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An integrated metagenomic and metabolite profiling study of
hydrocarbon biodegradation and corrosion in navy ships
Christopher R. Marks 1, Kathleen E. Duncan 1, Mark A. Nanny 2, Brian H. Harriman1, Recep Avci 3, Athenia L. Oldham 4

and Joseph M. Suflita 1✉

Naval vessels regularly mix fuel and seawater as ballast, a practice that might exacerbate fuel biodegradation and metal
biocorrosion. To investigate, a metagenomic characterization and metabolite profiling of ballast from U.S. Navy vessels with
residence times of 1-, ~20-, and 31 weeks was conducted and compared with the seawater used to fill the tanks. Aerobic
Gammaproteobacteria differentially proliferated in the youngest ballast tank and aerobic-specific hydrocarbon degradation genes
were quantitatively more important compared to seawater or the other ballast tanks. In contrast, the anaerobic Deltaproteobacteria
dominated in the eldest ballast fluid with anaerobic-specific hydrocarbon activation genes being far more prominent. Gene activity
was corroborated by detection of diagnostic metabolites and corrosion was evident by elevated levels of Fe, Mn, Ni and Cu in all
ballast samples relative to seawater. The findings argue that marine microbial communities rapidly shift from aerobic to anaerobic
hydrocarbonoclastic-dominated assemblages that accelerate fuel and infrastructure deterioration.
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INTRODUCTION
The impact of humans on planetary systems led to the proposal
that mankind has entered a new geologic epoch, the Anthro-
pocene1,2. A distinguishing feature is the ‘Great Acceleration’
phase wherein a host of physical, chemical, and biological rate
processes increased dramatically over the second half of the
twentieth century. For example, from 1950 to 2015, worldwide oil
production increased >8.7 fold from just over 500 to 4362 million
tons3. There is a nearly equivalent increase (>8.5 fold) in world
steel production from 189 to 1,621 million tons over the same
time period4. The importance of steel to modern societies
prompted one scholar to argue that man is still very much in
the Iron Age5. Herein, we suggest that the relationship between
fuel and steel is intricately linked, particularly in marine environ-
ments where metal corrosion and hydrocarbon biodegradation
occur throughout the carbon-steel infrastructure. The complex
and rapidly changing nature of such problems tend to resist
simple control measures. Arguably, the ballast tanks of military
ships, where diesel fuel and seawater intentionally come into
contact, are near ideal microcosms in efforts to understand the
underlying patterns of such deterioration processes.
In the 1960s, the U.S. Navy recognized shipboard corrosion

problems in seawater-displaced fuel ballast tanks6,7 and in tanks
storing various fuels8,9. Fuel souring and corrosion of ballast tanks
were linked to marine sulfate-reducing bacteria (SRB)8,9. Similar
corrosion-based ship ‘wasting’ in ballast tanks was observed on
submerged horizontal surfaces and tank bottoms in a cargo
vessel10. Huang and colleagues11, also reported corrosion of
surfaces and uncoated tank bottoms in oil cargo holds of oil
tanker ships and enumerated relatively large populations of SRBs.
The capacity of traditional fuels to biodegrade and potentially

impact steel corrosion has recently been explored to establish a
baseline to which various formulations can be compared. To that
end, a standardized protocol was developed12 to assess, (i)

removal of organosulfur components13, (ii) the inclusion of fatty
acid methyl esters14,15, (iii) the impact of different feedstocks used
to make biofuel16, (iv) the method of biofuel processing16, (v)
subtle differences in hydrocarbon composition and structure17,
and (vi) the impact of next-generation biofuel formulations18.
The in vitro studies demonstrated the susceptibility of fuel

components to biodegradation under anaerobic conditions and
the link between hydrocarbon oxidation and the production of
corrosive sulfides. The assumption is that information on microbial
successional patterns and metabolic processes could be extra-
polated to in situ environments where fuel and metal come into
contact. To test this prospect, we investigated the marine
microflora and associated metabolic activities in the ballast tanks
of several Navy ships and compared the findings to harbor water
and to seawater-only ballast from another ship. The goal was to
identify the predominant mechanisms impacting the fate of diesel
fuel once inside a darkened ballast tank for various lengths of time
and how it might be related to shipboard infrastructure corrosion.

RESULTS
Ship ballast and seawater
Prior to sampling, interviews with navy personnel revealed that
crews retained ballast fluids on board for varying lengths of time.
Since the ships were of the same class (Arleigh Burke destroyers),
possessed seawater-compensated carbon steel ballast tanks, were
stationed in the same harbor, and used the same seawater and
fuel as ballast, comparison between ships as a function of ballast
residence time seemed pragmatic. Nevertheless, variations in
vessel operating practices, distances traveled, fuel use patterns,
and other between-vessel differences were also evident. Thus, the
harbor water and a research vessel that possessed carbon steel
ballast tanks but did not mix fuel and seawater (Ship NF—no fuel)
for ballast served as comparative controls.
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Characterization of fluid samples
Harbor water and ballast tank fluids of varying shipboard
residence time were obtained from three naval vessels as well
as from ship NF. The samples were analyzed for potential
electron acceptors and selected dissolved metals (Table 1). The
shortest residence time ballast water (Ship #1) contained ~50%
less dissolved oxygen than the San Diego harbor, but its sulfate
concentration was comparable to both the seawater and Ship #2.
In contrast, the ship with the longest ballast residence time (Ship
#3) exhibited 4 mM sulfate depletion in 8 mo. Dissolved Mn, Cu,
Fe, and Ni concentrations in the ballast waters were substantially
higher than in the harbor water. After 1 week of residence (Ship
#1), these metals increased ~4.5–15-fold (Table 1). Dissolved Cu
and Ni levels were much higher than Mn in Ships #1 and #2, but
Ship #3 had the opposite trend with Mn being 10-fold higher
than the other elements. In all ships, particles were mostly
copper sulfides, with a smaller percentage of nickel sulfides, and
an even smaller fraction of iron sulfides. In a few cases, both
copper and nickel sulfides were present in the same particle but
manganese sulfides were not detected (Table 1). Comparison of
the metals in the ballast tanks relative to the harbor water
suggests that the intake fluids accounted for a negligible fraction
of the shipboard dissolved metal status and implicates metal
dissolution through corrosion as the more likely explanation. The
ballast of a comparator ship that did not mix fuel and seawater
(Ship NF) contained higher levels of Cu and Ni than the harbor
water, but less dissolved and particulate metal than the other
vessels.

Marine populations and community composition
Microbial populations in the harbor and samples from the Navy
ships were quantified by direct microscopy, domain-specific qPCR,

and single-copy marker gene quantification based on the
metagenomic analysis (Table 2). Insufficient DNA was recovered
from Ship NF for metagenomic sequencing without amplification
which would have biased the findings and negated comparability.
Direct counting revealed that the microbial population size was
comparable in all Navy ships (105 cells mL−1), independent of
ballast residence time and between 2 and 10-fold less than the
harbor community. Quantitative PCR enumeration of bacterial and
archaeal 16S rRNA genes ranged from 105–107 and 102–103 gene
copies mL−1, respectively. By this measure, the Bacteria bloomed
after 1 wk aboard Ship #1 relative to the harbor community but
returned to near comparable levels with increased ballast
residence time as in Ships #2 and #3 (Table 2). Archaea were
several orders of magnitude less abundant than Bacteria in all
samples. The largest picoeukaryote populations were found in the
harbor water, whereas sharply decreased numbers were found in
all ballast samples.
Microbial diversity indices, including the Shannon index,

observed OTUs, and Simpson’s evenness metric (Table 3) indicate
that all communities showed a bias towards some taxa (e.g. more
uneven distribution of species) and a trend of increasing
dominance of particular microbial types with increasing ballast
tank residence time. There is also a limited change in the range of
species richness (e.g. observed species) of only 8% between Ship
#1 and Ship #2.
The composition of microbial populations within each sample

was determined by comparison of each 16S rRNA gene library
extracted from the metagenome samples against the Silva SSU
reference database (Fig. 1a). Taxa belonging to the Gammapro-
teobacteria (19.7%, 64.6%, 32.3%, 23.1%), Alphaproteobacteria
(24.2%, 10.8%, 11.4%, 7.6%), Flavobacteria (20.5%, 7.1%, 12.1%,
1.8%), and the Deltaproteobacteria (3.1%, 4.5%, 21.1%, 43.3%)

Table 1. Summary of water sample residence times (reported or estimated from shipboard personnel) and selected chemical properties.

Harbor Ship NF Ship #1 Ship #2 Ship #3

Residence time (weeks) 0 >24 1 ~20 32

Dissolved O2 (mg per liter) 7 NR 3.7 ND ND

Sulfate (mM) 29 29 29 29 25

Manganese (µg per liter) 2.3 (NR) NR (ND) 10.7 (ND) 125.1 (ND) 1119.3 (ND)

Iron (µg per liter) 16.2 (NR) NR (ND) NR (21%) 4275.9 (26%) 603.0 (23%)

Nickel (µg per liter) 10.1 (NR) 12.7 (ND) 95.8 (26%) 1564.3 (11%) 23.9 (39%)

Copper (µg per liter) 13.8 (NR) 81.2 (8%) 206.3 (47%) 864.5 (42%) 101.2 (85%)

The dissolved metal content is given in concentration units and the relative frequency of the EDX-analyzed metal sulfide particulates are shown in
parentheses. Dissolved oxygen in the harbor was estimated from data presented in ref. 73

ND not detected, NR Not reported

Table 2. Marine microbial population estimates and functional gene qPCR enumerationa.

Harbor Ship #1 Ship #2 Ship #3

Cell Countsa 2 × 106 1 × 105 7 × 105 9 × 105

Bacteriab 2.14 × 106 (3.52 × 104) 6.44 × 107 (4.64 × 105) 1.05 × 105 (1.95 × 103) 7.35 × 105 (2.25 × 104)

Archaeab 1.81 × 102 (3.76 × 101) 1.93 × 103 (7.79 × 101) 2.28 × 102 (1.56 × 102) 1.05 × 102 (1.58 × 101)

Picoeukaryotesb 1.87 × 104 (5.78 × 103) 9.78 × 102 (3.02 × 101) 3.67 × 101 (5.45) 2.34 × 101 (9.69)

apsAb BDL 9.69 × 102 (3.10 × 101) 5.84 × 102 (3.72 × 102) 2.07 × 104 (1.58 × 103)

dsrAb 6.90 × 101 (7.03) 1.39 × 104 (1.43 × 103) 3.38 × 102 (5.88 × 101) 2.20 × 104 (1.83 × 103)

aCell counts reported as cells mL−1. bReported as gene copies mL−1. Bacteria, Archaea and Picoeukaryote represent respective 16S and 18S rRNA genes.
Adenosine-5’-phosphosulfate reductase A gene (apsA). Dissimilatory sulfite reductase A gene (dsrA). Below detection limit (BDL). Standard deviations are
shown in parentheses for qPCR analyses. Comparable data from Ship NF were not collected
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accounted for substantive proportions of the communities within
the harbor water and Ships #1, #2 and #3, respectively.
A decrease in number of OTUs was observed from the harbor to

Ship NF to Ships # 1, 2, and 3 (Supplementary Table 1, analysis of
16S amplicon libraries). All ballast tank samples had much lower
Chao1 richness scores than did the harbor sample (Supplementary
Table 1). Data from 16S rRNA amplicon libraries gave similar trends
in relative abundance for most taxa (Supplementary Fig. 1) as
those derived from metagenome sequencing for samples from
the harbor and ships containing fuel. The sample from a ship
whose ballast tank did not contain fuel (Ship NF) was most similar
to the harbor sample but with approximately half the relative
abundance of Flavobacteria, higher relative abundance of
Alphaproteobacteria and Gammaproteobacteria but no increase
in the relative abundance of Deltaproteobacteria.
Based on analysis of the metagenomes, Rhodobacterales (8.9%)

and members of the SAR 11 clade (7.7%) were the Alphaproteo-
bacteria accounting for greatest proportion of the total harbor
community. Within the harbor water Gammaproteobacteria,
sequences were predominantly affiliated with Oceanospirillales

and Alteromonadales at 8.9% and 4.6% total relative abundance,
respectively (Fig. 1b). The harbor contained several groups of
marine Eukaryota and were dominated by Alveolata (11.0%) and
Stramenopiles (4.0%). Despite accounting for ~20% of the total
marine community in the harbor, the Eukaryota were substantially
reduced in the ballast tank assemblages (Table 2). The decline
after only a week of residence time was also reflected in the
reduced level of eukaryotic rRNA gene sequences detected in the
other ships (Fig. 1). Sequences classified as Archaea were relatively
minor and never exceeded 0.3% in any shipboard community.
The Gammaproteobacteria were enriched in the Ship #1 ballast

tank assemblage to become the dominant taxonomic Class, with
the concomitant decline of the Alphaproteobacteria and the
Flavobacteria. Alteromonadales, Oceanospirillales, and Thiotrichales
increased to account for 42%, 35%, and 19% of all observed
Gammaproteobacteria, respectively (Fig. 1b). Epsilonproteobacteria
were also enriched 10-fold (2.8%) after one week in the ballast
tank of Ship #1 and were represented almost exclusively (97%) by
members of the Campylobacterales.
Deltaproteobacteria were the dominant Class observed in the

Ship #2 community at 21.0%, a ~3.5-fold increase relative to Ship
#1. Members of the Desulfuromonadales and Desulfobacterales
accounted for the majority of the Deltaproteobacteria at 80 and
10%, respectively (Fig. 1b). Though the total proportion of
Gammaproteobacteria was smaller in Ship #2 vs. Ship #1, the
Alteromonodales were enriched to represent 71% of this taxon
(Fig. 1b). Taxa affiliated with the Clostridia (7.2%) and Mollicutes
(4.6%) accounted for substantive portions of the total ballast tank
community in Ship #2, with increases of ~3-fold and ~5-fold
relative to Ship #1. The Alphaproteobacteria, Flavobacteria, and
Epsilonproteobacteria were all slightly higher in relative abundance
in the Ship #2 community relative to Ship #1.
The ballast tank community of Ship #3, with the longest

residence time, was the most different from the harbor water
assemblage (Fig. 1a). Deltaproteobacteria (43.3%) was the most
abundant taxon, with members belonging to the Desulfobacter-
ales, Desulfarculales, and Desulfovibrionales at 66%, 27%, and 6%,
respectively (Fig. 1b). This community also contained the largest
population of Bacteroidetes (8.2%), represented predominantly by
unclassified members of the Bacteroidales (57% of the Bacter-
oidetes), and the smallest segment of Flavobacteria observed in
any sample. Gammaproteobacteria, Alphaproteobacteria, and
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Fig. 1 Metagenome analysis of community composition in navy ship ballast systems and the San Diego Harbor seawater. Class-level
depiction (a) and Order-level (b) comparison for the Delta- and Gammaproteobacteria.

Table 3. Summary of metagenome library statistics and extracted
community diversity metrics.

Harbor Ship #1 Ship #2 Ship #3

Metagenome statistics

Library size (reads) 5,598,474 8,603,258 5,344,908 6,479,122

Hits to SSU fragmentsa 1993 8320 2827 2368

Hits to rpoB fragmentsb 4602 9588 5221 5511

Diversity metricsc

Shannon diversity 7.855 7.513 6.561 6.734

Observed OTUs 1091 1138 1052 1133

Simpson evenness 0.055 0.041 0.019 0.023

Hits to asmall subunit rRNA genes (SSU) and bRNA polymerase B (rpoB)
fragments defined as any read with minimum homology scores as defined
in “Methods”
c Diversity metrics were calculated based on extracted SSU reads from each
library rarified to a uniform sequencing depth of 1800
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Epsilonproteobacteria also accounted for smaller community
abundance in Ship #3 relative to Ship #2.
The trends in relative proportions seen in the metagenome data

were supported by the proportions of aerobic alkane degraders,
Marinobacter in particular (Supplementary Table 2) as well as of
Deltaproteobacteria (Supplementary Table 3) found in the 16S
rRNA amplicon libraries. In particular, relative abundances in Ship
NF of Marinobacter and Deltaproteobacteria were similar to those
in the harbor and less than in the three ships that used fuel in
ballast tanks.
Functional genes associated with the utilization of common

electron donors and acceptors were characterized by translated
Blast analysis (Fig. 2). The nitrification genes, ammonia mono-
oxygenase (amoA) and hydroxylamine dehydrogenase (hao) did

not exceed 0.3% normalized abundance within any sample library.
Genes associated with the oxidation of reduced inorganic sulfur
species were present within all of the samples analyzed. Sulfur-
oxidizing system (SOX) protein B (soxB) declined from 5.9% in the
harbor water metagenome to ~4.2% of the functional capacity to
Ships #1 and #2 and to barely detectable levels in Ship #3 (0.5%)
(Fig. 2). Nitrogen fixation nitrogenase gene (nifH) generally
increased with ballast water residence time from a low in the
harbor water (0.9%) to 5.5%, 7.1%, and 8.8% of the libraries for
Ships #1, #2, and #3, respectively.
Genes affiliated with the reduction of oxygen and nitrate

exhibited a marked increase between the harbor water and Ships
#1 and #2. The aerobic respiration genes cytochrome c oxidase
subunit I (ccoN and coxA) had the highest levels of any inorganic
redox genes assayed in the harbor and ballast tank waters of Ships
#1 and #2. However, there was a 50% decrease in cytochrome c
oxidase subunit I gene abundance after 8 months in Ship #3.
Nitrate reductase genes (cytoplasmic narG and periplasmic napA)
had a combined abundance that markedly increased in ballast
tank waters of Ships #1 (22.1%) and #2 (38.0%) relative to the
harbor water (9.0%) and then declined to 11.3% in the Ship #3
library. The potential for sulfate and thiosulfate reduction was
investigated through an assessment of the adenylylsulfate
reductase (aprA) and thiosulfate reductase (phsA/prsA) genes,
respectively. Total sulfidogenesis potential was marked by the
abundance of the dissimilatory sulfite reductase gene, dsrA. All
genes associated with the reduction of sulfoxyanions remained at
relatively low levels in all samples excluding Ship #3. Between
Ships #2 and #3, there were increases of 4-fold in aprA, 5-fold in
phsA, and 5-fold in dsrA genes. These were the highest levels
observed for each of these genes within this study and
represented increases relative to the harbor water library ranging
between 3.6-fold for adenylylsulfate reductase to 30-fold for
thiosulfate reductase.

Evidence for hydrocarbon biodegradation
Normalized gene abundances (Fig. 3) and observed metabolic
intermediates (Fig. 4) associated with the activation and
biodegradation of diesel fuel components were readily evident
in the shipboard ballast tank systems. Oxygen-dependent
mechanisms for the activation of diesel hydrocarbons were
assayed by quantifying the proportion of genes annotated as

Fig. 2 Metagenome analysis of selected energy conservation
genes. Gene abundances are normalized to single-copy marker
gene (rpoB) abundance for each sample. Colors are scaled based on
values in discrete rows. Gene abbreviations: amoA, ammonia
monooxygenase; hao, hydroxylamine oxidoreductase; soxB, sulfur
oxidation gene; sqr, sulfide:quinone oxidoreductase; ccoN cbb3-type
cytochrome C oxidase; coxA, aa3-type cytochrome C oxidase; aprA,
adenylylsulfate reductase; phsA, thiosulfate reductase; dsrA, dissim-
ilatory sulfite reductase.

Harbor
1
2

3
4

5
6

7
8

9
10
11
12

Ship #1 Shiip #2 Ship #3
Benzene/t
Toluene m
Xylene mo
Phenol hyd
Benzylsucc
Hydroxybe
Isopropylb
Catechol 2
Catechol 1
Phenol 2-m
Ethylbenze
Ethylbenez
Acetophen
Naphthale

Naphthylm
Alkane 1-m
Alkylsuccin

1-methyln
Salicaldehy
Salicylate h

3
toluene dioxy

monooxygenas
onooxygenase
droxylase (dm
cinate syntha
enzylsuccinat
benzylsuccina
2,3-dioxygena
1,2-dioxygena
monooxygena
ene dehydrog
zene dioxyge
none carboxy
ene 1,2-dioxyg

methylsuccina
monooxygena
nate synthase

aphthalene h
yde dehydrog
hydroxylase

ygenase (todC
se (tmoA)
e (xylM)
mpL/poxC)

se (bssA)
e synthase (h

ate synthase (
ase (catE)
ase (catA)
ase
genase (ebdA)
nase (etbAa)

ylase
genase (nahA

ate synthase (
ase (alkB)
e (assA)

hydroxylase
genase

C1)

hbsA)
ibsA)

)

Ac)

(nmsA)
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abundance for each sample. Numbers correspond to genes associated with metabolic reactions indicated in Fig. 4.
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alkane 1-monooxygenase (alkB) for aliphatic substrates, ethylben-
zene dioxygenase (etbAa), toluene monooxygenase (tmoA),
benzene/toluene dioxygenase (todC1), and xylene monooxygen-
ase (xylM) for BTEX hydrocarbons, and naphthalene 1,2-dioxygen-
ase (nahAc) and 1-methylnaphthalene hydroxylase for
polyaromatic hydrocarbons. Phenol hydroxylase (dmpL/poxC),
phenol 2-monooxygenase, catechol 1,2-dioxygenase (catA) and
catechol 2,3-dioxygenase (catE), along with salicylaldehyde
dehydrogenase and salicylate hydroxylase were used as metrics
for the genetic potential for the aerobic microbial metabolism of
mono- and polyaromatic hydrocarbons. Alkyl-, benzyl-, and
naphthylmethyl-succinate synthases (assA, bssA, nmsA) served as
indicator genes for anaerobic activation of aliphatic, mono-, and
polyaromatic hydrocarbons by addition to fumarate. The ethyl-
benzene dehydrogenase gene ebdA served as a marker for the
potential of anaerobic activation of ethylbenzene by dehydro-
genation and subsequent hydroxylation of the ethyl-substituent.
Alkane monooxygenase (12.4%) was the only hydrocarbon

activation gene that constituted >2.0% of the total harbor water
community potential. Genes associated with the anaerobic
activation of hydrocarbons were not detected. Similarly, none of
the aerobic or anaerobic signature hydrocarbon biodegradation
metabolites (Fig. 4) were detected in the harbor seawater.
Aerobic BTEX metabolizing capability in the Ship #1 community

increased significantly relative to the harbor community with
ethylbenzene dioxygenase, xylene monooxygenase, and phenol
hydroxylase rising by 366-, 92.6-, and 8.0-fold respectively. The
ring-cleaving enzyme catechol 2,3-dioxygenase increased signifi-
cantly in Ship #1 sample by 11.4-fold to 25.3% of the total
community, while catechol 1,2-dioxygenase increased by 3-fold to
2.5% of the assemblage. Metabolite analyses identified the

presence of phenylethanol, 3-methylcatechol, 4-methyl catechol,
and methylnaphthalenediol, indicative of the oxygen-dependent
biological activation of mono- and polyaromatic hydrocarbons.
There was an increase of 12% in the proportion of the flora
possessing alkB and genes related to the aerobic activation of
naphthalenes were <1%. Genes for the alkyl- (2.1%), monoaro-
matic- (0.3%), and naphthylmethyl- (1.2%) succinate synthases all
showed slight increases in Ship #1 samples relative to the harbor
water metagenome, but these values were perhaps biased by the
presence of other common glycyl-radical enzymes (e.g. pyruvate-
formate lyase) that share substantive protein sequence homology.
Despite these slight gene enrichments, no succinate-derivative
metabolites were detected in Ship #1 samples.
Analysis of the community in Ship #2 revealed a further 11.6%

enrichment of alkB possessing taxa relative to Ship #1. In contrast,
the genes for ethylbenzene dioxygenase, xylene monooxygenase,
and phenol hydroxylase declined sharply and each accounted for
less than 2.0% of the total community metagenome. The
abundance of the nmsA gene, coding for the anaerobic activation
of methylnaphthalene, represented 7.7% of the total gene pool in
Ship #2. This was an increase of the same gene abundance relative
to Ship #1 of 440.1%. Overall, the total proportion of hydro-
carbonoclastic taxa in Ship #2 decreased compared to Ship #1,
though there was an enrichment in oxygen-independent activa-
tion genes (Fig. 5).
The Ship #3 ballast tank contained the largest hydrocarbon-

activating community of any sample investigated. Alkane
1-monooxygenase (6.1%) and catechol dioxygenase (catA/catE)
genes (0.4%, 2.0%) decreased to their lowest relative proportion
observed in any sample. In contrast, the community possessing
assA (5.7%), bssA/hbsA/ibsA (4.7%) and nmsA (20.5%) were found in
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Fig. 4 Analysis of fuel metabolites within Ship #1 and Ship #3 ballast tank fluids. Blue boxes indicate compounds identified in Ship #1 only,
red in Ship #3 only, and black were observed in both samples. Numbers above arrows correspond to transformations catalyzed by metabolic
genes listed in Fig. 3.
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the highest respective abundances (Fig. 5). Mono- and poly-
aromatic succinate metabolites were present corresponding to
alkylated aromatic hydrocarbon substrates (Fig. 4). No catechols or
aromatic dihydrodiol intermediates were measured in the Ship #3
water sample. Naphthoic and alkanoic acids, aliphatic alcohols,
and phenylethanol were also putatively identified in Ship #3 and
Ship #1 waters (Fig. 4).

DISCUSSION
The study of seawater-compensated fuel ballast tanks holding
fluids for varying lengths of time provides insight into the
temporal dynamics of microbial community composition changes
and associated metabolic activity shifts through metagenomic and
metabolite profiling analyses coupled with geochemical assess-
ments. Ribosomal RNA gene analysis revealed the surface waters
of San Diego Harbor to be primarily colonized by Bacteria
belonging to the Alphaproteobacteria, Flavobacteria, and Gamma-
proteobacteria and marine eukaryotes (Fig. 1a). The harbor
receives terrestrial discharges from urban, industrial, and military
instillations in the surrounding metropolitan area. The bacterio-
plankton community in San Diego harbor resembles the northern
Gulf of Mexico profiles that were dominated by Alphaproteobac-
teria and Bacteriodetes, with ratios of Alpha- to Gammaproteobac-
teria of <1.719. The comparable ratio in the San Diego Bay of 1.4 no
doubt reflected the complex natural and anthropogenic inputs
enriching for marine heterotrophic taxa that differ substantively
from open ocean surveys.
The microbial community composition was significantly altered

after a one-week residence time in a Navy ballast tank (Ship #1)
relative to the harbor assemblage. Despite the total cell density
decrease of ~100-fold (Table 2), there was only a slight decrease in
community diversity and an increase in the observed taxa
representing the OTU (Table 3). Gammaproteobacteria were the
dominant community members, predominantly driven by relative
increases in the Orders Altermonodales, Oceanospiralles, and
Thiotrichales (Fig. 1b). These bacterial Orders contain numerous
well-documented hydrocarbonoclastic aerobic taxa belonging to
the genera Marinobacter, Alcanivorax, and Cycloclasticus, respec-
tively. Previous studies noted the enrichment of these groups in
marine waters impacted by oil spills across the globe20–23.

Marinobacter hydrocarbonoclasticus preferentially metabolizes
short to moderate chain length (C8-C11) n-alkanes and selected
monoaromatic hydrocarbons24. Pure cultures of M. vinifirmus and
M. hydrocarbonoclasticus were able to catalyze the complete
oxidation of BTEX hydrocarbons under aerobic conditions25.
Marine Alcanivorax spp. are known to aerobically biodegrade a
wide range of aliphatic petroleum constituents26–28, but are
thought incapable of aromatic hydrocarbon decay29,30. However,
recent work suggests that Alcanivorax may also contribute to the
biodegradation of PAHs31. Cycloclasticus pugetii is an obligate
aerobe with the capacity to metabolize mono- and polynuclear
aromatic hydrocarbons (PAHs)32. Cycloclasticus strains isolated
from marine coastal waters20,21 were also associated with the
aerobic biodegradation of a variety of alkylated PAHs and
dibenzothiophenes. Genetic studies revealed the presence of
distinct naphthalene and biphenyl cluster dioxygenases in several
Cycloclasticus isolates20. The increased proportions of Alteromono-
dales and Thiotrichales likely account for the enrichment of
aromatic hydrocarbon degradation genes and the presence of
signature aerobic metabolites (e.g. alkylcatechols and dihydro-
methylnaphthalene) observed in Ship #1 (Figs. 3, 4). Phylogenetic,
genomic, and metabolic evidence suggests that the ballast tank
community of Ship #1 was enriched in taxa responsible for the
aerobic oxidation of the more water-soluble aromatic hydrocar-
bon components of diesel fuel.
Ship #2 was predominantly colonized by members of the

Alteromonadales, but also had an increase in Deltaproteobacteria,
specifically the Desulfuromonadales (Fig. 1b). In concert with the
decreased relative abundance of the Gammaproteobacteria, there
was also a decrease in the aerobic hydrocarbon-activation genes
relative to Ship #1 (Fig. 3). Despite the bloom in Desulfuromona-
dales, there was surprisingly little enrichment in genes associated
with sulfidogenesis (Fig. 2). Anaerobic hydrocarbon-activation
genes exhibited only a slight increase in nmsA abundance relative
to Ship #1 (Fig. 3). The Desulfuromonadaceae are strictly anaerobic
heterotrophs, with some aerotolerance capacity, that typically
respire sulfur compounds to sulfide, with the notable exception of
several genera that are almost exclusively fermentative33.
Members of this Family typically utilize fatty acids and alcohols
as growth substrates, but hydrocarbon metabolism is not widely
distributed34. However, several species of Desulfuromonas are
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known to reduce Fe(III) and Mn(IV) as electron acceptors33,35,36.
The oxygen tolerance and ability to utilize metals as electron
acceptors, suggests that these taxa bloomed in response to
increasing scarcity of oxygen in Ship #2 ballast tank. In the
absence of metabolite or genomic evidence suggesting direct fuel
biodegradation, it is likely that aerobic catabolites produced by
the cohabitating Alteromonadales helped provide the requisite
electron donors and carbon sources.
After 32 weeks aboard ship, the ballast tank community of Ship

#3 was predominantly anaerobic taxa affiliated with Deltaproteo-
bacteria (42%), specifically the Desulfobacteraceae (27%) and
Desulfarculaceae (11%) (Fig. 1a). There was also a concomitant
increase in sulfuroxyanion reductive respiration genes to the
highest levels observed in this study (Fig. 2). Conversely, the Ship
#3 community possessed the smallest population of c-type
cytochrome oxidase containing taxa (Fig. 2). Metagenome analysis
estimated that 27.0% of the genomes encoded an adenylylsulfate
reductase and 24.8% a thiosulfate reductase (Fig. 2). This
community also possessed the highest levels of anaerobic
hydrocarbon activation genes, including alkylsuccinate synthase
(5.7%), monoaromatic succinate synthases (4.7%), and naphthyl-
methylsuccinate synthases (20.5%). Pure cultures and enrichments
containing Deltaproteobacteria able to anaerobically metabolize a
variety of normal, iso- and cyclic alkanes, as well as mono- and
polycyclic aromatic hydrocarbons were recently reviewed37. The
cultures were mostly derived from marine environments and
could couple the oxidation of their parent hydrocarbon with the
reduction of sulfate and production of sulfide. Indeed, the sulfate
concentration in Ship #3 was noticeably lower than in the harbor
or any of the other ballast tanks (Table 1).
The mechanisms of hydrocarbon activation by Deltaproteobac-

teria are fundamentally different from hydrocarbonoclastic aero-
bes in that molecular oxygen is not a co-reactant. There are at
least four biochemical strategies governing the anaerobic attack
on hydrocarbons37,38. The most commonly reported pathway is
the activation of the parent substrates via fumarate addition
reactions39. There was an increase in genes encoding this pathway
in Ship #3 and many of the succinyl derivatives associated with
such bioconversions were found as signature metabolites in this
sample (Figs. 3, 4).
From an ecological perspective, fuel-compensated ballast tanks

are microcosms of other hydrocarbon-laden marine ecosystems.
After a short exposure (1 week) to petroleum in the absence of
light, the coastal marine community based on phototrophic
primary production shifted to one supported by aerobic hetero-
trophic respiration of diesel hydrocarbons and an almost complete
loss of the eukaryotic life forms. Ship NF did not show an increase
in the relative abundance of hydrocarbonclastic aerobes. The
resulting hydrocarbonoclastic community of Ship #1 is reminis-
cent of the successional patterns observed during the response of
open-ocean surface waters to the influx of petroleum from the
Deep Water Horizon oil spill40. Here too, surface water assem-
blages underwent shifts within the first week and experienced
strong enrichments in hydrocarbonoclastic aerobes22. The shift in
community proportions encoding hydrocarbon activation genes,
as well as the relative abundance of genes from oxygen-
dependent and independent pathways also changed as a function
of time (Fig. 5). After one week, the hydrocarbonoclastic
community containing aerobic biodegradation genes was
enriched 2.4 times that observed in the harbor. At 20 weeks and
beyond, the abundance of the same genes decreased to only
about 1.5 times that of the harbor assemblage. Within Ship #1,
95% of the activation genes were associated with aerobic
mechanisms associated with well-documented aerobic hydrocar-
bonoclastic taxa, aerobic respiration genes, signature aerobic
catabolic intermediates, and a decreased dissolved oxygen
content (Figs. 1, 2, 4, and 5; Table 1). As ballast residence time
increased, the fuel-degrading activation gene subset was

increasingly affiliated with anaerobic biodegradation mechanisms.
At 32 weeks, the hydrocarbon-degrading community predomi-
nantly employed oxygen-independent mechanisms (68%) with
key metabolites associated with the fumarate addition-mediated
degradation of BTEX and PAH fuel components (Figs. 4, 5).
Biodegradation activity was associated with the corrosion of the

ballast tanks. Dissolved metal concentrations within each Navy
ballast tank indicate corrosion of the carbon steel and/or the
copper-nickel sluice pipes as the values are considerably greater
than ship NF or the surrounding harbor waters (Table 1). Dissolved
manganese, copper, and nickel were positively correlated with the
increase in sulfidogenic taxa between Ships #1 and #2 (Fig. 5).
There was also a strong increase in the abundance of sulfide-
bearing particulates of each metal species associated with the
clearly sulfidogenic community of Ship #3 (Supplementary Fig. 2).
The influence of biogenic sulfide in Ship #3 on the dissolved metal
concentrations is demonstrated by the inverse correlation
between the relative frequency of metals observed in metal-
sulfide particles (Cu > Ni > Fe > Mn) and the solubility equilibrium
constant (Ks) for the reaction:

XSðsÞ þ 2Hþ $ X2þ þ H2S (1)

where X= Cu2+, Ni2+, Fe2+, and Mn2+, with log Ks values ranging
from −15.2 for CuS, 1.5 for α−NiS, 3.0 for FeS, and 10.0 and 7.0 for
MnS rambergite and alabandite minerals, respectively41. Localized
corrosion in low carbon steels in marine environments shows that
pit initiation begins at the immediate surroundings of MnS
inclusions where strained interfaces act as anodes and the
surrounding unstrained iron as cathodes. Hydrolysis in the
surrounding region acidifies the local region releasing Mn ions
into solution42. The increasing dissolved manganese concentra-
tion with increasing residence time illustrates ongoing corrosion
of carbon steel. Despite increased sulfidic conditions in Ship #3,
the predicted solubilities of alabandite and rambergite phase MnS
compounds were not exceeded (12.97 mg per liter—alabandite
phase; 499.40 mg per liter—rambergite phase) explaining the lack
of MnS particles in the samples. Corrosion of carbon steel in Ships
#2 and #3 is further demonstrated by the presence of dissolved
iron. In Ship #3, the measured dissolved iron concentration
(603.0 µg per liter) is nearly equivalent to the calculated
equilibrium concentration (441.20 µg per liter) presuming the
simultaneous precipitation of FeCO3 and FeS minerals. Copper-
nickel alloys are commonly utilized as marine infrastructure, but
are highly susceptible to corrosion and leaching by sulfides,
organic acids and other products of microbial metabolism43,44.
Previous studies have shown strong correlations between hydro-
carbon biodegradation-driven sulfidogenesis and both general-
ized and pitting corrosion for carbon steel and copper-nickel
alloys in incubations of San Diego Bay seawater and F-76 diesel
fuel15,45. Analysis of metal concentrations and particulates
suggests that the CuNi-alloy sluice pipes transporting water and
fuel between ballast tanks were arguably the primary sites of
active biocorrosion in Ships #1 and #2 and that aggressive pitting
corrosion of the ballast tank carbon steel was occurring in Ship #3.
The concentrations of dissolved copper and nickel in Ship #1 and
Ship #2 are greater than the equilibrium solubility of covellite
(CuS) (3.88 × 10−7 µg per liter) and α-NiS (19.4 µg per liter),
suggesting that in these ships, the copper-nickel slice pipes
initially had an oxidized coating of copper hydroxides and/or
carbonates (solubility 9–85 µg per liter) and nickel oxide and/or
carbonate (solubility 30–1033mg per liter). Microbial biofilm
formation on copper and copper-nickel alloys can facilitate loss
of the passivating layer of copper and nickel oxides and
carbonates46–49 thereby providing a second mechanism for
release of dissolved copper and nickel. Additionally, a thermo-
dynamic model based on the premise of microbial sulfidogenesis
in the presence of various metals/alloys predicts that sulfides will
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react with metal oxides to produce metallosulfide particles, thus
exacerbating the depletion of the protective oxide layers50.
Regardless of the mechanisms for corrosion, as sulfidogenic
activity increases from Ship #2 to Ship #3, a decrease in the
concentration of dissolved copper and nickel occurs due to the
formation and precipitation of sulfide particulates.
This study has important implications for the operation and

maintenance of fuel compensated ballast tanks of the U.S. Navy.
Petroleum-derived diesel fuels are susceptible to biodegradation
when in contact with seawater, regardless of oxygenation status
or residence time and shipboard infrastructure is negatively
impacted by microbiologically influenced corrosion minimally
driven by the production of sulfides. Studies conducted on
simulated ballast tank systems highlighted the inherent stratified
nature of these habitats with zones of variable oxygenation51,52.
The deleterious impacts of microbial activity were not homo-
genously distributed within the ballast systems and tank bottoms
tended to be sites of aggressive general and localized corro-
sion10,15,53,54. Ship operators have estimated that a vessel on
standard operations consumes ~1000 gallons of fuel per day,
necessitating the introduction of fresh seawater into ballast tanks
on a regular basis (personal communication). Cyclic oxygenation/
deoxygenation has repeatedly been observed to promote the
highest rates of generalized and pitting corrosion55. Furthermore,
this condition promotes the persistence of biofilms harboring
both aerobic and anaerobic taxa with the capacity for sulfur
cycling and the formation of corrosive sulfur granules10. As
treatment of incoming seawater for the removal of oxygen and
sulfate is not feasible, a critical consideration might be to
eliminate the introduction of sediments (and associated microbial
load) into ballast tanks and to ensure all internal shipboard
surfaces are coated. Sediments tend to settle onto horizontal
surfaces and promote further stratification within ballast tanks and
likely serve as a source of sulfide-producing microbes. Given the
stratified nature of these systems, further research is warranted to
determine how well the sampling of expansion tanks represents
the various ballast tank zones. Ultimately, the successional trends
in the ecology of ballast tank ecosystems were identified that are
critical for understanding the impact of microorganisms on
infrastructure and will serve to inform future studies to lessen
the biological wastage of naval resources.

METHODS
Sample collection
Ballast tank fluid samples were collected in sterile polypropylene bottles
from valves in the expansion tanks (Fig. 6) on board the Navy vessels
(Ship #1, 2, and 3). The ballast tank systems on the ships consist of
carbon steel tanks with sacrificial anodes and protective coatings

connected via copper-nickel alloy sluice pipes. Unlike the Navy ships, the
ballast tank system on the Ship NF was not designed to mingle fuel and
seawater. The sample from Ship NF was pumped from the ballast tank
underlying the mess area through an access hatch, preserved with
DNAzol® (Molecular Research Center Inc.; Cincinnati, OH) as indicated
below, and shipped by crew members to the laboratory for analysis. For
each Navy ship, one 250 mL aliquot of ballast water was preserved with
5 mL of DNAzol for DNA extraction. Another 1 L aliquot was acidified
with 6 N HCl (pH < 2) for metabolite profiling. Finally, a separate bottle
was filled to capacity (>250 mL) without preservative for chemical and
metals analyses. In addition, several liters of seawater were collected
from the San Diego Harbor where each ship was docked for comparative
analyses. All samples were shipped overnight on ice to the laboratory
and stored at 4 °C until use.

Chemical analyses
Dissolved oxygen was measured in the field using a Firesting-O2 oxygen
meter (Pyro Science GmbH; Aachen, Germany) operated according to
manufacturer instructions. Nitrate and sulfate were quantified by ion-
chromatography as previously described12. For the determination of
dissolved metals, each sample was filtered with a 0.45 µm polyethersulfone
filter (Whatman Puradisc) and diluted to a metal concentration range
between 0 to 40mg per liter using 0.1% (v/v) nitric acid (Fluka, Ultrapure).
Dissolved metal concentrations were measured using a Varian AA 240FS
Atomic Absorption Spectrometer with a graphite tube furnace (Varian
GTA120). Sample volume injected into the graphite furnace was 10 µL with
argon as purging gas. Temperature gradient started at 85 °C and was held
for 5 s, then ramped to 95 °C and held for 40 s, then ramped to 700 °C for
7 s before going to 2400 °C for 4.8 s. At this final temperature, absorption
was measured using a background correction and a spectral bandwidth/
slit width of 0.2 A six-point calibration curve ranging from 0 to 40mg per
liter was used for each metal examined. All samples were measured in
triplicate, and each time after measuring five samples, two known
calibration standards and the blank were reanalyzed with recalibration if
necessary.
Suspended particles in ballast tank samples were collected by filtration

on a 0.45-micron filter while in an anaerobic chamber. Individual particles
were analyzed with a scanning field emission electron microscope (SUPRA
55VP, Carl Zeiss Microimaging, GmpH, Gottingen) equipped with energy
dispersive X-ray analysis (EDX) (Princeton Gamma-Tech, Inc. - PGT). The
EDX spectra were collected using a 20-keV primary beam and analyzed
using the Spirit V. 1.07.05 software of PGT.

Microbial enumeration
Microbial cells were enumerated from unpreserved Navy ballast fluids by
direct epifluorescence microscopy after fixing the samples with 1/10
volume of 37% formaldehyde and staining with 4,6-diamidino-2-pheny-
lindole. Fixed cells were then filtered onto 0.22 µm, 25mm diameter black
polycarbonate membrane filters (Sterlitech, Kent WA). At least 30 fields
were counted per sample and results were averaged.

DNA extraction and qPCR analyses
Samples preserved for DNA extraction were filtered (250mL; 0.45 µm pore
size PES filter) upon receipt, stored at −80 °C until use, and extracted from
the filters as previously described56. The same DNA extracts from the
harbor sample and from Ships #1, 2, and 3 were used for metagenome,
qPCR, and 16S rRNA amplicon libraries. Quantitative PCR was used to
enumerate population densities of bacteria, archaea and picoeukaryotes
within each sample. Bacterial and archaeal 16S rRNA genes were amplified
with Eubac8F/338R and A8F/344R primer pairs57. Marine picoeucaryote
18S rRNA genes were amplified using the 345F/499R primer pair as
previously described58. Dissimilatory sulfate reduction genes, ade nosine-
5’-phosphosulfate reductase A gene (aprA) and dissimilatory sulfite
reductase A (dsrA), were assessed with the RH1apsF/RH2apsR and RH1-
dsr-F/RH3-dsr-R primer pairs, respectively59.

Metagenome analysis
Shotgun metagenome libraries were sequenced on an Illumina MiSeq
platform (Oklahoma Medical Research Foundation, Oklahoma City, OK).
Sequencing adapters were trimmed using Cutadapt60 to a minimum
average PHRED score of 30 and mate paired with Trimmomatic61. Unpaired
reads were not retained for analyses. Community composition was

FUEL H2O

Seawater-Compensated Fuel Ballast Tanks
Capacity ~20,000 gal

Sampling point
Expansion Tank
Capacity: 19 gal

Carbon steel 
tanks

Cu/Ni steel 
sluice pipes

Fig. 6 Cartoon schematic of a seawater-compensated ballast tank
group. In reality, a ballast tank group is formed by interconnected
chambers of varying shapes and sizes. The expansion tanks are
where seawater enters and exits the ballast system and where
samples were obtained. Fuel enters the first tank and pushes
seawater through the rest of the tanks via the sluice pipes.
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assessed from unassembled mate-paired reads with significant homology
to known small subunit (SSU) rRNA genes. Reads were searched against
the Silva SSU Reference database release 10862 pre-clustered at 97%
sequence similarity using USEARCH63. Hits with a minimum of 70%
homology to reference SSU gene sequences were extracted for further
analysis. Putative SSU reads were analyzed using QIIME 1.9.164 through
closed-reference OTU clustering (97% similarity) and taxonomic assign-
ment against the Silva 111 SSU reference sequence and taxonomy
databases. Alpha diversity metrics were computed for each sample based
upon metagenome reads containing SSU fragments rarefied to
1800 sequences for each library.
Functional gene annotation was performed by translated homology

searching of unassembled mate-paired reads against the KEGG data-
base65,66 using DIAMOND51 in the sensitive mode retaining only the top hit
(E < 10–5) for each query. Putative anaerobic hydrocarbon activation genes
were identified by a translated homology search in USEARCH against the
AnHyDeg database52. Acceptance criteria were 60% identity over
alignments with at least 35 amino acids. Functional gene abundances
were calculated by dividing the number of hits to specific reference gene
by the number of hits to the single-copy marker gene, rpoB, to normalize
for differential library population size67. A modified approach was used to
estimate the total hydrocarbon-activating proportion of each community
from that previously used68 by a summation for selected aerobic and
anaerobic specific activation genes of the following: (hits to functional
genei /length of functional genei)/hits to rpoB. Aerobic activation genes
included: alkB, etbAa, tmoA, todC1, dmpB, nahAc, and
1-methylnaphthalene hydroxylase-like genes. Anaerobic activation genes
were ebdA, assA, bssA, nmsA.

16S rRNA amplicon libraries for high-throughput sequencing
An aliquot of the DNA extracted from filters was used to generate 16S
amplicon libraries with distinctive barcodes as previously described69.
Briefly, the M13-519F/785R primer set70 was used to amplify the V3-V5
region of the 16S rRNA gene, and a 12 base pair sequence conjugated to
M1371 was used to barcode each sample (Supplementary Table 4).
Amplicon libraries were sequenced as described above and analyzed as
previously described69. Paired-end reads were trimmed and stitched
together, and default parameters in QIIME were used to demultiplex,
cluster, and remove chimeras.

Metabolite analyses
Mass spectral analysis of diagnostic metabolites associated with oxygen-
dependent and independent hydrocarbon activation of diesel fuel
components was performed on acidified ballast tank samples. Methods
used for the targeted (GC-MS) and global survey of organic intermediates
were as reported previously72.

Thermodynamic equilibrium solubility calculations
The equilibrium solubility of the carbonate and sulfide mineral compounds
of manganese, copper and nickel in seawater were calculated using
MINEQL 5.0, with the following chemical parameters: total carbonates
(2 mM), ionic strength (0.5 M), and a temperature of 25 oC. Since the San
Diego Harbor seawater and ballast water ranged in pH from 7.65 to 8.2873

and between 7.71 and 8.3 (data not shown), respectively, a constant pH of
8.2 was used in the MINEQL 5.0 calculations. The small pH differences from
the constant value resulted in a <1% change in the metal sulfide
equilibrium solubility values. A closed system was modeled for each metal
carbonate and sulfide compound contained in the MINEQL 5.0 thermo-
dynamic database, and CO2 (gas) and H2S (gas) were removed as fixed
entities.

DATA AVAILABILITY
Metagenome and 16S amplicon sequence files are available at the NCBI Sequence
Read Archive under accession numbers SRR14067720 for Ship #1, SRR14067719 for
Ship #2, SRR14067718 for Ship #3, SRR14067717 for Harbor SD, and SRR14121797 for
the 16S amplicon library.
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