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Abstract

The external morphology of sponges is characterized by high plasticity, generally considered to be shaped by environmental 
factors, and modulated through complex morphogenetic pathways. This work shows for the first time that explants of the At-
lanto-Mediterranean demosponge Aplysina aerophoba reared in aquaria under different pH and temperature conditions produce 
reproductive buds with a phenotype determined by the donor individual. These results suggest, therefore, that genotype may be an 
important factor controlling different phenotypes in this species.
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Introduction

Sponges are invertebrates with a relatively simple 
body design, formed by an external layer, the pinaco-
derm; an inner layer, the mesohyl; and an aquiferous sys-
tem composed of canals and choanocyte chambers. The 
body structure is maintained with a network of supporting 
elements of organic (collagene fibres) and/or inorganic 
(calcium carbonate or silicon spicules) nature. This sim-
plicity often results in an ill-defined, amorphous shape, 
which implies a lack of a clear set of morphological diag-
nostic characters. Moreover, sponge morphology is influ-
enced by environmental conditions, such as exposure to 
sunlight, turbidity of water, currents, and depth (Bidder, 
1923; Kaandorp & De Kluijver, 1992; McDonald et al., 
2002); and modulated through complex morphogenetic 
pathways (Wiens et al., 2008). Therefore, the variabili-
ty of the phylum Porifera challenges the delineation of 
high and low level taxa. Often, sympatric sibling species 
with minor morphological differences are masked un-
der a “species complex” name (Blanquer & Uriz, 2008). 
Conversely, in other cases, high levels of intraspecific 
plasticity blurs the boundaries between populations and 
species (Schmitt et al., 2005). 

Phenotypical differences are often obvious in charac-
teristics such as colour, growing shape or branching pat-
tern and may be related to degree of genetic proximity 
between conspecific individuals (Solé-Cava & Thorpe, 

1986). This was tested on field experiments involving 
tropical sponges, in which the relationship between the 
phenotype and genetic identity of individuals was ver-
ified with graft histocompatibility bioassays (Hildeman 
et al., 1979; Jokiel et al., 1982; Neigel & Avisse, 1983; 
Neigel & Schmahl, 1984; Wulff, 1986; Wulff, 1991). For 
instance, Wulff (1986) found that individuals with a more 
breakable branching morphology (i.e. individuals with 
narrower branches) were associated to fusion groups with 
more members than other individuals with more robust 
branches. These results suggest that the dispersal capac-
ity could not only be inferred from the clonal phenotype 
but also influenced by it. Then, there must be a central 
role in phenotypes related to the expression of asexual 
characters, such as those that modify the morphology of 
propagules. 

Polymorphism related to the budding process has 
been described and studied in other demosponges, espe-
cially in the genus Tethya (Selenka, 1879; Connes, 1967; 
Corriero et al., 1996; Hammel et al., 2009). However, 
information regarding the order Verongiida is scarce. 
Representatives of this group are characterized by ex-
hibiting high levels of phenotypical variation, being able 
to reproduce either sexually by oviparity or asexually by 
means of bud production and fragmentation, and being 
of high ecological and biomedical importance (Bergquist 
& Cook, 2002). Here, we present a first preliminary ob-
servation indicating that a clone-specific genotype drives 
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budding morphology in the Atlanto-Mediterranean ve-
rongiid Aplysina aerophoba (Nardo, 1833), made during 
an experiment designed to test the potential response of 
this species to future acidification and global warming.

Material and Methods

In February 2018, five large donor individuals of A. 
aerophoba, separated from each other by more than fifty 
metres, were collected in Alcudia Bay (Mallorca, Spain) 
and transported to the aquaria facilities of “Jaume Ferrer” 
Research Station (Menorca, Spain). Twenty-five explants 
were cut off from each donor individual and distributed 
in five 90 l aquaria with identical conditions of salinity 
(37.5 PSU), light exposure (86 lux in a 12:12 h cycle), 
and water renewal (60 ml/min). Seawater was continu-
ously mixed with submersible pumps – Eheim Aquaball 
60 calibrated to 150 l/h – ensuring similar recirculation 
and water current in all aquaria. Different pH and tem-
perature conditions were applied in each aquarium as ex-
perimental treatments: (i) Tank 1, pH 8.1, T 20 °C; (ii) 
Tank 2, pH 8.1, T 25 °C; (iii) Tank 3, pH 8.1, T 30 °C; 
(iv) Tank 4, pH 7.8, T 20 °C; (v) Tank 5, pH 7.6, T 20 
°C. Temperature conditions were chosen based on natural 
seasonal trends observed in the collection area, while pH 
conditions simulated the current global pH in surface wa-
ters and the predicted changes for the year 2100, accord-
ing to different IPCC scenarios (Bates et al., 2014). The 
initial temperature and pH values at the beginning of the 
experiment (in March 2018) were 17 °C (± 0.5 °C) and 
8.1 (± 0.03 pH units, total scale), respectively. Treatment 
conditions were reached progressively during a one-
month acclimation ramp and then kept constant for three 
months until the end of the experiment, in June 2018.

Each explant was properly tagged and photographed 

monthly to assess its morphological status and evolution 
over time. The photographs were always taken with the 
explants located in the same place; a plastic grill was 
placed at the bottom of the tanks and, since the sponges 
were supported on a methacrylate base fitted in the grill, 
positions were replicable monthly. Maximum length of 
randomly chosen buds from Tank 1 (n= 43), Tank 2 (n= 
46), Tank 3 (n= 40), Tank 4 (n= 43), and Tank 5 (n=39) 
were measured from pictures taken at the end of the accli-
mation time (Month 1), and then maximum length of the 
same buds was measured from pictures taken after one 
month of experiment (Month 2), using the FIJI software 
(Schindelin et al., 2012). Growth rate was calculated as 
the difference in total length of the buds between the first 
and second month. In situ photographs of random indi-
viduals were also taken in the sampling area during De-
cember 2017 and August 2018 (Fig. 1).

Growth rate data were transformed with a root 
square-function and tested for assumptions of normali-
ty and homoscedasticity using the Kolmogorov-Smirnov 
and Levene tests, respectively. A one-way ANOVA was 
performed to assess differences between treatments in 
growth rate of the buds, and means were compared be-
tween groups by Tukey’s HSD post hoc test. Finally, to 
identify the dominant factor explaining the variability ob-
served between treatments, a two-way ANOVA, with pH 
and temperature as fixed factors, was applied. Data were 
analysed using JMP 9.0.1 software (SAS Institute Inc., 
Cary, NC, USA).

Results

Morphological patterns emerged at the end of the ac-
climation ramp, after one month of rearing. At that time, 
the explants began to produce buds and maintained their 

Fig. 1: In situ photographs of A. aerophoba. A-C, late summer appearance; D, winter appearance. Arrow in C, bud point of fissure; 
arrow in D, small incipient bud. 
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unique morphological traits until the end of the experi-
ment, three months later. Differences in form, size, and 
shape of buds defined five patterns, each one clearly 
distinguishable macroscopically and only sharing in the 
clones deriving from the same donor individuals. Vari-
ability was expressed in the form of: (i) flattened branch-
es with little hand-like lobules in T clones; (ii) long, 
elongated, breakable projections in V clones; (iii) single, 
thick digitations in X clones; (iv) divergent branches that 
dichotomized from a thin root in Y clones; and (v) fin-
ger-like branches that dichotomized from a thick root in 
Z clones (Fig. 2). It is remarkable that the specific clonal 
expression of the phenotypes was uniformly observed, 
regardless of treatment conditions. 

Significant differences between treatments were ob-
served in the growth rate of the buds (ANOVA one-way, 
F4, 209 = 48.7130, p < 0.001). Average growth rate (mean ± 
standard error of the mean, SE) was 7.9 ± 0.3 mm month-1 
for buds in Tank 1; 12.8 ± 0.5 mm month-1 in Tank 2; 14.1 
± 0.6 mm month-1 in Tank 3; 6.8 mm ± 0.4 month-1 in 
Tank 4; and 7.9 ± 0.5 mm month-1 in Tank 5. The ANO-
VA two-way analysis subsequently applied to our results 
indicated that the significant differences between treat-
ments observed in the growth rate of the buds were due 
to the effect of temperature (F2,209 = 43.8851, p < 0.001), 
rather than pH (F2,209 = 0.2346, p = 0.0765). 

In addition, during the second half of the experiment, 

some of the buds were released and adhered to the sup-
porting grid or other surfaces of the aquaria, via newly 
formed tissue or exposed spongin fibres (Fig. 3). 

Discussion

The budding process in A. aerophoba has been previ-
ously documented, in both natural and ex situ conditions 
(Vacelet, 1959; Gerçe et al., 2009). The temperature ef-
fect on bud development observed ex situ is analogous 
to what happens with this species in the wild, where 
summer conditions promote the formation of buds (Fig. 
1, A-C) and, presumably, later autumn storms may con-
tribute to asexual dispersal by breaking and transporting 
the buds generated (Battershill & Bergquist, 1990). How-
ever, how bud polymorphism affects demographic pro-
cesses and traits such as asexual dispersal, success in the 
establishment of new colonies, or genetic variability in 
populations, remains unknown.

In natural conditions, where sponges are exposed to 
currents and waves, budding architecture could be essen-
tial to determine recruitment success. On the one hand, 
thinner buds are more prone to breakage than thicker 
ones. On the other hand, heterogeneity in sizes and forms 
may influence the dispersion capacity of propagules in 
the water column by affecting characteristics such as den-

Fig. 2: Budding patterns shown by the different explants reared in aquaria. Letters indicate the donor individual. Scale bar, 3 cm.
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sity, volume, effective surface and, consequently, buoy-
ancy. Finally, differences in bud morphology could de-
termine settlement efficiency by increasing or decreasing 
the tendency of buds to adhere to certain substrates. 

The distinct phenotypes of buds in our study were uni-
formly observed regardless of the aquaria treatment con-
ditions, suggesting that in A. aerophoba, the morphology 
of buds could have an intrinsic genetic factor. Correlation 
between donor individual and clone morphology has been 
previously reported in other demosponge species, with 
clonal-diagnostic traits, like colour and branching pat-
tern, proposed as indicators of physiologically indepen-
dent individuals (Neigel & Schmahl, 1984; Wulff, 1986). 
However, this is the first time that a phenotype related to 
an asexual reproductive process has been observed in A. 
aerophoba, a fact that may provide insights into the study 
of reproduction, population dynamics, and morphogenesis 
of the group. The use of controlled aquaria allowed us to 
eliminate the effects of biotic and abiotic factors that affect 
sponge growth and to study phenotype expression without 
the bias induced by these factors. Further research will de-
termine how polymorphic the budding phenotypes are in 
natural populations, and how this affects dispersion suc-
cess and the population structure of the species.
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