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Abstract 

Unexploded ordnance from World Wars I and II continues to release 2,4,6-trinitrotoluene 

into marine sediments, yet microbial responses to this chronic contamination remain 

poorly understood. Here, we characterize the taxonomic and functional potential of 

sediment microbiomes at the historical submarine wreck UC-30 in the North Sea, 

combining 16S rRNA amplicon sequencing, shotgun metagenomics, and targeted GC-

MS/MS analysis with a parallel aerobic laboratory enrichment. Minewell sediments 

showed distinct community shifts, with enrichment of Proteobacteria, notably Haliaceae 

and Rhodobacteraceae, alongside increased representation of oxidoreductases and 

stress-related enzyme classes, including glutathione S-transferases. Genes associated 

with TNT transformation, including Old Yellow Enzymes and nitroreductases, were 

modestly enriched in situ. The laboratory enrichment confirmed TNT removal and 

presence of N-ethylmaleimide reductase, an Old Yellow Enzyme implicated in TNT 

transformation. Functional and taxonomic parallels between field and enrichment 

communities indicate shared adaptive capacities under TNT exposure, positioning 

contaminated marine microbiomes as reservoirs of bioremediation potential. 
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1. Introduction 

The global ocean harbors extraordinary microbial diversity, characterized by remarkable 

metabolic flexibility and essential roles in biogeochemical cycling, energy transfer, and 

ecosystem stability1,2. Despite extensive sequencing efforts, a large fraction of marine 

microbial diversity still remains taxonomically and functionally unresolved, with many 

genomes lacking assignment to known taxa3. Meanwhile, anthropogenic chemical 

pollutants are increasingly infiltrating marine environments, posing significant threats to 

ecosystem integrity and biological functioning4. The current situation creates an 

opportunity to explore the inherent capacity of indigenous marine microbiomes to detect, 

transform, and degrade environmental contaminants. Shaped by long-term evolutionary 

pressures, marine microorganisms have developed specialized enzymatic pathways and 

adaptive mechanisms that could offer natural solutions to mitigate human-induced 

pollution challenges. 

Marine pollution includes hydrocarbons, plastics, heavy metals, and a wide range of 

industrial chemicals, but residues from dumped or sunken munitions are an increasingly 

recognized and persistent source of chemical stress in both coastal and deep-

sea- ecosystems5,6. Between 1917 and 1970, up to 1.6 million tons of munitions were 

dumped or lost in the northern European seas, with hundreds of additional vessels 

carrying munitions sinking during wartime7. As the metal casings of these dumped 

munitions corrode, they slowly release explosive compounds, most notably 

2,4,6-trinitrotoluene (TNT), into surrounding sediments and bottom waters, creating 

chronic contamination hotspots. Once released, TNT undergoes both abiotic (e.g., 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

photolysis, reduction by reduced minerals, and chemical hydrolysis) and biotic 

transformation, producing a suite of derivatives including 2-hydroxylamino-4,6-

dinitrotoluene (2-HADNT), 4-hydroxylamino-2,6-dinitrotoluene (4-HADNT), 2-amino-4,6-

dinitrotoluene (2-ADNT), 4-amino-2,6-dinitrotoluene (4-ADNT), and 2,4-diamino-6-

nitrotoluene (2,4-DANT)8,9. Among these, ADNTs are widely used indicators of biotic TNT 

transformation in sediment environments, where microbial reductive activity is the primary 

driver of their accumulation (Supplementary Figure 1). TNT and its metabolites can 

accumulate in benthic habitats, where they have been shown to exert sublethal and 

chronic effects on sediment dwelling organisms, even at low environmental 

concentrations10,11. Their uptake by invertebrates and fish raises concerns surrounding 

trophic transfer and potential human exposure through seafood consumption12. 

Localized marine TNT impact areas provide a powerful model for examining how 

environmental microbiomes respond to chemical stress. Although most mechanistic 

insights come from terrestrial systems, it is well established that microorganisms can 

transform TNT’s recalcitrant, trinitrosubstituted structure through reductive pathways 

involving Type I nitroreductases- and Old Yellow Enzymes (OYEs) to products such as 

HADNTs and ADNTs13,14. Similar TNT transformation has also been demonstrated in 

marine isolates15. Despite these mechanistic insights, it is still unclear how chronic 

munition exposure shapes entire microbial communities in situ or whether contaminated 

environments select for taxa with enhanced transformation potential. Shallow-sea 

munition dump sites offer a unique opportunity to address this gap. Corroding explosives 

create stable contamination gradients that impose long-term selective pressure on 

benthic microbiomes, potentially enriching for microorganisms with specialized functional 
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traits relevant to contaminant transformation16. Resolving these community-level 

responses is essential for uncovering the largely unexplored metabolic potential of marine 

sediments exposed to persistent chemical stress. 

We investigated the microbiome associated with UC-30, a German Type UC II minelaying 

submarine that sank near Horns Reef in the Danish North Sea in 1917 (23 m depth). The 

wreck contains six minewells that represent a very rare opportunity to study leaking 

munitions in a site that is both accessible and spatially contained, where corrosion has 

created localized TNT-impacted areas. These sediments reached concentrations up to 

8.9 µg kg⁻¹, among the highest reported in situ16–18. Sediments from minewells and 

adjacent seafloor reference sites were analyzed using 16S rRNA gene sequencing and 

shotgun metagenomics to characterize taxonomic composition and functional gene 

distributions across contamination gradients. Seafloor reference samples were positioned 

immediately adjacent to the minewells to ensure that comparisons reflected the local TNT 

concentration gradient rather than larger‐scale environmental differences. Due to its low 

Henry’s Law constant and limited solubility in seawater, TNT has very low volatility, 

dissolves slowly, and is strongly retained in sediments19. Consequently, minewells act as 

localized, persistent contamination sources, making them well suited for studying long-

term microbial exposure to explosive compounds. To complement the in situ data, we 

conducted an aerobic TNT enrichment experiment using 80 mg L⁻¹ of TNT, a 

concentration chosen to impose strong contaminant pressure while remaining below 

TNT’s solubility limit (~130 mg L⁻¹). This allowed us to identify resistant taxa and their 

associated functional traits, providing a controlled comparison to environmental 

communities. Although enrichment conditions do not replicate the full complexity of the 
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minewell environment, parallels between the two systems can still reveal microbial 

lineages and functions that are relevant, even if not exclusively causal, to TNT exposure. 

In parallel, we aimed to obtain preliminary chemical evidence of TNT transformation; 

however, detailed chemical characterization was not a priority of this study. 

We hypothesized that long-term exposure to leaking munitions has shaped the minewell 

microbiome, enriching for taxa and functional traits associated with TNT tolerance and 

transformation, and that these communities would exhibit taxonomic and functional 

patterns that mirror those observed in the enrichment cultures. Together, these 

approaches provide one of the first comprehensive characterizations of a marine 

microbiome under chronic explosive contamination and establish a framework for 

evaluating microbial functional potential in polluted marine sediments. 

2. Results and Discussion 

2.1 TNT spreads to the surrounding sediments 

Chemical analysis revealed markedly elevated TNT concentrations within the minewells 

compared to the surrounding seafloor (Table 1). TNT levels in minewells ranged from 

0.144 to 8.939 µg/kg, which is one of the highest measured TNT concentrations found in 

the marine environment16–18. Surrounding seafloor sediments contained only ~10 ng/kg. 

TNT metabolites showed a similar pattern, with maxima of 3.454 µg/kg (4-ADNT) and 

2.308 µg/kg (2-ADNT) in minewells, compared to much lower concentrations in underlying 

seafloor sediments (0.179 and 0.112 µg/kg, respectively).  
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The consistent presence of 4-ADNT and 2-ADNT indicates ongoing transformation of TNT 

into reduced intermediates. While abiotic processes, particularly photolytic degradation, 

can drive TNT attenuation in illuminated marine waters9,41,42, it has been postulated that 

bacterial mineralization occurs concurrently and that photochemical reactions may even 

enhance microbial activity41. The accumulation of ADNTs indicates active microbial TNT 

reduction, consistent with the degradation observed in our enrichment experiment 

(Section 3.7). This interpretation is consistent with previous findings showing that biotic 

processes contribute measurably to TNT removal in marine sediments, where particle 

surfaces facilitate microbial attachment and enhance sorption-driven biodegradation43. 

The predominance of 4-ADNT over 2-ADNT, and its higher concentrations relative to TNT 

in most samples (except UC30 M2 and UC30 M3), suggests preferential transformation 

via nitroreduction to 4-ADNT, a pathway documented in several TNT-degrading bacterial 

taxa44,45. Variation in TNT and metabolite concentrations among minewell samples may 

reflect differences in munition corrosion rates and thus heterogeneous exposure 

durations for the associated microbiomes, though other factors such as localized 

differences in geochemical conditions cannot be excluded (Supplementary  Figure 2). 

Concentrations of 2,4-DNT and 1,3-DNB were frequently below detection limits (Section 

2.2). As these compounds are manufacturing byproducts rather than TNT transformation 

products, their presence or absence reflects the original munition composition and is not 

necessarily indicative of degradation activity (Supplementary Figure 1). 
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2.2 The microbial community structure differs between minewells and the 

seafloor 

Microbial community composition differed markedly between minewell and seafloor 

samples. Beta-diversity analysis revealed a clear and statistically significant separation 

between minewell and seafloor communities (PERMANOVA, R2=0.17, p = 0.001; Figure 

1B), with homogeneous within-group dispersion confirmed (betadisper, F = 0.161, p = 

0.701), indicating that this separation reflects genuine differences in community 

composition. No significant differences were observed in alpha-diversity between 

environments, as assessed by Richness (number of observed taxa), Shannon index 

(richness and evenness), and Simpson index (dominance-sensitive diversity) (Mann–

Whitney test, p > 0.05; Figure 1A). 

Although alpha-diversity metrics did not differ significantly between environments, 

minewell samples generally showed lower richness and diversity than seafloor samples 

across all indices (Figure 1A). This trend suggests a reduction in within-sample diversity 

that may be obscured by limited statistical power and the high degree of heterogeneity 

among minewells. Reduced alpha diversity in minewells is ecologically expected. These 

wells contain relatively higher contaminant levels, as shown by the elevated TNT 

concentrations measured in this study (Table 1). Toxic compounds act as environmental 

filters by imposing selective pressures that favor contaminant-tolerant or specialized 

taxa46. Consistent with this interpretation, reductions in alpha diversity in response to 

energetic compounds, including TNT, have been reported in contaminated soils and 

sediments47–49.  
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Minewells represent relatively isolated microhabitats that can promote localized 

accumulation of contaminants, in contrast to the more continuous and interconnected 

seafloor environment. Despite rarefaction analyses indicating sufficient sequencing depth 

(Supplementary  Figure 3), alpha-diversity indices varied among minewell samples. Such 

heterogeneity is common in environmental microbial communities and may reflect the 

inherently dynamic and stochastic nature of microbial community assembly and 

succession. While differences in contamination history, contaminant load, and exposure 

duration could contribute to this variability, these factors were not directly assessed in the 

present study. Given the close spatial proximity of the seafloor and minewell sampling 

locations, large-scale environmental parameters such as temperature and sediment type 

are less likely to account for the observed differences. Nevertheless, the overall 

separation between contaminated and surrounding seafloor communities indicates a 

substantial restructuring of community composition, consistent with observations from 

other contaminated soil and sediment systems where toxic compounds influence 

microbial assemblages50.  

2.3 Proteobacteria dominate community shifts in minewells 

Proteobacteria accounted for a substantial share of the community restructuring observed 

in minewells, with Rhodobacteraceae and Haliaceae contributing through both increased 

abundance and elevated taxonomic diversity. Differential abundance analysis (DESeq2, 

Benjamini–Hochberg correction, FDR < 0.1) identified 11 ASVs significantly enriched in 

minewells, with 6 ASVs (54.5%) classified within Proteobacteria (Figure 2D). 

Proteobacteria reached a significantly higher relative abundance in minewell samples 

(27.5% ± 1.6%) compared to seafloor sediments (22.7% ± 1.0%; Mann–Whitney test, p 
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= 8.23 × 10⁻⁵; Figure 2B), representing the most abundant phylum in minewell 

communities (Supplementary Figure 4). Within Proteobacteria, both Rhodobacteraceae 

(6.4% ± 2.1% vs. 3.4% ± 0.7%; Mann–Whitney test; p = 0.011) and Haliaceae (3.5% ± 

0.4% vs. 2.3% ± 0.4%; Mann–Whitney test; p = 0.003) showed enrichment in minewells 

relative to seafloor samples (Figure 2B). At the class level, Alphaproteobacteria (13.0% ± 

2.48% vs. 8.8% ± 0.74%; Mann–Whitney test, p = 0.0031) was more enriched in 

minewells compared to seafloor sediments (Supplementary Figure 5). Most enriched 

ASVs (Figure 2D) exhibited modest log₂ fold changes (<1), likely reflecting the 

environmental relevant contaminant concentrations observed in this study (TNT in the ng 

kg-1 range), which may limit the selective enrichment of tolerant taxa.   

Taxonomic diversification within these families further distinguished minewell 

communities. Among 605 ASVs unique to minewells, 33 (5.45%) belonged to 

Rhodobacteraceae, compared to only 7 of 713 (0.98%) ASVs unique to seafloor 

sediments (Fisher’s exact test, odds ratio = 5.82, p = 2.35 × 10⁻⁶; Figure 2A). Haliaceae 

showed a similar pattern, with 31 of 605 (5.12%) minewell-unique ASVs versus 15 of 713 

(2.10%) seafloor-unique ASVs (odds ratio = 2.51, p = 0.004; Figure 2A). This combination 

of increased relative abundance and significantly expanded ASV richness suggests that 

members of Rhodobacteraceae and Haliaceae may harbour metabolic traits conferring a 

proliferative advantage under minewell conditions, although the basis for this enrichment 

cannot be inferred from community composition data alone. 

Several taxa within these families have established roles in contaminant degradation. Two 

upregulated ASVs belonged to Rhodobacteraceae genera Sulfitobacter and 
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Dinoroseobacter (Figure 2D). Genus Sulfitobacter degrades dimethylsulfoniopropionate51 

and petroleum-derived hydrocarbons52, while the broader Rhodobacteraceae family 

shows elevated abundance at PAH-contaminated shipwreck sites16 and harbors multiple 

hydrocarbon-degrading taxa in surface sediments53,54. Halioglobus (family Haliaceae) 

represents an emerging hydrocarbon-degrading taxon that may contribute to pollutant 

breakdown in minewells55. The prevalence of DNA repair genes and known contaminant-

degrading capabilities, such as TNT metabolism, within Proteobacteria further supports 

their adaptive advantage in contaminated environments15,56. Together, these 

observations suggest that the enrichment of Rhodobacteraceae and Haliaceae in 

minewells may reflect ecological functions that promote persistence under contaminant 

stress. 

Thirty-one ASVs showed reduced abundance in minewells compared to the seafloor, 

primarily from Acidobacteriota, Bacteroidota, and Myxococcota (Figure 2D). Within 

Pirellulaceae, six ASVs declined, including Blastopirellula and Rhodopirellula. 

Flavobacteriaceae showed five reduced ASVs, including Aquibacter and Articiflavibacter. 

Algibacter was an exception, with two ASVs displaying the highest log2 fold increases 

(1.61 and 1.83), potentially reflecting its ecological preference for complex algal 

polysaccharides that may accumulate in minewell microenvironments57. The imbalance 

between declining (31 ASVs) and increasing (11 ASVs) taxa suggests that minewell 

conditions may primarily filter out organisms sensitive to the contaminated environment, 

rather than enriching resistant ones. This interpretation is consistent with the subtly 

reduced alpha diversity (Figure 1A) and the increased prominence of Proteobacterial 

taxa, including the Rhodobacteraceae genera Sulfitobacter and Dinoroseobacter, as well 
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as Halioglobus (Haliaceae), which have previously been linked to contaminant 

degradation and persistence in polluted environments. 

The resulting community shifts are compatible with an influence of contamination, such 

as TNT. The higher relative abundance and diversity of Proteobacteria in minewell 

sediments, particularly Rhodobacteraceae and Halieaceae, aligns with the metabolic 

versatility of these groups and their frequent occurrence in contaminant impacted 

environments16,55. At the broader class level, Alphaproteobacteria also showed 

enrichment in minewell sediments, consistent with reports of elevated 

Alphaproteobacterial representation in nitroaromatic‐contaminated marine sediments and 

TNT‐impacted soils47,48,58. Together, these observations support an association between 

contaminant exposure, such as TNT, and Proteobacterial restructuring. 

2.4 Limited functional divergence across minewell and seafloor 

communities 

To evaluate microbial functional potential across environments, metagenomic reads from 

minewell and seafloor samples were annotated and grouped into broad functional 

categories using Enzyme Commission (EC) numbers and Clusters of Orthologous 

Groups (COG) relative abundances (Figure 3A & Figure 3B). No statistically significant 

differences were detected between environments at this resolution, though functional 

potential appeared more conserved overall than taxonomic composition (Figure 1B). At 

finer resolution, multiple analyses revealed subtle but consistent functional shifts. 

Nonetheless, these analyses yielded moderate effect sizes and near-significant p-values 

for both broad COG functional categories (R² = 0.57, p = 0.073; Figure 3B) and EC 
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enzyme classes (R² = 0.52, p = 0.061; Figure 3A). At finer resolution, ordinations of EC 

specific classes and COG categories also overlapped between environments, yet 

PERMANOVA results again approached significance for EC (R² = 0.36, p = 0.059; Figure 

3A) and COG classes (R² = 0.38, p = 0.061; Figure 3B). 

The consistent convergence of p-values around 0.06 across analyses indicates that 

limited sample size, a constraint given the rarity and restricted accessibility of minewells, 

likely masks biologically meaningful functional trends. While functional differentiation is 

weaker than taxonomic divergence (Figure 1B), the repeated detection of moderate effect 

sizes supports the presence of functional restructuring between environments. The 

comparatively muted functional signal is consistent with functional redundancy, whereby 

taxonomically distinct communities retain overlapping metabolic capabilities, dampening 

detectable shifts in aggregate functional profiles despite underlying compositional 

change59. Importantly, conservation at broad functional resolution does not preclude 

adaptive specialization at finer scales. Environmental selection may act on a restricted 

subset of enzymes, leading to targeted shifts in specific EC and COG functions without 

dramatically altering global functional structure. 

2.5 Functional enrichment in minewells aligns with contaminant-responsive 

enzyme classes 

To characterize functional differences in microbial communities, gene function profiles 

were compared between minewell sediments and surrounding seafloor sediment 

samples based on metagenomic annotations. While overall functional profiles were 

broadly conserved between the two environments (Section 3.4) , targeted statistical 
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analysis identified specific functional categories that differed meaningfully. The relative 

abundance of EC and COG functional classes was therefore analysed across the two 

sample groups using DESeq2 with Benjamini–Hochberg correction (FDR < 0.1, |log₂FC| 

> 0.6; Figure 4A & Figure 4B). More functional classes were depleted than enriched in 

minewell communities relative to seafloor sediments (EC: 35 vs 26; COG: 27 vs 16), 

indicating broad functional contraction alongside targeted enrichment of specific 

metabolic capacities. Among enriched enzyme classes, oxidoreductases, involved in 

electron transfer and redox homeostasis were the most consistently overrepresented in 

minewell communities (Figure 4A). These included multiple NAD(P)⁺-dependent 

dehydrogenases (EC 1.1.1.141, 1.1.1.357, 1.1.1.411, 1.1.1.420), amino-acid and 

nitrogen-related redox enzymes (EC 1.5.99.5, 1.7.3.3), thiol–disulfide oxidoreductases 

(EC 1.8.2.6), and diverse monooxygenase and dioxygenase families mediating 

O₂-dependent electron transfer (EC 1.13.11.41, 1.13.11.63, 1.13.11.78, 1.14.13.39, 

1.14.13.238). Collectively, these enriched EC classes align with pathways involved in 

redox maintenance and detoxification (oxidoreductases), suggesting activation of 

metabolic functions commonly linked to cellular responses to chemical stress60–62. 

Consistent with this pattern, enriched COG categories included core components of the 

electron transport chain (COG2142, COG3761), redox-active enzymes involved in 

cofactor biosynthesis and reactive nitrogen signaling (COG2099, COG4362), and 

systems associated with detoxification and chemical stress tolerance (COG3853, 

COG4598)63,64 (Figure 4B). Oxidoreductases as a broad functional category were 

significantly overrepresented in minewell communities. Oxidoreductases (EC) accounted 

for 57.7% of enriched enzyme classes in minewells, compared to 28.8% in seafloor 
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sediments (Fisher’s exact test, odds ratio = 3.41, p = 0.035; Figure 4C), indicating a shift 

toward redox-driven metabolic strategies. The enrichment of oxidoreductases 

corresponds to metabolic activities linked to redox homeostasis and detoxification, 

processes frequently involved in microbial responses to environmental contamination60,61. 

To evaluate whether the functional shifts observed in minewell communities reflect 

responses to TNT exposure specifically, rather than generalised environmental 

difference, minewell metagenomic profiles were compared against a controlled laboratory 

TNT enrichment experiment in which sediment-derived microbial communities were 

exposed to high TNT concentrations of 80 mg L⁻¹ (Section 2.3; Figure 4D & 4E). Figures 

4D and 4E show the distribution of log₂ fold changes from the enrichment experiment 

separately for enzyme classes and COG categories that were enriched versus depleted 

in minewell samples compared to the seafloor, allowing direct assessment of whether 

minewell-enriched functions respond consistently to experimental TNT stress. Enzyme 

classes enriched in minewell samples were significantly more likely to show positive log₂ 

fold changes under TNT enrichment conditions than depleted classes (10/26 vs. 2/35; 

Fisher's exact test, odds ratio = 10.31, p = 0.0025; Figure 4D), with a consistent pattern 

observed for COG categories (11/16 vs. 7/27; odds ratio = 6.29, p = 0.0101; Figure 4E). 

Positive correlation occurred among functions associated with redox balancing and 

detoxification, including EC 1.8.2.6, EC 1.14.13.238, EC 1.5.99.5, and EC 1.1.1.411, as 

well as COG2142, COG3761, COG4598, and COG3853. These results indicate broadly 

concordant functional responses between environmental TNT exposure and experimental 

TNT stress,  although the correspondence is not absolute, as expected of any comparison 

between in situ and laboratory systems. Minewell communities face complex contaminant 
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mixtures, variable redox conditions, and community-level interactions that cannot be fully 

reproduced in enrichment cultures65–67, meaning some divergence in specific enriched 

functions is anticipated.  

Nonetheless, these results show clear parallels between minewell microbiomes and the 

TNT enrichment, where TNT was the only selective pressure. This similarity indicates that 

contamination such as TNT in the minewells helps shape their functional profiles, 

particularly through higher levels of oxidoreductases and stress‐response enzymes. 

These broad functions support tolerance to chemical stress, including exposure to TNT. 

Notably, nitroreductases and Old Yellow Enzymes, the enzyme classes most directly 

associated with TNT transformation, catalyzing the reduction of nitro groups and the 

aromatic ring, were not significantly enriched in the minewell microbiomes. This suggests 

that while the community adapts broadly to TNT-driven chemical stress, the capacity for 

direct TNT degradation is not a dominant selective outcome in the natural environment, 

in contrast to what might be expected from dedicated laboratory degradation studies. 

2.6 Subtle enrichment of TNT‐associated enzyme classes within the top 50 

high‐variance enzyme classes 

To also capture enzyme classes exhibiting more subtle changes across samples, we 

ranked enzyme classes by the variance of DESeq2-normalized counts (Supplementary 

Figure 7 & Supplementary Figure 8). This approach also allows the identification of 

functions with moderate abundance differences, including those showing shifts between 

minewell and seafloor samples. Within this high‐variance set, glutathione transferase (EC 

2.5.1.18; COG0625) emerged as a possible TNT‐associated marker. It was significantly 
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enriched in minewell sediments relative to seafloor samples (log₂ fold change = 0.29; 

FDR = 5 × 10⁻⁷; Figure 5A) and showed a high proportional increase in the TNT 

enrichment experiment (80 mg L⁻¹), reaching 0.426% of assigned reads compared to 

0.160% ± 0.008% in minewells and 0.130% ± 0.004% in seafloor sediments. The same 

trend appeared at the COG level, where glutathione transferase showed a similar log₂ 

fold change (0.30; FDR = 2 × 10⁻⁴; Figure 5B) and increased relative abundance in the 

enrichment (0.398%) relative to seafloor (0.189 ± 0.013%) and minewell (0.234 ± 0.007%) 

samples.  

Glutathione transferases (GSTs) are detoxification enzymes that conjugate glutathione to 

electrophilic or otherwise reactive compounds68. Because of this broad 

xenobiotic‐processing role, GSTs are induced in organisms exposed to environmental 

contaminants69. Their involvement in TNT detoxification has been demonstrated in 

plants70,71. Bacterial GSTs have also been shown to respond to TNT exposure, although 

their specific roles in bacterial TNT‐processing pathways remain poorly understood15. The 

high GST levels in the TNT enrichment, together with their increased abundance in 

minewell samples, suggest that GSTs may contribute to TNT detoxification in these 

microbial communities, through the formation of glutathione‐conjugated 

intermediates70,71. GSTs were not classified among the enriched enzyme classes (Figure 

4A & Figure 4B), as their log2 fold change did not exceed the predefined threshold (log₂ 

fold > 0.6), despite a highly significant p-value. However, in the context of the measured 

environmental TNT concentrations, the modest but statistically robust increase observed 

here likely reflects a functional response at environmentally relevant exposure levels. 
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Several enzymes from the high-variance set, which showed higher abundances in 

minewell sediments, could also be relevant to TNT or nitroaromatic metabolism (Figure 

5A & Figure 5B). These include aldehyde dehydrogenase (EC 1.2.1.3), aerobic carbon 

monoxide dehydrogenase (EC 1.2.5.3), glutamine synthetase (EC 6.3.1.2; FDR < 0.1), 

COG1012 dehydrogenase, and COG2124 cytochrome P450 (FDR < 0.1)72–75. Although 

only glutamine synthetase and COG 2124 cytochrome P450 reached statistical 

significance, the consistent directional shifts across these enzymes are notable given the 

TNT concentrations in situ (ng kg⁻¹ range). As discussed earlier, microbial tolerance 

mechanisms may provide the physiological foundation that enables finer-scale TNT-

transforming enzymes to function effectively, even when individual catabolic pathways 

show only low enrichment. When enzyme abundances are expressed as a percentage of 

assigned reads, these TNT-associated enzyme classes appear reduced in the enrichment 

experiment relative to environmental samples (Figure 5A & Figure 5B). The apparent 

reduction is likely a normalization artifact driven by the substantially higher annotation 

rate in the enrichment samples (~40%) compared with the environmental samples 

(~10%), which inflates the normalization denominator (Supplementary Figure 6). When 

abundances are normalized to total reads, the absolute abundance of TNT-associated 

enzymes in the enrichment experiment increases consistently (Supplementary Figure 9). 

In addition, these enzyme classes represent broad functional categories that participate 

in multiple metabolic processes, which may limit their apparent enrichment as other 

specialized functions expand in the enrichment conditions.  

Well-characterized TNT degradation enzymes were analyzed separately and were part 

of the variance-based ranking. Nitroreductases (EC 1.7.1.16; COG0778) and Old Yellow 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Enzymes/flavin oxidoreductases (EC 1.6.99.1; COG1902) showed no statistically 

significant differences between minewell and seafloor samples (Figure 5C & Figure 5D). 

However, mean abundances were consistently higher in minewells. In the TNT 

enrichment experiment, both enzyme classes increased at the EC level: EC 1.7.1.16 

reached 0.0146% of total reads compared to 0.00806% ± 0.00024% in seafloor and 

0.00875% ± 0.00126% in minewells, while EC 1.6.99.1 increased to 0.0550% compared 

to 0.0489% ± 0.00239% and 0.0542% ± 0.00083%, respectively. No corresponding 

increase was observed at the COG level, likely due to broader functional classification 

and assignment bias (Supplementary Figure 10). 

TNT was reduced to intermediates, including 2-ADNT and 4-ADNT (Table 1). Both abiotic 

and biotic processes contribute to TNT attenuation in marine environments, with 

photolytic and chemical degradation occurring alongside microbial transformation8,9,41. 

Canonical TNT-degrading enzyme classes were not strongly enriched in minewell 

communities (Figure 5). Instead, these communities showed a higher representation of 

oxidoreductases and stress-response enzymes, including glutathione S-transferases 

(Figure 4 & Figure 5). Together, these results suggest that minewell communities are 

structured to better tolerate chemical stress, possibly creating an ecological context in 

which specialized tolerant taxa, even if not strongly enriched at the gene level, can 

actively and efficiently help contribute to TNT transformation.  
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2.7 Taxonomic and genomic parallels to TNT enrichment community 

indicate adaptation to TNT-contaminated environments 

The enrichment experiment yielded nine metagenome-assembled genomes (MAGs) with 

>80% completeness and <10% contamination (Supplementary Table 2). 

Rhodobacteraceae, including Sulfitobacter pontiacus, were prominent in the TNT 

enrichment experiment, mirroring their elevated representation in environmental samples 

(Figure 2 & Figure 6A). The most abundant MAGs, Neptuniibacter pectenicula (28.0%) 

and Alloalcanivorax xenomutans (32.1%) (Figure 6A), together with other taxa such as 

Thalassospira, Marinobacter, and Porticoccus, are well known for hydrocarbon and 

aromatic compound degradation76–80, indicating metabolic traits that could support TNT 

tolerance or transformation. This functional potential is consistent with the preliminary 

chemical measurements: TNT concentrations added (80 mg L⁻¹) declined to 59,960 ± 

2,830 mg L⁻¹ (ntech = 2) during incubation, accompanied by the accumulation of 

intermediate metabolites (Supplementary Table 3). Abiotic transformation is unlikely as 

seen in other experiments using equal setups81. 

Environmental mapping of MAG reads showed that Marinobacter alexandrii (minewell: 

0.0196% ± 0.0021%; seafloor: 0.0157% ± 0.0015%), Roseovarius lutimaris (minewell: 

0.0040% ± 0.0012%; seafloor: 0.0021% ± 0.0007%), and Sulfitobacter pontiacus 

(minewell: 0.0040% ± 0.0018%; seafloor: 0.0023% ± 0.0006%) were more abundant in 

minewell sediments than in seafloor samples (Figure 6B). Although only Marinobacter 

reached statistical significance (Mann–Whitney, p < 0.05) and overall abundances 

remained low, these patterns are consistent with the subtle community shifts expected 
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under environmental level TNT contamination. The greater variability in minewell 

samples, likely reflecting more heterogeneous microenvironments, may further mask 

these small but ecologically meaningful effects. For MAGs that did not show differences 

in abundance, this may suggest that even the TNT concentrations near UC-30, among 

the highest reported in marine sediments, are insufficient to confer a strong selective 

advantage. Nevertheless, their high abundance in the enrichment experiment 

demonstrates clear potential for TNT biotransformation at elevated exposure levels, and, 

as discussed earlier, the chemically stressed minewell environment may still allow these 

tolerant taxa to contribute effectively to TNT transformation despite limited enrichment. 

Gene annotation of MAGs using BlastKOALA revealed multiple xenobiotic degradation 

pathways, with a focus on nitrotoluene degradation (Figure 6C). Neptuniibacter 

pectenicula contained five genes linked to this pathway, including hydrogenase large and 

small subunits and N-ethylmaleimide reductase (nemA), part of the Old Yellow Enzyme 

family (COG1902, EC 1.6.99.1). The Old Yellow Enzyme family also showed a subtle, 

although not significant, increase in abundance in minewell samples compared to seafloor 

samples (Figure 5C & Figure 5D), suggesting it likely plays a central role in TNT 

transformation in marine environments. Roseovarius lutimaris, Sulfitobacter pontiacus, 

and Salinisphaera sp. also possessed nemA, supporting the probable contribution of 

Rhodobacteraceae to TNT biotransformation. Neptuniibacter pectenicula also carried 

multiple genes for toluene and xylene degradation. Because toluene is proposed as a 

TNT intermediate82, the presence of a complete toluene and xylene degradation pathway 

(Supplementary Figure 11) suggests that marine microbes, particularly Neptuniibacter, 

may have the metabolic potential to fully mineralize TNT. This is consistent with the 
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chemical data from the enrichment, where TNT concentrations decreased 

(Supplementary Table 3).  

The absence of Haliaceae in the laboratory enrichment may reflect sensitivity to elevated 

TNT concentrations, substrate specificity, or requirements for environmental conditions 

not replicated in the lab, such as pressure, salinity, microbial interactions, or trace 

elements. Alternatively, Haliaceae may preferentially degrade hydrocarbons associated 

with the shipwreck rather than TNT, as fuel residues (e.g. diesel, bunker fuel) and 

structural materials such as paints and coatings are well-documented sources of 

hydrocarbon contamination in shipwreck environments and represent likely substrates for 

such taxa16,55,83.  Stochastic factors, including random extinction during sample handling, 

may also contribute. Targeted studies on TNT tolerance and hydrocarbon dependency 

are needed to clarify the ecological niche of Haliaceae in contaminated sediments. 

In the minewell samples, members of the Rhodobacteraceae were consistently enriched 

(Figure 2A & Figure 2B), mirroring their presence in the TNT enrichment cultures (Figure 

6A). All recovered MAGs belonged to Proteobacteria, supporting a close taxonomic 

overlap between the in situ microbial community and the taxa that responded under 

controlled TNT exposure (Figure 2B & Figure 2D). Several of these Proteobacteria MAGs 

encoded genes associated with the nitrotoluene degradation pathway, including the Old 

Yellow Enzyme NemA (Figure 6C). Together with the observed decrease in TNT 

concentration, this may indicates that these functional traits are expressed under TNT 

exposure. Given the parallels with the minewell environment, it is therefore more likely 

that similar TNT-transforming capabilities are present within the minewell communities.  
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3. Conclusion 

This study provides one of the first detailed characterizations of a marine sediment 

microbiome chronically exposed to leaking munitions and reveals how long‐term 

contamination can shape both community structure and functional potential. Minewell 

sediments, located within the TNT‐impacted interior of a corroding wreck, displayed 

distinct taxonomic shifts, including enrichment of Proteobacteria such as Haliaceae and 

Rhodobacteraceae. Functional profiling further showed elevated levels of 

oxidoreductases and stress‐response enzyme classes, consistent with microbial 

adaptation to enriched TNT exposure.  

The overall community structure and functional profiles of minewell sediments showed 

stronger parallels with the TNT‐only enrichment experiment than with the adjacent 

seafloor. While many taxa occur across both environments, the minewell communities 

exhibited compositional and functional shifts that mirror those observed under controlled 

TNT exposure. This suggests that chronic contamination creates ecological conditions 

that favor stress‐tolerant lineages and functions, resulting in communities that are better 

adapted to withstand and potentially transform TNT. The enrichment experiment, which 

demonstrated active TNT removal, reinforces this interpretation by revealing similar 

functional signatures under defined exposure conditions. 

These results indicate that contaminated minewell environments exert selective 

pressures that shape microbial assemblages toward enhanced stress tolerance and 

potential transformation capacity. While this study specifically focused on TNT, the 

observed patterns likely reflect broader microbial responses to chronic contaminant 
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exposure rather than TNT alone. Co-occurring contaminants and environmental factors 

also contribute to community structuring, and similar adaptive trajectories are therefore 

expected under exposure to other pollutants. By demonstrating this effect for TNT, our 

findings provide a framework that can be extended to investigate microbial adaptation, 

metabolic versatility, and natural attenuation processes across a wider range of 

contaminated marine sediments. 

4. Materials and Methods 

4.1 Wreck selection and sampling 

The SM UC-30, a German Type UC II minelaying submarine sunk on 21 April 1917 during 

World War I, was selected due to its high contamination potential. The wreck lies at 

~55°31'N, 7°57'E at 23 m depth in a major tidal inlet of the Wadden Sea. The wreck was 

discovered in 2016 by the Danish company JD-Contractor. Subsequent diving inspections 

and multibeam sonar survey by the Royal Danish Navy and Aarhus University, confirmed 

the presence of 18 UC 200 mines (200 kg TNT each) and six G/6 torpedoes (160 kg 

Hexanite; 60% TNT), with additional 8.8 cm ammunition likely remaining20. Visual surveys 

showed several corroded, partially exposed mines with TNT in direct contact with 

seawater (Supplementary Figure 2). 

To characterize contaminant distribution, 23 sediment samples were collected by Danish 

Navy divers on 23 September 2020 (Figure 7). Five proximal samples were taken from 

within the minewells (0–5 cm depth) to assess primary TNT release, seven distal samples 

were collected within 1 m of the hull to evaluate lateral spread, and one reference sample 
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taken 10 m away. Sediments were retrieved using 0.5 L plastic bottles scraped across the 

uppermost centimeter. Onboard, samples were drained, weighed (40–180 g), and split 

into two subsamples for analyses in Gent, Belgium (Ghent University), and Kiel, Germany 

(Kiel University). All material was stored on dry ice, kept frozen at Aarhus University, and 

shipped on 28 September 2020 in insulated containers. Due to the highly restricted nature 

of the site, sampling was necessarily limited (Supplementary  Figure 2). 

4.2 TNT compound analysis 

Sediment samples were prepared as described previously21. To establish baseline 

results, 2 g of freeze-dried sediment was extracted with acetonitrile, concentrated to 0.6 

mL using a rotary vacuum concentrator, transferred to 1.5 mL brown glass vials, and 

analyzed by GC-MS/MS. Samples were then reprocessed using 100 g of material. For 

this, 100 g of wet sediment was mixed with 250 mL of ultrapure water, spiked with 25 ng 

of ¹³C¹⁵N-TNT as internal standard, shaken for 80 minutes, and sonicated for 15 minutes. 

The samples were subsequently centrifuged at 4,500 rpm (10 °C) for 15 minutes, filtered 

through a 595 1/2 pleated filter, and applied to SPE columns under mild vacuum. The 

columns were dried for 30 minutes under vacuum, eluted with 4 mL of acetonitrile, 

concentrated to 600 μL, and stored at -20 °C in 1.5 mL amber vials. 

All samples were measured in duplicates on a Thermo Fisher Scientific Trace 1310 gas 

chromatograph coupled to a TSQ 8000 Evo triple quadrupole mass spectrometer (GC-

MS/MS)28. Separation was performed on a TraceGold TG-5MS amine column (15 m × 

0.25 mm × 0.25 μm; Thermo Fisher Scientific Inc., Waltham, MA, USA). One microliter of 

each sample was injected in splitless mode using quartz wool liners. Quantification was 
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carried out using external calibration curves. Spectra were recorded and analyzed using 

Chromeleon 7.2 (Thermo Fisher Scientific Inc., Waltham, MA, USA). Detection limits for 

the 2 g and 100 g methods were as follows: TNT: 0.050 / 0.006 µg/kg; 4-ADNT: 0.030 / 

0.003 µg/kg; 2-ADNT: 0.030 / 0.005 µg/kg; 2,4; DNT: 0.020 / 0.002 µg/kg; 1,3-DNB: 0.100 

/ 0.010 µg/kg 

4.3 Laboratory incubation experiment 

Sediment samples from the UC‐30 wreck site were pooled (UC30 M2, UC30 M3, and 

UC30 Sf1) to obtain a representative inoculum. A TNT stock solution (TNT in 100% 

methanol; Royal Military Academy, Belgium) was added to sterile amber Duran bottles, 

yielding an initial TNT concentration of ~80 mg L⁻¹. Amber bottles were used to prevent 

photodegradation, and the concentration was chosen to remain below the TNT solubility 

limit (130 mg L⁻¹ at 20 °C). The solvent was evaporated before adding nutrient-amended, 

filter-sterilized (0.22 µm) seawater to dissolve the TNT (Supplementary table S1). The 

resulting solution was inoculated with pooled sediment slurry (10% v/v) and incubated at 

~20 °C with aeration (0.22 µm ePTFE membrane filters) for 12 weeks to allow adaptation 

and proliferation of TNT responsive microorganisms. TNT and its transformation products 

were quantified at the end of the incubation to assess degradation dynamics. 

4.4 16s RNA gene and Metagenomic shotgun sequencing 

 Genomic DNA was extracted from marine sediment samples using the DNeasy 

PowerSoil Pro Kit (Qiagen, Germany). PCR amplification was performed with 

recombinant Taq DNA Polymerase (Thermo Fisher Scientific, Waltham, USA) in 25 μL 

reaction volumes containing: 2.5 μL of 10× Taq buffer (+KCl, –MgCl₂), 0.5 μL of 10 mM 
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dNTPs, 1.5 μL of 25 mM MgCl₂, 0.5 μL each of 10 μM primers 27f 

(AGAGTTTGATCMTGGCTCAG) and 1492r (TACGGYTACCTTGTTACGACTT), 0.125 

μL of 5 U/μL Taq polymerase, 0.065 μL of 20 mg/mL BSA (Roche, Basel, Switzerland), 

14.81 μL of PCR-grade water, and 1 μL of DNA template. Two samples were processed 

in triplicate to assess reproducibility, and negative controls for extraction and PCR 

confirmed the absence of contamination. Thermal cycling consisted of 95 °C for 7 min; 

30 cycles of 95 °C for 1 min, 55 °C for 1 min, and 72 °C for 2 min; followed by 72 °C for 

10 min. PCR products and DNA extracts were checked on 2% agarose gels to verify 

amplification and fragment size. A total of 10 μL of each genomic DNA extract was 

submitted to LGC Genomics (Berlin, Germany) for library preparation and Illumina MiSeq 

sequencing (v3 chemistry, 2×300 bp paired-end) using primers 341F (5'-CCT ACG GGN 

GGC WGC AG-3') and 785Rmod (5'-GAC TAC HVG GGT ATC TAA KCC-3'), targeting 

the V3–V4 hypervariable regions of the 16S rRNA gene. 

Metagenomic libraries, pools of adapter-tagged DNA fragments derived from total 

community DNA, were prepared using the Nextera XT DNA Library Preparation Kit 

(Illumina, San Diego, USA) according to the manufacturer's protocol. Paired-end 

sequencing (2 × 150 bp) was performed on an Illumina HiSeq 2500.  

4.5 Bioinformatic analysis of amplicon and metagenomic data 

All amplicon data were processed in R (v4.0.3) using DADA2 following the standard 

workflow22. Primer sequences were removed, reads were quality‐filtered (truncQ = 2; 

maxEE = 2,2), and sequences containing ambiguous bases were discarded. After 

dereplication, denoising was performed using the DADA error model with pooled sample 
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inference, and paired reads were merged. Chimera‐free amplicon sequence variants 

(ASVs) were assigned taxonomy using the SILVA v138 database23. ASVs classified as 

Archaea, mitochondria, and chloroplasts, as well as singleton taxonomic assignments, 

were removed. 

Metagenome-assembled genomes (MAGs) were reconstructed using the MetaWRAP 

(v1.3.2) pipeline24. Within this framework, quality-filtered reads were assembled into 

contigs with MEGAHIT25 and binned independently using MaxBin226, MetaBAT227, and 

CONCOCT28. The resulting bin sets were automatically consolidated and refined using 

MetaWRAP's bin-refinement module, retaining bins with ≥80% completeness and ≤10% 

contamination. This process yielded nine MAGs. Genome quality was assessed using 

CheckM29, and relative MAG abundances were estimated using MetaWRAP's abundance 

estimation module. Taxonomic assignments were generated with GTDB‐Tk (v2.4.1)30. 

Quality‐controlled reads were mapped to contigs with Bowtie2(v2.5.4)31 and processed 

with SAMtools (v1.3)32. Functional profiling used the DIAMOND+MEGAN633 workflow: 

reads were aligned to the NCBI‐nr34 database in blastx mode and the resulting alignment 

files were imported into MEGAN for taxonomic and functional assignment. ORFs were 

predicted with Prodigal35, and annotated using BlastKOALA36. 

4.6 Statistical data analysis 

Data analysis was conducted in R using Phyloseq (v1.22.3)37 for ASV processing, vegan 

(v2.5.6)38, and iNEXT39 for diversity estimation. Differential abundance of ASVs and 

enzyme classes was assessed with DESeq2 (v2)40, using a Benjamini–Hochberg FDR 

threshold of 0.1 and a log₂ fold change cutoff of 0.6 to account for limited sample size and 
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subtle effect sizes. To ensure robustness, ASVs were filtered to retain only those present 

in ≥60% of samples and exceeding a minimum prevalence threshold (1.6). Group 

differences were evaluated using Mann–Whitney U (p = 0.05) and Fisher’s exact tests (α 

= 0.05). Community composition data were Hellinger transformed, ordinated using Bray–

Curtis NMDS, and compared among sampling locations using PERMANOVA (adonis2, 

999 permutations), with dispersion homogeneity assessed via betadisper. 
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Figure 1:  

Caption: Microbial taxonomic community structure differs between minewells and the seafloor 

Legend: Taxonomic alpha and beta diversity of Minewell and Seafloor microbial communities. 

(A) Alpha diversity estimated using Hill numbers (q = 0, richness; q = 1, Shannon diversity; q = 2, Simpson 

diversity) shows no significant differences between Minewell and Seafloor samples. (B) Non-metric 

multidimensional scaling (NMDS) ordination based on Bray–Curtis dissimilarity of bacterial taxonomic 

composition reveals distinct clustering by location. Black lines connect technical replicates. 

Figure 2  

Caption: Minewell-associated bacterial taxa are enriched in Proteobacteria, including Rhodobacteraceae 

and Halieaceae: 
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Legend: Taxonomic overlap and differential abundance of bacterial communities in Minewell and Seafloor 

samples. (A) Lollipop chart showing the number of ASVs unique to minewell samples and unique to seafloor 

samples, grouped at the family level.  Minewell samples had higher numbers of unique ASVs assigned to 

Rhodobacteraceae and Halieaceae compared to seafloor samples (B) Barplot of relative abundance (%) 

of Proteobacteria, showing higher proportions in Minewell samples than Seafloor. Families enriched in 

Minewells include Rhodobacteraceae and Halieaceae, highlighted in bold. (C) Venn diagram showing the 

number of unique and shared ASVs between Minewell and Seafloor samples. (D) Differential abundance 

analysis of bacterial ASVs between Minewell and Seafloor samples performed using DESeq2 (Benjamini–

Hochberg correction, FDR < 0.1, |log₂FC| > 0.5) . Most ASVs enriched in Minewell samples (6 of 11) 

belonged to the phylum Proteobacteria, including members of the Rhodobacteraceae and Halieaceae 

Figure 3:  

Caption: Functional gene profiles are broadly conserved between minewell and seafloor microbial 

communities 

Legend: Functional profiles were largely conserved between minewell and seafloor microbial communities, 

with only subtle differences detected across environments. (Left) (A) Cleveland-style dot plot of relative 

abundances (% Assigned Reads) of broad EC enzyme classes (EC1–EC7) in Minewell and seafloor 

samples. (B) Cleveland-style dot plot of relative abundances (% Assigned Reads) of broad COG functional 

categories (Metabolism, cellular processes and signaling, information storage and processing). (Right) (A) 

NMDS ordination based on Bray-Curtis dissimilarity of fine-resolution EC enzyme classes (e.g., EC 1.1.1.2). 

(B) NMDS ordination based on Bray-Curtis dissimilarity of fine-resolution COG classes (e.g., COG1902). 

Figure 4:  

Caption: Minewell-enriched functional categories overlap with those induced by experimental TNT 

exposure 

Legend: Functional shifts in minewell microbial communities. (A, B) Heatmaps of up- and depleted EC 

classes and COG categories (DESeq2, FDR < 0.1, |log₂FC| > 0.6) comparing minewell and seafloor 

samples. More classes were depleted than enriched (EC: 35 vs 26; COG: 27 vs 16). (C) Proportion of 
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oxidoreductases among enriched and depleted EC classes, showing a higher fraction in enriched classes 

in minewell samples. (D, E) Dot plots comparing environmental functional shifts with a controlled TNT 

enrichment experiment. In the enrichment experiment, sediment‐derived microbial communities were 

incubated in batch culture with 80 mg L⁻¹ TNT for 12 weeks. The x‐axis represents the log₂ fold change of 

the functional categories in the TNT enrichment relative to its median relative abundance (% assigned 

reads) across environmental samples, providing a robust baseline for comparison. The y‐axis separates 

functions that are environmentally enriched in minewells relative to seafloor sediments from those that are 

environmentally depleted . enriched EC and COG classes in minewell samples were more likely to exhibit 

positive fold changes under TNT exposure than depleted classes. 

Figure 5:  

Caption: Variance-based ranking identifies enzyme classes with subtle, TNT-associated enrichment in 

minewell sediments 

Legend: Enzyme classes were ranked by the variance of DESeq2-normalized counts and assessed for 

higher abundance in minewell compared to seafloor samples. All comparisons include the TNT enrichment 

dataset. Green points represent the functional profile from the enrichment experiment, in which 

sediment-derived microbial communities were incubated in batch culture with 80 mg L⁻¹ TNT for 12 weeks. 

(A) Cleveland‐style dot plot (% Assigned reads) showing four enzyme classes within the top 50 

highest‐variance EC categories that are linked to TNT degradation.(B) Cleveland‐style dot plot (% Assigned 

reads) showing three enzyme classes within the top 50 highest‐variance COG categories that are linked to 

TNT degradation. (C,D) Cleveland‐style dot plot (% Assigned reads) for nitroreductase (EC 1.7.1.16; 

COG0778) and Old Yellow Enzyme families (EC 1.6.99.1; COG1902). Although these functions were not 

part of the high‐variance set, they are included due to their well‐established roles in TNT degradation. 

Figure 6:  

Caption: MAGs from a TNT-enrichment culture map preferentially onto minewell communities and encode 

nitrotoluene degradation pathways 
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Legend: Abundance, environmental distribution, and functional potential of MAGs associated with TNT 

transformation. (A) Relative abundance (%) of metagenome‐assembled genomes (MAGs) in the 

TNT‐enriched sample, classified at the species level using GTDB‐Tk. The community is composed entirely 

of Proteobacteria and is dominated by Alloalcanivorax xenomutans (32.1%) and Neptuniibacter pectenicula 

(28.0%). (B) Cleveland-style dot plot (% mapped reads) of MAGs in minewell and seafloor samples. 

Environmental reads were mapped to enrichment-derived MAG contigs to assess their in situ abundance. 

Several MAGs were more abundant in minewells, including Marinobacter alexandrii, Roseovarius lutimaris, 

and Sulfitobacter pontiacus, with only Marinobacter showing a significant difference (Mann–Whitney, 

p < 0.05). (C) Heatmap showing the number of genes of each MAG assigned to specific xenobiotic 

degradation pathways based on BlastKOALA annotations. The nitrotoluene degradation pathway is 

highlighted in bold. 

Figure 7:  

Caption: 3D model of the UC-30 wreck and sampling site distribution 

Legend: 3D model (by Aarhus University) of the UC-30 wreck based on multibeam sonar data acquired in 

June 2020 by Aarhus University. Sampling sites at the mine wells (M1-M6) (proximal samples), the seafloor 

(sf) near the wreck (7 distal samples, SF1-SF7) and the seafloor at 10 m distance (1 distal sample, SF8) 

are indicated with circles. 

Table 1: TNT, its metabolites (4-ADNT, 2-ADNT) and byproducts (2,4-DNT, 1,3-DNB) measured in minewell 

(M) and seafloor (sf) samples show the spreading of TNT contamination. 

Minewell TNT  
(µg/kg) 

4-ADNT 
(µg/kg) 

2-ADNT 
(µg/kg) 

2,4-DNT 
(µg/kg) 

1,3-DNB 
(µg/kg) 

UC30 M2 8.939 3.454 2.308 0.018 0.010 

UC30 M3 8.560 2.781 1.616  0.011 <0.010* 

UC30 M4 0.625 2.908 1.080 0.009 <0.010* 

UC30 M5 0.378 0.748 0.437 0.005 0.011 

UC30 M6 0.144 0.752 0.246 <0.02* <0.010* 

 
Seafloor 

UC30 sf1 0.010 0.010 0.008 <0.002* <0.010* 
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UC30 sf2 0.012 0.013 0.009 <0.002* <0.010* 

UC30 sf3 0.006 0.015 0.008 <0.002* <0.010* 

UC30 sf4 0.008 0.028 0.009 <0.002* <0.010* 

UC30 sf5 0.007 0.010 0.005 <0.002* <0.010* 

UC30 sf6 0.011 0.017 0.010 <0.002* <0.010* 

UC30 sf7 0.009 0.011 0.007 <0.002* <0.010* 

UC30 sf8a 0.046 0.170 0.112 <0.002* <0.010* 

UC30 sf8b 0.015 0.099 0.045 <0.002* <0.010* 

*Compound was below limit of detection 
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