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Abstract

Several marine diatoms produce polyunsaturated aldehydes (PUAs) that have been shown to be toxic to a wide variety of model organisms, from
bacteria to invertebrates. However, very little information is available on their effect on phytoplankton. Here, we expand previous studies to six
species of marine phytoplankton, belonging to different taxonomic groups that are well represented in marine plankton. The effect of three PUAs,
2E,4E-decadienal, 2E,4E-octadienal and 2E,4E-heptadienal, was assessed on growth, cell membrane permeability, flow cytometric properties
and morphology. A concentration-dependent reduction in the growth rate was observed for all cultures exposed to PUAs with longer-chained
aldehydes having stronger effects on growth than shorter-chained aldehydes. Clear differences were observed among the different species. The
prymnesiophyte Isochrysis galbana was the most sensitive species to PUA exposure with a lower threshold for an observed effect triggered by
mean concentrations of 0.10 �mol L−1 for 2E,4E-decadienal, 1.86 �mol L−1 for 2E,4E-octadienal and 3.06 �mol L−1 for 2E,4E-heptadienal, and
a 50% growth inhibition (EC50) with respect to the control at 0.99, 2.25 and 5.90 �mol L−1 for the three PUAs, respectively. Alternatively, the
chlorophyte Tetraselmis suecica and the diatom Skeletonema marinoi (formerly S. costatum) were the most resistant species with 50% growth
inhibition occurring at concentrations at least two to three times higher than I. galbana. In all species, the three PUAs caused changes in flow
cytometric measures of cell size and cell granulosity and increased membrane permeability, assessed using the viability stain SYTOX Green. For
example, after 48 h 51.6 ± 2.6% of I. galbana cells and 15.0 ± 1.8% of S. marinoi cells were not viable. Chromatin fragmentation was observed
in the dinoflagellate Amphidinium carterae while clear DNA degradation was observed in the chlorophyte Dunaliella tertiolecta. Concentrations
used are in a significant range for affecting growth and performance of phytoplankton living in close vicinity of PUA-producing algae. Thus, PUAs
may act as allelochemicals by mediating interactions among planktonic organisms.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade unicellular algae have been shown to pro-
duce a wide range of secondary metabolites which are often
released in the environment (Hay, 1996). For most of these
compounds, it remains unclear whether they are released as
semiochemicals, i.e. information-conveying molecules, or if
they are simply degradation products expelled by the producing
organisms (Watson, 2003). However, it is becoming increasingly
evident that a wide number of these compounds have biological
functions, as, for example, pheromones (Pohnert and Boland,
2002), which mediate interactions between organisms of the
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same species, kairomones (Cembella, 2003) and allomones
(Legrand et al., 2003), which mediate interactions between indi-
viduals of different species and that are beneficial to the producer
(kairomones) or the receiver (allomones).

Polyunsaturated aldehydes (here abbreviated PUAs) are pro-
duced by the enzymatic degradation of polyunsaturated fatty
acids which is activated soon after cell membrane disrup-
tion (d’Ippolito et al., 2002, 2004; Pohnert, 2002). PUAs
produced include 2E,4E/Z-heptadienal, 2E,4E/Z-octadienal,
2E,4E/Z,7Z-octatrienal, 2E,4E/Z-decadienal and 2E,4E/Z,7Z-
decatrienal, and these are described for both freshwater
and marine phytoplankters, including chrysophytes, cryp-
tophytes, cyanobacteria, synurophytes, prymnesiophytes and
diatoms (Watson et al., 2001; Watson, 2003; Watson and
Satchwill, 2003; Wichard et al., 2005b; Hansen et al.,
2004).
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Among these PUAs, 2E,4E-decadienal has been widely used
as a model aldehyde and has been shown to induce deleteri-
ous effects on the reproduction of several invertebrates, such as
echinoderms, polychaetes, ascidians, crustaceans and molluscs
(Caldwell et al., 2003). However, little information is available
on other PUAs and on their effect on photosynthetic organisms
that coexist in natural phytoplankton communities. Casotti et al.
(2005) have investigated the effect of this aldehyde on the diatom
Thalassiosira weissflogii in culture and shown that exposure to it
induced reduction of the growth rate and triggered programmed
cell death. It has also been suggested that decadienal may play a
role to activate a stress-signalling mechanism mediated by Ca2+

and nitric oxide in the diatom Phaeodactylum tricornutum (Vardi
et al., 2006). For these effects to occur in nature, however, it is
necessary that PUAs are released in the surrounding medium
following cell breakage. So far, only mastication by grazers has
been suggested as possible trigger of PUA formation. However,
cell lysis triggered by endogenous or exogenous factors such
as senescence or viral attack, is also a possible and widespread
phenomenon occurring at sea (Kirchman, 1999). Once released
in the water, PUAs are expected to interact with organisms liv-
ing in the vicinity of PUA-producing cells, by influencing their
growth performance. Therefore, it is reasonable to propose a
role as allelochemicals. A recent study on Phaeocystis pouchetii
found no correlation between the presence of this species and
diatom diversity (Hansen and Eilertsen, 2007), concluding that
it is unlikely that PUA production can offer to the producer a
competitive advantage against other diatom species. However,
both Phaeocystis and diatoms produce PUAs and often coexist
at sea, and the possibility that species other than diatoms are
affected by PUAs released in the seawater cannot be ruled out.

The aim of the present study is to investigate the effect of three
different PUAs on six species of algae belonging to taxonomic
groups which are well represented in marine areas. Fluores-
cent stains detected by flow cytometry and epifluorescence were
used to assess the effect of PUA exposures on growth rate, cell
membrane integrity and morphology in culture.

2. Materials and methods

2.1. Algal cultures and experimental design

Axenic cultures of the diatom Skeletonema marinoi Sarno
& Zingone (reallocated from S. costatum, strain CCMP2092;

Sarno et al., 2005), the chlorophyte Dunaliella tertiolecta
Butcher (strain CCMP1320), the prymnesiophyte Isochrysis
galbana Parke (strain CCMP1323), the dinophyte Amphidinium
carterae Hulburt (strain CCMP1314), the two prasino-
phytes Tetraselmis suecica (Kylin) Butcher (strain CCMP906)
and Micromonas pusilla (Butcher) Manton & Parke (strain
CCMP1646) were all obtained from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton, Booth-
bay Harbor, USA. The cultures were grown semi-continuously
at 15 ◦C (except for M. pusilla grown at 18 ◦C) with a
12–12 h light–dark cycle under a photon flux density of
150 �mol m−2 s−1 provided by white fluorescent tubes (Philips
TLD 36W/950). Filtered seawater from the Gulf of Naples was
amended with f/2 nutrients (Guillard, 1975) and used as medium.
Cell growth was monitored by measuring cell numbers by flow
cytometry. Growth rates were calculated as μ (day−1) according
to

μ = ln
N1/N0

t
(1)

where N0 and N1 represent cell density at the start and the end
of the growth period, and t is the time between measurements
(in days).

For the toxicity tests 50 ml of each exponentially grow-
ing culture were inoculated with different concentrations (from
0.1 to 36 �mol L−1) of each of the three PUAs. Initial cell
density and growth rates are reported in Table 1. Experi-
ments were replicated at least twice at different times, with
three independent cultures for each PUA concentration in each
replicate.

2.2. PUA preparation

The PUAs 2E,4E-heptadienal, 2E,4E-octadienal, and 2E,4E-
decadienal were obtained from Sigma–Aldrich Inc. (Milano,
Italy). Working solutions of PUAs were prepared by diluting the
stock in absolute methanol (ROMIL, Cambridge, UK) at room
temperature. The effective PUA concentration of the working
solution was assessed spectrophotometrically before inoculation
by using a 274 nm wavelength and a specific molar absorption
coefficient of 31,000 (Pippen and Nonaka, 1958). The methanol
had no effect on growth up to 7 �L 100% methanol mL−1 of cul-
ture (data not shown). The amount of aldehyde solution in each
test was kept well below this threshold.

Table 1
Species used in this study, their taxonomic affiliation, average cell volume (�m3) and growth rates at exponential phase (day−1)

Species Taxonomic affiliation Volume of control cells (�m3) Growth rate of control cells (day−1)

Micromonas pusilla (MP) Prasinophyceae 4.7 ± 3.8 0.84 ± 0.05
Tetraselmis suecica (TS) Prasinophyceae 1843 ± 362 0.96 ± 0.07
Isochrysis galbana (IG) Prymnesiophyceae 26.3 ± 11.5 0.65 ± 0.03
Amphidinium carterae (AC) Dinophyceae 2299 ± 635 0.43 ± 0.02
Dunaliella tertiolecta (DT) Chlorophyceae 777 ± 276 0.69 ± 0.09
Skeletonema marinoi (SM) Bacillariophyceae 63.4 ± 12.9 0.85 ± 0.08

Data are means of duplicate cultures from three independent experiments, with standard deviations (n = 6). Cultures were grown in f/2 medium with a 12–12 h
light–dark illumination under a photon flux density of 150 �mol m−2 s−1.



Author's personal copy

F. Ribalet et al. / Aquatic Toxicology 85 (2007) 219–227 221

2.3. Flow cytometry, cellular parameters and cell viability

A Becton-Dickinson FACScalibur flow cytometer equipped
with an air-cooled 488 nm argon-ion laser was used to estimate
cell concentrations, percentage of viable cells and cell inher-
ent optical parameters (scatter and fluorescence). The sheath
fluid was natural seawater filtered onto 0.22 �m polycarbon-
ate filters (Nuclepore, Pleasanton, USA). Optical properties of
cells were assessed using forward angle light scatter (FALS)
as a proxy of size and right angle light scatter (RALS), which
is sensitive to the particle refractive index, as an indicator of
changes in cell morphology that we term “granulosity”. Red
fluorescence was collected through a 650 long-pass filter and
was used as a proxy for cell chlorophyll content. All values
were expressed as a ratio between treated cells and non-treated
cell units relative to the beads used as internal standards (1 �m
Polysciences Fluorospheres, Warrington, USA, for M. pusilla
and I. galbana, and 3.7 �m beads Coulter Flow-Set Fluoro-
spheres, Beckman-Coulter, Fullerton, USA for S. marinoi, D.
tertiolecta, A. carterae, and T. suecica). Data acquisition (104

cells on average for each sample) and analysis were performed
using CellQuest software (Becton-Dickinson, San José, USA).

The percentage of viable cells was assessed in samples
exposed to twice the EC50 concentration (determined for the
individual PUAs; see below) 24 and 48 h after exposure. This
concentration was chosen to compare species with different
sensitivity to the PUAs at similar effect levels. Viability was
assessed using the vital stain SYTOX Green (Molecular Probes,
Leiden, The Nederlands) (Casotti et al., 2005). This stain does
not penetrate live cells but only those with compromised plasma
membranes. Optimal final concentration used was 500 nmol L−1

and time of incubation was 10 min. The green fluorescence of
stained cells was collected through a 530/30 nm bandpass filter.

2.4. Cell and nuclear morphology

Morphological observations were obtained from at least 150
cells at 1000× magnification using an Axioskop 2 Microscope
(Carl Zeiss GmbH, Jena, Germany) equipped with transmit-
ted and epifluorescence light under blue excitation. Nucleus
morphology observations were obtained from cells fixed with
1% paraformaldehyde and stained with the green-fluorescing
DNA stain SYBR Green I (Molecular Probes, Leiden, The
Netherlands) for 10 min at room temperature in the dark. For
D. tertiolecta it was necessary to employ an antifading reagent
(0.1% phenylenediamine, 50% glycerol and 50% PBS), made
fresh daily, to prolong fluorescence (Noble and Fuhrman, 1998).
Samples were taken from cultures exposed to twice the EC50
concentration (determined for the individual PUA; see below)
at 24 and 48 h after exposure. This concentration was chosen to
compare species with different sensitivity to the PUAs at similar
effect levels.

Cell size was measured in living samples of control cultures
(minimum 20 cells). Linear measurements were converted into
cell volume using different geometric approximations: a sphere
for M. pusilla and I. galbana, an ellipsoid for A. carterae, D.
tertiolecta and T. suecica, and a cylinder for S. marinoi.

2.5. Statistical analyses

The acute toxicity of PUAs was expressed as EC50, which
is the concentration of PUA inducing a reduction of 50% in
growth relative to the control, after 24 h exposure. EC50 val-
ues with 95% confidence interval were obtained from Probit
analysis from a linear regression of percentage growth on log-
arithmic concentrations of PUA (Newman, 1995). Transformed
EC50 values (natural logarithm of arcsinus of the square root
of Probit values divided by 100) were used to obtain a normal
distribution and equal variance to allow statistical comparison
between treatments and species, using a post hoc Holm–Sidak
multiple comparison test (SigmaStat 3.0, SPSS Inc., Chicago,
USA). Data were fitted by a “dose–response model” using a
non-linear regression with the following four-parameter logistic
equation (Prism 4, GraphPad Software, San Diego, USA) which
has been used before by Chèvre et al. (2002):

Y = bottom + top − bottom

1 + (10log EC50/10X)
slope (2)

where “bottom” indicates the background value in the absence
of PUA, “top” the value representing the response produced
by the highest PUA concentration, log EC50 the log of the
PUA concentration that induces growth values situated halfway
(50%) between bottom and top, and “slope” is the slope of
the curve, used as a measure of the responsiveness of the
algal growth to increments in PUA concentrations. The same
equation was used to assess the value of the highest PUA
concentration for which no effect is observed as compared
to the control, which is where the model crosses the lower
95% confidence limit of the control. This value is defined as
the statistical no effect concentration (SNEC). This parameter
is preferred to the no observed effect concentration (NOEC),
because it is less variable and less dependent on the experimental
design (Chèvre et al., 2002).

3. Results

3.1. Effect of PUAs on growth rate

A concentration-dependent decrease of growth rate in cul-
tures was observed for all cultures and for all PUAs, with
2E,4E-decadienal inducing a stronger effect than for the other
polyunsaturated aldehydes (Holm–Sidak multiple comparison
test, P < 0.05) (Fig. 1). When comparing SNEC values it
is evident that the six species responded differently to the
three PUAs (Table 2). The growth rate of I. galbana was
significantly reduced with 2E,4E-decadienal concentrations
above 0.10 �mol L−1 (95% CI: 0.08–0.13 �mol L−1) while
significant growth inhibition in S. marinoi started at concen-
trations only 20 times higher (2.20 �mol L−1 with 95% CI:
1.94–2.45 �mol L−1) (Table 2). Except for M. pusilla, for
which the SNEC for 2E,4E-octadienal was lower than for the
other PUAs, the SNEC values for 2E,4E-octadienal and 2E,4E-
heptadienal were higher than those for 2E,4E-decadienal. For I.
galbana, these values were 19 and 30 times higher than those for
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Fig. 1. Reduction in growth rates after 24 h as a function of PUA concentration (�mol L−1) of 2E,4E-decadienal (deca), 2E,4E-octadienal (octa) and 2E,4E-heptadienal
(hepta) for (a) Isochrysis galbana (IG); (b) Micromonas pusilla (MP); (c) Amphidinium carterae (AC); (d) Dunaliella tertiolecta (DT); (e) Tetraselmis suecica (TS)
and (f) Skeletonema marinoi (SM). Data are normalized by the growth rate of the control cultures (untreated) and fitted using a non-linear regression model. The
correlation coefficient (r2) for each curve is indicated on their respective panels. Data are means of replicates with standard deviations (n = 3).

2E,4E-decadienal (1.86, 3.06 and 0.10 �mol L−1, respectively;
Table 2).

The acute toxicity of PUAs, estimated by the 24 h EC50
(which represents the PUA concentration inducing 50% growth
inhibition), differed between species. I. galbana showed an
EC50 of 0.99 �mol L−1 for 2E,4E-decadienal, 2.25 �mol L−1

for 2E,4E-octadienal and 5.90 �mol L−1 for 2E,4E-heptadienal.
Values were 2.02, 8.16 and 15.57 �mol L−1 for I. galbana and
T. suecica, while for S. marinoi the EC50 was 2.48, 8.94 and

18.17 �mol L−1 for the three PUAs, respectively. No significant
difference was observed between S. marinoi and T. suecica, and
between A. carterae and D. tertiolecta when the EC50 values for
each PUA were compared (Holm–Sidak multiple comparison
test P > 0.05).

Aside from variation in the effective concentrations between
species, changes were also noted in the growth rate with increas-
ing PUA concentrations. This was reflected in the slope of the
growth rate versus concentration relationship (see Fig. 1) which

Table 2
Values of the statistical no observed effect concentration (�mol L−1), and of the 24 h EC50 (�mol L−1) of six species of marine phytoplankton to 2E,4E-decadienal,
2E,4E-octadienal and 2E,4E-heptadienal

Species Statistical no effect concentration (�mol L−1) 24 h EC50 (�mol L−1)

Decadienal Octadienal Heptadienal Decadienal Octadienal Heptadienal

IG 0.10 (0.08–0.13) 1.86 (1.41–2.32) 3.06 (1.33–4.79) 0.99 (0.76–1.22)a 2.25 (1.68–2.91)a 5.90 (4.53–7.27)a

MP 1.42 (1.30–1.54) 0.41 (0.03–0.79) 4.03 (2.14–5.92) 1.19 (0.38–1.99)a 3.24 (2.39–4.08)b 11.32 (10.48–12.17)b

AC 1.27 (1.04–1.50) 4.75 (2.52–6.98) 4.50 (1.61–7.38) 1.67 (0.74–2.61)b 5.27 (3.15–7.39)c 8.95 (8.41–9.49)b

DT 1.20 (0.45–1.95) 4.03 (0.68–7.38) 12.11 (9.13–15.09) 2.17 (1.63–2.71)b 5.67 (5.22–6.11)c 10.71 (8.84–12.57)b

TS 1.50 (0.33–2.67) 5.30 (3.41–7.20) 12.79 (10.50–15.09) 2.02 (1.71–2.32)b 8.16 (5.69–10.60)d 15.57 (13.15–17.99)c

SM 2.20 (1.94–2.45) 3.23 (1.97–4.50) 3.61 (2.12–5.10) 2.48 (1.81–3.14)b 8.94 (7.28–10.60)d 18.17 (16.76–19.59)c

EC50 values were estimated by Probit analysis; the statistical no effect concentration was determined from the dose–response curve fitted by non-linear regression
model at four parameters (see Section 2). Note that the lower the values, the more sensitive the species. Data are means of replicates with 95% confidence intervals
(n = 3). IG is for I. galbana, MP for M. pusilla, AC for A. carterae, DT for D. tertiolecta, TS for T. suecica and SM for S. marinoi. EC50 values with the same
superscript letters (a, b, c and d) indicate that the difference between two species for the same PUA is not significant (P > 0.05). A multiple comparison procedure
was applied for comparing the values between the different species, for each aldehyde (Holm–Sidak method, SigmaStat 3.0).
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Table 3
Values of the equation coefficients expressing the slope of the
concentration–response curve, representing the responsiveness of the
growth rate of a given species to an increment of PUA concentration, for the
six phytoplankton species exposed to 2E,4E-decadienal, 2E,4E-octadienal and
2E,4E-heptadienal

Species Slope

Decadienal Octadienal Heptadienal

IG 1.75 (1.58–1.91) 2.15 (1.64–2.67) 2.06 (1.30–2.81)
MP 16.28 (8.56–20.56) 1.35 (0.81–1.90) 1.50 (1.08–1.94)
AC 2.87 (3.78–1.96) 1.68 (1.01–2.35) 2.50 (1.46–3.54)
DT 2.01 (1.43–2.60) 1.81 (1.06–2.57) 5.19 (2.91–7.46)
TS 1.50 (0.92–2.07) 1.52 (0.77–2.28) 3.89 (3.30–4.48)
SM 9.54 (6.50–12.58) 2.61 (1.88–3.33) 1.92 (0.58–3.26)

Only absolute values are reported. Note that the higher the value, the more
responsive the species to the PUA. Data are means of replicates with 95% con-
fidence interval limits (n = 3). IG is for I. galbana, MP for M. pusilla, AC for A.
carterae, DT for D. tertiolecta, TS for T. suecica and SM for S. marinoi.

we term “responsiveness” (Table 3). Values were very simi-
lar for most of the species and only slight differences were
observed between the three PUAs. In the case of S. marinoi
and M. pusilla, the growth rate was particularly responsive to
a step-wise increase in 2E,4E-decadienal (slope coefficients of
9.54 and 16.28, respectively) as compared to 2E,4E-octadienal
(slope coefficients of 2.61 and 1.92, respectively) and 2E,4E-
heptadienal (slope coefficients of 1.35 and 1.50, respectively),
while T. suecica and D. tertiolecta were slightly more respon-
sive to 2E,4E-heptadienal (slope coefficients of 3.89 and 5.19,
respectively) than the two other PUAs (slope coefficients of 1.50
and 2.01 for 2E,4E-decadienal, respectively; 1.52 and 1.81 for
2E,4E-octadienal, respectively).

3.2. Effect of PUAs on inherent optical parameters and
morphology

FALS, RALS and RED were affected after 24 h PUA expo-
sure in all species, but in varying ways (Fig. 2). After 24 h at
twice the EC50 value, cell size, estimated by the FALS value,
was slightly reduced in most of the species, except for M.
pusilla for which a strong decrease was observed (39.9 ± 24.5%,
63.9 ± 4.6%, and 75.3 ± 12.0%, for 2E,4E-decadienal, 2E,4E-
octadienal and 2E,4E-heptadienal, respectively); and in the
case of I. galbana, a slight increase of FALS was observed
(105.8 ± 4.6%, 112.7 ± 4.2%, and 111.4 ± 0.6%, for the three
PUAs, respectively) (Fig. 2a). RALS, which is a parame-
ter sensitive to changes in internal cell granulosity, increased
in all species except A. carterae (Fig. 2b). The mean cell
red fluorescence from chlorophyll decreased in all species.
A. carterae fluorescence was the most affected, decreas-
ing by 41.4 ± 16.3%, 59.6 ± 4.1% and 59.7 ± 0.2% of the
control values for 2E,4E-decadienal, 2E,4E-octadienal and
2E,4E-heptadienal, respectively, indicating strong chlorophyll
quenching as related to PUA toxicity (Fig. 2c). No effects on flow
cytometric properties were observed between the three PUAs.

Vesicles and refractive bodies in the cytoplasm were observed
in D. tertiolecta, T. suecica and S. marinoi (Fig. 3k, o and s),
parallel to the observed increase in RALS, with respect to the

Fig. 2. Mean cellular values of (a) FALS, (b) RALS, and (c) RED fluorescence of
I. galbana (IG), M. pusilla (MP), A. carterae (AC), D. tertiolecta (DT), T. suecica
(TS) and S. marinoi (SM) after 24 h of incubation with 2E,4E-decadienal, 2E,4E-
octadienal, or 2E,4E-heptadienal, at twice the concentration of the individual
EC50 values each. The dotted line indicates the 100% which is the reference
value (control). Data are means of replicates with standard deviations (n = 3).

control (Fig. 3i, m and q). In all species chromatin dispersal or
complete DNA degradation (DT, Fig. 3i) as well as modifications
of the shape of the nucleus were observed (Fig. 3). Such changes
were observed in all cultures exposed to any PUA and were most
evident after 48 h. No effect on the morphology was observed
between the three PUAs (data not shown).

The percentage of SYTOX-positive cells (i.e. those judged to
be non-viable) increased with time upon PUA exposure and var-
ied among species (Fig. 4), largely reflecting the patterns shown
in the growth rate data. After 24 h PUA exposure to 2E,4E-
decadienal, 2E,4E-octadienal and 2E,4E-heptadienal, I. galbana
had 15.2 ± 1.2%, 8.2 ± 0.9% and 4.9 ± 0.3% non-viable cells,
respectively, and 51.6 ± 2.6%, 42.6 ± 2.8% and 48.3 ± 5.9%
after 48 h exposure. In contrast, T. suecica had only 7.3 ± 1.8%,
8.0 ± 0.8% and 8.3 ± 1.5%, respectively, after 24 h exposure,
and 15.9 ± 1.6%, 18.0 ± 0.4% and 21.9 ± 1.4%, respectively,
after 48 h. The lowest percentage of dead cells was observed
in D. tertiolecta culture with 2.0 ± 0.2%, 3.0 ± 1.8% and
4.3 ± 0.5%, respectively, at 24 h and 2.5 ± 2.4%, 12.0 ± 0.8%
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Fig. 3. Micrographs of I. galbana (a–d), A. carterae (e–h), D. tertiolecta (i–l), T. suecica (m–p) and S. marinoi (q–t). First two panels of each series are transmitted and
epifluorescence pictures, respectively, of untreated cells fixed with paraformaldehyde 1% and stained with the DNA stain SYBR Green I (green fluorescence from the
nucleus). The last two panels of each series are transmitted and epifluorescence pictures, respectively, of cells exposed to PUA for 48 h, fixed with paraformaldehyde
1% and stained with the DNA stain SYBR Green. Note the irregular shape of nuclei in treated cells and the presence of vesicles and refringent bodies. Scale bar is
10 �m.

and 11.6 ± 3.8%, respectively, at 48 h. It is important to rec-
ognize that staining results may have been underestimated in
D. tertiolecta because of the high level of chromatin degra-
dation (Fig. 3o) which may have interfered with SYTOX
staining.

4. Discussion

The three PUAs caused reduction in growth rate and cell
membrane disruption, together with chlorophyll degradation,
changes in cell size and cell granulosity in the six microalgae
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Fig. 4. Effect of the three PUAs on cell membrane permeability of I. galbana
(IG), M. pusilla (MP), A. carterae (AC), D. tertiolecta (DT), T. suecica (TS) and
S. marinoi (SM). Proportions of cells stained positively by SYTOX Green (non-
viable) at time 0 h and after 24 and 48 h of incubation with (a) 2E,4E-decadienal,
(b) 2E,4E-octadienal, (c) 2E,4E-heptadienal, at twice the concentration of the
individual EC50. Data are means of replicates with standard deviations (n = 3).

tested. These results confirm that PUAs trigger degeneration
of a broad range of key physiological processes, as reported
also by Spiteller et al. (2001). 2E,4E-Decadienal induced a
stronger inhibition of growth as compared to 2E,4E-octadienal
and 2E,4E-heptadienal, probably due to its longer alkyl chain
that increases the reactivity of the molecule (Adolph et al., 2003).

The presence of vesicles and refractive bodies in the cyto-
plasm and the chromatin dispersal in some of the species tested
are reminiscent of apoptosis, a mechanism of programmed cell
death only recently discovered in algae (Franklin et al., 2006).
Interestingly, exposure to 2E,4E-decadienal has been shown to
induce programmed cell death in many different marine organ-
isms, including diatoms (Casotti et al., 2005), copepods and
sea urchin embryos (Romano et al., 2003), suggesting a com-
mon mode of action in both animals and plants. The range of
concentrations of 2E,4E-decadienal (the most widely PUA used
in toxicological studies so far) affecting animals varies widely,
from 0.15 to 25.92 �mol L−1 for crustaceans, and from 1.18
to 15.64 �mol L−1 for echinoderms (see Caldwell et al., 2003).
These concentrations appear to be higher than those identified
for species in the present study, suggesting that algae may be
more sensitive than animals. However, in the case of animals,

sensitive stages such as eggs are used and exposure times are
often shorter, making it difficult to compare.

Among species, in general, our data show a higher sensitivity
to PUAs of smaller phytoplankton like I. galbana when com-
pared to larger species like T. suecica and S. marinoi. This could
be related to the smaller size of I. galbana, as the higher sur-
face to volume ratio may underlie a higher potential for uptake
of lipophilic compounds such as PUAs. Differing membrane
characteristics may also play a role. The more sensitive species
I. galbana and M. pusilla have no distinct or mineralized cell
walls (Throndsen, 1997; Zhu et al., 1997) and so may be more
vulnerable compared to other taxa with different cell wall prop-
erties (e.g. the diatom silicified cell wall or the highly structured
cell wall of dinoflagellates). Prymnesiophytes (like I. galbana)
are reported to have higher total lipid content as compared to
prasinophytes, chlorophytes, dinophytes and diatoms (Reitan et
al., 1994) and this may also be a factor to consider to explain its
higher sensitivity as compared to the other species tested. It is,
in fact, reported that toxicity of lipophilic compounds is related
to the total lipid content of target cells, which increases their
ability to penetrate the cell wall and to affect critical lipoprotein
complexes within the cell membrane (Hutchinson et al., 1980).
Detoxification mechanisms or presence of specific target sites
for PUAs may vary among taxa, and altogether, the differential
sensitivity of the tested species may result in differences in their
ability to compete with other species in natural waters where
diatoms or other PUA-producing algae are found.

Even within diatoms (putative producers of PUAs), there are
species-specific differences in responsiveness to the same PUA.
P. tricornutum shows an EC50 for growth of 7.1 �mol L−1 for
2E,4E-decadienal (Vardi et al., 2006), which is much higher
than what found for T. weissflogii (1.9 �mol L−1; Casotti et al.,
2005) and S. marinoi (2.4 �mol L−1; this study). Also in this
case, differences may be due to size and/or membrane mechan-
ical or biochemical properties. But it should also be noted that
none of these species are reported to produce 2E,4E-decadienal
(Wichard et al., 2005a), and P. tricornutum does not produce
PUAs at all, but other oxylipins (Pohnert et al., 2002). In our
study S. marinoi was particularly tolerant to 2E,4E-octadienal
and 2E,4E-heptadienal, which are the main PUAs produced by
this species (Wichard et al., 2005a), whereas it was more sen-
sitive to 2E,4E-decadienal. This suggests that S. marinoi has
developed a moderate resistance against the compounds that it
is most likely to encounter. This may also explain the Ca2+–nitric
oxide-mediated signalling system elicited by sublethal concen-
trations of 2E,4E-decadienal in P. tricornutum (Vardi et al.,
2006), which could be interpreted as a general reaction to toxic
compounds.

There are several important limitations in extrapolating the
data of the present study to the natural realm. Concentrations
tested appear to be high when compared to concentrations of
PUAs that diatom species are reported to produce, ranging from
0.01 to 9.81 fmol cell−1 (Wichard et al., 2005a). In the present
study, single model compounds were used whereas in nature
aldehydes are released from the same cell at the same time,
and so it is likely that PUA effect will act additively, as pre-
dict by Faust et al. (2001). Moreover, due to the patchy nature
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of phytoplankton at sea, it is reasonable to expect high local
concentrations in the proximity of diatom cells.

Concentration of PUAs as a function of distance from the
surface of the producing cell state can be estimated using a
random-walk model based on simple molecular diffusion (Berg,
1983). This model uses the following formula to calculate the
concentration (C) of a given compound at steady state as a
function of distance from the cell (r):

C(r) = i

4πDr
(3)

where i is the PUA production rate in fmol cell−1 s−1, r the
distance from the source in �m and D is the diffusion constant in
�m2 s−1, which for PUAs has been conservatively calculated as
∼450 �m2 s−1 based on its stereochemistry (Tucker and Nelken,
1982).

Thalassiosira rotula is reported to produce
6.35 fmol PUA cell−1 in culture (Wichard et al., 2005a) at
a rate of 0.035 fmol cell−1 s−1 (Pohnert, 2000). We can
therefore expect to find 6.24, 0.62 and 0.06 �mol PUA L−1

at 1, 10 and 100 �m in the surrounding of one single cell,
respectively, soon after its lysis. This figure can be much
higher at sea, if we base the calculations on values measured
by Wichard et al. (2005b), which report concentrations as
high as 47.7 fmol total PUAs cell−1 in phytoplankton samples
dominated by diatoms in the English Channel. Based on this
figure and using the same kinetic curve of Pohnert (2000) for
PUA production, the rate was 0.265 fmol s−1, and therefore
the release of PUAs from each diatom cells can be estimated
as 46.9, 4.7 and 0.5 �mol PUA L−1 at a distance of 1, 10
and 100 �m from the cell surface. Such concentrations are
well within the significant range for affecting growth and
performance of surrounding organisms. A similar approach has
been used by Jackson (1980) to exclude the possibility that
growth of phytoplankton in oligotrophic areas of the oceans
could be supported by pulses of nutrients excreted from animals
swimming near a phytoplankter, because of rapid dissipation.
However, the D value we used is expected to be much lower
than Jackson’s, because of the high lipophilic nature of PUAs.
Many studies have, indeed, reconsidered the estimates of the
D parameter, showing that it can be much lower (Ploug and
Passow, 2007). Unlike the situation in static cultures, PUA
production is a continuous process, which is reinitiated when
the product is removed from the enzyme (Fontana et al., 2007),
and this may contribute to maintain high local concentrations at
sea. In addition to this, our experiments probably underestimate
the potential effects of PUAs because we used nutrient-replete
cultures growing logarithmically. Ribalet et al. (2007) have
shown that PUA production increases with age and nutrient
limitation, suggesting that PUAs measured in cultures are
potentially underestimating true production under natural
conditions, for example at the end of a bloom when conditions
are often far from optimal. Consequently, it is reasonable to
expect that PUA concentrations at sea may affect the growth
of algae surrounding PUA-producing cells, also considering
that altered nutrient conditions often increase the sensitivity of
target algae to toxicants (e.g. Fistarol et al., 2005).

Ultimately, to resolve such questions, in situ measurements of
aldehydes are needed. Attempts to develop a sensitive method for
the detection and quantification of dissolved PUAs in seawater
are in progress (G. Pohnert, pers. comm.) and this is expected
to represent a key step to understand the ecological role of these
compounds in marine ecosystems and to stimulate new ideas for
future research.
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