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Abstract:

Growth and spirolide production of the toxic dinoflagellate Alexandrium ostenfeldii (Danish strain
CCMP1773) were studied in batch culture and a photobioreactor (continuous cultures). First, batch
cultures were grown in 450 mL flasks without aeration and under varying conditions of temperature (16
and 22 °C) and culture medium (L1, f/2 and L1 with addition of soil extract). Second, cultures were
grown at 16 °C in 8 L aerated flat-bottomed vessels using L1 with soil extract as culture medium.
Finally, continuous cultures in a photobioreactor were conducted at 18 °C in L1 with soil extract; pH
was maintained at 8.5 and continuous stirring was applied.

This study showed that A. ostenfeldii growth was significantly affected by temperature. At the end of
the exponential phase, maximum cell concentration and cell diameter were significantly higher at
16 °C than at 22 °C. In batch culture, maximum spirolide quota per cell (approx. 5 pg SPX 13-desMeC
eq cell'1) was detected during lag phase for all conditions used. Spirolide quota per cell was negativelg/
and significantly correlated to cell concentration according to the following equation: y = 4013.9x7 %%,
Temperature and culture medium affected the spirolide profile which was characterized by the
dominance of 13,19-didesMeC (29-46%), followed by SPX-D (21-28%), 13-desMeC (21-23%), and
13-desMeD (17-21%).

Stable growth of A. ostenfeldii was maintained in a photobioreactor over two months, with maximum
cell concentration of 7 x 10* cells mL™". As in batch culture, maximum spirolide cell quota was found in
lag phase and then decreased significantly throughout the exponential phase. Spirolide cell quota was
negatively and significantly correlated to cell concentration according to the equation:
y = 12,858x %% _|n photobioreactor, spirolide profile was characterized by higher proportion of 13,19-
didesMeC (60-87%) and lower proportions of SPX-D (3-12%) and 13-desMeD (1.6-10%) as
compared to batch culture.
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Highlights

» A. ostenfeldii growth was significantly affected by temperature but not by medium composition. »
Spirolide quota per cell was negatively and significantly correlated to cell concentration both in batch
and photobioreactor cultures. » Spirolide profiles were affected by culture mode (batch vs
photobioreactor).
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1. Introduction

Spirolides were first detected in mussels and clams from Nova Scotia (Canada) during spring
and summer of 1991 (Richard et al., 2000 ; Sleno et al., 2004). Besides, these toxins were
recently found in Spain (Villar Gonzalez et al., 2006), Italy (Ciminiello et al., 2006), Scotland
(John et al., 2003), Norway (Aasen et al., 2005), Denmark (MacKinnon et al., 2006b) and
France (Amazil et al., 2007).

Alexandrium ostenfeldii was identified as the primary source of spirolides, a novel group of
macrocyclic imines characterized as marine fast-acting toxins (Cembella et al., 2000).
Furthermore, the production of PSP toxins was also demonstrated for some A. ostenfeldii
strains (Hansen et al., 1992; Mackenzie et al., 1996). Alexandrium ostenfeldii was
considered as a cold-water mixotrophic species (Jacobson and Anderson 1996; Gribble et
al., 2005), characterized by the presence of food vacuoles containing ciliates or
phytoplankton residues (Jacobson and Anderson, 1996) and is known to be toxic to the
tintinnid Favella ehrenbergii (Hansen et al., 1992). Moreover, some A. ostenfeldii strains can
cause short-term toxic effects on heterotrophic dinoflagellates (Tillmann and John, 2002).

The LDsy of a mixture of spirolides, comprising mostly 13-desMeC, was determined to be 40
pa/kg after intraperitoneal injection in mice and 1 mg/kg after oral administration (Richard et
al., 2000). However, toxic effects in humans due to the ingestion of shellfish contaminated
solely with spirolides have never been reported so far.

Great divergences were observed in spirolide toxin profiles among A. ostenfeldii in culture
and in natural bloom isolates from different geographical regions. For example, the typical
spirolide profile of isolates from the northeast Atlantic region often contain primarily 13-
desMeC, 13,19-didesMeC and 20-methyl G spirolides, but this is accompanied at the same
time by considerable inter- and intrapopulation heterogeneity (Botana, 2008). The toxin
profiles from plankton size fractions containing A. ostenfeldii and collected at Ship Harbor,
Nova Scotia (Canada), were dominated by spirolides A, B, C, and 13-desMeC, whereas
those collected at Graves Shoal, less than 100 km south, were remarkably different, with
spirolides B, D, and isomer D2 as the major components (Cembella et al., 2001). A clonal
culture isolate (AOSH1) from Ship Harbor yielded a profile similar to the natural mixed
population dominated by 13-desMeC (Cembella et al., 1999; 2000) but another strain,
AOSH2, isolated later on, produced primarily spirolide C and 20-methyl G (Cembella et al.,
2007). MacKinnon et al. (2006a) identified two derivatives, spirolide G and 13,19-didesMeG,
in the Danish strains (LF37 and LF38). Major components of the toxin profile of cultured A.
ostenfeldii from Limfjord, Denmark (CCMP1773) were spirolides 13,19-didesMeC and 13-
desMeC (Otero et al., 2010a,b). Finally, we note that strains CCMP1773, KO0324 and LF37
are all the same isolate from Limfjord, Denmark with different isolate names.

The effects of environmental factors on Alexandrium ostenfeldii growth and toxin production
are discussed in a few studies (Jensen and Moestrup 1997; John et al., 2001; Maclean et al.,
2003; Ravn et al.,, 1995). Maclean et al. (2003) reported that A. ostenfeldii growth was
related to environmental conditions, and strongly limited under sub-optimal light regimes (>
150 pmol m? s™), salinity (< 15 psu) and low nutrients (< 20uM initial nitrate). These same
authors suggested that the amount of spirolides synthesized by A. ostenfeldii increased in
culture with cell concentration, but that spirolide amount per cell and toxin composition do not
differ significantly in response to variations of the environmental parameters. Other authors
showed that total toxin concentration in batch culture was affected by light intensity and
photoperiod (John et al., 2001). Moreover, Ravn et al. (1995) showed that when A.
ostenfeldii was cultured under conditions of limiting soil extract, cell division rate was reduced
and toxin profile was modified. Finally, Jensen and Moestrup (1997) demonstrated that A.



ostenfeldii maximum division rate occurred at 20°C and between 15 and 20 psu and that
observed variations in cell size were related to temperature and salinity.

A ban on oyster sale recently occurred in Arcachon Bay (French S.W coasts). It was decided
following positive mouse bioassays for the detection of lipophilic toxins. During this toxic
event, chemical analysis conducted on Arcachon Bay oysters revealed the presence of
spirolides. That is why attention has been recently focused on spirolides accumulation and
elimination in and from oyster tissues. However, in order to perform contamination and
detoxification trials on edible shellfish, it was necessary to grow A. ostenfeldii, a spirolide
producer, at high cell concentrations and with known toxic profile and content. This requires
a full technical and scientific understanding of A. ostenfeldii culture patterns.

In this paper, we examine A. ostenfeldii growth, toxin quota per cell and toxin profile (i) in

batch culture to determine the effects of temperature and culture medium and (ii) in
photobioreactors to develop procedures suitable for mass cultures.

2. Materials and Methods

2.1. Micro-algae

The harmful algal species used in this study was the CCMP1773 strain of Alexandrium
ostenfeldii (Balech) isolated from Limfjord (Denmark) and obtained from the Provasoli
Guillard National Center for Culture of Marine Phytoplankton. This strain was selected for its
complex spirolide profile and the absence of PSP toxins (Otero el al., 2010a,b; Botana 2008;
Ciminiello et al., 2006, 2010).

A. ostenfeldii was maintained in sea water enriched with L1 nutrients (Guillard and
Hargraves, 1993), in 45 mL flasks at 16°C, 35 psu, and 155 pmol photon m? s™ provided by
cool-white fluorescent lamps on 12h:12h light:dark cycle in a culture room.

2.2. Growth in batch cultures

Initial cultures of A ostenfeldii were grown in 450 mL culture flasks IWAKI® at 16 and 22°C
using sterile sea water at a salinity of 35 psu and enriched with three media: f/2 (Guillard and
Ryther 1962, Guillard, 1975), L1 (Guillard and Hargraves, 1993), and L1 + soil extract at a
concentration of 3 ml per litre according to Ravn et al. (1995). Six experimental treatments
were applied in triplicate, under a 16h:8h light:dark regime with a photon irradiance rate of
190 pmole m?s™”. These parameters were determined during the period of time where the
strain was acclimated to our laboratory conditions.

Subsequently, A. ostenfeldii cultures were carried out using flat-bottomed vessels designed
for 8 L cultures with aeration. All cultures were grown in triplicate in L1 medium (Guillard and
Ryther 1962, Guillard, 1975), with soil extract added at the same concentration (3 mL L'1)
and using sterile sea water at a salinity of 35 psu. Cultures were maintained at 16°C under a
12h:12h light : dark regime and at a photon irradiance rate of 155 pmole m™s™.

2.3. Soil extract preparation

The soil used to generate the extract was collected - according to Loeblich and Smith (1968)
- from a natural environment rich in nutrients. No fungicides, insecticides, fertilizers, or other
harmful compounds were present. First, the soil was sifted once through a coarse sieve
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(1 mm) to eliminate the dry ground and then through a fine sieve (60 um). Soil (300 g) was
mixed in 600 millilitres of distilled water and autoclaved for 60 minutes at 121°C. The solution
was centrifuged at 4000 rpm for 20 minutes and then supernatants were collected and
filtered through 0.22um. Finally, sterile soil extract was divided into 15 mL tubes. These
tubes were wrapped with parafilm to prevent bacteria contamination and then stored at - 20 °
C.

2.4. Culturein 100 L photobioreactor

Alexandrium ostenfeldii was also cultured in 100 L bioreactors. Cells were inoculated at a
concentration of approx. 8 x10° cell mL™ in sterile sea water at a salinity of 35 psu enriched
with L1 + soil extract (3 mL L™"). The bioreactors were made of 100 L polymethyl
methacrylate stirred-tanks (0.29 m diameter, 1.5 m length and 0.01 m container wall
thickness). Cultures were stirred by 4-paddle impeller turbines at a rate of 50 rpm. The upper
headplate of the bioreactors was designed to support all probes and tubing. An on-line pH-
meter transmitted measurements to a central computer that controlled pH value by injecting
CO, into the bioreactors. The system was controlled by a computer equipped with a specific
Visual Basic® software. The programme managed probe calibration and on-line recording of
culture parameters. The reactors were placed in a room regulated at 18°C and submitted to a
16h:8h light regime and a 188 pmole m™s™ of photon irradiance. Temperature was increased
to reach18°C and thus ensure a better cell growth in photobioreactor ( Beuzenberg et
al. ,2007).

The system was adapted to continuous-flow culture by addition of a peristaltic pump
supplying nutrients at a flow rate of 0.2 mL min™ and another pump collecting overflow
fractions.

2.5. Analytical methods

Aliquots (5 mL) of the cultures were taken to determine cell density with a Coulter-counter
Multisizer® 1Il. Cells concentrations were determined from: i) triplicate flask cultures in all
treatments after 3, 8, 16 and 20 days following inoculation; ii) triplicate flat bottomed vessel
cultures at days 0, 3, 10, 14 and 18; and, iii) one photobioreactor culture during all culture
phases (days 1, 5, 7, 12, 14, 20, 22, 26, 41, 46, 54, 62, 68, 78, 98, 106, 118 and 132).

Growth rates (u) during all phases were calculated following the equation (Guillard 1973).
L= (InX; — InXp)/t

where Xj is the initial cell density and X; is the cell density after t days.
2.6. Toxin analysis

Spirolide production and composition were determined from 10 mL samples taken from: i)
triplicate flask cultures in all treatments after 3, 8 and 16 days following inoculation; ii)
triplicate flat bottomed vessel cultures at days 0, 3, 10 and 18; and, iii) one photobioreactor
culture during all culture phases (days 1, 5, 7, 12, 14, 20, 26, 41, 46, 62, 78, 98, and 118).

Cells were collected by centrifugation (4000g, 10 min, 4°C), resuspended in 1 mL
methanol/water (95/5) and sonicated 20 min on ice with a Vibra Cell® 75115 device. The
extracts were collected in 2 mL eppendorf tubes and then frozen at — 80°C.



The LC-MS/MS analysis were performed according to Amzil et al, (2007) using a Shimadzu
LC-20 AD XR® model coupled with a triple quadruple mass spectrometer (Q TRAP, API
4000®) equipped with an electrospray ionisation source (ESI). Toxins were eluted in a 3 um
hyperclone MOS C8 column (50X2.0mm, Phenomenex) at 20°C with a linear gradient set at
0.2 mL/min. The mobile phase consisted of two components (A) water and (B)
acetonitrile/water (95:5), both containing 50 mM formic acid and 2 mM ammonium formate.
Analyses were carried out in multiple reaction monitoring (MRM) positive ion mode and the
two most intense produced ions per component were selected (Table 1).

In the present study, this method was used to detect and quantify known spirolides in A.
ostenfeldii culture by comparing them with certified standards of 13-desMeC (NRCC,
National Research Council (Canada). Good linear calibration data were obtained for spirolide
standard in solution (r*=0.9958).

2.7. Statistical analysis

Experimental data were analysed using Statgraphics software. Effects of temperature and
culture media on A. ostenfeldii growth (cell concentration and division rate), spirolide quota
per cell and toxin profile were assessed using two-way ANOVA. Regression analyses were
used to investigate the relationship between cell concentration and total spirolide quota per
cell.

Growth rate and spirolide profile were arcsin-square root(x) transformed prior to statistical

analysis but presented as untransformed data. Differences between means were considered
statistically significant at P < 0.05.

3. Results

3.1. Cell growth

A. ostenfeldii growth in 450 mL flasks under different temperatures and culture medium
conditions was characterized by low growth during the first 8 days followed by exponential
growth which ended after 16-20 days of culture (Fig. 1). The highest cell concentrations were
obtained after 20 days of culture at 16°C and after 16 days of culture at 22°C. After 16 days
of culture, cell concentration and growth rate were significantly different (P<0.01) between
the temperature treatments used (16°C and 22°C). Addition of soil extract to the L1 medium
resulted in slightly but not significantly higher maximum cell concentration and growth rate as
compared to L1 and f/2 medium at both culture temperatures (Table 2).

Cells grown in the photobioreactor with aeration, agitation and pH regulation at 18°C showed
the highest specific growth rate (0.16 d™', Table 2) and maximum cell concentration (7 x 10*
cell mI") on day 106 (Table 2 & Fig. 2).

3.2. Changes in cell diameter during growth in batch and a photobioreactor cultures

Growth of A. ostenfeldii in flask culture under different conditions showed that after 3 days of
culture mean cell diameters ranged between 26 and 27 ym with lower and upper limits
corresponding to 17 and 40 ym (Fig 3 and Fig 4a, b). However, on day 8 and 16, A.
ostenfeldii grown at 22°C showed a significant decrease (P<0.01) in mean cell diameters
(ranging between 25 and 26 ym at Dg and between 23 and 24 ym at D,s) as compared to
mean diameter of cells grown at 16°C (ranging between 26 and 27 um at Dg and D) (Fig 3).



There were no significant differences in mean cell diameter (P>0.05) between the three
culture media regardless of culture days or temperature (Fig 3).

After 16 days culture, diameter of cells grown at 16°C showed one peak with cell diameter
between 19 and 40 um. However, at 22°C, cells diameters showed two distribution modes
(Fig 4a) : a first one located between 14 and 24 um and the second one between 24 and 40
pum (Fig 4b).

Significant decrease in A. ostenfeldii mean cell diameter was observed during growth in
photobioreactor. The initial mean cell diameter was 28.5 + 0.03 pm in the inoculum. After 26
days culture, mean cell diameter began to decrease and was 23.6 £ 0.02 uym. At this time, A.
ostenfeldii cell sizes showed three distribution modes. The first peak was located between 10
and 17 ym, the second between 17 and 23 ym and the last between 23 and 40 um (Fig 5).
Mean cell diameter continued to progressively decline during the exponential growth phase
to reach 21.4 £ 0.02 ym on day 68 (Fig. 2). Conversely, cell concentration increased
progressively over the same period (Fig. 2).

3.3. Spirolide quota per cell

Spirolide quota per cell (expressed as pg cell) in batch and a photobioreactor culture was
inversely related to cell concentration according, respectively, to the equations: y=4013.9x
08% and y=12858x"%%% where - represents the spirolide quota per cell and ' the
corresponding cell concentration (Fig 6).

In all batch culture conditions used, total cellular spirolide concentration at day 3 was approx.
5 pg SPX eq 13-desMeC cell” and decreased steadily and significantly with culture age to
reach low levels ranging between 1.3 and 2.4 pg SPX eq 13-desMeC cell” at day 16 (Table
3). At this time, total spirolide production was significantly higher at 22°C than at 16°C
regardless of medium composition (P<0.01). However, despite the different medium
composition and temperature used, cell spirolide concentration was always significantly
related to the cell concentration (Fig 7a,b).

Cells grown in 8 L aerated flat-bottomed vessels showed that total spirolides decreased with
the age of the culture to reach 1.7 pg SPX eq 13-desMeC cell™ at day 18 (Table 3). Overall,
total spirolide concentrations were similar to those obtained with 450 mL non aerated culture
conditions.

Total spirolide quota per cell in a photobioreactor decreased rapidly during the first 14 days,
i.e. from 4.7 pg to 1.1 pg SPX eq 13-desMeC cell” (Table 3). Then, total spirolide quota per
cell continued to decrease steadily to reach 0.37 pg SPX eq 13-desMeC cell” after 118 days
of culture (Table 3).

3.4. Spirolide concentration per culture volume

Total spirolide concentration in batch and a photobioreactor culture (expressed as pg L™)
showed a slight increase when cell concentration increase (Fig 8).

During the exponential phase of all batch cultures, 13,19-didesMeC concentration, showed a
significant increase (approx. 2-fold) as cell concentration increased in the culture while
meantime other components remained relatively stable (Fig 9).

In photobioreactor, spirolide concentration per unit of culture volume was higher than that
obtained in batch culture, specifically the 13,19-didesMeC which was approx 5-fold higher
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(Fig 10). During exponential growth phase (until 41 days culture), only the 13,19-didesMeC
showed an increase in concentration, while other components remained relatively stable (Fig
10). During stationary phase, concentration of 13,19-didesMeC in culture remained constant
whereas other components showed a slight decrease (Fig 10).

3.5. Spirolide profile

Spirolide profile of A. ostenfeldii during growth in 450 mL culture flasks remained relatively
stable regardless of temperature and culture media used. At the end of exponential phase,
13,19-didesMeC was slightly higher than the other components (between 29 and 46 %)
followed by SPX-D, 13-desMeC and 13-desMeD in similar proportions (17-28% ) (Table 3).

Spirolide profile of A. ostenfeldii grown in 8 L flat-bottomed vessels with L1+soil extract at
16°C changed significantly according to the age of the culture. The proportion of 13,19-
didesMeC increased steadily from 37% to 54.5% while, proportions of 13-desMeC, SPX-D
and 13-desMeD decreased. The concentration of 13, 19-didesMeC was generally higher in
8L aerated vessels than that obtained in 450 mL flask culture, (Table 3).

Spirolide profile of A. ostenfeldii grown in a photobioreactor with L1+soil extract and at 18°C
was dominated by 13,19-didesMeC (60-87%), followed by 13-desMeC (8-18%), SPX-D (3-
12%), 13-desMeD (1.6-10%) (Table 3). This profile was drastically different from that
obtained in batch cultures in term of proportions. However, as in batch culture, the 13,19-
didesMeC increased with the age of the culture and was above 80% the last 40 days of
culture.

4. Discussion

This study provides new data on the effects of temperature, culture medium and culture
mode on A. ostenfeldii growth, spirolide cell quota and profiles in both batch and
photobioreactor cultures.

4.1. Alexandrium ostenfeldii growth

Growth of plant cells in culture is generally determined by environmental parameters such as
nutrient availability, light, temperature (Boyer et al., 1987, Ogata et al., 1987, 1989; Anderson
et al., 1990), salinity (White 1978), and trace components (Harrison et al., 1988; Okaishi et
al., 1987; Wells et al., 1991). In the present study, the effects of medium composition and
temperature were tested in batch culture.

4.2. Effects of temperature and media culture

The growth rate and maximum cell concentration of the dinoflagellate A. ostenfeldii were
higher at 16°C than at 22°C. Results contradict other studies where A. ostenfeldii optimum
growth was obtained at 20°C and 15-20 psu i.e: growth rate of 0.3 d”' (Jensen et Moestrup,
1997).

In coastal environments, A. ostenfeldii has been found in such different geographical areas
as Greenland (Ostenfeld et Paulsen, 1911) and New Zealand (Mackenzie et al., 1996).
Unfortunately, data available from field studies concerning the ecology of A. ostenfeldii are
limited. A. ostenfeldii has been observed at temperatures ranging from —0.8°C (Ostenfeld et
Paulsen, 1911) to approximately 16-20°C (summer water temperature in Denmark) (Jensen
and Moestrup 1997). The better growth observed for cultures reared at 16°C agrees with the



above-mentioned observations but also with culture experiments conducted with strains of A.
ostenfeldii isolated from the Gulf of Maine (West Boothbay Harbor, USA). These strains grow
well at 14°C under low light conditions, but reveal poor temperature tolerance above 16°C
(Cembella et al., 2000).

There was no statistically significant differences in A. ostenfeldii growth (cell concentration
and growth rate) due to culture medium composition (L1, L1+Soil Extract, f/2). This disagrees
with the study of Ravn et al., (1995) where maximum cell concentration of A. ostenfeldii
(strain LF R-287) was reduced under conditions of limited soil extract. Soil extract rich in
humic acid was shown to promote the growth of different dinoflagellate species (Granéli and
Moreira 1987; Hansen et al., 1992). However, as growth elicitation by soil extract was very
mild in the present study, it is hypothesised that the absence of acclimation to culture
medium before the experiment can be considered as a stress. This may have prevented the
absorption of new components present in the medium. Another explanation for the lack
of elicitation could relate to the type of soil that was used. As soil extracts are extremely
variable and depending on where they are obtained, we can suggest that the soil extract
used in this study was not rich enough in nutrients assumed to promote A. ostenfeldii growth.

4.3. Photobioreactor culture

Cultivation of A. ostenfeldii has already been obtained in photobioreactors using
GP+selenium medium, 12h:12h light:dark cycle with 190 pmole photons/m?%s, pH control at
8.3 and at a temperature of 18°C. Under these conditions cell concentrations as high as
2.9x10* cell mL™" were achieved with low growth rate of 0.028 d” (Beuzenberg et al., 2007).
The authors stated that this dinoflagellate grew faster and reached higher cell densities in the
bioreactor than in carboy batch culture (0.4x10* cells mL™" and 0.012 d™). In the present
study, A. ostenfeldii was grown and maintained in 100 L photobioreactor with aeration,
agitation and pH control at 8.5. These conditions allowed A. ostenfeldii reaching
concentrations between 6-7 x 10 cells mL™" for more than 60 days with a growth rate of 0.16
d™”. A. ostenfeldii growth in a photobioreactor followed a pattern similar to that described for
other species of dinoflagellates (Séchet et al., 2003). These authors reported that A.
minutum originating from the North Atlantic and A. catenella from the Thau Lagoon (West
Mediterranean coast) produced cultures with a relatively high division rate (0.5 d') and
maximum cell concentrations of 80 and 60 x 10 cells mI™ respectively.

4.4. Cell diameters

Cell growth in flask culture at 22°C revealed a significant decrease in mean cell diameter
compared to A. ostenfeldii inoculated at 16°C. Our results are in agreement with Jensen and
Moestrup (1997) who reported similar changes in cell diameter of A. ostenfeldii cultivated at
different temperatures and salinities. According to these authors, mean cell diameter was
closely correlated with division rate that changed according to investigated temperatures
(11.3-23.7°C) and salinities (10-30 psu). However, in our study, there was a positive
relationship between mean cell diameter and growth rate. Culture maintained at 22°C
resulted in smaller cells and lower division rate than that observed at 16°C, probably
because of stressful conditions induced by higher temperature.

Mean cell diameter of A. ostenfeldii also decreased significantly during culture in a
photobioreactor approx. from 28 um to 21 uym. Cell diameters remained high during the first
days (27-29 pm) of exponential growth but decreased rapidly when maximal cell
concentration was almost reached. Decrease in mean cell diameter is the consequence of
the significant production of two smaller cell groups ranging between 10-17 um and between
17-23 um corresponding together to approx. 44% of total population.



We believe that reduction in cell diameter in both batch culture and a photobioreactor reflects
production of temporary cysts. This is probably due to cellular stress provoked by variation in
environmental factors such as high temperature (batch culture) and a combination of
continuous agitation and pH regulation. Temporary cysts generally have a more variable and
smaller size than vegetative cells (Jensen and Moestrup, 1997). Temporary cysts are very
common under unfavourable culture conditions which do not allow good growth, such as
agitation (Cembella et al., 2001), old cultures (Jensen and Moestrup, 1997), specific nutrients
deficiencies (Anderson and Wall, 1978; Doucette et al., 1989; Fritz et al., 1989), changes in
temperature (Schmitter, 1979), and bacterial attacks (Nagasaki et al., 2000).

4.5. Total spirolide production and profile

4.5.1. Spirolide production

Previous studies on A. ostenfeldii culture indicated high variability in total spirolide production
per cell : 0.03-0.3 pg cell’ (Maclean et al., 2003), 2.55 pg cell” (Otero et al., 2010) and 85 pg
cell (John et al., 2001). These variations are likely related to the strain of A. ostenfeldii used
and to the environmental conditions applied.

The present study revealed that in all cultures spirolide quota per cell ranged between
approx. 0.4 and 5 pg SPX eq 13-desMeC cell' and was negatively related to cell
concentration under the different culture conditions used. Similarly, Beuzenberg et al. (2007)
using a New Zealand strain obtained 7.1 pg 13-desMeC cell” in 15L carboy batch culture
and 1.5 pg 13-desMeC cell” in a photobioreactor with cell concentrations of 3800 cells.L”
and 30000 cells.L”, respectively. This also suggests an inverse proportional relationship
between cell concentration and spirolide quota per cell during A. ostenfeldii growth. Ichimi et
al. (2002) also found an inverse relationship between PST toxin concentration per cell and
growth rate, explaining that the decrease of cell toxicity is an indirect response to the
increase in growth rate.

One may argue that such decrease of intracellular SPX may reflect its release into the extra-
cellular medium throughout the culture cycle. Maclean et al. (2003) indicated that in batch
cultures the proportion of extracellular spirolides was higher when A. ostenfeldii was grown in
low nitrate conditions, suggesting that nutrient stress may affect leakage or excretion of
these compounds, presumably due to higher cell mortality and loss of membrane integrity.
During the first 25 days of culture, liquid-liquid extractions of extra-cellular medium were
performed and analysis revealed a low proportion of spirolides (1 to 3%). John et al. (2001)
also found a low concentration of spirolides in the culture medium (<3% of the total spirolide
of the whole culture). This indicates that extracellular spirolide accumulation do not
accumulate even when cell numbers increase. Bacterial or enzymatic degradation or
reassimilation of spirolides by the A. ostenfeldii cells can be speculated as factors limiting
release or presence of SPX in the medium.

Spirolide concentration per litre of culture ranged from 11 to 15.5 pyg L™ and from 34 to 50 ug
L™ .1t was positively related to the inoculum size (number of cells). As spirolide concentration
per liter increased only slightly during the incubation period, most of the spirolides in the
culture appeared to be synthesized when cells are transferred into fresh medium. This led to
speculate that as cells divide spirolide concentration per cell is halved at each cell division.
However, spirolide concentration per litre increased slightly during exponential phase,
suggesting that spirolide production, most notably for the 13,19- didesMeC, still occurs but at
a low rate.

John et al. (2001) demonstrated that total spirolide concentration per volume of culture was
directly related to cell and chlorophyll a concentrations, but also that spirolide concentration
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per cell or per litre was modulated by light:dark cycle. Spirolide quota per cell drastically
increased at the beginning of the dark phase and decreased during the light phase. The
authors reported that biosynthesis of these toxins is governed by light during cell division and
that toxins are produced before cytokinesis (cell division).

Regarding the effect of temperature on A. ostenfeldii spirolide production, cells grown at
22°C had a higher total spirolide quota per cell compared to those grown at 16°C after 16
days of culture. But, this indeed reflects the higher division rate of cells maintained at 16°C.
As mentioned before, decrease in mean diameter likely revealed encystment processes and
thus an arrest of metabolic processes such as toxin production.

Nevertheless, above 4000 cells.mL™, cells grown at 16°C tend to have higher cell quota than
those maintained at 22°C suggesting that lower temperature would favour spirolide synthesis
in addition to the initial quota produced at the time of culture inoculation.

There was no significant effect on spirolide production due to differences in culture media
even with the addition of soil extract. Conversely, Ravn et al. (1995) showed that the use of
soil extract in A. ostenfeldii culture is responsible for an increase in PSP concentration
because of the stress provoked by the elicitor. But these authors noted that this increase was
not systematically encountered.

4.5.2. Spirolide profile

Spirolide profiles in different A. ostenfeldii strains were assessed by several investigators
(Otero et al., 2010; John et al., 2001 ; Maclean et al., 2003). However, the impact of different
environmental parameters upon spirolide composition remains controversial. Otero et al.
(2010a) reported that the type of spirolides produced by A. ostenfeldii is genetically
dependent, but their proportions can vary considerably depending on external environmental
factors. The authors reported that 13,19-didesMeC (81.1-97.6%) and 13-desMeC (2.4-
19.9%) proportions were modulated by medium composition, salinity and photoperiod.
However, other authors claimed that whatever environmental changes, toxin profile remains
stable (John et al., 2001; Maclean et al., 2003).

In our study, spirolide analyses of A. ostenfeldii (strain CCMP1773) under different conditions
and culture methods, revealed the presence of four analogues : 13,19-didesMeC, 13-
desMeC, 13-desMeD and SPX-D. The analogue 13,19-didesMeC, was the dominant
component as previously reported by Otero et al. (2010a). Temperature (16 and 22°C) and
culture medium composition (L1, L1+ soil extract and f/2) had little impact on spirolide
analogue proportions. However, it is clear that culture mode can influence the profile of
spirolides produced by A. ostenfeldii. In the photobioreactor culture, the percentage of 13,19-
didesMeC was much larger (above 80% of total spirolides at the end of the culture) than in
batch culture. The relative amount of 13-desMeC (approx. 15%) was similar in both types of
culture, while proportions of 13-desMeD and SPX-D in the photobioreactor were significantly
lower than those observed in batch culture. This is the first evidence of a change in spirolide
profile according to culture mode. Such variation could be due to physico-chemical factors
such as cell agitation and pH regulation that characterize the photobioreactor functioning.
These factors may promote cellular stress, and probably influence spirolide proportions.

A toxicological study performed by Mackinnon et al. (2006b) revealed that the loss of the
methyl group at C-19 in 13-desMeC results in a 5-fold loss of toxicity. As 13,19-didesMeC is
five times less toxic than spirolide 13-desMeC, cells grown in a photobioreactor with
continuous stirring would become less toxic than cells grown in batch culture. For these
reasons, further studies are needed to investigate the chemical or the physical factors that
can directly influence A. ostenfeldii toxin profile.
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Although A. ostenfeldii has been grown successfully in high density using a photobioreactor,
experimental conditions need optimisation. First, supplying culture media at a higher flow
rate during the exponential phase could possibly achieve the maximum cell concentration in
a shorter time. Second, to increase cell spirolide quota, we propose to increase nitrate
concentration during stationary phase as N contributes to the generation of the imine function
of spirolides. However, determination of intra and extracellular N:P ratios in A. ostenfeldii
experimental culture should be performed to investigate the relationship between nutrient
availability and spirolide production.

Overall, further studies are needed to investigate the relationship between cell size, growth

and spirolide production according to different environmental conditions and culture
modalities (e.g. volume, aeration, agitation).
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1. Tables

Table 1. Structural analogues of spirolides found in A. ostenfeldii (strain CCMP1773) and
respective transition fragments. m/z (mass to charge ratio).

Spirolides (SPX) R1 R2 R3 R4 A Transitions mfz

D CHs CHs CH; H 708.5 > 690.5/164

13-desMeC CHs H CHs H A2 692.7 »444.3/164.2
13,19-didesMeC CH, H H H AZ3 6785 =~ 660.4/642.4/624.4/430.5
13-desMeD CH, H CH; H 694.5 »444.3[164.5

Table 2. Maximum cell concentration and growth rate for A. ostenfeldii (CCMP1773) in batch
and photobioreactor cultures under different environmental conditions.

Conditions Maximum cell Femax (day D
concentration
(cellsmL ')

450mL flask culture without aeration

16°C L1 10,560+ 836 0.12+0.02
L1+soil extract 14,630+ 1356 0.14+£0.03
ff2 12,680+ 790 0.14 +0.02

22°C L1 5250+ 890 0.08 + 0.02
L1+soil extract 6557 + 507 0.1+0.03
f2 6026 + 892 0.10+0.02

Flatr bottomed vessel with aeration

16°C 8 L culture (L1 +soil extract) 16,788+ 1700 0.13 +0.03

Photobioreactor with aeration, agitation and pH regulation

18°C 100L culture (L1+soil Extract) 70,600+ 766 0.16+0.01
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Table 3. Spirolide analogue proportions and spirolide cell quota of A. ostenfeldii (CCMP1773)
in batch and photobioreactor cultures under different environmental conditions.

T(°C) Medium/volume culture Days Toxins (%) Total (pg SPX eq 13-desMeC cell ')
13,19-didesMeC 13-desMeC 13-desMeD SPX-D
Flask cultures without aeration
16°C L1 450 mL 3 291 222 208 278 49+ 04
8 333 221 201 245 3.9+03
16 378 21.5 18.4 223 1.9+02
L1 +soil extract 450 mL 3 314 221 202 263 54+ 06
8 33.6 223 19.9 242 33+03
16 411 207 17.4 208 1.3+03
f/2 450mL 3 32.7 219 19.5 258 53+1
8 33.0 220 203 246 3.7+04
16 457 229 18.7 227 1.3+03
22°C L1 450 mL 3 341 2.7 18.8 253 4.6+01
8 31.8 224 207 25.0 38401
16 299 229 214 257 24408
L1+soil extract 450mL 3 323 219 19.6 262 46+02
8 321 222 20.5 251 43+02
16 34.7 223 19.6 233 24404
f/2 450mL 3 292 221 207 280 49+ 05
8 323 224 205 24.8 3.5+ 04
16 321 226 205 248 21+01
Flat bottomed vessels with aeration
16°C L1+soil extract 8L 3 36.8 21.8 19.2 221 42+1
10 50.7 187 13.7 169 23404
14 54.5 182 12.3 15.0 2.0+02
18 54.5 182 123 150 1L.7+02
Photobioreactor with aeration. agitation and pH regulation
18°C L1+soil extract 100L 1 67.2 16.3 87 7.8 4.7
5 G68.2 173 ] 6.9 26
7 709 16.8 6.6 5.7 23
12 60.2 12.7 10.4 11.7 1.1
14 62.9 175 8.0 10.6 12
20 G8.1 19.7 6.3 5.8 1.2
26 G8.3 16.7 1.7 73 0.9
41 G66.7 15,7 73 104 0.8
46 G67.3 16.0 73 93 0.7
62 748 14 6.3 49 0.8
78 86.0 8.8 1.7 35 0.6
98 87.0 79 1.6 34 0.5
118 80.4 135 22 39 0.4
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Figures

Figure 1. Growth of A. ostenfeldii in 450 mL flask culture at six experimental conditions using
three media (L1, L1+ soil extract, f/2) and two temperatures (16 and 22°C). All values are
means of triplicate cultures (n=3).
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Figure 2. Cell concentrations and mean cell diameters of Alexandrium ostenfeldii during its
growth in 100L-photobioreactor.
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Figure 3. Mean cell diameter of Alexandrium ostenfeldii during growth in 450 mL flask culture
under different conditions.
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Figure 4. Cell diameter spectrum in 450 mL flask culture after 16 days culture at 16°C (A)
and at 22°C (B). Data was collected using Coulter Counter ©.
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Figure 5. Cell diameter spectrum in photobioreactor culture after 34 days culture. Data was
collected using Coulter Counter ©.
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Figure 6. Inverse relationship between cell concentration and intracellular spirolide content in
photobioreactor and small volume batch cultures.
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Figure 7. Relationship between cell concentration and intracellular spirolide content in small
volume batch cultures under three different culture media (L1, L1+ Soil Extract, f/2) (A) and
at two temperatures (16 °C and 22°C) (B).
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Figure 8. Variation of total spirolide concentration in the cellular fraction per unit volume of
culture (ug/L) according to cell concentration.
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Figure 9. Variation of spirolide analogue concentrations in the cellular fraction per unit
volume of culture (ug/L) during growth in small volume bath culture.
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Figure 10. Variation of individual spirolide concentration in the cellular fraction per unit
volume of culture (ug/L). Solid lines indicate the variation of the different analogues of
spirolides during growth (A) in exponential phase and (B) in stationary phase.
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