Universitat Oberta
de Catalunya

Genetic study and geographical modelling
distribution of the Ciguatera-Causing
dinoflagellates, Gambierdiscus and Fukuyoa
genera

Angels Tud6 Casanova
Master’s degree in Biostatistics and Bioinformatics
Area del trabajo final

Consultor/a:

Profesor/a: Paloma Pizarro Tobias
Carles Alcaraz

Junio 2019



Esta obra esta sujeta a una licencia de
Reconocimiento-NoComercial-

SinObraDerivada 3.0 Espafia de Creative
Commons



http://creativecommons.org/licenses/by-nc-nd/3.0/es/
http://creativecommons.org/licenses/by-nc-nd/3.0/es/

Licencias alternativas (elegir alguna de las siguientes y sustituir la de la

pagina anterior)

A) Creative Commons:

Esta obra estd sujeta a una licencia de
Reconocimiento-NoComercial-
SinObraDerivada 3.0 Espafia de Creative
Commons

Esta obra esta sujeta a una licencia de
Reconocimiento-NoComercial-Compartirigual
3.0 Espafia de Creative Commons

Esta obra estd sujeta a una licencia de
Reconocimiento-NoComercial 3.0 Espafa de
Creative Commons

Esta obra esta sujeta a una licencia de
Reconocimiento-SinObraDerivada 3.0 Espafia
de Creative Commons

@0 °

Esta obra esta sujeta a una licencia de
Reconocimiento-Compartirlgual 3.0 Espafia de
Creative Commons

Esta obra estd sujeta a una licencia de
Reconocimiento 3.0 Espaia de Creative
Commons

B) GNU Free Documentation License (GNU
FDL)

Copyright © ANO TU-NOMBRE.

Permission is granted to copy, distribute and/or
modify this document under the terms of the
GNU Free Documentation License, Version 1.3
or any later version published by the Free


http://creativecommons.org/licenses/by-nc-nd/3.0/es/
http://creativecommons.org/licenses/by-nc-nd/3.0/es/
http://creativecommons.org/licenses/by-nc-sa/3.0/es/
http://creativecommons.org/licenses/by-nc/3.0/es/
http://creativecommons.org/licenses/by-nc/3.0/es/
http://creativecommons.org/licenses/by-nd/3.0/es/
http://creativecommons.org/licenses/by-nd/3.0/es/
http://creativecommons.org/licenses/by-sa/3.0/es/
http://creativecommons.org/licenses/by-sa/3.0/es/
http://creativecommons.org/licenses/by/3.0/es/
http://creativecommons.org/licenses/by/3.0/es/

Software  Foundation; with no Invariant
Sections, no Front-Cover Texts, and no Back-
Cover Texts.

A copy of the license is included in the section
entitled "GNU Free Documentation License".

C) Copyright

© (el autor/a)

Reservados todos los derechos. Esta prohibido
la reproduccion total o parcial de esta obra por
cualquier medio 0 procedimiento,
comprendidos la impresion, la reprografia, el
microfilme, el tratamiento informéatico o
cualquier otro sistema, asi como la distribucion
de ejemplares mediante alquiler y préstamo,
sin la autorizacion escrita del autor o de los
limites que autorice la Ley de Propiedad
Intelectual.



FICHA DEL TRABAJO FINAL

Titulo del trabajo: | Descripcion del trabajo

Nombre del autor: | Angels Tudé Casanova

Nombre del consultor/a: | Paloma Pizarro Tobias

Nombre del PRA: | Carles Alcaraz Cazorla

Fecha de entrega (mm/aaaa): | 06/2019

Titulacién:: | Master Bioinformatica y Bioestadistica

Microbiologia, biotecnologia y biologia

Area del Trabajo Final:
molecular

Idioma del trabajo: | Inglés

Microalge, ciguatoxin, phylogenetics,

Palabras clave | .
ciguatera

Resumen

Gambierdiscus y Fukuyoa son dos géneros de dinoflagelados que se encuentran
principalmente en zonas tropicales, pero en las ultimas décadas se han detectado en
zonas temperadas o mas frias. Parece ser que hay una expansion de estas microalgas
mediada por el cambio climatico.

Con este trabajo se quiere hacer una aproximacion para examinar la diversidad
genética de este género, ver si hay una relacion genética y geografica. Para ello se han
utilizado herramientas clasicas de analisis genético. También se ha querido modelizar
la presencia o ausencia de especies o de cada género, mediante modelos logisticos con
un gran numero de variables

Como resultado se han creado largo datasets de secuencias asociadas a coordenadas.
Se ha podido ver la diversidad de ambos géneros y se ha podido calcular modelos
logisticos para determinar una presencia o ausencia de las microalgas.Los trépicos
albergan una gran diversidad de especies de estos dinolfagellados, pero podria haber
indices de que se estan expandiendo las especies. Por ahora con nuestros resultados,
no se pueden concluir que haya una expansion, pero este trabajo es una primera
aproximacion para ver este tipo de expansiones de las microalgas. También hay un
primer analisis con modelos logisticos basado en la presencia y ausencia de las
microalgas para ver comprender qué variables determinan la distribucion geogréfica
de las especies, estos analisis se pueden perfeccionar posteriormente con modelos
mas potentes.
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Abstract

Gambierdiscus and Fukuyoa are two genera of dinoflagellates found mainly in tropical
zones, but in recent decades these species have been detected in cooler-temperate
zones. It seems that there is an expansion of these microalgae mediated by climate
change.

Aims of this work are study the genetic diversity of these genera, see if there is a
genetic and geographical relationships and analyse the possible expansion. To this
end, classical genetic analysis tools have been used. In addition, efforts have been
done to model the presence or absence of species for each genera through logistic
models with a large number of environmental variables.

As a result, long datasets of sequences associated with coordinates have been created.
Throughout the created dataset has been analysed the diversity of both genera. Also,
logistic models have been calculated to determine the presence or absence of
microalgae. Tropical zones are hotspots of these dinoflagellates, but genetic indices of
expansion might exist. For now, with our results, it is not possible to conclude that
there is an expansion to cool areas, but this work is a first approach to observe this
type of expansions in dinoflagellate. In addition, first analysis with logistic models
based on the presence and absence of microalgae are studied, these analyses can be
further completed in the future with more powerful models.
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1.1 General description

Gambierdiscus and Fukuyoa genera are benthic dinoflagellates typically from the
tropical and circumtropical areas ®. Both genera live attached to macroalgae, sand and
other substrates mainly in coastal areas. These two genera produce gambiertoxins
(GTXs), which are the precursors of potent neurotoxins called ciguatoxins (CTXs)? .
CTXs enter in the food web through herbivorous and they are bioaccumulated in the

higher top-levels of the food web?.

The consumption of seafood contaminated with CTXs, may cause a disease called
Ciguatera Food Poisoning (CFP), which is one of the most seafood-borne illnesses
associated with fish consumption in worldwide, it is estimated to affect more than
25,000-500,000 persons per year 3.However, It is estimated that only 10%-20% of CFP
cases are reported. The symptoms of intoxication are typically gastrointestinal,
cardiovascular and neurological disturbances, which can last days, weeks and months®.
Fatal cases are rare but, they have been described®.In communities from tropical areas
where diet is based on fish, CFP has been an important influence over fishing practices,
dietary practices and migration patterns3. Economic impact is noteworthy, but a
worldwide estimation does not exist. Although, in the United States, it was estimated

at US$21 million annually for the period from 1987 to 1992 3.

In recent years, CFP cases are increasing and expanding to non-endemic areas®
probably mediated by climate change. In Europe, since 2004 CFP outbreaks appeared
in Macaronesia (Canary and Madeira archipelago). After several poisonings, European
Food Safety Authority (EFSA) declared CFP as an emergent disease in Europe and a
priority issue to study. In a short time, authorities have financed studies on
epidemiology of ciguatera, improving detection methods of CTXs in seafood and
microalgae, reporting populations of CTXs producers. Identification of species by light
microscopy and scanning electron microscopy (SEM) is very difficult, therefore
identification is based on molecular biology.

Last years, new methodologies, records and revisions have caused of a constant



updating of taxonomy of Gambierdiscus and Fukuyoa genera’=.

Research shows not all species produce the same toxins. In addition, some strains
present more toxic compounds than the others, and some them seem to be non-

producers'®

It is suggested that toxic production (fg CTX3C equiv. cell’* -d!) depends on genetically
more than environmental parameters 1.Therefore, well identification of species is

necessary in order to evaluate the local risk of Ciguatera.

Moreover, identify those areas that might be potencial locations for high toxic species
are also crucial to evaluate the future risk of Ciguatera. By modelling presence and
absence of species is possible to know information about the geographical distribution
and predict events for species, for instance, to predict invasion and proliferation under
climate changes scenarios'?. In algal research, modelling is focus mainly on
proliferations, to predict the abundance of determinate species under influence of
environmental conditions. Good models for geographical distribution of the most toxic

species could be crucial to reduce Ciguatera risk in local zones.

The present study contains two parts clearly differentiates. The first part is focused on
the genetic diversity of the Gambierdiscus and Fukuyoa genera, phylogenetics analysis
of strains froem databases and strains from Institut de Recerca i Tecnologies
Agroalimentaries (IRTA) were performed. The diversity of the current species was
analysed to understand the genetic diversity of both genera in worldwide.
Phylogenetics studies are conducted with nuclear-encoded ribosomal RNA gene
(rDNA) (LSU D8-D10, LSU D1-D3 and ITS1-5.8 ITS2). We particularly placed emphasis
with Gambierdiscus australes from Europe, which is a common species in the Balearic
islands (western Mediterranean Sea) and the Canary islands (North Atlantic Ocean)

and is only species reported in the western Mediterranean Sea.

The second part of the study is focused on characterize the environmental conditions
where species of CTX-producers are distributed. In addition, a model logistic based on
presence and absence was performed. Revision of the literature were done to compile

all locations, where CTX-producers were reported. Model is based on presence and



pseudoabsence. Pseudoabsence is an artificial data, that represents species which
were not present in the sampling point 3. To confirm absences in marine species is
very difficult, particularly depth of the samplings could represent a bias. Historically,
samplings of Gambierdiscus and Fukuyoa genera are proceeded by apnoea a few
meters of depth and findings in deeper zones have been reported by chance. Last
decades, modelling with presence and absence data combined with environmental
data using geographical information system (GIS) technology are increased and it is
possible to model with different approximations, since simple such as Randon Forest
(RF) to more complex such as Maxent Models (maximum entropy modeling) *%. In
this study has been used a multiple logistic regression, involving a logit link and

binomial error distribution 1617,

Diagnose species

Ecological modeling Locations »| Abiotic or biotic »| decline

A\

Presence of species
environmental factors Conservation

management plans

Figure 1. Ecological modelling from Manel et al. 200118,

This study is a first genetic study with large dataset of CTX-producers (n=434), with
strains from databases and new sequences from Europe. Moreover, it is the first study
in order to model the geographical distribution of Gambierdiscus and Fukuyoa genera
and large dataset of variables (n=311) are analysed.

1.2 Objetives

1. Analyze the genetic diversity of Gambierdiscus and Fukuyoa genera in the
world.

2. Understand and study the possible expansion of the Gambierdiscus australes in
Europe.

3. Analyze the possible relationships between the Canary Islands and Balearic
islands populations of G.australes.

4. ldentify important environmental variables for the presence of Gambierdiscus
and Fukuyoa genera.

5. Model species distribution in areas where CTX-producers are present.



1.3 Approaches and strategies.

Study combines information of strains from the Gambierdiscus and Fukuyoa genera
from databases and literature and the work of the collection of microalgae from IRTA.
Laboratory work have been done in parallel with this study and database was
constantly updated. Analyses has been performed by classical programs although, is
also performed by R software *°.

Particularly, the second part of this work have been proceeded after studying possible
models for modelling the presence or absence of species; we decided to use logistic
regression, which is a model used in geographical studies widely and which is feasible

to work in 4 months.

1.4 Planning of the project

As It is mentioned above, some sequences have been obtained from databases, and
others from IRTA. IRTA sequences have been sequenced in parallel with the data
analysis. This methodology has been a handicap because all time database was
updating in order to have as much information as possible. For these reasons loads of
analysis have been doing to have new information.

Some results of analyses data have provoked that some goals which were planned
previously are dismissed. For example, wide genetic analysis with region ITS rDNA was
discarded due to lack of sequences in the databases.

First was planned to work only with G. australes species, but after PEC1 with
information from data sets and calibration of time, previous ambitious goals were
reduced and dataset was amplify to all species and to work basically for phylogenetic

analysis with only one molecular marker. Planning is showed with next Gantt chart

(fig.2)
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1.5 Goals achieved

From the study a database with geographical information and environmental
information has been created. Moreover, an updated global analysis of the genetic
diversity and distribution of CTX-producers species have been achieved.

Finally, good logistic models to predict presence and absence of some species have

been obtained.

1.6 Brief description of the other chapters of the memory

This study is divided in two parts clearly well defined. The first part constitutes genetic
analysis of ciguatoxins-producer species (Gambierdiscus spp. and Fukuyoa spp.). Data
from the literature of worldwide and new data of Europe from IRTA have been
combined. Specifically in the analysis has taken in account G. australes, which is
common species in the Western Mediterranean Sea and Northerm Athlantic Sea.

After genetic diversity analysis, from all sampling points where ciguatoxins-producers

have been found logistic models have been estimated when it was possible.

10



Chapter 1

2. Methods

2.1 Creation of dataset for phylogenetics analysis
2.2.1 Genetic data

Sequences from LSU rDNA D1-D3 region, LSU rDNA D8-D10 and ITS1-5.8 rDNA-ITS2 of
all species of Gambierdiscus and Fukuyoa genera were obtained from GenBank
database National Center for Biotechnology Information (NCBI)
http://www.ncbi.nlm.nih.gov and from IRTA. Selection of sequences for the analysis
was revised for each article and verified when was needed by blast (Basic Local
Alignment Search Tool). Two approaches of downloading sequences was performed,
directly from databases and using “rentrez” R package (see in annex 1). In addition, all
relevant information about sequences such as organism, amplified region, origin,
sampling point, coordinates, article, and authors was compiled. Sequences from IRTA
were cleaned and edited by Bioedit v.7.05%°.

2.2.2 Obtaining coordinates from sampling points

After the creation of datasets with sequences of Gambierdiscus and Fukuyoa genera
from worldwide, coordinates from the sampling point of each strain was collected
were compile. Coordinates were taken directly from the articles or by inferring from
the description of the area in the articles. Coordinates were added to the dataset with
information of strains from previous work. Data contained number accession, name of
species and coordinates. All coordinates were uploaded in Google earth Pro
(v.7.3.2.5776) in order to verify manually the location of each strain. As a result, 264
strains were located with coordinates (latitude and longitude) from different parts of
the world.

2.2 Genetic data analysis

After creation of the datasets, genetic diversity analyses were performed with
sequences of LSU rDNA D1-D3 region, LSU rDNA D8-D10 and ITS1-5.8 rDNA-ITS2 of all

species of Gambierdiscus and Fukuyoa. For that sequences were aligned through

11
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Clustal W?! and “ape” R package. Clustal W is a free and intuitive software to align the
sequences, which, it is possible to work with multiple sequences. Also, Mafft, muscle
and online program was considered to be used. Sequences were edited with “ape” and
“seqir R” packages (see in annex 2).
To sum up, final datasets were:
e D8-D10 with 434 sequences of Gambierdiscus spp. and Fukuyoa spp.
(623 pb).

e D8-D10 with 100 sequences of G. australes (748 pb).

e D1-D3 with 47 sequences of G. australes (750 pb).

e ITS1-5.8 rDNA-ITS2 with 42 sequences of Gambierdiscus spp. and

Fukuyoa spp. from worldwide (490 pb).

2.2.1 Estimation of the best evolution model.

For the phylogenetic analysis, firstly, the most appropriate model of evolution was
determined by two approximations; through ModelTest () package “phangorn” with
Akaik Information Criterion (AIC) and Bayesian Information Criterion (BIC). Model was

studied for all of sequences of LSU markers and another for G. australes dataset.

2.2.2 Genetic distances (annex 3)

Genetic distances for the dataset of molecular markers D8-D10 and D1-D3 rDNA were
estimated using uncorrected genetic distance (UGD) using “ape” and “phangorn” R
packages and with software MEGA7. R packages and MEGA7 do not admit complex
models therefore was not possible to calculate distances with the model GTR+G.
Genetic distance for each taxon was save in excel files. In addition to visualize
distances, distance trees were performed with “ape”, “phangorn” and MEGA?7.

2.2.3 Estimation of geographical distances (annex 2 (section 2.2)

Geographical distances measured in (Km) were obtained from coordinates (latitude

and longitude) were estimated with “geosphere” from R packages. Then geographical
distances were saved in excel files.

2.2.3 Correlation between genetic distance and geographical distances (annex
2 section 2.2)

12



Correlations were proceeded by mantel test of “vegan” R package only for G.australes
populations.

2.2.4 Genetic diversity (annex 2, section 2.1)
As a consequence of the long time to obtain a complete data set for analysis

Gambierdiscus and Fukuyoa genera for molecular markers, only dataset of D8-D10
rDNA region was considered in this part. Finally, dataset contains 434 sequences of
length of 592 pb. Genetic diversity for each specie and for each genus was analysed
with DNAsp?? for D8-D10 LSU rDNA region considering that this region has more
sequences than the other molecular markers. Previously, a data set with no
ambiguities and gaps, was created. The final length of studied sequences changes for
each species or genus. Results from DNAsp were summarized with a table (see in

results tablel).

Parameters were studied:

e Number of polymorphic segregation sites (S.pol)
e Nucleotide diversity pi (1)

e Number of haplotypes (n° H)

e Haplotype gene diversity (H)

e Fu F’s D statistic (Fu and Li 1993) %

e Fu F’s statistic (Fu and Li 1993) %3

2.3.Phylogenetic analysis (annex2)

After aligning the sequences and the selection of evolution model was chosen,
phylogenetic analyses were proceeded. Trees based on genetic distance estimated by
methods: neighbour joining method (NJ) and UPGMA (unweighted pair group method
with arithmetic mean). In additon, phylogenetic trees were obtained by Maximum
Likelihood (ML) and Bayesian Inference (BI). For phylogenetic analysis of all species of
Gambierdiscus and Fukuyoa, a dinoflagellate Coolia monotis was used as an outgrup.
Specifically, for phylogenetic analysis with strains of G.australes the outgrup F.

paulensis.

13



) Phylogenetic trees based on Distance Methods

Genetic distance pairwise genetic distance was estimated with two
approximations, “ape” and “phangorn” packages of R and MEGA7. Phylogenetic
trees were obtained with neighbour joining method (NJ) and UPGMA
(unweighted pair group method with arithmetic mean). Although as a result of
the estimation of evolution model was a complex model such as Generalised
time-reversible model (GTR+G), It is not possible to calculate distances with this
type of models. Therefore, genetic distances were estimated with K80 model,
which assumes that nucleotides mutate with the same probability. Some large

trees were edited with iTol (interactive tree of life) https://itol.embl.de/tree to

make them easy interpretation.

1)) Phylogenetic trees based on Maximum likelihood

Trees based on Maximum Likelihood (ML) were obtained with MEGA?7.
Parameters were evolution model GTR+G and the option complete delection.
This option eliminates all positions with gaps in the sequence, being the most

conservative option.

3. Results

3.0. Creation of dataset

For each strain information of Genbak code, isolate code, species, origin, publication
and authors of publication was compiled

Summary of dataset:

D8-D10 with 434 sequences of Gambierdiscus spp. and Fukuyoa spp. (623 pb).

D8-D10 with 100 sequences of G. australes (748 pb).

D1-D3 with 47 sequences of G. australes (750 pb).

ITS1-5.8 rDNA-ITS2 with 42 sequences of Gambierdiscus spp. and Fukuyoa spp. from
worldwide (490 pb).

To work with dataset of ITS1-5.8 rDNA-ITS2 was dismissed because dataset contained

few strains for both genera, hence analysis will be with other molecular markers. For

14
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both genera was used LSU D8-10 region and for G.australes have been used LSU D8-10

and D1-D3 regions. At least sequences and information of 17 species and their

ribotypes were collected (table 1).

Table 1. Geographical distribution of
species from dataset of this study.

G.excentricus

Canary Islands

G.belizeanus

Islands, Eastern mediterranean
Sea, Red Sea

Species Geographic distribution G.honu Pacific Islands
(Brazil) Atlantic Ocean, Gambierdiscus
F.paulensis Balearic Islands(Western ribotype 2/ Japan
Mediterranean Sea) G.jejuensis
F.ruetzleri Atlantic Ocean - -
G. lapillus Australia
F-yasumotol Australia, Japan (?) G.polyniensis Pacific Islands
Pacific Islands, North Atlantic
G | Sea (Canary Islands and G. pacificus Pacific Islands
-australes Madeira Archipelago), Western G. scabrosus Japan
Mediterranean Sea, China )
G. balechii Indonesian G. toxicus Pacific Islands
Atlantic North(USA), Bahamas, Gambierdiscus Pacific Islands
Bermuda, Cancun Canary type 4

Gambierdiscus
type 6

Pacific Islands

G. caribaeus

Canary Islands

G.carolinianus

Canary Islands, Eastern
Mediterranean Sea

G. cheloniae

Pacific Islands

3.2 Genetic distances for Gambierdiscus and Fukuyoa genera

Genetic distances were obtained and saved in excel files for molecular markers LSU
D8-D10 rDNA, although subsequent section will be explained main results only for

G.australes. Genetic distances were interpreted in the trees.

3.3 Genetic distances for G.australes.

Genetic distances within G. australes species ranged between 0. and 0.021 for D8-D10
rDNA. Although, most of the strains genetic distances ranged between 0 and 0.002.
These last distances were considered low and were not taken into account because
they can be attributed to technical errors to get the sequences. However, KY448382
isolate VGO1258 from the Canary Islands has a higher genetic distance, which ranged
between 0,0190 and 0.021. This isolate already was treated was treated as different

ribotype of G. australes®*.
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Results for D1-D3 region genetic distances were G.australes were similar, range was
0.002 and 0.03. Most of distances ranged between 0.0 and 0.001. However, are two
strains one with code EF202970.1 (isolate RAV 92) is from Rairua, Raivavae Island,

Australes Archipelago in the Pacific Ocean

, its genetic distance ranged between
0.003 and 0.006; and for the strain KY448417.1 (isolate VGO 1270)%® from the Canary

Islands) had the genetic distance between 0.003 and 0.004.

As a result of mantel test there was no correlation between genetic distance and the

geographical distance p.value>0.05.

To sum up, distances until 0.02 were very small and could be an error in the obtention
of the sequences, this could be for example an error of polymerase. Strains with hihg
distance in other studies have been considered as G.australes but diffetent ribotypes.
In addition, D8-D10 rDNA and D1-D3 rDNA were not considered a good marker to
explain differences between geographical points, these results are in concordance with

the phylogenetic trees that will be showed below.

3.4 Genetic diversity of Gambierdiscus spp.

For revealing haplotypes in Gambierdiscus and Fukuyoa genera, sequences of LSU D8-
D10 were studied with DNAsp, results are summarized in (table 1).

Comparing haplotypes/phylotypes within species, in comparison of number of studied
sequences, almost all species have high number of haplotypes (n°H). This
phenomenom is showed with the haplotype gene diversity (H) as well.

However, G. excentricus has low quantity of haplotypes. Most of the sequences in the
analyses are from the Canary Islands (North Atlantic Ocean) except two sequences
from Brazil (South Atlantic)?’. Low values of nucleotide diversity and low haplotype
diversity could be a result of new colonization or a bottleneck. Level of diversification
in the Canary Islands seems to be low, considering that analysis has showed only one
haplotype for 15 sequences; this could be an indicator of recent introduction of
microalgae in the Canary Islands. Nevertheless, more markers should be studied to

understand if there could be a recent introduction.
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For G. australes species are low as well, therefore could be a bias of the data because
almost sequences are from the Canary and Balearic Islands. Moreover, the number of
haplotypes of Balearic Islands are higher than the haplotypes of the Canary Islands.
This could represent a different introductions of G. australes in the Balearic Islands or
that have had more time to diversify being an old introduction with more time than
the Canary Islands. F. paulensis from the Balearic Islands has two haplotypes, so it
could be two different introductions or that taxa have already diverged.

Further analyses are needed in order to confirm these preliminary results. Results from
different ribotypes and types has to analyse deeper. It is not clear in the articles with is

the difference of type, ribotypes, etc.

Fu F's D Fu F'sF

Populations N S | S.pol w n°H H statistic statistic
Pooled 434 262 204 0,04831 113 0,914 -10,59** -7,086**
G. scabrosus 5 468 15 0,01709 5 1 0,812 0,8655
G. toxicus 11 481 24 6,945 10 0,982 -0,87 0,936
G. pacificus 17 483 12 0,00335 6 0,588 -2,419* -2,661*
G. lapillus 4 482 0 0 1 0 0 0
Gambierdiscus
type 6 10 483 21 0,01256 6 0,844 0,42786 -0,6542
G. balechii +
Gambierdiscus
type 6 12 482 23 0,01229 7 0,00565 -0,42292 -0,6925
G.belizeanus 12 390 46 0,02071 9 0,955 -2,59** 2,822**
Gambierdiscus
ribotype 2/
G.jejuensis 11 483 12 0,00595 8 0,891 -1,144 -1,339
G. caribaeus 44 483 20 0,00223 17 0,679 -4,728* -4,699*
G.carolinianus 16 466 13 0,00794 13 0,95 -2,70353* -2,85702*
G.polyniensis 6 555 17 0,01037 6 0,909 1,536** 1,2486
G.australes 111 401 23 0,00121 12 0,189 -6,587** -6,052**
G.australes
(Balearic Islands) 29 435 15 0,00253 5 0,261 -4,356** -4,4262*%*
G.australes
(Canary Islands) 57 426 10 0,00082 6 0,0045 -4,924** -4,797**
G.excentricus 43 405 4 0,00092 4 0,136 -4,218** -4,216%*
G.excentricus
(Canary Islands ) 15 405 0 0 1 0 0 0
Fukuyoa spp. 24 424 75 0,0303 10 0,75 1,148 0,326
F.ruetzleri 5 480 4 0,00333 4 0,9 -1,093 -1,113
F.paulensis 9 449 8 0,00396 2 0,222 -2,029* -2,202*

Table 2. Genetic diversity of each specie and genus. N, number of strains; S, length of sequences;
S.pol, number of segregating sites; n° H, number of haplotypes; 1T, nucleotide diversity ; H,
haplotype diversity; *, p-valor < 0.05; **, p-valor < 0.02.

17




3.5 Phylogenetic trees
3.5.1 Phylogenetic trees based on genetic distances

Phylogenetic trees with all Gambierdiscus and Fukuyoa species are huge, therefore,
only phylogenetic trees based on G.australes sequences have been presented as a
result of distance methods. Phylogenetic result with all species (Gambierdiscus and
Fukuyoa) is pesented only by maximum likelihood method.

G. australes species is common in the Canary Islands, Madeira and the Balearic Islands.
In order to see any relationship between populations from the Atlantic Ocean and the
Mediterranean Sea, specific phylogenetic analyses have been performed. Analyses
were based in two molecular markers D8-D10 rDNA and D1-D3 rDNA. Firstly,
phylogenetic trees based on distances are showed. Previously with genetic distances
matrix was possible to observe a little change in G. australes that most of them are not
considered informative. Although, 3 strains with codes VGO 1248 (from Canary
Islands), 17- 256 and 17- 216 (from the Balearic Islands (date in brown) are different of
rest of G. australes species (Fig. 3). In the future 17-256 and 216 could be considered

as new ribotypes.

Tree scale: 0.1

3.1 Cousiraine

Figure 3. Phylogenetic tree based
on genetic distances NJ of G. SEIRIRERRE X S
australes with D8- D10 rDNA region 18 — 2% g
with F.paulensis as outgrup. %y -



18-73 G.australes Baleares

18-75 G.australes Baleares

18-90 5. australes Baleares

18-95 G.australes Baleares

18-104 G.australes Baleares

18-102 G.australes Baleares

18-112 G.australes Baleares

18-120 G.australes Baleares

18-124 G.australes Baleares

18-140 G.australes Baleares

18-143 G.australes Baleares

18-146 G.australes Baleares

18-64 G.australes Baleares

183-62 G.australes Baleares

18-60 G.australes Baleares

WMHI30982.1 G.australes strain CGE1 Cook islands

18-53 G.australes Baleares

18-47 G.australes Baleares

18-37 G.australes Balears

K5B4320.1 G.australes strain 13-07 Madeira

KY¥E64321.1 G.australes strain 13-08 Madeira

FKYEB4322.1 G.australes strain 13-09 Madeira

F ABBO4996.1 Garnbierdiscus sp. OKUG10 C7 Japan

FEF202971.1 G.australes clone RAWSZ2 2

KJB20012.1 G.australes isolate WGOT161 Canarias

FKJBZ0014.1 G australes isolate ¥GEO1162 Canarias

KY564323.1 Goaustrales strain 13-10 hadeira

K5B4324.1 G.australes strain 13-11 Madeira

K5B4325.1 G.australes strain 13-12 IMadeira

KYER4327 .1 G.australes strain 13-16Madeira

K5B4329.1 G.australes strain 13-18 Madeira

K5B4328.1 G.australes strain 13-17 Madeira

KJB20003.1 G.australes isolate WGO1184 Canarias

KJB20010.1 G.australes isolate WGEO1179 Canarias

KJE20011.1 Goaustrales isolate WGEO1178 Canarias

K 44843581 G.australes isolate %WG01295 Canarias

K 448435.1 G.australes isolate YGO01256 Canarias

K¥448416.1 G australes isolate WGO1251 Canarias

F ABB04954 1 Gambierdiscus sp. OKUGT0 C1 Japan

F Y 4484171 G, australes isolate WGEO1Z70 Canarias

F ABBO4956.1 Gambierdiscus sp. AKIGA C3 Japan

FRY448433.1 G.australes isolate 573 Canarias

F EF202970.1 G australes clone RAVY2

LEF202972.1 . australes clone RAVDZ 3

KY¥ 4484031 G australes isolate 562C3 |
KrA24864.1 Fukuyoa sp. HK strain SKLMP

L kexa24858.1 Fukuyoa ruetzleri strain SKLMP

0.050

Figure 4. Phylogenetic tree based on genetic distances NJ of G. australes with
D1- D3 rDNA region with F.ruetzleri as outgrup.
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For D1-D3 marker in distance matrix was possible to observe some differences but, in
the tree, based on distance, the differentiation is not possible to appreciate.

3.3.2 Phylogenetic trees based on Maximum likelihood for Gambierdiscus and
Fukuyoa genera.

The evolutionary history was inferred with molecular marker LSU D8-D10 rDNA by
using the Maximum Likelihood method based on the General Time Reversible model?8.
The tree with the highest log likelihood (-4379.53) is shown. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Joining (NJ)
algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with superior log
likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. A cause to obtain good align, some sequences were
dropped and final align involved 396 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There was a total of 449 positions in the final
dataset.

In general clades are well defined, although almost each clade has exceptions. Fukuyoa
clade are divided in two: one part is next to G. polynesiensis, G.silvae, Gambierdiscus
ribotype 3 and G. carolinianus and the other with 2 strains labelled as Fukuyoa
yasumotoi are close to G.scabrosus (Fig. 5). Differences between geographical points
are not really present within species, and species from geographical points are placed

together in some clades.

20



5. Clades from D8-D10 of all data the maximum likelihood methods

KJ125117.1 Gambierdiscus sp.
KA125120.1 Garnbierdiscus sp.
KJ125020.1 Gamnbierdiscus sp.
KJ125115.1 Gambierdiscus sp.
k1125107 1 Gambierdiscus sp.
KJ125103.1 Gambierdiscus sp.
KJ125094.1 Gambierdiscus sp.
k11250851 Gambierdiscus sp.
KJ125110.1 Gambierdiscus sp.
KJ125106.1 Gambierdiscus sp.
kJ125104.1 Gambierdiscus sp.
k1250931 Gambierdiscus sp.
k125032 1 Gambierdiscus sp.
KJ125122.1 Gambierdiscus sp.

type 4 350509-20 2
type 4 350503-30 2
type 4 100503-16 5
type 4 350503-01 1
type 4 150510-27
type 4 150510-25 2
type 4 100510-01 3
type 4 1000-19 1
type 4 150510-44 2
type 4 150510-26 3
type 4 150510-26 1
type 4 100510-01 2
type 4 1000-01
type 4 350503-09

D R RS Lt TR Tr e g ey ey ey

GUSEE516.1 Gambierdiscus
KMOG543.1 G silvae Wi501180
GUS9EE517 .1 Gambierdiscus

L k¥ 4453365.1 G silvae isolate 401F

G GLOEE513.1 Gambierdiscus

GU965520.1 Gambierdiscus
G965523.1 Gambierdiscus
59635141 Gambierdiscus
JF303077 .1 G silvae WE0 1022
GJ968515.1 Gambierdiscus

FKJ125086.1 Gambierdiscus sp. type 4 1000-54

KJ125102.1 Garnbierdiscus sp
KJ125093.1 Gambierdiscus sp
k11250935 1 Gambierdiscus sp
RA125021.1 Gamnbierdiscus sp
F 12511581 Gambierdiscus sp
kJ125030.1 Gambierdiscus sp
k11250331 Gambierdiscus sp
k1125084 1 Gambierdiscus sp.
KJ126105.1 Gambierdiscus sp.
KI125114.1 Gambierdiscus sp.
k125097 1 Gambierdiscus sp.
KJ125092.1 Gambierdiscus sp.
K1125119.1 Gambierdiscus sp.
k11250871 Gambierdiscus sp.
KJ125096.1 Gambierdiscus sp.

Clade G.

polynesiensis

L type 4 150510-251
. type 4 1500-04

. type 4 1D0510-10

. type 4 1D0509-25

. type 4 350509-29

. type 4 DS0511-07

. type 4 100005
type 4 100007
type 4 150510-25 2
type 4 150510-34 2
type 4 1D0510-26
type 4 1D0510-01 1
type 4 350509-301
type 4 1000-89 2
type 4 1D0510-22 3

EU493079.1 G.palynesiensis RG-92 4
F EL23076.1 G.polynesiensis RG-92 1
L ELI433073 1 G polynesiensis TB-92 2

EU493030.1 G.paolynesiensis TB-92 4

KMZ219126.1 Gopolynesiensis isolate CAWD212
- ELMB3075.1 Gopolynesiensis RG-32 2

Gambierdiscus ribotype 4.

and
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AB7TES924 1 Gambierdiscus sp. t

S FLHITFTINRED 203 rarnlinianne BRMOA

Clade G. silvae
Gambierdiscus ribotype 3.

r GU9E5521.1 Gambierdiscus
GUSEES05.1 G.carolinianus

GUSEES06.1 G.carolinianus
| 59685241 Gambierdiscus
GUSBE522.1 Gambierdiscus
GUSEE504.1 G.carolinianus

KJ318267.1 G.caralinianus isolate GHCG2-B8 1
KJB18265.1 G.carolinianus isolate GHCG2-AB 2

K¥448346.1 G.carolinianus isolate YGO1197
EUF70679.2 G carolinianus Ch315

KJ318273.1 G.carolinianus isolate GHCG2-F6 4
KIG18271.1 G.caralinianus isolate GHCGZ-DF 3
KJIB18274.1 G.carolinianus isolate GHCGZ-F7 4
KIB18269.1 G carolinianus isolate GHCG2-CF 3
KJ318268.1 G.carolinianus isolate GHCGZ2-CE 1
KI318272.1 G.carolinianus isolate GHCGZ-EB 1

Clade G. carolinianus

ABTRSY23 .1 Gambierdiscus sp. type 3 WWIRG

pe 3 WWI1106

and

- KJB18266.1 G.carolinianus isolate GHCG2-A7 1

EU495036.1 Gambierdiscus sp. carolinianus NOAAS 2

EU4980357 1 Gambierdiscus sp. carglinianus NOARS 3

EU498035.1 Gambierdiscus sp. carolinianus NOALS 1




T e b = L)

ELM98085.1 F.yasumotol Gyasu 1

- EL4SE089.1 Foyasumotoi Gyasu 2
EL498087.1 F.yasumotol Gyasu &

- EU438086.1 F.yasumotoi Gyasu 4

| ELI458084.1 F.ruetzler NOAAS 3 2
EU498085.1 F.ruetzleri MOAAS 3 1
EU4980835.1 F.ruetzleri MOAAS 3 3
EU498081.1 F.ruetzler NOAAZZ
EU498052.1 F.ruetzler NOAAZ 3 4
KM272974.1 F oyasumotoi isolate NGAIF210
17-220 F.paulensis 12ME

17-211 F.paulensis 19ME

17-197 F.paulensis OBMA

17-198 F.paulensis OEMA,

17-204 F.paulensis 16ME

17-206 F.paulensis OdhA

17-209 F.paulensis 19ME

17-219 F.paulensis 12ME

LMEBO0ESY 1 Fukuyoa paulensis partial 285 rRNA

Clade Fukuyoa spp.

|_ I

ABTERI1Z2.1 G, scabrosus G105

ABTBES922.1 Gambierdiscus cf. yasumotoi IR4G 4G

GU96B511.1 Gambierdiscus

GU96B509.1 Gambierdiscus

GU96B503.1 Gambierdiscus
F GU9EB502.1 Gambierdiscus

GL96B501.1 Gambierdiscus

ELF70677.2 Gambierdiscus sp. ribotype 2 CCMP 1635
GU968499.1 Gambierdiscus
“-GUBEBSDDJ Garnbierdiscus
L GU9BEBS0Y .1 Gambierdiscus
KY0B2663.1 Gambierdiscus honu CAWD242
EU770B60 2 Gambierdiscus sp. A213
KUB74343.1 Gambierdiscus honu voucher CAWDZ33

Clade Gambierdiscus ribotype 2
Gambierdiscus honu

EU498029.1 G belizeanus MOAATS 4
EU4958030.1 G belizeanus MOAATS B
- ELI770E72.2 5 belizeanus CCMP 401
EU498031.1 G.belizeanus NOAATS 5
KA125116.1 G belizeanus 350509-16 1
KI125123.1 G.belizeanus 350509-16 2
EUF70E71.2 G helizeanus CCMP 359
EU495032.1 G belizeanus NOAATE 3
EU4980225.1 G belizeanus NOAATS 1
EU495034.1 G belizeanus NOAAZ 1 5

e iala e 1 PARATOmE T A s

Clade G.belizeanus.

AB7RS811.1 Gambierdiscus scabrosus TOS0903 1 C3

AB548859.1 Gambierdiscus of yasumotal Suda-2013
ABS48856.1 Fukuyoa of. yasumotoi Suda-2013 gene for 285 rRMA Go3d God 2r
ABS48857 .1 Fukuyoa cof. yasumotal Suda-2013 gene for 285 rRMA Go3 GaoFD1

I B TR00aUL | 2ElTIneragrseds SH AL-L0 a0 vigovel ||

Clade G.scabrosus and F. yasumotoi.
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KR230000.1 G.pacificus 15167

KR225995 1 G.pacificus 13105
KIUBE74342.1 Gambierdiscus cheloniae voucher CAWDZ36
1KUE?’JBMJ Garnbierdiscus cheloniae voucher CAWDZ232

ﬂ{ PRLLDIDDD | AT PALLUS Ta gL

Clade G. pacificus and G. cheloniae

FIUMBEEE04.1 Gambierdiscus sp. *D-2016a M1M0O3
KIMBBE05.1 Gambierdiscus sp. AD-2016a M1D08
KIMBE793.1 Gambierdiscus sp. *D-2016a WM4002
KIIMBES01.1 Gambierdiscus sp. *D-2016a 135w C4
KIMBE7SY.1 Gambierdiscus sp. *D-2016a 1009
U] k1251121 Gambierdiscus sp. type 6 130510-30 4
KI125109.1 Gambierdiscus sp. type 6 130510-30 2
F 1251081 Gambierdiscus sp. type 6 130510-30 1

KUTBEB00.1 Gambierdiscus sp. #D-2016a M1M10
- k1251111 Gambierdiscus sp. type 6 130510-30 3
KUTBET99 1 Gambierdiscus sp. XD-2016a M1002
L K 125113.1 Gambierdiscus sp. type 6 130510-30 5

FX268469 1 G halechii %G0920
L | 2684710 alechii 19

ribotype 6

KM272971.1 G.carpenteri isolate NQAIFT16

ELU458039.1 Gambierdiscus sp. carpenter NOAATZ 1

KJ125101.1 G.carpenter 130510-22 3

KJ125100.1 G carpenteri 130510-22 2

GU9E3527 .1 Gambierdiscus

EUA93035 1 Gambierdiscus sp. carpenteri NOAAIZ 3 2

EUA93043.1 Gambierdiscus sp. carpenteri NOAAIZ 3

F GU9BE526.1 Gambierdiscus

ELI493044.1 Gambierdiscus sp. carpenteri NOAAT 25
ELI433042.1 Gambierdiscus sp. carpenteri NOAAT 23

(EU??DEE?.E G.carpenter BIGS

F ELI7706YE.2 G carpentert CCMP 1654

F EUY70B80.2 G.carpenteri F106

| ARQIEIRT 1 Rambiardicrine en tuna 7 ERFIR

Clade G. carpenteri
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5589261 Gambierdiscus lapillus HG4

558927 1 Gambierdiscus lapillus HGE
558925 1 Gambierdiscus lapillus HG1

Clade G. lapillus

[T | e L 8 [ 1 T e O
[EUleBEIZEJ Gtoxicus HIT91 15
ELI498017.1 Gtoxicus GTT91 3
EU498015.1 G.toxicus TUR 2
- ELI498020.1 Gotoxicus HITI1 1 4
EU4980251 G toxicus HITA1 1 6
EU493023.1 G.toxicus HITS1 11
EU498024.1 G toxicus RENT 3
EU498027 1 G.toxicus RENT 4
L ELMS8022.1 Gtoxicus HITET 13
1251261 Gopacificus 350509-27 3
KI125125.1 Gopacificus 350509-27 2
ELI493011.1 G.pacificus HO91 2
{EU4BBD14.1 5. pacificus HOI1 1
L EU498015.1 Gopacificus NOAAS 1
- EL498012.1 Gopacificus HO91 4
k1251301 Gopacificus 3305104191
1 KJ125131.1 G.pacificus 350510-19 3
EU498013.1 G, pacificus HOZ21 3
EU498016.1 G.pacificus MOAAD B
kKMZ219124.1 G pacificus isalate C1M0
KMZ219123.1 G pacificus isolate CAWD213
EUF70EY 4.2 G pacificus CCMP 1650
KA125124.1 Gopacificus 350509-27 1
EUF70BE3 2 G pacificus MJ312E
KA125081.1 G pacificus DE0511-08 1
KA125129.1 Gopacificus 350510-09 2
KA125128.1 Gopacificus 350510-09 1
kM219125.1 G pacificus isolate C111

Clade G. toxicus and G. pacificus



17-330 G.excentricusfZ2LFP

17-413 G.excentricus 050G

17-412 G.excentricus 050G

17-405 G excentricus 16TF

17-343 G.excentricus 13TF

17-404 G excentricus 16TF

K¥448391 1 G.excentricus isolate B7IF923F
K¥448335.1 G excentricus isolate VGO1261
K¥448397 1 G excentricus isolate 871G0417F
K¥448392 1 Gexcentricus isolate B7IF946F
K¥448373.1 G excentricus isolate VGO 1264
K¥448396.1 G.excentricus isolate B7IG0216FF2
K¥448350.1 G excentricus isolate 11CANS03
K¥448354 1 G excentricus isolate 15CANS03

| KY¥A48351 1 Goexcentricus isolate 12CANS04
K¥448395.1 G.excentricus isolate G71G0014FF4
K448390.1 G.excentricus isolate WGO1287

K 448337 1 G.excentricus isolate WG01286
K448353.1 G.excentricus isolate 14CANSOT
k4483521 G.excentricus isolate 13CANS0G
K¥4483349.1 G.excentricus isolate 10CANMSO
K¥4483348.1 G.excentricus isolate WG01133
KP290339 1 G.excentricus UNRS

KP290333 1 G.excentricus UNRY

JF303076.1 Gambierdiscus sp. FR-2011 %GO 792
JF303075.1 Gambierdiscus sp. FR-2011 %GO 791
WY 4453621 G.excentricus isalate 3783

17-428 G.excentricus 05LG

JF303074.1 Gambierdiscus sp. FR-2011 %GO 790
K 445361.1 G.excentricus isolate 3682
LK‘1"44835t’5.1 G.excentricus isolate 171A

L |¥448388.1 G.excentricus isolate (501289

Clade Gambierdiscus excentricus
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ABI18165.1 Gambierdiscus sp.
AB915190.1 Gambierdiscus sp.
AB915189.1 Gambierdiscus sp.
AB915186.1 Gambierdiscus sp.
AB9151687.1 Gambierdiscus sp.
ABI1A1E6.1 Gambierdiscus sp,
AB9151684.1 Gambierdiscus sp.
ABI1A182.1 Gambierdiscus sp,
ABIME181.1 Gambierdiscus sp.
AB7E5915.1 Gambierdiscus sp.
ABTESS16.1 Gambierdiscus sp.
ABYE5917.1 Gambierdiscus sp. type 2 ON1G
[AB?'55918.1 Gambierdiscus sp, type 2 ONZG
AB7E5913.1 Gambierdiscus sp.

type 2 GNZ47
type 2 GNZI35
type 2 GNZI32
type 2 GNZ2E
type 2 GNZIZ3
type 2 GNZ49
type 2 GMNZI43
type 2 GNZG
type 2 GNZ2
type 2 MOB0B28 2
type 2 TO70411 1

type 2 OM4G

Clade Gambierdiscus type 2

or G. jejuensis



EL493065.1 Gambierdiscus sp. caribaeus NOAAZD 5

AB303133.1 G.caribasus gene TF26G

ELI493053.1 Gambierdiscus sp. caribasus NOAATT 11
EU493050.1 Gambierdiscus sp. caribasus NOAAID 1 2

1EUflEiEiDE1.1 Gambierdiscus sp. caribaeus NOAATI 13

F ELAS3071.1 Gambierdiscus sp. caribasus MOAAT 213

EU770673.2 G.caribaeus CCMP 1649

FEUFTOG70.1 G.caribasus BZ100C

FEUYY0661.2 G.caribasus BY7S

ELI493063 .1 Gambierdiscus sp. caribasus NOASZD 2

EU770678.2 G.caribaeus CCMP 1657

ELI493064 1 Gambierdiscus sp. caribasus NOASZ0 4

FEU438051.1 Gambierdiscus sp. caribaeus NOAATD G 4

1703 G.caribaeus end1EH

5L1963525.1 Gambierdiscus

AB903140.1 G.caribaeus PG

EUF706E6.2 5.caribaeus TT3026E

EU770651.2 G caribaeus FIT113

EU770684.2 G.caribaeus NJS20D

EU770B6G6.2 G caribasus BIGS

EUTT06ES.2 G.caribasus T04

KR230001.1 G.caribasus HF2

WR230002.1 5.caribasus RDIO

GUSEB528.1 Gambierdiscus

(5U968528.1 G.australes Hawai

EL498074.1 Gaustrales RAV-92 4 Conk islands
EUT70663 2 G australes BIGT Hawai

KY448380 1 G.australes YGO1263 Canary islands
[ 17-216 G.australes 0GMA

17-236 G.australes 08MA

|~7EU77EIEEA 2 Gaustrales BIG2 Hawai
GUSEE531.1 Gambierdiscus

K 4483941 5. australes 87IF9810F nd Canary islands
EU770632.2 G australes FP100 Gambier islands (FF)
GUSEE529.1 G australes Hawai

EU770675.2 G australes CCMP 1653 nd
EU770652.2 3. australes FP100

GUSBEE29 1 Gambierdiscus

17-338 G.australes 02EH

KM219121.1 G australes isolate CAWD149
KM219122.1 G.australes isolate CAWD216
JF303072.1 G.australes VGO 1048

KR230003.1 G.australes W1G1

17171 G australes O4WA

17-214 G.australes O1MA

17-238 G.australes O1MA

17-218 G.australes 0BMA

17-158 G australes 11ME

17-163 G australes 12ME

17-162 G.australes 12ME

17-164 G australes 12ME

17-165 G australes 13ME

17-166 G australes 13ME

17-189 G.australes 14ME

17-131 G australes 14ME

17-180 G australes 14ME

17170 G australes 15ME

17-155 G.australes 17ME

KY¥443345 1 G australes isolate GbB1

KY448356 1 G australes isolate YGO1201
KY448347 1 Gaustrales isolate YG01193

K 4483581 G.australes isolate 331A5

KY¥ 448367 1 G australes isolate 31C3

KY¥443380 1 G australes isolate 3531

KY448389.1 G australes isolate YG01274
KY448394.1 G.australes 87 IF9510F nd

KV 448346 1 G australes GbB1 Canary islands
KY448356 1 G australes YGO1201 Canary islands
KY448378 1 G.australes WGO1267 Canary islands
KY448359.1 G.australes 321A7 nd Canary islands
K 448360.1 G.australes 3581 nd Canary islands
KY¥448363 1 G australes 3884 nd Canary islands

E 17-256 G australes 10MA

EU493045.1 Gambierdiscus sp. caribasus NOAANID G 1
EU493047.1 Gambierdiscus sp. caribasus NOAATD 6 3
EU493045.1 Gambierdiscus sp. caribasus NOAANID G 2
EU493043.1 Gambierdiscus sp. caribasus NOAATS 11
EU493049.1 Gambierdiscus sp. caribasus NOAATDS 1 4
EU493054.1 Gambierdiscus sp. caribasus NOAATT 2 2
EU493055.1 Gambierdiscus sp. caribasus NOAATS 2
EU493057.1 Gambierdiscus sp. caribasus NOAATT 9
EU493059.1 Gambierdiscus sp. caribasus NOAATS G
EU493066.1 Sambierdiscus sp. caribasus NOAAZT 205
EU493067.1 Gambierdiscus sp. caribasus NOAAZT 3
EU493070.1 Gambierdiscus sp. caribasus NOAAY 212
EU493063.1 Gambierdiscus sp. caribasus NOAAZT 5
EU493069.1 Gambierdiscus sp. caribasus NOAAT 211
ElJ433053.1 Gambierdiscus sp. caribasus NOAATS 1
EU495060.1 Gambierdiscus sp. caribaeus NOASTY G
El4393062.1 Gambierdiscus sp. caribasus NOAATZ 1 5
EU493052.1 Gambierdiscus sp. caribasus NOAATT 21
EUY70669.1 G.caribaeus BZ100B

Clade G. caribaeus

Clade G. australes. See
in next trees
phylogenetics of

G. australes.
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KY448364 1 G.australes 39G6 nd Canary islands
KY448374 1 G australes YGO1265 Canary islands
K 4483751 G.australes YGO1256 Canary islands
KY448376 1 G australes YGO1256 Canary islands
KY448377 1 G.australes WGO1266 Canary islands
KY448379 1 G australes YGO1268 Canary islands
K 4483811 G.australes YGO1257 Canary islands
KY¥448383 1 G australes YGO1259 Canary islands
KY448384 1 G.australes WGO1260 Canary islands
KY448389 1 G.australes WYGO1274 Canary islands
17-288 G.australes 0SLP

17-344 G australes 0SLP

17-287 G.australes 05LP

17-335 G australes 0SLP

16-268 G.australes 16LL

16-280 5. australes 16L7

16-283 G australes 16LT

17-06 G australes 16LF

16-292 G.australes 16LL

17-07 G.australes 19LZ

17-309 G australes 14TF

17-316 G australes 14TF

17-307 G australes 17TF

17-291 G.australes 14TF

17-321 G australes OBEH

KY448367 1 G.australes isolate 422

G australes 22 03MA

17-260 G.australes 13ME

KY443367 1 G.australes 422 nd Canary islands
KY448358 1 G.australes 331A3 nd Canary islands
KY448366 1 G.australes YGO1262 Canary islands
17-04 G.australes 192

17-324 G australes OBEH

17-418 G australes 03EH

17-153 G australes O7MA

17-327 G.australes 02EH

17-425 G australes 02EH

17-339 G australes 03EH

17-393 G australes 05LG

17-436 G.australes 05LG

17-106 G australes 07GC

17-103 G australes 07GC

17-152 G australes 07 WA

17-168 G australes 07ME

17-272 G.australes 0GMA

G.australes 15 0BMA

17-173 G australes 09WA

17-244 G australes D9MA

17-223 G.australes 10MA

AB7B5319.1 G.australes MOB0DB28 Japan
ABFESI20.1 G australes 5080911 1Japan
AB7E5921.1 G australes 546G Japan

MHIE421.1 Gaustrales CGE1 Cook islands
MF109034.1 Gaustrales isolate CAWD256 Cook islands
MF109033. 1 Gaustrales isolate CAWD255 Conk islands
KM219122.1 G australes CAWD216 Cook islands
KM219121.1 G.australes CAWD149 Cook islands
KR230003 .1 Gaustrales W1G1 Hainan island
EUF70B59.2 G australes 177 Hawai

EUF70665 2 G.australes BIG3 Hawai

[ ICf448382.1 G.australes V301258 Canary islands

17-176 5. australes 17ME

KXB45010.1 Coolia monaotis



4. Discussion

In the present study phylogeographical approach of all strains from Genbank was done
with genetic markers that historically have been used to identify species?®32, These
markers are not ideal to explain process of expansion range, but still some indications
of processes could be present.

Large dataset with D8-D10 marker (n= 434, 592 pb) was created, final analyses
contains at least 15 species and different ribotypes for Gambierdiscus and 3 species of
Fukuyoa genus.

As a result of genetic diversity analysis, a low presence of haplotypes can be observed
for G.australes and G. excentricus. Many G. australes sequences are from Balearic and
Canary Islands; most of genetic distances between strains are very small (0.002), so
could be a recent introduction or could be a bias for molecular marker that is very
conservative within species. In phylogenetic trees there are also not differences
between geographical regions. Mantel test shows for G.agustrales that there is not
genetic divergence between all strains. For each specie further studies have to be

done in order to check the possible differences.

Tropical Pacific regions has the typical cases Ciguatera, and they present more
Gambierdiscus species and high level of endemism, as well. If we check the origin of
the species in the database we can see some species are cosmopolitan such as:
G.australes, G.belizeanus and F.paulensis (table 1). These three species are also
reported in the Mediterranean Sea, which is a warm-temperate area, far away tropical
areas and where any feasible case of Ciguatera has not reported. Populations of
Mediterranean Sea has to identify and more studies about population expansion are

required to evaluate the risk of Ciguatera.

In reference to available information from the databases, for some strains that in
GenBank are labelled as one species, in our phylogenetic tree, these strains are placed
in different clades, for instance, F. yasumotoi and Gambierdiscus ribotype 2. Further

revision in the literature is necessary to do it to update the databases, part of the job
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of this work was a revision of taxonomy, but further revisions in each strains has to be
analyse.

In this study the separation of the clades Gambierdiscus and Fukuyoa is not totally
observed, but with D1-D3 rDNA and SSU markers Gambierdiscus and Fukuyoa from
others articles, genera are located in different clades (fig. 6).

Sequences of ITS marker are used only to separate species which by morphology are
very similar, and with classical markers are placed together33. Maybe will be a good
marker to study geographical differences between species and to explain if there are

processes of expansions.

100/100 [Gambierdiscus caribaeus EF202927
Gambierdiscus carpenteri EF202909
[—————— Gambierdiscus australes AB764304
100/100 T—¢ Gambierdiscus carolinianus EF202898
-/100 _: Gambierdiscus polynesiensis EF202905
Gambierdiscus belizeanus EF202877
Gambierdiscus scabrosus AB764232
Gambierdiscus toxicus EF202879
100/100 Gambierdiscus pacificus EF202872
-198 [ Fukuyoa yasumotoi EF202849
100/99F Fukuyoa cf. yasumotoi AB764309
Fukuyoa ruetzleri EF202856 Fukuyoa gen. nov.
Fukuyoa paulensis KM272972 (as G. yasumotoi NQAIF210)
100/100' Fukuyoa paulensis sp. nov. KM886379
68/95Ty Goniodoma polyedricum KM886380
Pyrodinium bahamense AF274275
100/100' Pyrodinium bahamense AY456115
-197 -/100 [~ Alexandrium andersonii JF521621
| |/63 Alexandrium minutum JF906998

Gambierdiscus s.s.

100/100

100/100 Alexandrium pseudogoniaulax JF521638
-/82 \ Alexandrium tamarense JF521641
_|—Alexandrium fraterculus JF521623
Har 18— Alexandrium leei AY641565
96/97 Coolia canariensis FR846195

100/100 Coolia malayensis HQ897279
Coolia monotis AJ415509
92/91 = Pyrocystis noctiluca AF022156
89/87 | &(:Neoceratium furca AJ276699
B Ceratium hirundinella AY443014
100/100 [ Protoceratium reticulatum AF274273
100/100 Ceratocorys horrida AF022154

/84 \_{:Gonyaulax verior AY443013
65/- Lingulodinium polyedra AF274269
_|:Gonyau/ax polygramma AJ833631
100/100 Gonyaulax spinifera AF022155
Euduboscquella crenulata JN606065
100/100 — Ostreopsis cf. ovata AF244939
Ostreopsis sp. KF359996
Pyrophacus steinii AY443024 [E—
Oxyrrhis marina AF280077 0.02

Figure 6. Results of Gomez et al. 2015. SSU rDNA-based phylogeny of Fukuyoa paulensis gen.
et sp. nov. and Goniodoma polyedricum with some gonyaulacoid dinoflagellates from Gémez et al.
2015. Sequences obtained in this study are bold-typed. Support of nodes is based on bootstrap
values of ML/NJ with 1000 and 500 resamplings, respectively. Only values greater than 60 are
shown. Oxyrrhis marina was used as outgroup.
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Chapter 2

Modelling absence or presence of Gambierdiscus and Fukuyoa genera

In the second part of this study, a model logistic based on the presence and absence of
Gambierdiscus and Fukuyoa species was performed by R software. A revision of the
literature has been done to compile all locations, where CTX-producers were reported.
Locations were codified by latitude and longitude; subsequently environmental data of
these locations were compiled by ArcGIS (ESRI 2011. ArcGIS). The model was based on
presence and pseudoabsence. Pseudoabsence is an artificial data, that represents
species which were not present in the sampling point!3. To confirm absences in marine
species is very difficult, particularly depth of the samplings could represent a bias.
Normally sampling of Gambierdiscus and Fukuyoa is proceeded by apnoea a few
meters of depth. In this study, has been used a multiple logistic regression, involving a
logit link and binomial error distribution'®?’. Logistic regression is one generalized
linear model that is allow linear modelling when the response follow a non-normal
distribution, besides is possible to work with binary variables (presence and

absence)!834,

5.Methods

5.1 Extraction of environmental data (Annex 5)

In each sampling point where CTX-producers were reported and it was possible to find
the coordinates, environmental data was downloaded by ArcGIS (ESRI 2011, CA.
Environmental Systems Research Institute), from the database Bio-ORACLE v2.0
(http://www.bio-oracle.org/). Layers downloaded were: Surface, Benthic - Benthic -
Minimum depth, Maximum depth Benthic - Average depth, Coral Reefs 2010 and

Bathymetry. As a result, 315 rasters of environmental data were obtained.
Environmental data from Bio-Oracle contains information about (Annex 4):

e Currents velocity (m™?) e |ce thickness (m)
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e Sea ice concentration e Phytoplankton (umol.m3)

(Fraction) e Primary productivity (g.m3.day)
e Nitrate (mol.m3) e Calcite (mol.m™3)
* Phosphate (mol.m3) * pH
* Silicate (mol.m3) * Photosynt. Avail. Radiation (E.m?.
* Dissolved molecular oxygen day?)
(mol.m3) * Diffuse attenuation (m)
e Iron (umol.m=3) e Cloud cover (%)
e Chlorophyll (mg.m3) e Salinity

All rasters were save in a excel file with R software following instructions that are

explained in Annex 5.

5.2 Selection of variables

5.2.1 Analysis of correlation (Annex 5)

A file with all downloaded environmental data from ArcGIS and coordinates was
created as “ POINTS.csv ”. First observation of the data were performed and a general
description of the data were obtained by str() and summary() (Annex 4). In addition,
variables related to ice information were removed, and some binary variables were
recodified by GIS. The recodification of binary variables was done in order to include
the information contained in binary variables in the principal components analysis
(PCA); for example, variable presence of corall, were recodified as the distance from

corall. In all steps, biological interpretation was considered.
To reduce the dimensions of the dataset, a correlation matrix by Pearson method were

estimated of environmental data. Matrix was calculated by function cor(), and excel

file with correlation coefficients was saved.

29



5.3 Principal Component Analysis (Annex 6)

Before analysing interrelationships among the variables by Principal Component
Analysis (PCA), binary variables were removed from the dataset. PCA was performed
with selected variables from the previous matrix correlation. PCA were performed with
and without standardization of data. Numerical range of the variables and units are
different; therefore, the standardization of data was necessary (Annex 4).

PCA were calculated with prcomp() following these steps:

- PCA equations estimations

- Check the variability of components and the importance of each variable to

the components.

5.3 Modelling (Annex 7)

In this study, classical logistic models based on generalized linear models of presence
and pseudo-absence probability!”?° were performed for all species of Gambierdiscus
and Fukuyoa with “Biomod2” package of R software. Logistic models were performed
for each species, and for each genus (Gambierdiscus or Fukuyoa) separately. After
modelling, models were evaluated following the guideline of the study of Manel et al.

200118,

Original data set was reduced to 28 variables. Binary data of presence or absence of
the taxon in each sampling point was created with Excel (v.1808) (fig.9). Presence was

scored like 1, absence like O (Annex 7).

After creation the binary variables, models were performed following the next steps:

Stepl:
-Create a matrix with all data, there is indications of each object
involved in our model.

Step. 2:
-Proceeding of modelling our data

For modelling, generalized linear models “GLM” option was chosen data and was split
in two subdata (testing data) and 3 runs of variables have been developed and

evaluated. This option is specific for logistic regression with binary variable response



binomial. Model will be an equation to predict if in one point species or genus will be
present or not.

As Alliouche 2006 well explain models generating are usually evaluated by comparing
the predictions with a set of validation sites and constructing a confusion matrix that
records the number of true positive (a), false positive (b), false negative (c) and true
negative (d) cases.

The evaluation of the model was done with the same package (Biomodels2) and the
function get_evaluations().

Measures of evaluation are True Skill Statistic (TSS) or Hanssen- kuipers discriminant
that measure accuracy, Receiver operating characteristic (ROC) (Fielding and Bell
1997), sensitivity and specificity3’. Sensitivity is the proportion of correctly predicted
presences and specificity (the proportion of correctly predicted absence). The best
model was chosen as model with the highest score of TSS, following indications of

Allouche 2006%7.

Validation data set

Presence Absence
Model Presence a
Absence c d
Measure Formula
1+d
Overall accuracy a7«
n
Sensitivity 4
a+c
d
Specificity
b+d
TSS sensitivity + specificity — 1

Figure 7. Equations of parameters to evaluate logistic models from
Allouche 2006.



6. Results

6.1 Extraction of environmental data

Finally, our set contained 311 marine environmental variables of 264 points where
Gambierdiscus or Fukuyoa species had been found and it was possible to find the
coordinates of the sampling points.

6.2 Analysis of correlation (Annex. 4)

Results of correlation were saved in excel files. As a result of the analysis, it was
observed big correlation (scores range 0.90 to 1) between “lt.max, lt.min, max, min
and average” of the types of environmental variables. For instance, benthic
temperature can be characterized by maximum benthic temperature, minimum
benthic temperature and average benthic temperature. and all these variables are high
correlated. Therefore, only one variable of average of benthic temperature was left in
the analysis. After correlation the data set was reduced to 33 environmental variables,
for example Benthic Mean Depth (BMD) Nitrate and BMD Phosphate are high

correlated.
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Figure 8. Descriptive plot of relations of environmental variables.



6.3 Principal Component Analysis

In this manuscript is only showed the PCA with standardized data, process are
explained in annex 6.

Importance of components:

PC1l PC2 PC3 PC4 PCS PCE PC7 PC8 PCo PC10
Standard deviation 3.3378 2.8303 1.84345 1.5482 1.50756 1.13869 1.00756 0.94033 0.86846 0.71330
proportion of wariance 0.3277 0.2356 0.09995 0.0705 0.06685 0.03814 0.02986 0.02601 0.02218 0.01496
Cumulative Proportion 0.3277 0.5633 0.66323 0.7337 0.80058 0.83872 0.86857 0.89458 0.91676 0.93173

PC15 PCla PC17 PC1E PC19 PC20 PC21 PC22 PC23 PC2
Standard deviation 0.4285 0.39577 0.35610 0.34096 0.29336 0.28344 0.23876 0.20862 0.16084 0.1414
proportion of wariance 0.0054 0,00461 0.00373 0.00342 0.00253 0.00236 0.00168 0.00128 0.00076 0.0005
Cumulative Proportion 0.9775 0.98206 0.98579 0.98921 0.99174 0.99410 0.99578 0.99706 0.99782 0.9984

Figure 9. Results of R from PCA with standardization

Without standardization, the first principal component with the first component was
possible to have 99% of variability, but if we observed the coefficients of each variable,
for all coefficients of variables are 0.00 except the bathymetry that is 1 (fig. 9, 10).

For the second principal component, equation was based on dissolved oxygen (+) and
silicates (-) and distance of coral presence (+), and not is based on bathymetry. The
variance was plotted of the analysis, almost all variance is from the first component

and thus was due to bathymetry (fig. 10)

Bathymetry was having all weight in the first principal component In contrast to
without standarization, with standarization the proportion of variability explained was
spread with almost all of variables and coefficient of bathymetry is 0.11. From the
coefficients are showed previously, important variables are surface dissolved oxygen
(+) as a positive variable, current velocity range (-) as a negative variable, nitrats (-) as
negative variable, surface temperature (+) as a positive variable. By biplot, the
presence of CTX-producers seems that are linked to places with high dissolved oxygen,

high surface temperatures, oligotrophic and with low currents.
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6.4 Modelling distribution for each species

In this study, classical logistic models based on generalized linear models, as response
variables was binary variable presence or pseudo-absence. These models were
performed for all species of Gambierdiscus and Fukuyoa with “Biomod”2 package of R
software. Logistic models were performed for each specie, and for each genus

(Gambierdiscus or Fukuyoa) separately.

6.5 Evaluation of Models

The best model was chosen as model with the highest score of True Skill Statistic (TSS)
or Hanssen- kuipers discriminant, following indications of Allouche 2006%’. TSS values
are comprised between -1 to 1; when values are closed to 1 the better model is. For G.
cheloniae, G.toxicus, G.balechii, G. polynesiensis, G. silvae we could not find the
coordinates or species was present only in one sampling point, therefore was not
possible to estimate the model. Moreover, for G. carolinianus, G. cf. yasumotoi (F. cf.
yasumotoi) and G. scabrosus was not possible to find a model with parameters, run

not converged.

Results of models are compiled in annex 8, in results were showed the formulas of the
best model, the evaluation of models and the importance of the variables within
models. Importance of variables are showed as well in table 3. If we see the results of
TSS of the models that have been obtained, is easy to see that there are high values of
TSS. It suggests that the achieved models are good models to predict the presence or

absence of Gambierdiscus and Fukuyoa genera.

If we see in the table 3, the value to assess the importance of variables range 0 to 1
and is the relative number of times that variable has importance to the model. Values
higher than 0.5 are coloured in red, which means that these variables have been
appeared in 50% of the generated models. There are 3 variables that have importance

values>0.5 and are in common in some variables:



e Variable 14: surface. PAR. mean (G. belizeanus, Gambierdiscus ribotype 4, G.
carpenteri and Gambierdiscus ribotype 5).
e Variable 21: Surface silicates Mean (G. excentricus, Gambierdiscus ribotype 1,
Gambierdiscus ribotype 2).
e Variable 22: Surface temperature Mean (G. australes, G. excentricus, F.
paulensis)
It is strange that for all sequences together of Gambierdiscus, the surface dissolved
oxygen is important and has presence in all models for Gambierdiscus analysis. But, in
the analysis when species are modelling separately this variable has low importance.
For Fukuyoa genus in global seem to be also important the variable surface dissolved
oxygen, although as Gambierdiscus genus, when is evaluate separately this not seems

to be important for each Fukuyoa species.

These results are in concordance to the PCA, the two principal variables contained

dissolved oxygen (+), nitrats, silicates (-) and surface velocity (-).

In general, we can conclude that Gambierdiscus and Fukuyoa species are reported in

oligotrophic environments and with slow currents but with high dissolved oxygen.



Species Model 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
G.belizeanus ves 0.115 0.944 0.502
G.caribaeus no
G.pacificus yes 0.435 0.413 0.197 | 0.196 0.562 | 0.929
G.excentricus yes 0.095 | 0.313 0.261 | 0.634 | 0.226
Gambierdiscus_cf._yasumotoi no
Gambierdiscus ribotype.1 yes | 0.280 | 0.008 0.954
G.carpenteri yes 0.857 | 0.640 0.272
Gambierdiscus.type.4 yes 0.198 1.000 0.328
G.australes yes 0.087 | 0.287 0.120 | 0.050 | 0,205 | 0,162 0.380 0.270 0.983 | 0.490
G.scabrosus no
Gambierdiscus.ribotype.2 ves | 0.280 | 0.008 0.954
G.polynesiensis no
G.carolinianus no
F.paulensis ves 0.868 | 0.301 0.319 0.687 | 0.474
G. balechii no
G.honu no
G.silvae no
G_lapi"us yes 0.772 1.000
G.cheloniae no
Gambierdiscus.type.6 yes 0.963 0.086
G.toxicus no
Gambierdiscus.type.5 ves 0.602
Gambierdiscus yes 0.066 0.102 | 0.034 0.029 1.000 0.202 | 0.225 0.082
Fukuyoa yes 0.251 0.452 0.976 | 0.449 | 0.654 | 0.684 | 0.644 0.583
Table 3. Importance of of variables of logistic models for
each species and genus. (in red high values >0.5 8 BMD.Light.bottom.Mean 16 Surface_Current veloc_Mean
1 BMD Iron.Mean | 9 BMD Chloll.Mean 17 Surface_pH
2 BMD .Phosphate.Range 10 Surface_Calcite.Mean 18 Coral_Distance
3 BMD .Phosphate. Mean 11 Surface_Chlol.Min 19 Surface_Phyto.Mean
4 BMD.Salinity.Mean 12 Surface_dissolved_oxygen_range 20 Surface_Prim.productivity.Mean
5 BMD.Silicate.Range 13 Surface diffuse att. Range 21 Surface_Silicate.Mean
6 BMD.Silicate.Mean 14 Surface_Par.Mean 22 Surface_Temperature.Mean
BMD.Prim.prod.Mean 15 Surface_Pho_Mean 23 GEBCO_Mean.Bathymetry



7. Conclusions

General conclusions from the data:

There are not many microalgal studies about populations and expansion distribution.

This study presents a preliminary approach to analyse expansion of CTX-producers,
although classical markers are conservative and the study could not arrive at this point,
with our results is not possible to distinguish strains from different geographical
points. Some differences could appreciate but more analyses have to be done. Specific
goal to understand the relationships between G.australes from the North Atlantic Sea
and the Mediterranean Sea have not been achieved, because markers from databases
are not adequate. Some differences could be appreciated but not important to check
the differences between populations from the Atlantic and Mediterranean Sea. In the
literature, is not possible to find many works of populations adequate markers to work
with populations could be microsatellites, but in algae microsatellites have not been

developed largely.

The PCA shows a tendency of environmental conditions for the presence of all CTX-

producers, but important variables each models of each species are different.

General conclusions from the project:

In the first chapter, | learned how genetic analysis is performed. Basics to work with
genetic data of populations. | learned more how to work and visualize large matrix of
data. At first, it has been very difficult to manage large dataset, large alignments, and
large matrices but after | have been more confident on it. Analysis in this work have
been tried to do totally in R software and see how packages work in this type of data,
but total analysis in R not always have been possible. For example, MEGA7 was used to
check the alignments, for me MEGA7 has been more useful to visualize alighments.

Therefore, classical genetic programs are necessary and sometimes. Another example



was the program DNAsp that | find easier to manage large datasets than “adegenet” R

package.

In the second chapter, | learned again to work with large data. How to work in the
binary response variables. To convert logistic variables to numerical variables (for
example environmental variable: presence or absence of coral) to introduce this
information to dataset to see correlations, this variable was codified as distance to
coral skull.

| learned how to work the logistic model (new model for me) and | applied to
ecological problems.

| think this work is a previous work for further geographical analysis, more complex but
more informative such as maxent models. With Maxent models with shapes files from
GIS is possible to have geographical maps based on probabilities of presence of species

(Phillip et al. 2010), then could be more realistic than the logistic models.

To work in a continuous updating of the dataset have been not a good idea, because
loads of analysis have been done. However, issue was very interesting, and | would
manage IRTA data which compiles information of Gambierdiscus and Fukuyoa strains

from Europe.

| think | have done big efforts to understand new concepts and new methods, that |
have less time to discuss in depth the results. Anyway, results have to take as a
previous work for future analysis.

For me, this type of final project was new experience and the methodology of specify
objectives and tasks for each objective have contributed positively to organize and

evaluate how project is going in all steps.



8. Glosary

BMD: Benthic Mean Depth

CFP: Ciguatera Food Poisoning

CTX: ciguatoxinas

GIS: geographical information system

IRTA: Institut de Recerca i tecnologia agroalimentaries
NJ: neighbour joining

PCA: Principal Component Analysis

TSS: True Skill Statistic

UPGMA: unweighted pair group method with arithmetic mean
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10. Annexes

Annexl. Creation dataset

1.1 Obtaining sequences:
downloading Genbank sequences with codes from articles (when taxonomy in the

literature has changed but, labels in the dataset are not updated. Example Fukuyoa

strains from Larsson et al.2019.

Tnstall.packages(seqir)

Tibrary(seqir)

fpaulensis<-c("KM272974", "MH312005", "LN880857", "AB859987", "EU498082",
"EU498081","EU498085", "EU498084", "EU498083")

seqfpaulensis<-read.GenBank(fpaulensis, seq.names = access.nb, species.names =
TRUE,gene.names = FALSE, as.character = TRUE)

seqfpaulensis<-as.matrix(seqfpaulensis)
#we save a fasta file with all sequences seqir.

write.fasta(seqfpaulensis,as.string=FALSE,names=fpaulensis,
file.out="fpau.fas™)

# we combine all sequences from IRTA and from Ge file “A.fas”.

1.2 Obtaining aligments:

# open file(con el paquete “ape”)

Tnstall.packages(ape)

Tibrary(ape)
A<-read.FASTA("C:/Users/Angi/Documents/Rmaster/A.fas", type="DNA")
summary (A)

class(A)

# align the sequences with Clustalw and “ape” package:
clustal(A, exec="clustalw2", pw.gapopen = 10, pw.gapext = 0.1)
#we open the file and check the alignment:

dnasetb<-read.FASTA("C:/Users/Angi/Documents/Rmaster/dnasetb2.fas",
type="DNA")



# as a result of aligmnet Tabels were changed by clustalw as “id”. Therefore
to edit labels we extract dataset to matrix to change labels easily,after with
MEGA7 aligment is checked manually and cut.

dnaset<-read.FASTA("C:/Users/Angi/Documents/Rmaster/align_tallat.fas",
type=""DNA") #se importan con Tlas secuencias que previamente se han cortado con
el MEGA7

#we extract the Tlabels from sequences

names.txt <- read.delim("namesalign.txt", header = FALSE, sep = "\t")
head(names.txt)

align2<-as.matrix(dnaset)

rownames (align2)

names.txt<-as.matrix(names.txt) #we change the Tabels

#we create a new fasta file with all sequences and short sequences.
rownames (dnasetb)<-names. txt



Annex 2. Analysis of genetic diversity

2.1 Instrucctions for DNAsp (analysis of genetic diversity)

Before the analysis, a data set was created, that contained all the possible sequences
with the maximum possible length. For this reason, sequences were less than <565 bp
were rejected. The analysis of genetic diversity was done through the DNAsp??
program. To work with the DNAsp, you need the mega format file without gaps and
without ambiguous positions, so the fasta alignment was converted to mega format
with the MEGA7 converter, with the option of removing gaps and ambiguous
positions.

After the conversion, the mega file was opened with the DNAsp with the option File /
Open unphase / genotip data file and the subsets of populations were defined with the
option: Data / define sequence sets. To establish the genetic subgrups, GenBank

sequences which were labelled as Gambierdiscus sp were not taken.

List of All Seguences Included List

KR225995.1_G pacificus_151G2 ~ KJ125108.1_Gambierdiscus_sp._type_6_
KR230000.1_G pacificus_151G7 KJ125113.1_Gambierdiscus_sp._type_6_
EU458028.1_G belizeanus_MNOAATS. KJ125109.1_Gambierdiscus_sp._type_&_
17-421_@ belizeanus_03EH KJ125112.1_Gambierdiscus_sp._type_6_
EL458025.1_G belizeanus_NOAATS. KJ125111.1_Gambierdiscus_sp._type_6_
EU458030.1_G belizeanus_MNOAATS. KU166802 1_Gambierdiscus_sp._XD-201
EU438032 1_G belizeanus_NOAALS, | == | |KU166757.1_Gambierdiscus_sp._XD-201

EU498034 1 G belizeanus_N DEfine Sequence Sets [Gambierdiscus_sp. _XD-201

EU458033.1_G belizeanus_N | Gambierdiscus_sp._XD-201
EU770671.2_G belizeanus_C Please write the Sequence Set
EU770672 2_G belizeanus_C
KJ125116.1_G belizeanus_39
KJ125123.1_G belizeanus 3 Giypesl
EU770660.2_Gambierdiscus._|
KIU674343 1_Gambierdiscus_|

EU458D31.1_G.be|izeanus:N ) | Gambierdiscus_sp._XD-201

Cancel | ok |
 SelectMl " Unse anee Wl Unselect Al
Sequence Sets
Add
|New Sequence Set j newseStequenoe

If you want to store this information, save (or export)

the active data file as a NEXUS file format Coneel Nl Bt Update all entries




2.2 Mantel test

Stepl: Estimate geographical distances

install.packages("geosphere")

Tibrary(geosphere)

datal<-read.csv("C:/Users/Angi/Desktop/TEMP/DATABASE/GIS POINTS presencia
absencia.csv", header=TRUE, sep=";", stringsAsFactors = FALSE)

attach(datal)

distGeo(pl = data. frame(data1$1ong1tud data1$1at1tud) p2 =
data. frame(datal$1ong1tud datal$latitud), 6378137, = 1/298. 257223563)

DISTANCIES <- NULL
for(P in 1l:length(datal$latitud)){

DIST <- distGeo(pl data. frame(data1$1ong1tud[P],
datal$latitud[P]), p2 = data. frame(data1$1ong1tud datal$latitud), a =
6378137, f = 1/298.257223563)

DISTANCIES <- cbind(DISTANCIES, DIST)

3

colnames (DISTANCIES) <- c(l;1ength(qata1$]atitud))
write.csv(x = DISTANCIES, file = "Distancies.csv")
DISTANCIES

Step2: Genetic distances

install.packages("ape")

install.packages("phangorn™)

Tibrary(ape)

Tibrary(phangorn)
a1ign<—reag.FASTA("C:/Users/atudo/Desktop/TEMP/DATABASE/PROVAGEN.fas”,
type="DNA"

dnaphy<-as.phybat(align) # change to format phydata
distprova<-dist.hamming(dnaphy)

head(distprova)

provad<-as.matrix(distprova) # create a matrix with genetic distances
prova4

Step 3: Mantel test
Tibrary(vegan)

mantel (xdis=DISTANCIES, ydis=prova4, method="pearson", permutations=999)

Results for G.australes Mantel test:
Mantel statistic based on Pearson's product-moment correlation

call:
mantel(xdis = DISTANCIES, ydis = prova4, method = "pearson", permutations

Mantel statistic r: -0.00427
Significance: 0.488

Upper quantiles of permutations (null model):
90%  95% 97.5%  99%

0.125 0.169 0.222 0.247

Permutation: free

Number of permutations: 999

= 999)



Annex 3. Phylogenetic analysis

3.1 Selection of best evolution model with” phangorn” packages

model<-modelTest(dnaset) # phangorn

aicmin<-min(model1$AIC)

valuemin<-model[model$AIC==aicmin, ] #show the model with min AIC value
valuemin

#resultado: el modelo evolutivo con el AIC mas pequefio es el GTR+G
bicmin<-min(model1$BIC)

modelbic<-model[modeT1$BIC==bicmin, ] #show the model with min BIC value

modelbic

As a result, the best evolution model was GTR+R.

3.2 Estimation of genetic distances

dist.align<-dist.dna(dnaset) #not complicate models can be used, in that case
we use K80, which rate of mutation is the same for all nucleotides.

#save in excel file distances:
install.packages("x1sx") # paquete para crear excels.
install.packages("rjava")

Tibrary(x1sx)

Tibrary(rjava)

write.xIsx(distance.dna, distancias.x1sx)

3.3 Obtention of trees with ape and MEGA7.

e with distance methods NJ “ape”:

# distance tree sin tener en cuenta los valores missing, secuencias cortas
treenj<-njs(dist.dna, model="K80")

class(treenj)

str(treenj)

plotnj<-plot(treenj, cex=0.2, sub="NJ tree") # plot the trees.

« with distance methods NJ “phangorn”:

dnaphy<-as.phybat(dnaset) # change the format to object phy, to pally
“phangorn” functions

distphy<-dist.ml(alignphy) #pairwise distances

temp <- as.data.frame(as.matrix(distphy)) #ceated numeric matrix to save 1in
excel file.

« with distance and trees with UPGMA methods “ape”:

treeupgma<-upgma(distphy)

class(reeupgma)

plot.phylo(treeupgma, cex=0.2, sub= "UPGMA tree")

writeNexus(treeupgma, "treeupgma.nex'") #we can create a nexus file, and open

with other programs with R is not very easy to plot.



Maximum Likelihood trees were elabotate with MEGA7, with evolution model GTR+G y

and the option complete delection.

[ m7: Analysis Preferences — O x
Oplions Summary

Branch Swap Filter Mone
System Resource Usage
Mumber of Threads 1

? hep [ compute] | 3 concel |




Annex 4. Environmental data from GIS

Benthic.Max_Depth.Chlorophyll.Lt.max
Benthic.Max_Depth.Chlorophyll.Lt.min
Benthic.Max_Depth.Chlorophyll.Max
Benthic.Max_Depth.Chlorophyll.Mean
Benthic.Max_Depth.Chlorophyll.Min
Benthic.Max_Depth.Chlorophyll.Range
Benthic.Max_Depth.Current.Velocity.Lt.max
Benthic.Max_Depth.Current.Velocity.Lt.min
Benthic.Max_Depth.Current.Velocity.Max
Benthic.Max_Depth.Current.Velocity.Mean
Benthic.Max_Depth.Current.Velocity.Min

Benthic.Max_Depth.Current.Velocity.Range

Benthic.Max_Depth.Dissolved.oxygen.Lt.max

Benthic.Max_Depth.Dissolved.oxygen.Lt.min

Benthic.Max_Depth.Dissolved.oxygen.Max
Benthic.Max_Depth.Dissolved.oxygen.Mean

Benthic.Max_Depth.Dissolved.oxygen.Min

Benthic.Max_Depth.Dissolved.oxygen.Range

Benthic.Max_Depth.Iron.Lt.max
Benthic.Max_Depth.lron.Lt.min
Benthic.Max_Depth.Iron.Max
Benthic.Max_Depth.Iron.Mean
Benthic.Max_Depth.Iron.Min
Benthic.Max_Depth.Iron.Range
Benthic.Max_Depth.Light.bottom.Lt.max
Benthic.Max_Depth.Light.bottom.Lt.min
Benthic.Max_Depth.Light.bottom.Max
Benthic.Max_Depth.Light.bottom.Mean
Benthic.Max_Depth.Light.bottom.Min
Benthic.Max_Depth.Light.bottom.Range
Benthic.Max_Depth.Nitrate.Lt.max
Benthic.Max_Depth.Nitrate.Lt.min

Benthic.Max_Depth.Nitrate.Max

Benthic.Max_Depth.Phytoplankton.Mean
Benthic.Max_Depth.Phytoplankton.Min
Benthic.Max_Depth.Phytoplankton.Range

Benthic.Mean_Depth.Iron.Lt.max
Benthic.Mean_Depth.Iron.Lt.min

Benthic.Mean_Depth.Iron.Max

Benthic.Max_Depth.Primary.productivity.Lt. maBenthic.Mean_Depth.lron.Mean

Benthic.Max_Depth.Primary.productivity.Lt.mirBenthic.Mean_Depth.Iron.Min

Benthic.Max_Depth.Primary.productivity.Max Benthic.Mean_Depth.Iron.Range

Benthic.Max_Depth.Primary.productivity.MeanBenthic.Mean_Depth.Light.bottom.Lt.max

Benthic.Max_Depth.Primary.productivity.Min Benthic.Mean_Depth.Light.bottom.Lt.min

Benthic.Max_Depth.Primary.productivity.RangeBenthic.Mean_Depth.Light.bottom.Max

Benthic.Max_Depth.Salinity.Lt.max
Benthic.Max_Depth.Salinity.Lt.min
Benthic.Max_Depth.Salinity.Max
Benthic.Max_Depth.Salinity.Mean
Benthic.Max_Depth.Salinity.Min
Benthic.Max_Depth.Salinity.Range
Benthic.Max_Depth.Silicate.Lt.max
Benthic.Max_Depth.Silicate.Lt.min
Benthic.Max_Depth.Silicate.Max
Benthic.Max_Depth.Silicate.Mean
Benthic.Max_Depth.Silicate.Min
Benthic.Max_Depth.Silicate.Range
Benthic.Max_Depth.Temperature.Lt.max
Benthic.Max_Depth.Temperature.Lt.min
Benthic.Max_Depth.Temperature.Max
Benthic.Max_Depth.Temperature.Mean
Benthic.Max_Depth.Temperature.Min
Benthic.Max_Depth.Temperature.Range
Benthic.Mean_Depth.Chlorophyll.Lt.max
Benthic.Mean_Depth.Chlorophyll.Lt.min
Benthic.Mean_Depth.Chlorophyll.Max
Benthic.Mean_Depth.Chlorophyll.Mean
Benthic.Mean_Depth.Chlorophyll.Min

Benthic.Mean_Depth.Chlorophyll.Range

Benthic.Mean_Depth.Light.bottom.Mean
Benthic.Mean_Depth.Light.bottom.Min
Benthic.Mean_Depth.Light.bottom.Range
Benthic.Mean_Depth.Nitrate.Lt.max
Benthic.Mean_Depth.Nitrate.Lt.min
Benthic.Mean_Depth.Nitrate.Max
Benthic.Mean_Depth.Nitrate.Mean
Benthic.Mean_Depth.Nitrate.Min
Benthic.Mean_Depth.Nitrate.Range
Benthic.Mean_Depth.Phosphate.Lt.max
Benthic.Mean_Depth.Phosphate.Lt.min
Benthic.Mean_Depth.Phosphate.Max
Benthic.Mean_Depth.Phosphate.Mean
Benthic.Mean_Depth.Phosphate.Min
Benthic.Mean_Depth.Phosphate.Range
Benthic.Mean_Depth.Phytoplankton.Lt.max
Benthic.Mean_Depth.Phytoplankton.Lt.min
Benthic.Mean_Depth.Phytoplankton.Max
Benthic.Mean_Depth.Phytoplankton.Mean
Benthic.Mean_Depth.Phytoplankton.Min
Benthic.Mean_Depth.Phytoplankton.Range
Benthic.Mean_Depth.Primary.productivity.Lt.max
Benthic.Mean_Depth.Primary.productivity.Lt.min

Benthic.Mean_Depth.Primary.productivity.Max

Benthic.Max_Depth.Nitrate.Mean Benthic.Mean_Depth.Current.Velocity.Lt.max Benthic.Mean_Depth.Primary.productivity.Mean

Benthic.Max_Depth.Nitrate.Min Benthic.Mean_Depth.Current.Velocity.Lt.min Benthic.Mean_Depth.Primary.productivity.Min

Benthic.Max_Depth.Nitrate.Range Benthic.Mean_Depth.Current.Velocity.Max  Benthic.Mean_Depth.Primary.productivity.Range

Benthic.Max_Depth.Phosphate.Lt.max Benthic.Mean_Depth.Current.Velocity.Mean  Benthic.Mean_Depth.Salinity.Lt.max

Benthic.Max_Depth.Phosphate.Lt.min Benthic.Mean_Depth.Current.Velocity.Min Benthic.Mean_Depth.Salinity.Lt.min

Benthic.Max_Depth.Phosphate.Max Benthic.Mean_Depth.Current.Velocity.Range Benthic.Mean_Depth.Salinity.Max

Benthic.Max_Depth.Phosphate.Mean Benthic.Mean_Depth.Dissolved.oxygen.Lt.max Benthic.Mean_Depth.Salinity.Mean

Benthic.Max_Depth.Phosphate.Min Benthic.Mean_Depth.Dissolved.oxygen.Lt.min Benthic.Mean_Depth.Salinity.Min

Benthic.Max_Depth.Phosphate.Range Benthic.Mean_Depth.Dissolved.oxygen.Max  Benthic.Mean_Depth.Salinity.Range

Benthic.Max_Depth.Phytoplankton.Lt.max Benthic.Mean_Depth.Dissolved.oxygen.Mean Benthic.Mean_Depth.Silicate.Lt.max

Benthic.Max_Depth.Phytoplankton.Lt.min Benthic.Mean_Depth.Dissolved.oxygen.Min  Benthic.Mean_Depth.Silicate.Lt.min

Benthic.Max_Depth.Phytoplankton.Max Benthic.Mean_Depth.Dissolved.oxygen.Range Benthic.Mean_Depth.Silicate.Max



Benthic.Mean_Depth.Silicate.Mean
Benthic.Mean_Depth.Silicate.Min
Benthic.Mean_Depth.Silicate.Range
Benthic.Mean_Depth.Temperature.Lt.max
Benthic.Mean_Depth.Temperature.Lt.min
Benthic.Mean_Depth.Temperature.Max
Benthic.Mean_Depth.Temperature.Mean
Benthic.Mean_Depth.Temperature.Min
Benthic.Mean_Depth.Temperature.Range
Benthic.Min_Depth.Chlorophyll.Lt.max
Benthic.Min_Depth.Chlorophyll.Lt.min
Benthic.Min_Depth.Chlorophyll.Max
Benthic.Min_Depth.Chlorophyll.Mean
Benthic.Min_Depth.Chlorophyll.Min
Benthic.Min_Depth.Chlorophyll.Range
Benthic.Min_Depth.Current.Velocity.Lt.max
Benthic.Min_Depth.Current.Velocity.Lt.min
Benthic.Min_Depth.Current.Velocity.Max
Benthic.Min_Depth.Current.Velocity.Mean
Benthic.Min_Depth.Current.Velocity.Min
Benthic.Min_Depth.Current.Velocity.Range
Benthic.Min_Depth.Dissolved.oxygen.Lt.max
Benthic.Min_Depth.Dissolved.oxygen.Lt.min
Benthic.Min_Depth.Dissolved.oxygen.Max
Benthic.Min_Depth.Dissolved.oxygen.Mean
Benthic.Min_Depth.Dissolved.oxygen.Min
Benthic.Min_Depth.Dissolved.oxygen.Range
Benthic.Min_Depth.Iron.Lt.max
Benthic.Min_Depth.lron.Lt.min
Benthic.Min_Depth.Iron.Max
Benthic.Min_Depth.lron.Mean
Benthic.Min_Depth.Iron.Min
Benthic.Min_Depth.lron.Range
Benthic.Min_Depth.Light.bottom.Lt.max
Benthic.Min_Depth.Light.bottom.Lt.min
Benthic.Min_Depth.Light.bottom.Max
Benthic.Min_Depth.Light.bottom.Mean
Benthic.Min_Depth.Light.bottom.Min
Benthic.Min_Depth.Light.bottom.Range
Benthic.Min_Depth.Nitrate.Lt.max
Benthic.Min_Depth.Nitrate.Lt.min
Benthic.Min_Depth.Nitrate.Max
Benthic.Min_Depth.Nitrate.Mean
Benthic.Min_Depth.Nitrate.Min
Benthic.Min_Depth.Nitrate.Range

Benthic.Min_Depth.Phosphate.Lt.max

Benthic.Min_Depth.Phosphate.Lt.min
Benthic.Min_Depth.Phosphate.Max
Benthic.Min_Depth.Phosphate.Mean
Benthic.Min_Depth.Phosphate.Min
Benthic.Min_Depth.Phosphate.Range
Benthic.Min_Depth.Phytoplankton.Lt.max
Benthic.Min_Depth.Phytoplankton.Lt.min
Benthic.Min_Depth.Phytoplankton.Max
Benthic.Min_Depth.Phytoplankton.Mean
Benthic.Min_Depth.Phytoplankton.Min

Benthic.Min_Depth.Phytoplankton.Range

Surface_Current.Velocity.Lt.min
Surface_Current.Velocity.Max
Surface_Current.Velocity.Mean
Surface_Current.Velocity.Min
Surface_Current.Velocity.Range
Surface_Diffuse.attenuation.Max
Surface_Diffuse.attenuation.Mean
Surface_Diffuse.attenuation.Min
Surface_Dissolved.oxygen.Lt.max
Surface_Dissolved.oxygen.Lt.min

Surface_Dissolved.oxygen.Max

Benthic.Min_Depth.Primary.productivity.Lt.ma$urface_Dissolved.oxygen.Mean

Benthic.Min_Depth.Primary.productivity.Lt.minSurface_Dissolved.oxygen.Min

Benthic.Min_Depth.Primary.productivity.Max Surface_Dissolved.oxygen.Range

Benthic.Min_Depth.Primary.productivity.MeanSurface_lce.cover.Lt. max

Benthic.Min_Depth.Primary.productivity.Min Surface_Ice.cover.Lt.min

Benthic.Min_Depth.Primary.productivity.RangeSurface_Ice.cover.Max

Benthic.Min_Depth.Salinity.Lt.max
Benthic.Min_Depth.Salinity.Lt.min
Benthic.Min_Depth.Salinity.Max
Benthic.Min_Depth.Salinity.Mean
Benthic.Min_Depth.Salinity.Min
Benthic.Min_Depth.Salinity.Range
Benthic.Min_Depth.Silicate.Lt.max
Benthic.Min_Depth.Silicate.Lt.min
Benthic.Min_Depth.Silicate.Max
Benthic.Min_Depth.Silicate.Mean
Benthic.Min_Depth.Silicate.Min
Benthic.Min_Depth.Silicate.Range
Benthic.Min_Depth.Temperature.Lt.max
Benthic.Min_Depth.Temperature.Lt.min
Benthic.Min_Depth.Temperature.Max
Benthic.Min_Depth.Temperature.Mean
Benthic.Min_Depth.Temperature.Min
Benthic.Min_Depth.Temperature.Range
Surface_Calcite.Mean
Surface_Chlorophyll.Lt.max
Surface_Chlorophyll.Lt.min
Surface_Chlorophyll.Max
Surface_Chlorophyll.Mean
Surface_Chlorophyll.Min
Surface_Chlorophyll.Range
Surface_Cloud.cover.Max
Surface_Cloud.cover.Mean
Surface_Cloud.cover.Min

Surface_Current.Velocity.Lt.max

Surface_Ice.cover.Mean
Surface_lce.cover.Min
Surface_Ice.cover.Range
Surface_Ice.thickness.Lt.max
Surface_Ice.thickness.Lt.min
Surface_Ice.thickness.Max
Surface_Ice.thickness.Mean
Surface_Ice.thickness.Min
Surface_Ice.thickness.Range
Surface_lron.Lt.max
Surface_lIron.Lt.min
Surface_Iron.Max
Surface_Iron.Mean
Surface_Iron.Min
Surface_Iron.Range
Surface_Nitrate.Lt.max
Surface_Nitrate.Lt.min
Surface_Nitrate.Max
Surface_Nitrate.Mean
Surface_Nitrate.Min
Surface_Nitrate.Range
Surface_Par.Max
Surface_Par.Mean
Surface_pH
Surface_Phosphate.Lt.max
Surface_Phosphate.Lt.min
Surface_Phosphate.Max
Surface_Phosphate.Mean
Surface_Phosphate.Min



Surface_Phosphate.Range Surface_Salinity.Lt.max Surface_Temperature.Lt.min

Surface_Phytoplankton.Lt.max Surface_Salinity.Lt.min Surface_Temperature.Max
Surface_Phytoplankton.Lt.min Surface_Salinity.Max Surface_Temperature.Mean
Surface_Phytoplankton.Max Surface_Salinity.Mean Surface_Temperature.Min
Surface_Phytoplankton.Mean Surface_Salinity.Min Surface_Temperature.Range
Surface_Phytoplankton.Min Surface_Salinity.Range ETOPO1_Mean.Bathymetry
Surface_Phytoplankton.Range Surface_Silicate.Lt.max ETOPO1_Point.Bathymetry
Surface_Primary.productivity.Lt.max Surface_Silicate.Lt.min GEBCO_Mean.Bathymetry
Surface_Primary.productivity.Lt.min Surface_Silicate.Max GEBCO_Point.Bathymetry
Surface_Primary.productivity.Max Surface_Silicate.Mean Coral.Presence_Distance
Surface_Primary.productivity.Mean Surface_Silicate.Min Coral.Presence_Mean
Surface_Primary.productivity.Min Surface_Silicate.Range Coral.Presence_Point
Surface_Primary.productivity.Range Surface_Temperature.Lt.max

Annex 5. Environmental data obtention

In each sampling point, that was possible to find coordinates, environmental data was
downloaded by ArcGIS (ESRI 2011, CA. Environmental Systems Research Institute), from the
database Bio-ORACLE v2.0 (http://www.bio-oracle.org/). Layers downloaded were: Surface,
Benthic - Benthic - Minimum depth, Maximum depth Benthic - Average depth, Coral Reefs 2010

and Bathymetry. As a result, 315 rasters of environmental data were obtained.

All rasters were save in a excel file with R software following the next instructions:

#load database from the “.dbs” files generated by ArcGlIS.

GIS.POINTS <- read.dbf("C:/Users/atudo/Desktop/POINTS/POINTS.dbf", as.is =
FALSE)

NAMES <- names(GIS.POINTS)

#tcreate a file with all rasters.

for(F in 1:Tength(FILES)){

#Load DBF File & Modify Names

DBF.FILE <- read.dbf(pasteO(FILES[F], ".dbf"), as.is = FALSE)

#Match Files (Add GIS Info to both GIS.POINTS & FULL.DATA
GIS.POINTS[, ncol(GIS.POINTS) + 1] <- DBF.FILE[match(GIS.POINTS$Code,
DBF.FILE$Code), ncol(DBF.FILE)]

b

#Rename Database
names (GIS.POINTS) <- c(NAMES, FILES)
#Export to Excel

write.x1sx2(as.data.frame(GIS.POINTS), file =
"C:/Users/atudo/Desktop/DATABASE/GIS POINTS.x1sx", sheetName = "GIS DATA",
col.names = TRUE, row.names = FALSE, append = FALSE, showNA = FALSE)



Annex 6. Results of PCA
PCA were calculated with prcomp() following these steps:

- PCA equations estimations

- Check the variability of components and the importance of each variable to the components.

pcadatab<-prcomp(environvar)
summary(pcadata6) #not scaling the data

Importance of components:

PCl PC? PC3 PC4 PC5 PCH
Standard deviation 1222.7395 61.1817 24.4815 15.14788 11.28698 6.15540
Proportion of variance 0.9968 0.0025> 0.0004 0.00015> 0.00008 0.00003
Cumulative Proportion 0.9968 0.9993 0.9997 0.99983 0.99991 0.99994
PC7 PC& PC9Y PC10 PC11 PCl2 PCl13
standard deviation 5.39013 4.80632 3.74489 3.36551 2.279 2.079 1.476

Proportion of variance 0.00002 0.00002 0.00001 0.00001 0.000 0.000 0.000
Cumulative Proportion (0.99996 0.99997 0.99998 0.99999 1.000 1.000 1.000

pcadata6$rotation

round(pcadata6$rot[,1],2) #coefficients from the first component

M chlo BMD Current.veloc EMD Dis.oxygen EM Depth. Iron EMD Light
0.00 0.00 0.00 0.00 0.00
BMD Nitrate BeMD FPho BDM. Phos Range EMD Phyto BMD Primary.productivity
-0.01 0.00 0.00 0.00 0
BEMD Sal BEMD 511 BEMD. 511 Range BEMD Temp sm cal
0.00 -0.03 0.00 0.00 0.00
M Chl 5 chlo.Min S Current.Veloc.Max SM Current.velocity sM Diff.at
0.00 0.00 0.00 0.00 Q.00
sM Dissol oxygen SM Dissol oxygen Range sM Iron SM Nitrate 5M Par
0.00 0.00 0.00 0.00 0.00
SM pH SM Pho SM Phyto SM_Primary.productivity SM sal
0.00 0.00 0.00 0.00 0.00
sM 511 SM Temp BAT coral dist
0.00 0.00 1.00 0.00

round(pcadata6$rot[,2],2) #coefficients from the second component

BM chlo BEMD Current.veloc BMD Dis.oxygen BM Depth. Iron BMD Light
0.00 0.00 0.85 0.00 0.05
BMD Nitrate geMp Pho BDM. Phos Range BEMD Phyto BMD Primary.productivity
-0.20 -0.01 0.00 0.01 0.0
EMD Sal BMD 511 BMD. 511 Range BEMD Temp sM Cal
0.02 -0.28 -0.04 0.07 0.00
sM Chl 5 Chlo.Min 5 Current.veloc.Max SM Current.velocity sM Diff.at
0.00 0.00 0.00 0.00 0.00
sM Dissol oxygen  sM Dissol oxygen Range SM Iron SM Nitrate SM Par
0.20 0.28 0.00 -0.02 -0.01
SMpH sM Pho sM Phyto sM_Primary.productivity sM sal
0.00 0.00 0.00 0.00 0.01
sM Sil SM Temp BAT coral dist
0.00 -0.06 -0.01 0.17

data6b<-datal[,SELECT6]
pcadatab<-prcomp(data6,scale=T)
summary (pcadata6)
pcadata6$rotation

# Results of PCA
round(pcadata6$rot[,1],2) #coefficients from the first component

BM chlo EMD Current.veloc EMD Dis.oxygen EM Depth.Iron BEMD Light
0.13 0.00 0.27 0.18 0.12
EMD Nitrate BeMD Pho BEDM. Phos Range EMD Phyto BMD Primary.productivity

-0.25 -0.26 -0.02 0.16 0
BMD Sal BEMD 511 BMD. 511 Range EMD Temp sM cal
0.21 -0.17 -0.14 0.18 0.05
sM chl s chlo.min S current.veloc.Max sM Current.velocity s Diff.at
-0.04 -0.05 -0.19 -0.19 0.11
SM Dissol oxygen SM Dissol oxygen Range SM Iron SM Nitrate SM Par
0.22 0.24 0.26 -0.22 -0.22
SM pH sM Pho sM Phyto SM_Primary.productivity sM sal
0.00 -0.24 -0.08 -0.13 0.18

sMo511 SM Temp BAT Coral dist

0.00 -0.22 0.11 0.18



round(pcadata6$rot[,2],2) #coefficients from the second component

M chlo BEMD Current.veloc EMD Dis.o0xygen EM Depth.Iron BMD Light
0.26 0.25 0.01 0.04 0.12
EMD Nitrate eeMp Pho BEDM. Phos Range EMD Phyto BMD Primary.productivity
-0.14 -0.11 0.06 0.26 0.27
BMD 5al BMD 511 BMD. 511 Range EMD Temp sM cal
-0.08 -0.10 0.05 0.21 0.10
sM chl 5 chlo.Min S Current.veloc.Max sM current.velocity sM Diff.at
0.32 0.29 0.18 0.16 0.25
sM Dissol oxygen  5M Dissol oxygen Range sM Iron SM Nitrate sM Par
-0.04 0.07 -0.04 0.11 -0.04
M pH sM Pho sM phyto sM_Primary.productivity =M sal
0.09 0.10 0.31 0.29 -0.18
=M sil SM Temp BAT coral dist
0.10 0.05 0.09 -0.14

Annex 7. Modelling geographical distribution

After creation the binary variables, models were performed following the next steps:

Stepl:

-Create a matrix with all data, there is indications of each object involved in our model.
Step. 2:

-Proceeding of modelling our data

Stepl: Create a matrix with all data, where are present indications of each object involved in
our model:

Example of logistic model for G.belizeanus:

Stepl: Create all objects to model

install.packages("biomod2")

Tibrary(biomod2)

# read data

datamod<-read.csv("C:/Users/Angi/Desktop/TEMP/DATABASE/GIS POINTS presencia
absencia.csv", header=TRUE, sep=";", stringsAsFactors = FALSE)
head(datamod) #with presence and absence information

datamod # here, all environmental data are selected, down will be removed,
only data selected by previous analysis.
attach(datamod)

# vector species presence/absence

spnamel<-as.numeric(datamod$G.belizeanus)
Tength(spnamel)

# vector coordinates
coordenates <- datamod[,c("longitud","Tatitud")]

# define environmental variables

environvar<-datamod[,SELECT6] # select only environmental data from the data.frame

names (environvar)<-SELECT7 # vector with abreviate names of environmental data

# formatting a matrix with your information

Togmodel <- BIOMOD_FormatingData(resp.var =spnamel,



expl.var = environvar,
resp.xy = coordenates,
resp.name = "G.belizeanus")

Step2: proceeding of modelling our data, selecting different options depending on your model.

myBiomodOption2 <- BIOMOD_ModelingOptions() # options models by default.
model2 <- BIOMOD_ModeTling(

Togmode12,

models = c('GLM"),

models.options = myBiomodOption2,
NbRunEval=3,

Datasp1it=80,

Prevalence=0.5,

varImport=3,

models.eval.meth = c('TSs', 'ROC'),
SaveOobj = TRUE,

rescal.all.models = TRUE,

do.full.models = FALSE)

# importance of variables from the model
get_variables_importance(model2)
get_variabTles_importance(mod)
attributes(model2)

The evaluation of the model was done with get_evaluations(), that True Skill Statistic (TSS),

Receiveroperating characteristic (ROC), sensitivity and specificity (Allouche et al. 2006).

## Models evaluation

modeleval2 <- get_evaluations(model2)

modeleval?2

dimnames (modeleval2) # types of evaluations

scores of evaluations of TSS and ROC were showed as:
modeleval2["TSS","Testing.data","RF",,]
modeleval2["ROC","Testing.data",,,]

Testing.data Cutoff Sensitivity Specificity
TSS 1 669 100 100
ROC 1 668 100 100

, ,» GLM, RUN2, AllData

Testing.data Cutoff Sensitivity Specificity
TSS 0.740 139.0 100 74
ROC 0.927 143.5 100 74
, ,» GLM, RUN3, AllData

Testing.data Cutoff Sensitivity Specificity

TS5S 0.647 535.0 66.667 98
ROC 0.823 539.5 66.667 98

Figure 11. Evaluation of logistic model for G.belizeanus



Annex 8. Results of data modelling (runs and evaluation of logistic models)

Mode1=GLM ( quadratic with no interaction )
Stepwise procedure using AIC criteria
selected formula : G.belizeanus ~

I(Benthic.Mean_Depth.Temperature.MeanA2) +

I(Benthic.Mean_Depth.Chlorophyl1.MeanA2) +

Surface_Par.Mean + GEBCO_Mean.Bathymetry

Benthic.Mean_bDepth.Chlorophyl1.Mean 0.115
Benthic.Mean_Depth.Temperature.Mean 0.330
Ssurface_Par.Mean 0.944
GEBCO_Mean.Bathymetry 0.502

Testing.data Cutoff Sensitivity Specificity
TSS 0.82 140 100 82
ROC 0.95 144 100 82

G. pacificus

G.pacificus ~ (Coral.Presence_DistanceA2) + Benthic.Mean_Depth.Silicate.Range
+ Surche_pH + I(SUﬁface_Ca1c1te.MeanA2) + Benthic.Mean_Depth.Iron.Mean +
I(Benthic.Mean_Depth.Light.bottom.MeanA2) + I(Surface_Chlorophyll.MinA2)

Importance of the subsequent variables:

GLM
Benthic.Mean_Depth.Iron.Mean 0.435
Benthic.Mean_Depth.Light.bottom.Mean 0.413
Ssurface_calcite.Mean 0.197
surface_chlorophyl1.Min 0.196
surface_pH 0.562
coral.Presence_bDistance 0.929
Testing.data Cutoff Sensitivity Specificity
TSS 0.633 296.0 100 63.265
ROC 0.765 296.5 100 63.265

Gambierdiscus ribotype 1
Best model was: Gambierdiscus.ribotype.1 ~ Surface_pH

GLM

surface_pH 0.953
Testing.data Cutoff Sensitivity Specificity
TSS 0.98 468.0 100 98.039
ROC 0.99 472.5 100 98.039

Gambierdiscus ribotype 2
Gambierdiscus.ribotype.2 ~ Surface_Silicate.Mean +
I(Benthic.Mean_Depth.Iron.MeanA2) +
I(surface_Silicate.MeanA2) + Benthic.Mean_Depth.Light.bottom.Mean +
I(Surface_Par.MeanA2)

GLM
Benthic.Mean_Depth.Iron.Mean 0.280
Benthic.Mean_Depth.Phosphate.Range 0.008
surface_siTlicate.Mean 0.954

Testing.data Cutoff Sensitivity Specificity
TSS 0.88 464.5 100 88
ROC 0.91 465.0 100 88



Gambierdiscus ribotype 4

RUN2:
Mode1=GLM ( quadratic with no interaction )

Stepwise procedure using AIC criteria

selected formula : Gambierdiscus.type.4 ~ Surface_Phosphate.Mean +
Coral.Presence_Distance

GLM
Benthic.Mean_Depth.Chlorophyl1.Mean 0.115
Benthic.Mean_Depth.Temperature.Mean 0.330
surface_Par.Mean 0.944
GEBCO_Mean.Bathymetry 0.502

Testing.data Cutoff Sensitivity Specificity

TSS 0.913 440 100 91.304
ROC 0.957 444 100 91.304
RUN3:

Model=GLM ( quadratic with no interaction )

Stepwise procedure using AIC criteria

selected formula : Gambierdiscus.type.4 ~ Surface_Phosphate.Mean +
I(surface_bDissolved.oxygen.MeanA2)

GLM
Ssurface_Dissolved.oxygen.Mean 0.198
Ssurface_Par.Mean 1.000
GEBCO_Mean.Bathymetry 0.328

, , GLM, RUN3, AllData

Testing.data Cutoff Sensitivity Specificity
TSS 0.913 440 100 91.304
ROC 0.957 444 100 91.304

Gambierdiscus ribotype 5

selected formula : Gambierdiscus.type.5 ~ surface_Phosphate.Mean +
I(surface_Par.MeanA2)

GLM

surface_Par.Mean 0.602

surface_Phosphate.Mean 0.544
Testing.data Cutoff Sensitivity Specificity
TSS 0.827 404.0 100 82.692
ROC 0.904 404.5 100 82.692

Gambierdiscus ribotype 6

selected formula : Gambierdiscus.type.6...G.toxicus ~ Surface_Phosphate.Mean +
I(Benthic.Mean_Depth.Silicate.MeanA2)

GLM
Benthic.Mean_Depth.Silicate.Mean 0.086
surface_Phosphate.Mean 0.963
Testing.data Cutoff Sensitivity Specificity
TSS 0.788 401 100 78.846
ROC 0.885 406 100 78.846

G.lapillus

Run : G.lapillus_AllData



G.lapillus_ATTbata_RUNL

selected formula : G.lapillus ~ I(GEBCO_Mean.BathymetryA2) +
surface_pH

G.lapillus_Al1Data_RUN2
selected formula : G.lapillus ~ Surface_Calcite.Mean
G.Tapillus_AllData_RUN3

selected formula : G.lapillus ~ Surface_pH +
I(Surface_bDiffuse.attenuation.MeanA2)

RUN1, Allpata

GLM
Surface_pH 1.00
GEBCO_Mean.Bathymetry 0.65
, » RUN2, AllData
GLM
Surface_cCalcite.Mean 1
, » RUN3, AllData
GLM
Surface_Diffuse.attenuation.Mean 0.772
surface_pH 1.000
Testing.data Cutoff Sensitivity Specificity
TSS 0.981 490 100 98.077
ROC 0.981 494 100 98.077

, ,» GLM, RUN3, AllData
Testing.data Cutoff Sensitivity Specificity
0 100

TSS 1 491
ROC 1 496 100 100

G. carpenteri

selected formula : G.carpenteri ~ I(Benthic.Mean_Depth.Salinity.MeanA2) +
I(Benthic.Mean_Depth.Silicate.RangeA2) + o
surface_pPar.Mean + Benthic.Mean_Depth.Salinity.Mean

Testing.data Cutoff Sensitivity Specificity
TSS 0.745 337 100 74.51
ROC 0.863 338 100 74.51
, , GLM, RUN2, AllData

Testing.data Cutoff Sensitivity Specificity
TSS 0.784 332 100 78.431
ROC 0.882 337 100 78.431
, , GLM, RUN3, AllData

Testing.data Cutoff Sensitivity Specificity

TSS 0.745 337 100 74.51
ROC 0.863 338 100 74.51
GLM
Benthic.Mean_Depth.Salinity.Mean 0.857
Benthic.Mean_Depth.Silicate.Range 0.272

surface_Par.Mean 0.640



G.caribeaus

selected formula : G.caribeaus ~ I(Surface_Silicate.MeanA2) +
Ssurface_Dissolved.oxygen.Range +
I(Surface_Current.velocity.MeanA2) + Surface_Calcite.Mean +
I(Surface_pHA2) + surface_Current.velocity.Mean + Surface_Silicate.Mean +
I(Surface_Temperature.MeanA2) + Surface_Temperature.Mean +
I(Coral.Presence_DistanceA2) + Benthic.Mean_Depth.Temperature.Mean

GLM, RUN1, Allbata

Testing.data Cutoff Sensitivity Specificity

TSS 0.633 435 100 63.265
ROC 0.816 438 100 63.265
GLM
Benthic.Mean_Depth.Temperature.Mean 0.025
Ssurface_calcite.Mean 0.069
Ssurface_cCurrent.velocity.Mean 0.657
surface_Dissolved.oxygen.Range 0.371
surface_pH 0.385
Surface_Silicate.Mean 0.393
Surface_Temperature.Mean 0.517
Coral.Presence_Distance 0.442

G.excentricus

G.excentricus ~ surface_Silicate.Mean

+I(Benthic.Mean_bDepth.Primary.productivity MeanA2) +
Benthic.Mean_bDepth.Light.bottom.Mean + Surface_Primary.productivity.Mean +
I(surface_Temperature.MeanA2)

Testing.data Cutoff Sensitivity Specificity
100

TSS 0.78 409 7
ROC 0.89 413 100 78
GLM
Benthic.Mean_Depth.Light.bottom.Mean 0.313
Benthic.Mean_Depth.Primary.productivity.Mean 0.095
surface_Primary.productivity.Mean 0.261
surface_silicate.Mean 0.634
Ssurface_Temperature.Mean 0.226

G.australes

G.australes ~ I(Surface_Temperature.MeanA2) + Benthic.Mean_Depth.Silicate.Mean
+ I(GEBCO_Mean.BathymetryA2) + GEBCO_Mean.Bathymetry + Surface_Phosphate.Mean
+ I(surface_calcite.MeanA2) +I(Benthic.Mean_Depth.Primary.productivity.MeanA2)
+ I(Benthic.Mean_Depth.Phosphate.RangeA2) +
I(Benthic.Mean_Depth.Light.bottom.MeanA2) + ISurface_pH +
I(Benthic.Mean_bDepth.Chlorophyl1.MeanA2)

GLM
Benthic.Mean_Depth.Chlorophyl1.Mean 0.205
Benthic.Mean_Depth.Light.bottom.Mean 0.050
Benthic.Mean_Depth.Phosphate.Range 0.087
Benthic.Mean_Depth.Primary.productivity.Mean 0.120
Benthic.Mean_Depth.Silicate.Mean 0.287
surface_calcite.Mean 0.162
surface_pH 0.270
surface_Phosphate.Mean 0.380
surface_Temperature.Mean 0.983
GEBCO_Mean.Bathymetry 0.490

Testing.data Cutoff Sensitivity Specificity



TSS 0.821 328.0 100 82.051
ROC 0.926 374.5 100 87.179

F. paulensis

selected formula : F.paulensis ~ I(Surface_Temperature.MeanA2) +

Surface_Dissolved.oxygen.Mean +
I(Benthic.Mean_bDepth.Primary.productivity.MeanA2) +

Benthic.Mean_Depth.Primary.productivity.Mean

GLM
Benthic.Mean_Depth.Primary.productivity.Mean 0.301
Benthic.Mean_Depth.Silicate.Mean 0.868
Surface_calcite.Mean 0.319
Surface_Temperature.Mean 0.687
GEBCO_Mean.Bathymetry 0.474

Testing.data Cutoff Sensitivity Specificity
TSS 0.92 445 100 92
ROC 0.96 450 100 92

Gambierdiscus spp.

Gambierdiscus ~ Surface_Dissolved.oxygen.Range +
I(surface_Dissolved.oxygen.RangeA2) +
surface_Current.velocity.Mean +
I(Benthic.Mean_Depth.Primary.productivity.mMeanA2) +
I(Ssurface_Temperature.MeanA2) + Surface_Phosphate.Mean +
I(Benthic.Mean_Depth.Silicate.RangeA2) + Surface_Calcite.Mean +
I(Benthic.Mean_bDepth.Light.bottom.MeanA2)

—=-=-=--=-=-=- Gambierdiscus_ATlTData_RUN2
selected formula : Gambierdiscus ~
I(Benthic.Mean_Depth.Silicate.MeanA2) + I(Surface_Calcite.MeanA2) +
surface_pH + Benthic.Mean_bDepth.Silicate.Mean + GEBCO_Mean.Bathymetry +
I(Benthic.Mean_Depth.Phosphate.RangeA2)

selected formula : Gambierdiscus ~
I(Benthic.Mean_bDepth.Silicate.MeanA2) + I(Surface_Calcite.MeanA2) +
surface_pH + Benthic.Mean_bDepth.SiTlicate.Mean + I(Surface_pHA2) +
surface_chlorophyl1.Min + GEBCO_Mean.Bathymetry +
I(Benthic.Mean_Depth.Phosphate.RangeA2) +
surface_current.velocity.Mean

GLM
Benthic.Mean_Depth.Light.bottom.Mean 0.034
Benthic.Mean_Depth.Primary.productivity.Mean 0.102
Benthic.Mean_Depth.Silicate.Range 0.066
surface_calcite.Mean 0.029
Ssurface_Current.velocity.Mean 0.225
Surface_Dissolved.oxygen.Range 1.000
surface_Phosphate.Mean 0.202
surface_Temperature.Mean 0.082

Testing.data Cutoff Sensitivity Specificity
TSS 0.82 557 82 100
ROC 0.91 561 82 100

, , GLM, RUN2, AllData

Testing.data Cutoff Sensitivity Spec1f1c1ty
TSS 0.427 540 76 66.667
ROC 0.713 544 76 66.667
, , GLM, RUN3, AllData

Testing.data Cutoff Sensitivity Spec1f1c1ty

TSS 0.507 524.0 84 66.667
ROC 0.753 527.5 84 66.667

Fukuyoa spp.



Fukuyoa ~ Ssurface_Dissolved.oxygen.Range + I(Surface_Dissolved.oxygen.RangeA2)

+ I(Surface_phytoplankton.MeanA2) + Surface_Phosphate.Mean +
surface_cCalcite.Mean + I(Surface_Current.velocity.MeanA2) +
I(Benthic.Mean_Depth.Light.bottom.MeanA2) + Surface_Par.Mean +
Surface_bDiffuse.attenuation.Mean

GLM
Benthic.Mean_Depth.Light.bottom.Mean 0.251
Surface_calcite.Mean 0.452
Surface_Current.velocity.Mean 0.644
Ssurface_Diffuse.attenuation.Mean 0.449
Surface_Dissolved.oxygen.Range 0.976
Surface_Par.Mean 0.654
surface_Phosphate.Mean 0.684
Surface_Phytoplankton.Mean 0.583

Testing.data Cutoff Sensitivity Specificity
TSS 0.940 449.0 100 94
ROC 0.977 449.5 100 94



