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Summary

Marginal seas and estuaries are undergoing significant transformations due to ongoing
anthropogenic impacts, alterations in the hydrological cycle, increased cyanobacterial bloom
frequency and rising temperatures. The genus Vibrio, and especially V. vulnificus stands to
profit from these changes. This lethal human pathogen is found worldwide as a natural part of
the microbial communities in these systems. Currently, infection rates are low; however, it is
one of the most lethal bacterial human pathogens. An increase in temporal and spatial range in
temperate brackish waters worldwide is anticipated, increasing both the infection risk and the
economic burden, necessitating the development of mitigation strategies. While they might
provide an avenue to limit the proliferation of V. vulnificus, the influence of currents, aquatic
marcophytes, eutrophication and the microbial community remain unknown. The current
spread, environmental conditions most suitable for V. vulnificus, monitoring methods, and
mitigation measures are explored in this thesis. Using freely available archived 16S rRNA
sequencing data, a tentative poleward spread of V. vulnificus occurrence over the last decade
could be detected. Two random forest models, predicting relative abundance of V. vulnificus,
either using remote sensing data or the microbial community were trained. On a global scale,
besides temperature and salinity, chlorophyll a, and to a lesser extent, currents affect V.
vulnificus relative abundance. Members of the Vibrionaceae and Pseudoalteromonadaceae
family were shown to be the best microbial predictors. A fast and affordable method to validate
model predictions was developed, utilizing a two-step agar-based approach that can distinguish
V. vulnificus from other Vibrio spp. with over 80% accuracy within 48 hours. The Baltic Sea is
an ideal site for studying mitigation measures as surface water temperatures are expected to
rise by 2-4 °C by the end of the century. It is influenced by eutrophication, modifying the
microbial community dynamics and Zostera marina, a seagrass that creates a unique habitat
and has been shown to potentially reduce presumed V. vulnificus colonies at a local scale.
Using both molecular and cultivation methods over the Baltic Sea salinity gradient, abundance
inside and outside seagrass meadows was found to be similar, while eutrophication seemed to
stimulate V. vulnificus abundance in the natural environment. Collectively, these results
suggest a potential cascade starting with the influx of inorganic nutrients and resuling in V.
vulnificus blooms. The inorganic nutrients stimulate cyanobacterial blooms, which are already
increasing due to climate change, which in turn stimulate V. vulnificus, potentially originating
from the sediment, through release of bioavailable organic matter during decay. Consequently,
reducing eutrophication induced algal blooms might be part of a successful V. vulnificus

mitigation strategy, not only in the Baltic Sea, but worldwide.
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Introduction

Genus Vibrio

The widely dispersed bacterial genus Vibrio comprises over 130 identified species!,
three of which are strongly associated to human infections®>. Now, many of these species have
been isolated and described, but Vibrio first gained prominence when Italian anatomist Filippo
Pacini documented a Vibrio as cholera bacillus amidst a cholera outbreak in Florence in 1854.
sBelonging to the phylum Gammaproteobacteria, Vibrio bacteria are gram-negative, motile,
slightly curved rods, exhibiting facultative anaerobic metabolism. They are generally
mesophilic and display a preference for halophilic environments, although exceptions exist,

such as the V. cholera’.

Members of the genus Vibrio inhabit a broad spectrum of niches across freshwater,
estuarine, and marine ecosystems. Within these environments, they participate in processes
such as nutrient cycling*®, through the decomposition of complex and abundant biological
polymers® (e.g. chitin’, collagen® and complex hydrocarbons’'") and nitrogen fixation'?, and
the synthesis of polyunsaturated fatty acids, essential compounds for the aquatic food web
organisms'®. This diversity of roles is paired with a high diversity in lifestyles; they can grow
as free-living organisms, in association with a wide variety of other organisms, such as bobtail
squids'* and sharks'®, and as biofilms. Consequently, they are able to respond rapidly to
environmental changes, are ubiquitous and are likely benefactors of global human induced

changes.

The three major human pathogenic Vibrio are V. cholerae serogroups O1 or 0139, V.
parahaemolyticus and V. vulnificus. While V. cholera thrives predominantly in low-salinity
environments (0.5 — 3.5'%), V. vulnificus is most abundant in moderate salinity (5 - 16'7!%) and
V. parahaemolyticus dominates at more marine salinities (optimum between 24-3'%). Cholera,
caused by ingestion of V. cholerae contaminated water, has an estimated 2.86 million cases
and 95,000 deaths per year worldwide®. It represents a global threat to public health,
exacerbated by inadequate access to clean water and sanitation facilities in many at risk areas
and after calamities, such as earthquakes®! and floods?. V. parahaemolyticus is more common
in developed areas and is one of the leading causes of human acute gastroenteritis in relation to
seafood!*?2* Less commonly, it can also lead to wound infections and septicemias. While

currently V. vulnificus infection case numbers are relatively low (e.g. < 40 cases per year, on
1
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average, in the USA®), it is the most lethal of these common Vibrio pathogens, with lethality

rates up to 50% after wound infection?.

Vibrio vulnificus

Ingesting seafood, notably raw oysters, contaminated with V. vulnificus, or direct
contact in brackish water through a wound®”-*%, may lead to a severe and rapidly progressing
systemic infection. Clinical manifestations of this condition encompass fever, chills, nausea,
hypotensive septic shock, and the development of secondary lesions on the extremities of
affected individuals (Figure 1)*>2°. V. vulnificus can generally be isolated at water temperatures

31,32

between 13 and 30°C, although they endure at higher temperatures®'~**. They can be free living

or attached to both animate and inanimate particles, frequently associating with zooplankton,

oysters, fish and extending their habitat to sediments and macro-algae where they form
33-35

biofilms

Figure 1. Even small entry sites are sufficient for fatal consequences. (a) wound, that after infection
with V. vulnificus led to fatal outcomes <48h. (b) life-altering consequences of a V. vulnificus infection,
amputations are often necessary. Adapted from Baker-Austin et al., 20182,

Attempts have been made to quantify the direct and indirect costs of V. vulnificus
infections. It was already recognized as the most costly marine-borne pathogen in the U.S.

accounting for approximately a third (233 million $) of all yearly costs (352 million $) related
2
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to seafood-borne illnesses*. Additional costs occur from direct and recreational exposure of 28
million $ in the U.S. alone. These are only the costs of the cases with a known etiology and
real costs might be higher. A substantial portion of these costs arises from premature death.
Further costs are associated with limited harvesting or obligatory processing steps of seafood
during high-risk seasons. Simulation of just the U.S. Gulf coast under restriction proposed by
the FDA in 1996, indicated that the total quantity of oysters harvested might decrease by
40%>". Increased periods of high risk and similar restrictions on a global scale would lead to a

loss in food supply and economic activity in many regions.

The total costs of Vibriosis, including cases by non- V. vulnificus Vibrio, is projected
to reach $5.2 billion under RCP4.5 and $7.3 billion annually under RCP8.5 in the U.S. alone3®.
This estimate does not take into account the additional potential loss of economic activity from
tourism. However, prompted by a fatal V. vulnificus infection following a swim off
Warnemiinde in the summer of 2018, German authorities issued unprecedented advisory,
cautioning immunodeficient individuals against swimming in the Baltic Sea. This led to
extensive media coverage and potential adverse effects for tourism in these coastal areas. A
decrease in tourism can negatively affect coast-adjacent industries such as hotels, restaurants,

seafood markets and service providers?®.

Furthermore, negative effects are noticed in aquaculture, a source of food and
economic productivity in many areas. 8 Dutch eel farms had 23 severe outbreaks between 1996
and 2009, leading to loss of productivity, one infected eel farmer and an increased risk for fish
processors®. Analogously, V. vulnificus is also widespread in aquaculture in Taiwan, their
primary source of seafood, posing a threat to certain segments of the food supply*’. Similar
problems have occurred in Denmark, with a V. vulnificus outbreak in a eelfarm in 2004*!, in
Spain*, and in a Tilapia farm in India®*. Determining the total economic costs is challenging
due insufficient tracking of infections. Nevertheless, the undeniable potential risk to human

health from consuming these farmed fish remains a concern.

Not all V. vulnificus are pathogenic

The low number of infection cases is likely due to two factors: firstly, not all strains of

V. vulnificus are pathogenic, and secondly, not all individuals are susceptible to infection.

26,44

Multiple studies have shown that infections predominantly occur in males*®**, often above the

age of 402, with preexisting risk factors, such as alcohol-associated liver cirrhosis or hepatitis
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4346 or who are otherwise immuno-compromised*. V.

leading to elevated serum iron levels
vulnificus itself can be categorized into three biotypes, mostly based on biochemical and
pathogenic characteristics. Strains within biotype 1 are responsible for the majority of human
infections, while strains frequently linked to eel vibriosis, though they can also pose a threat to
humans, are categorized within biotype 247. Biotype 3 seems to be a genetic mosaic of the two
aforementioned biotypes* and are endemic to Israel. The precise factors contributing to the
distinction between pathogenic (C-genotypes) and non-pathogenic strains (E- genotypes)
remain unclear. Several possible virulence factors have been suggested. These include
extracellular hemolysin/cytolysin*® (vwwhA gene), an elastolytic protease (vwpE)*, the ability to
acquire iron from transferrin®!, the existence of a polysaccharide capsule®?, and the presence of

an endotoxic lipopolysaccharide (LPS)>.

Distribution of V. vulnificus infections

Despite the near global distribution of V. vulnificus, the abundance and frequency of
necrotizing skin and soft tissue infections has a strong geographical pattern (with the majority
of cases between 0 and 30°N) (Figure 2). Highlighting where most of the contacts between
susceptible humans and C-genotypes occur. Case number and occurrence is notably higher in
subtropical regions in the northern hemisphere than anywhere else. This might be due to a
combination of high sea surface temperatures (SST), a subtropical monsoon climate pattern,
more common in the northern hemisphere, and high population density. High temperatures do
not only increase total V. vulnificus abundance, but might specifically increase the pathogenic
fraction®. Warm currents, such as the Kuroshio Stream, in the subtropical pacific coastal
region and the Gulf Stream in the subtropical Atlantic coastal region thus likely increase risk,

this aligns with high numbers of infection cases (Figure 2).
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Figure 2. Spatial distribution of the reported (A) total and (B) fatal episodes of V. vulnificus
necrotizing skin and soft tissue infections between 1966 and 2014. Adapted from Huang et al., 2016 **.
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V. vulnificus infection risk under anthropogenic impacts

Global warming is expected to lead to higher abundances of V. vulnificus globally and
a concomitant increased infection risk®>~®. In fact, infection cases are already rising in for
example the Eastern US>’ and the Baltic Sea region (Figure 3)*. Heatwaves in Northern
Europe during 1994, 2003, 2006, 2010, 2014, and 2018 resulted in a rise in Vibrio wound

infections in the region (Figure 3)*°, providing a glimpse into the future of coastal regions.
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Figure 3. Relationship between Vibrio infection cases and maximum sea surface temperature in the
Baltic Sea. (a). Relationship between Vibrio infections reported and maximum annual SST. Stars are
observed data, and the dashed line represents model predictions. (b) Time series of Vibrio cases. The
solid line indicates observed cases, while the dotted line represents model predictions. Adapted from
Baker-Austin et al., 2013%.

The number of infections was likely stimulated by additional antropogenic impacts,
such as coastal freshening, eutrophication, and ecosystem disturbances. A positive relationship
between eutrophication, phytoplankton blooms and V. vulnificus has been hypothesized
before®®. The release of labile dissolved organic from decaying phytoplankton blooms, the
increase of zooplankton, specifically copepods, and the ability to avoid protozoan predation by

attaching to phytoplankton might all stimulate V. vulnificus.
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Recently, tropical seagrasses have been described to reduce the concentration of
potentially harmful bacteria in the water column® and have been linked to a reduction of
presumptive V. vulnificus colony counts in the Baltic Sea®, although again the mechanism of
this apparent reduction remains unclear. Non-exclusive mechanisms may involve (i) a rise in
sedimentation rate facilitated by hydrodynamic attenuation of the canopy, leading to a
reduction in particle load® ™% and the associated bacteria, (ii) the reduction of total bacteria

6465 or exudation of allopathic

load through direct filter feeding or the feeding on host plankton
chemicals that directly inhibit bacterial growth®. While the exact combination of mechanisms
remains elusive, seagrass loss might have increased V. vulnificus infection risks. With the
combined effects of warmer, fresher coastlines, with larger phytoplankton blooms due to
increased eutrophication and removal of potential nature-based filters, such as seagrass, the V.

vulnificus infection risk might rise more than currently predicted.

Especially in the Baltic Sea, one of the regions where the anthropogenic (climate)
effects will be felt earliest and most intensely, as it is, in many ways, a time machine for the
future of coastal oceans®’. With current levels of warming, acidification, eutrophication and
deoxygenation that are anticipated in coastal areas worldwide®” . With one of the fastest
aging populations in the world’, a tourism industry already grappling with disruptions from
extreme environmental events’!, and a lateral surface salinity gradient ranging from 25 to 5

t’> — an environment conducive to V. vulnificus — this setting

from southwest to northeas
becomes ideal for studying the potential impact of V. vulnificus in the future and to evaluate

potential solutions

Seagrass and eutrophication reduction to limit V. vulnificus proliferation

A pilot study in the western Baltic Sea has shown a reduction of total bacterial counts
and presumed V. vulnificus colonies in seagrass beds compared to control stations outside of
seagrass beds (Figure 4a,b)%. If this proves effective using more specific measurements than
presumed V. vulnificus colony counts and over a wider range of environmental conditions,
seagrass might provide a local solution to the increasing V. vulnificus problem at popular
recreational beaches. Expanding seagrass meadows can occur naturally or through targeted

renaturation efforts

On a regional level, a strategy could involve mitigating eutrophication in coastal

waters. DOC derived from phytoplankton has been shown to stimulate Vibrio colony counts in

7
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an experimental setting (Figure 4c, d, e). Managing nutrient inflow and subsequently reducing
phytoplankton blooms, along with the associated release of organic nutrients, may offer a
viable approach to controlling V. vulnificus blooms. As most eutrophication originates from
land-based sources, reducing eutrophication requires changes in our approach to agriculture

and wastewater management.
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Figure 4. Potential mitigation of V. vulnificus proliferation through seagrass or reduction of
eutrophication. (a, b) Total colony forming units and presumed V. vulnificus colonies at 5 sites in the
South-Western Baltic Sea. Comparison between sites with seagrass and without (N=4). Adapted from
Reusch et al., 2021%. (c, d, e) Vibrio spp. abundances at different temperatures and DOC concentration
treatments. (a) 0 mg C L™' DOM addition. (b) 2.1 mg C L™! DOM addition. (c) 4.2 mg C L~! DOM
addition. All DOM originates from Nodularia spumigena. Error bars are SD (N=3). Adapted from Eiler
etal, 2007,

V. vulnificus can be detected through culture-based or molecular methods

In order to evaluate current risk and the effectiveness of potential mitigation measured,
methods to quantify V. vulnificus in the environment are essential. Isolation on selective media
is the preferred method of many regulatory entities worldwide”. It benefits from low costs,
ease of operation and providing a culture for further analysis. For potentially pathogenic Vibrio
spp. various selective media, such as Thiosulfate-citrate-bile salts-sucrose agar (TCBS) and
CHROMagar Vibrio (CHROMagar; Paris, France) are used’®. They allow for the growth of a

select number of Vibrio spp., while excluding closely related genera. In TCBS this is, for

8



Introduction

example, achieved through thiosulfate and sodium citrate inhibiting Enterobacteria and sodium
cholate and ox bile inhibiting gram-positive bacteria and retarding the growth of Enterococci.
One downside is that they require an additional molecular step to verify the identity of the

organism.

This caveat can be mitigated by using molecular methods directly. The potential
virulence factor, vwwhAd is regularly used to quantify V. vulnificus using digital droplet
polymerase chain reaction (ddPCR). This quantification does not directly determine V.
vulnificus cells, as the vwhA gene may not be present in every cell or might exist in multiple
copies within a single cell. Therefore, only the gene copy numbers per milliliter can be

accurately calculated.

V. vulnificus occurrence can also be assessed using 16S rRNA sequencing. This
approach involves comparing (zero-distance) operational taxonomic units (z)OTUs or
amplicon sequence variants (ASVs), derived from environmental DNA samples that have
undergone amplification and sequencing in the V3-V5 regions of the 16S rRNA gene. By
comparing these (z)OTUs with known V. vulnificus 16S rRNA gene sequences and existing
databases such as SILVA”, they can be taxonomically identified. Given the minimal
differences in 16S rRNA sequences between microbes, with just a few bases difference
between V. vulnificus and sister branches in the V3-V5 region, classification should to be done
conservatively. (z)OTUs should only be identified as V. vulnificus if they exhibit 100%
alignment and sequence similarity to an established V. vulnificus 16S rRNA sequence. While
this method does not provide absolute abundances of V. vulnificus and is affected by database
size and quality, it offers a measure of relative V. vulnificus abundance and concurrently

captures a portion of the microbial diversity present in the sample.

Analyzing microbial communities
Analyzing microbial communities through amplicon sequencing

Currently next-generation sequencing (NGS) is a widely used tool to assess the
microbial diversity in environmental samples. Amplicon sequencing, a type of NGS, allows a
cost-effective measurement of the relative abundance™ of most microbes using universal
primers (primers reviewed in Klindworth et al., 20137%). It relies on the fact that specific
regions within genomic DNA contain both conserved and variable sequences. The conserved

regions are common between different prokaryotic groups in the 16S rRNA and in eukaryotic

9



Introduction

groups in the 18S rRNA, and provide binding sites for universal primers. After amplification,
the variable regions can be used to differentiate between different taxa. The sequences are
amplified using polymerase chain reaction (PCR), which are repeated cycles of denaturation,
primer annealing and elongation, resulting in exponential amplification of the targeted region
(Figure 4b), ensuring sufficient target DNA is available for sequencing. To sequence these
fragments, they are attached to a flow cell and amplified (Figure 4e-g). This attachment is
achieved through the addition of adapters, short synthetic DNA sequences (Figure 4d), which
also provide binding sites for the primers. These adapters also contain unique sequences,
identifying the origin sample of a DNA sequence allowing for parallel sequencing. The flow
cell has complementary sequences to the attached adapters, allowing the DNA fragments to
hybridize and attach to the cell. These fragments bind to an adjacent binding site, forming a
bridge (Figure 4e). A complementary strand is synthesized and the double stranded fragment
denatured. This cycle is repeated to create clusters of copies of the original DNA strand.
Subsequently, primer and fluorescently labeled nucleotides with a terminator are added to the
flow cell, as the nucleotide is incorporated, a fluorescent signal specific to it type is detected by
a high-resolution camera (Figure 4f). Subsequently, the terminating group is removed,
allowing the next nucleotide to attach to the strand and give a signal. These images generated
by the camera are processed to identify the fluorescent signal in each cluster and translated
back into the associated base, resulting in sequences of nucleotides of the original DNA

fragment (Figure 4g).

Characteristics of microbial datasets

Amplicon sequencing datasets are however not perfect representations of the sampled
community. The reasons for these differences are discussed in the order they are encountered
from sampling to analysis. When sampling any environment, the in situ community might
respond to the act of sampling itself’, leading to alterations in the community itself. It is
typically impossible to exhaustively sample a biological community, necessitating an effort to
obtain a representative sample instead” (Figure 5a). Once a sample suitable for the intended
study goal has been taken, bacteria should be deactivated as rapidly as possible, while limiting
the damage to their DNA®®! otherwise the target community will continue to change.
Additional errors can be introduced during DNA extraction, due to inter-species and even
inter-strain variations in DNA extraction efficiency®?, these differences largely originate from
varying efficiency in cell wall and membrane lysis and contaminant removal (Figure 5c¢).
Contaminant removal is necessary as other biomolecules and remaining organic acids can

10
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inhibit DNA amplification®*. The amplification of extracted DNA through PCR introduces
additional biases®, influenced by properties of the PCR template (such as template
concentration and GC content), primer selection (including primer coverage and potential
mismatches), choice of polymerase, and the specifics of the PCR protocol (such as annealing
temperature and the number of PCR cycles) (Figure 5b, c). Additional biases are introduced
during PCR, where substitution (the replacement of one base by another), replication (multiple
readings of the same base), and deletion (a base is not read) can occur. The relative abundance
measured is further influenced by differences in taxa-specific 16S rRNA operon copy numbers
per genome® (Figure 5c). Different sequencing technology have different length, quality of
DNA reads, and sequencing depth, changing the inferred community composition®®. This has

substantial implications for accurately representing the rare biosphere®’.

The sequences need to be further processed in order to obtain a representative
community. This can be done in with a variety of different pipelines leading to different
inferred communities®®*. Generally reads with low quality scores are removed and primer and
adapter sequences are trimmed, resulting in sequences with a largely fixed and uniform length
(Figure 5h). Due to both ends of a DNA fragment being sequenced, they need to be merged
using the overlapping region. Merged reads from taxonomically equivalent cells might have
slightly different sequences, either due to natural variation or due to PCR/sequencing errors. A
common way to deal with this is to denoise sequences into ASVs or OTUs using one of the
many available algorithms, in this thesis, both DADA2? and UNOISE’! are used (Figure 5i,j).
These algorithms differ in their approach, with DADA?2 constructing a parametric error model
based on the results of an individual sequencing run. This statistical model estimated error
rates for each base positions and derived “true” sequences based on this. UNOISE clusters
identical sequences, and then analyzes the differences between these clusters. Sequences that
are uncommon but closely resemble highly abundant ones are considered erroneous variants of
the more abundant sequence. They are then grouped together to form an OTU. The amount of
DNA fragments (reads) per OTU only gives the relative abundance of this OTU compared to
the other OTUs in the same sample. They do not give insight into cell numbers or biomass.
Taxonomic classification of these OTUs not only makes them comparable across studies, but
also allows for interpretation using the existing knowledge on taxa. This is achieved by
comparing the sequences to established databases, for example SILVA is used in this thesis for

prokaryotes and PR2 for eukaryotes. Consequently, the resulting microbiome dataset is an
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incomplete compositional representation of the true diversity in the sampled environment, with

an unknown error rate’>.
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Figure 5. Workflow from sampling an in-situ community to the detected community. (a) sampling of
the in-situ community samples a subset of the real community. During extraction, DNA extraction
efficiency differs between species and amplification (b) errors can occur leading to a deviation in the
DNA compared to the sampled community (c). (d) adapters are attached to both ends of the DNA
fragment. (e) Bridge amplification creates clusters of forward and reverse strands of the DNA fragments
on the flow cell. (f) PCR cycles with fluorescent probes allow the forward and reverse reads to be read.
(g) This leads to forward and reverse sequences of each input DNA fragment, including potential errors
from the PCRs. (h) Reads are trimmed and forward and reverse reads are merged. (i) Similar sequences
are combined into ASV/OTUs (denoising) limiting the effect or erroneous base additions. (j) Final
inferred community deviates from in-situ community but gives a good representation of the major
groups

Despite these limitations, NGS gives us an unprecedented view of the microbial
community. The usage of universal primers allows for a good overview of the microbial
diversity regardless of prior knowledge of composition and the ability to simultaneously and

rapidly process multiple samples for a relatively low cost have ensured that there is currently
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no other methodology adopted as widely in environmental microbiology for community
analysis. NGS facilitates the detection of non-cultivable organisms and allows for diversity
estimates otherwise not possible by capturing a significant part of the microbial diversity in a

sample with one analysis.

Microbial communities analyzed to understand V. vulnificus

V. vulnificus interacts with the microbes around it. When trying to understand the
interaction between V. vulnificus and its environment, the microbial community forms crucial
part of the picture. Due to the diverse range of physiological traits within bacterial
communities, they can, and will, adapt and respond rapidly to environmental changes.
Consequently, certain segments of the microbial community, which are most suited for a given
set of conditions, will increase in abundance, while others may decrease. For instance, the
presence of explosives in the environment modifies the microbial community sufficiently that
it can be predicted from the community composition®>. When the relative increase or decrease
of abundance of specific groups of microbes are found to explain considerable parts of the
variance in (relative) abundance of V. vulnificus and the environmental preferences or role of
these organisms are known, they can be used to hypothesize about conditions favoring V.
vulnificus proliferation. Going one step further, it might even be possible to conclude
something about the past conditions of a water mass using the microbial community. When
low concentrations of inorganic nutrient are measured, but cyanobacteria are very abundant.
One can conclude that inorganic nutrient conditions were likely very high previously, but have
been depleted by the cyanobacterial bloom. This, in turn, enables us to estimate the conditions

that potentially trigger V. vulnificus blooms in a particular water mass.

Machine learning as a tool for high dimensional datasets

Microbial community datasets and additional environmental data are frequently
characterized by high dimensionality, containing more features than samples. They are
generally sparse, given that a significant portion of microbes is not detected in the majority of
samples. The data is compositional and has various data-distributions across its components.
Within both the microbial and associated environmental data, features often display
collinearity or covariance, further adding to the intricacies of the dataset®*.
A possible way to understand such a dataset would be through descriptive statistics

and statistical inference. Descriptive statistics aim to present a dataset more concisely, offering
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insights through metrics such as mode, mean, and standard deviation. Statistical inferences on
the other hand “creates a mathematical model of the data-generation process to formalize

understanding or test a hypothesis about how the system behaves™

. While a significant
advantage of statistical inference is the interpretability of the chosen model, it is based on a

priori assumptions about the relationship between variables.

Contrastingly, a machine-learning (ML) model operates without a predefined
underlying model for the system. Instead, it models the relationship between the 'x' and 'y’
based on the patterns present in the data using general purpose algorithms®. The output is a
new function that aims to optimize a specific metric. This function is derived using a part of
the data and subsequently evaluated on a separate part and the model effectiveness in
predicting the previously unseen portion of the data is used to assess how well it captured the
underlying mechanism®®. While statistical inference and ML might result in the same function,

the essential difference is that former is model-driven while the latter 1s data-driven.

This approach becomes particularly helpful when we take into account the features of
a microbial dataset. The relationships are often complex and include multiple features,
interdependencies between various microbial species and environmental factors. A number of
environmental factors might influence the abundance of a specific microbe of interest
differently depending on the presence or absence of a cluster of other microorganisms. Such a
relationship is difficult to test for when the underlying relationship needs to be assumed a
priori, but might become apparent from a data-driven approach. Advantages of ML are that the
associations between data are more flexible in their form, they have scaling properties
compatible with highly dimensional datasets containing a variety of datatypes and are able to

utilize heuristics through useful approximation to patterns recognized in the data®”.

An issue when deriving the function purely from the data is overfitting. Complex
models relying on limited amounts of training data can capture noise that is specific to that data
as a genuine effect. Consequently, the model does not generalize to other situations and it is of
limited value. Testing against a hold-out set of data, or multiple holdout sets through cross
validation is used in most ML approaches to limit this. For cross validation, multiple models
are trained on different subsets and evaluated against different holdout subsets (reviewed in
Berrar, D. 2019%). Although computationally intensive, each trained model will be evaluated
against a different test set, reducing the impact of the specific data points included in either the

train and test sets. Additional safeguards are frequently implemented, including
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regularization'®, which penalizes the model's complexity, feature selection to discard features

1101

and simplify the model'®!, and the integration of ensemble methods'®?. These strategies

collectively increase the model's likelihood of generalization to new, unseen data.

Random forests

Random Forest®® (RF) is a machine learning algorithm based on an ensemble of
decision trees (Figure 6), which are weak predictors themselves, but together make a much
better prediction. These models can serve different purposes, functioning both as classifiers or
as regression tools capable of predicting the abundance of a target (y) using predictors X = (X,

X,).
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Figure 6. an example decision tree and RF ensemble. The RF aims to quantify the abundance of the
response variable using a combination of microbial community data and independent environmental
data. Each tree uses a different subset of samples and features to best predict the response variable in
the training data. The splits are determined during training by calculating separation capability (e.g.
mean square error or mean absolute error). The variable achieving the highest degree of separation is
selected first, in our example tree “Parameter ‘a’”. While a single tree will overfit on its subset of
features, the ensemble of trees will generalize fairly well by averaging the outcomes of all trees in the
case of regression. In this example, while the trees predict different numbers, the output of the model
would be 7.3.

In a tree, a first decision is made at a root, parameter ‘a’ in the example tree (Figure 6).
Two edges originate from this and lead to further nodes (Taxon ‘y’ or ‘z’) in the example. By
making a series of “yes/no” or “over/under” splits, each time maximizing the homogeneity of
the target variable in the new nodes and the splitting function. A subset of data that fulfills the
edge conditions for a node are used to sprout new edges from the new nodes, again

maximizing the homogeneity of the target variable in the subsequent nodes. This continuous
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until either (i) a predefined number of splits is made, (ii) the target variable in a node is

homogeneous, (iii) splitting does not increase the value of the splitting function.

A single decision tree trained on the entire dataset is prone to overfitting, capturing
noise and artifacts. To mitigate this, random forests split the observations and features
randomly among multiple trees, promoting diversity and reducing overfitting. To achieve
accurate predictions, the model can be optimized by tuning “hyperparameters”, such as varying
the number of splits made in a tree, the amount of features considered when looking for the
best split and the quantity of trees. This can strongly affect the ultimate performance of the
model. The optimization process involves training numerous iterations of the model on the
training data and evaluating it against the training data, with each iteration featuring a different
set of these parameters. The final model, with the best performance, can subsequently be tested

against the test set to determine performance on an unseen dataset.

Theoretically, every prediction made by a RF can be reconstructed, practically this is
not feasible. Single models often contain hundreds to thousands of trees!®, each of which
would have to be viewed manually. Examining individual trees sequentially does not lead to
understanding underlying mechanisms; however, we can still gather understanding of the

system modelled from the variable importance

Using the found patterns to draw conclusions

Developing a model that accurately predicts a variable ‘y’ is the first step. However,
understanding the underlying reasons for the model’s performance can improve our
understanding of the biological relationships. Additionally, important variables can be used to

validate a model using pre-existing domain knowledge.

We can achieve this through calculating feature importance, the contribution a specific
X makes to the final prediction of ‘y’. Multiple measures are available to quantify the
importance of a variable, such as permutation-based methods (Mean decrease in
accuracy)'*1% or the reduction of impurity at splits (e.g. Gini importance)'®. When permuting
X, and thereby breaking its link to Y, increases prediction error, the variable is considered
important, when the prediction error remains the same, the variable is less important. This is
complicated however, when X, correlates strongly with X;. In that case, permuting X, will not
increase the error as much as X, contains similar information. This effect is exasperated when
Xa also correlates to (Xe,..., Xu), as few trees remain without one of the correlated variables.
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This holds for positively correlated variables, while strongly negatively correlated variables

lead to larger increases in prediction error'®’.

Feature selection can help alleviate some of these issues. By reducing the amount of
features, the chance of spurious correlations is reduced, the model complexity is lowered and
the amount of correlation between predictive variables is limited. Recursive feature elimination
(RFE) was used in this thesis. RFE iteratively trains a model, assesses feature importance,
eliminates the least important feature(s), retrains the model, until a user defined endpoint,
either in feature number or performance is attained. The final retained feature(s) of a correlated

group can be better compared to features that exhibit fewer or no covariations.

Description of research aims

As a result of climate change V. vulnificus is expected to spread poleward, increase in
abundance, and benefit from a longer season. Due to the large public health risk associated

with these developments, three needs become apparent:

1. Tracking the global distribution of V. vulnificus and its spread & improve existing
early warning tools
Develop tools for quick identification of V. vulnificus in the natural environment

Develop strategies to mitigate the problem

It is hypothesized that V. vulnificus is distributed worldwide along the coastline, with
the highest abundance in the (sub)tropical regions and spreading to the poles. This is tested in
Chapter I using global archived 16S rRNA data. This data is subsequently used to create an
early warning model based on freely available remote sensing data. If a high-risk area is
identified by this model, a method for convenient, fast and inexpensive V. vulnificus detection
in the environment is beneficial for local governments or other stakeholder to take action
(Chapter II). If an area is often identified high risk, and V. vulnificus is detected regularly, a
need exists for mitigation strategies. Two such potential strategies are tested, (i) to reduce V.
vulnificus abundance through seagrass, or (ii) through the reduction of eutrophication (Chapter
III and IV).
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Chapter I: Global coverage of V. Chapter II: Rapid V. vulnificus
vulnificus and environmental identification strategy
modulation 2

Chapter I11: Mitigating proliferation: @ Chapter IV: Mitigating proliferation:
temporal study ~ spatial

Figure 7. Graphical overview of chapters. Ranging from prediction (Chapter 1), to validation (Chapter
1) and mitigation (Chapter IIl & IV) of V. vulnificus proliferation

Conducted experiments and analysis

For chapter I, 70,640 archived samples from ENA were reanalyzed and the
reprocessed sequences were compared to a custom database to identify samples that contained
V. vulnificus. Subsequently, temperature, salinity, chlorophyll-a (chla) and surface current data
was collected using remote sensing data. The goal was to quantify the prevalence of V.
vulnificus on a global scale and to illustrate a potential poleward spread. As a secondary goal,
through using the remote sensing data, a global RF model for the prediction of relative V.
vulnificus abundance was trained. A tertiary goal was the identification of good microbial
predictors of relative V. vulnificus abundance using a 2-step RFE-RF approach for the

prediction of V. vulnificus. The results are described in Chapter L.

For chapter II, a set of potential V. vulnificus isolates from the Baltic Sea, largely
covering its salinity gradient, collected in 2021 and 2022 was grown on both thiosulphate-
citrate-bile salt sucrose (TCBS) agar (Merck KGaA, Darmstadt, Germany) and CHROMagar™
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(CHROMagar™, Paris, France). The suspected potentially pathogenic Vibrio isolates were
identified through multiplex real-time PCR. The results are described in Chapter 11

For chapter III, the conditions promoting and regulating V. vulnificus over the summer
season were tested at three different salinities by sampling a coastal station in Finland,
Germany and Denmark between May and October 2022. Sampling was performed inside, at
the border of, and outside of seagrass meadows. Absolute and relative abundances of Vibrio
spp. and V. vulnificus, measured using ddPCR, were compared to physico-chemical parameters
and the microbial community. Physico-chemical parameters measured were temperature,
salinity, oxygen concentration, chla, ammonium, phosphate, nitrate and bacterial counts. The
microbial community was analyzed using 16S rRNA amplicon sequencing. Wilcoxon Rank
Sum Test was used to compare abundances inside, at the border of, and outside of seagrass
meadows. Spearman rank correlation was used to quantify the relationship between Vibrio spp.
and V. vulnificus in the water column and physico-chemical parameters, and a prediction
model was constructed using stepwise multiple regression. The potential impact of sediment
resuspension on V. vulnificus abundance, was estimated by identifying differentially abundant
OTUs in the sediment using a negative binomial Wald test and using their relative abundance

in water samples as an indicator.

For chapter IV, samples covering the salinity gradient of the Baltic Sea were collected
inside, near and far from seagrass meadows at different eutrophication levels. V. vulnificus
abundance was quantified relatively using 16S rRNA sequencing and absolute numbers were
approximated using bacterial cell counts and through ddPCR. The potential mitigating effects
of both seagrass and differences in eutrophication were tested. Samples inside, near and
outside of seagrass meadows were compared using Wilcoxon Rank Sum Test. A
eutrophication index was made using a PCA and V. vulnificus was shown to vary with it. A RF
model was trained on the combined prokaryotic, eukaryotic and environmental dataset to
predict both the approximated V. vulnificus cell counts and the vwhA gene counts mL'. Feature

importance was determined using an RFE algorithm.
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Chapter 1. Poleward spread, environmental modulation, and
predictive modeling of global Vibrio vulnificus abundance

The following chapter was submitted to Communications Earth & Environment as:

David Riedinger, Christiane Hassenrueck, Daniel Herlemann, Matthias Labrenz. Poleward
spread, environmental modulation, and predictive modeling of global Vibrio vulnificus

abundance

David Riedinger’s contribution to the written manuscript was ~90%

Abstract

The proliferation of the potentially pathogenic Vibrio vulnificus due to climate change
poses a growing public health threat worldwide. To evaluate its current distribution and
determine predictors of relative abundance, we present a global reanalysis of archived 16S
rRNA gene sequencing data. Two random forest models were trained to predict relative
abundance using either satellite data or the prokaryotic community. A poleward shift of V.
vulnificus presence over a 10-year period was revealed. The models indicated that, besides
temperature and salinity, both chlorophyll-a and surface currents likely played a role in relative
V. vulnificus abundance and that non-vulnificus Vibrio spp. and Pseudoaltermonas spp. were
bacterial predictors of V. vulnificus. Collectively, this indicates decaying phytoplankton
blooms stimulate V. vulnificus relative abundance. The poleward trend could accelerate due to
climate change-induced changes in phytoplankton dynamics and currents; factors that should

be integrated into predictive modelling to estimate future risks.
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Introduction

Human-induced greenhouse gas emissions are influencing our climate!, already
resulting in a 1.2 °C increase in the global mean temperature since the pre-industrial era’.
Despite the Paris Climate Agreement's objective to restrict the rise in global average
temperature to two degrees at maximum!'®, there is likely a 1.5 °C increase by the early

2030s'.

The impacts of climate change may be particularly pronounced along the world's
coastlines, critical interfaces between natural ecosystems and human populations, representing
significant sources of economic activity, tourism, and leisure*. Besides the known threat of sea-
level rise and increased storm and flood intensity, there is also a rising concern regarding
human disease from pathogens®, such as Vibrio spp. These gram-negative bacteria, commonly

present in marine and estuarine waters?, flourish in warm, brackish environments’.

Of particular concern is Vibrio vulnificus, the most lethal human pathogenic Vibrio,
which favors temperatures >15 °C and mesohaline conditions®. Climate change will likely
increase both the geographic range and prolong the growth period of V. vulnificus, leading to
an increase in infections in temperate regions at higher latitudes’. An infection can swiftly
progress to necrosis, necessitating urgent surgical tissue removal or limb amputation in
approximately 10 % of cases’ and mortality rates as high as 18 %%, with fatalities often

occurring within 48 hours of exposure!!.

Despite the expected increase in range and growing season, the associated poleward
spread of infections, and the known lethality, drivers of V. vulnificus likely global distribution -
or the distribution itself - are not fully understood. Amplicon sequencing, a high-throughput
sequencing method, allows for detailed taxonomic composition analysis of prokaryotic
communities, but studies are generally limited in their temporal and spatial extent'>'4. The
steadily increasing volume of data available in public archives presents opportunities for large-
scale re-analyses of thousands of datasets. This approach also enables the determination of the
relative abundance of V. vulnificus within the overall bacterial population and assesses the

extent of its spread and co-occurrence with other species at an increased spatiotemporal scale
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and resolution. However, a comprehensive re-analysis of environmental amplicon data to

monitor the spread of this pathogen is still missing.

We inferred the global distribution of V. vulnificus from 70,640 archived amplicon sequencing
runs, hereafter referred to as datasets, in combination with freely available remote sensing data.
This allowed the modelling of relative V. vulnificus abundances based on environmental
factors at the global scale, the localization of global hotspots, and the observation of shifts in

spatial distribution over time.

Results

We investigated the global distribution of V. vulnificus using publicly available
sequencing datasets. Originally, 2,647,697 archived datasets were screened based on associated
metadata, resulting in 70,151 datasets acquired from ENA. An additional 415 datasets were
included from Riedinger et al. 2024!> and 74 from the now public study accession
PRINA1011541 from the Baltic Sea. The analyzed datasets ranged in latitude from 78° S to
83.1° N and spanned to globe laterally. Our analysis revealed the near global presence of V.
vulnificus, with 1,969 datasets where V. vulnificus presence was identified. Among these, 676
datasets were amplified in the V3-V4 region, while 1,321 datasets were amplified in the V4
region. Hotspots of relative V. vulnificus abundance were found along the East Asian, US-east,
and southern Baltic Sea coastlines (Fig. 1a). The southernmost V. vulnificus presence was
detected in 2019 (study accession: PRINA903199), while the northernmost was identified in
2012 (study accession: PRINA322089). V. vulnificus was found increasingly northward every
year between 2013 and 2021 except in 2015 and 2020. The datasets with the highest relative
abundance were concentrated in the tropics, with 45% of all detections occurring in tropical
regions. The majority (80%) of all V. vulnificus detections were in the northern hemisphere,
exhibiting a median relative abundance of 0.004%. In contrast, detections in the southern
hemisphere had a higher median relative abundance of 0.02%. The highest observed relative
abundance of V. vulnificus (3.23%) was recorded in French Polynesia in the year 2016. The
median relative abundance of V. vulnificus varied per year, ranging from 0.0029% in 2021 to
0.011% in 2022. However, there was no discernible trend indicating an increase or decrease in

relative abundance over time. The global median relative abundance was 0.0056%. The
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proportion of datasets where V. vulnificus was detected was highest in 2021 and 2018 and
lowest in 2013 (Suppl. Fig. 1).

V. vulnificus was detected between sea surface salinities (SSS) of 4.33 and 39.80.
Occurrence at the lowest SSS was in 2021 in a river mouth draining into the Baltic Sea near
Peenemiinde, Germany, and at the highest SSS in a bay near Hurghada, Egypt, in the northern
Red Sea. Among the datasets containing V. vulnificus where temperature data were acquired,
99.4% had temperatures above 15°C, 99.1% had temperatures above 18°C, and the median
temperature was 19.8°C. V. vulnificus was detected between 5.4 °C in Portsmouth, UK, in
March 2022 (Study accession: PRINA587708) and 32 °C in a sewage outflow in Jeddah, Saudi
Arabia, in October 2015 (Study accession: PRINA386576).
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Figure 4. Spatial and temporal distribution of V. vulnificus globally. (a) Worldwide spatial
distribution and relative abundance over time, with white dots representing 70,640 screened datapoints.
(b) Relative abundance of V. vulnificus over time by latitude. (c) Relative abundance of V. vulnificus
versus SST and chl-a. (d) Relative abundance of V. vulnificus versus both north-south and east-west
current speeds.
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High relative abundances were typically linked to elevated temperatures, whereas at
lower temperatures between 20 and 25°C, similar relative abundances were only reached at
elevated concentrations of chl-a (Fig. 1¢). Generally, chl-a values ranged between 0.029 and
30.54 ug L' with a relative abundance of V. vulnificus of 0.0032% at the highest chl-a
concentration. Considering current speeds (Fig. 1d), 94.3% of the datasets with V. vulnificus
originated from locations where currents were observed to be under 1 m/s along both the north-
south and east-west axes. Generally, higher relative abundances were associated with lower
current speeds. No V. vulnificus was detected in areas with east-west currents exceeding 1 m/s

or north-south currents exceeding 1.8 m/s.
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Figure 5. Performance and feature importance of the global V. vulnificus model based on remote
sensing data (a + b) and on the prokaryotic community (c + d). (a + c) Model prediction on the y-axis
compared to the values in the test set (x-axis), the red-dashed line is the 1:1 line. Performance measures
on the test dataset are given. (b + d) Feature importance scaled between 0 and 100, of the top predictor
variables.

The relative abundance of V. vulnificus was predicted using a random forest (RF)
model based on remote sensing data for 1208 datasets, including those amplified in either the
V3-V4 or V4 region, with complete predictor values, and using the prokaryotic community
data from 676 datasets amplified only in the V3-V4 region. The model based on the remote
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sensing data explained almost 50% of the variance, both on the test dataset and using 10-fold
cross-validation (Fig. 2a, SI Table 1). SST was found to be the best predictor, followed by chl-
a and SSS (Fig. 2b). E-W Ekman drift held the lowest explanatory power for the relative
abundance of V. vulnificus. Members of the prokaryotic community predictive for V. vulnificus
were represented by 400 sequence-based taxonomic features. In the top 10 predictors, six
representatives of the Vibrionaceae family were found, four of which belonged to the genus
Vibrio and two to the genus Catenococcus. Further, two Pseudoalteromonadaceae

Pseudoaltermonas, Rhodobacteraceae Marivita, and Flavobacteriaceae NS3a marine group

were found to be important.
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Previous page: Figure 3. Averaged prediction of V. vulnificus suitability in the Baltic Sea over
August 2021 based on remote sensing data using the RF. Infection cases in the Baltic Sea region
normalized to official monitoring year or years for which data could be acquired based on Gyraite et
al., 2024. The data for gray areas was incomplete and a prediction could thus not be made.

Using satellite data from August 2021, the global model shown in Figure 2a+b was
employed for the Baltic Sea (Fig. 3), as this region provides excellent environmental
conditions for V. vulnificus. Consequently, it relatively comprehensive data sets are available
for Sweden and Germany and to a lesser extent other Baltic Sea counties (Gyraite et al. 2024),
which can be used as validation for our model. The V. vulnificus suitability was predicted to be
highest at the southwestern/southeastern Baltic Sea coast, and the lowest in the Gulf of Bothnia
and the Gulf of Finland. In fact, the southern coast is also the region with the highest infection
rates recorded over the past three decades. The high-risk areas were associated with moderate
SSS (Suppl. Fig. 3b) and high SST (Suppl. Fig. 3c). Current speeds in the Baltic Sea were
generally low in August (Suppl. Fig. 3d), and chla values, integrated over the same period, did
not exhibit a clear relationship with V. vulnificus suitability (Suppl. Fig. 3a). Since
phytoplankton blooms are characterized by high chla concentrations over only short periods,
the resulting signal when averaged will be minimal. The regions classified as very low-risk

have low SSS.

Discussion

In this study, we obtained 1969 global 16S amplicon datasets from archived
sequencing data, in which V. vulnificus could be detected. This resulted in a global overview of
V. vulnificus occurrence, spread, and changes in relative abundance. We modelled the relative
abundance of V. vulnificus using a RF, providing high-resolution prediction of environmental
suitability. Globally important prokaryotic predictors were determined using a combination of
RFE and RF, indicating that decaying phytoplankton blooms might stimulate V. vulnificus

proliferation.

The projected poleward expansion of V. vulnificus attributed to global warming’ is
visible between 2013 and 2021 when only non-host associated V. vulnificus are taken into
account. The most northerly detected V. vulnificus in 2012 was in association with a copepod,

while the northernmost non-host-associated V. vulnificus was detected in 2021 in the Baltic
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Sea. Within the same timeframe a similar pattern, albeit less clear, emerges for the southward
spread. The most southern dataset (study accession: PRINA903199) originated from a study
investigating the adaptation of microbial communities in Patagonia (Argentina) to massive
DOM turnover due to decay of the invasive brown algae Undaria pinnatifida. The presence at
such a southern point could be attributed to this influx of DOM'2. The sampling density is,
however, much lower in the southern hemisphere, limiting the reliability of the perceived
southward trend. Sampling bias is unlikely to contribute significantly to the poleward shift in
V. vulnificus detection due to the substantial number of analyzed datasets in more polar regions
each year than the most northerly positive dataset (Fig. 1a & Suppl. Fig. 2). Few sampling
points north of 60.12° latitude were recorded in 2021, indicating the possible existence of more
polar V. vulnificus that were not included in the datasets (Suppl. Fig. 2). There was no notable
change in the median relative abundance of V. vulnificus per year over the 10-year period.
However, the proportion of detections reached its peak in 2021, followed by 2018 (15.3 and
6.3% respectively; Suppl. Fig. 1), coinciding in 2021, with a higher frequency of detections
between latitudes 53°N and 66°N.

The global patterns of hotspots on the East Asian, US-east, and southern Baltic Sea
coasts coincide with densely populated areas, indicating major risks for the coastal population
there. As previous studies have proposed, high population density and the associated
eutrophication itself might amplify V. vulnificus abundance while also escalating infection risk
through heightened exposure'?. An increase in infections at these hotspots has been noted on
the US coast'®, the Baltic Sea'®, and the East Asian coast'’. An aging population in the Baltic

Sea region'®, East Asia'®, and the USA?® will exacerbate these infection rates.

These problems will only further intensify due to the increased proliferation of V.
vulnificus at higher temperatures, which was found to be the crucial factor in our study and in
existing literature?'. This explains why the majority of datasets with high relative abundance
originated from the tropics. In this tropical region, solar radiation and temperatures are globally
at their maximum and constantly high. The distribution therein, however, is likely modulated
by primary productivity (approximated by chl-a), SSS, and possibly current speeds at the

regional level.
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The importance of chl-a in addition to SST, when predicting relative V. vulnificus
abundance, is in accordance with recent literature!*!3. The relationship between chl-a and V.
vulnificus is non-linear and potentially dependent on other environmental parameters, as a
direct relationship was not detected. Possibly, as hypothesized earlier, it is not the high
concentrations of phytoplankton itself that lead to high relative V. vulnificus abundances but
rather the breakdown of it and the release of dissolved organic matter'>*2, This would also
explain why lower current speeds generally favor a higher relative abundance of V. vulnificus.
The more stagnant waters are usually more stratified and consequently, they foster larger
surface blooms® which after depletion of the local inorganic nutrients, decompose. The

12,24

organic nutrients, presumably important for the rapid growth of V. vulnificus'>~*, subsequently

lead to an increase in the relative abundance.

This theory is supported by the predictive power of early microbial colonizers for the
relative abundances of V. vulnificus. Other members of the genus Vibrio are generally early
colonizers of new particles and rapidly respond to changing environmental conditions®. They
belong to some of the fastest-growing bacteria?® and can form massive, but short-lived, blooms
when conditions are favourable?’. A similar image arises from the high predictive capacity of
Pseudoaltermonas, which has been previously connected to decaying blooms that also led to
an increase in Vibrio®®. Members of this genus have already been shown to cause cell lysis in
the algal bloom, leading to its decay®’. Such an algal bloom and plentiful organic material also
stimulates members of the Roseobacter clade (Rhodobacteraceac Marivita)®.
Flavobacteriaceae have been previously shown to be a relevant predictor V. vulnificus in RF
models'?, and are known to be part of the rapid succession of bacterioplankton species after a
spring bloom®!. Catenococcus has been previously detected together with Pseudoalteromonas
and Vibrio, in association with Indian white shrimp (Penaeus indicus)*. Various shrimp
species are known vectors for V. vulnificus®, potentially contributing to its spread or increasing
its abundance in the water. Additionally, since Catenococcus and Vibrio are not easily
distinguished based solely on16S rRNA gene regions and Catenococcus is further disputed as a
genus separate from Vibrio®, the earlier inferences about members of the genus Vibrio may

also apply to Catenococcus.
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We introduce a novel model that enables the global prediction of V. vulnificus based
on near real-time (NRT), globally accessible, and freely available remote sensing data: SST,
chl-a, SSS, and ocean current speed data. Our model accounts for nearly 50% of the variance
in V. vulnificus relative abundances. Modelling is conducted only on datasets where V.
vulnificus was detected because a dataset without detection does not equate absence of V.
vulnificus. The lack of detection could be due to insufficient sequencing depth, an incomplete
comparison database, or DNA loss from extraction biases. Therefore, absence is ambiguous,
while presence is more definitive. While we are introducing a bias, restricting the model to
presence-only observations, it is possible to disentangle the factors influencing the proportion
of V. vulnificus at a much higher resolution, as this approach a priori excludes any conditions
that are not conducive to V. vulnificus. The model's performance indicates that, despite inherent

109

errors in satellite-based observations'”, it covers a substantial portion of the parameters that

influence either V. vulnificus abundance or are correlated with it.

Presently, risk assessments are conducted by modeling the environmental suitability
for Vibrio spp. in general, rather than specifically for the potentially highly pathogenic V.
vulnificus. While some of these might themselves be good predictors of V. vulnificus, the
higher specificity of our model is particularly valuable for groups susceptible to a V. vulnificus
infection. The model proposed by Baker-Austin et al., 20127, which is primarily based on SST
and validated on historical infection data, is limited to 280 infections for validation as of their
publication. The recorded cases of V. vulnificus infections are likely an underestimation of the
actual number of infections®®. In our model, data volume is increased by using 1208 global
datasets, increasing its robustness. Using ML, we address more intricate interplay among the
variables than the generalized linear models currently in use’. Primary production and the
degradation of biological matter likely influence the proliferation of V. vulnificus differently, at
various SSTs and current speeds. SST alone did not fully explain the variance in V. vulnificus
relative abundance, with chl-a and current speed being relevant predictors. These parameters
are globally available in NRT and can thus be used for risk prediction along coastlines
worldwide. Predictions might improve in areas that recently experienced a large plankton
bloom'2, where our model would predict higher risks than the existing model. Areas with high

SST, high current speeds, and low nutrient supply exhibit, according to the presented results, a
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lower risk than would be deduced solely from SST. Following the findings of our models, it is
reasonable to expect that the poleward trend of V. vulnificus due to climate will be exacerbated
by predicted increases in (harmful) algal blooms at higher latitudes due to climate change®’.
Cyanobacterial blooms, which have been previously implicated in V. wvulnificus

12247 will benefit substantially from the changing climate in brackish regions?®.

proliferation
This underscores the benefit of incorporating additional parameters beyond SST and SSS into

V. vulnificus suitability modeling.

Despite the model performance, issues with using remote sensing data to predict V.
vulnificus remain. Due to a preference for brackish waters, V. vulnificus are often found in
(small) estuaries where SSS can rapidly change with the tides. This variability makes it
challenging for remote sensing methods to accurately capture SSS with only daily
measurements. This problem, albeit to a lesser extent, affects all other parameters as well.
Additionally, the applied bounding box method can result in the inclusion of satellite data from
outside the estuary, which often has much higher salinity levels, leading to inaccuracies.
Additionally, the data mining approach could not reliably exclude datasets from such as coastal
fish farms, non-surface waters, and sewage outlets which have very different local conditions
compared to those detected by remote sensing. However, the extensive amount of data
available from archived and satellite sources helps to compensate for the increased noise in the

dataset, resulting in robust predictions.

The comparison of predicted environmental suitability for V. vulnificus in the Baltic
Sea, averaged over August—the month with the highest infection risk—with reported infection
cases demonstrates this robustness. Assuming SSS*°, SST*’, phytoplankton dynamics, and
current speed*! patterns are relatively regular, a similar risk profile for the Baltic Sea can be
assumed each summer. This aligns with the recorded infections per year, with regions with
higher rates also having an elevated environmental suitability for V. vulnificus. Monitoring
efforts remain incomplete in numerous countries and are entirely absent in significant portions
of the eastern Baltic Sea region. Furthermore, the precise etiology of many Vibrio spp.
infections remains unknown, complicating accurate comparisons. Gyraite et al., 2024 predicted

that there were unreported cases in Lithuania and Poland over the last three decades. These
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predictions align with the modelled environmental suitability for V. vulnificus. Additional
validation is advisable using the increasing number of infection cases with a known origin as
they become available. The similarity in regional patterns does, however, indicate that the
proposed model may have a role in infection prediction as well as V. vulnificus environmental

suitability prediction.

Methods

The full workflow is schematically represented in Figure 4 outlining the analysis

described in more detail in the following section.

Metadata based filter

168 rRNA V.

Trim (and merge) sequences

10,000
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Sequence validation
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= 3 reads with
imilarity and query

V. Vulnificus database Sattelite data acquisition
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from environmental data
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Figure 4. Overview of the workflow used in this study. Initial data acquisition (purple), processing
steps (blue), final products (teal).

Obtaining raw reads and initial data selection

Metadata for raw amplicon reads (2,647,697) with specific criteria (tax_tree(408169)
AND library_strategy = "AMPLICON", AND library_selection="PCR" AND library layout =
"PAIRED" AND instrument platform = "ILLUMINA" AND library source =
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"METAGENOMIC") were obtained through an advanced search on the European Nucleotide
Archive (ENA) on October 24, 2023. These underwent an initial metadata-driven selection,
excluding data sets lacking latitude and longitude information. Subsequently, a positive
selection based on presumed environmental origin (NCBI taxon_id) and negative keyword-
based selection was performed on completed descriptive columns (full list of terms in the
repository), and those with non-marine and/or non-prokaryotic sample submission checklists,
host _tax_ids, or non-16S rRNA amplified datasets were excluded. Datasets further than 50km
from the coast were removed using a high-resolution coastline (10m) dataset from natural earth
(V. 4.1.0). Samples collected for both Riedinger et al., 2024'* and an associated study (study
accession PRINA1011541) were additionally included. 70,640 runs, for which Fastq files were

retrieved, were retained in total for initial analysis. These are referred to as datasets.

Trimming, merging, and filtering of raw reads

Despite restricting the data selection to paired-end runs, data retrieved from the SRA
was available in both merged and unmerged form. Merged and unmerged reads were quality
trimmed using a sliding window approach implemented in bbduk.sh of the bbmap software

suite version-39.01%

, with a window size of 4 and average quality 15, and unmerged datasets
were subsequently merged. Reads shorter than 248 base pairs were discarded and datasets with
< 10,000 reads or more than > 60% of reads lost during quality control were removed. The
remaining datasets were then compared (blast-2.13.0%¥) to a custom database comprising of
238 16S rRNA V. vulnificus sequences sourced from RefSeq* and from a custom V. vulnificus
database®. Only datasets with >3 reads which had more than 95% similarity and query
coverage to the custom database were retained and reformatted to fasta files for further
analysis. This data collection represented 26357 data sets of likely 16S rRNA origin, which
might contain V. vulnificus. Datasets were processed using Snakemake version 6.15.1%¢ as a
workflow manager on the compute cluster Emmy of the Gesellschaft fiir wissenschaftliche

Datenverarbeitung mbH Géttingen (GWDG), Germany, of the Alliance for National High-
Performance Computing (NHR).
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Alignment and identification of the amplified region

Using ARB (V. 7.0)*, positions were identified where V. vulnificus could be
differentiated from its closest relatives, such as V. pommerensis and V. navarrensis. This was
achieved by comparing V. vulnificus type strains to known V. pommerensis and V. navarrensis
sequences and type strains of sister branches (Vibrio thalassae, Vibrio madracius, Vibrio
mediterranei, and Vibrio shilonii). Position 10266 within the SILVA alignment was identified
as the most divergent between V. vulnificus and the other sequences. Position 15968 in the
SILVA alignment further allows for the distinction between V. vulnificus and V. pommerensis
and V. navarrensis only while 16421 to 16427 allow for the differentiation between V.
vulnificus and type strains of the sister branches mentioned above. Consequently, only the V3-
V5 regions are suitable for the differentiation between V. vulnificus and other Vibrio based on
the 16S rRNA gene. Retained datasets were aligned to the global SILVA* alignment using
SINA® (V. 1.7.2) and revealed three distinct clusters covering the identified positions (Suppl.
Fig. 4), presumably generated using 3 primer pairs binding to Escherichia coli 16S rRNA
positions 341 — 806, 515 - 806, and 515 - 926, corresponding to the hypervariable regions V3-
V4, V4 and V4-V5. These were cut using seqtk®® (V. 1.3.) to the corresponding SILVA
alignment positions (6472 — 23441, 13862 — 23446, and 13862 — 27656). This resulted in
25730 datasets left for analysis, 10703 in the V3-V4 region, 5444 in the V4, and 9583 in the
V4-Vs.

Denoising and V. vulnificus detection

Per amplified region, reads were dereplicated and denoised into zOTUs using the
UNOISE®! algorithm implemented in VSEARCH (V. 2.27.0)%. After dereplication, singletons
were removed and UNOISE was used to denoise reads into zOTUs (minsize = 10 and alpha =
3). The remaining reads with an abundance between 2 and 9 were mapped to the generated
zOTUs®'. The zOTUs were then compared to the SILVA database (V. 138.1) and the custom
V. vulnificus 16S rRNA gene database. Only zOTUs with either 100% query coverage and
similarity to the custom database or those with > 99.5% similarity and no other species hit in

SILVA were classified as V. vulnificus. Only datasets with at least three V. vulnificus reads
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were retained for further analysis. No such zOTUs were found in the V4-V5 datasets and

therefore datasets amplified in this region were not included in the further analysis

For all samples where V. vulnificus was detected, the relative sequence abundance of
all zOTUs identified as V. vulnificus were summed and taxonomy was assigned to the
remaining zOTUs using DADA2 (V. 1.26) assign_taxonomy() with SILVA*® (V. 138.1) as
the reference database. A bootstrap cutoff of 50 was chosen, and all chloroplast, mitochondrial,

and eukaryotic zOTUs were removed.

Remote sensing data

To retrieve satellite-based environmental data for datasets where V. vulnificus was
detected, the E.U. Copernicus Marine Service was used. Chl-a, SST, SSS, Ekman currents,

geostrophic currents, and general current values were obtained (Table 1).

Table 1. Data sources for remote sensing data acquisition

Data Product DOI

chl-a cmems_obs-oc_glo bgc-plankton_my_14- 10.48670/moi-00281
gap-free-multi-4km_P1D

SST C3S-GLO-SST-L4-REP-OBS-SST 10.48670/moi-00169

SSS cmems_obs-mob_glo phy- 10.48670/moi-00051
sss my multi P1D

Ekman currents + cmems obs mob glo phy- 10.48670/mds-00327

average currents cur my 0.25deg P1D-m

Geostrophic currents cmems_obs-sl _glo phy-ssh my allsat-14- 10.48670/moi-00148
duacs-0.25deg P1D

Only datasets with valid collection dates (a distinct year, month, and day) were

included, due to many datasets being coastal there was no value for some of the parameters
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from satellite-based measurements. A bounding box method was used, where the values were
averaged over a 10x10km square surrounding the original sampling point. When data was
missing after remote sensing and screening the metadata available from ENA, the original

publication linked to the archived dataset was used to find environmental data if possible.

Machine learning

The relative abundance of V. vulnificus was predicted using RF (Caret** V. 6.0.94), (i)
based on the satellite data, for both hits from V3-V4 and V4 V. vulnificus detections and (ii)
based on the prokaryotic community using only the V3-V4 datasets where V. vulnificus was
detected. The inclusion of only those datasets introduces a positive sampling bias and means
the models are in essence predicting not the presence, but the relative abundances when the
conditions for the presence of V. vulnificus were met. The data for both models was split into
train/test (0.8/0.2) and validated, using the log 10 transformed data target variable, once on 10-
fold CV on the training set and subsequently on the test set. The prediction based on remote
sensing data was performed without any further feature selection with 9 predictors on 1208
datapoints (mtry 5, ntree 1000). To improve both prediction accuracy and decrease runtime
when using the prokaryotic community, a two-step feature selection was implemented on the
train dataset. First zOTUs not present in at least 30 samples were removed from the feature
space. The impact on the structure of the total prokaryotic community was estimated to be
minimal based on the limited effect on the difference between Bray-Curtis dissimilarity before
and after the filter (Suppl. Fig. 5). A further selection was made on the zOTUs with RFE*
using 10-fold CV. 400 optimal features were selected and used to train a RF (mtry = 20, 1000

trees). Important variables were selected using the varlmp() function.

The satellite-based model was subsequently used to predict the V. vulnificus suitability
in the Baltic Sea in August 2021. Since the training data lacks negative datasets, the model
invariably predicts some level of suitability. Consequently, the category labeled "very low"
(depicted as white in the plot) corresponds to the lowest 25th percentile of these predictions.
This corresponds to a relative abundance of V. vulnificus in the prokaryotic community <
0.0014 %. The highest predicted value, defined as medium suitability is 0.0057%, which is

15% of the global average relative abundance.
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Code availability

The full analysis code is available under [https://git.io-
warnemuende.de/riedinge/datamining_vulnificus DR _CH.git]. Metadata-based filtering is
performed in [DataMining dataCheck GlobalVulnificus round3], bioinformatics processing
in [Gitbash R Datamining_approach / Snakemake wf], ML, statistics and plots generation in
[Global vul rescue replotting.R / Final gif gen script.R], and remote sensing data

acquisition under [Remote sensing workflow].

Data availability

A full list of 16S rRNA gene amplicon sequencing data run accessions that were found
to contain V. vulnificus can be found in the repository. Runs originate from the following study
accessions: PRJEB34343, PRINA623254, PRINA630412, PRINA631060, PRINA632439,
PRJDB10706, PRJDB13015, PRINA707228, PRIJDB14309, PRJDB14340, PRJDB16011,
PRJEBS57240, PRIEB26390, PRIEB27168, PRJEB37200, PRJEB38452, PRJEB33004, PRJEB40757,
PRJEB45256, PRJEB8682, PRJEB52828, PRINA562054, PRJEB49001, PRINA564579,
PRINAS565073, PRINA576217, PRINAS587892, PRINAS563869, PRINAS592571, PRINAS592522,
PRINAS591065, PRINA575947, PRINA600742, PRINA602157, PRINAS587708, PRINA609879,
PRINA612127, PRINA612509, PRINAG637472, PRINA643495, PRINA645586, PRINA658993,
PRINA663922, PRINA665805, PRINA668061, PRINA670572, PRINA674960, PRINA678525,
PRINA681520, PRINA629477, PRINA683924, PRINA667067, PRINA688121, PRINA689652,
PRINA701450, PRINA718137, PRINA726636, PRINA733060, PRINA723986, PRINA728349,
PRINA730095, PRINAS555077, PRINA732997, PRINA744215, PRINA747833, PRINA612045,
PRINA779745, PRINA782021, PRINA705154, PRINA783808, PRINA784289, PRINA791535,
PRINA748089, PRINA752974, PRINA766413, PRINAS00805, PRINA771562, PRINA772072,
PRINA307596, PRINA780656, PRINA824287, PRINAS27494, PRINA7T91513, PRINA278075,
PRINA382610, PRINA836615, PRINA836712, PRINA282701, PRINA279146, PRINA839924,
PRINAS25348, PRINAS830329, PRINA280923, PRINA870476, PRINAS872882, PRINAS77068,
PRINAS78934, PRINAS888416, PRINA&93097, PRINA903199, PRINA876773, PRINA908141,
PRINAS73249, PRINA928105, PRINA938291, PRINA939845, PRINA928313, PRINA945202,
PRINA950592, PRINA909298, PRINA967682, PRINA922724, PRINA506563, PRINA879770,
PRINA976638, PRINA1003239, PRINA380120, PRINA414763, PRINA324410, PRINA338729,
PRINA324417, PRINA322089, PRINA351850, PRINA354655, PRINA382809, PRINA358038,
PRINA386576, PRINA341929, PRINA388809, PRINA388812, PRINA379850, PRINA247822,
PRINA401168, PRINA408048, PRINA408271, PRINA413618, PRINA401637, PRINA419831,
PRINAS17146, PRINA431510, PRINA431050, PRINA453627, PRINA436216, PRINA472049,
PRINA479721, PRINA483963, PRINA486858, PRINA495084, PRINA498285, PRINA498402,
PRINAS510085, PRINAS509355, PRINAS525234, PRINA478695, PRINAS530378, PRINAS530696,
PRINAS543129, PRINA544301, PRINAS546573, PRINAS548204, PRINAS562056, PRINAS548158,
PRINA421139, PRJEB68222
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This study has been conducted using E.U. Copernicus Marine Service Information;
10.48670/moi-00281, 10.48670/moi-00169, 10.48670/moi-00051, 10.48670/mds-00327,
10.48670/moi-00148.
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Abstract

With rising infection rates in recent years, Vibrio vulnificus poses an increasing threat
to public safety in the coastal brackish Baltic Sea. It is therefore important to monitor this
organism and assess the V. vulnificus infection risk on a more regular basis. However, as the
coastline of the Baltic Sea is 8000 km long and shared by nine nations, a convenient, fast,
inexpensive, yet efficient V. vulnificus identification method is essential. We evaluated the
effectiveness of a two-step agar-based approach consisting of successive Vibrio isolation and
cultivation on thiosulphate-citrate-bile salt sucrose (TCBS) agar and
CHROMagar™ Vibrio for V. vulnificus in comparison with V. cholerae, V. parahaemolyticus,
and V. alginolyticus. Our study contains isolates from water and sediment across a broad
expanse of the Baltic Sea including 13 locations and two different summers, the time of year
during which Vibrio infections are usually much more frequent. Confirmation of isolate
species identity was carried out using molecular analyses. The two-step agar plating method
performed well across different locations and timeframes in correctly identifying V.
vulnificus by more than 80%, but the sensitivity in other Vibrio species varied. Thus, our
approach yielded promising results as a potential tool for early V. vulnificus detection across a

broad timeframe and transect of the Baltic Sea and potentially other brackish environments.
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Introduction

Bacteria of the genus Vibrio are ubiquitous members of marine ecosystems and occur
in coastal, estuarine, brackish, and freshwaters as well as in sediments, often in association
with higher organisms [1]. The genus consists of more than 130 species and around a dozen of
cholerae serotypes O1/0139 can cause the well-known disease cholera. Beside those two, the
most important potentially pathogenic non-cholera causing Vibrio species are the ‘big four’
species, consisting of V. cholerae [different non-O1/0139 serotypes], V. vulnificus, V.
parahaemolyticus, and V. alginolyticus [7]. These organisms are common pathogens present in
marine and estuarine waters, sediment, or plankton and can cause infections in humans which
are usually associated with the consumption of raw or undercooked shellfish or by wound
infections in marine or brackish water. Their characteristic disease patterns are gastroenteritis
(V. cholerae, V. vulnificus, and V. parahaemolyticus), ear infections (V. cholerae and V.
alginolyticus), wound infections (V. wvulnificus, V. cholerae, V. alginolyticus, and V.
parahaemolyticus), or sepsis (V. vulnificus) [2]. Increasing water temperatures can lead to both
the increased abundance of Vibrio spp. and the occurrence of accordant potential
pathogenic Vibrio species. Importantly, and this differentiates Vibrio spp. in general from the
major foodborne pathogens Salmonella, Listeria, Escherichia coli O157, and Campylobacter,
it has been shown for the USA between 2006 and 2013 that it is the only group currently
increasing in occurrence [8]; thus, the behaviour or appearance of members especially
of Vibrio spp. change in the current environmental conditions. Consequently, with the rise in
global sea surface temperatures, there is growing concern about the potential impact of these

changes on Vibrio populations and the associated public health risks [9].

V. vulnificus infections of humans are often severe [>90% of all cases] and have mortality
rates as high as 50%, especially in immunodeficient individuals [2,7,10]. V. vulnificus blooms
have been recorded on numerous occasions [11,12,13] and it is known that its optimal growth
conditions involve water temperatures exceeding around 18 °C and salinity levels ranging from
5 to 25 practical salinity units (PSU) [14]. This provides V. vulnificus with optimal growth
conditions in the Baltic Sea. The Baltic Sea is a semi-enclosed marginal sea of the Atlantic
located in northern Europe, with a coastline of approximately 8000 km and covering an area of
415,266 km?. Saline inflows through the North Sea produce a 2000 km long lateral surface
salinity gradient throughout the whole Baltic Sea, ranging from high salinities [>25] in the
transition zone of the Kattegat to low salinities [<5] in the Gulf of Bothnia [15]. The Baltic Sea

42


https://www.mdpi.com/2076-2607/12/3/614#B1-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B2-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B3-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B4-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B5-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B6-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B7-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B2-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B8-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B9-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B2-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B7-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B10-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B11-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B12-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B13-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B14-microorganisms-12-00614
https://www.mdpi.com/2076-2607/12/3/614#B15-microorganisms-12-00614

Chapter 11

faces one of the highest warming rates in marine ecosystems worldwide; thus, it is considered a
high-risk environment for Vibrio infections [16]. Indeed, infection numbers have increased
significantly along the Baltic coast in recent years, particularly during heatwaves [13]. During
the extremely warm summers of 1994, 2003, and 2006, for instance, a plethora of reports
emerged documenting Vibrio-associated wound infections linked to recreational exposure in
this area and included numerous fatalities [17]. Besides tourists and travellers, the Baltic Sea
has almost 30 million people living within 50 km of its coastline with an increasing susceptible
risk [18]. This highlights the need to delve into the development of Vibrio monitoring tools or

early warning systems for Vibrio occurrences in the Baltic Sea.

Crucial for the understanding of Vibrio spp. distribution is an accurate identification
of Vibrio species that most frequently cause infections in humans, but especially of the most
harmful V. vulnificus. Pinpointing a timeframe of increased risk of Vibrio infection is the next
step in curbing the increasing numbers of infections and also has wide-ranging ecological and
economic effects [2,19]. In the context of the Baltic Sea, where diverse Vibrio species coexist,
precise as well as simple and cost-effective identification becomes more critical. Established
methods, such as isolation on agar plates, already exist and have been widely used
for Vibrio identification [20,21,22]. However, often these methods may lack the specificity and
sensitivity required to distinguish between closely related species [21] or require higher media
and labour costs [23]. TCBS was one of the first selective media used for the isolation
of Vibrios [24] and is widely used to isolate Vibrio from environmental samples, including the
Baltic Sea [25,26]. In contrast to other Vibrio selective media, cellobiose-polymyxin B-colistin
agar and its modified formulas, modified cellobiose-polymyxin B-colistin agar and cellobiose-
colistin agar, TCBS is commercially available and is less time-consuming, requiring only a
boiling step [20].

Thus, the objective of this study was to test a two-plate thiosulphate-citrate-bile salt
sucrose [TCBS] and CHROMagar™ cultivation approach as an easy, cheap, and efficient
species-specific tool to identify potentially pathogenic Vibrio in the Baltic Sea. Specification
was  performed on V. cholerae, V.  parahaemolyticus, V.  vulnificus, and V.
alginolyticus identifications, with a broader spatial scale for V. vulnificus. Cultivation-based
analyses were validated by Vibrio spp. specific multiplex-PCR or genus-identifying

sequencing on various spatiotemporal levels of the Baltic Sea.
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Materials and Methods

Sampling Areas

To evaluate the presence of potentially pathogenic Vibrio in the Baltic Sea based on
the combined agar identification approach, two Baltic Sea monitoring campaigns took place,
one in 2021 and one in 2022, incorporating a total of 13 sampling stations. A temporal study
took place at four locations (Figure 1; locations 1-4, Latitude and Longitude: [54.14636° N,
11.84315° E], [54.15148° N, 11.88636° E], [54.16666° N, 11.96379° E], [54.18248° N,
12.07630° E]) on a 17 km stretch of the northern German coastline across eleven weeks (4 July
2022 to 15 September 2022) and documented V. vulnificus, V. parahaemolyticus, V. cholera,
and V. alginolyticus. A spatial study focused on V. vulnificus abundance over an almost 1000
km range in the Baltic Sea. It took place from 26 July 2021 to 1 September 2021 and
encompassed nine sites along the coastlines of Germany, Poland, Finland, and Estonia (Figure

1; locations 5—13, see Supplementary File S3 for coordinates).
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Figure 1. Map of the study area in the Baltic Sea. Temporal sampling stations were 1-4 and spatial
sampling stations were 5-13.
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Environmental Sampling

Water samples were collected in both campaigns, whereas sediment samples were
exclusively gathered during the spatial approach. The workflow from the sampling location to
molecular identification and comparison is documented in Figure 2. In the temporal study,
surface water (less than 50 cm from surface) was collected at a water depth of around 1 m in 6
replicates. At each station, 15 mL Falcon tubes were dipped into the water with rubber gloves.
In Heiligendamm (location 1), the samples were taken 150 m from the shore and ca. 3 m depth
and were taken every Tuesday at the same time for the duration of the study. In Borgerende
(location 2), Nienhagen (location 3), and Warnemiinde (location 4), the samples were taken on
the beach at around 1 m depth each Monday and Thursday, for harmonisation always three
hours after sunrise, for the duration of the study. Further information on these sampling sites

can be found in Supplementary File S2. The spatial study sampling sites consisted of coastal

locations along the Baltic Sea (Riedinger et al. in revision). For the spatial study, six replicate
water samples were collected by SCUBA divers ca. 20 cm above the sediment with 100 mL
syringes and six replicates of the top 1 cm of sediment were collected with 50 mL Falcon
tubes. Environmental data of the spatial station are available in Supplementary File S3 and at
IOWMeta (doi.io-warnemuende.de/10.12754/data-2023-0010).

l Procedure phase ] [ Practical step

6 replicate water
samples at every
sampling location.

6 replicate sediment
samples at each
spatial sampling

location.

Plate on TCBS agar.
1st plating process
24 hour incubation.

Check colour of
TCBS Identification H colonies. I

Transfer individual
TCBS colonies on
CHROMagar

24 hour incubation

Preliminary Check colour of
identification 2 colonies

Presumptive "Big
four" Vibrio Plating
Process

Comparison of

preliminary
idfﬂﬂ:i:ﬁ;n identification and
molecular

identification
Figure 2. Workflow of the spatiotemporal studies.
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All samples were transferred to a 4 °C cooler immediately and stored (maximally 8 h)
until processing. Associated physical parameters salinity, temperature, and water depth were
measured using a CTD48M (Sea & Sun Technology, Trappenkamp, Germany) during

sampling at all stations.

Vibrio spp. Isolation and Culture-Based Identification

For Vibrio spp. isolation and identification, thiosulfate citrate bile sucrose (TCBS) agar
(Merck KGaA, Darmstadt, Germany) as well as chromogenic agar selective for Vibrio spp.
(CHROMagar™, Paris, France) were used. Agar plates were prepared according to the
manufacturer’s protocols. For the isolation of the Vibrio spp. from the sediment, the overlying
water in the Falcon tube was removed, and after homogenisation, a subsample of 10 g (dry-
weight determined accurately after lyophilization) was taken from each sample, and in new
sterile 50 mL Falcon tubes, 40 mL of double sterile filtered station water was added. Through
five ultrasonic pulses of 10 s at 25% capacity at 5 s intervals from the Bandelin SONOPULS
HD 2200.2 (Bandelin, Berlin, Germany), sediment-attached bacteria were detached. Following
vortexing and sediment settling, water aliquots of 50, 100, or 200 uL were spread on TCBS
agar in six biological replicates. For direct plating, each water sample was thoroughly shaken,
and 200 uL of the sample was aseptically inoculated onto a TCBS agar plate, which was
subsequently evenly spread across the surface. For indirect plating, 2 mL of each water sample
was filtered through a 0.22 polycarbonate filter (Isopore™, Merck Millpore Ltd., Cork,
Ireland) and this filter was placed on the agar plates. After incubation for 24 h at 37 °C,

colonies were quantified and preliminarily categorised according to Table 1.

Table 1. Species identification of colony forming units (CFUs) according to colour on TCBS and
CHROMagar

TCBS CFU Colour CHROMCEFU Colour  Vibrio Preliminary Identification

Green Blue V. vulnificus

Green Mauve V. parahaemolyticus

Yellow Blue V. cholerae

Yellow White V. alginolyticus/Other Vibrio Spp.
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The preliminarily identified Vibrio colonies on TCBS were restreaked onto a % wedge
of CHROMagar™ Vibrio plates and incubated for 24 h at 37 °C. The final culture-based
identification was documented according to the combined colours of colonies grown on TCBS
agar and CHROMagar™ Vibrio (Table 1).

The colonies of presumptive V. cholerae, V. parahaemolyticus, V. vulnificus, and V.
alginolyticus were suspended in 1 mL of Marine Broth (Roth, Germany). The mixture was left
for 24 h at 37 °C. Subsequently, 200 pL of this culture was combined with 300 pL of 50%
glycerol, yielding a final concentration of 30% glycerol. These isolates were shock frozen in
liquid nitrogen and stored at —80 °C. For recovery, strains were re-cultured either on Columbia
agar at 37 °C or in the case of no growth on Difco™ Marine Agar (BD Diagnostics, Sparks,
MD, USA) at 28 °C for 2448 h.

Molecular Identification of Vibrio spp.

Genomic DNA from Vibrio spp. colonies was extracted using the DNeasy Blood and
Tissue Kit (Hilden, Germany) according to the following protocol. A previously frozen
bacterial isolate was recultivated on Columbia agar or Difco™ Marine Agar and incubated for
24-48 h. For DNA extraction, an inoculation loop full of colony material was removed by
tapping five to ten single colonies. The collected material was transferred into 180 pL ATL
buffer and mixed homogeneously by pipetting up and down. Then, 20 uL proteinase K was
added, followed by incubation of the sample for 60 min at 56 °C and shaking at 450 rpm in a
thermomixer. Subsequently, 200 uL. AL buffer was added, and the sample was mixed again by
pipetting up and down followed by incubation for another 10 min at 70 °C and shaking at 450
rpm. Further processing was carried out according to the manufacturer’s instructions. The
purified DNA was eluted in two steps with 100 pL of elution buffer EB by centrifugation at
600 rpm for 1 min each, so that a total of 200 pL DNA eluate was generated. The DNA was
stored at 4 °C. The primer and probe sequences for the three multiplex real-time PCR systems
are shown in Table 2. The localization of the primers and probes for V. cholerae detection
correspond to the sequence of the superoxide dismutase (sodB) gene of V. cholerae NCTC8457
[GenBank AAWDO01000215], as well as the sequence of the cholera toxin (ctx4) gene of V.
cholerae strain B [GenBank AY376267]. The localisation of the primers and probes for V.
parahaemolyticus detection correspond to the sequence of the toxin regulator (foxR) gene of V.
parahaemolyticus strain KP34 [GenBank DQ845170] and for V. vulnificus detection to the
sequence of the cytolysin—hemolysin (vwhd) gene [GenBank AY046900]. Amplicon lengths
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for each primer were as follows: 145 bp for sodB, 116 bp for ctx4, 114 bp for toxR, and 118 bp

for vwhA. In addition, isolates were screened for V. cholerae serogroups O1 and O139 [27].

Any bacterial isolate which could not be classified based on the PCR targeting specific
markers of V. cholerae, V. vulnificus, or V. parahaemolyticus was subjected to RNA
polymerase beta subunit (rpoB) sequence determination. Species identification using PCR-
based amplification of the 7poB gene and analysis of the products were performed as described

earlier in Tarr et al. [28] and Schirmeister et al. [29].

Finally, 16S rDNA fragment sequencing was performed on the seven bacterial isolates
that could not be identified using rpoB gene sequencing. The rpoB as well as the 16S rRNA
gene fragment sequences were aligned with nucleotide sequences in the GenBank database
using the Basic Local Alignment Search Tool (BLAST) search algorithm.

Table 2. List of primers used per species. All primers were originally used in Messelhdusser et al. [27].

Target Species Primer / Probe Sequence (5°-3") Localisation
sodB AAGACCTCAACTGGCGGTA 276-294
sodB r CAGCAAAAGAACCGAATGCT 420-401
sodB TM Cy5-GCAGGTTTGGAACCACACTT-BHQ-2  311-330

V. cholerae cix f AGTTCATTTTGGGGTGCTTG 369-388
cxr GGAAACCTGCCAATCCATAA 484-465
e TM FAM-CATCGTAATAGGGGCTACAGAGA- 400422

BHQ-1

;rahaemolyticusme f CCAGAAGCGCCAGTAGTACC 149-168
toxR t AAACAGCAGTACGCAAATCG 262-243
toxR TM FAM-TGTGGCTTCTGCTGTGAATC-BHQ-1  181-200

V. vulnificus vwhd £ ACCAAGTTTGGGGCCTAGAT 389-408
whA t GCTAAGTTCGCACCACACTG 506-487
vwhA TM Cy5-CCGATCGTTGTTTGACCGTA-BHQ-2 440-459

Statistical Analyses

To test for sampling days that could be considered outliers, the Interquartile Range

method was implemented in R statistical package version 4.3.2 using ggplot2:: geom_ boxplot.
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Results

Environmental Parameters

For the duration of the temporal study, the temperature ranged between 15 °C and 23
°C and salinity ranged between 9 and 17 PSU in locations 1—4. In the spatial study (locations
5-13), the temperature ranged between 19 °C and 21 °C and salinity ranged between 6 and 10
PSU. A summary of environmental parameters from the temporal study and spatial study can

be found in Supplementary Files S1 and S3.

Identification of Bacterial Isolates on TCBS Agar and CHROMagar™

In the temporal study, a total of 1245 colonies were cultured and isolated on TCBS
agar and transferred to CHROMagar™ Vibrio plates. Based on the combined colour code
identification, 455 of these colonies (37%) were presumed to be V. parahaemolyticus whilst
214 (17%), 201 (16%), and 180 (14%) were presumed to be V. alginolyticus, V. cholerae,
and V. vulnificus, respectively (Figure 3). The remaining 195 colonies (16%) were mixed
cultures or unidentified using the colour code for species identification on TCBS and
CHROMagar Vibrio (Figure 3). The vast majority of colonies originated from water samples
taken at locations 2, 3, and 4, with 399, 477, and 315, respectively. The remaining 54 colonies
were isolated from location 1 water samples which showed a considerably lower Vibrio spp.

abundance.
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Preliminary identification

Molecular verification of the culture-dependent Vibrio spp. identifications yielded very
different values for the individual species. While V. parahaemolyticus and V. vulnificus were
correctly identified with values above 80% by the two-plate TCBS agar/CHROMagar™ Vibrio
approach, it was considerably lower for V. alginolyticus with 30%. This method also showed
poor predictive ability with a value of 5% identification for V. cholerae (Figure 4). Of the
misidentified presumptive V. cholerae colonies, 36.5 % belonged to V. aestuarianus and
51.0% to V. diazotrophicus based on molecular analyses. V. vulnificus colonies were cultured
in each of the eleven weeks and were consistently isolated from samples across the three beach

locations (locations 2—4).

In the spatial study from 2021, 86 colonies from eight different locations in the Baltic
Sea presumed to be V. vulnificus were successfully cultured (Supplementary File S3). From
these, 93% were accurately identified by the two-plate TCBS agar/CHROMagar™ Vibrio
approach (Figure 4). Comparing correctly identified isolates from both the temporal study and

spatial study, it became clear that V. vulnificus could be regularly identified correctly at a high
level using the two-plate method. For V. parahaemolyticus, this method also showed high
predictive power, correctly identifying 88% of colonies (Figure 4). In contrast, the
identification level of V. alginolyticus and V. cholerae appeared to vary at an already low level

(Figure 5). The number of isolates genetically identified in each location is shown in Table S1.
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Highest Vibrio spp. Abundance per Day

Of the total Vibrio spp. colonies isolated, it was found that 96% were extracted from
water samples taken from locations 2, 3, and 4. Further investigation highlighted that one day
in particular yielded a significantly higher number of colonies at these locations (Figure 6). In
total, there were 22 days in which samples were taken at each of these locations and 21 July
2022 accounted for 15% (192 colonies) of the total colonies cultured. This is a sharp rise from
the total of 14 colonies cultured across all locations on the 18 July. Of the 37 presumptive V.
vulnificus samples cultured on this day, 24 were identified using molecular sequencing. A total
of 18 of these 24 isolates (75%) were confirmed to be V. vulnificus, demonstrating similar

predictive results to the overall spatiotemporal analysis within this day.
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Figure 6. Total species split by location and coloured by presumed identity on TCBS and CHROM-
agar Vibrio using the colour coding scheme (see Table 1). Unidentified green/white and unidentified
yellow/mauve indicate the colours observed on TCBS and CHROMagar, respectively. V. vulnificus/V.
cholerae refers to colonies that could not definitively be identified as either species using the colour
code. Outlier detection using upper boxplot range is shown (Figure S1).
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Discussion

Routine monitoring for V. vulnificus in the Baltic Sea is critical to provide a warning
system for the public when the risk of infection is potentially high. This study examined using
TCBS agar and CHROMagar™ Vibrio-based V. vulnificus identifications to achieve this,
spanning across two separate spatiotemporal sampling projects. For evaluation, this agar-based
method was also tested on V. cholerae, V. parahaemolyticus, and V. alginolyticus in the
temporal study. The two-plate agar method proved to be accurate in identifying V.
vulnificus across a broad range of locations and timeframes within the Baltic Sea, although it

had contrasting results when used on other species of Vibrio.

V. vulnificus presents the largest threat for open wound infections in the Baltic Sea
[30]. In total, 222 V. vulnificus samples were genetically identified across twelve locations and
two different timeframes in 2021 and 2022, giving a comprehensive overview of this method
of identification in the Baltic Sea. The overall correct identification of V. vulnificus was 85%
and was consistent in correct identification across sampling sites (Figure 5). Thus, our study
indicates that the use of TCBS agar followed by CHROMagar™ Vibrio to preliminarily
identify V. vulnificus in the Baltic Sea produces applicable results.

In recent years, there have been numerous attempts to provide the accurate
identification of V. vulnificus using a culture-based approach, which differ greatly in their
success rate. TCBS agar alone has been shown to be not sufficiently selective enough for
environmental Vibrio samples [31]. Thus, the vast majority of more recent research involves
using TCBS agar, CHROMagar™ JVibrio, or Cellobiose polymyxin B colistin (CPC) agar with
varying results in environmental samples. The highest performing agar approach for V.
vulnificus so far was a triple plating method [23], producing a 92.8% accuracy on
environmental water and oyster samples. Other comprehensive studies include a study by
Froelich et al. [32] where CPC+ was used to culture presumptive V. vulnificus on agar. Results
showed that the average yearly rate of samples confirmed to be V. vulnificus ranged from 0%
to 45.7%. In another study by Froelich et al. [33] on oyster meat, they compared four different
medium methods for presumptive V. vulnificus, resulting in correct identification rates between
44% and 81%, as confirmed by PCR. A study in the Mediterranean using TCBS and CPC
found, with 3.7% and 7.6%, much lower accuracy levels of these two agar methods,

respectively [34].
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V. vulnificus aside, V. cholerae, V. parahaemolyticus, and V. alginolyticus are
responsible for the majority of other Vibrio wound infections in the Baltic Sea [11,13]. In stark
contrast to V. vulnificus, the percentage of V. cholerae correctly identified was 5%. This
highlights a huge difference in identifying the two species responsible for the
most Vibrio infections in the Baltic Sea using the two-plate TCBS agar/CHROMagar™ Vibrio
approach method. The wvast majority of the misidentified bacterial isolates were V.
aestuarianus and V. diazotrophicus, reflecting that the V. cholerae colony colours using this
agar method are close between the two species. In the case of V. parahaemolyticus, the TCBS
agar/CHROMagar™ Vibrio yielded high correct identification results, whereas the
presumptive V. alginolyticus colonies were misidentified the majority of the time, further

highlighting the mixed results of this agar identification method on different Vibrio species.
Spatiotemporal Analysis

In the temporal study, 1245 different presumptive Vibrio spp. colonies were grown. In
terms of overall Vibrio spp. cultivated, station 1 had considerably fewer colonies than the other
three locations. The notable difference here was the water depth at the sampling areas.
Although all samples were surface water, the difference in depth was around 2 m (3 m vs. 1 m)
and the distance from the shoreline was 150 m for location 1 and around 10 m for locations 2—
4. There are several hypotheses as to why this discrepancy occurred. Numerous environmental
parameters, most notably temperature and salinity, have been associated with contributing
to Vibrio spp. abundance, depending on species, habitat, and geographic location
suggests that other environmental parameters or processes may have contributed to the change
in abundance. Dissolved oxygen [45,46,47], chlorophyll [39,48,49,50], and plankton
location 1 was further from the shore and sediment, it is also possible that turbidity, increased
nutrient loads, and increased sediment bacteria resuspension also played a role in the difference

in Vibrio spp. abundance between location 1 and locations 2—4.

In the three beach locations, the temporal dynamics were similar in both overall
colonies cultured and species correctly identified (Figure 4), with the 22 July showing the
highest number of colonies cultivated across all locations. This day was an outlier in all three
locations with regard to overall colonies cultured, highlighting the consistency in the results

along the 17 km stretch of coast where the Vibrio spp. summer surveillance took place. Finding
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a significantly higher number of presumptive Vibrio isolates in all locations demonstrates the
need to further pinpoint Vibrio blooms, given that they are present in the marine environment
throughout the summer months. This once again points to the need for a simple and
fast Vibrio spp. identification option. The establishment of a principal monitoring or even an
early warning system for V. vulnificus in the Baltic Sea is of paramount importance due to the
potential public health risks and ecological consequences associated with this pathogenic
bacterium. V. vulnificus is a well-recognised human pathogen and infections have been
documented in increasing numbers along the Baltic coast in recent years [30]. Tourism and
economic impacts associated with the danger of infections have been described recently [5,55].
Current research suggests a correlation between sea temperature and V. vulnificus abundance
and this has major implications for the Baltic Sea given that it is one of the fastest warming

seas in the world [9].

This study introduces valuable insights into the suitability of early detection methods
for different Vibrio species in the region. The reduction of false positive identification in
culture-based methods enhances predictive power but can also significantly decrease the cost
of laboratory equipment and procedures that are necessary for molecular identification
of Vibrio spp. This is especially useful in areas or situations where molecular analysis is not
possible or is too time consuming, and the price of cultivating colonies in this study using the
two-plate TCBS agar and CHROMagar™ Vibrio approach was less than USD 3 per sample.
An unexpected outcome of the agar identification was the high percentage of V.
aestuarianus and V. diazotrophicus misidentified as V. cholerae and this suggests that
presumptive identification varies between species and that alternative agar methods may be
better in identifying these organisms. The development of improved monitoring or an early
warning system for Vibrio spp. in the Baltic Sea may be produced using an amalgamation of
agar methods and other environmental, chemical, and biological parameters to create

predictive models.

Conclusions

Our study documents a quick and straightforward method of isolating presumptive V.
vulnificus strains using a two-plate TCBS agar and CHROMagar™ Vibrio approach. Similar
correct identification results, confirmed by molecular analyses, across various locations and
timeframes in two different years suggests that this method can be used as a general marker for

further research into this topic in the Baltic Sea and probably other brackish environments.
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Varying results documented with other Vibrio species indicate that this method is not a ‘one
size fits all’ approach to Vibrio spp. identified and other agar methods may yield more

consistent results.

Supplementary Materials

The following supporting information can be downloaded

at https://www.mdpi.com/article/10.3390/microorganisms12030614/s1, Information on

sampling sites, physical parameters, and CFU identification can be found in Supplementary
File S1 and Supplementary File S2. Supplementary File S3 documents the station ID,
longitude, latitude, date, sampling depth, temperature, and salinity of the corresponding
isolates. Table S1. Colonies per Vibrio species from each location of isolates correctly
identified on TCBS and CHROMagar and confirmed using molecular analyses. Figure S1.
Data are represented as boxplots where the middle line is the median, the lower and upper
hinges correspond to the first and third quartiles, the upper whisker extends from the hinge to
the largest value no further than 1.5% IQR from the hinge (where IQR is the inter-quartile
range), and the lower whisker extends from the hinge to the smallest value at most 1.5x IQR of

the hinge. Please see function geom_boxplot in R (ggplot2).
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Abstract

The number of Vibrio-related infections of humans, e.g., by Vibrio vulnificus, has
increased along the coasts of the Baltic Sea. Due to climate change, vibriosis risk is expected to
increase. It is, therefore, pertinent to design a strategy for mitigation of the vibriosis threat in
the Baltic Sea area, but a prerequisite is to identify the environmental conditions promoting
occurrence of pathogenic Vibrio spp., like V. vulnificus. To address this, we sampled three
coastal Baltic sites in Finland, Germany, and Denmark with salinities between 6 and 21 from
May to October 2022. The absolute and relative abundances of Vibrio spp. and V. vulnificus in
water were compared to environmental conditions, including the presence of the eelgrass
Zostera marina, which has been suggested to reduce pathogenic Vibrio spp. abundance. In the
water column, V. vulnificus only occurred at the German station between July and August at
salinity 8.1-11.2. Temperature and phosphate (PO4*) were identified as the most influencing
factors for Vibrio spp. and V. vulnificus. The accumulation of Vibrio spp. in the sediment, and
the co-occurrence with sediment bacteria in the water column, indicates that sediment
resuspension contributed to V. vulnificus abundance. Interestingly, V. vulnificus co-occurred
with cyanobacteria taxa, as well as specific bacteria associated with cyanobacteria. Although
we found no reduction in Vibrio spp. or V. vulnificus associated with eelgrass beds, our study
underscores the importance of extended heatwaves and sediment resuspension, which may
elevate the availability of phosphate (PO.*), for Vibrio spp. levels at intermediate salinities in
the Baltic Sea.

62



Chapter 111

IMPORTANCE

Elevated sea surface temperatures are increasing the prevalence of pathogenic Vibrio
at higher latitudes. The recent increase in Vibrio-related wound infections and deaths along the
Baltic coasts is therefore of serious health concern. We used culture-independent data
generated from three Baltic coastal sites in Denmark, Germany, and Finland from May to
October (2022), with a special focus on V. vulnificus, and combined it with environmental data.
Our temporal model shows that temperature combined with sediment resuspension drive the

prevalence of V. vulnificus at intermediate salinities in the coastal Baltic Sea.

Introduction

There are more than 130 recognized Vibrio spp.
(https://www.bacterio.net/genus/vibrio), with approximately a dozen of them being associated
with human illness, e.g., V. alginolyticus, V. cholerae, V. parahaemolyticus, and V. vulnificus.
During recent years, the prevalence of non-cholera Vibrio-related wound infections and deaths
has increased dramatically at higher latitudes, particularly along the brackish Baltic Sea's
salinity gradient that goes from 2 to 25 (1-3). Many of these cases are caused by V. vulnificus,
commonly known as the flesh-eating bacterium, infecting open wounds, and causing
septicemia and necrosis, with a mortality rate of 25%, primarily among elderly, i.e., > 65 years
of age (1,4). In the Nordic and Baltic countries, more than 1,055 cases of vibriosis, including
V. vulnificus, were reported between 2014 and 2018, with most cases occurring during the
summer (1,5,6), underscoring that vibriosis is a significant public health challenge in the region

and that enhanced preventive measures are needed.

Vibrio spp. are commonly found free-living in the water column and in association with
seagrasses, plankton, and aquatic animals (7). Vibrio spp. can also be frequently found in
biofilms on sediment-trapped particles, which offer nutrient-rich environments (8-10).
Seagrass meadows may play a role in promoting the sedimentation of particles and stabilizing
the sediment through the reduction of turbulent flow, consequently reducing Vibrio spp.
abundances in the water column (11, 12), but data are sparse. Vibrio spp. distribution exhibits
strong seasonality, influenced by factors such as temperature, salinity, eutrophication,
phytoplankton biomass, and turbidity (7, 13—17). The pathogen V. vulnificus thrives in brackish
waters with salinities ranging from 5 to 25, and temperature is suggested to be the most

influential factor affecting its presence and proliferation (15, 16). The increase in Baltic Sea
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surface temperatures is more than three times higher than the global ocean warming average
(18), and global warming will conceivably stimulate the proliferation of pathogenic Vibrio
spp., €.g., V. vulnificus, in the region, with a significant risk of proliferation occurring above 20
°C (19).

Therefore, the pathogenic “Vibrio problem” in the Baltic Sea is predicted to be
exacerbated by future climate change (20-22). From a public health perspective, there is a
pertinent need for identifying the environmental conditions promoting outbreaks of pathogenic
Vibrio spp., e.g., V. vulnificus, and ultimately to determine a strategy for mitigation of the
vibriosis threat in the Baltic Sea area. In this study, we used culture-independent data generated
from three Baltic coastal sites in Denmark, Germany, and Finland (from within to outside of
eelgrass meadows, the water column, and sediment) with contrasting salinity and nutrient
levels from May to October (2022) to determine drivers of Vibrio spp., with a special focus on

the pathogen V. vulnificus.

Results

Temporal dynamics of environmental and biological factors

From May to October 2022, we conducted monthly sampling along the Baltic Sea
salinity gradient in Denmark (13-21.3), Germany (8-11.2), and Finland (6.3-6.5) (Table 1, Fig.
1A, B). The sea surface temperature (SST) ranged from 7 to 21.5 °C (Fig. 1C). The highest Chl
a concentration of about 5 mg m> was observed in late summer and fall in Finland and
Germany (Fig. 1D). Phosphate (PO+*") and nitrate (NOs") exhibited a consistent pattern, both
peaking during July and August at the German station, with concentrations reaching 0.16 uM
and 0.14 uM, respectively (Fig. 1E, F). On the other hand, ammonia (NH4") displayed a west-
east gradient, reaching a maximum concentration of 0.3 pM (Fig. 1G). The highest bacterial
abundance was from July to September in Denmark and Germany (ca. 10° cells ml'; Fig. 1H).

All the water metadata are provided in Table S1.
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Figure 1. Sampling sites and temporal dynamics of selected parameters in the water column. A) Map
showing sampling stations in Denmark, Germany, and Finland. Seasonal dynamics of B) salinity, C)
sea surface temperature (SST, °C), D) chlorophyll a (Chl a, mg m™), E) bacterial abundance (cells ml-
), and F) PO/ (uM). Values are the average of the nine replicates from the substations (“A”, “B”,
and “C”) +- the standard error between the replicates. The average data from the two monthly
sampling points in Denmark and Germany (July and August) is presented to enable comparisons with
the Finnish station. In (A), the color codes represent the average value in the water column across the
sampling period. Detailed information about the stations and substations is provided in Table S1.
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Vibrio spp. composition and diversity in the Baltic Sea

Based on Illumina analyses, we generated a total of 143,935 ASVs from 75 water, 204
sediment, and 78 eelgrass samples collected from May to October 2022. Importantly, triplicate
DNA water samples from each substation were combined, resulting in one DNA water sample
sequenced per substation and sampling point. The relative abundance of Vibrio spp. seemed to
increase in Finland only during summer (Fig. 2A). There was no notable enrichment in relative
abundance of Vibrio spp. in sediment and eelgrass, in comparison to water samples where
Vibrio spp. accounted for an average of 0.03% of the total microbial community (Fig. 2A). The
Shannon diversity of Vibrio spp. was higher in the water compared to the eelgrass and
sediment environments (Fig. S1A). Notably, there was a significant difference in Vibrio spp.
composition between water and sediment samples (Fig. S1B).

The 236 ASVs assigned as Vibrio spp. in the water column were annotated into 31 different
species (Fig. 2B). The Vibrio community in the water differed between stations and changed
over the season (Fig. 2B, C; p < 0.001). Indeed, the Vibrio spp. Shannon diversity increased
across all stations during the summer season, with the Finnish station, i.e., with the lowest
salinity, having the lowest diversity (Fig. S1C). Over the season, in Denmark, the Vibrio
community was dominated by “ASV 6,774” (V. cyclitrophicus), “ASV 7,595” (V. Atlanticus or
V. splendidus), and “ASV 7,725” (V. chagasii), while “ASV 1,107” (V. anguillarum or V.
ordalii) and “ASV 14,013” (V. anguillarum) dominated in Germany and Finland (Fig. 2B).
These ASVs accounted for ca. 40% of the difference in Vibrio communities between Denmark,
Finland, and Germany (Fig. 2C; SIMPER analysis). SST, salinity, inorganic nutrients (PO4*,
NOy, and NH4"), Chl a, bacterial abundance, and oxygen explained 24% of the changes in the
Vibrio community over the season (Fig. 2C; F = 2.45, p < 0.001). The “ASV 38,490” and
“ASV 30,0417, annotated as V. vulnificus, were detected between July and August in Germany
and accounted for an average of 5% and up to 50% of the Vibrio community (approximately
0.01% of the total microbial community). However, no ASVs affiliated with V. vulnificus were

detected in Denmark or Finland.
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Previous page: Figure 2. Vibrio community composition and dynamics from May to October (2022)
in water and sediment at the Danish, German, and Finnish stations. A) Relative abundance of Vibrio
spp. on the Continued Figure 2: water column, sediment, and eelgrass microbial population through the
season. Values are the median and vertical black lines indicate the position of the lower and upper
quartiles of all the values collected in the three substations during the whole campaign in eelgrass,
sediment, and water, and in the water column. B) Vibrio communities in the water column. Sample ID
clustered by month is shown on the plot. Two monthly sampling points were made in Denmark and
Germany (July and August), and they are represented by an “a”. Within each color, each segment
represents the relative abundance of amplicon sequence variants (ASVs) having the same taxonomy. NA
represents Vibrio spp. that could not be annotated to species level. Vibrio vulnificus is highlighted in
the plot by red squares. C) Redundancy analyses (RDA)-constrained ordination plot of the Vibrio spp.
community in the water column. Salinity, sea surface temperature (SST, °C), oxygen (Ox, mg I'!), PO/"
(uM), NH;* (uM), NO5 (uM), and bacterial abundance (cells ml') were chosen as constraint variables.
Eigen-values are 17.09 for RDA; and 4.02 for RDA>. The significance of the RDA model was assessed
by an ANOVA-like permutation test, and ellipses enclose sample groups (Demmark, Germany, and
Finland, n = 75). For (C), clr-transformed data was used to perform the analysis.

Temporal dynamics of Vibrio spp. and V. vulnificus

Gene copies per ml seawater, i.e., 16S rRNA (Vibrio spp.) and vwhA (V. vulnificus), were
quantified as a proxy for the prevalence of Vibrio spp. and V. vulnificus. They varied
significantly over the season (Fig. 3A-C, p < 0.05), and correlated with the ASVs abundance —
calculated from the relative abundance multiplied by total bacterial abundance (cells ml™) (23)
—(r*=0.61 and 0.63, respectively; Fig. S2A, B). In Denmark, Vibrio spp. peaked in July (up to
1,000 copies ml™") and September (up to 5,000 copies ml”, Fig. 3A). In Germany, the highest
abundance of Vibrio spp. was observed from July to September, reaching ca. 2,000 copies ml™!
(Fig. 3B). In Finland, Vibrio spp. reached their peak levels in July and August, but only
reached 800 copies/ml (Fig. 3C). Importantly, and corroborating the 16S rRNA gene
sequencing results, V. vulnificus was only quantifiable in Germany, peaking in summer with up
to 30 copies ml"! when SST values ranged from 19.2 to 21.4 °C (Fig. 3B), while it was below

the detection limit at the Danish and Finish stations.

The sampling design was based on earlier findings suggesting a negative impact of Z.
marina on Vibrio spp., including pathogenic species (12). However, in our study, in Denmark,
substations “A” and “B”, located in the middle of the eelgrass bed and 15 m away,
respectively, had higher levels of Vibrio spp. compared to substation “C”, located 100 m away
from the eelgrass, both in the water column and sediment (Fig. 3D). In contrast, no discernible
impact was observed on V. vulnificus in the water column (i.e., in the German station) (Fig.
3E).

68



Chapter 111

The abundance of Vibrio spp. and V. vulnificus genes were 100- and 1000-fold higher,
respectively, in the sediment than in the water (per weight [g] vs. per volume [ml]; Fig. 3D, E),
and abundances in sediments correlated with abundances in water (Table 2). Sediment
composition differed between stations, where the German sediment contained slightly more
fine materials, i.e., clay and silt (Table S2), and the highest Vibrio spp. abundance (> 10° gene
copies g during the summer months, i.e., 10 times more than in Denmark and Finland, Figs.
3D, S3A-C). Vibrio vulnificus had the highest abundance in Germany, with > 10 gene copies
g! sediment in August. It was also detectable in Denmark, with up to 10> gene copies g
sediment, but was absent in Finland (Fig. S3A, B). Interestingly, in the sediment V. vulnificus

remained quantifiable below 15 °C in Germany and Denmark (Fig. S3A, B).

Environmental drivers and predictors of Vibrio spp. and V. vulnificus

We investigated the environmental factors associated with the abundance of Vibrio
spp. and V. vulnificus — gene copy number— within the water column across the sampled areas.
A principal component analysis (PCA) revealed distinct environmental characteristics among
the stations (Fig. 4A). Correlations between the variables analyzed are provided in Table S3.
The abundances of Vibrio spp. and V. vulnificus were positively correlated with SST and
negatively correlated with Secchi depth (Table 2, Fig. 4A). Vibrio spp. correlated positively
with salinity, Chl @, PO4*, NOs", and NH4" but negatively with oxygen (Table 2, Fig. 4A). V.
vulnificus was positively correlated with PO4* and NO; (only at the German station), and
restricted to a salinity of 8.1-11.2 (Table 2, Fig. 4A).

The environmental and biological factors that correlated with the gene copy numbers
of Vibrio spp. and V. vulnificus were used to identify their key predictors. Our stepwise
multiple regression model showed that SST, POs*, Vibrio spp. gene copy number from
sediment, and SSWWSH were key predictors of Vibrio spp. (Fig. 4B; r* = 0.33, p<0.001). For
V. vulnificus, SST, PO4*, and turbidity were the main predictors (Fig. 4C; r* = 0.23, p <0.001).
The fact that Vibrio spp. gene copy number from sediment and turbidity appeared as key
drivers of Vibrio spp. and V. vulnificus abundance, respectively, suggest a potential connection

with sediment resuspension.
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Previous page: Figure 3. Dynamics of Vibrio spp. abundance in the water column at the three
stations (A) Denmark, (B) Germany, and (C) Finland from May to October 2022. Abundances were
proxied by ddPCR gene Continued Figure 3: quantification, and V. vulnificus was only above the
detection limit at the German station. Bars indicate Vibrio spp. abundance, the red line indicates V.
vulnificus abundance, the orange lines indicate SST [yellow fill in (B) indicates the temperatures at
which V. vulnificus was detected], and the blue lines indicate salinity. Values are average +- standard
error (n =9, i.e., combining the triplicates by substation). Comparison of gene copies of Vibrio spp. (D)
and V. vulnificus (E) in water and sediment samples obtained from substations; within (“A”), edge of
(“B”, 15 m), and far from (“C”, 100 m) the eelgrass. Data from all the time points at the specific
substation in Denmark (n = 36), Germany (n = 24), and Finland (n = 18) were combined. The values
are the median, and vertical black lines indicate the position of the lower and upper quartiles. In (E), the
red line indicates gene copies are under the detection limit. In (4), (B), and (C), letters show pairwise
analysis among the variables (i.e., month) at each station, and in (D) and (E), asterisks indicate
pairwise significant differences between substations, i.e., “A”, “B”, and “C”, or type of sample, i.e.,
water and sediment (*p < 0.05, ** p < 0.01, ns [not significant] = p > 0.05), using a posthoc test
(Wilcoxon) after a Kruskal-Wallis test.
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Figure 4. Environmental and biological drivers of Vibrio spp. and V. vulnificus occurrence in
the water column. A) PCA of the environmental and biological parameters measured from May to
October (2022) in the Danish, Finnish, and German stations, including salinity, SST (°C), oxygen
(Ox, mg I'), chlorophyll a (Chl a, mg m>), PO/ (uM), NHs" (uM), NOs (uM), bacterial
abundance (Bact. abund, cell ml'), Secchi depth (m), SSWWSH (m), sediment resuspension
(sed.res, ASV from sediment detected in the water column), and relative abundance of potential
harmful cyanobacteria, i.e., Cyanobium, Dolichospermun, and Nodularia (Cyano, %). Circles
highlight Vibrio spp. and V. vulnificus. Observed vs. predicted gene copies of (B) Vibrio spp. and
(C) V. vulnificus from May to October (2022). Predictions were generated by stepwise multiple
regression models. In (4), (B), (C) all water samples were included, n = 234
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The impact of sediment resuspension on Vibrio spp. and V. vulnificus in the water

column

To identify a potential link between sediment resuspension and elevated prevalence of Vibrio
spp. in the water column, using DESeq?2 (24), we identified ASVs that were characteristic of
sediments and used their abundance (relative abundance multiplied by bacterial abundance) in
the water column as an indication of sediment resuspension (Fig. S4A). These ASVs, which
accounted for 3-20% of sediment reads (< 0.1% in the water column) and remained stable
during the season, belonged mainly to the phylum of Actinobacteria, Chloroflexota,
Desulfobacterota, Eisenbacteria, Gemmatimonadetes, or Myxococcota (Fig. S4B, C). These
phyla preferably inhabit the sediment (25-27). In Germany and Denmark, the Vibrio spp. gene
copy number in water was positively correlated with the abundance of sediment bacteria, i.e.,
sediment resuspension, and negatively with Secchi depth (Fig. 5A, B). Interestingly, the
presence of V. vulnificus in the water column in Germany coincided with elevated sediment
resuspension (Fig. 5B, C). Sediment resuspension was particularly high in July and September
(Fig. 5C), and correlated with higher PO4* in the water column (Table S3). In Finland, there
was no correlation between sediment resuspension and Vibrio spp., but fewer sediment bacteria
were found in the water column compared to Denmark and Germany.
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Co-occurrence of specific microbial communities with Vibrio vulnificus

As in our sediment resuspension analysis, we used DESeq2 to pinpoint the ASVs that
displayed significance and dominance in the presence of V. vulnificus. At the German station,
900 ASVs in the water column significantly changed their relative abundance when V.
vulnificus was present (Fig. S5A; top 30 most significant taxa p < 0.01). These belonged to
Actinobacteriota, Bacteriota, Campylobacterota, Firmicutes, Planctomycetota,
Proteobacteria, SAR324, and Verrucomicrobiota (Fig. 6). These phyla are known to exhibit a
positive correlation with cyanobacterial and algae blooms (28). Indeed, ASVs within
Cyanobacteria constituted up to 20% of the microbial community (Fig. 6, p < 0.05),
correlating with periods of higher Vibrio spp. and V. vulnificus gene copy numbers (Fig. SA, 6,
and Table 2). Hence, Cyanobacteria was one of the most abundant groups in the presence of V.
vulnificus  (Fig. 6; p < 0.01). The wunicellular cyanobacteria Cyanobium spp.,
Atelocyanobacterium thalassa A (UCYN-A) and Volcanococcus, and the filamentous
cyanobacteria Dolichospermum and Nodularia dominated the cyanobacterial community when
V. vulnificus was present in the water (Fig. S5B). Note, that the changes in cyanobacteria

community structure were related to the temporal changes (Fig. S6B).

sarazs | [ scovecoren | Bacenca \ Figure 6. Significant changes in relative
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Discussion

The proliferation of Vibrio spp. in the Baltic Sea is a critical clinical challenge where
the increased frequency of Vibrio infections appears to be closely linked to regional climatic
trends and episodes of unusually warm weather (4, 29). Within the stations sampled, we found
that V. vulnificus was almost exclusively confined to medium salinity (8.1 — 11.2), and
episodes with elevated SST, high phosphate (PO4*") concentration, and sediment resuspension
served as indicators for V. vulnificus in the area. Our study did not show a reduction in Vibrio
spp. associated with eelgrass beds, as suggested in an earlier Baltic Sea study (12), but rather
indicates that vibriosis may be linked to sediment resuspension and its associated effects, e.g.

elevated phosphate.

Salinity is an important driver of Vibrio spp. communities

Low salinity caused a decrease in Vibrio spp. diversity but promoted specific Vibrio
taxa. For instance, the fish pathogen V. anguillarum — known from aquaculture and larviculture
industries in brackish waters (30)— dominated the Vibrio population in Finland and Germany
(salinity 6.3-11.2). In contrast at the more saline Danish station (salinity 13-21.3), the Vibrio
spp. diversity was elevated and the mussel pathogens V. cyclitrophicus and V. chagasii
appeared during the summer months. In comparison, V. vulnificus was only present at the
German station (salinity 8.1-11.2). Therefore, as previously suggested (7, 15, 31), salinity
appears an important selective driver for Vibrio spp., but the proliferation of particular
pathogens, e.g., V. vulnificus, is governed by the interplay of a range of environmental and

biological factors (see below).

The importance of temperature for Vibrio vulnificus in the Baltic Sea

The analysis of the Vibrio community showed a strong seasonality and sea surface
temperature (SST) was a key predictor for Vibrio spp. and V. vulnificus in the water column.
This is consistent with previous observations of Vibrio spp. peaking during summer in other
regions, such as the Barnegat Bay, Chesapeake Bay, Monterrey Bay, Gulf of Mexico, North
Sea, Atlantic Coast, or Sydney Harbour Estuary (15, 16, 19, 32-35). In contrast to Vibrio spp.
that were found even below 10 °C, V. vulnificus occurred in the water column only when
temperatures were above 19 °C, and peaked at 22 °C. Interestingly, this aligns with a predicted
increased probability of V. vulnificus in the 15-20 °C range and a large risk of proliferation

above 20 °C (19). Hence, future longer heatwaves in the Baltic Sea region will likely increase

74



Chapter 111

the frequency of V. vulnificus during the summer season, as already reported in some recent
studies (20—22), making Vibrio infections a putative increasing public health concern as this is
the peak season for tourists and swimmers. However, unlike these earlier studies (20-22), V.
vulnificus was almost exclusively found at the German station, at a medium salinity of 8.1—
11.2. This observation carries significant implications as V. vulnificus is known to exist
naturally across a broad spectrum of salinity levels, ranging from 5 to 25 (15, 36), with its ideal
habitat falling within the 10 to 15 range (16). Hence, other environmental drivers than

temperature and salinity regulate the prevalence of V. vulnificus.

Role of phosphate for Vibrio vulnificus in the Baltic Sea

PO,* was also a primary predictor for forecasting V. vulnificus. Consequently, regions
such as the German station situated in the Mecklenburg Bight at the mouth of the Warnow
River, known for substantial nutrient influx due to agricultural and industrial runoff (37, 38),
are likely particularly prone to V. vulnificus outbreaks. These results deviate from previous
findings suggesting that PO’ has a minimal explanatory effect on Vibrio spp. variance and
exhibits no correlation with V. vulnificus (7), despite earlier description of PO’ being an
essential nutrient for Vibrio growth and pathogenesis (39, 40). However, this disparity could
stem from the fact that most of these studies are conducted in Atlantic Ocean estuaries, where
nutrient conditions may be different (31, 41, 42). Finally, we speculate that the association of
V. vulnificus with high PO levels is indirect and de facto driven by sediment resuspension

(discussed below).

Interestingly, we found a correlation between potentially harmful cyanobacteria and
elevated levels of POs* at the German station (Table S3), coinciding with a substantial increase
in the gene copies of V. vulnificus. This matched with our recent spatial study in the Baltic Sea
(43). When V. vulnificus was present, the unicellular picocyanobacterium Cyanobium spp.,
commonly found in association with heterocystous bloom-forming cyanobacteria (44), and the
filamentous and heterocystous cyanobacteria Dolichospermum and Nodularia, prevailed. They
are key taxa in the harmful cyanobacterial blooms occurring every summer in the Baltic Sea
Proper (45), and may release dissolved organic matter compounds specifically supporting
pathogenic Vibrio spp. (46), as well as providing surfaces for attachment, enhancing V.
vulnificus survival (47). Collectively, the observed correlations between nutrient levels,

cyanobacteria, and V. vulnificus emphasize the significance of PO4> concentration and rising
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temperatures as pivotal factors influencing the prevalence and survival of V. vulnificus in the
Baltic Sea.

Sediment as a source of Vibrio spp. in the water column

Our model showed that turbidity was one of the main drivers for V. vulnificus in the
water column. Although we found specific cyanobacteria taxa co-occurring with V. vulnificus,
our data showed a negative correlation between Chl a and gene copies of V. vulnificus,
suggesting that turbidity could be mainly attributed to sediment resuspension, rather than to
phytoplankton biomass. This is supported by the positive correlation between sediment
bacteria co-existing with Vibrio spp. and V. vulnificus in the water column, and the fact that
some water samples contained Vibrio communities similar to those found in the sediment,
suggesting a benthic-pelagic coupling. The detection of these sediment bacteria by sequencing
in the water column can be a more useful proxy for sediment resuspension than turbidity, e.g.,
estimated by Secchi depth, which can be highly influenced by organic matter load or
phytoplankton blooms (48). Our findings are consistent with other marine studies connecting
Vibrio spp. and sediment resuspension, whether due to human activity, e.g., ship traffic, or

natural phenomena like rainfalls and storms (31, 49, 50).

We speculate that sediment resuspension can increase V. vulnificus levels in the water
column through two related mechanisms. First, by introducing V. vulnificus found in
association with particulate matter originating from the sediment. Sediments may harbor
pathogens (51, 52), and sediments rich in silt and organic matter — as those found in Germany
— may harbor a particularly high density of bacterial pathogens (51), which may be released to
the water column (31). Indeed, gene copies of Vibrio spp. and V. vulnificus were 100 and 1000
times higher in the sediment than in the water, respectively, indicating that Vibrio populations
persist and thrive in sediment (16). Our data show that V. vulnificus remained quantifiable in
sediments below 15 °C, indicating that sediment can be a V. vulnificus reservoir even when the
water is less warm. At these temperatures, Vibrio spp., including V. vulnificus, can enter a
viable but non-culturable (VBNC) latency state, enabling survival even at low temperatures
(53). However, the proportion of bacteria capable of entering this state cannot be accurately
assessed using the methods employed in this study. Second, by supplying PO’ but also
organic matter to the water column, thereby promoting the growth of V. vulnificus. We showed
that sediment resuspension events correlated with higher PO4* into the water column. It is

known that sediments can serve as a source of PO4*, and their release may depend on their
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composition, which differed between stations (Table S3), and oxygen conditions (54). The
accumulation of PO’ in sediment can be more easily released into the water column during
summer, as depicted in Fig. 1E. This phenomenon can be attributed to the heightened
temperatures, which augment solubility, sediment adsorption capacity, and organic matter
dynamics (55), leading to changes in nutrient availability and ecological processes indirectly
impacting the prevalence of this pathogenic bacterium (56). This scenario may be occurring at
the German station, where the sampling location and sediment composition could be
influencing these effects. From our study, sediment resuspension appears a key driver of
pathogenic Vibrio spp. in the water column; however, it is not possible to disentangle the
relative importance of the two scenarios, i.e. distinguish effects of cell, organic matter, and

PO4* transfer associated with resuspension.

Conclusions

Our study identified SST, PO4*, and sediment resuspension as key factors controlling
the occurrence of pathogenic Vibrio spp., such as V. vulnificus, in the Baltic Sea. Also, V.
vulnificus was only present at intermediate salinity. Climate change will cause an increased
frequency of natural disasters and rain-driven floods in the Baltic Sea area with associated
increased sediment resuspension and elevated nutrient concentrations (57), likely leading to
raised levels of vibriosis, as was observed in association with hurricanes in the United States
(58). While it conceivable that seagrass meadows may indirectly prevent Vibrio spp.
proliferation via effects on sedimentation, sediment surface stabilization, and mitigation of
turbulent flow (12), we did not find a reduction in Vibrio spp. associated with eelgrass beds.
Our temporal study contradicts the assumption that seagrass reduce pathogenic Vibrio spp.
levels in the areas studied. This is supported by our earlier spatial study, in which, as in the
current study, we employed culture-independent methods, and found that V. vulnificus
abundance did not vary significantly between vegetated and non-vegetated areas (43).
Therefore, it could not be shown that seagrass meadows are a direct effective nature-based
solution for reducing V. vulnificus abundance and associated infections in the Baltic Sea, and

alternative solutions should be explored.

77



Chapter 111

Materials and methods
Sampling

Three coastal stations along the southwest-northeast salinity gradient of the Baltic Sea
were sampled from May to October 2022 (Table 1, Fig. 1A): Juleb&k, in the Oresund Strait
(Denmark) — located in the Hovedstaden region, an area impacted by extensive shipping and
high winds and currents; Warnemiinde, at the mouth of the Warnow River (Germany) — a
touristic area in the Mecklenburg-Vorpommern region; Angso Bay, situated in the Archipelago
Sea (Southwest Finland), located to the west of Angsd Island, in an area characterized by a low
population density (Table 1). Samplings were carried out once or twice per month by
snorkeling or diving (SCUBA) with local boats at three sampling points per station, i.e.,
substation: A - in the middle, B - 15 m, and C - 100 m outside of the Z. marina meadow. Based
on data collected in summer 2021 (43), the average abundance and length of the seagrass beds
sampled in Denmark, Germany, and Finland were: 675 shoots m? and 74.26 ¢cm, 400 shoots m"
2 and 75.55 cm, and 225 shoots m? and 22.46 cm, respectively. When sampling, food colorant
was employed to monitor the current, and divers navigated towards the sampling site against
the current, while carefully controlling buoyancy to avoid sediment resuspension. First, water
samples were collected by gentle suction of 1.5 L water using three acid washed 500 ml
syringes per replicate, after triplicate rinsing with sample water. The water was used for the
downstream analysis, i.e., DNA, chlorophylls, nutrient, and flow cytometry. Water samples
were collected either 5 cm from the eelgrass leaves (to closely monitor the maximum effect of
the eelgrass) at the substation A and 20 cm above the sediment level to avoid any kind of
sediment resuspension at the substations B and C. Second, eelgrass leaves (only in A) and the
uppermost sediment layer were collected in triplicate 50 ml Falcon tubes. All samples were
stored in a cooler and processed within 2 h. Sea surface temperature (SST), salinity, and
oxygen were measured at each sampling. Secchi depth and sea surface wind wave significant
height (SSWWSH) values were obtained from Copernicus EMS using the three station

coordinates and the date and time at which sampling was conducted (Table S1).
Sample processing

Water samples (500 ml) for DNA and chlorophyll @ (Chl ) analyses were
immediately filtered onto a Durapore® membrane filter, 0.22 um (Sigma-Aldrich, MA, USA)
and GF/F filter (Whatman®, Sigma-Aldrich, MA, USA), respectively, and stored at -20 °C.

Filtered water was stored frozen for analysis of phosphate (PO4*), nitrate (NOs’), and
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ammonium (NH4"). For bacterial enumeration, 2 ml of water were fixed with formaldehyde
37% (v/v), incubated for 1 h at 8 °C, shock frozen, and stored at -80 °C. Sediment and eelgrass

samples were immediately frozen at -20 °C.
Chlorophyll a, inorganic nutrients, bacterial abundance, and grain size

Chl a was extracted with 96% (v/v) ethanol and measured on a Trilogy Laboratory
Fluorometer (Turner Designs, San Jose, CA, USA) calibrated with a Chl a standard (DHI,
Denmark) following (59). NH4" was quantified fluorometrically, according to (60), while PO4*
and NOj; were quantified using standard colorimetric methods (61 - 62). Bacteria were
enumerated on a FACSCanto II flow cytometer (BD, New Jersey, USA) according to (63)
using TrueCount beads (BD) to measure flow rate. Grain size from 27 sediment samples
between July and September (n = 9 per station) was measured on the Mastersizer 3000
(Malvern Panalytical, Malvern, UK).

Molecular analyses

DNA extraction.

Durapore® membrane filters were thawed and ground in 2 ml Eppendorf tubes with
liquid nitrogen. The sediment or eelgrass samples were washed before extraction with 1.5 ml
of phosphate buffer saline (PBS) in a 2-ml tube containing approximately 1 g of sediment or
0.3 g of eelgrass to minimize contamination from the water column. DNA was extracted using
the DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Samples were eluted in 10 mM Tris buffer (pH 8) and DNA content was
quantified using the PicoGreen dsDNA Assay Kit (ThermoFisher, MA, USA).

168 rDNA amplicon sequencing analysis and Vibrio spp. annotation.

DNA from triplicate water samples from each substation were combined at every
sampling point, i.e., uniformly mixed, resulting in one water sample sequenced per substation.
Sediment and eelgrass samples were sequenced in triplicates. Thus, DNA from 78 water, 204
sediment, and 78 eelgrass samples was sequenced at the SciLifeLab National Genomics
Infrastructure (NGI, Solna, Sweden). Libraries were prepared using the primers 341F/805R
(341F, 5’-CCTACGGGNGGCWGCAG-3’; 805R, 5’-GACTACHVGGGTATCTAATCC-3”)
targeting the hypervariable V3-V4 region of the 16S rRNA gene (64). Library preparation was
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performed according to NGI protocols (https://ngisweden.scilifelab.se/methods/illumina-16s-
sequencing-2/ and https://ngisweden.scilifelab.se/2021/01/tech-note-increase-complexity-of-
amplicon-libraries-using-phased-primers/), and sequenced on a NextSeq2000 (NextSeq
1000/2000 Control Software 1.5.0.42699/RTA 3.10.30) with a 301nt(Readl)-10nt(Index1)-
10nt(Index2)-301nt(Read2) setup using a flowcell. After sequencing, the library was
demultiplexed, and phased primers, Illumina adaptors, and 16S rRNA gene primers were
removed (https://github.com/biodiversitydata-se/amplicon-multi-cutadapt). Sequence analysis
was performed in R Studio v 4.1.0. (http://www.r-project.org). Three of the 78 water samples
did not pass the quality control. Amplicon sequence variants (ASVs) were generated with the
DADA2 pipeline v.1.21.0 (59), and annotated using a curated version of 16S rRNA genes from
GTDB (v.R06-RS202-1) (60). Sequences were deposited in NCBI (PRINA1011541).

The taxonomic annotation of the 16S ASVs was done in two steps: First, we used the
DADAZ2 function assignTaxonomy (65), and 16S sequences from GTDB to get taxonomic
annotations of the ASVs to genus level (66). Second, for the ASVs annotated as Vibrio in the
initial annotation, species-level classification was achieved by sequence comparison to a
custom database (BLAST, V. 2.13.0) (67). This database includes 16S rRNA gene sequences
of complete Vibrio genomes from RefSeq (51 species, 317 strains - including 22 V. vulnificus
strains) (68), 41 draft V. vulnificus genomes from clinical isolates from the Baltic region (4, 6),
and 84 draft V. vulnificus genomes from environmental Baltic Sea isolates (Delgado et al.,
unpublished). For an ASV to obtain a species-level assignment, we required perfect (100%
identity) alignment of the full ASV to 16S rRNA gene(s) of a single species in the custom
database. In some cases, this resulted in ambiguous species annotation. However, when
considering matches for V. vulnificus, the associations were unambiguous, meaning that the

identified ASVs perfectly aligned with 16S sequences belonging exclusively to this species.

Exact match is recommended for species-level assignments of 16S ASVs (68).The
scripts used for the bioinformatics processing is available at
https://github.com/lfdelzam/ASV_dada2_chunck/ and the 16S rRNA Vibrio database for this
paper is available at https://zenodo.org/records/1087.

Quantification of Vibrio spp. and V. vulnificus with digital droplet PCR (ddPCR).

The abundance of Vibrio spp. and V. vulnificus in water and sediments was assessed by
gene quantification using ddPCR. We targeted the 16S rRNA gene with 567F/680R (567F, 5°-
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GGCGTAAAGCGCATGCAGGT-3’; 680R, 5’-GAAATTCTACCCCCCTCTACAG-3, (32))
for  total Vibrio  spp., and  whA  gene  with  vvh-785{/990r  (vvh-
785f:5 TTCCAACTTCAAACCGAACTATGAC-3¢, vvh-990r: 5¢-
ATTCCAGTCGATGCGAATACGTTG-3,(70) for V. vulnificus. For the ddPCR reaction, 11
pl QX200™ ddPCR™ EvaGreen® Supermix (Bio-Rad, Miinchen, Germany), 0.01 puM
forward and reverse primer (final concentration), 5-15 ng DNA template, and DEPC H,O were
added in a final volume of 22 pL. Droplets were generated using a QX100 droplet generator
(Bio-Rad, Miinchen, Germany) according to the manufacturer's instructions. The emulsified
samples were transferred to a 96-well plate and sealed with a pierceable heat-sealing film (Bio-
Rad, Miinchen, Germany). PCR was performed using a Bio-Rad C1000 Touch™ thermal
cycler (Bio-Rad, Miinchen, Germany). The PCR conditions for Vibrio spp. were 94 °C for 5
min, 40 cycles of 94 °C for 1 min, 61.6 °C for 1 min, and 72 °C for 1 min. For V. vulnificus,
the program was 95 °C for 5 min, followed by 40 cycles at 95 °C for 30 seconds, 58.5 °C for
1 min, and 72 °C for 1 min. In both cases, a final step of 4 °C for 5 min, 90 °C for 5 min, and
an infinite hold at 4 °C was performed. The plate was then analyzed with the QX200™ Droplet
Digital PCR system (Bio-Rad) using Quantasoft 1.74.09.17 software (Bio-Rad, Miinchen,
Germany). Positive controls of V. vulnificus isolates and blanks with DEPC water were used.
Based on the above described 16S rRNA gene sequencing, we applied a correction factor for
Vibrio spp. counts, i.e., the ratio of Vibrio spp. and Photobacterium spp. 16S rRNA gene
sequences, to account for the cross-reaction of the primer set 567F/680R with Photobacterium

spp., sensu (71).

Community analysis, statistics, and modelling

All analyses were carried out using R Studio v.4.1.0.
Community analysis.

Sample data matrices were managed using the phyloseq package v.1.36 (72).
Community analyses were exclusively carried out on ASVs within the Vibrio genus unless
stated otherwise. Alpha diversity (Shannon index) was calculated after rarefaction. Principal
component (PCA) and redundancy analyses (RDA) were done with the microViz package
v.0.10.8 to measure similarity or dissimilarity between Vibrio communities using central log

ratio (clr) transformed data.
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To evaluate changes in the Vibrio community, we conducted a permutational
multivariate analysis of variance using distance matrices (PERMANOVA, number of
permutations = 999) using the Euclidean distance matrix. We also used an ANOVA-like
permutation test for constrained correspondence analysis to determine the significance of the
constraints (number of permutations = 999) using the anova.cca which is part of vegan v.2.6.4
(73). To evaluate pairwise differences between groups, pairwise analyses were done with
PairwiseAdonis v.0.4 (74). Additionally, we performed a SIMPER analysis (number of
permutations = 999) to identify the taxa responsible for differences between groups of samples,

using vegan v.2.6.4.

To identify ASVs that were differentially abundant in the sediment, a negative
binomial Wald test was conducted using DESeq2 v.1.32.0 on the non-rarified and non-clr
transformed data (24). The sediment samples (n = 204) were compared to the respective water
samples (n = 75). Despite unequal sample sizes, the data exhibited a negative binomial
distribution, ensuring a robust analysis. Significance was set at p < 0.01. The top 26 most
significant ASVs differentially abundant in the sediment at each station were used as indicators
for sediment resuspension when found in the water column. Additionally, the same analysis
was performed to determine the ASVs associated with the presence (n = 9) and absence (n =
12) of V. vulnificus (based on the ddPCR values). DESeq?2 analysis was carried out with the top
10,000 most abundant ASVs (comprising almost 100% of the entire microbial community—).
The ASVs detected were visualized using clustering heatmaps created with the

complexHeatmap package v.2.8.0 (75).
Statistical analyses.

Homogeneity of variances for the ddPCR and relative abundance data followed a non-
normal distribution (Leven’s test). Therefore, non-parametric analyses were employed using
Kruskal-Wallis. Pairwise comparisons were done using Wilcoxon Rank Sum Tests.
Spearman's rank analysis was employed to determine relationships between the ddPCR data of
Vibrio spp. and V. vulnificus in the water column and environmental and biological data (n =
234), using Bonferroni correction to adjust Spearman Rank correlation p-values. Unless
otherwise stated, the significance level for all analyses, including correlations, was set to p <
0.05.
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Prediction of Vibrio spp. and V. vulnificus.

To predict Vibrio spp. and V. vulnificus occurrence, we used stepwise multiple
regressions, following the methodology outlined in (33, 76). The data used for training and
testing the model were split, with 80% used for training and 20% for testing. The analysis was
performed using the olsrr package v0.5.3 (https://CRAN.R-project.org/package=olsrr), and the
predictive model was developed based on the ddPCR data obtained from the water column (n =
234). We tested that the data met the assumptions of linearity, independence, normality of
residuals, and homoscedasticity. Variables exhibiting high co-linearity were eliminated. Only
variables with p < 0.05 were included in the model. Studentized residual analyses were
conducted to thoroughly examine the variance between observed and predicted abundances.
The visual examination of the difference between predicted and observed abundances was

calculated.
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Chapter IV: Control of Vibrio vulnificus proliferation in the
Baltic Sea through eutrophication and algal bloom management
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Abstract

Due to climate change the pathogenic bacterium Vibrio vulnificus proliferates along
brackish coastlines, posing risks to public health, tourism, and aquaculture. Here we
investigated previously suggested regulation measures to reduce the prevalence of V.
vulnificus, locally through seagrass and regionally through the reduction of eutrophication and
consequential formation of algal blooms. Field samples collected in the summer of 2021
covered the salinity and eutrophication gradients of the Baltic Sea, one of the largest brackish
areas worldwide. Physico-, biological- and hydrochemical parameters were measured and
variables explaining V. vulnificus occurrence were identified by machine learning. The best V.
vulnificus predictors were eutrophication-related features, such as particulate organic carbon
and nitrogen, as well as occurrence of potential phytoplankton blooms and associated species.
V. vulnificus abundance did not vary significantly between vegetated and non-vegetated areas.
Thus, reducing nutrient inputs could be an effective method to control V. vulnificus populations

in eutrophied brackish coasts.

91



Chapter [V

Introduction

The Baltic Sea is a semi-enclosed marginal sea of the Atlantic located in northern
Europe, with a coastline of approximately 8000 km and covering an area of 415,266 km2.
Saline inflows through the North Sea produce a 2000 km long lateral surface salinity gradient
throughout the entire Baltic Sea, ranging from high salinities (>25) in the transition zone of the
Kattegat to low salinities (<5) in the Gulf of Bothnia'. The Baltic Sea is characterized by an
estuarine-like circulation due to the positive freshwater budget. The drainage area of the Baltic
Sea encompasses a population of approximately 85 million, and is consequently heavily
influenced by eutrophication®. In addition, annual mean sea-surface temperatures are rising?
and the ecosystem is expected to be increasingly affected by warming in the coming decades?,

and will be faced with extended heat wave durations®.

These changes favour the growth of pathogenic bacteria of the genus Vibrio and an
increase in Vibrio spp. abundances, infection rates, and fatal cases along the Baltic Sea
coastline has been reported™®. The infections of predominantly immunodeficient humans can
be associated with the consumption of raw or undercooked shellfish, but in the Baltic Sea, they
frequently manifest as skin infections resulting from direct contact with coastal brackish water.
Only a low number of infections are currently associated with Vibro vulnificus in the Baltic

Sea9, but these are usually severe and often lethal®!*!,

Temperature and salinity are widely accepted as the two primary regulators of V.

1215 but factors related to eutrophication, such as

vulnificus abundance and distribution
elevated dissolved organic carbon [DOC!®] concentration or dinoflagellate blooms!’, have been
shown to stimulate V. vulnificus growth in laboratory settings. Due to its preference for
intermediate salinities and proliferation at water temperatures >15°C18, V. vulnificus
experiences optimal growth conditions during the summer in the Baltic Sea. The expected
spread of V. vulnificus does not only pose a significant threat to public health but also to the
tourist, fishing, and aquaculture industries'***?!. In consequence, the question arises, whether

measures can be taken to regulate V. vulnificus abundances.

In a natural setting, macrophytes such as seagrass (Zostera marina) might reduce the
abundance of pelagic and potentially pathogenic Vibrio spp. and other pathogens within the

seagrass canopy’>?. The underlying mechanisms for this decrease are elusive but could
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include increased sedimentation rates due to hydrodynamic attenuation®*%S, filter-feeding by

benthic fauna®’-*

, or allopathic chemicals exuding directly from the seagrass plants®.
Regardless of the specific causal mechanisms through which Z. marina beds potentially impact
V. vulnificus abundance, they are putative nature-based solutions for reducing V. vulnificus®.
Consequently, this study aims to elucidate important factors for mitigating V. vulnificus
abundances along the Baltic coast, evaluating the potential of seagrass as a nature-based
solution at the local scale and the reduction of eutrophication at the regional scale, respectively.
We measured a large array of physical, biological, and hydrochemical parameters, and used
three parallel methods (cultivation, amplicon sequencing, and droplet digital PCR; ddPCR) for
the quantification of V. vulnificus within, adjacent and far from seagrass meadows. This
enabled us to simultaneously assess the relationship between seagrass, environmental factors,
such as temperature, salinity, and (in)organic nutrients, eukaryotic and prokaryotic microbial
communities, and V. vulnificus over a vast salinity range, facilitating the detection of more
generalizable patterns. These patterns are applicable to a wide range of environmental
conditions found in estuaries and marginal seas worldwide. By combining a large number of
parameters with a machine learning approach, complex and non-linear relationships are

identified between the environment and V. vulnificus abundance.

V. vulnificus is likely stimulated by eutrophication-induced algal blooms; therefore,
reducing eutrophication appears to be a promising strategy for mitigating the health risks
associated this bacteria. Based on the results of this study, a regulatory effect of seagrass on V.

vulnificus could not be determined.

Results

Environmental gradient and eutrophication index

A northeast-to-southwest salinity gradient (6 — 15.4) across the Baltic Sea was
observed (for locations of sampling points, see Methods: Fig. 1), consistent with the increase
of average seagrass leaf length from 22 to 109 cm. The density of the meadows (125 to 1,059
stalks per m?), depth (0.6 - 4.7 m), temperature (15.8 — 21.4 C°), dissolved oxygen (DO) (7.66
to 14.51 mg L), pH (7.96 - 8.98) and average grain size diameter (dx50) (98 - 1,623 um) were
not structured along the salinity gradient. Abundance of heterotrophic cells, ranging between
3.44 x 10° and 2.68 x 107 mL", varied across the Baltic Sea, with the highest and lowest
abundances along the German (BV-06 to BV-11 and BV-24) and Estonian (BV-14 to BV-16
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and BV-25) coasts, respectively. Among these cells, high nucleic acid (HNA) cell counts were
very similar with 1.3 - 1.4 x 10° cells mL"!, but low nucleic acid (LNA) counts varied between
1.37 x 10% and 1.44 x 107 cells mL"'. Autofluorescent organisms were similarly distributed
among stations, with Synechococcus abundances ranging from 4.09 x 10* to 1.12 x 10° cells
mL"!, picoeukaryotes from 1.41 x 10* to 5.92 x 10* cells mL"!, and nanoeukaryotes from 2.17 x
107 to 4.95 x 10* cells mL™.

300 km [ I |

|BV-18*

. i )
60°N s Bv-18 ] ‘é@‘
. <)BV—25

‘BV-15 . BV-14

BV-16
58°N
©
gel
2
E )?V-ZO 1UOmO
BV-26 BV-21 C
56°N ' BV-22
Macrophyte O
Svos -/ Mecopnye B
BV08 ovng] BV-12
Bv-06 @ Bv-10 7. BV-00 @) )
54°N : QBV_M A
BV-07[ BV-24 )
10°E 14°E 18°E 22°E 26°E 30°E
Longitude
Salinity

SNSEENENEENE  Ecosystem engineer < > Fucus spp. () Zostera marina
5.0 75 100 125 150

Figure 1. Map of the Baltic Sea showing sampling stations and salinity levels. A schematic zoomed-in
view of one station (BV-12) is provided to illustrate the three substations sampled at every station: A, B,
and C. Station A is located within a macrophyte meadow, while station B is located 15 m, and station C
is located 100 m from the meadow edge.

Phosphate (PO4*) and nitrate (NO5’) concentrations ranged from <0.1 to 0.93 and <0.2
to 1.46 uM, respectively, with the highest concentrations at the Swedish coast (BV-20, BV-
21). The highest concentrations of nitrite (NO,) and ammonium (NH4"), reaching up to 0.15
uM and 6.94 uM, were observed at the Danish coast (BV-26). Silica (SiO) concentrations
ranged between < 2 and 48.92 uM and did not show strong geographic structuring. Particulate

organic carbon (POC) varied between 11.21 and 276.83 pM, particulate organic nitrogen
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(PON) between 1.64 and 41.76 uM, DOC between 180.10 and 681.30 uM, dissolved organic
nitrogen (DON) between 8.30 and 30.60 uM and chlorophyll-a (chl-a) between 0.63 and 21.16
ug L1, with the highest concentrations found along the German coast. The eutrophication
index was highest at the German coast (BV-11) and lowest at the Danish coast (BV-26).

No significant differences in physicochemical parameters within the water column
were observed between substations A (in the macrophyte meadow), B (15 m from the
macrophyte meadow), and C (100 m from the macrophyte meadow), for both Z. marina and

Fucus spp. (serving as controls, see Methods) stations (Supplementary Fig. 1).

Macrophytes had no significant effect on V. vulnificus abundance

V. vulnificus was detected in 47% of the samples using ddPCR, in 33% through 16S
rRNA gene sequencing, and both methods identified it in 20% of the cases. Across all sampled
stations, local effects of Z marina or Fucus spp. on V. vulnificus absolute or relative
abundances were insignificant. V. vulnificus was equally distributed between substations A, B,
and C (Wilcoxon rank sum test (Fig. 2)). This was consistent for vwhA gene copy numbers and
16S rRNA gene relative abundances, green colony forming units (CFUs), which are presumed,
but not unequivocally identified, V. vulnificus colonies, and for heterotrophic bacterial cell counts
(p-values > 0.05). Likewise, there was no consistent pattern between substations A, B, and C in
vwhA gene copy number nor relative 16S rRNA gene abundances when observing the
individual stations (Supplementary Figs. 2 & 3). V. vulnificus in sediments was also evenly
distributed among substations (Supplementary Fig. 4). Based on the vwhA genes and 16S rRNA
gene sequencing, V. vulnificus was not present in Z. marina biofilms. However, one V.
vulnificus strain was isolated from seagrass leaves at station BV-12. In addition, other potential
pathogenic Vibrio spp. found in the Baltic Sea were also distributed equally between

substations on a Baltic Sea wide level (Supplementary Fig. 5).
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Figure 2. V. vulnificus abundance
and microbial abundances at three
substations summarized across all
sampled locations. aV.
vulnificus abundances (vvhA gene
copies mL™!), b Relative V.
vulnificus abundance based on 16S
rRNA genes, ¢ Presumptive V.
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edge. Boxes represent the 25th and
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A positive relationship was observed between temperature and V. vulnificus abundance

(approximated by vwhA gene copies mL™, Fig. 3). Within the temperature range of 19.5 — 20.5

°C, however, strongly eutrophied samples exhibited higher vwh4 gene numbers compared to

other samples in the same, as well as other, temperature ranges, coinciding with higher cell

abundances of heterotrophic bacteria in general (Fig. 3). The average concentration of the vwiA4

gene in this temperature bin was higher than that at higher temperatures, and, on average, the

bin exhibited higher eutrophication. The eutrophication index captured more of the variance in
V. vulnificus abundance (36%) than temperature (12%) (Supplementary Fig. 6). The

combination of both explained 43% while the more comprehensive and non-linear random

forest (RF) including all parameters explained 59% of the variance.
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Figure 3. Relationship between temperature, eutrophication index, and pelagic V. vulnificus (vvhA
copies mL—1): The x-axis consists of 1-degree temperature bins for the bars and is continuous for the
points, the y-axis is the logl0 transformed vvhA gene copy numbers. Colours represent the
eutrophication status per sample and are averaged per bin for the bars. The point shape indicates
heterotrophic bacterial cell abundance, grouped into five bins, ranging firom 3.4 x 10°to 2.7 x 107 cells
mL~!. Error bars represent standard deviation.

Prevalence of V. vulnificus was correlated with indicators of blooming situations

Both RF models exhibited moderate performance, explaining 0.59 + 0.32 and 0.59 +
0.45 of the variance in the derived total V. vulnificus abundances and of the variation of vwhiAd
gene copies mL!, respectively. Root Mean Square Error (RMSE) was 697.16 + 597.50 and
6.33 £ 4.66 of the target values 8,130.20 and 37.93, and the mean absolute error (MAE) was
519.76 + 307 and 4.56 + 2.55.

Prokaryotes identified as the most important predictors for V. vulnificus abundance
belonged, among others, to the phylum Cyanobacteria, with representatives of the genera
Cyanobium (ASV219, ASV379) and Nodularia (ASV2690), as well as Actinobacteria, with
Candidatus Aquiluna(ASV236), ML602J-51 (ASV654) and Nocardioides (ASV1070) (Fig. 4;
Supplementary Table 1). The most important eukaryotic predictor taxa for V. vulnificus, which
could be classified at the genus level, were the rodophyte Ceramium sp. (ASV71), the
Cercozoa Thaumatomastix and Aplanochytrium (ASV320, ASV430), the mixotrophic

organism Teleaulax (ASV6) and fungi Rhizophydium spp. (ASV312) (Fig. 4; Supplementary
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Table 2). The relative abundances of these taxa, except Teleaulax and Nodularia, were notably
higher at elevated vwhA gene concentrations and derived V. vulnificus cell numbers (Fig. 4).
Cyanobium spp. encompassed up to 18.4%, and Ceramium up to 9.2%, of the ASV counts,
respectively. The high relative abundances of these pro-and eukaryotic taxa coincided with
high POC and PON, high Synechococcus abundance, and high LNA cell concentration (Fig. 4).
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Previous page: Figure 4. Heatmap of the most important predictors for the vwhA gene copy number,
derived V. vulnificus abundance, and the eutrophication index. Predictors are ordered from high (left)
to low (right) importance for the respective models. Observations are ordered according to
decreasing vvhA gene copy numbers. Values of each predictor are scaled from 0 to 1 for color
representation in the heatmap, while the original values are printed in each cell.

Discussion

We present a comparative study of 19 coastal Baltic Sea sampling stations in
summer/early fall 2021, exploring the potential of seagrass as a local solution and the reduction
of eutrophication as a more regional strategy to mitigate the proliferation of potentially
pathogenic V. wvulnificus. For these stations, physical-, biological- and hydrochemical
parameters were measured and variables explaining V. vulnificus occurrence were identified.
We found that eutrophication-related parameters such as POC/PON and high Cyanobium sp.
and Synechococcus sp. abundance predicted high V. wvulnificus abundances, while the
occurrence and density of Z. marina showed no predictive value. This implies that reducing
eutrophication on a regional level could be a promising strategy for constraining further

proliferation of V. vulnificus along the Baltic Sea coast.

The distribution and abundance of V. vulnificus has been extensively studied, with
temperature and salinity being consistently identified as key factors'*'>. Our study observed
temperatures exceeding 15 °C and salinities ranging from 6 to 16, which are generally
considered favorable conditions for V. vulnificus®*°, yet abundances varied between stations.
Notably, stations with a high eutrophication index tended to exhibit higher V. vulnificus
abundances compared to those with similar or even higher temperatures but a lower
eutrophication index (Fig. 3). Furthermore, the eutrophication index explained a greater
proportion of the variance in the V. vulnificus abundance than temperature (Supplementary Fig.
6). This finding is consistent with earlier studies, which also related elevated concentrations of
DOC and chl-a to high V. vulnificus abundances'®**. Chl-a was, besides being part of the
eutrophication index, also closely associated with the predictors for V. vulnificus identified by
RFE, namely POC, PON, Cyanobium sp. and Synechococcus (relative) abundance in this study
(Supplementary Fig. 7). Additionally, the effectiveness of heterotrophic cell counts (LNA cells
in Fig. 4) in the prediction underscored the link to eutrophication. These results align with
observations from the Neuse River estuary, which faces similar problems with eutrophication
as the Baltic Sea, where elevated levels of both total Vibrio spp. and V. vulnificus corresponded

with high phytoplankton biomass®' and an investigation after Hurricane Ian (October 2022),
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where high phytoplankton mass, approximated by chl-a concentration, and associated
zooplankton abundance, was found to potentially stimulate V. vulnificus proliferation®2.

Cyanobium sp., which thrives under eutrophic conditions and is known to form blooms
and correlate positively with the decay phases of other blooms*, was found to be an important
V. vulnificus predictor. The identified ASVs for Cyanobium sp. comprised up to 18.7% of the
total prokaryotic sequence reads at some of the highest vwh4 gene copy numbers. Associations
between pathogenic Vibrio spp. and (harmful) algal blooms have been observed before** and
our results substantiate this relationship. It is plausible that eutrophication, by stimulating
blooms, served as an important indirect driver of the distribution and abundance of V.
vulnificus via the release of DOC/DON and POC/PON. The idea that the increase in
DOC/DON triggered by the bloom contributed to the proliferation of V. vulnificus prior to
sampling is supported by the predictive power of the actinobacteria Candidatus Aquiluna
(ASV236), ML602J-51 (ASV654), and Nocardioides (ASV1070). Actinobacteria are
commonly associated with the demise of phytoplankton blooms and the generation of
cyanobacterially sourced DOC?*3¢, The stimulation of V. vulnificus abundance by algal blooms
was also inferred from the high V. vulnificus abundances coinciding with high filamentous
Ceramium sp. abundances, peaking at 9.2% of the sequence reads during both the highest vwhA
gene concentrations and derived V. vulnificus cell counts at station BV-08-A (Fig. 4).
Ceramium sp. is an opportunistic fast-growing algae, with high nutrient uptake rates®’.
Interestingly enough, the eutrophication index, POC and PON are all low at this station. This
could be an indication that the blooming (in terms of relative abundance) of specific plankton,
for example Ceramium sp. and Cyanobium sp. can already convey some benefit. POC / PON
are still good predictors of V. vulnificus in that scenario, as they generally increase with
phytoplankton blooms, including all the blooms that provide species-specific benefits.
Regardless of the specific combination of factors that promote V. vulnificus proliferation,
reducing eutrophication would limit the extent of algal blooms in the Baltic Sea, likely
reducing infection risk. Among the top five instances of highest vwi4 gene copy abundances
and derived V. vulnificus cell numbers, either Ceramium or Cyanobium sp. was consistently,
except at station BV-24-B, found at high relative abundance.

The high relative abundance of Cyanobium sp. was concurrent with other species
expected to either infect or co-occur with a bloom. The parasite Aplanochytrium sp., which is
known to bloom* and to correlate strongly with phototrophs®, and the fungi Rhizophydium sp.
(ASV 312)%, reached their highest relative abundance (max 0.4% and 1%, respectively) at

stations with high Cyanobium sp. and V. vulnificus (relative) abundance. Under conditions
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conducive for extensive bacterial growth, such as during blooms, Thaumatomastix (ASV320)
might be able to temporarily compete with other organisms*!'. Thaumatomastix exceeded 0.1%
of the eukaryotic community only in samples where Cyanobium sp., Synechococcus, and their
potential parasites were relatively abundant, further pointing to a highly productive system.
This scenario coincided with elevated V. vulnificus abundance.

We speculate that when grazing pressures on the algal bloom reached critical levels,
the bloom ceased, leading to a depletion of the organic nutrients crucial for the proliferation of
V. vulnificus. In instances where we observed high relative abundances of the potential
predator Teleaulax (>1%), there was a concurrent decrease in Synechococcus and Cyanobium
sp. (relative) abundances and a decrease in the concentrations of PON and POC (e.g. BV-18 &
BV-20). This phenomenon was consistently associated with the absence or low relative
abundance of V. vulnificus. This may be attributed to the potential role of Teleaulax in

depleting the Synechoccocus population*>*

and thereby reducing the food sources for V.
vulnificus.

While organic nutrients were good predictors of V. vulnificus abundance, inorganic
nutrients were not. Additionally V. vulnificus was generally less correlated with inorganic
nutrients (e.g. POs*) than heterotrophic bacteria overall (Supplementary Fig. 8). This suggests
that potential bloom-forming organisms may play a pivotal role in the chain leading from
inorganic nutrient input to increased V. vulnificus abundance by converting inorganic nutrients
into organic forms.

In addition to the increase in organic constituents present during a phytoplankton
bloom, the higher abundance of phytoplankton and the associated zooplankton community
could potentially offer protection against grazing by bacterivorous protozoa, as previously
demonstrated for V. cholerae”. V. cholerae population growth is normally balanced by
protozoan predation, but during declining blooms, V. cholerae has been shown to multiply at
an increased rate due to the higher availability of DOC and DON and/or change to a particle-
attached lifestyle for protection from predation®. A similar protective effect has been shown
for other species of Vibrio, which significantly benefitted from association to phytoplankton
during periods of intense grazing*®. We hypothesize that V. vulnificus might also benefit from a

similar interaction.
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Figure 5. Overview of the suggested pathway through which eutrophication promotes V.
vulnificus proliferation. P and N represent the total dissolved inorganic phosphorus and nitrogen.
Inorganic nutrient inflow from the land induces algal blooms, providing the organic material required
Jfor V. vulnificus proliferation and potentially protection from bacterivorous protozoa. The figure also
displays other organisms identified as important predictors and their potential connections to blooms.
Notably, Zostera marina could not be shown to significantly affect abundance in our study.

The discussed microorganisms and eutrophication index exhibited greater explanatory
power than temperature for V. vulnificus abundance. This was likely due to their sensitivity to
historical and current temperatures and nutrient availability. As a result, they served as a record
of the water mass that was more predictive than temperature alone. The suggested pathway
through which eutrophication could stimulate V. vulnificus abundance is summarized in Fig. 5.
The identity of the blooming organism and its predators might not be as critical as the fact that
the bloom and its associated predators stimulate organic nutrient availability and might provide

a degree of protection.

While eutrophication is often a regional problem, with a regional solution, such as the
Baltic Sea action plan*’. Intraregional differences exist between bays due to differences in
nutrient sensitivity*® and nutrient input from point sources®. Engineering solutions to
eutrophication in semi-enclosed Baltic Sea bays have been tested successfully™, potentially

providing a solution for some Baltic Sea coasts. Besides allowing for a potential (multi)-
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national approach to reduce the V. vulnificus hazard, the possible impact of eutrophication can
be used to improve risk assessment and early warning by integrating the existing HELCOM
Eutrophication Assessment Tool*® into the currently available ECDC Vibrio viewer, which
relies solely on temperature and salinity, for the Baltic Sea®'. In other estuaries or marginal
seas, the integration of chl-a data from remote sensing into early warning systems may provide
an improved prediction of V. vulnificus abundance.

The assessment of V. wvulnificus predictors was hampered by the observed
discrepancies between the quantification methods employed. They are likely due to multiple
biases associated with each methodology. These are, in no particular order: CFUs by nature of
the method, underestimate the real abundance, as they are unable to quantify viable but not
culturable cells, resulting in the lowest abundances measured by any of the methods (Fig. 2).
Differences between vwhA4 gene copy numbers and derived cell counts can be partly attributed
to multiple copies of the 16S rRNA gene*, which range between 8 and 12 for V. vulnificus™>.
We did not correct for these, according to the advice of Louca et al. (2018)°*. Additionally, not
all V. vulnificus cells contain the vwhA4 gene, which further complicates the comparison. The
discrepancy between whA and derived V. vulnificus abundance could be an indication that a
sizeable part of the sampled V. vulnificus community lacks this pathogenicity gene. Further
differences might arise from primer bias, PCR biases and biases in quantification of bacterial
counts. When assessing the vwhd gene in our study, fewer instances of V. vulnificus are
identified per station; however, V. vulnificus is detected at more stations. A prime example is
station BV-11-C (Fig. 4), which has the second highest vwhi4 gene copy numbers, and where
presumable V. vulnificus colonies where cultured, but no V. vulnificus was detected with the
16S rRNA amplicon sequencing, while at stations BV-11-A and BV-11-B V. vulnificus is
detected by all methods. In this case, the discrepancy arose because the 16S rRNA gene
sequences amplified at station BV-11-C could not unambigiously be identified as V. vulnificus.
A similar degree of similarity was observed with a related Vibrio species. Additional
discrepancies might arise from V. vulnificus variants not accounted for in the database used for
comparison. This complicates the comparison between the methods, but overall, the
association between algal blooms and V. vulnificus could still be shown across all measured
parameters.

V. vulnificus was found to be absent from seagrass leaves by molecular methods and
only one strain could be isolated from them, even though V. vulnificus is known to form
biofilms> under a variety of conditions®*®, This is surprising given the release of labile DOC

from seagrass leaves® but could be due to allelopathic chemicals exuded from the seagrass
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leaves hampering the growth of V. vulnificus, as observed for a general bacterial community®.
An alternative explanation is that there is a strong association between the seagrass and their
associated microbiome and that V. vulnificus was consistently outcompeted®%2. V. vulnificus
was, however, found in the benthic and pelagic environment, in similar abundances at
substations inside and outside of the meadows (Fig. 2, Supplementary Figs. 1, 2), implying that
the impact of seagrass meadows on V. vulnificus abundance, relative abundance, and culturable
potential within the surrounding environment was minor in the Baltic Sea. Additionally, no
effect on the relative abundance of other potential Vibrio pathogens could be detected within
the sampled salinity range (Supplementary Fig. 5). Similar to the findings in San Diego coastal
waters, our results contrast the reduction in pathogenic bacteria abundance observed by Lamb
et al. in 2017%. Future findings may differ for other conditions, e.g., water temperatures,
salinity ranges, or less eutrophied systems, which were outside our study framework. The
discrepancy between our study and earlier work on the influence of seagrass on potential
pathogens may also be ascribed to a difference in methodology or study area. Reusch et al.
(2021) used solely chrom-agar based blue colony counts at salinities between 14.3 and 22.1%,
while we employed methods more specific to V. vulnificus over a different salinity gradient.
The salinity of our study arecas was mostly lower and may have affected the physiology of
seagrass and its possible effect on V. vulnificus. Based on our results, it could not be shown
that seagrass meadows are a direct effective nature-based solution for reducing V. vulnificus
abundance and associated infections in the Baltic Sea. However, the current high nutrient
concentrations in the Baltic Sea may have masked possible direct effects of seagrass, and
probably also Fucus spp., on V. vulnificus, and indirect effects through the reduction of the
nutrient load.

Our study suggests that a reduced anthropogenic nutrient input could mitigate the
cascade of events that stimulate algal blooms and through that, organic nutrient availability.
This in turn, would make conditions less conducive for V. vulnificus proliferation. This could
reduce public health risks and be a critical management tool for V. vulnificus in the Baltic Sea,

as well as in other coastal brackish water systems worldwide.

Materials and Methods

Sampling stations and SCUBA sampling strategy

Samples from fifteen Z. marina and, for comparison, four Fucus spp. stations were

collected from July 25" to September 2", 2021, covering the German, Estonian, Finnish,
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Polish, Swedish, and Danish coasts (Fig. 1). Water and sediment samples were collected inside
the macrophyte meadows (substation A), as well as the leaves/fronds of the macrophyte.
Analogously, water and sediment samples were collected at control stations without
macrophytes, located 15 m (substation B) and 100 m (substation C) from the edge of the
meadow (Fig. 1). Sampling was carried out by SCUBA or snorkel divers at water depths
ranging from 0.6 to 4.7 m. Sampling was only performed up to a moderate breeze of 4 on the
Beaufort scale with wave heights <0.5 m to prevent heavy mixing between substations. The
prevailing current direction was visually determined at the sampling depth by releasing food
colourant (Dr. Oetker 4 Back & Speisefarbe). Divers approached the sampling site against the

current and maintained buoyancy to prevent sediment resuspension.

Water samples were collected following two methods. First, for DNA extraction, flow
cytometry, and plating, 100 mL of water was collected in 9 replicates using rinsed syringes.
The samples were collected ca. 5 cm from a macrophyte and ca. 20 cm above the sediment at
substation A, and ca. 20 cm above the sediment at substations B and C. Second, sterile 5 L
plastic bags, used for chl-a, inorganic nutrients, POC and PON, DOC and DON determination,
were filled by swimming against the current while keeping the bag open 20 cm above the
sediment. This water was split between 1 L plastic and glass bottles after triplicate rinsing.
Sediment was collected in nine sterile 50 mL Falcon tubes by scraping the top 1 cm of
sediment. At substation A, Z. marina/Fucus spp. samples were collected in nine replicates by
pinching the connection between the root and stalk. Subsequently, the leaves/fronds were
separated by hand for further processing. All samples were transferred to a 4°C cooler

immediately and stored (maximally 8 h) until processing.
Macrophyte characteristics

Z. marina plant densities were determined by counting 20 x 20 cm squares in triplicate.
The length of 30 leaves was measured per meadow. Fucus spp. densities were not determined
due to the large heterogeneity within the individual beds.

Environmental parameters

Salinity, temperature, and depth were measured using a CTD48M (Sea & Sun
Technology, Trappenkamp, Germany) attached to a diver. DO and pH were measured using a
handheld multimeter (HQ40D Portables 2-Channel Multimeter) (HACH, Iowa, USA) with
Hach Intellical LDO101 and Intellical PHC101 probes, respectively.
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Water from the plastic bottles was filtered through 25@ GF/F filters (Whatman plc,
Maidstone, UK), with the filters stored for chl-a determination at -80 °C (250 — 500 mL) and
the filtrate for nutrient analysis stored at -20 °C. Water from the glass bottles was filtered
through pre-combusted (450 °C, 4 h) 250 GF/F filters for POC and PON determination and
the filtrate for DOC and DON analysis, all stored at -20 °C. PO4*, NO5", NO,", ammonium
NH4", and SiO, concentrations were measured using a Seal Analytical QuAAtro automated
constant flow analyzer (SEAL Analytical Ltd, Nordestedt, Germany), with detection limits of
0.1, 0.2, 0.05, 0.5 and 2 pM, respectively®®. DOC and DON were analyzed with a TOCL-
CPH/TOC-VCPH TOC-Analyzer (Shimadzu, Germany)® and POC/PON measurements were
conducted with a varioMICRO cube element analyzer (Elementar Analysensysteme,
Germany). Chl-a was measured fluorometrically using a 10- AU-005-CE fluorometer (Turner,
San Jose, USA) according to the HELCOM 2019% guidelines and corrected for phaeopigment.

Sediment grain size

Grain size was analysed after 5 d of lyophilization with a Delta 1-24 LSCplus (Martin
Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany). Sediment samples were sieved
through a 3.5 mm sieve and visible biological elements were removed. The remaining
sediment chunks were broken by grinding for a minimum of 90 s with mortar and pestle.
Samples were measured using the dry cell of a Mastersizer 3000 with a range from 0.01 to
3.500 um (Malvern Panalytical, Malvern, UK).

Microbial analyses

Vibrio spp. CFUs and V. vulnificus isolates were obtained from water, sediment, and
macrophytes from six independent replicate samples. For this, water aliquots of 50, 100 or 200
uL were (a) plated directly onto Vibrio selective thiosulfate citrate bile sucrose (TCBS) agar
(Merck, Darmstadt, Germany) and (b) aliquots of 2, 5, 10 or 25 mL were filtered onto 0.2 pm
PC-filters (Merck-Millipore, Burlington, USA) and placed onto TCBS agar. The sediment
samples were homogenized after the removal of the overlying water, a subsample of
approximately 10 g (dry-weight determined accurately after lyophilization) was transferred
from six sediment samples to sterile 50 mL falcon tubes, where 40 mL of double 0.2 pm-
filtered station water was added. To detach bacteria, five ultrasonic pulses of 10 s at 25%
capacity at 5 s intervals using the Bandelin SONOPULS HD 2200.2 (Bandelin, Berlin,

Germany) were applied. After subsequent vortexing and settling of the sediment, water
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aliquots of 50, 100, or 200 pL were plated on TCBS agar in six biological replicates. The same
method was applied for the macrophytes. The only modification was that 5 - 20 mL of the
supernatant was filtered over a PC-filter to obtain colonies. After 24 h incubation at 37 °C,
CFUs of green colonies were determined for all plates.

To isolate V. vulnificus, green colonies from stations BV-05, BV-06, BV-09, BV-10,
BV-12, BV-15, BV-20, and BV-21 were further cultivated on CHROMagar vibrio™
(Chromagar Ltd. Paris, France) for 24 h at 37 °C and blue-colored colonies were restreaked on
TCBS agar, CHROMagar, and Columbia sheep blood agar (Oxoid, Basingstoke, UK). DNA of
isolates which were green on TCBS, blue on CHROMagar and confirmed to be pure cultures
on blood agar, was extracted (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany), and
purity and concentration were determined using a NanoDrop Spectrophotometer (Thermo
Fisher, Waltham, USA). To confirm V. vulnificus, the species-specific vwhA gene sequence was
targeted using multiplex real-time PCR (5" nuclease assay). In the same assay, an internal
amplification control (KOMA) was detected®’. Primers for the detection of the vvhd4 gene* are
provided (Supplementary Table 3).

Enumeration of heterotrophic bacterial cells and autofluorescent phytoplankton

Four mL of water from three replicate 100 mL syringes, which were also used for the
DNA extraction, was pipetted in duplicate into 5 mL sterile cryovials (VWR, Radnor, USA),
and 200 pL formaldehyde (37%) was added. After homogenization and 1 h incubation at 8 °C,
the samples were shock frozen and stored at -80 °C until flow cytometry analysis.
Autofluorescent and heterotrophic cells were counted separately using a CytoFLEX S flow
cytometer (Beckman coulter, Brea, USA) and unstained and SYBR Green I (Invitrogen,
Waltham, USA) stained samples, respectively®. Autofluorescent cells were analysed with
CytExpert software (Beckman coulter, Brea, USA) and grouped into Synechococcus,
picoeukaryotes, and nanoeukaryotes. Stained samples were gated and clustered using
FlowClust® after quality control by FlowAI” based on green and red fluorescence and side
scatter®®. The minimum Bayesian Information Criterion was reached for three clusters,
showing beads, HNA, and LNA cells. The flow rate was monitored by adding beads to each
sample (NFPPS-52-4K, Spherotech, Lake Forest, USA).
Molecular prokaryotic and eukaryotic community composition

Water (92 mL) from three syringes was filtered through 0.22 pum polyvinylidene
fluoride membrane filters (Merck, Darmstadt, Germany), which were shock-frozen in liquid

nitrogen and stored at -80°C for downstream molecular analysis. Three falcon tubes with
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sediment from each substation and three falcon tubes with macrophytes from substation A
were frozen at -80 °C. DNA extractions were performed using the DNeasy PowerSoil Pro Kit
(Qiagen, Hilden, Germany). The sediment and macrophyte samples were thawed and
homogenized. A subsample of 500 mg of sediment or 4-6 pieces of a macrophyte of 2-3 cm
lengths were transferred into bead-beating tubes. These were placed on ice and sonicated twice
for 7 min and bead-beaten for 30 s at 4 m/s. Subsequently, the manufacturer’s instructions
were followed and DNA vyield was quantified using Picogreen (Thermo Fisher, Waltham,
USA).

16S rRNA genes were amplified using primers, covering the prokaryotic V3-V4
hypervariable region”, and 18S rRNA genes by targetting the eukaryotic V4 region
(Supplementary Table 3)’?, with a PCR protocol derived from Latz et al. 20227
(Supplementary Table 4). [llumina sequencing adapters were included in the 5' ends of the 16S
and 18S primers (Supplementary Table 3). Phased primers’* were used to increase the
complexity of the sequencing libraries. For 16S rRNA genes, forward and reverse primers
were phased (CTAGAGT, TAGAGT, etc. for the forward and ACTACTG, CTACTG, etc. for
the reverse primer), for 18S rRNA only the forward primer (ATG, TG, G, or no base) was
phased. PCR thermal conditions and master mix details are provided (Supplementary Tables 4
& 5). Leftover adapters were removed using the MagSi-NGS PREP Plus Kit
(MDKTO00010075, magtivio BV., Nuth, the Netherlands). The purified product was indexed
through a second PCR (Supplementary Table 4) following the Adapterama indexing scheme’,
pooled in equimolar ratios, and sequenced on MiSeq for 16S and 18S rRNA gene
metabarcoding by SciLifeLab/NGI (Solna, Sweden). In addition to the MiSeq sequencing, the
pelagic 16S rRNA gene libraries were deep-sequenced on NovaSeq 6000 (Illumina Inc, San
Diego, CA, US).

Phased primer sequences were removed from the reads using a snakemake

76,77

pipeline The pipeline (https://github.com/biodiversitydata-se/amplicon-multi-cutadapt)
encompassed: the removal of read-pairs that contain Illumina adapters, exclusion of read-pairs
lacking the expected primer sequences located at the 5' ends of the reads, removal of the primer
sequences from the remaining reads and elimination of read-pairs that have misplaced primer
sequences. DADA27® was used for denoising, concatenating paired-end reads, and chimera
removal. The resulting amplicon sequence variants (ASVs) were taxonomically assigned with
DADA2 using PR27 (V. 4.14.0) as a training set for 18S rRNA gene amplicons and Silva

138.1% for 16S rRNA gene amplicons.
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Species-level classification of Vibrio ASVs was achieved by sequence comparison
(BLAST, V. 2.13.0%") to a custom database. This database includes 16S rRNA gene sequences
of complete Vibrio genomes from RefSeq® (51 species, 317 strains - including 22 V. vulnificus
strains), 41 draft V. vulnificus genomes from clinical isolates from the Baltic Sea region'!:®,
and 84 draft V. vulnificus genomes from environmental Baltic Sea isolates. In order for an
ASV to obtain a species-level assignment to a Vibrio spp., we required perfect (100% identity)
alignment of the full ASV to 16S rRNA genes of a single species in the custom database. None
of the ASVs that perfectly matched to V. vulnificus 16S rRNA genes also matched perfectly to
16S genes of other species. In order to obtain derived V. vulnificus cells mL™!, the integrated
relative abundace of V. vulnificus ASVs was multiplied by the flow-cytometry measured

heterotrophic cells per mL™".

Quantification of V. vulnificus

V. vulnificus was quantified using ddPCR ( QX200™ Droplet Digital PCR System,
Bio-Rad, Miinchen, Germany) targeting the whAd gene®® (Supplementary Table 3). PCR
thermal conditions and master mix details are provided (Supplementary Tables 4 & 5).
Droplets were generated using the QX100 droplet generator (Bio-Rad, Hercules, USA).
Emulsified samples were transferred to a 96-well plate and sealed by a pierceable foil hot seal
(BioRad, 181-4040) using PX1 PCR Plate Sealer™ (Bio-Rad, Hercules, USA) (5 s at 180 °C).
The PCR was performed using a Bio-Rad C1000 Touch™ thermal cycler (Supplementary
Table 4). Subsequently, the plate was analyzed with the QX100 droplet reader using the
Quantasoft 1.74.09.17 software. Positive and negative controls were 50 ng of DNA of a V.
vulnificus isolate and of a V. harveyi isolate, respectively. In the contamination control,
template DNA was substituted with DEPC water.

Statistical analyses and machine learning

To assess the Baltic Sea wide differences in V. vulnificus abundance between
substations A (N =42), B (N =45), and C (N = 42) of seagrass stations, a two-sided Wilcoxon
rank sum test, assuming independence and equal variance, using the rstatix (V. 0.7.2) package
in R (V. 43.0)% was performed and holm correction for multiple testing was applied.
Additionally, heterotrophic bacterial cell abundances and green CFUs, inside and outside of the

seagrass meadows, were compared. Sample sizes for comparison between substations are
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consistent for the water column and sediment. No repeat measurements were performed, every
data point is a distinct sample.

Three separate linear models for V. vulnificus were used to compare the explanatory
power (R?) of the traditional predictor temperature with the more integrated predictor
eutrophication index and their combination, using averaged vwhd gene copies mL"' (logl0

transformed) per substation as a response.

To identify the environmental conditions associated with high V. vulnificus abundance,
two random forests (RF) in combination with a recursive feature elimination (RFE) algorithm
were employed in caret (V. 6.0.94)% predicting both the vwhd gene copies mL™! and the derived
V. vulnificus cells mL™!. These models used sequencing and environmental data as predictors.
Combining RF and RFE addressed correlated variables in this high-dimensional dataset and
was able to detect complex and non-linear relationships between measured variables and V.

vulnificus®"®8.

Prior to model training, the 16S and 18S rRNA relative gene proportions were pre-
processed: Rare (absent in at least 25 samples) for both datasets were removed. All ASVs
taxonomically classified as Vibrio were removed from the predictors. After pre-processing, the
data set included 964 predictors, namely 314 eukaryotic, 627 prokaryotic, 14 physico-
chemical, 7 biological ones, substation and macrophyte type. Samples collected from the same

station were grouped, to avoid data leakage between test and train data.

Both RF models consisted of 2,000 trees with 30 randomly sampled variables as
candidates at each split. The model was trained and evaluated using 10-fold cross-validation on
a dataset of 52 observations, each representing the average of three biological replicates.
Performance metrics used for evaluation included the mean absolute error (MAE), average
absolute difference between predicted and actual values, root mean squared error (RMSE),
a measure of the differences between the values predicted by the model and the actual values,
and coefficient of determination (R?) of the 10-fold cross-validation. The top 10 predictors of

both models are discussed.

Eutrophication index

A eutrophication index, defined as the organic matter availability in an ecosystem®,
was derived by performing a principal component analysis (PCA), using the "FactoMineR (V
2.8)" R package®, on the environmental parameters DOC, POC, PON, DN, chl-a, NOs, and
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PO.*. All organic nutrients strongly aligned with principal component one, explaining 63%,

which was chosen as the eutrophication index (Supplementary Fig. 9).

Data availability

16S and 18S rRNA gene data were archived in the European Nucleotide Archive under
the accession number PRIEB68222°! in compliance with the Minimal Information about any
(X) Sequence (MIxS) standard®® through the brokerage service GFBio®®. Environmental data
are available at [OWMeta (doi.io-warnemuende.de/10.12754/data-2023-0010)°*. The reference
V. vulnificus database is available under https://doi.org/10.5281/zenodo.10875108%.

Code availability

All custom code used for the bioinformatics processing,the machine learning and
analysis of the flow cytometry data in this study is available at
https://github.com/lfdelzam/ASV_dada2 chunck/ and https://git.io-
warnemuende.de/riedinge/Baltvib RF_RFE
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General Discussion

Potentially human pathogenic V. vulnificus are common inhabitants of estuaries and
marginal seas and are likely spreading poleward®. Within this thesis, we used archived
sequencing datasets to determine the global distribution of V. vulnificus in the environment and
the poleward spread over the last decade. We developed a random forest model for V.
vulnificus environmental suitability prediction based on globally freely available satellite data
and one based on the prokaryotic community. We established an economical and fast two-plate
method for the validation of model results in the environment and explored two different
possible mitigation measures for V. vulnificus for coastal risk zones. With the identified
tentative poleward spread of V. vulnificus occurrence, earlier findings based on infection rates
and V. vulnificus suitability modelling are substantiated. The models within this thesis illustrate
a likely connection between decaying phytoplankton and V. vulnificus abundance, the effect of
which might be particularly pronounced at low current speeds. Consequently, the expected
increase of V. vulnificus due to increasing temperatures will possibly be exasperated by a
concomitant increase in phytoplankton blooms. Out of the tested mitigation measures, the
reduction of eutrophication has a higher potential to limit V. vulnificus proliferation than
seagrass meadows, by decreasing length and size of phytoplankton blooms, thereby reducing

infection risks for coastal populations.

V. vulnificus is nearly cosmopolitan and can be approximated from remote
sensing data

The climate change driven poleward spread of V. vulnificus, already detected in
infection cases and within this thesis, found in the environment on a global scale will lead to
increased public health risks, economic burden and a potential disruption in fisheries. Regions
that currently experience relatively short risk periods, such as Delaware Bay or the south-
western Baltic Sea, will see longer and more intense growing seasons for V. vulnificus, along
with the associated problems. Increasing risks at previously largely unaffected regions, such as
the north-eastern Baltic Sea, might necessitate the implementation of new regulatory measures,
affecting both peoples freedom and the economic stability of coastal communities. Thus,
modeling the environmental suitability for V. vulnificus in such regions becomes increasingly

important.
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With the developed RF model, which relies on satellite data, we are able to explain
approximately 50 % of the variance in the relative abundance when V. vulnificus is present by
accounting for complex relationships between environmental conditions. This is markedly
different from the generalized linear models currently in use for the prediction of Vibrio
infection risk>. The current models rely on salinity and temperature for the risk assessment
while our models show that chla, organic carbon and nitrogen, phosphate, Cyanobium and
currents and sediment resuspension possibly modulate the (relative) abundance of V. vulnificus
The trained models only predict (relative) abundance and not the pathogenicity of the V.
vulnificus population. A key assumption made is that the increase in total (relative) V.
vulnificus abundance positively correlates with an increase in C-genotype abundance and thus
infection risk. While this correlation has been clearly demonstrated along the southeastern
North Carolina coast''?, they do note that C-genotypes seem to favor higher salinity than E-
genotypes Additionally, total suspended matter correlated more strongly with E-genotypes than
with C-genotypes, likely due to a higher propensity of these strains to attach to marine
aggregates and chitin. While they conclude that the modelling abundance of total V. vulnificus
is valuable to estimate C-genotype occurrence, the specific niche created by increased
eutrophication (Found in Chapter I, IIl & IV) might stimulate E-genotypes more than C-
genotypes. This might especially be the case in the eastern Baltic Sea, which already favors E-
genotypes due to the lower salinity. Additional validation efforts in both low and high saline
areas of the Baltic Sea, of the V. vulnificus abundance, the ratio between C- and E-genotypes,
and comparisons with infection cases with a clear origin, would enhance confidence in using
the newly trained model. Nonetheless, the similar geographic patterns in historical infections

and predicted suitability in Chapter I indicate the model can be used for risk assessment.

Machine learning indicates decaying blooms support V. vulnificus growth

Increased eutrophication leads to a rise in phytoplankton and associated zooplankton
populations. This might stimulate V. vulnificus abundance by increasing the availability of
labile organic matter, providing protection from bacteriovores through attachment, and
increase available chitin, a key polymer for V. vulnificus growth. The microorganisms found to
have high explanatory power at both the global (Chapter I) and Baltic Sea scale (Chapter 1V),
indicate that decaying blooms might form a niche for rapid proliferation of V. vulnificus. It is
relevant to note that in both chapters, conditions in the environment where the samples were
taken were generally conducive to V. vulnificus. In chapter IV, this was assured by limiting the
temporal and spatial extent of the sampling to the summer in the Baltic Sea, a region
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characterized by brackish conditions and water temperatures around 20 °C during the sampling
period. In Chapter I, only samples where V. vulnificus was detected were used for modeling
purposes. Due to these decisions, other factors modulating (relative) V. vulnificus abundance,
can become apparent. If a model were trained using data from many sites where V. vulnificus
does not exist due to temperature or salinity limitations, even though all other conditions at
these sites are optimal for the bacterium, the perceived effect of these favorable conditions
might be diluted. Within suitable environmental conditions for V. vulnificus, between
approximately 45 and 60 % of the variance in (relative) abundance could be explained, either
from a combination of environmental and microbial (eukaryotic and prokaryotic) on a smaller
Baltic Sea dataset, or solely from the prokaryotic community or environmental data from

satellites on a global level.

Both the model based solely environmental data on a global scale and the combined
model in Chapter IV show that chla is an important predictor of V. vulnificus. Interestingly, in
Figure 1c, Chapter I, no obvious relationship between chla and the relative abundance of V.
vulnificus becomes apparent. By also including the microbial community as predictors, either
separately (Chapter I) or combined (Chapter IV), we were able to deduce a likely scenario that
explains this. In Chapter IV, Cyanobium sp., a cyanobacteria that is known the bloom in the
summer in the Baltic Sea, was detected as the best microbial predictor of V. vulnificus. If a
large bloom would lead to high (relative) V. vulnificus concentrations directly, we would
expect a clear relationship between chla and V. vulnificus, which is not the case. The other
predictors found to be important, were species that are expected to become abundant during a
decaying bloom, such as parasites (Aplanochytrium sp.) and fungi (Rhizophydium sp.).
Medium chla concentrations can signify higher (relative) abundance of V. vulnificus when
resulting from decaying blooms; however, they can also originate from regular primary
production. Consequently, this connection is not evident in the plot, but the model in Chapter
IV includes sufficient parameters, such as microorganisms associated with decaying blooms, to
identify the nature of the medium chla concentration, increasing its importance as a predictor.
That a decaying bloom might stimulate V. vulnificus growth is further substantiated by the high
explanatory power of DOC and DN, which are expected to peak during the decay of the bloom,
due to the release of organic matter from the decomposing phytoplankton cells. This
hypothesis is supported by the findings in Chapter I, where the prediction of relative V.

vulnificus abundance from the microbial community shows early colonizers of such a system
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as some of the best predictors and by Chapter III, where Cyanobium had a high relative

abundance in samples where V. vulnificus was present.

While the feature importance of these models allows us to hypothesize about the
possible mechanisms that modulate (relative) V. vulnificus abundance, the environmental data
that is used is noisy and covariant within itself. This noise can originate from measurements
errors, introduced due to limitations of instrument precision and sampling inconsistencies,
from natural variability, such as diurnal cycles, or environmental conditions that were not
measured, and limitations inherent to methodologies such as amplicon sequencing. This noise
can decrease the performance of our models and introduce artefacts into the model that skew

feature importance.

The covariance between features, such as terrestrial inputs and salinity within a system
like the Baltic Sea leads to limitations when evaluating feature importance. Nutrient
concentrations are for example higher on the German and Polish coasts than in the Finish
Archipelago Sea, as is salinity. Consequently, for the model, both eutrophication and salinity
present similar splits in a random forest to increase the homogeneity in the next node of a tree
and both parameters have similar importance. For the target variable, in our case V. vulnificus,
one might be biologically relevant while the other is not. This can be partly deciphered by
using RFE, limiting the tested range of environmental conditions to those suitable for V.
vulnificus, and comparing model outcomes with more specific laboratory studies. The salinity
levels in all samples used in both Chapter I and Chapter IV are suitable and mostly within the
optimum range for V. vulnificus. The variable importance of POC, PN, DOC, DN, and
cyanobacteria is higher than that of salinity in Chapter IV. Additionally, laboratory studies
have demonstrated the impact of cyanobacterial-derived organic matter on the growth of Vibrio
spp.”®. Therefore, it can be concluded that there is likely a biological effect of these parameters.
This is substantiated by the higher predictive power of chla in Chapter IV compared to salinity,
meaning that as long as salinity is suitable for V. vulnificus, differences in salinity matter less

to relative V. vulnificus abundance than chla.

The detection which (combination) of these factors influence (relative) V. vulnificus
abundance is complicated due to the correlation between them and with a large number of
microbes. Samples with high V. vulnificus generally have high POC, PON, DOC, DN and
specific groups of microbes. V. vulnificus might benefit from one, a combination of (some) of

them, or even something else that co-varies with all of these variables. Despite the covariance
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between these features, they were all retained by RFE, indicating that the importance is
possibly very high, and are all stimulated by eutrophication of coastal waters. To establish a
causal relationship and discern the relative impacts of the organic nutrients, additional

experiments are a necessity.

Culture-based identification of V. vulnificus allows for rapid testing

A warning about V. vulnificus at a beach can have wide-ranging consequences, for
tourists, hotels, and local restaurants. It is therefore pertinent to refrain from relying solely on
modeling to predict risk but to validate the model prediction in situ. To this end, we developed
a combined TCBS and Chromagar culture-based methodology, with a focus on V. vulnificus,
for the rapid and inexpensive identification of different potentially pathogenic Vibrio in both
the sediment and the water column. Identification with a single agar has been shown not to be

accurate for many Vibrio'!!

and, while accurate (92.8% correct identification), established
three plate methods are work and time intensive!'”. The method described in Chapter II
retained some of the benefits of the one-plate method and the three-plate method, having an
average accurate identification rate of 85% (93% Baltic Sea wide and 75% on the
Warnemiinde coast), while reducing the workload by 1/3 compared to the three-plate method.
A remaining problem is the delay between sampling and results, which is a minimum of 48 h
with the proposed methodology, consequently, the verification of the model prediction can, at
the earliest, be made 2 days after the conditions are suitable for V. vulnificus. While not
explicitly tested, a partial remedy might be the monitoring of the sediment. As shown in
Chapter 111, there is likely mobilization of V. vulnificus from the sediment, either through
tourist or wave action in the coastal environment. Concentrations of the pathogen might
increase in the sediment before swimmers are in danger. By combining model predictions,
presumptive V. vulnificus colonies in the water column and in the sediment, a risk profile can
be established and a data-driven decision on a potential warning against water recreation,
fishing or seafoods can be made. This limits the economic impacts of warning too frequently
and too early while allowing for the adequate protection of public health. As global coastal
populations are at increasing risks of V. vulnificus, the low costs of this methodology are a vital
part. While not as accurate as molecular screening by for example MALDI-TOF or multiplex-
PCR, monitoring can be reasonably established. Combined with the model, based on freely
available data, proposed in Chapter I, V. vulnificus infections risks can be limited at global

coasts.
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Reducing eutrophication limits V. vulnificus proliferation

Increasing V. vulnificus infections because of climate change necessitate mitigation
strategies. This need is especially large at sites where model predictions (Chapter I) show that
the V. vulnificus suitability is high under current conditions or will be high following IPCC?’
predictions, such as the Baltic Sea. Under the sampled conditions, representative for large areas
of the Baltic Sea under summer conditions, effects of seagrass on both sediment and aquatic
(relative) abundance was absent. Consequently, seagrass renaturation is unlikely to be an
adequate mitigation strategy under the conditions tested. This finding might not hold under
different conditions, such as higher salinity, as tested by Reusch et al., 2021%° or areas with
lower eutrophication. The lower salinities in the eastern Baltic Sea may potentially have

13 and resulted in a different

negatively affected the physiology and length of the seagrass
epiphytic microbial community than at higher salinities. The shorter seagrass has a reduced
influence on current speeds, meaning it removes fewer particles, including those carrying V.
vulnificus. Lower salinity levels might also lead to a reduced release of allopathic chemicals,
reducing the impact of the seagrass on the microbial community. Alternatively, the low water
temperatures, ranging between 15 and 18.5 °C in Reusch et al.,*’, might mean the Vibrio
community sampled had a very low abundance of V. vulnificus, consequently, the measured

reduction concerned other members of the genus Vibrio.

Previously found reduction of pathogens through seagrass might be partly the
consequence of local geography. The 50% reduction in the relative abundance of potential
bacterial pathogens by seagrass found by Lamb et al., 2017, might be due to the islands of the
Spermonde Archipelago, Indonesia, acting as a point-source of pathogens due to lacking
sanitation. Due the reduction of current speeds, the seagrass filtered out particles and the
associated pathogens, decreasing the concentrations in the water column. V. vulnificus in the

Baltic Sea does not have a point-source and thus similar mechanisms are less effective.

The lack of a difference between sites within and outside of seagrass meadows could,
in theory, be due to a very strong effect of the seagrass meadows. Given that the control sites
were only approximately 100 meters away, the reduction in potential pathogens might be so
significant and widespread that the control sites were still influenced by the proximity to the
seagrass meadows. This is however unlikely due to the occurrence of sampling sites within the
seagrass meadows that had higher abundances of V. vulnificus then the sites outside. If the

differences in reduction of presumptive V. vulnificus colonies between the western Baltic Sea

124



General discussion

by Reusch et al.,*°

and our findings based on the whole Baltic Sea are due to differences in the
ecosystem services generated by the seagrass, this might have further implication for seagrass
restoration as an environmental compensation measure. The efficacy for goals of the
restoration, such as carbon storage, fish nurseries, pathogen reduction might differ at different

salinities and different geographies.

Regional solutions, through the reduction of eutrophication, seem more suitable as the
ML models in both Chapter I and IV and the stepwise multiple regression model from Chapter
III all indicate eutrophication positively influences V. vulnificus abundance. While
eutrophication is known to casue issues such as the formation of deadzones'', harmful algal

114 reduced spawning success rate of commercially relevant fish!!6.,

blooms!!®, biodiversity loss
these findings reveal an even stronger need for the reduction of nutrient inflows into coastal
regions, not just in the Baltic Sea but also in marginal seas worldwide. Progress has already
been made regarding the eutrophication reduction in the Baltic Sea, with annual waterborne
nitrogen and phosphorus inputs being 21% and 41% lower respectively in 2019 compared to
the average of 1995 — 2019'"". Considerable progress has been made in reducing the nutrient
influx from point sources, such as wastewater treatment plants, industry and fish farms. Further
reduction of influx from diffuse sources — such as agricultural practices, forestry, dwellings
and natural erosion, is difficult to achieve as tracing relative contribution of specific emitters is

particularly difficult'!®,

While the reduction of inorganic nutrient input represents a
considerable improvement, the changes in phosphate availability are slow. This is partly due to
the release of phosphate from iron—humic complexes under anoxic conditions from the Baltic
Sea sediments'"?, long water'?* and nutrient residence time'*!. Thus, while continued efforts to
reduce Baltic Sea eutrophication are vital, they are unlikely to rapidly affect the V. vulnificus
infection risk. Reducing eutrophication in specific coastal environments that rely strongly on
tourism or shellfish production might be a more rapid solution. Remediation of eutrophic bays
in the Baltic Sea has been shown to be feasible by injecting dissolved aluminum into anoxic
sediment'??. This inhibits phosphate recycling from the sediment and thus reduces
phytoplankton biomass on a local scale. This might be a solution for popular recreational
beaches before a generally healthier state of the Baltic Sea is achieved. These findings might
also have applications on V. vulnificus hotspots such as Chesapeake Bay!?*, where efforts to
reduce eutrophication have been ongoing, with mixed succes'?*. The possible reduction of a
highly pathogenic bacterium, such as V. vulnificus, might provide an additional impetus to

rethink land use in the watershed and reduce eutrophication in coastal waters worldwide.
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Observational studies cannot identify causal relationships

Temporal or spatial observations along environmental gradients can validate
laboratory findings in an environmental setting or be interpreted based on a theoretical
framework, identifying a causal connection based on field observation solely remains difficult.
When observing the environment, we aim to affect it as little as possible, meaning we only
identify association and correlations and cannot manipulate one variable to measure a possible
effect on a target variable. There is a range of confounding and extraneous variables over
which we have no control influencing our identified associations. We cannot conclusively
state, from the performed work, that eutrophication is a “driver” of V. vulnificus proliferation.
Our observational study does however include the complex nature of environmental
communities in a natural setting. The complexity of the coastal microbial community and
environment, as well as its scale, cannot be effectively replicated in the lab. If we would rely
solely on laboratory studies, where conditions are controlled, we may not be working on these
communities in a relevant sense. Some of the conditions that might affect V. vulnificus
abundance in the Baltic Sea, or indeed on a global scale, are large scale currents, highly
heterogeneous sediment communities, complex food web interactions, weather action, nutrient
cycling, diverse macrophyte communities and associated epifauna and the spatial scale of the
study site itself. V. vulnificus might react differently to a simulated phytoplankton bloom under
laboratory conditions, when the ecological context is missing. However, due to the similar
conclusions of the experimental work of Eiler et al., 2007 and our fieldstudy, performed on

the appropriate field scale, it becomes very likely that such a connection exists.

Effectively mitigating the risk in coastal zones

None Full genome
No action required sequencing of
VVCFUs

No VCFUs Infection case Occasional warning [

Remote sensing risk Occasional risk VTS CiPEEE® Warning for
= environment during 5
profile e pelagic WCFUs susceptible people

Regular warning [

Local eutrophication reduction
optional

Local eutrophication reduction
pertinent

Monitoring of benthic
& pelagic environment
Regular risk over summer Benthic and/or pelagic VvCFUs VvCFUs : Presumed V. vulnificus colonies (Chapter Il)

Figure 8. Possible decision tree for stakeholders. An initial risk assessment can be made using remote
sensing data, based on this assessment, proportional action can be taken.
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Figure 8 presents a decision tree designed to help stakeholders and local governments
make effective decisions to mitigate public health risks while minimizing economic
consequences. For occasional risk, monitoring the pelagic environment during high-risk
periods, as identified by the model, may provide adequate public health protection. However,
regions with extended high-risk periods will benefit from continuous monitoring of both the
pelagic environment and sediment to ensure timely warnings. The minimum amount of
presumed V. vulnificus CFUs in either the sediment or the water column to warrant a warning
remains a political decision. At one extreme, issuing warnings from the first detected presumed
V. vulnificus CFU would lead to very frequent alerts, larger economic consequences, and
potentially trivializing the warnings, although it may be very helpful for the susceptible
population. At the other extreme, issuing warnings only at extremely high colony counts could
limit initial economic consequences but may result in inadequate protection for vulnerable
individuals, more frequent infections cases and result in economic damage through media-
coverage. A monitoring program will lead to a V. vulnificus culture collection, which can be
used when an infection case is detected. The environmental cultures can be full genome
sequenced thus enabling comparisons between strains from the environment and the isolated
clinical strain, facilitating the identification of additional pathogenicity markers in V. vulnificus
strains present in the environment. Additionally, the ratio between E-genotype and C-genotype
colonies can be used to further fine-tune the proposed models and identify environmental

conditions that lead to higher ratios of C to E-genotypes.

When warnings are infrequent, coastal communities may choose to reduce
eutrophication by mitigating the impact of existing sources or implementing targeted

interventions. With regular warnings, making these measures mandatory should be considered.

Outlook

While the reduction of eutrophication is consistently found to be a likely part of
effective mitigation of V. vulnificus infection risk, these findings are all based on
environmental observations covering many, co-varying and large environmental gradients with
diverse communities. Additional studies conducted in environments where eutrophication is
reduced and V. vulnificus is monitored are crucial. Ideally, this would involve comparative
studies in relatively similar bays within the Baltic Sea, where eutrophication is reduced through
engineering interventions in some areas but not in others. This approach would allow for
testing the effectiveness of eutrophication reduction in mitigating V. wvulnificus at an

environmentally relevant scale.
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With regards to ML in environmental microbiology, the potential has been illustrated
by earlier studies and again demonstrated within this thesis. A main concern is the samples
sizes, which are often so small that there is a real risk of overfitting and a lower probability of
detecting true effects. A solution to this is datamining, which substantially increases the
samples available for model training and validation, leading to more generalizeable results, less
affected by data artefacts and sampling campaign pecularities. Combining these extensive
sequencing datasets with machine learning, in my view, will enhance our comprehension and
forecasting of environmental reactions to changing circumstances, particularly in this instance

for pathogen prediction but with broader applicability.
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Supplementary figure 1. Datasets analyzed and datasets where V. vulnificus was detected per year.
Percentage positive samples per year is given
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Legend
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Supplementary figure 2. Datasets without V. vulnificus detection that are positioned further north
than the most northern V. vulnificus detection each year, distinguishing between those samples
located above and below the latitude 60.12° N (Most northern V. vulnificus detection within the
complete data collection). The figure shows that in all years there are datasets without V. vulnificus
detection further north than the yearly V. vulnificus extent as well as the most northern V. vulnificus
extent.
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Supplementary figure 3. Predictive features averaged over August 2021. (a) Chl-a data (ug L), (b)
Sea surface salinity, (c) Sea surface temperature (C°), (d) Absolute east-west geostrophic sea water
velocity (ugos ms™). Number of V. vulnificus infections normalized per year per region
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Supplementary figure 4. Common start and end positions of the datasets using known primer start
and end positions. Sequences were cut to retain maximum possible length while creating three distinct
clusters
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Supplementary figure 5. Bray-Curtis dissimilarity between the original prokaryotic community and
abundance filtered community

Supplementary Table 1 Performance of both RF models, evaluated by cross-validation and a hold-out
test set

Model Mtry / Trees  Evaluation RMSE R? MAE
Remote 5 10-foldCV ~ 0.52 0.48 0.39
sensing
1000 Test/Train 0.54 0.47 0.39
Microbiome 20 10-foldCV ~ 0.39 0.68 0.30
1000 Test/Train 0.41 0.64 0.30

133



Appendices

Chapter 11

Supplementary excel files available under
https://www.mdpi.com/article/10.3390/microorganisms12030614/s1

Temporal study: All figures and graphs contained within the Supplementary Information containdata
from the Temporal study. Information on sampling sites, physical parameters, and CFU identification
can be found in Supplementary File S1 and Supplementary File S2.

Spatial study: Information on sampling sites, physical parameters, and CFU identification can befound
at 10.12754/data-2023-0010. Additionally Supplementary File S3 documents the station ID, longitude,
latitude, date, sampling depth, temperature, salinity of the corresponding isolates.

Table S1. Colonies per Vibrio Species from each location of isolates correctly identified on
TCBSand CHROMagar and confirmed using molecular analyses.

Campaign Vibrio species Correctly |Heiligend |Borgerende [Nienhagen Warnem [Total
Assigned [amm linde
'Yes 2 S 4 4 15
V. alginolyticus
No 2 8 9 16 35
Yes 0 0 1 6 7
V. cholerae
INo 4 49 46 27 126
Temporal
Yes 1 11 19 14 45
V.parahaemolyticus No 0 1 3 B 6
Yes 4 44 40 21 109
V. vulnificus
No 0 9 10 3 27
Yes 80
Spatial V. vulnificus -
INo 6
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Figure S1. Data are represented as boxplots. The middle line is the median, the lower and upper
hinges correspond to the first and third quartiles, the upper whisker extends from the hinge to the
largest value no further than 1.5% IQR from the hinge (where IQR is the inter-quartile range) and
the lower whisker extends from the hinge to the smallest value at most 1.5% IQR of the hinge.
Please see function geom_boxplot in R (ggplot2).
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Chapter 111

Table S1. Metadata for water samples collected from May to October 2022. The values presented

are the averages obtained from triplicate samples. SST: sea surface temperature.

Station Subs Type Latitute Longitude Month Date Cou Sali SST NH4" Heterotrop NOs PO
tatio ntry nity °C) (M) hic (M) (nM)
n cells mL"!
BVO01-1 A water 56.058401 12.577956 May 09/05/ Den 12.7 11.8 0.3 4.12E+05 0.09 0.06
2022
BVOI-1 B water 56.058692 12.578673 May 09/05/ Den 12.7 11.8 0.2 3.98E+05 0.12 0.08
2022
BVOI-1 C water 56.058401 12.580089 May 09/05/ Den 12.8 11.8 0.2 3.78E+05 0.12 0.08
2022
BV01-2 A water 56.058401 12.577956 May 23/05/ Den 14.6 13.1 0.8 4.76E+05 0.08 0.06
2022
BVO01-2 B water 56.058692 12.578673 May 23/05/ Den 14.6 13.2 0.3 6.23E+05 0.10 0.06
2022
BVO01-2 C water 56.058401 12.580089 May 23/05/ Den 15.2 13.2 0.3 5.77E+05 0.10 0.06
2022
BVO01-3 A water 56.058401 12.577956 June 10/06/ Den 15.3 14.6 0.5 5.49E+05 0.11 0.07
2022
BV01-3 B water 56.058692 12.578673 June 10/06/ Den 15.3 14.6 0.1 5.47E+05 0.09 0.07
2022
BV01-3 C water 56.058401 12.580089 June 10/06/ Den 152 14.5 0.1 5.64E+05 0.09 0.07
2022
BV01-4 A water 56.058401 12.577956 June 24/06/ Den 16.7 17.8 0.2 1.01E+06 0.11 0.06
2022
BV01-4 B water 56.058692 12.578673 June 24/06/ Den 16.7 17.8 0.5 9.19E+05 0.11 0.07
2022
BV01-4 C water 56.058401 12.580089 June 24/06/ Den 16.7 17.2 1.2 5.28E+05 0.11 0.07
2022
BVO01-5 A water 56.058401 12.577956 July 11/07/ Den 16.6 17.9 1.4 2.57TE+06 0.10 0.06
2022
BVO01-5 B water 56.058692 12.578673 July 11/07/ Den 16.6 17.9 0.3 2.53E+06 0.08 0.08
2022
BVO01-5 C water 56.058401 12.580089 July 11/07/ Den 16.6 17.9 0.1 2.13E+06 0.08 0.08
2022
BV01-6 A water 56.058401 12.577956 July 20/07/ Den 17.5 19.8 0.1 1.20E+06 0.11 0.06
2022
BV01-6 B water 56.058692 12.578673 July 20/07/ Den 13.1 19.5 0.2 1.19E+06 0.10 0.07
2022
BV01-6 C water 56.058401 12.580089 July 20/07/ Den 13.1 19.5 0.2 1.04E+06 0.10 0.07
2022
BVO01-7 A water 56.058401 12.577956 August 03/08/ Den 14.9 18.0 0.3 8.82E+05 0.10 0.07
2022
BV01-7 B water 56.058692 12.578673 August 03/08/ Den 14.9 18.0 0.1 1.34E+06 0.11 0.08
2022
BV01-7 C water 56.058401 12.580089 August 03/08/ Den 14.9 18.0 0.1 7.34E+05 0.11 0.08
2022
BV01-8 A water 56.058401 12.577956 August 10/08/ Den 14.4 18.1 0.2 1.19E+06 0.11 0.07
2022
BV01-8 B water 56.058692 12.578673 August 10/08/ Den 14.4 18.1 0.1 1.46E+06 0.12 0.07
2022
BV01-8 C water 56.058401 12.580089 August 10/08/ Den 14.4 18.1 0.2 9.43E+05 0.12 0.07
2022
BV01-9 A water 56.058401 12.577956 Septemb 07/09/ Den 14.9 16.6 0.2 1.62E+06 0.08 0.05
er 2022
BV01-9 B water 56.058692 12.578673 Septemb 07/09/ Den 14.9 16.6 0.5 1.20E+06 0.10 0.05
er 2022
BV01-9 C water 56.058401 12.580089 Septemb 07/09/ Den 13.9 17.3 0.7 1.32E+06 0.10 0.05
er 2022
BVO01-10 A water 56.058401 12.577956 Septemb 16/09/ Den 16.6 15.6 0.2 1.80E+06 0.20 0.06
er 2022
BVO01-10 B water 56.058692 12.578673 Septemb 16/09/ Den 16.6 15.6 0.1 1.31E+06 0.10 0.07
er 2022
BVO01-10 C water 56.058401 12.580089 Septemb 16/09/ Den 18.8 16.3 0.2 1.03E+06 0.10 0.07
er 2022
BVO1-11 A water 56.058401 12.577956 October 05/10/ Den 16.6 13.6 0.2 8.44E+05 0.10 0.06
2022
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BVO01-11 B water 56.058692 12.578673 October 05/10/ Den 16.6 13.6 0.1 1.24E+06 0.10 0.06
2022

BVO01-11 C water 56.058401 12.580089 October 05/10/ Den 16.6 13.6 0.1 1.11E+06 0.10 0.06
2022

BVO01-12 A water 56.058401 12.577956 October 14/10/ Den 21.3 12.6 0.1 4.58E+05 0.12 0.07
2022

BV01-12 B water 56.058692 12.578673 October 14/10/ Den 21.3 12.6 0.1 4.62E+05 0.12 0.09
2022

BV01-12 C water 56.058401 12.580089 October 14/10/ Den 21.3 12.6 0.0 4.63E+05 0.12 0.09
2022

BV02-1 A water 54.179579 12.103401 May 024(;23/ Ger 8.7 11.8 0.1 3.89E+05 0.12 0.08

BV02-1 B water 54.179639 12.103105 May 024(;23/ Ger 8.7 12.5 0.5 3.33E+05 0.09 0.05

BV02-1 C water 54.1788 12.106677 May 024(;23/ Ger 8.7 13.2 0.1 4.47E+05 0.09 0.05

BV02-2 A water 54.179579 12.103401 June 120(;22/ Ger 10.4 17.4 0.0 4.20E+05 0.09 0.07

BV02-2 B water 54.179639 12.103105 June 120(;22/ Ger 10.7 17.7 0.2 6.70E+05 0.08 0.09

BV02-2 C water 54.1788 12.106677 June 120(;22/ Ger 10.7 18.4 0.2 8.03E+05 0.08 0.09

BV02-3 A water 54.179579 12.103401 July 1226%/ Ger 83 18.9 0.1 1.45E+06 0.10 0.10

BV02-3 B water 54.179639 12.103105 July 12/07/ Ger 8.2 19.4 0.2 1.60E+06 0.09 0.12
2022

BV02-3 C water 54.1788 12.106677 July 12/07/ Ger 83 19.2 0.2 1.43E+06 0.09 0.12
2022

BV02-4 A water 54.179579 12.103401 July 26/07/ Ger 9.9 19.5 0.4 1.22E+06 0.14 0.12
2022

BV02-4 B water 54.179639 12.103105 July 26/07/ Ger 10.0 19.5 0.4 1.83E+06 0.22 0.15
2022

BV02-4 C water 54.1788 12.106677 July 26/07/ Ger 9.9 19.4 0.4 1.94E+06 0.22 0.15
2022

BV02-5 A water 54.179579 12.103401 August 120(;22/ Ger 9.5 21.5 0.1 1.27E+06 0.12 0.10

BV02-5 B water 54.179639 12.103105 August 120(;22/ Ger 9.7 21.3 0.2 9.70E+05 0.11 0.12

BV02-5 C water 54.1788 12.106677 August 120(;22/ Ger 9.8 21.5 0.1 2.32E+06 0.11 0.12

BV02-6 A water 54.179579 12.103401 August 127£§/ Ger 10.1 21.6 0.2 3.29E+05 0.11 0.08

BV02-6 B water 54.179639 12.103105 August 127£§/ Ger 9.8 21.9 0.2 7.96E+05 0.11 0.09

BV02-6 C water 54.1788 12.106677 August 127£§/ Ger 9.2 20.5 0.1 1.27E+06 0.11 0.09

BV02-7 A water 54.179579 12.103401 Septemb 23/09/ Ger 10.2 152 0.1 6.17E+05 0.17 0.18
er 2022

BV02-7 B water 54.179639 12.103105 Septemb 23/09/ Ger 10.2 15.4 0.0 7.20E+05 0.10 0.14
er 2022

BV02-7 C water 54.1788 12.106677 Septemb 23/09/ Ger 11.0 15.8 0.2 4.90E+05 0.10 0.14
er 2022

BV02-8 A water 54.179579 12.103401 October 14/10/ Ger 10.8 13.4 0.4 6.83E+05 0.17 0.14
2022

BV02-8 B water 54.179639 12.103105 October 14/10/ Ger 11.4 13.5 0.5 7.51E+05 0.13 0.12
2022

BV02-8 C water 54.1788 12.106677 October 14/10/ Ger 11.2 13.6 0.0 6.99E+05 0.13 0.12
2022

BV03-1 A water 60.1087 21.7119 May 128(422/ Fin 6.5 7.0 0.2 3.96E+05 0.10 0.08

BV03-1 B water 60.1087 21.7119 May 128(422/ Fin 6.5 7.0 0.1 5.16E+05 0.09 0.08

BV03-1 C water 60.1087 21.7119 May 128(422/ Fin 6.5 7.0 0.1 5.49E+05 0.09 0.08

BV03-2 A water 60.1087 21.7119 June 124(;2;)/ Fin 6.4 13.5 0.1 6.59E+05 0.09 0.09

BV03-2 B water 60.1087 21.7119 June 124(;2;)/ Fin 6.4 14.4 0.1 8.87E+05 0.09 0.05

BV03-2 C water 60.1087 21.7119 June 14/06/ Fin 6.4 14.5 0.0 8.46E+05 0.09 0.05
2022

BV03-3 A water 60.1087 21.7119 July 1230/22/ Fin 6.5 19.1 0.1 9.06E+05 0.10 0.08

BV03-3 B water 60.1087 21.7119 July 1230/22/ Fin 6.5 19.2 0.1 6.05E+05 0.08 0.07

BV03-3 C water 60.1087 21.7119 July 1230/22/ Fin 6.5 19.5 0.1 1.19E+06 0.08 0.07
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BV03-4 A water 60.1087 21.7119 August 09/08/ Fin 6.3 18.5 0.0 3.73E+05 0.10 0.08
2022

BV03-4 B water 60.1087 21.7119 August 09/08/ Fin 6.3 18.3 0.4 4.95E+05 0.08 0.06
2022

BV03-4 C water 60.1087 21.7119 August 09/08/ Fin 6.3 19.1 0.0 4.41E+05 0.08 0.06
2022

BV03-5 A water 60.1087 21.7119 Septemb 15/09/ Fin 6.4 15.7 0.1 3.31E+05 0.13 0.09
er 2022

BV03-5 B water 60.1087 21.7119 Septemb 15/09/ Fin 6.4 15.3 0.0 2.94E+05 0.09 0.09
er 2022

BV03-5 C water 60.1087 21.7119 Septemb 15/09/ Fin 6.4 15.7 0.0 2.83E+05 0.09 0.09
er 2022

BV03-6 A water 60.1087 21.7119 October 12/10/ Fin 6.4 12.2 0.2 3.24E+05 0.40 0.17
2022

BV03-6 B water 60.1087 21.7119 October 12/10/ Fin 6.4 12.0 0.1 3.52E+05 0.23 0.14
2022

BV03-6 C water 60.1087 21.7119 October 12/10/ Fin 6.4 11.9 0.2 2.90E+05 0.23 0.14
2022

Table S2. Grain size composition. For the analysis, 27 sediment samples obtained between July

and September (n = 9 per station) were selected from the three stations. The values are the average
+ standard error.

Grain size composition %

Clay Silt Sand fine Sand medium Sand coarse
Denmark 0.00 +0.00 4.02+3.35 87.49 +£16.95 8.49 +3.84 0.00 £+ 0.00
Germany 0.02 +0.00 6.55+1.62 79.64 +13.89 13.80 +3.42 0.03 +0.00
Finland 0.00 = 0.00 1.16 £1.93 53.53+12.28 45.09 +3.00 0.77 +0.00
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Table S3. Spearman's rank correlation coefficients (Bonferroni corrected) between
environmental parameters measured in the water column at the three stations. Colors indicate
significant correlations (green, p < 0.05, orange, p < 0.01, red, p < 0.001), and the analysis
includes 234 water samples from all the stations. SSWWH: sea surface wind wave significant

height.
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Figure S1. Vibrio composition in the different compartments sampled, i.e., water, sediment, and
eelgrass. A) Vibrio spp. alpha diversity in water, sediment, and eelgrass. B) Principal component
analysis (PCA) of the Vibrio spp. composition in waters and sediments. Eigen-values are 10.78 for
PCAIl and 7.75 for PCA2. Reported p values were calculated by a PERMANOVA test, and circles
enclose sample groups (sediment and water, n = 282). C) Vibrio spp. alpha diversity over time in the
water columns of the three stations. In (A), values are the median of all values collected at the three
substations from eelgrass, sediment, and water. In (C), values are the median of the replicates from the
three substations at the specific time. The vertical lines indicate the position of the lower and upper
quartiles. The data from two monthly sampling points in Denmark and Germany (only July and August)
were combined to enable comparisons with the Finnish station. Asterisks indicate pairwise significant
differences between the type of sample or month, (*p < 0.05, ** p < 0.01, **** p < 0.0001), using a
posthoc test (Wilcoxon) after a Kruskal-Wallis test. In (A, C), colored dots represent the individual data
points used to construct the box plot.
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Figure S2. Regression scatter plots between Vibrio spp. and V. vulnificus ASVs abundance (obtained
by multiplying the relative Vibrio ASVs frequencies with bacterial abundance in each sample) vs. the
gene copies of Vibrio spp. (4) and V. vulnificus (B) quantified by ddPCRs. The triplicate ddPCR values

were combined by calculating their average to enable comparisons with the pooled water samples that
were sequenced.

141



Appendices

A 3.E+05 1.E+03
- o
= 3.E+05 - - 1.E+03
oy 3

L 1.E+03 &
Q 2.E+405 2 T
] L 8.E+02 3
> 2 E+05 =
3 a FBEX02
2 1 E+05 2
g 1-E+05 s a L 4E+02 &
Q a a o
g 5404 | = a a L 2E+02 £
© ; ] 8
0.E+00 L * 0.E+00
gl slglg/g|8|8|8]8|8 |9
S Il 7] S = ~ & < & S =] S
Slale|g|5|8|5|8|*|e|35]|3
May Jun Jul Aug Sep Oct
Denmark
B
9.E+06 5.E+03 _
o 8.E+06 - P 5E+03 B
2 7 E+06 - I 4.E+03 é
o g
© 6.E+06 1 r4.E+03 F
A~ F
& 5E+06 c 3E+03 3
= AE+06 I 3.E+03 ~
3% l L 26403 §
g 3.E+06 7 | 2E+03 &
g 2E+406 1 b b b L 1E+03 ¢
& 1E+06 5.E+02 g,
0.E+00 0.E+00
4/5/22 10/6/22 12/7/22 26/7/22 10/8/22 17/8/22 23/9/22 14/10/22
May Jun Jul Aug Sep Oct
Germany
C
4 E+05
D 3 E+05 | b
o
o
@ 3E+05 -
S 2.E+05 4
>
@ 2 E+05 -
=
9 1.E+05 -
@ Cc
£ 5E+04 -
[C] a a
0.E+00 —_—
18/5/22 1416/22 1317122 9/8/22 15/9/22 12/10/22
May | Jun | Jul Aug Sep Oct
Finland

Figure S3. Temporal dynamics in the abundance of Vibrio spp. and V. vulnificus in sediment at the
A) Danish, B) German, and C) Finish stations quantified by ddPCR. The values are the average + the
standard error between the replicates (n = 9). Letters indicate pairwise analysis among the variables
(i.e., month) at each station using a posthoc test (Wilcoxon) after Kruskal-Wallis for Vibrio spp. Bars
and red lines represent the gene copies of Vibrio spp. and V. vulnificus, respectively.
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Figure S4. ASVs identified as differentially abundant in the sediment utilized as indicators for
sediment resuspension in the water column (used in Fig. 5). A) Heat map with cluster analysis of the
most abundant, dominant, and significant ASVs identified by DESeq?2 in the sediment (brown, n = 204)
and water (blue cyan, n = 78) (p < 0.01). The heat map scale displays the row Z-score, i.e., the
normalized taxa abundances (abundance of one ASV in one sample) - (mean abundance for that
ASV))/(standard deviation of that ASV)). B) Phylum classification of the top ASVs identified as
indicators for sediment resuspension. C) Comparison of the relative abundance of the ASVs detected by
DESeq? in water and sediment at each station. Values are the average * the standard error between the
replicates. Asterisks indicate pairwise significant differences between water and sediment (**** p <
0.0001), using a posthoc test (Wilcoxon) after a Kruskal-Wallis test.
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Figure S5. Dominating taxa when V. vulnificus was present. A) Heat map with cluster analysis of the
top 30 most significant and dominant ASVs identified by DESeq2 as differentially abundant when V.
vulnificus was present (black) or absent (grey) (p < 0.01). The heatmap scale displays the row Z-score.
B) PCA of the cyanobacterial community according to the presence/absence of V. vulnificus. Eigen-
values are 587.7 for PCAI and 487.3 for PCA2. Arrows with cyanobacterial taxa represent the 10 most
abundant taxa in the community. Reported p values were calculated by a PERMANOVA test performed
with 999 permutations, and circles enclose sample groups. In A and B, “No” and “Yes” mean presence
(n = 9) and absence (n = 12) of V. vulnificus. For these analyses, only Clr-transformed data from
Germany was used, as V. vulnificus in the water column was only detected in this area.
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Supplementary figure 1. Distribution of selected environmental parameters per substation. No
significant differences (Wilcoxon rank sum test (p > 0.05) between the substations could be detected
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Supplementary figure 2. vwvhA gene copy number per substation.No clear trend in vvhA
gene concentration per substation is visible. Applying Kruskal-Wallis per station shows no

significant effect (p > 0.05) after Holm correction.
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Supplementary figure 3. Relative abundance of V. vulnificus per substation. No clear trend in relative
abundance of V. vulnificus per substation is visible. Applying Kruskal-Wallis per station shows no

significant effect (p > 0.05) after Holm correction.
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Supplementary figure 4. V. vulnificus abundance in the sediment. No statistically significant
effect of substation on vvhA genecopies per gram in the sediment (Wilcoxon rank sum test (p >
0.05)). Boxes represent the 25th and 75th percentiles.
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Supplementary figure 5. Relative V. parahaemolyticus / alginolyticus / cholera
abundance per substations. A (in the seagrassmeadow), B (15m from the edge) and C (100m
from the edge). Wilcoxon rank sum test (p = 0.05) with Holm correction for multiple testing.
Boxes represent the 25th and 75th percentiles.
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Supplementary figure 6. Variance in vvhA gene concentration explained (RZ) by
(multiple) linear regression and machine learning. The eutrophication index explains
more of the variance in VWhA gene concentration than temperatures. The combination of
eutrophication and temperature is marginally better. The more complex machine learning
approach explainsalmost 60% of the variance and outperforms the other models.
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Supplementary figure 7. Correlation matrix between measured chl-a and predictors identified
by RFE. Chl-a strongly correlates with the predictors for V. vulnificus identified by the RFE
algorithm. A star signifies a significant correlation (p = 0.05)
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Supplementary figure 8. Correlation matrix between eutrophication parameters,
heterotrophic cells counts and vvhA gene copy numbers. Total heterotrophic cells
correlate more strongly to phosphate than vvhA gene copy number.
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Supplementary figure 9. PCA performed for the eutrophication index. Dissolved and
particulate organic carbon and nitrogen as well as chl-a, align with the principal axis, which

explains 63% of the variance. Inorganic nutrients NO - and PO 3- are more aligned to the
second axis. Data was standardized.
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Supplementary Table 1. Taxonomy of predictive prokaryotes

ASV  phylum class order family genus
Cyanobium PCC-
219  Cyanobacteria Cyanobacteriia Synechococcales Cyanobiaceae 6307
Cyanobium PCC-
379  Cyanobacteria Cyanobacteriia Synechococcales Cyanobiaceae 6308
Candidatus
236  Actinobacteriota  Actinobacteria Micrococcales Microbacteriaceae Aquiluna
328  Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae NA
Gammaproteobac
404  Proteobacteria teria Pseudomonadales Halieaceae Halioglobus
654  Actinobacteriota  Actinobacteria Micrococcales Microbacteriaceae ML602J-51
1070  Actinobacteriota  Actinobacteria Propionibacteriales ~ Nocardioidaceae Nocardioides
1187 Actinobacteriota  Acidimicrobiia Microtrichales [lumatobacteraceae NA
Nodularia PCC-
2690 Cyanobacteria Cyanobacteriia Cyanobacteriales Nostocaceae 9350
Supplementary Table 2. Taxonomy of predictive eukaryotes
ASV  supergroup domain clade order family genus
6 Hacrobia Cryptophyta  Cryptophyceae Cryptomonadales Teleaulax
71 Archaeplastida  Rhodophyta  Florideophyceae Ceramiales Ceramiaceae Ceramium
148 Archaeplastida ~ Rhodophyta  Florideophyceae Ceramiales Rhodomelaceae
184 Rhizaria Cercozoa Filosa-Thecofilosea
312 Opisthokonta Fungi Chytridiomycota Chytridiomycotina Chytridiomycetes  Rhizophydium
320 Rhizaria Cercozoa Filosa-Imbricatea Thaumatomonadida ~ Thaumatomonadid Thaumatomastix
ac
430 Stramenopiles Sagenista Labyrinthulomycetes ~ Labyrinthulida Labyrinthulaceae  Aplanochytrium
608 Apusozoa Apusomonadi  Apusomonadidae Group-1
dae

153



Appendices

Supplementary Table 3. Primer sequences

Target Primer Sequence (5-3") Reference

Isolate vwhA f  ACCAAGTTTGGGGCCTAGAT Messelhdusser et al.

verification vvhAr  GCTAAGTTCGCACCACACTG 2010!

vhA gene

ddPCR vvh- TTCCAACTTCAAACCGAACTATGAC Panicker et al
785f 2004 2

vvh-990r ATTCCAGTCGATGCGAATACGTTG

341F CCTACGGGNGGCWGCAG

Herlemann et al.2011

16S 3
amplification
805R GACTACHVGGGTATCTAATCC
18S V4F CCAGCASCYGCGGTAATTCC Balzano et al.
. . 20154
amplification
V4RB ACTTTCGTTCTTGATYRR
Iumi F ACACTCTTTCCCTACACGACGCTCTTCCGATCT
umina IDT DNA (IA, USA)
adapters

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Supplementary Table 4. PCR condition

Method Time (s) Temperature °C
120 50
P 600 95
Isolate verification 35 cycles {15 o5
60 55
300 95
30 95
40 cycles 60 58.5
ddPCR 60 72
300 4
300 90
120 98
20 98
165 amplification 28 cycles — 20 54
(15 72
120 72
180 95
20 98
18S amplification 30 cycles 7 15 52
15 72
120 72
120 95
20 98
Indexing PCR Bcycles — 30 55
30 72
120 72

Supplementary Table 5. PCR solutions
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Target Total Volume (nL) Reagents Volume(pL)
TagqMan Environmental MasterMix 2.0 6.25
toxR-F (10 uM) 0.75
toxR-R (10 uM) 0.75
toxR-TM FAM (10 pM) 0.25
verification whA 25 vvha-F (10 uM) 0.75
gene
vvha-R (10 uM) 0.75
vvha-TM Cy5 (10 uM) 0.25
DEPC H20 10.25
Template DNA 5
2x QX200 TM ddPCR™ EvaGreen® 11
Supermix 0.22
ddPCR 22 vvh-785f (10 uM) 0.22
vvh-990r (10 uM) 1
Template DNA (0.01-5 ng pL") 9.56
2x Kapa HiFi HotStart ReadyMix 12.5
341F (10 uM) 0.75
16S rRNA 25 805R (10 uM) 0.75
Template DNA (1 ng uL") 1
DEPC H20 10
2x Kapa HiFi HotStart ReadyMix 12.5
VA4F (10 uM) 0.75
18S rRNA 25 V4RB (10 uM) 0.75
Template DNA (5 ng uL™") 1
DEPC H20 10
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* Publications in peer-reviewed journals

Riedinger, D.J., Ferniandez-Juarez, V., Delgado, L.F.et al. Control of Vibrio
vulnificus proliferation in the Baltic Sea through eutrophication and algal bloom management.
Commun Earth Environ 5, 246 (2024). https://doi.org/10.1038/s43247-024-01410-x

Glackin C.C, Dupke S, Chandra T.S, Riedinger D+, Labrenz M. Combined TCBS and
CHROMagar analyses allow for basic identification of Vibrio vulnificus within a 48 h
incubation period in the coastal Baltic Sea. Microorganisms. 2024; 12(3):614.
https://doi.org/10.3390/microorganisms12030614

* Manuscript submitted
Riedinger, D.J., Hassenriick C., Herlemann D., Labrenz M. Poleward spread,
environmental modulation, and predictive modeling of global Vibrio vulnificus abundance—

Submitted to Communications Earth & Environment

V. Fernandez-Juarez, D. J. Riedinger, J. B. Gusmao, L. F Delgado-Zambrano, G.
Coll-Garcia, V. Papazachariou, D.P.R. Herlemann, C. Pansch, A. F. Andersson, M. Labrenz,
L. Riemann. Temperature, sediment resuspension, and salinity drive the prevalence of Vibrio

vulnificus in the coastal Baltic Sea — Accepted in mBio

D.P. R. Herlemann, L. F. Delgado, D. Riedinger, V. Fernandez Juarez, K. Kéiro, A. F.
Andersson, C. Pansch-Hattig, L. Riemann, M. Bengtsson, G. Gyraité, M. Katarzyté, V. Kisand,
S. Kube, G. Martin, K. Piwosz, M. Labrenz. Low impact of seagrass on sediment and water
microbial communities under brackish conditions — Submitted to BMC microbiology:

environmental microbiome

* Datasets and code

16S and 18S rRNA amplicon sequencing of coastal microbial communities across the
salinity gradient of the Baltic Sea in pelagic, benthic, and biofilm environments. ENA:
PRJEB68222
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Microbial composition data collected from water and sediment samples in Denmark,
Germany, and Finland over a period of time from May to October 2022. NCBI:
PRINA1011541

The occurrence of Vibrio spp. in the salinity gradient of shallow coastal waters of the
Baltic Sea — data set including environmental and microbiological data - doi.io-
warnemuende.de/10.12754/data-2023-0010

Code for the machine learning performed in Baltvib - https://git.io-
warnemuende.de/riedinge/Baltvib_RF_RFE.git

Data mining project to track proliferation of V. vulnificus using ENA amplicon Data -

https://git.io-warnemuende.de/riedinge/datamining_vulnificus DR_CH.git

* Scientific talks
Vibrio vulnificus can be impacted by regional measures along the Baltic Sea coast —

BSSC 2023 / Award for best young scientist presentation
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