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SUMMARY: In an approach to understand more about copper toxicity effects on marine microalgae, 72-h growth inhibi-
tion toxicity tests were followed on natural picophytoplanktonic populations belonging to different coastal and oceanic
geographic locations (Mediterranean Sea and Atlantic Ocean) covering, at an approximate longitude of 30°W, latitudes from
32°14°S to 29°10°N. Analyses of samples established different predominant populations for different locations. Copper tox-
icity tests showed a group of cyanobacteria isolated from coastal samples that were the most sensitive, and a second group
of picoeukaryotes collected from the Atlantic Ocean surface, which were more tolerant to copper. The use of flow cytometry
for studying copper toxic effects provided a variety of information on cell parameters in addition to cellular density. In par-
ticular, an established increase in copper tolerance with increase of cell size was observed in cyanobacteria, but it was not
clearly followed in picoeukaryotes. This study aims to relate copper tolerance to the geographic location sites of sampling
collection. The results obtained establish that other factors such as cell size, proximity to the coast and copper concentration
in situ are considered to have a greater influence than the fact of belonging to a determined location site.

Keywords: natural picoplankton populations, geographic distribution, copper, toxicity, cyanobacteria, picoeukaryotes.

RESUMEN: EFECTO TOXICO DEL COBRE EN POBLACIONES NATURALES DE PICOPLANCTON AISLADAS, PROCEDENTES DE DIS-
TINTAS LOCALIZACIONES GEOGRAFICAS. — Con el fin de estudiar el efecto toxico del cobre en las microalgas marinas, se
llevaron a cabo ensayos de toxicidad (72 h) con poblaciones naturales de picofitoplancton. Poblaciones procedentes de
distintas localizaciones geogrédficas (mar Mediterraneo y océano Atldntico), cubriendo, aproximadamente en la longitud de
30°0, latitudes comprendidas entre 32°14°S y 29°10°N. El andlisis inicial de las muestras permiti6 distinguir las poblaciones
predominantes de cada estacion de muestreo, a exponer en los ensayos de toxicidad. En resumen, un grupo de cianobacterias
procedentes de las muestras costeras resultaron ser las mas sensibles, y un segundo grupo de picoeucariotas, tomadas de la
superficie del océano Atldntico, las mds tolerantes al cobre. El andlisis del ensayo se llevé a cabo mediante citometria de
flujo lo que permiti6 estudiar otros pardmetros celulares, aparte de la densidad celular. Pudiendo observar, en el caso de las
cianobacterias, un incremento de la tolerancia al cobre con incremento de su tamaiio celular; que no resulté tan evidente en el
caso del grupo de picoeucariotas. Finalmente, al relacionar la tolerancia al cobre con las poblaciones procedentes de distintas
localizaciones geograficas de muestreo podemos concluir que, otros factores, tales como: el tamano celular, proximidad a
costa, o concentraciones del metal in situ, pueden tener una mayor influencia que la localizacién geografica de la poblacion.

Palabras clave: poblaciones naturales de picoplancton, distribucion geografica, cobre, toxicidad, cianobacterias,

picoeucariotas.
INTRODUCTION physiologically necessary. Trace metals exist at na-
nomolar and picomolar concentrations in seawater
Copper is essential in trace amounts, but becomes (Bruland and Franks, 1983), which are orders of mag-

toxic when exposed to higher concentrations than is nitude below the concentrations found in terrestrial
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ecosystems. They can have either a positive or negative
effect on phytoplankton productivity and species distri-
butions in oceans (Coale, 1991). For hundreds of years
there has been an increase in dissolved copper concen-
trations, especially those found in coastal systems, as a
result of anthropogenic inputs. This is the case even in
remote environments: Hong et al. (1996) establish that
the atmospheric flux of copper to Greenland ice has
increased by more than one order of magnitude from
the pre-Roman period to the present.

A great deal of information is available on the
effects of copper toxicity on freshwater and marine
microalgae from isolated culture collections, but little
on its effects on recently collected microalgae popula-
tions (Wolter et al., 1984; Mann et al, 2002; Le Jeune
et al, 2006). The study of these effects on the complex-
ity of the aquatic environments is an important objec-
tive in ecotoxicology, due to the possible differences
between the sensitivity of laboratory species and that
of field-collected species (Janseen et al., 2003).

It is reported that the sensitivity of phytoplankton
to copper varies among algal species (Thomas and
Seibert, 1977). Although there are exceptions, dino-
flagellates and cyanophytes are more copper-sensitive
groups, and green flagellates (Gustavson and Winberg,
1995) and diatoms ( Stauber and Davis, 2000) are more
resistant. Cyanobacteria are one of the most sensitive
species to copper toxicity in the laboratory. Brand et
al. (1986) suggest that this may be because their ances-
tors evolved in an anoxic environment where the bio-
available copper concentration was low. Their small
size and high surface-to-volume ratio also make these
organisms more vulnerable to potentially toxic copper
concentrations. On the other hand, larger eukaryotic
cells tend to be more resistant to copper toxicity.

This paper is intended to be a preliminary study
in marine microalgae ecotoxicology. In future, more
samples of natural picoplankton should be collected
around the world and assayed. The aim of this study
is, first, to establish the effects of copper on natural
marine microalgae samples, including samples from
coastal sites and from oceanic locations (cyanobacteria
and photosynthetic picoeukaryotes) and, second, to
determine whether there is any possible relationship of
copper tolerance to microalgae geographic position, in
addition to the already established differences between
cyanobacteria and eukaryotes.

MATERIALS AND METHODS

Sample locations and picophytoplankton
populations

The assays of copper toxicity effects were per-
formed on picophytoplankton populations collected
from 8 different geographic locations in the Mediter-
ranean Sea and Atlantic Ocean (divided in coastal
and oceanic samples). Figure 1 shows the location of
coastal seawater samples corresponding to the Medi-
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F1G. 2. — Geographic locations of oceanic sampling stations.
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TABLE 1. — Geographic locations and cytometric data of the eight

samples exposed to toxicity assays with copper (coastal samples

C1-C4, oceanic samples O1-O4). Subscript “a” on SSC (side-

scatter, cell size), FL3 (chlorophyll a autofluorescence), FL4 (phy-

cocyanin), and FL2 (phycoerythrin), indicates data corresponding to
average arbitrary units.

Samples Goegraphic Loc. SSC, FL3, FL4,  FL2,
Cl 36°54°'N 6°17"W 230 574 380

C2 36°45°N 2°12’W 2150 4652 3080

C3 39°0'N 1°39’E 49 116 211

c4 38°11’N 15°5’E 84 173 310

o1 32°24°S 33°31'W 127 2174

02 20°19’S 29°7"W 58 944

03 9°5°S 28°59°W 52 52

04 29°10’N 28°56°W 58/8 1760/245 69

terranean Sea (three sites) and the Atlantic Ocean (one
site). Figure 2 shows the location of the other four
sites, corresponding to oceanic samples. The latter
were obtained during an oceanographic cruise aboard
the Spanish Oceanographic vessel Hesperides by
means of an oceanographic rosette with coupled CTD.
Samples collected from the Atlantic Ocean cover, at
an approximate longitude of 30°W, latitudes from
32°14°S to 29°10°N. Table 1 includes the population
nomenclature, exact geographic location and measured
cytometric parameters.

Once collected, all samples were filtered with a 3
um filter and natural communities of picoeukaryotes
were kept in a culture chamber, previous to toxicity
tests. Coastal samples were subjected to isolation (with
agar plates) in order to obtain isolated populations of
cyanobacteria. Then samples were maintained in f/2
culture medium inside a culture chamber at 25 + 0.4°C
and a 12:12-h white light:dark photoperiod (32 pmol
m2s") until the beginning of the toxicity test. Toxicity
tests were started as soon as possible once the oceano-
graphic cruises had ended (remaining no long than 30
days in chamber).

Toxicity assays

Before exposure to copper, all samples were ana-
lyzed by flow cytometry to distinguish the existing
groups of populations, sizes, chlorophyll a intensity,
and phycobilins (included in Table 1). Moreover, by
means of HPLC the pigmentary profile obtained
showed that all coastal isolates were cyanobacteria
(Synechococcus and Synechocystis) and that all oce-
anic isolates were chlorophyte algae (Nannochloris),
except for the oceanic sample O4, which showed an-
other population detected by flow cytometry with phy-
coerythrin signal. This population may correspond to
the “marine Synechococcus” established by Waterbury
et al. (1986), found in the euphotic zone of oceanic
waters in the world’s temperate and tropical oceans.

Seventy-two-hour toxicity tests were performed in
two batches: coastal samples were exposed to lower
copper concentrations (preliminary studies showed
high sensitivity to copper; Debelius et al. 2009) of 0,

1.5, 3 and 9 ug L'! and oceanic samples were exposed
to higher copper concentrations of 0, 3, 9 and 18 ug
L1, all performed in triplicate. The different copper
concentrations were added as diluted Merck standard
solution; pH was measured at the beginning and end
of the toxicity tests, with no variations being found
(added acidified stock was less than 0.5% of the total
volume). In addition, all samples were diluted to initial
cellular densities close to natural conditions of 103-10*
cell mL'; oceanic samples were diluted in Atlantic
oceanic water brought from the oceanographic cruise.
The medium was enriched with a final concentration
composed of NO, (123.88 uM) and PO* (4.01 uM).
This medium was chosen rather than another standard
enriched medium, such as Guillard’s f/2 formulation,
because it has been demonstrated that EDTA greatly
decreases the toxicity of metals due to the chelating
properties of the molecules (Sunda and Guillard, 1976;
Moreno-Garrido, 1997).

Assays were performed in 50-mL Erlenmeyer
flasks, previously cleaned with dilute nitric acid (10%)
and rinsed several times with Milli-Q water before
experiments. Twenty-mL samples with each copper
concentration but without microalgae were also added
in the toxicity test to analyze, in situ, any copper con-
centrations in natural samples, adsorption to glass and
real exposure to added copper concentrations. Toxicity
tests were maintained in the same culture chamber, in
the same conditions as when the samples reached the
laboratory.

During all experiments the nominal Cu concentra-
tions, including the control, were measured at the end
of the toxicity tests using a Metrohm 663 VA stand
equipped with an Hg electrode, with 1 ug L' limit
detection (DP-VRA). Solutions were purged with high
purity nitrogen for 8 min before measurements. A
deposition potential of -1.1 V was applied for 300 s,
with stirring, followed by a non-stirring period of 10 s.
Potential was scanned at 13.3 mV s! at a pulse ampli-
tude of 30 mV.

Flow cytometric analysis

Experimental samples were removed from the
culture chamber after the 72-h copper exposure and
were analyzed using a FACSCalibur flow cytometer
(Becton-Dickinson) equipped with a blue argon-laser
(488 nm), a red diode (635 nm) and a four-colour pho-
tomultiplier with fluorescence filters (FL1 515-545
nm, FL2 564-606 nm, FLL3 >650 nm and FL4 653-669
nm), forward light scatter (FSC) and side scatter (SSC).
Data were computed with CellQuest software (Beck-
ton-Dickinson). Each culture was analyzed for 30-60 s
(6000 to 10000 events per measurement, at a flow rate
previously calibrated by an established sample weight
during a constant period of time) from samples (20 mL,
not diluted) previously fixed with 3-4% formaldehyde.
The reason for fixing the samples was the difference
in time when measuring from the first to the last sam-
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FiG. 3. — Flow cytometry dot plots of cell size vs phycocyanin signals of isolated coastal cyanobacteria population samples.

ple; this way all samples were measured at the same
time (at hour 72). Counts, signals of SSC, chlorophyll
a autofluorescence (FL3) phycoerythrin (FL2) and
phycocyanin (FL4) obtained as arbitrary units were
recorded. The SSC signal was used as a cellular size
indicator instead of FSC, since previous studies show
that this signal has a better correlation with the cell size
(Sobrino et al., 2005).

Statistical analysis

The 72-h EC,, values were obtained from the ad-
justment of growth inhibition data (in comparison with
a growth control) to a sigmoid equation, corresponding
to each contaminant and microalga.
RESULTS

Flow cytometry data

Before starting each of the toxicity tests, samples
were analyzed by flow cytometry to determine the

existing population’s size, chlorophyll a and pigment
characteristics (included in Table 1). Populations be-
longing to coastal samples were delimited by repre-
senting data in the two-parameter SSC vs phycocyanin
signal dotplots (Fig. 3), because they gave better results
than SSC vs. FL3. The high signal of phycocyanin in
the case of cyanobacteria allowed a better delimitation
of populations than when the FL3 chlorophyll a signal
was used.

In the case of the other four oceanic samples, popu-
lations by flow cytometry were delimited by SSC vs.
FL3 dotplots, and in the case of the O4 sample, in
which another population with a phycoerythrin signal
was detected, by SSC vs. FL2 dotplots, as shown in
Figure 4. Obtained data of initial and final cellular
densities, for all populations studied, at the maximum
copper concentration toxic effect are shown in Table 2.

Toxicity assays

Growth inhibition toxicity effects of copper were
higher in coastal than in oceanic populations, showing
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Fi1G. 4. — Flow cytometry dot plots of cell size vs chlorophyll a signals of oceanic picoeukaryotes (O1, 02, O3, O4) and O4(FL2) cyanobacteria
population.

that the coastal cyanobacteria had a higher sensitivity
to copper than the picoeukaryotes from the Atlantic
Ocean. Measured copper control concentrations for
coastal and oceanic seawater showed values below
the detection limit of differential pulse voltammetry
(DP-VRA) (<1 pg L), although coastal samples

TABLE 2. — Initial and final cell densities (cell mL") for the stud-
ied populations of cyanobacteria (C1, C2, C3, C4, O4(FL2)) and
picoeukaryotes at the maximum copper concentration toxic effect.

Samples Oh 72h
Cyanobacteria
1 12333 + 2840 11572 + 260
C2 1311 + 200 1300 + 38
C3 34888 + 1033 6288 + 300
C4 235475 + 14500 119425 + 10400
O4(FL2) 3091 + 194 162 76
Picoeukaryotes
O1 4475 =260 1650 = 70
02 10202 + 822 8166 + 436
03 5986 + 150 5350 « 500
04 4466 + 398 1158 =117

showed higher copper concentrations (0.98 + 0.1 ug
L") than oceanic seawater (0.2 = 0.2 ug L!). In the
case of measured nominal copper concentrations,
small deviations were obtained, ranging from + 0.3
to + 0.48 ug L', and copper adsorbed to glass was
of a maximum of 6% at the highest copper exposure
concentrations (9 and 18 ug L'!).

When the toxic effects of copper on the four coast-
al cyanobacteria populations were compared, popula-
tions C1 and C2 were the most tolerant, showing no
apparent growth inhibition up to the highest copper
concentration exposure of 9 ug L. Tt is important to
note that these two samples differ from the other two
in that they were collected from salt marshes, while
the others were obtained from coastal seawaters in the
open Mediterranean Sea. Figure 5 shows percentage
of growth inhibition for the other two coastal samples
when exposed to the copper studied concentrations.
As can be seen, C4 shows a higher tolerance than C3,
with EC,, values for C4 and C3 of >9 ug L-! and 1.4
ug L1, respectively.
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F1G. 5. — % of growth inhibition of coastal populations when ex-
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From the other parameters obtained by flow cytom-
etry (information of cellular size, chlorophyll a, and
phycocyanin), no clear variations in the two most toler-
ant populations (C1 and C2) were observed. However,
in the case of cyanobacteria populations affected by the
copper concentrations studied (C3 and C4), as is shown
in Figure 6, a similar tendency in signals for SSC, FL.3
and FL4 was observed. The SSC signal showed a ten-
dency to increase in size with the increase in copper
concentration, but in the most sensitive case, C3, when
inhibition growth values were close to 100%, SSC val-
ues decrease in size to reach normal initial size values.
For the other two signals FLL3 and FL4 data showed a
similar, but slighter pattern.
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FI1G. 7. — % of growth inhibition of oceanic populations due to cop-

per exposure; O4 (FL2) refers to the population from sample loca-
tion O4 that showed a strong phycoerythrin signal.
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For all populations studied the oceanic samples showed
inhibition of growth for the range of copper concentra-
tions added (Fig. 7). In the case of O3 and O2, inhibitions
of growth values were only 6% and 19%, respectively, at
the maximum added copper concentration of 18 ug L.
Also, these two populations showed increases in growth
at 3 ug L' and 9 ug L' of 4% and 60%, for O2 and O3,
respectively. This increase in growth in the picoeukaryo-
tes has already been pointed out by other authors studying
copper toxic effects on natural populations, such as Broise
and Palenik (2007). The rest showed EC, values of 17
ug L for O1, 11.4 ug L' for O4, and of 8 ug L' for
the Synechococcus sp. population. As can be seen, copper
EC,, values showed higher values in eukaryotes than in
prokaryotes. With respect to changes in size signal, the
increase of copper tolerance related to increase of cell size
did not appear as clear as for cyanobacteria.
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Samples O1, 02, and O3 did not show great vari-
ations in the SSC and FL3 signals. The O4 eukaryotic
population and Synechococcus sp. showed a clear ex-
ponential enhancement of SSC with an increase in cop-
per concentration, as is observed in Figure 8. These two
populations also showed variations in the FL3 signals,
but this time each showed a different response: while
the picoeukaryotic population showed an increase in
chlorophyll a signal at a copper concentration range of
9 tol8 ug L', Synechococcus sp. showed a decrease at
the same range. Also, in the case of Synechococcus sp.
population, FL.2 data showed similar variations to FL.3
data. This high correlation between FL3 and FL2 sig-
nals has already been reported by Broise and Palenik
(2007).

When all experimental data from all different
geographic locations sites are arranged, as is shown in
Figure 9, there appears to be an exponential increase
in tolerance related to size, which had already been
clearly established in the coastal samples.
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FIG. 9. — Scatter plot of size relationship with microalgae copper
tolerance, expressed as the different % of growth inhibition at the
copper exposure concentration of 9 ug L.

DISCUSSION

This study aims to provide some indication of
how similar populations from different locations can
act when toxic copper concentrations are added. Our
results are consistent with previous studies describing
cyanobacteria as a highly copper-sensitive phytoplank-
ton group (Brand et al., 1986; Le Jeune et al., 2006; Br-
oise and Palenik, 2007). However, further studies with
a larger diversity of population groups and geographi-
cal locations should be made in order to establish clear,
definitive conclusions.

Copper sensitivity of cyanobacteria populations
in this study showed a clear relationship with size,
chlorophyll a and phycocyanin signals: larger cells,
with higher chlorophyll a and phycocyanin average
signals were the most tolerant, and as all these signals
decreased a greater copper sensitivity appeared.

This marked copper sensitivity of cyanobacteria
was reported by Brand et al. (1986) and Quigg et al.
(2006). Several authors have tried to find an explana-
tion for it. It is difficult to conclude whether differences
in copper toxicity are associated with factors other than
taxonomic differences, but this study aims to introduce
other aspects that may influence copper tolerance.

Quigg et al. (2006) studied copper uptake kinetics
and observed, in agreement with Brand et al. (1986),
a high uptake rate of copper in cyanobacteria. Mann
et al. (2002) established that a greater cell size of eu-
karyotes relative to prokaryotes may have provided an
additional selective advantage against toxic metal ac-
cumulation in these algae. Lombardi and Viera (2000)
and Lombardi et al. (2005) showed that extracellular
polysaccharides produced by several freshwater cy-
anobacteria in growth phase acted as copper-complex-
ing ligands. Levy et al. (2008) suggested that copper
sensitivity and tolerance is not related to copper uptake
rates but rather to detoxification processes.

To explain the differences in tolerance of popula-
tions, suggestions of influence of variations in the
in situ environment have been made. For example,
Waterbury et al. (1986) suggested that particular ma-
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rine habitats often contain a characteristic diversity of
forms which may differ markedly from season to sea-
son and between different geographical locations, and
Le Jeune et al. (2006) reported a seasonal sensitivity
to copper stress in phytoplanktonic communities which
were more sensitive to copper in spring than in summer
or autumn. Sunda (1987) proposed that phytoplankton
exhibit differential sensitivity to copper toxicity ac-
cording to the regime to which they are adapted and
Harrison et al. (1977) found that the communities from
copper-exposed enclosures after 1 month had an EC,
value around one order of magnitude higher than the
communities from the control enclosures.

In this study, in addition to the copper toxic effects
on the different natural marine microalgae popula-
tions, because collected samples differed greatly with
regard to their geographic position (from the Atlantic
Ocean to the Mediterranean Sea), the influence of the
geographic position on the toxic effect of copper was
studied. The results showed clear tolerance differences
between coastal and oceanic samples, suggesting that
copper exposure is more likely in coastal populations
than in oceanic populations. In the case of coastal
populations, those belonging to east latitudes appeared
to be more sensitive than those from the west: from
east to west copper EC, values were 1.4 ug L', 9 ug
L, and >9 ug L. It is important to note that these
populations show great differences in size, showing
from this copper tolerance-size relationship a clear in-
crease in tolerance with cell size. On the other hand, for
oceanic samples collected from different latitude loca-
tions, populations from latitudes close to 0° (O3 and
04) appear to be more tolerant than those situated at
the extremes, especially those situated in the southern
latitudes of the Atlantic Ocean. It could be that popu-
lations belonging to sites O2 and O3, closest to the
South American coast where copper concentrations are
higher (Giinter, 1999), are more tolerant than popula-
tions situated in the middle of the Atlantic Ocean, such
as O4, where total copper values are lower and there-
fore may be more sensitive to increased incorporation
of copper. The same may happen in the case of the two
most tolerant cyanobacteria populations, which unlike
the other one, were collected from salt-marshes where
water recirculation is scarce and high salinity values
are reached by evaporation. Therefore, any possible
contamination results in a higher concentration and
tolerance to physical-chemical parameters differs from
that of the other cyanobacteria obtained from the open
Mediterranean Sea. Furthermore, Walle et al. (1993)
stated that the input of pollutants into the Mediterrane-
an Sea has a major impact because it is a semi-enclosed
sea, so pollutants discharged in coastal areas are not
sufficiently dispersed or diluted.

In short, we can conclude that data in this study
demonstrate a frequent higher copper toxicity on cy-
anobacteria than on picoeukaryotes, showing copper
toxic effects that can occur at such low concentra-
tions as 1.4 ug L. These concentrations can easily be

encountered in coastal areas due to ship anti-fouling
paints and urban runoff (Broise and Palenik, 2007).
Mann et al, (2002) found copper concentrations in
the Sargasso Sea surface from 0.38 ng L! to values of
6.35 ng L! in polluted harbours. Satpathy ez al. (2006)
found copper concentrations of up to 44 ug L'! on the
Kalpakkam Coast, East India. On the other hand, the
relationship between copper tolerance and geographi-
cal position of organisms is not sufficiently clear and
a greater number of sample sites must be used in order
to establish a clear tendency of tolerance with longi-
tude-latitude distribution. Other factors, such as size,
coinciding with a larger tolerance related to a larger
cell size in this study, or a closer situation to the coast,
may be more significant of the microalgae tolerance to
a toxic compound.

It should also be considered that there is a great va-
riety of environmental factors that are known to modify
the toxicity of metals in seawater to a given test organ-
ism: pH, presence of inorganic carbon and phosphorus,
exchange reactions between suspended sediments and
seawater (Hollibaugh et al., 1980), nutrients, tempera-
ture, light and wind (Broise and Palenik, 2007). Hence,
much work still has to be done in the study of toxic
effects on natural marine microalgae.
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