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The influence of temperature and light on the growth, physiology and domoic acid (DA) production of the
pennate toxic diatom Pseudo-nitzschia australis isolated from the English Channel was studied in semi-
continuous culture. The effects of eight irradiances (35-400 pmol photons m?s~') and a temperature
gradient (3.5-25.5 °C) were investigated. The highest growth rates (0.47-0.83 d~!) were observed

between 18.6 and 13.5 °C, with an optimum irradiance for growth at 100 wmol photons m?s~!. A

Keywords: decrease in the optimum growth temperature was observed with an increase in irradiance. Cell
g;’mﬁ acid chlorophyll a content decreased at both low and high extreme temperatures and high irradiances. Stable
Irradiance and high values of F,[Fy, ratios below 21 °C highlight the great acclimation capacity of P. australis, which
Pseudo-nitzschia australis may explain its wide biogeographic distribution. The strain studied produced DA without nutrient
Temperature limitation and during exponential growth although at lower levels than in other studies (0.15-

2.0 pg DA cell™!). Results underline the importance of light-temperature interactions for growth and DA
production. Toxin production increased with increasing temperature and light, and DA production
increased exponentially with the growth rate. These results show that DA is not only produced under
nutrient stress or by unhealthy cells in P. australis. This study underlines the need to take the ability of P.
australis to produce DA during the exponential growth into consideration to understand the link between
toxin production and bloom dynamics. These results will not only help explore the processes involved,
but also help parameterize future models of growth and DA production especially for P. australis.

© 2014 Published by Elsevier B.V.

1. Introduction

In recent decades, there has been an increase in the frequency
and intensity of harmful algal blooms (HABs) worldwide (Ander-
son et al., 2002; Hallegraeff, 2010). HABs are a serious threat to
marine ecosystems, fisheries resources, and human health. Among
these harmful algae, some species of the raphid pennate diatom
Pseudo-nitzschia Peragallo are able to produce domoic acid (DA), a
neurotoxic amino acid (Wright et al., 1989; Brown and Nijar, 1995).
When DA bioaccumulates in trophic food webs, it causes in
amnesic shellfish poisoning (ASP) events (Mos, 2001; Pulido,
2008). In coastal areas, ASP outbreaks frequently result in
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economic losses for fisheries and shellfish farming (reviewed by
Trainer et al., 2012). Understanding the physiology of toxic Pseudo-
nitzschia is thus crucial if we are to increase our ability to
understand, predict and manage these harmful blooms.
Phytoplankton dynamics are linked to seasonal fluctuations in
environmental factors (Sommer et al., 1986; Cloern, 1996),
particularly light, nutrients, and temperature. These parameters
can directly affect phytoplankton physiology and limit primary
production. Phytoplankton spring blooms are usually triggered by
changes in irradiance and water temperature (Sommer et al., 1986;
Winder and Sommer, 2012). Temperature plays a crucial role in
microalgae metabolic processes, affecting photosynthesis and
nutrient uptake in particular, and more generally, the enzymatic
activity of the whole cell (Raven and Geider, 1988; Davison, 1991;
Claquin et al., 2008). Temperature is therefore an important driver
of phytoplankton growth and algal bloom development (Fu et al.,
2012). Acclimation of microalgae to temperature variations is
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widely described (Davison, 1991; Boyd et al., 2013). The acclimation
capacity of microalgae is related to the biogeographic origin of the
species isolated (Davison, 1991) but also depends on strain diversity
and possible deviation by clonal isolates during culture (Boyd et al.,
2013). Only a few studies have characterized the acclimation
capacity and metabolism regulation of Pseudo-nitzschia as a function
of temperature (Lewis et al., 1993; Bates, 1998). Previous studies
have shown that acclimation to low temperature mimics adaptation
to high irradiance (Anning et al., 2001), notably in Pseudo-nitzschia
granii and Pseudo-nitzschia fraudulenta (El-Sabaawi and Harrison,
2006; Claquin et al., 2008). As far as DA is concerned, the results of
these studies revealed marked interspecific variability. Lewis et al.
(1993) observed an increase in cell DA (cDA) content with increased
temperature in Pseudo-nitzschia multiseries, while no effect of
temperature was reported for Pseudo-nitzschia australis and
Pseudo-nitzschia pseudodelicatissima (Lundholm et al., 1997; San-
tiago-Morales and Garcia-Mendoza, 2011). Light also plays a key role
in algal growth (Falkowski and Raven, 1997), different authors
reported contrasting effects of light on DA production in Pseudo-
nitzschia species (Lewis et al., 1993; Cusack et al., 2002; Santiago-
Morales and Garcia-Mendoza, 2011), and also underlined the need
to take into account the influence of temperature and light
interactions on growth and physiology (El-Sabaawi and Harrison,
2006). There are few investigations of this aspect in Pseudo-nitzschia
species. Most studies of Pseudo-nitzschia spp. growth and DA
production dynamics were performed under nutrient-limited
conditions (reviewed in Lelong et al., 2012). It is thus essential to
study Pseudo-nitzschia growth and DA production when nutrients
are replete under different temperature and light gradients to
understand their physiology and to improve models of bloom
dynamics.

Currently, of the 44 known Pseudo-nitzschia species, 16 have
been reported to produce DA (Lim et al., 2012, 2013; Orive et al.,
2013; Teng et al., 2014; Fernandes et al., 2014), but not all strains
are toxic (Bates et al.,, 1998; Thessen et al., 2009; Lelong et al.,
2012). Given the observed variability in physiology and DA
production among Pseudo-nitzschia species, species-specific stud-
ies are needed. One of the most toxic Pseudo-nitzschia species is
Pseudo-nitzschia australis Frenguelli (Garrison et al., 1992; Bates,
2000; Cusack et al., 2002), which is cosmopolite (Hasle, 2002). It
was identified as the source of DA in many ASP events on the west
coast of the USA (Fritz et al., 1992), and in New Zealand (Rhodes,
1998), Scottish (Gallacher et al., 2001), Spanish (Miguez et al.,
1996) and French (Nezan et al., 2006) waters. P. australis has been
reported to bloom in spring, summer and autumn in many
geographic areas (Garrison et al., 1992; Villac et al., 1993; Cusack
et al., 2002; Nezan et al., 2006; Garcia-Mendoza et al., 2009;
Holtermann et al.,, 2010; Klein et al., 2010). Different authors
studied the possible role of temperature in determining the timing
of P. australis blooms, with a coincidence between the time of
blooming and warm water temperature off the coasts of California
or Mexico (around 14 °C; Buck et al., 1992; Garcia-Mendoza et al.,
2009) and in the Bay of Seine in France (~17 °C; Klein et al., 2010).

The aim of the present work was to investigate the combined
effects of different light and temperature conditions on the growth
rate, physiological status, and DA production of Pseudo-nitzschia
australis. To clearly understand the influence of these factors,
the experiments used steady-state semi-continuous cultures in
nutrient-replete conditions.

2. Materials and methods
2.1. Strain isolation

A clonal culture of Pseudo-nitzschia australis (UniCaen-
PNaus45) was isolated on August 24th 2011 in the coastal Bay

of Seine (English Channel, France). Cultures were not axenic, but
the level of bacterial contamination was checked and almost no
bacteria were detected during cell countings by optical microscopy
observations. The species identity of this Pseudo-nitzschia strain
was determined using morphometrics obtained by transmission
electron microscopy (TEM) and molecular sequencing of the entire
internal transcribed spacer region (ITS1-5.8S-ITS2) of the ribo-
somal RNA.

2.2. Culture conditions

The Pseudo-nitzschia australis strain was grown in semi-
continuous cultures with a temperature gradient of 3.5-25.5 °C.
Cultures (300 ml) were grown in 500 ml borosilicate Erlenmeyer
flasks containing K/2-medium (Keller et al., 1987) enriched in Si
(for a final concentration of 100 wM). The temperature gradient
was obtained, as described in Claquin et al. (2008), using a 2-cm
thick, 1.5 m x 0.6 m aluminium plate with a 1 cm diameter (0.6 m
long) hole drilled 2 cm from each end, through which distilled
water was pumped. Water passing through the hole at either side
of the plate was circulated through a separate closed system water
bath and the temperature gradient across the plate was regulated
by controlling the temperature in each water bath.

Cultures were continuously illuminated using fluorescent tubes
(OSRAM, DULUX L, 2G11, 55W/12-950, LUMILUX DE LUXE,
daylight). Light intensity was measured in the culture using a
micro-spherical quantum sensor (US-SQS/L Walz).

The Pseudo-nitzschia australis cultures were placed on the
aluminium plate under a temperature and irradiance gradient.
The light gradient was obtained by arranging the Erlenmeyers
flasks at different distances from the light source. Two sets of
experiments were conducted: first, we tested a high light
gradient (HL; 400, 200, 150 and 100 pmol photons m=2s~')
and second, 6 months later, a low light gradient (LL; 90, 65, 45
and 35 pmol photons m~2s~'). To acclimate Pseudo-nitzschia
cells, the cultures were daily diluted for at least five generations.
Cells were considered as being acclimated (i.e., in balanced
growth or steady state; Maclntyre and Cullen, 2005) when
growth rates did not vary more than +0.05 d~' (Fig. 1) for at least
three generations under each temperature and light condition. K/
2 + Si medium (modified from Keller et al., 1987) was used for the
dilutions and from 15 to 65% of the total volume of cultures was
replaced daily depending on growth rates. Dilutions allowed to
keep cells in exponential growth and to maintain low cell
concentrations in order to avoid nutrient limitation during the
experiments (Beardall and Morris, 1976; Fig. 1). Before and after
daily dilution, in vivo chlorophyll a (chl a) fluorescence of all
cultures was measured with a Turner TD-700 fluorometer (Turner
Design, Sunnyvale, CA, USA). Daily dilution made it possible to
obtain equivalent in vivo chl a fluorescence levels for all cultures
under temperature and light condition except at extreme tem-
peratures, when the growth rate was too low. Daily variations in
biomass estimated by the in vivo chl a measurements made it
possible to calculate the growth rates (., d!) of the cultures using
the following equation:

rlchlat/chl aro

p=l t—to

(1)

where t is time in days, chl a, is initial in vivo chl a fluorescence
(i.e. at the initial time, to), and chl a; is chl a fluorescence at time t
before dilution. Triplicate samples were taken on three consecutive
days once steady state had been reached in each semi-continuous
culture. The cellular concentrations were low and stable in
triplicates at each condition and were comprised between 6000
and 45,000 cells ml~! depending on conditions.
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Fig. 1. Semi-continuous culture protocol applied. Example of one tested condition
(100 pmol photons m~2 s~'; 10.7 °C). Dynamics of biomass (estimated by in vivo
chl a fluorescence - Fluorescence Standard Units (FSU)) as a function of time.
Cultures were diluted daily (arrows) to maintain biomass within a restricted range.
Dotted zone represents steady-state days. Steady state was reached when growth
rate did not vary more than +0.05 d-1. R1, R2 and R3 represent triplicates of culture.

2.3. Chlorophyll a and photosynthetic measurements

To measure cell chl a content, a 10 ml aliquot of each culture
was filtrated on a GF/F filter (Whatman, 25 mm). Ten ml of 90%
acetone (v/v) were then added to the filter and left for 12 h in
darkness at 4 °C to extract the pigments. After centrifugation for
5min at 1700 x g, the chl a concentration of the extracts was
measured using a Turner TD-700 fluorometer (Turner Designs,
Sunnyvale, USA) according to Welschmeyer (1994). The cell chl a
content of all cultures was determined after cell counts using a
Nageotte counting chamber.

Photosystem II (PSII) fluorescence kinetics were measured
using a WATER/B PAM fluorometer (Walz, Effeltrich, Germany)
(Schreiber et al., 1986). For each culture, one aliquot was dark
adapted for 10 min at the growth temperature to fully reoxidize
the electron acceptors of the PSIIL.

The maximum quantum yield of PSII (F,/F,) was calculated
(Genty et al., 1989) after cell excitation by a weak blue light
(1 wmol m~2 s~ 1, 470 nm, frequency 0.6 Hz). F,/F, considered as
an indicator of the cell physiological status (Maxwell and Johnson,
2000), was calculated by:

Fy _Fm—Fo
F.~ F. (2)

where F, is the variable fluorescence, Fy and F,;, are the minimum
and the maximum fluorescence of the dark-adapted sample during
a saturating light pulse (0.6 s, 470 nm, 1700 wmol m~2 s~ 1),

2.4. Domoic acid analysis

DA was estimated as described in Klein et al. (2010). At each
condition, 10 ml of culture were filtered onto a GF/F filter (25-mm
diameter). Filters were stored frozen at —20 °C until analysis.

The concentration of particulate DA (mg DA L™!) on the filters
was determined according to Wang et al. (2007), using high
performance liquid chromatography (1290 Infinity, Agilent Tech-
nologies) followed by mass-mass (MS-MS) detection (6460
Agilent). DA was extracted by sonication in 5 ml of ultrapure
water for 5 min, mixed for 10 min, and then filtered onto a PVDF
membrane (Millex filters -HV, 0.45 pm, 13 mm, Merck Millipore).

Before analysis, the extract was prepared by five-fold dilution.
Twenty microliters were injected into a reversed-phase column
(Zorbax SB-C18, 1.8 wm, 2.1 mm x 150 mm) with an elution
gradient of acetonitrile (ACN). The initial mobile phase was 30%
(v/v) 2 mM ammonium formate and 50 mM formic acid ACN with
30% acidified MilliQ ultrapure water, increased to 47.5% ACN over
3 min, then 90% over 4 min and held for 3 min at a flow rate of
0.2 ml min~!. The retention time for DA was 2.2 min. The mass
spectrometer was used with an electrospray interface operating in
positive mode. The parameters used were capillary voltage 3.0 kV,
solvent gas 12 Lmin~!, evaporation temperature 350 °C and
pressure of nebulization 40 psig.

Full scan spectra were recorded with a DA standard (LGC
Promochem, UK) in order to select the most abundant m/z, then
two MRM transitions were selected: 312 > 266 for quantification,
and 312 > 161 for qualification. The detector response was linear
for the concentration range from 0.1 to 20 mg DAL,

Recovery was 86% as determined with spiked filters. The
quantification limit (QL) of the method is 0.5 wg DAL™! in the
extract or 2.5 ng DA L™! in the sample, but the presence of toxin is
detected from 0.8 ng DA L™, which is the detection limit (DL) of
the toxin.

2.5. Statistics

The non-linear parametric model of Blanchard et al. (1996)
inspired by O’Neill (Straskraba and Gnauck, 1985), was applied to
growth rates (xt, d ') and cell chl a content (chla, g chla cell ') as
a function of temperature (T, °C):

o[ ren(A{[f] 1)) e

where X(T) corresponds to w(T) or chla(T). Xpax represents (yax Or
chlayax at the optimum temperature (Topt). Tier is the lethal
temperature, and the shape parameter B is a dimensionless
parameter related to Qqo. All curves were fitted using the least
squares criterion of SigmaPlot 11 (SYSTAT Software). All the fits
were tested using analysis of variance (p <0.001), and the
residuals were tested for normality and homogeneity of variance,
and parameter significance with Student’s t-test (p < 0.05).

To estimate itpax Variations and the photoacclimation process,
data were plotted against irradiance (E). The Eilers and Peeters
(1988) model for photosynthesis was applied to the unax data
using SigmaPlot 11:

E

4
afE? + bE + ¢ )

Hyax(E) =

A two-way ANOVA was performed to determine the statistical
significance of the effects of irradiance, temperature and interac-
tion of both factors on growth rates (p < 0.05). The software
SigmaPlot 11 was used.

3. Results
3.1. Pseudo-nitzschia australis growth rate

Pseudo-nitzschia australis growth rate () ranged from 0 to
0.83 d~! and followed the Blanchard et al. (1996) model (Fig. 2A
and B). The fits of the model presented a bell curve shape and were
significant for all irradiances tested, indicating that growth was
strongly controlled by temperature. An increase in growth rate was
observed with increasing temperature up to an optimum
temperature (Topt(,,)) for all light intensities. Topt,,) varied with
the irradiance rate tested and decreased significantly with
increasing irradiance (Table 1). The lowest Topt(, (13.7 °C) was
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Fig. 2. Pseudo-nitzschia australis growth and photosynthetic responses as a function of temperature in the low light experiment (left column) and in the high light experiment
(right column): (A and B) Growth rate; (C and D) cellular chl a content; (E and F) maximum quantum yield (F,/Fy,). Dots represent means (+SE for F,/F,, data) of triplicate

cultures; fitted lines represent the Blanchard et al. (1996) model.

recorded for the highest irradiance (400 pmol photons m~2s™1)
and the highest Topt,) (18.6°C) for the lowest irradiance
(35 pmol photons m~2s71), Topt(,) at intermediate irradiances
(200, 150, 100, 90, 65 and 45 pmol photons m—2 s~!) ranged from
14.5 to 18.2 °C.

Table 1

The lethal temperature (Tlet,)) also depended on irradiance
(Table 1) and decreased significantly with increasing irradiance. A
negative influence of high temperature on growth was observed at
the highest irradiance: at 400 pmol photons m—2s~!, Pseudo-
nitzschia australis did not grow at temperatures above 18 °C,

Growth and chl a parameters (means + SE) for the different irradiances tested (pmol photons m2s"). tmax is the maximum growth rate (d—') for Pseudo-nitzschia australis;
Topt,,) (°C) and Tlet(,, (°C) are, respectively, the optimum and the lethal temperature of growth; 8,,)and B(cniq) are dimensionless parameters related to Q;o; Chlayax is maximum
cellular chl a content (pgchl acell™') at the optimum temperature (Topt(chia); °C). These parameters were determined using the Blanchard et al. (1996) model.

Irradiance MUMAX Topt(u) Tlet(,,) ﬂ(ll)ltmax Chlapax Topt(chla) ,B(chla)
35 0.47+0.14° 18.6+3.3 20.7" 0.3+0.8 3.6 +04° 13.4+1.1 6.5+12.1
45 0.58+0.05 182409 20.7" 0.5+0.3 42+02" NA NA
65 0.68+0.05 16.7+0.7" 20.7 1.1+05 36405 141413 44476
90 0.75+0.05 16.5+0.6 20.7" 1.2+05 3.8+04 155+0.9" 5.5+8.9
100 0.83+0.04" 17.4+0.7 21 0.7+0.3 1.7+02 16.0+£0.9 1.1+0.7
150 0.77 +0.03 164403 21 1.2+0.2" 1.5+0.1 15.5+0.7 1.3+06
200 0.74+0.06 145406 23" 5.0+6.0 13+02 15.1+13 224+6.1
400 0.66+0.07 135407 18 2.1+45 0.98+0.2" 13.4+08" 1.4+3.0

" Statistic significances (p < 0.05) of parameters tested by Student’s t-test.
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Fig. 3. Maximum growth rates ((max) of Pseudo-nitzschia australis as a function of
irradiance. Means + SD of triplicate cultures are shown; fitted line represents the
Eilers and Peeters (1988) model.

whereas at lower irradiances, cells were able to grow at
temperatures up to 21 °C (Table 1).

The effects of irradiance, temperature and interaction of both on
growth rates were significant for the HL experiment (ANOVA two-
way; p<0.001). For the LL experiment, only temperature
presented a significant effect on growth rates (ANOVA two-way;
p < 0.001).

Fig. 3 shows that the maximum Pseudo-nitzschia australis growth
rate (max) as a function of irradiance pyax increased significantly
(p < 0.05) between 35 and 100 p.mol photons m~2s~!. The opti-
mum irradiance for growth was 100 pwmol photons m~2 s~! for P.
australis. Above this irradiance, pyvax underwent a slight but
significant decrease (p < 0.05). These results show that P. australis is
able to grow under a wide range of temperatures (from 3.5 to 21 °C)
and of irradiances (from 35 to 400 wmol photons m~2s~!') and
emphasize the interactive effects of temperature and light on
growth.

3.2. Chlorophyll a content

The variations in cell chl a content as a function of temperature
(Fig. 2C and D) also significantly fitted Blanchard’s model. Chl a
content increased with increasing temperature until the optimum
temperature (Topt.hiq)) Was reached. The highest cell chl a
contents were observed between 13 and 16 °C (Table 1; Fig. 2C
and D). These results showed that part of the chl a variations were
temperature dependent.

InFig. 4, the maximum cell chl a content (chlayax) is expressed
as a function of irradiance. No significant difference in chlayax
was measured between 35 and 90 pmol photons m 25!
(p > 0.05). In contrast, a significant decrease (p < 0.05) in chlayax
was observed with increasing irradiance. There was a sharp
decrease in chlayax between cultures grown under low or high
irradiance. The highest chlayax (4.2 pg chl a cell~!) was observed
at 45 pmol photons m—2 s~! and was 4.3 times higher than the
chlayax at the highest irradiance (0.98 pgchl acell™! at
400 p.mol photons m—2 s~ !; Table 1).

3.3. Maximum quantum Yyield

Cultures were acclimated for at least five generations or until
their growth rate stabilized. Growth rate and maximum quantum
yield (F,/Fn) were monitored to check balanced growth in the
cultures. After acclimation, F,/F, reached a maximum and

5 A

Maximum cell chl a content (pg chl a cell™)

0 T T T T
0 100 200 300 400

Irradiance (pmol photons m? s

Fig. 4. Maximum cell chl a content (pg chl a cell™") in Pseudo-nitzschia australis as a
function of irradiance. Means + SE of triplicate cultures are shown.

remained constant (~0.6; Fig. 2E and F), showing that the cultures
were acclimated and in a healthy physiological steady state. In the
low light (LL) experiment, the F,/F,, was lower at low temperatures
and underwent a significant increase between 3.5 and 6.6 °C
(p < 0.05; from ~0.5 to 0.7, except at 35 pmol photons m=2s~!
when F,/F,, increased from 0.2 to 0.6). A plateau of F,/F, values
was observed between 6.6 and 18.2 °C in the LL experiment. We
observed high F,/F;, values (between 0.6 and 0.7) and no
significant difference in F,/F, (p > 0.05) between treatments.
Above 18 °C, F,/F,, decreased (p < 0.05; from 0.7 to 0.2-0.5). In this
light range (LL experiments), the Pseudo-nitzschia australis maxi-
mum quantum yield of PSII was affected by extreme temperatures,
i.e. at 3.5 °Cand above 20.7 °C. At the highest irradiances, F,/F, did
not significantly differ (p > 0.05) and remained high (between 0.5
and 0.7) at all the temperatures tested. Over 21 °C, values of the F,/
Fn, were zero, in accordance with the lethal temperature we
observed. Stable and high F,/F, ratios under 21 °C point to the high
acclimation capacities of cells in the different experimental
conditions and confirm that growth was balanced in all semi-
continuous cultures performed.

3.4. Domoic acid production

DA was detected in all balanced growth cultures under the
different conditions tested. However, at 35, 45 and
65 wmol photons m 2 s~ !, cellular DA (cDA) was very low and
mainly around or below the limit of quantification (data not shown).
At 90 pmol photons m—2s~!, cDA content was between the
quantification limit and 0.09 pg DA cell~! (data not shown). In the
high light (HL) experiment, cDA was higher than in the low light (LL)
experiment and increased exponentially (p < 0.0001; R>=0.4)as a
function of temperature under all irradiances tested (Fig. 5).
Maximum cDA was 0.7 pg DA cell~! at 400 p.mol photons m 2 s~}
and 12°C. At 200, 150 and 100 pwmol photons m—2s~!, the
maximum cDA was, respectively, 0.6, 0.7 and 0.5 pg DA cell'.
These maximum values were measured at a temperature of 15.5 °C
with 200 pmol photonsm~2s~! and at 18°C with 150 and
100 wmol photons m—2s~!. Maximum DA production showed a
shift to lower temperatures with increasing irradiance (Fig. 5).

Fig. 6 shows cDA contents in the HL experiment as a function of
the growth rate. For irradiances equal to or above
100 pwmol photons m~2 s~ !, the toxin content of the cells increased
significantly and exponentially with increasing growth rate
(p < 0.0001; R*>=0.5).
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4. Discussion
4.1. Effects of temperature and light on growth

Under all irradiances tested, Pseudo-nitzschia australis growth
rate increased slightly until the optimum temperature (Topt,,);
13.5-18.6 °C depending on light intensity) was reached and then
decreased sharply with increasing temperature. No growth was
observed below 5 °C or above 21 °C at any of the irradiances tested.
Temperature control of enzymatic kinetics is known to influence
phytoplankton growth. At high temperatures, enzyme denatur-
ation may occur and can affect the cellular concentrations of
Rubisco, the Calvin cycle enzymes (Davison, 1991), and hence
photosynthetic activity and efficiency (Claquin et al., 2008). At low
temperatures, the overall metabolism of phytoplankton slows
down, leading to a reduction in division rate (Fiala and Oriol, 1990).
The diffusion properties and the composition of cellular mem-
branes are also modified at low temperatures. This reduces the
efficiency of electron transport, which, in turn, alters photosyn-
thesis processes. As previously reported by Li and Morris (1982),
the observed decrease in growth rate at low temperatures was
smaller than the decrease under high temperatures over the

optimum. At high temperatures, destructive processes occurred,
while at low temperature there was simply a reduction in
metabolic efficiency, which may have been partially offset by
thermal acclimation processes. For example, photosynthetic
activity can be maintained at low temperature by increasing the
Rubisco concentration (Li and Morris, 1982), which compensates
for the decrease in activity (Anning et al, 2001). In these
conditions, light-temperature interactions play an important role
in physiological responses. It is therefore not surprising that
the lethal temperature measured in the present study was very
close to the optimum growth temperature for P. australis at high
temperatures and reflected the effects of light-temperature
interactions. This pattern has already been reported in other
diatom species (Eppley, 1972; Kaeriyama et al., 2011) and was
previously observed in Pseudo-nitzschia fraudulenta (Claquin et al.,
2008) and P. australis under Si-limitations (Santiago-Morales and
Garcia-Mendoza, 2011). We found that P. australis was able to grow
under a wide range of temperatures. Few data are available on the
range of growth temperatures of Pseudo-nitzschia spp. Santiago-
Morales and Garcia-Mendoza (2011) observed very low growth
rates below 12 °C (0.32d™! at 10 °C) for P. australis from Mexico
and no growth above 15 °C, i.e., a narrower temperature range than
in the present study. Other strains of P. australis isolated in New
Zealand might have different temperature preferences since
Rhodes et al. (2004) and Holland et al. (2005) reported culture
temperature of 19 °C. This can be attributed to differences between
P. australis ecotypes since the temperature growth range is known
to depend on the region from which the strains were isolated
(Lelong et al., 2012; Boyd et al., 2013). Intraspecific variability in
P. australis physiology in response to temperature thus appears to
be an important factor that should be taken into account. It is
worth noting that the temperature growth range and the optimum
growth temperature of the P. australis strain studied in this work
are consistent with the previously reported occurrence of toxic
P. australis in the Bay of Seine in September, when the temperature
was 17-18 °C (Klein et al., 2010). Temperature growth range is
dependent on the strain isolation region and also on intraspecific
variability. In Boyd et al. (2013), temperature effects on growth
rate were tested on 25 strains of eukaryotic and prokaryotic
phytoplankton isolated across a wide range of marine environ-
ments. Different physiological responses to temperature were
described for strains isolated from a single region thus highlighting
the importance of studying multiple strains from a region, when
testing for region-specific responses to environmental parameters.
Only one strain was studied in this work and the intraspecific
variability in the physiological responses of P. australis isolated
from the English Channel remains to be investigated.

The observed Topt,, for Pseudo-nitzschia australis growth
varied as a function of irradiance and was lower under high
irradiance. Under high irradiance, saturation of the photosynthetic
apparatus occurred at a lower temperature than under low
irradiance (data not shown), which affected the growth rate. This
regulation resulted in a reduction in the temperature growth range
under high irradiance. In contrast to P. australis, no shift in Topt,,
was observed for Pseudo-nitzschia granii under similar tempera-
tures and with irradiances ranging between 20 and
150 wmol photons m—2s~! (El-Sabaawi and Harrison, 2006). It
thus appears that Pseudo-nitzschia species are able to grow under
high irradiances but interactive effects of light and temperature on
growth range depend on the studied species.

According to the Eilers and Peeters (1988) formulation, we
found a significant correlation between upax and light intensity.
The optimum irradiance for Pseudo-nitzschia australis growth
was 100 p.mol photons m~2 s~'. This result is in agreement with
that of Cochlan et al. (2008) for P. australis. Above

100 pmol photons m2s~!, maximum growth rates decreased
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and photoinhibition was observed, due to an excess of light energy,
which was deleterious for cell growth. In Bill et al. (2012), a
Californian P. australis strain presented its higher growth rate
(1.44d7") for an irradiance of 334 pwmol photons m—2s~'. The
irradiance of saturation of this P. australis strain was approximately
200 pmol photons m™2s~! but cells still presented increasing
growth rate above this irradiance. This light optimum was
higher than the optimum found for our strain
(100 pmol photons m~2s~'). At the same time, these results
confirm the great acclimation capacities of P. australis. This
highlights again the need for a better understanding of intraspe-
cific variability in P. australis through ecophysiological studies.

4.2. Photoacclimation: variations in chlorophyll a content

Variations in chl a content enable photoacclimation of
phytoplankton cells. Maximum cellular chl a (chlayax) content
decreased with increasing irradiance. Under higher irradiances,
Pseudo-nitzschia cells reduced their cellular chl a levels to avoid
damage caused by an excess of energy. Photoacclimation allows
the organism to balance light energy with energy demands for
carbon fixation and growth (Geider et al., 1997). Chl a concentra-
tions in our Pseudo-nitzschia australis strain (0.98-4.2 pg chl
acell™!) appeared to be in the same order of magnitude as
P. australis strains studied in Howard et al. (2007) and Santiago-
Morales and Garcia-Mendoza (2011) (2.5 pgchl acell ). These
results should be taken with caution because cultures, in these
studies, were not in the same conditions as in our study. Cellular
chl a content varies widely, depending on the species, growth
conditions and biovolume (Geider et al., 1997) and comparisons of
cellular chl a concentrations among studies are therefore delicate.
We observed an increase in chl a concentration with increasing
temperature up to an optimum that depended on light intensity.
Variations in cellular chl a content allowed cells to adjust their
ability to harvest light. Cells grown under high temperatures need
more energy to support higher enzymatic activity (Thompson
et al., 1992). It has been shown that at high temperatures, feedback
processes for chl a synthesis are affected, leading to a reduction in
the photoacclimation capacities of the cells (El-Sabaawi and
Harrison, 2006) and to photoinhibition of growth, as we observed
in this study. The observed decrease in cellular chl a content at low
temperatures supports the hypothesis that the physiological
response of low-temperature acclimated cells mimics high-light
acclimation. The decrease in cellular chl a content protects cells
from excess energy (Maxwell et al., 1994). The slowdown of cell
metabolism at low temperatures could cause an overflow of
electrons in the photosystem and the formation of toxic reactive
oxygen species (ROS). A decrease in pigment concentration
reduces the amount of light energy received, avoiding saturation
and hence damage to the photosynthetic apparatus.

4.3. F,/F,, as a good proxy for acclimation

The maximum quantum yield of PSII, F,/F, estimated by PAM
fluorescence, is widely used as an indicator of the physiological
state (Kolber et al., 1988; Lippemeier et al., 2001), with optimum
values around 0.6 for most phytoplankton species. In our study, F,/
Fy, did not reflect Pseudo-nitzschia australis growth dynamics. F,/Fy,
remained constant and high under all temperatures and irra-
diances tested.

Within this wide temperature range, high F,/F, values and the
discrepancies with growth indicate, as already suggested by some
studies (Parkhill et al., 2001; Kruskopf and Flynn, 2006; Claquin
etal.,2010; Napoléon et al., 2013), that F,/F,, is not a good proxy for
growth capacities in balanced systems. The observed lack of
sensitivity of F,/Fy, to the temperature gradient demonstrates that

the cultures were in steady state, but not necessarily in the absence
of thermal stress. This decoupling between growth rate and F,/F,
has already been reported in other studies. Parkhill et al. (2001)
observed a constant F,/Fy, for the diatom Thalassiosira pseudonana
acclimated to N-limitation, whereas growth was in fact affected.
No difference in F,/F,, was detected in the polar diatom
Fragilariopsis cylindrus after a long acclimation in steady-state
conditions at —1 °C and +7 °C (Mock and Hoch, 2005). In Pseudo-
nitzschia granii, E1-Sabaawi and Harrison (2006) showed that F,/F,
did not differ significantly (p > 0.05) between 10 and 17 °C under
four continuous light treatments (20, 50, 100 and
150 wmol photons m~2s~!), whereas it decreased at 8 and
20 °C, especially under high irradiance.

Measurements of fluorescence in the present study showed
that, except at extreme temperatures, F,/F,, was independent of
both irradiance and temperature. However, the fact that extreme
temperatures (3.5 and 21 °C) have a significant effect on F,/Fn,
points to a strong effect of extreme temperature on PSII efficiency
(Maxwell and Johnson, 2000). At extreme temperatures, light-
temperature interactions did not allow efficient photosynthesis
and the cells were not able to acclimate, thus explaining the
decrease in F,/F,. Thermal stress was stronger under these
conditions and may have affected PSII integrity, especially at
the antenna level and enzyme kinetics (Rubisco) involved in
carbon fixation (Raven and Geider, 1988; Davison, 1991), which
explains the decrease in the physiological state of Pseudo-nitzschia
australis at 3.5 and 21 °C.

4.4. Domoic acid production

Whenever growth occurred at the temperature and light
conditions tested, Pseudo-nitzschia australis always produced DA
under balanced growth and without nutrient limitation. The values
of ¢cDA we measured are similar to previously observed DA
concentrations in P. australis, although in the lower range (0.04-
37 pg DA cell™!; Garrison et al., 1992; Cusack et al., 2002; Rhodes
et al., 2004; Alvarez et al,, 2009).

Many studies on several Pseudo-nitzschia species reported that
DA production occurs during the stationary phase of growth and
generally under stress conditions, especially nutrient limitation,
light excess or high temperatures (Bates, 1998; Lelong et al.,
2012). However, this pattern is not true for all Pseudo-nitzschia
species and some studies found contradictory results. For Pseudo-
nitzschia australis, Cusack et al. (2002) and Garrison et al. (1992)
showed that DA production started during the exponential
growth phase and continued during the stationary phase. Our
results confirm that P. australis produces DA during exponential
growth. Pan et al. (2001) observed DA production during the
exponential phase in Pseudo-nitzschia. sp. cf. pseudodelicatissima.
These contradictory results suggest that the mechanism of DA
production may differ among species that produce DA during the
stationary phase, like Pseudo-nitzschia multiseries (Bates et al.,
1991) or Pseudo-nitzschia seriata (Lundholm et al.,, 1994), and
Pseudo-nitzschia species that produce DA during the exponential
phase. The factors that trigger DA production in Pseudo-nitzschia
species are still not well understood but two mechanisms are
frequently cited to explain it: a slowing of division rate, and
depletion of Si or P (Bates et al.,, 1998). In the present study,
P. australis cells were not nutrient limited. Many studies
showed that nutrient limitation can increase DA production by
Pseudo-nitzschia species (Lelong et al., 2012; Trainer et al., 2012).
This could explain why the DA concentrations measured
during our experiment without nutrient limitation were in the
low range of the DA production range reported for P. australis
(0.15-2.0 pg DA cell"!). Nutrient limitation may thus result
in higher cDA concentrations in P. australis under similar
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temperature and light conditions. This hypothesis requires
further investigations.

During our experiments, Pseudo-nitzschia australis DA produc-
tion was stimulated by increasing temperature under high light
conditions. Currently, the effects of temperature on DA production
by Pseudo-nitzschia species reported in the literature are not clear.
Some authors report marked differences in toxicity as a function of
temperature among different Pseudo-nitzschia species but also
among different strains isolated from the same geographical area
(Bates, 1998; Bates and Trainer, 2006). For example, the results
reported by Santiago-Morales and Garcia-Mendoza (2011) were
unclear, with wide variability in DA production as a function of
temperature between two different strains of P. australis and even
among replicates. For Pseudo-nitzschia multiseries, however, an
increase in temperature was reported to stimulate DA production
(Lewis et al., 1993). In contrast, Pseudo-nitzschia seriata presented
an increase of DA production with a decreasing temperature
(Lundholm et al., 1994). Furthermore, in Pseudo-nitzschia multi-
striata, DA production was lower at 27 °C than at 18 °C (Amato
et al, 2010). In the present study, thermal stress could have
explained the increase in cDA with increasing temperature, but
this hypothesis is not in agreement with the observed link between
growth rate and DA production.

In our study, cultures grown in high-light conditions produced
more DA than cultures grown in low-light conditions. Under lower
irradiance (<90 pmol photons m~2 s~!), DA was detected but was
below the quantification limit. However, it is interesting to note
that DA continued to be produced under low-light conditions,
although to a lesser extent than in higher light. These results agree
with observations on Pseudo-nitzschia australis (Cusack et al., 2002)
and Pseudo-nitzschia multiseries (Bates, 1998). In these studies, DA
production was considerably higher under higher irradiance. With
our P. australis strain, maximum DA production was 18 times
higher at 400 than at 35 pmol photons m~2 s~!, which is slightly
lower than the difference in DA production between high and low
irradiance observed in P. australis by Cusack et al. (2002) (24-130
times higher at higher irradiance). In our study, the difference
between LL and HL experiments may also be explained by a loss of
toxicity of our P. australis strain, since the LL experiment began 6
months after the HL experiment. A decrease in toxicity of a culture
over time has already been shown in P. multiseries (Bates et al.,
1999) and P. australis (Rhodes et al., 2004). P. multiseries DA
production decreased with the age of the culture, as did cell size
(Bates et al, 1999). In any case, in our HL experiment, DA
production increased with increasing irradiance. These results are
in agreement with the hypothesis that DA production depends on
the metabolic energy derived from photosynthesis (Bates et al.,
1991; Pan et al., 1998) and that light intensity can thus affect
cellular DA content (Cusack et al., 2002).

In our test conditions, toxin production appeared to be
exponentially linked to growth rate as a result of the influence
of temperature and light. And, like growth rate, DA production was
influenced by temperature and light interactions; maximum DA
production appeared to shift to lower temperatures with increas-
ing irradiance. Consequently, higher values of cDA were observed
at higher growth rates. In contrast, an inverse relationship between
the cell division rate and DA production was observed in Pseudo-
nitzschia multiseries (Bates et al., 1996; Pan et al., 1996a, 1996b)
and was explained by the slowing of cell division and accumulation
of DA in cells due to physiological stress. Our results show that,
under balanced growth conditions and without nutrient limitation,
Pseudo-nitzschia australis cells produce more DA when conditions
are optimal for their growth. DA thus appears to be produced when
photosynthesis is efficient. Similar results were obtained in
Pseudo-nitzschia sp. cf. pseudodelicatissima (Pan et al., 2001).
However, (Pan et al., 1996a, 1996b) suggested that DA is

synthesized by P. multiseries when photosynthetic energy is not
used for primary metabolism, i.e. during a decline in physiological
activity when growth rates are low. These authors suggested that
DA metabolism depends on secondary metabolic pathways. Our
results do not fully support this hypothesis, since they showed that
small amounts of DA can be produced by actively growing
P. australis cells when primary metabolism is high. This confirms
the results obtained by Pan et al. (2001) in P. sp. cf. pseudodeli-
catissima and supports their hypothesis that DA production
dynamics and, hence, DA production mechanisms, may differ
among Pseudo-nitzschia species. These findings suggest that
shellfishes could begin to accumulate DA during the initial phase
of a P. australis bloom, even at low P. australis cell concentrations.
This may have important consequences on the dynamics and
the extent of ASP events. These results stress the importance
of studying DA production over the entire growth cycle of
Pseudo-nitzschia.

5. Conclusion

This study shows that a Pseudo-nitzschia australis strain from
the English Channel can grow at a temperature range of 5-21 °C
and irradiances between 35 and 400 pmol photons m 2 s~ ', These
results are in agreement with the wide biogeographic distribution
of this species. Differences in optimum temperature for growth
reported in the literature suggest the existence of P. australis
ecotypes. In our study, the optimal irradiance for growth was
100 pmol photons m~2s~!, which is frequently described in the
literature as the optimum irradiance for growth for many Pseudo-
nitzschia species. Light-temperature interactions also had a
significant influence on growth and DA production. One important
finding of this study is that P. australis produced DA under nutrient
replete-conditions and during exponential growth although at
decreased levels, irrespective of the temperature and light
conditions that allowed growth. DA appears to be produced by
P. australis under optimum conditions for growth without nutrient
or physiological stress. This type of regulation, i.e. DA production
during exponential growth, has major consequences for toxin
production dynamics during P. australis blooms. DA production
may occur throughout the duration of the bloom and not only
during its decline, leading to toxic events when environmental
conditions are favourable. Besides exploring processes, these
results will help parameterize future models of growth and DA
production, especially for P. australis.
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