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Chapter 6

1. Introduction

This thesis aimed to characterize the genome and microbiome of Sargassum and 
elucidate how the Sargassum holobiome responds to nutrient variations in its 
environment. To address this aim, diverse methods were employed throughout 
this thesis, combining ecophysiological techniques, such as determining nutrient 
uptake rates, C:N:P ratios, growth rates and photosynthetic variables, with 
multi-omics approaches, including amplicon sequencing of 16S and 18S rRNA 
hypervariable regions, (meta)genomics, and metatranscriptomics. Chapter 2 
presents an overview of the S. fluitans III genome and showcases gene/protein 
functions of the species. Chapter 3 explores the natural microbiome in samples 
of different Sargassum genotypes over the biogeography of the Great Atlantic 
Sargassum Belt analyzed through 16S rRNA amplicon sequencing. We further 
tested the effects of different nutrients on the ecophysiology of this holobiome 
including the impact of mixed nutrient additions (f/40 medium) and Saharan 
dust depositions on the nutrient uptake and growth of Sargassum genotypes. 
Chapter 4 zoomed in on the transcriptional response of Sargassum and its 
diverse eukaryotic community in the mid-Atlantic Ocean. Finally, in Chapter 
5, we explored the role of nitrate and phosphate additions, specifically, on the 
physiology of S. fluitans III and the community structure of its bacterial and 
eukaryotic microbiome in a nutrient limitation experiment. In this synthesis, I 
will discuss the key findings of this thesis and address important directions and 
challenges for future research to improve our understanding of Sargassum and 
its holobiome across its ever-expanding range throughout the Great Atlantic 
Sargassum Belt.

2. Functional gene diversity of holopelagic Sargassum: a 
complex puzzle to solve

2.1 Core functional gene diversity in Sargassum
This thesis presented the first draft genome assembly of S. fluitans III (Chapter 2) 
and the first characterization of metatranscriptomes (Chapter 4) of holopelagic 
Sargassum genotypes. Using multi-omics, we identified 6,000 to over 10,000 
unique protein-coding genes per Sargassum genotype and provided functional 
annotations. Based on orthologous comparisons between our S. fluitans II draft 
genome and those of S. thunbergii and S. fusiforme, our identified protein-
coding genes predominantly include core orthologous genes shared among 
different species of the Sargassum genus. These protein-coding genes underpin 
essential housekeeping roles in the cell, such as signal transduction, protein 
synthesis, and maintenance of the cytoskeleton. Although our draft genome has 
low coverage and is estimated to be about half the length of the whole genome 
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of related Sargassum species, it is the only annotated genome assembly of 
holopelagic Sargassum to date. As such it is highly valuable for comparative 
genomics, systems biology, and as a reference for transcriptomics.

We identified complete metabolic pathways and protein-coding genes 
in the sequenced transcriptomes of three Sargassum genotypes (Chapter 4). 
Most identified pathways in carbohydrate, lipid, and energy metabolism were 
shared among genotypes; the absence of some pathways in some Sargassum 
genotypes is likely due to a lower sequencing depth in our transcriptomic study, 
as some genes in those pathways were still present across genotypes. These 
pathways and the matching identified genes provide a good starting point for 
studying metabolic systems in holopelagic Sargassum and for comparing them 
with other brown macroalgae (Sun et al., 2014; Wu et al., 2014). Similarly, the 
relative abundances of protein-coding genes in pathways (KEGG) were similar 
across transcriptomes of Sargassum genotypes (Figure 1). S. natans VIII had 
a slightly higher relative abundance of genes in most of the top 20 pathways 
involved in general metabolism, the biosynthesis of cofactors, amino acids and 
proteins, and cellular transport. These pathways may be specific to the growth 
of S. natans VIII, where a higher protein turnover or cell division might prioritize 
a higher growth rate. However, this could also be influenced by differences 
in transcriptome completeness and sequencing depth between genotypes. 
Although we have only scratched the surface of Sargassum’s functional and 
metabolic diversity, our genome and transcriptomic data provide a solid 
starting point and will hopefully stimulate future sequencing efforts to improve 
our understanding of the molecular/metabolic functioning of Sargassum.
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Figure 1: Overview of relative abundances of Sargassum genes (%) of KEGG pathways for the 
transcriptomes of Sargassum fluitans III, Sargassum natans VIII, and S. natans I.

2.2 Limitations and challenges in Sargassum genomics
We encountered technical challenges during long-read sequencing of 
extracted high molecular weight Sargassum genomic DNA, resulting in reduced 
genome coverage, likely due to polysaccharide or polyphenol purity issues 
common in brown macroalgae (Wilson et al., 2016). PacBio-suitable DNA 
extraction protocols are occasionally designed for difficult species, though 
many of the essential purification steps were already implemented in this 
study (Nishii et al., 2023; Panova et al., 2016). Additionally, we performed CsCl 
ultracentrifugation with GelRed to further purify the extracted DNA (Kasajima et 
al., 2014; Sambrook & Russell, 2001). These purifications improved the 260/280 
and 260/230 quality values and viscosity of DNA, although about 70% of DNA 
was lost, and subsequent PacBio sequencing still suggest residual impurities 
giving a suboptimal sequencing output. DNA quality could, however, be 
improved by extracting fresh material rather than frozen material, since the 
preservation of brown macroalgal samples affects performance in long-read 
sequencing and can lead to the formation of polyphenol complexes that cannot 
be removed during extraction (Pearman et al., 2024). Further improvements 
could include cleaning fresh Sargassum tissue with detergents (Borburema 
et al., 2021), as a proportional increase in isolated host DNA would directly 
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increase the sequencing output of Sargassum. Finally, it would be worthwhile 
to design long-read sequencing protocols for suboptimal DNA. Long-read 
sequencing, like PacBio or MinION sequencing, typically requires high amounts 
of high-quality DNA (>3 µg), but optimizations of protocols allow lower inputs 
of DNA or PCR-based approaches with a lower error rate (Bein et al., 2025; 
Jia et al., 2024; Schalamun et al., 2019). Adaptive sequencing, which enriches 
sequencing of particular reads in real-time during sequencing may also help 
increase sequencing depth of host DNA (Edwards et al., 2019). Developments 
like these can hopefully help produce a higher quality assembly of holopelagic 
Sargassum genomes.

Besides these technical challenges in the molecular characterization 
of Sargassum, there are bioinformatic challenges as well. Only 40-50% of all 
identified protein-coding genes were annotated in our Sargassum genome 
and transcriptomes. Under-annotation is a common issue for eukaryotes (Meyer 
et al., 2020), and in fact, 63.7% of algal genome assemblies lack structural 
annotation (Kwon et al., 2023), limiting functional and comparative analyses. 
We may have missed critical molecular functions of the S. fluitans III genome or 
essential functions of differentially expressed genes (DEGs) in transcriptomes. 
Future transcriptomics studies under different conditions or in other tissues 
could help close this gap by improving protein annotation models based on 
gene structure. Additionally, studies such as the “Phaeo-explorer” project 
(Denoeud et al., 2024), which aim to provide high-quality Phaeophyceae 
genomes via long-read sequencing, could improve annotations by resolving 
complex genes and splice variants. Gene silencing with RNA interference or 
CRISPR/Cas9 is challenging to implement in macroalgae but is starting to be 
used in Ectocarpus and Fucus serratus (Badis et al., 2021; Farnham et al., 2013) 
and could be insightful in confirming gene functions. Re-annotation using 
new sequencing information resulted in thousands of new protein-coding 
loci in the Ectocarpus genome (Cormier et al., 2017). Our draft genome and 
transcriptomes would be more valuable once successful re-annotation efforts 
are completed.

3. Natural composition of the Sargassum microbiome

3.1 The Sargassum microbiome in a nutshell
Chapters 3 and  5 of this thesis were part of a small wave of molecular studies 
over the past five years that focused on the Sargassum microbiome using 
16S/18S rRNA amplicon sequencing (Hervé et al., 2021; Léger-Pigout et al., 
2024; Mendonça et al., 2024; Michotey et al., 2020; Mohapatra, 2023; Torralba 
et al., 2017; Van Tussenbroek et al., 2024), aiming to characterize the natural 
composition of the Sargassum microbiome. Through the implementation of 
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these molecular techniques, our understanding of the bacterial and eukaryotic 
microbiome has vastly improved. We found that bacterial communities of 
Sargassum were mainly composed of photoheterotrophic and photoautotrophic 
taxa within families such as Pseudomonadaceae, Rhodobacteraceae, 
Vibrionaceae, Saprospiraceae, and Hyphomonadaceae that are likely involved 
in processing organic matter that is released by Sargassum, which corroborated 
other studies (Hervé et al., 2021; Michotey et al., 2020; Torralba et al., 2017). 
Among photoautotrophic taxa, several cyanobacteria were present in genera 
such as Acrophormium, Mastigocoleus, and Schizothrix. Cyanobacteria have 
been known to be an integral part of the Sargassum microbiome since before 
the introduction of rRNA gene sequencing to the field (Phlips et al., 1986; 
Phlips & Zeman, 1990), and they include nitrogen-fixing species (Léger-Pigout 
et al., 2024). The significant occurrence (up to 60%) of Pseudomonadaceae 
(Chapters 3 and 5) was an interesting difference from other studies, as this 
family has rarely been observed at high relative abundances. This may be due 
to differences in tissue sampling of Sargassum, or to primer- and sequencing-
based differences. However, in a meta-analysis (Cox et al., 2025), the overlying 
phylum Pseudomonadota was often among the dominant phyla in other 
microbiome studies.

Our analyses of the eukaryotic microbiome based on 18S rRNA gene 
amplicon sequencing (Chapter 4) and metatranscriptomics (Chapter 5) 
corroborated the molecular studies of Hervé et al. (2021), both highlighting 
the occurrence of Crustacea, Bacillariophyceae, Arthropoda, Mollusca, Bryozoa, 
and Cnidaria that had been described in morphology-based taxonomic studies 
as well (Alleyne et al., 2023b; Huffard et al., 2014). Interestingly, bryozoans and 
hydroids accounted for the vast majority of actively expressed genes in the 
eukaryotic community (Chapter 4) but did not appear to be the most diverse 
group in our 18S rRNA molecular diversity data (Chapter 5). Although rRNA 
gene sequencing is a better proxy for estimating community composition 
and relative abundances, mRNA sequencing functions more as an in-depth 
look at the metabolic repertoire of the abundant community. This indicates 
that hydroids and bryozoans on Sargassum are dominated by a few very 
abundant, active species. We were further able to detect diverse protistan taxa, 
such as Diplonemida, Euplotia, Peritrichia, and Labyrinthulomycetes, that are 
less commonly described in detail by taxonomic studies that often focus on 
macrofauna (Alleyne et al., 2023a; Carral-Murrieta et al., 2023, 2024; Monroy-
Velázquez et al., 2019).

A limitation of 16S and 18S rRNA gene sequencing is that these techniques 
focus on relative taxonomic abundance and can only infer certain functions, such 
as nitrogen fixation or organic matter degradation. Some microbial studies have 
started implementing more specific techniques, including focusing on the nifH 
gene with qPCR (Léger-Pigout et al., 2024) which shows the nitrogenase activity 
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essential for nitrogen fixation or via metagenomic approaches, wherein Mincer 
et al. (2023) could characterize the pathogenic islands of certain Vibrio taxa 
and Stiffler et al. (2024) showed the presence of bacteriophages in Sargassum. 
Moreover, complementary microbiological culture techniques (KleinJan et al., 
2017; Mincer et al., 2023) could confirm the identities of the most abundant 
microbes on Sargassum. Now that we have a good understanding of the natural 
microbiomes associated with Sargassum, future efforts in metagenomics, 
metatranscriptomics, and culturing will be invaluable for filling the functional 
knowledge gap in the Sargassum microbiome and for advancing the field.

3.2 Sargassum genotypes host unique microbiomes
In Chapter 3, we showed that Sargassum genotypes S. natans I, S. natans VIII, 
and S. fluitans III harbor different bacterial communities, with significantly 
different relative abundances of the prominent bacterial families and 623-
889 unique Amplicon Sequence Variants (ASVs) per genotype. An essential 
reason for bacterial differentiation by Sargassum genotype is the eukaryotic 
community. Herve et al. (2021) reported a correlation between the eukaryotic 
community inferred from 18S rRNA sequences and the bacterial community 
inferred from 16S rRNA sequences, although this relation was not deeply 
explored. Also, motile and sessile macroinvertebrates differ by Sargassum 
genotype, likely driven by variations in the physical microenvironment and in the 
signature of released compounds by the algal host (Govindarajan et al., 2019; 
Martin et al., 2021), and may host their own microbiomes. This is supported 
by our gene expression analysis, that showed different abundant groups per 
Sargassum genotype (Chapter 4) and by the analysis of macroinvertebrate 
communities in the R/V Pelagia PE455 cruise samples (Figure 2) that showed 
differences per Sargassum genotype, predominantly differentiating S. natans 
VIII from the others. Future studies could unravel the connection between the 
associated eukaryotic and bacterial communities, for instance, by constructing 
co-occurrence networks (Santi et al., 2019).

Microbial differentiation by Sargassum genotype remains a unique 
finding in the research field, although few studies have compared the 
Sargassum microbiome across genotypes. Only Michotey et al. (2020) 
compared microbiomes of Sargassum genotypes at the order level and 
reported no significant differences, but the vast majority of microbial studies 
did not differentiate between Sargassum genotypes at all, combining them as 
Sargassum sp. (Hervé et al., 2021; Mohapatra, 2023; Torralba et al., 2017; Van 
Tussenbroek et al., 2024). Future studies should carefully separate Sargassum 
genotypes in microbial analyses, given the macrofauna community differences 
and microbial genotype specificity highlighted in this thesis.
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Figure 2: NMDS of the macrofauna community composition associated with Sargassum geno-
types from samples collected on cruise PE455 (Chapters 3 and 5). Data collected by Veronica 
Monroy and figure made by Erik Zettler.

3.3 Biogeographical variation and pathogenesis
In Chapter 3, we showed that the Sargassum microbiome displays biogeographic 
patterning, particularly as Sargassum approaches the shores of the USA and 
Mexico, characterized by high abundances of bacterial species within the Vibrio 
genus. Although Michotey et al. (2020) reported high Vibrio abundances in 
the open ocean and hypothesized lower abundances in coastal zones, other 
microbial studies in coastal zones also demonstrated high Vibrio abundances 
(Hervé et al., 2021; Van Tussenbroek et al., 2024). A follow-up study researched 
the microbiome of S. natans VIII and S. fluitans III during a stranding simulation 
(Mendonça et al., 2024). We showed that Vibrionales and Alteromonadales 
dominated the microbial community after 24 hours of simulated stranding 
(Figure 3).
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Figure 3: Relative abundances of bacteria at the order level of Sargassum fluitans III (Sf III) and 
Sargassum natans VIII (Sn VIII) in a stranding experiment. Figure from Mendonça, Theirlynck 
et al. (2024).

The combined results of Mendonça et al. (2024) and of this thesis propose 
a model where Sargassum has mostly low (<1%) abundances of Vibrio in the 
open ocean. As Sargassum accumulates in coastal environments that the 
macroalga is less adapted to, Sargassum may experience physiological stress, 
leading to dysbiosis, loss of microbial diversity, and an increase in opportunistic 
heterotrophic taxa like Vibrio. The open-ocean Sargassum microbiome 
is likely more characterized as photoautotrophic, photoheterotrophic, 
and chemoheterotrophic, but when in dysbiosis within coastal stranding 
accumulations, the microbial community may shift towards fermentation and 
chemoheterotrophy (Mendonça et al., 2024). The low Vibrio and Alteromonas 
abundances in cultivated Sargassum for the ecophysiology experiment in 
Chapter 5 fit the pattern of a healthy open-ocean microbiome, that would have 
naturally low Vibrio abundances comparable to those at open-ocean stations 
12-36 in Chapter 3.

Vibrio is a genus that includes species with diverse ecological niches and 
a wide range of lifestyles (Thompson et al., 2004). However, we found species 
such as V. cholerae, V. vulnificus, and V. parahaemolyticus (Chapter 3) whose 
abundance and pathogenic nature were further confirmed through cultivations 
from Sargassum tissue and hemolysis/phospholipase assays (Mincer et al., 
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2023). Pathogenic Vibrio species can cause diseases in humans (Reidl & Klose, 
2002), but they also may threaten coral reefs (Rosenberg & Ben-Haim, 2002) 
and marine life (Pruzzo et al., 2005). Caution should be exercised in handling 
Sargassum accumulations in coastal stranding zones.

3.4 Unexplored potential in the Sargassum microbiome
An unexplored source of microbiome variation might be rooted in how 
Sargassum grows. Holopelagic Sargassum is asexual and reproduces only 
vegetatively (Butler & Stoner, 1984; Stiger-Pouvreau et al., 2023); the alga grows 
until senescent parts of the tissue are overgrown and die off, after which it 
breaks and continues growing as two algae in the open ocean. Despite the 
absence of sexual structures, microbial differences may exist in the healthy 
new apical tips of Sargassum compared with those in decay. We consistently 
studied only new growth in the apical tips (Chapters 3, 4, and 5), but this 
tissue differentiation could be a source of variation and a driver of microbiome 
diversity. Similarly, zooming in on structures such as leaves, pneumatocysts, and 
the stipes might reveal microbial differentiation as well, as benthic macroalgae 
often exhibit microbial differences between structures like blades and the 
holdfasts (Serebryakova et al., 2018).

Hitherto, Sargassum microbiome studies have either used full tissue 
extractions (Chapters 3 and 5), effectively sampling the complete associated 
algal microbiome, or employed physical detachment-based methods, such 
as sonication, to focus exclusively on the epiphytic community (Hervé et al., 
2021; Michotey et al., 2020). Studying the endosymbiotic community would be 
a meaningful contribution to the field, as endosymbionts are often integral to 
the growth of the host (Deutsch et al., 2021). Culturing techniques that sterilize 
the algal surface (Tourneroche et al., 2020) or microscopy techniques like CARD-
FISH (Deutsch et al., 2021) could help unravel the part of the microbiome that 
acts as endosymbionts.

4. Nutrient-driven changes in the Sargassum holobiome

4.1 Understanding Sargassum’s physiology: nutrient uptake and algal growth
We studied the nutrient uptake and physiological growth responses of 
Sargassum in incubation experiments with mixed nutrient additions on 
shipboard in the Atlantic Ocean (Chapter 4) and with N and P additions in a 
Caribbean coastal environment (Chapter 5). Maximum nutrient uptake estimates 
(Vmax) are essential for approximating Sargassum growth and predicting 
Sargassum accumulations in models. We reported nitrate and phosphate uptake 
in μmol · g-1 DW · h-1 for S. fluitans III, that were highest when both N and P were 
provided, and the nitrate, phosphate, and silica uptake in μmol · g-1 WW · h-1 of 
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Sargassum genotypes over three days (Table 1). Sargassum genotypes varied 
substantially in their uptake rates, with S. natans I taking up silica fastest and S. 
natans VIII taking up nitrate fastest. However, these are likely underestimations 
of the maximum nutrient uptake (Vmax) since most macroalgae take up most 
nutrients in the first hours (Den Haan et al., 2016; Solovchenko et al., 2019). Also, 
the nutrient uptake may depend on the algal nutrient reserves (Fong et al., 
2003; Fujita, 1985; Fujita et al., 1988). Studying the nutrient uptake of various N 
and P compounds in nutrient-starved Sargassum in a shorter timeframe would 
inform maximum uptake rates (Den Haan et al., 2016; Pedersen & Borum, 
1997). Additionally, techniques such as isotopic tracer experiments (Naldi & 
Wheeler, 2002; Swart et al., 2014) or cutting-edge methods such as NanoSIMS 
(Fitzpatrick et al., 2025) could provide mechanistic insights into nutrient kinetics 
and storage.

Table 1: Maximum nutrient uptake estimates of nitrate, phosphate and silica for S. natans I, S. 
natans VIII and S. fluitans III measured over 3 days in ecophysiology experiments. Nutrient uptake 
(+SE) is calculated in μmol · g-1 WW · h-1 (Chapter 4) and μmol · g-1 DW · h-1 (Chapter 5).

Nutrient S. natans I S. natans VIII S. fluitans III

NO3
- μmol · g-1 DW · h-1 0.340 ± 0.004

NO3
- μmol · g-1 WW · h-1 0.0092 ± 0.0005 0.011 ± 0.001 0.006 ± 0.001

PO4
3- μmol · g-1 DW · h-1 0.034 ± 0.003

PO4
3- μmol · g-1 WW · h-1 0.00056 ± 0.00001 0.00039 ± 0.00005 0.00021± 0.00004

Si μmol · g-1 WW · h-1) 0.0018 ± 0.0004 0.0008 ± 0.0002 0.0007 ± 0.0001

We found complete pathways and related genes for nitrate reduction in 
Sargassum in our metatranscriptomes (Chapter 4). Still, we did not see many 
DEGs or complete pathways of nutrient uptake mechanisms or transporters 
related to N, P, or other nutrients. Our experiment was limited by a long 
sampling timeframe (3/7 days), low RNA sequencing depth, or a complex 
experimental design. Simultaneous addition of multiple nutrients can induce 
opposing transcriptional responses across metabolic pathways, resulting in 
minor changes in expression and obscuring clear pathway-level expression 
that is more easily detected under single-nutrient manipulations. Deeper 
transcriptomic sequencing of N- or P-limited Sargassum supplied with an N 
or P source over a shorter timeframe (0-3 hours) might reveal the genes and 
pathways responsible for nutrient acquisition in Sargassum. Nutrient uptake 
and acquisition mechanisms in Sargassum are among the most glaring current 
knowledge gaps, and improving our understanding using the techniques above 
is fundamental to the field.
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Studies have used different parameters for algal fitness and growth. 
Most commonly, (dry)weight is measured, although we also measured the 
apical tip to calculate growth rates, and some studies rely on blade/vesicle 
count and discoloration (Schell et al., 2024). Our growth based on dry weight 
was comparable to that reported in other studies (Lapointe et al., 2025). The 
maximum apical tip growth was higher in S. fluitans III (0.7-2.5 mm day-1) than in S. 
natans I (0.6-1.3 mm day-1) and S. natans VIII (0.2-1.3 mm day-1). However, length-
based growth comparisons between genotypes may be unreliable due to 
morphological variation between them. We measured photosynthetic responses 
using pulse amplitude modulation (PAM), while studies typically rely on oxygen 
measurements (Vásquez-Elizondo et al., 2024), making these measurements 
difficult to compare. We recommend using multiple ecophysiological proxies 
(growth, nutrient uptake, stoichiometry, and photosynthesis) to capture algal 
responses to abiotic drivers better.

 4.2 Nutrient limitations in Sargassum
There have been several experiments to determine nutrient limitations in 
Sargassum genotypes over varying biogeography: Lapointe et al. (1995; 2014) 
found a NP co-limitation of S. natans I and S. fluitans III in the Sargasso Sea, with 
a more substantial P limitation in open-ocean regions. In the coastal waters off 
Mexico, N and P were not colimiting to S. natans I and S. fluitans III (Magaña-
Gallegos et al., 2023a), except when combined with Fe additions for S. fluitans III 
(Leemans et al., 2025). In Chapter 4, we used ecophysiological experiments on 
the mid-Atlantic Ocean (NERR) to show that S. natans VIII was nutrient-limited. 
However, the exact limiting nutrient in the f/40 medium remained unclear, and 
transcriptomic analyses showed no clear responses in metabolic pathways. 
Saharan dust additions did not cause a growth response in any Sargassum 
genotype. In Chapter 5, we indicated a potential NP co-limitation of S. fluitans III 
on the coast of Curaçao, based on a positive trend in growth rate when NP was 
supplied and a lower photosynthetic yield in the control. The NP co-limitation 
could be unique for S. fluitans III in the coastal region of Curaçao, but could 
also instead be part of a co-limitation with micronutrients as found in Leemans 
et al. (2025), as they also only found a significant growth response when Fe was 
added in addition to N and P.

In summary, nutrient limitations are commonly found across Sargassum 
genotypes and are caused primarily by N and P, and possibly by micronutrients 
such as Fe. However, at this stage, it is unclear how nutrient limitations develop 
over the biogeographical spread of the Great Atlantic Sargassum Belt (GASB). 
Lapointe et al. (2014) found differences in limitations between coastal and 
open-ocean sites, yet focused on a region outside the scope of the Great 
Atlantic Sargassum Belt. Ideally, future nutrient limitation experiments could 
be carried out along a transect from the mid-Atlantic Ocean to more coastal 
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sites of the GASB to compare neritic and open ocean regions since these 
likely show significant differences in nutrient profiles due to factors such as 
equatorial upwelling in the Atlantic Ocean (McGillicuddy et al., 2003), coastal 
eutrophication (Govers et al., 2014; Lapointe & Mallin, 2011), and, to a lesser 
extent, Saharan dust.

Current methods of assessing nutrient limitations in macroalgae 
classically rely on the analysis of nutrient stoichiometry in the (1) ambient water 
and (2) algal tissue or on more time-intensive (3) nutrient enrichment assays. 
In our nutrient enrichment assay (Chapter 5), the S. fluitans III tissue C:N:P 
ratio changed rapidly from 401:16:1 to 502:23:1 when only N was supplied 
and to 205:7:1 when only P was provided, which did not lead to a higher 
growth rate, indicating that nutrients are taken up regardless of limitations 
and lead to quick changes in stoichiometry. Furthermore, experiments on the 
Mexican coast studied Sargassum enriched in nitrogen (N:P = 30:1 to 33:1), 
which would indicate a P limitation, yet they found an NP co-limitation with Fe 
in ecophysiological experiments (Leemans et al., 2025; Magaña-Gallegos et 
al., 2023a). These studies show that stoichiometric values do not necessarily 
reflect the algal nutrient limitation at hand. Caution should therefore be taken 
when concluding nutrient limitations in Sargassum based on stoichiometric 
data alone. It is recommended to measure the direct growth or photosynthetic 
response in Sargassum because possible variation in the N/P uptake (Fong et 
al., 2003; Haan et al., 2013), luxury uptake (Solovchenko et al., 2019), or storage 
capacity (Hanisak, 1990; Harrison & Hurd, 2001) can severely influence C:N:P 
ratios regardless of limitations. Alternative methods for showing nutrient 
limitations, like nutrient-induced fluorescent transients (NIFT) experiments 
(Haan et al., 2013), are also promising since they could be carried out in situ 
and relatively rapidly.

4.3 The versatile nutrient-driven response of the Sargassum holobiome
Using 16S/18S rRNA amplicon sequencing (Chapter 5) in an ecophysiology 
experiment, we showed that nutrient additions not only affect Sargassum but 
also many taxa within its holobiome (Figure 4). Most effects in the Sargassum 
holobiome were seen when both nitrate and phosphate were added. 
Schizothrix, a cyanobacterial genus, and red algae within the Ceramiales likely 
face nitrogen and phosphorus limitations as photosynthetic epiphytes, and their 
growth increased when N and P were added. Other responses were seen in the 
Cellvibrionaceae and Peronosporomycetes that are opportunistic copiotrophs 
and often grow in organic-rich environments related to macroalgae (Buaya 
et al., 2019; Spring et al., 2015; Timanikova et al., 2024). These groups may 
respond directly to N additions or may thrive from the organic matter release 
from Sargassum.
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Figure 4: Overview of the effects of nitrate and phosphate additions on taxa within the S. flu-
itans III holobiome. Influences are characterized as positive or negative based on the relative 
abundances of 16S rRNA gene reads and the species diversity (number of ASVs) found in 18S 
rRNA gene reads in respective taxa (Chapter 5). Created in BioRender. https://BioRender.com/
tp6469o

Similarly, Rhodobacteraceae as organic matter degraders could decrease 
in abundance when N and P are supplied due to changes in organic matter 
release. However, the Rhodobacteraceae genus Shimia responded positively 
when exclusively P was added, indicating that this is not a one-sided pattern 
for the Rhodobacteracae. Changes in the composition or quality of organic 
matter could explain why some organic matter-processing taxa might be more 
abundant than others. We further showed that the diversity of Bryozoa was 
negatively impacted by the addition of N and P (Chapter 5), which agreed with 
the potentially stress-induced transcriptional changes we measured involving 
the upregulation of protein synthesis/modification, cytoskeletal remodeling, 
and induction of apoptosis of damaged cells (Chapter 4). Bryozoans are filter 
feeders and do not take up inorganic N and P, which suggests they respond 
to changes in the holobiome. Alternatively, Sargassum might actively repel 
bryozoan growth since bryozoans, such as Membranipora tuberculata, can 
cover almost half of the Sargassum tissue (Alleyne et al., 2023b), limiting algal 
photosynthesis and growth.

While the patterns in the abundance and diversity of taxa in the Sargassum 
holobiome are informative, future research should confirm whether these taxa 
directly respond to N and P additions or if they reflect an indirect response 
to Sargassum and competition within the holobiome. Research approaches 
could implement a more thorough characterization of organic matter through 
DOC/TOC measurements (Powers et al., 2019) or molecular characterization 
through techniques like mass spectrometry (Nebbioso & Piccolo, 2013), as a 
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large part of the Sargassum microbiome revolves around processing organic 
matter. Stable isotope studies so far have focused on natural isotopes to trace 
the sources of nutrients that Sargassum takes up or produces, or to understand 
the trophic relationships in the food web (Rooker et al., 2006), but this could be 
extended to the microbiome. DNA stable isotope probing (SIP) and sequencing 
of host/epibiont fractions would be promising for identifying which parts of the 
community actively take up inorganic nutrients (Campana et al., 2021; Jia et al., 
2019). Furthermore, NanoSIMS is a powerful tool to visualize uptake at a cellular 
scale in algal tissue and separate the algal host from the associated organisms 
(Fitzpatrick et al., 2025). To increase the abundance of Sargassum transcripts 
in the data, we excluded bacterial and archaeal transcripts through poly A tail 
selection, though broadening the metatranscriptomic focus to include them 
would contextualize the patterns in their relative abundances.

5. Conclusions

This thesis contributed to a better understanding of what the Sargassum 
holobiome entails and how this community is affected by nutrient changes in 
its environment.

The genomic and transcriptomic field of Sargassum is still in its infancy, 
plagued by substantial issues of DNA impurities during extraction and 
contamination from the co-extracted community. This thesis described, for 
the first time, the draft genome of S. fluitans III and transcriptomes of S. natans 
I, S. natans VIII, and S. fluitans III. The S. fluitans III draft genome contained 
core housekeeping genes involved in essential metabolic processes, most of 
which were shared with other sequenced Sargassum species. Transcriptomes 
contained complete metabolic pathways in carbohydrate, lipid, and energy 
metabolism and showed subtle differences in the functions of protein-coding 
genes between genotypes. The draft genome and transcriptomes described 
in this thesis function as the starting point for future studies, working towards 
the complete characterization of the molecular diversity of Sargassum.

Together with other emerging research, this thesis helped define the 
prominent members of the diverse Sargassum microbiome, that are mainly 
involved in processing organic matter or sharing the phototrophic niche of 
their host. The eukaryotic community comprises many groups, including 
crustaceans, diatoms, and diverse protists, although sessile hydroids and 
bryozoans are its most prominent transcriptionally active members. The 
microbial community composition of Sargassum in its natural environment 
varies both biogeographically and by genotype of S. natans I, S. natans VIII, and 
S. fluitans III. The biogeographic differentiation is most severe when Sargassum 
approaches coastal environments, as the holobiome may experience changing 
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conditions in dense accumulations or strandings, leading to increases in the 
abundance of Vibrio, which includes pathogenic species.

This thesis contributes new ecophysiological evidence from coastal 
Caribbean and open Atlantic Sargassum populations, showing that nutrient 
limitation is experienced in both environments and refines, though not yet 
fully resolves, our understanding of how this nutrient limitation varies across 
the width of the GASB. In the open ocean, S. natans VIII took up nitrate 
fastest and exhibited nutrient-limited growth, whereas S. natans I took up 
silica fastest among Sargassum genotypes and showed no signs of nutrient 
limitation, highlighting growth differences among Sargassum genotypes. 
Nutrient additions not only affected Sargassum but also affected the microbial 
community. Some bacteria or eukaryotes face N or P limitations as epiphytes, 
while other species likely react to organic matter or food web changes. Epibiotic 
bryozoans transcriptionally respond to these community changes, adjusting 
their metabolic activity or settlement.

Altogether, this thesis moves multi-omics research on Sargassum 
several steps forward and invites exciting future studies in genomics and 
transcriptomics, ideally combining this within the scope of algal physiology and 
the holobiome. As annual Sargassum accumulations persist, these fundamental 
insights will aid our understanding of the functioning of the “golden floating 
rainforest” in the open ocean as well as the brown tides burdening coastal 
environments.
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