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ABSTRACT: The aim of this work was to test whether salinity is the driving factor for size and phys-
iological differences in the dinoflagellate Prorocentrum cordatum. Three strains, isolated from 3
sites with different salinities (the central Baltic Sea, Sweden, salinity 8; Chesapeake Bay, Maryland,
USA, salinity 16; and the Gulf of Trieste, northern Adriatic Sea, Italy, salinity 32), were included in
this study. Following their molecular and morphological characterisation, specific growth rates and
dimensions were examined for each strain cultivated at all 3 salinities (i.e. 8, 16 and 32). The Adriatic
strain always showed the largest cells and the Baltic strain the smallest. Adriatic and American
strains showed lower specific growth rates at salinity 8 and highest at salinity 16. The Baltic strain
growth rates were similar at all salinities. As salinity 16 proved to be optimal for the strains, addi-
tional parameters were further compared at this salinity: cell volume, particulate organic carbon,
particulate nitrogen, delayed fluorescence and in vivo chl a fluorescence. The Adriatic strain had
the highest particulate organic carbon, particulate nitrogen, and delayed and in vivo fluorescence.
Conversely, the Baltic strain had the lowest values. Although the strains had different specific
growth rates with respect to salinity, this was not the main driving factor for the different sizes and
photosynthetic activity among the strains. Thus, although there was low genetic variability among
strains from the 3 geographical areas, intraspecific variability was suggested.
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1. INTRODUCTION

Dinoflagellates are the causative agents of harmful
algal blooms; thus, they have been studied intensively
in recent decades. Control of bloom events requires
good knowledge of their basic features, including the
adaptive strategies of the dinoflagellate species re-
sponsible, and an understanding of the environmental
factors that regulate these events (Salgado et al. 2015).

*Corresponding author: mmonti@inogs.it

Prorocentrum cordatum (Ostenfeld) J. D. Dodge,
1975 (formerly Prorocentrum minimum [Pavillard]
Schiller, 1933, and Exuviaella marie-lebouriae Parke
& Ballantine, 1957) (Velikova & Larsen 1999, Taylor
et al. 2003, Krakhmalny et al. 2004, Caroppo et al.
2017, Guiry & Guiry 2017, Hoppenrath 2017) is a cos-
mopolitan dinoflagellate that lives in many coastal
and brackish waters (Heil et al. 2005). This species
can form harmful blooms (Silva 1980, Rabbani et al.
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1990, Tseng et al. 1993, Moncheva et al. 1995, Grze-
byk et al. 1997, Azanza et al. 2005) and can be toxic
to humans through accumulation of its toxins in edi-
ble shellfish (Silva & Sousa 1981, Silva 1985). P. cor-
datum shows wide variability of cell shape (i.e. ovate,
triangular, heart shaped) and size (i.e. length 14—
22 pm, width 10-15 pm) (Dodge 1975). This high
morphological variety has often led to the description
of local forms of P. cordatum as new species (Martin
1929, Parke & Ballantine 1957, Bursa 1959, Fukuyo et
al. 1990, Marasovic et al. 1990, Witek & Plinski 2000),
and thus a variety of synonyms can be found in the
literature. Different studies have highlighted that the
high variability in cell size of dinoflagellates might
be a consequence of environmental factors including
salinity, temperature, nutrients and light intensity
(Solum 1962, Taylor et al. 1995, Velikova & Larsen
1999, Hajdu et al. 2000, Pertola et al. 2003, Monti et
al. 2005, Vanucci et al. 2012). Indeed, changes in
salinity are known to affect morphological and phy-
siological features of dinoflagellates (Jensen & Moes-
trup 1997, Berden-Zrimec et al. 2008a, Laabir et al.
2011, Roder et al. 2012). However, little is known
about the effects of salinity on P. cordatum.

In regard to growth, Hajdu et al. (2000) reported
that Baltic clones of P. cordatum can grow at salini-
ties between 2 and 35, with their optimal growth at
15 to 17. Natural blooms of P. cordatum have been
correlated with declining salinities (Mendez 1993),
which have usually been associated with freshwater
input and increased nutrient loading (Grzebyk &
Berland 1996, Glibert et al. 2001, Fan et al. 2003).
Grzebyk & Berland (1996) showed that Mediterran-
ean strains of P. cordatum grow optimally at salinities
between 15 and 35 and temperatures between 18
and 26.5°C. Using a global modelling approach,
Glibert et al. (2014) predicted the potential effects
of nutrient loading and climate change for Proro-
centrum. They calculated an expansion along the
NW European Shelf-Baltic Sea region, with eco-
nomic consequences and risk to human health and
the ecosystem. Changes in temperature and salinity
of the world's waters could also lead to modifications
of algal blooms and the planktonic compartment
(Wasmund et al. 2008).

The 3 strains used in the present study were previ-
ously isolated from 3 different areas: the central Bal-
tic Sea (Sweden), Chesapeake Bay (Maryland, USA)
and the Gulf of Trieste (northern Adriatic Sea, Italy).
The respective salinities for their collection points
were 8, 16 and 32. In the Baltic Sea, the first recorded
bloom of P. cordatum was in 1979 (Tangen 1980), and
since then, it is an annual component of the late sum-

mer or autumn phytoplankton assemblage, where it
can occasionally even be dominant (HELCOM 1996,
Hajdu et al. 2000). P. cordatum blooms recur most
years in the Chesapeake Bay mesohaline region in
the late spring and summer, after its lengthy sub-
pycnocline transport in the estuarine circulation
(Tyler & Seliger 1978, 1981, Harding & Coats 1988).
In the northern Adriatic Sea, P. cordatum was first
recorded during the summer of 1983. It constituted a
considerable portion of the regular summer bloom
that occurred in the warm, low salinity water in the
eastern Adriatic coast (Marasovi¢ 1986). Since then,
the contributions of P. cordatum to summer blooms
have continued to increase and the species has also
been reported from other locations along the Adriatic
coast (Fonda Umani 1985, Pucher-Petkovi¢ & Mara-
sovi¢ 1987, Marasovi¢ et al. 1988, 1990, Marasovi¢
1989, Cabrini et al. 2012).

The main aim of the present study was to test the
hypothesis that salinity is one of the driving factors in
the induction of size and physiological differences in
different strains of the dinoflagellate P. cordatum. As
the first step, molecular characterisation and mor-
phological analyses of the 3 strains were carried out.
Second, cell dimensions and specific growth rates
were analysed for the 3 strains, with each cultured at
3 salinities (i.e. 8, 16, 32). At salinity 16, all the strains
showed optimal growth, and this salinity was used to
further investigate the strain differences in cell vol-
ume, particulate organic carbon (POC), particulate
nitrogen (PN) and photosynthetic activity (i.e. de-
layed fluorescence [DF], in vivo fluorescence).

2. MATERIALS AND METHODS
2.1. Algal cultures

The Baltic strain of Prorocentrum cordatum (BAL)
was collected in the central Baltic Sea and isolated at
the Kristineberg Marine Research Station, Sweden.
The American Chesapeake strain (D5) was obtained
from D. Stoecker and was originally isolated from
Chesapeake Bay, USA. The Adriatic strain (PmK)
was isolated from the Gulf of Trieste, Italy, in the
Adriatic Sea.

The non-axenic stock cultures were maintained at
the National Institute for Experimental Geophysics
and Oceanography (Istituto Nazionale di Oceano-
grafia e di Geofisica Sperimentale), Trieste, Italy. They
were kept at 15 = 0.5°C, under cool-white fluorescent
light (14 h light:10 h dark cycle, mean photosyntheti-
cally active radiation [PAR] 50 + 2 pmol m™2 s7!) in
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£/2-Si medium (Guillard 1975), and at their original
salinities (8 for BAL, 16 for D5 and 32 for PmK).

2.2. Experimental culture conditions

A week before the experiments, the strains were
transferred to media with the new salinities (i.e. 8, 16,
32) for acclimation. The experimental cultures were
inoculated to the initial cell concentration of about
1500 cells ml~! in 500 ml Erlenmeyer flasks contain-
ing 350 ml of the required medium. Three parallel
cultures were grown for each strain at each salinity at
19.8 + 0.7°C, under cool-white fluorescent light (12 h
light:12 h dark cycle, mean PAR 57 + 2 pmol m~2 s7%).
The locations of individual culture flasks within the
growth chamber were randomly changed several
times during the experiment.

2.3. Molecular characterisation

For each of the strains, genomic DNA was extracted
from 50 ml of exponentially growing cultures using
the DNeasy™ Plant MiniKit (Qiagen), following the
manufacturer's instructions. A portion of the subunit
18S rRNA gene was amplified using 1F (5'-AAC CTG
GTTGATCCTGCCAGT-3")and 1528R (5'-TGATCC
TTCTGCAGGTTC ACCTAC-3') primers (Montresor
etal. 2004).

PCR amplification was performed as follows: initial
denaturation of 94°C for 4 min followed by 30 cycles
of 94°C for 2 min (denaturation), 56°C for 2 min (an-
nealing) and 72°C for 2 min (extension). For each am-
plification, the following reaction mixture was used:
1 pl of the template, 5 pl of 10X HotMaster Taqg Buffer
with Mg?* (Eppendorf), 5 pl of each primer (10 uM)
(Sigma-Genosys), 1 pl of deoxynucleosidetriphos-
phates (10 ptM), 0.4 1 of HotMaster Taq Polymerase
(Eppendorf) and water to a final volume of 50 pl.

The PCR products were visualised on 0.8 % (w/v)
agarose gels and stained with ethidium bromide
(0.5 pg ml™!), and we used the DirectLoad™ Step Lad-
der (Sigma-Genosys) molecular weight marker to
confirm amplification of the DNA fragments (1500 bp).

PCR products were purified using the UltraClean™
PCR Clean-up Kit (MoBio) according to the manufac-
turer's instructions.

18S rRNA gene nucleotide sequences were deter-
mined using ABI Prism® Big Dye™ (Applied Biosys-
tems) dye terminator chemistry (Applied Biosystems)
and an automated ABI Prism® 3700 Genetic Ana-
lyzer (Applied Biosystems). The sequences were

compared to known sequences in the GenBank data-
base using BLAST (Altschul et al. 1997).

Phylogenetic analyses were performed on the
Phylogeny.fr platform and comprised the following
steps: the sequences were aligned with MUSCLE
(v3.7) configured for highest accuracy, and after
alignment, ambiguous regions were removed with
Gblocks (v0.91b). The phylogenetic tree was recon-
structed using the maximum likelihood method
implemented in the PhyML program (v3.0). Graphi-
cal representation and editing of the phylogenetic
tree were performed with TreeDyn (v198.3).

The sequences obtained in this study were
deposited in GenBank under accession numbers
MH976698, MH976699 and MH976700.

2.4. Cell morphology

Cell shape was examined at the original salinity.
For scanning electron microscope (SEM) analyses,
cells were fixed with 4 % formaldehyde and stored at
4°C for 2 d. The cells were then washed in a small
amount of distilled water and dehydrated in an
ascending series of ethyl alcohol (30, 50, 80, 95, and
100%). The supernatant was removed each time
after sedimentation of the cells (about 3 h). Samples
were CO, critical point dried, coated with Au/Pd and
examined on a Leica-Cambridge Stereoscan 420i
electron microscope.

2.5. Cell dimensions and growth

Cell dimensions and specific growth rate were ana-
lysed after shifting the 3 strains to each of the 3 salin-
ities of 8, 16 and 32. Cell lengths and widths were
measured at Days 3, 5, 7 and 10, during the exponen-
tial phase, under an inverted microscope (Leitz
Labovert) at 320x magnification. At least 40 cells
were examined for each strain and salinity.

To determine the cell numbers for the specific
growth rate measures, aliquots of the cultures were
collected every 2 to 3 d and preserved in 2 % formal-
dehyde (final concentration). These were then exam-
ined under an inverted microscope (Leitz Labovert)
at 320x magnification (Utermohl 1958). The growth
rates were calculated as the slope of the linear
regression line of In cell number C for the time from
the beginning ({1) to the end of the exponential
growth phase (t2). The exponential growth rates (L,
d™') were calculated according to the equation p =
(InC2 - InC1)/(t2 - t1).
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2.6. Cell volume and elemental analysis

At the intermediate salinity (16), the samples were
also processed using an electronic particle counter
(Coulter Multisizer, 100 pm orifice tube, dimensional
range 2-40 pm) for dinoflagellate volume and growth
estimation.

Each sample was analysed twice as a 1:20 dilution
to keep the coincidence error under 10 %. The curves
obtained by the particle counter were processed
using Acucomp software.

For the POC and PN analyses, the glassware and
GF/F filters used were precombusted for 4 h at
480°C. The cells were harvested and filtered onto
25 mm GF/F filters on Days 3, 7, 11, 16, 20 and 27 for
BAL and on Days 3, 7, 11, 15, 19, 24 and 28 for D5 and
PmK. The filters were placed in aluminium foil
sleeves, dried for 1 h at 60°C and stored at —20°C
until further analysis. The inorganic carbon was
removed with 1 N HCI (Hedges & Stern 1984). All of
the samples were run in triplicate. Blanks to correct
for the contributions of the filter and the media to the
background were prepared at the same time. POC
and PN were measured using an elemental analyser
(2400 CHNS/O, Perkin Elmer), with acetanilide used
for the calibration curve.

2.7. Delayed fluorescence and in vivo fluorescence

At the intermediate salinity (16), DF and in vivo flu-
orescence were measured every 2 to 3 d. Both meas-
urements can be utilized for monitoring physiology
and acclimated growth of microalgae (Maclntyre &
Cullen 2005, Wood et al. 2005, Zrimec et al. 2005).

In vivo chl a fluorescence (maximum fluorescence,
Fm) was measured with the modulated chlorophyll
fluorometer (PAM OS5-FL, OptiSciences). Maximum
fluorescence is a fluorescence yield that is equal to
the value which would be reached without any pho-
tochemical quenching (during a short intensive flash
of light) (Maxwell & Johnson 2000). The measure-
ments were performed from the bottom of cuvettes
containing 2 ml samples of algal culture. The fluores-
cence was measured after 5 s of 50 pmol m~2 s™! acti-
nic illumination of the samples, without dark adap-
tation. Modulation intensity and gain were set to 255.

DF was measured in a custom-made photon-count-
ing luminometer (Monti et al. 2005, Berden-Zrimec et
al. 2007, 2008b) containing a red light-sensitive pho-
tomultiplier tube (Hamamatsu R1104, Hamamatsu
Photonics) with a photon counting unit (Hamamatsu
C3866, Hamamatsu Photonics) for signal condition-

ing and amplification. The instrument was coupled to
a personal computer for data collection and elabora-
tion (Monti et al. 2005, Berden-Zrimec et al. 2007,
2008b). The samples were measured in 6 ml round
cuvettes that were placed into a thermostated sample
holder. lllumination was performed by a 20W halo-
gen lamp and wavelengths determined by filters.

DF was measured after 10 min of dark adaptation.
Two light filters were used: a short-pass filter (A <
600 nm) that provided a light intensity of 22 pmol m~2
s~! PAR at the sample position and a long-pass filter
(A > 650 nm) that provided a light intensity of 12 pmol
m~2s7! PAR at the sample position. The sample holder
was temperature controlled to 20 + 0.1°C. For each
measurement, 2 ml samples were illuminated for 3 s
to subsequently measure the DF decay curves over
the interval 1 to 60 s after the illumination pulse with
a 0.1 s integration time. The background noise (i.e.
dark current) was measured prior to each DF meas-
urement and was then subtracted from the DF values.

Delayed fluorescence intensity (DFI) was calcu-
lated as the sum of the measured photon counts at a
time interval of 1.1 to 2.1 s after sample illumination.

DF decay kinetics was evaluated by the peak
intensity and position, i.e. the DF decay curves meas-
ured at the 2 illuminations were subtracted, and the
resulting peak was evaluated for its intensity and
position (Berden-Zrimec et al. 2008a,b).

2.8. Statistical analyses

Growth curves were compared using paired (-tests
(paired ANOVA, p < 0.05). Cell dimensions (i.e.
length, width) were analysed using Shapiro-Wilks
and Bartlett's tests, which checked for normality and
homoscedasticity of the data. As these conditions
were not satisfied, non-parametric Friedman tests (2-
way ANOVA by ranks) for either length or width
were applied to determine significant differences
(p < 0.05). Statistical analyses were performed using
R-CRAN 2.4.1 software.

3. RESULTS
3.1. Molecular characterisation

The sequences of 18S rRNA genes indicated that
all 3 of these organisms were affiliated to the species
Prorocentrum cordatum, with low genetic variability
among these strains from the 3 geographical areas
(i.e. Baltic Sea, Adriatic Sea, Chesapeake Bay). In the
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Fig. 1. Phylogenetic relationship between Prorocentrum cor-
datum (Ostenfeld) J. D. Dodge, 1975, strains and other Pro-
rocentrum species based on the 18 rDNA gene sequence
analysis, using P. micans and P. mexicanum as the outgroup.
Numbers at branches are the percentages on the bootstrap
values. The scale bar indicates 0.003 substitution per site

phylogenetic relationship between P. cordatum and
other Prorocentrum species, P. micans and P. mexi-
canum were used as the outgroup. These data con-
firmed that the 3 strains belonged to the P. cordatum
clade (Fig. 1).

3.2. Cell morphology

In SEM analyses, all P. cordatum strains appeared
as oval-round cells in plate view (Fig. 2A-C). The
antapical cell end was usually rounded and the api-
cal end was truncate, with a very slight depression.
An anterior spine (single tooth) was always present,
and the surface of the plates was covered by minute
spines. All the strains presented an apical pore re-
gion with 2 pores, a smaller circular auxiliary pore
and a larger elongated flagellar pore. The pores were
surrounded by small periflagellar platelets consisting
of a curved apical collar, forked tooth, single tooth,
ridge edge and small tooth (Fig. 2D).

3.3. Cell dimensions and growth at 3 salinities

The cell dimensions ranged between 10.8 and 19.1
pm in length and from 10.8 to 18.0 pm in width. At all
salinities, BAL was the smallest and PmK the largest
(Table 1). The ANOVA tests for all of the strains
showed that there were significant differences be-
tween the strain lengths and widths when they were
grown at the different salinities (p < 0.05).

Exponential growth was observed between Days 3
and 14. This interval was used for the calculation of
growth rate. Overall, the specific growth rates (u) for
these 3 strains ranged from 0.173 + 0.023 to 0.398 =
0.071 d7! (Table 2). All of the strains showed their
slowest growth rate at 8, and D5 and PmK had maxi-
mal growth rates at 16. BAL showed only minimal
differences of growth between the 3 salinities.

Prorocentrum_cordatum_JF715165

EHT-14.01 KV WD- 8 nn
2un

Fig. 2. Scanning electron microscope (SEM) image of Proro-

centrum cordatum strains from (A) the Adriatic, (B) Chesa-

peake Bay and (C) the Baltic. (D) Apical pore region show-

ing auxiliary and flagellar pores, apical collar, small tooth,
ridged edge, and single and forked teeth
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Table 1. Measurements (um) of 3 Prorocentrum cordatum strains, each grown under 3 salinities, as defined using an inverted micro-
scope. Data are means from 40 specimens for each measure for each strain at exponential phase. BAL: Baltic strain; D5: Chesapeake

strain; PmK: Adriatic strain

Salinity: 8 16 32
Strain Median Mean SD Min. Max. Median Mean SD Min. Max. Median Mean SD Min. Max.
BAL Length 13.7 13.3 1.179 10.8 14.4 13.7 13.3 1.733 10.8 17.3 14.2 14.0 1.348 11.5 17.3
Width 13.0 12.9 1.205 10.8 14.4 12.6 12.4 1.369 10.8 15.5 14.1 13.8 1.266 11.5 16.6
D5 Length 15.1 15.0 1.540 11.5 18.0 14.4 14.3 1.768 10.8 16.2 14.4 14.2 1.832 10.8 18.0
Width 14.4 14.0 1.018 11.5 16.2 13.7 13.4 1.438 10.8 16.2 13.9 13.3 1.665 10.8 16.9
PmK Length 17.6 17.2 1.186 14.4 19.1 17.3 16.9 1.935 12.6 18.0 18.0 17.1 1.505 14.4 18.7
Width 16.2 15.7 1.680 10.8 18.0 15.5 15.7 1.801 12.6 18.0 16.2 16.0 1.612 12.6 18.0

Table 2. Growth rates (1) of 3 Prorocentrum cordatum strains
at salinities of 8, 16 and 32. Data are means + SD. BAL: Baltic
strain; D5: Chesapeake strain; PmK: Adriatic strain

Strain ——————— Growth rate (4, d"})—————
8 16 32

BAL  0.302 +0.032 0.301 £0.040  0.350 + 0.040

D5 0.255 = 0.036 0.376 + 0.003 0.361 £ 0.058

PmK  0.173 +0.023 0.398 + 0.071 0.341 £ 0.046

3.4. Growth, cell volume and elemental analysis
at salinity 16

All 3 growth curves at salinity 16, measured with
the Coulter counter, showed a similar trend (Fig. 3).
Exponential growth was observed between Days 0
and 7, and the maxima were reached between
200000 (PmK) and 300 000 (D5 and BAL) cells ml~! at
the end of the experiment (Fig. 3).
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Fig. 3. Growth curves of the 3 Prorocentrum cordatum
strains (Baltic [BAL], Chesapeake [D5], Adriatic [PmK]) at
salinity 16. Data are means + SD

The strain PmK always had the highest cell volume
and D5 always the lowest (Fig. 4A). Cell volumes
changed over time during the growth curves. For D5
and PmK, cell volumes decreased until Day 7 and
then increased to Day 20. Similarly, the BAL cell vol-
ume decreased to Day 9 and then increased until the
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Fig. 4. (A) Cell volumes of the 3 Prorocentrum cordatum

strains at different times; (B) C:N ratios of the 3 P. cordatum

strains (Baltic [BAL], Chesapeake [D5], Adriatic [PmK]) at
salinity 16. Data are means + SD
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end of the experiment (Day 27). The mean cell vol-
umes of the 3 strains were significantly different from
each other (p < 0.05).

For all the strains, the C:N ratio increased with the
age of these cultures, although they all showed a
small decrease around Day 11 (Fig. 4B). D5 had the
lowest C:N ratio, which was significantly different
from the other 2 strains (p < 0.05), whereas the BAL
and PmK values were not significantly different from
each other (p > 0.05). Overall, C:N ratios ranged from
3.8t06.9.

The strains showed different temporal patterns with
the POC measured as carbon per cell. For BAL, POC
decreased from 173 + 23 pg cell™! at the beginning to
137 + 6 pg cell™! at the end of the growth curves (i.e.
Day 27). Similarly, POC decreased in D5 from 353 + 15
to 157 + 21 pg cell”! and in PmK from 650 + 160 to
277 + 15 pg cell”'. At the end of the growth curve,
there was a decrease in POC per cell in all the strains.
The cellular nitrogen content (i.e. PN per cell) showed
similar temporal patterns as POC, ranging from 127 +
35t0 20 + 0.5 pg cell! by Day 27 or 28.

From the comparison between the cell volume and
POC per cell (Fig. 5), the 3 strains were easily distin-
guished. PmK had the greatest cell volume and POC
per cell, while D5 had the smallest cell volume and
intermediate POC per cell. BAL, therefore, had inter-
mediate cell volume and the smallest POC per cell on
average. These differences revealed that for PmK
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€ 600+
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© 400 - 0O BAL
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Fig. 5. Relationship between particulate organic carbon per
cell and cell volume of Prorocentrum cordatum. Data were
pooled for each strain: Baltic (BAL), Chesapeake (D5) and
Adriatic (PmK). The results of linear regression with inter-
cept A, slope B and Pearson correlation coefficient R are
BAL: A=822.4+91.0,B=-1377.3 +520.5,R=-0.55; D5: A =
358.2 £ 39.5, B=467.4 + 154.5, R = 0.57; and PmK: A = 761 +
74.1,B=287.8+172.1, R=0.35

DFI (cps)

and D5, the cell volume was positively correlated to
the POC per cell, while for BAL, this correlation was
negative.

3.5. Delayed fluorescence and in vivo fluorescence

DFI, calculated from the 1st second of the measure-
ment, showed a similar trend of growth in all 3 strains
(Fig. 6A). After a rapid growth during the first week,
it did not increase in the next few days. Afterwards, it
grew slowly until Day 21. After Day 26, a senescence
was indicated in PmK and D5. In BAL, the decay was
not yet observed at the end of the curve. The DFI
growth curves differed significantly between the
strains (p < 0.05).

In vivo fluorescence (Fig. 6B) had a different trend
of growth than DFI. It was increasing until Day 11 in

100000+

Fluorescence (a.u.)

7 ‘ , , . . )

0 5 10 15 20 25 30
Time of culture (d)

Fig. 6. (A) Delayed fluorescence intensity (DFI) and (B) in

vivo fluorescence of the 3 Prorocentrum cordatum strains

(Baltic [BAL], Chesapeake [D5], Adriatic [PmK]) during cul-

ture growth at salinity 16. Data are means + SD. cps: counts
per second; a.u.: arbitrary units
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PmK and BAL and until Day 15 in D5. Afterwards,
however, it was more or less constant. Overall, the in
vivo fluorescence growth curves differed signifi-
cantly only between BAL and PmK (p < 0.05).

To compare DFI and fluorescence (Fm) with culture
density, the ratios were calculated from the intervals
of the DFI and fluorescence exponential growth.
Only the data in the interval of the DFI and fluores-
cence increase were included in the analysis: the DFI
values were fitted from about 11 000 to 70 000, 11 000
to 80000 and 11000 to 200 000 cells ml~! in PmK, D5
and BAL, respectively; the in vivo fluorescence val-
ues were fitted from the beginning of the experiment
until about 40 000 cells ml~! in PmK and D5 and until
80000 cells ml~! in BAL. Table 3 gives the data for the
mean ratios for both DFI cell™! and Fm cell™!; these
differed significantly between 3 strains (p < 0.05),
with PmK having the highest and BAL the lowest
ratios. High DFI per cell and Fm per cell ratios go
along with high cell volume and POC per cell.

3.6. Delayed fluorescence decay kinetics

DF decay kinetics varied during the growth of all 3
of the strains. The peak for BAL showed the least
delay at the beginning of growth, with more delay
starting from Day 13. BAL then became the most
delayed of all of the strains in the period from Days
16 to 21 (Fig. 7A). Peak positions for D5 and PmK
showed the same trends of change with culture
growth, although the PmK peak was more delayed
for most of the growth period (Fig. 7A). Peak inten-
sity, on the other hand, changed similarly for all 3
strains (Fig. 7B); it was higher in the first few days,
then declined to Day 9 (Day 11 for D5) and then
increased to Day 19 for D5 and PmK and to Day 27 for
BAL. Overall, there were no significant differences
between the strains (Fig. 7B). The later increase in
BAL peak intensity toward the end might result from
the slower growth for BAL under these laboratory
conditions.

Table 3. Mean ratios of delayed fluorescence intensity (DFI)

per cell and fluorescence (Fm) per cell of 3 Prorocentrum cor-

datum strains. Data are means + SD. BAL: Baltic strain; D5:
Chesapeake strain; PmK: Adriatic strain

Strain DFI cell! Fm cell™

BAL 0.56 £ 0.19 0.004 = 0.001
D5 1.05+0.40 0.005 = 0.003
PmK 2.09 £ 0.89 0.010 = 0.004

Peak position (s)

Peak intensity

0 5 10 15 20 25 30
Time of culture (d)

Fig. 7. Delayed fluorescence decay kinetics of the 3 Prorocen-
trum cordatum strains: Baltic (BAL), Chesapeake (D5) and
Adriatic (PmK). (A) Peak position (expressed as seconds after
the beginning of the delayed fluorescence measurement) and
(B) peak intensity (expressed as a function of culture time)

4. DISCUSSION

Although the strains had different specific growth
rates with respect to the salinity, this study indicates
that salinity was not the main driving factor for size
and physiological differences between them.

Phylogenetic analyses indicated that the strains
studied belong to the same species. This was re-
inforced by the SEM analyses, where the strains
showed the ornamentation of the theca typical of the
species (Monti et al. 2010).

The 3 strains differed in cell dimensions. At all
studied salinities, BAL was the smallest, D5 interme-
diate and PmK the largest. These data suggest that
dimensions do not depend directly on salinity. Al-
though possible correlation between the dimensions
and salinity for this species has been reported in
some studies (Velikova & Larsen 1999, Hajdu et al.
2000, Pertola et al. 2003, Olenina et al. 2016), no clear
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relation has been found yet. Pertola et al. (2003) re-
ported that the smallest Baltic Prorocentrum corda-
tum cells were seen at the highest salinity (i.e. 12).
This corresponds to the occurrence of larger P. corda-
tum near the Lithuanian coast at the lowest salinity
(i.e. 0-7) (Hajdu et al. 2000) but is in contrast with
findings of Velikova & Larsen (1999), who reported
larger P. cordatum cells in Bulgarian Black Sea
waters at higher water salinities than in Romanian
Black Sea and Caspian Sea waters, where the salin-
ity was lower because of river inflow. Recently, Olen-
ina et al. (2016) reported that cell size was inversely
correlated to salinity in a P. cordatum strain from the
Kalmar Algae Collection (Sweden) that was main-
tained at different salinities.

Specific growth rates (0.17-0.40 d7!) are in agree-
ment with the laboratory study reported in a review
by Heil et al. (2005). Overall low growth rate proba-
bly resulted from the PAR value utilized in the exper-
iments, as the association between high growth rates
and high light conditions seems clear for this species
(Heil et al. 2005). In general, the strains had mini-
mum growth rates at salinity 8 and maximum at 16.
BAL growth rates were similar at all salinities, which
confirms its distinctive response to salinity variations.
The different behaviour of BAL might be linked to its
adaptiveness to frequent freshwater inputs with
resulting high variability of salinity in its original
environment.

Several authors (e.g. Grzebyk & Berland 1996,
Hajdu et al. 2000) reported a preference of P. corda-
tum for intermediate salinity. This preference was
also confirmed in the present study. Consequently,
extended comparison of strains was performed at
intermediate salinity 16. The measurements of cell
volumes at salinity 16 using the Coulter principle
showed changes during culture growth for all of the
strains. Cell volume first decreased, probably be-
cause of the rapid successive cell division, then, after
Day 7, the volume started to increase. The C:N ratio
showed a similar trend, possibly because carbon was
used to increase cell size, especially the theca. After
Day 7, the lowering growth rate suggests a possible
limitation in light or nutrients. The Coulter counter
analysis provides a 3-dimensional measure to deter-
mine the volume, including cell thickness. In con-
trast, light microscopy observations will only evalu-
ate 2 cell dimensions, overlooking the cell thickness,
which changes during growth in accordance with the
cell division process (Monti et al. 2010). These
changes were also found in this study, as the BAL
strain had lower length and width dimensions but
higher volume compared to D5.

Carbon content per cell was the lowest for BAL and
the highest for PmK. These data are in agreement
with the data from other studies. Coats & Harding
(1988) analysed ultrastructural and physiological
responses of P. cordatum at different light intensities
and reported that at high light intensity (i.e.
238.3 ymol m~2 s71), carbon per cell was 148 pg cell™},
while at lower light intensity (i.e. 31.2 pmol m™2 s71),
carbon per cell was higher, at 240 pg cell™!. Moal et al.
(1987) reported a reduction in carbon, nitrogen and
protein densities of more than 50 % after the shift from
exponential to stationary phase. They stated that the
observed reduction could be due to physiological
changes induced by limiting factors in the batch cul-
tures. In the present study, the carbon and nitrogen
contents per cell decreased at the end of growth,
when cells were passing into the stationary phase.

Direct comparisons of carbon contents and cell vol-
umes clearly divided the 3 strains. There was a posi-
tive correlation for PmK and D5 and a negative corre-
lation for BAL. This is likely to be linked to the
thinner theca or larger vacuoles in BAL.

C:Nratio has been suggested as a means to identify
nutrient storage in natural populations of phyto-
plankton (Donaghay et al. 1978, Sakshaug 1980). The
C:N ratios in the present study varied from 3.8 to 6.9.
These ratios resemble those for other dinoflagellates
(Strickland et al. 1969, Cullen & Horrigan 1981,
Heaney & Eppley 1981, Taguchi 1981, Cullen et al.
1982) but are lower than those reported for P. corda-
tum. In particular, Paasche et al. (1984) studied the ef-
fects of nitrogen source and light-dark cycles on C:N
composition. The atomic C:N ratios for P. cordatum
were 7.84 to 10.26 under the different light regimes,
similar to those reported by Coats & Harding (1988) at
2 different light intensities (31.2 and 238.3 pmol m™
s71), with C:N ratios of 6.40 and 11.1, respectively.

In our previous studies, we established that P. cor-
datum strains exhibit different in vivo and DF charac-
teristics when growing at their original salinities
(Monti et al. 2005, Berden-Zrimec et al. 2008a). De-
layed and in vivo fluorescence contain information
about the fundamental processes of the photosyn-
thetic apparatus (Goltsev et al. 2003). If the main
driver for the photosynthetic differences between
these strains would be salinity, greater similarities in
DFI and DF kinetics would be expected when these
strains were growing under the same conditions of
salinity. Nevertheless, DFI showed significant differ-
ence between the growth curves of 3 strains growing
at salinity 16. DFI was the lowest in BAL and the
highest in PmK, the same as when they are growing
at their original salinities (Monti et al. 2005).
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In vivo fluorescence was significantly different
only between BAL and PmK, while DFI per cell and
in vivo fluorescence per cell were significantly differ-
ent between the strains. DFI per cell in the PmK cul-
tures was probably the highest because of the largest
cell volume. Also, in vivo fluorescence per cell was
highest in PmK, resulting from its highest chl a cell
content (Monti et al. 2005).

Becauseofits sensitivity to differencesin the physiol-
ogy of the photosynthetic electron chain, DF decay
kinetics varies between algal species and even be-
tween strains (Berden-Zrimec et al. 2007, 2008b). It
also reflects their physiological state (Zrimec et al.
2005, Berden-Zrimec et al. 2008b). The DF compo-
nents that decay more rapidly provide information
about the rate of energy absorbed by the photosyn-
thetic membranes (Desai et al. 1983). The presence of
a peak in DF decay curves shows the involvement of
Photosystem I in the generation of DF at later stages
(several seconds after the illumination pulse) (Desai et
al. 1983, Hideg et al. 1991, Monti et al. 2005, Berden-
Zrimec et al. 2008b). The components that decay more
slowly reflect the differences in the rates of back reac-
tionsin the electron chains and provide information on
the temporary energy storage during photosynthetic
electrontransport (Desaietal. 1983). DF decay kinetics
for the studied P. cordatum strains, evaluated accord-
ing to peak position and intensity, depended both on
strain and culture age. While peak intensity changed
similarly for all 3 strains, peak position changed differ-
ently for BAL. The differences among the 3 strains
coincided with the differences between the strains
when growing at their original salinities (Monti et al.
2005), which indicates that salinity was not the main
cause for the variability among the strains.

5. CONCLUSIONS

The Prorocentrum cordatum strains considered in
the present study belong to the same species, but
they show different cell dimensions, physiological
responses and photosynthetic activities under the
same salinity culture conditions. Salinity was not the
main driving factor for the different size and photo-
synthetic activity across these P. cordatum strains. In
contrast, growth of these strains was influenced by
salinity. All strains showed lower specific growth
rates at salinity 8, and the intermediate salinity (16)
appears to be optimal also for strains that usually live
at different salinities.

Our data suggest that impending climate change,
potentially increasing water run-off from the land

and subsequently changing the salinity of coastal
waters, would not influence the dimensions and pho-
tosynthetic activity of P. cordatum but might none-
theless influence growth and cell concentrations,
with consequent effects on bloom events.
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