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1. Sargassum: booming biodiversity in the “golden floating
rainforest”

As early as 1492, Christopher Columbus and his shipmates noted a brown alga
with round vesicles floating in the North Atlantic Ocean and called it "salgazo”,
after the Portuguese word for grape, leading to the namesake of the Sargasso
Sea (Ryther, 1956) and of the brown macroalgal genus Sargassum (Gaillon,
1828). Sargassum has since been defined as the most species-rich genus among
brown macroalgae, with over 350 species (Guiry & Guiry, 2025), and it exhibits a
widespread ecological diversity and a range of ecosystem functions (Mattio &
Payri, 2011; Stiger-Pouvreau et al., 2023). Most of these species are benthic and
require a holdfast. Only two species are holopelagic and spend their entire life
cycle floating in the waters of the Atlantic Ocean: Sargassum natans, presently
abundant as morphotypes | and VIII, and Sargassum fluitans, morphotype
[l (Parr, 1939). The genetic distinction between the holopelagic Sargassum
species and their morphotypes is a subject of ongoing debate. Genetic and
morphological differences do exist between the three forms (Alvarez-Canali
et al., 2024; Amaral-Zettler et al., 2017; Dibner et al., 2022; Siuda et al., 2024),
but are very minor or nonexistent when only comparing traditional genetic
marker sequences (Gonzélez-Nieto et al., 2020; Sissini et al., 2017), due to a
low genetic molecular diversity among the species (Alvarez-Canali et al., 2024).
Considering the genetic and morphological differences among the Sargassum
morphotypes, we refer to S. natans | and VIl and S. fluitans Ill as Sargassum
genotypes (Figure 1).

Holopelagic Sargassum (hereafter referred to as Sargassum) plays
numerous positive roles in the open ocean. Sargassum acts as a carbon sink
at a local level (Gouvéa et al., 2020; Hu et al,, 2021) as it takes up CO, and its
biomass sinks to the deep sea (Baker et al., 2018; Johnson & Richardson, 1977,
Pries et al., 2023). Sargassum is a rich resource of minerals, carbohydrates,
proteins, and lipids, with potential applications in the food or pharmaceutical
industries, which are active areas of scientific research (Desrochers et al.,
2020; Devault et al., 2021). Most importantly, holopelagic Sargassum acts as
a biodiversity hotspot, forming large algal rafts on the open ocean that are
often nicknamed the “golden floating rainforest”. Sargassum is a cornerstone
for mobile macrofauna, such as mollusks, crustaceans, arthropods, and isopods
(Martin, 2016; Martin et al., 2021; Monroy-Veldzquez et al., 2019), and for an
attached macrofauna community mainly dominated by bryozoans and hydroids
(Alleyne et al., 2023b; Carral-Murrieta et al., 2023, 2024; Niermann, 1986).
Besides, Sargassum acts as a nursery for a wide range of fish species (Wells &
Rooker, 2004) and other endangered species such as sea turtles (Witherington
etal., 2012) and the American and European eel that spawn in the Sargasso Sea
(Kleckner & McCleave, 1988). Additionally, there are 10 species that are endemic
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to Sargassum specifically (Hemphill, 2005; Laffoley et al., 2011), including the
Sargassum swimming crab, Portunus sayi, and the Sargassum fish, Histrio histrio
(Coston-Clements et al., 1991), which are camouflaged to match their algal host.

T

I

Sargassum | _' fa
fluitans 11l iR

3

Sargassum natans ”f
Vi

Sargassum natans | pii

Figure 1: The three Sargassum genotypes currently abundant in the Atlantic Ocean: S. natans
VIII, S. fluitans Ill, and S. natans |.

Sargassum is not only a preferred substrate for diverse vertebrate and
invertebrate macrofauna, but also hosts a microbiome that is essential to
its growth (Figure 2). Floating in the Atlantic Ocean, Sargassum is often the
only form of microbial substrate available, functioning as an island harboring
a diverse bacterial and eukaryotic microbiome. Only recently have studies
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focused on the characterization of the Sargassum microbiome (Cox et al., 2025).
The Sargassum bacterial community is fundamentally different from that of the
surrounding seawater (Hervé et al., 2021; Michotey et al., 2020; Stiffler et al.,
2024; Torralba et al., 2017), and an important part is composed of bacteria that
share the photoautotrophic and photoheterotrophic niches of their algal host,
such as members of the family Rhodobacteraceae and cyanobacteria (Michotey
et al.,, 2020; Torralba et al., 2017). During its proliferation, Sargassum releases
excessive amounts of organic material (Powers et al., 2019; Shank et al., 2010a,
2010b), which likely benefits organic matter-degrading bacteria in groups such
as Saprospiraceae and Flavobacteraceae (Hervé et al., 2021). Nitrogen-fixing
bacteria mostly occur within heterotrophic groups of Gammaproteobacteria
and Alphaproteobacteria, or within cyanobacteria, and could facilitate
Sargassum by providing an added source of nitrogen (Léger-Pigout et al.,
2024, Phlips et al., 1986; Phlips & Zeman, 1990). Furthermore, many eukaryotic
organisms are attached to Sargassum as a part of the microbiome, though they
have rarely been investigated using molecular approaches (Hervé et al., 2021).
Sargassum has high abundances of diverse protists, largely belonging to the
Stramenopiles clade (Hervé et al., 2021), which potentially graze on bacterial
biofilms or function as saprotrophs (Baker et al., 2018; Caron et al., 2012).
Photosynthetic eukaryotes are broadly distributed on Sargassum, including
diatoms (Bacillariophyta) (Carpenter, 1970; Lopez-Fuerte et al., 2022; Maples,
1984) and dinoflagellates (Dinophyceae) (Hervé et al., 2021).

Sargassum genotypes were indicated to have similar bacterial
Operational Taxonomic Units (OTUs) (Michotey et al., 2020), which is surprising
since macroinvertebrate communities vary between Sargassum genotypes
(Carral-Murrieta et al., 2024; Govindarajan et al., 2019; Martin et al., 2021). These
macroinvertebrate communities likely have their own endemic microbiomes
given that the prokaryotic and eukaryotic communities were correlated when
studied through 165/18S rRNA gene sequencing (Hervé et al., 2021). Many
microbiome studies do not separately analyze Sargassum genotypes at all,
however, and thus variations between the holopelagic Sargassum genotypes are
largely unexplored. Overall, Sargassum hosts a complex and tightly interacting
community that cannot be viewed separately from the host and should be
considered a holobiont or holobiome: an assembly of all living components,
both microbes and host, that together make up one functional ecological unit
(Dittami et al., 2021; Saha et al., 2024).
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Figure 2: Photos of the endemic mobile fauna and attached microbial community of holopelagic
Sargassum. a. Sargassum fish, Histrio histrio, b. Sargassum crab, Portunus sayi c. d. Scanning
Electron Microscopy (SEM) micrographs of the surface of holopelagic Sargassum showing ep-
iphytic diatoms.

2. Factors influencing Sargassum growth in the Great Atlantic
Sargassum Belt

Sargassum was originally mainly associated with the Sargasso Sea, but since
2011, it has begun forming large accumulations in the more tropical northern
Atlantic Ocean, known as the North Equatorial Recirculation Region (NERR)
(Franks et al., 2016) (Figure 3). These accumulations were particularly interesting
because Sargassum was never observed in these quantities in the NERR (Louime
etal., 2017, Wang et al., 2019), and the Sargassum genotype composition was
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unique, with uncharacteristically high abundances of S. natans VIII that were
rarely seen in the Sargasso Sea (Schell et al., 2015). In the following years,
Sargassum accumulations were recurrent and labeled as the “Great Atlantic
Sargassum Belt” (GASB) (Wang et al., 2019), stretching across three continents,
from the coasts of West Africa to the Caribbean Sea and Gulf of Mexico, as
the largest macroalgal bloom in the world (Louime et al., 2017; Wang et al.,
2019). When approaching coastal areas, Sargassum causes numerous issues
for local ecosystems in excessive biomass strandings that negatively impact
coastal ecosystems, resulting in mass mortality in seagrass meadows (Van
Tussenbroek et al.,, 2017), coral reefs (Alvarez-Filip et al., 2019; Cabanillas-Teran
etal., 2019), and mangroves (Teyssier et al., 2025), leading to coastal instability.
Moreover, when Sargassum decays in coastal zones, it creates brown tides
that negatively impact the water quality through the release of toxic hydrogen
sulfide (Rodriguez-Martinez et al., 2024), which is harmful for coastal ecology
and human health (De Lanlay et al., 2022; Devault et al., 2021; Resiere et al.,
2018, 2021).

The recent Sargassum inundations and problems in coastal ecosystems
have increased the scientific interest in the causes of the Sargassum
accumulations. Many different factors supporting the growth of Sargassum have
been hypothesized, such as the mixing influence of oceanic currents and storms
(Skliris et al., 2022; Sosa-Gutierrez et al., 2022), the connectivity between seed
populations of the Sargasso Sea and NERR (Johns et al., 2020), and variations
in the sea surface temperature in line with the optimal growth temperature
of Sargassum (Corbin & Oxenford, 2023; Hanisak & Samuel, 1987; Hatt et al.,
2025; Magafia-Gallegos et al., 2023b; Marsh et al., 2023). Most importantly,
however, studies point to the influence of nutrient inputs over the spread of the
GASB through river discharges from the Congo and Amazon Rivers (Djakouré
et al., 2017; Oviatt et al.,, 2019; Wang et al., 2019), depositions of Saharan
dust (Herndndez Ayala & Méndez-Tejeda, 2024), and equatorial upwelling
(McGillicuddy et al., 2003), although it is unclear which particular nutrient is
responsible for the growth of Sargassum. Early studies of Sargassum indicated
that phosphate (P) was the limiting nutrient in the Atlantic Ocean (Lapointe,
1986), with possibly more substantial limitation in the open ocean than in neritic
regions (Lapointe, 1995). This P limitation was consistent with subsequent
studies showing elevated N:P ratios in the tissue of Sargassum in the GASB
(Changeux et al., 2023; Lapointe et al., 2021; Magana-Gallegos, et al., 2023b).
Other ecophysiological studies showed that both N and P enhanced Sargassum
growth in the Sargasso Sea (Lapointe, 1986; Lapointe et al., 2014), though a
study on the Mexican coast did not find a significant growth response when
both N and P were supplied (Magafa-Gallegos et al., 2023a). Finally, Sargassum
growth is affected by trace metals, such as manganese (Mn) and copper (Cu)
(Lapointe & Hanisak, 1985), and by Fe additions (Leemans et al., 2025).
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Figure 3: a. Simplified map of the location of the Great Atlantic Sargassum Belt and support-
ing gyres/recirculation regions (Map data © Natural Earth, naturalearthdata.com). b. c. The
dichotomy of holopelagic Sargassum with Sargassum mats growing on the Atlantic Ocean as
the “golden floating rainforest” and Sargassum accumulations stranded on the coast of Belize
as "brown tides” (image adapted from Pixabay under Pixabay License).

Importantly, there are substantial ecophysiological differences between
Sargassum genotypes S. natans | and Vlll and S. fluitans ll. Sargassum genotypes
vary in their growth rates (Changeux et al., 2023; Corbin & Oxenford, 2023;
Magana-Gallegos et al., 2023a), temperature resilience (Magafa-Gallegos,
Garcia-Sanchez, et al., 2023; Magana-Gallegos et al., 2023b), and light
requirements (Vasquez-Elizondo et al., 2024), which likely influence their relative
abundances throughout the Atlantic Ocean. From 2011 to 2015, S. natans VIII
seemed more dominant in the GASB (Schell et al., 2015), but since 2016, S.
fluitans lll has appeared to become most abundant (Garcia-Sanchez et al., 2020;
Machado et al., 2024). The relative abundances of the Sargassum genotypes also
varied by season, with S. fluitans lll being more abundant in the summer, but S.
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natans VIl and S. natans | showing higher abundances particularly in the colder
months of January-April (Alleyne et al., 2023a; Garcia-Sanchez et al., 2020).
These studies indicate that the overall impact of nutrients on the GASB remains
difficult to determine, given the presence of three Sargassum genotypes with
different ecophysiologies that occur across a broad biogeographic range and
experience various abiotic environments and nutrient limitations along the way.

3. Multi-omics in the field of Sargassum

To determine the influence of abiotic factors on the growth of Sargassum
and its holobiome, it is critical to understand its metabolism and the genes
and pathways underlying its growth. Over the past decades, next-generation
sequencing (NGS) technologies have developed rapidly and have become far
more accessible and affordable across all “multi-omics” fields, encompassing
genomics, metagenomics, metabarcoding, and transcriptomics (Joyce &
Palsson, 2006; Satam et al., 2023). Despite these technical advancements
in multi-omics sequencing, many brown macroalgae lack a molecular
characterization. Within the brown macroalgal group Phaeophyceae, around
50 genomes out of 2,124 species have been sequenced (Guiry, 2024), largely
due to the "Phaeoexplorer” project, which aims to expand multi-scale genomic
data resources (Denoeud et al., 2024). Within the genus Sargassum, however,
only three genomes have been sequenced so far: S. fusiforme was sequenced
in 2020 by Wang et al. (2020), followed by S. horneri (Wang & Wu, 2023) and S.
thunbergii (Kim et al., 2025), all of which are mostly dominant benthic speciesin
the Asian Pacific Ocean whereas species in the Atlantic Ocean have not yet been
sequenced. There are multiple reasons for the limited availability of genomes
within brown macroalgae. The extraction of DNA from brown macroalgae is
notoriously problematic due to the high concentrations of phenolic compounds
and polysaccharides (Generali¢ Mekini¢ et al., 2019; Li et al., 2021), which
are easily co-extracted (Rezadoost et al., 2016; Wilson et al., 2016) and limit
enzymatic processing during sequencing (Jin et al., 1997; Wilson et al., 2016).
Brown macroalgae, such as Sargassum, also harbor epiphytic organisms that
are extracted and sequenced alongside the host and lead to contaminating
reads and reduced sequencing depth of the algal host in whole-genome
sequencing (Cock et al., 2010). Finally, brown macroalgal genomes are often
large and complex, ranging up to 537 Mb in length, and contain highly repetitive
sequences (Diesel et al., 2023; Wang & Wu, 2023). Most studies rely on hybrid
sequencing, combining short-read techniques such as lllumina sequencing with
long-read techniques such as PacBio sequencing (Wang et al., 2020), though
these methods require large amounts of pure high molecular weight DNA
(Pearman et al., 2024; Warburton & Sebra, 2023). Hybrid genome sequencing
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of S. fusiforme, S. thunbergii, and S. horneri characterized essential metabolic
processes in macroalgae related to fucoidan biosynthesis (Wang & Wu, 2023),
salicylic acid signaling (Kim et al., 2025), and genes involved in core catabolic
or anabolic metabolic processes (Wang et al., 2020). In-depth comparisons
between the S. horneri and S. fusiforme genomes revealed high sequence
similarity and shared evolutionary history, but also indicated specific genomic
traits involved in intertidal stress adaptations (Kim et al., 2025).

For brown macroalgal species lacking sequenced genomes, de novo
transcriptomic studies have helped improve our understanding of algal
metabolism and genomics. By focusing on RNA sequencing, and specifically
on the mRNA that serves as the blueprint of actively produced proteins within
the cell (Jackson et al., 2010), genes that are actively expressed in the genome
can be analyzed and provide a functional understanding of the genetic and
metabolic functioning of the algae (Jackson et al., 2024; Raghavan et al., 2022).
In brown macroalgae, de novo transcriptomics has helped to identify pathways
of carbon fixation (Shao et al., 2019; Wu et al., 2014), biosynthesis of mannitol
and other algal compounds (Liu et al., 2014; Shao et al,, 2019; Wu et al., 2014;
Zhang et al., 2020), and has provided insights into phylogenetic taxonomy
through meta-analyses between algal transcriptomes (Wu et al., 2014).
Moreover, de novo transcriptomics can identify the response of differentially
expressed genes (DEGs) to environmental stressors, such as intertidal
desiccation (Cao et al., 2025; Salavarria et al., 2018), epiphyte-related stress
(Usandizaga et al., 2025), variations in light intensity (Konotchick et al., 2013),
and most importantly, variations in environmental nutrient concentrations
(Fan etal., 2020; Nakamura et al., 2025; Yasuike et al., 2025). In metatranscriptomic
studies of Pyropia yezoensis and Ulva linza, the addition of N and P could induce
upregulation of nutrient assimilation pathways (Fan et al., 2020; Yasuike et al.,
2025) and increase the expression of photosynthesis and respiration pathways
in P. yezoensis. Similarly, the addition of Fe to Fe-limited Saccharina japonica
revealed not only an upregulation of Fe utilization pathways but also a more
diverse response in the signal transduction and carbon/nitrogen metabolism
(Nakamura et al., 2025).

It is important to study the entire holobiome, since the attached
community responds to the environment too and highly influences the
growth of the algal host. Only rarely have experimental studies on seaweeds
and seagrasses adopted a holobiome approach using metatranscriptomics
(Crump et al,, 2018; Lang et al., 2025; Singh & Reddy, 2016), in which mRNA
from the entire attached community is sequenced. In Asparagopsis taxiformis, a
metatranscriptomic approach revealed that senescence was accompanied by a
shiftin the microbial expression of virulence factors involved in plant-pathogen
interactions, showing early indications of poor ecosystem health (Lang et al.,
2025). The growth of Zostera marina and S. japonica was accompanied by
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the expression of genes involved in microbial agarase production that may
help in the algal defense against epiphytes (Crump et al., 2018). These (meta)
transcriptomics studies show the potential of elucidating the response of the
algal host to abiotic changes in the environment and the associated role of the
holobiome. So far, no one has studied the responses of the holobiomes of S.
natans or S. fluitans using metatranscriptomics, which could help reveal the
often-complicated molecular pathways that facilitate Sargassum’s growth.

4. Thesis Aim and Objectives

The aim of this thesis is to characterize the genome and microbiome of
Sargassum and elucidate how the Sargassum holobiome responds to nutrient
variations in its environment. The aim can be outlined through the following
objectives (Figure 4):

* To assemble a draft genome for holopelagic Sargassum and investigate
the molecular functional pathways and genes involved.

e To identify the prominent prokaryotic and epiphytic eukaryotic members
of the Sargassum microbiome and study their natural abundances at sea
and near the coast.

e To explore the physiological and molecular mechanisms that underlie the
response of Sargassum genotypes and their holobiome to mixed nutrient
changes in the environment.

¢ Toinvestigate the effects of nutrient additions or limitations on Sargassum
and the response of its bacterial and eukaryotic holobiome.
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Figure 4: Schematic representation of the thesis scope and topics of chapters. General
techniques are listed that were implemented throughout this thesis. Created in BioRender.
https://BioRender.com/6qo7284.

Chapter 2: Draft genome of the brown alga Sargassum fluitans Ill: First
insights into the gene composition and function of a holopelagic Sargassum
species

We performed whole-genome sequencing of the S. fluitans Il genome for the
first time by combining short-read lllumina and long-read PacBio sequencing
data. Despite difficulties in DNA purification and reduced throughput, we
identified a core set of putative genes, along with their metabolic functions,
in the Sargassum cell. We further compared orthologous genes with available
sequenced genomes of S. fusiforme and S. thunbergii. The presented draft
genome of S. fluitans lll and annotated proteins will be valuable for evolutionary
genomics and metabolic systems biology.

Chapter 3: Diversity of the holopelagic Sargassum microbiome from the
Great Atlantic Sargassum Belt to coastal stranding locations

We investigated the composition of the Sargassum microbiome across the
width of the Great Atlantic Sargassum Belt, including coastal stranding sites
in Mexico and Florida. The microbiome of S. natans | and VIl and S. fluitans IlI
was characterized through amplicon sequencing of the 16S V4 hypervariable
region of the rRNA gene. By focusing on the Sargassum genotype-specificity
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of microbial communities, we identified potential microbial biomarker taxa. We
explored the functional diversity of the Sargassum microbiome and its potential
implications for coastal management policies concerning the adverse health
effects of potentially pathogenic bacteria in coastal or stranded Sargassum.

Chapter 4: Physiological and meta-transcriptomic responses of three
holopelagic Sargassum genotypes to nutrient enrichments and Saharan
dust

We studied the effects of mixed nutrients and Saharan dust on the ecophysiology
of three Sargassum genotypes and their holobiome. We conducted short-
term experiments in open ocean waters in the Great Atlantic Sargassum Belt
with S. natans | and VIIl and S. fluitans lll. Nutrients were added as /40 algal
medium, and Saharan dust was added to Sargassum replicates to simulate
Atlantic dust deposition. The ecophysiological response of Sargassum was
assessed by measuring the growth in length throughout the experiment, and
nutrient uptake of nitrate, phosphate, and silica. We show variations among
Sargassum genotypes in nutrient uptake and growth. Using RNA sequencing
and metatranscriptomic analyses, we examined differential gene expression
in the Sargassum host and the associated eukaryotic community three and
seven days after nutrient supplementation. Finally, we describe the complete
metabolic pathways of three Sargassum genotypes.

Chapter 5: Nutrient-driven growth and microbiome shifts in the brown alga
Sargassum fluitans I

We investigated the effects of N, P, and N+P additions on the growth,
photosynthetic efficiency, and the microbiome of Sargassum fluitans lll in a
six-day experiment on the Caribbean island of Curagao. The growth, nutrient
uptake, stoichiometry, and photosynthetic efficiency of S. fluitans lll were
measured three and six days after nutrient additions. The bacterial and
eukaryotic communities were characterized through amplicon sequencing of
the 165/18S rRNA gene at different time points throughout the experiments.
We describe how S. fluitans Ill can quickly benefit from nutrient additions in its
physiological responses to N and P, and how rapid changes in the microbiome
lead to structurally different communities.

Chapter 6: Synthesis

Finally, in this chapter, the key findings of this dissertation are discussed
and recommendations for future research are provided. Given the complex
community and biogeographical distribution of the Sargassum holobiome,
this thesis highlights the need for a meta-omics approach to gain a more
comprehensive understanding of the richness of the “golden floating rainforest”
and how it responds to its constantly changing environment during its journey.
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