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INTRODUCTION

The life cycle of many sedentary marine invertebrates
includes a pelagic larval stage. The exploration of
marine substrata by larvae leads either to permanent at-
tachment and metamorphosis (in the following referred
to as settlement), or to rejection and dislodgement from
the substratum. The larval recognition of suitable marine
surfaces as permanent attachment sites is largely guided
and mediated by marine biofilms (Zobell & Allen 1935,

Pearce & Scheibling 1991, Slattery 1992, Tamburri et al.
1992, Keough & Raimondi 1996, Chan & Walker 1998).
Marine biofilms develop on all submerged surfaces and
comprise complex agglomerates of bacteria, diatoms,
fungi, and protozoa, all of which are embedded in a
matrix of extracellular polymers (Mihm et al. 1981, Wahl
1989, Holmström & Kjelleberg 1994). Biofilms have been
intensively investigated with respect to their stimulatory
or inhibitory role in larval settlement (Olivier et al. 2000).
In the majority of these investigations, the biological role
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ABSTRACT: Larval settlement in the polychaete Hydroides elegans is mediated by marine biofilms,
which are complex agglomerates of bacteria, diatoms, fungi and protozoa. The induction of H. ele-
gans larval settlement by marine biofilms has been mainly attributed to bacteria and diatoms. In con-
trast to bacteria-derived settlement cues, the nature and origin of diatom-derived settlement cues is
poorly understood. In this study, we present the first investigation on the nature and origin of larval
settlement cues produced by marine diatoms. Diatoms with inductive (i.e. Achnanthes sp. and
Nitzschia constricta) and non-inductive (i.e. Amphora tenerrima and N. frustulum) effects on larval
settlement of H. elegans were selected as model strains in this investigation. Larval settlement bio-
assays with a choice between monospecies diatom films and unfilmed substratum revealed that the
diatom-derived settlement cue was water-insoluble and associated with the film surface. There was
a clear correlation between the surface coverage of diatoms in films and their inductive effect on
larval settlement. In the case of Achnanthes sp., even the lowest surface coverage of 1.8% induced
larval settlement significantly more than the control of filtered seawater. The interstitial distance
between diatom cells at this low film density was within the body size range of H. elegans larvae
(100 ± 30 µm). The inductive effect of diatom films on larval settlement prevailed even after heat
treatments (121°C for 1 h) that completely killed the diatoms, as verified with the vital stain fluores-
cein diacetate. These results suggest that the induction of larval settlement by diatoms is not related
to their viability, and that, contrary to marine bacteria, diatom-induced larval settlement cues are
composed of heat-stable surface components, such as capsular extracellular polysaccharides. These
results not only demonstrate that different components of biofilms play inductive and inhibitive roles
on larval settlement, but also that their relative space occupation deserves consideration regarding
their roles as mediators of larval settlement.
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of marine biofilms was largely attributed to the bacterial
component in biofilm matrices (Maki et al. 1988, Holm-
ström et al. 1992, Wieczorek et al. 1995, Wieczorek &
Todd 1997).

The proportion of benthic diatoms in marine biofilms
can be significant, particularly in the photic zone. Under
the consideration of relative space occupation of differ-
ent components of marine biofilms, we previously in-
vestigated the role of various monospecies diatom films
as potential mediators of larval settlement in Hydroides
elegans Haswell (Harder et al. 2002a), a serpulid poly-
chaete with a strong settlement preference for marine
biofilms in general (Beckmann et al. 1999), and a partic-
ular preference towards the bacterial component of
these films (Lau & Qian 2000). Out of 32 benthic diatoms
isolated from marine biofilms in Hong Kong waters, 13
strains from 7 genera significantly evoked larval settle-
ment of H. elegans, while the rest had no effect. Impor-
tantly, the effect of benthic diatoms on the mediation of
larval settlement was not due to bacterial contaminants
in non-axenic diatom films (Harder et al. 2002a).

Similarly, bacteria with an inductive or non-
inductive effect on larval settlement of Hydroides
elegans have been identified from marine natural
biofilms (Lau et al. 2002). It was shown that bacterial
exopolymers facilitate the mediation of bacteria-
derived settlement cues to H. elegans larvae (Lau et al.
2003), yet the settlement signal is mainly comprised of
small hydrophobic molecules (Harder et al. 2002b).
Contrary to chemical cues, physical surface properties,
such as wettability and surface roughness, are less
important in the induction of larval settlement of H.
elegans (Qian 1999, Qian et al. 1999, 2000).

Based on this body of knowledge, we investigated
the induction of larval settlement in Hydroides elegans
by marine benthic diatoms, with particular emphasis on
the origin and nature of diatom-derived settlement cues
in comparison with bacteria-derived counterparts. The
objectives of this study were to (1) investigate potential
origins of diatom-derived settlement cues, e.g. water-
borne or cell-associated, and (2) investigate the effect of
diatom cell viability and the inductive effect on larval
settlement of selected diatom species. Based on our
previous categorization of inductive and non-inductive
diatoms (Harder et al. 2002a), the inductive species
Achnanthes sp. and Nitzschia constricta and the non-
inductive species Amphora tenerrima and N. frustulum
were selected as model strains for this study.

MATERIALS AND METHODS

Larval culture. From October 2002 to March 2003,
white PVC settling panels (10 × 10 cm) were sub-
merged for 4 wk at a fish farm in Yung Shue O, Hong

Kong (22° 19’ N, 114° 16’ W) at 2 m depth. After this
period, the panels were covered with a thick mesh-
work of the calcareous tubeworm Hydroides elegans
and the ascidian Styela plicata. In the laboratory, adult
H. elegans were dislodged from these panels and
induced to spawn by gentle tapping on the posterior
end of the tube with a dissecting needle. The result-
ing gamete-containing seawater was filtered through
70 µm mesh to remove debris and then washed in
0.22 µm filtered seawater (FSW) before being trans-
ferred into culture containers. The larval cultures were
incubated at 24°C under a 15:9 h light:dark (L:D) photo
cycle and maintained according to the methodology of
Qiu & Qian (1997) and Harder et al. (2002a). Larval
competence was determined according to larval mor-
phology in Wisely (1958) and by a rapid test with 3-
isobutyl-1-methylxanthine (IBMX) according to Qian
& Pechenik (1998). Batches of competent larvae were
sieved through a 110 µm nylon mesh. The larvae
retained on the mesh were transferred into a container
with FSW and used for bioassays within 1 h.

Development of marine biofilms. Sterile polystyrene
petri dishes (∅ = 5 cm; FALCON #1006, Becton Dickin-
son) without lids were enclosed in 125 µm nylon bags
and anchored at 1.5 m depth at the sampling site for
5 d. The dishes were retrieved and immediately
immersed in FSW to avoid desiccation. In the labora-
tory, biofilmed dishes were rinsed in autoclaved FSW
and used as positive controls in subsequent larval
settlement bioassays.

Diatom cultures and development of monospecies
diatom films. Based on our previous data (Harder et
al. 2002a), the inductive diatoms Achnanthes sp. and
Nitzschia constricta were chosen as model strains in
this study, while the diatoms Amphora tenerrima and
N. frustulum served as non-inductive controls. The cri-
terion for the choice of these diatoms was their tenacity
to attach to a substratum, which was a prerequisite for
subsequent bioassays. Pure diatom stock cultures were
inoculated into 400 ml Erlenmeyer flasks containing
autoclaved f/2 nutrient medium in FSW (Guillard &
Ryther 1962). These cultures were incubated for 1 wk
at 24°C with overhead fluorescent illumination (0.3 ×
1016 quanta s–1 cm–1) under a 15:9 h L:D photo cycle.
When a visible diatom film had formed in the culture
flasks, monospecies diatom suspensions were pre-
pared by brushing the flask interior with a sterile
paintbrush. Known volumes of non-axenic suspensions
of diatoms and bacteria were filtered through 1 µm
filter membranes (Osmonics) with the exception of
N. constricta, where a 0.45 µm membrane was utilized.
Filter residues were washed with autoclaved FSW to
reduce the number of non-attached bacteria. Sub-
sequently, diatoms were resuspended in 50 ml FSW.
The diatom-free bacterial filtrate was reduced to the
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original volume on a 0.22 µm filter membrane. The
bacteria-containing diatom suspensions and the corre-
sponding diatom-free bacterial samples were used to
prepare diatom films and diatom-free bacteria films.
Briefly, 5 ml aliquots of the suspensions were trans-
ferred into sterile petri dishes with replication (n = 8)
and incubated for 24 h for the attachment of cells and
development of films. Subsequently, filmed dishes
were dip-rinsed in autoclaved FSW to remove un-
attached cells. Prior to the larval settlement bioassay,
5 ml autoclaved FSW was added to dishes.

Larval settlement bioassays. Still-water larval settle-
ment assays were performed with replication (n = 8).
Twenty competent Hydroides elegans larvae were
pipetted from larval batches of high density in the
smallest volume possible (ca. 200 µl), transferred into
filmed petri dishes and incubated at 24°C under a
15:9 h L:D photo cycle. Clean and biofilmed dishes
served as negative and positive controls, respectively.
Assays were evaluated after 24 h by recording the
number of settled juvenile worms with calcareous
tubes under the dissecting microscope. Five replicate
dishes were used for larval settlement assays, the
remaining 3 dishes were fixed with 4% formaldehyde
in FSW for the enumeration of diatoms and bacteria
in experimental films.

Enumeration of attached diatoms and bacteria.
Diatom cells were enumerated by light microscopy and
chlorophyll fluorescence. Bacteria were visualized
with the DNA-binding fluorochrome 4,6-diamidino-2-
phenylindole (DAPI, Fluka Chemie). The formalin-
fixed dishes were rinsed with distilled water and
stained with DAPI at a concentration of 0.5 µg ml–1 for
5 min at room temperature. Diatoms and bacteria were
recorded at a magnification of 100× and 1250×, re-
spectively, in 5 randomly chosen fields of view (Zeiss
Axiophot; λEx = 359 nm, λEm = 441 nm). The viability of
bacteria in heat-treated diatom films was determined
with acridine orange (Sigma) according to Daley &
Hobbie (1975). Briefly, the formalin-fixed dishes were
rinsed with distilled water and stained with acridine
orange at a concentration of 1 mg ml–1 for 5 min at
room temperature.

Experimental setups. Expt 1: To investigate the effect
of different surface wettability on diatom attachment and
subsequent larval settlement, polystyrene and borosili-
cate glass (Pyrex) dishes were tested for their compara-
bility of bioassay results. The wettability of polystyrene
and borosilicate glass dishes was determined by surface
contact angle measurements (Qian et al. 2000).

Expt 2: To investigate the effect of diatom film den-
sity on the induction of larval settlement, concentrated
suspensions of the diatoms Achnanthes sp. and Nitz-
schia constricta were diluted 0.1× and 0.01× prior to the
filming procedure described above. The surface cover-

age of diatom cells in diatom films was determined
with the Spot Insight software package (Diagnostic
Instruments). Digital pictures of diatom films were
taken under the light microscope at a magnification of
100×. An area of the diatom film was selected, mea-
sured with the software, and diatoms within the known
area were enumerated. The surface coverage of single
diatoms and their relative interstitial distances were
measured in different fields of view with replication
(n = 3). The surface coverage of diatom cells in diatom
films under investigation was expressed as the per-
centage of cell coverage in a field of known size.

Expt 3: To investigate the potential effect of water-
borne diatom film-derived compounds on the induc-
tion of larval settlement, filmed polystyrene dishes
were concurrently bioassayed with unfilmed counter-
parts (double-dish bioassay; Harder et al. 2001). These
dishes were combined to form a test-vessel for the
settlement assay. In detail, 20 larvae were pipetted into
the unfilmed petri dish under the dissecting micro-
scope. A PVC ring (inner diameter: 51 mm, width:
6 mm) was tightly fitted around the dish and subse-
quently filled with 13 ml FSW. From the top, a diatom-
filmed dish was inserted into the open ring to close the
test-vessel. Control-vessels were prepared accordingly
by pairing unfilmed petri dishes (negative control) and
clean dishes containing 5 d old biofilms (positive con-
trol). Bioassays were run in vertically mounted vessels
on an orbital shaker (60 rpm; Thermolyne) under con-
ditions otherwise as mentioned above. The underlying
assumption in the design of this assay was that water-
borne products could freely diffuse through the assay
vessel. Provided that diatoms and bacteria did not sig-
nificantly colonize the clean substratum during the
assay period, a larval settlement response to water-
soluble settlement cues (unfilmed side) could be dis-
tinguished from a response to surface-associated
settlement signals (filmed side).

Expt 4: To investigate the effect of diatom viability
on the induction of larval settlement, diatom films on
borosilicate glass petri-dishes were exposed to 121°C
for 1 h. Dishes with and without 5 d old biofilms served
as positive and negative controls, respectively. Prior
to larval settlement assays, dishes were dip-rinsed in
autoclaved FSW to wash off intracellular cell compo-
nents that may have formed on the dish surface due to
the rupture of cells. After the heat treatment, the via-
bility of diatoms and bacteria was recorded by fluores-
cent microscopy (Zeiss Axiophot; λEx = 485 nm, λEm =
540 nm) using fluorescein diacetate (Sigma Chemical)
according to Dorsey et al. (1989), and acridine orange
according to Daley & Hobbie (1975).

Statistical analysis. Larval settlement bioassays
were repeated thrice to ensure the reproducibility of
results. The software packages Statistica (StatSoft) and
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SPSS  were used for statistical analyses. The percent-
age of larval settlement was arcsine-transformed
before analysis. To improve the transformation results,
a value of (4 × n)–1 (n = number of larvae used in each
replicate) was given to the replicates with no settled
larvae (Zar 1996). The normality of the data was
checked with Shapiro-Wilk’s W-test (Shapiro & Wilk
1965). Data that failed to meet the homogeneity

criterion were analyzed non-parametrically. This was
achieved by transformation of values to ranks, fol-
lowed by 1-way ANOVA and Tukey’s multiple com-
parison test (Conover & Iman 1981). Pairwise compar-
isons were performed with Student’s t-test. The effects
of diatom quality and surface wettability on larval
settlement were analyzed by 2-way ANOVA. The data
presented in the figures are not transformed.

RESULTS

Expt 1: Effect of surface wettability on
diatom attachment

Since the diatom pairs Achnanthes sp./
Amphora tenerrima and Nitzschia con-
stricta/N. frustulum were investigated in
separate bioassays with different batches of
larvae, the respective results are presented
individually. There was no effect of surface
wettability of the dish-material (borosili-
cate glass and polystyrene) on larval settle-
ment (2-way ANOVA, p > 0.41). Larval
settlement on films of Achnanthes sp. and
N. constricta was significantly higher than
that in the FSW-treatments (Tukey’s test,
p < 0.05; Fig. 1A), whilst larval settlement
on films of A. tenerrima and N. frustulum
was the same as that in FSW (Tukey’s test,
p = 1.00; Fig. 1A). The abundance of
diatoms in experimental films and 5 d old
biofilms ranged from 2000 to 6000 cells
mm–2 and was roughly the same in individ-
ual bioassays with different diatom pairs
(Fig. 1B). The cell densities in individual
diatom films on polystyrene and glass sur-
faces were the same (Student’s t-test, p =
0.75; Fig. 1B). The abundance of bacteria in
diatom-free bacterial films ranged from
1340 ± 450 (SD) to 7600 ± 900 cells mm–2

(Fig. 1C). Although bacterial abundance in
non-axenic diatom films was the same as
that in diatom-free bacterial films (Tukey’s
test, p = 0.84; Fig. 1C), larval settlement on
non-axenic diatom films was significantly
higher than that on diatom-free bacterial
films (Tukey’s test, p < 0.05). A significant
difference between larval settlement and
diatom quality was observed (2-way
ANOVA, p < 0.001; Table 1), whilst no
significant difference between larval settle-
ment and surface quality was found (2-way
ANOVA, p = 0.41 for Achnanthes sp./A.
tenerrima; p = 0.96 for N. constricta/N. frus-
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Fig. 1. Hydroides elegans. (A) Mean % larval settlement after 24 h in
response to diatom films (A: Achnanthes sp.; AT: Amphora tenerrima;
NC: Nitzschia constricta; NF: N. frustulum) and diatom-free bacterial
films (e.g. Abacteria) on glass (black) and polystyrene (shaded) together
with a control of filtered seawater (FSW). Larval settlement rates on each
type of substratum were individually analyzed by multiple comparison.
Data that are significantly different (Tukey’s test, α = 0.05) are indicated
by capital (glass dishes) and small (polystyrene dishes) letters. Data are
means ± SD of 5 replicates. (B) Mean density of diatoms. Data are means
± SD of 3 replicates based on counts of 5 fields of view at 100× magnifica-
tion. NA = not applicable. (C) Mean density of bacteria in diatom films
and diatom-free bacterial films. Data are means ± SD of 3 replicates

based on counts of 5 fields of view at 1250× magnification
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tulum). No statistical interaction was observed be-
tween the factors diatom and surface quality (2-way
ANOVA, p = 0.21 for Achnanthes sp./A. tenerrima; p =
0.54 for N. constricta/N. frustulum; Table 1).

Expt 2: Effect of diatom film density on the induction
of larval settlement

Since there was no difference in larval settlement to-
wards diatom films on glass or polystyrene, the effect of
diatom abundance on the induction of larval settlement
was investigated on polystyrene only. The dilution of
diatom suspensions was paralleled by a reduced diatom
abundance in experimental films made with these dilu-
tion series (Fig. 2A,B). For both inductive diatom
strains, there was a positive linear relationship between
diatom abundance and the percentage of larval settle-
ment (Achnanthes sp.: r2 = 0.98, p = 0.07; Nitzschia con-
stricta: r2 = 0.99, p < 0.05; Fig. 2A). Although the bac-
terial abundance in diatoms films originating from
dilution experiments was slightly different, the bac-
terial densities in Achnanthes sp.- and N. constricta-
treatments were either the same (Tukey’s test, p = 0.72)
or lower than that in the FSW control (Tukey’s test, p <
0.05; Fig. 2C). The mean single-cell size of Achnanthes
sp. and N. constricta was 48.8 ± 0.8 and 55.1 ± 3.2 µm,
respectively. The surface coverage of diatoms in films
made by dilution series of diatom suspensions at 1×,
0.1×, and 0.01×, and the mean interstitial distances be-
tween individual diatom cells, are presented in Fig. 3.

Expt 3: Effect of waterborne diatom film-derived
compounds on the induction of larval settlement

Although diatoms colonized the formerly clean
counter dish during the double-dish bioassay, diatom
densities on filmed surfaces were significantly higher

than on unfilmed counterparts (Student’s t-test, p <
0.05; Fig. 4B). In the Achnanthes sp.-treatment, bacte-
rial densities on both sides of test vessel were the same
(Student’s t-test, p > 0.05; Fig. 4C). In the Nitzschia
constricta-treatment they were slightly higher on the
filmed dish (Student’s t-test, p < 0.05; Fig. 4C). In both
treatments, larval settlement on the filmed surface of
the test vessel was significantly higher than on the
unfilmed side (Student’s t-test, p < 0.05; Fig. 4A).

Expt 4: Effect of diatom viability on the induction of
larval settlement

Heat treatment effectively killed diatoms and bacte-
ria in experimental films. In contrast to green epi-
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Factor df MS F p-value

Achnanthes sp./A. tenerrima
Substratum (A) 1 39.95 0.73 0.41
Diatom (B) 1 2119.30 38.68 <0.05
A × B 1 93.65 1.71 0.21

Nitzschia constricta/N. frustulum
Substratum (A) 1 6.1E-02 0.003 0.95
Diatom (B) 1 4495.18 222.9 <0.05
A × B 1 8.07 0.4 0.54

Table 1. Hydroides elegans. Effect of substratum type (glass
or polystyrene) and diatom quality (inductive, i.e. Achnanthes
sp. and Nitzschia constricta; non-inductive, i.e. A. tenerrima
and N. frustulum) on the induction of larval settlement of 

H. elegans larvae (2-way ANOVA)

Fig. 2. Hydroides elegans. (A) Mean % larval settlement after
24 h in response to diatom films of Achnanthes sp. and
Nitzschia constricta at different densities and a control of
filtered seawater (FSW). Densities are expressed as % of 2D
surface coverage of diatoms in these films. Data that are
significantly different at α = 0.05 in Tukey’s tests are indicated
by different letters. Data are means ± SD of 5 replicates. 
(B) Mean density of diatoms at different surface coverage of
diatoms. Data are means ± SD of 3 replicates based on counts
of 5 fields of view at 100× magnification. NA = not applicable.
(C) Mean density of bacteria in diatom films. Data are means
± SD of 3 replicates based on counts of 5 fields of view at 

1250× magnification
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fluorescence of diatoms and bacteria (indicating live
and viable cells), red epifluorescence (indicating dead
cells) was observed after the heat treatment. In
the experimental treatments of Achnanthes sp. and
Nitzschia constricta, the percentage of larval settle-
ment on live diatom films was the same as that on
dead films (Tukey’s test, p = 0.99 for Achnanthes sp.;
p = 0.86 for N. constricta; Fig. 5), but statistically differ-
ent from the FSW-control (Tukey’s test, p < 0.05), while
the percentage of larval settlement on live films of
Amphora tenerrima- and N. frustulum-treatments was
statistically the same as that on dead films (Tukey’s
test, p = 0.99 for A. tenerrima; p = 1.00 for N. frustulum)
and the FSW-control (Tukey’s test, p = 0.60). The abun-
dance of diatoms in heated and non-heated experi-
mental films was the same, verifying that rinsing pro-
cedures did not falsify the bioassay procedure (1-way
ANOVA, p > 0.05; Table 2).

DISCUSSION

Until now, the role of diatoms as potential mediators
of larval settlement was thought to be predominantly
associated with grazing juvenile invertebrates, such as
abalones (Ebert & Houk 1984, Kawamura & Kikuchi
1992, Slattery 1992, Bryan & Qian 1998, Roberts 2001),
sea urchins (Tani & Ito 1979) and sea cucumbers (Ito &
Kitamura 1997). This association was often linked to

the appropriate post-larval dietary requirements (Slat-
tery 1992, Daume et al. 1999). Although the inductive
effect of certain diatoms on larval settlement was
correlated with their surface coverage, the nature of
settlement cues had not been elucidated. In this study,
we firstly investigated the nature and origins of larval
settlement cues from marine diatoms. While larval
settlement in the polychaete Hydroides elegans is sig-
nificantly mediated by marine biofilms, with bacteria
(Lau & Qian 2001) and diatoms (Harder et al. 2002a)
being major sources of settlement cues, all the stages
during the life cycle of H. elegans (i.e. larvae, juve-
niles, adults) are strictly planktotrophic (Chia 1978).
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Fig. 3. Hydroides elegans. Mean single-cellular surface cov-
erage of Achnanthes sp. and Nitzschia constricta. The surface
coverage (%) of diatoms in films made by dilution series of
diatom suspensions at 1×, 0.1×, and 0.01× and the interstitial
distances between individual diatoms are presented as means
of 3 replicates. Mean single-cellular size of Achnanthes sp. and
N. constricta was 48.8 ± 0.8 and 55.1 ± 3.2 µm, respectively

Fig. 4. Hydroides elegans. (A) Mean % larval settlement after
24 h in response to filmed (black) and unfilmed (shaded) sur-
faces in comparison to controls of marine biofilms (MBF) and
filtered seawater (FSW). Significant differences between
larval settlement rates on filmed and unfilmed surfaces are
asterisked (Student’s t-test, α = 0.05). Data plotted are means
± SD of 5 replicates. (B) Mean density of diatoms on filmed
and unfilmed surfaces. NC: Nitzschia constricta; A: Achnan-
thes sp. Significant differences between diatom densities are
asterisked (Student’s t-test, α = 0.05). Data plotted are means
± SD of 3 replicates based on counts of 5 fields of view at 100×
magnification. NA = not applicable. (C) Mean density of bac-
teria on filmed and unfilmed surfaces. Significant differences
between bacterial densities are asterisked (Student’s t-test, α
= 0.05). Data plotted are means ± SD of 3 replicates based on 

counts of 5 fields of view at 1250× magnification
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Hence, attached diatoms do not significantly con-
tribute to the diet of H. elegans. The role of attached
diatoms on H. elegans larvae is therefore likely
restricted to the mediation of settlement and meta-
morphosis in this tubeworm. In this investigation, we
attempted to further study the effects of 2 inductive
(Achnanthes sp. and Nitzschia constricta) and 2 non-
inductive diatoms (Amphora tenerrima and N. frustu-
lum) on larval settlement of H. elegans. The first ob-
jective was to compare the origins of settlement cues
derived from diatoms and bacteria. Secondly, we
addressed the possible effect of substratum wettability
on settlement induction activity of attached diatoms.
Overall, our results showed that: (1) marine benthic
diatoms played a similarly important role in larval
settlement as marine bacteria in biofilms, and (2) the
inductive cues from the diatoms tested in this study
were surface-associated, and their activity was not
affected by the surface wettability of the substratum.
More importantly, our results indicated that different
components of biofilms played inductive or inhibitive

roles on larval settlement. In an
earlier study (Beckman et al. 1999),
we identified a systematic technical
shortfall in the bioassay-based in-
vestigation of larval settlement cues
of H. elegans, i.e. the unavoidable
introduction of bacteria into assay
vessels together with larvae (exem-
plified in Fig. 1C). Due to the poten-
tially significant effect of bacteria
on larval settlement (Lau et al.
2002), the effect of bacteria had to
be decoupled from the effect of the
diatoms under investigation. Next
to a quantitative evaluation of bac-
terial densities in test vessels in
comparison with controls, bacterial
contaminants in non-axenic diatom
cultures were separated by filtra-
tion, and qualitatively evaluated as

diatom-free bacterial films representing the bacterial
contaminants of each diatom culture (Fig. 1C). Under
the assumption that community profiles in these bacte-
rial films were comparable to those in mixed diatom-
bacterial films, a comparison of larval settlement rates
between mixed diatom-bacteria films and bacterial
contaminant films allowed the evaluation of the quali-
tative effect of these bacteria. Larval settlement on
non-axenic diatom films was significantly higher than
on diatom-free microbial films (Fig. 1A), yet the bacte-
rial abundance in these films was statistically the same
(Fig. 1C). These results showed that the induction of
larval settlement in these treatments was due to the
presence of diatoms and not the presence of bacteria.
Bacteria in the FSW-control posed a negligible effect
on the induction of larval settlement. In spite of the
above limitations of running larval settlement assays
with H. elegans under sterile conditions, our results
suggested that settlement results were predominantly
associated with qualitative differences of diatoms under
investigation, rather than bacterial contaminants.
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Diatom density (in cells mm–2) Bacterial density (in cells mm–2)
Live Dead Live Dead

Achnanthes sp. 2940 ± 250 3154 ± 338 4760 ± 681 3660 ± 763
Amphora tenerrima 3025 ± 245 3246 ± 268 2710 ± 551 3335 ± 540
Nitzschia constricta 5642 ± 422 4925 ± 597 7020 ± 931 6150 ± 1209
Nitzschia frustulum 5500 ± 291 5258 ± 692 6200 ± 941 8305 ± 1176
FSW control NA NA 5460 ± 671 NA

Table 2. Hydroides elegans. Settlement cues of H. elegans in relation to cell abundance of diatoms and bacteria in mixed diatom-
bacteria films after the 24 h larval settlement bioassay. Live: no heat treatment of films; dead: heat treatment of films at 121°C for
1 h; FSW control: clean petri dish with autoclaved seawater. Data plotted are means ± SD of 5 replicates based on counts of 

5 fields of view at 100× (for diatoms) and 1250× (for bacteria) magnification. NA: not applicable 

Fig. 5. Hydroides elegans. Mean % larval settlement after 24 h in response to live and
dead diatom films in comparison to a control of filtered seawater (FSW). Data that are
significantly different at α = 0.05 in Tukey’s test are indicated by different 

letters. Data plotted are means ± SD of 5 replicates
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Previous studies have shown that bacterial attach-
ment differed with respect to surface wettability
(Fletcher & Pringle 1985, also see Fig. 1 in Qian et al.
2000). The different modification of the bacterial cell-
surface chemistry due to molecular arrangements of
extracellular polymers (Marshell & Cruickshank 1973)
may affect larval settlement differently (Maki et al.
1992). Similar to bacteria, surface attachment of
diatoms is established by secretion of extracellular
polymers (Allan et al. 1972). Prior to the identification
of origin or location of diatom-derived larval settle-
ment cues, we performed a series of experiments with
diatom strains that aimed at studying the importance of
physical factors, such as the substratum wettability
(Expt 1) and the effect of surface abundance of diatoms
(Expt 2) on larval settlement. Our results showed not
only that diatoms attached similarly well on glass and
polystyrene, but also that larval settlement was sta-
tistically the same, irrespective of dish wettability
(Fig. 1A,B). Similar results were reported in Qian et al.
(2000), in which larval settlement of Hydroides elegans
in response to bacterial film was not affected by
surface wettability, although bacterial attachment on
surfaces of different wettability varied. The dilution
series of diatom suspensions, which served to generate
diatom films of different surface abundance, was
reflected in different percentages of surface coverage
of diatoms ranging between 1.8 and 15% (Achnanthes
sp.), and 3.2 and 18.2% (Nitzschia constricta) (Fig. 3).
There was a clear density-dependent effect of diatom
surface coverage on the induction of larval settlement
(Fig. 2A,B). In the case of Achnanthes sp., even the
lowest surface coverage of 1.8% induced larval settle-
ment significantly more than the control of filtered
seawater. The interstitial distance between diatom
cells at this low film density was ca. 100 µm, which is
similar to the body size of H. elegans larvae. Consider-
ing that extracellular polymers are invisible under con-
ditions of light microscopy but are generally spread
around individual cells (Allan et al. 1972), the actual
space occupation by diatom cells and extracellular
secretions might have been even higher. No linear
relationship between the abundance of diatoms and
bacteria in non-axenic diatom films resulted from the
dilution of diatom suspensions (Fig. 2B,C). This obser-
vation confirmed the inherent limitations of running
larval settlement assays with H. elegans under sterile
conditions.

Larval settlement bioassays with a choice between
filmed and unfilmed substrata (double-dish design,
Expt 3) revealed that the diatom-derived settlement
cue was either water-insoluble or waterborne, but
with strong adsorption affinity to the filmed side.
Both explanations involved a clear association of the
diatom-derived settlement cue with the diatom film

(Fig. 4A). These results were statistically significant,
despite the fact that a certain proportion of diatoms
and bacteria became dissociated from the test film
during the assay period and attached on the adjacent,
formerly clean side of the double-dish (Fig. 4B,C).
The inductive effect of diatoms Achnanthes sp. and
Nitzschia constricta on larval settlement prevailed,
even after heat treatments that completely killed
diatoms and bacteria in these films (Fig. 5). The same
observation was made with the non-inductive diatoms
Amphora tenerrima and N. frustulum, as in these
experiments the inductive activity remained low after
heat treatments.

In terms of these properties, the larval settlement cue
of Hydroides elegans produced by the diatoms under
investigation could be compared with bacterial settle-
ment cues as follows: In analogy to diatoms, the in-
duction of larval settlement by bacterial films did not
differ with respect to the surface material, i.e. glass
and polystyrene (Lau 2001). Given the choice between
bacteria-filmed and a non-filmed substrata, larvae
settled preferentially on the bacteria-filmed dish (Lau
2001). However, the settlement-induction effect of
bacteria was effectively destroyed by methods that
rendered bacterial cells non-viable, such as heat,
formaldehyde and UV light (Lau & Qian 2001, Lau et
al. 2003). Based on this comparison, we conclude that
the diatom-induced larval settlement cue did not
comprise diatom-produced secondary metabolites, but
was more likely composed of a heat-stable surface
component, such as capsular, extracellular poly-
saccharides. The involvement of polysaccharides as
larval settlement cues has previously been addressed
in other invertebrate phyla, such as polychaetes, tuni-
cates, hydroids and barnacles (Kirchmann et al. 1982,
Szewzyk et al. 1991, Leitz & Wagner 1993, Maki 1999).
Since surface-attached bacteria and diatoms share the
characteristic of extracellularly-secreted polymers,
such as polysaccharides, proteins and glycoproteins
(Cooksey et al. 1984), it is possible that larval settle-
ment induction by certain marine benthic diatoms
is also based on this class of compound. Overall, our
study highlighted that not only different components
of biofilms play inductive or inhibitive roles in larval
settlement, but also that the relative surface coverage
of biofilm components deserves consideration regard-
ing their roles as mediators of larval settlement.
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