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Metals exposed to rapidly flowing seawater are fouled by microbes that increase
heat transfer resistance. In this study, results of biochemical test methods quan-
titatively relating the biomass and community structure of the microfouling film
on aluminum and titanium to heat transfer resistance across the metal surface
during three cycles of free fouling and manual brushing showed that cleaning
accelerates the rate of fouling measured as the loss of heat transfer efficiency and
as microfouling film biomass. The results also showed that the rate of fouling,
measured as an increase in heat transfer resistance, is faster on titanium than on

aluminum but that the titanium surface is more readily cleaned. In three cycles
of free fouling and cleaning with a stiff-bristle nylon brush, the free-fouling
communities re-forming on aluminum became enriched in bacteria containing
short-branched fatty acids as the cycling progressed. The free-fouling community
on titanium revealed an increasingly diverse morphology under scanning electron
microscopy that was enriched in a portion of the microeucaryotes. Brushing
removed most of the biomass, but left a residual community that was relatively
enriched in a portion of the bacterial assembly containing cyclopropane fatty
acids on aluminum and in a more diverse community on the titanium surface.
The residual communities left after cleaning of titanium revealed an increase in
bacteria with short-branched fatty acids and in microeucaryotes as cleaning
continued. No significant changes occurred in the residual microbial community
structure left on aluminum with cleaning; it was, again, less diverse than that
remaining on titanium. The residual communities secreted a twofold-larger
amount of extracellular polymer, measured as the ratio of total organic carbon to
lipid phosphate, than did the free-fouling community on both surfaces.

The fouling of metal surfaces exposed to sea-
water has serious consequences for the utiliza-
tion, by ocean thermal energy conversion
(OTEC) systems, of temperature differences be-
tween warm surface water and cold deep water
of tropical oceans. A thin microbial biofouling
film increases heat transfer resistance suffi-
ciently to prevent utilization of this vast source
of renewable energy (9). In addition, the micro-
fouling film can complicate ecological experi-
ments by concentrating a nutrient source on the
seawater side of enclosures and lead to "bottle"
effects. Consequently, it is important to study
practical ways to control microfouling film for-
mation.

Previous work has established the following
sequence of events in the fouling of surfaces
immersed in seawater. The initial event involves
the immediate coating of the surface by biopol-

ymers produced by organisms living in the sea;
this film attracts microbes that first bind revers-
ibly then irreversibly to the surface (7, 10, 15,
24) and form an acid polysaccharide extracellu-
lar polymeric film (13). The microbial fouling
film then attracts a diverse microeucaryotic foul-
ing population (6, 12, 14, 16), and, finally, macro-
fouling by larger eucaryotes occurs.
Because of the problem of increased heat

transfer resistance caused by these microfouling
films, methods that could quantitatively de-
scribe the biomass, physiological state, and com-
munity structure of the film were needed to
determine and assess adequate control mea-
sures.
A suite of assays developed for examination of

the estuarine detrital microbiota (3, 18-21, 23)
was adapted to the analysis of the microfouling
film in OTEC samples. Pipe sections were re-
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moved from the flowing seawater for analysis of
total organic carbon (TOC), examination of mor-
phology by scanning electron microscopy, and
lipid analysis after extraction of the film. From
the lipid portion of the extract, the total cellular
biomass (measured as the extractable lipid phos-
phate) was determined. Measurement of extract-
able lipid phosphate has been shown to correlate
well with other measures of microbial biomass,
such as adenosine triphosphate, muramic acid,
enzyme and respiratory activities and the rates
of thymidine incorporation into DNA and of
lipid synthesis, and 1'CO2 release from various
substrates (17-19).
From the water phase of the lipid extraction,

the adenosine nucleotides can be recovered
quantitatively and measured by fluorescence
after specific derivatization with chloroacetal-
dehyde and analyzed by high-pressure liquid
chromatography. The resiliency of the adeno-
sine energy charge of the microfouling film to
anoxia has been demonstrated with this method
(8).
The major portion of the lipid fraction can

then be subjected to mild acid methanolysis, and
various components of the lipids can be fraction-
ated by thin-layer chromatography, recovered,
and analyzed by gas-liquid chromatography (3).
This analysis of biomass and community struc-
ture correlates the morphology of detrital micro-
biota modified by addition of antibiotics and
nutrients (as determined by scanning electron
microscopy) with analyses of mixtures of micro-
bial monocultures and of individual organisms
cultured from detritus (20). The specific preda-
tion of the sand dollar Mellita quinquiesperfor-
ata on the benthic microbiota measured with
these methods agreed with the induced changes
expected from their known feeding habits (22).
With this background, the correlation of heat

transfer resistance to the biomass and the com-
munity structure of the microfouling film after
manual brush cleaning cycles was examined.

MATERLALS AND METHODS
Materials. All solvents were glass distilled (Burdick

and Jackson, Muskegon, Mich.). Chloroform was glass
distilled just before use. Other materials were de-
scribed previously (3, 8, 21).
Exposure to seawater. Titanium and 5052 alu-

minum pipes (intemal diameter, 2.66 cm [1-in. nomi-
nal]) were exposed to seawater flowing at 1.85 m/s (6
ft/s) at the Naval Coastal Systems Center, Panama
City, Fla. (30°09'54" N, 85015'32" W) between 19
September and 5 December 1979. This nutrient-rich
nearshore site was chosen to accelerate microfouling
changes. Microfouling from an open ocean thermal
energy conversion site could be quantitatively as well
as qualitatively different. Characteristics of the sea-
water at the intake point are given in Table 1. The

falLing temperatures in the later portion of the test
period corresponded with a decrease by half in NH3,
NO3, phosphate, and silicate and with smaller de-
creases in water column TOC and biological oxygen
demand.

Test surfaces were exposed to seawater that was
pumped from approximately 2 m below the surface of
the bay into a 2,840-liter fiber glass feed tank and then
through the heat transfer measuring units and the
sample pipe sections. Heat transfer coefficient meas-
urements were made as previously described (4, 11).
At points B, E, and H (Fig. 1), the inside of the entire
pipe was brushed with 20 passes of a stiff-bristle nylon
bottle brush that tightly fit in the pipe. At time indi-
cated by points C, F, and I (Fig. 1), duplicate prescored
sections of pipe were removed, with minimal interrup-
tion of the water flow, for TOC, scanning electron
microscopy, and biochemical analyses.
TOC. TOC was measured after scraping the micro-

fouling film from 5-cm2 rings of the prescored section
of pipe; treatment with phosphoric acid to remove
carbonates was followed by combustion with oxygen
and measurement of CO2 in a nondispersive infrared
analyzer (Oceanography International Corp., College
Station, Tex.) by R. Dyjak of Potomac Research, Inc.,
Panama City, Fla.
Scanning electron microscopy. Prescored cou-

pons (1 cm2), removed from the pipe without heat and
with as little damage to the microfouling film as pos-
sible, were fixed in 0.075% (vol/vol) glutaraldehyde
(Ladd Research Industries, Burlington, Vt.) in mem-
brane-filtered (pore size, 0.4 um; Millipore Corp., Bed-
ford, Mass.) seawater at 4°C for 1 h. The coupons
were then transferred to 3.3% (vol/vol) glutaraldehyde
in filtered seawater for 1 h at 4°C. After this, they
were swirled gently in filtered seawater or Instant
Ocean made to the ionic strength of the natural sea-
water from which the samples were removed. This was
repeated for a total of four washes. The coupons were
then transferred to a 1.33% (wt/vol) solution of os-
mium tetroxide (Electron Microscopy Sciences, Fort
Washington, Pa.) dissolved in 0.2 M sym-collidine
buffer (Ladd Research Industries). The buffer was at
pH 7.4, and the staining was for 1 h at 4°C. The
coupons were then washed with four changes of fil-
tered distilled water and dehydrated at room temper-
ature in distilled water-ethyl alcohol (80:20 [vol/vol]
for 10 min, 60:40 [vol/vol] for 10 min, 50:50 [vol/vol]
for 10 min, and 30:70 [vol/vol] for 10 min). (At this
point, the material can be held for several weeks as
long as the surfaces remain covered by the 30:70 [vol/
vol] distilled water-ethyl alcohol solution.)
When processing was continued, the dehydration

proceeded by using distilled water-ethyl alcohol (20:80
[vol/vol] and 10:90 [vol/vol]) and three exposures
each to 100% ethyl alcohol for 10 min at room tem-
perature. The coupons were then placed in a critical
point drier (built of stainless steel) and dried with CO2
(1, 5). Once dried, the coupons were mounted on
pedestals and coated with gold-palladium (60:40 [wt/
wt]) to an approximate thickness of 10 nm in a Denton
DV-502 rotary vacuum evaporator. The samples were
then examined in the Cambridge Stereoscan S4-10
microscope at the magnifications given below.

Lipid extraction. Duplicate, 29-cm-long samples
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TABLE 1. Water characterization at the Naval Coastal Systems Center, Panama City, Fla., between 19
September and 5 December 1979a

Con- Dis- Phos-
ductiv- Salinity Te Tide Turbid- solved BOD Phate TOC' Silicate

DaY it0;(g/lt)m(C) pH height ity oxygen (mg/ N-NH3 N-NO (Mg/lia (mg/li- (mg/li-Dy ity (g/liter) (00(i) (NTU)b (Mg/li- ml)b ter) ter)
(S/cm) ter) ter)

0 43.6 27.7 27.5 8.1 0.43 1.0 5.7 0.9 0.04 0.03 0.03 3.4 0.90
8 40.0 24.4 24.5 8.2 0.49 1.2 6.0 0.7 0.08 0.06 0.01 3.2 0.63
15 38.4 24.7 26.3 8.0 0.37 1.1 4.2 0.7 0.10 0.05 0.022 3.7 0.72
21 34.4 22.9 23.8 8.0 0.06 1.3 7.1 1.7 0.02 0.07 0.014 4.7 0.75
28 25.4 19.8 16.1 7.8 0.34 1.3 6.3 1.3 0.04 0.05 0.012 5.3 0.36
35 32.3 26.0 16.0 8.1 0.06 1.5 6.5 0.9 0.02 0.03 0.006 3.8 0.15
42 30.0 23.0 8.2 0.31 1.5 6.7 1.2 <0.01 0.03 0.017 3.1 0.26
49 38.3 29.1 17.9 8.2 -0.03 1.4 7.6 1.1 <0.01 0.03 0.008 3.2 0.33
56 34.7 28.8 13.9 8.1 0.19 2.0 8.0 1.1 <0.01 0.02 0.008 2.7 0.26
63 39.3 29.3 19.1 8.1 -0.06 1.4 7.6 0.9 0.02 0.04 0.019 2.6 0.38
70 39.2 29.0 19.7 8.0 0.12 0.75 6.7 0.9 <0.01 0.03 0.004 2.5 0.22
77 33.7 29.3 11.7 8.1 -0.12 1.1 8.5 0.8 0.01 0.01 0.005 2.8 0.18

'Data reported by R. Dyjac of Potomac Research Inc., Panama City, Fla.
b Abbreviations: BOD, biological oxygen demand; N-NH3, nitrogen as ammonia (mg ofNH3 per liter); N-NO3,

nitrogen as nitrate (mg of NO3 per liter); TOC, total organic carbon.
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FIG. 1. Effects of three cycles of manual brush

cleaning with a stiff-bristle nylon brush on the heat

transfer efficiency Rf, measured as (square feet x h

x degrees Fahrenheit/British thermal units) X 1O'
for the left ordinate and as square meters x degrees

centigrade per watt for the right ordinate, of 5052

aluminum (upper panel) and titanium (lower panel).
Points indicated by letters indicate samples re-
covered for morphological and biochemical analysis.

of pipe were removed, drained, purged with N2, the
ends capped with rubber stoppers, frozen in dry ice,
and sent to the laboratory. There was no difference in
the yield of extractable lipid phosphate from samples
frozen and then extracted compared with those ex-
tracted immediately after removal from the flowing
seawater. In the laboratory, the pipe sections were
thawed and the ends were deburred and stoppered
with a specially designed device (2), designed by John
Highsmith of the Florida State University Biological
Science Instrument shop, that forms a chloroform-
tight Teflon seal to the metal inside the pipe. In
essence, a stainless steel core is tightened to form the
Teflon seal with the inside of the pipe. The method
requires only the inside of the pipe to be deburred and
the tube to be not far from round. For a 29-cm section
of 2.66-cm diameter pipe, a total of 107 ml (28 ml of
chloroform, 56 ml of methanol, and 23 ml of 10 mM
phosphate buffer with 0.52 mM EDTA, pH 4.9) was
added, and extraction was allowed to occur for 2 h at
room temperature. At this time, a plug was removed
and the solution was added to a 250-ml separatory
funnel. Water and chloroform (28 ml of each) were
added, and the solution was mixed and allowed to
separate for 24 h. The chloroform phase was then
filtered through fluted Whatman 2V filter paper and
reduced in volume by evaporation under vacuum.
Phosphate analyses. A portion of the chloroform

from the lipid extract was dried and digested with
perchloric acid, and the amount of phosphate was
determined colorimetrically as described (21).

Fatty acid analysis. The lipids were recovered
from the chloroform phase, subjected to mild acid
methanolysis, and fractionated by thin-layer chroma-
tography. The fatty acid methyl ester band was re-
covered quantitatively from the silica gel and analyzed
by gas-liquid chromatography as described (3).

Gas-liquid chromatography. The fatty acid
methyl esters dissolved in hexane were introduced
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without splitting by using a Varian model 8000 auto-
sampler with a 30-s venting time on a 50-m glass
capillary column coated with Silar lOC in a Varian
3700 gas chromatograph. The oven temperature was
programmed from 42 to 192°C heating for 60 min at a
rate of 2°C/min, followed by a 30-min isothermal
period at 162°C, and final heating for 30 min at a rate
of 1°C/min up to the maximum temperature of 192°C,
which was maintained until the components were
eluted. The helium carrier gas was at a flow rate of 1
ml/min, and the detection by flame ionization was at
225°C. The autosampler delivered 2 tl with no carry-
over between samples. A typical chromatogram is
illustrated in Fig. 4. Fatty acid methyl esters were
identified by comparing their elution volume on polar
and nonpolar phases, before and after treatment with
HBr or reduction with hydrogen, and by combined gas
chromatography electron impact and chemical ioni-
zation mass spectrometry. These methods have been
described previously (3).

Fatty acid nomenclature. The fatty acids are
designated as the number of carbon atoms in a chain:
the number of double bonds and the position of the
ultimate double bond (the bond closest to the w end of
the molecule) designated as w3, A6, etc. The prefixed
a, i, and A indicate anteiso, iso-branching, and cyclo-
propane ring, respectively.

Statistics. Analysis of variance and linear regres-
sion calculations were made by using a Radio Shack
TRS-80 computer with the advanced statistical anal-
ysis 26-1705 program.

RESULTS
Change in heat transfer resistance with

manual brush cleaning. Figure 1 shows the
time course of three cycles of free fouling and
cleaning for aluminum and titanium pipes. With
each of the three cleanings, the rate of increase
in heat transfer resistance increased. The time
to reach a heat transfer resistance coefficient of
0.8 x 10-4 (oC x m2/watt) or 5.0 x 10-4 (ft2 x h
x °F/BTU) for aluminum was 27, 14, and 11
days for the first, second, and third cycles and
27, 13, and 5 days for titanium. Titanium showed
increased heat transfer resistance more rapidly
than aluminum.
Morphological effects of cleaning on the

microfouling film. Before exposure to seawa-
ter, both the aluminum and titanium surfaces
showed a clean surface with microscopic pits,
and the surfaces were cleaned with detergent
and thoroughly rinsed. With exposure to sea-
water, a morphologically complex community
formed with sheets of filaments seen at low-
power magnification and a complex assembly of
organisms seen at high-power magnification on
both aluminum and titanium. There was no
striking or consistent difference between the
morphologies of the first and third cycles on
each metal (Fig. 2). The morphology seen under
high-power magnification of microfouling film

on both titanium and aluminum shows the di-
versity.
The morphology on aluminum of the residual

microfouling community after cleaning shows a
progressive colonization by web-like microbes
on, in, and under the corrosion gel (Fig. 3Ca and
Fa). Cleaning dislodged fragments of the gel,
leaving the metallic surface with some residual
microbial filaments. Cleaning of titanium left a
residual detritus with few recognizable microbes
(Fig. 3Ct and Ft).
Correlation of heat transfer resistance

with microbial biomass measures. Compar-
isons of biomass measures and the heat transfer
resistance coefficient (Rf), in terms of linear
regression determination coefficients r2, for alu-
minum and titanium were, respectively, 0.41 and
0.49 for total extractable palmitic acid, 0.78 and
0.75 for extractable lipid phosphate, 0.54 and
0.72 for total organic carbon, 0.43 and 0.28 for
the TOC/total palmitic acid ratio, and 0.13 and
0.20 for the TOC/lipid phosphate ratio (r2 >
0.62, P < 0.01). The only measure correlating
significant heat transfer resistance on both met-
als appeared to be that of extractable lipid phos-
phate, which measures the phospholipids in the
membranes ofthe microbes (21). However, these
measures by themselves gave little insight into
the community structure changes that might
produce the increased rate of microfouling with
cleaning shown in Fig. 1. Consequently, a suite
of biochemical measurements was performed.
Differences in microbial biomass and

community structure between the first and
third cycles of free fouling. The biomass and
community structure of the free-fouling micro-
biota formed in the first and third cycles (Fig. 1,
points B and H) of free fouling on both alumi-
num and titanium are given in Table 2. On
aluminum, there was a significant increase in the
total a + i 15:0 and the proportions of a + i 15:0/
15:0 and 18:1X7/16:0 between the first and third
cycles. On titanium, there was a significant. in-
crease in total polyenoic fatty acids longer than
20 carbons and in the proportion of A17:0 +
A19:0/16:0. There was a decrease in the amount
of cyclopropane fatty acid A17:0 and in the pro-
portions of 18:1X7/18:1w9 and 18:2o6/16:0 be-
tween the first and third cycles.
Comparison of the free-fouling films on

titaniium and aluminum. The biomass and
community structure of the free-fouling com-
munity formed after free fouling to approxi-
mately the same level of heat transfer resistance
in the second cycle on titanium and aluminum
exhibited signiflcant differences (Table 3, alu-
minum E versus titanium E). The film from
titanium had significantly higher absolute
amounts of lipid phosphate and a + i 15:0 and
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FIG. 2. Scanning electron micrograph of the microfouling film formed after free fouling on aluminum in
the first (B) and third (G) cycles and on titanium in the first (A) and third (GH) cycles. (Letters designate Fig.
1 samplingpoints.) Left-hand column magnification, 210-fold; bar, 100, m. Right-hand column magnification,
2,100-fold; bar, 10pm.
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FIG. 3. Scanning electron micrograph ofthe microfouling film after manual cleaning ofaluminum (a) after
the first (C) and second (F) cycles and titanium (t) after the first (C) and second (F) cycles. Left-hand column
magnification, 210-fold; bar, 100 ,um. Right-hand column magnification, 2,100-fold; bar, 10 ,um.
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FIG. 4. Gas chromatogram of fatty acid methyl esters of the lipids extracted from the microfouling
community separated on a 50-m Silar 10C glass capillary column from the sample atA in Figure 1, top panel.
Components used were 14:0 (1), i15:0 (2), a15:0 (3), 15:0 (4), 16:0 (5), 16:1w7 (6), A1l7:0 (7), 18:0 (8), 18:1w9 (9), 18:
1w7 (10), 19:0 IS (11), 18:2w6 (12), A19:0 (13), 18:3w6 (14), 20:0 (15), 18:3w3 (16), 22:0 (17), 20:4w6 (18), 20:5w3 (19),
22:6X3 (20).

relative amounts of a + i 15:0/15:0 and a + i
15:0/16:0, 18:1X7/18:1X9 and in the ratio of pol-
yenoic fatty acids longer than 20 carbons with
w6 unsaturation compared with w3 unsaturation.
The microfouling film formed on aluminum dur-
ing the second cycle had a significantly higher
proportion of 18:2w6/16:0 and total polyenoic
fatty acids longer than 20 carbon atoms.
Effect of cleaning on the microbial bio-

mass and community structure. After free
fouling, cleaning aluminum and titanium pipes
with the stiff-bristle nylon brush decreased the
heat transfer resistance (Fig. 1, points C, F, and
I).
On the aluminum surface, comparison of the

biomass of the free-fouling microbial assembly
(Table 3, point E) to the residual community
after the second cleaning cycle (Table 3, points

I and F) showed a significant decrease in the
lipid phosphate, TOC, a + i 15:0, and total
polyenoic acids. The community structure
showed decreases in the proportions of a + i
15:0/15:0, a + i 15:0/16:0, A17:0 + A19:0/16:0,
18:107/16:0, 18:1w7/18:1w9, and the total poly-
enoic fatty acids longer than 20 carbon atoms/
16:0. On titanium, all biochemical markers listed
in Table 3 significantly decreased except the
absolute amount of 18:1w7 and the proportions
of A17:0 + A19:0/16:0 and 18:2w6/16:0.
Differences between the residual com-

munities left after the first and third cycles
of cleaning. After cleaning titanium, the resid-
ual community left between the first and third
cycles showed an increase in the lipid phosphate,
total palmitic acid, 18:1M7, and the proportions
of 18:1w7/16:0 and 18:1w7/18:1W9. There were
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TABLE 2. Biomass and community structure differences between the microfouling film forming on
aluminum and titanium pipes between the first and third cycles offree fouling with manual cleaninga

Aluminum Titanium

Biochemical marker Cycle 1 Cycle 3 Cycle 1 Cycle 3
(B) (H) (B) (G)

Biomass
Rf 5.67 5.15 8.56 7.63
Lipid phosphateb 3.44 (1.88) 2.97 (0.78) 5.36 (2.72) 3.50 (0.15)
TOcC 34.8 (1.7) 38.2 (2.48)Xx 49.7 (16.7) 29.5 (4.5)
Total palmitic acidd 0.55 (0.06) 0.68 (0.10) 0.65 (0.02) 1.32 (0.6)
Total a + i 15:0 0.15 (0.05) 0.42 (0.17)x 0.09 (0.05) 0.05 (0.02)
Total A17:0 0.02 (0.00) 0.03 (0.03) 0.04 (0.02) 0.008 (0.002)y
Total 18:1w7 0.14 (0.07) 0.16 (0.04) 0.19 (0.09) 1.7 (2.2)
Total 18:2w6 0.04 (0.00) 0.031 (0.006) 0.07 (0.04) 0.03 (0.004)
Total polyenoics >20 0.13 (0.07) 0.23 (0.11) 0.17 (0.07) 0.51 (0.12)yy

Community structure
a + i 15:0/15:0 0.26 (0.06) 0.58 (0.05)xx 4.4 (0.3) 5.4 (0.1)
a + i 15:0/16:0 4.69 (0.89) 4.22 (0.38) 0.38 (0.08) 0.38 (0.2)
A17:0 + A19:0/16:0 0.05 (0.004) 0.08 (0.09) 0.07 (0.006) 0.11 (0.003)yyy
18:1w7/16:0 0.70 (0.07) 1.02 (0.19)x 0.79 (0.03) 0.79 (0.3)
18:1w7/18:JA9 3.02 (1.40) 4.43 (1.13) 4.25 (0.4) 2.64 (0.3)yy
18:2w6/16:0 0.06 (0.00) 0.05 (0.02) 0.07 (0.002) 0.05 (0.01)YYY
Total polyenoics >20/16:0 0.25 (0.15) 0.36 (0.22) 0.26 (0.12) 0.33 (0.01)
Polyenoics o6/3 0.89 (0.42) 0.63 (0.29) 0.78 (0.15) 0.40 (0.06)
a B, G, and H refer to samples taken as indicated in Fig. 1. Data are expressed as the i (± standard deviation),

except as otherwise indicated. Superscripts of one, two, and three letters indicate, respectively, significant
differences between means, as determined by one-way analysis of variance, at the 0.1, 0.05, and 0.01 levels
within B-H aluminum (x) and B-G titanium (y).

b Data expressed in nanomoles of lipid phosphate per square centimeter.
Data expressed in nanograms of carbon per square centimeter.

d Data expressed in nanomoles per square centimeter; x (standard deviation) for all fatty acids.

significant decreases between the proportions of
A17:0 + A19:0/16:0 and 18:2w6/16:0 (Table 4).
There were no significant differences between
the residual microbial components after the first
and third cleaning on aluminum.
Comparison of the residual communities

on aluminum and titanium. The residual
communities left after cleaning the second cycle
of fouling are given in Table 3 (aluminum F
versus titanium F). The residual film on tita-
nium compared to aluminum had significantly
more total lipid phosphate and greater absolute
amounts of a + i 15:0 and relative proportions of
a + i 15:0/15:0, a + i 15:0/16:0, A17:0 + A19/
16:0, 18:1w7/16:0, and 18:1w7/18:1w9. In addi-
tion, there were significant increases in both the
absolute and relative amounts of total polyenoic
fatty acids longer than 20 carbon atoms.
The residual communities left after the third

cycle of cleaning of titanium and aluminum
showed fewer significant differences.
Extracellular polymer formation and mi-

crofouling. The residual microfouling com-
munities remaining after 20 passes of the nylon
brush on the aluminum yielded higher heat
transfer resistance (Rf = 0.67 [0.20], x [standard
deviation]) than titanium (Rf = 0.26 [0.26]), sig-

nificantly (P = 0.005) lower biomass, measured
as extractable lipid phosphate, 0.21 (0.05) nmol/
cm2 for aluminum versus 0.45 (0.17) nmol/cm2
for titanium.
With TOC used as a measure of the total

biomass and lipid phosphate used as a measure
of the cellular biomass, the TOC/lipid phos-
phate ratio can be considered as a measure of
the "extracellular biomass" (21). The residual
communities on both aluminum and titanium
contained two to three times the extracellular
biomass ofthe free-fouling communities, and the
residual community left on aluminum had sig-
nificantly more extracellular biomass than the
community left on titanium (Table 5). The ex-
tracellular polymer binding a filamentous bac-
terium to the aluminum surface can be seen in
Fig. 5.

DISCUSSION
Effect of brushing. To maintain an econom-

ically feasible ocean thermal energy conversion
system, the heat transfer resistance must be
maintained at a low level (<5.0 x 10-4 [ft2 x h
x OF/BTU] [9]). Maintenance of a low heat
transfer resistance requires cleaning, so quanti-
tative methods were applied to define the
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TABLE 3. Biomass and community structure of the microfouling community on aluminum and titanium
pipes before and after the second cleaning cyclea

Aluminum Titanium Significance

Biochemical marker Alumi- Alumi-
E F E F num E vs num Fvs

titanium titanium
E F

Biomass
Rf 5.31 0.73 6.53 0.52
Lipid phosphateb 3.44 (0.05) 0.21 (0.00)www 5.18 (0.26) 0.50 (0.04)x" yyy zzz

TOCc 49.3 (5.51) 7.00 (2.3)www 53.5 (9.3) 6.14 (3.03)Xx
Total palmitic acidd 0.45 (0.70) 0.18 (0.24) 0.74 (0.22) 0.16 (0.01)X
Total a + i 15:0 014 (0.00) 0.005 (0.004)Www 0.26 (0.04) 0.013 (0.001)"x yyy z

Total 15:0 0.04 (0.001) 0.022 (0.024)Www 0.07 (0.02) 0.016 (0.004)X
Total A17:0 0.02 (0.003) 0.05 (0.02) 0.023 (0.003) 0.008 (0.001)X
Total 18:1w7 0.14 (0.005) 0.34 (0.37) 0.2 (0.01) 0.16 (0.05)
Total 18:2w6 0.05 (0.006) 0.17 (0.23) 0.05 (0.01) 0.01 (0.007)X
Total polyenoics 0.40 (0.07) 0.012 (0.004)www 0.38 (0.03) 0.073 (0.0007)xxx zz

>20

Community structure
a + i 15:0/15:0 3.18 (0.18) 0.69 (0.23)Www 4.02 (0.32) 1.41 (1.01)xxx yy zz

a + i 15:0/16:0 0.27 (0.02) 0.04 (0.01)www 0.37 (0.05) 0.14 (0.02)Xx y zzz

A17:0 + A19:0/16:0 0.08 (0.02) 0.04 (0.02)aw 0.06 (0.02) 0.09 (0.03) z

18:107/16:0 0.88 (0.04) 0.14 (0.06) wv 1.08 (0.29) 0.52 (0.12) x

18:1w7/18:1w9 3.30 (0.10) 0.16 (0.09)www 3.77 (0.18) 0.59 (0.29)Xx" yy z

18:2w6/16:0 0.10 (0.02) 0.30 (0.30) 0.067 (0.007) 0.07 (0.04) y
Total polyenoics 0.77 (0.09) 0.06 (0.05)Www 0.55 (0.20) 0.17 (0.04) y zz

>20/16:0
Polyenoic w6/w3 0.32 (0.004) 0.39 (0.01) 0.49 (0.22) yyy

a E and F refer to samples taken as indicated in Fig. 1. Data are expressed as the x (± standard deviation), except as otherwise
indicated. Superscripts of one, two, and three letters indicate, respectively, significant differences between the means, as
determined by one-way analysis of variance, at the 0.1, 0.05, and 0.01 levels within E-F aluminum (w) and E-F titanium (x) and
between aluminum E versus titanium E (y) and aluminum F versus titanium F (z).

b Data expressed in nanomoles of lipid phosphate per square centimeter.
'Data expressed as nanograms of carbon per square centimeter.
d Data expressed as nanomoles per square centimeter; i (+ standard deviation) for all fatty acids.

TABLE 4. Biomass and community structure differences between the residual communities left after manual
cleaning between the first and third cleaning of titanium and aluminum pipesa

Titanium
Aluminum cycle 3Biochemical marker Cycle 1 Cycle 3 (I)

(C) (I)
Biomass
Rf 0.24 0.01 0.45
Lipid phosphateb 0.26 (0.21) 0.56 0.16 (0.16)yy
Total palmitic acidc 0.24 (0.007) 0.63 (0.26)x 0.27 (0.15)
Total a + i 15:0 0.018 (0.005) 0.072 (0.05) 0.02 (0.03)
Total 15:0 0.015 (0.002) 0.028 (0.006) 0.06 (0.07)
Total A17:0 0.008 (0.001) 0.008 (0.003) 0.01 (0.001)
Total 18:1X7 0.07 (0.01) 0.16 (0.06)X 0.14 (0.12)
Total 18:2w6 0.016 (0.0007) 0.03 (0.01) 0.014 (0.013)
Total 24:0 0.03 (0.03) 0.024 (0.01)
Total polyenoics >20 0.017 (0.017) 0.11 (0.14) 0.049 (0.056)

Community structure
a + i 15:0/15:0 1.26 (0.06) 2.82 (1.6) 0.72 (0.53)
a + i 15:0/16:0 0.08 (0.01) 0.12 (0.05) 0.09 (0.09)
A17:0 + A19:0/16:0 0.06 (0.001) 0.02 (0.006)xxx 0.04 (0.06)
18:1w7/16:0 0.14 (0.01) 0.31 (0.035)xx 0.17 (0.05)yy
18:1/8:11 9 0.49 (0.02) 1.18 (0.22)xx 0.39 (0.05)yy
18:2w6/16:0 0.07 (0.001) 0.05 (0.001)xxx 0.04 (0.03)
Total polyenoics >20/16:0 0.074 (0.07) 0.14 (0.16) 0.11 (0.08)
Polyenoic w6/w3 1.19 (0.44) 0.41 0.94 (0.00)

a C and I refer to samples taken as indicated in Fig. 1. Data are expressed as the x (± standard deviation).
Superscripts of one, two, and three letters indicate, respectively, significant differences between the means, as
determined by one-way analysis of variance, at the 0.1, 0.05, and 0.01 levels between cycles 1 and 3 titanium (x)
and between cycle 3 aluminum and titanium (y).

b Data given as nanomoles of lipid phosphate per square centimeter.
'Data expressed as nanomoles per square centimeter; x (± standard deviation) for all fatty acids.

1450



BRUSH CLEANING EFFECTS ON MARINE MICROFOULING

changes in the microbial fouling film. The results
of three cycles of free fouling with manual brush
cleaning to decrease heat transfer resistance re-
sulted in a residual microbial community that
stimulated a faster rate of fouling on both metals
(Fig. 1). The free fouling on titanium was faster

TABLE 5. Extracellular polymer formation in
titanium and aluminum in the free-fouling and

residue microfouling filmsa

Metal Free fouling Residue
(A, B, D, E, G, H)b (C, F)'

Titanium 9.2 (0.74)W Z 16.7 (6.2)Wxx
Aluminum 11.1 (2.57)xx yyy z 28 (7.1) www yyy

a Letters A through H refer to samples taken as
indicated in Fig. 1. Data are expressed as the x (±
standard deviation) in nanograms of TOC per nano-
moles of lipid phosphate. Superscripts of one, two, and
three letters indicate, respectively, statistical signifi-
cance, as determined by one-way analysis of variance,
at the 0.1, 0.05, and 0.01 levels for the following:
titanium free fouling versus titanium residue (v), tita-
nium free fouling versus aluminum residue (w); alu-
minum free fouling versus titanium residue (x); alu-
minum free fouling versus aluminum residue (y); and
titanium free fouling versus aluminum free fouling (z).

b For i (± standard deviation), n = 12.
C For x (± standard deviation), n = 4.

with each cycle (Fig. 1), and the residual com-
munity was richer in bacteria and cellular bio-
mass but lower in heat transfer resistance than
was the residual community on aluminum with
its high level of extracellular polymer plaque.
Interpretation of the lipid measures of

biomass and community structure. A sum-
mary of the biomass and community structure
measures used in this study is given in Table 6.
With cycles of cleaning, the free-fouling mi-

crobial film formed on aluminum became en-
riched in bacteria containing the short-branched
fatty acids (Table 2). On titanium, repeated cy-
cles of free fouling induced a greater microeu-
caryotic biomass as reflected in the recoverable
polyenoic fatty acids (Table 2). The shifts in
free-fouling communities on both metals could
be the results of changes in nutrients or temper-
ature, the results of cleaning and refouling, or
both (Fig. 1; Tables 1 and 2). Irrespective of the
cause, titanium fouled more rapidly and to a
greater extent than aluminum (Fig. 1; Table 2).
Comparison of the microfouling films on alumi-
num and titanium that have the same resistance
to heat transfer shows significantly higher lipid
phosphate and total short-branched fatty acids
from bacteria in the film from titanium pipes
(Table 3).

FIG. 5. Scanning electron micrograph of bacteria on an aluminum surface showing the extracellular
binding material. Magnification, 21,000-fold; bar, 1 pm.
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TABLE 6. Summary of biochemical measuresa of
microfouling biomass and community structure

Biochemical marker Measures

Biomass
Lipid phosphate Phospholipid; total "membranes"

biomass
Total palmitic Total lipid; membrane plus

acid triglyceride biomass
TOC Total mass; exopolymer plus cellular

carbon
Total a + i 15:0 Bacteria; a measure of some bacteria
Total 15:0 Bacteria; one component of the

bacteria
Total A17:0 Bacteria; another component of the

bacteria forming cyclopropane
fatty acids

Total 18:1w7 Bacteria; a third component of the
bacteria with the anaerobic
desaturation pathway

Total 18:2w6 Linoleic acid; filamentous bacteria,
blue-green algae (cyanobacteria),
fungi

Total polyenoics Microeucaryotes; protozoa, fungi,
>20 algae

Total 24:0 Long straight chain; microeucaryotes

Community
structure

a + i 15:0/15:0 Proportion of total bacteria on one
type

a + i 15:0/16:0 Proportion of that type of bacteria in
the total microfouling organisms

A17:0 + A19:0/ Proportion of the second type of
16:0 bacteria in the total microfouling

community
18:107/16:0 Proportion of third type of bacteria

in the total microfouling
community

18:1X7/18:1X9 Proportion of third type of bacteria
in the portion of the community
containing oleic acid (bacteria
and microeucaryotes)

18:2w6/16:0 Proportion of filamentous, gliding or
blue-green algae in the total film

Total polyenoics Proportion of the total microeucary-
>20/16:0 otes in the total film

Polyenoic w6/u3 Proportion of protozoa (animals) to
algae, diatoms, fungi (plants) in
the microeucaryotes

Justification for these measures is given in references 7,
17, 18, 20-22.

Manual cleaning with the stiff-bristle nylon
brush decreased the absolute amount of all com-
ponents except as follows: the total palmitic acid,
cyclopropane and cis-vaccenic fatty acids from
bacteria and the linoleic acid (18:2X6) found in
some bacteria, fungi, and algae in the film on

aluminum or in bacteria containing the anaero-
bic desaturating pathway producing cis-vaccenic
acid (18:MA7) in the film from titanium. In com-

parison with aluminum, brushing left films on

titanium that were more enriched in absolute
amounts of bacteria containing branched fatty
acids and microeucaryotes containing polyenoic
fatty acids and that had significantly different

proportions of nearly all components than films
remaining on aluminum (Table 3).
With successive cycles of brushing, the resid-

ual community on titanium showed twofold in-
creases in membrane biomass and in the bacteria
containing short branched fatty acids (a + i
15:0), the anaerobic pathway (18:1X6), and mi-
croeucaryotes, but decreases in the relative pro-
portions of bacterial cyclopropane fatty acid
(A17:0 + A19:0) and organisms containing lino-
leic acid (18:2X7) (Table 4). Three cycles of
cleaning induced no significant change in the
biomass and community structure of the resid-
ual microbial assembly on aluminum. When
compared to the residue on aluminum, the resid-
ual communities on titanium contained twofold
more membrane biomass and microeucaryotes
with a bacterial population relatively enriched
in all components but particularly in the com-
ponents forming the short-branched fatty acids
(Tables 3 and 4). There were differences in the
community structure in the residual film on
aluminum and titanium, and the richness of the
residual bacterial communities on titanium may
be the inoculum for the faster fouling rates.
Repeated cycles of manual brush cleaning se-
lected a residual microfouling community en-
riched in bacteria that utilized the anaerobic
pathway of desaturation on both aluminum and
titanium and formed a film that stimulated the
rate of free fouling by both bacteria and microeu-
caryotes.
Formation of extracellular polymers.

Continued cleaning cycles over the long periods
necessary for the viability of an ocean thermal
energy conversion plant could select for an in-
creasingly resistant microbial fouling commu-
nity. Three cycles of cleaning in the enriched
coastal waters of this experiment selected a pop-
ulation with twofold higher proportions of extra-
cellular polymer measured as the TOC/lipid
phosphate ratio on both aluminum and titanium
surfaces (Table 5). The extracellular polymer
can be detected morphologically in scanning
electron microscopy (Fig. 5).
The chemical nature of this extracellular pol-

ymer, the measurements of microbial metabolic
activities by incorporation and turnover of '3C-
labeled precursors by gas chromatography-mass
spectrometry, and the application of additional
biochemical measures of community structure
are the future goals of this research.
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