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ARTICLE INFO ABSTRACT

Keywords: The cosmopolitan, potentially toxic dinoflagellate Protoceratium reticulatum possesses a fossilizable cyst stage
Biogeography which is an important paleoenvironmental indicator. Slight differences in the internal transcribed spacer ribo-
Intraspecific variability somal DNA (ITS rDNA) sequences of P. reticulatum have been reported, and both the motile stage and cyst
Cysts

morphology of P. reticulatum display phenotypic plasticity, but how these morpho-molecular variations are re-
lated with ecophysiological preferences is unknown. Here, 55 single cysts or cells were isolated from localities in
the Northern (Arctic to subtropics) and Southern Hemispheres (Chile and New Zealand), and in total 34 strains
were established. Cysts and/or cells were examined with light microscopy and/or scanning electron microscopy.
Large subunit ribosomal DNA (LSU rDNA) and/or ITS rDNA sequences were obtained for all strains/isolates. All
strains/isolates of P. reticulatum shared identical LSU sequences except for one strain from the Mediterranean Sea
that differs in one position, however ITS rDNA sequences displayed differences at eight positions. Molecular
phylogeny was inferred using maximum likelihood and Bayesian inference based on ITS rDNA sequences. The
results showed that P. reticulatum comprises at least three ribotypes (designated as A, B, and C). Ribotype A
included strains from the Arctic and temperate areas, ribotype B included strains from temperate regions only,
and ribotype C included strains from the subtropical and temperate areas. The average ratios of process length to
cyst diameter of P. reticulatum ranged from 15% in ribotype A, 22% in ribotype B and 17% in ribotype C but cyst
size could overlap. Theca morphology was indistinguishable among ribotypes. The ITS-2 secondary structures of
ribotype A displayed one CBC (compensatory change on two sides of a helix pairing) compared to ribotypes B
and C. Growth response of one strain from each ribotype to various temperatures was examined. The strains of
ribotypes A, B and C exhibited optimum growth at 15 °C, 20 °C and 20-25 °C, respectively, thus corresponding to
cold, moderate and warm ecotypes. The profiles of yessotoxins (YTXs) were examined for 25 strains using liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS). The parent compound yessotoxin (YTX)
was produced by strains of ribotypes A and B, but not by ribotype C strains, which only produced the structural
variant homoyessotoxin (homoYTX). Our results support the notion that there is significant intra-specific
variability in Protoceratium reticulatum and the biogeography of the different ribotypes is consistent with specific
ecological preferences.
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1. Introduction Lachmann) Biitschli has a cosmopolitan distribution, and is reported
from the Atlantic Ocean, e.g. North Sea, Baltic Sea, the westernmost
The planktonic dinoflagellate Protoceratium reticulatum (Claparéde & part of the South Atlantic, East Atlantic of USA, South Africa,

* Corresponding authors.
E-mail addresses: urban.tillmann@awi.de (U. Tillmann), guhaifeng@tio.org.cn (H. Gu).

https://doi.org/10.1016/j.hal.2019.05.003

Received 16 March 2019; Received in revised form 24 April 2019; Accepted 2 May 2019
Available online 17 May 2019

1568-9883/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15689883
https://www.elsevier.com/locate/hal
https://doi.org/10.1016/j.hal.2019.05.003
https://doi.org/10.1016/j.hal.2019.05.003
mailto:urban.tillmann@awi.de
mailto:guhaifeng@tio.org.cn
https://doi.org/10.1016/j.hal.2019.05.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hal.2019.05.003&domain=pdf

N. Wang, et al.

Southwestern Atlantic (Wotoszynska, 1929; Reinecke, 1967; von
Stosch, 1969; Balech, 1988; Dodge, 1989; Paz et al., 2007; Akselman
et al., 2015), the Mediterranean Sea (Paz et al., 2007), the Pacific
Ocean, e.g. Northern Chile, the Mexican Pacific, northern Japan,
northern China, Tasman Sea of Australia (Skerratt et al., 2002; Koike
et al., 2006; Hernandez-Becerril et al., 2010; Alvarez et al., 2011; Liu
etal., 2017), the Arctic, e.g. Greenland (Sala-Pérez et al., 2016), and the
Indian Ocean, e.g. Arabian Gulf, East coast of India (Madhav and
Kondalarao, 2004; Al Muftah et al., 2016). The species Protoceratium
reticulatum is able to form massive blooms, e.g. in Norwegian waters
(Braarud et al., 1974; Aasen et al., 2005), South Africa (Reinecke, 1967;
Grindley and Nel, 1968), northern Japan (Koike et al., 2006), New
Zealand (Satake et al., 1997; MacKenzie et al., 2002), Yellow Sea of
China (Liu et al., 2017) and Northern Chile (Alvarez et al., 2011).
Blooms of Protoceratium reticulatum have been related to several in-
vertebrate mass mortality events in South Africa (De Wit et al., 2014).

Cysts of P. reticulatum were first observed in cultures established
from the inner Oslofjord, Norway by Braarud (1945). Recently, the
cysts were proven to be produced through sexual reproduction (Salgado
et al., 2017). The cyst was initially related to the cyst-defined species
described from the Miocene of Australia, Operculodinium centrocarpum
(Deflandre & Cookson) Wall by Wall and Dale (1966, 1967, 1968).
However, a restudy of the holotype of O. centrocarpum showed that it is
much larger than the cyst of P. reticulatum (54-80 pm vs 33-37 um) and
differs in the distal end of processes (fibrous vs hooked), amongst other
criteria (Matsuoka et al., 1997). In view of the differences between O.
centrocarpum and cysts of P. reticulatum, the term “Operculodinium cen-
trocarpum sensu Wall and Dale, 1966 is used to refer the cysts that had
first been observed by Wall and Dale (1966). Paez-Reyes and Head
(2013) suggested that the “cyst of Protoceratium reticulatum” should
replace the term “Operculodinium centrocarpum sensu Wall and Dale
(1966)”.

Cysts of P. reticulatum have a cosmopolitan distribution as well (e.g.
Zonneveld et al., 2013). Cysts of P. reticulatum display distinct variation
in morphology, especially its process length; such variations have been
related to changes in salinity and/or temperature (Mertens et al., 2011,
2012a, 2012b; Verleye et al., 2012; Jansson et al., 2014). Specimens
from the Arctic have distinctly shorter processes and have been desig-
nated as Arctic morphotypes (=O. centrocarpum type B of de Vernal
et al., 1989) and O. centrocarpum var. cezare (de Vernal et al., 1989,
2001; see also Head, 2007). The Arctic and cezare morphotypes possibly
represent morphological gradation of the same taxon (de Vernal et al.,
2001) and can be designated as O. centrocarpum var. cezare sensu lato.

An important aspect of P. reticulatum is that it can produce yesso-
toxins (YTXs), together with adriatoxins (Satake et al., 1997; Ciminiello
et al., 1998; Dominguez et al., 2010), a collective term for a group of
structurally similar marine polyether compounds. The first compound
of this group was isolated in 1986 from the digestive gland of scallops in
Japan (Murata et al., 1987) and named yessotoxin (YTX) after the
scallop, in which it was first detected (Patinopecten yessoensis). Later it
was detected in shellfish in Italy, Norway, Chile, New Zealand, USA
Pacific, White Sea of Russia, Black Sea, China, Chukchi Sea, and Ar-
gentina (Lee et al., 1988; Ciminiello et al., 1997; Yasumoto and
Takizawa, 1997; Ciminiello et al., 2002; Aasen et al., 2005; Vershinin
et al., 2006; Morton et al., 2007; Howard et al., 2008; Li et al., 2012,
2015; Turner and Goya, 2015). In addition, 92 variants of YTX were
reported (Miles et al., 2005a). Most of these variants have structurally
not yet been determined and are commonly named yessotoxins (YTXs),
unless specific, structurally known variants are referred to e.g. homo-
yessotoxin (homoYTX). Besides P. reticulatum, several other dino-
flagellates are known to produce YTXs, including Lingulodinium polyedra
(F.Stein) J.D.Dodge, Gonyaulax spinifera (Claparéde & Lachmann)
Diesing and Gonyaulax taylorii M.C.Carbonell-Moore (Paz et al., 2004;
Riccardi et al., 2009; Alvarez et al., 2016). Even though high acute
toxicity after mice intraperitoneal injection has been reported, the
mouse toxicity of YTX after oral administration is low and they are

Harmful Algae 88 (2019) 101610

regulated by European legislation setting a limit of 3.75mg YTX
equivalents (including YTX, 45-hydroxyYTX, homoYTX and 45-hy-
droxy-homoYTX) kg_1 shellfish tissue (Commission Regulation [EU]
No 786/2013). Recently, homoYTX and 45-hydroxyYTX attributed to
Gonyaulax membranacea were reported to be responsible for massive
mortality of abalone in South Africa (Pitcher et al., 2019). An oyster
mortality in British Columbia, Canada has also been related to yesso-
toxin production by P. reticulatum (Cassis, 2005), although no human
illnesses have been linked to high YTX production in Canada (Rourke
and Haigh, 2018).

Strains of P. reticulatum have been studied based on LSU rDNA se-
quences, and two clades have been reported (Howard et al., 2009;
Akselman et al., 2015). One of these clades was recently shown to be
morphologically different from P. reticulatum and designated as Penta-
placodinium saltonense K.N.Mertens, M.C.Carbonell-Moore, V.Pospelova
& M.J.Head and Ceratocorys mariaovidiorum P.Salgado, S.Fraga, F.Ro-
driguez, P.Riob6 & I.Bravo respectively (Mertens et al., 2018a; Salgado
et al., 2018). Ceratocorys mariaovidiorum is considered a junior synonym
of Pentaplacodinium saltonense (Mertens et al., 2018b).

Slight differences in ITS rDNA sequences have been detected in
three cysts of P. reticulatum from Japan, Sweden and Pacific Canada and
these were attributed to potential pseudocryptic speciation (Mertens
et al., 2012a). However, whether these genetic differences are con-
sistent among P. reticulatum strains and related with biogeography and
physiology, remains to be determined.

Planktonic protists have global scale dispersal potential but en-
vironmental and ecological selection seem to play a major role in
shaping their spatial and temporal distribution (Martiny et al., 2009;
Sohm et al., 2016; Whittaker and Rynearson, 2017). Whether the see-
mingly cosmopolitan distribution of P. reticulatum is a result of genetic,
physiological and ecological differentiation has not yet been examined.
Here, 55 single cysts or cells were isolated from localities in the
Northern Hemisphere (Arctic to subtropics) and Southern Hemisphere
(Chile and New Zealand) and 34 strains were established. For each
strain/isolate, LSU rDNA and/or ITS rDNA regions were sequenced and
the morphology of cysts and cells were examined for some selected
strains/isolates. In addition, growth experiments were carried out
under various temperatures on three strains and yessotoxins were
analyzed for 25 strains.

2. Material and methods
2.1. Sample collection and treatment

Sediment sampling was done using Ekman, Van Veen or Petite
Ponar grabs from the Arctic to the subtropical areas, as well as in Chile
and New Zealand from 2014 to 2018 (Table 1, Fig. S1). The top 2 cm of
sediment were sliced off and stored in the dark at 4°C until further
treatment. Approximately 5 g of wet sediment was mixed with 20 mL of
filtered seawater and stirred vigorously to dislodge detrital particles.
The settled material was subsequently sieved through 120 pym and
10 um filters and the residue on the 10 um filter was re-suspended in
1 mL filtered seawater. Surface water samples were also collected from
Dalian (Yellow Sea of China), Greenland and Norway from 2014 to
2017 (Table 1, Fig. S1). Single cysts or cells were isolated with a mi-
cropipette and each placed in a single well of a 96-well plate, together
with 300 pL f/2-Si medium (Guillard and Ryther, 1962). Conditions for
germination and growth were 20 °C, 90 pEm™2s™ and a 12:12h light:
dark cycle (hereafter called ‘standard conditions’). Strains isolated from
Greenland were grown at 15 °C, 50 uE m~2s~* under a 16:8 h light: dark
cycle.

2.2. Morphological study of thecate stages and cysts

Live cells or cysts of selected strains were examined and photo-
graphed using a Zeiss Axio Imager light microscope (Carl Zeiss,
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Table 1
Strains/isolates of Protoceratium reticulatum examined in the present study, including the ribotype, collection data, coordinates, locality and origin.
Strains/isolates LSU/ITS Ribotype Collection data Longitude Latitude Location Origin
TIO811 LSU/ITS A 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
TIO821 LSU/ITS A 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
TIO829 LSU/ITS A 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
TIO839 LSU NA 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
WNO1" LSU NA 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
WN160 ITS A 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
WN162' ITS A 2014/7/31 168°59.78'W 71°0.45'N Chukchi Sea Cyst
WN82 ITS A 2014/7/31 168°57.47'W 72°0.60'N Chukchi Sea Cyst
WN84" ITS A 2014/7/31 167°57.58'W 73°0.00°'N Chukchi Sea Cyst
WN87" ITS A 2014/8/1 168°57.82'W 74°0.05'N Chukchi Sea Cyst
WN88' ITS A 2014/8/1 168°57.64'W 74°36.73'N Chukchi Sea Cyst
WN9O ITS A 2014/8/8 167°53.30'W 75°26.45'N Chukchi Sea Cyst
WN79" ITS A 2016/5/19 122°43.98’E 39°02.43'N Dalian, Yellow Sea Cyst
WN92' ITS A 2016/5/19 122°43.98’E 39°02.43'N Dalian, Yellow Sea Cyst
WN93" ITS A 2016/5/19 122°43.98'E 39°02.43'N Dalian, Yellow Sea Cyst
WN97" ITS A 2016/5/19 122°43.98’E 39°02.43'N Dalian, Yellow Sea Cyst
WN99 ITS A 2016/5/19 122°43.98’E 39°02.43'N Dalian, Yellow Sea Cyst
WN100 ITS A 2016/5/19 122°43.98’°E 39°02.43'N Dalian, Yellow Sea Cyst
Weining LSU/ITS A 2014/2/10 122°36.00'E 38°54.00'N Dalian, Yellow Sea Cell
MP-B06 LSU NA 2017/7/15 51°41.98'W 69°10.00'N Disko Bay, Greenland Cell
MP-D11 LSU NA 2017/7/2 51°07.000W 64°43.31'N Godhabsfjord, Greenland Cell
MP-FO5 LSU/ITS A 2017/7/2 51°07.00'W 64°43.31'N Godhabsfjord, Greenland Cell
MP-F06 LSU/ITS A 2017/7/2 51°07.00'W 64°43.31'N Godhabsfjord, Greenland Cell
MP-S-D1 LSU/ITS A 2017/7/16 51°43.78'W 68°42.83'N Disko Bay, Greenland Cell
MP-S-F7 LSU NA 2017/7/16 51°43.78'W 68°42.83'N Disko Bay, Greenland Cell
PR2# KT906408/1TS A 2012/8/2 44° 41.27'W 59° 43.38'N Greenland, Southern Tip Cell
PR3# KT906409/1ITS A 2012/7/30 54° 6.21'W 69° 11.95'N Disko Bay, Greenland Cell
PR4# KT906410/1ITS A 2012/7/30 54° 6.21'W 69° 11.95'N Disko Bay, Greenland Cell
17-381 LSU/ITS A 2017/6/9 5°16.47°E 60°18.77°'N Nordasvatnet, Bergen, Norway Cell
17-385 LSU/ITS A 2017/6/9 5°16.47’E 60°18.77'N Nordasvatnet, Bergen, Norway Cell
18-760 LSU/ITS A 2017/9/7 56° 8.67'W 46° 47.58'N Saint-Pierre et Miquelon, France Cyst
18-700 LSU/ITS A 2017/9/26 123° 18.06'W 48° 25.51'N Oak Bay, BC, Canada Cyst
TIO893 LSU/ITS B 2017/3/5 123° 28.31'W 48° 39.30' N Patricia Bay, Saanich Inlet, Canada Cyst
TIO899 LSU/ITS B 2017/3/5 123° 28.31'W 48° 39.30' N Patricia Bay, Saanich Inlet, Canada Cyst
TI0440 LSU/ITS B 2016/12/9 72°25.41'W 42°22.91'S Comau Fjord, Chile Cyst
TIO519 LSU/ITS B 2018/2/18 174°12.14'E 41°16.04’S Oyster Bay, New Zealand Cyst
TIO520 LSU/ITS B 2018/2/18 174°12.14' E 41°16.04’S Oyster Bay, New Zealand Cyst
WN171 ITS B 2018/2/18 174°12.14'E 41°16.04’S Oyster Bay, New Zealand Cyst
WN175 ITS B 2018/2/18 174°12.14'E 41°16.04’S Oyster Bay, New Zealand Cyst
WN176 ITS B 2018/2/18 174°12.14' E 41°16.04’S Oyster Bay, New Zealand Cyst
WN178" ITS B 2018/2/18 174°12.14' E 41°16.04’S Opyster Bay, New Zealand Cyst
WN181 ITS B 2018/2/18 174°12.14' E 41°16.04’S Oyster Bay, New Zealand Cyst
WN182 ITS B 2018/2/18 174°12.14' E 41°16.04’S Oyster Bay, New Zealand Cyst
TIO707 LSU/ITS C 2016/1/18 9°31.72’E 42°7.66'N Corsica, France (Mediterranean) Cyst
TIO831 LSU/ITS C 2016/5/19 122°43.98'E 39°02.43'N Dalian, Yellow Sea, China Cyst
TIO853 LSU/ITS C 2016/5/19 122°43.98'E 39°02.43'N Dalian, Yellow Sea, China Cyst
TIO858 LSU/ITS C 2016/5/19 122°43.98’E 39°02.43'N Dalian, Yellow Sea, China Cyst
WN101" ITS C 2016/5/19 122°43.98’°E 39°02.43'N Dalian, Yellow Sea, China Cyst
TIO238 LSU NA 2016/1/3 121°3.98°E 27°27.57'N Wenzhou, East China Sea, China Cyst
TIO239 LSU/ITS C 2016/1/3 121°3.98’E 27°27.57'N Wenzhou, East China Sea, China Cyst
TIO240 LSU NA 2016/1/3 121°3.98°E 27°27.57'N Wenzhou, East China Sea, China Cyst
TIO269 LSU/ITS C 2016/3/30 119°25.20°E 25°3.66'N East China Sea, China Cyst
TIO863 LSU/ITS C 2017/4/11 109°6.05’'E 21°0.64N Weizhou, South China Sea, China Cyst
TIO864 LSU/ITS C 2017/4/11 109°6.05'E 21°0.64N Weizhou, South China Sea, China Cyst
TIO865 LSU NA 2017/4/11 109°6.05’E 21°0.64'N Weizhou, South China Sea, China Cyst

* Cysts were sequenced directly without germination; # Sala-Pérez et al., 2016.

Gottingen, Germany) equipped with a Zeiss Axiocam HRc digital
camera. The cell size of 13-40 cells of selected strains was measured
using Axiovision (4.8.2 version) software at x 1000 magnification.
Twenty-one cysts from the field were measured and sequenced directly
without germination.

For scanning electron microscopy (SEM), mid-exponential batch
cultures of strains TIO238, TIO239, TIO440, TIO519, TIO853 and
Weining were concentrated by a Universal 320 R centrifuge (Hettich-
Zentrifugen, Tuttlingen, Germany) at 850 g for 10 min at room tem-
perature. Cells were fixed with 2.5% glutaraldehyde for 3h at 8°C,
rinsed with Milli-Q water twice and post-fixed with 1% OsO4 overnight
at 8°C. The supernatant was removed and the settled cells were
transferred to a coverslip coated with poly-L-lysine (molecular weight
70,000-150,000). The cells attached to the cover slip were rinsed with

Milli-Q water twice. The samples were then dehydrated in a graded
ethanol series (10%, 30%, 50%, 70%, 90% and 3 X in 100%, 10 min at
each step), critical point dried (K850 Critical Point Dryer, Quorum/
Emitech, West Sussex, UK), sputter-coated with gold, and examined
with a Zeiss Sigma FE (Carl Zeiss Inc., Oberkochen, Germany) scanning
electron microscope at Xiamen University, China. Labelling of tabula-
tion follows a modified Kofoid system that recognizes homologs (e.g.
Fensome et al., 1993). The sulcal plate labeling is according to Balech
(1980).

2.3. PCR amplifications and sequencing

Single cells or cysts were isolated and washed several times with
sterile distilled water. They were broken using a coverslip on top and
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Table 2

Mass transitions of the selected reaction monitoring (SRM) LC-MS/MS experi-
ments and their respective YTX designations cited in Sala-Pérez et al. (2016).
All compounds and entries refer to original numbering in Miles et al. (2005a, b).

Q1 mass Q3 mass YTX

(m/z) (m/z)

991 911 Compounds 17-19

1047 967 41-keto-YTX, 40-epi-41-keto-YTX; 41-keto-YTX-
enone (compounds 6,7,8)

1049 969 Undescribed

1061 981 Entries 21, 22

1085 1005 Compound 16

1101 1021 Nor-YTX (compound 5)

1117 1037 Entry 17

1131 1051 Undescribed

1141 1061 YTX, entries (32-35)

1143 1063 Entry 37

1155 1075 4la-homo-YTX (compound 5)

1157 1077 45-OH-YTX (compound 2)

1159 1079 Entry 45

1169 1089 9-Me-41a-homo-YTX (compound 10)

1171 1091 Undescribed

used as templates for PCR amplification. Alternatively, total DNA was
extracted from cultured cells. PCR amplifications were carried out using
1 X PCR buffer, 50 uM dNTP mixture, 0.2 uM of each primer, and 1 U of
ExTaq DNA Polymerase (Takara, Tokyo, Japan) in 50 pL reactions. The
LSU rDNA was amplified using the primers D1R/28-1483R (Scholin
et al.,, 1994; Daugbjerg et al., 2000). The total ITS1-5.8S-ITS2 was
amplified using ITSA/ITSB primers (Adachi et al., 1996). The thermal
cycle procedure was 4 min at 94 °C, followed by 30 cycles of 1 min at
94°C, 1 min at 45°C, 1 min at 72°C, and final extension of 7 min at
72 °C with a Mastercycler (Eppendorf, Hamburg, Germany). The PCR
product was purified using a DNA purification kit (Shengong, Shanghai,
China) and sequenced directly in both directions on an ABI PRISM
3730XL (Applied Biosystems, Foster City, CA, USA) following the
manufacturer’s instructions. For strains isolated from Greenland, PCR
reactions and sequencing conditions were set according to Tillmann
et al. (2017), and PCR product purification was done by using the
NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel, Diiren, Ger-
many). Newly obtained sequences were deposited in GenBank with
accession numbers MK811135 to MK811181 (ITS rDNA) and
MK814167 to MK814184 (partial LSU rDNA). For strains from Oak Bay
(Canada), Bergen (Norway), and Saint-Pierre-et-Miquelon (overseas
collectivity of France), a similar method was used (e.g. Mertens et al.,
2012a).

2.4. Sequence alignment and phylogenetic analysis

Newly obtained ITS rDNA sequences were added to available
Protoceratium reticulatum sequences in GenBank. Sequences were
aligned using MAFFT v7.110 (Katoh and Standley, 2013) online pro-
gram (http://mafft.cbre.jp/alignment/server/) with default settings.
Alignments were manually checked with BioEdit v. 7.0.5 (Hall, 1999).
Completed alignments were saved as NEXUS files and imported into
PAUP*4b10 software (Swofford, 2002) so that divergence rates could
be estimated using simple uncorrected pairwise (p) distance matrices.
For Bayesian inference (BI), the program jModelTest (Posada, 2008)
was used to select the most appropriate model of molecular evolution
with Akaike Information Criterion (AIC). Bayesian reconstruction of the
data matrix was performed using MrBayes 3.2 (Ronquist and
Huelsenbeck, 2003) with the best-fitting substitution model (GTR + G).
Four Markov chain Monte Carlo (MCMC) chains ran for 6,000,000
generations, sampling every 100 generations. The first 10% of burn-in
trees were discarded. A majority rule consensus tree was created in
order to examine the posterior probabilities of each clade. Maximum
likelihood (ML) analyses were conducted with RaxML v7.2.6
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Table 3
Mass transitions of the multiple reaction monitoring (MRM) LC-MS/MS ex-
periments.

Q1 mass (m/z) Q3 mass (m/z) Toxins

[M-2H]*~

550.4 396.4 ; 467.4 Trinor YTX

557.4 403.4 ; 474.4 Trinor homo YTX

565.4 396.4 ; 467.4 450H-dinor-YTX, 41a-homo-44oxotrinor
570.4 396.4 ; 467.4 YTX

577.4 403.4 ; 474.4 Homo YTX

578.4 396.4 ; 467.4 45-OH YTX

585.4 403.4 ; 474.4 Homo 45-OH YTX
586.4 396.4 ; 467.4 COOH YTX

593.4 403.4 ; 474.4 Homo COOH YTX
594.4 396.4 ; 467.4 COOH 45-OH YTX
594.4 403.4 ; 474.4 Homo 44,45-diOH YTX
636.4 396.4 ; 533.4 32-O-monoglycosyl YTX
702.4 396.4 ; 599.4 32-0O-diglycosyl YTX

(Stamatakis, 2006) on the T-REX web server (Boc et al., 2012) using the
model GTR + G. Node support was assessed with 1000 bootstrap re-
plicates.

Using Hidden Markov Models for the flanking 5.8 and 28S rDNA
regions, ITS-2 boundaries can be precisely detected (Keller et al., 2009).
The secondary structures of ITS-2 rDNA sequences of 3 strains of Pro-
toceratium reticulatum were predicted using RNAstructure version 6.0.1
(http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/
Predict1.html).

2.5. Analysis of yessotoxins

A total of 23 different strains were grown in 200 mL Erlenmeyer
flasks under standard culture conditions or at 15 °C, 50 pE m™2 s and
under a 16:8h light: dark cycle for Greenland strains. At stationary
phase about 10 cells were collected by centrifugation. Algal pellets for
quantification of intracellular YTXs were transferred to 2 mL micro-
centrifuge tubes and stored at -20 °C until analysis.

Pellets were extracted with 0.5mL of methanol (MeOH) using a
FastPrepl FP120 Cell Disrupter for 45s at 6.5m s~ by reciprocal
shaking, then the samples were centrifuged at 3200 x g for 15 min. The
supernatant was transferred to a 1 mL tube using a spin filter with a
pore diameter of 0.45 um and centrifuged at 9300 x g for 30 s. Samples
were stored at —20°C in autosampler vials until measurement by
LC-MS/MS.

Measurements were carried out on a triple quadruple mass spec-
trometer (API 4000 QTrap, Sciex) with turbo spray ionization in the
negative mode. Separation was performed on a reversed phase BDS C8
column (50 X 2mm, 3 mm, 120A) at a flow rate of 0.3 mL min ! using
an elution gradient with two eluents (A: water and B: 95% acetonitrile/
methanol (1:2 v/v) and 5% water, both eluents containing 2.0 mM
ammonium formate and 50 mM formic acid). Initial composition was
40% B. A linear gradient to 100% B was performed from 0 to 6 min
followed by isocratic elution with100% B until 15 min, then returning
to initial conditions until 16 min and 12 min column equilibration (total
run time 28 min). Yessotoxins were detected in the selected reaction
monitoring (SRM) mode and the transitions shown in Table 2 were
used. The parent compound yessotoxin was identified by comparing
retention times and mass transitions of samples and a reference stan-
dard (IMB-NRC, Halifax, Canada). All other yessotoxins were assigned
according to Miles et al. (2005a, b) and calibrated against the YTX
standard and expressed as YTX equivalents. Results are expressed as
YTX cell quota (pg YTX cell ™).

For the two strains from Saint-Pierre-et-Miquelon and Oak Bay,
Mixer Ball Milling equipment (Mixer Mill MM400, Retsch) was used to
extract YTXs from small numbers of isolated cells. Methanol (200 pL)
was added to the isolated cells and was transferred in a 1.5 mL Safelock
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Fig. 1. Phylogeny of Protoceratium reticulatum inferred from ITS rDNA sequences (524 bp, including 5.8S rDNA sequences) using maximum likelihood (ML). New
sequences are indicated in bold. Three ribotypes (A, B and C) are labeled and marked with vertical lines on the right. Branch lengths are drawn to scale, with the scale
bar indicating the number of nucleotide substitutions per site. Numbers on branches are statistical support values to clusters on the right of them (left: ML bootstrap
support values; right: Bayesian posterior probabilities). Dashed lines indicate half length.

Table 4
Pairwise genetic distances based on ITS rDNA sequences among Protoceratium reticulatum strains.
TIO239 TIO707 TIO440 TIO519 TIO811 AB727655 HWDI
Protoceratium reticulatum TI0239
Protoceratium reticulatum TI0707 0.00
Protoceratium reticulatum TI0440 0.01 0.01
Protoceratium reticulatum TIO519 0.01 0.01 0.00
Protoceratium reticulatum TIO811 0.01 0.02 0.01 0.01
Protoceratium reticulatum AB727655 0.01 0.01 0.01 0.01 0.01
Protoceratium cf. reticulatum HWDI 0.20 0.21 0.20 0.20 0.20 0.20

Eppendorf. Glass beads (150 mg, 100-250 uym in diameter) were added
to the solvent. Samples were shaken at 30 Hz for at least 40 min. After
centrifugation at 15,000 g, the supernatant was ultrafiltered (0.20 um,
Nanosep MF, Pall) and transferred into an HPLC vial before LC-MS/MS
analyses. Sample analyses were performed by LC-MS/MS using a

Shimadzu UFLCxr system coupled to a triple quadruple hybrid mass
spectrometer Q-Trap (API400QTrap, Sciex) equipped with a heated
electrospray ionization (ESI) source. Data acquisitions were performed
in negative ion mode and using MRM (Multiple Reaction Monitoring)
mode. Chromatographic separation was carried out on a reversed-phase
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Fig. 2. Predicted secondary structure of strain TIO811 based on ITS-2 rDNA
sequences showing four helices (I, II, IIl and IV) and changes in strains TIO519
and TIO239 (arrows).

column Xbridge BEH C18 (50 X 2.1 mm, 2.5um, Waters) equipped
with a guard column (5 X 2.1 mm, 2.5um, same stationary phase as
column). Water (A) and acetonitrile 90% (B) both containing 6.7 mM of
ammonium hydroxide were used as mobile phases at a flow rate of
400 pL min " . The following gradient was used: 0 min, 5% B; 1.50 min,
5% B; 4.5 min, 65% B; 5.00 min, 100% B; 7.00 min, 100% B; 7.50 min,
5% B; 12.00 min, 5% B. The oven temperature was 30 °C and the in-
jection volume was 5 pL. The LC-MS/MS method was used to detect 13
toxins (Table 3). Quantification was performed relative to YTX and
homo-YTX standards (National Research Council Canada, NRCC) with a
6-point calibration curve. The limit of quantification was 0.03 ng mL ™!
for YTX and homo YTX standards. The ESI interface operated using the
following parameters: curtain gas 20 psi, temperature: 600 °C, gasl
60 psi; gas2 60 psi, ion spray voltage —4500V. The dwell time was
20 ms. For detection, parameters were as follows: the declustering po-
tential was —105V and the entrance potential —10V. Two collision
energies (—46 and —42¢eV) and two collision cell exit potentials (—9
and —11V) were applied and the dwell time was 20 ms.

2.6. Effects of temperature on growth

Three strains were subjected to growth experiments, representing
ribotype A (Weining), ribotype B (TIO519), and ribotype C (TIO853).
Experiments on growth at various temperatures (5, 10, 15, 20, 25, 30,
and 35 °C) were conducted in triplicate using 50 mL glass bottles with
30 mL medium and an initial cell density of 5700 cells mL™. Cultures
were acclimated over a period of 15 days to neighboring temperatures
successively, at steps no greater than 5 °C at a time. The light: dark cycle
in all experiments was 12:12 h. Subsamples of 0.05 mL were removed
from the culture at 2-day intervals and fixed in Lugol’s solution. Each
subsample was then transferred to a Sedgwick-Rafter chamber and a
minimum of 200 cells per sample were counted. The growth rates in the
exponential growth phase were calculated according to the method of
Guillard (1973) by a least squares fit of a straight line to the data after
logarithmic transformation.

3. Results
3.1. Molecular phylogeny

All examined P. reticulatum strains displayed identical LSU rDNA
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(D1-D3) sequences, except one strain (TIO707) from the Mediterranean
Sea that showed a transition at one position. The maximum likelihood
(ML) and Bayesian inference (BI) analysis based on ITS rDNA sequences
yielded similar phylogenetic trees. The ML tree is illustrated in Fig. 1.
At least three clades of P. reticulatum were identified and referred to as
ribotype A, B and C. A sequence of a Swedish strain (GenBank accession
number: AB727655) fell outside the group. Ribotype A diverged early
with high support (ML bootstrap: 100/BI posterior probability: 0.89)
and included strains from the Arctic and temperate areas. Ribotype B
included strains from temperate areas with high ML bootstrap support
(100) but low BI posterior probability (< 0.7). Ribotype C included
strains from subtropical and temperate areas with high ML bootstrap
support (100) but low BI posterior probability (0.71).

In total, ITS rDNA sequences comparison showed differences at
eight positions. Within a single clade, they differed from each other at
less than two positions. Genetic distances based on ITS rDNA sequences
among the clades ranged from 0.01 to 0.02 (Table 4). The ITS-2 sec-
ondary structures of three strains, representing ribotypes A, B and C
were predicted. All of them showed four main helix (I-IV). The helix III
of strain TIO811 (ribotype A) was two base pairs longer, and the helix II
was four base pairs shorter than that of ribotypes B and C. Strain
TIO811 displayed one compensatory base changes (CBCs, compensa-
tory change on two sides of a helix pairing) in helix IV (A-T in ribotype
A vs G-C in other ribotypes) (Fig. 2). Strain TIO519 (ribotype B) and
TIO239 (ribotype C) displayed one hemi-compensatory base changes
(hemi-CBCs, compensatory change on only one side of a helix pairing)
in helix III (Fig. S2).

3.2. Morphology

Cysts of Protoceratium reticulatum were spherical to subspherical and
were covered with processes with variable length and capitate distal
ends (Fig. 3, Fig. S3, Table 5). The statistical significance of differences
in the process length / cyst diameter ratio among three ribotypes was
investigated by the t-test at the 5% level. Significant differences were
confirmed between ribotype B and the other two ribotypes (P < 4.3%),
but not between ribotypes A and C.

Cysts were observed in clonal cultures of strains 18-760 (ribotype
A), TIO440 (ribotype B) and TIO239 (ribotype C). Cysts produced in
culture shared similar morphology with those from the field (Fig. 4,
Table 5). The statistical significance of differences in the process length
- cyst diameter ratio among three ribotypes was investigated by the t-
test at the 5% level. Significant differences were confirmed between
ribotype B and the other two ribotypes (P < 0.01%), but not between
ribotypes A and C.

Cells of P. reticulatum were generally polyhedral and slightly longer
than wide. Cells of strain Weining (ribotype A) were 25.4-47.4 um long
(mean = 34.4 + 57um, n=30) and 20.5-40.7um  wide
(mean = 30.5 = 4.9pum, n = 30). The thecae had a rounded epitheca
and hypotheca (Fig. 5A). The cingulum was situated in the pre-equa-
torial part of the cell descending with a displacement of one cingulum
width (Fig. 5A). The thecae expressed a plate formula of Po, 3/, 1a, 6”,
6C, 6S, 5", 2. The plates were more or less reticulated with numerous
pores. The pore plate was sigmoidal with a A-shaped pore and perfo-
rated by 5-9 pores (Fig. 5B-E). The first apical plate (1’) was rhombic
and had a ventral pore and contacted the anterior sulcal plate (Sa)
(Fig. 5B, C). The second and third apical plates (2, 3") were much larger
and irregularly shaped (Fig. 5C). The anterior intercalary plate was five-
sided and was variable in position even within the clonal strain, being
either separated from or contacting the pore plate (Fig. 5D, E). The
precingular series consisted of four four-sided plates (2”-5”) and two
five-sided plates (1” and 6”) (Fig. 5C).

The hypotheca comprised five postcingular plates and two antapical
plates. All postcingular plates were trapezoidal and similar in size, al-
though *2”” was much smaller (Fig. 5F, G). The first antapical plate
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Fig. 3. Light micrographs of cysts of Protoceratium reticulatum from the field.

(A) A living cyst from the Chukchi Sea with short processes of ribotype A. (B) A living cyst from the Chukchi Sea with incomplete processes of ribotype A. (C) An
empty cyst from the Saanich Inlet with long processes yielding the strain TIO893 of ribotype B. (D) A living cyst from New Zealand of isolate WN176 of ribotype B.
(E) A living cyst from the South China Sea with short processes yielding the strain TIO863 of ribotype C. (F) A living cyst from the South China Sea with short
processes yielding the strain TIO864 of ribotype C.

Table 5
Cyst morphology of three ribotypes of Protoceratium reticulatum, including cyst diameter, process length and the ratio of process length and cyst diameter.
Ribotype Cyst diameter (um) Process length (um) Process length/cyst diameter (%) Source n
A 33.5-44.3 (mean = 38.2 * 3.3) 4.1-9.7 (mean = 5.6 * 1.3) 10.8-27.1 (mean = 15.0 = 4.0) Cysts in the field 17
B 33.4-43.5 (mean = 38.1 = 3.5) 7.0-9.4 (mean = 8.0 = 0.8) 17.9-24.7 (mean = 21.2 *+ 2.3) Cysts in the field 8
C 27.8-47.4 (mean = 37.8 + 6.8) 4.8-7.6 (mean = 6.5 + 1.0) 15.0-22.0 (mean = 17.0 = 2.0) Cysts in the field 8
A 31.5-35.9 (mean = 33.3 * 1.5) 1.8-6.5 (mean = 5.2 * 1.4) 5.9-19.2 (mean = 15.6 *+ 3.9) Cysts in culture 12
B 35.1-38.0 (mean = 36.7 *= 1.5) 8.4-9.1 (mean = 8.8 = 0.3) 23.0-24.9 (mean = 23.9 *= 0.8) Cysts in culture 4
C 25.9-39.1 (mean = 33.5 + 3.9) 5.0-6.7 (mean = 5.9 + 0.7) 15.3-20.7 (mean = 17.7 * 1.7) Cysts in culture 8
(17) was small and elongated, located adjacent to plate Sp (Fig. 5G). consisted of six plates. The Sa plate was hook-shaped, and intruded the
The second antapical plate (2) was six-sided and located in the epitheca to contact plate 1’ (Fig. 5B). The anterior left sulcal plate (Ssa)
middle of the hypotheca (Fig. 5F). was similar in size with the anterior right sulcal plate (Sda). The left
The sulcus was narrow anteriorly and slightly widens posteriorly. It posterior sulcal (Ssp) was larger than the posterior right sulcal (Sdp).



N. Wang, et al.

Harmful Algae 88 (2019) 101610

Fig. 4. Light and scanning electron micrographs of cysts of Protoceratium reticulatum in culture.
(A, B) Two living cysts stained with bengal rose produced by the Canadian strain 18-760 (ribotype A). (C) A living cyst produced by the Chilean strain TIO404
(ribotype B). (D) An empty cyst produced by the strain TIO404. (E) Several living cysts of variable size produced by the Chinese strain TIO239 (ribotype C). (F) A

living cyst produced by the strain TIO239.

The large posterior sulcal (Sp) was elongated and much larger than the
other sulcal plates (Fig. 5G).

Cells of strain TIO519 (ribotype B) were 23.4-29.0 um long
(mean = 26.2 = 1.6ym, n=30) and 20.5-27.1uym  wide
(mean = 23.7 * 1.8 um, n = 30). Cells of strain TIO239 (ribotype C)
were 24.2-27.3um long (mean =25.4 + 1.1uym, n=10) and
23.0-22.3 ym wide (mean = 23.5 * 0.9um, n = 10). The cell mor-
phology of these two strains was very similar to that of strain Weining,
in having similar shapes and ornamentation, and an identical tabula-
tion, including intra-clonal variability in the position of plate 1a (Figs. 6
and 7). Cell size of eleven strains was measured. The average cell length
and width were 33.3 + 1.6 um and 30.3 = 1.4 um (three strains, ri-
botype A), 29.0 = 2.0um and 26.1 + 1.8um (five strains, ribotype
B), and 25.2 = 0.5um and 23.0 = 0.5um (three strains, ribotype C)
(Fig. 8). The statistical significance of the differences of cell size among
three ribotypes was investigated by the t-test at the 1% level. Significant
differences were found among ribotypes A, B and C.

3.3. Growth experiments

Strain Weining of ribotype A exhibited growth at temperatures be-
tween 5 and 20 °C. The highest division rate was 0.45 divisions d* at
15°C, and then growth dropped slowly towards higher and lower
temperatures. Strain TIO519 of ribotype B exhibited growth at tem-
peratures between 5 and 25 °C. The highest division rate was around
0.45 divisions d! at 20 and 25°C and then growth dropped sharply
towards lower temperatures. Strain TIO853 of ribotype C exhibited
growth at temperatures between 10 and 30 °C. Division rates were si-
milar at temperatures from 20 to 25 °C (around 0.5 divisions d™ and
higher than those at 10 and 15 °C (< 0.3 divisions d™) and at 30 °C (0.4
divisions d™) (Fig. 9).

3.4. Yessotoxins

All 25 strains of P. reticulatum examined produced yessotoxins. Total
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intracellular YTXs range from 0.3-63.2pg cell . YTXs of ribotype A
were dominated by YTX with none homo-YTX. YTXs of ribotype B were
also dominated by YTX with none homo-YTX. YTXs of ribotype C were
dominated by homo-YTX, but did not produce YTX (Table 6). In addi-
tion to YTX and homoYTX, other putative YTX variants were detected at
low levels in some strains, but as their unambiguous identification was
not possible due to the lack of analytical standards and complete toxin
profiles of all strains are beyond the scope of this work, these minor
variants are not reported.

4. Discussion
4.1. Cryptic speciation

ITS rDNA sequences based phylogeny revealed at least three
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Fig. 5. Scanning electron micrographs of
Protoceratium reticulatum strain Weining.

(A). Ventral view showing the first and sixth
precingular plates (1”7, 6”), the second and
sixth postcingular plates (*2”, *6””), the first
antapical plate (1””) and two cingular plates
(1C and 6C).

(B, C). Apical view showing three apical plates
(1’ - 3"), one anterior intercalary (1a) plate, six
precingular plates (1” — 6”) and a ventral pore
(arrowhead).

(D, E). Apical view showing the connections
between the anterior intercalary (1a) plate and
the sigmoidal pore plate, which has a A-shaped
pore and is perforated by pores.

(F). Antapical view showing four postcingular
plates (*2”7 — *6’”) and the two antapical
plates (1”7, 2").

(G). The sulcus showing the anterior sulcal
plate (Sa), anterior left sulcal plate (Ssa),
anterior right sulcal plate (Sda), posterior left
sulcal plate (Ssp), posterior right sulcal plate
(Sdp) and posterior sulcal plate (Sp).

ribotypes of P. reticulatum. Secondary structure of ITS2 rDNA sequences
in ribotype A shows one CBC in contrast to the other ribotypes, sug-
gesting that they are unable to cross and thus are different biological
species (Coleman, 2009). However, in case of P. reticulatum simple cross
experiments using cyst formation as a sign of genetic compatibility are
not possible since at least ribotypes B and C of P. reticulatum are
homothallic as cysts are produced in clonal cultures.

Cryptic species (or sibling species) are species that are difficult to
distinguish based on morphological characters (Mayr and Ashlock,
1991). Designation of strains to the three ribotypes of P. reticulatum
corresponds to slight size differences in either cysts or cells among
strains. Cysts of P. reticulatum ribotype B have longer processes (pro-
cesses/cyst diameter ratio above 20%) compared to cysts of the other
two ribotypes with relatively short processes (processes/cyst diameter
ratio less than 17%). However, these morphological differences are
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small and may be attributed to phenotypic plasticity since average
process length of P. reticulatum cysts was related to both salinity and
temperature at a regional scale (Mertens et al., 2011). It is worth noting
that the original cyst yielding strain 18-760 (ribotype A) has long
processes (9.7 um) and high process/cyst diameter ratio (27.1%), but
the culture produced cysts with short processes (5.2 = 1.4 um) and low
process/cyst diameter ratio (15.6% * 3.9%). Although cell size of P.
reticulatum differs among the three ribotypes, cell size of specific strains
can overlap between ribotypes (Fig. 8). In conclusion, the lack of clear
morphological separation between the three ribotypes suggests the
presence of cryptic species based on genetic distances estimated from
ITS rDNA sequences, and not pseudocryptic species as previously sug-
gested by Mertens et al. (2012a).

Multiple evidence for the presence of cryptic species have been re-
ported in a few dinoflagellates such as Scrippsiella acuminata
(Ehrenberg) Kretschmann, Elbrédchter, Zinssmeister, S.Soehner, Kirsch,
Kusber & Gottschling and Akashiwo sanguinea (Hirasaka) G. Hansen &
Moestrup (Montresor et al., 2003; Luo et al., 2017). The Alexandrium
tamarense species complex comprises several morphologically indis-
tinguishable but genetically differentiated species, which now are even
formally designated as five species (John et al., 2014), and this was the
first case where dinoflagellate species are defined by sequence differ-
ences only. The dinoflagellate P. reticulatum shows less genetic dis-
tances among ribotypes than the Alexandrium tamarense species com-
plex (0.02 vs 0.2) (John et al., 2014). Ribotype A might correspond to
the true P. reticulatum as one strain from Bergen Fjord (the type locality
of P. reticulatum) falls within ribotype A. No new species or varieties are
established here at the moment, especially considering that limited
strains are available from the tropics and southern hemisphere.

4.2. Biogeography and ecological preference

The relatively low level of genetic distance between P. reticulatum
ribotypes compared to species of Alexandrium suggests a recent adap-
tive radiation to different temperatures. In the early stages of
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Fig. 6. Scanning electron micrographs of
Protoceratium reticulatum strain TIO519.

(A). Ventral view showing the first apical plate
(1), the first, fifth and sixth precingular plates
(17, 5”, 6”), the second and sixth postcingular
plates (*2"”, *6”), the anterior and posterior
sulcal plates (Sa, Sp).

(B). Apical view showing three apical plates (1
- 3%), six precingular plates (1” — 6”) and the
direct connections between the anterior inter-
calary (1a) plate and the sigmoidal pore plate.
(C). Apical view showing the indirect connec-
tions between the anterior intercalary (la)
plate and the sigmoidal pore plate.

(D). Apical view showing six cingular plates
(C1-C6).

(E). Antapical view showing five postcingular
plates (*2”7 — *6””) and two antapical plate
@, 2.

(F). The sulcus showing the anterior left sulcal
plate (Ssa), anterior right sulcal plate (Sda),
posterior left sulcal plate (Ssp), posterior right
sulcal plate (Sdp) and posterior sulcal plate
(Sp).

speciation, selection acts largely on physiological, reproductive, or
behavioral traits rather than on morphology (Struck et al., 2017), and
that may explain the low morphological disparity but differentiated
responses to temperature in the three ribotypes of P. reticulatum. Such
kind of phenomena was also reported in planktonic foraminifers
adapting to oligotrophic, mesotrophic or highly productive waters (de
Vargas et al., 2002), and in the benthic diatom Navicula phyllepta
Kiitzing showing different tolerance for salinity (Vanelslander et al.,
2009).

In contrast to the idea that P. reticulatum is a single cosmopolitan
species (Zonneveld et al., 2013), the recognition of hidden diversity
now allows narrowing the geographic distribution of each ribotype.
Ribotype A is distributed in the Arctic and temperate area, thus may be
termed as a cold ecotype. This is supported by the fact that a ribotype A
strain from Greenland can grow (albeit slowly) even at 1 °C (Sala-Pérez
et al., 2016). Ribotype B appears to have a narrower distribution, is
found only in the temperate areas and may be called a moderate eco-
type consistent with the fact that they could not survive at 30 °C. Ri-
botype C was recorded in the subtropical and temperate areas and may
be termed as a warm ecotype, consistent with the fact that they could
grow rapidly at 30 °C (Fig. 9).

Neither ribotype B nor ribotype C of P. reticulatum were recovered in
the Arctic where ice cover, prolonged darkness and low water tem-
perature (< 10°C even in summer (Carmack et al., 1997; Radi et al.,
2001)) likely prevent survival and growth of these ribotypes. On the
other hand, ribotypes A and B are absent in the subtropical area which
support the idea of niche differentiation among these ribotypes. Cysts of
P. reticulatum have been reported in the tropics (Yap-Dejeto et al.,
2018), and the Antarctic (Harland et al., 1999; Harland and Pudsey,
1999; Esper and Zonneveld, 2007), but molecular sequences are not
available for these regions yet.

Seasonal and peak occurrence of P. reticulatum in the water column
has not been well correlated with specific ribotypes so far. Blooms of P.
reticulatum occurred in later February in Northern Chile when tem-
peratures were from 17 to 25°C. During this bloom numerous cysts
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were present in the plankton with process length/diameter ratio of
26.0% (measured from pictures given in Alvarez et al., 2011) fitting the
features of ribotype B. This is also consistent with the finding of op-
timum growth of ribotype B from 20 to 25 °C. High fluxes of cysts of P.
reticulatum were found in sediment trap material collected during
summer (June and September) from the Gulf of Naples with large
process length/diameter ratio (25.9%, measured from pictures)
(Montresor et al., 1998), further support that ribotype B is a warm
water ecotype. Information about the seasonal occurrence of ribotypes
A and C, however, is not available.

To date, ribotypes A and C of P. reticulatum were only found in the
northern hemisphere. In contrast, ribotype B appears to have a dis-
tribution in both northern and southern hemispheres (Fig. S4). Cysts
with long processes have been found in Chile by Verleye et al. (2012)
for over 144,000 years, thus refute the idea of a recent dispersal of
ribotype B. It is likely that this ribotype previously had a wider dis-
tribution (probably due to cooling of the oceans during ice ages), where
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Fig. 7. Scanning electron micrographs of Protoceratium re-
ticulatum strain TIO239.

(A). Ventral view showing the first apical plate (1) with a
ventral pore (arrowhead), the first and sixth precingular
plates (17, 6”), the second and sixth postcingular plates (*2",
*6”), the first antapical plate (1”), two cingular plates (1C
and 6C), posterior right sulcal plate (Sdp) and posterior sulcal
plate (Sp).

(B). Dorsal view showing three precingular plates (3" — 5”).
(C). Apical view showing the connections between the ante-
rior intercalary (1a) plate and the sigmoidal pore plate.

(D). Apical view showing three apical plates (1’ — 3’), six
precingular plates (1” — 6”) and the indirect connections be-
tween the anterior intercalary (1a) plate and the sigmoidal
pore plate.

(E). Antapical view showing four postcingular plates (*3” -
*6”") and the second antapical plate (2).

(F). The sulcus showing the anterior sulcal plate (Sa), anterior
left sulcal plate (Ssa), and anterior right sulcal plate (Sda).

both northern and southern hemisphere populations were connected.
To summarize, the present results for P. reticulatum support that
planktonic protists may have a non-random distribution, subjected to
both environmental and ecological selection (Whittaker and Rynearson,
2017).

4.3. Implications for paleoceanographical reconstructions

The first occurrence of the cyst of P. reticulatum is likely in the
Miocene of northern Belgium (Louwye and De Schepper, 2010, as Op-
erculodinium centrocarpum sensu Wall and Dale, 1966), however, lack of
morphological information prevents it from comparing it to a ribotype.
The morphological discrimination of the ribotypes would yield more
paleoceanographical information, because each ribotype seems to be
related to a different ecological niche. However, cyst morphology of
three ribotypes can overlap (Fig. S3), especially process length, as this
can be changed by varying salinity and temperature (Mertens et al.,
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2011). In addition, in some areas several ribotypes can be present
making the reconstructions even more complicated. Ancient sedimen-
tary DNA records of both fossilizing and non-fossilizing protists have
been reported with high throughput sequencing (More et al., 2018),
thus provide a promising approach to identify ribotypes of P. re-
ticulatum unequivocally from the past. The metagenomic approach with
ITS rDNA fragment as a target can be helpful in paleoceanographical
reconstruction, where ribotype A of P. reticulatum (as Operculodinium
centrocarpum var. cezare) might be related with the duration of ice cover
(Radi and de Vernal, 2008).

4.4. Yessotoxins

The presented results support that there are at least two types of P.
reticulatum, the YTX producers and the homoYTX producers (Paz et al.,
2007). The new strains presented here are able to produce yessotoxins
from 0.3-63.2 pg cell "}, supporting the notion that the production of
yessotoxins by P. reticulatum differs among strains (Satake et al., 1999).
Absence of YTX and dominance of homoYTX in strains of ribotype C

reticulatum ribotypes A, B and C under various temperatures.

may differentiate it from ribotypes A and B, which produce pre-
dominantly YTX. Three strains VGO757, VGO758 and GG1AM from the
Mediterranean Sea were reported to produce predominantly YTX, too
(representing between 92.7% and 97.6% of total toxin) (Paz et al.,
2007). These three strains were identified as ribotype B here (Fig. 1),
supporting that toxin profiles are constant within a single ribotype.
Such kind of metabolic differences mirror the morphological and ge-
netic distinction among ribotypes. HomoYTX produced by Gonyaulax
membranacea was found to be responsible for massive mortality of
abalone in South Africa (Pitcher et al., 2019), and this underlines the
potential risk of ribotype C P. reticulatum of presence of ribotype C in
the East China Sea where abalone farms are abundant.

Acknowledgements

This project was supported by the National Key Research and
Development of China (2017YFC1404303) and National Natural
Science Foundation of China (41676117). Funding was also provided to

KNM, AD and GB by a “Projet de politique de site” (MINITOX). Partial

12



N. Wang, et al.

Table 6

Harmful Algae 88 (2019) 101610
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