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Resumo
O dinoflagelado bentdnico Prorocentrum lima é encontrado em latitudes temperadas e

tropicais de todo o mundo, sendo considerado um complexo de espécies (“Prorocentrum
lima species complex” - PLSC). As cepas do complexo sintetizam toxinas como o &cido
ocadaico (OA) e dinofisistoxinas (DTXs), responsaveis pela sindrome gastrointestinal
conhecida como DSP (Diarrhetic Shellfish Poisoning). O presente trabalho visa revisitar o
PLSC, incluindo cepas isoladas da costa e ilhas oceénicas brasileiras, integrando analises
filogenéticas e filogeograficas. Os loci ITS (Internal Transcripted Space), LSU (Large
SubUnit) e SSU (Small Subunit) do DNA ribossomal (rDNA) de 23 cepas brasileiras foram
sequenciados e analisados em conjunto com sequencias do rDNA de 191 cepas do PLSC
disponiveis no Genbank. Nas andlises filogenéticas realizadas usando Maxima
Verossimilhanca e Inferéncia Bayesiana as sequéncias brasileiras agruparam-se em trés
(clados 1, 2 e 3) dos quatro clados do PLSC observados nas arvores baseadas nos loci ITS
e LSU e em dois (clados 1+2 e 3) dos trés clados nas reconstrucgdes filogenéticas baseadas
no locus SSU. As distancias genéticas entre os quatro clados do PLSC, principalmente no
marcador ITS, foram maiores do que as observadas entre outras espécies de Prorocentrum.
A andlise bayesiana da estrutura populacional (BAPS) baseada nos loci ITS, LSU e SSU
revelou 4, 5 e 3 clusters, respectivamente. Estes clusters correspondem aos principais
clados e subclados do PLSC observados nas reconstrucdes filogenéticas. Considerando as
analises filogeogréaficas, foram encontrados 18 haplotipos do marcador ITS, 21 do LSU e
cinco do SSU. De acordo com os mapas de distribuicdo haplotipica, os haplétipos
referentes aos clados 1 e 3 (ITS e LSU) e clado 1+2 e 3 (SSU) apresentaram uma ampla
distribuicdo, ocorrendo em regides tropicais e subtropicais dos Oceanos Atlantico, Pacifico
e Indico. Os haplétipos referentes ao clado 2 (ITS e LSU) ocorreram exclusivamente no
Oceano Atlantico. Os hapldtipos referentes ao clado 4 foram observados em regides
temperadas do Oceano Atlantico Norte, Mar Mediterraneo e Oceano Pacifico Sul.
Levando-se em consideracdo todas as andlises realizadas, conclui-se que o PLSC é
composto por pelo menos trés linhagens genéticas distintas, com distribui¢des

biogeogréaficas parcialmente sobrepostas, que podem corresponder a diferentes espécies.



Abstract
The benthic dinoflagellate Prorocentrum lima is found in temperate and tropical latitudes

around the world, being considered a species complex (“Prorocentrum lima species
complex” - PLSC). The strains of the complex synthesize toxins such as okadaic acid (OA)
and dinophysistoxins (DTXs), responsible for the gastrointestinal syndrome known as DSP
(Diarrhetic Shellfish Poisoning). The present work aims to revisit the PLSC, including
strains isolated from the coast and Brazilian oceanic islands, integrating phylogenetic and
phylogeographic analyses. The ITS (Internal Transcripted Space), LSU (Large SubUnit)
and SSU (Small Subunit) loci of ribosomal DNA (rDNA) from 23 Brazilian strains were
sequenced and analyzed together with rDNA sequences from 191 PLSC strains available in
Genbank. Phylogenetic analyses were performed using Maximum Likelihood and
Bayesian Inference, the Brazilian sequences clustered into three (clades 1, 2 and 3) of the
four PLSC clades in phylogenetic reconstructions based on the ITS and LSU loci and in
two (clades 1+2 and 3) of the three clades in the phylogenetic reconstructions based on the
SSU locus. The genetic distances between the four PLSC clades, mainly in the ITS marker,
were greater than those observed among other Prorocentrum species. Bayesian population
structure analysis (BAPS) based on the ITS, LSU and SSU loci revealed 4, 5 and 3
clusters, respectively. These clusters correspond to the main PLSC clades and subclades
observed in the phylogenetic reconstructions. Considering the phylogeographic analyses,
18 haplotypes were found for the ITS marker, 21 for the LSU and five for the SSU.
According to the haplotypic distribution maps, the haplotypes referring to clades 1 and 3
(ITS and LSU) and clade 1+2 and 3 (SSU) showed a wide distribution, occurring in
tropical and subtropical regions of the Atlantic Oceans, Pacific and Indian. The haplotypes
referring to clade 2 (ITS and LSU) occurred exclusively in the Atlantic Ocean. The
haplotypes referring to clade 4 were observed in temperate regions of the North Atlantic
Ocean, Mediterranean Sea and South Pacific Ocean. Taking into account all the analyses
carried out, it is concluded that the PLSC is composed of at least three distinct genetic
lineages, with partially overlapping biogeographic distribution, which may correspond to
different species.



Introducéo

O género de dinoflagelado Prorocentrum foi descrito por Ehrenberg (1834), com
Prorocentrum micans como a espécie-tipo. Atualmente, apresenta 84 espécies descritas e
consideradas validas (Guiry e Guiry, 2022). A classificacdo das espécies de Prorocentrum
é baseada em caracteristicas morfoldgicas, sendo elas, a anélise da forma e do tamanho das
células; a ornamentacdo da superficie da teca, a banda intercalar e as mindcias
arquiteténicas da area periflagelar. Entretanto, essas caracteristicas podem ser variaveis e
as diferencas entre espécies podem ser sutis e podem apresentar plasticidade fenotipica
(Hoppenrath et al., 2013). Logo, as analises genéticas sdo importantes para auxiliar na

identificacdo das espécies (Hoppenrath et al., 2013).

Dessa maneira, sequéncias de genes do DNA ribossomal (rDNA) tém sido muito
utilizadas na identificacdo e compreensdo das relacbes filogenéticas entre espécies do
género Prorocentrum (Nagahama et al., 2011; Zhang et al., 2015; Nascimento et al., 2016;
Nascimento et al., 2017; Nishimura et al., 2020). Nestas analises € importante 0 uso de
mais de um marcador molecular, devido as suas taxas evolutivas distintas. Por exemplo, as
sequéncias do loci ITS (Internal Transcribed Space) do rDNA mostraram-se bastante
variaveis, revelando uma alta diversidade inter e até mesmo intra-especifica no género
Prorocentrum (Stern et al., 2012). J& as sequéncias do loci LSU (Large SubUnit) e SSU
(Small Subunit) do rDNA, por serem mais conservadas, sdo mais adequadas para avaliar a

distincdo de espécies (Boopathi et al., 2015).

As espécies de Prorocentrum estdo distribuidas mundialmente em habitats
plancténicos e bentbnicos. Dentre as espécies bentdnicas do género, Prorocentrum lima
(Ehrenberg) F. Stein, 1878 possui distribuicdo cosmopolita, ocorrendo desde ambientes
tropicais até temperados (Nagahama et al., 2011). Prorocentrum lima é produtor de toxinas
como 0 &cido ocadaico (AO) e as dinofisistoxinas (DTXs) (e.g., Bravo et al., 2001;
Hoppenrath et al., 2013; Nascimento et al., 2016; Nishimura et al., 2020) que podem
causar problemas de saude publica como a intoxicacdo diarreica por molusco (Diarrhetic
Shellfish Poisoning — DSP) (Murata et al., 1982).



A descricdo original de P. lima foi feita por Ehrenberg (1860) sob o nome de
Cryptomonas lima. A sua redescricdo foi feita por Nagahama e Fukuyo (2005)
considerando as caracteristicas morfologicas do organismo coletado na localidade tipo, o
Golfo de Napoles, Italia. Entretanto, devido a grande variacdo da forma das células de P.
lima provenientes de diferentes localidades, Aligizaki et al. (2009) propds o uso do termo
“complexo de espécies P. lima” (“Prorocentrum lima species complex” - PLSC). Em
seguida, Nagahama et al. (2011) sugeriu que a espécie Prorocentrum arenarium (FAUST,
1994), de forma mais arredondada que P. lima, que tem forma oval, poderia ser

considerada como uma variagdo morfoldgica de P. lima e sinonimizou as duas espécies.

Nos Ultimos anos diversas reconstrucdes filogenéticas baseadas nos loci ITS e LSU
do rDNA tem revelado que o complexo de espécies P. lima é formado por quatro clados
principais, com moderado-elevado suporte (Nagahama et al., 2011; Nascimento et al.,
2016; Nascimento et al., 2017; Nishimura et al., 2020). Além disso, esses trabalhos tém
sugerido que existe certa relacdo entre o local de ocorréncia dos espécimes e alguns desses
clados. Assim, o presente trabalho visa revisitar o complexo de espécies P. lima, usando
sequéncias de todo o mundo, incluindo novas cepas isoladas do Oceano Atlantico Sul
(Brasil), empregando uma abordagem que integra analises filogenéticas e filogeogréficas.



Capitulo Unico
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Abstract
The benthic dinoflagellate Prorocentrum lima is found in temperate and tropical latitudes

around the world, being considered a species complex (“Prorocentrum lima species
complex” - PLSC). The strains of the complex synthesize toxins such as okadaic acid (OA)
and dinophysistoxins (DTXs), responsible for the gastrointestinal syndrome Diarrhetic
Shellfish Poisoning. The present work aims to revisit the PLSC, including strains isolated
from the coast and Brazilian oceanic islands, integrating phylogenetic and phylogeographic
analyses. The ITS (Internal Transcribed Space), LSU (Large SubUnit) and SSU (Small
Subunit) loci of ribosomal DNA (rDNA) from 23 Brazilian strains were sequenced and
analyzed together with rDNA sequences from 191 PLSC strains available in Genbank.
Phylogenetic analyzes were performed using Maximum Likelihood and Bayesian
Inference. The Brazilian sequences clustered in three clades (1, 2 and 3) of the four PLSC
clades in phylogenetic reconstructions based on the ITS and LSU loci and in two (clades
1+2 and 3) of the three clades in the phylogenetic reconstructions based on the SSU locus.
The genetic distances between the four PLSC clades, mainly in the ITS marker, were
greater than those observed among other Prorocentrum species. Bayesian population
structure analysis (BAPS) based on the ITS, LSU and SSU loci revealed 4, 5 and 3
clusters, respectively. These clusters corresponded to the main PLSC clades and subclades
observed in the phylogenetic reconstructions. Considering the phylogeographic analyses,
18 haplotypes were found for the ITS marker, 21 for the LSU and five for the SSU.
According to the haplotypic distribution maps, the haplotypes referring to clades 1 and 3
(ITS and LSU) and clade 1+2 and 3 (SSU) showed a wide distribution, occurring in
tropical and subtropical regions of the Atlantic, Pacific and Indian Oceans. The haplotypes
corresponding to clade 2 of both ITS and LSU reconstructions occurred exclusively in the
Atlantic Ocean. The haplotypes corresponding to clade 4 were observed in temperate
regions of the North Atlantic Ocean, Mediterranean Sea and the South Pacific Ocean. We
concluded that the PLSC is composed of at least three distinct genetic lineages, with
partially overlapping biogeographic distribution, which may correspond to different

species.

KEYWORDS: Prorocentraceae, Epibenthic dinoflagellate, okadaic acid, dinophysistoxins,
rDNA, Phylogeny .

12



1. Introduction

The benthic dinoflagellate Prorocentrum lima (Ehrenberg) F. Stein, 1878 was
described from the Gulf of Naples in the Mediterranean Sea and has a cosmopolitan
distribution, being found from tropical to temperate coastal waters (Nagahama et al.,
2011). In the tropics, P. lima is found throughout the year (Nascimento et al., 2016) while
in temperate environments the species can be found at relatively high densities during the
summer and autumn (Foden et al., 2005; Aligizaki at al., 2009). Prorocentrum lima cells
produces okadaic acid (OA) and dinophysistoxin-1 (DTX-1) in varying quantities (e.g.
Bravo et al., 2001; Hoppenrath et al., 2013; Nishimura et al., 2020). These toxins can
accumulate in marine fauna and cause diarrheic shellfish poisoning (DSP) in human
consumers of contaminated shellfish (Murata et al., 1982).

The identification of Prorocentrum species is based on morphological features, like
cell shape and size; the ornamentation of the theca surface, the intercalary band and
architectural details of the periflagellar area (Hoppenrath et al., 2013). However, some of
these characteristics can be variable or the difference among species may be subtle
(Hoppenrath et al., 2013). Thus, genetic analyzes are essential to assist in species
identification. Ribosomal DNA (rDNA) gene sequences have been widely used to better
understand the phylogenetic relationships between Prorocentrum species (Nagahama et al.,
2011; Zhang et al., 2015; Nascimento et al., 2017; Chomerat et al., 2018; Nishimura et al.,
2020; Cembella et al., 2021).

Prorocentrum lima presents a cell shape that varies from ovoid, ellipsoid or round
(Aligazaki et al., 2009; Nagahama et al., 2011; Nascimento et al., 2017). Due to the high
variability found in cell size and shape and shape of pores present at the theca surface
Aligizaki et al. (2009) proposed the use of the term “P. lima species complex” (PLSC).
After that, Nagahama et al. (2011) suggested that the species Prorocentrum arenarium M.
A. Faust 1994, that presents a wider cell shape than the typical oval shape of P. lima cells,
should be considered a morphological variation of P. lima and synonymized the two
species. His assumption was based on SSU phylogenetic analysis which indicated that the

P. arenarium clade was in between the P. lima species complex clades.

In recent years, several phylogenetic reconstructions based on ribosomal DNA
sequences have revealed that the P. lima species complex is divided in four main clades

based on ITS and/or LSU sequences (Nagahama et al., 2011; Nascimento et al. al., 2016;
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Nascimento et al., 2017; Nishimura et al., 2020). Nishimura et al. (2020) analyzed strains
of the P. lima complex from Japan and considered, based on LSU sequences, that one of
the four clades showed genetic divergence at the species level while the other three clades
did not show clear divergence and that further studies were needed. In the present work,
the term PLSC will be used to refer to the four main clades of the P. lima species complex,
in accordance with Nishimura et al. (2020).

The present work aims to revisit the relationships between PLSC clades using an
approach that integrates phylogenetic and phylogeographic analysis using sequences from
all over the world and including new strains isolated from the South Atlantic Ocean.

2. Material and methods

2.1. Isolation of strains and establishing cultures
Twenty-three new strains of the Prorocentrum lima species complex were

established from macroalgae samples collected from five locations at the Brazilian coast
and two oceanic islands from the South Atlantic Ocean (Fig. 1). Cultures were established
as described in Nascimento et al. (2020). Two strains isolated from Spain (VGO776 and
PL27V) were kindly provided by the Spanish Institute of Oceanography (IEO) and were
kept in culture. The geographic origin of each strain is presented in Supplementary Table
S1. All stock cultures were maintained in a temperature-controlled cabinet at 24 + 2°C,
with a 12 h light: 12 h dark cycle and a photon flux density of 60 pmol m™ s provided by
cool-white, fluorescent tubes.
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Figure 1. Map of South America showing the seven locations where PLSC strains were
isolated from Brazil. 1- Fernando de Noronha Archipelago; 2- Trindade and Martim Vaz
Archipelago; 3- Barra do Cunhad; 4- Praia dos Carneiros; 5-Maragogi; 6- Praia do Forte;
7- Armacéo dos Buzios.

2.2. DNA extraction, PCR and Sequencing
Exponentially growing cells of PLSC strains were harvested in 1.5 mL microtubes

by centrifugation (Eppendorf 5424R centrifuge) at 5000 g for 15 min to settle the cells into
pellets. The supernatant was discarded, and the cell pellets were stored at -80°C for further
analysis. Genomic DNA was extracted from the pellets using Nucleo Spin Plant Il kit
(Machery-Nagel, Germany) following the manufacturer’s instructions and then stored at -
20°C

Three ribosomal DNA (rDNA) loci were analyzed: the Internal Transcribed Spacer
(ITS = ITS1-5.85-ITS2), the D1-D3 region of the large subunit (LSU), and a partial
sequence (~900nt) of the small subunit (SSU). Initially several primer pairs available in the
literature were tested, showing low amplification and sequencing efficiency: ITSA x ITSB
(Sato et al., 2011), ITS1 x ITS4 (Scholin et al., 1994), D1IR x D3C (Scholin et al., 1994),
D1RXLSUB (Scholin et al., 1994; Litaker et al., 2003), D1R x D3B (Scholin et al., 1994;
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Nunn et al., 1996), 16S1N x 16S2N (Grzebyk et al., 1998) and 18ScomF1 x 18ScomR1
(Zhang et al., 2005). Thus, new pairs of primers were designed based on ITS, LSU and
SSU sequences of the PLSC available from GenBank using the standard parameters of the
Geneious Prime v2020.1 software (www.geneious.com). Forward and reverse primers
were designed within conserved regions of the multiple sequence alignment of each rDNA
locus. The ITS, LSU and SSU regions were amplified and sequenced using the primer

pairs presented in table 1.

Tablel. Primers used to amplify and sequence the ITS, LSU and SSU loci of the PLSC
strains.

Loci  Primer Sequence (5°-3”)

ITS PLSC_ITS F1
GTTGATTACGTCCCTGCCCT
PLSC_ITS R1
ATGAAAGCCACCACCACCTT
PLSC_ITS_F2
TGCACATCAGGGCACATTAT
PLSC_ITS_R2
TTCACTGGCCTAACATCGTG

LSU PLSC _DiD3 F1
CAGGATTCCGTGAGCCAACA
PLSC D1D3_R1
AGGGAAACTTCGGAGGGAAC
PLSC_D1D3_F2
TCAGTAATGGCGAATGAACG
PLSC_D1D3_R2
TCGGAGGGAACCAGCTACTA

SSU  PLSC_SSU F1
TGACCTATCAGCTTCCGACG
PLSC_SSU_R1
ACTCATTGGGCGCATCAGTG
PLSC_SSU_F2
CGCAAATTACCCAATCCTGA
PLSC_SSU_R2
GCAGCCCAGAACATCTAAGG

The amplification reaction mixture (25 pL) contained 1 unit (U) Taqg DNA
polymerase (ThermoScientific Inc., USA), 1x reaction buffer with NH;SO,4, 2.5 mM
MgCl,, 0.8 mg of Bovine Serum Albumin (BSA), 0.8 mM dNTP’s (ThermoScientific Inc.,
USA), 8 pmol of each primer and approximately 10 pug of genomic DNA. The PCR cycling
comprised an initial 5 min heating step at 95°C, followed by 40 cycles of 95°C for 1 min,
45°C (for ITS) or 58°C (for LSU) for 1 min, 72°C for 1 min, and a final extension at 72°C
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for 5 min. For SSU, PCR cycling comprised an initial 5 min heating step at 95°C, followed
by 10 cycles of 95°C for 1 min, touchdown of 60°C-55°C (A = -0,5 °C per cycle) for 1
min, 72°C for 1 min and 30 sec, then, after these 10 initial cycles, were started 35 cycles of
95 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min and 30 sec and a final extension at 72 °C
for 5 min. A 5 pL aliquot of each PCR reaction was checked by electrophoresis in a 1%
agarose gel stained with GelRed (Biotium Inc., USA). PCR products were purified and
sequenced by Macrogen Inc. (Seoul, Korea) in both directions using the same PCR primers

through the traditional capillary sequencing method.

2.3. Phylogenetic analyses
Sequence reads were manually checked and edited using the software Chromas

together with the software Mega 7 (Kumar et al., 2016). Sequences were BLAST searched
against the GenBank database (www.ncbi.nlm.nih.gov/blast) to test for sequence
homology with non-target taxa. Individual consensus sequences were aligned using
MAFFT v7 with default settings. (Katoh and Standley, 2013). Poorly aligned positions and
divergent regions were eliminated using default settings in Gblocks v0.91b (Castresana,
2000). Phylogenetic analyses were performed separately for the ITS, LSU and SSU loci.
The sequences obtained in the present study were analyzed together with all PLSC
sequences publicly available from Genbank for each of the three markers (total of 153 ITS,
145 LSU and 33 SSU sequences). Sequences from species closely related to PLSC
(Chomérat et al., 2018; Nishimura et al., 2020) were included: Prorocentrum sp. type 3
(Morphotype 5 of Zhang et al. (2015), Prorocentrum sp. type 1, Prorocentrum sp. type 2,
P. caipirignum and P. hoffmannianum. Sequences with less than 450bp (ITS), 540 bp
(LSU) and 880 bp (SSU) were removed of the analysis. Sequences of Prorocentrum levis,
Prorocentrum bimaculatum and Prorocentrum consutum were used as outgroup in the
phylogenetic reconstructions based on ITS, LSU and SSU loci, respectively. The outgroup
were selected based on previous phylogenetic analyses of the genus Prorocentrum (eg.
Boopathi et al., 2015; Luo et al., 2017; Chomeérat et al., 2018; Lim et al., 2019) and
BLAST analyses, due to the similarity to the PLSC - P. caipirignum - P. hoffmannianum
clade.

The MEGAT7 software was used to select the best fit model of nucleotide
substitution (K2+I for ITS, K2+G for LSU and HKY+G for SSU) and to construct
Maximum Likelihood (ML) phylogenetic trees with 1000 bootstrap replications (BS). The
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phylogenetic relationships were also examined using Bayesian Inference (Bl) with
MrBayes v3.2 (Ronquist et al., 2012). To sample across nucleotide substitution models, the
command ‘‘Iset nst = mixed’’ was used before running the analysis. Markov Chain Monte
Carlo procedure consisted of two independent trials with four chains each. Each chain was
run for 1.000.000 generations and sampled every 100th cycle. Posterior probability (PP)
values for the resulting 50% majority rule consensus tree were estimated after discarding

the first 25% of trees as burn-in.

2.4. Distance analyses
Distance analyses for each of the markers used (ITS, LSU and SSU) were obtained

by calculating p-distance in MEGA7. The alignments were the same used for the
phylogenetic analyses (153 sequences and 324 positions for the ITS; 145 sequences and
467 positions for the LSU and 33 sequences and 884 positions for the SSU). The PLSC
sequences were separated into three (SSU) and four (ITS and LSU) groups according to the
main clades formed in our phylogenetic trees, usually retrieved in the literature (Chomérat
et al., 2018; Nishimura et al., 2020; Cembella et al., 2021). Then, the calculation of
intraspecies and interspecies distances and the calculation of intraclades and interclades
distances of the PLSC were performed.

2.5. Bayesian Analysis of Population Structure (BAPS)

To investigate the presence of genetic clusters within the sequences of the PLSC
(135 ITS, 119 LSU and 26 SSU sequences), a Bayesian analysis of population structure
was performed in BAPS 6.0 (Corander & Tang, 2007; Corander et al., 2008), which allows
the assignment of the sequences of each strain to genetic clusters without defining a priori
information about their geographic localities. Sequences were aligned using MAFFT v7
(Katoh and Standley, 2013) and treated using Gblocks v0.91b (Castresana, 2000).
Population mixture analysis was performed using the module “clustering with linked loci,”

and different values of k were tested, from k =1 to 12.

2.6. Construction of a genealogical network of haplotypes

For the phylogeographic analyses, the same alignments of the BAPS analyses were
used, only with PLSC sequences. The alignments were inserted into the DnaSP software
(Librado and Rozas, 2009) to define the haplotypes, sites with gaps/missing were
considered and invariable sites were removed. The haplotype network was created in the
NETWORK software (Bandelt et al., 1999) using the Median-joining network method. The
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data concerning the identified haplotypes and their geographic localities were introduced in
Microsoft Excel spreadsheets. The relative frequencies of the haplotypes were calculated
by location and the graphics were plotted on a World Map. The collection sites of the
analyzed strains (Supplementary Table S2) were obtained from Genbank, literature or

culture collections.

3. Results

3.1. Phylogenetic analyses
A total of 49 sequences from 23 PLSC strains from Brazil and Spain were

generated in the present study and used in the phylogenetic analyses (ITS =22, LSU = 16,
SSU = 11 sequences). These were compared with sequences of the PLSC and related
species available from GenBank and the outgroup (ITS = 132, LSU = 130, SSU = 23
sequences) using Maximum Likelihood and Bayesian Inference. The final alignments used
for phylogenetic inferences included 154 sequences and 324 positions for ITS; 146
sequences and 467 positions for LSU and 34 sequences and 884 positions for SSU. The
topology of the Bl and ML trees based on ITS (Fig. 2), LSU (Fig. 3) and SSU (Fig. 4) loci
agreed in general with previous studies encompassing the PLSC (Nagahama et al., 2011;
Nascimento et al., 2016; Chomérat et al., 2018; Moreira-Gonzalez et al., 2018; Nishimura
et al., 2020; Cembella et al., 2021).

The phylogenetic analyses revealed four (ITS and LSU) and three (SSU) main
clades for the PLSC, named according to Nishimura et al. (2020). The phylogenetic trees
based on the ITS (Fig. 2) and LSU (Fig.3) loci presented moderate-high support values for
the four PLSC clades (ITS: BS = 69-100 / PP = 0.58-1.0; LSU: BS = 68-99 / PP = 0.72-
1.0). The ITS and LSU trees were congruent for the PLSC, presenting the closest clades 1
and 2, followed by clade 3 and 4, respectively (Fig. 2 and 3). The topology of the
phylogenetic tree based on SSU sequences (Fig. 4) did not recover the same four PLSC
clades as ITS and LSU analyses (Fig. 2 and 3). Clades 3 and 4 observed in the ITS and
LSU trees (Fig. 2 and 3) were also recovered when SSU sequences were considered (Fig.
4). However, clades 1 and 2 observed in the ITS and LSU trees (Fig. 2 and 3) were not
recovered separately, being called clade 1+2 in the SSU tree (Fig. 4). Moreover,
relationships between the PLSC clades were more weakly supported in the SSU analyses
(BS = 34-98 / PP = 0.66-1.0) (Fig. 4).
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The phylogenetic reconstructions based on ITS (Fig. 2), LSU (Fig. 3) and SSU
(Fig. 4) rDNA loci grouped the 36 sequences from the South Atlantic Ocean (Brazil) in
three of the four clades of the PLSC (clades 1, 2 and 3); one isolate from Tenerife, Spain
(VGO776) grouped in clade 3 and one isolate from Ria de Vigo, Spain (PL27V) grouped
in clade 4 (Fig. 2, 3 and 4). Based on ITS phylogenetic analyses (Fig. 2) 12 isolates from
Brazil grouped in clade 1, with strains originating from several regions of the Atlantic and
Pacific Oceans. Nine strains grouped in clade 2, which includes strains from the South
Atlantic Ocean, the Gulf of Mexico and the Caribbean and Sargasso Sea. One of the strains
was grouped in clade 3, with strains from the Atlantic and Pacific Oceans. The same
pattern was found for LSU (Fig. 3).Nine isolates from Brazil grouped in clade 1, four
strains grouped in clade 2, on strain from Brazil and one strain from Tenerife, Spain
grouped in clade 3 and one strain from Vigo, Spain, grouped in clade 4. Based on SSU
(Fig. 4), only three clades were formed and clades 1 and 2, found in the phylogenetic
analyzes based on ITS and LSU, formed a unique clade in the analyses based on SSU
sequences. Nine isolates from Brazil grouped in clade 1+2, and two strains grouped in
clade 3.
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OM08915.1 / UNR-71 / Praia do Forte, Brazil
OMS08917.1/ UNR-74  N.., Brazil
OM08918.1 / UNR-75 | Maragogl, Brazil
MT708933.1 / UNR-15/ Maragogl, Brazil
1.0/ 91 MT708934.1/ UNR-72/ Praia do Forte, Brazil
AB189772.1/95-INDO-PLIMA / Indonesia
AB189742.1/ Tahiti / Tahiti, French Polynesian
AB189771.1 / AK9001 / Japan
.1/ UNR-19 | Trindade, Brazil
OM08909.1 / UNR-32 / Maragogi, Brazil
‘OM908919.1 / UNR-76 / Maragogi, Brazil
OK665688.1 / UNR-35 / Fernando de Noronha, Brazil
OM308904.1 / UNR-17 / Trindade, Brazil
1.0/98 | OM908907.1/ UNR-20 / Trindade, Brazil
OK665689.1 / UNR-68 / Praia dos Carneiros, Brazil
AB189768.1 / OAK-TO-PL / Japan
MZ308616.1 / PA72 / Mexico
MZ308617.1 / PA49 / Mexico
MZ308609.1/ PATE / Mexico
AB189770.1/PDIO-3 / Philippines
KY010237.1/TIO177c / China
KM266632.1/ 281F7 / China
KY010236.1 / TIO124 / China
MH356574.1/XS575 / China

EU927507.1/ CCMP1370 / N.I.
EUS27564.1/ CCMP1541 /N
MZ308607.1/ PAGS | Mexico
AB189769.1 / PPL2-4 / Philippines.
KY010232.1 / TIO155a  China
KY010233.1/ TIO163 / China
KY010234.1/ TIO164 / China
MH375434.1 / XS326 / China
1.0/98| | mas1780.1/X5336/ China

KM266631.1/SD11/ China i
OM908920.1 / UNR-SC-04 / Barra do Cunhadj, Brazil P.cf. lima
‘OM908905.1 / UNR-18 / Trindade, Brazil .
OMS08908.1 / UNR-21 / Trindade, Brazil (“troplcal")
‘OM908910.1 / UNR-33 / Fernando de Noronha, Brazil
‘OM908911.1 / UNR-34 / Fernando de Noronha, Brazil
OM908912.1 / UNR-36 / Fernando de Noronha, Brazil
OM908913.1 / UNR-37 / Fernando de Noronha, Brazil
OM908914.1 / UNR-38 / Fernando de Noronha, Brazil
‘OM908916.1 / UNR-73 / Praia do Forte, Brazil
KU722938.1/ UNR-O1 / Brazit
1.0/99 OK665687.1/ UNR-09 / Brazl
AB189743.1 / CRLMN-4 / Costa Rica
AB189744.1 / CRLMN-6 / Costa Rica
AB189745.1 / CRLMN-7 / Costa Rica
0.58/72 AB189747.1/ USSP-F12/ Florida, USA
.58/72 AB189748.1 / USSP-FB / Florida, USA
AB189749.1 / USSP-F2 / Florida, USA
AB189750.1/ USTM-D6 / Flonda, USA
AB189751.1 / USSP-S2  Florida, USA
AB189752.1/ USSP-S18 / Florida, USA
AB189753.1 / USSP-S15 / Florda, USA
EU927506.1/ CCMP1368 / Florida, USA
AB189746.1 / USSP-F11/ Florida, USA
AB189754.1/ BM-U2-B1 / Bermuda, UK
AB189755.1/ BM-U2.D5 / Bormuda, UK
AB189756.1 / BM-U2-B2 / Bormuda, UK
AB189757.1 / BM-U2-AS / Bermuda, UK
AB189758.1 / BM-U2-C1 / Bermuda, UK
EU927509.1 / CCMP1746 / Belize
MZ308606.1 / PA104 / Mexico
MZ308613.1 / PASO / Mexico
1.0/100 MZ308615.1 / PAS4 / Mexico
: OK665690.1/ UNR-86 / Fornando do Noronha, Brazil
EU244470.1/ VGO776 / Tenerife, Spain
KM266619.1 / CF10/ China
KM266620.1/ NG5 / China
KM266621.1/ NF6 / China
KM266622.1/ BS4F5 / China
KM266623.1/ 2S1E12/ China

zapeId

PLSC

P. arenarium

€£9pe|o

AB189763.1/ USMA-2 / Maine, USA|
AB189766.1/ CCMP636 / Spain
EU244474.1/ 4V / Spain
EU927487.1/ PA/ ..
EU927488.1/PQ1 /N.L
EU927489.1/ PQ2/N..
EU927490.1/ PQ3 / ..
EU927491.1/ IP197 /N.1.
EU927492.1/1P297 /N

EU927496.1/ KP202 / N1
EU927497.1/ KP206 / N.I.
EUS27498 1/ KP208 /N
EU927499.1/ KP209 / N.I.
EU927500.1/ AR2/ N
EUG27501.1/ AR3/ N,
EU927502.1/ AR4/ N
EU927510.1/ CCMP1999 / N.I.
1.0/96 EUS27512.1/ CCMP2578 / Rhode Isiand, USA
EU927513.1/ CCMP2589 / N.I.
EUB27511.1/ CCMP2273 / Maine, USA i
EU927514.1/ CCMP2580 / Maine, USA P. lima
EU27515.1/ CCMP2581 / Maine, USA
EUB27518.1/ CCAP1136-0/ England
EU927519.1/ CCAP1136-12/ England
JIN717141.1 / SHOU-Dino-Pro-001 / N.J.
KJ781421.1/ P12/ Tunisia
KJ781423.1/ PL1/ Tunisia
KX026864.1/PL10 / Tunisia
KT898148.1/ Dn150EHU / Vilefranche-sur-Mer, France
EUG27517.1/ CCMP2584 / Maine, USA
KT898161.1/ Dn141EHU / Ibiza, Spain
AB189767.1 / CCMP1743 / Canada
EUS27493.1/ IP797 / N.L
KT898156.1/ Dn116EHU / Portugal
KT898159.1 / Dn76EHU /
EU27516.1/ CCMP2583 / Rhode Island, USA
AB189764.1 / CCMP684 / Spain
AB189765.1/ CCMP68S / Spain
EU927503.1/ CCMP684 / Spain
KT898152.1/ DnSOEHU / Spain
0.98/69 KT898153.1/ DnSIEHU / Spain

KT898155.1 / Dn157EHU / Spain
KT898157.1/ Dn61EHU / Spain
KT898158.1 / Dn79EHU / Spain
KJ781422.1/PL7 / Tunisia
KT898149.1/ Dn109EHU / Groece
KX026866.1/ PL16/ Tunisia
1.0/100 KT898150.1/ DnSTEHU / Spain

‘KM266624 1/ AS4F8 / China
KM266625.1 / DS4G4 / China
KM266626.1/ DS4D9 / China
KY010242.1 110179 / China P. sp. type 3 (Morphotype 5)
KY010243.1 / TIO180 / China
1.0/ 97 KJ960192.1/LCA-B4 / Brazil
KY010241.1/ TI0138 / China
1.0/ 99 KY039500.1 / UFBA / Brazil
KM266633.1/ SE10/ China
KY010238.1/TIO11/ China i 1
V3566731 X831/ China P. caipirignum
MG600151.1 / A10PRO1 / Malaysia
0.52/41 KY010239.1/ TIO102 / China
KY010240.1/ TIO139 / China

1.0/ 100 APSRe2AY/ COMERRL/ LBA P. hoffmannianum

FJ489615.1/ P levis VGO880 / Spain

Fig. 2. Bayesian Inference phylogenetic tree based on ITS sequences. Operational
taxonomic units (OTUs) are identified by: GenBank accession number/strain
code/geographic origin. Numbers at nodes are posterior probability values from Bl and
bootstrap values from ML analysis respectively (cut-off = 50% for both analyses). The
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colored vertical bars represent the four PLSC clades according to Nishimura et al. (2020).
N.I.:Not informed. New sequences published in this study are displayed in bold.
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MZ310159.1/ PAB2 | Mexica

OM966939.1 / UNR-76 | Maragogi, Brazil
OMI66932.1 / UNR-20 / Trindade, Brazil
OMB6931.1 / UNR-19 / Trindade, Brazil
OM966938.1 / UNR-75 | Maragogi, Brazil
OM966937.1/ UNR-74 / N.\., Brazil
MTT03814.1 / UNR-72 /Praia do Forte, Brazil
MT703813.1/ UNR-15/ Maragogi, Brazil
LC415598.1 / OMI4P / Japan

LC415597.1  OMI3P / Japan

OK665693.1 / UNR-68 / Praia dos Carneires, Brazil
OKG665692.1 / UNR-35 / Fernando de Noronha, Brazil
MZ310160.1 / PAB3 / Mexico
MZ310157.1/ PA4S / Mexico
MZ310156.1/ PA46 / Mexico

MZ310155.1 / PA17 / Mexico
MW177928.1 | CAWD 189/ New Zealand
MH375425.1/ XS326 / China
MH375415.1/ 3XS34 / China
MH375414.1/ 3X536 / China
MH348972.1/ XS575 / China

MG@14032.1 / SKLMP_WO74 / Hang Kong
LC422235.1 / CAWD2B3 / New Zealand
LCA415581.1 / OMI9P/ Japan

LC415580.1 / OMI3SP / Japan
LC415579.1/ KTHSP / Japan

LCA415578.1 / OMI36P / Japan
LCA15577.1 1 KONB1P / Japan
LC415576.1/ KONB3P / Jay

LC413904.1/ B2RTH11/ Solomon Islands
LC413903.1 / B2RTH10 / Solomon Istands
LC413902.1/ B2RTHT / Salomon Islands
LC413901.1/ NPHLB4 / Solomon Islands
KY010250.1 / TIO124 / China

KP083215.1 / 251F7 | China
DQ336195.1/ DNST/N.i
DQ3I6193.1/S4/ N

DQ336187.1/ DNS3 / N.|

DQ336181.1/ SM29 / Australia
AJ567459.1 / PLMK_02  Reunion Istands, France
LCA415867.1 | AHMIP / Japan

LC415584.1 / KMK75P / Japan

LC415883.1 / OUN152P30 { Japan
LCA415582.1 / KONB1P / Japan

LCA415588.1 / OMIP / Japan
MH375426.1/ X5336 / China

KY010251.1/ TIO155a / China
EF517253.1/ PL7V | Spain

EF517252.1 / CIBNOR-PRL1 / Mexico
LC415689.1 / OUN22P30 / Japan
AJ567458.1 / PLMA_01 / Reunion Islands, France
KP063230.1/ SE7 / China

KP063229.1 / SE5 / China

KPDB3228.1/ D11/ China

KPO63227.1/ SD4 / China

KP063226.1 / SD2 / China
KP063225.1/SD1 / China

KP0B3224.1 / SC7 / China
LC415596.1 / OUN122P / Japan
LCA415595.1 / OMI29P / Japan

LC415594.1 / OMIEP / Japan

LC415583.1/ KTHEP / Japan

AJ567457.1 / PLRN-02 / Reunion Islands, France
LC415592.1 / MIO12P / Japan

LC415591.1 / AOFS3P / Japan

LC415580.1 / MIOS2P / Japan

OM966936.1 / UNR-73 / Praia do Forte, Brazil
OM66935.1 / UNR-37 / Fernando de Noronha, Brazil
OM66934.1 / UNR-34 / Fernando de Noronha, Brazil
OM9E6933.1 / UNR-21 / Trindade, Brazil
KU198627.1/ UNR-01 / Brazil

KU198628. 1/ UNR-09 / Brazil

DQ33G186.1/ CCMP1746/ Belize
JQ616842.1 / PLHV-1/ Cuba

MZ310165.1/ PAB | Mexico

MZ310170.1/ PASS / Mexica

MZ310169.1/ PAB4 / Mexico

MZ310168.1 / PAB3 / Mexico

MZ310167.1/ PAB2 / Mexico
MZ310164.1/ PAT8 / Mexico

MZ310163.1/ PATT / Mexico

MZ310161.1/ PABB / Mexico

MZ310158.1/ PAT2 / Mexico

MZ310166.1/ PABO / Mexico

OMIB6940.1 / VGOT76 [ Tenerife, Spain
OK#65694.1 | UNR-86 | Fernando de Noronha, Brazil
LC415601.1/ KMK21P / Japan

LC415600.1/ OUN161P20/ Japan
LC415599.1 / OUN154P20 / Japan
KP063223.1 / PF11/ Japan

LC415602.1/ OUN137P30/ Japan
LCA415603.1/ OUNZP30 / Japan
KP0B3222.1 /NG5 / China

KP063221.1 / NF6 / China

KP063218.1 / CF10 / China

KP0B3214.1 / 2§1E12 / China

KP063217.1 / BS4F5 / China

EF566748.1/ NMNO7 / NI

AJS67456.1/ PAEU _01 / Reunion Istands, France
DQ336182.1/5M24 /NI

MG701857.1/ IFR11-063 / Martinique Islands, France
OM966941.1 / PL27V | Canelas beach, Spain
MW177927.1/ CAWD176./ New Zealand
MW177626.1 / CAWDS4 / New Zealand
MW177925.1 / CAWDTO / New Zealand
MW177924.1 / CAWD6S / New Zealand
MW177923.1 | CAWD33 / New Zealand
MW177822.1 / CAWD32 / New Zealand
AY259170.1/ PLLSO1 / Tasmania, Australia
KX845009.1 / PLBZT 14/ Tunisia
HQ414230.1 / DR3SEHU / Spain
HQ414229.1 / Dn38EHU / Spain
HQ414228.1 / DRISEHU / Spain
DQ336179.1 / CCMP685 / Spain
HQ414231.1/ Dn37EHU / Spain
EU165316.1/ FIUPL / USA

DQ336189.1/ Sorrento / N.L

LC415604.1/ QUN3ZP10 / Japan
LC415605.1/ OUNZ48P / Japan
MZ310171.1/ PAST / Mexico
DQ336188.1/PLI-11 /NI

KY010256.1 / TIO180 / China

KY010255.1/ TIO179/ China

KP0B3220.1 / DSAGA | China

KP0B3219.1 / DSADA | China

KPOB3216.1 / ASAF8 / China

MGE00144.1/ AT0PRO1 / Malaysia
MH348971.1 / XS331 / China

KY010252.1/ TIO11 / China

KP0B3231.1/ SE10/ China

LC415611.1/ OUN156P20 / Japan
LC415610.1/ KON3OP15/ Japan
LC415609.1/ KON2GP15 / Japan
KY010253.1/ TIO102/ China

KY010254.1/ TIO138 / China

LC415608.1/ QUN2BP20 / Japan
LCA415607.1/ OUNSP30 / Japan
LC415606.1/ OUNBP30 / Japan
KY039499.1 / UFBA / Brazil

EF566747.1/ K0B25/ N.|

AJ567463.1/ PHGE_02/ N.|

AJS67462.1 / PHSE 01 2/ N.I

AJS67461.1/ PHSE_017 NI

HQB90883.1/ P. bimaculatum_IFR10-171/ Kuwait
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Fig. 3. Bayesian Inference phylogenetic tree based on LSU sequences. Operational
taxonomic units (OTUs) are identified by: GenBank accession number/strain code/
geographyc origin. Numbers at nodes are posterior probability values from Bl and
bootstrap values from ML analysis respectively (cut-off = 50% for both analyses). The
colored vertical bars represent the four PLSC clades according to Nishimura et al. (2020).
N.I.-Not informed. New sequences published in this study are displayed in bold.

r OM967019.1 / UNR-01/ Armacédo dos Buzios, Brazil
t OM967020.1 / UNR-34 / Fernando de Noronha, Brasil
+ OM967022.1 / UNR-37 /| Femando de Noronha, Brazil
t OM967023.1 / UNR-68 / Praia dos Carneiros, Brazil
+ OM967024.1 / UNR-72/ Praia do Forte, Brazil
+OM967025.1 / UNR-73 / Praia do Forte, Brazil
t OM967026.1 / UNR-74/ N.I., Brazil
+ OM967027.1 / UNR-75 / Maragogi, Brazil
0.66/34 [OM967028.1 / UNR-76 / Maragogi, Brazil
[TAB189775.1 / OAK-TO-PL / Japan
+AB189776.1 / PPL2-4 / Philippines
0.91/62 tY16235.1/ #151/ Japan
| [EU196419.1/ SM45 / Japan
| fAB189777.1 / USSP-F8 / Florida, USA
1.0/98 | [ AB189778.1 / CRLMN-6 / Costa Rica
AB189779.1 / CCMP684 / Spain
0.99/94 |} AB189780.1/ USMA4 / Maine, USA
~, tEF377326.1 / CCMP1966 / Maine, USA
JN717143.1 / SHOU-Dino-Pro-001 / N.I.
MK541780.1 / CCAP 1136-12/ England
MK541784.1 / CCAP 1136-11/ England
OM967029.1 / UNR-86 / Fernando de Noronha, Brazil
OM967030.1 / VGO776 / Tenerife, Spain
AB189774.1/ Tahit/ Tahiti, French Polynesian
Y16234.1 / PMAYD1 / Mayotte Islands, French

P. cf. lima
(“tropical”)

Z+T3PpeD

PLSC

P. lima

P. arenarium

£3peD

0.92/ 67-‘ AB189773.1/ AK9001 / Japan
[~ KF885226.1 / CCMP2633 / Belize
4J0638940.1 / PMHV-1/ Cuba
0.64/ 45 DQ238042.1/P.belizeanum / Belize

1 KF885225.1 / CCMP683 / USA
0.84/62 LI KF885224.1/ CCMP2804 / USA
tJossegsa‘z / PBHV-1/ Cuba
Y16236.1 / PPAN20 / Panama

HQ890884.1 / P. consutum IFR-10-096 / Arabian Gulf

P. hoffmannianum

Fig. 4. Bayesian Inference phylogenetic tree based on SSU sequences. Operational
taxonomic units (OTUs) are identified by: GenBank accession number/strain
code/geographic origin. Numbers at nodes are posterior probability values from Bl and
bootstrap values from ML analysis respectively (cut-off = 50% for both analyses). The
colored vertical bars represent the four PLSC clades according to Nishimura et al. (2020).
N.I.-Not informed. New sequences published in this study are displayed in bold.

3.2. Distance analyses
The p-distance within clades in the PLSC complex ranged from 0 to 0.0085 for ITS

sequences (Table 2), from 0 to 0.0030 for LSU sequences (Table 3) and from 0 to 0.0004
for SSU sequences (Table 4). Considering the ITS and LSU loci, the p-distance was lower
between PLSC clades 1 x 2 (ITS=0.068; LSU=0.0012) and higher between clades 2 x 4
(ITS=0.148; LSU=0.048). The SSU marker showed lower values between PLSC clades
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1+2 x 3 (0.001) and higher values between clades 1+2 x 4 (0.007) and 3 x 4 (0.008) (Table
4).
Table 2. Average p-distances between PLSC clades and Prorocentrum species based on

ITS sequences (319 positions). N'= Number of sequences analyzed. The bold diagonal line
represents the intraclade and intraspecies p-distance.

Clades N° [ [ [8 [4 [l [6] [7]

[1] P. cf. lima (“tropical”)-Clade 1 40  0.0085
[2] P. cf. lima (“tropical”)-Clade 2 32 0.068 0.0016

[3] P. arenarium-Clade 3 7 0.105 0.102 0

[4] P. lima-Clade 4 56 0.142 0.148 0.123 0.0005

[5] P. hoffmannianum 4 0.153 0.159 0.126 0.121 0

[6] P. caipirignum 9 0.145 0.147 0.127 0.130 0.0660.0109
[7]1 P. sp. type 3 5 0.135 0.138 0.109 0.109 0.0560.071 0

Table 3. Average p-distances between PLSC clades and Prorocentrum species based on
LSU sequences (452 positions). NA- not available; N'= Number of sequences analyzed.
The bold diagonal line represents the intraclade and intraspecies p-distance.

Clades N [ 21 81 [4 [581 (6] [7] [8] 1[9]
[1] P. cf. lima (“tropical”’)-Clade 1 67  0.003
[2] P. cf. lima (“tropical”)-Clade 2 19  0.012 0.004

[3] P. arenarium-Clade 3 17 0.020 0.025 0.0009

[4] P. lima-Clade 4 16  0.042 0.048 0.035 0.0002

[5] P. caiprignum 14 0.050 0.053 0.045 0.067 0.0030

[6] P. sp. type 3 5 0.054 0.058 0.049 0.071 0.013 0

[7] P. sp. type 2 3 0.046 0.049 0.040 0.062 0.009 0.009 O

[8] P. sp. type 1 1 0.046 0.045 0.040 0.062 0.013 0.018 0.013NA

[9] P. hoffmannianum 3 0.055 0.058 0.049 0.070 0.027 0.031 0.0270.0270.0044

Regarding the genetic divergence between PLSC and related species, the p-distance
between some of the PLSC clades is similar or even greater than the distance observed
between other valid species, for example, in analyses based on ITS sequences between P.
caipirignum x P. hoffmannianum (0.066). The p-distance between P. caipirignum, P.
hoffmannianum and Prorocentrum sp. type 3 (P. lima morphotype 5 according to Zhang et
al. 2015) ranged between 0.056 to 0.071 for ITS and from 0.013 to 0.031 for LSU (Table 2
and 3). The p-distance based on the SSU marker was not evaluated for P. caipirignum and
for Prorocentrum sp. type 3, as there are no SSU sequences available for these species on
Genbank (Table 4).
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Table 4. Average p-distances between PLSC clades and Prorocentrum species based on
SSU sequences (884 positions). N'= Number of sequences analyzed. The bold diagonal
line represents the intraclade and intraspecies p-distance.

Clades N°  [1] 21 [B1 [4]
[1] P. cf. lima (“tropical”)-Clades 1+2 15 0.0004

[2] P. arenarium-Clade 3 5 0001 O

[3] P. lima-Clade 4 6 0.007 0.008 0

[4] P. hoffmannianum 7 0.013 0.012 0.015 0.002

3.3. Bayesian analysis of population structure (BAPS)

Bayesian analysis of the population structure based on the ITS sequences indicated
the existence of four genetic clusters (Fig. 5A). Cluster A was formed exclusively by
sequences from temperate regions of the North Atlantic Ocean, equivalent to clade 4 in
phylogenetic analyzes (Fig. 2); cluster B included sequences from tropical and subtropical
regions of the Atlantic and Pacific Oceans, equivalent to clade 3; cluster C was formed by
sequences from tropical and subtropical regions of Atlantic and Pacific Oceans, equivalent
to clade 1 and cluster D was composed solely of lineages from tropical regions of the

Atlantic Ocean, equivalent to clade 2.

BAPS analysis based on LSU sequences indicated five genetic clusters (Fig. 5B).
Cluster A and cluster B were equivalent to the clusters A and B found at BAPS analyses
based on the ITS, and cluster E were equivalent to clade D. Cluster C and D, equivalent to
clade 1 was formed by sequences from tropical and subtropical regions of the Atlantic,

Pacific and Indian Oceans.

Considering the SSU sequences, the BAPS analysis identified three genetic clusters
(Fig. 5C). Cluster A and B were equivalent to clusters A and B found at BAPS analyses
based on ITS and LSU loci. Clusters C was formed by sequences from tropical and

subtropical regions of the Atlantic, Pacific and Indian oceans, equivalent to clades 1+2
(Fig. 3).
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Fig. 5. Bayesian clustering analysis of PLSC rDNA sequences, considering (A) ITS
sequences; (B) LSU sequences and (C) SSU sequences. Colors represent the different
genetic clusters identified. Each vertical bar represents a sequence.

3.4. Phylogeographic analyses
The analyses of the PLSC rDNA sequences allowed the identification of 18

haplotypes based on the ITS locus (Fig. 6A), 21 haplotypes based on the LSU locus (Fig.
6B) and five haplotypes based on the SSU locus (Fig. 6C). In the PLSC haplotype network
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based on ITS locus (Fig. 6A), clade 1 (Cluster C) was formed by seven haplotypes (H1-
H7); Clade 2 (Cluster D) was formed by three haplotypes (H8- H11); Clade 3 (Cluster B)
was formed by a single haplotype (H12) and Clade 4 (Cluster A) was formed by six
haplotypes (H13-H18).

Considering the PLSC haplotype network based on LSU locus (Fig. 6B), clade 1
(Cluster C and D) was formed by ten haplotypes (H1-H10); Clade 2 (Cluster E) was
formed by four haplotypes (H11-H14); Clade 3 (Cluster B) included five haplotypes (H15-
H19) and clade 4 (Cluster A) was formed by two haplotypes (H20, H21). Regarding the
PLSC haplotype network based on SSU locus (Fig. 6C), clade 1 (Cluster C) was formed by
two haplotypes (H1 and H2) and clades 2 (Cluster C), 3 (Cluster B) and 4 (cluster A) was
formed by one haplotype each, H3, H4 and H5 respectively.
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Fig. 6. Haplotype networks based on ITS (A) LSU (B) and SSU (C) PLSC rDNA
sequences. The haplotypes were represented using the same colors as the clades in the
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Rectangles identify the main groups found in BAPS analyses. Cross-lines on the branches
correspond to mutations in the alignment and the circles represent the haplotypes and the

mean vectors. The diameter of each haplotype circle is proportional to the relative
haplotype frequency.

According to the maps based on ITS, LSU and SSU sequences (Fig. 7A, B and C
respectively), haplotypes from strains in Clade 1 have a wide distribution, occurring in

tropical and subtropical regions, between latitudes 42°N and 12°S of the Atlantic Ocean,
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between latitudes 40°N and 29°S of the Pacific Ocean and at latitudes 21°S of the Indian
Ocean (Reunion Island). The haplotypes corresponding to the strains from Clade 2
occurred exclusively in the tropical Atlantic Ocean between latitudes 32°N and 22°S.
Haplotypes corresponding to Clade 3 also had a wide distribution, occurring in tropical and
subtropical regions between latitudes 14°N and 3°S in the Atlantic Ocean, between
latitudes 33°N and 19°N in the Pacific Ocean (this distribution may be broader, since the
strain SM24 were described for tropical Australia, Genbank code DQ336182.1, but without
information about its geographic coordinates) and at latitude 22°S in the Indian Ocean. The
haplotypes from the strains grouped in Clade 4 are present solely in temperate and
subtropical regions between latitudes 33°N and 45°N of the Atlantic Ocean and
Mediterranean Sea and between latitudes 34°S and 41°S of the Pacific Ocean (Tasmania

and New Zealand).
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4. Discussion

Prorocentrum lima was described by Ehrenberg (1860) under the name of
Cryptomonas lima. The redescription of the species was carried out considering
morphological characters of the organism collected in the type locality, Gulf of Naples,
Italy, without molecular analysis (Nagahama and Fukuyo., 2005). Subsequently, the use of
the term "P. lima species complex” (PLSC) was proposed due to the high variability found
in the size and shape of cells and in the shape of the pores present on the theca surface
(Aligizaki et al., 2009). Then, P. arenarium and P. lima were synonymized based on
phylogenetic analysis of SSU sequences (Nagahama et al., 2011). In recent years, with the
expansion and availability of molecular data, many studies have been developed to better
understand the limits of PLSC (Zhang et al., 2015; Nascimento et al., 2017, Chomérat et
al., 2018; Nishimura et al. al., 2020).

In the present work, the molecular phylogenetic analyses, including a greater
number of sequences, recovered tree topologies based on ITS, LSU and SSU loci that are
in agreement with previous published phylogenies (Zhang et al., 2015; Nascimento et al.,
2016; Moreira-Gonzélez et al., 2018; Chomérat et al., 2018; Nishimura et al., 2020;
Cembella et al., 2021). The phylogenetic analyses based on the ITS and LSU markers
(Figs. 2 and 3) are congruent, with the four clades of the PLSC presenting moderate-high
posterior probability (BI) and Bootstrap (ML) values that support phylogenetic
relationships. The topology of the phylogeny based on SSU rDNA sequences (Fig. 4) was
consistent with that of ITS and LSU regions, but presented three, instead of four, PLSC
clades. Besides that, the relationships between some of the PLSC clades are unclear as

some nodes had low support values.

Molecular markers of rDNA genes have different evolutionary rates, ITS sequences
are quite variable, revealing high inter-specific and even intra-specific diversity (Stern et
al., 2012), while LSU and SSU sequences are more conserved, but LSU sequences evolve
faster than SSU sequences in dinoflagellates, providing better phylogenetic resolution
(Boopathi et al., 2015). Within the genus Prorocentrum, different genetic distance values
were observed at intra and interspecific levels (Nascimento et al., 2017). In the present
work, the lowest values of ITS p-distances were observed between PLSC clades 1x2

(0.068), clades herein called as P. cf. lima “tropical” and the highest distance values were
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observed between clade 4 (P. lima) and the remaining clades 1x4 (0.142), 2x4 (0.148) and
3x4 (0.123), followed by distance values between clade 3 (P. arenarium) and remaining
clades 1x3 (0.105), 2x3 (0.102), 3x4 (0.123). These values reveal a high genetic
divergence among PLSC clades, which far exceeds the limit proposed by Litaker et al.
(2007) of 4% (0.04) p-distance based on the ITS loci to recognize most free-living
dinoflagellate species.. Regarding the LSU sequences, the lowest values of genetic distance
were also observed between PLSC clades 1x2 (0.012), corresponding to P. cf. lima
“tropical”. While the highest values were found between clade 4 (P. lima) and the
remaining clades, 1x4 (0.042), 2x4 (0.048) and 3x4 (0.035), followed by values between
clade 3 (P. arenarium) and the other clades 1x3 (0.020), 2x3 (0.025) and 3x4 (0.035). That
is in accordance with what was found for ITS, but with lower distance values.

A similar analysis considering the p-distance values of ITS and LSU sequences
from species closely related to the PLSC showed values lower than those found between
PLSC clades, such as P. caipirignum x P. hoffmannianum (ITS = 0.066; LSU = 0.027), P.
caipirignum x P. sp. type 3 (ITS =0.071 LSU = 0.013) and P. hoffmannianum x P. sp. type
3 (ITS: 0.056; LSU: 0.031). Nascimento et al. (2017) found the following p-distance
values between these species: P. caipirignum x P. hoffmannianum, (ITS = 0.068 — 0.091;
LSU =0.013 — 0.019), P. caipirignum x P. sp. type 3 (ITS = 0.07 - 0.078; LSU = 0.008 -
0.01). Thus, the genetic differences between the PLSC clades, particularly between clades
4 and 3 and the remaining clades, are higher than those found among other valid
Prorocentrum species.

Regarding the SSU marker, as expected, the distance values were lower between all
clades, compared to ITS and LSU values, ranging from 0.001 to 0.008. The same pattern of
highest distance values between P. lima (clade 4) and the remaining clades was observed
in this more conserved marker. The SSU phylogenetic analyzes presented a lower
resolution and retrieved three PLSC clades, as clades 1 and 2 were not differentiated by
this locus. The SSU has significantly lower resolution than LSU in resolving Prorocentrum
species relationships, although less significant than the other genetic markers, the
information presented by the SSU is useful to improve species identification (Boopathi et
al., 2015).

The divergence between sequences of Prorocentrum species, P. arabianum, P.
concavum, P. cf. faustiae (later synonymized with P. concavum), P. lima and P. arenarium

(later synonymized with P. lima) was estimated, using a smaller dataset (five sequences of
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Prorocentrum were analyzed), and revealed a variation of 0.002 - 0.198 based on the LSU
locus, with a difference of 0.03 between P. lima and P. arenarium sequences (Mohammad-
Noor et al., 2007). Morphological and molecular analyzes were performed of P. lima
strains from the South China Sea based on the ITS and LSU loci of rDNA, indicating the
occurrence of five morphotypes and observed genetic distance values between Morphotype
2 (clade 1 of the current work), Morphotype 3 (clade 1 of the current work), Morphotype 4
(P. caipirignum), Morphotype 5 (Prorocentrum sp. type 3) and Morphotype 1 of their
work (clade 3 of the present work, P. arenarium) from 0 to 0.05862 in LSU locus (Zhang
et al., 2015). Nascimento et al. (2017) found distances of 0.07 — 0.09 between ITS
sequences of P. caipirignum and the two closest species (P. hoffmannianum and
Prorocentrum sp. Type 3). Based on the LSU sequences, it was considered that the average
p-distance between P. lima (clade 4) and the other clades (1, 2 and 3) presented divergence
at the species level (0.034 — 0.047) and were larger than those found between P.
caipirignum and P. hoffmannianum (0.027) (Nishimura et al., 2020). In the present work,
using a higher number of sequences from each marker, the p-distance values between P.
lima (clade 4) and the remaining clades (ITS: 0.0123 — 0.048 and LSU: 0.035 — 0.048)
were larger than those observed between P. caipirignum and P. hoffmannianum (ITS:
0.066 and LSU: 0.027). Comparisons based on the SSU locus were hampered as there was
no SSU sequence of P. caipirignum available in Genbank.

The results of the BAPS analyses based on ITS showed four genetic clusters. While
LSU sequences were clustered in five genetic groups, the sequences corresponding to clade
1 were subdivided in two clusters (C and D) that do not show distinction in the geographic
distribution (Fig. 5B). This is probably due to the larger number of sequences and higher
genetic diversity of the LSU sequences from clade 1 (Fig. 3). The SSU presented three
genetic clusters (A, B and C) corresponding to clades 4, 3 and 1+2 respectively, in

agreement with the phylogenetic tree (Fig. 2, 3 and 4).

The PLSC is widely distributed from temperate to tropical regions in latitudes
ranging from 45° N to 35° S. This great dispersion capacity may be related to their asexual
reproduction by binary fission and to the production of cysts (Faust, 2004). Some studies
have shown that passive transport of vegetative and/or resting cysts can occur on floating
and drifting objects and plastic debris (Larsson, et al., 2018; Mas6 et al., 2003); besides the
transport of dinoflagellate cysts by ship's ballast water (Hallegraf, 1998).
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An interesting pattern observed in the haplotype distribution maps was the high
genetic diversity in the populations from oceanic islands (Trindade, Fernando de Noronha,
Mayotte, Okinawa and Hainan). These islands presented a higher number of haplotypes
relative to coastal areas. The Fernando de Noronha Island in Brazil standouts as the only
place presenting haplotypes corresponding to three of the four main clades of the PLSC
(ITS: H3, H4, H8, H12; LSU: H1, H11, H15; SSU: H1, H4). In Trindade (ITS: H2, H6,
H10, H11; LSU: H1, H3, H11; SSU: H1) Mayotte (LSU: H1, H7, H15), Okinawa (ITS:
H3; LSU: H1, H4, H5, H7, H8, H15, H18, H19; SSU: H1) and Hainan Islands (ITS: H3,
H5, H12) also presented a high number of haplotypes from two PLSC clades.

The haplotypes of P. lima (clade 4) (ITS: H14-H18; LSU: H20 and SSU: H5),
presented a more restricted distribution, in the Temperate North Atlantic biogeographic
realm in Lusitanian, Mediterranean Sea and Cold Temperate Northwest Atlantic provinces
(according to the classification by Spalding et al., 2007). However, the LSU-H21
haplotype was found both in the Temperate North Atlantic and in the Temperate Australia
biogeographic realms (Southern New Zealand and Southern Australian Shelf provinces),
the latter probably from a recent introduction event. The haplotypes corresponding to clade
2 of P. cf. lima “tropical”, (ITS: H8-H11; LSU: H11-H14 and SSU: H3) also presented a
more restricted distribution and were present only in Atlantic Ocean, in Temperate
Northern Atlantic (Warm Temperate Northwest Atlantic province) in the Tropical Atlantic
(Tropical Northwestern Atlantic and Tropical Southwestern Atlantic), which may suggest
an ongoing speciation event.

Haplotypes corresponding to clade 1 of P. cf. lima “tropical” (ITS: H1-H7; LSU:
H1-H10; SSU: H1-H2) and to clade 3 (P. arenarium) (ITS: H12; LSU: H15-H19; SSU:
H4) had a broad distribution and were mostly present in tropical and subtropical regions.
Haplotipes corresponding to clade 1 were present in the Temperate Northern Atlantic (in
Warm Temperate Northwest Atlantic and Lusitanian provinces) Tropical Atlantic (in
Tropical Northwestern Atlantic and Tropical Southwestern Atlantic provinces), Western
Indo-Pacific (Western Indian Ocean province), Temperate Northern Pacific (Cold
Temperate Northwest Pacific, Warm Temperate Northwest Pacific and Warm Temperate
Northeast Pacific provinces), Central Indo-Pacific (South China Sea, Western Coral
Triangle and Eastern Coral Triangle provinces) and Temperate Australasia (Southern New
Zealand provice) biogeographic realms of Spalding et al. (2007) (Fig. 7). Considering

Haplotipes corresponding to clade 3 were present in the Tropical Atlantic (in Tropical
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Northwestern Atlantic, Tropical Southwestern Atlantic and West African Transition
provinces), Western Indo-Pacific (Western Indian Ocean province), Central Indo-Pacific
(South China Sea and Tropical Northwestern Pacific provinces) and Eastern Indo-Pacific
(Easter Island province) biogeographic realms of Spalding et al. (2007) (Fig. 7).

The present work revealed that PLSC populations comprise three evolutionary
lineages: P. lima (clade 4), P. arenarium (clade 3) and P. cf. lima “tropical” (clade 1 and
2). Nagahama et al. (2011) had already suggested that allopatric speciation may be
occurring and that geographically separated P. lima populations may have become
genetically distinct. It was suggested that at least two evolutionary lineages may be
inferred from their results, one from temperate climate regions, including the type locality
of P. lima (Mediterranean Sea) that forms a monophyletic clade (equivalent to clade 4 of
the present work) and a second one including strains from tropical and subtropical regions
that are grouped in a monophyletic clade with two subclades (equivalent to clade 1, 2 and 3
of the present work) (Nascimento et al., 2017). The current work included a greater
number of sequences and analyzed SSU, besides ITS and LSU loci, in addition to having
performed phylogeographic analysis.

Thus, based on the analyzes performed here, clades 3 and 4 presents clear
distinction at species level and may be considered respectively P. arenarium and P. lima.
Clades 1 and 2 are clearly different from clade 3 and 4, but do not present a clear
distinction at the species level between then. However our data suggest that there is a
biogeographic pattern within this group, with haplotypes corresponding to clade 2
restricted to the Atlantic Ocean, while the haplotypes corresponding to clade 1 are present
in the Atlantic and Pacific Oceans (Fig. 7). An investigation of the ITS secondary structure
of clade 1 and 2 sequences found that they have distinct structural patterns (Cembella et
al., 2021). While sequences of clade 1 have a distinct CBC (compensatory base changes) in
helix 3, clade 2 sequences have two CBCs in helix 2 and one CBC in helix 3, and the
authors suggested that this distinct pattern may be indicative of early stage of speciation
(Cembella et al., 2021).

A wide range of cell shape variability has been reported for the PLSC, with cells
almost round to oblong oval and ovoid (Hoppenrath et al., 2013). However, this high
variability may be explained by the inclusion of P. arenarium, larger and wider, in the
morphological range of P. lima. Zhang et al. (2015) described three PLSC morphotypes in

the southern China Sea, that were differentiated by cell size, shape and surface
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ornamentation (Morphotypes 1, 2 and 3) and that were genetically separated. Morphotypes
2 and 3 corresponded to clade 1 of the present work and Morphotype 1 to clade 3. Several
studies have already pointed out to the wider cell shape of P. arenarium cells (Faust,
1994), that is a stable character in cells from clade 3. In contrast, cells from clades 1, 2 and
4 are oval or oblong in cell shape (Nascimento et al., 2017; Zhang et al., 2015; Chomérat
etal., 2018; Lim et al., 2019; Silva et al., 2020).

Prorocentrum arenarium was described by Faust (1994) based on the
morphological characteristics of wild cells obtained from Carrie Bow Cay, Belize
(Tropical Atlantic Ocean). Subsequently, the SSU rDNA of a strain of Prorocentrum
identified as P. arenarium (strain: PMAYD1; Genbank code: Y16234.1), isolated from the
Island of Mayotte (tropical Indian Ocean, French territory) was sequenced and based on
molecular analysis, it was suggested that P. arenarium would be a larger and rounder
morphotype of P. lima (Grzebyk et al., 1998). This suggestion was based on the SSU
rDNA phylogenetic analysis that showed the P. arenarium sequence in between the P.
lima clades. Then, the broad-oval cell shape of P. arenarium was considered to be within
the range of morphological variability of P. lima and it was suggested that P. lima formed
a single monophyletic clade showing two subclades (Nagahama et al., 2011). So, P.
arenarium was considered synonymous with P. lima (Nagahama et al., 2011). These
authors used a restricted dataset, available at that time, with only 12 SSU sequences,

including only one sequence considered to be of P. arenarium (strain: PMAYDL1).

Recent studies showed that the cell shape typical of P. arenarium is statistically
wider than that of specimens from the remaining clades (as morphotype 1 in Zhang et al.,
2015, Silva et al., 2020), and it may be recognized as a stable character of all examined
specimens from clade 3 (P. arenarium). In the present work and in published phylogenies
(Zhang et al., 2015; Nascimento et al., 2016; Nascimento et al., 2017; Chomérat et al.,
2018; Nishimura et al., 2020), the strains with the typical morphology of P. arenarium
formed a well-defined clade (clade 3) in ITS, LSU and SSU phylogenies and the proposal
of the synonymy of P. lima and P. arenarium is not accepted by all authors (Nascimento et
al., 2017).

Unfortunately, there are no sequences available for P. arenarium from the type
locality (Belize), and therefore the identity of this species needs to be confirmed by the

examination of material from the type locality using both morphological and molecular
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analysis. A material was examined from the island of Martinique, that is located 2,947 km
away from Belize, and was reported, as P. lima, the morphology and genetic data of a cell
with the morphology similar to P. arenarium (Fig. 3a, b in Chomerat et al., 2018) and that
groups in clade 3, of P. arenarium (strain: IFR11-063 Genbank code: MG701857)
(Chomerat et al., 2018).

Regarding P. lima (clade 4) and P. cf. lima “tropical” (clades 1 and 2) the strains
corresponding to these groups present very similar morphology. Significant morphological
differences was found regarding the central width and the ratio between the cell central
width and the cell upper width, suggesting that there is morphological variation between
strains from these two clades (Silva et al., 2020). However, the authors recommended that
more morphometric analyzes including more strains from the different PLSC clades are
performed.

Previous studies revealed that all evaluated strains from the four PLSC clades
produced OA and several strains produced DTX1 (eg. Bravo et al., 2001; Rhodes et al.,
2006; Hoppenrath et al., 2013; Nascimento et al., 2016; Luo et al., 2017; Moreira-
Gonzélez et al., 2018; Nishimura et al., 2020; Cembela et al., 2021). Regarding the
production of toxins by clades of PLSC, clade 1 (P. cf. lima “tropical”) has high variation
in OA (0.01 pg/cell - 55.27 pg/cell) and DTX1 (not detected - 46.46 pg/cell) production
(Nishimura et al., 2020). Clade 3 (P. arenarium) showed high variation of OA (1.19
pg/cell - 51.17 pg/cell) and no or low production of DTX1 (not detected - 0.74 pg/cell).
Two strains from clade 2 (P. cf. lima “tropical”) produced OA (15.2 pg/cell; 3.63 mol.cell-
1) with low amount of DTX1 (0.47 pg/cell; 2.81 mol.cll-1) (Nascimento et al., 2016;
Cembella et al., 2021) and clade 4 (P. lima) produced OA (2.40 pg/cell - 28.33 pg/cell)
with lower amounts of DTX1(3.02 pg/cell — 11.62 pg/cell) (Bravo et al., 2001; Ben-
Gharbia et al., 2016). Within each clade there is great variability in the amount of OA
produced, but all strains of PLSC produce OA in greater amounts and little or no DTX-1
(Nishimura et al., 2020). Further analyses may elucidate whether there are differences in
the toxin profile and toxin quota between the different lineages of the PLSC.

5. Conclusions

The phylogenetic and phylogeographic analyses performed in the present study

revealed that the PLSC is composed of at least three distinct genetic lineages, with partially
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overlapping biogeographic distribution, which may correspond to three different species.
Prorocentrum lima (clade 4), P. arenarium (clade 3) and P. cf. lima “tropical” (clade 1 and
2) sequences presented high p-distance values in relation to each other, comparable to
those existing among some other Prorocentrum species, specially for the ITS and LSU
loci. Furthermore, BAPS analyses confirmed that the PLSC encompasses at least three
distinct genetic clusters, corresponding to P. lima, P. arenarium and P. cf. lima “tropical”
clades. In addition, the phylogeographic analyses revealed a restricted distribution of
haplotypes belonging to P. lima (clade 4) and P. cf. lima “tropical” (clade 2).
Prorocentrum lima (clade 4) haplotypes are restricted to temperate regions and there is
virtually no geographic overlap between this clade and the other PLSC clades. The P. cf.
lima “tropical” (clade 2) haplotypes have a distribution restricted to the tropical regions of
the Atlantic Ocean, which may indicate an early stage of speciation. On the other hand,
haplotypes corresponding to P. arenarium (clade 3) and P. cf. lima “tropical” (clade 1)
presented a wide biogeographic distribution.
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Supplementary Data

Table S1: Strains obtained in the present work, sampling site, geographic coordinates of
each site. N.A.-Not available.

Strain Location of sampling site Latitude, Longitude

name

UNR-1 Armacéo dos Bulzios, Rio de Janeiro, Brazil 22°44' 49" S; 41°52' 54" W
UNR-15 Maragogi, Alagoas, Brazil

UNR-17 Trindade and Martim Vaz archipelago, Espirito Santo, Brazil 20° 29' 22.2"S; 29° 20" 04.2" W
UNR-18 Trindade and Martim Vaz archipelago, Espirito Santo, Brazil 20° 29' 22.2"S; 29° 20" 04.2" W
UNR-19 Trindade and Martim Vaz archipelago, Espirito Santo, Brazil 20° 29' 22.2"S; 29° 20" 04.2" W
UNR-20 Trindade and Martim Vaz archipelago, Espirito Santo, Brazil 20° 29'22.2"S; 29° 20' 04.2" W
UNR-21 Trindade and Martim Vaz archipelago, Espirito Santo, Brazil 20°29'22.2"S; 29° 20' 04.2" W
UNR-32 Maragogi, Alagoas, Brazil 8°55'18"S; 35° 09' 05.8" W
UNR-33 Fernando de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
UNR-34 F. de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
UNR-35 F. de Noronha archipelago, Pernambuco, Brazil

UNR-36 F. de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
UNR-37 F. de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
UNR-38 F. de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
UNR-68 Praia dos Carneiros, Pernambuco, Brazil 8°42'16"S; 35°04'43"W
UNR-71 Praia do Forte, Bahia, Brazil 12°34'41.0" S; 38°00'04.7" W
UNR-72 Praia do Forte, Bahia, Brazil 12°34'41.0" S; 38°00'04.7" W
UNR-73 Praia do Forte, Bahia, Brazil 12°34'41.0" S; 38°00'04.7" W
UNR-74 Brazil N.A.

UNR-75 Maragogi, Alagoas, Brazil 8° 55' 18"S; 35° 09' 05.8" W
UNR-76 Maragogi, Alagoas, Brazil 8° 55' 18"S; 35° 09' 05.8" W
UNR-86 F. de Noronha archipelago, Pernambuco, Brazil 3°50'52.3"S; 32° 26' 31.8"W
BC1 Barra do Cunhau, Rio Grande do Norte, Brazil 6°17'18.0"S; 35°02'02.0"W
VGO 776  Tenerife, Spain N.A.

PL 27V Canelas beach,Vigo, Spain 42°38”90.3” N; 8°83’19.3” O
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Table S2: Strains, Genbank codes for each marker used (ITS, LSU and SSU), Collection sites and references of the sequences used at the
analyses. N.I.-Not Informed. XXX- Not available.

Strain ITS LSU SSuU Collection site Reference
OMI3P XXX LC415597.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
OUN122P XXX LC415596.1 XXX Japan, Okinawa, Uruma City, Nakagusuku Bay (Nishimura et al., 2020)
OMI29P XXX LC415595.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
OMI6P XXX LC415594.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
OMI4P XXX LC415598.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
KTH8P XXX LC415593.1 XXX Japan, Kagoshima, Amami-oshima Island, Tatsugo (Nishimura et al., 2020)
Cho, Heart Rock
MIO12P XXX LC415592.1 XXX Japan, Miyagi, Ishinomaki City, Oginohama (Nishimura et al., 2020)
AOF93P XXX LC415591.1 XXX Japan, Akita, Oga City, (Nishimura et al., 2020)
Funagawaminatodaishimaunosaki
MIO52P XXX LC415590.1 XXX Japan, Miyagi, Ishinomaki City, Oginohama (Nishimura et al., 2020)
OUN22P30 XXX LC415589.1 XXX Japan, Okinawa, Uruma City, Nakagusuku Bay (Nishimura et al., 2020)
AHM3P XXX LC415587.1 XXX Japan, Aomori, Hiranai Machi, Mouratsukidomari  (Nishimura et al., 2020)
OMI8P XXX LC415588.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
AOF70P XXX LC415586.1 XXX Japan, Akita, Oga City, (Nishimura et al., 2020)
Funagawaminatodaishimaunosaki
AOF55P XXX LC415585.1 XXX Japan, Akita, Oga City, (Nishimura et al., 2020)
Funagawaminatodaishimaunosaki
KMK75P XXX LC415584.1 XXX Japan, Kochi, Muroto City, Kannoura (Nishimura et al., 2020)
OUN152P30 XXX LC415583.1 XXX Japan, Okinawa, Uruma City, Nakagusuku Bay (Nishimura et al., 2020)
KONG61P XXX LC415582.1 XXX Japan, Kochi, Otsuki Cho, Nishidomari (Nishimura et al., 2020)
OMI9P XXX LC415581.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
OMI39P XXX LC415580.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
KTH5P XXX LC415579.1 XXX Japan, Kagoshima, Amami-oshima Island, Tatsugo (Nishimura et al., 2020)
Cho, Heart Rock
OMI36P XXX LC415578.1 XXX Japan, Okinawa, Motobu Cho, Ishikawa (Nishimura et al., 2020)
KON81P XXX LC415577.1 XXX Japan, Kochi, Otsuki Cho, Nishidomari (Nishimura et al., 2020)
KON83P XXX LC415576.1 XXX Japan, Kochi, Otsuki Cho, Nishidomari (Nishimura et al., 2020)
PPL2-4 AB189769.1 XXX AB189776.1 Philippines, Palawan Island (Nagahama et al.,2011)
OAK-TO-PL AB189768.1 XXX AB189775.1 Japan, Aka Island, Okinawa, Akashima (Nagahama et al.,2011)
Tabhiti AB189742.1 XXX AB189774.1 Tahiti, French Polynesian (Nagahama et al.,2011)
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PDIO-3 AB189770.1 XXX XXX Philippines, Dio Island (Nagahama et al.,2011)

95-INDO-PLIMA AB189772.1 XXX XXX Indonesia (Nagahama et al.,2011)
AK9001 AB189771.1 XXX AB189773.1 Japan, Amatsukominato, Chiba (Nagahama et al.,2011)
SD1 KM266627.1 KP063225.1 XXX China, Hainan Island (Zhang et al., 2015)
SD2 KM266630.1 KP063226.1 XXX China, Hainan Island (Zhang et al., 2015)

SE7 XXX KP063230.1 XXX China, Hainan Island (Zhang et al., 2015)
SE5 KM266629.1 KP063229.1 XXX China, Hainan Island (Zhang et al., 2015)
SD11 KM266631.1 KP063228.1 XXX China, Hainan Island (Zhang et al., 2015)
SD4 KM266628.1 KP063227.1 XXX China, Hainan Island (Zhang et al., 2015)
SC7 XXX KP063224.1 XXX China, Hainan Island (Zhang et al., 2015)
2S1F7 KM266632.1 KP063215.1 XXX China, Hainan Island (Zhang et al., 2015)
#151 XXX XXX Y16235.1 Japan, Tokushima, Mugi Ooshima (Grzebyk et al., 1998)
TI10124 KY010236.1 KY010250.1 XXX China, Beihai, Guangxi (Luo et al., 2017)
TIO177¢ KY010237.1 XXX XXX China, Beihai, Guangxi (Luo et al., 2017)
T10155a KY010232.1 KY010251.1 XXX China, Beihai, Guangxi (Luo et al., 2017)
T10164 KY010234.1 XXX XXX China, Beihai, Guangxi (Luo et al., 2017)
T10163 KY010233.1 XXX XXX China, Beihai, Guangxi (Luo et al., 2017)
DNS-7 XXX DQ336195.1 XXX N.I Unpublished
DNS-3 XXX DQ336187.1 XXX N.I Unpublished
CCMP1370 EU921507.1 XXX XXX N.1 Unpublished
S4 XXX DQ336193.1 XXX N.1 Unpublished
SKLMP_W074 XXX MG914032.1 XXX Hong Kong, Tai She Wan Unpublished
CAWD?283 XXX LC422235.1 XXX New Zealand, Rangitahua/Kermadec Islands, Raoul Unpublished
Island
XS336 MH381780.1 MH375426.1 XXX China, Paracel Islands Unpublished
XS326 MH375434.1 MH375425.1 XXX China, Paracel Islands Unpublished
3XS36 MH375433.1 MH375414.1 XXX China, Paracel Islands Unpublished
3XS34 MH375432.1 MH375415.1 XXX China, Paracel Islands Unpublished
XS575 MH356574.1 MH348972.1 XXX China, Paracel Islands Unpublished
B2RTH11 XXX LC413904.1 XXX Solomon Islands, Kinugawa Maru WWI1 wreck, (Murray et al., 2018)
Guadalcanal
B2RTH10 XXX LC413903.1 XXX Solomon Island, Kinugawa Maru WWII wreck, (Murray et al., 2018)
Guadalcanal
B2RTH7 XXX LC413902.1 XXX Solomon Island, Kinugawa Maru WWI1I wreck, (Murray et al., 2018)

Guadalcanal



NPHLB4 XXX LC413901.1 XXX Solomon Island ,Honiara, Guadalcanal (Murray et al., 2018)

CIBNOR-PRL1 XXX EF517252.1 EF517266.1 Mexico, Isla El Pardito Golfo da California (Cohen-Fernandez et al., 2010)
PL7V XXX EF517253.1 EF517265.1 Spain, Ria de Pontevedra (Bueu, batea) (Cohen-Fernandez et al., 2010) (Zardoya et al., 1995)
SM45 XXX XXX EU196419.1 Japan, Akajima (Murray et al., 2009)

SM29 XXX DQ336181.1 XXX Australia (Martinez et al., 2011) (Murray et al., 2009)
PLRN_02 XXX AJ567457.1 XXX France, Reunion Island Unpublished

PLMA 01 XXX AJ567458.1 XXX France, Reunion Island Unpublished

PLMK_02 XXX AJ567459.1 XXX France, Reunion Island Unpublished

CCMP1541 EU927564.1 XXX XXX N.I Unpublished

CAWD189 XXX MW177928.1 XXX USA, Hawaii Direct submission

CRLMN-6 AB189744.1 XXX AB189778.1 Costa Rica, Puerto Limon, Limon (Nagahama et al.,2011)
USSP-F2 AB189749.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-F11 AB189746.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-F12 AB189747.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-S2 AB189751.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-S15 AB189753.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-S18 AB189752.1 XXX XXX USA, Florida, St. Pete beach (Nagahama et al.,2011)
USSP-F8 AB189748.1 XXX AB189777.1 USA, Florida, St. Pete beach (Nagahama et al.,2011)
BM-U2-A5 AB189757.1 XXX XXX Bermuda, UK (Nagahama et al.,2011)
BM-U2-B2 AB189756.1 XXX XXX Bermuda, UK (Nagahama et al.,2011)
BM-U2-C1 AB189758.1 XXX XXX Bermuda, UK (Nagahama et al.,2011)
BM-U2-D5 AB189755.1 XXX XXX Bermuda, UK (Nagahama et al.,2011)
BM-U2-B1 AB189754.1 XXX XXX Bermuda, UK (Nagahama et al.,2011)
USTM-D6 AB189750.1 XXX XXX USA, Florida, Tampa Bay (Nagahama et al.,2011)
CRLMN-7 AB189745.1 XXX XXX Costa Rica, Puerto Limon, Limon (Nagahama et al.,2011)
CRLMN-4 AB189743.1 XXX XXX Costa Rica, Puerto Limon, Limon (Nagahama et al.,2011)
UNR-01 KU722938.1 KU198627.1 XXX Brazil, RJ, Praia da Tartaruga, Armacdo dos Blzios (Nascimento et al., 2016)
UNR-09 KU198629.1 XXX XXX Brazil, RJ, Praia da Tartaruga, Armacao dos Blzios (Nascimento et al., 2016)
PLHV-1 XXX JQ616842.1 JQ638930.1 Cuba (Herrera-sepulveda et al., 2012)

https://www.cibnor.gob.mx/en/research/biological-
collections/codimar/home

CCMP1746 EU927509.1 DQ336186.1 XXX Belize, Southwater Cay (Martinez etal., 2011) (Murray et al., 2009)
(https://ncma.bigelow.org/CCMP1746)
CCMP1368 EU927506.1 EU165317.1 XXX USA, Florida, Knight Key (Scorzetti et al., 2009)

(https://ncma.bigelow.org/CCMP1368)
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OUN2P30
OUN137P30
KMK21P
CF10
PF11
NG5

NF6
BS4F5
SM24
2S1E12
PMAYD1
IFR11-063
NMNO7
VGO776
PAEU_01
CCMP685

CCMP686
CCMP1743
CCMP684

USMA-2
USMA-1
USMA-6
USMA-5
USMA-4
Dn150EHU
Dnl116EHU
Dn141EHU
PLBZT14
CCMP1966

PQ1

XXX
XXX
XXX
KM266619.1
XXX
KM266620.1
KM266621.1
KM266622.1

KM266623.1
XXX

XXX

XXX
EU244470.1
XXX
AB189765.1;

AB189766.1,
AB189767.1,
AB189764.1

AB189763.1
AB189762.1
AB189760.1
AB189761.1
AB189759.1
KT898148.1
KT898156.1
KT898161.1
XXX

XXX

EU927488.1

LC415603.1 XXX
LC415602.1 XXX
LC415601.1 XXX
KP063218.1 XXX
KP063223.1 XXX
KP063222.1 XXX
KP063221.1 XXX
KP063217.1 XXX
DQ336182.1

KP063214.1 XXX

XXX Y16234.1

MG701857.1 XXX
EF566748.1 XXX
KY053858.1 XXX
AJ567456.1 XXX

DQ336179.1 XXX
XXX XXX
XXX XXX
XXX AB189779.1
XXX XXX
XXX XXX
XXX XXX
XXX XXX
XXX AB189780.1
XXX XXX
XXX XXX
XXX XXX
KX845009.1 XXX
XXX EF377326.1
XXX XXX

Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Kochi, Muroto City, Kannoura

China, Hainan Island

China, Hainan Island

China, Hainan Island

China, Hainan Island

China, Hainan Island

N.1

China, Hainan Island

France, Mayotte Island

France, Martinique Island, Anse Dufour

N.1

Spain, Pta. Hidalgo, Tenerife

France, Reunion Island

Spain, Ria de Vido, Vigo

Spain, Ria de Vido, Vigo
Canada, Nova Escocia, Mahone Bay
Spain, Lago Cies, Vigo

USA, Clam Cove, Maine

USA, Clam Cove, Maine

USA, Clam Cove, Maine

USA, Clam Cove, Maine

USA, Clam Cove, Maine

France, Villefranche-sur-Mer

Portugal, Galé, (South of “the Iberian Peninsula)
Spain, Ibiza

Tunisia, Baia Bizerta

USA, New Meadows River near Bath, Maine

Canada, New Scotland, Pomquet

(Nishimura et al., 2019)

(Nishimura et al., 2019)

(Nishimura et al., 2019)

(Zhang et al., 2015)

(Zhang et al., 2015)

(Zhang et al., 2015)

(Zhang et al., 2015)

(Zhang et al., 2015)

Unpublished

(Zhang et al., 2015)

Direct submission

(Chomérat et al., 2018)
(Mohammad-Noor et al., 2007)
Unpublished

Unpublished

(Nagahama et al.,2011)
(https://ncma.bigelow.org/CCMP685)
(Nagahama et al.,2011)
(https://ncma.bigelow.org/CCMP686)
(Nagahama et al.,2011)
(https://ncma.bigelow.org/CCMP1743)
(Nagahama et al.,2011)
(https://ncma.bigelow.org/CCMP684)
(Nagahama et al.,2011)

(Nagahama et al.,2011)

(Nagahama et al.,2011)

(Nagahama et al.,2011)

(Nagahama et al.,2011)

(David et al., 2017)

(David et al., 2017)

(David et al., 2017)

(Ben-gharbia et al., 2016)

(Zhang et al., 2007)
(https://ncma.bigelow.org/CCMP1966)
Unpublished
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PQ2
PQ3

IP197
IP297
IP797

PA

4v
Dn35EHU
Dn37EHU
Dn38EHU
Dn39EHU
AR2

AR3
KP200
KP201
KP202
KP206
KP209
KP208
AR4
CCMP2273
CCMP2578
CCMP2580
CCMP2581
CCMP2583
CCMP684
CCMP2589
CCMP1999
CCMP2584

CCAP 1136/11

CCAP 1136/12

EU927489.1
EU927490.1
EU927491.1
EU927492.1
EU927493.1
EU927487.1
EU244474.1
XXX

XXX

XXX

XXX

EU927500.1
EU927501.1
EU927494.1
EU927495.1
EU927496.1
EU927497.1
EU927499.1
EU927498.1
EU927502.1
EU927511.1
EU927512.1
EU927514.1
EU927515.1
EU927516.1
EU927503.1
EU927513.1
EU927510.1
EU927517.1
XXX

EU927519.1

XXX
XXX
XXX
XXX
XXX
XXX
XXX
HQ414228.1
HQ414231.1
HQ414229.1
HQ414230.1
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX

XXX

XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
MK541784.1

MK541780.1

N.1

N.1

N.1

N.1

N.1

N.1

Spain, Galicia, Ria de Aldan

Spain, Biscay

Spain, Biscay

Spain, Biscay

Spain, Santander

N.1

N.1

N.1

N.1

N.1

N.1

N.1

N.1

N.1

USA, New Meadows River near Bath, Maine
USA, Point Judith Pond, Rhode Island
USA, Clam Cove, Maine

USA, Clam Cove, Maine

USA, Bluff Hill Cove, Rhode Island
Spain, Lago Cies, Vigo

N.1

N.1

USA, New Meadows River, Maine
Spain, Ria de Vigo, Galicia

England, Marine; Gibralter Point Visitor Centre,
Lincolnshire

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

(Martinez et al., 2011)

(Martinez et al., 2011)

(Martinez et al., 2011)

(Martinez et al., 2011)

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished

Unpublished
https://ncma.bigelow.org/CCMP2273
https://ncma.bigelow.org/CCMP2578
https://ncma.bigelow.org/CCMP2580
https://ncma.bigelow.org/CCMP2581
https://ncma.bigelow.org/CCMP2583
https://ncma.bigelow.org/CCMP684
https://ncma.bigelow.org/CCMP2589
https://ncma.bigelow.org/CCMP1999
https://ncma.bigelow.org/CCMP2584
(Varkitzi et al., 2010)
https://www.ccap.ac.uk/strain_info.php?Strain_No=113
6/11
https://www.ccap.ac.uk/strain_info.php?Strain_No=113
6/12
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CCAP 1136/9

PLLSO1
Sorrento 1
Dn76EHU
Dn82EHU
Dn61EHU
Dn53EHU
Dn50EHU
Dn57EHU
Dn79EHU
Dn109EHU
Dn88EHU
Dnl157EHU
Pl.10

Pl.1

Pl1.2

Pl.16

PL7

SHOU-Dino-Pro-

001

FIUPL
CAWDY%4
CAWDL176

CAWD33
CAWDG69
CAWD70
CAWD32

AS4F8

DS4D9
DS4G4
T10180
TIO0179

EU927518.1 XXX XXX
XXX AY?259170.1 XXX
XXX DQ336189.1 XXX
KT898159.1 XXX XXX
KT898154.1 XXX XXX
KT898157.1 XXX XXX
KT898153.1 XXX XXX
KT898152.1 XXX XXX
KT898150.1 XXX XXX
KT898158.1 XXX XXX
KT898149.1 XXX XXX
KT898151.1 XXX XXX
KT898155.1 XXX XXX
KX026864.1 XXX XXX
KJ781423.1 XXX XXX
KJ781421.1 XXX XXX
KX026866.1 XXX XXX
KJ781422.1 XXX XXX
JN717141.1 XXX JN717143.1
XXX EU165316.1 XXX
XXX MW177926.1 XXX
XXX MW177927.1 XXX
XXX MW177923.1 XXX
XXX MW177924.1 XXX
XXX MW177925.1 XXX
XXX MW177922.1 XXX

KM266624.1 KP063216.1 XXX
KM266626.1 KP063219.1 XXX
KM266625.1 KP063220.1 XXX
KY010243.1 KY010256.1 XXX
KY010242.1 KY010255.1 XXX

England, Marine; Gibralter Point Visitor Centre,
Lincolnshire

Australia, Little Swanport, Tasmania
N.1

Portugal, Peniche

Spain, A coruna

Spain, San Sebastian

Spain, Santander

Spain, Zierbana

Spain, Santona

Spain, Vigo

Greece, Crete

Portugal, Cascais

Spain, Santander

Tunisia, Chebba

Tunisia, Borj Djelijel, Medenine
Tunisia, Chebba, Mahdia
Tunisia, Cheik Yahia

Tunisia, Chebba, Mahdia

N.1

USA
New Zealand, Rangiputa
New Zealand, Rangaunu Harbour

New Zealand, Rangaunu
New Zealand, Rangiputa
New Zealand, Whatuwhiwhi
Spain

China, Hainan Island

China, Hainan Island

China, Hainan Island

China, Beihai, Guangxi
China, Beihai, Guangxi

(Sternetal., 2012)

https://www.ccap.ac.uk/strain_info.php?Strain_No=113

6/9

(Pearce e Hallegraeff., 2004)

Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished

(Scorzetti et al., 2009)

Direct submission
Direct submission

Direct submission
Direct submission
Direct submission
Direct submission

(Zhang et al., 2015)
(Zhang et al., 2015)
(Zhang et al., 2015)
(Luo et al., 2017)
(Luo etal., 2017)

49



SE10
UFBA
LCA-B4
XS8331
KON30P15
OUNO9P30
OUNS8P30
OUN156P20
KON26P15
OUN26P20
T10138
TIO11
T10139
T10102
K-0625
PMHV-1
Al10PRO1

P. belizeanum
PPAN20
CCMP683

CCMP2804
PBHV-1
PMHV-1
CCMP2633
CCMP2904
PHGE_02
PHSE_01_2
PHSE_01
OUN37P10
OUN248P

PL1-11
VG0O880

KM266633.1 KP063231.1 XXX
KY039500.1 KY039499.1 XXX

KJ960192.1 XXX XXX
MH356573.1 MH348971.1 XXX

XXX LC415610.1 XXX

XXX LC415607.1 XXX

XXX LC415606.1 XXX

XXX LC415611.1 XXX

XXX LC415609.1 XXX

XXX LC415608.1 XXX
KY010241.1 KY010254.1 XXX
KY010238.1 KY010252.1 XXX
KY010240.1 XXX XXX
KY010239.1 KY010253.1 XXX

XXX EF566747.1 XXX
JQ638940.2 JQ638945.1 XXX
MG600151.1 MG600144.1 XXX

XXX XXX DQ238042.1
XXX XXX Y16236.1
KF885225.1 XXX KF885225.1
KF885224.1 XXX KF885224.1
JQ638934.2 XXX JQ638934.2
XXX XXX JQ638940.2
XXX XXX KF885226.1
XXX XXX XXX

XXX AJ567463 XXX

XXX AJ567462 XXX

XXX AJ567461 XXX

XXX LC415604.1 XXX

XXX LC415605.1 XXX

XXX DQ336188.1 XXX
FJ489615.1 XXX XXX

China: Hainan Island

Brazil, Bahia, Garapud, Tinharé island, Cairu
Brazil, Rio de Janeiro, Arraial do Cabo

China, Paracel Islands

Japan, Kochi, Otsuki Cho, Nishidomari

Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Kochi, Otsuki Cho, Nishidomari

Japan, Okinawa, Uruma City, Nakagusuku Bay
China, Sanya, Hainan

China, Sanya, Hainan

China, Sanya, Hainan

China, Sanya, Hainan

N.1

Cuba

Malaysia, Rawa Island, Perhentian Islands Marine
Park

Belize, Carrie Bow Cay

Panama, Contadora Island

USA

USA

Cuba

Cuba

Belize, Carrie Bow Cay
N.I

N.I

N.I

N.I

Japan, Okinawa, Uruma City, Nakagusuku Bay
Japan, Okinawa, Uruma City, Nakagusuku Bay

N.I
Spain

(Zhang et al., 2015)
(Nascimento et al., 2017)
(Nascimento et al., 2017)
Unpublished

(Nishimura et al., 2020)
(Nishimura et al., 2020)
(Nishimura et al., 2020)
(Nishimura et al., 2020)
(Nishimura et al., 2020)
(Nishimura et al., 2020)
(Luo et al., 2017)

(Luo et al., 2017)

(Luo et al., 2017)

(Luo et al., 2017)

(Mohammad-Noor et al., 2007)
(Herrera-sepulveda et al., 2012)

(Lim et al., 2019)

(Faust et al., 2008)
(Grzebyk et al., 1998)

(Herrera-sepulveda et al., 2015)

(Herrera-sepulveda et al., 2015)
(Herrera-sepulveda et al., 2015)
(Herrera-sepulveda et al., 2015)
(Herrera-sepulveda et al., 2015)

Unpublished
Unpublished
Unpublished
Unpublished
(Nishimura et al., 2020)
(Nishimura et al., 2020)

Unpublished
Unpublished
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IFR10-171 (P.
bimaculatum)
IFR10-096
PA8

PA66
PA77
PA78
PA82
PA83
PA84
PA95
PA80O
PA62
PA17
PA46
PA49
PA63
PA97
PA76
PAT72
PA48
PA104
PA90
PA%4
PA86

XXX

XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
MZ308617.1
XXX
XXX

HQ890883.1 XXX

XXX HQ890884

MZ310165.1 XXX
MZ310161.1 XXX
MZ310163.1 XXX
MZ310164.1 XXX
MZ310167.1 XXX
MZ310168.1 XXX
MZ310169.1 XXX
MZ310170.1 XXX
MZ310166.1 XXX
MZ310159.1 XXX
MZ310155.1 XXX
MZ310156.1 XXX
MZ310157.1 XXX
MZ310160.1 XXX
MZ310171.1 XXX

MZz308609.1 XXX
MZz308616.1 XXX
MZ308607.1 XXX
MZ308606.1 XXX
MZ308613.1 XXX
MZ308615.1 XXX
MZz308611.1 XXX

XXX
XXX
XXX
XXX
XXX
XXX
XXX

Kuwait

Arabian Gulf

Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz

Mexico, Baja California Sur
Mexico, Baja California Sur

Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz

Mexico, Baja California Sur

Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz
Mexico, Veracruz

Direct submission

(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
(Cembella et al.,2021)
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Conclus6es gerais:

Conclui-se, considerando as analises filogenéticas e filogeograficas realizadas no
presente estudo que o PLSC é composto por pelo menos trés linhagens genéticas distintas,
com distribuicGes biogeogréaficas parcialmente sobrepostas, podendo corresponder a trés
especies diferentes. As sequéncias de P. lima (clado 4), P. arenarium (clado 3) e P. cf.
lima “tropical” (clados 1 e 2) apresentaram valores de distancia-p elevados entre si,
comparaveis aos existentes entre outras espéecies de Prorocentrum, especialmente para o0s
locos ITS e LSU. As analises BAPS confirmaram este padrdo e revelaram que o PLSC
engloba pelo menos trés clusters genéticos distintos, correspondendo aos clados P. lima, P.
arenarium e P. cf. lima “tropical”. Além disso, as analises filogeogréaficas revelaram uma
distribuicéo restrita de haplotipos pertencentes a P. lima (clado 4) e P. cf. lima “tropical”
(clado 2). Os haplotipos de P. lima (clado 4) sdo restritos a regiGes temperadas e
praticamente ndo ha sobreposicdo geografica entre este clado e os outros clados do PLSC.
Os haplotipos de P. cf. lima “tropicais” (clado 2) tém distribuicdo restrita as regides
tropicais do Oceano Atlantico, o que pode indicar um estagio inicial de especiacdo. Por
outro lado, hapl6tipos correspondentes a P. arenarium (clado 3) e P. cf. lima “tropical”

(clado 1) apresentaram ampla distribuicdo biogeografica.
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