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Historic shipwrecks form an anthropogenic landmark in marine environment, yet their influence on the local geochemistry and microbiology remains largely unexplored. In this study, sediment and steel hull samples were taken around the V-1302 John Mahn, a World War II shipwreck, at increasing distance from the wreck, in different directions. Polycyclic aromatic hydrocarbons (PAH’s), explosives, and heavy metal levels were determined and related to the microbial composition. Benz(a)anthracene and fluoranthene remain present at the mg kg-1 level, probably originating from the coal bunker. These PAH’s indicate that the wreck is still influencing the surrounding sediments however the effects are very dependent on which side of the wreck is being studied. Known PAH degrading taxa like Rhodobacteraceae and Chromatiaceae were more abundant in samples with high aromatic pollutant content. Moreover, sulphate reducing bacteria (such as Desulfobulbia), proven to be involved in steel corrosion, were found present in the biofilm. This study shows that even after 80 years, a historic shipwreck can still significantly steer the surrounding sediment chemistry and microbial ecology.
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1 Introduction

On the 12th of February 1942 Vorpostenboot V-1302 of the German Kriegsmarine sank to the bottom of the Belgian part of the North Sea (BPNS) during Operation Cerberus (The Channel Dash). The 48 m long ship was built in 1927 by the Reiherstieg Schiffwerke (Hamburg) as the fishing boat “John Mahn”. During World War II (WWII), the steam trawler was requisitioned by the German Navy and adapted to warfare. At 15h53 that day in February, V-1302 was attacked by six British Royal AirForce Hawker Hurricanes in front of the Belgian coast. Despite successfully downing one of the aircrafts, she was struck by two aerial bombs. The first bomb hit the funnel amidships and detonated in the boiler room, the second hit the aft section and destroyed the propeller shaft tunnel. V-1302 sank rapidly, heeling over after only half a minute, taking 11 sailors and all remaining munitions and coal reserves with her. Today the wreck lies slightly askew at the bottom of the BPNS, with a large hole on the port side due to the first bomb hit.

Shipwrecks on the seafloor worldwide contain hazardous substances such as explosives and petroleum products that, if released, may harm the marine environment. In contrast to artificial reefs (i.e. intentionally sunk vessels and structures), wartime shipwrecks were sunk without being stripped of hazardous substances, often having reserves of crude oil or other petroleum derivatives and unexploded munitions still on board. Even today, it is estimated that World War I and II shipwrecks around the globe, collectively, contain 2.5 to 20.4 million tonnes of petroleum products (Landquist et al., 2017). Rogowska et al. (2015) showed that latent, historic (WWII shipwreck) contamination with fossil fuels from point sources can influence the chemical composition of the marine sediment to this day. The risk that petroleum products and its derivatives pose to marine wildlife has been studied extensively, showing they can affect feeding, growth, reproduction and causes irreversible tissue damage in many marine organisms (Martínez-Gómez et al., 2010). In addition, up to 1.6 million tonnes of ammunition of all types (both attached to and separate from ships) were sunk or dumped in the Northern seas of Europe after both World Wars (Sternheim et al., 2019). The few studies performed on the subject suggest explosive compounds such as trinitrotoluene (TNT) and its derivatives (Koske et al., 2020), as well as chemical warfare agents (Czub et al., 2020), can have toxic effects on aquatic wildlife. However, the influence of these compounds on an ecological level remains unclear. Historic shipwrecks could also significantly affect the surrounding fauna and flora when leaching heavy metals and metalloids due to (biological) corrosion (Kelly et al., 2012). While wrecks are often considered biodiversity hotspots, the overall environmental impact on the seafloor of historic shipwrecks from the World Wars has only recently sparked interest (Landquist et al., 2013; Thomas et al., 2021).

As solid heterogeneous substrates, shipwrecks are rapidly colonized by microorganisms which allow other organisms to attach and form an assemblage with dynamic community interactions (Price et al., 2020). A recent study on historic (sunk >50 years ago) shipwrecks in shallow water performed by (Price et al., 2020) has shown that the hull microbiome composition differs even on the phylum level compared to the close-surrounding sediments. Another recent study, performed by Hamdan et al. (2018), showed a similar result in deep water. Where sediments are high in Deltaproteobacteria, the shipwrecks and sediments closer to the ships will show higher abundances in Alphaproteobacteria and Gammaproteobacteria. Several bacteria have been collected or identified from the hull of a shipwreck and marine steel fragments and proven to be involved in microbial induced corrosion (MIC) (Smith et al., 2019; Price et al., 2020). These bacteria were shown to be either members of the iron-oxidising bacterial groups like Mariprofundus ferrooxydans or sulphate-reducing/sulphur-oxidising bacteria (SRB/SOB) like Desulfobulbus propionicus. Sulphur cyclers such as Desulfovibrionaceae and Desulfobulbaceae combined made up 30 to 75% of mooring chain surface corrosion products formed after 10 years at 2 km deep (Rajala et al., 2022).

Not only prokaryotes, but also microalgae play a role in the structure and function of marine sediment (Baustian et al., 2011; Lake and Brush, 2011). The microphytobenthos and its microalgal community structure can be shaped and changed by disturbances due to anthropogenic, polluting compounds ranging from polycyclic aromatic hydrocarbons (PAH’s) to pesticides (Chapman et al., 2010; Sundbäck et al., 2010; Magnusson et al., 2013; Pinckney et al., 2013; Cibic et al., 2019). Sundbäck et al. (2010) showed that the effect of pyrene (a PAH) on the benthic microalgae in a microcosm study was two-fold. On the one hand, grazers were affected which resulted in higher benthic microalgae in total, while on the other hand the pyrene caused a shift in biodiversity, with the main structural differences found in the Bacillariophyceae (diatoms). Little to no research has been done to investigate the microalgal contribution to shipwreck microbial ecology. Investigating the shipwreck’s microbiome, both bacterial as well as microalgal, can give us a deeper insight into the corrosion (Price et al., 2020), the potential presence, and biodegradation of contaminants, as well as the micro biodiversity and macro biodiversity potential through biofilm-mediated settlement clues (Whalan and Webster, 2014).

This study investigates the microbial community composition of the biofilm on steel fragments of the historic World War II shipwreck V-1302 John Mahn and in the surrounding seabed to identify species related to bio-corrosion and PAH biodegradation. The bacterial and microalgal chloroplast diversity was determined using 16S rRNA gene sequencing. At the same time, the top layer (up to 15 cm deep) of the sediment surrounding the shipwreck was analysed for PAH’s, explosives and heavy metals using gas chromatography combined with mass spectrometry for the organics and inductively coupled plasma atomic emission spectroscopy for the metals. With this integrative study of the sediment chemistry and the microbial community we provide insights into the microbial ecology of historic artificial features in coastal waters which contributes to a deeper understanding of the effect of potentially polluting shipwrecks on the (local) microbiology at the bottom of the sea.



2 Results


2.1 Chemical content of the sediment

Chemical analysis in samples taken in four axial directions from the shipwreck was performed (Figure 1) to see whether pollution increased upon approaching the John Mahn shipwreck from any direction. Figures 1A, B show the gradients based on the heavy metal content. From bow to stern, we observe higher concentrations when approaching the ship. The highest metal and metalloid concentrations were found in the sample closest to the coal bunker, with specifically a high nickel, copper, and arsenic content. There is less of a trend on the starboard-port side axis when approaching the shipwreck. Most notably, the freshly deposited sediment in the wake of the wreck has a high metal content, which could be due to the deposition of metal flakes peeling off the wreck along with sediment particles. We also observed that the heavy metal signature is different in the fresh sediment relative to the other samples on the port-starboard axis, as it has a considerably higher nickel content and considerably lower chromium content. This freshly deposited sediment on the starboard side is being deposited by a dead zone in the underwater current. PAH concentrations tended to be inversely related to the distance to the ship on both the port and bow side (Figure 1C). The stern side samples, taken closest to the damaged coal bunker, show the highest PAH concentrations. Samples from the starboard side, where fresh sediment is deposited in the wake of the ship due to scour along the predominant direction of the tidal currents (Figure 1D), have a much lower aromatic compound content. Low concentrations (µg/kg) of explosive compounds were detected in mainly the port and stern side sediment samples. Both TNT and 1,3-dinitrobenzene (1,3-DNB), a biodegradation product of TNT (Supplementary Figure S1), were detected, however, only TNT data are shown in Figures 1E, F as 1,3-DNB was found in some of the blanks as well. When plotting the diversity based on the chemical content in a PCA plot (Figure 2A), it shows that the chemical composition determines some clustering of the stern side samples whereas the fresh sediment sample presents a clear outlier away from all important polluting drivers.




Figure 1 |  (A) The sediment samples from bow to stern and (B) from port side to starboard side with their total heavy metal content in mg heavy metals/kg wet sediment. The sample taken in the dead zone of the ship wreck, with freshly deposited sediment is indicated with a red arrow. (C) The sediment samples from bow to stern and (D) from port side to starboard side with their polycyclic aromatic hydrocarbon (PAH) content in µg aromatics/kg wet sediment. The sample taken in the dead zone of the ship wreck, with freshly deposited sediment is indicated with a red arrow. (E) The sediment samples from bow to stern and (F) from port side to starboard side with their total explosive content in ng TNT/kg dry sediment. (All values <17 are estimations as 17 ng/kg is the LOQ).






Figure 2 | (A) Graph shows a PCA plot of the chemistry data where it shows that the samples taken on the stern side are the ones strongest polluted (highest chemical content). The sample closest to the ship on the starboard side is least polluted, as it is freshly deposited due to the dead zone. (B) Graph shows an NMDS visualisation of the microorganisms phenotypic betadiversity, (C) graph shows an NMDS visualisation of the bacterial taxonomic betadiversity and (D) graph shows an NMDS visualisation of the microalgal taxonomic betadiversity.





2.2 The sediment shipwreck microbiome

The number of microbial cells in the sediment were on average the same across all samples, namely around 106 cells per g wet sediment (Figures 3A, B). A biological analysis in four axial directions from the shipwreck of the study area was also made based on the bacterial and algal chloroplast composition in the sediment (Figures 3C–F) based on 16S rRNA gene analysis.




Figure 3 | (A) The sediment samples from bow to stern and (B) from port side to starboard side with total number of cells per g wet weight sediment. (C) The sediment samples from bow to stern and (D) from port side to starboard side with their relative micro-algal abundances per sample site coloured by top 9 most abundant microalgae genus. “_X” and “_XXX” were added when classification could not be performed down to genus level, i.e. “unclassified”. (E) The sediment samples from bow to stern and (F) from port side to starboard side with their relative bacterial abundances per sample site coloured by top 19 most abundant bacterial family.



Algal chloroplast 16S rRNA gene sequences were used to identify the relative abundance of eukaryotic microalgae in the samples (Figures 3C, D). The analysis based on the algal chloroplast content shows a different composition of the samples taken closest to the coal bunker (stern side) with relatively more Pycnococcaceae (27.6 ± 7.4% vs. 19.5 ± 14.7%) as well as unidentified chloroplasts (Eukaryota kingdom) and relatively less Navicula (1.4 ± 1.9% vs. 4.9 ± 1.6%), Thallassiosira (4.3 ± 3.0% vs. 20.2 ± 5.0%) and chloroplasts from the Bacillariophyta order (2.5 ± 1.5% vs. 4.1 ± 1.9%) compared to the port and bow side. The freshly deposited sediment also appears to have a different microalgal composition, with relatively more Pycnococcaceae (33.0 ± 4.7%) and unidentified chloroplasts (Eukaryota kingdom) and relatively less Thallassiosira (11.7 ± 4.5%) compared to the port and bow side samples.

The relative abundances of the different bacterial taxonomic groups are different in the freshly deposited sediment (starboard sample at 20m) compared to the other sediment samples (Figures 3E, F); among others, there is relatively more Flavobacteriaceae (18.9 ± 1.8% vs. 9.1 ± 3.1%) and relatively less Halieaceae (0.5 ± 0.9% vs. 3.2 ± 1.6%). A representative of the Desulfobulbales (8.6 ± 14.2%) order is highly abundant in the sample closest to the coal bunker that is almost non-existent in the other samples (on average 0.2 ± 0.4%).

Flow cytometry data were used to plot a non-metric dimension scaling (NMDS) figure of the phenotypic microbial Bray-Curtis beta-diversity (Figure 2B). This plot revealed a slight grouping per sampling side. Mainly the stern side samples are most dissimilar from the other samples. When looking at the Bray-Curtis dissimilarity of the 16S rRNA gene sequencing data (Figures 2C, D), most samples are similarly based on the bacterial taxonomy. However, the freshly deposited sediment at the starboard side is an outlier. The samples with higher PAH content from the stern and bow side tend to cluster together. The micro algal taxonomy shows a similar pattern, with the higher PAH polluted (points with bigger size on the figure) stern and bow side samples clustering more clearly away from the other samples.

Comparing the lowest chemically contaminated samples (low: total PAH below 25 µg/kg, high: total PAH over 75 µg/kg) versus the highest contaminated samples, there are several bacterial amplicon sequence variants (ASV’s) significantly more abundant. Most of these ASV’s could be attributed to the following families: Rhodobacteraceae, Flavobacteriaceae and Chromatiaceae. From the top 100 most abundant bacterial ASV’s there are two ASV’s, one belonging to the Desulfobulbales order and one to the Marinilabiliaceae family (Figure 4A). With the 16S rRNA gene sequencing and the chemical data, a canonical component analysis (CCA) was performed to indicate what chemistry and which bacterial ASV’s contributed to the variance of the bacterial alpha and beta diversity amongst all locations (Figure 4B). The CCA visualisation shows that the PAH concentration drives the bacterial differences between the fresh sediment and exposed/aged sediments. For the bacterial ASV’s contributing most to the variance (based on the CCA), a Pearson’s correlation matrix was made (Supplementary Figure S2) to investigate whether the abundancy of these ASV’s was significantly correlated to the heavy metals, metalloids and aromatic compound concentrations measured in the samples. Bacterial ASV’s with the highest positive correlation to aromatic compound content and heavy metal concentrations were identified as representatives of the Woeseia, Thiotrichaceae, Ilumatobacter, Arenicella and Rhodobacteraceae (red dots on the figure). Bacterial ASV’s with negative correlations included members of Sulfurimonas and Woeseia (blue dots on the figure). A similar correlation matrix analysis (Supplementary Figure S3) was performed on the ASV’s that were identified as chloroplasts of algae. In red, we can see some algal chloroplast ASV’s correlated positively to the presence of PAH, similar to the chloroplasts of the families Pycnoccaceae and Thoracospharaceae. In blue, we marked a single negatively correlated algal chloroplast ASV that could not be identified beyond the Chlorophyta taxon.




Figure 4 | (A) High versus low polluted sediment based on the bacterial ASV’s. Cut-off for high polycyclic aromatic hydrocarbon (PAH) content was >75 PAH µg kg-1 sediment while cut-off for low was <25 µg kg-1 sediment. Families with known biodegradation pathways were highlighted in bold. Families with known enrichment in PAH polluted sediments were highlighted in italic. (B) CCA plot combining chemistry, bacterial and algal information. Starboard samples closest to the ship were freshly deposited sediment. Numbers on the arrows stand for the following chemicals: 1. methylphenanthrene, 2. Pb, 3. Zn, 4. acenaphthene, 5. fluorene, 6. dimethylnaphthalene, 7. organic carbon content in µg kg-1, 8. total PAH in umol kg-1, 9. biphenyl, 10. naphthalene and 11. acenaphthylene.





2.3 The steel shipwreck microbiome

The biofilm on the shipwreck contained >40% of sulphur cycling bacteria from families including Desulfocapsaceae, Desulfosarcinaceae, Sulfurimonadaceae, Sulfurovaceae, Thiomicrospinaceae and Thiotrichaceae (Figure 5A). Total relative abundance of sulphur cyclers was on average almost 6 times more abundant in steel samples (>40%) compared to sediment samples (7%) (Figure 5A). Comparing the specific bacterial families found in sediment versus shipwreck biofilm samples using Analysis of Compositions of Microbiomes with Bias Correction (ancombc) confirmed a significantly higher abundance of families with members involved in sulphur cycling (Figure 5B). When looking at the taxonomic families composing the community structure of the samples, average relative abundance showed that about 2% of the families present in the shipwreck microbiome were specific to the shipwreck niche (i.e. not native to the sediment microbiome (<10-10%)). Alpha diversity analysis (Hill numbers, D2) showed a significantly lower bacterial biodiversity on the biofilm compared to the sediment samples (Wilcoxon Rank Sum test; p<0.05) (Figure 5C). Moreover, there did not seem to be a trend of higher diversity in the sediment closer to the shipwreck, and lower diversity when moving further away from the wreck, for some sampling directions an opposite trend may even be seen, as for bow and stern the diversity decreases closer to the wreck (Figure 5D).




Figure 5 | (A) Sediment around the shipwreck and the steel their bacterial composition (ASV’s) based on top 25 taxa based on family; (B) Steel versus sediment based on the bacterial families. Classes with known corrosion members were highlighted in bold; (C) Alpha diversity (as Simpson diversity calculated by Hill number q=2) of the sediment and steel samples; (D) Alpha diversity (as Simpson diversity calculated by Hill number q=2) per sampling direction and distance from the ship.






3 Discussion


3.1 Chemical characterisation of the sediments suggests slow leaching

To the best of our knowledge, the present study is the first to combine a chemical and microbial characterization of a potentially polluting wreck in the Belgian part of the North Sea. The John Mahn shipwreck, even after almost 80 years on the seafloor, seems to still leach micropollutants into the sediment, both from the coal bunker (aromatic compound content) as well as munition (still) present on the wreck (TNT content) and the wreck itself (heavy metals). In comparison to the total PAH concentrations found around the s/s Stuttgart of the Polish coast in the Baltic Sea (Rogowska et al., 2010), i.e. from 16.05 mg/kg to 244.90 mg/kg sediment, the concentrations found around the V-1302 John Mahn are about 100 to 1000 times lower (µg/kg vs. mg/kg), which is in the same range as the concentrations found around the HMS Royal Oak in Scotland (Thomas et al., 2021) (closest samples taken 50 m from the HMS) and within background concentration levels for sediments in the OSPAR (Oslo/Paris convention for the Protection of the Marine Environment of the North-East Atlantic) marine area (Dataset Commission, O, 2017). Our sampling pattern revealed increasing concentrations when approaching the shipwreck (Figures 1C, D). The PAH composition showed a higher pyrogenic than petrogenic content, which is more indicative of exhaust pollution rather than un-burnt hydrocarbons leaching from a tank, contrasting with the concentration profiles that do suggest leaching from the wreck. However, leaching from ashes in the boiler, a flash fire from the bomb hit, and burned coal tar potentially used to preheat the boilers could also explain the higher pyrogenic rather than petrogenic PAH content. The heavy metal concentrations surrounding the V-1302 John Mahn, are in the same range as the ones found by Gwizdala et al. (2018) in the gulf of Gdańsk surrounding the small World War II shipwrecks, Munin and Abille, where samples were taken at 100 m from both wrecks. The higher arsenic combined with higher PAH content in the samples closest to the coal bunker suggests the arsenic might originate from the coal. Arsenic and copper could also be leaching from antifouling agents, as the paints used in that time period commonly contained arsenic, mercury or copper (Almeida et al., 2007). The TNT concentrations found in this study (up to 120 ng TNT/kg dry sediment) were 5 to 10 times lower than what was detected in sediments close to sunken artillery shells in Halifax, Canada, where they found concentrations ranging from 0.5 to >100 ug/kg (Rodacy et al., 2001), although, to compare the values of TNT in these different sediments in-depth, normalisation of the organic matter content should be performed. These results suggest either the remnants of a strong historic contamination or continuous slow leaching. The half-life in marine sediments of recalcitrant PAH components can range from several days up to decades (Marini and Frapiccini, 2013; Mandić and Vrančić, 2017) which means some of the components could be historic contamination however others, such as naphthalene (with a half-life up to 13 days according to Marini and Frapiccini (2013)) has probably been slowly leaching more recently.



3.2 The sediment microbiome shows indication of shipwreck influence

Although not the most prevalent (only 2 bacterial ASV’s from the top 100 most abundant ones), several bacterial ASV’s were more dominant in the more contaminated sediments (Figure 4A). These ASV’s belong to families which include members that are known to be able to degrade aromatic compounds, e.g. Rhodobacteraceae (Buchan et al., 2019), Flavobacteraceae (Trzesicka-Mlynarz and Ward, 1995), Chromataciaceae (Rochman et al., 2017) and Woeseiaceae (Bacosa et al., 2018), while others belonged to families previously shown to be enriched in PAH contaminated sediments, e.g. Thiotrichaceae (Dell’Anno et al., 2021) and Nitrosomonadaceae (Jiao et al., 2016). Specific (relatively low abundant) ASV’s belonging to the genus Woeseia and to the families Thiotrichaceae and Rhodobacteraceae showed a strong positive correlation with the PAH concentrations (Supplementary Figure S2). It is also suggested from both the algal and bacterial beta-diversity that the freshly deposited sediment is different from sediment surrounding the shipwreck (Figure 3). Overall, our results indicate that both the shipwreck itself and the PAH which are presumably leaching from the wreck to the sediment, despite the low concentrations, drive at least part of the bacterial community structure in the surrounding sediment.



3.3 Comparing two World War II shipwrecks indicate similar higher taxonomic level composition but clear differences at lower levels

The effects of the shipwreck on both chemical and microbial composition of the sediment are in contrast with the study performed by Thomas et al. (2021) on sediments surrounding the HMS Royal Oak. Although similar in time spent on/in the sediment (John Mahn: sank in 1942 vs. Royal Oak: sank in 1939), similar in depth (21-35 m vs. 12-33 m), similar in climate (both in between 50-60° N and between 3° W and 3° E, both in a sheltered Sea (BPNS vs. Scapa Flow), and similar in how far the samples were taken from the ship (40 m vs. 50 m), Thomas et al. (2021) found no leaching nor any clear bacterial enrichment due to PAH’s. The bacterial composition of sediment samples of the HMS Royal Oak showed similar higher taxonomic groups as reported here. Acidimicrobiia, Alphaproteobacteria, Bacteroidia, Gammaproteobacteria, Desulfobulbia, Nitrospira, Phycispaerae and Polyangia were the most significant contributors in both cases (Supplementary Figure S4). However, when looking into a lower taxonomic level, there was a clear difference based on relative abundances of families present, with Flavobacteriaceae, Desulfosarcinaceae, and Sulfurovaceae dominating the Royal Oak sediment while Woeseiaceae, Flavobacteriaceae, and BD-7-8 group dominated the John Mahn sediment. Although similar research aims were pursued, a big difference with the HMS Royal Oak study is that Thomas et al. (2021) focused on sediment further from the shipwreck (50 - 1000 m), whereas here the samples were taken close to and on the shipwreck (0 to 80 m). This could suggest that the effect of World War II shipwrecks (<50 m deep) in the North Sea sediment are limited to a small area around the wreck due to the dynamic nature of the BPNS, with strong currents from diverse directions. In addition, sandy sediment often lacks a high carrying capacity for contaminants. Furthermore, the Royal Oak contained fuel oil rather than coal, which was demonstrated to leak a lot during the 1960s and the 1990s and was partially cleaned during the 2000s, while to our knowledge the V-1302 John Mahn’s remaining coal reserves are mostly still in place, seemingly slow but continuously leaching to this date.



3.4 Steel shipwreck microbiome shows a selection of corroders

Phycisphaerae, Verrucomicrobia and Bacteroidetes were reported by Price et al. (2020) to be at a higher abundance on shipwreck samples compared to sediment. In this study, the abundance of Verrucomicrobia and Bacteroidetes are also generally higher on the shipwreck steel (Supplementary Figure S4). Upon closer look, several families have significantly higher abundances while other families from these phyla show a significantly lower abundance (Figure 4B).

A clear difference found in this study was the higher abundance of sulphur cyclers in the steel samples. The classes, highlighted in bold in Figure 5B, shown to be significantly more abundant on the steel fragments, are sulphate reducing bacteria (SRB) and sulphur-oxidising bacteria (SOB). When looking at solely the Zetaproteobacteria (main iron-oxidising bacterial group) only one ASV from the Mariprofundus genus is present, and only on the steel fragment samples (0.076% vs. 0%). Colonization of steel in marine sediments starts with an increase in abundance of iron-oxidizers, and as the biofilm matures, bacteria and other microbes, involved in speeding up the corrosion process, appear (McBeth and Emerson, 2016). Smith et al. (2019) performed a thorough analysis of marine steel fragments, obtained from a corroded steel surface in the UK, showing the involvement of both SRB and SOB in marine steel bio-corrosion. Iron sulphides are formed by reaction with hydrogen sulphide produced by the SRB causing primary corrosion. These iron sulphides are subsequently being oxidised through a series of sulphur oxidation states by the SOB, forming acid at all stages, causing even more corrosion. Enning et al. (2012) have suggested that some bacteria (such as SRB and SOB) are able to take up external electrons from abiotic sources like shipwreck steel, explaining the enrichment of both SRB and SOB and other heterotrophic bacteria on shipwreck steel. SRB and SOB would thus be expected in a mature steel hull bacterial biofilm.

Two genera from the algal class Bacillariophyta were more abundant in the steel samples compared to the sediment samples (Supplementary Figure S5), moreover, if we look at the total average % of diatoms in the samples, it shows that more diatoms were present on the steel fragments (57.2% ± 15.1% vs. 49.9% ± 18.6%) suggesting a role in settlement on/in the biofilm and ultimately a potential (in)direct effect on corrosion. Smith et al. (2019) showed diatomaceous algae cemented within the corrosion biofilm and iron oxide nodules as well, showing diatoms could be involved in the mechanism at some level. However, more research into what specific functional mechanism these microalgae contribute to corrosion is still needed.




4 Conclusions

In conclusion, this study demonstrated that the local microbiology and geochemistry on and around this World War II ship is still influenced by the wreck even after having been down there for almost 80 years. Both local bacteria as well as microalgae are influenced by the chemistry and structure this shipwreck provides.



5 Materials and methods


5.1 Wreck selection and sampling

Based on literature and incidental reports by recreational divers, an estimated 35 wrecks in the Belgian Part of the North Sea may still contain munitions. From this list, the V-1302 was selected for this study based on the known presence of pollutants (coal reserves, depth charges) and its favourable conditions for diving (depth, current speeds, average turbidity). When built, the ship was 48 m long and weighed 292 tonnes. As the ship was built in 1927, it was most likely built with Schiffbaustahl type I, which had a yield strength of 360-430 MPa and a 20% strain. It consisted of 0.25-0.3% carbon, 0.3-0.5% manganese and 0.3% silicon (Bauer et al., 1925). During adaptation from shipping boat to warfare, an 88mm naval gun, 20mm c/38 light anti-air artillery pieces, and multiple anti-submarine depth charges were added. Documents from the German Military Records in the Bundesarchiv in Freiburg revealed the fate of this vessel. The ship was hit twice after which it sank within 35 minutes. The ship wreck lies slightly askew with a large hole on the port side (due to the first bomb blast) at 51°28,937’ N and 2°41,339’ E between 21m and 35m of depth (Supplementary Figure S6). Visual inspections by scientific divers have shown that various munitions (88mm shells, 20mm cartridges, and at least six depth charges) are still present on the wreck, but the leakage of polyaromatic hydrocarbons (PAH's), munition compounds or heavy metals had not been investigated to date.

To investigate whether pollutants (organic aromatic compounds, heavy metals and explosives) are (still) present in the sediment surrounding the wreck, samples were taken in a cross-shaped sampling pattern around the V-1302 John Mahn. Eight sampling points were decided upon on the port/starboard axis, four on each side. Four sampling points were decided upon on the bow/stern axis, two on each side. Sampling points were chosen approximately 20 m apart, as shown in Figure 6. At each sampling point, a Van Veen grab with a sampling surface of 0.1 m², and a sampling depth of approximately 15 cm was lowered. Once aboard, the sediment of each point was homogenised by hand before the sample was split into four, providing ample sample for each of the different analyses. Two small pieces of loose wreckage were also recovered by divers during the sampling campaign. Before the microbial analysis, all the sub-samples for this analysis (sediment and wreckage pieces) were frozen at -20°C on board.




Figure 6 | Sediment (JM xx) samples were taken around the John Mahn shipwreck on the four transects radiating Northeast (four sediment samples and one water sample), Southeast (two sediment samples and one water sample), Southwest (four sediment samples and one water sample) and Northwest (two sediment samples and one water sample) from the ship’s centre. The coal bunker was located in the back of the ship on the port/stern side indicated by the red cross. The bombs the ship was equipped with were predominantly found at the front and back of the vessel.





5.2 Aromatic compound analysis

A broad-spectrum analysis of 23 PAHs was used to compare the chemical composition and pollution of various sampling stations. The analysis included naphthalene, 1-methylnaphthalene, 2,6-dimethylnaphthalene, 2,3,5-trimethylnaphthalene, biphenyl, acenaphthylene, acenaphthene, fluorene, fluoranthene, phenanthrene, 1-methylphenanthrene, anthracene, pyrene, chrysene, benz(a)anthracene, dibenz(a,h)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, perylene, benzo(ghi)perylene, and indeno(1,2,3-cd)pyrene. First, PAHs were extracted from the sediment with dichloromethane in an Accelerated solvent extractor at a pressure of 13.8 MPa. Gel permeation chromatography (columns used: ENVIROGEL 19X300MM and ENVIROGEL 19X150MM) was then used for the clean-up. The analysis was done by gas chromatography with mass spectrometry (GC-MS; Thermo TSQ8000) with the conditions for the column (Rxi-5silMS 20 m, 0.18 mm diameter, 0.18 µm internal diameter) as follows: 35°C for 2 min, heat to 250°C at 25° min-1, hold for 0 min, heat to 300°C at 10°C min-1, and a final hold for 10 min; The GC-MS is equipped with a programmable temperature vaporising (PTV) injector, using helium as a carrier gas in the constant flow mode (1 mL min-1). The conditions of the PTV were 40°C for 0.01 min, heating to 300°C at 14.5°C s-1, holding for 2 min. A split flow of 20 ml min-1 was used. Explosives were extracted in the same way as the PAHs with an additional clean-up with aluminium oxide (10% deactivated) and a limited pressure (10.3 MPa). The analysis was done by GC-MS (Thermo TSQ8000). The conditions for the column (Rxi-5silMS 20 m, 0.18 mm diameter, 0.18 µm internal diameter) were as follows: 30°C for 4 min, heat to 120°C at 20°C min-1, heat to 150°C at 7°C min-1, heat to 300°C at 20°C min-1 heat to 300°C at 10°C min-1, and a final hold for 1 min; Large volume PTV injection carrier gas helium in constant flow mode (1 mL min-1). The conditions of the PTV were 40°C for 0.30 min with a pressure of 20 kPa at a flow of 70 ml mincript-1. The heating to 260°C was performed at 1.3°C sec-1 and at a pressure of 250 kPa. Final hold was for 1 min. A split flow of 20 ml min-1 was used.



5.3 Microbial analysis

During flow cytometry analysis, the samples were first diluted in 0.22 µm-filtered Instant Ocean® artificial seawater and stained with 1 vol% SYBR® Green I (SG, 100x concentrate in 0.22 µm-filtered DMSO, Invitrogen) for total cell analysis. Staining was performed as described previously, with an incubation period of 20 min at 37°C in the dark (Chatzigiannidou et al., 2018). Samples were analysed immediately after incubation on an Attune NXT (Thermo Fisher Scientific, Waltham, MA, USA) flow cytometer, equipped with a blue (488 nm) and red (637 nm) laser with Focusing Fluid (Thermo Fisher Scientific, Waltham, MA, USA) as sheath fluid. The instrument performance was verified daily using Attune™ Performance Tracking Beads (Thermo Fisher Scientific, Waltham, MA, USA). The gating strategy can be found in Supplementary Figure S7.

For 16S rRNA gene sequencing, triplicate subsamples of approximately 100 mg were taken from the -20°C frozen sediment samples. Two swabs per -20°C frozen iron piece of the wreckage were taken for 16S rRNA gene sequencing as well. Subsequent DNA extraction was performed by adding about 1 mL Tris/HCl (100 mM, pH 8) lysis buffer and 200 mg glass beads (0.11 mm Sartorius, Göttingen, Germany) to each swab after which cells were mechanically lysed by multidirectional beating for 5 mins at 4500 rpm in a PowerLyzer instrument (Mo Bio laboratories). Glass beads were removed by centrifugation for 5 min at 18 000 g, DNA was purified by a phenol‐chloroform extraction and precipitated by adding 1 volume ice‐cold isopropyl alcohol and 1:10 volume 3 M sodium acetate for at least 1 hr at -20°C, followed by centrifugation for 30 min at 18 000 g. The supernatant was discarded and the DNA pellet was dried and suspended in 100 µL 1× TE buffer (10 mM Tris, 1 mM EDTA). A DNA Clean and Concentrator kit (Zymo Research, BaseClear, Netherlands) was used according to the producer’s protocol to remove any contaminants able to interfere with PCR and sequencing.

For subsequent DNA extract quality control, the 16S rRNA gene V3-V4 hypervariable regions were amplified by PCR with Taq DNA Polymerase and the Fermentas PCR Master Mix Kit according to the manufacturers’ specifications (Thermo Fisher Scientific, Waltham, MA, USA) using primers 341F (5’-CCT ACG GGN GGC WGC AG -3’) and 785Rmod (5’-GAC TAC HVG GGT ATC TAA KCC-3’). The reverse primer was adapted from Klindworth et al. (2013), to increase coverage. The V3-V4 hypervariable region of the 16SrRNA gene was chosen as these regions have the best “environments” for the best pick-up rate during 2 x 250 base pair Illumina Miseq sequencing Klindworth et al. (2013). The obtained PCR product was run along with the DNA extract as well as a GeneRuler DNA Ladder Mix (Thermo Fisher Scientific, Waltham, MA, USA) on a 2% agarose gel for 30 minutes at 100 V as a control. The genomic DNA of the samples was then sent out to LGC genomics GmbH (Berlin, Germany) for library preparation and sequencing on an Illumina Miseq platform with V3 chemistry. The microbial data from the HMS Royal Oak sediments were downloaded from the European Nucleotide Archive database under accession number PRJEB37440, these data were obtained by Thomas et al. (2021).



5.4 Heavy metal analysis

The sediment subsamples of each 3-4 grams sediment were dried for 48 h at 55°C and weighed again. Metal content analysis was performed according to the official 2010 VITO (Dataset VITO, 2010; Dataset VITO, 2020) destruction method for solid material (CMA/2/II/A.3). In short, 0.5 g of dried sediment was digested and metals were extracted with a mixture of HCl, HF and HNO3 in a 20 min during temperature cycle with a microwave, followed by the addition of a Hipt3BO3 microwaved for another 3 minutes. Samples were subsequently filtered and run on an inductively coupled plasma-optical emission spectroscopy (Thermo Fisher iCap Q). The accuracy of the analysis was verified using BCR-277R estuarine sediment (certified reference material, European Commission).



5.5 Data analysis


5.5.1 Bacterial amplicon sequencing

All data analysis was performed in R (version 4.0.3). The DADA2 R package was used to process the amplicon sequence data according to the pipeline tutorial (Callahan et al., 2016). In a first quality control step, the primer sequences were removed and reads were truncated at a quality score cut-off (truncQ = 2). Besides trimming, additional filtering was performed to eliminate reads containing any ambiguous base calls or reads with high expected errors (maxEE = 2,2). After dereplication, unique reads were further denoised using the Divisive Amplicon Denoising Algorithm (DADA) error estimation algorithm and the selfConsist sample inference algorithm (with the option pooling = TRUE). The obtained error rates were inspected and after approval, the denoised reads were merged. Subsequently, the amplicon sequence variant (ASV) table obtained after chimera removal was used for taxonomy assignment using the Naive Bayesian Classifier and the DADA2 formatted Silva v138 (Quast et al., 2013). ASV’s mapping back to anything other than ‘Bacteria’ were filtered out as they were considered technical noise. Singletons, reads occurring only once in all samples were considered noise and were removed (McMurdie and Holmes, 2014). In all analyses of bacteria, we removed chloroplast/mitochondria sequences. In analyses of phytoplankton, we only used chloroplast/mitochondria sequences. All the ‘chloroplast’ ASV’s were separately reassigned using the 16S rRNA sequence taxonomy from the plastid, apicoplast, chromatophore and mitochondrion part of the pr2 database (Decelle et al., 2015; Derelle et al., 2016; Gaonkar et al., 2018; Adl et al., 2019) to identify the chloroplasts present in the sample as a proxy of photosynthetic eukaryotes as performed in a similar workflow by both Fuentes et al. (2019) and Tamayo-Leiva et al. (2021).



5.5.2 Statistical data analysis

Further data analysis was performed using statistical packages like Phenoflow (v1.1.2) (Props et al., 2016) for flow cytometric data analysis, Phyloseq (v1.22.3) (McMurdie and Holmes, 2013) for ASV’s data handling, vegan (v2.5.6) (Dixon, 2003) and betapart for diversity analysis of ASV’s, ancombc (v2) (Lin and Peddada, 2020) for significant higher/lower abundance of ASV’s. To assess significant changes due to the imposed environmental conditions, (PERM)ANOVA analysis was used, using a cut-off of (adjusted) p-value<0.05. Furthermore, a Pearson’s correlation was performed in R to correlate environmental conditions (heavy metal concentration, organic pollutant concentration) with the abundance of specific ASV’s.
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