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The suitability of the primmorphs system as a good model for biotechnological applications led
researchers on primmorphs to look for a medium to stimulate cell proliferation and therefore growth
of aggregates. Recent efforts have focused on the use of Fe+3 and Si that, supplemented to cell
culture medium, were found to be promising for growth and morphogenesis of the sponge Suberites
domuncula. In this work, we analysed the effect of iron and dissolved silica on primmorphs of Petrosia
ficiformis, by testing them at different concentrations in successive experiments. The purpose of these
experiments was to test their effect on primmorphs and individuate their optimal concentration for
this species. Our results suggest a negative effect of iron on primmorphs of P. ficiformis and a positive
effect of silica on primmorphs size and spiculogenesis at a concentration of 120 μM.
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1. Introduction

The culture of primmorphs is considered one of the most promising approaches for biotechno-
logical applications of sponges. These round aggregates are formed with the re-establishment
of cell–cell and cell–matrix contacts after sponge-cell dissociation and constitute the end of
the aggregation of cellular material in primary lineages [1]. Contrary to dissociated cells, prim-
morphs are suggested to be characterized by a potential telomerasic activity [2, 3]. Despite this,
primmorphs do not show effective cell proliferation, and growth rates are low [4]. The increase
in size of primmorphs is generally due not to the production of new biomass, but owing to
the fusion of small primmorphs into large new ones [5]. Cell culture in vitro therefore needs
supplementary stimuli to initiate mitosis, and several authors have evidenced the lack of an
appropriate growth medium [6] and growth promoters to produce new biomass in such lin-
eages. A fetal bovine serum has been used in first attempts [7, 8], but serum easily causes
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234 L. Valisano et al.

contaminant proliferation [9], which required the use of sterility and/or antibiotics. However,
the use of antibiotics negatively affects the symbiotic equilibrium with heterotrophic bacteria,
so that the use of these substances is preferentially avoided [4, 10, 11]. A variety of commer-
cial media supplemented with sponge extracts, Escherichia coli, and bacteria isolated from
sponges, soluble glucose, or lipids have been tested [12, 13]. Recent researchers have suggested
that the addition of Fe3+ and Si to sea-water-based media induces not only a significant prolif-
eration of cells in primmorphs, but also the expression of a cluster of genes, whose activation
is correlated to the formation of spicules [14, 15]. This phenomenon is particularly important
because the production of spicules can be considered as an early step in the morphogenesis
and development of primmorphs into complete sponges [16–18].

Sponge spicules are rich in iron: a spicule of Suberites domuncula contains 1–7% iron
(as Fe2O3) [18], while the extracellular concentration of Si controls the expression of the
silicatein gene, directly related to the synthesis of spicules in both S. domuncula [18] and
Tethya aurantium [19]. Sea water contains 1 nM of total Fe, while dissolved silica is present
in sea water at a concentration of roughly 1–10 μM [18, 20, 21]. Whereas surface waters are
relatively poor of dissolved silica, with a concentration always lower than 3 μM [21], deep
sea waters are rich in Si(OH)4, with varying concentrations, according to different authors,
from 3 to 150 μM [22] or 10 to 180 μM [21].

Petrosia ficiformis was found, among Mediterranean sponges, to be one of the most pro-
ductive species for primmorph formation [5], and so, as in previous reports [10], this species
was chosen for improvement studies in primmorph production.

In this work, the effect of supplemented iron and dissolved silica, which led to a morpho-
genetic potential on primmorphs of Suberites domuncula [14, 18], was tested on primmorphs
of Petrosia ficiformis, with the purpose to optimize culture conditions and induce an increase
in primmorph size.

2. Materials and methods

2.1 Specimen collection

Specimens of Petrosia ficiformis were collected along the Marine Protected Area of Portofino
(Ligurian Sea, Italy) at depths of 15–20 m. Sponges were immediately carried to the laboratory
and maintained in aquaria at 12 ◦C and at a salinity of 38‰.

2.2 Cell dissociation

The day after sampling, sponges were processed for dissociation of cells according to the
previous established protocol [3]. Sponge samples of 4–5 cm3, continuously submersed in
sea water, were cut into small pieces and transferred into 50-ml conical tubes filled with
calcium- and magnesium-free sea water supplemented with EDTA (CMFSW-EDTA). After
gentle shaking for 20 min, the solution was discarded, and new CMFSW-EDTA was added.
After continuous shaking for 40 min, the supernatant was collected, filtered through a 40-μm-
mesh nylon net, and the process repeated. Samples were centrifuged (1600 rpm, 458 g for
5 min) and washed twice in CMFSW. Cells in final pellets were resuspended in natural filtered
sea water, and dissociated cells were put into tissue-culture plastic plates on an oscillating
table to avoid cells attaching to the bottom of plates.

After 3 d, one-third of the sea water was replaced with new filtered water.
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Primmorphs of Petrosia ficiformis 235

2.3 Experimental conditions and data analysis

According to previous reports [3], 5-d-old primmorphs were picked up, their radius measured
under a stereomicroscope, and then put into different culture conditions to test the effect of
supplemented iron (as ferric citrate) and dissolved silica (as Na-silicate) on their size.

In a first set of experiments, 5-d-old primmorphs were incubated in: (1) natural sea-
water medium containing 5 μM silica as a control; (2) natural sea water supplemented with
30 μM Fe3+; (3) natural sea water supplemented with 60 μM silica; and (4) natural sea water
supplemented with 30 μM Fe3+ together with 60 μM silica.

In the second experimental set, the concentrations tested were increased to 60 μM Fe3+ and
120 μM silica. Therefore, in the second set of experiments 5-d-old primmorphs were incubated
in: (1) natural sea-water medium containing 5 μM silica; (2) natural sea water supplemented
with 60 μM Fe3+; (3) natural sea water supplemented with 120 μM silica; and (4) natural sea
water supplemented with 60 μM Fe3+ together with 120 μM silica.

As consequence of results obtained from the second experimental set, in the third set, we
improved culture conditions by increasing the concentration of supplemented dissolved silica,
but maintaining the concentration of supplemented iron constant.

In the third set of experiments 5-d-old primmorphs were incubated in: (1) natural sea-water
medium containing 5 μM silica; (2) natural sea water supplemented with 180 μM silica; and
(3) natural sea water supplemented with 30 μM Fe3+ together with 120 μM silica.

In the fourth set of experiments, all culture conditions were finally tested in parallel. 5-d-old
primmorphs were incubated in: (1) natural sea-water medium containing 30 μM Fe3+ and
60 μM silica; (2) natural sea water supplemented with 30 μM Fe3+ and 120 μM silica; (3)
natural sea water supplemented with 30 μM Fe3+and 180 μM silica; (4) natural sea water
supplemented with 120 μM silica; and (5) natural sea water supplemented with 180 μM silica.

We did six replicates for all experimental conditions of each experimental set. The concen-
tration of dissolved silica of natural sea water of the experimental sets was assessed using a
silica (silicic acid) test (Merck).

Every 3 d, one-third of the sea water was replaced with new filtered water, always supple-
mented with iron or dissolved silica, according to each experimental set.At each water change,
primmorphs were measured under a stereomicroscope, and the effect of supplemented ions
on the size of the primmorphs was monitored for a month.

Areas of primmorphs were calculated measuring their diameters and assuming primmorphs
to be perfect spheres [4]. In each experimental set, the effect of treatments was tested using
the Jonckheere test, Kruskall–Wallis ANOVA, and, when appropriate, a multicomparison
analysis [23].

At the end of the final experiments, after a month of supplementing ions, primmorphs
were picked up for spicule analysis using an optical microscope. Primmorphs of the same
size (1–1.5 mm) and from separated samples for each culture condition were placed onto
glass slides and observed at the optic microscope. Spicules were identified in the primmorphs
thanks to their bright light reflection properties [15]. The length and thickness of the spicules
within primmorphs were recorded and compared using Mood’s Median Test.

3. Results

The concentration of Si and Fe3+ (60 μM and 30 μM, respectively) tested in the first experi-
mental set (figure 1A) induced a negligible increase in size in primmorphs of Petrosia ficiformis.
From a comparison of size of primmorphs under the different conditions, we found a very
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236 L. Valisano et al.

Figure 1. Maintenance of primmorphs with different salt concentrations.
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slight treatment effect (Kruskall–Wallis ANOVA: P ≤ 0.05), with no differences between
effects of supplementing of the iron alone and of the silica alone.

In the second experimental set (figure 1B), the increase in concentration of both ions resulted
to induce a more evident effect (Kruskal–Wallis ANOVA: 0.02 < P < 0.05). With 120 μM Si
primmorphs reached the highest dimension of 0.46 ± 0.13 mm2 (multicomparison analysis:
P<0.05). The supplementation with only 60 μM iron does not show any variation in compar-
ison with the control. Iron added with silica caused disintegration of primmorphs in a couple
of weeks. For successive experiments, these results suggest that a lower concentration of iron
(30 μM) should be used.

The further increase in dissolved silica in sea water medium (figure 1C) showed a more
significant effect (Kruskall–Wallis ANOVA: 0.001 < P < 0.014). Increasing the concentra-
tion of Si to 180 μM, primmorphs reached a size of 0.47 ± 0.12 mm2. In this experimental
set, 180 μM Si induced the greatest size increase in the primmorphs (multicomparison
analysis: P < 0.05).

The final test (figure 1D) allowed us to show a significant increase in primmorph size in
relation to the increase in silica concentration (Jonckheere test: P < 0.05) and a highly signif-
icant treatment effect (Kruskall–Wallis ANOVA: 0.001 < P < 0.01). The optimal conditions
for cultures of primmorphs were obtained with Si at concentrations of 120 μM and 180 μM,
while the further adding of Fe3+ negatively affect the size of primmorphs (multicomparison
analysis P < 0.05). After 18 d of culture at the concentrations of 120 μM and 180 μM Si,
we observed an increase in size of 0.37 ± 0.07 mm2 and 0.41 ± 0.08 mm2, respectively, with
no differences between treatments. The size reached was not maintained by primmorphs for
a long time, but even if sea water was renewed, cultures were made up by keeping the con-
centration of ions in each experimental set stable, and the size of the primmorphs after 21 d
dramatically decreased. Therefore, the results obtained allowed us to demonstrate a null or
negative effect of the combinations of the two ions on cell cultures and a short time effect at
Si concentrations of 120 μM and 180 μM.

Ions concentration was found to have an effect not only on the size of primmorphs, but
also on spicule production within primmorphs. The different concentrations tested in the final
experimental set (figure 2) showed a very significant effect on the length of spicules formed

Figure 2. Spicules length (medians ± IC) in relation to ions concentrations tested (1: Fe 30 μM + Si 60 μM;
2: Fe 30 μM + Si 120 μM; 3: Fe 30 μM + Si 180 μM; 4: Si 120 μM; 5: Si 180 μM). High-resolution outputs mark
the distance of values from IC range with asterisks.
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238 L. Valisano et al.

Figure 3. Spicules thickness (medians ± IC) in relation to ions concentrations tested (1: Fe 30 μM + Si 60 μM; 2:
Fe 30 μM + Si 120 μM; 3: Fe 30 μM + Si 180 μM; 4: Si 120 μM; 5: Si 180 μM).

(Mood’s median test: P = 0.000). In the case of Si combined with Fe3+, spicules were shorter
in length than those shown with only the silica. With Fe3+ combined with 120 μM and 180 μM
Si, spicule lengths were on average 128.09 μm and 119.0 μm, respectively. With Fe3+ and
120 μM Si, the spicule lengths were higher but always lower than 134.7 μm (mean value).
With the only silica spicules joined the length of 155.8 μm (mean value) and 159.6 μm (mean
value), with 120 μM and 180 μM Si, respectively. In particular we demonstrated, as shown in
figure 4, that the spicule lengths were greater and more variable with 120 μM and 180 μM Si
compared with cultures with iron, thus showing that the length of the spicules formed within
primmorphs is negatively affected by the presence of iron in cell cultures and varies depending
on the availability of dissolved silica. The thickness of the spicules produced (figure 3) was
also higher in the presence of 120 μM and 180 μM Si compared with the conditions with the
two ions combined (Mood’s median test: P = 0.002).

Figure 4. Trends of spicules length and size of primmorphs in relation to ions concentration tested (means ± SE).
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The results obtained allowed us to show the same effect of ion concentrations on the two
parameters studied on primmorphs (figure 4). In both cases, the presence of iron negatively
affected cultures. The increase in dissolved silica in the presence of iron was found not to
promote an increase in the size of primmorphs and the length of the spicules produced.

Therefore, the combination of the two ions Fe3+ and Si was found to have a negative affect
on cell cultures for both parameters analysed, while the availability of the only dissolved
silica produced a response in both cases. Moreover, in culture conditions with 120 μM Si, the
high variability of spicule size formed by primmorphs is coupled with a more variable range
of spicular types. While under the other conditions, we found only hastate, blunt, or curved
oxeas, in cultures with 120 μM Si, we found curved and stepped oxeas, strongyles, and even
styles within primmorphs.

4. Discussion

The addition of iron and silica in sea-water-based culture medium affected the growth dynamics
of primmorphs of Petrosia ficiformis. Unlike S. domuncula, which, in the presence of 60 μM
Si, tripples the size of primmorphs from 2 to 6 mm [14], and, with 30 μM Fe and 60 μM Si,
increases the size to 10 mm [24], in P. ficiformis the concentration of 30 μM Fe and 60 μM Si
stimulates a slight increase in size.

The series of successive experiments that we performed allowed us to determine the opti-
mal culture conditions to induce an increase in primmorph size for this species, albeit not
comparable with the increase in size reported for S. domuncula.

Our results showed that supplementing sea-water medium with the combination of iron and
silica the primmorphs of P. ficiformis growth is limited or completely compromised.

The null effect of iron on the size of the primmorphs has already been demonstrated for the
species Hymendiacidon perleve [25]. Therefore, as previously suggested [25], the effect of
iron on cell cultures may be species-dependent. Good results have been obtained by increasing
the concentration of the dissolved silica only.

With silica at a concentration of 120 μM, primmorphs showed an increase in size. A further
increase in the concentration of available dissolved silica resulted in a null effect on the size
of primmorphs. These results were confirmed in the analyses of spicules produced within
primmorphs.

To date, the effect of silica on spicule formation in vitro has been determined only by a semi-
quantitative approach, using the same concentrations of iron and silica tested for primmorphs
size, showing that iron influences spicule production in S. domuncula [24].

The availability of dissolved silica has a great influence on the formation of spicules for the
sponge P. ficiformis, but also in this case, the presence of iron had a negative influence on the
length of spicules. The length and thickness of spicules formed under the different conditions
suggested that the presence of iron in sea-water-based medium cultures could inhibit the
deposition of silica in P. ficiformis primmorphs.

Therefore, whereas, for S. domuncula primmorphs, iron induces cell proliferation and mor-
phogenetic effects with an accelerative and supportive influence on spicule synthesis [14], for
P. ficiformis iron seems to be unnecessary and to have a negative effect on the growth and
morphogenesis of primmorphs, particularly when added with silica.

This may be related to the iron concentration the sponge experiences in its natural environ-
ment: if the iron concentration in the area of sponge sampling is low, the iron supplementation
in cultures at concentrations higher than that usually present in nature could lead to an
overexpression of genes involved in spiculogenesis, and consequently lead to metabolic stress.
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The concentration of dissolved silica at 60 μM is the optimal concentration for the produc-
tion of spicules in S. domuncula [26]. For the species P. ficiformis, the optimal concentration
was found to be 120 μM. The spicule length was higher in the presence of silica only, with no
great differences between 120 μM and 180 μM Si.

Our results suggest that in the case of P. ficiformis, the sizes of both primmorphs and
spicules formed within primmorphs depend on the presence of silica. The concentration of
dissolved silica influences silicatein gene expression; after exposure to silicic acid, a gene
battery correlated to silicatein became expressed in concert, and spicules were formed [20].
The optimal silica concentration for synthesis of spicules is between 5 and 100 μM [21].
From results obtained to date, great differences can be found among species, suggesting that
the concentration of available silica influencing primmorph size and spiculogenesis could be
species-dependent.

The optimal concentration of 120 μM Si demonstrated was found to lead to not only a wider
dimensional range of spicules but also a greater variation of spicular types in primmorphs
of P. ficiformis. The variability of spicular-type production depending on the availability of
dissolved silica could highlight several implications concerning the use of spicule type and
morphology as taxonomic characters. Concerning this demonstrated aspect, the different pro-
duction of spicular types depending on the availability of dissolved silica, as first observed in
C. crambe [21], was never observed in the primmorph system. The lack of a response with
the increase in availability of dissolved silica from 120 μM to 180 μM is in agreement with
previous reports [21], in which the authors suggested that sponges’ take-up of silica is more
efficient in medium-Si conditions than in high-Si conditions and that it may be inhibited at
unusually high concentrations [21, 27]. Transport of silica from extracellular spaces into cells
occurs in co-transport with Na [28]. Sponges in effect have an efficient system to take up silica
from the environment [20, 29], and high silica concentrations may inhibit the function of the
mechanism of Na–Si exchange [30].
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