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Abstract :  
 
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 interactions 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 30 min of exposure. Esterase activity and photosynthesis were drastically inhibited, with up 
to 34% of the population being metabolically 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. 
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Highlights 

► Allelochemicals released by Alexandrium minutum are fast acting compounds. ► This study 
describes the sub-lethal mechanisms induced by A. minutum allelochemicals. ► Allelochemicals 
change the biochemistry of Chaetoceros sp. membranes. ► Allelochemicals inhibit photosynthesis and 
induce photoinhibition-like responses. ► Allelochemicals increase ROS production and inhibit primary 
metabolism. 
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1 Introduction 

The structure of plankton communities is shaped by complex interactions 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 (Lima-Mendez et al., 2015; Worden et al., 

2015). Chemical interactions 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 reproduction and competition between species or can be a 

chemical defense against grazers and pathogens (Ianora et al., 2006; Pohnert, 2010; Puglisi et 

al., 2014). Within this field, allelochemical interactions refer to the beneficial or adverse 

effects of chemicals (allelochemicals) 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 (Granéli et 

al., 2006; Legrand et al., 2003). 

The genus Alexandrium is known to produce uncharacterized extracellular compounds with 

potent allelochemical activity. It is hypothesized that the allelochemical potency of this genus 

may enhance the establishment of large Alexandrium spp. blooms (Tillmann and Hansen, 

2009). 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. affine, 

A. ostenfeldii, A. pseudogonyaulax, A. tamarense, A. taylori and A. tamutum (Blanco and 

Campos, 1988; Lelong et al., 2011; Lyczkowski and Karp-Boss, 2014; Tillmann et al., 2016; 

Tillmann and John, 2002). Allelochemicals are released by cells into the surrounding 

environment and within minutes to hours induce cell lysis, cell immobilization and cyst 

formation (Tillmann et al., 2007). Furthermore some of these allelochemicals may be 

responsible for other toxic effects on mammalian erythrocytes (Arzul et al., 1999), and 

bivalve gametes (Le Goïc et al., 2014). They may also be responsible for reduced growth and 

behavior modification of the great scallop Pecten maximus (Borcier et al., 2017) or 

deleterious effects on the physiology of the oyster Crassostrea gigas (Castrec et al., 2018). 

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 

mechanisms from the genus Alexandrium have investigated their effects on photosynthesis 

(Lelong et al., 2011), membranes (Ma et al., 2011) and transcriptomic (Zheng et al., 2016), 

however the story is still incomplete. While the long-term (i.e. mainly lethal) 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 

composition of membranes, that seem to have a central role in allelochemical sensitivity (Ma 

et al., 2011) 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 (Chapelle et al., 2014). 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 

photosynthesis, intracellular reactive oxygen species production and esterase activity, a proxy 

of primary metabolism (Brookes et al., 2000; Dorsey et al., 1989). 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 60 min 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; Touzet et al., 2007), not producing paralytic shellfish toxins (PST), was 

selected according to its high allelochemical potency (Borcier et al., 2017). The 

dinoflagellates were cultivated in triplicate for 10 days in 1 L of autoclaved L1 media 

(Guillard, 1975) prepared with natural filtered (0.2 µm) seawater from Argenton, France 

(Salinity = 34 psu, pH = 8.4) a pristine site for Alexandrium spp. Cultures of A. minutum were 

maintained in exponential growth phase to obtain a concentration of 9.6 x 10
4
 cells mL

-1
 on 

the experimental day (growth rate: 0.18 day
-1

). A strain of Chaetoceros muelleri (strain CCAP 

1010-3 obtained from the CCAP culture collection, formerly listed as Chaetoceros neogracile 



or Chaetoceros sp.) was selected because of its sensitivity to A. minutum allelochemicals 

(Borcier et al., 2017; Lelong et al., 2011) and because of the ubiquity of its genus in 

phytoplankton communities (Dalsgaard et al., 2003). Cultures of the diatom were grown for 

10 days (2.12 x 10
6
 cells mL

-1
) in 6 L of autoclaved synthetic ocean seawater (Morel et al., 

1979) enriched with L1 media (salinity = 35 psu, pH = 8.4)  and silicate (1.06 x 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 continuous light 

intensity of 100 – 110 µmol photon 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 (10 min, 800 g, 18 °C) 

followed by a filtration (0.2 µm, Minisart syringe filter, acetate cellulose membrane, 16534-K, 

Sartorius) of supernatant (Lelong et al., 2011). The filtrate concentrations were expressed as 

cell concentration (cells mL
-1

) based on the initial culture concentration prior to filtration. 

Cultures of C. muelleri in late exponential growth phase were diluted to 1.38 x 10
6
 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 90 min: i) 12 mL of A. minutum 

filtrate (final concentration from 1200 A. minutum cells mL
-1

), ii) the same volume (12 mL) of 

filtered seawater as a control (final volume in each condition 1 L). During the exposure 

(maximum 90 min), 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 10 min, allowing the full oxidation of photosystem II 

(PSII) reaction 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 (Strasser et al., 

2000). Measurement of fluorescence variables were performed every 10 min for 100 min 

following the exposure. 

Non-photochemical quenching (NPQ) measurements were performed in a separate 

experiment. Six replicates of the diatom C. muelleri (2 x 10
5
 cells mL

-1
) in exponential 



growth phase were exposed for 45 min to A. minutum filtrate (final A. minutum concentration 

of 6 x 10
3
 cells mL

-1
). The cells of C. muelleri were exposed to three successive flashes of 60 

s (saturated light, 3 000 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 (Marie et al., 1999). 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 90 min 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) (Brookes et al., 

2000; Dorsey et al., 1989; Franklin et al., 2001; Garvey et al., 2007). 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 10 min 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 corresponding to high esterase 

activity (metabolically active), cells with a low Fl1 fluorescence corresponding to cells with 

reduced esterase activity (reduced metabolism), and cells which Fl1 fluorescence equivalent 

to microalgal auto-fluorescence from cells with inactive esterases (metabolically inactive). 

Results were expressed as the percentages of cells with high esterase activity, cells with low 

reduced esterase activity and cells with inactive esterases. 

Intracellular reactive oxygen species (ROS) production was measured using 2’,7’-

dicholorofluorescindiacetate (DCFH-DA; Sigma-Aldrich, D6883; at a final concentration of 

10 µM). DCFH-DA is a cell-membrane permeable fluorescent stain that is a proxy of ROS 

production. Once inside the cells, DCFH-DA is hydrolyzed by esterase to form the non-



fluorescent DCFH retained within the cell. DCFH can thus be oxidized by H2O2 and other 

oxidants to produce fluorescent 2’,7’-dicholorofluorescin (DCF). Intracellular oxidation levels 

were correlated to DCF fluorescence within the cells and measurable by flow cytometry with 

Fl1 emission filter (green emission filter band pass, 530/30 nm). Samples were incubated with 

the stain for 20 min in the dark prior to flow-cytometry measurements. The relative ROS 

production is expressed as the mean Fl1 fluorescence per cell. 

2.5 Pigments extraction and composition 

For pigment analysis, 3.4 x 10
7
 cells (25 mL of culture) of C. muelleri exposed to the filtrate 

or seawater were filtered over glass fiber filters (0.2 µm, Whatman GF/F) after 30 and 60 min 

of exposure. Pigments were extracted from cells using methanol and analyzed by high-

performance liquid chromatography (HPLC) according to the method described by (Ras et al., 

2008), adapted from (Van Heukelem and Thomas, 2001). All the pigment standards were 

purchased from DHI (HØRSHOLM, Denmark). 

2.6 Lipid analysis 

For lipid class and fatty acid analyses, 3.4 x 10
8
 cells (250 mL of culture) of the diatom were 

filtered over glass fiber filters (0.2 µm Whatman GF/F filters were heated for 6 h at 450 °C 

prior to use) after 30 and 60 min of exposure. Boiling water was immediately passed through 

the filter after filtration to inhibit lipase activity. Lipids were then extracted with chloroform: 

methanol (2:1; v:v). Lipid extracts were stored at -20°C under nitrogen (N2(g)) until analysis. 

Lipid class composition analyses were performed by high-performance thin layer 

chromatography (HPTLC) using a CAMAG auto-sampler to spot the sample on HPTLC glass 

plates pre-coated with silica gel (Merck & Co., Ltd., Darmstadt, Germany). Neutral and polar 

lipid classes were analyzed according to (Moutel et al., 2016). For polar and neutral lipid fatty 

acid (FA) analysis, an aliquot of the chloroform: methanol (2:1, v:v) extract was dried under 

N2(g) and then resuspended in chloroform:methanol (98:2, v:v) prior to neutral and polar lipid 

separation. Separation of neutral and polar lipids was realized by solid phase extraction (Le 

Grand et al., 2014). Each fraction (polar and neutral lipids) was transesterified and the 

resulting fatty acid methyl esters (FAME) were analyzed and quantified by gas 

chromatography (GC-FID) according to the method from (Le Grand et al., 2014). Lipid class 

and fatty acid standards were the same standards used in (Le Grand et al., 2014). FA were 

expressed as percentage of total FA in polar and neutral lipids. The level of unsaturation was 



calculated from the % FA derived from the gas chromatographic data according to the 

equation: 

𝑈𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 =  ∑[% 𝑜𝑓 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑜𝑢𝑏𝑙𝑒 𝑏𝑜𝑛𝑑] 

2.7 Statistics 

All statistical analyses were performed using R software (R Foundation for Statistical 

Computing, Vienna, 2011). A generalized linear model (Glm) was performed to evaluate the 

influence of time, A. minutum filtrate and their interaction on the maximum photosystem II 

quantum yield (Fv/Fm) of C. muelleri. The effects of filtrate on the different physiological 

and biochemical parameters (NPQ, flow-cytometry measurements, pigments, lipid classes and 

fatty acid composition) were assessed at each time. Statistical differences between seawater 

and filtrate were analyzed by a Student t-test after checking homoscedasticity assumption 

with a Bartlett test. When not meeting homoscedasticity assumption, metabolic activity (as a 

percentage of cells) was transformed with square root transformations. When 

homoscedasticity could still not be met, a non-parametric Wilcoxon test was applied. The 

Bray-Curtis similarity matrix was used for a one-way analysis of similarities (ANOSIM) to 

test whether samples within polar and neutral lipid fractions were clustered by condition (after 

30 or 60 min exposures). ANOSIM calculated a global R statistic that weighs the differences 

between groups, with R = 1, R = 0.5 and R = 0 indicating a perfect, satisfactory, and poor 

separation of the clusters, respectively (da Costa et al., 2017; González-Fernández et al., 

2016). Principal component analyses (PCA) were performed to investigate the variation in 

fatty acid profile in C. muelleri exposed to seawater or to the allelochemicals after 30 or 60 

min. Fatty acid (FA) data was analyzed with a similarity percentage analysis (SIMPER) 

performed on the relative FA content to identify the FAs accounting for 80% of dissimilarity 

between the groups and were shown on the PCA. All results are presented as mean ± standard 

deviation (n = 3). Graphs were performed with the R package ggplot.  

3 Results 

3.1 Pulse Amplitude Modulated fluorescence 

Overall, Fv/Fm strongly decreased during the exposure time in presence of the filtrate (Figure 

1). The filtrate of A. minutum rapidly (< 20 min) modified C. muelleri maximum photosystem 

II quantum yield. Allelochemicals in the filtrate induced a temporary increase in Fv/Fm in the 

first 10 min of exposure compared to the controls. Following this, Fv/Fm steadily decreased 



to 0.41 ± 0.02 (27% inhibition) at 60 min, then increased to 0.45 ± 0.03 (20 % inhibition) after 

100 min. In parallel, Fv/Fm from the seawater control culture remained stable between 0.58 

and 0.56. After 45 min of exposure to A. minutum filtrate, non-photochemical quenching 

increased two-fold in filtrate exposures compared to controls (Figure 2). 

 

Figure 1: Maximum photosystem II quantum yield (Fv/Fm) of C. muelleri exposed to filtered seawater (grey 

triangles) and to A. minutum filtrate (orange dots). Fv/Fm significantly decreased over time (Glm t value = 

7.469, p-value < 0.001) and a significant influence of the interaction between time and filtrate (Glm t value = -

5.281, p-value < 0.001). Error bars represent the standard deviation (n = 3). 

 



Figure 2: Non-photochemical quenching (NPQ; arbitrary unit) of C. muelleri after 45 min exposure to filtered 

seawater (control, grey bar) or A. minutum filtrate (orange bar) at a theoretical cell concentration equivalent to 

6 x 10
3
 cells mL

-1
. Error bars represent the standard deviation (n = 3). ***refers to a significant difference (p-

value < 0.001) between the control (seawater) and the filtrate. 

3.2 Flow-cytometry parameters 

Forward scatter (FSC; Figure 3A) of C. muelleri exposed to filtrate significantly decreased 

from 74.7 ± 0.6 to 67.2 ± 0.5 (arbitrary unit; a.u.) and 67.7 ± 8.7 a.u. to 43.8 ± 1.2 a.u. as 

compared to control after 60 and 90 min, respectively. Side scatter (SSC; Figure 3B) 

significantly decreased from 60.6 ± 8.3 a.u. (seawater) to 45.8 ± 0.5 a.u. (filtrate) after 90 min 

of exposure. Chlorophyll auto-fluorescence, as estimated by Fl3 fluorescence (Figure 3 C), 

steadily and significantly decreased in the cultures exposed to the filtrate compared the 

control cultures. After 30 min, Fl3 decreased from 1430 ± 9 a.u. in the control (seawater) to 

1298 ± 19 a.u. with the filtrate (9% reduction). Fl3 fluorescence further decreased after 60 and 

90 min when the inhibition reached 21 and 35%, respectively (1285 ± 122 a.u. for the control 

and 837 ± 44 a.u. when exposed to filtrate). A significant increase in intracellular ROS 

production (i.e. Fl1 fluorescence; Figure 3D) in the diatom cells was observed once exposed 

to filtrate. ROS production increased from 6.1 ± 0.3 a.u. in the control to 7.7 ± 0.5 a.u. when 

exposed to the filtrate for 30 min (26 % increase). ROS production kept increasing until 60 

min to 9.5 ± 0.2 a.u. (63 % increase compared to the control at 5.8 ± 0.1 a.u. for the control), 

but by 90 min exposure, the ROS production from the exposed cells returned to control levels, 

5.0 ± 0.1 a.u. and 5.2 ± 0.7 a.u., respectively. 

 



 

Figure 3 : Flow-cytometry parameters of C. muelleri for controls (seawater; grey triangles) and after exposure to 

A. minutum filtrate (orange dots) for 30, 60 and 90 min. A: Forward scatter (FSC), B: Side scatter (SSC), C: Fl3: 

red fluorescence, D: Reactive Oxygen Species (ROS) as measured by Fl1 fluorescence after DCFH-DA staining. 

Results are expressed as mean ± standard deviation (n = 3). Statistical differences between seawater and filtrate 

at each different time are indicated as followed “.” 0.05 < p-value < 0.1, “*” 0.01 < p-value < 0.05, “**”0.001 < 

p-value < 0.01, “***” p-value < 0.001. 

Filtrate of A. minutum significantly increased the proportion of diatom cells with a reduced 

esterase activity (i.e. reduced metabolic activity) and cells with inactive esterases (i.e. no 

metabolic activity) compared to controls (Figure 4). The cells with a reduced esterase activity 

represented 25 ± 4 % of the population at 30 min and reached a plateau of 34 ± 5 % after 60 

min of exposure. In the control culture, this population stayed below 4 ± 1 % throughout the 

90 min bioassay. Some cells had no esterase activity in cultures exposed to A. minutum 

filtrate, while in controls all cells presented esterase activity. The proportion of cells with no 

esterase activity increased from 3 ± 1 % to 10 ± 2 % and 13 ± 1 % at 30, 60 and 90 min, 

respectively. 



 

Figure 4: Metabolic activity of C. muelleri following exposure to control filtered seawater (seawater) or A. 

minutum filtrate (Filtrate) after 30, 60 and 90 min. Cells of C. muelleri are classified as cells with high esterase 

activity (light grey), reduced esterase activity (dark grey) and h inactive esterase (black).  

3.3 Pigment composition 

Among the 12 pigments identified, the amount (expressed as peak area) of 7 pigments 

significantly changed in the diatoms exposed to A. minutum filtrate (Table 1). Chlorophyll a 

(Chl a), chlorophyll C2 (Chl C2), diadinoxanthin (Ddx), and β-carotene decreased while allo-

chlorophyll a, diatoxanthin (Dtx) and zeaxanthin (Zx) increased within 60 min of exposure. 

Changes occurred in pigments involved in xantophyll cycles with significant increases in 

zeaxanthin/violaxanthin (Zx/Vx) and diatoxanthin/diadinoxanthin (Dtx/Ddx) ratios. It is 

noteworthy that among six minor pigments that were quantified but not identified, three of 

them decreased significantly in the diatom exposed to filtrate (data not shown). 

Table 1: Pigment composition expressed as peak area (peak area corresponding to 7 x 10
5
 cells). Peak areas are 

expressed as mean ± standard deviation (n = 3). Statistical differences between seawater and filtrate are indicated 

as followed “•” 0.05 < p-value < 0.1, “*” 0.01 < p-value < 0.05, “**”0.001 < p-value < 0.01, “***” p-value < 

0.001.  

 

30 min exposure 
 

60 min exposure 
 



  Seawater Filtrate p-value Seawater Filtrate p-value 

Chl. a 2444 ± 138 2399.4 ± 102 
 

2565 ± 101 2296 ± 27 * 

Epi Chl. a 76 ± 27  70 ± 9  
 

58 ± 9  48 ± 3 
 Allo Chl. a 31 ± 11  39 ± 12  

 
19 ± 0  47 ± 4  ** 

Chl. C1 781 ± 42  743 ± 18  
 

736 ± 25  735 ± 6  
 Chl. C2 834 ± 54  799 ± 53  

 
893 ± 37  747 ± 10  * 

Fucoxanthin 2781 ± 71 2771 ± 12 
 

2801 ± 105 2600 ± 9  • 

Diadinoxanthin 740 ± 3  499 ± 20  ** 738.1 ± 22.5  479.1 ± 21.9  *** 

Diatoxanthin 94.6 ± 15.6  326.0 ± 22.3  *** 102 ± 12  263 ± 11  *** 

Violaxanthin 12.5 ± 0.5  13 ± 1 
 

14 ± 1  13 ± 1 
 Zeaxanthin 20.4 ± 0.9  33 ± 1 *** 21 ± 1 28.8 ± 0.9  *** 

Pheophytin a 6.7 ± 0.6  7.0 ± 0.4  
 

7.2 ± 0.2  6.8 ± 0.1  • 

β-carotene 263 ± 10 266 ± 4   272 ± 11 241 ± 5 * 

Chl. a: Chlorophyll a, Allo Chl. a: Allo chlorophyll a, Chl. C1: Chlorophyll C1, Chl.C2: Chlorophyll C2.  

3.4 Lipid class composition 

After 30 min of filtrate exposure, there was no significant effect on the content of sterol 

esters, free sterols, triglycerides, alcohols and free fatty acids (FFA) (Table 2). After 60 min, 

the alcohol, sterol ester and free sterol content followed an increasing trend (0.1 < p-value < 

0.05) while triglyceride (storage lipids) content followed a decreasing trend (0.1 < p-value < 

0.05) in presence of filtrate. Phospholipids (phosphatidylinositol (PI), 

phosphatidylethanolamine (PE), phosphatidylcholine (PC) levels significantly decreased after 

30 min (p-value < 0.01). After 60 min, the cellular PC remained lower in cells exposed to the 

filtrate than in control cells (0.1 < p-value < 0.05). Monogalactosyl-diacylglycerol (MGDG) 

was the only glycolipid effected by the filtrate (decreased after 30 min exposure; p-value < 

0.05), whereas sulfoquinovosyl-diacylglycerol (SQDG) and digalactosyl-diacylglycerol 

(DGDG) were unaffected.  

 

  



Table 2: Total (polar plus neutral) lipid classes composition (pg cell
-1

) of C. muelleri exposed to seawater 

(control) or to A. minutum filtrate (Filtrate). Results are expressed as mean ± standard deviation.N = 3. Statistical 

differences between seawater and filtrate are indicated as followed “•” 0.05 < p-value < 0.1, “*” 0.01 < p-value < 

0.05, “**”0.001 < p-value < 0.01. 

 

30 min exposure 
 

60 min exposure 
   Seawater Filtrate p-value Seawater Filtrate p-value 

Sterol ester 0.08 ± 0.01  0.08 ± 0.02  
 

0.08 ± 0.01  0.10 ± 0.01  • 

Trigly. 10 ± 1 11.1 ± 0.8 
 

12 ± 1 11.1 ± 0.8 • 

FFA 0.29 ± 0.08  0.26 ± 0.04  
 

0.4 ± 0.2 0.4 ± 0.2 
 Alcohols 0.08 ± 0.01  0.08 ± 0.02  

 
0.08 ± 0.01  0.10 ± 0.01  • 

Free Sterols 0.26 ± 0.02  0.31 ± 0.03  
 

0.29 ± 0.01  0.40 ± 0.06  • 

PI 0.03 ± 0.00  0.05 ± 0.01  • 0.06 ± 0.02  0.05 ± 0.03  

 PE 0.43 ± 0.06  0.38 ± 0.03  
 

0.43 ± 0.03  0.41 ± 0.01  

 PC 1.12 ± 0.02  0.61 ± 0.06  ** 0.80 ± 0.09  0.6 ± 0.1 • 

MGDG 2.2 ± 0.3 1.7 ± 0.1 * 2.0 ± 0.2 1.65 ± 0.09 
 

SQDG 1.2 ± 0.3 1.23 ± 0.08  
 

1.38 ± 0.08  1.18 ± 0.09  
 

DGDG 0.25 ± 0.06  0.25 ± 0.02  
 

0.28 ± 0.01  0.26 ± 0.02  
 

       ∑ lipids 16 ± 2 16 ± 1   17.9 ± 0.7 16.2 ± 0.9   

Trigly.: Triglyceride, FFA: Free fatty acids, PI: Phosphatidylinositol, PE: Phosphatidylethanolamine, 

PC: Phosphatidylcholine, MGDG: Monogalactosyl-diacylglycerol, SQDG, Sulfoquinovosyl-

diacylglycerol, DGDG: Digalactosyl-diacylglycerol.  

 

3.5 Fatty acid composition 

Polar fatty acid composition was differed greatly when C. muelleri were exposed to seawater 

or to the allelochemicals after 30 min (global R: 1, significance = 0.09, ANOSIM) and 60 min 

(global R: 0.7, significance = 0.09, ANOSIM), with changes in the proportion of different 

fatty acids. The composition of neutral fatty acids was also differed greatly between seawater 

and filtrate exposures after 30 min (global R: 0.7, significance = 0.12, ANOSIM) and to a 

smaller extent after 60 min (global R: 0.48, significance = 0.09, ANOSIM). Overall, the 

presence of allelochemicals induced a decrease in the unsaturation index of polar lipids (Table 

3) and in neutral FA content (Table 4). Polar FA composition change was observed within 30 

min of filtrate exposure to the filtrate, while it took 60 min of exposure to the filtrate to 

modify the neutral FA composition. There were 8 fatty acids primarily effected by the 

allelochemicals, which accounted for 80% of differencies (Simper analysis) with controls.  

Filtrate exposure decreased the proportions of 22:6n-3, 20:4n-6, 20:5n-3, 16:3n-4, whereas 

the proportions of 18:1n-7, 16:1n-7, 16:0 and 14:0 were increased in presence of A. minutum 

filtrate (Figure 5).  



 

Figure 5: Principal component analysis (PCA) of polar fatty acid (FA) composition between C. muelleri cultures 

in presence of filtered seawater (grey triangles) or A. minutum filtrate (orange dots). Grey triangles represent 

samples exposed to filtered seawater after 30 min (empty triangles) and 60 min (filled triangles) of exposure. 

Orange dots represent samples exposed to A. minutum filtrate after 30 min (empty dots) and 60 min (filled dots). 

Dimension 1 represents 40.54% of variance and dimension 2 represents 18.34% of variance. FA shown explain 

80% of differences (Simper analysis).



Table 3: Polar fatty acids (FA) composition (mass % of total polar fatty acids). The total mass (µg) correspond to 

the mass of 10
6
 cells. Results are expressed as mean ± standard deviation (n = 3). P-value from the statistical 

tests between seawater and filtrate at each different time are indicated as followed “•” 0.05 < p-value < 0.1, “*” 

0.01 < p-value < 0.05, “**”0.001 < p-value < 0.01, “***” p-value < 0.001.  

 

30 min exposure 
 

60 min exposure 
   Seawater Filtrate p-value Seawater Filtrate p-value 

iso15:0 0.44 ± 0.02  0.68 ± 0.02  *** 0.5 ± 0.1  0.75 ± 0.05  * 

ant15:0 0.21 ± 0.02  0.26 ± 0.01  • 0.25 ± 0.07  0.31 ± 0.03  
 iso17:0 0.64 ± 0.01  0.73 ± 0.00  ** 0.75 ± 0.05  0.77 ± 0.05  
 14:0 8.3 ± 0.3 8.8 ± 0.2  • 8.6 ± 0.8 9.0 ± 0.2 
 15:0 0.58 ± 0.01  0.62 ± 0.01  ** 0.61 ± 0.02  0.63 ± 0.03  
 16:0 10.2 ± 0.1 11.1 ± 0.1  *** 10.8 ± 0.2 11.02 ± 0.03  
 18:0 1.22 ± 0.01  1.30 ± 0.01  ** 1.5 ± 0.3 1.5 ± 0.2 
 22:0 0.21 ± 0.01  0.23 ± 0.03  

 
0.20 ± 0.06  0.21 ± 0.01  

 24:0 0.2 ± 0.0 0.2 ± 0.2 
 

0.17 ± 0.00 0.16 ± 0.01  • 

∑ SFA 22.1 ± 0.3 24.1 ± 0.2  ** 23.6 ± 0.6 24.5 ± 0.2 
 16:1n-7 14.00 ± 0.2 14.7 ± 0.2 * 14.2 ± 0.6  14.4 ± 0.5 
 

16:1n-5 0.21 ± 0.01  0.22 ± 0.00  • 0.22 ± 0.00
 
 0.23 ± 0.01  

 18:1n-9 2.0 ± 0.1  1.93 ± 0.04  
 

2.12 ± 0.05  1.90 ± 0.08  * 

18:1n-7 2.98 ± 0.02  3.7 ± 0.1  * 3.2 ± 0.2 4.1 ± 0.3  ** 

18:1n-5 0.28 ± 0.03  0.34 ± 0.04  • 0.28 ± 0.05  0.37 ± 0.03  * 

∑ MUFA 19.7 ± 0.2  21.24 ± 0.04  ** 20.2 ± 0.7 21.3 ± 0.8 
 16:2n-7 1.64 ± 0.02  1.73 ± 0.05  • 1.77 ± 0.03  1.78 ± 0.08  
 16:2n-4 2.09 ± 0.04 2.15 ± 0.03  

 
2.10 ± 0.05  2.2 ± 0.1 

 16:3n-4 8.9 ± 0.2 8.4 ± 0.2 • 8.9 ± 0.2 8.9 ± 0.2 
 16:4n-1 0.31 ± 0.01 0.27 ± 0.01  ** 0.30 ± 0.01  0.30 ± 0.01 
 18:2n-7 0.16 ± 0.00  0.18 ± 0.00  ** 0.18 ± 0.00  0.18 ± 0.01  
 18:2n-6 1.98 ± 0.02  1.91 ± 0.05  

 
2.05 ± 0.03  1.79 ± 0.11  * 

18:3n-6 6.14 ± 0.04  6.09 ± 0.16  
 

6.3 ± 0.1 5.7 ± 0.4  • 

18:4n-3 2.90 ± 0.00  2.78 ± 0.04  • 2.88 ± 0.08  2.74 ± 0.06  • 

20:3n-6 0.22 ± 0.01  0.17 ± 0.00  *** 0.22 ± 0.02  0.16 ± 0.01  * 

20:4n-6 9.2 ± 0.2 8.2 ± 0.2 ** 8.5 ± 0.1 7.5 ± 0.5  • 

20:4n-3 0.18 ± 0.00  0.16 ± 0.01  * 0.15 ± 0.02  0.16 ± 0.00  
 20:5n-3 20.2 ± 0.1 17.9 ± 0.2 *** 18.0 ± 0.3 17.7 ± 0.1 
 22:5n-6 0.18 ± 0.01  0.20 ± 0.00  * 0.20 ± 0.02  0.17 ± 0.03  
 22:5n-3 0.14 ± 0.00  0.12 ± 0.00  ** 0.14 ± 0.01  0.12 ± 0.00  
 22:6n-3 3.06 ± 0.04  2.71 ± 0.12  * 2.9 ± 0.2 2.4 ± 0.2  * 

∑ PUFA 57.5 ± 0.3  53.2 ± 0.4  *** 54.8 ± 0.6  52.8 ± 0.4 * 
Unsaturation 

index 230 ± 1 210 ± 2 *** 216 ± 3  206 ± 2 * 

       Mass (µg) 490 ± 10  410 ± 50  . 446 ± 3  426 ± 86   
 SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids. 

Table 4: Neutral fatty acids (FA) composition (mass % of total neutral fatty acids). The total mass (µg) 

correspond to the mass of 10
6
 cells. Results are expressed as mean ± standard deviation (n = 3). P-value from the 

statistical tests (student t test or wilcoxon test) between the conditions at each different time are indicated as 

followed “•” 0.05 < p-value < 0.1, “*” 0.01 < p-value < 0.05, “**”0.001 < p-value < 0.01.  



 

30 min exposure 
 

60 min exposure 
   Seawater Filtrate p-value Seawater Filtrate p-value 

iso15:0 0.17 ± 0.02  0.17 ± 0.02    0.14 ± 0.04  0.21 ± 0.02  • 

14:0 12.6 ± 0.2 12.6 ± 0.1 
 

12.8 ± 0.2 12.8 ± 0.1 
 15:0 0.98 ± 0.01  0.98 ± 0.00  

 
0.97 ± 0.01  1.0 ± 0.1 

 16:0 18.8 ± 0.2 18.5 ± 0.1 
 

18.6 ± 0.2 18.3 ± 0.2 
 18:0 1.69 ± 0.06  1.67 ± 0.06  

 
1.68 ± 0.03  1.65 ± 0.04  

 20:0 0.12 ± 0.01  0.11 ± 0.00  
 

0.11 ± 0.00  0.11 ± 0.00  * 

22:0 0.20 ± 0.00  019 ± 0.01  
 

0.19 ± 0.01  0.17 ± 0.00  
 24:0 0.21 ± 0.02  0.19 ± 0.01  

 
0.21 ± 0.01  0.19 ± 0.02  

 ∑ SFA 35.0 ± 0.1 34.65 ± 0.09  * 34.9 ± 0.1 34.6 ± 0.3 
 15:1n-5 0.19 ± 0.02  0.20 ± 0.02  

 
0.16 ± 0.01  0.22 ± 0.00  ** 

16:1n-7 35.4 ± 0.2 35.01 ± 0.03  • 35.06 ± 0.05  34.82 ± 0.40  
 16:1n-5 0.34 ± 0.00  0.35 ± 0.00  

 
0.33 ± 0.00  0.34 ± 0.00  • 

18:1n-9 0.81 ± 0.02  0.81 ± 0.01  
 

0.79 ± 0.01  0.79 ± 0.01  
 18:1n-7 0.36 ± 0.01  0.37 ± 0.01  

 
0.35 ± 0.00  0.36 ± 0.00  

 ∑ MUFA 37.3 ± 0.2 36.89 ± 0.02  • 36.85 ± 0.08  36.7 ± 0.4 
 16:2n-7 1.43 ± 0.02  1.46 ± 0.01  

 
1.42 ± 0.02  1.47 ± 0.01  * 

16:2n-4 0.92 ± 0.01  1.00 ± 0.02  ** 0.95 ± 0.00  0.7 ± 0.6 
 16:3n-4 1.14 ± 0.03  1.6 ± 0.1 * 1.29 ± 0.02  1.6 ± 0.1 * 

16:3n-1 0.40 ± 0.03  0.42 ± 0.04  
 

0.39 ± 0.02  0.48 ± 0.01  ** 

18:2n-6 0.87 ± 0.02  0.86 ± 0.00  
 

0.86 ± 0.00  0.8 ± 0.1 
 18:3n-6 3.17 ± 0.04  3.21 ± 0.01  

 
3.12 ± 0.01  3.11 ± 0.05  

 18:4n-3 2.02 ± 0.02  2.03 ± 0.02  
 

1.99 ± 0.02  2.08 ± 0.02  ** 

20:3n-6 0.39 ± 0.01  0.38 ± 0.01  
 

0.38 ± 0.00  0.37 ± 0.02  * 

20:4n-6 4.86 ± 0.09  4.83 ± 0.09  
 

5.03 ± 0.04  4.77 ± 0.09  * 

20:4n-3 0.31 ± 0.01  0.30 ± 0.01  
 

0.30 ± 0.01  0.30 ± 0.00  
 20:5n-3 9.5 ± 0.2 9.61 ± 0.05  

 
9.78 ± 0.04  9.7 ± 0.3 

 22:5n-6 0.02 ± 0.00  0.02 ± 0.00  
 

0.02 ± 0.00  0.02 ± 0.00  
 22:5n-3 0.13 ± 0.01  0.12 ± 0.01 

 
0.13 ± 0.00 0.12 ± 0.00  * 

22:6n-3 0.58 ± 0.02  0.55 ± 0.02  
 

0.56 ± 0.02  0.55 ± 0.01  
 ∑ PUFA 21.9 ± 0.3 21.9 ± 0.1 

 
22.25 ± 0.03  22.0 ± 0.4 

 
       Unsaturation 

index 107 ± 1 109.3 ± 0.2  * 109.6 ± 0.2  107 ± 2 
 

       Mass (µg) 1121 ± 111 899 ± 47 • 1111 ± 142 746 ± 171 * 
SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids. 
 

 

4 Discussion 

4.1 Alexandrium minutum allelochemicals are fast acting  

This study demonstrated several significant effects (Figure 6) of A. minutum allelochemicals 

on the metabolism (decrease in esterase activity and increase in ROS production), 



photosynthesis (decrease in maximum PSII quantum yield and increase of non-photochemical 

quenching) and membrane composition (changes in membrane lipids and pigments) in the 

diatom C. muelleri as compared to the controls. Overall, allelochemicals induced a decrease 

in metabolism within an hour, as highlighted by the inhibition of esterase activity and 

photosynthesis of the diatom C. muelleri, thus confirming that A. minutum allelochemicals are 

fast acting (Lelong et al., 2011; Tillmann et al., 2007). Moreover, this study highlights that 

photosynthesis was affected within a short time (< 30 min), as was the primary metabolism, as 

estimated by the esterase activity decrease after only 30 min. Indeed, 60 min was sufficient to 

almost completely cease esterase activity, down to 10% of the unexposedseawater control 

cells. This highlights the usefulness of analyzing cellular effects at a minute scale to elucidate 

the allelochemicals mode of action, which eventually lead to cell lysis. The combination of 

fluorescence, flow-cytometry and biochemical analysis of diatom physiology provided new 

insights on the short-term (within 30 min) cellular and biochemical mechanisms involved in 

allelochemical effects previously reported in A. minutum (Lelong et al., 2011)  and A. 

tamarense (Ma et al., 2011; Zheng et al., 2016).  



 

Figure 6 :  Diagram of the mechanisms of A. minutum allelochemicals on photosynthetic (A and B) and cytoplasmic (C and D) membranes of C. muelleri in presence of 

seawater (A and C) and allelochemicals (B and D). Mechanisms are described in the last “general view” paragraph of discussion. PSII: Photosystem II, PSI: Photosystem I, 

PQ: Plastoquinone, Cyt, Cytochrome, OEC: Oxygen-evolving complex, Chl: Chlorophyll, PC: Phosphatidylcholine, MGDG: Monogalactosyl-diacylglycerol, ROS: Reactive 

oxygen species.



4.2 Effects of allelochemicals on photosystem II 

A decrease in the maximum photosystem II (PSII) quantum yield (Fv/Fm) of C. muelleri was 

observed within 20 min of exposure to A. minutum filtrate, highlighting rapid deleterious 

effects to the PSII and supporting previous studies (Lelong et al., 2011; Tillmann et al., 2007). 

(Lelong et al., 2011) highlighted that the decrease of photosynthetic efficiency resulted from 

an inactivation of PSII reaction centers (RCs) and a decrease of electron transport through 

PSII. Inhibition of photosynthesis was also reported through a transcriptomic analysis of the 

diatom Phaeodactylum tricornutum when co-cultured for 24 h with an allelochemical strain of 

A. tamarense (Zheng et al., 2016). The authors hypothesized that the oxygen evolving 

complex (OEC) that catalyzes the oxidation of water to molecular oxygen was inhibited. This 

damage to PSII would result in an electron flux reduction through PSII and in the decreased 

quantum yield measured in our study. Effects of allelochemicals on the PSII of the diatom 

mimic the deleterious effects reported under excessive light intensity (i.e. photoinhibition). 

During photoinhibition, PSII are deactivated via two main steps: first OEC are damaged by 

light and deactivated, then PSII RCs are deactivated due to excess light absorption (Hakala et 

al., 2005; Nishiyama et al., 2006; Ohnishi et al., 2005). With less active RCs, the energy 

absorbed by chlorophyll pigments cannot be utilized for photochemistry (i.e. photosynthetic 

reactions) and accumulates, becoming an excess. Our results highlighted the deactivation of 

photosynthesis, however regardless of PSII inhibition,  in presence of light, chlorophyll (Chl) 

pigments absorb photons and move to an excited state (
1
Chl*). Excess light absorption can 

induce the production of toxic 
3
Chl* that reacts with O2 to produce the superoxide ion (

1
O2*), 

a highly reactive oxygen species (ROS) (Müller et al., 2001). Similarly, during our study a 

transitory increase of ROS production was observed upon exposure to A. minutum 

allelochemicals. The excess energy can be “safely” dissipated through fluorescence emission 

or heat dissipation (non-photochemical quenching; NPQ) as observed in our study and 

described below.  

4.3 Effects of allelochemicals on pigments 

Significant decreases in chlorophyll a and chlorophyll C2 content and red fluorescence (Fl3; 

630 nm), in parallel with an increase in the chlorophyll (Chl) degradation product (allo-

chlorophyll a) was observed after only 60 min of filtrate exposure (Figure 6 A and B). 

Bleaching (i.e. loss of cell pigmentation) of microalgal cells exposed to Alexandrium spp. 

filtrate has been previously reported (Lelong et al., 2011; Lyczkowski and Karp-Boss, 2014), 

and this phenomenon is likely related to a decrease of Chl content as reported here. Induction 
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of Chl degradation during allelochemical interactions has been recently shown (Yang et al., 

2017; Zhou and Yu, 2006) and is a common photoacclimation process (Deblois et al., 2013; 

Dubinsky and Stambler, 2009; Sui and Han, 2014). We speculate that the decrease of Chl 

pigments results in a decrease in light harvesting antenna size. By decreasing the number of 

photons absorbed, the excess energy received by PSII would be decreased, mitigating 

photoinhibition and subsequent associated energy cost (Raven, 2011) as well as excessive 

ROS production and cell damages.  

4.4 Effects of allelochemicals on non-photochemical quenching 

Upon allelochemical exposure, the increase in non-photochemical quenching (NPQ) of C. 

muelleri is hypothesized to dissipate excess energy from damaged PSII through heat. 

Allelochemicals also induced a decrease in ß-carotene and changes in xanthophyll pigments 

ratios (diadinoxanthin/diatoxanthin and violaxanthin/zeaxanthin; Figure 6B) within 

photosynthetic membranes. Heat dissipation is mediated in thylakoid membranes by 

carotenoids and particularly xanthophyll pigment cycles (Goss and Jakob, 2010). The 

diadinoxanthin (Ddx) and violaxanthin (Vx) can be de-epoxidated in diatoxanthin (Dx) and 

zeaxanthin (Zx), respectively, to dissipate excess energy through heat emission (non-

photochemical quenching; (Behrenfeld and Milligan, 2013; Goss and Jakob, 2010)). In the 

current study, activation of xanthophyll cycles, as demonstrated by increases in Dx/Ddx and 

Zx/Vx ratios, in the presence of allelochemicals was observed after both 30 and 60 min of 

filtrate exposure. While the increase in Dx was linked to a decrease in Ddx, Vx content did 

not change along with the increase in Zx content. De novo synthesis of Vx from β-carotene, a 

Vx precursor (Fraser and Bramley, 2004), may explain the homeostasis of Vx.  

4.5 Effects of allelochemicals on lipids 

The lipid composition of photosynthetic membranes, which physicochemical properties 

greatly influence NPQ and indeed diadinoxanthin (Ddx) and violaxanthin (Vx) de-

epoxidation reactions (Latowski et al., 2011). These lipids were significantly affected by the 

presence of allelochemicals (Fig 6A and 6B). Monogalactosyldiacylglycerol (MGDG), a non-

bilayer glycolipids exclusively found in thylakoid membranes, decreased in the presence of 

allelochemicals. Previous studies highlighted that MGDG allows xanthophyll solubilization 

and promotes de-epoxidation (Goss et al., 2009, 2005; Wilhelm et al., 2014). In parallel, a 

decrease in phosphatidylcholine (PC) content, a significant constituent of thylakoid 



membranes (Kates, 1987; Lepetit et al., 2010; Vieler et al., 2007), was also observed in the 

presence of allelochemicals. Similar decreases of glycolipids along with a decrease in PC 

were observed during the photoinhibition process (Lepetit et al., 2010; Wilhelm et al., 2014). 

The modifications in the biochemical composition of photosynthetic membranes are another 

change similar to photoinhibition processes.  

Changes in lipid class composition occurred alongside significant modifications in the fatty 

acid (FA) composition of both polar and neutral lipids. Filtrate of A. minutum reduced the 

cellular content of neutral fatty acids, mainly bound to storage lipids (i.e. triglyceride that 

represents more than 90% of neutral lipids), by more than 20% of its mass. This decrease in 

neutral FAs may be linked to the decrease in triglyceride and result from an energy 

mobilization to cope with the energy cost induced by allelochemicals such as lipid synthesis 

and de-epoxidation reactions, or from the mobilization of FAs for the synthesis of membrane 

FAs (Muhlroth et al., 2013). Exposure to A. minutum allelochemicals also reduced the 

unsaturation levels of polar lipid fatty acids which are the constituents of biological 

membranes. The decrease of membrane lipid unsaturation mainly results from the decreases 

of eicosapentaenoic acid (EPA) 20:5n-3 and 16:3n-4, accounting for 38% of total polar lipid 

FA. This decrease in polyunsaturated fatty acids (PUFA) paralleled the decrease in PC and 

MGDG, mainly constituted in 20:5n-3 and 16:3n-4, respectively (Da Costa et al., 2016; 

Guella et al., 2003; Li et al., 2014). In the diatom Phaeodactylum tricornutum, 20:4n-6 was 

only found associated to MGDG and PC and to a smaller extent to DGDG (Arao et al., 1987). 

Its decrease also occurred in parallel with the general decrease in PC and MGDG observed in 

the presence of allelochemicals. Concomitantly, proportions of other major FA (14:0, 16:0, 

16:1n-7, 18:1n-7) increased.  

Sterols are predominant constituents of plasma membranes (Hartmann and Benveniste, 1987; 

Hartmann, 1998) with many important roles including the regulation of membrane fluidity 

and permeability (Dufourc, 2008), signal transduction, modulation of enzyme activity and 

precursors of secondary metabolites (Hartmann, 1998). In microalgae, sterol can increase 

under increasing light (Gordillo et al., 1998; Piepho et al., 2010), indeed sterols may have a 

role under photoinhibition. The slight increase of sterols in the presence of filtrate, as 

observed under photoinhibition-like conditions, may confirm such a hypothesis. At the same 

time, some sterols classes are known to potentially act against antimicrobial compounds with 

membrane-disruptive activity (Dufourc, 2008; Mason et al., 2007). Authors have 

hypothesized that A. tamarense allelochemicals may be membrane-disruptive lytic 

compounds with a high affinity for sterols and that the molecular targets involve sterol 
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components (Ma et al., 2011). In the same study, the authors showed that allelochemicals had 

different affinities to different phytosterols and speculated that the composition of the 

outermost cellular membrane plays a role in tolerance to allelochemicals. Yet, in our study, 

sterols increased in presence of allelochemicals. While this may reflect a protective role of 

sterols, the true role of sterols in allelochemical interactions should be addressed in future 

studies as it could be a membrane feature driving allelochemical tolerance. 

4.6 Effects of allelochemicals on ROS 

Exposure of the diatom to A. minutum filtrate resulted in a relative increase in intracellular 

reactive oxygen species (ROS) during the first hour. Photosynthesis is one of the processes 

inducing ROS production that can damage photosystem II (Asada, 1999; Müller et al., 2001; 

Nishiyama et al., 2006). However, it is unlikely that the diatoms’ photosystem II is the only 

source of ROS as a ROS increase was also reported in non-photosynthetic cells exposed to A. 

minutum exudates (Flores et al., 2012; Le Goïc et al., 2014). The two-fold ROS increase in C. 

muelleri exposed to allelochemicals may have led to some lipid peroxidation (yet to be 

measured). Lipid peroxides can act as a signal inducing programmed cell death (Yang et al., 

2017) and cell cycle blockage (Farmer and Mueller, 2013) which was shown in 

Phaeodactylum tricornutum co-cultured with A. tamarense (Zheng et al., 2016), where ROS 

production returned to levels similar to control conditions after 90 min.  While this decrease 

may be linked to the decrease in esterase activity, it is also hypothesized that diatoms may 

cope with ROS stress through activation of antioxidant systems (Li et al., 2015; Yang et al., 

2017) such as xanthophyll pigments (Lepetit et al., 2012, 2010; Wilhelm et al., 2014), or 

through saturation of membranes. Xanthophyll pigments not only play a role in dissipation of 

energy, as mentioned above, but can also act as antioxidants, especially against ROS produced 

at PSII oxygen evolving complex (Wilhelm et al., 2014). Indeed, xanthophyll cycle may 

scavenge intracellular ROS induced by the presence of allelochemicals. 

4.7 General view 

Based on our results and previous studies (Lelong et al., 2011; Ma et al., 2011; Zheng et al., 

2016) we propose a conceptual model to describe the mechanisms of action of Alexandrium 

spp. allelochemicals (Figure 6). Alteration of physiological functions such as photosynthesis 

and primary metabolism may result from direct damage to external membranes. Such damage 

may lead to the loss of cell integrity as shown by (Ma et al., 2011). Here we propose that the 



membrane disruption observed by (Ma et al., 2011; Zheng et al., 2016) leads to an inhibition 

of photosynthesis. Membrane disruption was previously reported to lead to inhibition of 

Fv/Fm and electron transport (Yang et al., 2017). Following the inactivation of photosystem 

II, the energy trapped by chlorophyll pigments cannot be used for photochemistry. Thus 

photons become excessive within the cells and may induce an increase in ROS production by 

the cell. Photoinhibition-like processes appeared to be activated by the cells to mitigate the 

stress. The observed reduction of chlorophyll pigments is hypothesized to limit the energy 

trapped by the cell, together with the xanthophyll cycles to eliminate excess energy through 

heat (non-photochemical quenching) and to scavenge ROS. These changes of pigment content 

and ratio are accompanied by a decrease in MGDG and saturation of photosynthetic 

membranes. In parallel, plasma membranes were also modified as demonstrated by the 

increase in free sterols. While the role of sterols has yet to be investigated, they may help the 

cell to maintain membrane integrity and associated enzyme activity or act as protection 

mechanisms against membrane disruption. ROS increase is likely to be a key factor in 

understanding allelochemical interactions. Their origin, effects and role remain unclear, and 

the mechanisms involving ROS should be further studied. The main pending issues are to 

understand how the allelochemicals interact with cell membranes, and how it is related to the 

sensitivity of some species to better understand their ecological implications. Overall, the 

mode of action of allelochemicals has to be further investigated from the minute scale effects 

to fully understand the mechanisms leading to microalgal cell death. 

5 Conclusion 

In conclusion, our results bring new insights on allelochemical interaction mechanisms and 

indicate that several biochemical pathways and structures were rapidly impaired resulting in 

photoinhibition-like responses. Even though allelopathy does not automatically lead to cell 

death, sub-lethal effects, such as photoinhibition, ROS production, decreased metabolism or 

decreased energy absorption, would have a significant energy cost. For example, the cost of 

photoinhibition can lead to a decreased growth rate. Overall the allelochemical interactions 

would also impair the ability of the exposed cells to cope with other environmental stress, 

thus decreasing competitiveness and fitness. The sub-lethal markers reported here are 

valuable tools in assessing the importance and ecological roles of allelopathy in structuring 

plankton communities.  
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