has
been used to quantify bioavailable Hg*, as also the method of using diffusive gradients in thin films (DGT) to
estimate the labile Hg'>. However, a comparison of the effect of total soil Hg on the bioavailable Hg fraction was
not determined. Furthermore, bioavailable Hg concentrations determined in real time with a living organism-
whole cell bioreporter system- is an important consideration in the soil assessment for contaminant levels and
should be considered for future environmental assessments by regulatory agencies.

A dendrogram analysis of the measured soil THg and MeHg concentrations from the SRS and ORR
metalliferous sites showed clustering of soils in four distinct groups- reference site (Mills Branch) clustered with
site SRSS4 (Fig. S2). Interestingly, the highest contaminated sites—soil A, B, and C clustered separately from all
other locations, likely due to the stress from long-term exposure to high mercury, thus affirming that the soil
metal contamination level could potentially influence the site characteristics.
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Microbial enumeration, taxonomy, and gene functions in Hg contaminated and un-
contaminated sites

The first group of samples collected in the winter season was evaluated for bacterial and fungal gene copy
numbers using the quantitative polymerase chain reaction (QPCR) technique and data is shown in Fig. Sla-d.
The qPCR data generated using the universal bacterial primers were analyzed statistically, which resulted in an
R? value of 0.99 and a slope of —3.57 (data not shown). Highest bacterial numbers were present in the soil with
a ‘medium’ level of Hg contamination; these numbers were at least one order of magnitude higher relative to
soils labeled as ‘high’ and ‘low’. Counterintuitively, the ‘reference’ uncontaminated soils showed lower gene copy
numbers than the ‘high’ and low’ soils, respectively (Supplementary Fig. S1). These results appear inconsistent
with our overarching hypothesis that Hg contamination negatively impacts the soil microbial communities,
such that microbial abundances will likely be higher in uncontaminated sites. We also determined the absolute
and relative fungal gene copy numbers based on the 185 rRNA and ratios of the 16S:18S and vice versa
(Supplementary Fig. S1). However, no significant correlation was apparent between the abundance of bacteria
or fungi and soil Hg concentration. A similar observation has been reported before*’, where an insignificant
relationship between total Hg and bacterial numbers based on qPCR was found. However, it remains unclear as
to why we found lower bacterial numbers in the uncontaminated soil relative to the ones contaminated with Hg.
One plausible explanation could be the presence of PCR inhibitors in some of these soil samples. According to*,
environmental samples are prone to PCR inhibition due to the strong affinity of clays and humic substances to
DNA molecules, which will inadvertently stop the polymerase from completing amplification or will denature
the polymerase®.

The next part of this study was focused on the 16S amplicon and shotgun sequencing based metagenomics
to evaluate the impacts of long-term Hg contamination and seasonal variations, respectively. It is noteworthy to
state that combining 16S rRNA gene sequencing with shotgun metagenomic sequencing is widely recommended
for environmental microbiome studies due to the complementary strengths of each approach. 16S amplicon
sequencing efficiently profiles bacterial and archaeal community composition by targeting a conserved gene,
offering genus-level taxonomic resolution and cost-effective insights into microbial diversity. However, it lacks
functional information and can be biased by primer selection. Shotgun metagenomics, by contrast, can generate
sequences of all DNA present in a sample, enabling species-and strain-level identification across all domains
of life- including viruses and eukaryotes-while also revealing functional genes involved in biogeochemical
processes, such as mercury detoxification via the mer operon. Moreover, this method captures rare or uncultured
taxa and provides rich annotations of metabolic pathways, resistance genes, and ecological functions. Thus, using
both techniques together facilitated this study to cross-validate taxonomic assignments, reduce methodological
bias, and gain a holistic understanding of microbial structure and function in the complex SRS and ORR long-
term metal-contaminated ecosystems.

Note that out of the three ORR soil samples, soilA did not yield publishable data so it was removed from
downstream analysis. 16S-based amplicon analysis revealed Pseudomonadota, Chloroflexota, Bacteroidota,
Acidobacteriota, and Verrucomicrobiota as the top five most abundant bacterial phyla in both SRS and ORR
(Fig. 3a). Among the bacterial genera, the five most abundant ones were identified as Spirochaeta, Geobacter,
Flavobacterium, Syntrophorhabdus, and Anaeromyxobacter (Fig. 3b), respectively. These results mirrored the
shotgun sequencing data (Fig. 4a), such that again, the top five bacterial phyla were Pseudomonadota (~ 30-40%),
Chloroflexota (~8-17%), Bacteroidota (5-15%), Acidobacteriota (~4-10%), and Verrucomicrobiota (~3-7%),
regardless of the level of Hg contamination. However, the bacterial genuslevel communities in shotgun sequencing
were identified as the Bradyrhizobium, Candidatus, Geobacter, Pedosphaera, and Burkholderia; the only common
genera between amplicon and shotgun metagenomic analysis were Burkholderia species (Fig. 4b). Such anomaly
between 16S and shotgun sequencing based taxonomic abundances is odd but not entirely unknown. Despite
their widespread use in microbial community profiling, 16S rRNA gene sequencing and shotgun metagenomic
sequencing often yield divergent estimates of bacterial genus-level abundance. These discrepancies arise from
methodological and biological factors: (1) primer bias and gene copy variation: 16S sequencing is sensitive to
primer mismatches and variable rRNA gene copy numbers across taxa, leading to over- or underrepresentation
of certain genera®'~?; (2) resolution and depth: Shotgun metagenomics offers higher taxonomic resolution and
can detect rare or low-abundance taxa missed by 16S, but is more susceptible to host DNA contamination and
extraction bias®; (3) taxonomic assignment algorithms: Differences in reference databases and classification
pipelines contribute to inconsistent genus-level annotations®; (4) functional vs. taxonomic focus: While 16S
targets conserved regions for taxonomic inference, shotgun sequencing captures functional genes, enabling
broader ecological interpretation®. These methodological biases underscore the importance of integrative
approaches and cautious interpretation when comparing microbial abundance across sequencing platforms.
Emerging hybrid methods and standardized pipelines may help reconcile these differences in future studies.

Pseudomonadota, formerly known as Proteobacteria, are metabolically and ecologically diverse and
are commonly found in many environments, including heavy metal-contaminated ecosystems!16:17,
Pseudomonadota likely play important functional roles in the SRS and ORR contaminated soils, such as
bioremediation of heavy metals, nitrogen fixation, denitrification, and increasing soil nutrient availability
(nutrient cycling)®*-8. Other studies have also identified an increased abundance of Pseudomonadota in the
presence of mercury contamination®®*. It was also observed that in Hg-contaminated soil, with changes in
the microbial community, the relative abundance of strongly tolerant microorganisms increased, and sensitive
microorganisms decreased®. The high dominance of Pseudomonadota in these soils may be facilitated by an
extensive range of metal transport systems characteristic of this phylum®!. Specifically, significant levels of heavy
metal resistance have been observed in Pseudomonadota®?, most likely due to concrete efflux pumps regulating
intracellular metal concentrations and facilitating cellular homeostasis and survival®®. Genes (et (B, C, or K),
mepA (4%), mdeA, norA, norB, and norC, etc. encoding efflux proteins have been observed in Pseudomonadota
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Fig. 3. The bar plot of bacterial abundance based on the 16S amplicon sequencing of the soil samples collected
at different points from the SRS and ORR ecosystems. Out of the three ORR soil samples, soilA did not yield
publishable data so it was removed from downstream analysis. (a) shows the phylum-level bacterial abundance,
indicating that Pseudomonadota, Chloroflexota, Bacteroidota, Acidobacteriota, and Verrucomicrobiota were
the five most abundant bacteria in both SRS and ORR; (b) shows the genus bacteria abundance, indicating that
the five most abundant bacterial genera were Spirochaeta, Geobacter, Flavobacterium, Syntrophorhabdus, and
Anaeromyxobacter, respectively.

even when they were not exposed to high concentrations of heavy metals®*. Genomic studies have confirmed
the presence of an array of heavy metal resistance genes in Pseudomonadota®. Our previous studies also align
with the well-known traits of Pseudomonadota, such as bioremediation of heavy metals and nutrient cycling!*.
Bacteroidota was strongly associated with Hg concentrations in both samples. In contrast, the association of
Chloroflexota and Hg concentration was more apparent in the SRS samples, with a lower mercury concentration
than the ORR samples (Fig. 3a).
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Fig. 4. The bar plot of bacterial abundance based on the shotgun sequencing of the soil samples collected

at different points from the SRS and ORR ecosystems. (a) shows the phylum-level bacterial abundance,
indicating Pseudomonadota, Bacteroidota, Bacillota, Acidobacteriota, and Verrucomicrobiota as the six most
abundant bacteria, most of which coincide with the amplicon sequencing result; (b) shows the genus-level
bacteria abundance, indicating the prevalence of Bradyrhizobium, Candidatus, Geobacter, Pedosphaera, and
Burkholderia.
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Regardless of contamination levels, the other dominant phyla in this study were Chloroflexota, Bacteroidota,
Acidobacteriota, and Verrucomicrobiota, which have all been positively correlated with heavy metal
contamination. In a previous study, the Chloroflexota phyla was considered to serve as a good bioindicator
for the presence of Hg®. Similarly, Bacteroidota has been shown to thrive in Hg-contaminated soils®®. Our
findings further revealed the strong association of Hg and Bacteroidota, indicating that this group could be an
appropriate target for further studies of Hg remediation in the SRS and ORR ecosystems (Fig. 3a).

Predominant bacterial genera identified across the tested soils belonged to Bradyrhizobium, Geobacter,
Pedosphaera, and Burkholderia (Fig. 3b). Many of these bacterial groups, in particular Bradyrhizobium and
Burkholderia, have been extensively found in our previous cultivation-dependent or cultivation-independent
studies on the SRS and ORR soils!*!®!7; lending further credibility for these groups to be the “core” groups of
bacteria for SRS and ORR habitats and render critical ecosystem-level services such as metal detoxification and
cycling of nutrients'®. In our genomics-based studies conducted on mercury resistant bacteria, we found several
interesting traits harbored in the genomes of SRS and ORR native Bradyrhizobium and Burkholderia species,
in that they possess a plethora of multiple efflux pumps and membrane transporters for providing resistance
to heavy metals'®®, thus facilitating their growth and proliferation within contaminated soils. Furthermore,
Geobacter has been shown to adsorb Hg on its surface and participate in the reduction of Hg (II) to Hg (0)®, thus
indicating the role of Geobacter in Hg recycling. Such studies from the SRS and ORR soils will likely pave the
way for precise bioremediation, restoration, and management of these long-term legacy contaminated habitats.

Although not belonging to the predominant “core” bacterial groups identified in metagenomic studies,
interesting genome-enabled traits have been found in mercury resistant bacterial isolates native to the SRS
and ORR ecosystems. Specifically, we confirmed the presence of a complete mer operon comprising of merA
(mercuric reductase), merB (organomercurial lyase), and associated regulatory genes in Arthrobacter sp.
H-02-3". In this study, functional analysis suggested a two-step detoxification pathway wherein merB cleaves
methylmercury (MeHg) to Hg?*, which is subsequently reduced to volatile Hg® by merA, thereby mitigating
toxicity in situ. In another study, we applied the metagenome assembled genome (MAG) technique to shotgun
metagenome sequences obtained the SRS soils; the Arthrobacter MAG emerged as particularly robust, with 1,749
genes linked to nitrogen, phosphorus, and sulfur metabolism, and 598 genes encoding enzymes for resistance
to metals such as cadmium, zinc, chromium, arsenic, and copper® Despite the suitability of such organisms
for mercury bioremediation, we provide caution because long-term exposure to heavy metals can also promote
recruitment of antimicrobial resistance genes (AMR) in the native microbiota. As an example, in Arthrobacter
sp. H-02-3, we identified a suite of genes conferring resistance not only to mercury (e.g., merA, merB) but
also to other heavy metals and multiple antibiotics. The presence of antimicrobial resistance (AMR) genes
alongside bioremediation-relevant traits raises concerns about the unintended ecological risks of deploying such
bacteria in environmental cleanup efforts. Therefore, we emphasize the need for careful screening of microbial
strains used in bioremediation, particularly in ecosystems already burdened by metal contaminants, to avoid
exacerbating AMR dissemination.

In a separate study, Stenotrophomonas sp. MA5, also isolated from SRS, demonstrated rapid mercury
volatilization and resistance!!. Whole genome sequencing revealed a transposon-derived merRTPADE operon,
with qQRT-PCR confirming ~ 40-fold upregulation of mer genes upon Hg?* exposure. This strain depleted over
90% of spiked Hg?* within 24 h, highlighting its bioremediation potential. However, both strains exhibited co-
occurrence of metal resistance genes (MRGs) and antibiotic resistance genes (ARGs), suggesting environmental
co-selection pressures and underscoring the ecological relevance of mer-operon-bearing microbes in long-term
contaminated habitats.

To further probe the Hg-cycling microbiota in sites containing variable levels of Hg contamination, we
collected another set of samples in the summer season to check how seasonality impacts the community
structure of bacterial and fungal groups within the SRS and ORR soils. Mirroring the amplicon-based results,
Pseudomonadota was again identified as the most abundant phylum (~43-50%), irrespective of the level
of Hg contamination and the sampling season. Other bacterial phyla found in the order of their abundance
were Bacteroidota (~5-15%), Bacillota (~5-15%), Acidobacteriota (~5-15%), Actinomycota (~5-10%), and
Verrucomicrobiota (~5-10%) (Fig. 4a). In comparison to the other soil groups, the ‘high’ contamination group
had a relatively higher abundance of Bacteroidetes (Figs. 3a and 4a). Bacteroidetes grown in the presence of
Hg have been shown to volatilize it’%; hence, their resistance to higher concentrations of Hg can be expected.
Relatively higher concentrations of Bacillota were observed in the ‘medium’ soils (Fig. 4a); Hg-resistant Bacillota
from Oak Ridge soils have been previously isolated and have been shown to resist four pg/ml Hg. However, they
did not contain merA genes’".

It has previously been shown that sequencing strategies can significantly impact environmental metagenome
surveys’2. For example, in the analysis of the human gut microbiome”?, it was found that deeper characterization
of the microbiome complexity was obtained by shotgun sequencing, thus allowing for the identification of a
larger number of species when compared to 16S amplicon sequencing. In this present study, we also observed
a disconnect between genus-level microbiomes identified by the amplicon and shotgun-based approach, such
that the predominant bacterial genera identified across all the tested soils mainly belonged to Bradyrhizobium,
Candidatus, Geobacter, Pedosphaera, and Burkholderia, irrespective of the soil contamination level (Fig. 4b).
As stated for the amplicon sequencing result, Bradyrhizobium and Burkholderia likely are the “core” groups
of bacteria in the SRS and ORR ecosystems and are primarily responsible for providing critical ecosystem-
level services'®®”. These results also align with other studies, which have unequivocally demonstrated the
presence of Hg-resistant Bradyrhizobium strains from heavy metal-contaminated soils’*”®. It has also been
shown that Bradyrhizobia positively impacts legumes grown in high mercury-contaminated soils and provide
plant growth-promoting activities by reducing Hg toxicity’®. Geobacter numbers were relatively higher in the
‘medium’ contaminated soils, and it is a possibility that Geobacter sp. could be metabolically active to facilitate
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the formation of MeHg””. An additional attribute to Burkholderia spp. as the “core” bacterial group in SRS and
ORR soil habitats emerges from the ability of this group to reduce Hg(II) to Hg(0) and/or degrade MeHg’®.

One additional and critical goal of this study was to investigate the structure and functions of fungi in both
SRS and ORR ecosystems, stemming from the fact that fungi can outcompete bacteria under higher levels of
heavy metal stress'®”®. Regardless of contamination level or seasons, Ascomycota was the dominant fungal
phylum, followed by Basidomycota (Fig. 5a)-a finding in line with our previous study'%. A similar observation
of dominance of Ascomycota has also been reported in Hg contaminated soils from the former mercury mining
plant in Rudiiany in central Slovakia®!, as well as another study on different heavy metal contaminants®’. Since
the Ascomycota phylum contains saprophytic fungal species with a unique ability to recycle even recalcitrant
compounds, including lignin and keratin, it can be hypothesized that Ascomycota possesses stronger
environmental adaptability, which enabled this phylum to be ubiquitous in contaminated metalliferous soils
studied herein. Isolation and genomic analyses of fungal isolates from Hg contaminated sites have shown a
variety of genes responsible for environmentally, ecologically, and evolutionary beneficial traits, such as heavy
metal resistance, membrane transport, efflux, as demonstrated for other metal contaminated ecosystems®!, thus
providing one reasoning behind finding this phylum at more than 70% of the total relative abundance in the SRS
and ORR soils.

At the genus level, Fusarium, Pseudogymnoascus and Aspergillus were observed to be dominant (Fig. 5b).
Note that all these three fungal genera belong to the Ascomycota phylum and were also reported in our previous
study, which utilized diffusion chambers (DC) and microbial traps (MT) to enrich and assess these communities
from the SRS and ORR soils'®. Fusarium strains have been shown to resist metals and be agents of environmental
detoxification associated with metals®2. Similarly, Aspergillus isolated from Hg-contaminated environments was
shown to resist up to 100 ppm of Hg?. Several species of Aspergillus have also been shown to absorb significant
amounts of Hg on their surface, thus reducing the mercury concentration in contaminated environments®. In
certain conditions, Aspergillus has also demonstrated the capability to biosorb MeHg; however, at a lower rate
than Hg®>. However, not much is known about the ability of fungal strains to contribute to Hg bioremediation,
and it would be of significant interest to isolate these fungal members and evaluate their range of bioremediation
potential. Overall, it can be concluded that these fungal genera have recruited ecologically beneficial traits to
facilitate their colonization and survival within the tested metalliferous soils.

Statistical evaluation of bacterial and fungal communities with site environmental
measurements

Differences between the a- and B-diversity of soil microbiomes across the SRS and ORR habitats were further
evaluated and ordinations plotted as PCoA using the Bray-Curtis index. The a-diversity refers to the diversity
of species within a single sample, while the p-diversity measures the diversity between two or more sample sets.
Figure 6 represents the a-diversity plots for the bacterial and fungal communities in the contaminated soils.
The order of a-diversity observed at the bacterial phylum level was in order: Reference > Medium ~ Low > High
(Fig. 6a). Higher diversity was found in the ‘low’ Hg contaminated site, probably due to the selection of several
strains since the toxicity level of Hg was not too high. The bacterial genus level a diversity was similar for all the
contamination levels except for ‘high, probably due to the selective pressure posed by soil mercury and other
contaminants (Fig. 6b). In case of fungi, the a-diversity followed similar trends at both phylum (Fig. 6¢) and
genus levels (Fig. 6d). In both cases, a-diversity was similar at all the contamination levels except at the ‘low’
Hg contamination level, which was very diverse. As discussed above, since fungi are also sensitive to higher
concentrations of environmental contaminants, the possibility of their proliferation at low toxic levels of Hg
seems to be well supported.

To further test which of the measured environmental factors shaped the bacterial and fungal diversity in
the SRS and ORR Hg-impacted soils, Canonical Correspondence Analysis (CCA) was performed using the
top five bacterial and fungal genera along with the total Hg, MeHg, and Bioavailable Hg. As shown in Fig. 7a,
Pseudomonadota and Actinomycota were influenced significantly by THg and MeHg, whereas Bacillota were
associated with low levels of THg and MeHg and high levels of Bioavailable Hg. At the genus level, Burkholderia
showed a strong correlation with THg. At the same time, Candidatus Solibacter was strongly affected by
bioavailable Hg (Fig. 7b). As stated above, Burkholderia spp. have been found in SRS, ORR, and also the Old
Rifle Processing DOE Site in Colorado®. Our previous experiments on the heavy metal-contaminated SRS soils
have also led to the isolation of several Burkholderia spp.!*%’, providing a strong basis for targeting Burkholderia
in bioremediation studies at DOE metalliferous soils. In the case of Fungi, phylum-level analysis showed
Ascomycota and Basidomycota to exert strong correlations with THg and MeHg (Fig. 7c). Overall, it can be
stated that THg and MeHg showed a cumulative effect in shaping the overall bacterial and fungal diversity in the
two DOE legacy contaminated sites studied herein.

Functional metagenomics

Fundamental understanding of microbially-mediated functions for heavy metal remediation in former US
DOE legacy contaminated sites remains understudied. Hence, to infer functional and metabolic responses of
microbial communities across different Hg contaminated sites, we first performed PICRUSt2 analysis on the
16S-based amplicon data. PICRUSt2 is an integrated resource, based on the KEGG database, comprising 15
manually curated databases under BRITE and PATHWAY categories. The top category in the BRITE bacterial-
based analysis was transporters, which seemed to be predominant across all the soils irrespective of the Hg
contamination level (Fig. 8a), indicating that microbial communities likely use the cellular transport function
to survive in metalliferous soils. The number of transporters was similar in all the soils except for the medium
contaminated sites-SRSS1 and SRSS2. Furthermore, the top categories in the PATHWAY analysis were metabolic
pathways, biosynthesis of secondary metabolites, and metabolism in diverse environments (Fig. 8b).
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Fig. 5. The fungal relative abundance based on the shotgun sequencing of the soil samples collected at
different points from the SRS and ORR ecosystems. (a) shows the phylum-level fungal abundance, indicating
that Ascomycota was the dominant fungus, followed by Basidomycota, irrespective of the Hg contamination
level and the sampling season; (b) shows the genus-level fungal abundance, indicating that Fusarium,
Pseudogymnoascus, and Aspergillus were the most abundant genera across the sampling sites, contamination
levels, and seasons.

We also investigated whether bacterial and fungal taxonomic shifts between contaminated and non-
contaminated SRS and ORR soils were also evident at the gene functional levels. To address this, function-level
analysis at the subsystem level 1 on the shotgun sequence data showed genes functions related to carbohydrate
metabolisms, protein metabolism, respiration, and virulence to be abundant. Among the primary gene functions,
stress response and membrane transport were also present in all the soils (Fig. 9a). Note that membrane
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Fig. 6. The alpha diversity of the bacterial and fungi in the SRS and ORR Hg contaminated sites based on

the shotgun sequencing grouped by the level of contamination and the sampling season. For bacteria at

the phylum level (a), the order of diversity with respect to the level of contamination was R>M>L>H.

These abbreviations pertain to levels of mercury contamination- R (Ref), M (middle), L (low) and H (high),
respectively. The highly contaminated sites were less diverse due to Hg toxicity. For the seasonal consideration,
the average median diversity index of the S samples was higher than that of the W samples. However, the
average maximum diversity indices of the two groups were not significantly different. At the genus level (b),
the “low” mercury contaminated samples had the highest bacterial diversity index, but the average maximum
diversity indices of the samples were not substantially different from each other. For the fungi at phylum level
(c), the average median diversity indices of the samples based on the contamination levels were almost the
same except the “high” sample which was substantially lower. The average maximum diversity indices based on
the sampling season indicates that the W samples were more diverse than the S samples. At the genus level (d),
the average median diversity indices based on the level of contamination were almost equal, but the average
maximum diversity of the “low” sample was higher than the rest. Based on the sampling season, the W samples
were more diverse than the S samples.

transport is a critical feature for membrane-dependent heavy metal transport by soil-borne bacteria and is likely
the mechanism for native microbiota to deter heavy metal toxicity'*. Moreover, inorganic Hg(I1) is transported
into microbial cells via transporters, through the ion transport system, and methylated to MeHg intracellularly®’.

Gene functions at the subsystem level 2 were dominated by carbohydrate metabolism and protein
biosynthesis functions across the tested soils. It is noteworthy that the fourth most abundant gene function in
these Hg contaminated soils was for resistance to antibiotics and toxic compounds (Fig. 9b). The nexus between
heavy metals and the exacerbation of antimicrobial resistance is well known, including our previous studies on
isolated strains representative of the SRs and ORR contaminated habitat!®%7, Moreover, at subsystem level 3, the
YgfZ gene family, along with the cobalt-zinc-cadmium resistance genes, were identified, which are well known
to facilitate bioremediation of contaminants (Fig. 9¢c). Specifically, the YgfZ proteins are responsible for the
assembly or repair of iron/sulfur clusters that actively participate in several cellular processes such as catalysis,
electron transport, gene regulation, DNA replication and repair, and central metabolism®®.

Conclusions

This study provides a comprehensive assessment of bacterial and fungal community structure, diversity, and
functional potential across gradients of mercury contamination at two historically impacted U.S. Department
of Energy sites—Savannah River Site (SRS) and Oak Ridge Reservation (ORR). By integrating qPCR, amplicon
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Fig. 7. The Canonical Correspondence Analysis (CCA) of the most abundant bacterial and fungi identified
from the SRS and ORR Hg contaminated sites, based on the shotgun sequencing, with respect to the total
mercury (THg), methyl mercury (MeHg), bioavailable mercury (BHg), and gene copy numbers of total soil
bacteria (16S) and total soil fungi (18S) from qPCR analysis. For bacteria at phylum level (a), Actinomycetota,
Pseudomonadota, and Bacteroidota were positively associated with the THg, and MeHg, while the Bacillota
were positively associated with the BHg. At the genus level (b), Burkholderia and Pseudomonas were positively
associated with THg and MeHg, while Pedospaera and Candidatus Solibacter were positively associated with
BHg. For fungi (c), Ascomycota and Basidomycota, the two most dominant phyla, were positively associated
with THg and MeHg, while Blastocladiomycota was positively associated with BHg.

sequencing, and shotgun metagenomics, we demonstrate that long-term mercury exposure alters microbial
community composition and functional gene repertoires, with bacterial a-diversity declining under high Hg
stress while fungal diversity remains comparatively stable. Canonical correspondence analysis revealed distinct
taxon-mercury speciation linkages, and functional profiling identified consistent enrichment of stress-response
genes, membrane transporters, and phosphate metabolism pathways in contaminated soils. Notably, bioavailable
mercury did not correlate directly with total Hg levels, underscoring the importance of speciation in microbial
exposure and ecological risk assessment. The detection of resilient microbial taxa and pathways relevant to
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Fig. 8. PICRUSt2 analysis on the 16S amplicon data provided and indication of the microbiomes functional
profiles in the SRS and ORR Hg contaminated soils based on the KEGG BRITE hierarchy (a) and KEGG
Pathway (b).

mercury detoxification and nutrient cycling highlights the adaptive plasticity of native microbiomes and
their potential role in bioremediation. These findings advance our understanding of cross-kingdom microbial
responses to heavy metal stress and offer valuable insights for future restoration strategies at legacy-contaminated
sites.
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Fig. 9. The shotgun metagenome profile of the SRS and ORR Hg contaminated soils using the MG-RAST at
different subsystem levels. At subsystem level 1 (a), genes encoding for carbohydrate metabolism, amino acid
and derivatives, and protein metabolism were the most dominant irrespective of the contamination level and
the sampling season. At subsystem level 2 (b), genes encoding for central carbohydrate metabolism, protein
biosynthesis are the most dominant. At subsystem level 3 (c), genes for phosphate metabolism and the TCA
cycle predominated.

Data availability
Metagenomic sequence accession numbers obtained from this study are available at NCBI SRA/ENA, accession
SUB15225813, BioProject PRJNA1245361 (https://www.ncbi.nlm.nih.gov/bioproject/?term = PRINA1245361).
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