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A B S T R A C T

The gastropod Dendropoma cristatum is a biogenic engineer of the central Mediterranean, forming reefs along the
lower rocky intertidal fringe with a remarkable ecological role. To understand whether reef-associated biofilm
cultivable bacterial and biofilm ageing may trigger the settlement of the juvenile snails, a combination of la-
boratory techniques and field experiments was used. Reef-associated biofilm cultivable bacteria were isolated,
and a settlement-choice experiment was performed in situ on artificial biofilms composed of i) a mixture of six
biofilm-forming selected isolates, ii) all the cultivable bacteria, and iii) 13-, 23-, 32-day old biofilms formed
under natural conditions. Overall, settlement rate significantly differed among biofilm treatments (p < 0.0001).
A significant positive correlation between biofilm ageing and juvenile D. cristatum settlement was assessed
(r= 0.69 (p < 0.001), whereas the biofilm bacterial composition (relatively to the cultivable fraction) did not
show any effect on the vermetid's settlement rate.

1. Introduction

Biogenic engineers (sensu Jones et al., 1997) are organisms which
increase the physical complexity of habitats, driving the development of
communities and enhancing species richness by reducing predation,
competition and other bio-physical pressures (Bertness and Callaway,
1994; Bruno et al., 2003; Stachowicz, 2001). On the coastal zone, these
organisms may build biogenic platforms with high horizontal devel-
opment and three-dimensionality. These structures are called reefs and
provide multiple ecosystem services, such as the production of eco-
nomically relevant species, the reduction of the coastal erosion rates,
carbon storage and nutrient and sediment cycling, among others
(Barbier et al., 2011; Costanza et al., 1997; Crossland et al., 2005;
Grabowski and Peterson, 2007). However, such habitats are currently
subjected to increasing human pressure (Firth et al., 2015; Green et al.,
2016) and their persistence is highly threatened by multiple factors of
environmental degradation. An integrated approach to the manage-
ment of these habitats and their reef-building species includes not only
their active protection, but also plans for local restoration and popu-
lation replenishment. Understanding biological mechanisms of reef
formation and accretion is necessary for their successful conservation

and restoration (Bertolini et al., 2017). Indeed, larval settlement of
biogenic engineers is a critical phase during the reef build-up and for its
local persistence. It is known that surface-specific cues may affect these
complex dynamics (Pawlik, 1992; Phillips, 2011).

Intertidal vermetid bioconstructions are an example of these reefs
and are made by gregarious gastropods and crustose coralline algae
(Chemello, 2009; Laborel, 1987; Templado et al., 2016). Such habitats,
typical of subtropical and warm temperate rocky coasts around the
world (Milazzo et al., 2016), are mostly built-up by the gastropods
Dendropoma spp. within the Mediterranean Sea (Golding et al., 2014;
Safriel, 1966). Recent phylogenetic analyses revealed the existence of at
least four cryptic species responsible for the creation of these biocon-
structions, with a well-defined distribution in a west-east direction
(Calvo et al., 2009, 2015; Templado et al., 2016). According to Golding
et al. (2014), the four Mediterranean species are ecologically equivalent
and show few morphological differences at the adult stage, but distinct
developmental characters (e.g., egg capsule number, number of eggs
per capsule) (Calvo et al., 1998). The embryonic and larval develop-
ment are typically intracapsular and lecithotrophic, with metamor-
phosed hatchlings usually crawling out the maternal shell and settling
nearby to start a sessile life (Templado et al., 2016). Mediterranean
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vermetid reefs have been facing increasing local decline in the last few
decades (Galil, 2013; Rilov, 2016), and it is that likely insufficient
protection measures are presently underway (Chemello, 2009;
Chemello et al., 2014). Moreover, recent field experiment performed in
Sicily and in Israel documented a significantly lower settlement rate of
D. cristatum under ocean acidification levels and reduced photo-
synthetic and calcification performance of the associated red algae
Neogoniolithon brassica-florida due to elevated temperature and pH de-
crease (Fine et al., 2016; Milazzo et al., 2014). These researches suggest
that vermetid reefs persistence is at high risk in future ocean. Despite
being crucial for the reef formation and stability and for ensuring its
local persistence (Menge, 2000; Underwood et al., 1983), to date stu-
dies on settlement and recruitment of the Mediterranean Dendropoma
spp. are scant. Temporal pattern of recruitment for the central Medi-
terranean D. cristatum has been described by Franzitta et al. (2016),
which recorded consistent differences during the breeding season and
between the inner and the outer reef rims. The authors suggested that
physical and environmental conditions that characterize the two rims
may affect the settlement success and post-settlement mortality of set-
tlers, being responsible for the observed within-reef differences.

It is also established that several biological cues may trigger set-
tlement of many benthic invertebrates (Crisp, 1974; Hadfield and Paul,
2001; Pawlik, 1992; Spotorno-Oliveira et al., 2015) and among these,
microbial films, namely biofilms, have been identified as highly suitable
layers for the settlement of a wide range of marine organisms (Hadfield,
2011; Sneed et al., 2014; Thompson et al., 1998; Toupoint et al., 2012;
Zardus et al., 2008). Biofilms are typically made by bacteria, diatoms
and others microscopic organisms embedded in a self-produced extra-
cellular polymeric substance (EPS) and develop on all wet surfaces,
increasing in density and structural complexity over the time (Donlan,
2002; Hadfield and Paul, 2001). These layers provide a complex of
physical and biochemical stimuli which cue the settlement of a variety
of bioengineer species, including mollusks (Satuito et al., 1997;
Tamburri et al., 2008; Toupoint et al., 2012; Wahl, 1989). However, to
date, no studies have been conducted to understand the potential bio-
film-associated settlement for the reef-builder Dendropoma spp.

To increase knowledge of the key factors influencing the early steps
of Dendropoma reef formation and to verify whether positive biological
interactions may enhance spatial colonization by these gregarious
gastropods, this study aims at assessing the influence of the biofilm
bacterial composition and biofilm maturity on the settlement rate of the
central Mediterranean reef-builders Dendropoma cristatum. To achieve
this goal we coupled a settlement-choice experiment using reef-asso-
ciated biofilm cultivable bacteria with one using the natural biofilm at
different maturity stages. Such information will be valuable to shed
light on mechanisms fostering settlement by the reef-building
Dendropoma cristatum, potentially ensuring viable reef formation and
temporal persistence.

2. Materials and methods

2.1. Study area

A field experiment was carried out during the summer 2016, in the
locality Marina di Cinisi (NW of Sicily, Fig. 1).

Here, vermetid reefs develop on an intertidal carbonatic quaternary
sub-flat platform exposed to the dominant wind from NW. The area is
not protected under any legislation and during the summer is moder-
ately frequented by tourists and fishers (E.C. La Marca, personal ob-
servation).

The experiment was performed in two different sites spaced 100m
apart (38.191850° N, 13.119205° E and 38.191395° N, 13.121123° E),
where a continuous vermetid reef is located along 176m of coastline
and characterized by complex outer (ca. 348 m long) and inner margins
(ca. 284 m long). No detrimental signs of reef degradation, other than
very few and limited areas (< 30 cm) on the outer rim, are evident in

this location, thus suggesting very low anthropogenic disturbance.

2.2. Isolation of the reef-biofilm bacteria

Aiming at identifying the presence of settlement-inducing bacterial
taxa, reef-associated biofilm bacteria were identified by a culture-de-
pendent approach by using Marine Agar plates (Pronadisa Laboratories,
CONDA), a culture medium designed for isolation and enumeration of
hetherotrophic marine bacteria (Sharp et al., 2015; Vieira et al., 2016;
Webster et al., 2011). Biofilms were sampled by swabbing a 25 cm2 area
on the surface of the D. cristatum aggregation on the outer margin of the
reef within both the sites with cotton swabs. The swabs were streaked
on Marine Agar plates and incubated at 25 °C. After incubation, all
colonies showing different phenotypes were selected and transferred to
fresh Marine Agar and incubated under the conditions described above.
The procedure was repeated to obtain pure cultures. Aliquots of bac-
terial cultures were stored with glycerol (20% final concentration) at
−80 °C for further characterization.

The 16S rRNA gene of the isolates was amplified by colony PCR. The
amplification reaction was performed by using the universal forward

Fig. 1. Study area, S1 and S2 indicate the two sites where the field experiment was
carried out.
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primer Bac27_F and reverse primer Uni_1492R (Catania et al., 2015).
Reaction mixtures contained OneTaq Standard Reaction Buffer 1X (New
England Biolabs), 0.2 mM of dNTPs mixture (Invitrogen), 200 nM of
forward and reverse primers, 1 U of OneTaq DNA Polymerase (New
England Biolabs) and 1 μl of colony TE lysate. The following PCR
conditions were used: an initial denaturation step at a 94 °C for 3min,
30 cycles of 45 s at 94 °C, 60 s at 50 °C, and 90 s at 72 °C; a final exten-
sion step at 72 °C for 10min. The PCR amplification products were
separated by 1% agarose gel electrophoresis and stained with ethidium
bromide 1%.

The 16S rDNA PCR products were restriction-enzyme digested with
AfaI (New England Biolabs) as recommended by the manufacturer.
Restriction digests were analyzed on 1.5% agarose gel, and the resulting
restriction patterns were used to assign the isolates to operational taxo-
nomic units (OTUs) (Catania et al., 2017). One representative isolate of
each OTU was selected for taxonomic identification, by 16S rRNA PCR
product sequencing. The sequences were compared to the EMBL/Swis-
sProt/GenBank rRNA_typestrains/prokaryotic 16SribosomalRNA data-
base using Mega BLAST algorithm (http://blast.ncbi.nlm.nih.gov/ Blast.
cgi) and the Naïve Bayesian rRNA Classifier Version 2.8, of the Ribosomal
Database Project II (RDP) (Cole et al., 2014). The 16S rRNA sequences
were deposited in the GenBank database under the accession numbers:
MF522823–28MF522823MF522824MF522825MF522826MF522827M-
F522828.

2.2.1. Quantification of biofilm production
For each isolate, the ability to form a biofilm was assessed in plastic

microtiter plates, as described by Stepanović et al. (2004) with slight
modifications. A single colony of each isolate was transferred to 3ml of
marine broth (MB) medium and incubated overnight at 30 °C. 20 μl of
bacterial culture were added to each well of a sterile 96-well flat-bot-
tomed polystyrene micro-plate containing 230 μl of MB and incubated
for 24 h at 30 °C. Each strain was tested in triplicate. The bacterial
culture was poured off and the wells washed four times with sterile
distilled water. The attached bacteria were fixed by incubation for
15min with 200 μl of methanol and stained with the same quantity of
Crystal violet (2%, used for Gram staining) for 5min. The wells were
rinsed under water and the adherent cells were re-suspended in 250 μl
of 33% glacial acetic acid. Biofilm production ability was quantified
directly by spectrophotometric readings at 570 nm using a Spark 10M
multimode microplate reader (Tecan, Switzerland). Based upon the
optical density of the bacterial films (ODs) and the optical density of a
negative control (ODc), biofilm production ability of each strain was
classified into the following categories: absent (ODs≤ODc), weak
(ODc < ODs≤ 2×ODc), moderate (2×ODc < ODs≤ 4×ODc),
strong (4×ODc < ODs).

2.3. Settlement-choice experiment

2.3.1. Limestone block preparation
The settlement rate of Dendropoma cristatum was surveyed in situ

using limestone blocks (5× 5x2 cm) as a substrate. This limestone
belonged to the Marsala Synthem, a Lower Pleistocene marine/coastal
deposit along the Palermo plain (Sicily) and was a cemented bioclastic
calcarenite rich in invertebrate fossils, including vermetids (Di Maggio
et al., 2009; Basilone and Di Maggio, 2016; Agate et al., 2017). Before
running the settlement-choice experiment, freshly cut limestone blocks
were autoclave sterilised and conditioned either by exposure to bac-
terial isolates in the laboratory or by exposure to natural conditions in
the field. See below for a detailed description.

2.3.1.1. Laboratory conditioning. A subset of limestone blocks was
prepared in the laboratory by incubation in two different culture
broths: one including six isolates, each representative of each
identified OTUs and chosen among those showing strong or moderate
biofilm production ability (a mixture of the best Biofilm Former

selected isolates, BF); one containing all the 28 bacterial isolates
cultured from the vermetid reef-associated biofilm (Total Isolates, TI).
For the BF treatment, a liquid pre-culture was prepared by inoculating
one colony of each selected bacterial isolate in 3ml of MB and
incubating at 25 °C overnight in a shaker at 200 RPM. One ml of each
pre-culture was transferred into a 50ml of MB and incubated overnight
under the same conditions. The mixed cultures were prepared by
adding all 50ml culture in a 2 l flask adding MB to 500ml and
500ml of autoclaved marine water.

For the TI treatment, the total bacterial isolates were cultivated as
described above and the mixed culture was prepared by adding 10ml of
each culture in a 2 l flask, adding MB to 500ml and then 500ml of
autoclaved marine water. Limestone blocks were totally submerged in
the culture broths and incubated for 48 h.

2.3.1.2. Field conditioning. Another subset of limestone blocks was
prepared in the field, allowing the formation of natural biofilms of
increasing maturity. To simultaneously run the settlement experiment
across multiple biofilm age treatments, 3 groups of limestone blocks
were deployed in the field in a staggered manner, gaining the
development of a 32-, 23- and 13-day old biofilm. The blocks were
randomly attached to the outer margin of the vermetid reef (Fig. 2 gives
an example of the block spatial arrangement) using steel screws and, to
prevent vermetid colonization during field exposure, the blocks were
covered with a 0.2mm mesh fabric.

2.3.2. Field experiment
Previous studies showed a low settlement competence of D. cris-

tatum juveniles under laboratory conditions (unpublished data, La
Marca, 2015). Therefore, the average settlement rate of Dendropoma
cristatum was recorded in the field, in two sites on a range of condi-
tioned blocks from lab and field conditions. Within each site, 8 re-
plicated groups consisting of 6 interspersed biofilm treatments, i.e. the
mixture of the best biofilm former selected isolates (BF), Total Isolates
(TI), 32-day, 23-day, 13-day and 0-day old (a sterilised control with no
biofilm), were fastened on the outer edge of the reef (Fig. 2 and
Table 1), previously described as the portion of a vermetid reef with the
highest settlement success (Franzitta et al., 2016). During field de-
ployment, the blocks were carefully handled by means of sterile gloves
and limiting the contact with their sides, aiming to do not contaminate
or disturb the biofilm on the top face of the blocks. Within each site the
groups of the six biofilm treatments were spaced apart around
80–100 cm.

A total of 96 blocks was included and analyzed for settlement of D.
cristatum after 5-day exposure to natural conditions (between August
the 5th and the 10th 2016, because the higher number of recruits on the
outer margin was observed in July and August, Franzitta et al., 2016).

Fig. 2. Group of the 6 interspersed biofilm treatments used during the field experiment.
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After exposure, the whole set of blocks was collected and the number of
settled D. cristatum was scored under a microscope. For each biofilm
treatment, the settlement rate was expressed as the average number of
settled juveniles on 25 cm2 during 5 days. Since biofilms mainly de-
veloped on the top face of the blocks, only vermetid settlers recorded on
this side were considered for the analysis.

2.4. Statistical analysis

Settlement data were not transformed for the statistical analysis and
were ordinated using the Euclidean Distance. Univariate PerMANOVA
was performed with two factors, unrestricted permutation of raw data,
9999 permutations and Monte Carlo test. The factor Biofilm (“Bi”) was
treated as fixed with 6 levels: 32-d, 23-d, 13-d, 0-d, BF and TI, and the
factor Site (“Si”) was treated as an orthogonal factor, with 2 levels: S1
and S2 (Site 1 and Site 2).

An a posteriori pair-wise comparison among pairs of levels within
the factor Biofilm was also done. Analyses were performed by Primer
v.6.

The relationship between the biofilm ageing and the average set-
tlement rate of D. cristatum settlers was tested by a linear regression
analysis.

3. Results

3.1. Isolation of the reef-biofilm bacteria and quantification of biofilm
production

A total of 100 isolates was obtained from the vermetid reef-asso-
ciated biofilm from both the sites. Among these, 28 morphologically
different colonies were analyzed by amplified rDNA restriction analysis
(ARDRA). Strains having overlapping restriction patterns were assigned
to the same operational taxonomic unit (OTU). Six operational taxo-
nomic units were identified and affiliated to Proteobacteria (96%) and
Bacteroides (4%). 16S gene sequencing of one representative of each
OTU revealed the presence of the following species: Alteromonas geno-
vensis, Pseudoalteromonas tetraodonis, Shewanella pneumatophore, Vibrio
alginolyticus, Vibrio gigantis and Cellulophaga lytica (Table 2).

Biofilm production ability was assessed for all the 28 isolates and
revealed that almost all the strains were able to originate a biofilm
(Table 3). The biofilm production was strong for the 54% of the strains,
moderate for the 32%, weak for the 7% and absent for the 7% (Table 3).

3.2. Settlement choice experiment

During field conditioning of the limestone blocks, the successively
longer ageing periods produced greater greening on their upper sur-
faces, likely as a consequence of a progressively greater microbial co-
lonization, probably including (Cyano)bacteria, algae and other mi-
croscopic organisms (Fig. 3).

Despite the loss of 7 blocks during the field experiment, 126 D.
cristatum settlers were counted on the top face of the remaining blocks
(n= 89), 63 belonging to site 1 and 63 to site 2. Settlement occurred on
each biofilm treatment, although within site 1 no settlers were found on
the sterilised blocks (0-d).

The average settlement rate (± S.E.) recorded after 5 days ranged
from 0 to 4.87 ind./25 cm2 (± 0.95), significantly differed among the 6
biofilm treatments (PerMANOVA; p < 0.001), and, importantly, was
similar between sites (Fig. 4, Table 4).

The increase of the biofilm maturity from 0- up to 32-days resulted
in a progressively higher average settlement rate on field conditioned
blocks. Moreover, settlement rate was low on the laboratory condi-
tioned blocks (BF and TI) and on sterilised controls (0-d), with, on
average, less than 1 settler/25 cm2 after 5 days (Fig. 4). Specifically, 32-
d and 23-d biofilms differed from all the treatments and each other and
the two laboratory cultured biofilms, BF and TI, did not show any
difference with the 0-d biofilms. (Table 5).

Focusing on the number of D. cristatum individuals settling on field
conditioned blocks throughout the experimental period, we found a
positive relationship between biofilm maturity and settlement rates
(r= 0.69, p < 0.001; n= 61, Fig. 5).

4. Discussion

Our field experiment clearly documented for the first time that the
settlement performance of the Mediterranean ecosystem engineer

Table 1
Biofilm treatments used during the settlement experiment, their preparation and no. of
replicates collected after the experiment.

Biofilm
treatments

Biofilm typology Preparation No. of
replicates

0-d Absent autoclaved 16
13-d 13-day old in the field 15
23-d 23-day old in the field 14
32-d 32-day old in the field 16
TI Total bacterial isolates

from the reef
Incubation in the
lab

15

BF Mixture of the best biofilm
forming selected isolates
from the reef

Incubation in the
lab

13

Table 2
Identity of each identified bacterial isolate through aligned and annotated rRNA gene sequence data.

Classifier Version (Ribosomal Database Project, RDPII)

Phylum class family OTU Closest sequence match Id (%) Accession number

Proteobacteria Gammaproteobacteria Alteromonadaceae A Alteromonas genovensis 98 NR_042667.1
Proteobacteria Gammaproteobacteria Pseudoalteromonadaceae F Pseudoalteromonas tetraodonis 99 NR_114187.1
Proteobacteria Gammaproteobacteria Shewanellaceae D Shewanella pneumatophori 99 NR_041292.1
Proteobacteria Gammaproteobacteria Vibrionaceae B Vibrio alginolyticus 99 NR_122059.1
Proteobacteria Gammaproteobacteria Vibrionaceae C Vibrio gigantis 99 NR_044079.1
Bacteroidetes Flavobacteriia Flavobacteriaceae E Cellulophaga lytica 100 NR_074464.1

Table 3
Biofilm production ability of the isolates within each OTU, classified as strong, moderate,
weak or absent (% of the total isolates). BF:a mixture of the best biofilm former selected
isolates.

OTUs No. of
isolates/
OTU

Biofilm production ability (%) Representative
isolate used in the BF
treatmentStrong Moderate Weak Absent

A 6 16.66 66.66 16.66 0 P2 2.2
B 7 71.42 28.57 0 0 P8 4.1
C 1 0 0 0 100 P7 2.4b
D 1 0 100 0 0 P7 2.4a
E 1 0 100 0 0 P3 2.2
F 12 75 8.33 8.33 8.33 P5 2.3
TOT 28 54 32 7 7
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Dendropoma cristatum is influenced by the reef-associated biofilm, and
the effect progressively increases with days of development of the mi-
crobial layer. Crawling juveniles of D. cristatum did not settle in re-
sponse to the 0-d biofilm treatment, and their settlement rate was
substantially enhanced on older biofilms, as the mean number of set-
tlers was 17–fold higher from the 0- to 13-d, 2.3 times from 13- to 23-d
and of 1.75 fold from 23- to 32-d of maturity, respectively.

These results are consistent with the evidence that the settlement of
invertebrate larvae usually increases with biofilm age, with young
biofilms being less inductive than more developed microbial assem-
blages (Keough and Raimondi, 1995, 1996). Globally, settlement

enhancement occurs on biofilms older than 1 week and this response
may be related to biofilm density, as reported for tropical reef sponge,
mussel and coral larvae (Toupoint et al., 2012; Webster et al., 2005;
Whalan and Webster, 2014), but also to biofilm composition and spe-
cies-specific interactions (Keough and Raimondi, 1996; Olivier et al.,
2000; Qian et al., 2007; Wieczorek and Todd, 1998).

It is known that the settlement performance in response to biofilm
composition may exert selective aspects, being different among poten-
tial settlers. In our study a significantly lower settlement rate was

Fig. 3. Photographic panel of the microbial colonization on field-conditioned limestone
blocks after 32-, 23- and 13-days of field exposure (in clockwise, respectively), and a
sterilised block (bottom left picture), showing an evident greening of the surface.

Fig. 4. Average settlement rate (± S.E.) of Dendropoma cristatum on each biofilm typology within site 1 and site 2 after 5 days. Just one bar is reported for the 0-d because no settlers
were found on this treatment within site 1. BF: the mixture of the best biofilm forming selected isolates; TI: total isolates.

Table 4
PerManova analysis of the D. cristatum settlement success for the factor biofilm, “Bi”
(fixed with 6 levels) and site, “Si” (orthogonal, with 2 levels). A posteriori pairs-wise
comparisons within the factor Biofilm showed a significant effect of the biofilm maturity
on the settlement rate of Dendropoma cristatum (Table 5).

Source df MS Pseudo-F P (perm)

Bi 5 44.085 22.245 0.0001
Si 1 0.0005 0.00027 0.9878
BixSi 5 1.7268 0.8713 0.5067
Res 77 1.9818
Total 88

Table 5
Pair-wise comparisons within the factor Biofilm. Only sig-
nificant differences are reported.

Pair-wise test for the term “Bi”

Groups P (MC)

32-d, 23-d 0.0243
32-d, 13-d 0.0002
32-d, 0-d 0.0001
32-d, BF 0.0001
32-d, IT 0.0001
23-d, 13-d 0.0393
23-d, 0-d 0.0001
23-d, BF 0.0002
23-d, TI 0.0001
13-d, 0-d 0.0241
13-d, TI 0.0454
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recorded on the two laboratory cultured biofilms than the field cultured
ones. The two laboratory cultured biofilms did not differ each other and
we recorded a low settlement rate on these substrates with on average
less than 1 ind./25 cm2. Hence, it seems likely that the bacterial strains
isolated from the reef-associated biofilm, although able to produce a
film in most of the cases, did not succeed in promoting the settlement
rate of D. cristatum during the field experiment. All the bacterial genera
found within the reef-biofilm, Pseudoalteromonas spp., Alteromonas spp.,
Vibrio spp., Shewanella spp. and Cellulophaga spp., are frequently men-
tioned in marine biofilms as being able to affect larval settlement by
multiple ways (Fitt et al., 1990; Kirchman et al., 1982; Satuito et al.,
1995; Weiner et al., 1989; Yang et al., 2013). Pseudoalteromonas spp.
and Alteromonas spp. received growing attention in biofilm-mediated
settlement studies as bacteria which release settlement-inducing pro-
tein complex (SIPC) cueing larval metamorphosis of barnacle cyprids
into competent settlers (Matsumura et al., 1998; Satuito et al., 1995).
Pseudoalteromonas spp. had been subjected to detailed genetic and
mechanistic studies (Freckelton et al., 2017), due to the widespread
importance during the development of a variety of marine invertebrates
(Huggett et al., 2006; Klassen et al., 2015). This bacterial genus has
been also reported to affect the metamorphosis of the Caribbean coral
nubbins (Negri et al., 2001; Sneed et al., 2014; Tebben et al., 2011), by
the production of tetrabromopyrrole, an antibiotic compound which
favours coral larvae against other competitors. Furthermore, the pre-
sence of metamorphosis associated contractile structures (MACs) on
strains of Pseudoalteromonas luteoviolacea which trigger the settlement
of the tubeworm H. elegans has also been described as responsible for
the bacteria-larvae interaction (Shikuma et al., 2014). Alteromonas spp.
and Vibrio spp. too are genera able to produce metamorphosis-inducing
molecules (e.g. fatty acids) for hydroids, mussels and cnidarians and to
induce gregarious larval settlement (De Gregoris et al., 2012; Leitz and
Wagner, 1993; Neumann, 1979; Satuito et al., 1995). Cellulophaga ly-
tica, moreover, is known to have outer-membrane vesicles (OMVs) in-
volved in the bacteria-invertebrates interaction and responsible for in-
ducing settlement of the tubeworm larvae (Freckelton et al., 2017).

By contrast, other researchers attribute to Vibrio spp. (e.g. Vibrio
algynolithicus, Dobretsov and Quian, 2002), Alteromonas spp. and

Shewanella spp. the production of anti-fouling compounds (i.e. a poly-
saccharide> 200 kDa, proteases and an ubiquinone, Dobretsov et al.,
2007; Harder et al., 2004; Kon-ya et al., 1995), which are deterrents to
settlement of the polychaete Hydroides elegans and of the barnacle Ba-
lanus amphitrite.

This study shows the presence in the two artificially cultured bio-
films of two Vibrio isolates, that may have inhibited the attachment of
Dendropoma juveniles by proteases, largely produced by several Vibrio
spp. (Salamone et al., 2015).

According to the results here obtained, the microbial associated
stimulus responsible for cueing the settlement rate of the central-
Mediterranean Dendropoma cristatum seems to be age-dependent, either
related to the increase of the biofilm density or to the settling of specific
microbial taxa, although no taxon-specific responses, related to the
culturable bacterial fraction, could be reported at this stage. However,
it is known that culture-dependent techniques are able to isolate only a
small fraction (i.e., less than the 1%) of the whole microbial community
of a natural environment (Hugenholtz, 2002). Hence in this study, the
bacteria isolated from the reef-biofilm are only a small fraction of the
total microbial assemblage that could have a positive effect on the
settlement and the influence of non-cultivable bacteria can not be ex-
cluded. Furthermore, the employment of additional culture-media and
incubating conditions is of course an option to improve the range of
cultivable bacteria from the vermetid reef-associated biofilm (Joint
et al., 2010).

However, our study represents the first attempt to assess the bio-
diversity of vermetid reef-associated cultivable bacteria and the po-
tential role of the biofilm ageing in affecting the settlement of the reef-
builders D. cristatum. Overall, biofilm age is strongly linked to microbial
succession and significantly increased bacterial density, with pio-
neering biofilms generally supporting a low diversity of immediate
colonisers and established biofilms comprising a higher diversity of
bacteria and other single-celled microorganisms (Dang and Lovell,
2016). Studies focusing on the successional patterns of marine biofilms
report that microbial films progress toward complex 3-dimensional
fouling layers, with variations also in the biological composition and
the metabolic activity of their components (MacLulich, 1986; Nagarkar,

Fig. 5. Linear regression between the number of settlers/25 cm2 after the field experiment (5 days) within site 1 and site 2 and the maturity of the biofilm. r= 0.69 (p < 0.001); n= 61.
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1996). Importantly, mature biofilms support a matrix of complex mo-
lecules and morphogenic signaling compounds which are thought to
contribute to larval settlement in marine invertebrate species (Hadfield,
2011). This matrix shows great microheterogeneity, within which nu-
merous microenvironments can exist (Sutherland, 2001). Trying to
explain the bacterial succession on the artificial settlement blocks used
in this study is not easy at this step of the research. Overall, the dy-
namics of surface colonization in the marine environment, particularly
in the early stages of biofilm formation are not well understood and are
characterized by transient attachment periods or competition between
species (Siboni et al., 2007). Successional patterns are dependent on the
nature of the substratum, water flow, concentrations of organic mac-
romolecules as well as the availability of bacteria, algal spores and
invertebrate larvae. Generally, in temperate climates, biofilms reach a
maximum development during the summer and decreases significantly
during the winter months, as a result of reduced temperature, lower
light intensity and shorter day-length (Charaklis, 1981; Valiela, 1995).
After adsorption of organic molecules onto a surface, bacteria are
generally the earliest colonizers (Chan et al., 2003), as they are the
microorganisms immediately able to consume these organics (Bakker
et al., 2004; Bhosle et al., 2005; Siboni et al., 2007). Bacteria are fol-
lowed by diatoms, cyanobacteria and, in the late stages, encrusting
algae. Studies conducted in temperate coastal marine waters show that
the Rhodobacterales (Alphaproteobacteria) are the most representative
bacterial group of early –colonizers on natural and artificial surfaces
(Dang and Lovell, 2000; Dang et al., 2008; Jones et al., 2007) and
Planctomycetes are associated with a more mature community
(Brummer et al., 2004; Chung et al., 2010), although bacterial succes-
sion is strongly affected by local conditions.

These successional biofilm community changes may affect larval
settlement in many ways (Wieczorek and Todd, 1997). In our study,
substratum physical variations associated with the presence of a well-
developed microbial layer could be perceived by the crawling Den-
dropoma juveniles as a cue which indicates higher habitat heterogeneity
(Sutherland, 2001) and availability of resources for their early devel-
opment. Beside, bio-molecular stimuli from mature biofilms may pro-
mote the juvenile's cementation to the substratum and recruitment by
morphogenetic way, as in the case of other intertidal ecosystem en-
gineers, such as: mussels (Tamburri et al., 2008), barnacles (Thompson
et al., 1998) and polychaetes (Hadfield, 2011; Zardus et al., 2008).

The clear differences in the settlement rates observed on different
biofilm treatments support the conclusion that crawling D. cristatum are
able to actively select their settlement substratum. This hypothesis was
also sustained by Spotorno-Oliveira et al. (2015) which showed that the
Brazilian reef builders Dendropoma irregulare selects living crustose
coralline algae (CCA) (i.e., Porolithon pachydermum) as settlement
substratum. In the study, the presence of a biofilm associated to CCA
was only hypothesized as a biological stimulus potentially enhancing
the vermetid settlement (Spotorno-Oliveira et al., 2015). Here we
suggest that an older microbial community can trigger vermetid set-
tlement, showing another biogenic cue that could have implication in
the vermetid settlement. However, further research is needed to fully
elucidate these heterospecific positive interactions.

An additional interesting outcome of our study may be the use of
limestone, which is the natural settlement rock for D. cristatum
(Antonioli et al., 1999). Settlement experiments are seldom conducted
under natural conditions and on natural rocks (Thompson et al., 1998).
Artificial materials, such as plastic plates and glass microscope slides
(e.g. Todd and Keough, 1994), are largely employed for microbial film
and marine larvae attachment, and this may considerably influence the
settlement patterns (Henschel et al., 1990; Mihm et al., 1981; Wahl,
1989). In this study, the high number of D. cristatum settlers recorded
on the limestone blocks after 5 days of field exposure (on average
1.41 ± 0.22 ind./25 cm2) is consistent with previous settlement rate
data recorded on natural vermetid reefs in a different site in the NW of
Sicily (Franzitta et al., 2016). Therefore, we suggest limestone to be a

suitable substrate for the settlement of this reef-building species with
potential outcomes for restoration actions. To our knowledge, restora-
tion of Dendropoma spp. reefs has not occurred before and the lack of
knowledge about the biology of these reef-builder vermetids critically
hinders the development of such a practice (Milazzo et al., 2016). Once
anthropogenic pressures affecting Dendropoma spp. survival at local
scale (e.g. Di Franco et al., 2011) are removed by active management
and protection measures, we suggest the transplantation of such Den-
dropoma-colonized blocks could be an option to promote reef recovery
and restoration and thus to potentially invert the observed decline of
some reefs in the Western Mediterranean. Studies including the as-
sessment of settlement stage of other Mediterranean Dendropoma spe-
cies are strongly needed to promote valid management plans of these
intertidal reefs at a more regional level, particularly on those popula-
tion facing ongoing decline (Galil, 2013; Rilov, 2013, 2016).

Finally, this research might also provide some useful insights about
the biological interactions with bacterial films which may be of re-
levance for successful reef development. Likely specific properties of an
aged biofilm may affect habitat selection by Dendropoma cristatum
crawling juveniles, improving their settlement rate. To fully elucidate
the role of the biofilm in the settlement process of this vermetid species,
a more detailed description of the total microbial community compo-
sition, along with abundances and types of algae and protozoa as well
as other bacteria, would be a useful addition to the present study. To
achieve this aim, fingerprinting techniques and high throughput DNA
sequencing of the microbial assemblages are in progress, as the fol-
lowing step for this research.
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