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Abstract. Ca2+-ATPase activity was evaluated in adult holobionts of Amphistegina lessonii. Foraminifer and
seawater samples were collected at sites located inside (Porcos Bay-POR, Dois Irmãos Shoal-LDI and BuracãoBUR) and outside (Santo Antonio Harbor-PSA and Biboca Beach-BIB) the “Fernando de Noronha” Marine
National Park (FNMNP) (Northeastern Brazil). Individuals from BUR site were also transferred alive to the
laboratory and exposed to Zn (0, 25, 42, 68 and 93 µg dissolved Zn/l). Ca2+-ATPase activity was measured in
both field- and laboratory-collected individuals. Higher enzyme activity was observed in foraminifers collected
inside the FNNMP. The highest activity was observed in LDI foraminifers (7.4±1.4 mmol Pi/mg protein/min),
whereas those collected at the BIB site showed a significantly (p<0.01) lower activity (0.7±0.3 mmol Pi/mg
protein/min). Metal (Cd, Cu and Zn) concentration in seawater samples were strongly and negatively correlated
to Ca2+-ATPase activity. In laboratory-exposed individuals, Ca2+-ATPase activity increased at 25 µg Zn/l, but
was inhibited at Zn concentrations higher than 42 µg Zn/L, declining to an activity as low as 0.12 ± 0.02 nmol
Pi/mg protein/min (p<0.01; r2=0.97). Some metals are known to inhibit Ca2+-ATPase activity and consequently
calcium uptake. Ca2+-ATPase plays a significant role in calcification. Therefore, its inhibition would affect
negatively this process in symbiont-bearing foraminifers and other calcifying organisms, resulting in more
fragile tests and consequently individuals more vulnerable to increasing threats arising from global changes and
ocean acidification. Our results indicate that holobiont Ca2+-ATPase activity is a good biomarker of metal
exposure, allowing the detection of local stressors and implementation of management directives for coral reef
preservation.
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Introduction
Large benthic foraminifers (LBF) are shelled protists
that
shelter
endosymbiotic
algae,
sharing
characteristics with hermatypic corals (Hallock et al.
2006). They have been used worldwide as important
bioindicators of water quality in coral reef
environments (Hallock et al. 2003; Uthicke and
Nobes 2008, Prazeres et al. 2012). Also, LBF are
contributors to the CaCO3 (calcite and aragonite)
cycling in the ocean (Tambutté et al. 2011), and 8%
of the global foraminiferal reef carbonate is estimated
to be produced by these species alone (Langer et al.
1997).
Ca2+-ATPase is a membrane-bound enzyme which
plays an important role in calcium homeostasis and is
found to be ubiquitous in animal cells (Pattnaik et al.
2007). Foraminifers use the activity of this enzyme to
transport Ca2+ across the membrane enclosing the
calcifying fluid in order to initiate calcite precipitation
(Nooijer et al. 2009). In LBF such as Amphistegina
lobifera, the calcification process occurs in the extrashell cytoplasmic space where CaCO3 is precipitated
over the existing shell (Erez 2003). Any disturbance

in the Ca2+ balance, Ca2+-ATPase activity or ion
channel transport may disrupt the biomineralization
process, leading to the formation of thinner,
weakened and anomalous shells.
Coral reefs are among the ecosystems threatened by
the increasing input of chemical contaminants into
marine waters (Peters et al. 1997). Increasing
concentration of metals has been found in reefs from
Brazil, such as the Fernando de Noronha Archipelago
(Prazeres et al. 2012). Toxicity of heavy metals in
aquatic animals may be associated with effects on
enzyme activities (Pattnaik et al. 2007). For example,
metals such as Cd and Zn are shown to inhibit Ca2+ATPase activity in fish, causing perturbation in Ca2+
metabolism (Hogstrand et al. 1996).
In foraminifers, Prazeres et al. (2011) observed
bleaching, lower antioxidant capacity and lipid
peroxidation in A. lessonii individuals acutely
exposed to 93 µg dissolved Zn/L. Also, field-sampled
individuals from Fernando de Noronha Archipelago
(Northeastern Brazil) revealed high degree of
bleaching and protein carbonilation in sites where
high metal concentrations were found (Prazeres et al.
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2012). However, no studies regarding the metal effect
on Ca2+-ATPase activity in LBF are reported to date.
Considering the role of Ca2+-ATPase in Ca2+ transport
and shell formation, inhibition of the enzyme activity
by metals present in the surrounding water may
directly or indirectly influence foraminiferal health
and response to other stressors. Since LBF are
abundant residents in coral reefs (Hallock et al. 2006)
and important producers of carbonate sediments
(Langer et al. 1997), evaluation of their response to
short-term metal exposure may be useful for
ecotoxicological investigations and monitoring.
In light of the above, the goal of the present study
was to determine the holobiont Ca2+-ATPase activity
in normal-appearing adults of A. lessonii at different
sites with different levels of metals, and also in those
from clean sites exposed to zinc under laboratory
conditions.
Material and Methods
Field collection
Sampling sites were located at Fernando de Noronha
Archipelago, located 360 km off the northeast coast
of Brazil. The archipelago is divided into two areas:
an Environmental Protected Area (EPA) designed for
sustainable use with permanent human occupation,
and the Fernando de Noronha National Marine Park
(FNNMP), which is protected from any form of
exploitation. Prazeres et al. (2012) observed high
concentrations of dissolved Pb, Zn and Cu in two sites
located outside the FNNMP.
Sample collection was carried out as described in
Prazeres et al. (2012). Five sites located on the
leeward side (NW shore) of Fernando de Noronha
Island at depths ranging 7-20 m were selected: Santo
Antonio Harbor (PSA), Biboca Beach (BIB), Porcos
Bay (POR), Dois Irmãos Shoal (LDI), and Buracão
(BUR). The two first sites are located inside the EPA,
while the others are inside the FNNMP.
Amphistegina lessonii present on reef cobble were
picked and placed on dry ice for further analysis of
Ca2+-ATPase activity. Additionally, water samples
were collected in duplicate for analysis of dissolved
organic carbon (DOC) and dissolved metal (Zn, Cu,
Pb, and Cd) concentrations.
Experimental procedures
Live individuals of A. lessonii were collected at the
BUR site in the FNNMP, and acclimated (3-4 weeks)
in a culture chamber with fixed temperature (27±1°C)
and photoperiod (12 h light/dark cycle). White
fluorescent source providing PAR was used to allow
the endosymbiont photosynthesis. Individuals were
maintained in synthetic seawater (salinity 36 ppt) with

addition of nutrients, as described in Hallock et al.
(1986).
Five replicates per treatment (n = 6-8 healthy adults
per replicate) were randomly assigned to the 48-h
exposure test. Foraminifers were exposed to different
Zn concentrations (average ± standard error): 9.53 ±
0.61 (control), 25.20 ± 0.34, 42.01 ± 1.80, 67.67 ±
1.86, 93.37 ± 9.93 µg dissolved Zn/l. At the end of
experiment, live foraminifers were collected and
frozen (-80ºC) for further enzyme activity analysis.
Ca2+-ATPase activity analysis
Foraminifers from field and laboratory samples were
homogenized in a buffer solution containing 500 mM
sucrose, 1 mM DL-dithiothreitol, 150 mM KCl, 20
mM Tris Base, and 0.1 mM phenylmethylsulfony,
with pH adjusted to 7.6. Homogenates were then
centrifuged at 10,000×g for 20 min at 4°C. Protein
content in the homogenate supernatant was
determined using the Quant-iT Protein Assay
(Invitrogen, USA). Ca2+-ATPase activity was
determined spectrophotometrically following the
method of Fiske and Subbarow (1925). According to
this method, the inorganic phosphate (Pi) released
from the ATP consumption during calcium pumping
is measured. Pi concentration in the reaction mixture
was quantified by spectrophotometry (620 nm) using
a reagent kit. Pi concentration was calculated using a
standard curve built with monobasic phosphate.
Statistical analysis
Ca2+-ATPase activity was measured in triplicate.
Results are expressed as mean ± 1 standard error.
Differences among mean values of the experimental
groups were detected by one-way analysis of variance
(ANOVA) followed by the Tukey’s (HSD). Data
were checked for homogeneity of variance and
normality prior to analysis. In all cases, the
significance level adopted was 95% (α = 0.05).
Negative
exponentially-weighted
fitting
was
performed to evaluate a possible correlation between
Zn concentration and enzyme activity. A redundancy
analysis (RDA) was also performed to illustrate
differences in Ca2+-ATPase activity among sampling
sites and their dependence on the environmental
variables analyzed. All environmental and biomarkers
data were z-transformed prior to RDA.
Results
Field study
Ca2+-ATPase activity was lower in A. lessonii from
PSA and BIB sites than in those collected at the sites
located inside the FNNMP, such as the LDI site. For
example, Ca2+-ATPase activity was 7.4 mmol Pi/mg
protein/min in foraminifers collected at the LDI site,
while those from the BIB site showed 10-fold lower
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activity (0.7 mmol Pi/mg protein/min) (p<0.01; Fig.
1). In general, individuals collected inside the
FNNMP (POR, LDI and BUR) showed a higher
specific Ca2+-ATPase activity, although no significant
difference was observed from those collected at sites
located outside the FNNMP (PSA and BIB).
Redundancy analysis (RDA) revealed a strong and
negative correlation between the Cu, Cd and Zn
concentration in seawater and the Ca2+-ATPase
activity, indicating that higher concentrations of these
metals where associated with lower specific enzyme
activities .

Figure 1: Ca-ATPase activity in normal-appearing holobionts of
Amphistegina lessonii collected off Fernando de Noronha Island.
Data are expressed as mean±SE. Different letters indicate
significant differences among sites (p<0.05).

Different letters indicate significant differences among sites
(p<0.05).

Discussion
Field and laboratory results demonstrate a clear
influence of dissolved metal concentration on Ca2+ATPase activity. Amphistegina lessonii collected at
the LDI site (inside the FNNMP) showed a higher
Ca2+-ATPase
activity,
where
the
lowest
concentrations of dissolved metals were found in the
water. Individuals collected at the BIB site (outside
the FNNMP) showed a strong negative correlation
between enzyme activity and dissolved metal
concentrations in the water, especially Cu and Cd.
Both metals are known to inhibit Ca2+-ATPase
activity in mussels (Viarengo et al. 1996) and crabs
(Burke et al. 2009). Regarding benthic foraminifers,
no previous data on the effect of these metals on Ca2+ATPase activity are available. However, it has been
demonstrated that these metals are likely causing
bleaching,
lipid
peroxidation
and
protein
carbonilation in adult holobionts (Prazeres et al. 2012).
These damages can also interfere with enzyme
activity, since they can alter membrane permeability.
Therefore, the reduced Ca2+-ATPase activity observed
in the present study may be also related to the metalinduced oxidative damage.

Zinc exposure in laboratory
Ca2+-ATPase activity was significantly different in
control individuals and those exposed to 42 and 93 µg
Zn/l (p<0.01; Fig. 2). When exposed to 42 µg Zn/l, A.
lessonii exhibited an increased enzyme activity (1.5
mmol Pi/mg protein/min). However, an inhibition of
enzyme activity was observed in foraminifers exposed
to 93 µg Zn/l (0.1 mmol Pi/mg protein/min). Fitting
analysis revealed a clear pattern of enhanced enzyme
activity and further reduction with the increasing Zn
concentration (r= -0.24, p=0.5; Fig. 3).

Figure 3: Negative fitting between Ca-ATPase activity in normalappearing holobionts of Amphistegina lessonii and dissolved Zn
concentration in the medium.

Figure 2: Ca-ATPase activity in normal-appearing holobionts of
Amphistegina lessonii collected off Fernando de Noronha Island
and experimentally exposed to Zn. Data are expressed as mean±SE.

In laboratory-exposed A. lessonii, Prazeres et al.
(2011) showed that exposure to increasing Zn
concentrations induces a lower antioxidant capacity
and enhances lipid peroxidation, resulting in
bleaching and increased metal toxicity. Sandeman
(2008) suggested that lipid peroxidation may be one
of the sources of Ca2+ for calcification in corals.
Nevertheless, A. lessonii exposed to sub-lethal Zn
concentrations showed enhanced Ca2+-ATPase
activity at 42 µg Zn/l. The higher lipid peroxidation
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observed in A. lessonii exposed to Zn (Prazeres et al. Langer MR, Silk MT, Lipps JH (1997) Global ocean carbonate
production: The role of reef foraminifera. J Foraminifer Res
2011) might have caused a leakage of intracellular
27:271–277.
2+
2+
Ca , causing the observed rise in Ca -ATPase Nooijer LJd, Toyofuku T, Kitazato H (2009) Foraminifera promote
2+
activity at 42 µg Zn/l to pump out the excess of Ca .
calcification by elevating their intracellular pH. P Natl Acad Sci
106:15374–15378
In turn, a reduced enzyme activity was observed at 93
2+
µg Zn/l likely due to a direct metal effect on the Pattnaik S, Chainy GBN, Jena JK (2007) Characterization of Ca ATPase activity in gill microsomes of freshwater mussel,
enzyme. It is suggested that Zn ions are capable of
Lamellidens marginalis (Lamarck) and heavy metal modulations.
forming a complex with ATP, binding to Ca2+Aquaculture 270:443–450
ATPase, inhibiting the enzyme activity (Dias and Peters EC, Gassman NJ, Firman JC, Richmond RH, Power EA
(1997) Ecotoxicology of tropical marine environments. . Environ
Coelho 2007). Also, Zn and Ca appear to compete for
Toxicol and Chem 16:12–40
the same ion channel (Santore et al. 2002). Therefore, Prazeres MF, Martins SE, Bianchini A (2011) Biomarkers response
Zn can exert a toxic effect by inhibiting the Ca uptake.
to zinc exposure in the symbiont-bearing foraminifer
Amphistegina lessonii (Amphisteginidae, Foraminifera). J Exp
Taken altogether, findings reported here are direct
2+
Mar Biol Ecol 407:116–121
evidence of the negative influence of metals on Ca
Prazeres MF, Martins SE, Bianchini A (2012) Assessment of water
homeostasis. It is important to note that any
quality in coastal waters of Fernando de Noronha, Brazil:
disturbance on Ca2+-ATPase activity may have severe
Biomarker analyses in Amphistegina lessonii. J Foraminifer Res
42:56–65
consequences on biomineralization and calcite
Sandeman IM (2008) Light driven lipid peroxidation of coral
deposition processes in foraminifers, since these
membranes and a suggested role in calcification. Rev Biol Trop
animals depend on the enzyme activity to enhance
56:1–9
intracellular pH for calcification (Erez 2003). As a Santore RC, Mathew R, Paquin PR, DiToro D (2002) Application
of the biotic ligand model to predicting zinc toxicity to
consequence, foraminifers will produce fragile tests,
rainbowtrout, fathead minnow, and Daphnia magna. Comp
which would be more vulnerable to increasing threats
Biochem Phys C 133:271–285
of global changes and ocean acidification.
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