
Contents lists available at ScienceDirect

Marine Environmental Research

journal homepage: www.elsevier.com/locate/marenvrev

Trace elements and arsenic speciation in tissues of tube dwelling
polychaetes from hydrothermal vent ecosystems (East Pacific Rise): An
ecological role as antipredatory strategy?

Marta Di Carloa, Donato Giovannellib,c,d, Daniele Fattorinia,f, Nadine Le Brise,
Costantino Vetrianib, Francesco Regolia,f,∗

a Dipartimento di Scienze della Vita e dell’Ambiente (DISVA), Università Politecnica delle Marche (UNIVPM), Ancona, Italy
b Institute of Earth, Ocean and Atmospheric Sciences, Department of Biochemistry and Microbiology, Rutgers University, New Brunswick, NJ, USA
c Istituto di Scienze Marine (ISMAR), Consiglio Nazionale delle Ricerche (CNR), Ancona, Italy
d Earth-Life Science Institute, Tokyo Institute of Technology, Tokyo, Japan
e Sorbonne Universités, UPMC Univ. Paris 6, CNRS, Laboratoire d’Ecogéochimie des Environnements Benthiques, Observatoire Océanologique, 66650 Banyuls-sur-Mer,
France
f CoNISMa, Consorzio Nazionale Interuniversitario Scienze del Mare, Italy

A R T I C L E I N F O

Keywords:
Hydrothermal vent system
Polychaetes
Bioaccumulation
Arsenic chemical speciation
Trace elements
Adaptation

A B S T R A C T

Hydrothermal vent systems are inhabited by dense benthic communities adapted to extreme conditions such as
high temperature, hydrogen sulphide (H2S) and elevated fluxes of metals. In the present work, a wide range of
trace elements (Ag, Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb, Se, V and Zn) were measured in tissues of
three tube dwelling annelids, Alvinella pompejana, Alvinella caudata and Riftia pachyptila, which colonize distinct
habitats of the East Pacific Rise (EPR) at 2500 m depth. Metals concentrations in alvinellids were often 2–4
orders of magnitude higher than those commonly found in marine organisms, while much lower values were
observed in the vestimentiferan polychaete. Mobility of trace elements was further characterized in tissues of A.
pompejana where metals appeared mostly in insoluble forms, i.e. associated with hydrated oxides and sulphides.
Arsenic was mainly present in a weakly insoluble form and with concentrations in the branchial tentacles of
alvinellids, approximately 5–15 fold higher than those measured in the thorax. Chemical speciation of this
element in tissues of the three polychaete species revealed a major contribution of methylated arsenic com-
pounds, like dimethylarsinate (DMA) and, to a lower extent, monomethylarsonate (MMA) and trimethylarsine
oxide (TMAO). Although the biotransformation of inorganic arsenic might represent a detoxification mechanism
in polychaetes from hydrothermal vents, the elevated levels of methylated forms of arsenic in branchial tissues
also suggest an ecological role of this element as an antipredatory strategy for more vulnerable tissues toward
generalist consumers.

1. Introduction

Since the discovery of hydrothermal vents in 1977 on the Galapagos
Rift, these environments revealed dense benthic communities mainly
characterized by dominating groups of molluscs, crustaceans and
polychaetes, which typically exhibit the most efficient adaptability to
extreme environmental conditions (Wolff, 2005). Frequent symbiotic
relationships between invertebrates and chemoautotrophic bacteria
highlight complex trophic, toxicological and ecological interactions
(Cavanaugh, 1983; Childress and Fisher, 1992), including the main
trophic link in which bacteria oxidize the reduced compounds from the
vents, mainly hydrogen sulphide and methane, and synthesize organic

compounds for host feeding (Stewart et al., 2005).
The vents communities dwell in the mixing zone, where reduced

metal-rich hydrothermal fluids are mixed with oxidized deep ocean
waters at approximately 2 °C. Depending on their degree of dilution
below the seafloor vent fluids display a wide range of temperature, the
hottest and less diluted ones resulting in the formation of large deposits
rich in minerals and trace metals (Van Dover et al., 2001; Desbruyères
et al., 2000). The capability of vent organisms to tolerate such elevated
concentrations of metals led to discover specific adaptive defence's
mechanisms. Among these, the possibility to reduce cellular reactivity
of toxic elements by confining them into granules or vacuoles, excreting
via mucus, or binding to soluble ligands including metal-complexing
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proteins like metalloproteins and metallothioneins (Roesijadi and
Crecelius, 1984; Desbruyères et al., 1998; Juniper et al., 1986; Kádár
et al., 2005, 2006a; 2006b). The activities of symbiotic bacteria could

further contribute to metabolize and sequester trace metals, although a
similar interaction has not been fully demonstrated and has been de-
bated (Van Dover, 2000). Accumulation of toxic compounds has also

Fig. 1. A) Sampling site located at 9°50′N (arrow) on the East Pacific Rise (EPR). Circles represent the main sites of the area with documented benthic settlements of hydrothermal vent
fauna. B) Schematic representation of the main anatomical regions of the tube dwelling polychaetes A. pompejana, A. caudata and R. pachyptila collected in this study.
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been suggested as an antipredatory strategy in deep sea hydrothermal
vent communities which, representing large oases of biotic resources in
a prey-poor surrounding background, can be exposed to heavy pressure
by generalist consumers once the fluid source intensity declines and
provide access to habitats previously protected by elevated temperature
and toxicity (Kicklighter et al., 2004).

Among marine invertebrates, polychaetes represent one of the most
abundant taxa with elevated tolerance to stressful conditions and cap-
ability to accumulate trace metals (Bocchetti et al., 2004; Ricevuto
et al., 2016). The first objective of the present work was to characterize
levels of a wide range of trace elements (Ag, Al, As, Ba, Cd, Co, Cr, Cu,
Fe, Hg, Mn, Ni, Pb, Sb, Se, V and Zn) in tissues of three tube dwelling
polychaetes, the alvinellids Alvinella pompejana and A. caudata, and the
vestimentifera Riftia pachyptila collected at the East Pacific Rise hy-
drothermal vent. The species are among the most abundant and
common sessile organisms of the vent system, although they colonize
distinct areas with different chemical and physical conditions in terms
of pH, temperature, level of hydrogen sulphide and dissolved oxygen
(Hessler et al., 1988; Desbruyères et al., 2000; Le Bris et al., 2003; Le
Bris and Gaill, 2007). A. pompejana has a length of about 10 cm and
inhabits the hottest places of the vent field, building the tube directly on
the wall of mineral chimneys hosting high-temperature fluid flows, thus
being exposed to a constant rain of mineral particles and fluids enriched
in dissolved metals (Desbruyères et al., 1998). Measured temperature
reaches 80 °C inside the distal parts of its tube that extend deeper in the
chimney mineral wall and lies in the range 6–45 °C at the tube opening,
confirming the exceptional thermo-tolerance of this species despite its
upper thermal limit is still unknown (Le Bris and Gaill, 2007). A. cau-
data substantially shares the same habitat of A. pompejana, living on the
walls of active sulphide chimneys, while R. pachyptila is a giant tube
worm with a maximum length of about 1–2 m, living near in the mixing
zone of diffuse mild temperature vents at a temperature of approxi-
mately 15–20 °C (Childress and Fisher, 1992; Van Dover et al., 2001).
The comparison of trace elements content in polychaete species from
the same extreme environment, but with different ecological habits,
represents a novel aspect of the study providing new insights on bioa-
vailability and bioaccumulation mechanisms at the vents systems.

Considering the peculiar environmental conditions of the hydro-
thermal vents habitats, previous studies highlighted the capability of
some vent organisms to decrease reactiveness and adverse effects of
toxic elements through their precipitation in metal-binding mineral
particles (Roesijadi and Crecelius, 1984; Cosson-Mannevy et al., 1988;
Kádár et al., 2006b). In this respect, a second objective of this study was
to investigate the mobility of trace elements in tissues of A. pompejana
by evaluating the percentage of soluble and insoluble metals: those
associated to insoluble forms were further characterized by sequential
extraction to assess the chemical strength of such precipitates.

The last objective of this work was to characterize for the first time
the chemical speciation of arsenic in tissues of these three vent poly-
chaete species, comparing the distribution and occurrence of arseno-
compounds previously reported in sabellid polychaetes from temperate
environments (Fattorini and Regoli, 2004). Tube dwelling polychaetes
usually extend branchial appendages outside of the protective tubes for
respiration and filter-feeding activities and naturally elevated con-
centrations of toxic elements in the branchial appendages of some
species have been suggested as a protection mechanism against pre-
dation (Gibbs et al., 1981; Fattorini et al., 2005), an hypothesis sup-
ported by unpalatability of these tissues for potential consumers
(Kicklighter et al., 2004; Kicklighter and Hay, 2006, 2007).

Overall, the present study was expected to contribute in assessing
the magnitude and biological significance of trace elements bioaccu-
mulation in polychaete species living in such extreme environmental
conditions.

2. Materials and methods

2.1. Species, sampling and site

The sampling sites are located at 9°50′ N, 104°17′ W on the East
Pacific Rise (EPR) hydrothermal vent field discovered in 1989 in the
axial rift zone of one of the faster-spreading basaltic ridge
(> 11 cm·yr−1) (Carbotte and MacDonald, 1992), which experienced
two massive volcanic eruptions in 1991 and 2006 (Fig. 1). The vent
field is characterized by massive sulphide chimneys with high-tem-
perature ‘black smokers’ vents colonized by various benthic in-
vertebrates including the tubeworms A. pompejana and A. caudata;
mild-temperature and diffuse vents spread over the basaltic seafloor
colonized by R. pachyptila.

Polychaetes were sampled in March 2012 at approximately 2500 m
depth, during the oceanographic expedition MESCAL-2 (R/V Atalante,
Le Bris and Lallier, 2010). After collection by the robotic arm of the
submersible Nautile from the French oceanographic fleet, organisms
were immediately placed in a pressurized sealed box, then brought to
the surface and transferred to a cold room (4 °C) for sorting and iden-
tification. Thirty individuals of A. pompejana and 15 individuals of both
A. caudata and R. pachyptila were selected among intact specimens.
Organisms were gently removed from the external tubes, accurately
washed with filtered seawater to remove any external residues or se-
diment particles and dissected to separate the filter-feeding appendages
(branchial tentacles for alvinellids, branchial plume or obturaculum for
R. pachyptila), from the rest of thoracic tissues (Fig. 1). Organisms were
not depurated since they would not have survived to this treatment. For
A. pompejana specimens, the epibionts filaments present on the dorsal
surface of the thorax were also accurately separated.

To assess a possible distribution gradient of trace metals along the
trunk body, these tissues were subdivided in three different regions,
corresponding to the apical, median and distal portions for A. pompe-
jana (Fig. 1); for A. caudata the apical thorax was separated from the
caudal portion hosting epibionts which, however, could not be col-
lected because not visible at naked eye (Fig. 1). In the vestimentiferan
R. pachyptila, the internal trophosome containing endosymbiotic bac-
teria was removed from the rest of the animal tissues (Fig. 1). All the
obtained samples were stored at −20 °C and analytical determinations
were always carried out on five replicates (n = 5), each containing the
tissues of singular individuals.

2.2. Determination of trace elements in tissues of polychaetes

Tissues were dried at 60 °C overnight to constant weight, pulverized
and about 0.5 g digested with 5 mL of pure, analytic grade nitric acid
and 1 mL of pure, analytic grade hydrogen peroxide (30% w/w) in a
microwave digestion system (Mars CEM, CEM Corporation, Matthews,
NC, USA), at 160 °C for 40 min (Fattorini et al., 2010). Quality assur-
ance and quality control were assessed by processing blank samples and
standard reference material (SRM NIST-2977, National Institute of
Standards and Technology, Gaithersburg, MD, USA). Aluminium (Al),
antimony (Sb), arsenic (As), barium (Ba), cadmium (Cd), chromium
(Cr), cobalt (Co), copper (Cu), nickel (Ni), lead (Pb), selenium (Se),
silver (Ag), and vanadium (V) were determined by atomic absorption
spectrometry (AAS) using graphite furnace atomization and Zeeman
effect (Varian SpectrAA 240Z); when necessary, a palladium solution
(1 g/L, 10% nitric acid, 5% citric acid) was added as chemical matrix
modifier and the standard addition technique applied for resolution of
matrix effects (Fattorini et al., 2010). Iron (Fe), manganese (Mn), and
zinc (Zn) were measured by flame atomization (Varian SpectrAA
220FS) while mercury (Hg) by specific analyser based on the formation
of mercury cold vapours (Cetac Quick Trace Mercury Analyser M6100).
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Concentrations were expressed as micrograms per gram of dry weight
(μg∙g−1 d.w.); values obtained for the standard reference material were
always within the 95% confidence interval of certified values, while the
CV% always fit between 5% and 10% analysing ten replicates.

2.3. Differential centrifugation of A. pompejana tissues and sequential
extraction of insoluble elements

Tissues from 5 individuals of A. pompejana were subjected to dif-
ferential centrifugation to separate soluble and insoluble forms of trace
metals. Aliquots of branchial crowns and body portions (about 0.2 g of
wet tissues) were homogenized (1:5 w:v) at 4 °C in phosphate buffer
solution (50 mM K2HPO4, 2.5% NaCl, pH = 7.4) (Fattorini and Regoli,
2004; Fattorini et al., 2010). Samples were then centrifuged at 800 ×g
for 25 min (4 °C) to obtain the sedimentation of an “heavy” (H) pellet,
enriched in insoluble particles, mineral concretions, nuclei and het-
erogeneous components. Due to the loss of organelles integrity during
thawing of frozen tissues, the supernatants were directly spun at
100.000 ×g for 1 h (4 °C) to separate a pellet containing microsomes
and subcellular debris (the “sub” fraction), from the soluble and cyto-
solic components (the “cyt” fraction). Each fraction was finally digested
in concentrated nitric acid (pure, analytic grade) and analysed for trace
elements as previously described.

To better characterize the association of trace elements with the
insoluble fraction, the “heavy” pellets obtained after the first cen-
trifugation (800 ×g, 25 min) were dried to constant weight (60 °C for
8 h) and then treated with a four-stage sequential extraction, slightly
modified from a validated method for mineral particles (Tokalioğlu
et al., 2000). The whole sequence of centrifugation and extraction steps,
is summarized in Supplementary Material, SM1. Dried H pellets were
digested with 5 mL acetic acid 1M (pH = 2.8) and maintained at 50 °C
for 16 h. After centrifugation at 3000 ×g for 20 min, the resulting
supernatants were digested with 2 mL of nitric acid and diluted with
ultrapure water to a final volume of 10 mL, thus constituting the
fraction F1. The pellet was washed and centrifuged three times with
ultrapure water, before addition of 5 mL of hydroxyl ammonium
chloride 0.1 M (pH = 2.0), and maintained at 50 °C for 16 h; after
centrifugation (3000 ×g for 20 min), the supernatant was digested as
above to obtain the fraction F2. The pellet was washed again three
times with ultra-pure water, then 2 mL of hydrogen peroxide (≥30%
w/w) were added, maintained in shaking at room temperature for 1 h,
and at 85 °C for an additional hour. After centrifugation the supernatant
(S1) was temporarily stored at 4 °C, while the resulting pellet was
washed three times with ultrapure water, before addition of 5 mL of
ammonium acetate 1 M (pH = 2.0) and maintained at 50 °C for 16 h:
following this extraction, samples were centrifuged (3000 ×g for
20 min), the supernatant mixed with corresponding S1, and digested
(fraction, F3). The last pellet residue was washed three times and finally
digested (fraction F4).

With these procedures, fraction F1 contains acid soluble and easily
exchangeable metals, including weakly adsorbed elements and those
associated with carbonates (Okoro et al., 2014). F2 includes reducible
metals, i.e. those adsorbed or complexed on the surface of Fe and/or Mn
oxides. Fraction F3 contains oxidizable metals associated with mineral
particles like insoluble sulphides, while F4 is the residual fraction in
which metals are precipitated into mineral particles, concretions or
granules. All the obtained fractions were analysed for the content of
selected trace elements (As, Cd, Co, Cr, Cu, Fe, Hg, Pb, Zn) using the
previously described procedures.

2.4. Chemical speciation of arsenic compounds

Chemical speciation of arsenic was performed on tissues of A.
pompejana, A. caudata and R. pachyptila, according to previously vali-
dated techniques (Fattorini and Regoli, 2004). After microwave-pure
methanol (HPLC grade) extraction at 55 °C for 25 min, samples (n = 5)

were centrifuged at 3000 ×g; the pellets, containing non extractable
forms of arsenic (ne-As), were accurately washed and centrifuged three
times with ultrapure water (18.2 MΩ·cm−1), dried at 60 °C until con-
stant weight, then digested and analysed by atomic absorption spec-
trometry as above. Separation of various arsenic compounds in super-
natants was performed in isocratic conditions using a Supelcosil liquid
chromatography-SCX column (25 cm, 4.6 mmID, 5 μm) and 2.5 mM
pyridine (pH = 2.65) as the mobile phase at a flow-rate of 1 mL/min. A
total of 40 fractions were collected, each every 30s from injection, di-
gested with 0.5 mL of pure concentrated nitric acid, and analysed for
the arsenic content. The certified reference standards DORM-2 (Na-
tional Research Council Canada, Certified Reference Standard) and
BCR627 (European Commission, Joint Research Centre, Institute for
Reference Materials and Measurements, Belgium), containing certified
levels of dimethylarsinate (DMA), tetramethylarsonium (TETRA) and
arsenobetaine (AsB), and selected standards, including arsenate (AsV),
DMA, trimethylarsine oxide (TMAO) and AsB were processed and
analysed by the same procedures as controls for accuracy, precision,
and recovery. The concentrations of As compounds for reference stan-
dards were always within the 95% of confidence interval of the certified
values. Inorganic arsenic (iAs) was not resolved in terms of arsenite
(AsIII) and arsenate (AsV), since both the extraction procedures and the
chromatography separation induce oxidation of trivalent arsenicals,
thus representing a confounding variable. Accuracy and precision of the
arsenic determination by AAS were the same of those reported for the
total arsenic analysis.

2.5. Statistical analyses

The t-student test or one way analyses of variance (ANOVA), fol-
lowed by Student-Newman-Keuls post-hoc test, were applied at the 95%
of confidence interval (α = 0.05) to check for statistical differences of
the trace metals levels between different portions or tissues of A.
pompejana, A. caudata and R. pachyptila: the hypothesis to test was a
major accumulation of some elements in specific tissues or body por-
tions of the investigated organisms. ANOVA was also applied to check
differences in the percentage distribution of trace metals along sub-
cellular fractions and sequentially extracted insoluble fractions of A.
pompejana (α = 0.05), to verify a significant accumulation of elements
into specific subcellular districts or the presence of insoluble associa-
tions. All the statistical analyses were performed after Levene's test on
variances homogeneity, and data were normalized by log transforma-
tion when necessary.

3. Results

3.1. Characterization of trace elements content

Concentrations of trace metals did not reveal statistically significant
differences in different portions of the trunk body both in A. pompejana
and A. caudata (Supplementary Material, SM2 and SM3, respectively), and
mean levels for the entire thorax are thus compared with values measured
in the branchial tentacles (Table 1). A. pompejana exhibited typically ele-
vated concentrations in branchial crowns for As (1425 ± 653 μg·g−1),
Cd (10.8 ± 5.30 μg·g−1), Cu (792 ± 352 μg·g−1), Fe
(18118 ± 11509 μg·g−1), Hg (46.0 ± 14.7 μg·g−1), Pb
(120 ± 59.0 μg·g−1), Sb (4.26 ± 1.56 μg·g−1), Se (8.96 ± 2.96 μg·g−1)
and Zn (2275 ± 1336 μg·g−1). Levels measured in the thorax were si-
milar or lower, with marked and statistically significant differences for
arsenic and mercury, which were 15 and 30 fold lower than in branchial
appendages, respectively (Table 1). Concentrations of trace metals in
isolated epibionts showed an elevated degree of variability for some ele-
ments, and mean levels were more than one order of magnitude higher
than in branchial crown for Ag, Al, Cd, Co, Cu, Fe, Mn, Pb, V, Zn (Table 1).
Concentrations of other elements in epibionts were comparable to bran-
chial tentacles (e.g. Hg), while arsenic was significantly lower.
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Trace metals in A. caudata showed similar levels to those of A. pom-
pejana (Table 1), slightly lower for As and Hg in branchial crowns
(410 ± 195 and 23.9 ± 7.4 μg·g−1) and higher for Cd
(17.5 ± 13.7 μg·g−1), Co (21.3 ± 6.4 μg·g−1), Fe
(30367 ± 12832 μg·g−1) and Zn (4665 ± 2895 μg·g−1). The tissue
distribution was comparable in the 2 alvinellids, with higher values for all
the elements in branchial tentacles of A. caudata than in trunk body, in
particular for As, Hg, Cd, Co and Cu (Table 1).

On the other hand, concentrations of metals in both the tissues of
the vestimentiferan R. pachyptila appeared up to 2 orders of magnitude
lower than those measured in alvinellid polychaetes (Table 1). Also in
this species, higher values were measured in branchial tissues than in
body portions (with the exception of Cd), but the magnitude of such
differences was never greater than 3 folds. Levels obtained for the
trophosome were comparable to those measured in thoracic tissues of
R. pachyptila with slightly higher concentrations for Cr, Cu, Fe and Hg
(Table 1).

3.2. Trace elements distribution in tissues of A. pompejana

The differential centrifugation performed on both the tissues of A.
pompejana indicated that all the elements were primarily associated
with the heavy (H) pellet containing insoluble components (Table 2).
This heavy fraction accounted for 90–100% of the total metal content
for Cd, Cu, Fe, Hg, Pb, Zn (only in body portion). Soluble metals in the
subcellular (sub) and cytosolic (cyt) fractions showed a maximum
percentage of 15–30% for As, Co, Cr and Zn in branchial tissues
(Table 2).

The results of the sequential extraction of insoluble H pellets are
reported in Fig. 2. With a few exceptions, the contribution of different
fractions to the insoluble metal content was generally comparable in
branchial appendages and thoracic tissues. Arsenic was almost entirely
associated with F1, indicating the presence of easily exchangeable
forms in a weak acid, thus not precipitated in any mineral particles
(Fig. 2). Cd, Cu, Fe, Pb and Zn were mainly concentrated (60–80%) in
F3, which contains oxidizable metals likely as amorphous labile pre-
cipitates and ionic forms adsorbed to the surface of sulphides con-
taining particles (Fig. 2). Co and Cr exhibited a different distribution
pattern in various anatomical regions, being associated with fractions
F1 and F3 in the branchial appendages, while occurring in the thorax
for almost 80% within F2, enriched in reducible elements, i.e. adsorbed
to Fe and Mn oxides. Finally, mercury was measured in fractions F3 and
F4, the latter mainly containing insoluble particles and prevailing in
branchial tentacles, while F3 was predominant in trunk body (Fig. 2).

3.3. Chemical speciation of arsenic compounds

Results on chemical speciation of arsenic compounds in tissues of
the three polychaetes species are reported in Fig. 3. Elevated percen-
tages of non methanol-extractable arsenic (ne-As) were detected in
branchial appendages (36–56%), corresponding to approximately
500 μg·g−1 in A. pompejana, 300 μg·g−1 in A. caudata and 4 μg·g−1 R.
pachyptila. The remaining extractable fractions of arsenic were mostly
represented by methylated compounds, particularly DMA and, to a
lower extent, monomethylarsonate (MMA) and TMAO; MMA and DMA
together contributed for at least 90% of the extractable arsenic with
concentrations of approximately 350 μg·g−1 in A. pompejana and A.
caudata, and much lower (approximately 5 μg·g−1) in R. pachyptila
(Fig. 3). Traces of inorganic arsenic were detected only in R. pachyptila.

Partially similar results were observed also for the thoracic tissues,
with an elevated percentage of ne-As, and the prevalence of methylated
compounds among the separated arsenic species: the most abundant
molecules were MMA in A. pompejana, and DMA in A. caudata and R.
pachyptila (Fig. 3). Some species-specific differences were observed also
for the content of more complex organic As compounds in the trunk
body: AsB represented from 3 to 22% of total arsenic in A. pompejanaTa
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and A. caudata respectively, while arsenocholine (AsC) was detected in
these tissues of R. pachyptila with a contribution of approximately 13%
(Fig. 3).

4. Discussion

This study revealed the capability of A. pompejana and A. caudata to
accumulate elevated levels of trace metals, while much lower con-
centrations were measured in tissues of R. pachyptila: these organisms
commonly colonize different areas of the chimneys where physic-che-
mical conditions might contribute to the observed effects. Alvinellids

live in the most extreme conditions of the vent, forming their tube di-
rectly in contact, with the chimneys walls where metal-rich and low pH
fluids escape at high temperature and reducing conditions (Zbinden
et al., 2003). At the chimney surface, interaction with seawater de-
creases the solubility of metals associated with vent fluids (Demina
et al., 2013), plumes of mineral particles are formed from the main fluid
outflows mixing with seawater, and the tubes become progressively
incrusted in sulphide minerals. Despite this, high concentrations of
dissolved metals are measured in waters surrounding the Alvinella and
inside their tubes (Di Meo-Savoie et al., 2004; Sarradin et al., 2008). In
addition to diffusive inputs of dissolved metals from the hot and porous

Table 2
Distribution of selected trace elements in fractions obtained after differential centrifugation of A. pompejana tissues (branchial appendages and trunk bodies). Results are given as mean
values ± standard deviation, n = 5. H: heavy pellets containing insoluble elements; sub: fraction containing microsomes and subcellular debris; cyt: cytosolic, soluble fraction. For each
tissue, different letters indicate significant differences between groups of means, determined by one way analysis of variance (ANOVA) and post-hoc test (n.s. = not significant).

Branchial tentacles Trunk body

H sub cyt sig. H sub cyt sig.

As 84.7 ± 5.79% a 1.75 ± 0.02% b 13.4 ± 5.78% c p < 0.05 72.1 ± 5.58% a 1.49 ± 0.09% b 26.3 ± 5.55% c p < 0.05
Cd 95.0 ± 3.30% a 4.56 ± 3.56% b 0.36 ± 0.26% b p < 0.05 93.7 ± 1.17% a 5.58 ± 1.24% b 0.63 ± 0.42% c p < 0.05
Co 74.7 ± 14.5% a 3.24 ± 1.42% b 21.9 ± 13.2% b p < 0.05 66.6 ± 24.3% a 3.98 ± 2.22% b 29.3 ± 22.5% ab p < 0.05
Cr 83.6 ± 3.06% a 3.45 ± 0.69% b 12.9 ± 3.40% c p < 0.05 69.6 ± 3.76% a 9.46 ± 2.49% b 20.8 ± 2.17% c p < 0.05
Cu 94.6 ± 6.52% a 0.81 ± 1.41% b 4.54 ± 7.01% b p < 0.05 97.6 ± 2.50% a 2.20 ± 2.55% b 0.17 ± 0.29% b p < 0.05
Fe 95.7 ± 1.23% a 2.59 ± 0.62% b 1.68 ± 1.82% b p < 0.05 95.4 ± 3.38% a 3.61 ± 2.12% b 0.95 ± 1.37% b p < 0.05
Hg 96.9 ± 2.62% a 1.84 ± 1.09% b 1.20 ± 1.52% b p < 0.05 93.7 ± 0.77% a 3.14 ± 0.65% b 3.10 ± 0.67% b p < 0.05
Pb 95.5 ± 1.54% a 3.03 ± 1.81% b 1.37 ± 0.26% b p < 0.05 85.6 ± 18.1% a 10.5 ± 12.2% b 3.73 ± 5.99% b p < 0.05
Zn 70.0 ± 33.8% 7.49 ± 0.78% 22.4 ± 33.0% n.s. 89.4 ± 3.99% a 5.76 ± 1.89% b 4.82 ± 3.31% b p < 0.05

Fig. 2. Distribution of trace elements in insoluble fractions separated from branchial appendages and trunk body of A. pompejana. F1 = weakly insoluble and easily exchangeable metals;
F2 = reducible trace elements, adsorbed to surface of Fe/Mn oxides containing particles; F3 = oxidizable metals associated with sulphides containing particles; F4 = residual insoluble
fraction, constituted by mineral particles, concretions or granules. Data are expressed as percentage contribution of each fraction to the total metal burden (mean values ± s.d., n = 5).
Different letters indicate statistical differences between groups (ANOVA and post-hoc test); n.s. = not statistically significant, p ≥ 0.05.
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chimney wall, alvinellids constantly move inside out the tubes, thus
facilitating the inflow of colder mixed fluids in these habitats, trans-
porting oxygen and sulphide particles and further increasing the vo-
lume of labile metal forms to which these organisms are exposed (Le
Bris et al., 2005). This characteristic can partially explain the elevated
concentrations in the alvinellids tissues of metals such as Cu, Fe, Hg, Pb
and Zn. These elements, typically abundant and occurring in soluble
forms within the hottest vent fluids (Rona et al., 1986), are partly
converted to labile sulphide precipitates at the interface with seawater,
and can be remobilized close to the tube opening in seawater where
more oxic conditions are found. Compared to alvinellids, R. pachyptila
colonizes the basaltic seafloor, where trace metals concentrations are

drastically decreased by subsurface dilution of vent fluids with seawater
resulting in sulphide precipitates and oxidative reactions (Desbruyères
et al., 2000). In these conditions and away from active hydrothermal
chimneys, R. pachyptila is not exposed to a constant rain of metal-rich
particles and fluids as Alvinella spp., but rather to lower and chronic
levels of dissolved metals in the surrounding mixed fluids with a large
seawater component.

The higher values of trace elements in branchial appendages com-
pared to thoracic tissues of the three polychaete species corroborate the
influence of the direct contact with the external, metal enriched and
weakly oxygenated environment. Similar characteristics of the medium
inside the tube of alvinellids would also explain the high concentrations

Fig. 3. Chemical speciation of arsenic in branchial appendages and trunk body of polychaetes (A. pompejana, A. caudata and R. pachyptila). Determined arsenic compounds are: ne-As, not
extractable and methanol insoluble arsenic; iAs, inorganic arsenic; , MMA, monomethylarsonate; DMA, dimethylarsinate; TMAO, trimethylarsine oxide; AsB, arsenobetaine; AsC, ar-
senocholine. Data are expressed as μg∙g−1 dry weight (mean values ± standard deviation, n = 5); the percentage contribution of each compound to the total arsenic content is given on
each bar.
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measured in external epibionts isolated from A. pompejana. Epibionts,
not separated in A. caudata since not visible at the naked eyes, could not
be analysed and their enhanced metal accumulation can only indirectly
be hypothesized: in fact, despite concentrations of various elements not
being statistically different in trunk body and caudal portion, mean
levels were always higher in the region containing epibionts (SM3).
Conversely, the internal trophosome of R. pachyptila contained metal
concentrations generally comparable to those measured in thoracic
tissues. The possible role of epibionts or endosymbiotic bacteria in
modulating bioavailability, detoxification and excretion of metals
cannot be excluded but this hypothesis still remains to be demonstrated
(Ruelas-Inzunza et al., 2003, 2005).

Our results on bioaccumulation are comparable to those previously
reported for A. pompejana, R. pachyptila, and other vent polychaetes
(Table 3), other than various benthic invertebrates from hydrothermal
vents systems (Table 4), including bivalve molluscs, gastropods and
crustaceans (Roesijadi et al., 1985; Smith and Flegal, 1989; Cosson,
1996; Desbruyerès et al., 1998; Ando et al., 2002; Ruelas-Inzunza et al.,
2005; Colaço et al., 2006; Kádár et al., 2006a, 2007; Cunha et al., 2008;
Demina and Galkin, 2008, 2009; Shmelev et al., 2009; Demina et al.,
2013; Lee et al., 2015; Maher et al., 2016). These data highlighted
higher metal concentrations in alvinellid polychaetes, but also an ele-
vated variability as a function of geographical area, sampling period
and tissues, even within specimens of the same population. Such
variability is consistent with the large heterogeneity of vent habitats
among mid-ocean ridges, among chimneys within a same vent field and
even at micro-habitat scale (Desbruyerès et al. 1998; Shmelev et al.,
2009). On fast-spreading ridges like the EPR, hydrothermal vent eco-
systems are evolving very rapidly: discontinuous geothermal activities,
strong geophysical instabilities including eruptions and tectonic
movements lead to rapid changes in the chemistry of the high tem-
perature fluids and in the diversity of vent fauna communities, some-
times resulting in the complete removal of existing settlements and
subsequent colonization by new communities (Van Dover, 2000), with
changes in the pure fluid composition that are reflected in different
metal enrichment in habitats (Le Bris and Gaill, 2007). Similar fluc-
tuations of environmental conditions might thus reflect frequent and
marked variations in metals bioavailability and accumulation pro-
cesses.

Previous studies suggested that organisms from hydrothermal vents
can regulate the amounts of trace elements in cells, compartmentalizing
these into electron dense concretions, granules, vacuoles, or in specific
anatomical region, to either facilitate the excretion or limit their bio-
logical reactivity (Roesijadi and Crecelius, 1984; Cosson-Mannevy
et al., 1988; Ruelas-Inzunza et al., 2003; Kádár et al., 2006b). In the
present study frozen organisms were used, therefore it was not possible
to perform transmission electronic microscopy (TEM), but the dis-
tribution of metals between soluble and insoluble forms was achieved
by their analysis after differential centrifugation of tissues. This ap-
proach confirmed a certain detoxification of these elements, which
appeared as mostly insoluble in both tissues of A. pompejana. Further
insights on the mobility of metals were obtained by applying to the
insoluble fraction the procedure typically used to sequentially extract
metals from mineral granules of sediments as an indirect evaluation of
their bioavailability (Tokalioğlu et al., 2000). In our case, this approach
was applied to evaluate the chemical strength of already accumulated
and insoluble elements. The generally limited contribution of fraction
F4 to the total content of various elements indicated that they were not
primarily present in the form of mineral granules or concretions. Only
branchial appendages contained elevated levels of Hg and Fe in the
fraction F4 (80 and 40% of metal burden) and, to a slightly lower ex-
tent, of Cd and Cu (approximately 20%). This result could suggest that,
branchial tentacles of A. pompejana may intercept, directly from the
vent fluids, mineral particles like mercury sulphides (Hg2S or HgS),
insoluble Fe oxides, colloidal hydrated oxides and sulphides (FeO,
Fe2O3, Fe3O4, Fe2O3·H2O, FeS), in addition to co-precipitated copper

and cadmium sulphides (CuS and CdS); these insoluble particles could
not be transported to the trunk body, as revealed by the lower levels of
such metals associated with F4 in this anatomical portion. Fraction F3
contained the majority of Cd, Cu, Fe, Pb and Zn accumulated in both
the tissues, of Co and Cr in branchial appendages, and of Hg in the
thorax, confirming their possibility to bind to sulphides. Iron and
manganese oxides can further act as a sink for metals, and reducible
elements extracted from fraction F2 were mostly Co and Cr in thoracic
tissues and Pb in branchial filaments. Although the sequential extrac-
tion procedure does not clarify the nature of cellular ligands and me-
chanistic pathways of formation, our results highlighted the general
tendency of accumulated metals to be in an insoluble form with dif-
ferent levels of sequestration and relative reduction of cellular re-
activity. The fraction containing weakly insoluble or exchangeable
forms included part of Co and Cr accumulated in the branchial ap-
pendages (40–60%), and the majority of arsenic measured in both the
tissues (80–90%).

Chemical speciation of this element appeared of particular interest,
since various arsenic compounds greatly differ in terms of environ-
mental distribution, bioavailability and biotransformation, tox-
icological properties and potential biological role (Fattorini and Regoli,
2004; Notti et al., 2007). In the present study, the three polychaete
species from hydrothermal vents contained an elevated percentage
(30–60%) of arsenic not extractable in methanol. This fraction has ty-
pically a much lower contribution (less than 5%) to the total content of
arsenic in marine species, while it can be higher in sediments where
mineral particles adsorb various arseno-compounds (Fattorini et al.,
2006, 2013).

However, levels of methanol-insoluble arsenic were shown to in-
crease by about 5–7 folds in specimens of the Mediterranean tubeworm,
S. spallanzanii transplanted in a naturally acidified vent system
(Ricevuto et al., 2016): in this area, the frequent formation of poorly
soluble compounds, such as Fe/Mn oxy-hydrates or Zn hydroxides
could bind arsenical compounds, partly explaining the capability of
these polychaetes to accumulate such mineral particles under peculiar
environmental conditions. In our study, the elevated content of not
methanol-extractable As, along with the marked occurrence of this
element in a weakly insoluble and easily exchangeable form, could be
compatible with the presence of arsenic (probably arsenite) leaching
complexes, scarcely soluble in methanol solutions: the nature of similar
compounds remains to be elucidated and it might be possibly related to
intracellular carbonates or soluble sulphides (Lee and Nriagu, 2002).

Among methanol-soluble forms, the investigated polychaete species
exhibited a similar pattern of arsenic chemical speciation. Methylated
arsenic as DMA, MMA and TMAO largely dominated with slightly dif-
ferent proportions in various species and tissues, while levels of AsB and
AsC ranged between 3 and 20% of total arsenic content. The sum of
MMA, DMA and TMAO accounted for 40% of the total As in tissues of A.
pompejana, a percentage higher than the soluble arsenic determined by
differential centrifugation in subcellular and cytosolic fractions (about
15% in the branchial appendages and 25% in the trunk body). These
results suggest that also part of methylated compounds can be pre-
cipitated into the weakly insoluble F1 fraction. In this respect, methy-
lated arsenic compounds have been shown to adsorb to iron oxides (i.e.
goethite, hematite, lepidocrocite, ferrihydrite, magnetite), with a
binding affinity much lower than that of the inorganic forms, and thus
being easily leachable at low pH (Campbell and Nordstrom, 2014).

Data on arsenic chemical speciation on organisms from hydro-
thermal vents are restricted to a very limited number of species (Larsen
et al., 1997; Taylor et al., 2012; Maher et al., 2016). The shrimp Ri-
micaris exoculata forming swarms around active smoker walls and the
scale worm Branchipolynoe seepensis exhibited total arsenic concentra-
tions lower than 30 μg·g−1, in form of AsB and AsR, while bivalves of
the genus Bathymodiolus presented an elevated contribution of un-
known arsenic compounds (Taylor et al., 2012). These studies also
described a limited methanol extraction efficiency for arsenic,
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suggesting the presence of precipitated inorganic compounds, origi-
nated from vent fluids, similarly to our previous hypothesis on tube-
dwelling polychaetes (Larsen et al., 1997; Taylor et al., 2012). An ele-
vated contribution of methanol-insoluble arsenic compounds (30–70%)
was also detected in tissues of the alvinellids Paralvinella sulfincola, P.
palmiformis and of the vestimentiferan Ridgeia piscesae from Juan the
Fuca Ridge hydrothermal vent system, Northwest Pacific (Maher et al.,
2016). Although the investigation was carried out on the whole tissues,
not highlighting possible differences between branchial appendages
and the trunk body, more elevated arsenic levels were observed in the
alvinellids (up to about 1400 μg∙g-1) compared to R. piscesae (lower
than 35 μg·g−1). Xanes spectroscopy allowed to hypothesize the pre-
sence of inorganic arsenic associated to glutathione (GSH) and ar-
senopyrite into the insoluble fraction, while extractable arsenic was
dominated by inorganic compounds in P. sulfincola and P. palmiformis,
and by methylated arsenicals in the vestimentiferan species (Maher
et al., 2016).

The presence of inorganic arsenic or methylated compounds in hy-
drothermal vents polychaetes differs from the general tendency of marine
organisms to accumulate arsenic mostly as AsB, AsC or arsenoribosides
(Fattorini and Regoli, 2004). In particular, the predominance of DMA
observed in this study in tissues of A. pompejana, A. caudata and R. pa-
chyptila suggests an efficient biomethylation of inorganic arsenic occur-
ring in these organisms, where MMA could represent an intermediate
reaction product. Methylation of arsenic usually involves an initial re-
duction of pentavalent arsenicals (AsV) to arsenite (AsIII) (Vahter, 2002)
but, considering the reducing conditions at the vent systems, the occur-
rence of already available arsenite might facilitate this process. The
capability to produce DMA from methylation of inorganic arsenic or
degradation of more complex arsenic compounds has been demonstrated
for the first time in the Mediterranean sabellid S. spallanzanii, which
contains approximately 85% of the total arsenic as DMA (Notti et al.,
2007). DMA is a relatively toxic molecule and its elevated bioaccumu-
lation in branchial crowns (approximately 800 μg·g−1) has been ex-
plained as a deterrence mechanism against predation in more exposed
tissues, which are unpalatable for typical consumers of S. spallanzanii
(Fattorini and Regoli, 2004; Fattorini et al., 2005).

The antipredatory function of DMA in branchial tissues may not be
necessary in the thoracic portion of the body, which is protected from
predation by the tube, thus explaining the more limited content of DMA
in this tissue observed both in the vent polychaetes analysed in the
present study and in S. spallanzanii (Fattorini and Regoli, 2004). Un-
palatable branchial appendages have been demonstrated in several tube
dwelling polychaetes (Kicklighter and Hay, 2006, 2007), suggesting that
chemical deterrence might be a quite common strategy against predatory
pressure especially in those species that are sedentary, overt and occur-
ring on hard substrates (Kicklighter and Hay, 2007). In this respect, other
sabellids exhibited much more elevated levels of toxic chemicals in un-
palatable branchial crowns compared to thoracic tissues: Branchiomma
bairdi and B. luctuosum from Mediterranean also accumulate high levels
of arsenic (Giangrande et al., 2016), while Pseudopotamilla occelata from
Japanese coasts, Perkinsiana littoralis from Antarctica, Myxicola in-
fundibulum and Megalomma lanigera hyper-accumulated vanadium, up to
10,000 μg·g−1 (Ishii et al., 1994; Kicklighter and Hay, 2007; Fattorini
et al., 2010; Giangrande et al., 2016).

Although the biotransformation of inorganic arsenic to methylated
compounds might represent a detoxification mechanism in polychaetes
from hydrothermal vents, the high levels of arsenic concentrated in a
relatively toxic form within the branchial appendages of alvinellids may
support the possibility that also these species have developed a che-
mical defence strategy against predation, representing an interesting
hypothesis for these extreme environments. Predatory fish and crabs
occur in high densities around hydrothermal vents communities, and
the constraining environmental conditions have been thought to be the
primary factors limiting the impact by generalist consumers on such
dense patches of biotic resources (Kicklighter et al., 2004). Adapted

vent endemic species like the crabs Cyanagrea praedator and Bythograea
thermydron can nevertheless exert a significant pressure, when milder
conditions are encountered on hydrothermal chimneys with declining
activities. Palatability experiments on deep-sea hydrothermal vent
species evidenced the rejection of some polychaete tissues by shallow
water consumers, suggesting the presence of chemical deterrents re-
sponsible for such distastefulness (Kicklighter et al., 2004): hydrogen
sulphide did not appear to prevent feeding, while bacteria were sug-
gested to possibly produce some metabolites to defend the host and its
associates. Despite the occurrence and significance of chemical defence
against predation remains to be fully elucidated in hydrothermal vents
organisms, our results would provide new insights on the role of toxic
metals concentrated in more exposed tissues.

In conclusion, this study provided new insights on metal accumu-
lation in tissues of tube dwelling polychaetes from hydrothermal vents,
highlighting interesting differences that might be related to either en-
vironmental or species-specific peculiarities. Based on our personal
knowledge, the chemical speciation of the arsenic compounds in such
organisms represents a first contribution on the possible biological and
ecological role of methylated arsenicals as antipredatory mechanism in
hydrothermal vents polychaetes.
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