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A 30-year-old diesel tank: fungal-
dominated biofilms cause local corrosion

of galvanised steel
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The increased use of biodiesel is expected to lead to more microbial corrosion, fouling and fuel
degradation issues. In this context, we have analysed the metal, fuel and microbiology of a fouled
diesel tank which had been in service for over 30 years. The fuel itself, a B7 biodiesel blend, was not
degraded, and—although no free water phase was visible—contained a water content of ~60 ppm.
The microbial community was dominated by the fungus Amorphotheca resinae, which formed thick,
patchy biofilms on the tank bottom and walls. The tank sheets, composed of galvanised carbon steel,
were locally corroded underneath the biofilms, up to a depth of a third of the sheet thickness. On the
biofilm-free surfaces, Zn coatings could still be observed. Taken together, A. resinae was shown to
thrive in these water-poor conditions, likely enhancing corrosion through the removal of the protective

Zn coatings.

Hydrocarbon fuel is long known to be biodegradable'. Microbial con-
tamination of fuel systems, even though often dubbed “fuel algae”, consists
mostly of bacteria and fungi’™, with archaea being reported rarely’. In
general, these communities are dominated by aerobic species®”. However,
anaerobic microorganisms like methanogens, nitrate-reducing bacteria, and
sulphate-reducing bacteria (SRB) were also observed to grow on aerated
(bio)diesel’, indicating the presence of local anoxic zones in fuel tanks.
Marks et al.* showed that diesel components found in the metal ballasts of
marine ships can be utilised both aerobically and anaerobically, with these
processes occurring in succession. Note that in many fuel systems, it is not
always clear whether specific organisms metabolise the hydrocarbon chains
of the fuel or the fuel additives, or whether they are only surviving in fuel
tank systems’.

Apart from the breakdown of hydrocarbons, microbial growth in fuel
systems can cause other environmental and economic issues related to
fouling or the corrosion of the metal infrastructure’". This is especially the
case for diesel fuels’. Fouling, attributed primarily to fungi and extracellular
polymeric substance (EPS)-producing bacteria’, can cause operational
failures by blocking the flow of fuels by filter plugging, or by disabling
pumps, valves or tank gauges'”’. Corrosion of the fuel tanks will lead to

leakage and is thought to be mostly caused by SRB’. Indeed, the SRB
Desulfoglaeba alkanexedens was shown experimentally to cause carbon steel
corrosion when grown on diesel”’, but the same can be said of various
fungi'*', or the aerobic heterotroph Bacillus clausii”’. Known microbial
corrosion mechanisms are (among others) organic acid production, direct
electron transfer, use of intermediate electron carriers like H,, Fe(IT) oxi-
dation, or H, production via hydrogenases'*™’.

Fouling issues in fuel systems have resulted in the development of
mitigation strategies like good maintenance practices (e.g., cleaning, drai-
nage of water) "%, and the application of biocides*'. These are aided by several
detection and monitoring approaches ranging from general detection kits
based on microbial growth on agar or the formation of black ferrous sul-
phide by SRB™, or immunofluorescence™, to quantitative polymerase chain
reaction (QPCR)*** tests to detect the presence of specific contaminants.

One recent development related to society’s quest for renewable energy
that drastically increased the relevance of these biofouling processes is the
rising production and use of biodiesel based on fatty acid methyl esters
(FAME). Not only did the production of biofuels increase by a factor of nine
from 2000 to 2020, the proportion of biodiesel (including hydrotreated
vegetable oil) as a percentage of the total biofuel production experienced a
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tenfold increase in the same timeframe™. Its consumption is mainly taking
place in the EU (18 billion litres), Asia (mainly Indonesia, 11 billion litres),
Latin America (mainly Brazil, 10 billion litres), and North America (8 billion
litres) (data from 2019, including hydrotreated vegetable oil)*. This
booming use is expected to further enable fungi and bacteria to cause
fouling, fuel degradation, and corrosion'”. The reason is twofold: biodiesel
has a higher saturation moisture content” and is more biodegradable****
compared to conventional diesel. Methanogenic communities, for instance,
were shown to have higher methane production when grown on blends with
a higher biodiesel content®, whereas fungi degraded a higher fraction of
FAME than alkanes, when both had an equal chain length'5 . Several studies,
moreover, noted a community shift upon increasing the biodiesel
content™”, with Schleicher et al.’ showing that fungi dominated the com-
munity at higher biodiesel contents. The parallel increase in the use of ultra-
low sulphur diesel (ULSD), however, neither resulted in a community shift
nor in a change in anaerobic metabolism” and seemingly can be ignored
with respect to the abovementioned failures.

Whether such biodiesel-related effects actually cause more diesel tank
failures through corrosion remains uncertain. An indication is, however,
given by a report on the corrosion prevalence of underground diesel storage
tanks (UST), which revealed that 83% of the studied tanks exhibited
moderate to severe corrosion, presumably through microbial activity™'. The
report further mentions that, starting in 2007, observations were made of
severe corrosion in the upper vapour space, a timing which coincides with
the introduction of biodiesel, but also ULSD and an increase in retailers
selling diesel”’. The in situ incubation of carbon steel coupons in such
biodiesel storage tanks, moreover, revealed the presence of a diverse bac-
terial population and one dominant fungal species (identified as Paecilo-
myces dactylethromorphus™) whose abundance correlated with the
corrosion of the coupons™.

In this context, we were offered a diesel tank of a camper van which had
been in use for over 30 years, and which failed due to fouling of the fuel
gauge. Initial non-destructive testing revealed the presence of patchy bio-
films composed of a diverse bacterial community and a fungal community
dominated by one species: Amorphotheca resinae (Supplementary Fig. 1).
This fungus, better known as the kerosene, diesel or creosote fungus, can
degrade multiple pure cyclic and linear hydrocarbons®™*, kerosene® and
(bio)diesel* (Gerrits et al., under review) and is therefore a ubiquitous
coloniser of various hydrocarbon-containing systems®”*. Furthermore, the
production and intracellular accumulation of hydrocarbons (mostly pris-
tane and hexadecane) have been observed as well”. Nevertheless, experi-
mental studies have shown that A. resinae was not able to enhance the
corrosion rate of carbon steel when grown on (bio)diesel in other studies*
(Gerrits et al., under review). To determine whether the microbial com-
munity inhabiting the fouled diesel tank also had any corrosive effects on the
carbon steel material, we undertook a multidisciplinary approach to further
assess the microbiological composition, chemical environment (including
pH, water content, diesel composition), and material (e.g., corrosion fea-
tures) underneath biofilms and on bare surfaces in various locations in the
tank. Given the initial identification of A. resinae as a dominant organism in
the diesel tank, we were also interested in understanding whether this
organism thrived in such environments solely due to its known diesel-
degrading abilities, or whether other factors may have also contributed to its
prevalence in this system and in diesel tanks in general.

Results

General description of the opened diesel tank

Non-destructive testing of the fouled diesel tank carried out in 2021 and
2022 showed the appearance of wall-attached deposits which were assumed
to be biofilms (Supplementary Fig. 1a). Samples, containing brown flocs,
were aseptically collected from the bottom of the diesel tank and near the top
of the diesel layer during the non-destructive testing events and subject to
amplicon sequencing for both prokaryotes (16S) and the fungi (ITS2). These
analyses revealed a diverse prokaryotic community and the dominance of
the eukaryotic fungus A. resinae (Supplementary Fig. 1b). Anaerobic,

microaerophilic and aerobic enrichment cultures for prokaryotes have so far
not resulted in any isolated strain. In contrast, successful culturing of such
biomass (flocs) sampled in 2022 led to the isolation of 3 distinct strains of A.
resinae that were tested for their corrosivity of carbon steel when incubated
with glucose or B7 biodiesel (Gerrits et al,, in review). With glucose, A.
resinae caused uniform general corrosion of carbon steel, while when grown
on biodiesel, the fungus seemed to protect the steel.

Given these mixed results, we subsequently carried out a more
extensive analysis of the fouled diesel tank to better understand the effects
that this fungus and other microbial community members inhabiting the
tank may have had on the metal surface. The top part of the tank was cut
open around the perimeter, creating a lid. The bottom sections of the tanks
were arbitrarily designated A to E as indicated in Fig. la. Compartment E, a
separate section within the larger tank, was the site of the fuel gauge, which
had fouled, leading to the failure of the tank. The primary samples collected
as ‘background’ samples, e.g., those that did not show visible evidence of
flocs, debris, or biofilm included the lid (designated 1id’), the bottom of
compartment A (i.e., a section with no attached biofilm, designated ‘bottom
in A’), and the baffle in section D (designated ‘baffle in D’) (Fig. 1a). The
primary samples collected showing visible evidence of flocs, attached debris,
or biofilm included the rust layer on a vertical wall of compartment E
(designated ‘rust in E’, Fig. 1b, d), the lower biofilm at the diesel-air interface
in compartment E (designated ‘lower biofilm in E’, Fig. 1c), the upper
biofilm on contact area of compartment E and the baffle (designated ‘upper
biofilm in E’, Fig. 1¢), and the area between compartment E and the main
tank body (designated ‘underneath E’, Fig. le). Other samples that were
subject to some analyses included the seam in section C (designated ‘seam’),
and loose flocs present in each of the five tank sections (designated ‘floc A,
‘floc B’, etc., Fig. 1a, b).

The diesel layer in the tank was measured to be 23 mm deep, and no
free water was visibly observed; nevertheless, select samples of the diesel
were analysed by coulometry. This analysis showed that the diesel did
contain some low amounts of water, ranging from 53.1 + 7.6 (1 SD) ppm in
the fouled compartment E to 64.1 + 2.8 ppm H,O in compartment A (fresh
B7 diesel was found to contain 73.7 + 16.2 ppm H,O). The diesel in the tank
had an estimated pH of 5, similar to a fresh diesel sample (obtained from a
local fuel station). Diesel samples collected from the main tank and from
compartment E were analysed by gas chromatography equipped with flame
ionisation detection (GC-FID) and compared to a fresh diesel sample to
determine whether biodegradation of the biodiesel took place. However, no
discernible differences in the n-alkanes or FAME components were evident
between these samples (Supplementary Fig. 2).

Microbial community composition within the diesel tank

Non-destructive sampling of fluids (containing some brown flocs) in the
diesel tank in 2021 and 2022 was subject to amplicon sequencing for fungi
and bacteria/archaea (Supplementary Fig. 1). As indicated earlier, the results
showed the predominance of a single fungal amplicon sequence variant
(ASV) of Amorphotheca resinae, with a lower relative abundance of another
A. resinae ASV. Fungi affiliated with Cladosporium sp. and Penicillium sp.
were also identified in these early samples (Supplementary Fig. 1b). A fresh
B7 diesel sample (from a local fuel station) showed several additional fungal
taxa, not detected in the diesel tank. These included Malassezia yeasts, an
Agaricomycetes sp. and a Penicillium sp. Sequencing of the V4-V5 region of
the 16S rRNA amplicon showed diverse bacterial taxa also present in the
diesel tank, including anaerobic taxa such as Acetobacterium, Desulfo-
vermiculus, Geobacteraceae, and halophiles such as Halanaerobium (Sup-
plementary Fig. 1c). Between the 2021 and 2022 sampling events, a shift
occurred in microbial community composition wherein the relative abun-
dances of several anaerobic taxa decreased. The 2022 data showed an
increased relative abundance of organisms such as Delftia, Enterobacter-
iaceae, and Stenotrophomonas. The fresh diesel sample also contained many
prokaryotic taxa which were not or to a lesser extent detected in the diesel
tank samples: e.g., Flavobacterium sp., Methanoregula sp., and Thiobacillus
sp. (Supplementary Fig. 1¢). Notably, many taxa observed in the fresh diesel
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Fig. 1 | Photos of the opened diesel tank and select
components that were analysed in this study. a An
overview of the opened tank, showing the arbitrarily
designated compartments, along with the lid, seam,
and the baffle that were also subject to various
analyses. b A top view of a portion of the tank
highlighting the features of compartment E. In
addition, the red boxed area in compartment Cis an
example of the brown flocs seen throughout the
bottom of the tank. ¢ A close-up view of the biofilms
observed in compartment E; the deposits at the weld
are referred to as the upper biofilm in E, while the
deposits at the diesel/air interface is called the lower
biofilm in E. d An example of one of the rust areas
observed in compartment E. e Brown and pale-
yellow deposits observed underneath compartment
E following the dismantling of the tank (referred to
as underneath E).

-

sample from 2022 were also found in the diesel tank sample of 2022 but not
in 2021 (Supplementary Fig. 1c). This could be either due to cross-
contamination or a shift towards “storage conditions” inside the tank
resembling those in a UST.

Upon opening the tank, brown biofilm-like deposits were visible in
each compartment of the tank that were either floating in the diesel (flocs) or
attached to the steel sheets at the bottom and walls (above and below the
diesel level). Samples collected from the biofilms and rust layers evident in
compartment E, along with the lid, under compartment section E, the seam
in compartment C, and the diesel itself (Fig. 1) were analysed by amplicon
sequencing targeting a portion of the 16S rRNA gene for prokaryotes (V4-
V5 region) and the ITS2 region for fungal identification.

The 2025 fungal community was dominated by multiple ASVs of A.
resinae (Fig. 2a), similar to the 2021 and 2022 communities. One A. resinae
ASV was dominant across all samples, ranging from 66 to 95% relative
abundance of the fungal sequences obtained. A second A. resinae ASV made
up the second most abundant fungal taxon, ranging from 1% (lid) to 25%
(under E) relative abundance. Many other ASVsidentified as A. resinae were
also present in the sample. Those that were present in the top 10 most
abundant taxa (and occurred at greater than 0.25% relative abundance in at
least one sample) are shown as individual ASVs, with all others grouped
together as ‘other ASVs’ of A. resinae (Fig. 2a). Although many of the other
A. resinae ASV's were individually present in low relative abundances (<1%),
this result shows the diversity within this species under these conditions and
aligns with the results of Gerrits et al. (under review) who readily isolated
three distinct A. resinae strains from this diesel tank. It should be noted,
however, that the dominance of A. resinae (and multiple ASV's associated
with this taxon) could be due to primer and sequencing biases, which are
well-known limitations of amplicon sequencing®. Other fungi present at

low relative abundances included Aspergillus sp. (0-1.3%—highest in the
seam), Penicillium sp. (0 to 0.98%—highest on the lid), Ramularia sp. (0 to
0.41%—highest in the seam), and Vexillomyces fraxinicola (0 to 0.58%—
highest in floc E).

Figure 2b presents a summary of the prokaryotic taxa found in all 2025
diesel tank samples. The 10 most abundant taxa for each sample are shown.
As with 2021 and 22 samples (Supplementary Fig. 1¢), many bacterial taxa
were identified, with a decided overlap to previous communities. Notably,
ASVs identified as Stenotrophomonas and Desulfovermiculus were most
abundant in the majority of samples, with several other aerobes and anae-
robes (including more than one ASV of Anaerophaga and Halanaerobium)
contributing to community structure. Samples taken from loose flocs
appeared to contain lower relative abundances of Stenotrophomonas but
overall were comprised of most of the similar taxa as other samples. Beta
diversity analysis (shown as a non-metric multi-dimensional scaling
(NMDS) plot in Supplementary Fig. 3) showed some clustering of the loose
floc communities, separated from the attached biofilm communities, which
also grouped closer to one another. Samples collected and processed in
duplicate (such as rust in E) grouped closely in the NMDS analysis.

Metagenomic whole genome analysis of one combined swab of
surface-attached biofilms was also conducted to augment amplicon
sequencing and allow for further interrogation of the genetic features of the
diesel tank community. The metadata of metagenomic whole genome
analysis is shown in Supplementary Table 1. Notably, 99.4% of rRNA reads
mapped to the 18S rRNA genes, while only 0.6% mapped to 16S rRNA
genes, showing the dominance of eukaryotes in the sample. A substantial
proportion (77.9%) of the quality-controlled (QC) metagenomic reads
mapped to the genome of A. resinae ATCC 22711 (GCA_003019875.1*").
As this method is sensitive towards the genome size of a species, we also
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Fig. 2 | Microbial community sequencing results
of diesel tank samples. Bubble plots showing the
results of a ITS (eukaryotes) and b 16S rRNA
(prokaryotes) gene sequencing of samples collected
from various sections of the diesel tank in 2025. The
size of the bubbles represents the relative abun-
dances (%) in each sample. The plots were generated
based on the top 10 highest relative abundances of
ASVs in each sample. For the ITS results, ‘A. resinae
other ASVs’ contains ASVs that were present at
<0.25% relative abundance that were grouped
together; numbered ‘A. resinae’ shown are those
present at 0.25% relative abundance or greater.
Samples rust in E, upper biofilm in E, and under E
(underneath E) were sampled and processed in
duplicate thus are shown as different samples.
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compared the number of 18S reads of A. resinae to the total number of 18S
reads. This analysis showed that 82% of the total rRNA belonged to A.
resinae, confirming the dominance of this fungus in the diesel tank system
by using a different genetic marker.

Sections of the diesel tank were also analysed by environmental
scanning electron microscopy (ESEM). Figure 3 shows images of the

surfaces associated with different locations in the tank at broad and smaller
scales. Sampled locations that did not have any visible evidence of debris or
biomass, including the lid, bottom in A, and baffle in D, revealed the pre-
sence of some spherical structures, 3-5 um in diameter, which possibly
represent yeast cells or spores of moulds. The larger round structures (up to
20-30 um) (Fig. 3, for baffle in D) were observed in direct contact with the
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Fig. 3 | ESEM images of samples taken from dif-
ferent locations of the diesel tank. The lid, bottom
in A and baffle in D were mostly covered by spherical
cells and larger (30 um in diameter) round cellular
structures. The rust in E was composed of large,
roundish structures and filamentous fungi. The
upper and lower biofilms were composed almost
entirely of filamentous fungi together with larger,
roundish structures. Underneath E, the hexagonal,
wurtzite structures (indicated by the white arrow)
are typical of Zn oxides. See Supplementary Fig. 4 for
additional SEM images and Supplementary Fig. 5 for
EDX analyses.

Baffle in D

Rustin E

Upper biofilm

Lower biofilm

Underneath E

Bottom in A

Lid

in E

in E

diesel tank walls and might represent microcolonies containing basidio-
mycetous yeast cells or chlamydospores. The mucilage-like appearance of
their outer envelopes supports this interpretation, as several detected basi-
diomycete genera are known to produce EPS capsules.

Sampled areas of compartment E which in contrast showed evidence of
debris (rust in E) or biofilms (upper biofilm in E, lower biofilm in E) were

covered with an abundance of fungal hyphae and spherical cells which were
notably larger in size than most prokaryotic cells (e.g., larger than 1-2 pm)
(Fig. 3), confirming the dominance of fungal biomass in these biofilms and
rusty areas. As well observed within the biofilms and on the rust in E sample
were large, smooth, roundish structures with diameters ranging from 50 um
to 1mm (Supplementary Fig. 4). The floating flocs were also mostly
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Table 1 | Summary of Zn-associated genes found in the diesel tank metagenome for different taxa based on KEGG

orthology (KO)
KO number - ko:K07238 ko:K14709 ko:K14713 ko:K14715 ko:K14688 Total hits
Putative function dimerisation Zn transporter, low-affinity Zn Zn transporter Zn transporter Zrc1/Znt1 (Zn
domain of Zn ZIP* family (Zn transporter (Zn (solute (solute efflux protein/
transporter importer) importer) family 39) family 39) vacuole
storage)
Allantophomopsis 1 1
cytisporea
Amorphotheca resinae 1 1 6 2 2 3 15
Amorphotheca resinae or 7 7
Exophiala oligosperma
Exophiala oligosperma 1 5 6
Order Helotiales 1 1
Saxophila tyrrhenica 3 4 1 1 1 10
Unclear 2 1 2 9
Unclear, maybe 1 1 1 )
Amorphotheca resinae
Total hits 7 2 15 5 4 19 52

*ZIP = Zn regulated transporter (Zrt)/ Fe regulated transporter (Irt)-like protein.

Table 2 | The depth of the deepest pit observed on a 5 x 5 mm
area via scanning white light interferometry

Sample Maximum pit depth (um)
Lid 6

Bottomin A 6

Bafflein D 13

Rustin E 55

Upper biofilm in E 95%

Lower biofilm in E 80

Underneath E 9

In general, pits on the metal surface underneath biofilms were much deeper than those on biofilm-
free surfaces. Note that this method cannot assess the bottom of deeper pits; thus, the pits on the
surface underneath the biofilms may be an underestimation. *A x20 interferometer objective was
used rather than a x10 objective, which was used for all other samples.

composed of fungal hyphae and cells with a sporadic large (i.e., >50 pm),
round structure (Supplementary Fig. 4). Whether these larger, smooth
structures are tubercules, fungal sclerotia or have another origin is
unknown. Less fungal biomass was evident for a sample taken from
underneath E. Rather, this sample and the rust in E sample contained
deposits, which were shown by energy-dispersive X-ray spectroscopy (EDX)
as being enriched in Zn (Supplementary Fig. 5). This is confirmed by the
hexagonal, wurtzite structures in the deposits underneath E, indicative of Zn
oxides.

Given the observations made during ESEM-EDX analysis (and the
focussed ion beam (FIB) analysis described below) of the presence of Zn or
lack thereof under biofilms, we interrogated the metagenome dataset for
evidence of Zn-related genes/functions such as Zn transporters, Zn
homoeostasis, and Zn tolerance. Several Zn transporter orthologs were
observed, mostly from A. resinae, and the black microcolonial fungi Sax-
ophila tyrrhenica and Exophiala oligosperma (Table 1).

Metal analyses

The metal comprising the diesel tank consisted of unalloyed, carbon steel
(£0.22% C, <0.30% Ni, <0.30% Cr, <0.10% Mo) comparable with St 52.4
(1.0581) (as determined via spark-optical emission spectroscopy (OES),
Supplementary Table 2). The presence of localised corrosion was investi-
gated by analysis of the profile of metal samples using interferometry and

microscopic analysis of cross-sections after removal of the biofilm and
corrosion products. Interferometry delivered profile maps of ~5 mm by
5 mm (Supplementary Figs. 6 and 7), allowing for the estimation of pit depth
(as the actual bottom of the deeper pits could not be assessed). The mea-
surable depths of the deepest pits of the metal underneath the upper and
lower biofilms in E were 95 pm and 80 pm, respectively, followed by the
metal underneath the rust in E at 55 um (Table 2). The deepest pits in the
other samples were generally below 15 um. Embedding and microscopy of
the cross-section of samples from the same locations in the lid, bottom in A,
baffle in D, rust in E and upper and lower biofilm and an additional sample
from the bottom in A underneath a biofilm showed that the localised cor-
rosion underneath biofilms was more severe (pits of 46, 160 and 270 um
deep, Fig. 4) than estimated by interferometry (Table 2). Interestingly, in one
location underneath the lower biofilm in E, where the inner steel sheet of
compartment E bended such that direct contact with the diesel and biota on
both sides was possible, a hole through the sheet was observed (Fig. 4).
Again, just like for interferometry, biofilm-free samples showed more
superficial pits. The metal sheet in all locations analysed had a similar
thickness, ranging from 710 to 780 pm.

Samples from the same locations were also processed by FIB to
visualise and chemically analyse the entire metal-biofilm interface as a cross-
section. The images and selected chemical maps of the rust in E, the upper
biofilm in E, and the baffle in D samples are shown in Fig. 5 for C, O, Fe, and
Zn and in Supplementary Fig. 8 for Cr, Mn, and Pt. Those for the lower
biofilm in E, bottom in A and lid samples are shown in Supplementary Fig. 9
and Supplementary Fig. 10. Note that all samples were covered by a pro-
tective Pt layer (Supplementary Figs. 8 and 10) and that we only compared
the cross-section areas of the different samples. The metal substrate was
always enriched in Fe with (for some samples) local inclusions of Mn. An
approximately 10 um thick layer enriched in Zn, O and occasionally Cr was
found to cover the Fe-rich substrate for the baffle in D, rust in E, and lid
samples. This layer was occasionally porous. In general, more O was
detected where Zn was depleted, and O and Cr were partly colocalised.
Imaging by secondary electrons (SE) confirmed the heterogeneous quality
of these layers. The Zn-enriched layer of the rust in the E sample contained
distinct O-enriched, crystalline structures covered with a C-enriched sub-
layer. Due to drift, the chemical analysis of the bottom in A sample was hard
to interpret, but a thinner Zn-enriched layer was present here as well. The
Zn-enriched layer was absent underneath the upper and lower biofilms in E.
The biofilms themselves could be recognised by the presence of rounded
structures with a diameter of 1-7 um, enriched in C and O. These structures
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Lid

inside tank

Fig. 4 | Analysis of the carbon steel cross-section
using metallography. Samples were embedded in
resin, cut, and analysed via microscopy. This ana-
lysis not only gave an exact depth of the localised
corrosion features but also the thickness of the steel
plate. The shown sample from underneath the lower
biofilm (bottom, right) was taken from a piece of
bent steel, allowing colonisation on both sides, likely
explaining the hole through the steel.

740 um

outside tank y

Upper
biofilm in E

100 pm

Bottom in A Baffle in D

— A

Rustin E

710 um © 780 um
i —————
Bottom in A
Lower underneath Lower
biofilm in E biofilm biofilm in E

710 pm 730 um

500 ym

Baffle in D

Rust in E

Upper
biofilm in E

Fig. 5 | SEM-EDX analysis of metal samples prepared by FIB from the baffle in
compartment D, the rust on compartment E and the upper biofilm in

compartment E. a, f, k Secondary electron (SE) images of cross-sections obtained by
FIB show the metal below covered by abiotic or biotic structures and a protective Pt

layer. b-e, g-j, 1-o EDX maps of the same samples for selected elements. Note the
presence of an ~10 pm thick layer enriched in Zn on top of the metal for the baffle
and rust samples (e, j). This layer was absent underneath the upper biofilm (o).

were also slightly enriched in Fe and contained localised spots enriched
in Zn.

Discussion

In this study, we used a multidisciplinary approach to examine the material
of a 30-year-old diesel tank that had fouled in the fuel gauge, itself not an
uncommon issue'>. We observed localised corrosion in the diesel tank
underneath attached fungi-dominated biofilms. Both interferometric and

metallography analyses showed pits underneath the biofilm, but the depth
of these was larger for the latter method, as interferometry does not allow the
detection of the pit bottom of deeper pits. We therefore only discuss the
depth of the pits observed by metallography. These results showed that up to
36% of the steel sheet was removed underneath biofilms (Fig. 4). Moreover,
this observation was independent of the location, as it was done for biofilms
grown in the main tank (compartment A) and in the fuel gauge compart-
ment (E). Note that we do not take into account the hole observed in the
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bent, inner sheet underneath the lower biofilm (Fig. 4) as we hypothesize
that it was caused by the presence of fungal biofilms on both sides of the
sheet. As the tank was in use for over 30 years, this is a case of modest
microbiologically influenced corrosion (MIC). Some observations were
nevertheless unexpected and need further discussion.

MIC or corrosion in general without the presence of a free water phase
is rare. It is generally assumed that free water is needed for microbial growth
and for corrosion to take place. For example, Wang et al.”, studied the
corrosion of carbon steel submerged partly in tap water and partly in bio-
diesel, observing only the formation of iron oxide precipitates on the steel in
contact with the water. However, since the introduction of biodiesel, more
cases of corrosion have been noted in the vapour and fuel phase (i.e., the
upper sections) of UST"". The saturation moisture content of biodiesel is
15-25 times higher than that of conventional petroleum diesel”’. The water
content of FAME-based biodiesel was shown to be 150 ppm, higher than the
20 ppm measured for conventional diesel’. The water content of ~53 ppm in
the biodiesel present in our tank (e.g., in compartment E) was relatively low
compared to the data from Serensen et al.” and our sample of fresh biodiesel,
which might have been caused by the extended storage of the tank at 4 °C.
The fuel from this tank, nevertheless, likely contained more water than
conventional diesel. Such high water contents not only allow for corrosion
directly, but they also cause the hydrolysis of FAME, forming free fatty
acids®, omitting the need for free water.

Microbial biofilms dominated by A. resinae, although ubiquitously and
heterogeneously distributed on the tank surface, did not acidify the biodiesel
nor cause an alteration of the biodiesel substrate (we did not use metabolite
profiling to determine the deterioration of specific fuel components). We
assume that these observations were caused by the high throughput of fuel
prior to the storage at 4 °C in combination with a reduction in metabolic
activity during the 4 °C incubation period. However, three isolates of A.
resinae retrieved from this tank were only able to reduce the pH when grown
on B7 biodiesel from 6.00 pH units to 5.32, 5.92 and 4.16 pH units (Gerrits
et al, in review), indicating that a general lack of acidification capacity may
also explain our observations. Other fungi were also not capable of reducing
the pH of diesel and biodiesel*.

EDX mapping of the FIB cross-sections showed that the carbon steel
samples, which were not covered with a biofilm, were coated with an
~10 pm thick Zn layer (note that Zn was absent in the OES results as this
method analyses the bulk metal below the surface). Underneath biofilms,
this coating was absent. Zn was also observed from above by ESEM and
EDX; the hexagonal structures observed in the deposits for the rust in E and
underneath E samples are indicative of Zn oxides (so-called wurtzite
structures), and EDX analysis of these deposits showed that they were
enriched in Zn. Zn coatings have been regularly applied to steel for over 200
years in a process called galvanisation®. Such coatings aim to protect the
underlying steel from corrosion by three mechanisms: (1) the formation of a
barrier layer to avoid exposure to the environment, (2) galvanic protection
whereby the Zn acts as a sacrificial anode, even protecting the underlying
steel once the Zn coating is pierced and (3) upon dissolution, Zn will
reprecipitate as an (hydr)oxide, forming a secondary barrier”. Corrosion
will preferentially take place at these porous Zn oxide sites, increasing lin-
early with time. Biodiesel by itself is only able to dissolve Zn coating at higher
percentages (B20 or higher)**”’; with pure biodiesel being corrosive to Zn
(but not to carbon steel), releasing ca. 2.5 ug Zn g " diesel after 28 days of
incubation®®, This explains why, based on the absence of localised corrosion
features in the biofilm-free samples (Fig. 4) in combination with the oxidised
(i.e., O-enriched) and continuous (observed on the entire analysed surface)
Zn coatings (Fig. 5), the Zn coatings effectively withstood abiotic corrosion,
even after 30 years of operation of the diesel tank. It is impossible to know
the timeframes in which the Zn coatings were removed by the biofilms, but
the presence of considerable corrosion pits indicates their removal was
accomplished quite some time ago. Future experimental work could
determine the exact time needed for A. resinae to corrode galvanised steel.
Some Zn-enriched layers had a zone of Cr-enrichment (Supplementary
Figs. 8 and 10). This Cr could have come from the underlying steel

(Supplementary Table 2), from the addition of Cr to the Zn galvanisation
bath to inhibit Fe-Zn growth” or from the application of Cr coatings to
protect the Zn coatings from wet-storage staining™.

Underneath the biofilms, however, the coatings were notably absent,
and only localised Zn-enriched sites were observed within the biofilms
(Fig. 5). We therefore hypothesise that the biofilm-associated community
members were responsible for the deterioration of the Zn coating.

Although many different prokaryotes identified by amplicon sequen-
cing of the 16S rRNA gene were found in the diesel tank (Fig. 2b, Supple-
mentary Fig. 1¢), metagenome sequencing revealed that the community was
predominantly comprised of fungi, with approximately 80% of the fungal
reads belonging to A. resinae (Supplementary Table 1). ESEM analysis
(Fig. 3, Supplementary Fig. 4) also showed features of filamentous fungi
similar in morphology to A. resinae apart from the larger (20-30 um),
spherical structures, which were likely yeast cells covered in EPS. These
capsules present a rather widespread adaptation among basidiomycetous
yeasts that helps them to overcome unfavourable conditions and survive in
extreme environments’'. In general, ESEM imaging showed little to no
evidence of the presence of bacterial cells (e.g., features that were 1-2 um in
size as would be typical for most bacteria)—this observation was further
supported by the challenges (to date) in cultivating bacteria/archaea from
the samples. The detection of prokaryotes at all sampling times, however,
does indicate their presence in the diesel community, but currently, we can
only speculate about where they may be located in the biofilm structures and
their possible roles. For example, since they could not be observed by ESEM,
it is possible that the prokaryotes in this system are completely encased
within the fungal biomass, benefiting in some capacity from a synergistic
relationship with the dominant fungus A. resinae. Such fungal-bacterial
relationships are widespread in nature®, though we are not aware of any
interactions between A. resinae and any specific bacteria inside or outside of
the studied habitat. The high relative abundances of Desulfovermiculus and
Stenotrophomonas in the 16S rRNA gene sequencing results could be caused
by several factors. Even though there is no free water in the bulk liquid, it is
possible that some free water with increased salt concentrations (not actually
known) is present within the biofilms, thus osmotic stress tolerance might be
at play. Both Desulfovermiculus and Stenotrophomonas genera have been
associated with halotolerance™*%; Desulfovermiculus halophilus was, for
example, isolated from the salt-rich formation water of an oil field™.
Moreover, Desulfovermiculus, though a known SRB, and Stenotrophomonas
have the ability to degrade organic compounds™?. Thus, it is feasible that
members of both genera synergistically interact with A. resinae or other
community members in these capacities. This type of relationship has been
suggested previously for bacteria-fungi kerosene communities based on the
observation that the studied fungi could only grow on kerosene in the
presence of their associated bacteria®. However, other factors, like a higher
expression of efflux pumps, might explain the presence of these bacteria as
well”. Consider as well that, based on the bacterial community shift from
2021 t0 2022 (Supplementary Fig. 1), the prolonged incubation of the tank at
4 °C might explain the lower abundance of bacteria compared to fungi as
observed in 2025.

In general, our observations agree with those of other studies where a
free water phase in (bio)diesel was not detected or indicated during
microbial corrosion tests. Stamps et al.”* incubated uncoated and epoxy-
coated carbon steel coupons in the upper and lower sections of B20
biodiesel-containing USTs located in the southern US. The differences
between the bacterial communities were larger than between the fungal
ones, and the coupons were covered with thick layers of hyphae™, suggesting
fungi were dominant. The authors, moreover, assumed the presence of free
water (at the level of the lower coupons) but did not confirm this. An
absence of such a phase could explain the absence of differences in the
community composition of the lower and upper coupons®. In another
study, the microbial composition of the large water phase of diesel samples
from Spanish ULSD storage tanks was dominated by bacteria®. This con-
firms the general observation that SRB are only present in the water phase of
diesel®”. Taken together, the low relative abundance of bacteria and archaea
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in our diesel tank (as assessed by metagenome sequencing) is most likely due
to the absence of a free water phase.

A. resinae was previously abundantly found in the diesel tanks of
buses’, diesel storage tanks, and petrol station pumps’. Moreover, fresh B7
diesel microbiologically analysed in this study was also dominated by A.
resinae (Supplementary Fig. 1). This species, however, is not always domi-
nant in a diesel-associated microbial community. For example, in diesel
samples from tanks situated in Germany and Malaysia, A. resinae only
comprised a marginal (<2%) part of the total fungal community (as deter-
mined via an A. resinae-specific QPCR test)**. The USTs studied by Stamps
et al.” were dominated by the fungus P. dactylethromorphus, A. resinae not
being detected.

So why was the microbial community in the studied tank dominated by
A. resinae? Compared to other fungi, A. resinae does not have a particularly
high ability to biodegrade diesel'*, thus other factors may have controlled its
abundance in the diesel tank. (1) A. resinae might have a high ability to grow
in water-deprived conditions. As discussed above, bacteria seem only able to
grow on diesel in the presence of free water**’. Fungi are hypothesised to be
more resistant to water deficiency as the internal transport in their hyphae
makes them less dependent on water to deliver nutrients®. A. resinae has
been shown to grow in kerosene with a water content of 80 ppm®. The
metabolic degradation of hydrocarbons will result in the formation of so-
called metabolic water®. Indeed, after four weeks of incubation with kero-
sene containing 80 ppm water, A. resinae produced 0.94 g of water per litre
of kerosene™. Note here that culturing attempts of A. resinae from this tank
were successful (Gerrits et al., under review), indicating that the fungal
biomass in this tank is viable. (2) Related to the water unavailability is
osmotic stress: A. resinae might be dominant as it is capable to withstand the
—potentially—high salt concentrations though the production of high
concentrations of glycerol, the most common osmotic solute for fungi®. (3)
A. resinae could as well have inhibited growth of other species, as shown
before for diesel-contaminating fungi®, as few other fungal taxa were evi-
dent in the diesel tank (Fig. 2a, Supplementary Fig. 1b), aside from some
round colonies covered in EPS. And lastly, (4) Zn, shown to be present as a
coating on the carbon steel tank, is not only an essential nutrient for bacteria
and fungi*®”, but is also toxic at higher concentrations™®. Filamentous
fungi are, for instance, affected by means of an increased chitin deposition in
the cell wall, preventing hyphal extension, increasing hyphal branching and
interfering with conidia development®. These effects can be mitigated
through storage of Zn in the vacuoles””", its efflux’* and its binding by
metallothionein-like peptides™. Genes encoding Zn transporters
(including efflux proteins) ascribed to A. resinae were detected in the
metagenome of the diesel tank (Table 1). The same detection could not be
done for metallothionein genes with a sufficient degree of certainty, likely
due to their small size. Fomina et al.”” showed how fungi grown on Zn
phosphate precipitated large (up to 1 um in diameter) Zn carboxylates in
their hyphae, likely sacrificing some cells, as a detoxification strategy. Zn
storage in the cell wall is assumed to be less pronounced for fungi’*”.
Melanin, however, is present in the cell wall of some fungi like A. resinae’”
(Gerrits et al., under review), and, based on the brown colour of the observed
biofilms, produced in the studied conditions, is known to readily adsorb
7Zn’®. Moreover, Cu adsorbed to the melanin of A. resinae was best desorbed
by Zn and Mg”. To conclude, A. resinae likely dominated the diesel com-
munity in the studied tank by being able to grow in water-depleted condi-
tions and its presumed tolerance to Zn.

We can only speculate as to how A. resinae-dominated biofilms
enhanced the corrosion of galvanised carbon steel. The removal of the
corrosion-inhibiting Zn layer (Fig. 5) certainly played a role, as a study of
metallic Zn in contact with Aspergillus niger showed that this fungus was
able to enhance the corrosion of Zn by decreasing the thickness of the
protective Zn (hydr)oxide layer®. These authors did not propose a
mechanism that could explain their findings. A first possibility is fungal
acidification. However, the bulk pH of diesel from the diesel tank was similar
compared to fresh diesel and A. resinae isolates from this tank were not able
to decrease the pH below 4 pH units (Gerrits et al., under review). Another

hypothesis is suggested by the patchy morphology of the observed biofilms.
This phenomenon could enable the formation of an oxygen concentration
cell: the area underneath the fungal biofilm is likely anoxic (as seen by
Gerrits et al,, under review), turning into an anode allowing localised
corrosion”. Another possible mechanism is the relocation of Zn in the
biofilm (in vacuoles, sacrificial hyphae, or melanin), lowering the Zn con-
centration at the biofilm-metal interface and driving Zn corrosion. Once the
Zn coating has been pierced, the melanin of A. resinae could also enhance
the corrosion of carbon steel, as shown by Gerrits et al. (under review). And
finally, the mere production of metabolic water in the biofilm or the sorption
of water by the biofilm would constitute the most straightforward corrosion
mechanism. As corrosion of carbon steel is more severe for the steel surface
that is in direct contact with water compared to biodiesel *, simply enabling a
constant presence of free water could drive corrosion underneath the bio-
films. To conclude, even in the absence of free water, metabolically active A.
resinae-dominated biofilms covered the galvanised steel of a 30-year-old
diesel tank and caused considerable localised corrosion features. Elucidating
the interactions between A. resinae and the prokaryotic community, along
with controlled experiments assessing the corrosion of galvanised steel by
this mixed community, remains a focus of future work to better understand
the effects of microbial growth on fuel system materials designed to be
inhibitory to corrosion.

Methods

Description of the tank and sampling procedure

In this work, we describe the multidisciplinary study of a fouled diesel tank
of a Fiat Ducato I 280 campervan. The tank had a volume of 70 litres and
dimensions of 750 by 820 by 230 cm. The tank had been in operation from
1989 to 2020, having likely been used with petroleum-based diesel (pre-
2007), a B4.4 biodiesel blend (ca. 2007-2009), and B7 biodiesel (since ca.
2009), without known use of biocides. In 2020, the tank was removed and
replaced due to fouling issues affecting the reliability of the fuel gauge and an
insufficient fuel supply, leading to a loss of engine performance. When
removing the tank connection with the intake hose and level sensor, a very
heavy infestation of biofilm was found on the intake hose opening and level
sensor. From 2020 to 2025, the tank was placed in a cool room at 4 °C and
underwent recurrent sampling and isolation attempts. In 2021, the tank was
opened in a non-destructive way in order to take images from inside the tank
using an Olympus IV9435RX industrial videoscope (Supplementary Fig. 1a)
and aseptically collect the first samples for microbial community sequen-
cing. In 2022, new samples were taken for microbial sequencing, and first
isolation attempts, both anaerobic and aerobic, were undertaken. The latter
resulted in the successful isolation of three isolates of A. resinae (Gerrits et al.,
under review) but did not deliver any prokaryotic cultures. After it became
clear that these isolates showed mixed results related to corrosion of carbon
steel (in separate experiments, Gerrits et al., under review), we aimed to
verify these results by analysing the microbial, chemical (fuel, water), and
corrosion features of the tank.

In March 2025, the tank was fully opened using an electrical nibbler
(Parkside) and we arbitrarily defined five compartments of interest (A to E,
Fig.1). The tank was divided in two by a baffle and on one side an extra steel
compartment (designated compartment E) was welded onto the main body
of the tank which contained the fuel gauge. The appearance of brown flocs
and biofilm-like deposits (or lack thereof) within the tank guided the
selection of samples for the analyses described in this study. The primary
samples collected as ‘background’ samples, e.g., those that did not show
visible evidence of flocs, debris, or biofilm included the lid (designated ‘lid’),
the bottom of compartment A (e.g, a section with no attached flocs,
designated ‘bottom in A’), and the baffle in compartment D (designated
‘baffle in D’). The primary samples collected showing visible evidence of
flocs, attached debris, or biofilm included the rust layer on a vertical wall of
compartment E (designated ‘rust in E’), the lower biofilm at the diesel-air
interface in compartment E (designated ‘lower biofilm in F’), the upper
biofilm on contact area of compartment E and the baffle (designated ‘upper
biofilm in E’), and the area between compartment E and the main tank body
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(see below for further description). Other samples that were subject to some
analyses included the seam in C and loose flocs that were present in each of
the five tank sections.

After opening and observing the tank, samples were first collected for
molecular microbiological sequencing and cultivation. Liquid samples
containing brown flocs were taken from the diesel present in each com-
partment (A through E), and initial swab samples were taken from the lid,
rust in E, lower biofilm in E, upper biofilm in E, and seam in C.

The diesel layer in the tank was measured to be 23 mm deep, and no
free water was visibly observed. Diesel samples for pH assessment, hydro-
carbon/FAME component analysis and water content determination
were taken from compartments A-C, compartment E, and from a sample
obtained from a local gas station as a reference. Brown, unattached flocs
were also sampled for microscopy and ESEM. Subsequently, all the diesel
was removed, and the tank was further sectioned using the nibbler
for additional analyses. During this sectioning process, a metal section
under compartment E was discovered that also showed brown and pale-
yellow slimy deposits - this section was also included in the primary floc/
debris/biofilm sample set and was designated ‘underneath E’ (Fig. le).
Samples were also collected from this newly exposed area for a variety of
analyses.

The metal chemistry of the bulk of the main body of the tank (i.e., the
lid) and the baffle was analysed using spark-OES. ESEM, focused ion beam
FIB-EDX, and profilometry were performed on different metal samples
with dimensions of ~10 by 10 mm, which were taken from the same loca-
tions. Samples from the lid, the rust in E, the lower and upper biofilm in E,
the seam in C and the area underneath E, together with (as ‘abiotic’ controls)
an area at the bottom of compartment A and on the baffle in compartment
D, were prepared for ESEM. Profilometry was done for samples from the
upper and lower biofilm in E, the rust in E, the lid, the baffle in D, the bottom
in A, and underneath E. The upper and lower biofilm in E, the rust in E, the
lid, the baffle in D, and the bottom in A samples were analysed by white light
interferometry. Details about these various analyses are described below.

Diesel analysis
The diesel composition, the water content, and pH were determined for
diesel samples taken from compartments A and E and a reference B7 diesel
sample. The diesel composition was determined by diluting 4 mg of the
respective diesel sample in 10 mL of n-heptane and submitting the mixture
to gas chromatography with flame ionisation detection (GC-FID) on an
8890 Agilent gas chromatograph using a Restek MXT-1 capillary column
(15 m x 0.28 mm x 0.1 um; on-column injection of 2.5 uL) with helium as
carrier gas. The oven temperature started at 60 °C (held 5min) and was
raised to 360 °C (40 °C/min). The detector temperature was set at 370 °C.

The water contents of the diesel samples were determined by means of
Karl-Fischer titration on an 851 Titrando coulometer (Methrom) using a
34836 HYDRANAL™-Coulomat AG (Lot O1200) as anolyte, a 34840
HYDRANAL™- Coulomat™ CG (Lot M060]) as katholyte and a 34446
HYDRANAL Water Standard 0.10 PC (Lot K1770) as reference standard. A
small volume (0.5 mL) of the respective diesel sample was directly dosed
through the septum into the cell. Results are given as averages and the
standard deviation of two independent analyses of the same sample.

The pH of the diesel samples taken from compartments A and E,and a
reference B7 diesel sample, was estimated using pH-stripes (ROTH) using
aqueous extracts of the diesel.

Molecular microbiological methods

Samples for amplicon sequencing were collected from the tank in 2021,
2022, and 2025. For the 2021 and 2022 sampling, liquid samples were
removed from an area near the bottom of the tank as well as near the surface
of the diesel layer using sterile glass pipets (ca. 15 ml was sampled at each
time point). One location was sampled in this manner, in duplicate (based
on limited accessibility during non-destructive testing). Samples were
placed into sterile conical tubes containing DNA/RNA Shield™ (Zymo
Research) to preserve the microbial community.

Once the tank was fully opened in 2025, additional samples were
collected from several areas of the tank. Samples collected as liquids (using
sterile pipets) included visible brown flocs from each of the assigned com-
partments, as well as a sample of the diesel itself in the tank. Swab samples
were also collected from the lid (swabbing from a 35 x 10 cm area), upper
biofilm in E, lower biofilm in E, rust in E, and from the seam in C (~20 cm
length of the seam). Samples were amended with RNAlater® (ThermoFisher
Scientific) to preserve the microbial community or transferred to sterile
tubes for further cultivation experiments. When the tank was further cut for
various analyses, the area under the fuel level compartment was exposed,
and additional swab samples were collected from this location, designated
underneath E, for amplicon sequencing. Further, this area, along with other
attached brown debris attached to the metal at different locations on the
tank surface, was swabbed as a representative sample for metagenomic
sequencing. It should be noted that similar samples (loose flocs and attached
debris/biofilm-like deposits) were also collected from the various com-
partments for culturing efforts of prokaryotes. For this purpose, samples
were cultivated on medium M.830°" and incubated at ambient temperature
either under aerobic, microaerophilic or anaerobic conditions for 3 months.
Another cultivation attempt was made using medium M.382 lacking thia-
mine hydrochloride and glucose and supplemented with Wolin’s vitamin
solution (M.141%") and 0.0l mlml™" of an autoclaved suspension of A.
resinde serving as an alternative carbon source. To control excessive fungal
growth, both media were additionally supplemented with nystatin
(0.05 mg ml™") and cycloheximide (0.05 mg ml™"). In a third attempt, both
media were additionally overlaid with 1 ml of sterile-filtered diesel. None of
these attempts has been successful to date in culturing non-fungal microbial
community members.

All samples were initially kept cold and then frozen at —20 °C until
DNA extraction could be performed. DNA extractions were performed
using the FastDNA™ Spin Kit for Soil (MPBiomedicals) according to the
manufacturer’s instructions, with a few deviations at the start of the pro-
cedure. Liquid samples were initially added to the Matrix E tubes, then
treated with 100% isopropanol overnight to precipitate the DNA. Following
centrifugation at 14,000 x g, the pellet was then washed with 70% ethanol
and recentrifuged; the resulting pellet was transferred to the same Matrix E
tube that was then processed as indicated in the kit. As much material as
possible was removed from the swabs in the RNAlater® solution, which was
then also centrifuged and reacted with 100% isopropanol for DNA pre-
cipitation. Following centrifugation, the pellet was washed in 70% ethanol,
centrifuged again, and then transferred to a Matrix E tube that was then
processed as directed by the manufacturer. Prior to PCR, recovered DNA
from most samples was cleaned using the Zymo OneStep PCR Inhibitor
Removal and DNA Clean & Concentrate kits (Zymo Research). For several
samples, the entire process required repeating to obtain quantifiable DNA
prior to carrying out the first PCR reaction. Some samples were also col-
lected and processed in duplicate to determine reproducibility (rust in E,
upper biofilm in E, underneath E). All samples were amplified using V4-V5
primers targeting bacteria/archaea” and ITS primers targeting the ITS2
region in fungi (ITS3tagmixl (forward) and ITS4ngs (reverse)”, using
thermocycling protocols from the cited references. Once quantifiable
amounts of PCR product were obtained, a second PCR protocol® was used
to add barcodes for sequencing on an Illumina MiSeq at the Centre for
Health Genomics and Informatics (University of Calgary, Canada).

Raw sequence reads were processed using an in-house pipeline that
uses DADA2* in R. The processing pipeline included quality filtering of the
raw reads, error correction, denoising, and chimera removal. Primers were
removed from ITS2-amplified sequences using Cutadapt®, and from 16S
sequences using filterAndTrim (DADA?2). Prokaryotic sequences (as ASVs,
amplicon sequence variants) were identified by comparing against the
SILVA 138.2 database™, while ITS2 (fungal) sequences used the UNITE
database” for taxonomic identification. Bubble plot visualisations were
created using ggplot2, while NMDS (non-metric multi-dimensional scal-
ing) plots (based on Bray-Curtis distance measures) to assess beta diversity
were made using phyloseq™.
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The combined swab for metagenomic whole genome analysis was split
into two equal pieces. The DNA extraction of one piece was done using the
DNeasy PowerSoil Pro Kit (Qiagen) according to instructions. The second
piece was treated using the procedure from Alibrandi et al.”’ that was suc-
cessfully applied on oil samples by adding 10 uL SDS, and pre-heating to
65 °C for 10 min before bead beating using the DNeasy PowerSoil Pro Kit
(Qiagen). Both extracts were pooled and cleaned using the Zymo OneStep
PCR Inhibitor Removal DNA Clean & Concentrated kit (Zymo). The clean-
up was sent for sequencing at CeGaT GmbH (Tiibingen, Germany), aiming
for 150 million Illumina read pairs of 2 x 100 bp length to potentially cap-
ture also low-abundance taxa. The sequencing resulted in 170,833,851 read
pairs, which were processed using the ATLAS metagenome pipeline
(v2.12)” to obtain quality-controlled reads, assembled contigs and func-
tionally annotated genes. To obtain taxonomic and abundance information
of the microbial community, the quality-controlled reads were mapped to
the SILVA v138.1*° and the UNITE fungi v8.3* database using Bowtie2
v2.3.4.1° and Emu v3.5.1”. To verify eggNOG-annotated zinc transporter
genes, BLAST” against the complete NCBI NT database (downloaded on
2025-10-04) was used.

Environmental scanning electron microscopy

Images of cut-out samples with and without thick biofilms and of floating
biofilm flocs were obtained using an XL30 ESEM equipped with a tungsten
cathode and a secondary electron detector (FEI/ThermoFisher Scientific).
The quantitative analysis of the elemental composition of the
surface structures was accomplished using a modular EDX system, Quantax
200, with an XFlash 6-60 silicon drift detector (Bruker Nano Analytics).
Both ESEM and EDX analyses were undertaken in the “high-vacuum
mode” of the microscope. EDX spectra were collected at an accelerating
voltage of 20keV. Due to the uneven sample surface morphology and
the absence of standards, the elemental composition obtained via EDX must
be considered as a rough estimate. The relative comparison of the results
of different samples obtained under the same experimental conditions is
more trustworthy than the absolute values obtained. Samples were
prepared according to Spurr’. Briefly, samples underwent a 2 h fixation
using a 2.5% solution of glutaraldehyde in phosphate buffered saline
(137 mM NaCl, 2.7 mM KCl, 10.1 mM Na,HPO,, 1.8 mM KH,PO,, pH
set at 7.4), followed by dehydration via an ethanol dilution series (i.e., 30%,
50%, 70%, 80%, 90%, and absolute ethanol) and finally drying using
critical point drying (Leica EM CPD300). All samples were coated with
30 nm gold prior to ESEM analysis. EDX analysis was conducted on select
samples.

Determination of the bulk and surface chemistry of metal

The composition of the bulk of the metal was determined for two locations
(the lid and the baffle) using a SPECTROLAB LAS01 (SPECTRO) spark-
OES. Every sample was measured five times, and the averages are shown
with one standard deviation of the mean.

Another batch of metal samples was removed from the same locations
of the tank (the lid, rust in E, upper biofilm in E, lower biofilm in E, bottom in
A, and the baffle in D) and immediately placed in a desiccator until pre-
paration by focused ion beam scanning electron microscopy (FIB-SEM,
200xP, FEI/ThermoFisher Scientific). As thick biofilms are difficult to
handle using this technique, most of the bulky biofilm was removed, leaving
only the cells attached directly to the metal surface. Then an area of interest
was defined, i.e., with an attached cell for the biofilm samples and with a
seemingly clear surface for the other samples. A platinum layer (approxi-
mately 2.5 um thick) was deposited on the area of interest using 30 kV
gallium ion beam-induced deposition to protect the interface of interest
from the high-energy gallium ions used for sputtering. A sample volume
next to the area of interest was sputtered away using a gallium ion beam
(30kV, 3-30 nA) to obtain cross-sections, which were analysed by SEM at
an angle of 52° to the surface (5kV, secondary electron detector). EDX
mapping was accomplished using a SDD Octane Elect Plus with an EDAX
detector (Ametek) at 30 kV and 8 nA.

Quantification of surface pitting

The surface topography of a third batch of steel samples from equivalent
locations was quantified to assess whether corrosion took place. For this
purpose, we first removed the organic and inorganic deposits (e.g., biofilms)
and then acquired a 5000 by 5000 pm map of the profile using a scanning
white light interference microscope, Nexview (Zygo/AMETEK). A 10x
Michelson interferometer objective was used with a lateral optical resolution
of 0.95 um and a vertical resolution of ~1-2 nm. For one sample (upper
biofilm in E), an additional analysis was undertaken with a x20 objective,
obtaining a lateral resolution of 0.71 um. The field-of-view was widened by
using an internal optical zoom with x0.5 and the stitching mode. The latter
allows the linking of adjacent fields-of-view, with a defined overlap of 40%,
into a large image of 5000 um by 5000 pum. The depth of corrosion pits was
quantified using single scanlines drawn within the region of interest and the
OEM software Mx (Zygo). For each sample, the depth of the deepest pit was
determined. The calibration and traceability are ensured by certified stan-
dards within a DIN EN ISO/IEC 17025:2018" accredited lab.

For metallography analysis, samples from three locations (rust in E,
underneath biofilm in A, and underneath lower biofilm in E) were
embedded in 2 K epoxy resin, cut with a wet cut grinding machine (ATM
Brillant 250) and analysed using a Axioscope 7 (Zeiss) microscope.

Data availability
All data generated or analysed during this study are included in this pub-
lished article [and its supplementary information].
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