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Engineered antifouling microtopographies: kinetic analysis of the attachment of zoospores of the

green alga Ulva to silicone elastomers
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Anthony B. Brennana*

aDepartment of Materials Science and Engineering, University of Florida, Gainesville, Florida, USA; bSchool of Biosciences,
University of Birmingham, Birmingham, UK

(Received 20 April 2011; final version received 3 August 2011)

Microtopography has been demonstrated as an effective deterrent to biofouling. The majority of published studies
are fixed-time assays that raise questions regarding the kinetics of the attachment process. This study investigated the
time-dependent attachment density of zoospores of Ulva, in a laboratory assay, on a micropatterned and smooth
silicone elastomer. The attachment density of zoospores was reduced on average 70–80% by the microtopography
relative to smooth surfaces over a 4 h exposure. Mapping the zoospore locations on the topography revealed that
they settled preferentially in specific, recessed areas of the pattern. The kinetic data fit, with high correlation
(r2 4 0.9), models commonly used to describe the adhesion of bacteria to surfaces. The grouping of spores on the
microtopography indicated that the pattern inhibited the ability of attached spores to recruit neighbors. This study
demonstrates that the antifouling mechanism of topographies may involve disruption of the cooperative effects
exhibited by fouling organisms such as Ulva.
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Introduction

Marine biofouling is a costly, complex and environ-
mentally harmful phenomenon. Biofouling on ship
hulls increases fuel consumption and necessitates
regular hull cleaning. A recent estimate by Schultz
et al. (2011) put the cost of biofouling at $1 billion over
15 years for the US Navy Arleigh Burke (DDG) class
of destroyers. Hull fouling is also a primary vector for
the introduction of invasive species (Drake and Lodge
2007; Piola et al. 2009). The majority of antifouling
(AF) coatings contain biocides (Finnie and Williams
2010; Thomas and Brooks 2010), but environmental
issues have increased interest in the development of
non-toxic AF coatings, which encompass a wide range
of technologies (eg McMaster et al. 2009; Tasso et al.
2009; Bressy et al. 2010; Kristensen et al. 2010;
Sommer et al. 2010).

One environmentally-friendly approach is to use
microtopography on a surface to deter biofouling.
Many AF topographies are inspired by marine
organisms that naturally exhibit low fouling such as
crabs, mussels and sharks (Scardino et al. 2009; Magin
et al. 2010a; Scardino and de Nys 2011). Our group has
developed an AF topography inspired by the skin of a
shark, called Sharklet. This topography has been
shown to inhibit attachment of zoospores of Ulva

(Carman et al. 2006; Schumacher et al. 2007a, 2007b,
2008; Long et al. 2010b); cyprids of Balanus amphitrite
(Schumacher et al. 2007a); and cells of the bacteria
Cobetia marina (Magin et al. 2010b) and Staphylococ-
cus aureus (Chung et al. 2007). In a kinetic study, the
Sharklet pattern inhibited biofilm formation of non-
motile S. aureus cells for up to 21 days (Chung et al.
2007). However, no kinetic analysis of attachment
rates for the motile zoospores of Ulva, which is a
common fouling alga in the marine environment, has
been performed on microtopographically patterned
polydimethylsiloxane elastomers (PDMSe).

The purpose of this study was to investigate the
initial attachment kinetics of the zoospores of Ulva on
Sharklet patterned and smooth PDMSe, which should
provide insight into how Sharklet topography func-
tions as an AF surface. Observations of zoospores of
Ulva reveal that the cells do not necessarily adhere to a
surface on first contact. Rather, through temporary
and therefore reversible contacts (previously referred
to as ‘first kiss’ adhesion [Callow and Callow 2002]),
they ‘probe’ a surface numerous times before commit-
ting themselves to a permanent, irreversible adhesion
involving the secretion of an adhesive pad (Callow
et al. 1997; Heydt et al. 2009). The ‘first kiss’ phase of
adhesion allows spores to respond to a range of surface
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cues or features, potentially resulting in preferential
attachment to specific locations rather than being
randomly distributed over the surface. For example,
spores may attach in close vicinity to previously
attached spores, ie gregarious attachment (Callow
et al. 1997). In the context of the present paper,
attachment of single spores to specific topographical
elements has been observed on Sharklet over a 45 min
assay (Long et al. 2010a). Yet, it is unknown whether
preferential attachment occurs only during the early
stages of fouling or whether spores become less
selective with time, leading to the topography becom-
ing a less effective fouling deterrent. In the present
study, the distributions of spores, which are attached
either as individuals or in groups, on the topography
are mapped vs time in order to address this question.

The experiment was also designed to test whether
the spores would ‘choose’ to settle on a smooth surface
rather than the Sharklet pattern if given a choice. Test
slides (19.4 cm2) were prepared with various areal
coverage of the Sharklet pattern (see Figure 1A–C) to
examine the issue of ‘choice’ by the zoospores. Slides
with partial patterning were made by covering a
6.5 cm2 area with the Sharklet pattern (see Figure
1B). The ability of the spore to preferentially ‘choose’ a
surface was tested by comparing the attachment
kinetics among different sample geometries (Figure 1).

Materials and methods

Sample preparation

All test surfaces were fabricated with polydimethylsi-
loxane elastomer (PDMSe, Dow Corning Silastic1

T2). The PDMSe surfaces were attached to glass slides
2.54 cm6 7.62 cm (total area 19.4 cm2) for all experi-
ments. All PDMSe surfaces were prepared by mixing
T2 base and curing agent at a 10:1 weight ratio for
5 min. The T2 was degassed for 30 min under vacuum
and cured for 24 h at �228C.

To create smooth surfaces, T2 was cast against
glass with a vapor-deposited coating of hexamethyldi-
silazane (HMDS). PDMSe surfaces with the Sharklet
topography were made by casting against etched
silicon wafers. The silicon wafer molds were prepared
by photolithography and deep reactive ion etching as
previously described (Long et al. 2010a). Silicon wafers
were vapor deposited with HMDS to prevent adhesion
of cured PDMSe. All samples were rinsed with 95%
ethanol for approximately 10 s and blown with
nitrogen prior to shipping. As noted previously
(Long et al. 2010b), the topography on the Sharklet
samples (eg þ2.8SK262) is designated as:

ðFeature height in mmÞ SK ðFeature width in mmÞ
� ðFeature spacing in mmÞ

Attachment assay for zoospores

Two kinetic attachment assays were performed on
different dates. Assay 1 was performed in October 2009
and tested sample arrangements A and B in Figure 1.
Assay 2 was performed in April 2010 and tested sample
arrangements A, B, and C in Figure 1.

Samples were shipped dry to the University of
Birmingham. Each test surface was placed in an
individual compartment (836 30mm) of aQuadriperm
dish (Greiner Bio-oneLtd). Test surfaceswere immersed
in 0.22 mm filtered artificial seawater (ASW) (Tropic
Marin, Aquarientechnik GmbH) for 24 h prior to the
experiment. Any air visibly trapped in the features was
dispersed using a stream of seawater from a pipette.

Zoospores were released from fertile tips of mature
plants of Ulva linza into 0.22 mm filtered artificial
seawater (ASW; ‘Tropic Marin’, Aquarientechnik
GmbH), as described in Schumacher et al. (2007b).
After filtering through three layers of nylon plankton
net of decreasing pore size (100, 35 and 20mm) into a
glass beaker, the spore suspension was concentrated by
plunging the beaker into crushed ice (spores rapidly
swim towards the bottom of the beaker). The
concentrated suspension of spores was pipetted into a
clean beaker and the procedure was repeated. The
spore suspension was diluted with filtered ASW to give
an absorbance of 0.15 at 660nm, equivalent to 16 106

spores ml71. The suspension was kept on a magnetic
stirrer to ensure the spores did not attach to the
container. Ten ml of the spore suspension were added
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Figure 1. Schematic of sample arrangements on
2.54 cm6 7.62 cm glass slides. (A) 19.4 cm2 area of
smooth PDMSe coating on glass slide; (B) 6.5 cm2 area of
Sharklet micropatterned (þ2.5SK262) PDMSe on glass
slide adjacent to two 6.5 cm2 areas of smooth PDMSe; (C)
19.4 cm2 area Sharklet micropatterned (þ2.5SK262)
PDMSe on glass slide; (D) SEM image of þ2.5SK262
topography.
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to each compartment of the dishes containing the test
slides. The dishes were incubated at room temperature
(�208C) in darkness for periods up to 4 h. Three
replicates (slides) were analyzed at each time point. At
each time point the slides were washed to remove
unattached (ie still swimming) spores by passing the
slides 10 times through a beaker of ASW. Slides were
subsequently fixed with 2.5% glutaraldehyde in ASW
for 15 min before washing sequentially in ASW, 50%
ASW and distilled water, then dried.

The density of zoospores attached to the surface
was determined using a Zeiss Kontron 3000 image
analysis system attached to a Zeiss Axioplan fluores-
cence microscope as described in Callow et al. (2002).
Spores were visualized by autofluorescence of chlor-
ophyll. Spore densities on slides A and C (Figure 1)
were counted in a line across the middle of the slide at
1–2 mm intervals, 30 counts per replicate slide (each
0.17 mm2). Spores in the 6.5 cm2 smooth areas
adjacent to the topography (slide B, Figure 1) were
counted in the same way with 15 fields of view on
either side of the Sharklet pattern. Counts on the
6.5 cm2 Sharklet pattern (slide B, Figure 1) were taken
with 15 counts horizontal and 15 counts vertical to the
approximate midpoint of the patterned area.

Zoospore mapping and grouping distribution

Attachment maps were created as described previously
(Long 2009; Long et al. 2010a) to show the preferred
attachment locations of zoospores on the topography.
Thirty-six transmitted light micrographs (186
mm6 138 mm) of the Sharklet pattern (6.5 cm2) per
time point were used from the October 2009 assay for
attachment maps and spore grouping analysis. These
images were selected because they contained spores.
The center of each spore was identified using Image J
(US National Institute of Health) by overlaying the
spore body with a black ellipse and subsequently using
the threshold and particle measurement functions of
the software. The coordinates for the center of the
spore were transformed to correct for the orientation
of the topography in the image. The resulting
coordinates of each spore location were graphed on a
unit cell of the topography and the spore location was
individually checked against the original image for
accuracy. The coordinates for the spores were pro-
cessed with a Kernel smoothing algorithm in Matlab
(The MathWorks, Inc). This algorithm creates a
smooth probability density function from a two-
dimensional histogram. Warm colors on the map
indicate a high probability of attachment at the given
time point. During the mapping process, each indivi-
dual zoospore was identified as having attached in a
group of 1, 2, 3, or 43 spores. The group size was

determined by the number of spores visually touching
in the micrographs. These data were used in the
analysis of spore grouping. Attachment maps for
groups of 2, 3, or 43 spores represent the location
of each individual spore within the group.

Statistical analysis

Attachment densities were counted as the average over
90 fields of view (3 replicates, 30 fields of view per
replicate). 95% confidence intervals for reduction of
attachment density were calculated by an arcsine
transformation. SigmaStat 3.1 (Systat Software, Inc.)
was used to perform analysis of variance (ANOVA),
Tukey, and chi-squared tests. Fitting of the kinetic
response was performed by a least squares fit algorithm
in Matlab with the EzyFit package (Université Paris-
Sud).

Results

Kinetic attachment assays

Zoospores attached at a higher density on smooth
surfaces than on Sharklet surfaces for every time point
during the 4-h experiment (Figure 2). The attachment
response was the same for the smooth surface regardless
of whether it completely covered the slide or was
adjacent to the Sharklet topography. Spores were
inhibited by the Sharklet topography regardless of the
areal coverage on the test slide (6.5 cm2 or 19.4 cm2).

This kinetic attachment assay was conducted twice
to ensure reproducibility (Figure 2 and Supplementary
Information Figure S1 [Supplementary material is
available via a multimedia link on the online article
webpage]). The zoospores responded to the surfaces in
the same manner for both tests. The first assay,
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Figure 2. Kinetic response of zoospores of Ulva to smooth
and Sharklet PDMSe surfaces. Error bars indicate 95%
confidence intervals. Correlation coefficients are for the fit of
Equation (1) to the attachment data.
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performed in October 2009, had lower zoospore
attachment densities than the assay performed in April
2010. However, previous studies show that there is

natural variability in the absolute numbers of attached
spores from one experiment to another (Callow et al.
1997).

Despite the variability in absolute settled spore
density, a one-way ANOVA (df¼ 12, F¼ 14.065,
p 5 0.001) with a Tukey test (p 5 0.05) showed that
the reduction in zoospore density on the Sharklet
surfaces is constant at 80% for up to 2 h (Figure 3).
The attachment reduction is lower at 70% for the 180
and 240 min time points. These results were consistent
between the two assays with the exception of assay 1 at
45 min. The percentage reduction in spore density is
comparable to previous studies (Carman et al. 2006;
Schumacher et al. 2007a, 2007b, 2008; Long et al.
2010b) in which the positive SK262 surface reduced
attachment of spores by 63-86% over a 45 min assay.

Mapping spore attachment

Mapping the attachment of zoospores on the Sharklet
topography qualitatively illustrates the kinetic fouling
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Figure 3. Reduction in attachment of zoospores on
Sharklet microtopography versus smooth PDMSe (6.5 cm2

areas). Results are shown for two assays. Groups indicated
by asterisks were shown to be similar (p 5 0.05) by a Tukey
test. Error bars indicate 95% confidence intervals.

Figure 4. Maps of all zoospores attached to the Sharklet topography during the kinetic study. The number of spores used to
create each map is given by n. The map at 45 min indicates the sites of high preferential settlement (1, 2, and 3) that were
originally described by Long et al. (2010a). Warm colors indicate high attachment density for that time point. Colors cannot be
compared between time points.
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process. The maps for all spores attached to the
Sharklet topography (Figure 4) reveal that zoospores
prefer to attach in the depressed areas between
features, rather than on top of them. The spores
exhibit a higher selectivity for three particular sites on
the Sharklet topography, as noted in a previous
publication (Long et al. 2010a). Two of these sites
are located at the ends of the features and a third site
adjacent to midpoint of the longest feature. Fifty
percent of the spores attached in these three sites,
which account for only 31% of the total surface. The
spores’ selectivity appears to favor site 1 relative to site
3 for all times other than 15 min. There also appears to
be a decreasing selectivity for site 3 beyond 45 min.
Site 1 and site 2 appear to be equivalent in terms of
spore selectivity (Figures 4 and S2).

Breaking down the attachment maps for all spores
(Figure 4) into substituent groups (Figures 5–8)
provided additional insight. Most of the spores attach
to the Sharklet topography as single organisms. As a
result, the attachment map for single spores (Figure 5)
most closely represents the behavior of all spores
attaching to the surface. The preference for attaching

at the edge of the diamond pattern is maintained as the
size of the settlement group increases to two and three
spores (Figures 6, 7). It also appears that as the size of
the group increases, the zone of attachment spreads
out from the preferential sites observed for single
spores. This indicates that additional spores attach on
the surface next to a spore that has already settled.
Large groups (43 spores) were not as selective,
especially after 120 min (Figure 8). Large rafts of cells
were occasionally seen on the surface at these later
times (Supplementary Information Figure S5 [Supple-
mentary material is available via a multimedia link on
the online article webpage]) which reflects the lack of
preference in the settlement maps at these time points.

Spore grouping

The attachment of spores of Ulva on smooth surfaces
shows the characteristics of ‘gregariousness’, ie de-
pending on the initial spore density, the attachment of
one spore appears to promote the attachment of
additional spores in the same vicinity resulting in
groups attached to the surface (Callow et al. 1997). The
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550Figure 5. Settlement maps of individual spores on the Sharklet topography. Colors cannot be compared between time points.
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grouping of spores was compared between Sharklet
and smooth surfaces to test whether the topography
influenced gregariousness (Figure 9). The Sharklet
topography inhibited the ability of spores to form
groups of 43 spores. Chi-squared tests revealed that
the distributions of spore groups was statistically
different between Sharklet and smooth surface at
both early (Figure 9A, w2¼ 371, df¼ 3, p 5 0.001)
and late (Figure 9B, w2¼ 1143, df¼ 3, p 5 0.001) time
points. Seven percent of spores attached on smooth
PDMSe as single spores after 240 min compared to
46% of the on the Sharklet microtopography
(Figure 9B).

To ensure that the results of this analysis were not
caused by a lower density of spores on the Sharklet
surface, the spore density after 30 min on smooth (236
spores mm72) and 120 min on Sharklet (207 spores
mm72) were chosen to compare grouping at approxi-
mately the same spore density. The distribution of
spore groupings was significantly different for the two
surfaces (Figure 9C, w2¼ 446, df¼ 3, p 5 0.001).
Sixty-nine percent of the spores attached as single cells
on the Sharklet topography compared to only 14% on

the smooth surface. Chi-squared tests confirmed that
the distributions of spore groupings are statistically
different (p 5 0.001) for Sharklet and smooth (Figure
9A–C).

Discussion

The kinetics of spore attachment on smooth surfaces
over a 4 h period revealed an approximately linear rate
over the first 60 min, but thereafter the attachment rate
progressively decreased. Similar kinetics were reported
by Callow et al. (1997) and were ascribed to reduced
competence of the zoospore population to attach with
time under the assay conditions (ie within a population
of ‘wild’ spores, there is a range of propensity for
settlement so that with time the population of spores in
the assay becomes biased towards those with reduced
propensity to settle). In the context of these experiments,
two other causes of progressively reduced attachment
rates may be operating beyond reduced competence.
First, it is likely that with time the surface became
progressively conditioned by organic materials either
present in the water in which the spores were released, or
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Figure 6. Settlement maps of spores in groups of 2 on the Sharklet topography. Sharp color contrast at early time points arises
from low numbers of spores observed on the surface (n5* 50 spores). Colors cannot be compared between time points.
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were secreted by the swimming spores. Such condition-
ing materials could make surfaces less attractive for
attachment. Second, the number of swimming spores in
solution was reduced over time by attachment to both
the test surfaces and especially to the exposed surface of
the container in which the test slides were immersed.

The spore attachment density on Sharklet topo-
graphies was nearly linear with time and was sig-
nificantly lower at each time point compared to
smooth PDMSe (70–80% reduction). These results
are consistent with previous assays (Carman et al.
2006; Schumacher et al. 2007a, 2007b, 2008; Long
et al. 2010b) in which the microtopography reduced
attachment densities from 63 to 86% over 45 min.

Mapping the spore attachment sites on the Sharklet
microtopography showed that the zoospores preferen-
tially attached in the recessed areas. This is consistent
with previous results showing that spores attach
preferentially in the recessed channels of PDMSe
patterned surfaces (Callow et al. 2002), specifically at
the long ends of the features (Long et al. 2010a). The
maps generated in this study capture the attachment at

various time points and also categorize the spores as
individuals or part of a group of spores. This was done
to identify any cooperative behavior. It appears from
the maps that attachment of single spores occurs at
preferential sites along the edge of the diamond
pattern, with attachment becoming more diffuse along
the edge as the size of the group increases. This
indicates that additional spores settled adjacent to the
first spore during the initial colonization of the surface.
It is worth noting that the results of mapping all spores
(Figure 4) represent a weighted-average map for spore
groups of 1, 2, 3 and 43 cells. The attachment maps
for all cells most closely resemble the map for single
spores because spores predominantly attach as indivi-
duals (Supplementary Information Figure S3 [Supple-
mentary material is available via a multimedia link on
the online article webpage]).

The kinetic attachment curve can be fitted to the
asymptotic exponential function in Equation (1) to
provide a quantitative measure of the rate of adhesion.
This function was used to describe attachment kinetics
of bacteria to surfaces (Dabros and van de Ven 1982;
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15 min. Sharp color contrast on some images arises from low numbers of spores observed on the surface (n5* 50 spores).
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Cowan et al. 1986; Pratt-Terpstra et al. 1988; Sjollema
et al. 1989; Busscher et al. 1990):

AðtÞ ¼ Aeð1� e�btÞ ð1Þ

where A(t) is the number of attached organisms at time
t, Ae is the equilibrium density of attached cells, and b
is a characteristic time constant. This equation
describes the reversible process:

Cellþ SubstratumÐ
k1

k�1
Cell-Substratum ð2Þ

in which k1 and k71 are the rates of attachment and
detachment from the surface, respectively. In the case
of Ulva, experimental observations of a reversible ‘first
kiss’ contact with the surface warrant a model such as
that in Equation (2) (Callow et al. 1997). Since these
experiments were not performed in situ, a direct
measure of the adsorption (k1) and desorption (k71)
cannot be obtained. Equation 1 is fit to the data as an
estimation of the kinetic response. A least-squares fit of

this equation provides values for b. Using this time
characteristic time constant, the initial flux of spores at
the surface can be approximated by the quantity Jo:

Jo ¼ Ae � b ð3Þ

in which Jo has equivalent units of flux (spores mm72

min71).
Fitting Equation (1) to the kinetic data show that

the characteristic time constant (b) is distinctly lower
on Sharklet surfaces (1.9–3.4 min71) than on smooth
surfaces (9.2–11 min71) (Table 1). The projected flux,
Jo, offers a more physically intuitive sense of the early-
stage response of the spores to the surface. Jo for
Sharklet was consistently lower (1.3–2.0 spores mm72

min71) than Jo for smooth surfaces (6.9–11.5 spores
mm72 min71). The value of Jo was *80% lower on
Sharklet than on smooth surfaces within the same
assay. This fitted value for the initial flux at the surface
correlates well with the observed 80% reduction in
spore density on Sharklet surfaces during the first 2 h
of the assays.
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The parameter b has been associated with numer-
ous cell-surface phenomena in bacteria including the
synthesis of extracellular matrix and the exclusion of
bacteria from settling next to neighbors (Dabros and
van de Ven 1982; Busscher et al. 1990; van der Mei
et al. 1993). While Equation (1) has been effective in

describing adhesion of non-motile bacteria, it was
unknown whether this Langmuir-type adsorption
process would effectively describe the attachment of
motile spores. Indeed, the surface was far from
saturated with spores. The surface area coverage was
only 6.4% if two assumptions are made, ie the area of
an attached spore with its halo of adhesive on PDMSe
is 64 mm2 (Callow et al. 2005) and the density of spores
is 1000 mm72 (maximum on the smooth PDMSe). The
assay only captures the response of the zoospores
which have strongly committed to adhesion, a process
that is fundamentally different to the dynamic adhe-
sion/detachment (or adsorption/desorption) observed
for bacterial adhesion. Yet Equation (1) fit with high
correlation (r2 4 0.9) and Jo accurately reflected the
observed 80% reduction in attachment rate. The lower
values for b on the Sharklet topography may reflect a
reduced ability for attached spores to cooperatively
recruit other spores to the surface. Additional evidence
to this end is provided by comparing the grouping of
spores on the smooth and Sharklet surfaces.

Spores attach as larger groups on smooth PDMSe
(Figure 9). After 45 min, the percentage of spores
attached as individuals on smooth PDMSe (contact
angle 1138) was 19% (Supplementary Information
Figure S4 [Supplementary material is available via a
multimedia link on the online article webpage]). This
correlated well with a previously published value of
�22% spores attached as singles on flat SAMs with a
similar contact angle (1108) after 1 h (Callow et al.
2000). In contrast, a majority of spores (69%) on the
Sharklet surface were attached as singles after 45 min
(Figure S4). It seems that zoospores were not able
to form gregarious communities on the Sharklet
pattern. This may simply be due to the fact that
the early colonizing spores physically occupy those
sites on the Sharklet surface that are topographically
the most attractive for attachment (ie a form of
‘niche exclusion’). Alternatively, more complex me-
chanisms may be at work whereby the Sharklet surface
inhibited the ability of attached zoospores to recruit
neighboring spores to attach. Future quantitative
analysis of spore behavior on Sharklet topographies
by digital holographic microscopy (Heydt et al. 2007,
2009) may provide further insight into the mechan-
ism(s) involved.

Cooperative behavior has been observed for the
attachment of Ulva to surfaces (Callow et al. 1997). A
Scatchard plot of zoospores binding to glass showed a
positive slope at densities 5*1000 spores mm72

(Callow et al. 1997). This means that at low coverage,
the attached cells recruited other cells to the surface.
This positively cooperative behavior has also been
shown for bacteria binding to surfaces (Krishnamurti
and Soman 1951; Sjollema et al. 1990; van der Mei

885

890

895

900

905

910

915

920

925

930

935

940

945

950

955

960

965

970

975

980

985

990

Figure 9. Proportion of spores attached into groups of 1, 2,
3, or 43 (as determined microscopically by spores touching)
at (A) 30 min, (B) 240 min, and (C) a spore density of * 200
spores mm72. A chi-squared test for each condition (A-C)
showed that the Sharklet surface has a statistically different
distribution from the smooth surface (p 5 0.001). These
samples were taken from the smooth and 6.5 cm2 Sharklet
surface (Figure 1A and B).
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et al. 1993) and aggregating in suspension (Lin et al.
1995). However, at high densities of attached spores, a
different behavior has been observed. The Scatchard
analysis showed a negative slope, indicating that the
attached spores deterred swimming spores from
settling (Callow et al. 1997).

The communication mechanisms underlying the
cooperative effects between zoospores of Ulva are
essentially unknown but may include both diffusible
(chemical) cues or physical, topographical cues pre-
sented by previously attached spores. It is possible that
the inhibitory nature of the Sharklet topography is due
to interference in the dynamics of such cooperative
effects. For example, the Sharklet topography may
simulate a high density of attached spores leading to
negative cooperativity, a slower rate of attachment (k1)
and a smaller characteristic time constant (b). While
these experiments do not identify the individual rate
constants (k1 and k71), future experiments such as
Scatchard analyses may be able to identify any
cooperative behavior on the Sharklet surface.
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