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OBJECTIVE : To provide rapid testing of emergent foul-release and anti-fouling hull
coatings on panels deployed in the tropical harbor at Pearl Harbor, Hawaii; to provide rapid
and precise field and laboratory testing of experimental anti-fouling coatings as acceptable
subsirates for recruitment of bacteria and larvae of the fouling species Hydroides elegans, a
calcareous-tube worm, to provide rapid and precision testing of experimental foul-release
coatings in the turbulent flow cell to determine shear forces necessary to remove fouling
organisms; and to use molecular tools to determine identities of bacterial species in biofilms
that induce the settlement of the tubeworm Hydroides elegans and other fouling
invertebrates.

APPROACH: (1) We provided tests at our Ford Island test site of new coatings following
existing protocols for ASTM-based visual inspections, removal of slimes and soft foulers via
water jet and force gauge measurements, These methods allow for comparisons of the
effectiveness of coatings as well as the effectiveness of these coatings over time, (2) We
provided rapid laboratory testing of experimental antifouling and foul-release coatings. To
accomplish this, we first suspend the coated slides in a sea table at the marine laboratory that
receives a continuous flow of natural, unfiltered seawater for 10— 14 days during which time
the slides become coated with a natural bacterial film. This film is necessaty to induce the
settlement of larvae of the biofouling tubeworm H. elegans onto the coatings. Larvae are
reared in the laboratory according to procedures we have developed; the larvae are competent
to settle five days after fertilization of eggs collected form adults brought from the field.
When we have prepared the competent larvae, we expose the coated and biofilmed slides to
the larvae overnight and determine how many settled on the slides by direct count. Once the
biofilmed slides are colonized by the tubeworms, the slides are placed into the turbulent flow
cell in our lab and subjected to increasing shear forces from flowing seawater, and the force
trequited to remove them is recorded. {3) Previous results showed that the common marine
biofilm bacterium Pseudoalteromonas luteoviolacea is a major inducer of recruitment of the
caicifying tubeworm Hydroides elegans. Using the tools of molecular genetics, we have
determined a genetic basis for generation of the inducing factor by this bacterium. we
expanded on this research by determining the identities of other inductive bacterial species in
Hawaiian harbors and learning if they induce recruitment of biofouling organisms by the
same mechanism or a different one.

ACCOMPLISHMENTS:

1. Testing of emergent foul-release and anti-fouling hull coatings in the field

We have continued to test emergent foul-release and anti-fouling hull coatings at Pearl
Harbor, Hawaii. Our test site was at full capacity for much of the grant period with over
336 experimental panels with 86 different coating from six ONR-funded researchers
(Fig.1A). For the coatings in our testing array, coating formulation X7 from Hempel
paints (Holm’s intersite calibration set) showed excellent anti-fouling properties and
continues to remain free of macrofoulers throughout the test period (Fig. 1B).

Further, we have established a new protocol for estimating percent cover using the
program PhotoQuad.

2. Laboratory testing of experimental anti-fouling and foul-release coatings
During the 2017 -~ 2020 testing period, coated slides were not submitted to our testing
facility by any ONR contractor although numerous email solicitations were sent. In the
event that our testing facility receives coated slides from any ONR contractor, we




measure their resistance of the coatings to fouling by the tubeworm Hydroides elegans
through the use of a laboratory settlement assay and then measuring the forces necessary
to remove the settled worms in our turbulent flow cell. Additionally, we have developed a
protocol to use the solitary tunicate Phallusia philippinensis as a laboratory model for
testing the forces required for the removal of soft foulers from experimental foul-release
coatings. The larvae of P. philippinensis settle and metamorphose rapidly, and, because
they will metamorphose on clean surfaces, can be forced to settle on a wide variety of
experimental surfaces.

3. Using molecular tools to determine bacterial products that induce metamorphosis
of marine invertebrate larvae

We have previously isolated several strains of bacteria that produce compounds that
induce larvae of the serpulid polychaete Hydroides elegans to rapidly undergo
metamorphosis. One of these strains of bacteria, Pseudoalteromonas luteoviolacea,
produces a phage-tail bacteriocins when it is in a biofilm and these phage-tail
bacteriocins are potent metamorphic inducers for larvae of H. elegans. We have isolated
three additional strains of inductive bacteria trom biofilms frem our Ford Island test site.
These strains have been identified as the gram-negative bacterium Cellulophaga Ivtica
and two gram-positive bacteria, Staphylococcus warneri and Bacillus aguimaris. Single-
species biofilms from all three of these strains induce metamorphosis, and we made cell-
free extracts from overnight cultures of all three of these bacteria. These extracts also
proved to have inductive properties for larvae of H. elegans (Fig. 1C). In an attempt to
determine if phage-tail bacteriocins are produced by these inductive strains, we used both
molecular techniques and bioinformatic approaches to search for homologues of phage-
tail bacteriocins. We have examined these extracts using transmission electron
microscopy {TEM) and could not find any phage-tail bacteriocins within them, We also
used ultracentrifugation to concentrate the inducer within the cell-free extracts from these
three bacterial strains, and examination of the resulting pellet using TEM showed that
they contained numerous extracellular vesicles (Fig. 1D). Further, we searched the
genomes of all three of these inductive strains for homologues of the genes that encode
for phage-tail bacteriocins and the genomes of C. lytica, S. warneri, and B. aquimaris do
not contain these genes.

Outer membrane vesicles isolated from C. /ytica induce larvae of H. elegans to
metamorphose. HPLC and mass spectrometry was used to o gain an understanding of the
biochemical nature of the OMV-associated compounds that induce metamorphosis.
Additionally, we began subjecting OMYV fractions to an array of enzymatic tests (DNase,
RNase, proteinase K. and heat). To date, none of these tests has reduced the metamorphic
activity of the OMV fraction,

We subsequently employed lipases and lysozyme to determine if either the membrane
layer or the peptidoglycan portion of the OMV was acting as an inducive cue for larvae
of . elegans. Treatment of the OMVS with lysozyme did not alter their inductive
capabilities. These results suggested that peptidoglycan from C. lytica was not acting as
an inductive cue. Treatment of OMVS with lipases did significantly reduced the
inductive capabilities of OMV. A general lipase enzyme, as well as the enzymes
phospholipase Al, phospholipase A2, and phospholipase C all significantly degraded
OMVs as a metamorphic cue.




From these new experiments we deduced that OMVs from C. Iytica are active only
because they include pieces of the cell envelope. i.e., a ‘cargo’ is not implicated. Finally,
we determined through isolation and purification of the components of the cell envelope
that LPS is most likely the molecule of interest for C. Iytica-induced metamorphosis of H.
elegans.

Additionally, we have performed Illumina sequencing of bacterial 168 ribosomal DNA to
analyze the composition of bacterial communities within mictobial biofilms isolated from
our Ford Island site and to compare these communities to other marine bacterial
communities around QOahu. Our results suggest that well over fifty different dominant
strains of bacteria comprise the community within biofilms from Pearl Harbor. The
community composition of these biofilms is also quite different than the community of
bacteria present in the surrounding seawater. This biofilm community from Pear] Harbor
is also different than bacterial biofilms from other habitats around Oahu. We have also
searched these metagenomes for the molecular fingerprint of our four inductive strains of
bacteria and they are found in very low abundance in the biofilms from Pearl Harbor.
These results may suggest that numerous different bacterial strains are producing similar
types of inductive cues (i.e. LLPS) and biofouling organisms are induced to metamorphose
by these cues regardless of the strain of bacteria that produced them. However, a more
interesting mechanism may be that even though there are diverse bacterial communities
within microbial biofilms, it is rarely occurring strains of bacteria that produce a highly
specific cue that induces metamorphosis of larvae of biofouling organisms. It will be of
great interest to isolate bacterial strains that are common members of the biofilm
community at Pearl Harbor but are non-inductive, and then analyze the structure of the
LPS that decorate the outsides of the bacterium. Comparing structural differences
between the LPS of inductive and non-inductive strains may help to clarify if larvae of
biofouling organisms respond to sets of ubiquitously expressed cues or very specific ones
from rarely occurring bacteria within a biofilm. These conclusions can be of great use in
the development of novel anti-fouling coatings because knowledge of the nature of the
metamorphic cues from bacteria may allow chemists within the ONR group to directly
target and disrupt these cues.

CONCLUSIONS : We have continued to test emergent foul-release and anti-fouling hull
coatings at Pear]l Harbor, Hawaii. Our test site at Ford Island is at full capacity with over
300 experimental coatings from 5 ONR-funded researchers.

Further, in an attempt to further understand the mechanisms that cause recruitment of
biofouling invertebrates onto submerged surfaces, we have isolated additional strains of
bacteria that induce metamorphosis of the problematic biofouler Hydroides elegans and
have begun to investigate the composition of these bacterial cues. Single-species biofilms
composed of the previously isolated gram-negative bacterium Cellulophaga Iytica and
the gram-positive bacteria Bacillus agquimaris and Staphylococcus warneri, induce
metamorphosis of H, elegans. Both in silico and in situ analyses demonstrate that the
inductive products produced by these bacteria are not tailocins but may be surface
associate lipids (either LPS for Gram-negative bacteria or lipoteichoic acid for Gram-
positive bacteria). Tailocins are the inducers produced by the bacterium
Pseudoalteromonas luteovivlacea. These results suggest that there may be multiple
mechanisms by which biofilm bacteria produce inductive cues. Finally, we are using



metagenomic analysis to determine the relative abundance and diversity of bacteria in
biofilms from Pearl Harbor. Having an estimation of the divetsity of both bacterial
species and the inductive cues they produce will aid in development of novel coatings.

SIGNIFICANCE : The accumulation of marine microorganisms and attached animals
and plants on the hulls of ships, the surfaces of pilings and floating docks and the
interiors of pipes that provide cooling water to electrical plants and other industries costs
the U.S. Navy many millions of dollars per year for added fuel costs and cleaning, While
it has long been known that the first step in marine biofouling is the accumulation of
microbial films on newly submerged sutfaces, it has only been in the last 20 — 30 years
that we have learned that cues from biofilms are the predominant stimulus for settlement
of the marine invertebrate animals —barriacles, sponges, tube worms, oysters, etc.— that
are the major problem in biofouling. Our most recent research on a single bacterial
species that induces recruitment of the major problem fouler Hydroides elegans, as well
as other marine species, used genomic and biochemical approaches to discover that LPS
produced by the bacterium is the inductive agent. While now poised to understand at
much greater depth the bacterial basis of biofouling and with the methods available to
probe these questions, the proposed research has the potential to finally broadly explain
the stimulus-and-response relationship between biofilm bacteria and the massive,
problematic biofouling that they cause. With this understanding will come novel insights
into approaches to prevent biofouling at its most incipient level and thus save the U.S.
Navy many millions of dollars and thousands of hours of lost time while large ships are
dry-docked for hull scraping and recoating,
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Figure 1, Summary of testing 2017-2020. A. Coatings supplied by ONR-affiliated groups B. Coating
X7 from Hempel performs well as an antifouling coating C. Isolated bacterial strains that induce
metamorphosis of H. elegans D. OMVs from C, fica
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