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Abstract

While marine organisms such as bivalves, seagrasses and macroalgae are commonly used as
biomonitors for the environment pollution assessment, widely distributed sponges received
little attention as potential helpful species for monitoring programmes. In this study, the trace
element and radionuclide bioaccumulation and retention capacities of some marine sponges
were estimated in a species-comparative study using radiotracers technique. Six
Mediterranean species were exposed to background dissolved concentrations of ''""Ag,
M Am, '°Cd, “Co, **Cs, **Mn, "*Se and ®Zn allowing the assessment of the uptake and
depuration kinetics for selected elements. Globally, massive demosponges Agelas oroides,
Chondrosia reniformis and Ircinia variabilis displayed higher concentration factor (CF) than
the erectile ones (Acanthella acuta, Cymbaxinella damicornis, C. verrucosa) at the end of
exposure, suggesting that the morphology is a key factor in the metal bioaccumulation
efficiency. Considering this observation, two exceptions were noted: 1) 4. acuta reached the
highest CF for ''""Ag and strongly retained the accumulated metal without significant Ag loss
when placed in depuration conditions; 2) C. reniformis did not accumulate Se as much as 4.
oroides and 1. variabilis. These results suggest that peculiar metal uptake properties in
sponges could be driven by specific metabolites or contrasting biosilification processes
between species, respectively. This study demonstrated that sponges could be considered as
valuable candidate for biomonitoring metal contamination but also that there is a need to
experimentally highlight metal-dependant characteristic among species.
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Introduction

The coastal environment is continuously loaded with foreign chemicals such as metals
originated from the anthropogenic activities, i.e. by urban communities and industries, and
released through the river inputs. Therefore, the fate and effects of these contaminants in
aquatic ecosystems have been extensively studied by environmental toxicologists (van der
Oost et al., 2003, Johnston and Roberts, 2009). In order to ensure the survey of the marine
environment submitted to this anthropogenic contamination, researchers have developed a
large array of biomonitoring tools that allow time- and biological integrated measures of the
contaminants levels and their potential effects on biota (Philipps, 1990; Rainbow & Philipps,
1993). Three kinds of biomonitors were proposed, requiring the selection of organisms
according to criteria such as sedentary, easy identification, dense population, wide dispersion,
and longevity (e.g. Rainbow, 1995). The presence/absence of a “sentinel” species is first used
as a clue of long-term effects of contamination on populations and communities. The survey
of biological responses at the infra-individual scale can also be used as a biomarker of
exposure or effect at short-term scale (Lyons et al., 2010). Finally, organisms that are able to
accumulate chemicals are used to monitor the bioavailable fraction of contaminants in the
environment (Zhou et al., 2008). An efficient characterization of the contamination state of an
ecosystem must rely on several species that could reflect the potential sources of pollutants,
i.e. waterborne, particular or trophic and sediments (Rainbow, 1995). Consequently, there is a
continuous need for new marine biomonitors in order to encompass the most significantly an
ecosystem (Conti et al., 2008).

Benthic species such as bivalves, seagrasses and macroalgae have been commonly used as
biomonitors of a metal contamination (Roberts et al., 2008). Considering the renowned
characteristics of appropriate biomonitors, marine sponges are undoubtedly candidates for
more detailed investigations. Sponges are sessile marine invertebrates that are able to filter
large volumes of seawater and this characteristic will undoubtedly favor metal accumulation
from dissolved and associated trace elements (Pérez, 2000). Indeed, previous studies
demonstrated their high capacities to accumulate and to concentrate metals from the field and
they were already proposed as biomonitors of a metal contamination (Hansen et al., 1995;
Pérez et al., 2005; Cebrian et al., 2007; Venkateswara Rao et al. 2009; Pan et al., 2011; de
Mestre et al., 2012). The high bioaccumulation factors measured for some species rendered
them suitable for the tracing of elements at very low concentration in the water column.

Sponges are widely distributed in the sublittoral area and they can dominate both in terms of



diversity and biomass benthic communities from temperate rocky bottoms to polar continental
shelf. Furthermore, they are known to tolerate a high level of contaminations in most cases.
For these reasons, they have been proposed for a ‘Sponge Watch Program’, additional to the
‘mussel watch’ (Patel et al., 1985; Hansen et al., 1995; Pérez, 2000).

Surprisingly, the uptake and loss kinetics of trace metal elements have been poorly studied in
sponges even if these data are essential for several reasons (Patel et al., 1984, 1985; Hansen et
al., 1995). A high concentration factor is often required for a reliable monitoring of a
contamination and the uptake and elimination rates of a trace element are complementary data
to assess the efficiency of an organism to “register” an environmental contamination.
Furthermore, these rates give access to the exposure time required to obtain this information,
but also to the “storage” period during which the information is present in the organism.
Consequently, these kinetics data will give valuable information for the use of a sponge
species as a trace element biomonitor. High uptake rates will be required for the use of
sponges as sentinel to quickly identify a contamination. Furthermore, low loss rates will leave
traces of an old incident while high loss rates would rather be needed to follow the
decontamination process of the water medium. Although it is well known that sponges can
accumulate metal efficiently, very little information is available on the contrasting
bioaccumulation capacities among species from the same area (Pérez et al. 2004; Pan et al.,
2011). The primary objective of the present work was to investigate and to compare the
uptake and loss kinetics of trace elements from waterborne pathway by six taxonomically
diverse sponge species, highly represented in the coralligenous of the Mediterranean Sea,
namely Acanthella acuta, Cymbaxinella damicornis (previously Axinella damicornis),
Cymbaxinella verrucosa (previously Axinella verrucosa), Agelas oroides, Chondrosia
reniformis and [Ircinia variabilis, and then to identify their main features as potential
biomonitors. Trace elements, Ag, Mn, Zn, Se, Cd, Co, Cs and Am, were chosen among
essential and non essential elements using y-radiotracers in order to follow the
bioaccumulation of these elements in a highly sensitive manner. Bioaccumulation studies
have already been reported on some of these sponge species, mainly with the aim to obtain
the concentration factors of trace elements comparing with the concentration of these
elements in the water column or the sediments (Cebrian et al., 2003, 2006, 2007 and Pérez et
al. 2004). These results showed contrasting results relative to accumulation and suitability for
the assessment of marine environmental quality. In our study we decided to reinvestigate

some of these species as biomonitors of a trace element contamination but most importantly



in order to give important kinetic data on the uptake and loss properties of these trace

elements.

Materials and methods
1. Target species

The target species were six Mediterranean sponges, namely Acanthella acuta (Schmidt,
1862); Agelas oroides (Schmidt, 1864); Cymbaxinella damicornis (Esper, 1794);,
Cymbaxinella verrucosa (Esper, 1794); Chondrosia reniformis (Nardo, 1847), and Ircinia
variabilis (Schmidt, 1864). These sponges were selected because of a wide sublittoral or
circalittoral distribution in the western Mediterranean Sea. They were also chosen as
sufficiently diverse from a taxonomical point of view and well described with regard to their
morphology and cytology as summarized below (Hooper and van Soest, 2002):

a) Chondrosia reniformis (Class: Demospongiae, Order: Chondrosida, Family:
Chondrillidae) is a thick encrusting species predominantly composed of collagen and lacking
a fiber skeleton (mineral or spongin). Thus, the mesohyl is thick and well developed, whereas
the aquiferous system is reduced. This species is also considered to be a sensitive organism
that has difficulty to survive in polluted habitats (Cebrian et al., 2006).

b) Agelas oroides (Class: Demospongiae, Order: Agelasida, Family Agelasidae) is a
massive sponge with irregular lobes. Oscules are large, circular, and distributed at the top of

the lobes and its spicules attached in a well-developed spongin fiber skeleton.

¢) Ircinia variabilis (Class: Demospongiae, Order: Dictyoceratida, Family: Irciniidae) is a
massive sponge. Oscules are large and located at the top of the conical lobes. This species
does not have mineral spicules but a dense fiber skeleton structurally diverse from classical

spongins (Junqua et al. 1974).

d) Acanthella acuta (Class: Demospongiae, Order: Axinellida, Family: Dictyonellidae) is a
small erect sponge with rather small oscules and a skeleton of silica spicules responsible for
its fibrous quality.

e) Cymbaxinella damicornis (Class: Demospongiae, Order: Axinellida, Family:
Axinellidae) i1s a rather small branching-erect sponge with small and compressed branches.
Oscules are small and are located on the apices of the branches, partially surrounded by a
small triangular 'flap' of tissue. The skeleton is constituted of silica spicules that are axially

condensed and embedded in spongin fibers.



f) Cymbaxinella verrucosa (Class: Demospongiae, Order: Axinellida, Family: Axinellidae)
is a branching-erect sponge with an arborescent shape and cylindrical branches. Oscules are
small and rather circular and its skeleton is composed of silica spicules that are axially

condensed and embedded in spongin fibers.

2. Collection site, radiotracer and experimental design

Three specimens of each sponge species were sampled off the Fontvieille harbor at St
Nicolas rocks in Monaco by SCUBA between 20 and 35 meters depth in June 2008.
Individuals were selected of a homogenous size, with an average length of 7 + 2 cm for the
branch-erect sponges (4. acuta, C. damicornis and C. verrucosa) and an average diameter of
5 + 2 cm for the massive sponges (4. oroides, 1. variabilis and C. reniformis), Immediately
after collection, sponges were kept in seawater at constant temperature during their transfer to
the aquaria within 30 minutes.

At the laboratory, sponges were acclimated during 2 weeks in the aquarium conditions with
flowing seawater. Then, individuals were transferred into a 70 L closed-circuit tank with
stabilized environmental conditions: 0.45 pm filtered and U.V sterilized seawater;
temperature 19 + 1 °C; salinity 38 g L pH 8.02; light/dark cycle, 12h/12h. In these
conditions, they were further exposed to dissolved radiotracers for 170 hours. Sponges were
fed daily with Isochrysis galbana at a concentration of 10° cells 1'. No mortality was
observed during these experimental conditions.

Eight radiotracers (HomAg, 241Am, ]09Cd, 6OCo, 134Cs, **Mn, ”Se and 65Zn) were used
dissolved in seawater to follow the bioaccumulation behaviors of both anthropogenic
radionuclides released from the nuclear facilities (e.g. ''""Ag, **'Am, “’Co, **Cs, **Mn) (e.g.
Warnau et al., 1999; Ke et al., 2000) and corresponding stable metals discharged in marine
waters (e.g. Warnau and Bustamante, 2007). They were chosen because of their large
spectrum of physico-chemical properties and their different contribution to a marine
contamination. The radioisotopes were obtained from Amersham (**' Am, 'Cd, ®°Co, "**Cs),
Isotope Products (**Mn, *Zn) and Polatom (''“Ag, "°Se). Isotopes were dissolved in 0.1 N
HCI1 ('°Cd, **Mn, “Co), 0.5 N HCI (*Zn), 0.1 N HNO; (''"""Ag, **'Am), or pure water
(**Cs). Isotopes were spiked by additions of microliters of these stock solutions in the
seawater to obtain the following activities (''""Ag 0.5 kBq L™, **'Am 0.2 kBq L™, '”°Cd 1.3
kBq L™, ®Co0.5kBqL", **Cs 1.0kBq L™, **Mn 0.5 kBq L™, ”Se 0.5 kBq L™, ®Zn 0.5 kBq
L™"). For trace elements, these additions increased the concentrations by 400 pM Ag, 4.6 fM



*'Am, 3.4 pM Cd, 0.1 pM Co, 1.4 nM "*Cs, 83.4 pM Mn, 80 pM Se, and 10 pM Zn. The
resulting concentrations stand below natural seawater concentrations of these elements
(Bruland, 1983). No change of pH in the tank seawater was measured after radioisotope
addition. During the experiment, seawater and radiotracer spikes were renewed daily during
the first 5 days of incubation to maintain water quality and a constant radiotracer
concentration after each injection. Radiotracer activities in seawater were checked after 24,
48, 72, 98 and 170 hours of incubation, before and after each water renewal yielding time-
integrated activities in seawater for the 8 radiotracers of 0.33 + 0.18 kBq '""™Ag L™, 0.16 +
0.05 kBq **'Am L, 0.85 £ 0.11 kBq '”Cd L™, 0.46 + 0.05 kBq ®°Co L™, 1.04 + 0.01 kBq
P4Cs L, 0.44 + 0.10 kBq *Mn L', 0.46 + 0.03 kBq "Se L™, 0.42 + 0.05 kBq ©Zn L™
(Warnau et al., 1996). The metal uptake was followed by radiotracer activity counting in the
tag-identified sponge sampled after 24, 48, 72, 98 and 170 hours of incubation. Each
individual was sampled, rinsed in clean seawater to remove radiolabelled water from the

aquifer system, weighted and radiocounted according to the method described below.

After the incubation period, the radiolabelled sponges were placed in an open-circuit 70 L
tank and held for 7 weeks in clean and flowing water (seawater flux: 50 L h™'; temperature:
19°C; salinity 38 p.s.u.; light/dark cycle 12h/12h). Sponges were sampled and counted every
day during the first week and then weekly to establish the depuration kinetics of each

radiotracer.

3. Radioanalyses and data treatments

Radioactivity in all samples was assessed using a high-resolution Y spectrometry system
consisting of four coaxial Germanium (N- or P-type) detectors (EGNC 33-195-R,
Intertechnique) connected to a multi-channel analyzer (Interwinner6, Intertechnique). The
radioactivity of the samples was determined by comparison with the radioactivity in standards
of appropriate geometry and was corrected for background and radioisotope physical decay.
Gamma emissions of 11OmAg, 24]Am, 109Cd, 6OCo, ]34Cs, 54Mn, 3Se and °Zn were assayed at
657, 60, 88, 1332, 605, 835, 264 and 1116 keV, respectively. Counting time was adjusted to
obtain counting errors less than 5% but was limited to a maximum of 15 min to avoid stress
induction for the organisms (Jeffree et al., 2010).

The uptake of radiotracer was expressed as changes in concentration factors (CF), which
is the ratio between radiotracer activity in the sponge — Bq g — and the time-integrated

activity in seawater — Bq g (Metian et al., 2009). This unitless term expressed the efficiency



of the organism to accumulate and concentrate an element from the seawater after a
determined time of exposure.

Uptake kinetic was best described using either a linear equation (Eq. 1) or a saturation
exponential equation (Eq. 2):

CFi=k,t (Eq. 1)
CF, = CF (1-¢™") (Eq. 2)
where CF; and CF are the concentration factors at time t (d) and at steady-state respectively,
and k. and k, are the biological depuration and uptake rate constants (d") (Whicker and
Schultz, 1982).

Radiotracer depuration kinetics was expressed in terms of change in percentage of
remaining activity (i.e., radioactivity at time t divided by the initial radioactivity measured in
the individual at the beginning of the depuration period * 100) along with time.

The depuration kinetics was best fitted by either a single- (Eq. 3) or a double- (Eq. 4)
exponential equation:

A= Age™! (Eq. 3)
Ai=Age™ s+ Ag e (Eq. 4)
where A; and A are the remaining activities at time t (d) and 0, respectively, ke is the
biological depuration rate constant (d™'), and « s » and « 1 » subscripts refer to the short- and
long-lived component of the depuration kinetics (Warnau et al., 1996, 1999). The
determination of k. allows the calculation of the radiotracer biological half-life (d) according
to the relation:

Tbi = In2 / ke (Eq. 5)

Constants (and their statistics) of the best fitting uptake and depuration kinetic equations
(decision based on ANOVA tables for two fitted model objects) were estimated by iterative
adjustment of the models using the nls curve-fitting routine in R freeware. The level of
significance for statistical analyses was always set at d = 0.05. We also realized HCA and
PCA on both CF;7o, and Ty to clearly identify the different patterns in both uptake and loss

rates.

Results

Radiotracer uptake kinetics in sponges



The uptake kinetics of 110mAg, 24]Am, 1%9¢yq, 6OCo, 134¢s, 54Mn, Se and ®Zn in the six
sponge species are shown in Figure 1. In our experimental conditions, these elements were
taken up in the whole-body of sponges following contrasting bioaccumulation patterns. Most
of the uptake kinetics followed an exponential model (see Table 1) indicating that the
accumulation of such trace elements in the sponge is limited by a steady-state equilibrium
after 170 hours. On the contrary, the kinetics best fitted by a linear model indicated that
optimal accumulation capacities for the species were not reached after time of exposure to
dissolved radiotracers.

Overall, the CF reached at the end of the exposure duration (CF,70,) varied according to the
element with relative values as ''"""Ag =~ **'Am =~ Zn > **Mn > '°Cd = “Co = "*Se > '*'Cs
for all species. Considering morphological differences between sponge species, it is worth
noting higher concentration factors for massive sponges (/. variabilis, C. reniformis and A.
oroides) than for the erect ones (4. acuta, C. damicornis and C. verrucosa) with the exception

of A. acuta for an extremely high CF of '™

Ag. More precisely, the analysis of the uptake
rate (k,) calculated from the models and the CF reached at the end of the exposure duration
(CF170n) highlighted contrasting metal bioaccumulation efficiencies in sponges with respect to
the trace element and species. Thus, Acanthella acuta showed the highest accumulation
efficiency for HomAg (ie. 119+ 1.1 h'! and 1895 + 896 for ky and CF;70n, respectively; Table
1) whereas the lowest uptakes were observed for '*’Cd in Cymbaxinella verrucosa (i.e. 0.07 +
0.01 h™ and 12 + 3 for k, and CF 7oy, respectively), "Se in Acanthella acuta (i.e. 0.02 + 0.001
h' and 4 + 1 for k, and CF, respectively) and "*Cs in all species. For this last
radionuclide, it is noteworthy that the accumulation reached a steady-state equilibrium in all
species close to CFy value = 1, with the notable exception of a two-fold higher value
observed in /. variabilis. (CFs= 1.8 £ 0.1).

The multivariate analysis on the CF reached at the end of the waterborne exposure revealed
that species could be gathered into two groups according to their bioaccumulation behaviors
(Figure 3). The first cluster includes the species C. verrucosa, C. damicornis and A. acuta that
are characterized by low accumulation efficiencies for all the trace elements compared to
species gathered in the second cluster, i.e. 4. oroides, C. reniformis and I. variabilis.
However, within the first group, A. acuta distinguished from C. damicornis and C. verrucosa

by a higher '™

Ag accumulation. In the second group, C. reniformis displayed a peculiar low
uptake of "*Se compared to A. oroides and I. variabilis (CFy70, = 12 + 1 in C. reniformis

compared to CF7on= 225 £ 147 and 217 £ 63 in A. oroides and I. variabilis)



Radiotracer loss kinetics in sponges

The "*Cs loss was not followed in all species because radiotracer activities in sponges
dropped below the detection limit after 1-2 d of depuration in natural seawater. Loss
behaviors are quite similar for all trace elements and sponge species with the notable

: 11
exception of '™

Ag in A. acuta which has an extremely low kinetics of depuration (Figure 2).
Considering all species, it is noteworthy that most of the depuration kinetics were best fitted
by a double exponential equation (Table 2) indicating that metals and radionuclides were
released according to a weakly bound (Tyy < 3 d; details not shown) component but also a
tightly bound one (Tu; > 1 month; Table 2). Interestingly, in A. acuta, ''"Ag was lost
following a single component equation giving a very high estimated biological half-life (i.e.
Ty, = 1100 d). This result suggests that the accumulated metal is strongly retained by this
species. Similarly, 4. oroides and I variabilis that accumulated the most efficiently "Se

(Table 1) released this metal following a simple equation and with a Ty, of 112 and 197 d,

respectively.

Discussion

The assessment of the quality of the marine environment usually can be inferred from the
presence/absence of a contaminant in the water column, the sediments or a living organism,
but also from the physiological state of organisms. The target species used as biomonitor has
to obey strong criteria such as sedentary, easy recognition, dense population, wild dispersion,
and longevity (e.g. Rainbow and Philipps, 1993). Some sponge species have been already
studied for this purpose and the results have been usually found to be encouraging (Cebrian et
al. 2007; Pérez et al. 2005; Pan et al. 2011; Venkateswara Rao et al., 2009). Indeed, sponges
are widely distributed and they may represent the most prominent group of macro-
invertebrates in a given ecosystems where usual bioindicator (e.g. mussel) are missing (Pérez
et al., 2005). Moreover, their tolerance to physico-chemical fluctuations allows them to be
present both in polluted and non-contaminated seawater (de Mestre et al. 2012). Their simple
tissue organization and their biology as active filter favor the concentration and accumulation
of contaminants from both dissolved and particulate phases. Basically, sponges from the field
are therefore well known as bioaccumulator of hydrocarbons (Féral et al., 1979),
organochlorinated compounds (e.g. Verdenal et al., 1990, Pérez et al., 2003) and metals (e.g.
Verdenal et al., 1990; Hansen et al., 1995; Cebrian et al., 2003; Pérez et al. 2005; Pan et al.,
2011). Nevertheless, a “Sponge Watch program” has surprisingly been little used for field

10



surveys of contamination level. Only few works delineated the bioaccumulation fate of
contaminating metals in a limited number of sponge species (Patel et al., 1985; Hansen et al.,
1985; Cebrian et al., 2003). However, these values are of high interest to discriminate
between a regulation and a net accumulation of the trace elements in the studied organism
(Rainbow and Philipps, 1993). In this study, it must be emphasized that the bioaccumulation
capacities of sponges are higher than those found for other marine biomonitors. In similar
experimental conditions, CF values of the same order of magnitude were reached only after
40 days of exposure in mussels Mytilus edulis and Mytilus chilensis (Hervé-Fernandez et al.,
2010; unpublished data). It is also noteworthy that Ag CF in Acanthella acuta is two-fold
higher that this determined in clams Gafrarium tumidum after two weeks of exposure
(Hedouin et al., 2006).

Our comparative study on six diverse Mediterranean sponge species and eight trace elements
revealed two major contrasting bioaccumulation trends. The massive sponges Agelas oroides,
Chondrosia reniformis and Ircinia variabilis displayed the highest concentration factors after
170 h of exposure compared to the other three species (Figure 2) for most of the considered
radiotracers with CF maximum values around 700 (Figure 1; Table 1). The separation into
two groups is in accordance with previous studies showing that trace element accumulation
vary between sponge species (Figure 3) (Patel, 1985; Pérez et al. 2004; Cebrian et al. 2007,
Venkateswara Rao et al. 2009; Pan et al., 2011). Metal specificity and species specific
variability in the BC factors within sponges has been previously documented (Patel, 1985;
Pérez et al. 2004; Cebrian et al. 2007; Pan et al., 2011).

This ability of sponges to highly bioaccumulate trace elements both dissolved in the seawater
or adsorbed on particles was already reported and mainly inferred to their high pumping flow
and filtering activity (Turon et al. 1997). The interspecific variability might be explained by
different pumping ability of sponge species (Cebrian et al., 2007). Indeed, massive sponges
possess higher choanocyte chamber volumes and consequently a much higher area to bind
trace elements. These interactions may often be of low energy and could explain the usual
loss kinetic patterns of most of the studied elements. The role of the associated micro-
organisms is an important issue to be addressed in the context of an interspecific variation in
the bioaccumulation processes (Selvin et al. 2009; Erwin et al. 2011). Indeed, it is well known
that marine sponges can be associated to a diverse array of microbial symbionts which
appeared to be sponge-specific in some cases. These microorganisms should also play a role
in the bioaccumulation processes of trace elements (Gadd, 1990) and may explain the

interspecific differences (Selvin et al., 2009). In our case, the six studied species are

11



considered as HMA (High Microbial Abundance) sponge species (Taylor et al. 2007, Weisz
et al., 2008, Erwin et al., 2011) and then the interspecific bioaccumulation differences cannot
be inferred to microbial density but rather to distinct microbial populations into these species.
Further investigations are required to assess the exact role of the associated microorganisms
into these processes.
Among the studied trace elements, americium is an actinide of high interest as an
anthropogenic radionuclide. Our study demonstrated that massive sponges can serve equally
as biomonitors of an Am contamination with very high CF values and rapid loss kinetics. As a
transuranic radionuclide, americium (III) is strongly particulate reactive (Ryan, 2002; Metian
et al., 2011). These three species can also serve as biomonitors for Zn, Mn and Co even if the
CFs are two magnitude lower for this latter trace element. Cadmium is also very important to
monitor in the marine environment as this trace element has been proven to induce toxicity in
several phytoplanktonic micro-organisms (Hoss et al., 2011). Among our studied species,
both Agelas oroides and Chondrosia reniformis were identified as the best sponge
biomonitors in the Mediterranean Sea to follow Cd contamination.
This study also highlighted some interesting specificity within both massive and erect sponge
groups concerning the concentration capacities of trace elements (Figure 3). Indeed, 1) among
the “low uptake” species, Acanthella acuta displayed the highest uptake of Ag, whereas 2) the
“high uptake” species, Chondrosia reniformis did not accumulate Se as much as Agelas
oroides and Ircinia variabilis. In these cases low loss rates suggested a net accumulation
mechanism instead of a simple regulation. In our study, Acanthella acuta differed from all
other sponge species by a very high accumulation of dissolved Ag (i.e. ''""Ag CF = 1895 +
896 at 170 h of exposure). Moreover, all elements (Ag= 95%; Table 2) are also strongly
retained by this sponge. During the observation period, the estimated Ty, was 1093 d (Table
2), suggesting that Ag is efficiently accumulated and tightly bound to specific sites of the
sponge. Interestingly and unlike other studied species, A. acuta is well known to produce
some secondary metabolites that include high concentrations of sulfurated compounds
(Ciminiello et al., 1987) and isocyanates sesquiterpenes (Mayol et al., 1987) that could exhibit
a high affinity for Ag (Eisler, 1996). This observation suggests a role of the biomolecules and
especially the secondary metabolites in the bioaccumulation of trace elements by sponges but
further studies need to be conducted to identify the putative complex between silver and these
ligands.

A second atypical behaviour was observed for Selenium. This transition metal plays a very

important role in the environment and for human health and then its concentration must be
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precisely followed in the marine environment (Winkel et al. 2012). Among the three species
that showed the highest accumulation efficiencies of trace elements, Chondrosia reniformis
did not accumulate Se as efficiently as Agelas oroides and Ircinia variabilis (CFi70np =12 £ 1
in C. reniformis vs. 225 = 147 and 217 £ 62 in A. oroides and I. variabilis respectively). In
these two latter species, the major fraction of accumulated Se (> 94%) is tightly bound to
sponge tissue with estimated Ty, of 112 and 197 d, respectively. Selenium is an essential
element but toxic in large amount, known for its function as an active co-factor or
components of enzymes such as glutathione peroxidase or thioredoxin reductase (Mertz,
1981) which present a selenocysteine into their primary structure (Stadtman, 1996).
Moreover, Se was proved to stimulate the sponge biosilification of spicules but the
mechanism is still unknown (Miiller et al., 2005, Schwertner et al. 2006). A gene coding for a
selenoprotein was found to be up-regulated in a Suberites sponge. Difference in the rate of the
biosilification processes between our studied sponges may then explain the high incorporation
and low depuration of this element in some species.

Among the analyzed elements, the uptake kinetics of **Cs in all species displayed a steady
state equilibrium rapidly reached during the experiment duration (Table 1). Compared to the
other element, CF values were very low and estimated close to 1, suggesting that this
radionuclide was in equilibrium between the whole body of sponge and the surrounding
water. This result has to be related to the physico-chemicals properties of Cs, an alkaline
highly hydrosoluble and with very low coordination constants with any ligand. It is also
assumed that low Cs bioaccumulation might be enhanced by competitive inhibition by the
over-whelmingly high concentration of K in the seawater (Bryan, 1963; Wang et al., 2000).
This element is rather known to follow the water movement from seawater to the tissues
(Lacoue-Labarthe et al., 2010; Metian et al., 2011). Therefore, the B4cs activity detected in
each individual might reflect the water volume contented in the whole-body of sponge.
Nevertheless, 1. variabilis displayed a 2-fold higher Cs uptake efficiency with an estimated
CFg of 1.8 £0.1 and a CF70n 0f 2.0 £ 0.4 (Table 1).

Our work contributed to confirm that trace element bioaccumulation efficiencies are
species-specific among sponges (Patel et al., 1985; Pan et al., 2011). Using radiotracers at
relevant concentrations, the uptake and loss parameters observed in this work suggest that
Agelas oroides, Chrondrosia reniformis and Ircinia variabilis present the adequate
characteristics of a biomonitor, as they would readily reveal an environmental contamination
by any of the studied elements, except for **Cs. Agelas oroides and Chondrosia reniformis

have already been proposed for such purpose by Pérez et al. (2004). The loss kinetics of all
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trace elements in [rcinia variabilis is around 40% longer comparing to other species in
average which indicates that this species would allow a long-term integrated measure (Tyy, >
66 d) of the bioavailable fraction from dissolved contaminants, especially for ''""Ag, '°Cd,
%Co, **Mn and "Se. Among all, Acanthella acuta is remarkable because of its high ''""Ag
uptake capacity and the total retention of the quasi-totality of accumulated metal (Ao = 95%).
As Ag is well known to be mainly accumulated from waterborne pathway, e.g. in bivalves
(Wang et al., 1996, Metian et al., 2008), in crustacean (Metian et al., 2010), or in cephalopod
(Bustamante et al., 2004), A. acuta appears therefore as a good biomonitor for a
contamination by this element. This result underlines the need to perform the trace metal
analysis on a large array of sponge species before choosing the right sponge sentinel. This
also strongly suggests that several sponge species could be valuable candidates as sentinel of
a trace metal contamination and that massive sponges appear as better candidate than branch-
erected congeners. It would also be interesting to extend this approach to encrusting sponges
even if the experimental design would be much more complicated (de Mestre et al. 2012).

In summary, the uptake and loss kinetic data of trace elements into the organism appear
essential to fully characterized the bioaccumulation properties of marine species and to
validate their role as biomonitor, reflecting a time-integrated picture of the contamination
state of the environment. A net accumulation of silver in 4. acuta and selenium in A. oroides
and [Ircinia variabilis strongly suggest an important role as chelators for the metabolites
present in these species. Additional insights into the speciation of these elements into the
water column and the tissue animals will also be of high interest to fully understand the
processes behind trace metal bioaccumulations. These results also raise the question of the
fate of the highly accumulated element into sponge tissues, in terms of storage, detoxification
process and potential role in the metabolism. Another very important issue is related to the
presence of associated microorganisms in these complex invertebrates, which can play an

important role in the processes of trace element bioaccumulation.
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Captions to Figures

Fig. 1. Metal and radionuclide uptake kinetics (CF; mean = SD; n = 3) in the whole body of
Acanthella acuta (), Agelas oroides (®), Cymbaxinella damicornis (O), Cymbaxinella verrucosa
(@A), Chondrosia reniformis (B), and Ircinia variabilis (%) exposed to dissolved radiotracer for 170

hours. Model parameters are reported in Table 1. Please note the logarithmic scale for ''""Ag CF.

Fig. 2. Metal and radionuclide loss kinetics (CF; mean £ SD; n = 3) in the whole body of Acanthella
acuta (A\), Agelas oroides (®), Cymbaxinella damicornis (O), Cymbaxinella verrucosa (1),
Chondrosia reniformis (B), and Ircinia variabilis (%) exposed to dissolved radiotracer for 170 hours.

Model parameters are reported in Table 1.

Fig. 3. Hierarchical Clustering on Principal Components for CF;7g, values.
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Table 1. Parameters of metal uptake kinetics (CF; mean = SD, n = 3) in the six species of sponge

exposed for 170 hours to radiotracers dissolved in seawater (see Figure 1):

Metal Species Model ko= SE CFy+ SE R’ CF170n
"omAo A acuta L 11.9+1.1 - 0.878 1895 + 896
A. oroides L 5.6+0.8 - 0.659 838 + 657
C. damicornis E 41+£22 466 £ 127 0.771 351+ 147
C. verrucosa E 12+0.7 261 +92 0.963 137+32
C. reniformis E 9.6+1.3 829 £ 51 0.989 717 +52
1. variabilis L 33+0.2 - 0.931 581 + 147
M Am A acuta E 32412 280 + 50 0.920 240 + 61
A. oroides E 8.9+55 612 + 159 0.723 550 +239
C. damicornis E 2.7+0.8 237 +32 0.892 196 + 46
C. verrucosa E 1.6 £0.6 119+18 0.919 104 + 31
C. reniformis E 6.7+0.8 960 £ 66 0.996 658 +24
1. variabilis L 32+0.2 - 0.950 540 + 109
"cd A acuta L 0.2 +0.01 - 0.919 243
A. oroides E 3.8+24 238 + 61 0.692 224 +£ 94
C. damicornis E 0.5+0.3 33+8 0.687 28+ 15
C. verrucosa L 0.07 £0.01 - 0.936 12+3
C. reniformis E 5.2+0.1 279 + 11 0.989 276 +4
L. variabilis E 0.9+0.5 172 £53 0.957 101 £17
0Co A. acuta E 03+0.2 32413 0.801 25+12
A. oroides E 29+1.6 250+ 63 0.809 216 +79
C. damicornis E 0.7+0.4 64+ 19 0.633 54 +33
C. verrucosa E 0.3+0.2 32+ 10 0.839 27+12
C. reniformis E 3.2+0.2 366 + 14 0.998 289+5
L. variabilis L 1.7+0.1 - 0.934 280 + 81
B'Cs A acuta* E 0.03 +0.01 0.7+0.1 0.725 0.6 £ 0.04
A. oroides E 0.06 +0.02 1.3+0.1 0.914 1.4+0.3
C. damicornis E 0.07 £ 0.04 1.0+ 0.1 0.593 1.1£0.5
C. verrucosa E 0.06 £ 0.01 1.0 +0.03 0.965 1.0£0.2
C. reniformis E 0.02 +0.01 1.0+0.2 0.793 0.8+0.2
L. variabilis E 0.13 +£0.05 1.8+0.1 0.925 20+04
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Table 1 (following). Parameters of metal uptake kinetics (CF; mean = SD, n = 3) in the six species of
sponge exposed for 170 hours to radiotracers dissolved in seawater (see Figure 1):

Metal Species Model ko + SE CFy+ SE R’ CF170n
*Mn A acuta E 0.6+03 107 + 31 0.949 68 + 13
A. oroides L 2.8+0.3 - 0.787 437 +£240
C. damicornis L 0.6+0.1 - 0.744 94 + 56
C. verrucosa L 0.4 +0.03 - 0.860 59+ 25
C. reniformis E 3.7+09 727 £ 101 0.991 421 +£29
1. variabilis L 3.1+£0.2 - 0.929 553 + 157
PSe A acuta L 0.02 = 0.001 - 0.926 4+1
A. oroides E 34+28 250 + 90 0.629 225+ 147
C. damicornis E 0.2+0.1 16+5 0.605 14 +8
C. verrucosa E 0.2+0.1 13+3 0.767 12+6
C. reniformis E 0.1+0.01 16+1 0.996 12+1
1. variabilis L 1.2+0.1 - 0.931 217 + 62
®Zn A acuta L 1.4+0.1 - 0.955 223 + 51
A. oroides E 8.7+8.2 951 + 456 0.692 741 £ 469
C. damicornis E 29+123 337+£79 0.817 254+ 89
C. verrucosa E 1.2+0.8 263 + 100 0.954 142 +37
C. reniformis E 6.7+0.8 610 £33 0.992 520 +29
L. variabilis L 33402 - 0.954 S7T1+113

L and E: linear and exponential models, respectively; CF: concentration factor at steady-state, k, (h’
": uptake rate, respectively; SE: standard error; R*: determination coefficient.

% 134

Cs uptake was probably underestimated in A. acuta because of the high accumulation of ''""Ag.

24



Table 2. Parameters and statistics of the depuration kinetics of radiotracers in the six species of sponge
previously seawater exposed for 170 hours:

Metal Species Model Ag = SE (%) kel Ty, = SE (d) R?
"omAo A acuta 0 95+ 3 0.0006™ 1093 £ 1773 0.085
A. oroides T 72 +£32 0.020* 35+17 0.955
C. damicornis T 76 £ 24 0.013™ 55429 0.912
C. verrucosa T 83+4 0.013%** 54+7 0.973
C. reniformis T 61+2 0.012%%* 60+6 0.990
1. variabilis T 39+3 0.002™ 285+ 301 0.965
*"Am A acuta T 64 +3 0.016%%* 43 +5 0.901
A. oroides T 27+ 11 0.015™ 47 + 38 0.920
C. damicornis T 50+ 6 0.007* 99 + 48 0.854
C. verrucosa T 42 +3 0.016%*** 43+£3 0.980
C. reniformis T 30+3 0.020%%** 35+£6 0.994
L. variabilis T 52+3 0.009%** 77+ 14 0.985
cd A. acuta - - - - -
A. oroides T 47+£3 0.006** 116 £ 49 0.920
C. damicornis T 67+5 0.003™ 249 + 195 0.641
C. verrucosa T 74+ 6 0.0004™ 1950 + 12890 0.544
C. reniformis T 63+1 0.004*** 167 £ 29 0.955
1. variabilis T 55+3 0.008%** 88 £ 23 0.887
“Co A acuta T 79+4 0.006%* 110 + 32 0.672
A. oroides T 84 +3 0.011*** 66 £ 8 0.933
C. damicornis T 60+13 0.004™ 157 + 188 0.641
C. verrucosa T 60+ 14 0.006™ 113 +99 0.949
C. reniformis T 80 +2 0.015%** 46 +2 0.993
1. variabilis T 83+3 0.006%** 118 £25 0.866
Pics A. acuta - - - - -
A. oroides - - - - -

C. damicornis
C. verrucosa

C. reniformis
1. variabilis
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Table 2 (following). Parameters and statistics of the depuration kinetics of radiotracers in the six
species of sponge previously seawater exposed for 170 hours:

Metal Species Model Ag = SE (%) kel Ty = SE (d) R?
*Mn A acuta T 84+3 0.011%%%* 61+8 0.865
A. oroides T 85+8 0.010%** 67+16 0.929
C. damicornis T 50+ 17 0.004™ 179 +338 0.862
C. verrucosa T 61+ 14 0.010™ 69 +34 0.976
C. reniformis T 75+5 0.012%*x* 60+9 0.986
L. variabilis T 67+ 14 0.003™ 240 + 349 0.945
PSe A acuta T 71+5 0.008%** 93 £33 0.627
A. oroides 0 94+ 1 0.006%** 112+12 0.772
C. damicornis T 76+ 6 0.011%** 61+14 0.753
C. verrucosa T 62+6 0.014%*x* 49+ 11 0.937
C. reniformis T 74+3 0.007%%x* 99 +15 0.955
L. variabilis 0 95+ 1 0.004%%** 197 +37 0.612
®Zn A acuta T 68 + 24 0.010™ 73 £57 0.898
A. oroides T 75+ 7 0.017%** 42 +38 0.937
C. damicornis T 71+ 18 0.006™ 112 + 88 0.894
C. verrucosa T 73+6 0.007%* 104 + 34 0.961
C. reniformis T 61+2 0.018%*x* 38+2 0.994
L. variabilis T 55+4 0.011%** 66+ 13 0.866

O and T: 1- and 2-component exponential models, respectively; Ag: assimilation efficiency of the
long-lived component, respectively; SE: standard error; R* determination coefficient; p-values: <
0.001 (***), <0.01 (**), <0.05 (*), > 0.5 (ns). In the case of T model, only the long-lived component
parameters are shown (A, ke and Tyy,)
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