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With a direct count assay, 10 fouling bacterial isolates have been characterized
for their ability to adhere to glass cover slips and polystyrene dishes. Although
most adhered in greater numbers to polystyrene, the preference was statistically
significant for only seven isolates at the 95% confidence level, due in part to the
greater variability in cell attachment to glass (coefficient of variation, 32.3% for
glass compared with 10.0% for polystyrene). Employing polystyrene dishes, a
novel microfouling assay was developed, based on the extraction and fluorometric
determination of DNA. The assay was rapid, enabled the detection of as little as
0.15 pg of DNA per dish (~5,000 cells per mm?), and showed good agreement
with the direct count assay. The DNA method resulted in less variability among
three replicates (average coefficient of variation, 7.06%) and allowed for estima-
tion of bacterial density over a larger surface area per sample (1.89 x 10° mm?)

than was feasible with epifluorescence microscopy (0.06 to 0.1 mm?).

The study of bacterial attachment to surfaces
has implication in many diverse fields, including
microbial ecology (16, 21), oral hygiene and
dental pathology (29), enteropathology (23),
urology (14), energy conversion engineering (1,
24), hydrodynamics (26), and materials deterio-
ration research (15). Methods to enumerate bac-
teria attached to surfaces have been equally
diverse. Counting by use of phase-contrast mi-
croscopy (19), epifluorescence microscopy (15,
31), or scanning electron microscopy (5, 8)
yields additional information (distribution and
morphology) of the attached population. How-
ever, these techniques are usually tedious, and
scanning electron microscopy has been criti-
cized additionally for artifacts induced during
desiccation. Enumeration by plate counts (1, 7)
is hampered by the selectivity of the medium
employed and the subsequent underestimation
of the microbial population. Optical density
measurements of nonspecifically stained, at-
tached microbial populations (10, 33) require a
transparent subtratum and measure attached
nonbacterial particulates (silts and clay) and
stained extracellular material as well as attached
bacteria.

Light section microscopy (25) and ultrasonic
interferometry (27) have been employed to de-
termine the thickness and acoustic attenuation,
respectively, of mixed microbial slimes. Direct-
ed at measuring the physical properties of micro-
fouling communities, these techniques do not
yield information on the composition or total
numbers of microorganisms present.

Radioisotopically labeled bacteria have been
employed to study bacterial absorption to hy-
drophobic chromatographic supports (6) and
bacterial adherence to rat bladders (14). These
techniques have been found to be quite sensi-
tive.

A variety of cellular constituents have been
measured to determine the biomass of natural
bacterial populations attached to surfaces, in-
cluding lipids and lipid phosphate (30), ATP,
protein, carbohydrate, total organic carbon and
nitrogen (1), and lipopolysaccharide (9). The
lipopolysaccharide technique is preferred, vary-
ing less than the others in sensitivity, specificity,
and proportionality to cell number or biomass.
The measurement of lipids and fatty acids can
yield additional information on the composition
and structure of the microfouling community
(30).

Our research efforts called for the develop-
ment of a rapid, sensitive, and inexpensive tech-
nique for the enumeration of bacterial isolates
adhered to surfaces. In this paper we describe a
microfouling assay based on the extraction and
fluorometric determination of DNA. We also
describe the preferences for attachment to glass
(a hydrophilic surface) or polystyrene (a hydro-
phobic surface) of several estuarine and marine
bacterial isolates.

MATERIALS AND METHODS

Isolation of fouling bacteria. Fouling bacteria were
collected by a 2-h exposure of sterile 24- by 24-mm
glass cover slips, polyvinyl chloride cover slips (Fisher
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Scientific Co., Pittsburgh, Pa.), or Teflon squares at a
depth of 1 m off a dock in the Chesapeake Bay at
Chesapeake Beach, Md. These substrata were rinsed
with sterile marine medium 2216 (Difco Laboratories,
Detroit, Mich.) diluted 1:3 with distilled water (termed
2216/3) and either incubated in 2216/3 broth or placed
on the surface of 2216/3 agar and incubated for 48 h at
15°C.

Taxonomic identification of the isolates has not
been performed, with the exception of isolates 8 and 9,
which have been tentatively identified as Vibrio pro-
teolytica and Alteromonas citrea by the American
Type Culture Collection. The V. proteolytica resem-
bles Aeromonas hydrophila susp. proteolytica, but
differs in the ability to utilize histidine and arginine as
carbon sources and lacks lysine decarboxylase activity
(4). Organism S was isolated from surfaces incubated
in an aquarium containing Instant Ocean (Aquarium
Systems Inc., Wycliffe, Ohio) and bryozoan larvae,
Bugula neretina. The marine Pseudomonas sp. (Na-
tional Collection of Marine Bacteria [NCMB] 2021)
was a gift of Madilyn Fletcher, Environmental Sci-
ences Department, University of Warwick, Coventry,
United Kingdom.

Media and maintenance of cultures. All isolates were
maintained on ASWJP (salinity [?/,,] ~ 10 to 11 ppt)
agar medium as previously described (31), except
organism S and the Pseudomonas sp., which were
maintained on triple-strength ASWIJP (salinity [%/,.] ~
30.5 ppt).

Attachment assays. Growth of cells for attachment
assays and the techniques for attachment assays em-
ploying epifluorescence microscopy were performed
at 15°C as described previously (31). Glass cover slips
for attachment assays were first detergent washed
with Alconox, rinsed with tap water, and then soaked
in hot nitric acid for 2 h. Cover slips were then rinsed
exhaustively with tap water followed by distilled wa-
ter. Since detergent washing of polystyrene dishes did
not improve the results of attachment assays, dishes
were used directly as supplied by manufacturer.

For attachment assays employing the fluorometric
DNA technique, cells were grown overnight at 15°C on
a gyratory shaker (set at 141 rpm) to an optical density
corresponding to 280 to 310 on a Klett-Summerson
colorimeter. Cells were harvested and washed twice
with the appropriate mineral salts medium (either
ASWIP for isolates 1 through 9 or triple-strength
ASWIJP for organism S and the Pseudomonas sp; all
wash media lacked peptone and yeast extract) and
suspended to the original growth volume in mineral
salt medium. Cell concentration was determined by
direct counts (31). Samples of this culture were added
to sterile 60- to 15-mm hydrophobic polystyrene dishes
(Falcon Plastics, Oxnard, Calif.) that contained the
appropriate volumes of the mineral salt medium to
obtain cell concentrations of 1.35 x 10° to 7.4 x 10® in
a final volume of 8 ml. Dishes were covered and
incubated statically at 15°C for 10 min to 4 h. At the
termination of the incubation (attachment) period,
dishes were washed by dipping four times in three
baths of the mineral salts medium to remove cells. The
vertical side walls of the dishes were wiped with a
cotton-tipped probe to remove bacteria attached to the
side walls. Four microliters of 5% (vol/vol) Triton X-
100 was added to each dish, and the dish was placed
on a bed of crushed ice. Four milliliters of ice-cold
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SSC (0.154 M NaCl, 0.015 M trisodium citrate, pH 7.0)
was added to each dish, and the attached cells were
broken by sonication for 45 s at 100 W with a Biosonik
III sonicator (Bronwill Scientific Inc., Rochester,
N.Y.). It was important to rotate the dish during the
sonication period so that all cells were fully exposed to
the sonic energy. We have previously shown that
sonication for this length of time and at this energy is
sufficient to break the organisms employed in this
study and natural populations of aquatic bacteria (32).
However, longer periods of sonication may be neces-
sary to break more resistant organisms (i.e., gram-
positive organisms and spores).

Two milliliters of the extract liquid was added to 1
ml of either 1.5 x 107 M (for 0.5 to 10 ug of DNA) or
1.5 x 1077 M (for 50 to 1,500 ng of DNA) Hoechst
33258 (Calbiochem-Behring Corp., La Jolla, Calif.) in
SSC. DNA was determined fluorometrically with calf
thymus DNA standards as previously described (32).

RESULTS

All organisms isolated from surfaces exposed
for 2 h to Chesapeake Bay water were short,
flagellated rods (organisms 1 through 9), where-
as organism S was a small, coccoid form. Table
1 shows the attachment of these isolates to glass
or polystyrene. Of the isolates examined, 9 of 10
adhered in numerically greater amounts to poly-
styrene, although the preference was significant
for only 7 (a = 0.05; 36). There was a greater
variability between replicates among glass sam-
ples, resulting in a significantly greater average
coefficient of variation (32.3%) compared with
polystyrene (coefficient of variation, 10%; 0.001
= P = 0.002; n = 20). There was also greater
variability in the number of cells attached from
field to field when observed under epifluores-
cence microscopy for glass compared with poly-
styrene.

Figures 1 and 2 show the results of attachment
assays on polystyrene performed by direct
counts or by the fluorometric determination of
DNA. In these experiments three replicates per
treatment (either cell concentration or sampling
time) were processed for direct counts and DNA
content. For direct counts, 10 to 20 fields were
counted (minimum 400 cells) representing a total
area of 0.06 to 0.1 mm? per dish. For DNA
determinations, the DNA content was deter-
mined for bacteria covering the whole dish, an
area of 1.89 x 10° mm?.

Figure 1A shows bacterial attachment as a
function of supernatant bacterial concentration
at high bacterial concentrations. There was a
linear increase in numbers of cells attached with
increasing cell concentration until the surface
was saturated (confluent layer). Cells were in
contact with each other, and many were at-
tached by the bacterial pole at the highest cell
concentrations. The relationship between cell
concentration and the number of cells attached
was linear over at least 2 orders of magnitude, as
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TABLE 1. Attachment of bacterial strains to glass or polystyrene®
Organism Substratum® Ce“;:':::;y élg’Dc)clls s:;gigin(t; )f Significance
1 G 2.46 = 0.32 13.0
P 291 + 0.18 6.2 +
3 G 0.025 = 0.006 24.0
P 2.5+0.2 8.0 +
4 G 0.028 * 0.005 17.9
P 0.045 + 0.005 11.1 +
5 G 1.52 = 0.58 38.2
P 3.05 = 0.078 2.6 +
6 G 0.82 = 0.27 33.0
P 0.69 = 0.25 36.2
7 G 0.037 = 0.024 64.9
P 0.081 = 0.015 18.5
8 (V. proteolytica) G 2.14 = 0.55 25.7
P 3.82 + 0.086 2.3 +
9 (A. citrea) G 1.80 = 0.52 28.9
P 2.52 = 0.265 10.5 +
Organism S G 1.35 + 0.49 36.3
P 2.14 + 0.078 36.4
Pseudomonas sp. G 0.033 + 0.014 424
strain NCMB 2021 P 0.178 = 0.002 1.12 +
PLP 0.026 = 0.008 30.8

4 Cells were grown to an initial cell density corresponding to an optical density of 260 on a Klett-Summerson
colorimeter. Cells were washed twice and resuspended in the same volume used for growth. Four milliliters of
culture medium was added to 4 ml of mineral salt medium in a polystyrene dish with or without a 24- by 40-mm

cover glass and incubated for 4 h at 15°C.

b Substrata were glass coverslips (G), polystyrene dishes (P), or plasma-cleaned polystyrene dishes (PLP).

¢ Means of three replicate surfaces.

- seen at low bacterial concentrations in Fig. 1B.
The sensitivity of this technique was determined
to be 150 ng of DNA per dish, which corre-
sponds to less than 5,000 cells per mm?.

The attachment of Vibrio proteolytica as a
function of time appears in Fig. 2. Again there
was relatively good agreement between direct
counts and DNA. Curiously, neither curve could
be extrapolated through the origin. Direct
counts of the early samples (10 to 15 min) were
obtained with difficulty due to the patchiness of
cells in these samples.

Figure 3 shows the relationship between cells
per unit area and DNA per unit area for 44
determinations (each is the mean of three repli-
cates) from 10 experiments (different lots of
cells). The correlation coefficient of the linear
regression, r (36), is 0.99, and the slope is 13.74
x 1071 g of DNA per cell, with a coefficient of
variation, Sb/b (36), of 12.6%. The scatter within
the plot is typical for cellular DNA determina-
tions for different lots of cells (22).

The average coefficient of variation for all
data sets (44 determinations, three replicates
each) for the direct count technique on polysty-
rene was significantly greater (0.01 < P < 0.02, ¢
test [36]) than for DNA determinations (10.2%
compared with 7.06%).

DISCUSSION

A simplified microfouling assay has been de-
veloped that is based on the fluorometric deter-
mination of DNA in attached bacterial cells.
Results obtained with this technique agree well
with those obtained by direct count employing
epifluorescence microscopy. The advantages of
the DNA technique include ease in handling
large numbers of samples (30 samples can be
conveniently assayed in less than 2 h), better
replication (smaller coefficients of variation),
and less investigator bias (for example, one
technician consistently counted 10 to 20% more
cells than another in any one microscopic field).
The specificity and quantitative nature of the
interaction of Hoechst 33258 with DNA has
been described elsewhere (32).

It should be emphasized that direct counting
techniques based on epifluorescence microsco-
py are estimates of bacterial number and not
biomass. DNA content of bacterial populations
had been shown to correlate well with bacterial
cell number, whereas the relationship between
DNA content and bacterial biomass is less well
defined. Torsvik and Gokskoyr (35) measured
DNA by two fluorometric techniques in soil
fractionated to remove organisms other than
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FIG. 1. Attachment of V. proteolytica to polysty-
rene at high cell concentrations (A) or low cell concen-
trations (B). Attached cell density was determined by
direct counts (@) or estimated by total DNA content
(A) of cells attached to the dish surface (1.89 X
10°/mm?) in Hoechst 33258 at a final concentration of 5
x 107" M (A) or 5 X 107® M (B).

bacteria and found a good correlation between
DNA content and bacterial cell number. We
have previously found good correlations be-
tween DNA content and cell number for bacteri-
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al cultures and natural microbial populations
(32; J. H. Paul and D. J. Carlson, submitted for
publication). This may be due to the relatively
constant size of bacterial genomes (2, 20).

Holm-Hansen (17) found a correlation be-
tween cell size and DNA content in various
eukaryotic microalgae. Cellular DNA content
was correlated to organic carbon content since
algal DNA content varies among different-sized
species by several orders of magnitude (17).
Breter et al. (3) also proposed a relationship
between biomass and DNA content. However,
in studies of natural phytoplankton populations,
Holm-Hansen (18) found DNA to be a poor
estimate of biomass or particulate organic car-
bon.

The general preference of marine fouling bac-
terial isolates for hydrophobic surfaces (found in
this study) has also been found by others (12,
13). Cell surface hydrophobicity has been impli-
cated as an important factor in the interaction of
bacteria with various interfaces (6, 28, 34). The
greater variability observed in the numbers of
cells attached to glass may be due to inhomogen-
eities and inconsistencies in the glass surface or
the inability to truly clean glass, a reactive
substance. Polystyrene is presently employed in
our studies on the physiology of bacterial attach-
ment due to the greater reproducibility.

Interestingly, this preference for hydrophobic
surfaces may not occur in natural populations of
marine bacteria. For example, Dexter et al. (9)
found that the number of bacteria attached to
glass in Woods Hole Harbor exceeded that
attached to polystyrene (and other hydrophobic,
low-energy surfaces) by 1 to 3 orders of magni-
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FIG. 2. Attachment of V. proteolytica to polysty-
rene as a function of time. Symbols are as in Fig. 1.
The initial cell concentration was 2.43 x 107 cells per
ml. The dashed line indicates extrapolation through
the origin.
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FIG. 3. Relationship between DNA content per
unit area and number of attached cells for V. proteoly-
tica. Each point is the mean of three determinations.

tude. The reasons for the discrepancies ob-
served between bacterial isolates and natural
populations of bacteria remain unclear.

Curves for the rate of bacterial attachment for
Vibrio protolytica strongly resemble those ob-
tained by Fletcher (11) for Pseudomonas sp.
NCMB 2021 in that extrapolation of the curve
does not result in intersection with the origin.
This suggests that the rate of attachment is
biphasic, with a very rapid rate of attachment
occurring in the first 10 to 30 min, followed by a
slower, more linear rate after 30 min. The mean-
ing of these biphiphasic kinetics is not clear, but
may suggest the involvement of two temporarily
separate processes.

ACKNOWLEDGMENTS

This work has been supported in part by a National Re-
search Council Postdoctoral Fellowship and by Office of
Naval Research contract N00014-83-K0024 to J.H.P.

Thanks are given to Brenda A. Myers and Richard Dietz for
their technical assistance, to Jerry Hannan and Rex Niehof for
use of their equipment, and to Madilyn M. Fletcher for
reviewing the manuscript.

LITERATURE CITED

1. Aftring, R. P., and B. F. Taylor. 1979. Assessment of
microbial fouling in an ocean thermal energy conversion
experiment. Appl. Environ. Microbiol. 38:734-739.

2. Bak, A.L., C. Christiansen, and A. Stenderup. 1970.
Bacterial genome sizes determined by DNA renaturation
studies. J. Gen. Microbiol. 64:377-380.

3. Breter, H. J., B. Kurelec, W. E. G. Muller, and R. K.
Zahn. 1977. Thymine content of sea water as a measure of
biosynthetic potential. Mar. Biol. 40:1-8.

4. Buchanan, R. E., and N. E. Gibbons. 1975. Bergey’s
manual of determinative bacteriology. The Williams &
Wilkins Co., Baltimore.

5. Caron, D. A., and J. M. Sieburth. 1981. Disruption of the
primary fouling sequence on fiber glass-reinforced plastic
submerged in the marine environment. Appl. Environ.
Microbiol. 41:268-273.

6. Dahlback, B., M. Hermansson, S. Kjelleberg, and B.
Norkrans. 1981. The hydrophobicity of bacteria—an im-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

25.

26.

27.

APPL. ENVIRON. MICROBIOL.

portant factor in their initial adhesion at the air-water
interface. Arch. Microbiol. 128:267-270.

. Dempsey, M. J. 1981. Colonization of antifouling paints

by marine bacteria. Bot. Mar. 24:185-191.

. Dempsey, M. J. 1981. Marine bacterial fouling: a scanning

electron microscope study. Mar. Biol. 61:305-315.

. Dexter, S. C., J. D. Sullivan, Jr., J. Williams III, and

S. W. Watson. 1975. Influence of substrate wettability on
the attachment of marine bacteria to various surfaces.
Appl. Microbiol. 30:298-308.

Fletcher, M. 1976. The effects of proteins on bacterial
attachment to polystyrene. J. Gen. Microbiol. 94:400—
404.

Fletcher, M. 1977. The effects of culture concentration
and age, time and temperature on bacterial attachment to
polystyrene. Can. J. Microbiol. 23:1-6.

Fletcher, M., and G. 1. Loeb. 1979. Influence of substra-
tum characteristics on the attachment of a marine pseudo-
monad to solid surfaces. Appl. Environ. Microbiol. 37:67-
72.

Fletcher, M., and K. C. Marshall. 1982. Bubble contact
angle method for evaluating substratum interfacial charac-
teristics and its relevance to bacterial attachment. Appl.
Environ. Microbiol. 44:184-192.

Frimodt-Moller, W., S. Maigaard, and P. O. Madsen.
1981. Effect of urine concentration of ampicillin and
mecillinam on bacterial adherence in the rat bladder.
Invest. Urol. 18:322-325.

Gordon, A. S., S. M. Gerchakov, and L. R. Udey. 1981.
The effect of polarization on the attachment of marine
bacteria to copper and platinum surfaces. Can. J. Microbi-
ol. 27:698-703.

Harvey, R. W., and L. Y. Young. 1980. Enumeration of
particle-bound and unattached respiring bacteria in the
salt marsh environment. Appl. Environ. Microbiol.
40:156-160.

Holm-Hansen, O. 1969. Algae: amounts of DNA and
organic carbon in single cells. Science 163:87-88.
Holm-Hansen, O. 1969. Determination of microbial bio-
mass in ocean profiles. Limnol. Oceanogr. 14:740-747.
Jones, G. W., L. A. Richardson, and D. Uhiman. 1981.
The invasion of HeLa cells by Salmonella typhimurium:
reversible and irreversible bacterial attachment and the
role of bacterial motility. J. Gen. Microbiol. 127:351-360.
Kingsbury, D. T. 1969. Estimate of the genome size of
various microorganisms. J. Bacteriol. 98:1400-1401.
Kirchman, D., and R. Mitchell. 1982. Contribution of
particle-bound bacteria to total microheterotrophic activi-
ty in five ponds and two marshes. Appl. Environ. Micro-
biol. 43:200-209.

Kubitschek, H. E., and M. L. Freedman. 1971. Chromo-
some replication and the division cycle of Escherichia coli
B/r. J. Bacteriol. 107:95-99.

Lingood, M. A., and P. Porter. 1980. The antibody-medi-
ated elimination of adhesion determinant from entero-
pathogenic strains of Escherichia coli, p. 441-453. In
R. C. W. Berkeley, J. M. Lynch. J. Melling, P. R. Rutter,
and B. Vincent (ed.), Microbial adhesion to surfaces. Ellis
Horwood Ltd., Chichester, England.

. Little, B., J. Morse, G. Loeb, and F. Spiehler. 1979. A

biofouling and corrosion study of ocean thermal energy
conversion (OTEC) heat exchanger candidate metals, p.
12.13-1-12.13-9. In Proceedings of the 6th Ocean Thermal
Energy Conversion Conference, Washington, D.C. Ocean
thermal energy for the 80’s, vol. 2.

Loeb, G. 1. 1980. Measurement of microbial marine foul-
ing films by light section microscopy. Mar. Tech. Soc. J.
14:14-19.

Loeb, G. I. 1981. Drag enhancement of microbial slime
films on rotating discs. Naval Research Laboratory mem-
orandum report no. 4412. Naval Research Laboratory,
Washington, D.C.

Loeb, G., and J. Jarzynski. 1979. Ultrasonic detection of
microbial slime cells, p. 12.16-1-12.16-5. In Proceedings
of the 6th Ocean Thermal Energy Conversion Conference,



VoL. 46, 1983

28.

30.

31

Washington, D.C. Ocean thermal energy for the 80’s, vol.
2.

Marshall, K. C., and R. H. Cruickshank. 1973. Cell sur-
face hydrophobicity and the orientation of certain bacteria
at interfaces. Arch. Microbiol. 91:29-40.

. Newman, H. W. 1980. Retention of bacteria on oral sur-

faces, p. 207-251. In G. Bitton and K. C. Marshall (ed.),
Adsorption of microorganisms to surfaces. John Wiley &
Sons, Inc., New York.

Nickels, J. S., R. J. Bobbie, D. F. Lott, R. F. Mortz, P. H.

Benson, and D. C. White. 1981. Effect of manual brush -

cleaning on biomass and community structure of micro-
fouling film formed on aluminum and titanium surfaces
exposed to rapidly flowing seawater. Appl. Environ.
Microbiol. 41:1442-1453.

Paul, J. H. 1982. Use of Hoechst dyes 33258 and 33342 for

32.

33.

3s.

36.

IMPROVED MICROFOULING ASSAY 343

enumeration of attached and planktonic bacteria. Appl.
Environ. Microbiol. 43:939-944.

Paul, J. H., and B. Myers. 1982. Fluorometric determina-
tion of DNA in aquatic microorganisms by use of Hoechst
33258. Appl. Environ. Microbiol. 43:1393-1399.
Pedersen, K. 1982. Method for studying microbial biofilms
in flowing-water systems. Appl. Environ. Microbiol.
43:6-13.

. Rosenberg, M. 1981. Bacterial adherence to polystyrene: a

replica method of screening for bacterial hydrophobicity.
Appl. Environ. Microbiol. 42:375-377.

Torsvik, V. L., and J. Gokskoyr. 1978. Determination of
bacterial DNA in soil. Soil Biol. Biochem. 10:7-12.

Zar, J. H. 1974. Biostatistical analysis. Prentice-Hall,
Inc., Englewood Cliff, N.J.



