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Shipwrecks act as artificial reefs and provide a solid surface in aquatic systems for many
different forms of life to attach to, especially microbial communities, making them a hotspot
of biogeochemical cycling. Depending on the microbial community and surrounding
environment, they may either contribute to the wreck’s preservation or deterioration. Even
within a single wreck, preservation and deterioration processes may vary, suggesting that
the microbial community may also vary. This study aimed to identify the differences through
widespread sampling of the microbial communities associated with the Pappy Lane
shipwreck (NC shipwreck site #PAS0001), a shallow water ferrous-hulled shipwreck in
Pamlico Sound, North Carolina to determine if there are differences across the wreck as
well as from its surrounding environment. Loose shipwreck debris, drilled shipcores,
surrounding sediment, and seawater samples were collected from the Pappy Lane
shipwreck to characterize the microbial communities on and around the shipwreck. Results
indicated that the shipwreck samples were more similar to each other than the surrounding
sediment and aquatic environments suggesting they have made a specialized niche
associated with the shipwreck. There were differences between the microbial community
across the shipwreck, including between visibly corroded and non-corroded shipwreck
debris pieces. Relative abundance estimates for neutrophilic iron-oxidizing bacteria (FeOB),
an organism that may contribute to deterioration through biocorrosion, revealed they are
present across the shipwreck and at highest abundance on the samples containing visible
corrosion products. Zetaproteobacteria, a known class of marine iron-oxidizers, were
also found in higher abundance on shipwreck samples with visible corrosion. A novel
Zetaproteobacteria strain, Mariprofundus ferrooxydans O1, was isolated from one of the
shipwreck pieces and its genome analyzed to elucidate the functional potential of the
organism. In addition to iron oxidation pathways, the isolate has the genomic potential
to perform carbon fixation in both high and low oxygen environments, as well as perform
nitrogen fixation, contributing to the overall biogeochemical cycling of nutrients and metals
in the shipwreck ecosystem. By understanding the microbial communities associated
with shallow water ferrous-hulled shipwrecks, better management strategies and
preservation plans can be put into place to preserve these artificial reefs and non-renewable
cultural resources.
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INTRODUCTION

Shipwrecks, as solid heterogenous substrates in an aquatic
ecosystem, provide microorganisms with a substrate for
attachment in the form of an artificial reef (Connell, 2000;
Svane and Petersen, 2001; Walker et al.,, 2007; Church et al.,
2009). This substrate provides microbes with a rich source of
nutrients, allowing others to subsequently attach and form an
assemblage with dynamic community interactions. Metabolic
interactions occurring between microbes and the shipwreck
surface ultimately influence the structural integrity of the ship,
as well as provide a hotspot of biological interactions for the
surrounding environment. Coastal shipwrecks are widespread
across North Carolina’s coastline and are irreplaceable resources
that help to preserve cultural history. They are also home to
a diverse array of microbial communities. The complex geography
of North Carolina’s Outer Banks — also known as “The Graveyard
of the Atlantic” - led to more than 2,000 shipwrecks since
first contact by Europeans in the 16th century (Stick, 1952;
Lawrence, 2008). With time, chemical and biological forces
alter the structural integrity or degree of articulation of a
shipwrecked  watercraft. Of these biological forces,
microorganisms greatly influence the overall quality of the
wreck and promote the attachment of other organisms to create
a community assemblage. Preservation and protection actions
are enhanced by understanding the relationships between an
individual wrecked ship, associated communities, and the
proximal ecosystem (Mires, 2014). In an effort to achieve this,
we must better understand the microbial communities associated
with shipwrecks and the role they may play in its preservation
and/or deterioration.

Shallow water shipwrecks may be impacted by these physical,
chemical, and biological processes more than their deep ocean
counterparts due to their partial exposure to the atmosphere,
human interference (i.e., salvage or souvenir hunting), and the
increased effects of severe weather events such as hurricanes
(Damour et al.,, 2015). However, these effects will not be the
same for every shipwreck, and thus, preservation methods must
be tailored to the specific ship and environmental conditions.
Even across one site or wreck, some regions are more vulnerable
to deterioration while others may be better preserved. As
microbes can contribute to both deterioration and preservation
processes, we expect that microbial communities will show
similar patterns. Yet, it remains unclear how much microbial
community diversity may change across one wreck as fine-scale
sample collection is limited.

Aquatic ecosystems can often be nutrient limited, and thus,
attachment to surfaces such as shipwrecks can be advantageous
for organic and inorganic nutrient acquisition, as well as for
promoting symbiotic relationships between microbes (Connell,
2000; Svane and Petersen, 2001; Walker et al., 2007; Church
et al., 2009; Haridas et al., 2017). Some microbial communities
on shipwrecks, in the form of biofilms or in the surrounding
sediment, play a vital role in shipwreck preservation by supporting
and recruiting other microorganisms, as well as macroorganisms
to attach and protect these artificial reefs (Beech and Cheung,
1995; Huggett et al., 2006). Biofilms are composed of a consortium

of microorganisms, DNA, proteins, and extracellular polymeric
substances that adhere to surfaces (Costerton et al., 1987, 1995).
These systems consist of microbial interactions, chemical reactions,
and intermingled transport processes; each of these characteristics
can influence the functional role of the biofilm on any attached
surface (Videla and Herrera, 2005, 2009; Zuo, 2007; Little et al.,
2008). By attaching to metal structures, they eliminate access
to the metal surface, but the role of the biofilm is strongly
dependent on the surrounding environment (Mugge et al,
2019). These biogeochemical interactions are important to
investigate and characterize because they impact the surrounding
ecosystem composition and overall functions, such as nutrient
and metal cycling, adding to the novelty of a shipwreck ecosystem
(Mallefet et al., 2008; Yin et al., 2015; Hamdan et al., 2018;
Mugge et al, 2019).

Previous studies have characterized shipwreck-associated
microbial communities from a wide range of samples, including
nearby sediments, surrounding water, and even metal coupons
deployed near the wreck (Cullimore and Johnston, 2008;
Fagervold et al., 2012; Leary et al., 2014; McBeth and Emerson,
2016; Hamdan et al, 2018; Mugge et al, 2019). Certain
functional groups of microbes, such as sulfate-reducing, iron-
oxidizing, iron-reducing, acid-producing, denitrifying, and
heterotrophic bacteria, have been found at higher abundances
near the shipwreck compared to the more distant surrounding
sediment and water. Previous studies of shipwrecks in the
Gulf of Mexico affected by the Deepwater Horizon oil spill
found bacterial and archaeal microbiomes to be significantly
different between samples taken near versus away from the
shipwrecks (Hamdan et al., 2018). The Deltaproteobacteria,
often capable of sulfate reduction and contributors to
biocorrosion, were found to be the most abundant class at
all sites and continued to increase with sediment depth. Other
common taxa, such as Gammaproteobacteria, Phycisphaerae,
and Dehalococcoidaceae, were also highly abundant at all sites
(Hamdan et al., 2018; Salerno et al., 2018), suggesting they
may be important to the microbial communities found on
the shipwreck but the exact processes occurring on the surface
of the shipwreck are unclear (Ravenschlag et al., 1999; Loffler
et al., 2013; Robbins et al., 2016). Based on results from
previous shipwreck and steel surface related studies (Cullimore
and Johnston, 2008; McBeth et al., 2013; McBeth and Emerson,
2016; Hamdan et al., 2018; Garrison et al., 2019), the microbial
communities found on the shipwreck in this study were
hypothesized to vary in composition across the shipwreck as
metal content, sample type, and sampling location across the
wreck changed.

Iron-oxidizing bacteria (FeOB) and sulfate-reducing bacteria
(SRB), which have been previously isolated from corroded
metal infrastructure (Bermont-Bouis et al., 2007; Xu et al,
2007; Little et al., 2008; Al Abbas et al., 2013; Emerson, 2019;
Garrison et al, 2019), have been shown to contribute to
biocorrosion and deterioration of steel structures (Little et al.,
2016; Mugge et al., 2019). Evidence of this corrosion on ferrous
hulls is often in the form of corrosion products visible as rust
buildup, pitting, and black precipitates on the surface. Various
corrosion byproducts or waste from an organism’s metabolism
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such as iron oxides and/or sulfide precipitates have been sampled
from different environments such as metal (Hamilton, 1985;
Duan et al, 2006; Lee et al., 2013; Little et al., 2014) and
wooden (Palacios et al., 2009) surfaces and their chemical and
microbial community composition were analyzed. These corrosion
products can be identified based on their color, orange, and
black, respectively, which may indicate the presence of certain
microbial community members like FeOB or SRB. This visual
indication was used during sample collection in this study to
identify pieces assumed to be colonized by the aforementioned
corrosion-associated organisms.

While SRB have been well-studied in their association with
biocorrosion of steel structures, the role of FeOB in the
biocorrosion process is much less understood. They are thought
to be among the primary colonizers of steel surfaces and
subsequently create a microenvironment on the steel surface
suitable for subsequent colonization by other organisms
(McAllister et al., 2011; McBeth and Emerson, 2016; Emerson,
2019). While it is expected that they would be found associated
with ferrous-hulled shipwrecks, it has yet to be demonstrated
due to the lack of direct shipwreck samples that have been
collected to-date. Based on previous studies that have found
marine FeOB, including members of the Zetaproteobacteria,
near shipwrecks (Cullimore and Johnston, 2008; Hamdan et al.,
2018; Salerno et al., 2018) and attached to steel (McBeth
et al,, 2011, 2013; McBeth and Emerson, 2016; Garrison et al.,
2019), it was hypothesized that they would be present on
the steel surface of the Pappy Lane shipwreck. By investigating
the presence and relative abundance of FeOB across the
shipwreck, their contribution to corrosion and deterioration
of shallow water shipwrecks can be further understood.

This study aims to identify how the microbial community
structure varies across a steel-hulled shallow water shipwreck
and its surrounding environment, both at the whole bacterial
community level and potential biocorrosion-related FeOB,
through extensive sampling. This will be a first step to determine
the relationships between the shipwreck-associated microbial
community and its environment, providing context for previous
microbial community studies. This will also provide a comparison
between shallow water shipwrecks and the well-studied deep-
water shipwrecks. Ultimately, this information will help us
better understand how microbes can contribute to the
preservation and deterioration of a shipwreck and how to better
develop preservation strategies for these historical artifacts.

MATERIALS AND METHODS

Historical Significance

This research investigation was based on the Pappy Lane
shipwreck, a steel-hulled ship that lies in an area of the Pamlico
Sound that has the potential to be impacted by the construction
of the N.C. 12 Rodanthe Bridge (also known as the “Bonner
Bridge Extension,” Rodanthe, Hatteras Island, NC). Based on
strong circumstantial evidence, the wreck likely represents the
remains of the USS LCS(L)(3) 123, built as a warship in 1944
and eventually deposited in Eastern Pamlico Sound in the

1960s after a post-war career as a barge (Richards, 2018).
The bow of the vessel lies at 35°36'3.19” N and 75°28'24.63”
W, and the stern lies at 35°36'1.78” N and 75°28'25.34” W.
The dimensions of the shipwreck were determined to
be approximately 50 m in length overall, 9 m wide, and 1 m
deep (Figure 1).

Field Sampling

A total of 27 samples [loose shipwreck debris (8), drilled
shipcores (6), nearby sediment (11), and surrounding seawater
(2)] were collected from across the Pappy Lane shipwreck
located in the Pamlico Sound in September 2017 (Figure 1;
Supplementary Table S1). The shipwreck is exposed to fluctuating
salinities due to season, tidal, and wind influences but retains
moderate to high salinity due to its location (Jia and Li, 2012).
The salinity and water temperature of the site on the first day
were 17.9 ppt and 23.5°C, respectively, and during the second
trip, these increased slightly to 26.3 ppt and 24.9°C, respectively.
All loose shipwreck debris, nearby sediment, and seawater
samples were collected on the first day while drilled shipcores
were collected on the second day.

Ferrous shipwreck debris samples with visible corrosion
products formed on the surface and samples without visible
corrosion products were collected for analysis (Figure 1).
Debris associated with the shipwreck were collected along
the length of the shipwreck, submerged within the water
column but not buried. These samples were identified based
on the color of chemical constituents found on the shipwreck
indicating likely biocorrosion products such as black sulfides
(S), orange iron oxides (O), or both (OS). Control samples
(C) with no visible corrosion products were also collected
and contained shipwreck metal combined with remnants of
oyster shell attached. Drilled shipcore samples were also
collected using a hammer drill both above (A) and just below
(B) the sediment, where the sediment had been dredged
immediately before (Figure 1). All samples were collected
with gloves and transported back to the lab on ice in
pre-sterilized containers with enough in-situ water (~300 ml)
to catch biological material from the piece of shipwreck during
processing in the lab. The act of picking up shipwreck pieces
out of the water may have disturbed the attached biofilm
community. Sediment samples were collected in 50 ml conical
centrifuge tubes from the same location as the shipwreck
samples, as well as at four additional locations that were
9.75 m from the midline of the wreck. Surface water was
collected in a pre-sterilized 3-gallon Nalgene carboys
approximately 6 m away from the shipwreck location so that
any organic matter kicked up from the sampling activity
was avoided.

Sample Processing

Biological material was scraped from the external surface of
each shipwreck piece - the visibly corroded debris, control
debris, and drilled shipcores - and subsequently collected in
a 50 ml conical tube. Before centrifugation, the collected material
was used to inoculate plates for a most probable number
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FIGURE 1 | Cross-sectional schematic of the Pappy Lane Shipwreck and locations, where ship debris samples were collected based on visible corrosion

(O, S, and OS samples) and non-visible corrosion products (C samples). Depth profile of shipcore samples taken by drilling from the shipwreck above the sediment
line (A samples) and below the sediment line (B samples) after dredging can also be seen. A 50 m scale bar is used to display the length of the shipwreck and

10 cm scale bars are used to display the length of each piece taken (1 block = 1 cm).

(MPN) growth study (see details below; Garrison, et al., 2019).
After inoculating cultures, the remaining material was centrifuged
at 4,000 x g for 10 min in order to concentrate material for
DNA extraction. Supernatant in the tube was poured off and
the remaining pellet was stored at —80°C until used in DNA
extractions. Surface water was filtered using a 0.22 pm
polyethersulfone filter; the filter was aseptically removed and
stored at —80°C along with the sediment samples for subsequent
DNA extraction.

Quantification of FeOB

Orange iron oxide ferrous debris samples were selected to
culture in enrichment media specific for FeOB (Field et al.,
2015; Garrison et al., 2019) to determine the presence and
relative abundance of all possible neutrophilic microaerophilic
FeOB in each sample. FeOB enrichment media in the form
of estuary media (EM) was used similar to previous studies.
Briefly, 1 L of EM consists of: 13.75 g NaCl, 2.69 g MgCl,+6H,0,
3.49 g MgSO,s7H,0, 0.36 g KCl, 0.75 g CaCLe+2H,0, 1 g
NH,CI, 0.05 g KH,PO,, 1.95 g MES, and 0.42 g NaHCO,.
The media were prepared and autoclaved; then, once cooled,
vitamins and trace minerals (ATCC MD-VS and MD-TMS)
were added according to manufacturer’s recipe (1 ml per 1 L).
EM were used in these growth studies due to the salinity
of the sampling site being greater than 5 ppt. Previous
studies have shown that freshwater FeOB can tolerate up

to 5 ppt and marine FeOB can tolerate down to 5 ppt;
therefore, a threshold of 5 ppt was used to determine which
media type qualified for FeOB enrichment (McBeth et al., 2013;
Chiu et al., 2017).

A MPN method was used by incorporating a series of
replicates and dilutions to estimate the presence and relative
abundance of FeOB. Enrichment cultures allowed estimations
of FeOB relative abundance without the bias of measuring
only certain species or classes of FeOB (i.e., Zetaproteobacteria)
such as more molecular specific methods, e.g., quantitative
PCR. The biological material removed from ferrous debris
pieces was used as inoculum; 1.5 ml of the sample, prior to
centrifuging for DNA extractions, was inoculated into petri
dishes containing 13.5 ml media for a total plate volume of
15 ml. Following the procedure described in Garrison et al.
(2019), each sample was plated to three replicates with four
dilutions of each replicate (12 plates total for each shipwreck
piece) for MPN estimates. For each dilution transfer, the previous
plate was randomly mixed, and the material was randomly
pipetted. Five milligrams of zero valent iron mesh (200 pm)
was then added to each plate as a highly bioavailable source
of iron for any FeOB which could have been present in the
sample (Garrison et al.,, 2019).

After inoculation, the MPN enrichment cultures were stored
with BD GasPak EZ Campy Container Systems to create
microaerobic conditions (~1% O, headspace) during incubation.
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The containers were sealed and incubated at 20°C for 21 days
to ensure optimum growth of FeOB cells that could have
been present (Emerson and Floyd, 2005; Garrison et al.,
2019). An incubation temperature of 20°C was chosen for
all sample cultures to avoid slow growth rates, which could
have affected the results after 21 days, as well as to be able
to align with previously reported optimal growth temperatures
in the literature (Chiu et al., 2017; Garrison et al., 2019).
FeOB growth for each plate was determined based on the
production of biological iron oxides and then, if necessary,
confirmed with both light microscopy for distinctive helical
iron oxide morphologies and fluorescence microscopy for
distinctive bean-shaped cells attached to the iron oxides, and
additional confirmation was achieved by subsequently
transferring the potential positive enrichment culture to a
new enrichment plate. Positive growth by FeOB appears as
very distinctive suspended flocculant orange clumps, which
are biologically produced iron oxide stalks intertwined together
(Little et al., 2014; Garrison et al., 2019). An MPN calculator
(Curiale, 2012) was used to estimate abundance based on
which plates out of the set for each sample exhibited FeOB
growth after the incubation period.

The MPN results were normalized to the surface area of
their corresponding shipwreck piece. Surface area of each piece
was determined using Image] 1.51 (Schneider et al., 2012).
After loading the photograph into Image], the scale of the
image was set by including a ruler in each photograph, followed
by converting the length in centimeters to pixels using the
set scale feature of Image]. The outline of the shipwreck piece
was traced using the line tool, and the surface area was
determined using the measure area tool. MPN abundance data
were used to determine the presence or absence of FeOB for
each sample, their relative abundance, and their distribution
across the shipwreck.

Quantitative PCR

Due to the high salinity of the site and identification of the
isolate as a Zetaproteobacteria, a marine FeOB, quantitative
PCR was used to determine the presence and relative abundance
of Zetaproteobacteria across the ship debris pieces. CFX
Connect™ Real-Time PCR Detection System and SsoAdvanced™
Universal SYBR® Green Supermix was used to determine the
relative abundance of Zetaproteobacteria using the primers
Zeta672F (5'-CGG AAT TCC GTG TGT AGC AGT-3') and
Zeta837R (5'-GCC ACW GYA GGG GTC GAT ACC-3'; Kato
et al, 2009). Following the protocol supplied in the
SsoAdvanced™ Universal SYBR® Green Supermix instruction
manual (2013), each PCR reaction mix contained 10 pl (2X)
Supermix, 1 pl of each (10 pM) forward and reverse primers,
2 pl (~50 ng) DNA template, and the rest of the volume of
nuclease-free water (6 pl), so each reaction was 20 pl total.
PCR conditions were 1 cycle of 3 min at 98°C, followed by
35 cycles of 15 s at 95°C and 30 s at 60°C. The percent of
Zetaproteobacteria to total DNA in each sample was determined
using the Biorad CFX Maestro Software v1.1 and the average
relative abundance was calculated and graphically displayed
using R (R Core Team, 2013).

Species Isolation and Sequencing

Three successful dilutions-to-extinction in FeOB enrichment
media, performed the same as the MPN media method described
above, led to the isolation of a marine Zetaproteobacteria FeOB
referred to as Mariprofundus ferrooxydans strain Ol - a marine
FeOB strain from the O1 shipwreck piece - based on phylogeny
and whole genome comparisons with other cultivated
Zetaproteobacteria. The pure culture was confirmed using
epifluorescence microscopy to identify the presence of a single
cell morphology, followed by inoculation onto standardized
nutrient agar [9 g/L nutrient broth (Remel) and 15 g/L
bacteriological agar (VWR International, LLC.,)] to confirm
the absence of contaminating heterotrophs.

DNA from the isolate Zetaproteobacteria strain was extracted
using 250 mg of sample material and the DNeasy PowerSoil
Kit (Qiagen, Inc.,). DNA was subsequently PCR amplified using
universal 16S primers 8F and 1492R (Lane, 1991; Tuer et al.,
1999). PCR products were purified using a QIAquick PCR
purification kit (Qiagen, Inc.,). The 16S ribosomal RNA (rRNA)
gene was sequenced via Sanger sequencing by GeneWiz (South
Plainfield, NJ) to identify the isolate. The sequence data were
aligned to create a consensus sequence and cleaned using
Sequencher® (Gene Codes Corporation, Ann Arbor, MI). The
aligned 16S rRNA gene sequence was then imported into
BLAST (Altschul et al,, 1990) to identify which species were
close neighbors. The aligned 16S rRNA gene sequence was
also imported into the ZetaHunter program (McAllister et al.,
2018) to identify which Zetaproteobacteria OTU it belonged to.

The entire genome of the isolate was sequenced by CGEB-
IMR® (Dalhousie University, Halifax, NS, Canada) using Illumina
MiSeq. The paired-end reads were trimmed and filtered using
Trimmomatic (Bolger et al., 2014) and FastQC (Andrews, 2010),
assembled using SPAdes (Bankevich et al., 2012) and annotated
using RASTtk (Aziz et al., 2008; Overbeek et al., 2013; Brettin
et al, 2015). Analysis of the genome was performed using
RAST and the genome size and completeness was determined
using CheckM (Aziz et al., 2008; Overbeek et al., 2013; Parks
et al,, 2015). Maximum likelihood phylogenetic trees for 16S
rRNA gene comparisons with other similar bacteria lineages
were constructed using MEGAX (Kumar et al, 2018) using
the Tamura-Nei nucleotide substitution model for 16S rRNA
with 1,000 bootstrap iterations.

Community Analysis

In order to characterize the microbial communities present on
and around the shipwreck, 250 mg of sample material was
extracted for DNA from all samples collected using a MoBio
DNeasy PowerSoil Kit (Qiagen, Inc,), and those with
high quality DNA were subsequently sent to Dalhousie University
Integrated Microbiome Resource (IMR; imr.bio) for 16S rRNA
gene amplicon sequencing (V4-V5 region). DNA extractions
from drilled shipcore samples A2, Bl, and B2 did not
yield enough DNA for amplicon sequencing after three repeated
attempts and thus were removed from the downstream microbial
community analyses. 16S amplicons were generated
using improved internal transcribed spacer marker gene
primers (Walters et al., 2015) according to the protocol in
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Comeau et al. (2017) and sequenced using 300 + 300-bp PE
v3 chemistry and on an Illumina MiSeq. Sequence data from
loose shipwreck debris O3, sediment samples 9.75 m from the
midline of the ship, O1, S1, and C3, and drilled shipcore A3
were not complete and therefore were removed from the
subsequent microbial analysis. Microbial community data were
processed and analyzed using mothur v1.41.3 (Schloss et al.,
2009) and associated curation pipeline (Kozich et al, 2013).
The resulting community analysis data were manipulated using
non-metric multidimensional scaling (NMDS) in R using vegan
and ggplot2 packages (R Core Team, 2013). Within the vegan
package, metaMDS function with Bray-Curtis dissimilarity method
was used to construct NMDS plots, ANOSIM function was
used to determine significant differences in microbial community
composition between sample types, and SIMPER function was
used to determine which taxa specifically were most influential
in causing those community differences between sample types.

NCBI Accession Numbers

The 16S amplicon sequence data can be found in the Short
Read Archive (SRA) database under the accession numbers
SRR12148233-SRR12148251. The GenBank accession number
for the 16S rRNA gene sequence of M. ferrooxydans O1 is
MT238205. The NCBI accession number for M. ferrooxydans
O1 whole-genome sequence is JAAV]J000000000. Specific genes
of interest from M. ferrooxydans Ol discussed in the results
were also deposited in GenBank and can be found in the text
below. The accession number for the whole project is PRINA614966.

RESULTS

The microbial community composition and OTU relative
abundances at the shipwreck site differed between sediment
and ship samples (Figure 2A; ANOSIM test: R = 0.86,
p = 0.0004) and between all sample types, including visibly
corroded ship debris, non-visibly corroded ship debris, sediment,
seawater, and shipcore samples (Figure 2B; ANOSIM test:
R = 0.75, p = 0.0001). There were notable differences in
microbial community composition at both phyla and class
levels between the types of samples collected (Figure 3;
Supplementary Figure S1). The taxa that contributed the most
to differences seen in community composition between ship
and sediment samples at the phyla level were unclassified
bacteria (SIMPER analysis: 55.8%) and Proteobacteria (21.7%),
and at the class level were unclassified bacteria (45.8%),
Deltaproteobacteria (13.8%), Alphaproteobacteria (5.8%), and
Gammaproteobacteria (5.7%). At the phyla level, Proteobacteria
were more abundant on the ship debris while the unclassified
bacteria were more abundant in the sediment. At the class
level, both Alphaproteobacteria and Gammaproteobacteria were
more abundant on the ship debris while the unclassified bacteria
and Deltaproteobacteria were more abundant in the sediment.
The taxa that contributed the most to differences between
visibly corroded and non-visibly corroded ship debris at the
phyla level were Proteobacteria (SIMPER analysis: 43.2%),
unclassified bacteria (22.5%), and Bacteroidetes (12.9%) and

at the class level were unclassified bacteria (46.3%),
Alphaproteobacteria (15.0%), Gammaproteobacteria (10.3%),
Deltaproteobacteria (7.4%), and Planctomycetia (6.0%). At the
phyla level, unclassified bacteria and Proteobacteria were more
abundant on the visibly corroded ship debris while Bacteroidetes
were more abundant on the non-visibly corroded ship debris.
At the class level, Gammaproteobacteria and Deltaprotoebacteria
were more abundant on the visibly corroded debris while
Alphaproteobacteria and Planctomycetia were more abundant
on the non-visibly corroded debris.

The variability observed in microbial community composition
between ship debris and sediment or seawater environments
suggests that there may be niche partitioning by some taxa
associated with the shipwreck (Figure 3; Supplementary Figure S1).
Of the classes previously identified in higher proportions near
shipwrecks  (Gammaproteobacteria, ~ Phycisphaerae, ~ and
Dehalococcoidaceae; Hamdan et al.,, 2018; Salerno et al., 2018),
only Phyciscphaerae were found in higher proportion on the
shipwreck debris compared to the other sample types. The
shipwreck debris samples also had higher proportions of
Bacteroidetes, Planctomycetes, and Verrucomicrobia compared to
other sample types. The classes with higher proportions on the
shipwreck debris compared to other sample types were
Alphaproteobacteria, — Flavobacteria,  Planctomycetacia, — and
Verrucomicrobiae. All of these taxa were also found at a higher
proportion in the above-ground drilled samples and seawater
samples compared to the sediment and below-ground drilled piece.

Interestingly, the microbial community of the drilled shipcore
sample from below the sediment line was more similar to the
sediment samples than the above-ground shipcore samples or
debris samples. A higher proportion of the phyla Chloroflexi,
Deferribacteres, and Firmicutes and the classes Anaerolinae,
Chloroflexi, Clostridia, and Deltaproteobacteria were found on
the below-the-sediment-line drilled shipcore samples than on
the shipwreck debris. It is worth noting that after sample
collection, it was determined that the drilled samples came
from regions that may have stored hydrocarbons at one time
and the presence of Chloroflexi, known hydrocarbon degraders
(Dombrowski et al., 2017), may be indicative of this.

FeOB were found widespread across the shipwreck as there
was positive growth on all MPN plates, with higher relative
abundance of growth (cells/cm?) on the samples that contained
visible corrosion products (Figures 4A,B). The highest FeOB
relative abundance was on the O1 shipwreck debris piece
with >1,511 cells/cm® compared to ~4 cells/cm* on the control
samples. The O1 debris sample was orders of magnitude greater
than all other samples with the average FeOB cell counts,
including sample O1 was 384 cells/cm* + 751 and excluding
O1 was 9 cells/cm® = 2.6. When including O1 debris sample,
there was a greater significant difference in FeOB relative
abundance between ship debris with or without visible corrosion
(Mann-Whitney U test: W = 12, p = 0.057) compared to
exclusion of sample O1 (W = 9, p = 0.1; Figures 4A,B).
Exclusion of sample O1, however, shows that visibly corroded
samples still exhibited higher relative abundances of FeOB
overall compared to visibly non-corroded ship debris. Sample
O1 may have had higher relative abundance of FeOB cells
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due to an elemental composition of the debris piece more
favorable to FeOB growth, but the fine-scale metal content of
this wreck is unknown.

Zetaproteobacteria, a known marine FeOB class, were also
found widespread across the shipwreck based on qPCR analyses
(Figures 4C,D). There were higher proportions of Zetaproteobacteria
on shipwreck samples with visible corrosion products than those
without, again supporting the same trend seen from the MPN
results. Additionally, there was more variation in the proportions
of Zetaproteobacteria among those samples with visible corrosion
products than those without, suggesting that there are multiple
factors affecting their abundance such as iron content, exposure
to oxygen, and/or the presence of other community members.
The highest proportion of Zetaproteobacteria was found on the
Sample O1 shipwreck debris piece (2.6 x 10°% Zetaproteobacteria
out of total community/0.25 g material collected) and was three
orders of magnitude higher than all other samples. There was
no significant difference in Zetaproteobacteria proportion between
shipwreck samples with or without visible corrosion (Including
O1: Mann-Whitney U test: W = 8, p > 0.05; Excluding OI:
W =5, p > 0.05; Figures 4C,D). The average proportion of
Zetaproteobacteria in the community including sample O1 was
65 x 107 + 13 x 10°% and excluding Ol was
7.9 x 107 + 8.7 x 107%.

A novel Zetaproteobacteria strain was successfully isolated
from the O1 shipwreck debris piece through dilution-to-extinction
cultures and microscopy. This isolate was identified as

M. ferrooxydans species based on 16S rRNA gene analysis and
whole genome comparisons with other known Mariprofundus
strains. This isolate grew in EM culture media and formed
distinctive, suspended flocculant orange clumps (Figure 5) and
produced iron oxyhydroxides intertwined into braided stalks,
typical of Mariprofundus spp. (Singer et al, 2011; Mumford
et al., 2016). The draft genome sequence of M. ferrooxydans
O1 consists of 21 contigs. It has a genome size of 2,760,518 bp,
a GC content of 54.2%, and 2,821 protein-coding sequences
and is 99% complete with 0% redundancy and 0% strain
heterogeneity. The 16S rRNA BLAST results of Strain O1 identified
the most closely related organisms as marine iron-oxidizing
Mariprofundus strains within Zetaproteobacteria OTU11 (ZOTU11;
Supplementary Figure S2): Mariprofundus sp. SC-2 [99.66%
average nucleotide identity (ANI)], M. ferrooxydans M34 (99.64%
ANI), M. ferrooxydans JV-1 (99.31% ANI), M. ferrooxydans
PV-1 (99.28% ANI), and Mariprofundus sp. EKF_M39 (96.50%
ANI) (Supplementary Figure S2; Yoon et al., 2017).

Further analysis of the M. ferrooxydans O1 genome suggests
that this organism contains both Type I and Type II ribulose-
1,5-bisphosphate carboxylase/oxygenase (RubisCO) genes used
in carbon fixation (RubisCO Type I GenBank Accession #
MT709282-MT709283; RubisCO Type II GenBank Accession
# MT709284). The amino acid sequences of both the large
and small subunit for Type I, as well as the amino acid
sequence for Type II, were most similar to M. ferrooxydans
PV-1 with 100% identity. Using the cyc2 sequence taken from
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FIGURE 5 | Mariprofundus ferrooxydans O1 (A) grown in estuary media (EM) culture media producing distinctive, suspended flocculant orange clumps in the form
of biologically produced iron oxides intertwined into braided stalks, as seen under (B) Bright-field microscopy and (C) scanning electron microscopy.

M. ferrooxydans PV-1, strain Ol was found to contain a
hypothetical protein (GenBank Accession # MT709281) possibly
involved in iron oxidation with an e-value of 0.0 and 83%
identity at the gene level (McAllister et al., 2020).

Through comparative genomics of Zetaproteobacteria isolates
within ZOTU11, the minimum set of nif genes (nifHDKENB)
required to perform nitrogen fixation were identified in the strain
Ol genome and found to be highly conserved between the strain
O1, M. ferrooxydans M-34, and Mariprofundus sp. EKF-M39
(Supplementary Tables S2, S3; Supplementary Figure S2). The
nifH gene sequence found in strain O1 (Genbank accession #
MT709280) encodes for dinitrogenase reductase, which is an
essential component of the nitrogenase enzyme (Arcondéguy
et al.,, 2001; Johnston et al., 2005; Dos Santos et al., 2012; Kato
et al., 2015b), and is a commonly used marker gene for nitrogen
fixation. This gene along with others that make up the nitrogenase
enzyme were used to analyze the genomes of FeOB isolates to
determine if they have the genomic potential to perform nitrogen
fixation. Nitrogen fixation capabilities have been confirmed in
isolates M. ferrooxydans M34 and Mariprofundus sp. EKF-M39
(Field et al., 2015). These genes could not be found in either
M. ferrooxydans PV-1 or JV-1, but it is possible that these genes
are missing, as their genomes are not complete. Nitrogen fixation
genes have also been found in Mariprofundus sp. DIS1, as well
as in freshwater FeOB isolates Sideroxydans lithotrophicus ES-1
and Ferriphaselus amnicola OYT1 (Kato et al., 2015b).

DISCUSSION

The microbial communities were distinctly different across each
type of sample collected (i.e., shipwreck debris, drilled shipcores,
sediment, and seawater). There were differences in the microbial
communities even between visibly corroded and non-visibly corroded
ship debris pieces, indicating that the surface material the microbes
were attached to influences the community composition. Each
sample type contained community members that likely contribute
to the biogeochemical cycling of nutrients and metals in the
shipwreck ecosystem. According to the NMDS models created

for the different sample types, there was little variation in the
microbial communities within the same sample type, suggesting
that the microbial communities attached to similar materials have
similar dominant microbial community members, but may vary
in rare taxa. Certain taxonomic classes such as Flavobacteria,
Phycisphaerae, and Planctomycetaciae that are usually found in a
marine environment were present in the shipwreck debris
communities at higher abundance than the seawater samples. These
organisms have also been previously found in the sediment near
well-studied deep-water shipwrecks, which may suggest that these
organisms preferentially attached to the shipwreck surface (Hamdan
et al, 2018). Overall, the variability in microbial community
composition across the shipwreck may be due to differences in
the chemical composition of the ship itself or due to small-scale
variability in the environment surrounding the shipwreck.

These distinct, yet consistent, microbial communities
associated with the shipwreck may have important implications
for biogeochemical cycling in the shipwreck environment. For
example, nitrogen cycling may be widespread in the microbial
communities associated with the shipwreck surface via
Zetaproteobacteria that may fix nitrogen and Planctomycetes
that were highly abundant on the shipwreck and are known
to perform ammonia oxidation, which contributes to an increase
in dinitrogen gas. An abundance of this unavailable nitrogen
in the ecosystem could provide a nitrogen source for organisms
capable of fixing dinitrogen gas leading to a symbiotic relationship
between these community members.

Microbial communities in the sediment and on the below-
ground drilled sample were more similar to each other
than to other sample communities, including the above-ground
drilled samples, indicating that the in situ environmental conditions
and the proximity of nearby communities were likely important
factors in determining community composition. The microbial
community members that were more abundant in the sediment
samples and the below-ground drilled sample were Anaerolineae,
Deferribacteres, Deltaproteobacteria, Chloroflexia, and Clostridia,
are typically found in anaerobic environments, and are
capable of performing functions such as anaerobic ammonia
oxidation, sulfate-reduction, and hydrocarbon degradation.
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A well-characterized functional metabolism of the phylum
Chloroflexi is hydrocarbon degradation (Dombrowski et al,
2017). The higher abundance of Chloroflexi in the sediment
samples and below-ground shipcore sample may suggest the
presence of hydrocarbons in the sediment likely being released
from a fuel tank within the shipwreck itself. Deferribacteres
phylum has been previously characterized to use a variety of
electron donors and acceptors in various metabolic pathways
such as iron (III)-reduction, sulfate-reduction, and nitrate-
reduction, which allow these microorganisms to inhabit a variety
of niches and provide many ecosystem processes to their
surrounding environment (Tamazawa et al, 2017). The high
abundance of Deferribacteres in these samples suggests that
these compounds are likely concentrated in the sediment
surrounding the shipwreck and may be coming from the
microorganisms that use different parts of the shipwreck as
electron donors. Additionally, Deltaproteobacteria, which are
strict anaerobes known to reduce iron (IIT) and sulfate (Slobodkina
et al., 2012; Kato et al, 2015a), were found in all samples,
and more specifically at higher abundances within both sediment
and below-ground drilled sample. This result was similar to
that of Hamdan et al. (2018), where Deltaproteobacteria were
found in all sediment samples taken and were the more dominant
community members as sediment depth increased.

While the overall dominant microbial community members
across the shipwreck were similar, the rare taxa, such as the
potential biocorrosion-related microorganisms, including the
Deltaproteobacteria and Zetaproteobacteria, may be correlated
with specific regions of the shipwreck or surrounding environment.
Therefore, monitoring their location across these wrecks may
be critical in designing better preservation methods. The specific
metal content of this steel-hulled shipwreck remains unknown,
but future studies in which the metal content is well-defined
will aid in narrowing down the characteristics of these wrecks
that may correspond to these organisms growth niches.

The findings of this study also support the widespread presence
of FeOB directly on the surface of a deteriorating ferrous-hulled
shipwreck. FeOB abundances were highest where visible corrosion
was observed but varied across the shipwreck. Of the FeOB
present, the marine iron-oxidizers were found at a low abundance
within the microbial community based on 16S rRNA gene
amplicon sequencing. FeOB may also exhibit a multitude of
metabolisms alongside iron oxidation such as carbon and nitrogen
fixation, allowing them to fulfill less energetically favorable niches
for metabolisms that are key steps in the biogeochemical cycling
of these elements in all environments. Previous studies analyzing
the genomes of FeOB isolates found a combination of both
types of the RubisCO genes required for carbon fixation in
different environments, as well as the minimum set of nif genes
(nifHDKENB) required to perform nitrogen fixation (Field et al.,
2015). Type I RubisCO is used by organisms in high oxygen,
low carbon dioxide environments while Type II is used in low
oxygen, high carbon dioxide environments. Since the
Zetaproteobacteria isolate was found to contain both types of
RubisCO genes, it may be able to perform carbon fixation under
fluctuating environmental conditions that they may be exposed
to on the surface of these artificial reefs.

The M. ferrooxydans O1 described herein, as well as two
other isolates in ZOTUILl - Mariprofundus sp. M34 and
Mariprofundus sp. EKF-M39 - have the genomic potential
to carry out nitrogen fixation, suggesting that this metabolic
function may be more widespread in this group than previously
described. The nitrogenase reductase subunit NifH is commonly
used as a functional protein marker for nitrogen fixation
(Arcondéguy et al, 2001) as it is the electron delivering
iron protein of the nitrogenase complex and nitrogen fixation
cannot be performed without it. This subunit, along with
others that makeup the minimum set of nif genes (nifHDKENB)
required to perform nitrogen fixation, were identified in three
of the ZOTU11 isolates’ genomes and found to be highly
conserved between them. Some of these subunits were also
found in three neutrophilic FeOB that are not within ZOTU11 -
Mariprofundus sp. DIS1, Sideroxydans lithotrophicus ES-1, and
Ferriphaselus amnicola OYT1 (Arcondéguy et al., 2001; Johnston
et al., 2005; Dos Santos et al., 2012; Kato et al., 2015b).
The shipwreck ecosystem is a nitrogen limited environment
where organisms that fix atmospheric nitrogen to a biologically
available form, such as this FeOB isolate, have been known
to form symbiotic relationships with other organisms in the
attached assemblage (Fiore et al, 2010). While nitrogen
fixation has been confirmed in M. ferrooxydans M34 and
Mariprofundus sp. EKF-M39 (Field et al., 2015), it has yet
to be confirmed in M. ferrooxydans Ol and should
be further investigated.

The results from this study provide fundamental knowledge
of the microbial communities associated with the shallow water
ferrous-hulled Pappy Lane shipwreck, which can be used to
aid in resource management and conservation of shallow water
shipwrecks and other irreplaceable artifacts that have fallen
victim to Earth’s watery depths. The variation in microbial
community composition between sample types suggests that
the communities are correlated with sample composition and
surrounding environment, and this trend may also be seen in
other shallow water shipwrecks. The microbial community
members attached to the wreck likely contribute to nitrogen,
carbon, sulfur, and iron cycling within the shipwreck
environment. While this is expected of any biofilm community,
in regions where a large number of wrecks are found they
may be large contributors to biogeochemical cycling in
coastal environments.

There are many variables that affect shipwrecks and their
rates of degradation but the results presented here suggest
that there are important ecosystem benefits correlated to the
microbiome of the wreck. There may not be a shipwreck
degradation/corrosion “model” that can be broadly applied to
all wrecks, but the distinct microbiome likely reflects the wreck’s
material composition as well as the environment surrounding
it. Characterizing the microbial community found on the Pappy
Lane shipwreck has provided insight into the ecosystem
supporting coastal shipwrecks not only in North Carolina but
across all coastlines. As we continue to understand more about
the microbial ecosystem of shipwrecks, we can begin to apply
the most appropriate methods for preserving these submerged
cultural resources.

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1897


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Price et al.

Shipwreck Reveals Distinct Microbial Community

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/
repositories and accession number(s) can be found in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

KP, CG, and EF contributed to the experimental design. KP
and CG conducted laboratory experiments and microbial
community analyses. NR coordinated and oversaw field sampling
efforts. All authors contributed to sample collection, data analysis,
manuscript revisions, as well as have read and approved the
submitted version.

FUNDING

Funding was provided by the North Carolina Department of
Transportation (NCDOT) Project 2017-43 undertaken under

REFERENCES

Al Abbas, E. M., Williamson, C., Bhola, S. M., Spear, J. R., Olson, D. L,
Mishra, B., et al. (2013). Influence of sulfate reducing bacterial biofilm on
corrosion behavior of low-alloy, high-strength steel (API-5L X80).
Int. Biodeterior. Biodegradation 78, 34-42. doi: 10.1016/j.ibiod.2012.10.014

Altschul, S. E, Gish, W,, Miller, W., Myers, E. W,, and Lipman, D. J. (1990).
Basic local alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/
50022-2836(05)80360-2

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence
data. Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc
(Accessed May 2019).

Arcondéguy, T, Jack, R., and Merrick, M. (2001). PII signal transduction
proteins, pivotal players in microbial nitrogen control. Microbiol. Mol. Biol.
Rev. 65, 80-105. doi: 10.1128/MMBR.65.1.80-105.2001

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A,
et al. (2008). The RAST server: rapid annotations using subsystems technology.
BMC Genom. 9:75. doi: 10.1186/1471-2164-9-75

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S.,
et al. (2012). SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/
cmb.2012.0021

Beech, I. B., and Cheung, C. S. (1995). Interactions of exopolymers produced
by sulphate-reducing bacteria with metal ions. Int. Biodeterior. Biodegradation
35, 59-72. doi: 10.1016/0964-8305(95)00082-G

Bermont-Bouis, D., Janvier, M., Grimont, P, Dupont, L, and Vallaeys, T. (2007).
Both sulfate-reducing bacteria and Enterobacteriaceae take part in marine
biocorrosion of carbon steel. J. Appl. Microbiol. 102, 161-168. doi: 10.1111/j.
1365-2672.2006.03053.x

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer
for illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., et al.
(2015). RASTtk: a modular and extensible implementation of the RAST
algorithm for building custom annotation pipelines and annotating batches
of genomes. Sci. Rep. 5:8365. doi: 10.1038/srep08365

Chiu, B. K., Kato, S., McAllister, S. M., Field, E. K., and Chan, C. S. (2017).
Novel pelagic iron-oxidizing Zetaproteobacteria from the Chesapeake Bay

the ECU-NCDOT Master Agreement Contract MA-2009-04
and the ECU Undergraduate Research and Creative Activity
Award for Kyra Price. Sampling permits provided by North
Carolina Department of Natural and Cultural Resources Permit
#17PAS652, NC Office of State Archeology Permit #17PAS654,
and NC Department of Environmental Quality and Coastal
Resources Commission Permit #97-17.

ACKNOWLEDGMENTS

Thanks to the ECU Maritime Studies Field School students
for aiding in sample collection, John McCord for photography,
as well as Clara Chan and Debbie Powell (University of Delaware)
for help with scanning electron microscopy.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01897/
full#supplementary-material

Church, R. A, Warren, D. ], and Irion, J. B. (2009). Analysis of deepwater
shipwrecks in the Gulf of Mexico: artificial reef effect of six world war II
shipwrecks. Oceanography 22, 50-63. doi: 10.5670/0oceanog.2009.38

Comeau, A. M., Douglas, G. M., and Langille, M. G. (2017). Microbiome
helper: a custom and streamlined workflow for microbiome research. mSysterms
2, €00127-00116. doi: 10.1128/mSystems.00127-16

Connell, S. D. (2000). Floating pontoons create novel habitats for subtidal epibiota.
J. Exp. Mar. Biol. Ecol. 247, 183-194. doi: 10.1016/50022-0981(00)00147-7

Costerton, J. W,, Cheng, K. ], Geesey, G. G., Ladd, T. L, Nickel, J. C,
Dasgupta, M., et al. (1987). Bacterial biofilms in nature and disease. Annu. Rev.
Microbiol. 41, 435-464. doi: 10.1146/annurev.mi.41.100187.002251

Costerton, J. W.,, Lewandowski, Z., Caldwell, D. E., Korber, D. R, and
Lappin-Scott, H. M. (1995). Microbial biofilms. Annu. Rev. Microbiol. 49,
711-745. doi: 10.1146/annurev.mi.49.100195.003431

Cullimore, D., and Johnston, L. (2008). Microbiology of concretions, sediments
and mechanisms influencing the preservation of submerged archaeological
artifacts. Int. J. Hist. Archaeol. 12, 120-132. doi: 10.1007/s10761-008-0045-y

Curiale, M. (2012). MPN calculator. Available at: http://mpn-calculator.
freedownloadscenter.com/windows (Accessed November 2017).

Damour, M., Church, R., Warren, D., Horrell, C., and Hamdan, L. (2015). “Gulf
of Mexico shipwreck corrosion, hydrocarbon exposure, microbiology, and
archaeology (GOM-SCHEMA) project: studying the effects of a major oil spill
on submerged cultural resources” in Underwater Archaeology Proceedings of
the 2015 Society for Historical Archaeology Conference; January 6-11, 2015; Seattle,
WA (Columbus, OH: Advisory Council on Underwater Archaeology), 51-61.

Dombrowski, N., Seitz, K. W.,, Teske, A. P, and Baker, B. J. (2017). Genomic
insights into potential interdependencies in microbial hydrocarbon and
nutrient cycling in hydrothermal sediments. Microbiome 5:106. doi: 10.1186/
s40168-017-0322-2

Dos Santos, P, Fang, Z., Mason, S., Setubal, ]., and Dixon, R. (2012). Distribution
of nitrogen fixation and nitrogenase-like sequences amongst microbial genomes.
BMC Genom. 13:162. doi: 10.1186/1471-2164-13-162

Duan, J., Hou, B., and Yu, Z. (2006). Characteristics of sulfide corrosion products
on 316L stainless steel surfaces in the presence of sulfate-reducing bacteria.
Mater. Sci. Eng. C. 26, 624-629. doi: 10.1016/j.msec.2005.09.108

Emerson, D. (2019). The role of iron-oxidizing bacteria in biocorrosion: a
review. Biofouling 34, 989-1000. doi: 10.1080/08927014.2018.1526281

Emerson, D., and Floyd, M. M. (2005). Enrichment and isolation of iron-

oxic-anoxic transition zone. Front. Microbiol. 8:1280. doi: 10.3389/ oxidizing bacteria at neutral pH. Methods Enzymol. 397, 112-123.
fmicb.2017.01280 doi: 10.1016/S0076-6879(05)97006-7
Frontiers in Microbiology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 1897


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01897/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01897/full#supplementary-material
https://doi.org/10.1016/j.ibiod.2012.10.014
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1128/MMBR.65.1.80-105.2001
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1016/0964-8305(95)00082-G
https://doi.org/10.1111/j.1365-2672.2006.03053.x
https://doi.org/10.1111/j.1365-2672.2006.03053.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/srep08365
https://doi.org/10.3389/fmicb.2017.01280
https://doi.org/10.3389/fmicb.2017.01280
https://doi.org/10.5670/oceanog.2009.38
https://doi.org/10.1128/mSystems.00127-16
https://doi.org/10.1016/S0022-0981(00)00147-7
https://doi.org/10.1146/annurev.mi.41.100187.002251
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1007/s10761-008-0045-y
http://mpn-calculator.freedownloadscenter.com/windows
http://mpn-calculator.freedownloadscenter.com/windows
https://doi.org/10.1186/s40168-017-0322-2
https://doi.org/10.1186/s40168-017-0322-2
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1016/j.msec.2005.09.108
https://doi.org/10.1080/08927014.2018.1526281
https://doi.org/10.1016/S0076-6879(05)97006-7

Price et al.

Shipwreck Reveals Distinct Microbial Community

Fagervold, S. K., Galand, P. E., Zbinden, M., Gaill, E, Lebaron, P, and Palacios, C.
(2012). Sunken woods on the ocean floor provide diverse specialized habitats
for microorganisms. FEMS Microbiol. Ecol. 82, 616-628. doi: 10.1111/j.
1574-6941.2012.01432.x

Field, E. K., Sczyrba, A., Lyman, A. E., Harris, C. C., Woyke, T., Stepanauskas, R.,
et al. (2015). Genomic insights into the uncultivated marine Zetaproteobacteria
at Loihi seamount. ISME J. 9, 857-870. doi: 10.1038/ismej.2014.183

Fiore, C. L., Jarett, J. K, Olson, N. D., and Lesser, M. P. (2010). Nitrogen
fixation and nitrogen transformations in marine symbioses. Trends Microbiol.
18, 455-463. doi: 10.1016/j.tim.2010.07.001

Garrison, C. E., Price, K. A., and Field, E. K. (2019). Environmental evidence
for and genomic insight into the preference of iron-oxidizing bacteria for
more-corrosion-resistant stainless steel at higher salinities. Appl. Environ.
Microbiol. 85, €00483-e00419. doi: 10.1128/AEM.00483-19

Hamdan, L. J., Salerno, J. L., Reed, A., Joye, S. B, and Damour, M. (2018).
The impact of the Deepwater horizon blowout on historic shipwreck-associated
sediment microbiomes in the Northern Gulf of Mexico. Sci. Rep. 8:9057.
doi: 10.1038/s41598-018-27350-z

Hamilton, W. A. (1985). Sulphate-reducing bacteria and anaerobic corrosion.
Annu.  Rev. Microbiol. 39, 195-217. doi: 10.1146/annurev.mi.39.
100185.001211

Haridas, D., Biffinger, J. C., Boyd, T. J., Fulmer, P. A,, Hamdan, L. J,, and
Fitzgerald, L. A. (2017). Laboratory growth of denitrifying water column
microbial consortia from deep-sea shipwrecks in the Northern Gulf of
Mexico. FI000Research 6:1834. doi: 10.12688/f1000research.12713.3

Huggett, M. J., Williamson, J. E., de Nys, R., Kjelleberg, S., and Steinberg, P. D.
(2006). Larval settlement of the common Australian sea urchin Heliocidaris
erythrogramma in response to bacteria from the surface of coralline algae.
Oecologia 149, 604-619. doi: 10.1007/s00442-006-0470-8

Jia, P, and Li, M. (2012). Circulation dynamics and salt balance in a lagoonal
estuary. J. Geophys. Res. Atmos. 117:1003. doi: 10.1029/2011JC007124

Johnston, A. W. B,, Li, Y., and Ogilvie, L. (2005). Metagenomic marine nitrogen
fixation - feast or famine? Trends Microbiol. 13, 416-420. doi: 10.1016/j.
tim.2005.07.002

Kato, S., Ikehata, K., Shibuya, T., Urabe, T., Ohkuma, M., and Yamagishi, A.
(2015a). Potential for biogeochemical cycling of sulfur, iron and carbon
within massive sulfide deposits below the seafloor. Environ. Microbiol. 17,
1817-1835. doi: 10.1111/1462-2920.12648

Kato, S., Kobayashi, C., Kakegawa, T., and Yamagishi, A. (2009). Microbial
communities in iron-silica-rich microbial mats at deep-sea hydrothermal
fields of the southern Mariana trough. Environ. Microbiol. 11, 2094-2111.
doi: 10.1111/§.1462-2920.2009.01930.x

Kato, S., Ohkuma, M., Powell, D. H., Krepski, S. T., Oshima, K., Hattori, M.,
et al. (2015b). Comparative genomic insights into ecophysiology of neutrophilic,
microaerophilic iron oxidizing bacteria. Front. Microbiol. 6:1265. doi: 10.3389/
fmicb.2015.01265

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a dual-index sequencing strategy and curation
pipeline for analyzing amplicon sequence data on the MiSeq Illumina
sequencing platform. Appl. Environ. Microbiol. 79, 5112-5120. doi: 10.1128/
AEM.01043-13

Kumar, S., Stecher, G, Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms.
Mol. Biol. Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Lane, D. J. (1991). “16S/23S rRNA sequencing” in Nucleic acid techniques in
bacterial systematics. eds. E. Stackebrandt and M. Goodfellow (New York:
John Wiley and Sons), 115-175.

Lawrence, R. (2008). An overview of North Carolina shipwrecks with an
emphasis on eighteenth-century vessel losses at Beaufort inlet. Queen Anne’s
Revenge shipwreck project, Research report and bulletin series QAR-R-08-01,
Underwater Archaeology Branch, Office of State Archaeology, Department
of Cultural Resources, Raleigh, NC.

Leary, D. H, Li, R. W,, Hamdan, L. J., Hervey, W. ], Lebedev, N., Wang, Z.,
et al. (2014). Integrated metagenomic and metaproteomic analyses of marine
biofilm communities. Biofouling 30, 1211-1223. doi: 10.1080/08927014.
2014.977267

Lee, J. S., McBeth, J. M., Ray, R. L, Little, B. J., and Emerson, D. (2013). Iron
cycling at corroding carbon steel surfaces. Biofouling 29, 1243-1252. doi:
10.1080/08927014.2013.836184

Little, B. J., Gerke, T. L., and Lee, J. S. (2014). Mini-review: the morphology,
mineralogy and microbiology of accumulated iron corrosion products.
Biofouling 30, 941-948. doi: 10.1080/08927014.2014.951039

Little, B. J., Lee, J. S., and Gerke, T. L. (2016). “An introduction to Rusticles,
accumulated iron oxides/hydroxides, on shipwrecks” in NACE International
Corrosion Conference Proceedings, 1; March 6-10, 2016.

Little, B. J., Lee, J. S., and Ray, R. I. (2008). The influence of marine biofilms
on corrosion: a concise review. Electrochim. Acta 54, 2-7. doi: 10.1016/j.
electacta.2008.02.071

Loffler, F E., Yan, ], Ritalahti K. M., Adrian, L., Edwards, E. A,
Konstantinidis, K. T,, et al. (2013). Dehalococcoides mccartyi gen. nov., sp.
nov., obligately organohalide-respiring anaerobic bacteria relevant to halogen
cycling and bioremediation, belong to a novel bacterial class, Dehalococcoidia
classis nov., order Dehalococcoidales ord. nov. and family Dehalococcoidaceae
fam. nov., within the phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 63,
625-635. doi: 10.1099/ij5.0.034926-0

Mallefet, J., Zintzen, V., Massin, C., Norro, A., Vincx, M., De Maersschalck, V.,
et al. (2008). Belgian shipwreck: hotspots for marine biodiversity
(BEWREMABI): Final Scientific Report. Belgian Science Policy, 155.

McAllister, S. M., Davis, R. E., McBeth, J. M., Tebo, B. M., Emerson, D., and
Moyer, C. L. (2011). Biodiversity and emerging biogeography of the neutrophilic
iron-oxidizing Zetaproteobacteria. Appl. Environ. Microbiol. 77, 5445-5457.
doi: 10.1128/AEM.00533-11

McAllister, S. M., Moore, R. M., and Chan, C. S. (2018). ZetaHunter, a
reproducible taxonomic classification tool for tracking the ecology of the
Zetaproteobacteria and other poorly resolved taxa. Microbiol. Resour. Announc.
7, €00932-e00918. doi: 10.1128/MRA.00932-18

McAllister, S. M., Polson, S. W., Butterfield, D. A., Glazer, B. T., Sylvan, J. B,
and Chan, C. S. (2020). Validating the Cyc2 neutrophilic iron oxidation
pathway using meta-omics of Zetaproteobacteria iron mats at marine
hydrothermal vents. mSystems 5, €00553-e00619. doi: 10.1128/mSystems.
00553-19

McBeth, J. M., and Emerson, D. (2016). In situ microbial community succession
on mild steel in estuarine and marine environments: exploring the role of
iron-oxidizing bacteria. Front. Microbiol. 7:767. doi: 10.3389/fmicb.2016.00767

McBeth, J. M., Fleming, E. J., and Emerson, D. (2013). The transition from
freshwater to marine iron-oxidizing bacterial lineages along a salinity gradient
on the Sheepscot River, Maine, USA. Environ. Microbiol. Rep. 5, 453-463.
doi: 10.1111/1758-2229.12033

McBeth, J. M., Little, B. J., Ray, R. L, Farrar, K. M., and Emerson, D. (2011).
Neutrophilic iron-oxidizing “Zetaproteobacteria” and mild steel corrosion in
nearshore marine environments. Appl. Environ. Microbiol. 77, 1405-1412.
doi: 10.1128/AEM.02095-10

Mires, C. (2014). The value of Maritime archaeological heritage: an exploratory
study of the cultural capital of shipwrecks in the Graveyard of the Atlantic.
Ph.D. dissertation. Greenville, NC: Coastal Resources Management.

Mugge, R. L., Brock, M. L., Salerno, J. L., Damour, M., Church, R. A,, Lee, J. S.,
et al. (2019). Deep-sea biofilms, historic shipwreck preservation and the
deepwater horizon spill. Front. Mar. Sci. 6:48. doi: 10.3389/fmars.2019.00048

Mumford, A. C., Adaktylou, I. J., and Emerson, D. (2016). Peeking under the
iron curtain: development of a microcosm for imaging the colonization of
steel surfaces by Mariprofundus sp. strain DIS-1, an oxygen-tolerant Fe-
oxidizing bacterium. Appl. Environ. Microbiol. 82, 6799-6807. doi: 10.1128/
AEM.01990-16

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T, et al.
(2013). The SEED and the rapid annotation of microbial genomes using
subsystems technology (RAST). Nucleic Acids Res. 42, D206-D214. doi:
10.1093/nar/gkt1226

Palacios, C., Zbinden, M., Pailleret, M., Gaill, E, and Lebaron, P. (2009). Highly
similar prokaryotic communities of sunken wood at shallow and deep-sea
sites across the oceans. Microb. Ecol. 58, 737-752. doi: 10.1007/
$00248-009-9538-4

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P.,, and Tyson, G. W.
(2015). CheckM: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res. 25, 1043-1055. doi:
10.1101/gr.186072.114

R Core Team (2013). R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available at: http:/
www.R-project.org (Accessed April 2020).

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1897


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/j.1574-6941.2012.01432.x
https://doi.org/10.1111/j.1574-6941.2012.01432.x
https://doi.org/10.1038/ismej.2014.183
https://doi.org/10.1016/j.tim.2010.07.001
https://doi.org/10.1128/AEM.00483-19
https://doi.org/10.1038/s41598-018-27350-z
https://doi.org/10.1146/annurev.mi.39.100185.001211
https://doi.org/10.1146/annurev.mi.39.100185.001211
https://doi.org/10.12688/f1000research.12713.3
https://doi.org/10.1007/s00442-006-0470-8
https://doi.org/10.1029/2011JC007124
https://doi.org/10.1016/j.tim.2005.07.002
https://doi.org/10.1016/j.tim.2005.07.002
https://doi.org/10.1111/1462-2920.12648
https://doi.org/10.1111/j.1462-2920.2009.01930.x
https://doi.org/10.3389/fmicb.2015.01265
https://doi.org/10.3389/fmicb.2015.01265
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1080/08927014.2014.977267
https://doi.org/10.1080/08927014.2014.977267
https://doi.org/10.1080/08927014.2013.836184
https://doi.org/10.1080/08927014.2014.951039
https://doi.org/10.1016/j.electacta.2008.02.071
https://doi.org/10.1016/j.electacta.2008.02.071
https://doi.org/10.1099/ijs.0.034926-0
https://doi.org/10.1128/AEM.00533-11
https://doi.org/10.1128/MRA.00932-18
https://doi.org/10.1128/mSystems.00553-19
https://doi.org/10.1128/mSystems.00553-19
https://doi.org/10.3389/fmicb.2016.00767
https://doi.org/10.1111/1758-2229.12033
https://doi.org/10.1128/AEM.02095-10
https://doi.org/10.3389/fmars.2019.00048
https://doi.org/10.1128/AEM.01990-16
https://doi.org/10.1128/AEM.01990-16
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1007/s00248-009-9538-4
https://doi.org/10.1007/s00248-009-9538-4
https://doi.org/10.1101/gr.186072.114
http://www.R-project.org
http://www.R-project.org

Price et al.

Shipwreck Reveals Distinct Microbial Community

Ravenschlag, K., Sahm, K., Pernthaler, J., and Amann, R. (1999). High bacterial
diversity in permanently cold marine sediments. Appl. Environ. Microbiol.
65, 3982-3989. doi: 10.1128/AEM.65.9.3982-3989.1999

Richards, N. (2018). Pappy Lane shipwreck (PAS0001): public education and
outreach as a part of mitigation for TIP B-2500 Final Report.

Robbins, S. J., Evans, P. N., Parks, D. H., Golding, S. D., and Tyson, G. W.
(2016). Genome-centric analysis of microbial populations enriched by hydraulic
fracture fluid additives in a coal bed methane production well. Front. Microbiol.
7:731. doi: 10.3389/fmicb.2016.00731

Salerno, J., Little, B., Lee, J., and Hamdan, L. J. (2018). Exposure to crude oil
and chemical dispersant may impact marine microbial biofilm composition
and steel corrosion. Front. Mar. Sci. 5:196. doi: 10.3389/fmars.2018.00196

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, ]. R., Hartmann, M., Hollister, E. B.,
et al. (2009). Introducing mothur: opensource, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537-7541. doi: 10.1128/
AEM.01541-09

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to
Image]: 25 years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/
nmeth.2089

Singer, E., Emerson, D., Webb, E. A., Barco, R. A., Kuenen, J. G., Nelson, W. C,,
et al. (2011). Mariprofundus ferrooxydans PV-1 the first genome of a marine
Fe (II) oxidizing Zetaproteobacterium. PLoS One 6:25386. doi: 10.1371/
journal.pone.0025386

Slobodkina, G. B., Reysenbach, A. L., Panteleeva, A. N., Kostrikina, N. A,
Wagner, I. D., Bonch-Osmolovskaya, E. A., et al. (2012). Deferrisoma camini
gen. nov., sp. nov., a moderately thermophilic, dissimilatory iron (III)-reducing
bacterium from a deep-sea hydrothermal vent that forms a distinct phylogenetic
branch in the Deltaproteobacteria. Int. J. Syst. Evol. Microbiol. 62, 2463-2468.
doi: 10.1099/ijs.0.038372-0

SsoAdvanced™ Universal SYBR® Green Supermix Instruction Manual (2013).
Available at: http://www.bio-rad.com/webroot/web/pdf/lsr/literature/10031339.
pdf (Accessed August 2018).

Stick, D. (1952). Graveyard of the Atlantic: Shipwreck of the North Carolina
coast. The University of North Carolina Press.

Svane, I. B., and Petersen, J. K. (2001). On the problems of epibioses, fouling
and artificial reefs, a review. Mar. Ecol. 22, 169-188. doi: 10.1046/j.1439-
0485.2001.01729.x

Tamazawa, S., Mayumi, D., Mochimaru, H., Sakata, S., Maeda, H., Wakayama, T.,
etal. (2017). Petrothermobacter organivorans gen. nov., sp. nov., a thermophilic,
strictly anaerobic bacterium of the phylum Deferribacteres isolated from a

deep subsurface oil reservoir. Int. J. Syst. Evol. Microbiol. 67, 3982-3986.
doi: 10.1099/ijsem.0.002234

Tuer, S., Pryer, K. M., Miao, V. P, and Palmer, J. D. (1999). Investigating deep
phylogenetic relationships among cyanobacteria and plastids by small subunit
rRNA sequence analysisl. J. Eukaryot. Microbiol. 46, 327-338.

Videla, H. A., and Herrera, L. K. (2005). Microbiologically influenced corrosion:
looking to the future. Int. Microbiol. 8, 169-180.

Videla, H. A., and Herrera, L. K. (2009). Understanding microbial inhibition
of corrosion: a comprehensive overview. Int. Biodeterior. Biodegradation 63,
896-900. doi: 10.1016/j.ibiod.2009.02.002

Walker, S. J., Schlacher, T. A., and Schlacher-Hoenlinger, M. A. (2007). Spatial
heterogeneity of epibenthos on artificial reefs: fouling communities in the
early stages of colonization on an east Australian shipwreck. Mar. Ecol. 28,
435-445. doi: 10.1111/j.1439-0485.2007.00193.x

Walters, W,, Hyde, E. R, Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada, A.,
et al. (2015). Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal
internal transcribed spacer marker gene primers for microbial community
surveys. mSystems 1, €00009-e00015. doi: 10.1128/mSystems.00009-15

Xu, C., Zhang, Y., Cheng, G., and Zhu, W. (2007). Localized corrosion behavior
of 316L stainless steel in the presence of sulfate-reducing and iron-oxidizing
bacteria. Mater. Sci. Eng. A. 443, 235-241. doi: 10.1016/j.msea.2006.08.110

Yin, H., Niu, J,, Ren, Y., Cong, J., Zhang, X., Fan, F, et al. (2015). An integrated
insight into the response of sedimentary microbial communities to heavy
metal contamination. Sci. Rep. 5:14266. doi: 10.1038/srep14266

Yoon, S. H,, Ha, S. M., Lim, J. M., Kwon, S. J., and Chun, J. (2017). A large-
scale evaluation of algorithms to calculate average nucleotide identity. Antonie
Van Leeuwenhoek 110, 1281-1286. doi: 10.1007/s10482-017-0844-4

Zuo, R. (2007). Biofilms: strategies for metal corrosion inhibition employing
microorganisms. Appl. Microbiol. Biotechnol. 76, 1245-1253. doi: 10.1007/
s00253-007-1130-6

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Price, Garrison, Richards and Field. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

August 2020 | Volume 11 | Article 1897


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/AEM.65.9.3982-3989.1999
https://doi.org/10.3389/fmicb.2016.00731
https://doi.org/10.3389/fmars.2018.00196
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1371/journal.pone.0025386
https://doi.org/10.1371/journal.pone.0025386
https://doi.org/10.1099/ijs.0.038372-0
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/10031339.pdf
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/10031339.pdf
https://doi.org/10.1046/j.1439-0485.2001.01729.x
https://doi.org/10.1046/j.1439-0485.2001.01729.x
https://doi.org/10.1099/ijsem.0.002234
https://doi.org/10.1016/j.ibiod.2009.02.002
https://doi.org/10.1111/j.1439-0485.2007.00193.x
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1016/j.msea.2006.08.110
https://doi.org/10.1038/srep14266
https://doi.org/10.1007/s10482-017-0844-4
https://doi.org/10.1007/s00253-007-1130-6
https://doi.org/10.1007/s00253-007-1130-6
http://creativecommons.org/licenses/by/4.0/

	A Shallow Water Ferrous-Hulled Shipwreck Reveals a Distinct Microbial Community
	Introduction
	Materials and Methods
	Historical Significance
	Field Sampling
	Sample Processing
	Quantification of FeOB
	Quantitative PCR
	Species Isolation and Sequencing
	Community Analysis
	NCBI Accession Numbers

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material

	References

