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A B S T R A C T   

The holopelagic brown macroalgae Sargassum natans and Sargassum fluitans form essential habitats for attached 
and mobile fauna which contributes to a unique biodiversity in the Atlantic Ocean. However, holopelagic 
Sargassum natans (genotype I & VIII) and Sargassum fluitans (genotype III) have begun forming large accumu-
lations with subsequent strandings on the western coast of Africa, the Caribbean and northern Brazil, threatening 
local biodiversity of coastal ecosystems and triggering economic losses. Moreover, stranded masses of hol-
opelagic Sargassum may introduce or facilitate growth of bacteria that are not normally abundant in coastal 
regions where Sargassum is washing ashore. Hitherto, it is not clear how the holopelagic Sargassum microbiome 
varies across its growing biogeographic range and what factors drive the microbial composition. We determined 
the microbiome associated with holopelagic Sargassum from the Great Atlantic Sargassum Belt to coastal 
stranding sites in Mexico and Florida. We characterized the Sargassum microbiome via amplicon sequencing of 
the 16S V4 region hypervariable region of the rRNA gene. The microbial community of holopelagic Sargassum 
was mainly composed of photo(hetero)trophs, organic matter degraders and potentially pathogenic bacteria from 
the Pseudomonadaceae, Rhodobacteraceae and Vibrionaceae. Sargassum genotypes S. natans I, S. natans VIII and 
S. fluitans III contained similar microbial families, but relative abundances and diversity varied. LEfSE analyses 
further indicated biomarker genera that were indicative of Sargassum S. natans I/VIII and S. fluitans III. The 
holopelagic Sargassum microbiome showed biogeographic patterning with high relative abundances of Vibrio 
spp., but additional work is required to determine whether that represents health risks in coastal environments. 
Our study informs coastal management policy, where the adverse sanitary effects of stranded Sargassum might 
impact the health of coastal ecosystems.   

1. Introduction 

The marine macroalgal genus Sargassum is one of the most species- 
rich genera among the brown macroalgae, encompassing over 350 
recognized species (Guiry and Guiry, 2022). Most of the species are 
benthic and are attached via a holdfast; although some species, like 

S. horneri may form drifting masses that last for several months (Fidai 
et al., 2020). Only two truly holopelagic Sargassum species are 
described: S. natans and S. fluitans. Both spend their entire life cycle 
floating in the Atlantic Ocean and reproduce by vegetative fragmenta-
tion (Butler and Stoner, 1984; Dawes et al., 2008). In the tropical 
Atlantic, three Sargassum genotypes dominate: S. natans I, S. fluitans III 
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and the recently abundant S. natans VIII. 
Often referred to as the “golden floating rainforest”, holopelagic 

Sargassum plays a vital role in the biodiversity of the pelagic Atlantic 
Ocean. Since holopelagic Sargassum is often the only form of substrate in 
open waters, it serves important ecosystem functions; it supports more 
than 100 species of fish and invertebrates (Coston-Clements et al., 1991; 
Niermann, 1986), serves as a nursery for a wide array of species 
including endangered species such as sea turtles (Laffoley et al., 2011; 
Wells and Rooker, 2004) and houses 10 endemic species (Fine, 1970; 
Hemphill, 2005; Laffoley et al., 2011). Holopelagic Sargassum also plays 
a role in the local carbon sequestration of the Atlantic Ocean by incor-
porating CO2 through photosynthesis and subsequently sinking to 
deeper waters (Gouvêa et al., 2020; Hu et al., 2021; Johnson and 
Richardson, 1977). 

Since 2011, however, holopelagic Sargassum has started forming 
unprecedented accumulations in the coastal environments of the 
Caribbean, the United States, Brazil and Africa that threaten biodiversity 
(Smetacek and Zingone, 2013), local economies (Partlow and Martinez, 
2015) and coastline stability (van Tussenbroek et al., 2017). As hol-
opelagic Sargassum spreads to coastal regions it washes ashore and 
produces rotting masses, characterized by leachates and a brown water 
color (van Tussenbroek et al., 2017). Moreover, holopelagic Sargassum 
causes significant human health risks to local communities by accu-
mulating large amounts of H2S when rotting that can cause neurological, 
digestive and respiratory disorders (Devault et al., 2021; Resiere et al., 
2020). 

Several hypotheses have been suggested as possible causes for these 
recent accumulations, that have been referred to as the Great Atlantic 
Sargassum Belt, linked to the North Equatorial Recirculation Region 
(NERR) as a source region (Gower et al., 2013; Johnson et al., 2012; 
Wang et al., 2019). One hypothesis is that an increase in nutrients 
supplied by the Amazon and Congo Rivers due to combined effects of 
deforestation, agro-industrial and urban activities of these river areas 
has fed holopelagic Sargassum accumulations (Djakouré et al., 2017; Hu 
et al., 2021; Oviatt et al., 2019). Another hypothesis is that positive 
increases in sea surface temperatures in the NERR (Brooks et al., 2018; 
Djakouré et al., 2017) could stimulate holopelagic Sargassum growth 
either directly by reaching a more suitable optimal growth temperature 
for holopelagic Sargassum, or more importantly, indirectly by increasing 
the nutrient availability via increased rainfall associated run-off. 
Moreover, anomalies in the North Atlantic Oscillation (NAO) may 
have transported holopelagic Sargassum from the Sargasso Sea to the 
NERR, creating a seed population for the Sargassum blooms (Johns et al., 
2020). Overall, the consensus of these studies is that the recent hol-
opelagic Sargassum accumulations are a result of climate change related 
factors fed by additional nutrient inputs of nitrate and phosphate from 
surrounding rivers systems (Djakouré et al., 2017; Johns et al., 2020; 
Lapointe et al., 2021; Sissini et al., 2017; Wang et al., 2019). 

Holopelagic Sargassum is not only a favored habitat for invertebrate 
and vertebrate fauna, but the algae function as a microbial substrate as 
well, promoting microbial colonization by releasing high amounts of 
organic matter. Research on the microbial community associated with 
holopelagic Sargassum remains scarce. Torralba et al. (2017) indicated 
that the holopelagic Sargassum microbiome features a diverse microbial 
community compared to the neighboring seawater, largely composed of 
photosynthetic and nitrogen-fixing bacteria belonging to the Rhodo-
bacteraceae and Cyanobacteria. Hervé et al. (2021) showed that dissolved 
organic matter (DOM)-degrading bacteria are likely present in groups 
such as Saprospiraceae and Flavobacteraceae. Furthermore, holopelagic 
Sargassum genotypes were reported to host similar bacterial OTUs 
(Operational Taxonomic Units) (Michotey et al., 2020), which is sur-
prising since macroinvertebrate communities may vary between 
Sargassum genotypes (Govindarajan et al., 2019; Martin et al., 2021). 
Variations in the holopelagic Sargassum microbiome are thus far largely 
unexplored, but Sargassum genotype specificity in the microbial com-
munity is hypothesized. 

Michotey et al. (2020) showed that at several locations across the 
Great Atlantic Sargassum Belt (GASB), high relative abundances of Vibrio 
and Alteromonas are associated with the Sargassum microbiome, of 
which six Vibrio OTUs were identified as possible pathogens. These high 
Vibrio relative abundances were hypothesized as being linked to hol-
opelagic Sargassum growth, resulting in elevated Sargassum exudates 
that are high in dissolved organic carbon predominantly in open waters 
rather than stations closer to the shore (Michotey et al., 2020). However, 
that study considered mostly open water stations rather than coastal 
stranding locations and there are likely structural differences in the 
microbiome when holopelagic Sargassum enters coastal waters and 
forms brown tides (Hervé et al., 2021; Michotey et al., 2020). As mac-
roalgal microbiomes enter dysbiosis, relative abundances of pathogenic 
opportunistic bacteria may increase in contrast to the microbiome of 
healthy macroalgae (Minich et al., 2018). Moreover, holopelagic 
Sargassum might not only introduce its own associated bacteria, but 
might also serve as a substrate and carbon source for coastal pathogens 
that rapidly increase in abundance as Sargassum accumulates and de-
composes on the coast, which could have large implications for coastal 
ecosystems. 

Given all of the above it is currently unclear how the Sargassum 
microbiome, along with possible hitchhiking pathogens, varies across 
the GASB, and from open ocean to coastal locations where Sargassum 
strands. Here, we characterized the microbial community composition 
associated with S. natans I, S. natans VIII and S. fluitans III from the GASB 
to coastal stranding locations in Mexico and Florida. The holopelagic 
Sargassum microbiome was characterized using amplicon sequencing of 
the V4 hypervariable region of the 16S rRNA gene in 117 samples 
collected during 2018–2019. Our findings highlight varying biogeog-
raphy and genotype-specificity of the holopelagic Sargassum 
microbiome. 

2. Material and methods 

2.1. Description of sampling locations and water sampling 

Samples of S. natans I, VIII and S. fluitans III were collected during 
several research cruises shown in Fig. 1: cruise 64PE455 on the RV 
Pelagia during July-August 2019, where samples were taken from the 
Central Atlantic and Martinique. The CEMIE-I cruise near Cozumel, 
where samples were taken near the coast of Mexico during April–May 
2019. A research cruise related to the Campaña America Central of 
INAPESCA-Mexico, where samples were taken in the Caribbean Sea 
during September–October 2018. Finally, samples were collected in 
waters near the Bill Bags Cape Florida State Recreation Area in August 
2019. 

During cruise 64PE455, an ultra-clean CTD system (Seabird 9+, WA, 
USA) was used to measure temperature, chlorophyll a relative fluores-
cence, and salinity during water depth profiles. Water samples were 
taken in Niskin bottles deployed along with the CTD system for subse-
quent nutrient analyses. Seawater was filtered through a 0.2 µm Acro-
disc syringe filter and filtrate samples were preserved in 7 mL vials at 
− 20 ◦C for phosphate (PO4), nitrate (NO3) and nitrite (NO2), and at 4 ◦C 
for Silica (Si). Concentrations of PO4, NO3+NO2, NO2 and Si (in µM) 
were measured on a TrAAcs 800 autoanalyzer (Bran+Luebbe, WI, USA) 
following NSOP 9 guidelines (Hydes et al., 2010). Exact coordinates and 
additional contextual data of the sampling locations are indicated in 
Table S1 and on the sampling map in Fig. 1. 

2.2. Holopelagic Sargassum collection and identification 

Sargassum samples during the cruises and fieldwork were collected 
using a dipnet that was cleaned with 10% (v/v) bleach solution and 70% 
(v/v) ethanol solution before sampling. Latex gloves were worn and 
sterilized with 70% (v/v) ethanol prior to handling the dipnet and any 
Sargassum sample. We sampled separate Sargassum clumps as replicates 
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(n = 5) that were minimally 10 m apart in the water and put each clump 
in a separate bucket that was cleaned with 10% (v/v) bleach solution 
and 70% (v/v) ethanol solution, then rinsed and filled with 0.2 µm 
filtered seawater from the station where we collected the Sargassum. 
Each Sargassum clump was photographed on 1 cm x 1 cm sterile gridded 
laminated paper (Fig. 1), and several apical ends of the tissue were 
removed and placed in silica gel for the microbiome project as described 
in Quigley et al. (2018). Samples from the same clump were preserved in 
70% (v/v) ethanol as a voucher specimen. In total five replicates were 
taken this way per Sargassum genotype, with the exception of the 
Caribbean Sea location, where between three and five replicates were 
taken per Sargassum genotype summing up to: S. natans VIII (n = 38), 
S. natans I (n = 40) and S. fluitans III (n = 40) in total. To visualize the 
microbial biofilm on the macroalgal surface tissue, sub-samples of the 
Sargassum vouchers were prepared for Scanning Electron Microscopy 
(SEM) analyses from Atlantic stations 12, 24 and 28. SEM samples were 
dehydrated in an ethanol series as follows: 10 min. in 50%, 70%, 85% 
and 95%, followed by three times for 10 min. each in 100% (v/v) 
ethanol. Samples were critical point dried in a Leica CPD300 (Leica 
Microsystems Inc., Buffalo Grove, IL), sputter coated with 5 nm of 
platinum using a Leica EM MED020 (Leica Microsystems Inc., Buffalo 
Grove, IL) and visualized on a Zeiss Supra 40VP SEM (Carl Zeiss Mi-
croscopy, Thornwood, NY) at different magnifications as shown in 
Fig. S1. 

We identified holopelagic Sargassum genotypes on the basis of 
morphology as first described in Parr (1939) and consecutive studies 
(Amaral-Zettler et al., 2017; Schell et al., 2015). S. fluitans III is distin-
guished by the presence of thorns along the stem, S. natans I is distin-
guished by narrow blades and the apical spines on the pneumatocysts 
and S. natans VIII is characterized by large surface blades and a lack of 

thorns/spines. To confirm genotype assignments we performed a novel 
molecular genotyping method on shipboard by DNA extraction and 
subsequent PCR amplification using primers targeting the Sargassum 
mitochondrial genes cox 2 (cox2- 370F: 5′- CAAA-
GATGGATTCGACGGTTGG- 3′, cox2- 776R:5′- CCGGTAT-
CAAACTCGCCCTT- 3′) and cox3 (467F:5′- GGTTCAACGACACCCATTT- 
3′), cox3- 901R:5′- TAGCGTGATGAGCCCATG- 3′) as described in 
Amaral-Zettler et al. (2017). Next, PCR products of cox2 and cox3 were 
cut in enzyme restriction reactions with respective enzymes Eco47III 
(Thermofisher, MA, USA) and BccI (New England Biolabs, MA, USA) as 
shown in Fig. S2 following manufacturers’ instructions. E-gels (Ther-
mofisher, MA, USA) of 1.2% (w/v) agarose with SYBR Safe DNA Gel 
Stain (Thermofisher, MA, USA) were run on shipboard during the RV 
Pelagia expedition and in the molecular lab to confirm of the holopelagic 
Sargassum genotypes. 

2.3. DNA extraction, PCR amplification & Illumina MiSeq sequencing 

Large macrofauna was removed and whole Sargassum tissue of the 
apical ends were extracted to capture both associated endophytic and 
epiphytic communities. Apical ends were crushed by bead beating using 
a Vortex Genie 2.0 with bead beating adapter (Scientific Industries, NY, 
USA) for 20 min at 7000 RPM. Total DNA was extracted using the Quick 
DNA ZYMO Miniprep kit (ZYMO Research, CA, USA) following manu-
facturer’s instructions for non-soil samples. DNA concentrations and 
quality were measured with a Qubit Fluorometer 2.0 Fluorometer 
(Invitrogen, Life Technologies, CA, USA) following the high sensitivity 
protocol and by NanoDrop Spectrophotometer measurements (Ther-
moFisher, MA, USA). 

16S rRNA gene V4 hypervariable region PCR amplification was done 

Fig. 1. a. Holopelagic Sargassum sampling locations across the Atlantic Ocean and Caribbean and Northern Atlantic coastal regions. Sites are categorized as open 
ocean, in case of Atlantic stations 12–28, and Caribbean, in case of Mexico, Florida, Caribbean Sea and Martinique_S35. Specific samples per station and coordinates 
are indicated in Table S1. b. Left to right: Sargassum natans I, Sargassum natans VIII and Sargassum fluitans III. Apical tips of the Sargassum genotypes were sampled and 
are indicated with a red ellipse. 
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following the protocol of the Earth Microbiome project (Caporaso et al., 
2011) using primers 515F (GTGYCAGCMGCCGCGGTAA) (Parada et al., 
2016) and 806RB (GGACTACNVGGGTWTCTAAT) (Apprill et al., 2015). 
Amplification was performed using Platinum™ SuperFi™ DNA Poly-
merase (Invitrogen, CA, USA) with the following PCR program: 30 s at 
98 ◦C; 28 cycles of 10 s at 98 ◦C, 15 s at 50 ◦C, 30 s at 72 ◦C; final 
extension at 72 ◦C for 5 min and storage at 4 ◦C. PCR products were 
quantified by electrophoresis on 2% (w/v) agarose gels for 60 min. at 90 
V, staining for 20 min. in ethidium bromide and 10 min. destaining in 1x 
Tris acetate EDTA (TAE). Samples were amplified in triplicate PCR re-
actions and pooled after positive gel confirmation. Negative controls 
(PCR H2O without template added) and a positive control (E. coli gDNA 
as template) were included in every separate PCR reaction. PCR prod-
ucts from all samples were pooled in equimolar concentrations at 2 
ng/µL per sample and ran on a 2% (w/v) agarose gel stained with SYBR 
green. The 300 bp band, representing the 515F-806RB 16S rRNA gene 
fragment, was carefully cut out and gel extracted with the Qiaquick Gel 
Extraction Kit following manufacturer’s instructions (Qiagen, Hilden, 
Germany). Sequencing was performed by the Utrecht Sequencing Fa-
cility (Useq, Utrecht, The Netherlands) on an Illumina MiSeq sequencing 
platform using the Illumina MiSeq 2 × 300bp V3 kit and TruSeq Nano 
DNA kit (Illumina, CA, USA) following manufacturer’s instructions 
resulting in 19,497,795 reads in total. Raw sequencing data and MIM-
ARKS metadata (Table S3) of this study have been deposited in the 
European Nucleotide Archive under accession number PRJEB58262. 

2.4. Bioinformatic analyses 

Amplicon sequencing data were processed with the Cascabel pipeline 
(Asbun et al., 2020). Processing steps included a quality assessment of 
the reads with FastQC v0.11.9 (Andrews, 2010), paired read alignment 
and merging to form a single contig sequence using PEAR v0.9.10 
(Zhang et al., 2014), barcode extraction and library demultiplexing 
using QIIME v1.9.1 and Vsearch v2.8.0 (Caporaso et al., 2010; Rognes 
et al., 2016) and forward and reverse read concatenation. The combi-
nation of forward and reverse reads resulted in 114,217 clean reads on 
average per sample. DADA2 v1.19.1 (Callahan et al., 2016) identified 
Amplicon Sequence Variants (ASV) using the following settings: forward 
and reverse reads were paired with a minimum overlap of 10 nucleo-
tides, sequences were length filtered with a minimum length of 243 bp 
and maximum length of 262 bp based on a frequency histogram, chi-
meras were removed, and ASVs were assigned taxonomy using the 
SILVA SSURef database v138.1. An ASV table was constructed with 
BIOM v2.1.6 (McDonald et al., 2012). Further filtering of the 16S 
amplicon data was done in R v4.0.5 (R Core Team, 2013), where ASVs 
resembling mitochondria and plastids were removed, occurring at 
±27% in the dataset on average. Lastly, ASVs occurring 10 times or less 
in the total dataset were filtered out and read counts were normalized on 
the basis of the median in Phyloseq v1.34.0 (McMurdie and Holmes, 
2013) resulting in 74,675 high-quality reads on average per sample. 

To compare our amplicon data with that from Michotey et al. (2020), 
we downloaded the raw 16S rRNA gene sequence data from Michotey 
et al. (2020) from the NCBI Sequence Read Archive with accession 
number PRJNA597297. Data were analyzed with the Cascabel pipeline 
(Asbun et al., 2019) wherein reads were merged with Vsearch v2.8.0 
(Rognes et al., 2016), OTUs were clustered with Uclust v1.9.1 (Edgar, 
2010), QIIME 1.9.1 (Caporaso et al., 2010) was implemented to pick 
representative sequences and taxonomy was assigned with Vsearch 
v2.8.0. (Rognes et al., 2016). The resulting OTUs and ASVs from our 
study matching the Vibrio genus were selected and imported into ARB 
v6.0.6 (Ludwig et al., 2004) within the SILVA SSURef database v138.1. 
We used the “quick add sequence to tree” feature in ARB to add our ASVs 
and the recalculated OTUs from Michotey et al. (2020) to the reference 
phylogenetic tree included in the SILVA SSURef database v138.1. The 
tree was pruned to include only the OTU/ASV sequences matching 
Vibrio and those of Vibrio type strains (designated as “s[T]” in ARB) 

determined using the search and query function of ARB. The pruned 
phylogenetic tree was further refined with the iTOL interactive tool 
(Letunic and Bork, 2007) to group ASVs and OTUs that did not cluster 
with known pathogenic Vibrio type strains. Vibrio type strains marked as 
pathogenic were: V. parahaemolyticus, V. europaeus, V. tubiashii, V. 
campbelli, V. ichthyoenteri, V. alginolyticus, V. cholerae, V. vulnificus, V. 
fluvialis, V.aerogenes, V. mimicus, V. harveyi, V. corallillyticus and 
V. rotiferianus (Austin and Zhang, 2006; Michotey et al., 2020; Osunla 
and Okoh, 2017; Thompson et al., 2004). 

2.5. Statistical analyses 

Statistical analyses were performed in R v4.0.5 with the Phyloseq 
package v1.34.0 (McMurdie and Holmes, 2013) and microbiome pack-
age v1.12.0 (Lahti and Sudarshan, 2017). To show the differences in 
relative microbial abundances at family/genus level, bar graphs were 
plotted in Microbiome Analyst (Dhariwal et al., 2017). Non-parametric 
permutational multivariate analysis of variance (PERMANOVA) statis-
tical tests were done (permutations = 9999) to determine statistical 
differences between the microbiomes of the holopelagic Sargassum ge-
notypes and locations with vegan v2.5–7 (Oksanen et al., 2020), after 
confirming homogeneity of group dispersions using Betadisper. 

A Venn diagram was constructed using the R microbiome package 
v1.12.0 (Lahti and Sudarshan, 2017) and eulerr package 6.1.0 (Larsson, 
2021), computing the presence and absence of different ASVs. Shannon 
diversity indices of samples per Sargassum genotype were calculated in 
Microbiome Analyst and indices did not meet standards for normality 
nor homoscedasticity according to Shapiro Wilk’s test and comparisons 
of variances in R. A Kruskal-Wallis test was therefore done followed by 
Mann Whitney U post-hoc tests to reveal pairwise differences between 
Sargassum genotype microbiomes. 

Linear discriminant analysis Effect Size (LEfSe) analyses (Segata 
et al., 2011) were done at the genus level with the Galaxy tool (Goecks 
et al., 2010) to perform linear discriminant analyses (LDA) to determine 
holopelagic Sargassum genotype/biogeographical specificity and 
possible biomarkers (Fig. 3& Fig. S4). To plot differences in the com-
munity composition on the ASV level of different samples, a non-metric 
multidimensional scaling plot (NMDS) was constructed using Phyloseq 
with a stress factor of 0.1207 after 100 runs. The statistical program 
STAMP (Parks et al., 2014) was used to plot the relative abundances of 
sequences belonging to the Vibrio genus in a box plot. Shapiro Wilk tests 
and variance comparisons were performed to check for ANOVA as-
sumptions (normality and homoscedasticity). An ANOVA uncovered 
statistical differences per sampling location for the Vibrio genus. A post 
hoc Tukey HSD test determined statistical differences among hol-
opelagic Sargassum genotype and location combinations. 

3. Results 

3.1. Microbial community characterization of different holopelagic 
Sargassum genotypes 

We found that the relative abundance of associated microbial com-
munities at the family level differed among Sargassum genotypes 
(PERMANOVA, p < 0.001), though the same predominant families were 
abundant across them (Fig. 2). First, Sargassum microbial communities 
at the family level showed a large abundance of Pseudomonadaceae, 
constituting from 40% to 60% of the microbial community. Pseudomo-
nadaceae was relatively more abundant in S. natans VIII (60%) compared 
to S. fluitans III (40%). Other abundant families in the Sargassum 
microbiome were Rhodobacteraceae (6–12%), Vibrionaceae (3–6%), 
Microtrichaceae (3–5%), Phormidesmiaceae (2–4%) and Nostocaceae 
(2–4%) on average. Rare microbial families (<2%) showed higher 
relative abundance in Sargassum fluitans III and included Saprospiraceae, 
Ardenticatenales_fam, Cyanobacteriia_ord_fam, Hyphomonadaceae, Caldi-
lineaceae, Endozoicomonadaceae, Pirellulaceae and Rhizobiaceae. 
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Pseudomonadaceae, Rhodobacteraceae and Vibrionaceae summed together 
contributed 55% – 70% in relative abundance in the three Sargassum 
genotypes, dominating the bacterial families found in the Sargassum 

microbiome. 
LEfSe analyses highlighted 20 genera with an LDA score higher than 

4.0, that varied strongly between Sargassum genotypes and could 

Fig. 2. Average relative abundances (in%) of bacterial taxa at the family level belonging to Sargassum genotypes S. natans I (n = 40), S. natans VIII (n = 38) and 
S. fluitans III (n = 40). The 20 most abundant families are shown, less abundant families are summarized in “Others”. 

Fig. 3. a. Linear discriminant analyses (LDA) scores of bacterial genera from LEfSe analyses. Microbial genera are sorted by their LDA score that is displayed on the x- 
axis. Different colors indicate which Sargassum genotype displayed the highest relative abundance of the microbial genus and showed Sargassum genotype specificity. 
b. Relative abundances of 20 bacterial genera (in%) analyzed in LEfSe analyses of S. natans I, S. natans VIII and S. fluitans III. Color intensity in red/blue indicates 
relative abundances and taxa are sorted according to their average abundances in the microbial community. 

T. Theirlynck et al.                                                                                                                                                                                                                             



Harmful Algae 122 (2023) 102369

6

function as biomarkers (Fig. 3). Most of these genera had the highest 
relative abundance in the S. fluitans III microbiome (15 of 20), and 
included Roseibacterium and genera within Rhodobacteraceae, and Sap-
rospiraceae. The highest LDA score and the genus that varied the most 
among Sargassum genotypes was Pseudomonas, that had the highest 
relative abundance associated with S. natans VIII. Furthermore, Masti-
gocoleus, Tenacibaculum and Acrophormium showed high LDA scores and 
were positive indicators for S. natans I. 

At the ASV level, a total of 5965 ASVs were identified, of which 2602 
ASVs (43%) were shared across the three Sargassum genotypes (Fig. 4). 
Though Sargassum genotypes exhibited differences as well, since 889 
and 862 ASVs (±14%) were unique for S. natans VIII and S. fluitans III 
respectively, and 623 ASVs (10%) were unique for S. natans I. S. natans I 
and S. fluitans III had the most ASVs in common, making S. natans VIII 
the most unique Sargassum genotype on the basis of microbial ASV 
presence/absence. We detected the largest number of different ASVs and 
the richest microbial community in S. fluitans III, with a total of 4315 
ASVs. Shannon’s diversity indices of the microbiomes of holopelagic 
Sargassum significantly differed between Sargassum genotypes (Kruskal- 
Wallis, p = 0.006). The microbiome of S. fluitans III was significantly 
more diverse on the basis of Shannon’s diversity indices compared to 
S. natans I and VIII, with 3.5 on average (Mann-Whittney U test, p =
0.002 (S. fluitans III – S. natans I) and p = 0.016 (S. fluitans III – S. natans 
VIII)). S. natans I and S. natans VIII displayed similar levels of diversity 
basis of Shannon’s diversity indices (e.g., around 2.2–2.5 (Fig. 4)). 
However, there was a large spread among biological replicates for the 
Shannon’s diversity index, as shown in the first quartile (0.8) and third 
quartile values (4.2) of the box plot of S. natans I. 

3.2. Microbial community differences based on geographic location 

The NMDS plot showed variation among holopelagic Sargassum ge-
notype and location and a PERMANOVA statistical test showed signifi-
cant differences between locations (p < 0.001) (Fig. 5). In general, 
microbial communities varied strongly between biological replicates, as 
shown by the wide distribution of replicates across the NMDS plot. 
However, a clear separation was displayed between the microbial 
communities sampled from Florida waters and two replicates from the 

Caribbean Sea as opposed to the rest of the locations that clustered 
together in the NMDS plot, indicating differences in the microbial 
community composition. Sargassum microbial communities from the 
open Atlantic Ocean, Martinique station 35 and Mexico overlapped in 
the NMDS plot, indicating similar microbial community compositions. 
Moreover, a difference in microbial communities per Sargassum geno-
type is shown in the NMDS plot, for instance in microbial communities 
from Atlantic station 14, where replicates of S. natans I, S. natans VIII 
and S. fluitans III are separated from each other. 

Sampling locations appeared to predominantly differ in their relative 
abundances of Vibrio (Fig. 6). The relative abundances of microbial taxa 
belonging to Vibrio significantly differed between locations (ANOVA, p 
< 0.001). Vibrio taxa were in low abundances in the Atlantic Ocean 
locations (<1%), but increased in the more coastal sites of Atlantic 
station 35, the Caribbean Sea, Florida and Mexico. Vibrio reached high 
relative abundances in two Sargassum replicates taken from the Carib-
bean Sea (55% and 43%) and significantly higher abundances in sam-
ples taken near Florida, with 20–35% average relative abundances 
(Tukey HSD tests, p < 0.05). The data set was also analyzed after 
removing the Florida and Caribbean samples with very high Vibrio 
values to ensure these outliers did not unduly influence the results for 
the rest of the samples. PERMANOVA analyses showed that even 
without these samples there are significant differences between micro-
biomes of the different forms of Sargassum, as well as between locations 
(p = 0.002). 

Sequences belonging to the Vibrio genus of this study and the study 
from Michotey et al. (2020) were further placed in a phylogenetic tree. 
Analysis of the phylogenetic placement of OTUs that we obtained with 
the sequence dataset of Michotey et al. (2020) and the ASVs from our 
study showed the presence of 18 potential OTUs/ASVs that clustered 
with type strains of the pathogenic species Vibrio vulnificus (4 OTUs, 3 
ASVs), Vibrio tubiashii (3 ASVs), Vibrio ichthyoenteri (1 ASV), Vibrio par-
ahaemolyticus (1 OTU, 1 ASV) and Vibrio rotiferianus (5 OTUs) (Fig. 7). 
Twelve of the 18 potential pathogenic OTUs/ASVs showed a similarity 
of more than 98% (Table 1). 

Fig. 4. a. Venn-diagram displaying the total number of amplicon sequence variants (ASVs) either unique for or shared among Sargassum genotypes S. natans I (n =
40), S. natans VIII (n = 38) and S. fluitans III (n = 40). A total number of 5965 ASVs are displayed whereby 2602 were shared among all three Sargassum genotypes. b. 
Box plot showing Shannon’s diversity indices of the microbial communities belonging to Sargassum genotypes S. natans I, S. natans VIII and S. fluitans III. The top of 
the box indicates the third quartile, the bottom of the box indicates the first quartile. The median is shown by the colored middle line, while the black diamond shows 
the mean. An asterisk indicates significant differences on the p < 0.05 level (Mann-Whitney U tests). 
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Fig. 5. NMDS plot showing the differences in microbial community beta diversity associated with the Sargassum genotypes S. natans I (n = 40), S. natans VIII (n = 38) 
and S. fluitans III (n = 40) over different locations at the amplicon sequence variant (ASV) level (stress factor = 0.120). The Sargassum genotypes are displayed by 
symbol shape and the location is indicated by color. Two ellipses show the spread of microbial communities belonging to locations of Florida and two locations of the 
Caribbean Sea. 

Fig. 6. Box plot showing the relative abundances of amplicon sequence variants (ASVs) belonging to the genus Vibrio in the microbial communities of Sargassum 
genotypes S. natans I, S. natans VIII and S. fluitans III (n ≥ 3). The top of the box indicates the third quartile, the bottom of the box indicates the first quartile. The 
median is shown by the middle line, while the star shows the mean. Outliers are shown by a plus sign. The letters indicate significant differences at the p < 0.05 level 
(Tukey HSD tests). 
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4. Discussion 

We characterized the microbial community of holopelagic Sargassum 
across the GASB and several coastal stranding locations. Specimens of 
Sargassum genotypes S. natans I, S. natans VIII and S. fluitans III were 
collected across a wide biogeographic distribution from locations spread 
through the Atlantic Ocean, and several coastal locations in the Carib-
bean Sea, Florida and Mexico. 

4.1. Characterization of holopelagic Sargassum microbial communities 

Our results showed that the microbial community compositions of 
three Sargassum genotypes differed significantly from each other, 
though they contained the same broad microbial families. There was an 
overwhelming abundance of ASVs belonging to proteobacterial families 
Pseudomonadaceae, Rhodobacteraceae and Vibrionaceae present in the 
holopelagic Sargassum microbiome, forming the majority of these mi-
crobial communities. This matches well with previous studies on the 

microbiome of holopelagic Sargassum by Michotey et al. (2020), Hervé 
et al. (2021) and Torralba et al. (2017) that showed that the phylum 
Proteobacteria or specifically Alphaproteobacteria and Gammaproteo-
bacteria were among the most abundant classes of bacteria. These ob-
servations were also reported for the benthic Sargassum muticum 
(Serebryakova et al., 2018) and Sargassum ilicifolium (Oh et al., 2021). 
The high abundances of Rhodobacteraceae, Pseudomonadaceae and 
Vibrionaceae were likely related to the high release of dissolved organic 
matter (DOM) by holopelagic Sargassum in open waters (Powers et al., 
2019; Shank et al., 2010a; Shank et al., 2010b), which stimulates the 
proliferation of DOM-degrading bacteria in these families of Proteobac-
teria (Buchan et al., 2014; Hervé et al., 2021). 

Although it is known that the microbiome of both benthic and hol-
opelagic Sargassum contain high numbers of Proteobacteria, Pseudomo-
nadaceae/Pseudomonas specifically has not been previously shown in 
such high abundances in holopelagic Sargassum. In contrast, Michotey 
et al. (2020), that studied the surface microbiome after sonification, 
identified the order Pseudomonadales in fairly low abundances of 2–3% 

Fig. 7. Phylogenetic tree showing the location of amplicon sequence variants (ASVs) of this study and Operational Taxonomic Units (OTUs) from Michotey et al. 
(2020) matching Vibrio, placed among Vibrio type strain representatives of SILVA. Blue indicates Vibrio type strains, black indicates ASVs/OTUs, red indicates known 
Vibrio type strain pathogens and bold indicates possible pathogenic OTUs and ASVs. 
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on average in the holopelagic Sargassum microbiome, as opposed to the 
averages of 30–50% that were encountered in our study, most notably in 
S. natans VIII. Likewise other marine macroalgal studies targeting spe-
cies of Ulva, Splachnidium, and Palidina, also identified Pseudomonas 
species including P. fluorescens, P. aeruginosa, P. stutzeri, P. pseudoalca-
ligenes and P. putida (Abdul Malik et al., 2020; Busetti et al., 2017; 
Califano et al., 2020; Ghaderiardakani et al., 2020). The demonstrated 
potential of these Pseudomonas species in these macroalgae varies be-
tween more pathogenic/antimicrobial pathways in the case of patho-
gens P. aeruginosa and P. stutzeri (Alhazmi, 2015; Karthick and 

Mohanraju, 2018), to detoxification of heavy metals in P. aeruginosa (De 
et al., 2008) and utilization of complex carbon sources in 
P. pseudoalcaligenes (Ramya et al., 2017). Both roles as a pathogen and 
organic matter degrader seem likely in holopelagic Sargassum, that 
produces high concentrations of DOM and hosts a complex interacting 
micro- and macrofauna community. Further research using cultivation 
and deep metagenomic sequencing could potentially identify the role of 
these Pseudomonas spp. that are abundant in the microbiome of hol-
opelagic Sargassum. 

Holopelagic Sargassum was enriched in largely photoheterotrophic 

Table 1 
Overview of operational taxonomic units (OTUs) and amplicon sequence variants (ASVs) matching pathogenic Vibrio in the phylogenetic tree (Fig. 7) sorted by their 
Vibrio match and accession number. Percentage similarity of neighbor joining distance matrices is displayed between OTU/ASVs and Vibrio species and rows are 
highlighted if the similarity percentage is higher than 98%.  
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or phototrophic bacterial families such as Rhodobacteraceae, Phormi-
desmiaceae, and Nostocaceae. This is not surprising, since holopelagic 
Sargassum floats in the marine photic zone and provides an important 
substrate in open waters for biofilm-producing photosynthetic bacteria. 
The presence of photosynthetic bacteria agrees with earlier studies on 
holopelagic Sargassum (Hervé et al., 2021; Michotey et al., 2020; Tor-
ralba et al., 2017) and these bacteria could assist in nitrogen fixation as 
has been shown experimentally (Phlips et al., 1986; Phlips and Zeman, 
1990). Samples for microbiome comparison in seawater were not 
analyzed in this study, however Sargassum samples were washed with 
0.2 µm filtered seawater before processing and it thus likely that the 
described microbiome is associated with Sargassum rather than the 
neighboring seawater. 

4.2. Holopelagic Sargassum genotype-specific microbiomes 

Analyses at the genus and ASV level and LEfSe biomarker analyses 
supported the hypothesis that there are unique bacteria associated with 
each of the Sargassum genotypes. S. fluitans III appeared to host the most 
diverse microbial community and differences were seen among 
Sargassum genotypes through LEfSe biomarker analyses. Interestingly, 
differences in the associated microbiome among Sargassum genotypes 
were not previously documented, with Michotey et al. (2020) reporting 
significantly similar microbial communities of holopelagic Sargassum. A 
possible explanation for this may be the methodical differences in 
sampling of the Sargassum microbial communities between studies. In 
contrast to the whole apical tips that were extracted in our study, 
Michotey et al. (2020) and Hervé et al. (2021) studied the holopelagic 
Sargassum microbiome on the surface of the whole tissue through soni-
fication and Torralba et al. (2017) worked with whole Sargassum tissue 
cleaned of epibionts. These are important details since the composition 
of motile macrofauna on holopelagic Sargassum has been suggested to 
vary per Sargassum genotype (Martin et al., 2021) and also been shown 
to differ for sessile hydroids in particular (Govindarajan et al., 2019) 
that in turn all may host their own microbiome. Moreover, microbial 
communities of brown macroalgae can depend highly on the specific 
algal tissue that is sampled, as shown in S. muticum and Fucus vesiculosus 
(Capistrant-Fossa et al., 2021; Serebryakova et al., 2018). It is further 
likely that differences in morphology between Sargassum genotypes, 
which increases the complexity of niches available for the microbial 
community (Amaral-Zettler et al., 2017; Rosado-Espinosa et al., 2020; 
Schell et al., 2015), influence the microbial communities. Lastly, hol-
opelagic Sargassum releases an array of different forms of DOC, poly-
phenols, and carbonate in the environment (Powers et al., 2019; Salter 
et al., 2020), which might vary between Sargassum genotypes, as well 
differing in their biochemical compositions (Davis et al., 2021; Rodrí-
guez-Martínez et al., 2020). All of these differences between the geno-
types of holopelagic Sargassum collectively might help to diversify their 
microbial communities. 

4.3. Biogeographic patterning in the holopelagic Sargassum microbiome 

Our results specifically show that the holopelagic Sargassum micro-
biome differs over their biogeographical range, particularly as the 
Sargassum accumulations approach shore where they show increasing 
relative abundances of Vibrio ASVs. The ecology of Vibrio bacteria is 
quite versatile, with roles in light emitting symbioses, facultative 
fermentation and nutrient acquisition (Thompson et al., 2004). Most 
notably however, some Vibrio spp. can have pathogen lifestyles, causing 
diseases not only in humans (Reidl and Klose, 2002), but also marine 
organisms like corals (Rosenberg et al., 2009), shrimp (Austin and 
Zhang, 2006), bivalves (Destoumieux-Garzón et al., 2020) and macro-
algae (Ward et al., 2020). These infections may be becoming more 
common due to elevated sea surface water temperatures in recent years 
(Rosenberg and Ben-Haim, 2002; Thompson et al., 2004). We found 
Vibrio in higher abundances associated with holopelagic Sargassum in 

near-shore sites which is supported by Hervé et al. (2021) that also 
found Vibrionaceae in highest abundances in coastal sites, suggesting 
that increases in Sargassum might result in increasing risks to coastal 
populations including seagrass meadows and corals reefs. 

Previously, Torralba et al. (2017) analyzed holopelagic Sargassum 
microbiomes in the Gulf of Mexico but did not report the presence of 
Vibrio at all. A reason for this could be that the holopelagic Sargassum 
microbiome presents a degree of seasonality, and the composition of 
Sargassum accumulations differ over each year according to seasonal 
differences like temperature fluctuations, which has been shown in 
previous studies in benthic Sargassum (Serebryakova et al., 2018). 
Michotey et al. (2020) did encounter high contributions of Vibrio, with 
relative abundances in holopelagic Sargassum microbiomes reaching up 
to 40% in several locations. However, they hypothesized that Vibrio is 
likely less abundant in coastal sites, since the physiological Sargassum 
state is likely not suitable for Vibrio development in these coastal 
stranding sites, whereas in Hervé et al. (2021) and our study, we show 
the opposite. The reason for these differences, is likely that the samples 
analyzed by Michotey et al., 2020 came mainly from open ocean 
environments. 

Comparison of our results with Michotey et al. (2020) showed dif-
ferences in the presence of different pathogenic Vibrio species, such as 
V. rotiferianus that were found only in the Michotey et al. (2020) study 
but not in ours. Because we re-analyzed the data from Michotey et al. 
(2020), the observed differences might be due to our respective bio-
informatic analysis, such as differences in trimming of the raw sequence 
reads, use of rarefaction, etc. However, most importantly, the analysis 
also showed several similarities in the presence of pathogenic species, 
such as the presence of V. vulnificus and V. parahaemolyticus indicating 
that these species might be affiliated with holopelagic Sargassum, 
although further research is needed to confirm this observation. 

Several hypotheses could explain the high abundances of Vibrio spp. 
in the coastal locations near Mexico and Florida. First, natural vibrios 
are more abundant in the surface waters of these coastal locations so 
holopelagic Sargassum could enhance the local Vibrio bacteria that occur 
along the coast of Florida and Mexico. Florida has had frequent reports 
in recent years of emerging Vibrio along the coast causing coral diseases 
among others, likely related to sewage and runoff pollution and 
increasing temperatures (Buck, 1990; Conrad and Harwood, 2022; Fang 
et al., 2019; Jenkins et al., 2021; Ushijima et al., 2020). However, we 
also saw Vibrio associated with holopelagic Sargassum in low abun-
dances (<1%) in open ocean locations from Atlantic stations 12–28. This 
suggests Vibrio spp. are typically associated to holopelagic Sargassum. 
Another hypothesis is that when holopelagic Sargassum enters coastal 
waters, there are drastic changes in the macroalgal microbiome (Minich 
et al., 2018). There have been many reports of discoloration and decay 
of holopelagic Sargassum (van Tussenbroek et al., 2017), when it accu-
mulates in close proximity to the shore (Louime et al., 2017; Resiere 
et al., 2018; Rodríguez-Martínez et al., 2019). Holopelagic Sargassum 
experiences physiological stress in these accumulative coastal masses, 
resulting in dysbiosis in the microbiome and potentially increasing 
relative abundances of Vibrio. Further research could focus on the effects 
of coastal decay on the holopelagic Sargassum microbiome and what 
specific bacteria might be increasing under these conditions, which is of 
interest to the biological conservation of these coastal stranding areas. 

5. Conclusions 

The microbiome of holopelagic Sargassum contains a diverse mi-
crobial community that is mainly composed of phototrophs, organic 
matter degraders (DOM) and potentially pathogenic bacterial genera. 
Sargassum genotypes contain similar microbial groups at the family level 
but show specificity at the genus level and contain Sargassum genotype- 
specific ASVs. The holopelagic Sargassum microbiome shows biogeo-
graphic patterning particularly related to large relative abundances of 
Vibrio ASVs. The sometimes dramatic changes in the microbiome as 
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holopelagic Sargassum approaches shore are probably the result of both 
the resident microbiome experiencing differences in conditions as it 
accumulates, in combination with colonization by pre-existing coastal 
bacteria. As the periodic influxes of holopelagic Sargassum accumula-
tions continue to deliver massive amounts of biomass and imported 
microbiomes to coastal areas, there is increased risk of coastal ecosystem 
impacts. These are not only risks for coastal management that removes 
Sargassum from the shorelines, but also the coral reef, mangroves, and 
seagrass ecosystems that are already heavily impacted by Sargassum. 
The variation in microbiome with genotype and source region of hol-
opelagic Sargassum suggests that these impacts may be influenced not 
just by how much Sargassum strands, but also by what genotype, and its 
origins. 
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