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Abstract
The accumulation of microbial biofilms on ships' hulls negatively affects ships' performance and
efficiency while also moderating the establishment of even more detrimental hard-fouling
communities. However, there is little quantitative information on how the accumulation rate of
microbial biofilms is impacted by the balance of the rates of cell settlement, in situ production (ie
growth), dispersal to surrounding waters and mortality induced by grazers. These rates were
quantified on test panels coated with copper-based antifouling or polymer-based fouling-release
coatings by using phospholipids as molecular proxies for microbial biomass. The results
confirmed the accepted modes of efficacy of these two types of coatings. In a more extensive set
of experiments with only the fouling-release coatings, it was found that seasonally averaged
cellular production rates were 1.5 ± 0.5 times greater than settlement and the dispersal rates were
2.7 ± 0.8 greater than grazing. The results of this study quantitatively describe the dynamic
balance of processes leading to microbial biofilm accumulation on coatings designed for ships'
hulls.
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Introduction
Microbial biofilms (ie slimes) on ships' hulls attenuate the efficiency and performance of
every surface vessel. By effectively doubling the roughness of ships' hulls, microbial
biofilms cause hydrodynamic drag that can result in powering penalties of 7 – 21% and as
much as a10 % increase in overall operational fuel consumption (Schultz 2007, Schultz et al.
2011). In addition, microbial biofilms play a key role in the recruitment of larger fouling
organisms, such as algae (Joint et al. 2002, Callow & Callow 2005, Mieszkin et al. 2012,
Dobretsov et al. 2013, Mieszkin et al. 2013) and tubeworms (Huang et al. 2007, Chung et al.
2010, Hadfield 2011, Huang et al. 2012, Salta et al. 2013), which further reduce efficiency,
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limit top-end speeds, and necessitate costly and environmentally hazardous hull cleaning
(Schultz 2007, Schultz, et al. 2011). Microbial biofouling costs the world's navies, merchant
shipping corporations, and private boat-owners billions of dollars each year through the
combination of lost fuel efficiency and increased maintenance (Swain 2011). Furthermore,
by contributing to increased fuel consumption, ship's hull microbial biofilms directly result
in increased emissions of green-house gasses and other combustion-derived pollutants
(Swain 2011).

Humans have sought novel ship's hull coatings to mitigate biofouling for millennia (WHOI
1952). Present-day coatings may be broadly categorized as either anti-fouling or fouling-
release (Lejars et al. 2012). The former category is characterized by coatings that either
contain or produce bioactive chemical agents, which deter the settlement of biofouling
organisms and/or inhibit their growth. In contrast, fouling-release coatings are biologically
benign and are designed to reduce the adhesion of fouling organisms. In theory, biofouling
organisms should be released from the fouling-release coating by application of
hydrodynamic forces (eg forward vessel motion). Although Casse and Swain (2006) showed
that hydrodynamic forces might only remove some components of biofilm communities
from a fouling-release coating, it appears that specific formulations may be more effective
than others (Dobretsov & Thomason 2011). In practice, fouling-release coatings are
unsuitable for vessels, such as surface warships, which are in port for extended periods;
unchecked fouling may ultimately accumulate to the point that the fouling-release potential
of a coating can no longer be realized. A velocity of 11 m s-1 (21.4 knots) led to the release
of only 30% of barnacles from a silicone-based fouling-release coating (Larsson et al. 2010),
and thus continuous hull grooming has been proposed as a solution for ships with fouling-
release coating that spend extended periods in port (Tribou & Swain 2009). While the goal
of antifouling and fouling-release coatings is the same, to reduce the accumulation rate of
marine organisms on ships' hulls, the mode of efficacy is quite different. This had been
evidenced by recent observations that different coatings yield different microbial biofilm
communities (Casse & Swain 2006, Molino et al. 2009a, Molino et al. 2009b, Dobretsov &
Thomason 2011, Zargiel et al. 2011).

Over the last few years, investigators applying state-of-the-art methods targeting microbial
proteins, RNA, DNA and metabolites have made rapid progress on improving the
understanding of the environmental mechanisms, community interactions, and microbial
physiology behind marine microbial biofouling (eg, Thiyagarajan et al. 2009, Chen et al.
2011, Huang et al. 2012). Significant strides have also been made in understanding the
complex chemical ecology of biofilm microbes (Thiyagarajan 2010, Hadfield 2011); based
on this research, numerous formulations for coatings to prevent ship's hull microbial
biofouling have been proposed (Holm 2012, Dobretsov et al. 2013, Qian et al. 2013).
Despite the ever-increasing mechanistic understanding of marine microbial biofilm
communities, predicting the success of coatings from first principles has remained elusive.
The current gold standard for assessing the promise of new coatings during the early stages
of coating development is simply to expose coatings to laboratory cultures or natural
microbial populations and then visually score the extent and type of fouling. This approach
cuts directly to the question of coating performance, but it does not provide much
information about how the coating affects fundamental microbial processes; new approaches
are needed that provide a more-detailed view of hull coating performance under in situ
conditions.

Fundamentally, the accumulation rate of microbes that develop into a biofilm on a solid
surface must be equal to the balance of the sources and losses of microbes at the surface; it
is proposed that the primary source processes are cell settlement on the surface and cell
production (ie growth) within the microbial biofilm, while the primary loss processes are
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cell dispersal from the surface and mortality of biofilm microbes by grazers. Little
quantitative information is available on how anti-fouling and fouling-release coatings impact
the rates of these fundamental processes. In this study, phospholipid-based molecular
methods have been developed for determining the accumulation rates and growth rates of
biofilm microbes on test panels of ship's hull coatings. These methods were validated using
classical radioisotope-based kinetics and state-of-the-art electrochemistry. The results with
anti-fouling and fouling-release coatings agreed with the currently accepted modes of
efficacy. The results from two extensive experiments with the fouling-release coating
underscore the importance of microbial cellular production, dispersal and grazing mortality
processes that are relatively poorly understood compared to settlement and accumulation,
which tend to be the focus of studies of microbial biofilms on coatings for ships' hulls. By
providing the ability to quantify all of the fundamental processes that contribute to biofilm
accumulation, the present approach could be used as an exploratory tool during coating
development to improve performance of existing types of coatings and aid the discovery of
novel coatings.

Materials and methods
All experiments described were conducted with coastal seawater obtained off Woods Hole
Massachusetts (41.5°N 70.7°W). Experimental surfaces composed of test coupons (3 cm × 7
cm) or panels (10 cm × 25 cm), which were coated with: Interspeed 640® (International
Paint) a copper-based, ablative, antifouling paint; Intersleek 425® (International Paint) a
silicone-based fouling-release paint; or Intersleek 900® (International Paint) a
fluoropolymer-based fouling-release paint. The coatings are manufactured by International
Paint (http://www.international-marine.com). All experimental surfaces were conditioned by
soaking for at least one month in distilled water and gently drying them with laboratory
paper wipes prior to their first use. Triplicate experimental surfaces (ie three independent
coupons or panels) were harvested and analyzed for each experimental condition at each
time-point. In general, time-points were taken about half way through the incubation time
period, three quarters of the way through the incubation time period, and at the end of the
incubation time period. Data are presented as mean ± standard deviation. All reported
statements of similarity or differences between data are based on Student's t-tests
(significance threshold, p = 0.05).

Design of ‘in situ’ experiments
Three separate time-course experiments with whole seawater under in situ conditions
(hereafter ‘in situ’ experiments; Table 1) were conducted to examine the accumulation and
production rates of microbial phospholipids. In 2007, a time-course experiment was
conducted from January to March (designated ‘winter’) with Intersleek 425 and Interspeed
640 coupons. The coupons were glued to a 60 cm × 70 cm PVC plate using food-grade
silicone cement. The plate was deployed on a piling in Woods Hole at a depth of
approximately 1 m below mean low tide. Three time points were collected over the course
of the experiment. At each time-point (21, 45 and 54 days), the plate was retrieved by
research divers using SCUBA, triplicate coupons were quickly pried off the plate for
immediate sampling and the plate was redeployed. Similar experiments were conducted in
April of 2008 (‘spring’) and July of 2007 (‘summer’) with only Intersleek 425 coupons.

Design of ‘process-exclusion’ experiments
Two separate time-course experiments designed to estimate the accumulation, production,
dispersal and grazing rates of microbial phospholipids were undertaken in April of 2010
(‘spring’) and July of 2011 (‘summer’) using panels coated with Intersleek 900. Microbial
biofilms were allowed to form on these panels by incubating them in glass aquaria (≈ 10 L)
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with continuously flowing (≈ 100 L d-1) unfiltered Woods Hole seawater for seven days.
The test panels were then switched to separate aquaria that were flushed with Woods Hole
seawater that was pre-filtered through a 0.2 μm, 1 μm or 20 μm pore-size hydrophilic
polyethersulfone membrane. These membrane pore-sizes were chosen to exclude various
processes that contribute to microbial biofilm accumulation, and these experiments are
hereafter referred to as ‘process-exclusion’ experiments (Table 1). Since the aquaria were
flushed relatively rapidly (≈ 10 d-1) such that any microbe that had dispersed from the
microbial biofilm (ie became planktonic) would be swept out of the experiment at a rate that
was much faster than its in situ growth (estimated approximately 0.3 d-1 (Ducklow 2000)) in
order to preclude the establishment of resident planktonic communities with the experiment.

Phospholipid accumulation rates
At time-points during the aforementioned in situ and process-exclusion experiments,
microbial biofilms were removed from the test coupons and panels by first gently scraping
with a sterile razor blade and then rinsing with sterile seawater; a cursory inspection by
epifluorescence microscopy confirmed that this procedure removed > 90% of the microbial
biofilm by area. The microbial biofilms were then transferred to glass centrifuge tubes, and
the amount of biofilm and seawater was determined gravimetrically. Next, methanol and
dichloromethane were added such that the final mixture of
methanol:dichloromethane:seawater was 2:1:0.8 by volume. The mixtures were then spiked
with the internal recovery standard dinitrophenyl phosphatidlyethanolamine (DNP-PE). The
succeeding steps in the lipid extraction generally follow the Bligh and Dyer (1959) method
and were conducted as described (Popendorf et al. 2013). These total lipid extracts were
stored under argon gas at -80 °C until analysis.

Microbial phospholipids, phosphatidylglycerol (PG), phosphatidlyethanolamine (PE), and
phosphatidylcholine (PC), contained in the total lipid extracts were analyzed by high
performance liquid chromatography/mass spectrometry (HPLC-MS) with an Agilent 1200
HPLC and Thermo Scientific TSQ Vantage triple quadrupole MS with a heated electrospray
ionization (ESI) interface. HPLC and MS instrument conditions and details of quantification
were described previously by Popendorf et al (2013). Briefly, 20 μL aliquots of the lipid
extracts were injected and analyzed. Positively charged molecular ions of the phospholipids
were fragmented in the MS to produce diagnostic product ions (PC) and neutral fragments
(PG and PE) that were readily quantified. Chromatographic peaks of phospholipids were
above background levels (signal: noise > 500:1) and were baseline-resolved. The recovery
of phospholipids in the microbial biofilm extracts was then normalized to DNP-PE internal
standard concentrations; recoveries were generally 95 - 100%. Lipid concentrations in the
extracts were converted to areal mole inventories (pmol cm-2). Accumulation rates were
determined by conducting a linear regression of phospholipid concentrations over the
sampling time-points using SigmaPlot software; the standard error of the regression is
applied as the error of the accumulation rate. The composition of the fatty acids within each
phospholipid class was determined as described (Van Mooy & Fredricks 2010).

Phospholipid production rates
Production rates of microbial phospholipids were determined using the radiotracer 33P-
phosphate, based on the method described by Van Mooy et al. (2008). At time-points during
the aforementioned experiments, test panels were transferred to custom-made, small-
volume, polycarbonate incubators (approximately 300 mL) filled with seawater taken
directly from the experimental aquaria. The seawater in the incubators was then spiked with
approximately 3.7 MBq of 33P-phosphate (approximately 130 pmol L-1 final concentration).
Samples of the seawater in the incubators were taken for phosphate analysis using a standard
colorimetric methods (Strickland and Parsons 1972), and for determining the exact quantity
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of 33P by liquid scintillation counting; these data together were used to calculate the
specific 33P radioactivity of phosphate in the overlying seawater. The test panels were then
incubated at in situ temperature and light conditions for 24 hours. Next, the microbial
biofilms were samples and extracted as described above. An aliquot of the lipid extract was
taken to determine the 33P radioactivity of total phospholipids by scintillation counting.
Using the specific 33P radioactivity of phosphate in the incubations, total phospholipid
production rates were determined. These rates were normalized to the area of the coupon or
panel, and expressed in units of pmol cm-2 d-1.

The phospholipids PG, PE and PC in total lipid extracts for the 33P experiments were
isolated from one another by using the same HPLC conditions are used for phospholipid
quantification. Baseline separation of the PG, PE and PC on the HPLC were occasionally
checked by injecting phospholipid standards and monitoring their elution from the HPLC
using a Sedere evaporative light scattering detector (ELSD). The 33P radioactivity of the
fractions containing either PG, PE or PC was then determined by liquid scintillation
counting, and the production rates of these individual classes of phospholipids were
calculated.

Estimation of phospholipids gained via microbial settlement and loss via dispersal and
grazing mortality in the process-exclusion experiments

The accumulation of microbial biomass, and thereby phospholipids, in natural microbial
biofilms is dictated by a balance of natural processes that act as sources and losses of cells to
microbial biofilms:

(Equation 1)

For the purposes of this study, it is assumed that the primary sources were in situ cell
production (ie growth) and settlement, and that the primary losses were grazing mortality
and dispersal (Figure 1):

(Equation 2)

The process-exclusion experiments (Fuhrman and Azam 1982, Kirchman and Ducklow
1993, Ducklow 2000; and references therein) conducted with seawater filtered through
either 0.2 μm, 1 μm or 20 μm pore-size membranes (described above), were intended to
exclude different functional classes of microbes from the experiments and thereby exclude
different sets of key microbial biofilm processes. The microbial phospholipid accumulation
and production rates are surrogates of microbial accumulation and production; measuring
these rates in experiments where different processes are excluded enables differentiation and
estimation of rates of microbial losses via grazing and dispersal.

In the experiments with seawater filtered through 0.2 μm membranes, all organisms were
excluded, thereby excluding the processes of settlement and grazing. It was then assumed
that only microbial processes at play in these 0.2 μm experiments were accumulation,
production and dispersal; the difference in the measured rates of the accumulation and
production yielded an estimate of the rate of phospholipid loss via dispersal (Figure 1). In
the 1 μm incubations, only grazing was excluded while accumulation, production, dispersal
and settlement were at play. It was then assumed that the rate of dispersal was the same in
the 0.2 μm and 1 μm incubations, and settlement rate was calculated by difference (Figure
1). In the 20 μm treatment all processes were at play, the rate of settlement was assumed to
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be the same as the 1 μm and 20 μm incubations, and grazing was calculated by difference
(Figure 1).

Interstitial phosphate concentrations
The exchange of phosphate between overlying seawater and interstitial microbial biofilm
water was observed directly by using a phosphate selective microelectrode. The chemistry
for phosphate detection follows the protocols of Ungerer et al. (1993) and Kinoshita et al.
(1995) but with the following modifications. The microelectrode sensor was designed
around a 25μm carbon fiber, inserted through and bonded into a 30μm tip pipette (Smith et
al. 1999, Porterfield et al. 2001). The protruding fiber was broken back and pipettes with a
recess of approximately 10 μm were chosen. The enzymes, xanthine oxidase (0.0025-0.005
Units μL-1) and nucleoside phosphorylase (50 Units μL-1) were loaded sequentially. A
reservoir pipette, loaded with the enzymes and gluteraldehyde (5% by volume in phosphate
buffered saline) was prepared and used in the manner described for manufacturing
potentiometric electrodes (Smith, et al. 1999). The sensing microelectrode was advanced
into the reservoir and withdrawn such that a droplet of mix adhered to and entered the tip
and cavity. This was dried at room temperature and the second enzyme layer deposited.
Sensors could be stored overnight at 4°C. Inorganic phosphate, in the company of inosine in
the medium, was detected through hydrogen peroxide generated by the two enzyme process
and reacted on the carbon surface held at 600mV. Headstage and amplifiers, as well as
positional control of the sensor (BRC, Woods Hole), were as described for current generated
during enzymatic glucose detection by Jung et al. (2001) and reviewed by Smith et al.
(2007). In contrast to these two papers the data presented here are in picoamps representing
the localized bulk activity of the analyte and not as a flux where the microelectrode sensor is
used in a translational mode. Observations were made on an inverted Zeiss compound
microscope, housed in a Faraday box as described by Smith et al. (1999, 2007).
Microelectrode movement, data collection and applied voltages were controlled through
IonView Software (BRC, Woods Hole). All chemicals and enzymes were purchased from
Sigma, USA.

In January of 2008 (‘winter’), a glass coupon (ie slide) was incubated in Woods Hole
seawater for ten days to establish a natural marine microbial biofilm (Table 1). This was
then incubated for another two days in an aquarium containing natural seawater spiked with
inosine at a final concentration of 8 mmol L-1, which acts as a co-substrate for the reaction
described by Ungerer et al. (1993) and Kinoshita et al. (1995). The coupon, which had
become coated with a microbial biofilm of approximately 300 to 500 μm in thickness, was
transferred to the experimental platform equipped with a custom-made, temperature-
controlled, stirred reservoir that held the coupon in place under approximately 100 mL of
seawater, and allowed the incubation to proceed while being directly observed via the Zeiss
microscope. A number of experiments were conducted where the phosphate microelectrode
was inserted into the microbial biofilm (approximately 300 μm into the surface of the
microbial biofilm and approximately 10 to 200 μm from the surface of the glass coupon) by
using a stepper-motor micromanipulator. The process was observed by microscopy and
repeated at numerous locations across the microbial biofilm surface. In locations where the
microelectrode pierced the microbial biofilm such that a seal between the walls of the
microelectrode and the microbial biofilm was observed, the overlying water was flooded
with phosphate buffer to a final concentration of 800 μmol L-1 over the course of several
seconds and the electrochemically generated current was recorded using the IonView
Software.

The concentration of phosphate in interstitial waters was estimated using the 33P isotope-
dilution method laid out by Forsdyke (1971) and advanced by Moriarty et al. (1985) and
Freeman and Lock (1995) for studies of marine microbial biofilms. This method was applied
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in August of 2011 (‘summer’) in a third process-exclusion incubation of the same design as
that conducted in April of 2010 and July of 2011 (Table 1). Replicate sets of triplicate panels
from each of the three prefiltration conditions were amended with a phosphate solution to
yield concentrations that were either 100 nmol L-1 or 500 nmol L-1 above ambient
concentrations. A set of triplicate panels that received an amendment of only the distilled
water used to make the phosphate solutions served as non-amended (ie ambient phosphate
only) controls. Microbial phospholipid production rates were then determined using 33P-
phosphate incubations as described above.

Results
Validation of the use of the 33P-phosphate tracer

The exchange of phosphate between the interstitial waters of natural marine microbial
biofilms and overlying waters using a phosphate selective microelectrode was assessed. In a
typical experiment (Figure 2), the electrode current, which is directly proportional to
inorganic phosphate activity, stabilized shortly after being inserted deep into the microbial
biofilm. The overlying waters were then flooded with phosphate, and immediately a
response by the microelectrode deep within the microbial biofilm was observed. The
electrode current then stabilized again after only a few minutes, suggesting equilibrium
inorganic phosphate activity had been reached within the microbial biofilm. Upon
withdrawing the electrode, the current tended to drift slightly but returned to equilibrium
levels showing that the activities of inorganic phosphate within the microbial biofilm and the
overlying waters were similar.

The concentrations of phosphate in interstitial waters were further examined using a 33P-
phosphate isotope dilution approach. Linear regressions of the inverse of 33P incorporation
into lipids versus phosphate amendments concentration yielded straight lines (all R2 > 0.95)
(Figure 3). The y-intercepts of these linear regressions yield estimates of ambient phosphate
concentrations experienced by the microbial biofilm microbes engaged in phospholipid
biosynthesis. This approach indicated that interstitial phosphate concentrations were
between 800 and 1,200 nmol L-1. Also, phosphate data from colorimetric analyses were
statistically indistinguishable (p>0.05) from those estimated by isotope dilution (Figure 3),
and with published data from the area (Borkman and Turner 1993a). This result shows that
microbes experienced phosphate concentrations that were almost the same as the overlying
water, and validated the extrapolation of phosphate concentrations values from overlying
waters to interstitial waters, which is essential to calculate phospholipid synthesis rates.

Production and accumulation rates of total phospholipids in microbial biofilms under in
situ conditions

Total phospholipid accumulation and production rates were obtained on fouling-release
(Intersleek 425) test panels in the in situ experiments conducted during winter, spring and
summer (Figure 4). These relatively simple experiments showed that total phospholipid
accumulation rates varied substantially between seasons, from about 8 to -4 pmol cm2 d-1.
By contrast, total phospholipid production rates remained steady at about 4 pmol cm2 d-1. In
the winter, total phospholipid accumulation rates exceeded total phospholipid production
rates (p<0.01), indicating that microbial settlement contributed significantly to total
phospholipid accumulation, and that losses of biomass were relatively minor. In the spring,
the rates of total phospholipid accumulation and total phospholipid production were nearly
equal (p>0.05), which showed that settlement rates were offset by losses (Equation 2).
Losses were dominant over sources in the summer (p<0.01) as evidenced by an overall
dissipation of microbial biofilm biomass (ie negative total phospholipid accumulation)
despite steady total phospholipid production.
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In a separate winter experiment, a more sophisticated approach was taken, where the
accumulation and production rates of PG, PE and PC were independently measured on test
coupons coated with either an anti-fouling paint (Interspeed 640) or fouling-release paint
(Intersleek 425). First and foremost, it was found that accumulation rates of all three
microbial phospholipids were about two orders of magnitude greater on the fouling-release
paint versus the antifouling paint (Figure 5). The difference in production rates between the
two paints appeared to be even greater, although the production rates in microbial biofilms
on surfaces coated with the antifouling paint were nearly undetectable. The accumulation
rates of PG and PE, which in North Atlantic waters are thought to be primarily from
heterotrophic bacteria (Van Mooy et al. 2009, Van Mooy and Fredricks 2010, Popendorf et
al. 2011) were nearly twice as great as production rate on the fouling-release surface
(p<0.05); this imbalance is consistent with the measurements of total phospholipid
accumulation and suggests substantial sources from settlement (Equation 2). By contrast, the
accumulation and production rates of PC, which is primarily from eukaryotes (Van Mooy, et
al. 2009, Van Mooy and Fredricks 2010, Popendorf, et al. 2011) were relatively equal on the
fouling-release coating, indicating that eukaryote settlement was balanced by losses
(Equation 2).

The distributions of fatty acids with PE and PG molecules were similar to each other, while
that of PC was distinct (Figure 6). As will be discussed below, these data affirm the
delineation of PG and PE as bacterial phospholipids and PC as a eukaryotic phospholipid.

Relative contribution of microbial production, settlement, detachment and grazing to
phospholipid accumulation

In the process-exclusion experiments conducted on Intersleek 900 test panels in the spring,
the sum of the sources of bacterial phospholipids (PG and PE) exceeded the sum of the
losses, resulting in net accumulation of bacterial phospholipids (Figure 7). The production
and settlement rates of bacterial phospholipids were of similar magnitude to one another,
whereas the losses of bacterial phospholipids from dispersal were about three times greater
than grazing (Figure 7). This molecular-level quantification for PG and PE is similar to the
total phospholipid data (Figure 4); spring time is a period of net bacterial biomass
accumulation in biofilms in the waters off Woods Hole. Parallel analyses with PC were not
possible during this time period because growth rates were below limits of quantification.

Bacterial processes in the summer differed somewhat from those in the spring (Figure 7).
The primary difference was that accumulation rate of bacterial phospholipids was effectively
zero, indicating a nearly steady-state balance between sources and losses of bacterial
biomass. Production and settlement rates in summer were similar in magnitude to spring.
Grazing contributed a greater fraction of total losses rates in the summer, but remained less
than dispersal rates. Again the molecular-level characterization of bacterial phospholipids
was consistent with that from total phospholipids (Figure 4): summer is not a period of
intense bacterial biomass accumulation.

There was a net accumulation of eukaryotic biomass during the summer experiment as
indicated by the balance of PC sources and losses. Cell production was a larger source
process than settlement, and dispersal was a greater loss process than grazing. Note that the
absolute rates for PC were about an order of magnitude less than rates for PE and PG.

On average, across both groups of organisms during both seasons, growth rates were 1.5 ±
0.5 times greater than settlement and the dispersal rates were 2.7 ± 0.8 greater than grazing.
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Discussion
Insights on the physical structure of marine microbial biofilms

The phosphate microelectrode and 33P-phosphate isotope dilution experiments (Figures 2
and 3) were designed to constrain interstitial phosphate concentrations and to determine
whether diffusion limitation of 33P-phosphate into microbial biofilms grown in Woods Hole
waters might significantly extend isotopic equilibration time, skewing the accuracy of
the 33P-phospholipid synthesis rates. Three key results from these experiments together
appear to preclude significant isotopic disequilibrium. First, the Forsdyke plots of 33P-
phosphate incorporation into phospholipids yield nearly straight lines, which is a hallmark
signal of isotopic equilibrium. Second, the isotope dilution experiments showed that the
concentrations of phosphate in the interstitial waters were effectively equal to overlying
waters; this might be a coincidence, but a more reasonable explanation is that there is rapid
exchange between interstitial and overlying water. This rapid exchange is supported by the
third key result: the phosphate microelectrode that was embedded in the microbial biofilm
showed rapid changes in interstitial phosphate activities in response to perturbations of
phosphate concentrations in overlying waters. Not only do these three results preclude
significant isotopic disequilibrium and affirm the accuracy of the phospholipid synthesis
rates, they suggest that there was relatively unfettered exchange of phosphate (and probably
other solutes) between the interstitial waters of microbial biofilms and the overlying waters.
Structural heterogeneity of the microbial biofilms on fouling-release test panels was evident
in photomicrographs (Figure 5) and suggested the presence of interconnected voids that are
thought to function as channels to facilitate seawater exchange (Costerton et al. 1995,
Dobretsov 2010). Monds and O'Toole (2008) point out that explicit experimental evidence
of this function in biofilms is scarce; the data presented in this study (Figures 2, 3 and 5)
may provide a foundation for further studies of physical structure and solute transport of
biofilms on ships' hulls.

Using phospholipids as proxies for microbial biomass in biofilms
This study hinges critically on the strength of phospholipid accumulation and production
rates as molecular proxies for rates of microbial biomass accumulation and production. Most
existing studies apply either microscopic techniques (Casse & Swain 2006, Molino et al.
2009a, Molino et al. 2009b, Dobretsov & Thomason 2011) or molecular methods that target
microbial genes (Huggett et al. 2009, Chung et al. 2010) to access microbial biomass
accumulation. To our knowledge phospholipids have not seen broad use in the study of
biofouling on coatings for ship's hulls, and methodological biases should be considered
when comparing this study to previous studies. This stated, applying phospholipid
concentrations to estimate microbial biomass in microbial biofilms is a long-standing
approach in microbial ecology; the seminal studies by White and colleagues that established
phospholipids as quantitative proxies for microbial biomass were first developed for marine
sediments, and continue to see broad application in marine and aquatic settings (White &
Tucker 1969, White et al. 1979, Middelburg et al. 2000, Spivak et al. 2007). Thus, the
interpretation of phospholipid accumulation as a signal of microbial biomass accumulation
rests on a solid foundation from the literature.

By contrast, the application of phospholipid production as a proxy for microbial cell
production in marine microbial biofilms has seen considerably less application. However,
the 33P-phospholipid approach has been critically and thoroughly assessed in two studies
(Moriarty, et al. 1985, Freeman & Lock 1995) and found to be as robust as other commonly
accepted techniques for measuring microbial cell production, such as tracing 3H-thymidine
incorporation into to DNA. The primary recommendations to emerge from these studies are
to accurately determine interstitial phosphate concentrations and to be vigilant about the
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potential effects of 33P-phosphate disequilibrium, both of which were addressed in this study
and examined in the previous section (Figures 2 and 3). Furthermore, 33P-phosphate was
shown to be incorporated by a broader spectrum of marine microbes than other radiolabeled
growth substrates (Longnecker et al. 2010). Therefore it is concluded that the phospholipid
production rates presented here are probably also reasonably sound estimates of microbial
biomass production.

While total phospholipid data are an established proxy for total microbial biomass, these
types of data provide no information on the relative contributions of bacterial and eukaryotic
cells. By examining PG, PE, and PC independently, an attempt was made to distinguish
these two broad groups of microbes. Since PG and PE accumulation and production rates
consistently exceed those for PC (Figures 5 and 7), the present data lead to the conclusion
that bacterial biomass dominates over eukaryotic biomass.

Clearly, the specificities of PG and PE as biomarkers for marine bacteria and PC as a
biomarker for marine micro-eukaryotes are critical for supporting the conclusion that
bacterial biomass outweighs eukaryotic biomass in biofilms on ships' hulls. Fortunately, the
recent application of HPLC/MS to the study of phospholipids in marine environments has
allowed the microbial sources of phospholipids to be assessed (Van Mooy et al. 2006, Van
Mooy et al. 2009, Van Mooy & Fredricks 2010, Popendorf et al. 2011). In a presentation of
data from marine microbes in the South Pacific Ocean in conjunction with a review of
existing literature, Van Mooy and Fredricks (2010) concluded that PG and PE in samples of
marine microbes were derived primarily from heterotrophic bacteria and PC was derived
primarily from microeukaryotes. This delineation was supported by a subsequent study that
employed a suite of both cultivation-dependent and cultivation-independent methods in the
North Atlantic Ocean, including stations in relatively close proximity to Woods Hole
(Popendorf et al. 2011). The fatty acid composition of microbial biofilm PG, PE and PC
(Figure 6) provides some additional confidence in extrapolating insights gained from the
offshore environments on the microbial origins of PG, PE and PC to the microbial origins of
these molecules in biofilms growing on antifouling/fouling release coatings. The delineation
of PG and PE as bacterial phospholipids and PC as a eukaryotic phospholipid was supported
by the distribution of the various fatty acids contained in the phospholipids (Figure 6). The
distributions of fatty acids with PE and PG molecules were similar to each other, while that
of PC was distinct. The shorter, saturated fatty acids within PG and PE are suggestive of
bacterial sources, while longer, unsaturated fatty acids in PC are diagnostic of eukaryotic
sources. The fatty acid compositions of PG, PE, and PC in the microbial biofilms reported
here (Figure 6) is indistinguishable from the planktonic microbes reported by Van Mooy and
Fredricks (2010).

In situ microbial biofilm accumulation and cell production
Total phospholipid data from the in situ experiments showed that microbial production rates
were relatively constant across the winter, spring and summer time points; however, the
accumulation rates decreased across these seasons (Figure 4). Although these data were
collected in different years, they nonetheless support a model where settlement rates
decrease and loss processes intensify as the seasons of the year progress, corresponding to
more and more rapid recycling of microbial biofilm biomass. Using the averages of the total
phospholipid synthesis rates (Figure 4) and total phospholipid concentrations (not shown), it
is estimated that the steady-state turnover rate of the total microbial community within the
biofilms increased from 0.02 d-1 in winter, to 0.03 d-1 in spring to 0.08 d-1 in summer. These
trends in the biofilm microbial community parallel that of the planktonic community in
nearby waters. The abundance of heterotrophic bacteria in waters near Woods Hole was
shown to increase rapidly in the late spring and summer months (Borkman & Turner 1993b),
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which could have been a signal, in part, to the dispersal of bacteria from biofilms. In
addition, the abundance of their grazers also increased in lockstep (Borkman & Turner
1993b), which introduces the possibility that intensification in grazing rates during the
summer could lead to greater mortality for biofilm microbes as well, thereby decreasing
accumulation rates. On the other hand, the eukaryotic phytoplankton community typically
transitions from diatoms, which are known to contribute to microbial biofilms, to other
classes of phytoplankton that might be less inclined toward settling (Turner et al. 2009); this
could also lead to a decrease in accumulation rates.

The total phospholipid data provide the opportunity to elucidate fundamental differences
between the life strategies of planktonic microbes and those within biofilms in the study
area. Interestingly, the aforementioned turnover rates of microbial biofilm biomass are
nearly an order of magnitude slower than what might be expected for the planktonic
community in productive coastal waters (eg Sosik et al. 2003). This suggests that the biofilm
life strategy conferred a greater average lifespan for biofilm microbes than for planktonic
microbes. The mechanisms that might confer greater longevity to microbial biofilm
microbes are myriad and complex, and these have been reviewed extensively (Jefferson
2004, Monds & O'Toole 2008, Moons et al. 2009, Dobretsov 2010, McDougald et al. 2011).
Understanding the mechanisms that underpin the advantages of the biofilm life strategy on
ship's hull microbial biofilms demands the quantitative elucidation of the balance of
settlement, production, grazing and dispersal to microbial biofilm accumulation.

Balance of production, settlement, dispersal and grazing in process-exclusion
experiments

The process-exclusion experiments on fouling-release (Intersleek 900) test panels provide a
more detailed view of the processes that contribute to microbial biofilm accumulation than
in the aforementioned in situ experiments. The obvious trade-off for this increased level of
information is that by excluding different processes, these experiments may no longer
accurately reflect in situ conditions. However, in general, results from the process-exclusion
experiments reflect those from the in situ experiments, which would suggest that the
process-exclusion experiments are not necessarily inaccurate. First, both the process-
exclusion and in situ experiments capture the transition between strong positive
accumulation in the winter and negligible or negative accumulation in the summer (Figures
4 and 7). Second, the absolute magnitude of the production rates in the process-exclusion
and in situ experiments are of the same magnitude (Figures 4 and 6). These similarities, and
more importantly the lack of major discrepancies, lead to the conclusion that the process-
exclusion experiments probably provide a reasonable approximation of in situ processes.

The results quantitatively illustrate how settlement on ship's hull test panels conferred
benefits to the marine microbes. Settlement rates were generally similar to production rates
(Figure 7), indicating to a first approximation that microbes which settled on the test panels
doubled once. Thus, on average the biofilm microbes experienced gross growth.
Furthermore, in the spring settlement and production contributed to accumulation of
biomass on test panels in this environment, while in the summer these processes contributed
to significant rates of dispersal. This is consistent with a seasonal model where winter and
spring conditions are conducive to a sessile existence focused on reproduction, while
summer conditions are favorable for a planktonic life strategy that affords microbes the
opportunity to proliferate geographically. The microbial biofilm life strategy clearly also
offered marine microbes refuge from predation by grazers; regardless of the season or the
class of microbe, dispersal rates exceeded grazing rates. This observation underscores how
the microbial biofilm life strategy offered refuge for microbial biofilm microbes in Woods
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Hole. It has long been predicted that microbial biofilms function as refuges in marine
environments and the data quantitatively affirm this model (Jefferson 2004).

One important caveat needs to be kept in mind when considering how the results of this
study reflect overall mortality: it is possible that viral lysis could contribute to the observed
dispersal rates. Dispersal rates are defined based on the disappearance of intact
phospholipids; these molecules are thought to be very labile, and could quickly be degraded
once the cell membrane of a microbe is compromised. Thus, if viral lysis rates were
significant, then the methods employed in this study would be unable to distinguish this
process from dispersal. Data are limited on the role of viruses in microbial biofilms,
although one study suggested that marine microbial biofilm microbes may be fairly resistant
to viral attack (Thomas et al. 2008). Clearly the role of viral lysis in biofilms growing on
hull coatings deserves further investigation (Dobretsov 2010).

Relevance to the development of coatings for ship's hulls
The comparison of microbial processes on surfaces coated with an antifouling paint versus a
fouling-release coating (Figure 5) reflected the expected modes of efficacy of these two
classes of coatings. Fouling-release coatings such as Intersleek 425 and 900 are designed to
create a surface that is difficult for marine organisms to adhere to strongly, resulting in them
sloughing when hydrodynamic forces intensify. Thus, fouling-releasecoatings are designed
to derive their efficacy from encouraging accelerated rates of microbial dispersal. However,
even under dynamic conditions some components of microbial biofilm communities may
still persist (Casse & Swain 2006). Clearly, in the hydrodynamically quiescent (ie pier-side)
conditions under which the experiments were conducted, fouling-release coatings would not
be expected to impact dispersal rates at all. Furthermore, these coatings do not appear to
significantly deter settlement, nor would they inhibit production because they are non-toxic.
Thus it is reasonable to expect that both microbial accumulation and production rates would
proceed unchecked. By contrast, cooper-based, ablative antifouling coatings such as
Interspeed 640 are highly toxic and their surfaces are continually renewed, characteristics
that would decrease growth rates and increase dispersal rates, respectively. Thus, the
existing understanding of how silicone/fluoropolymer fouling-release and cooper-based
antifouling coatings function would lead us to predict that microbial accumulation and
production rates would be much higher on the former coating than the latter coating
(Equation 2). The observations reported here reflect these predictions and lend additional
support for the phospholipid-based methods developed for this study.

Owing to a regulatory environment that is increasingly hostile to copper-based anti-fouling
coatings on ships' hulls (Dafforn et al. 2011), the search for new anti-fouling coatings
continues to accelerate (Dobretsov et al. 2013, Qian et al. 2013). The insights this study
provides on the microbial processes that contribute to biofilm formation on two basic types
of coatings could inform the development of a new coatings. Complementary molecular
methods targeting microbial proteins, RNA, DNA or metabolites provide a detailed view
into the physiological underpinnings of production, settlement, dispersal and grazing, but
these methods do not readily yield quantitative estimates for the absolute rates of these
processes. Future application of the methods employed in this study could provide useful
feedback to product developers by distinguishing the effects of novel coating properties on
the major processes contributing to the accumulation of microbial biofilms. For example,
coatings designed to stimulate the rates at which natural communities of grazers check the
accumulation of biofilms on coatings can now be more rigorously tested. Importantly, even
if a coating ‘fails’ field trials, the methods applied in this study have the potential to reveal
its positive attributes (ie attenuated rates of settlement and growth or accelerated rates of
dispersal and grazing), which might otherwise be veiled under high rates of net
accumulation.
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Figure 1.
Schematic illustrating the design of the process-exclusion experiments. Microbial biofilms
on test panels developed for ships' hulls in Woods Hole seawater were tranferred to aquaria
that were flushed with seawater that had been filtered, thereby excluding the organisms
responsible for key microbial processes. Only the accumulation and production rates of
phospholipids were directly measured; rates of dispersal, settlement, and grazing were
determined by difference.
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Figure 2.
A typical profile of the current recorded by the phosphate selective microelectrode. A) The
microelectrode was inserted into a densely populated area of the biofilm as confirmed by
microscopy. B) The microelectrode equilibrated with interstitial phosphate concentrations
within the biofilm. C) Phosphate was added to the seawater overlying the biofilm. D) The
microelectrode current responded to the transport of the phosphate from the overlying
seawater into the biofilm. E) The microelectrode was withdrawn from the biofilm and after
equilibration the current reflected the phosphate in the overlying seawater. Experimental
conditions summarized in Table 1.
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Figure 3.
Determinations of interstitial phosphate concentrations in process-exclusion experiments.
Top panel: Forsdyke (1970) plots showing predicted interstitial phosphate concentrations (y-
intercept) based on 33P-phosphate isotope dilution experiments; symbols delineate the data
from the experiments conducted with seawater filtered through various pore-size filters.
Bottom panel: Comparison between the predicted interstitial phosphate concentrations, and
the phosphate concentrations of the overlying seawater as determined by a colorimetric
assay method. Experimental conditions summarized in Table 1.
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Figure 4.
Accumulation and production rates of total microbial biomass (based on total phospholipids)
in the in situ experiments. Experimental conditions summarized in Table 1.
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Figure 5.
Accumulation and production rates of bacterial biomass (based on PG and PE) and
eukaryotic biomass (based on PC) in the in situ experiments. Top left: Results from test
panels coated with fouling-release coating. Top right: Results from test panels coated with
antifouling coating. Bottom left: Epifluorescence photomicrographs (approximate
dimensions: 1.5 × 1.0 mm) showing the accumulated biofilms on test panels coated with
fouling-release coating. Bottom right: similar images for an antifouling coating. In these
images, biofilm components that are enriched in chlorophyll, such as phytoplankton, appear
red. Experimental conditions summarized in Table 1.
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Figure 6.
Characteristics of the fatty acid moieties bacterial phospholipids (PG and PE) and eukaryotic
phospholipids (PC). These results are from the winter experiment comparing fouling-release
and antifouling coatings (Figure 5). There were no discernable difference between the data
collected for the two different types of surfaces, and thus they were averaged. Experimental
conditions summarized in Table 1.
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Figure 7.
Rates of key bacterial processes (based on PG and PE) and eukaryotic processes (based on
PC) in the process-exclusion experiments. Top: Results showing bacterial processes in the
spring experiment. Middle: Results showing bacterial processes in the summer experiment.
Bottom: Results showing eukaryotic processes in the summer experiment. Experimental
conditions summarized in Table 1.
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