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A B S T R A C T

Allelochemical interactions are likely to be a contributing factor explaining the success of large blooms of the
harmful marine dinoflagellate Alexandrium, however, the physiological mechanisms of allelochemical interac-
tions remain poorly described. Here we investigated the sub-lethal effects (on an hourly scale) of a filtrate
containing allelochemicals from Alexandrium minutum on the physiology of the common diatom Chaetoceros
muelleri. The filtrate induced deleterious effects to the diatom physiology within only 30min of exposure.
Esterase activity and photosynthesis were drastically inhibited, with up to 34% of the population being meta-
bolically inactive and up to 30% reduction in photosystem II quantum yield when exposed to the filtrate. In
addition, intracellular reactive oxygen species increased by 26% in response to allelochemical exposure. C.
muelleri pigment and lipid analyses indicated that the photosystem II was inhibited, with photoinhibition-like
responses (activation of xanthophyll cycles, and changes in associated lipids) upregulated to mitigate the toxic
effects of allelochemicals. Changes in the proportions of membrane lipid classes and increased membrane fatty
acids saturation by 9% may be an attempt to maintain membrane integrity and associated enzyme activity, or
could be the result of deleterious effects on membranes. An 8% decrease in cellular storage lipids (triglycerides)
revealed a mobilization of energy suggesting an energetic cost for the diatom to counteract the allelochemical
effects. We hypothesize that the rapid alteration of physiological functions such as photosynthesis and some
enzymatic activities may result from direct damage on external membranes. Overall this study describes the sub-
lethal mechanisms and provides useful biomarkers to understand the role of allelochemical interactions and
associated ecological processes in structuring plankton communities.

1. Introduction

The structure of plankton communities is shaped by complex in-
teractions with their environment. The influence of abiotic factors, such
as light, nutrients, seawater or stratification are well studied and known
to have a strong role in community structure. The roles of biotic factors
however are less well understood despite the increasing evidence that
biotic factors are shaping plankton communities [1,2]. Chemical in-
teractions between organisms (i.e. chemical ecology) are influencing
the structure of marine communities. Chemical compounds can mediate
communication between microbes, can play a role in sexual reproduc-
tion and competition between species or can be a chemical defense

against grazers and pathogens [3–5]. Within this field, allelochemical
interactions refer to the beneficial or adverse effects of chemicals (al-
lelochemicals) released by a protist on the biology of co-occurring
protists, predators or bacterial cells. The release of toxic allelochemicals
gives the donor species a competitive advantage that could result in the
formation of large blooms [6,7].

The genus Alexandrium is known to produce uncharacterized ex-
tracellular compounds with potent allelochemical activity. It is hy-
pothesized that the allelochemical potency of this genus may enhance
the establishment of large Alexandrium blooms [8]. The allelochemical
potency is widespread among the genus Alexandrium as this activity was
shown in at least 9 species: A. minutum, A. fundyense, A. lusitanicum, A.
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affine, A. ostenfeldii, A. pseudogonyaulax, A. tamarense, A. taylori and A.
tamutum [9–13]. Allelochemicals are released by cells into the sur-
rounding environment and within minutes to hours induce cell lysis,
cell immobilization and cyst formation [14]. Furthermore some of these
allelochemicals may be responsible for other toxic effects on mamma-
lian erythrocytes [15], and bivalve gametes [16]. They may also be
responsible for reduced growth and behavior modification of the great
scallop Pecten maximus [17] or deleterious effects on the physiology of
the oyster Crassostrea gigas [18]. Nevertheless the nature and mode of
action of those extracellular compounds remain unknown.

Researchers studying allelochemical interactions often quantify
their effects on microalgal growth rate, membrane permeability and
cell lysis in target cells however very few studies precisely elucidate the
mode of action. For example, studies exploring allelochemical me-
chanisms from the genus Alexandrium have investigated their effects on
photosynthesis [10], membranes [19] and transcriptomic [20], how-
ever the story is still incomplete. While the long-term (i.e. mainly le-
thal) effects are fairly well described, the short-term (i.e. sub-lethal)
effects and cellular processes leading to cell death remain unclear. More
specifically, the effects of allelochemicals on the biochemical compo-
sition of membranes, that seem to have a central role in allelochemical
sensitivity [19] are unknown.

The aim of this study was to elucidate the mechanistic effects (at a
subcellular level) of allelochemicals released by Alexandrium minutum
on the common diatom Chaetoceros muelleri a diatom co-occurring with
A. minutum [21]. The study focused on the photosynthetic apparatus
and biochemistry of membranes. Allelochemicals were separated from
A. minutum cells by filtration to specifically focus on allelochemical
interactions and avoid interference by cell-cell interactions. A pulse of
allelochemicals was performed to study the short-term sub-lethal effects
of allelochemicals on C. muelleri, measuring the effects on photo-
synthesis, intracellular reactive oxygen species production and esterase
activity, a proxy of primary metabolism [22,23]. To further explore the
allelochemical interactions at the membrane level, we analyzed the
membrane composition of the diatom (polar lipid classes, fatty acids
composition of polar lipids, and sterol content) and pigments after 30
and 60min of exposure to the filtrate. Neutral lipids classes were also
analyzed to detect free fatty acid increases as a cell lysis indicator or a
decrease of storage lipids (triacylglycerols) as a stress response.

2. Materials and methods

2.1. Microalgal cultures

A strain of Alexandrium minutum (strain CCMI1002, isolated from a
bloom in Gearhies, Bantry Bay, Ireland [24]), not producing paralytic
shellfish toxins (PST), was selected according to its high allelochemical
potency [17]. The dinoflagellates were cultivated in triplicate for
10 days in 1 L of autoclaved L1 media [25] prepared with natural fil-
tered (0.2 μm) seawater from Argenton, France (salinity= 34 psu,
pH=8.4) a pristine site for Alexandrium sp. Cultures of A. minutum
were maintained in exponential growth phase to obtain a concentration
of 9.6× 104 cells mL−1 on the experimental day (growth rate:
0.18 day−1). A strain of Chaetoceros muelleri (strain CCAP 1010-3 ob-
tained from the CCAP culture collection, formerly listed as Chaetoceros
neogracile or Chaetoceros sp.) was selected because of its sensitivity to A.
minutum allelochemicals [10,17] and because of the ubiquity of its
genus in phytoplankton communities [26]. Cultures of the diatom were
grown for 10 days (2.12× 106 cells mL−1) in 6 L of autoclaved syn-
thetic ocean seawater [27] enriched with L1 media (salinity= 35 psu,
pH=8.4) and silicate (1.06× 10−4 M). Cultures of C. muelleri were in
late exponential growth phase on the day of the experiment (growth
rate: 0.15 day−1). All cultures were maintained at 18 °C under a con-
tinuous light intensity of 100–110 μmol photons m−2 s−1. Cultures
were not axenic but were handled under sterile conditions to minimize
additional bacterial contamination.

2.2. Exposure to allelochemicals

Allelochemicals were separated from cultures by centrifugation
(10min, 800g, 18 °C) followed by a filtration (0.2 μm, Minisart syringe
filter, acetate cellulose membrane, 16534-K, Sartorius) of supernatant
[10]. The filtrate concentrations were expressed as cell concentration
(cells mL−1) based on the initial culture concentration prior to filtra-
tion. Cultures of C. muelleri in late exponential growth phase were di-
luted to 1.38× 106 cells mL−1 with filtered seawater and distributed to
six 2 L glass balloon flasks. The diatom C. muelleri was then exposed in
triplicate to two different conditions for 90min: i) 12mL of A. minutum
filtrate (final concentration from 1200 A. minutum cells mL−1), ii) the
same volume (12mL) of filtered seawater as a control (final volume in
each condition 1 L). During the exposure (maximum 90min), the flasks
were kept under ambient laboratory light and temperature conditions
(not measured).

2.3. Photosynthetic parameters

Photosynthetic measurements were performed by pulse amplitude
modulation (PAM) fluorometry using an AquaPen-C AP-C 100 with a
blue light (455 nm). Sub-samples of C. muelleri were dark-adapted for at
least 10min, allowing the full oxidation of photosystem II (PSII) reac-
tion centers and electron chain transport, before the measurement of
fluorescence variables and PSII maximum quantum yield (Fv/
Fm=(Fm− F0) / Fm). F0 is the initial fluorescence intensity, and Fm the
maximal intensity under saturating light [28]. Measurement of fluor-
escence variables were performed every 10min for 100min following
the exposure.

Non-photochemical quenching (NPQ) measurements were per-
formed in a separate experiment. Six replicates of the diatom C. muelleri
(2× 105 cells mL−1) in exponential growth phase were exposed for
45min to A. minutum filtrate (final A. minutum concentration of
6× 103 cells mL−1). The cells of C. muelleri were exposed to three
successive flashes of 60 s (saturated light, 3000 μmol photons m−2 s−1)
and 3 dark phases of 80 s for NPQ measurements, in the presence of
filtered seawater or filtrate.

2.4. Flow-cytometry measurements

Population growth counts and measurements of phytoplanktonic
cell variables were performed using a FACScalibur (BD Biosciences, San
Jose, CA, USA) flow cytometer with a 488 nm argon laser. Counts were
estimated according to flowrate [29]. Cell variables, e.g. forward
scatter (forward scatter, FSC), side scatter (side scatter, SSC) and red
autofluorescence (Fl3, red emission filter long pass, 670 nm) were used
to select diatom population. All flow cytometry measurements on C.
muelleri (cell variables, esterase activity and reactive oxygen species
production) were performed after 30, 60 and 90min of exposure to A.
minutum filtrate or filtered seawater.

Microalgal esterase activity, a proxy of primary metabolism was
assessed with fluorescein diacetate staining (FDA; Invitrogen # F1303;
at a final concentration of 6 μM) [22,23,30,31]. FDA is a nonpolar
compound that can permeate into the cells. Once inside the cells, FDA is
cleaved by esterases into acetate and fluorescein molecules (emission
wavelength 525 nm), which are retained within the cells. Intracellular
concentrations increase with both metabolic activity and time. Samples
were incubated with the stain for precisely 10min in the dark prior to
flow-cytometry measurements. Intracellular fluorescence intensity,
which is proportional to the amount of FDA cleaved by esterases within
the cells, was measured with Fl1 emission filter (green emission filter
band pass, 530/30 nm). Cell populations of C. muelleri could be divided
into 3 sub-populations: cells with highest Fl1 fluorescence corre-
sponding to high esterase activity (metabolically active), cells with a
low Fl1 fluorescence corresponding to cells with reduced esterase ac-
tivity (reduced metabolism), and cells which Fl1 fluorescence
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