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Abstract: Owing to its particular mixotrophic nutrition, Prorocentrum cf. balticum has recently been suggested to
contribute significantly to the biological pump in the world’s oceans. However, the physiological attributes that fa-
cilitate its distribution have not yet been investigated. We clarified the effects of temperature and light intensity on the
growth of a strain of P. cf. balticum isolated from the Oyashio-Kuroshio Mixed Water region and then estimated its
potential habitat in the western North Pacific in the context of global warming. In batch cultures maintained at 5°C—
30°C, the highest growth was observed at 25°C, while the viable temperature range was estimated to be 6.03°C-29.4°C.
At the six different light conditions tested (20-500 umol m~?s™"), growth rates were positively correlated with light
intensity, except at 500 umol m~2 s~ where photoinhibition was observed. At 20°C, the maximum specific growth rate
was calculated to be 0.661 day ' and the compensation light intensity and the saturation light intensity were 1.15 and
283 umol m > s, respectively. These findings suggested that compared to other Prorocentrum species, P. cf. balticum
is generally well suited to subtropical environments characterized by high light intensities. However, the potential to
survive in mid-latitude environments that experience low temperatures during winter suggests a high probability of
year-round occurrence at higher latitudes, including the Oyashio region, in the future.
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Ehrenberg comprise a diverse group of predominantly
marine species that inhabit both benthic and planktonic
Dinoflagellates belonging to the genus Prorocentrum environments in the world’s oceans (Glibert et al. 2012).
The ecology and physiology of this group have been par-
] ) ) ) ticularly well studied in coastal waters because the genus
*Corresponding author: Kazutaka Takahashi; E-mail, kazutakahashi@ . . . . .
geceu-tokyo.ac p contains species that form'lntenswe blooms (Heil et al.
Supplementary materials may be found in the online version of this 2005, Lu et al. 2022, Tenorio et al. 2022) and are capable
article. of producing toxins that are responsible for shellfish poi-
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soning (Glibert et al. 2012, Lee et al. 2016). On the other
hand, from a food web perspective, Prorocentrum species
are preyed upon by zooplankton such as ciliates and co-
pepods (Ianora et al. 2003, Sakka et al. 2000, Uye 1996).
In addition, some Prorocentrum species are constitutive
mixotrophs (Mitra et al. 2023), that possess the innate abil-
ity to photosynthesize as well as synergistically combine
both phototrophic and phagotrophic feeding strategies in
order to utilize other protists and bacteria (Stoecker et al.
1997, Wikfors & Fernandez 2013). Several studies have
emphasized the important role that mixotrophy plays in
maintaining the robustness and productivity of the food
web, especially in oligotrophic ocean areas (Hartmann et
al. 2012, Ward & Follows 2016).

Prorocentrum balticum (Lohmann) Loeblich III, origi-
nally described as Exuviaella baltica Lohmann from Kiel,
Germany (Lohmann 1908), has been widely reported to
be a bloom-forming species in coastal regions of the world
(Vrquez & Hargraves 1995, O'Boyle et al. 2001, Alonso-
Rodriguez & Ochoa 2004, Widdicombe et al. 2010, Telesh
et al. 2016, Salon-Barros et al. 2016). It has been distin-
guished from the other common species Prorocentrum
cordatum (Ostenfeld) Dodge (= Prorocentrum minimum
(Pavillard) Schiller) based mainly on the cell shape and
size, i.e., P. balticum is rather roundish compared to the
heart-shaped P. cordatum (e.g., Faust et al. 1999, Tillmann
et al. 2023a, 2023c). However, recent molecular phylog-
eny showed further discernible clades in the monophyletic
spiny-surfaced Prorocentrum, and some were described as
new species, such as Prorocentrum pervagatum Tillmann,
Hoppenrath & Gottschling, Prorocentrum spinulentum
Tillmann, Gottschling & Hoppenrath, and Prorocentrum
thermophilum F.Gémez, Tangcheng Li, Hu. Zhang & Sen-
jie Lin, with detailed comparisons of thecal morphology
(Gomez et al. 2022, 2023, Tillmann et al. 2023a, 2023c),
while other clades remain undescribed such as Prorocen-
trum cf. balticum (Larsson et al. 2022).

Recently, Larsson et al. (2022) reported that a strain of
P. cf. balticum isolated from southeastern Australia em-
ploys a remarkable feeding strategy that involves crafting
globular mucus traps (mucosphere) to capture and immo-
bilize potential prey. The authors proposed that the strain
may play an important ecological role in the biological
pump since the mucosphere, which is created around the
cell using fixed carbon derived from photosynthesis, is
subsequently abandoned with surplus prey cells and sinks
to depth (Larsson et al. 2022). Their findings highlight the
importance of obtaining ecological and physiological in-
formation on the strain of P. cf. balticum in order to under-
stand both ocean carbon cycling as well as the marine food
web in subtropical waters, which is expanding poleward as
global warming progresses (Polovina et al. 2011, Yang et
al. 2020).

In this study, we attempted to clarify the effects of tem-
perature and light intensity on the growth and photosyn-
thesis of P. cf. balticum and examine how these factors

affect its distribution. Prorocentrum cf. balticum was iso-
lated from the Oyashio-Kuroshio Mixed Water region in
the North Pacific and subsequently confirmed to belong to
the same phylogenetic clade as the strain P. cf. balticum
reported by Larsson et al. (2022). Based on the results of
laboratory experiments, we inferred the potential habitat
requirements of P. cf. balticum to ascertain the northern-
most limit of this species in the study area, and how this
distribution may be affected by global warming.

2. Materials and Methods

2.1 Culture establishment and species identification

The dinoflagellate strain used in the current experiments
was isolated from a seawater sample collected at a depth
of 10 m (temperature: 18.6°C, salinity: 33) off the Pacific
coast of northeastern Japan (39°30.040'N, 146°30.010'E)
during a cruise aboard the R/V Wakataka-Maru in July
2022. A monoclonal culture strain was established by cap-
illary pipetting under an inverted microscope (CKX53,
Olympus, Tokyo, Japan). The batch culture was main-
tained in half-strength IMK medium (Wako, Tokyo, Ja-
pan) at 23°C and a salinity of 30 under a photon density of
60—70 umol m 2 s~ with a 12 h : 12 h light : dark cycle.

Morphological characteristics of the established strain
KWT167 were observed using a Zeiss Axioskop 2 light mi-
croscope (Carl Zeiss, Gottingen, Germany) equipped with
a Zeiss Axiocam 305 color digital camera. Production of
mucosphere (Larsson et al. 2022) was confirmed by co-
culturing with Rhodomonas salina (Wislouch) D.R.A Hill
& R.Wetherbee which is regularly maintained in our labo-
ratory of the University of Tokyo. For molecular phyloge-
ny, several cultured cells were isolated and placed into dis-
tilled water, and PCR was performed using the disrupted
cells as a template. The primers used to amplify the LSU
rDNA (28S rDNA) sequence, the reaction mix, and set-
tings used for PCR, and the subsequent purification and se-
quencing processes were in accordance with Kuwata et al.
(2023). The determined DNA sequence (accession number
LC779631 for KWTI167 strain) was aligned with those of
Prorocentrum species obtained from GenBank, and phy-
logenetic trees of maximum likelihood (ML) and neighbor-
joining (NJ) were constructed in MEGA 11 (Stecher et
al. 2020, Tamura et al. 2021). The selected best substitu-
tion model for ML was the Tamura-Nei (TN93) model plus
gamma distribution (G=0.5312). Bootstrap support (BS)
values of ML and NJ analyses were estimated using 500
replicates and are given at nodes (ML/NJ).

2.2 Temperature experiments

To investigate the effect of temperature on the growth
of the strain KWT 167, batch culture experiments were
performed using five different temperature treatments
(10, 15, 20, 25, and 30°C) under a constant light inten-
sity of 200 umol m*s~'. Before initiating the experiment,
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cells were pre-acclimatized to the selected temperatures
through stepwise changes in temperature of 2.5°C ev-
ery two days. After acclimation, cells in the exponential
growth phase were inoculated into 50 mL of fresh me-
dium to achieve initial cell densities of approximately
100 cellsmL™" in each flask. The experiment was per-
formed in triplicate for each temperature condition until
a decline in cell density was observed after reaching the
maximum cell density. Furthermore, to assess the growth
response at lower temperatures, an additional experiment
was carried out at 5°C using the same experimental set-
tings as described previously, except for the light intensity,
which was set to 100 umol m?s™! to mimic winter condi-
tions in the field.

2.3 Lighting intensity experiment

To investigate the effect of light intensity on the growth
of the strain KWT 167, batch culture experiments were
performed using six different light-intensity treatments
(20, 50, 100, 200, 350, and 500 umolm?s™") at 20°C.
Light intensity was measured using Quantum Scalar Labo-
ratory (QSL) radiometers (QSL-101, Biospherical Instru-
ments Inc., San Diego, USA). Cells in the exponential
growth phase that were cultured under 200 yumolm 25"
were inoculated into 50 mL of fresh medium to achieve
initial cell densities of approximately 100 cellsmL™" in
each flask. The experiment was performed in triplicate at
each light intensity until a decline in cell density was ob-
served after reaching the maximum cell density.

2.4 Measurements of growth rate

Cells were counted every 2 days at the beginning of
the experiment, but the frequency was reduced after cell
growth reached the stationary phase. To count the cell
numbers, a 2 mL sample from each flask was fixed with
glutaraldehyde to a final concentration of 1%. More than
100 cells were counted for each sample, using a cytometer
(Matsunami, Osaka, Japan) under an inverted light micro-

§ um

scope (IX71, Olympus, Tokyo, Japan). The slope (S, day ")
of the growth curve was calculated using four consecutive
points and the following equation:

o In N(t,)-In N(t,)
L=

where N is the cell density (cellsmL™") and ¢ is the time
(day). The value of the slope of day 2-8 in which cells
were in early exponential phase was used to calculate the
specific growth rate (x, day'). In the temperature experi-
ment, ¢ was subjected to linear regression analysis to de-
rive the lower temperature limit (LTL) and the upper tem-
perature limit (UTL), which correspond to growth rates
of zero. The temperature at which the specific growth rate
reached its maximum was defined as the optimum tem-
perature (OT).

In the light intensity experiment, the maximum specific
growth rate (u,,,,) and the compensation light intensity (/)
were estimated by fitting a double exponential decay func-
tion (Platt et al. 1980). The saturated light intensity (SL), at
which u equals the value of x,,,,, was also calculated from
the function. To address the limitation that the specific
growth rate becomes 0 in the absence of light, the function
was adapted for this study by incorporating an intercept,
as follows:

b
u =M(1—exp[—;[(1—lo)j} xexp(—M(I—Io)] (©)

where / represents light intensity and /; is the x—intercept,
indicating the compensation light intensity. M, a, and b
are constants; M is the maximum photosynthetic output
attainable in the absence of photoinhibition, a is the slope
of the initial linear segment of the curve, and b represents
the degree of photoinhibition, in accordance with Platt et
al. (1980).

In addition, the half saturation constant K, was obtained

100 pum

Fig. 1. Prorocentrum cf. balticum strain KWT167 observed under a light microscope. A) Whole cell; B) P. cf. balticum with mucosphere

at 12 h after the start of co-cultivation with Rhodomonas salina.
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Fig. 2. Phylogenetic tree constructed based on the maximum likelihood (ML) method. LSU rDNA (D1-D3) sequences were aligned with
sequences from GenBank. The strain used in this study is highlighted in the black box and it was closely related to Prorocentrum cf. balticum
(MW024106-MW024109), which was described in Larsson et al. (2022). Black dots indicate maximum support (100%/100%). Dinophysis

caudata (EU780644) was used as an outgroup.
by fitting the data in 20-350 umol m%s~' to a Michaelis—

Menten equation with an adjusted intercept:

I-i
M’ 0 4
# K +1-2i, @

where 7 is light intensity, and M’, K, and i, are constants:

M’ is the maximum photosynthetic output attainable in the
absence of photoinhibition, K is the half saturation con-
stant, and i, is the compensation light intensity. The com-
petition coefficient a, defined as M'/K_ was also calculated.

2.5 Potential habitat estimation

The potential habitat of the strain KWT167, within the
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surface mixed layer was estimated using sea surface tem-
perature (SST) and photosynthetically available radiation
(PAR) across mid-latitudinal regions of the western North
Pacific. A habitat conducive to growth was defined as ar-
eas where LTL=SST=UTL, and [ is equal to or greater
than the x—intercept /,, based on the results of laboratory
experiments. The monthly climatological SST and mixed
layer depth between 120°E—165°E and 30°N—-55°N were ob-
tained from the Global Ocean Ensemble Physics Reanaly-
sis (https:/doi.org/10.48670/moi-00023) dataset for 1997 to
2022, and mean values were calculated. The mean PAR in
the mixed layer was estimated based on the mixed layer
depth, surface PAR, and the attenuation coefficient (K,).
The PAR and K, data for the period 1997 to 2022 were
obtained from the GlobColour website (https:/hermes.acri.
fr/). The spatial resolution was set as 0.1°X0.1°.

The future temperature and mixed layer depth under
the RCP8.5 scenario were obtained from the FORP-NP10
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Fig. 3. Growth characteristics of Prorocentrum cf. balticum at
various temperatures in batch culture. A) Temporal change of cell
density. Light intensity was 200 gmol m~2s™! except for the 5°C
treatment when 100 yumol m~2s™! was applied. Error bars show
standard deviations. B) Specific growth rate as a function of tem-
perature calculated from A). The lines are regression lines based
on the data for 5-20°C and 25-30°C. Upper and lower temperature

thresholds are also shown as ULT and LTL, respectively.

version4 (Nishikawa et al. 2021) from the Data Integration
and Analysis System (https://doi.org/10.20783/DIAS.655).
We used the data of monthly temperature variations in
2100 under the RCP8.5 scenario. The mixed layered depth,
0.5°C lower than the surface temperature, was calculated
based on the vertical temperature profiles. As for PAR and
K, data, the same data set was obtained for the period 1997
to 2022. The spatial resolution was 0.1°X0.1°.

2.6 Statistical analysis

An analysis of variance (ANOVA) and Tukey’s HSD test
were performed to determine the effects of temperature
and light intensity on cell densities and the growth rates.

All statistical analyses were conducted using R (R Core
Team 2023).
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Fig. 4. Growth characteristics of Prorocentrum cf. balticum
at different light intensities in batch culture at 20°C. Error bars
show standard deviations. A) Temporal change in cell density.
B) Specific growth rate as a function of light intensity calculated
in A) by fitting using a double exponential decay function. Er-
ror bars show standard deviations. Compensation light inten-
sity 1,=9.43 umol m~?s™!, calculated from the regression, is also
shown.
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3. Results

3.1 Morphological and genetical characteristics

Cells of the strain KWT167 were round and measured
25%1.5 yum (n=30) in diameter (Fig. 1a), which resembled
those of Prorocentrum cf. balticum from Australia except
for the cell size (~15 um, Larsson et al. 2022). Forma-
tion of a mucosphere was also confirmed in co-culture
with Rhodomonas salina (Fig. 1b). In LSU rDNA phylog-
eny, strain KWTI167 (LC779631) was closely related to
the clade of P. cf. balticum from Australia, and then the
roundish species P. pervagatum (=Prorocentrum criophi-
lum Gourvil & Gutiérrez-Rodriguez) and P. thermophi-
lum (Fig. 2). In the clade of spiny-surfaced Prorocentrum,
strain KWT167 was distant from the clades of heart-
shaped species P. cordatum and oblong species Prorocen-
trum shikokuense Hada, the latter has been reported also
as Prorocentrum donghaiense Lu and Prorocentrum obtu-
sidens Schiller (Shin et al. 2019). Prorocentrum spinulen-
tum Tillmann, Gottschling & Hoppenrath was positioned
within the clade of P. shikokuense. Based on this phyloge-
netic position, hereafter the strain KWT167 is referred to
as P. cf. balticum.

3.2 Effect of temperature on growth

Prorocentrum cf. balticum showed substantial growth
at temperatures between 10°C-25°C, but it did not grow at
30°C and 5°C (Fig. 3). At 15°C-25°C, cells of P. cf. balti-
cum entered the exponential growth phase from day 2-4
and reached maximum densities of ~3%10* cells mL™'
between day 12 and day 24. Subsequently, the cells en-
tered stationary phases on days 12, 14, and 22 at 25°C,
20°C, and 15°C, respectively. At 10°C, the cell density in-
creased exponentially from day 2 to day 50, but growth
slowed at around day 25 when the maximum cell density
was =10*cells mL™" (Fig. 3A). The cell density at 30°C
decreased from day 2 and no living cells were observed
at day 32. The density of cells maintained at 5°C under
100 umol m 2 s™" decreased from 100 cells mL™"' on day 0
to approximately 50 cells mL™" on day 4, before remaining
constant until the end of the experiment on day 24.

Specific growth rates increased with temperature
over the range of 10°C to 25°C (Fig. 3B). Although the
growth rate at the OT of 25°C was the highest at 0.609*
0.010 day ' (Table SIA), it was not significantly differ-
ent from that at 20°C (0.568+0.019 day') (ANOVA with
Tukey's HSD test, p>0.05). Extrapolation of the regression
line with data from 5°C to 20°C indicated that the LTL, at
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Fig. 5. Monthly variations in the potential habitat of Prorocentrum cf. balticum around Japan estimated based on LTL, UTL, and /, data
derived from the incubation experiments. The light grey area (viable) shows the area that fulfils the conditions for growth, and the dark grey
area (unviable) shows the area that does not. No data is available for the white area. The datasets for sea surface temperature and the light
intensity of the mixed layer were obtained from the Global Ocean Ensemble Physics Reanalysis dataset (the average from 1997 to 2020).
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which there was no growth, was 6.03°C. The UTL, which
was also estimated using the regression line between 25°C
and 30°C, was 29.4°C (Fig. 3B).

3.3 Effect of light intensity on growth

Cell densities increased exponentially and reached max-
imum levels of ~5%10*cellsmL™" at all light intensities
(i.e., 20 to 500 umol m 2 s~"). Under higher light intensities
(=100 umol m~2s7"), cell densities peaked at days 14-16
before decreasing (Fig. 4A). Above 200 umolm s, no
significant differences were observed in cell densities af-
ter day 4 (ANOVA with Tukey’s HSD test, p>0.05), how-
ever, cell densities at 100 umol m 2 s~ were significantly
different from those at 200-500 umol m*s~' from day 4
to day 14 (p<<0.05). Under low light intensities (20 and
50 umol m s~ "), growth was slower than that at higher
light intensities, with cell densities peaking at day 49 and
day 66, respectively, followed by a stationary growth phase
for =10 days. Growth was observed during day 0-6 at
higher light intensities (100-500 umolm2s™"), followed
by 20 umolm2s™' (day 8-14) and 50 umolm2s™' (day
14-21) (Table SIB).

The specific growth rate at different light intensities
increased from 20 gmolm2s~' (0.105+0.032 day™') to
350 umol m?s™' (0.645+0.015day ') and decreased at

500 umolm s~ (0.562+0.002 day™") (Fig. 4B, Table
S1B). No significant difference in specific growth rates was
observed between 200 umolm *s™' (0.616%0.015 day ")
and 350 umol m?s™! (0.645+0.015 day ') (ANOVA with
Tukey's HSD test, p>0.05), while the specific growth rate
at 500 umolm™2s~" was significantly lower than that at
350 umol m?s™' (p<<0.05). The compensation light in-
tensity, /,, obtained from Eq. (3) was 9.43 umolm 2s™!
(Fig. 4B). The maximum specific growth rate, yu,,., and
SL calculated from the regression curve were 0.661 day '
and 273 umol m 2 s, respectively (Fig. 4B). K, and a ob-
tained from Michaelis—Menten equation (Eq. (4)) were
86.8 umol m 2 s~ ! and 0.00954, respectively.

3.4 Potential habitat estimation

The habitats conducive to positive growth of Prorocen-
trum cf. balticum (referred to as viable habitats hereaf-
ter) were defined as areas where the SST ranges between
6.03°C (LTL) and 29.4°C (UTL), and the light inten-
sity is =9.43 umolm s~ (/). Our results showed that
the boundary between viable and unviable areas for the
growth of P. cf. balticum, in terms of temperature and
light intensity, was located at around 40°N—-42°N from De-
cember to June (Fig. 5). However, from July to November,
conditions that were conducive to substantial growth were

Latitude ('N)
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Fig. 6. Future-predicted monthly variations of Prorocentrum cf. balticum around Japan estimated based on LTL, UTL, and /, derived from
the incubation experiments. The light grey area (viable) shows the area that fulfils the conditions for growth, and the dark grey area (unviable)
shows the area that does not. The temperature and mixed layer depth under the RCP8.5 scenario in 2100 were obtained from the FORP-NP10
version4. The dataset for light intensity used to calculate the mixed layer average light intensity was the same as that used in Fig. 3.
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observed across all areas around Japan (Fig. 5). Within
the mixed layer, no constraints due to light intensity were
detected throughout the year. Regarding future projections
of potential habitat under the RCP8.5 scenario, which as-
sumes that CO, emissions will continue to rise throughout
the 21st century, the habitable zone for P. cf. balticum is
predicted to expand to include almost all of the ocean areas
around Japan throughout the year except for the coastal
waters of eastern Hokkaido during the winter time (Fig.
6). On the other hand, unviable habitats occurred in the
southern part of Japan from July to September due to high
temperature.

4. Discussion

The spiny-surfaced planktonic Prorocentrum isolated
from off the Pacific coast of northeastern Japan, the strain
KWT167, could be identified as Prorocentrum cf. balticum
based on the phylogenetic position (Fig. 2). On the other
hand, for comparison of its ecophysiological traits, mo-
lecular identification is unavailable for P. balticum in oc-
currence reports and strains used for growth experiments
in previous studies. Therefore, morphologically-identified
nominal P. balticum in previous studies may include other
related species with a close morphological resemblance,

Table 1.
ous studies.
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such as P. pervagatum and P. thermophilum.

The findings of this study showed that Prorocentrum cf.
balticum is adapted to a wide range of temperatures, from
6°C to 29°C. To date, the occurrence of morphological-
ly-identified nominal P. balticum has been reported from
across the world’s oceans, ranging from the Arctic to tropi-
cal waters (Table 1). The findings of this study are gener-
ally in agreement with the documented occurrence pat-
terns of morphologically-identified nominal P. balticum,
with two notable exceptions: the presence of the species
at the highest latitudes in the Chukuchi Sea in September
(Yokoi et al. 2015), where the temperature fell below the
LTL for our strain, and the lowest latitudes of the Caribbe-
an in December (Salon-Barros et al. 2016), where the tem-
perature exceeded the UTL. These discrepancies suggest
that the P. balticum in the Chukuchi Sea and Caribbean
might have been misidentified, or they may possess adap-
tations to temperatures outside the range identified for our
strain. Recently described species, P. thermophilum and P.
pervagatum, which are genetically closely related to P. cf.
balticum, were found from tropical and boreal waters, re-
spectively (Gomez et al. 2023, Tillmann et al. 2023c). This
discovery supports the notion of potential habitat segre-
gation among Prorocentrum species, suggesting that they
may occupy distinct ecological niches based on tempera-

Distribution of nominal Prorocentrum balticum (the small roundish Prorocentrum reported as Prorocentrum balticum) in previ-

Observed

Temperature Cell density

Region Latitude Vear Month °C) (cells mL ) Reference
Gulf of Nicoya, Costa Rica 9-10°N 1985, 1986 May—-Aug. 26-31 >1000 Vrquez & Hargraves 1995
Cartagena bay, Caribbean 10°N 2015 Dec. 30.2+0.12 3200-5400 Salon-Barros et al. 2016
Red Sea 14.5°N 2012-2013 — — 0.28 Alkawri et al. 2016
Bahia de Mazatlan, Mexico 23°N 2000 May 18-26 >20000 Alonso-Rodriguez & Ochoa 2004
Gulf of California, Mexico 24°N 2012 Aug. — 0.4 Garate-Lizarraga 2013
Indian River Lagoon, the US 27-28°N 1997-1999 — 12-32 — Badylak & Phlips 2004
Tampa Bay, the US 27-28°N 2002-2003  Allyear 13.3-31.4 — Badylak et al. 2007
Changjiang Estuary 31°N — — — — Lu & Goebel 2001
Jeju Island, Korea 33-34°N 20062016 — — — Lee & Kim 2017
Jeju Island, Korea 33-34°N 2006-2009 Jun.—Sep. — — Kim et al. 2013
Gamtoos Estuary, South Africa 33-34°S 2018 Jul.—Oct. 13-23 1699 Lemley & Adams 2020

(including P. minimum)

Mediterranean 35-36°N 2018 Oct. — — Idmoussi et al. 2020
Elefsis Bay, Greece 38°N 1975,1976  All year 10-26.1 — Ignatiades 1984
Bay of Biscay, Spain 43-44°N 1987 Jul. 18-19 3.6 Botas et al. 1990
Subarctic Western North Pacific 43-44°N 1969 Mar.—May — 33 Taylor & Waters 1982
Adriatic Sea 44-45°N 2006 May 17-18 >100 Ivanci¢ et al. 2010
Black Sea 44-45°N 2020 Mar.—Jul. 9.2-25.6 — Pospelova & Priimak 2021
Atlantic Ocean, Ireland 49-54°N 1995 Jun.—Jul. 9-12 — Raine et al. 2002
Western English Channel 50.25°N 1997 Sep.—Oct. 14-18 3360 Widdicombe et al. 2010
Baltic Sea 54-55°N 1986-1990 — 16.9+3.3 >1000 Telesh et al. 2016
Baltic Sea 54-55°N 1906 May—Jun. — — Wasmund et al. 2008
Baltic Sea 54-55°N 1972, 1973 May — — Wasmund et al. 2008
Donegal Bay, Ireland 54-55°N 1997 Nov. — >16000 O'Boyle et al. 2001
White Sea 66.3°N 2002 Jul—Sep. 6°C-16 — Vershinin et al. 2006
Chukchi Sea 72.5°N 2013 Sep. —1.5-33 0.2 Yokoi et al. 2015




Growth of Prorocentrum cf. balticum

ture preferences. On the other hand, temperature adapta-
tions have also been observed in other dinoflagellates, e.g.,
Alexandrium catenella (Whedon & Kofoid) Balech, Alex-
andrium ostenfeldii (Paulsen) Balech & Tangen and Mar-
galefidinium polykrikoides (Margalef) F.Gomez, Richlen
& D.M.Anderson, where isolates from different geographi-
cal locations exhibited different growth temperature ranges
(Kim et al. 2004, Laabir et al. 2011, Kudela & Gobler 2012,
Lim et al. 2019). Since we have only used a single strain to
examine the growth characteristics of P. cf. balticum, fur-
ther investigation is required with a variation of ecotypes
(or ribotypes) to determine the physiological characteris-
tics of this species.

The maximum specific growth rate for P. cf. balticum
(0.661 day ") was comparable to other bloom-forming Pro-
rocentrum, including genetically closely related species
such as P. shikokuense (reported as P. donghaiense) and
P. cordatum (as P. minimum) (Table 2, Fig. 2). This sug-
gests that the strain used in this study has the potential
to form blooms under favorable environmental conditions.
The OT for P. cf. balticum (25°C under 200 gumol m 2 s~ ")
was similar to those observed in other genetically related

199

Prorocentrum species (Table 2). However, the UTL for P.
cf. balticum (29°C) was lower than that observed for P.
shikokuense (31°C; Xu et al. 2010) and P. cordatum (31°C;
Grzebyk & Berland 1996). Furthermore, the LTL for P.
cf. balticum (6°C) was markedly lower than that in P. shi-
kokuense (<10°C; Xu et al. 2010) and P. cordatum (13°C;
Grzebyk & Berland 1996) as well as most other Proro-
centrum species (Table 2). These results suggest that P.
cf. balticum is adapted to a broader range of lower tem-
peratures than other Prorocentrum species. For example,
Telesh et al. (2016) reported high abundances of nominal
P. balticum at lower temperatures (16.9%3.3°C) compared
to those favorable for P. cordatum (reported as P. mini-
mum) (20.8£3.7°C) in the Baltic Sea.

As for the light environment, the SL at which the
highest growth rate in P. cf. balticum was observed
(273 umolm?s™") was the highest among previously
studied Prorocentrum species, including P. shikokue-
nse (reported as P. donghaiense), Prorocentrum micans
Ehrenberg, and P. cordatum (as P. minimum) (Table 3).
This comparison with previous studies also reveals that
P. cf. balticum has the highest K, (86.8 umolm *s™")

Table 2. Growth characteristics of Prorocentrum reported in previous studies compared with the results of this study. LTL and UTL are the
lower and upper limits of the temperature for growth, respectively. OT is the optimum temperature at which the specific growth rate is the

highest. umax is the maximum specific growth rate.

Species Sampling place LTL UTL oT pmax Reference
Prorocentrum belizeanum — — — 25 0.204  Lopez-Rosales et al. 2014
Prorocentrum donghaiense — — — 20 0.23 Shen et al. 2016
Prorocentrum mexicanum Knight Key, Florida 23 33 27 0.25 Morton et al. 1992
Prorocentrum concavum Knight Key, Florida 21 31 27 0.28 Morton et al. 1992
Prorocentrum lima Knight Key, Florida 21 33 27 0.29 Morton et al. 1992
Prorocentrum micans Muroran harbor, Japan 5 — 20 0.39 Uchida 1981
Prorocentrum hoffmannianum St. John, US Virgin Islands <22 >31 27 0.53 Morton et al. 1994
Prorocentrum rhathymum Kadan Island, Myanmar <15 >30 25 0.62 Su-Myat & Koike 2013
Prorocentrum donghaiense Zhoushan, China — — 25-30 0.65 Hu et al. 2016
Prorocentrum cf. balticum North Pacific, Japan 6.03 294 25 0.661 This study
Prorocentrum donghaiense East China Sea <10 31 27 0.77 Xuetal. 2010
Prorocentrum shikokuense Kadan Island, Myanmar <15 >30 15 0.87 Su-Myat & Koike 2013
Prorocentrum minimum — <5 >23 — 0.88 Trick et al. 1984
Prorocentrum triestinum Seto Inland Sea, Japan <10 >30 20 0.95 Nishijima et al. 1989
Prorocentrum minimum Mediterranean 13 31 26.5 1.13 Grzebyk & Berland 1996

Table 3. Values for compensation light intensity (/;), half saturation constant (K's), competition coefficient (@), and saturation light intensity
(SL) obtained for Prorocentrum species obtained in previous studies compared with those obtained in this study. * Indicates that /,, Ks, and
o were calculated using equation (4), as these parameters were not specified in the original literature.

Species 1, Ks o SL Reference
Prorocentrum cf. balticum 9.43 86.8 0.00954 273 This study
Prorocentrum donghaiense 0.1 2.61 0.26 30 Xuetal. 2010
Prorocentrum donghaiense 4.7 78.0 0.0179 >200 Hu et al. 2016
Prorocentrum micans 6.12* 13.9% 0.0419* >90 Uchida 1981
Prorocentrum minimum 4.49* 26.1% 0.0356™ 90 Trick et al. 1984




200 C. FuNAKi et al.

among these Prorocentrum species. Moreover, the I,
(9.43 umol m?s™") was the highest and the a (0.00954)
was the lowest among the species compared (Table 3). All
this finding suggests that P. cf. balticum is well-adapted
to environments with high light intensity. The 7, for P.
cf. balticum was low enough to maintain its population
around Japan throughout the years.

Overall, the findings of this study showed that the
growth characteristics of P. cf. balticum are relatively eu-
rythermal and generally adapted to high light intensity en-
vironments, such as subtropical waters and mid-latitudinal
areas during summer. Accordingly, the analysis estimating
the potential distribution area suggested that the northern
limit of P. cf. balticum distribution extends to approxi-
mately 40°N—-42°N during the summer months. This is
largely consistent with the cosmopolitan distribution pat-
tern for P. cf. balticum in the world’s subtropical oceans as
reported by Larsson et al. (2022), although this result from
Tara Oceans data set may include other related Prorocen-
trum possessing the identical SSU rDNA (V9) sequences
(129 bp) to that of P. cf. balticum, such as P. cordatum, P.
pervagatum, P. thermophilum, P. shikokuense, and P. spi-
nulentum. A cosmopolitan distribution pattern also would
imply that nutrient depletion due to stratification in sub-
tropical environments would not be a constraint on the
growth of P. cf. balticum, as it is mixotrophic, utilizing
mechanisms such as mucus traps (Larsson et al. 2022). It
has been reported that the mixotrophic Prorocentrum spe-
cies, P. cordatum and P. pervagtum also use mucus traps,
and P. pervagatum has higher growth rates when provided
with food compared to non-fed control cultures (Tillmann
et al. 2023b). Another important feature of P. cf. balticum
is its tolerance to low temperatures compared to other Pro-
rocentrum species, suggesting that it could overwinter in
areas at the periphery of its distribution range and then
commence rapid growth as temperatures rise in spring.
Consequently, as shown in this study, P. cf. balticum has a
high potential to extend its range northward in response to
future global warming. This potential for expansion may
have profound implications for biogeochemical cycles and
food web structure in the Oyashio region, a strong sink
for atmospheric CO, (Midorikawa et al. 2003) and an im-
portant fishing ground (Sakurai 2007). The adaptability
of P. cf. balticum to the potentially expanding subtropical
environments, coupled with its mixotrophic feeding behav-
ior using a mucus trap, could potentially enhance carbon
fluxes (Larsson et al. 2022). To fully elucidate the impact
of P. cf. balticum within marine ecosystems, further in-
vestigations into its physiological and ecological responses
to environmental variables, including salinity and nutrient
availability, as well as its prey-predatory relationships and
mixotrophic feeding habits, are considered necessary.
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