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ABSTRACT The number of Vibrio-related infections in 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 the 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 species 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

3–) were identified as the most influencing 
factors for Vibrio spp. and V. vulnificus. The accumulation of Vibrio spp. in the sedi­
ment and the co-occurrence with sediment bacteria in the water column indicate that 
sediment resuspension contributed to V. vulnificus abundance. Interestingly, V. vulnificus 
co-occurred with specific 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 PO4

3–, for Vibrio species 
levels at intermediate salinities in the Baltic Sea.

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 Den­
mark, Germany, and Finland from May to October (2022), with a special focus on 
Vibrio vulnificus, and combined it with environmental data. Our temporal model shows 
that temperature, combined with sediment resuspension, drives the prevalence of V. 
vulnificus at intermediate salinities in the coastal Baltic Sea.

KEYWORDS Baltic Sea, pathogens, Vibrio spp., Vibrio vulnificus, sea surface tempera­
ture, salinity, sediment resuspension, phosphate, cyanobacteria

T here 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., Vibrio alginolyticus, Vibrio cholerae, Vibrio parahaemolyticus, and Vibrio 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 a flesh-eating bacterium, infecting open 

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-24 1

Editor Stephen J. Giovannoni, Oregon State 
University, Corvallis, Oregon, USA

Address correspondence to Víctor Fernández-
Juárez, victor.fj@biology.sdu.dk, or Lasse Riemann, 
lriemann@bio.ku.dk.

The authors declare no conflict of interest.

See the funding table on p. 18.

Received 31 May 2024
Accepted 31 July 2024
Published 19 September 2024

Copyright © 2024 Fernández-Juárez et al. This is an 
open-access article distributed under the terms of 
the Creative Commons Attribution 4.0 International 
license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://www.bacterio.net/genus/vibrio
https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.01569-24&domain=pdf&date_stamp=2024-09-19
https://doi.org/10.1128/mbio.01569-24
https://creativecommons.org/licenses/by/4.0/


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 species abundances in the water column (11, 12), but data are sparse. 
Vibrio species 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 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., e.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 
and 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−3 was observed in late summer and fall in Finland 
and Germany (Fig. 1D). Phosphate (PO4

3−) and nitrate (NO3
−) exhibited a consistent 

pattern, both peaking during July and August at the German station, with concentrations 
reaching 0.13 µM and 0.14 µM, respectively (Fig. 1E and F). On the other hand, ammonia 
(NH4

+) displayed a west-east gradient, reaching a maximum concentration of 0.3 µM 
(Fig. 1G). The highest bacterial abundance was from July to September in Denmark and 
Germany (ca. 106 cells mL−1; Fig. 1H). All the water metadata are provided in Table S1.

TABLE 1 Sampling site characteristics from May to October 2022a

Sampling site and ID Latitude
(N)

Longitude
(E)

Salinity range SST range (C°) Collection date Sampling points Sampling depth (m)

Julebæk, Denmark 56.05 12.57 13.1–21.3 11.8–19.5 May to October 12 1–2.5
Warnemünde, Germany 54.17 12.10 8.1–11.2 11.5–21.4 May to October 8 1–1.5
Ängsö Bay, Finland 60.10 21.71 6.3–6.5 7–19.3 May to October 6 2–4
aSamples were collected no more than 200 m from the coast. In Denmark, the sampling was conducted twice per month, whereas in Germany and Finland, it was carried out 
once per month, except for July and August, where two samplings were conducted at the German station.
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Vibrio species composition and diversity in the Baltic Sea

Based on Illumina sequencing, we generated a total of 143,935 amplicon sequence 
variants (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 

FIG 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−3), (E) PO4
3− (µM), (F) NO3

− (µM), (G) NH4
+ (µM), 

and (H) bacterial abundance (cells mL−1). 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) are 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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FIG 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 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 hole campaign in eelgrass, sediment, and

(Continued on next page)
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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 and C; P < 0.001). Indeed, the Vibrio 
species Shannon diversity increased across all stations during the summer season, with 
the Finnish station having the lowest salinity and the lowest diversity (Fig. S1C). Over 
the season, in Denmark, the Vibrio community was dominated by “ASV 6,774” (Vibrio 
cyclitrophicus), “ASV 7,595” (Vibrio atlanticus or Vibrio splendidus), and “ASV 7,725” (Vibrio 
chagasii), whereas “ASV 1,107” (Vibrio anguillarum or Vibrio 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

3–, NO3
–, 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 30,041,” 
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.

Temporal dynamics of Vibrio spp. and V. vulnificus

Gene copies per milliliter seawater, i.e., 16S rRNA (Vibrio spp.) and vvhA (V. vulnificus), 
were quantified as a proxy for the prevalence of Vibrio spp. and V. vulnificus. They varied 
significantly over the season (Fig. 3A through C, P < 0.05) and correlated with the 
ASV abundance—calculated from the relative abundance multiplied by total bacterial 
abundance (cells mL−1) (23)—(r2 = 0.61 and 0.63, respectively; Fig. S2A and B). In 
Denmark, Vibrio spp. peaked in July (up to 1,000 copies mL−1) and September (up 
to 5,000 copies mL−1, Fig. 3A). In Germany, the highest abundance of Vibrio spp. was 
observed from July to September, reaching ca. 2,000 copies mL−1 (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−1 when SST values ranged from 19.2°C to 21.4°C (Fig. 3B), whereas 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).

The abundance of Vibrio spp. and V. vulnificus genes were 100- and 1,000-fold higher, 
respectively, in the sediment than in the water (per weight [gram] vs per volume 
[milliliter]; Fig. 3D and E), and abundances in sediments correlated with abundances 
in water (Table 2). Sediment composition differed between stations, where the German 

Fig 2 (Continued)

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 ASVs having the same taxonomy. NA represents Vibrio spp. that could not be annotated to species level. V. vulnificus is highlighted in the plot by red squares. 

(C) RDA-constrained ordination plot of the Vibrio species community in the water column. Salinity, SST (°C), oxygen (Ox, mg L−1), PO4
3− (µM), NH4

+ (µM), NO3
− 

(µM), and bacterial abundance (cells mL−1) were chosen as constraint variables. Eigenvalues are 17.09 for RDA1 and 4.02 for RDA2. The significance of the RDA 

model was assessed by an ANOVA-like permutation test, and ellipses enclose sample groups (Denmark, Germany, and Finland, n = 75). For (C), clr-transformed 

data were used to perform the analysis.
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FIG 3 Dynamics of Vibrio species 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 quantification, and V. vulnificus was only above the detection limit at the German station. Bars indicate Vibrio species 

abundance; red line indicates V. vulnificus abundance; orange lines indicate SST (yellow fill in [B] indicates the temperatures at which V. vulnificus was detected];

(Continued on next page)
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sediment contained slightly more fine materials, i.e., clay and silt (Table S2), and the 
highest Vibrio species abundance (>106 gene copies g−1 during the summer months, i.e., 
10 times more than in Denmark and Finland, Fig. 3D; Fig. S3A through C). V. vulnificus had 
the highest abundance in Germany, with >103 gene copies g−1 sediment in August. It was 
also detectable in Denmark, with up to 102 gene copies g−1 sediment, but was absent in 
Finland (Fig. S3A and B). Interestingly, in the sediment, V. vulnificus remained quantifiable 
below 15°C in Germany and Denmark (Fig. S3A and 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 character­
istics 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 a, PO4

3−, NO3
−, and NH4

+ but negatively with 
oxygen (Table 2; Fig. 4A). V. vulnificus was positively correlated with PO4

3− and NO3
− (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, PO4

3–, Vibrio species gene copy number from 
sediment, and sea surface wind wave significant height (SSWWSH) were key predictors 
of Vibrio spp. (Fig. 4B; r2 = 0.33, P < 0.001). For V. vulnificus, SST, PO4

3–, and turbidity 
were the main predictors (Fig. 4C; r2 = 0.23, P < 0.001). The fact that Vibrio species gene 

Fig 3 (Continued)

and 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 the 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. Values are the median, and vertical 

black lines indicate the position of the lower and upper quartiles. In (E), red lines indicate gene copies are under the detection limit. In (A), (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 post hoc test (Wilcoxon) after a 

Kruskal–Wallis test.

TABLE 2 Spearman’s rank correlation coefficients (Bonferroni corrected) between the Vibrio species and V. vulnificus gene abundance, as quantified by ddPCR, in 
the water column and environmental and biological dataa

Environmental and biological variables Gene copies mL−1 V. vulnificus
(Germany, n = 72)

Gene copies mL−1 V. vulnificus
(n = 234)

Gene copies mL−1 total Vibrio spp.
(n = 234)

rho rho rho

Sea surface temperature (°C) 0.74*** 0.27*** 0.54***

Bacterial abundance (cells mL−1) 0.61*** 0.21*** 0.56***

Relative abundance of potential harmful 
cyanobacteria

0.59*** 0.33*** 0.21***

Gene copies V. vulnificus g−1 (sediment) 0.43*** 0.23*** 0.14*

NO3
− (µM) 0.32** 0.09 0.15*

Gene copies Vibrio spp. g−1 (sediment) 0.31** 0.05 0.51***

PO4
3− (µM) 0.28** 0.27*** 0.21***

SSWWSH (m) 0.10 0.00 0.19***

NH4
+ (µM) 0.03 −0.03 0.29***

Oxygen (mg L−1) −0.19 0.18** −0.21***

Salinity −0.23 −0.30*** 0.26***

Chlorophyll a (Chl a, mg m−3) −0.29** 0.01 0.22***

Secchi depth (m) −0.60*** −0.31*** −0.02
aAsterisks indicate significant correlations (*P < 0.05, **P < 0.01, ***P < 0.001). The analysis includes 72 water samples for the German station and 234 water samples for all 
the stations. Note that SSWWSH is sea surface wind wave significant height.
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FIG 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 L−1), chlorophyll

(Continued on next page)
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copy number from sediment and turbidity appeared as key drivers of Vibrio species 
and V. vulnificus abundance, respectively, suggests a potential connection with sediment 
resuspension.

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 DESeq2 (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 phyla 
Actinobacteria, Chloroflexota, Desulfobacterota, Eisenbacteria, Gemmatimonadetes, and 
Myxococcota (Fig. S4B and C). These phyla preferably inhabit the sediment (25–27). In 
Germany and Denmark, the Vibrio species 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 and B). Interestingly, the presence of V. vulnificus in 
the water column in Germany coincided with markers of elevated sediment resuspension 
(Fig. 5B and C). Sediment resuspension was particularly high in July and September (Fig. 
5C), and correlated with higher PO4

3– 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 (Fig. 5C).

Co-occurrence of specific microbial communities with V. 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 species and V. vulnificus gene copy numbers 
(Fig. 5A and 6; Table 2). Hence, Cyanobacteria was one of the most abundant groups in 
the presence of V. vulnificus (Fig. 6; P < 0.01). The unicellular 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 cyanobac­
teria community structure were related to the temporal changes (Fig. S5B).

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 

Fig 4 (Continued)

a (Chl a, mg m−3), PO4
3− (µM), NH4

+ (µM), NO3
− (µM), bacterial abundance (Bact.abund, cell mL−1), 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, and the corresponding formula is shown. Vibrio species and V. vulnificus 

values in the PCA and model were based on the gene copies measured by ddPCR at the Danish, Finnish, 

and German stations. In (A), (B), and (C), all water samples were included, n = 234.
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found that V. vulnificus was almost exclusively confined to medium salinity (8.1–11.2), 
and episodes with elevated SST, high phosphate (PO4

3–) 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.

FIG 5 Regression scatterplots between sediment resuspension—proxied by sediment ASVs in the water column (their relative abundances multiplied by 

bacterial abundance [cells mL−1])—and the abundance of Vibrio spp. in the water column (triangles and black curves) (P < 0.05) in (A) Denmark and (B) Germany. 

In (A) and (B), a regression between the abundance of Vibrio spp. and Secchi depth (m), respectively, is inserted (dots and orange lines). In (B), the presence of V. 

vulnificus is indicated by orange triangles. Note that in (A) and (B), ddPCR values from the substations (A, B, and C) were averaged to enable comparisons with the 

pooled water samples that were sequenced. (C) Seasonality of sediment ASVs in the water column. Values are the average ± standard error (n = 3); letters show 

pairwise analysis among the variables (i.e., month) at each station; asterisks indicate pairwise significant differences between stations (*P < 0.05, **P < 0.01, ns 

[not significant] = P > 0.05), using a post hoc test (Wilcoxon) after a Kruskal–Wallis test.
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Salinity is an important driver of Vibrio species communities

Low salinity caused a decrease in Vibrio species diversity but promoted specific Vibrio 
taxa. For instance, the fish pathogen V. anguillarum—known from aquaculture and 

FIG 6 Significant changes in relative abundance of bacterial ASVs in the water column in the presence or absence of V. vulnificus. Approximately 900 ASVs 

showed notable shifts in their relative abundances when V. vulnificus was present at the German station. Phyla are shown. Values are the median, and vertical 

black lines indicate the position of the lower and upper quartiles. Asterisks indicate pairwise significant differences between the presence (“yes”) or absence 

(“no”) of V. vulnificus (*P < 0.05, **P < 0.01, NS [not significant] = P > 0.05), using a post hoc test (Wilcoxon) after a Kruskal–Wallis test.
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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 species 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 V. vulnificus in the Baltic Sea

The analysis of the Vibrio community showed a strong seasonality, and 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, 
and 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 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, environmental 
drivers other than temperature and salinity regulate the prevalence of V. vulnificus.

Role of phosphate for V. vulnificus in the Baltic Sea

PO4
3– 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 PO4

3– has a minimal explanatory effect on Vibrio 
species variance and exhibits no correlation with V. vulnificus (7), despite the earlier 
description of PO4

3– 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 PO4

3– 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 PO3

4– at the German station (Table S3), coinciding with a substan­
tial increase in the gene copies of V. vulnificus. This is consistent with findings of 
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 heterocys­
tous 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, cyanobac­
teria, and V. vulnificus emphasize the significance of PO4

3– concentration and rising 
temperatures as pivotal factors influencing the prevalence and survival of V. vulnificus in 
the Baltic Sea.
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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 1,000 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 PO4

3– 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

3– into the 
water column. It is known that sediments can serve as a source of PO4

3–, and their 
release may depend on their composition, which differed between stations (Table S3), 
and oxygen conditions (54). The accumulation of PO4

3– in sediment can be more easily 
released into the water column during summer, as depicted in Figure 1E. This phenom­
enon 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., distinguishing between cell effects, organic matter, and PO4

3– 

transfer associated with resuspension.

Conclusions

Our study identified SST, PO4
3–, and sediment resuspension as key factors controlling the 

occurrence of pathogenic Vibrio spp., such as V. vulnificus, in the Baltic Sea. In addition, 
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 USA (58). Although it is conceivable that seagrass meadows may indirectly prevent 
Vibrio species proliferation via effects on sedimentation, sediment surface stabilization, 
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and mitigation of turbulent flow (12), we did not find a reduction in Vibrio spp. associated 
with eelgrass beds. Hereby, our study contradicts the assumption that seagrass reduce 
pathogenic Vibrio species levels in the areas studied. This is also supported by our 
recent 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 in the Baltic Sea (43). Accordingly, seagrass meadows 
do not appear an effective nature-based solution for reducing V. vulnificus abundance 
and associated infections in the Baltic Sea, and alternative solutions to mitigate the 
vibriosis problem should be explored.

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): Julebæk, in the Øresund 
Strait (Denmark), located in the Hovedstaden region, an area impacted by extensive 
shipping and high winds and currents; Warnemünde, at the mouth of the Warnow River 
(Germany), a touristic area in the Mecklenburg-Vorpommern region; and Ängsö Bay, 
situated in the Archipelago Sea (Southwest Finland), located to the west of Ängsö 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−2 and 74.26 cm, 400 shoots m−2 and 75.55 cm, and 225 shoots 
m−2 and 22.46 cm, respectively. When sampling, food colorant was employed to monitor 
the current, and divers navigated toward 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. The syringes were rinsed three times with sample water prior to use. 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 or 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. SST, salinity, and oxygen were measured at each sampling. Secchi depth and 
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 a (Chl a) analyses were immediately 
filtered onto a Durapore membrane filter (0.22 µm, Sigma-Aldrich, Massachusetts, USA) 
and GF/F filter (Whatman, Sigma-Aldrich, Massachusetts, USA), respectively, and stored 
at −20°C. Filtered water was stored frozen for analysis of phosphate (PO4

3–), nitrate 
(NO3

–), and ammonium (NH4
+). For bacterial enumeration, 2 mL of water was fixed with 

formaldehyde 37% (vol/vol), 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% (vol/vol) ethanol and was measured on a Trilogy Labo­
ratory Fluorometer (Turner Designs, San Jose, CA, USA) calibrated with a Chl a stand­
ard (DHI, Denmark) following Jespersen and Christoffersen (59). NH4

+ was quantified 
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fluorometrically, according to Holmes et al. (60), whereas PO4
−3 and NO3

− were quantified 
using standard colorimetric methods (61, 62). Bacteria were enumerated on a FACSCanto 
II flow cytometer (BD, New Jersey, USA) according to Brussaard et al. (63) using TrueCount 
beads (BD) to measure the 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 concentration was quantified using the PicoGreen dsDNA Assay Kit (Thermo Fisher, 
Massachusetts, USA).

16S rRNA amplicon sequencing analysis and Vibrio species annotation

DNA from triplicate water samples from each substation was 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′-GACTACHVGGGTATC­
TAATCC-3′) targeting the hypervariable V3-V4 region of the 16S rRNA gene (64). Library 
preparation was performed according to the NGI protocols (https://ngisweden.scilife­
lab.se/methods/illumina-16s-sequencing-2/ and https://ngisweden.scilifelab.se/2021/01/
tech-note-increase-complexity-of-amplicon-libraries-using-phased-primers/). Dual-index 
libraries were created according to the NGI protocols, and that 301 bp paired-end 
sequencing was performed on a NextSeq2000 instrument with a “P1” 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. ASVs 
were generated with the DADA2 pipeline v.1.21.0 (59) and annotated using a curated 
version of 16S rRNA genes from Genome Taxonomy Database (GTDB) (v.R06-RS202-1) 
(60). Sequences were deposited in NCBI (PRJNA1011541).

The taxonomic annotation of the 16S ASVs was carried out in two steps. First, we 
used the DADA2 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 data). 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 (69). 
The scripts used for the bioinformatics processing are available at https://github.com/

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2415

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://ngisweden.scilifelab.se/methods/illumina-16s-sequencing-2/
https://ngisweden.scilifelab.se/2021/01/tech-note-increase-complexity-of-amplicon-libraries-using-phased-primers/
https://github.com/biodiversitydata-se/amplicon-multi-cutadapt
http://www.r-project.org
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1011541/
https://github.com/lfdelzam/ASV_dada2_chunck/
https://doi.org/10.1128/mbio.01569-24


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′-GGCGTAAAGCGCATGCAGGT-3′; 680R, 5′-GAAATTCTACCCCCCTCTACAG-3′ [32]) for total 
Vibrio spp., and vvhA gene with vvh-785f/990r (vvh-785f: 5′-TTCCAACTTCAAACCGAACT
ATGAC-3′, vvh-990r: 5′-ATTCCAGTCGATGCGAATACGTTG-3′ [70]) for V. vulnificus. For the 
ddPCR reaction, 11-µL QX200 ddPCR EvaGreen Supermix (Bio-Rad, München, Germany), 
0.01 µM forward and reverse primer (final concentration), 5–15 ng DNA template, and 
diethylpyrocarbonate (DEPC) H2O were added in a final volume of 22 µL. Droplets were 
generated using a QX100 droplet generator (Bio-Rad, München, 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, München, Germany). 
PCR was performed using a Bio-Rad C1000 Touch thermal cycler (Bio-Rad, München, 
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 s, 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, 181–4040, München, 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 species 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 modeling

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). Commun­
ity analyses were exclusively carried out on ASVs within the Vibrio genus unless stated 
otherwise. Alpha diversity (Shannon index) was calculated after rarefaction. PCA and 
redundancy analysis (RDA) were performed with the microViz package v.0.10.8 (72) to 
measure the similarity or dissimilarity between Vibrio communities using central log ratio 
(clr)-transformed data.

To evaluate changes in the Vibrio community, we conducted a permutational 
multivariate analysis of variance (PERMANOVA) using distance matrices (number of 
permutations = 999) using the Euclidean distance matrix. We also used an analysis 
of variance (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 carried out with PairwiseAdonis v.0.4 (74). Additionally, 
we performed a similarity percentage (SIMPER) analysis (number of permutations = 999) 
to identify the taxa responsible for differences between groups of samples, using vegan 
v.2.6.4 (73).

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 
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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). DESeq2 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 performed 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.

Prediction of Vibrio spp. and V. vulnificus

To predict Vibrio species and V. vulnificus occurrence, we used stepwise multiple 
regressions, following the methodology outlined previously (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 assump­
tions 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 and plotted.

ACKNOWLEDGMENTS

The authors acknowledge support from the National Genomics Infrastructure (NGI) 
in Stockholm funded by Science for Life Laboratory, the Knut and Alice Wallenberg 
Foundation, and the Swedish Research Council for assistance with the massively parallel 
sequencing, and the SNIC/Uppsala Multidisciplinary Center for Advanced Computational 
Science for access to the UPPMAX computational infrastructure.

This work resulted from the BiodivERsA project “Pathogenic Vibrio bacteria in the 
current and future Baltic Sea waters: mitigating the problem” (BaltVib), funded by 
the European Union and the Federal Ministry of Education and Research, Germany 
(grant 16LC2022A), the Innovation Fund Denmark (grant 0156-00001B), the Estonian 
Research Council (grant T210076PKKH/P200028PKKH), the Research Council of Lithuania 
(grant S-BIODIVERSA-21-1), the Swedish Research Council for Environment, Agricultural 
Sciences and Spatial Planning (grant 2020-02366), the Polish National Science Centre, 
and the Academy of Finland (grant 344743).

We would like to thank two anonymous reviewers for their thoughtful and construc­
tive advice that improved the manuscript.

The sampling in Denmark was conducted by V.F.-J., G.C.-C., and V.P., whereas D.J.R. 
and M.L. carried out the sampling in Germany, and J.B.G. and C.P. carried out the 
sampling in Finland. V.F.-J. conducted all molecular analyses with assistance from M.L., 
D.J.R., G.C.-C., and D.P.R.H. L.F.D.-Z. conducted the bioinformatics sequence processing. 
V.F.-J. performed statistical analyses with support from D.J.R. V.F.-J. and L.R. wrote the 
manuscript, which was edited by all authors.

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2417

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://CRAN.R-project.org/package=olsrr
https://doi.org/10.1128/mbio.01569-24


AUTHOR AFFILIATIONS

1Marine Biological Section, Department of Biology, University of Copenhagen, Copenha­
gen, Denmark
2Department of Biological Oceanography, Leibniz Institute for Baltic Sea Research 
Warnemünde (IOW), Rostock, Germany
3Environmental and Marine Biology, Åbo Akademi University, Turku, Finland
4Science for Life Laboratory, Department of Gene Technology, KTH Royal Institute of 
Technology, Stockholm, Sweden
5Microbiology, Biology Department, University of the Balearic Islands, Palma de Mallorca, 
Spain
6Environmental Microbiology Group, Mediterranean Institute for Advanced Studies 
(CSIC-UIB), Esporles, Spain
7Estonian University of Life Sciences, Tartu, Estonia

AUTHOR ORCIDs

Víctor Fernández-Juárez  http://orcid.org/0000-0002-8090-5154
Guillem Coll-García  http://orcid.org/0000-0003-2123-4108
Christian Pansch  http://orcid.org/0000-0001-8442-4502
Anders F. Andersson  http://orcid.org/0000-0002-3627-6899
Matthias Labrenz  http://orcid.org/0000-0003-3452-8631
Lasse Riemann  http://orcid.org/0000-0001-9207-2543

FUNDING

Funder Grant(s) Author(s)

European Union and the Federal 
Ministry of Education and Research 
(Germany)

16LC2022A David J. Riedinger

Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

The innovation Fund (Denmark) 0156-0001B Daniel P. R. Herlemann

Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

Estonian Research Council T210076PKKH/
P200028PKKH

Daniel P. R. Herlemann

Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

Research of Lithuania S-BIODIVERSA-21-1 Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

Swedish Research Council For 
Environment, Agricultural Science and 
Spatial Planning

2020-02366 Daniel P. R. Herlemann

Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

Research Council of Finland 344734 Guillem Coll-García

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2418

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://doi.org/10.1128/mbio.01569-24


Funder Grant(s) Author(s)

Daniel P. R. Herlemann

Christian Pansch

Anders F. Andersson

Matthias Labrenz

Lasse Riemann

DATA AVAILABILITY

The 16S rRNA sequences are available in NCBI (PRJNA1011541), and the scripts 
used for the bioinformatics processing are accessible at https://github.com/lfdelzam/
ASV_dada2_chunck/. The 16S rRNA Vibrio database for this paper is available at https://
zenodo.org/records/1087.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (mBio01569-24-s0001.pdf). Tables S1–S3; Fig. S1–S5.

REFERENCES

1. Baker-Austin C, Oliver JD, Alam M, Ali A, Waldor MK, Qadri F, Martinez-
Urtaza J. 2018. Vibrio spp. infections. Nat Rev Dis Primers 4:8. https://doi.
org/10.1038/s41572-018-0005-8

2. Baker-Austin C, Trinanes JA, Salmenlinna S, Löfdahl M, Siitonen A, Taylor 
NGH, Martinez-Urtaza J. 2016. Heat wave-associated vibriosis, Sweden 
and Finland, 2014. Emerg Infect Dis 22:1216–1220. https://doi.org/10.
3201/eid2207.151996

3. Baker-Austin C, Trinanes JA, Taylor NGH, Hartnell R, Siitonen A, Martinez-
Urtaza J. 2013. Emerging Vibrio risk at high latitudes in response to 
ocean warming. Nat Clim Change 3:73–77. https://doi.org/10.1038/
nclimate1628

4. Amato E, Riess M, Thomas-Lopez D, Linkevicius M, Pitkänen T, Wołkowicz 
T, Rjabinina J, Jernberg C, Hjertqvist M, MacDonald E, Antony-Samy JK, 
Dalsgaard Bjerre K, Salmenlinna S, Fuursted K, Hansen A, Naseer U. 2022. 
Epidemiological and microbiological investigation of a large increase in 
vibriosis, northern Europe, 2018. Euro Surveill 27:2101088. https://doi.
org/10.2807/1560-7917.ES.2022.27.28.2101088

5. Gildas Hounmanou YM, Engberg J, Bjerre KD, Holt HM, Olesen B, 
Voldstedlund M, Dalsgaard A, Ethelberg S. 2023. Correlation of high 
seawater temperature with Vibrio and Shewanella infections, Denmark, 
2010–2018. Emerg Infect Dis 29:605–608. https://doi.org/10.3201/
eid2903.221568

6. Brehm TT, Berneking L, Sena Martins M, Dupke S, Jacob D, Drechsel O, 
Bohnert J, Becker K, Kramer A, Christner M, Aepfelbacher M, Schmiedel 
S, Rohde H, German Vibrio Study Group. 2021. Heatwave-associated 
Vibrio infections in Germany, 2018 and 2019. Euro Surveill 26:2002041. 
https://doi.org/10.2807/1560-7917.ES.2021.26.41.2002041

7. Takemura AF, Chien DM, Polz MF. 2014. Associations and dynamics of 
vibrionaceae in the environment, from the genus to the population 
level. Front Microbiol 5:38. https://doi.org/10.3389/fmicb.2014.00038

8. Chase E, Young S, Harwood VJ. 2015. Sediment and vegetation as 
reservoirs of Vibrio vulnificus in the Tampa Bay Estuary and Gulf of 
Mexico. Appl Environ Microbiol 81:2489–2494. https://doi.org/10.1128/
AEM.03243-14

9. Matz C, McDougald D, Moreno AM, Yung PY, Yildiz FH, Kjelleberg S. 
2005. Biofilm formation and phenotypic variation enhance predation-
driven persistence of Vibrio cholerae. Proc Natl Acad Sci U S A 
102:16819–16824. https://doi.org/10.1073/pnas.0505350102

10. Andrews JH, Harris RF. 2000. The ecology and biogeography of 
microorganisms on plant surfaces. Annu Rev Phytopathol 38:145–180. 
https://doi.org/10.1146/annurev.phyto.38.1.145

11. Lamb JB, van de Water JAJM, Bourne DG, Altier C, Hein MY, Fiorenza EA, 
Abu N, Jompa J, Harvell CD. 2017. Seagrass ecosystems reduce exposure 
to bacterial pathogens of humans, fishes, and invertebrates. Science 
355:731–733. https://doi.org/10.1126/science.aal1956

12. Reusch TBH, Schubert PR, Marten SM, Gill D, Karez R, Busch K, Hentschel 
U. 2021. Lower Vibrio spp. abundances in Zostera marina leaf canopies 
suggest a novel ecosystem function for temperate seagrass beds. Mar 
Biol 168. https://doi.org/10.1007/s00227-021-03963-3

13. Zimmerman AM, DePaola A, Bowers JC, Krantz JA, Nordstrom JL, 
Johnson CN, Grimes DJ. 2007. Variability of total and pathogenic Vibrio 
parahaemolyticus densities in Northern Gulf of Mexico water and 
oysters. Appl Environ Microbiol 73:7589–7596. https://doi.org/10.1128/
AEM.01700-07

14. Martinez-Urtaza J, Blanco-Abad V, Rodriguez-Castro A, Ansede-Bermejo 
J, Miranda A, Rodriguez-Alvarez MX. 2012. Ecological determinants of 
the occurrence and dynamics of Vibrio parahaemolyticus in offshore 
areas. ISME J 6:994–1006. https://doi.org/10.1038/ismej.2011.156

15. Randa MA, Polz MF, Lim E. 2004. Effects of temperature and salinity on 
Vibrio vulnificus population dynamics as assessed by quantitative PCR. 
Appl Environ Microbiol 70:5469–5476. https://doi.org/10.1128/AEM.70.9.
5469-5476.2004

16. Brumfield KD, Chen AJ, Gangwar M, Usmani M, Hasan NA, Jutla AS, Huq 
A, Colwell RR. 2023. Environmental factors influencing occurrence of 
Vibrio parahaemolyticus and Vibrio vulnificus. Appl Environ Microbiol 
89:e0030723. https://doi.org/10.1128/aem.00307-23

17. Kimes NE, Grim CJ, Johnson WR, Hasan NA, Tall BD, Kothary MH, Kiss H, 
Munk AC, Tapia R, Green L, Detter C, Bruce DC, Brettin TS, Colwell RR, 
Morris PJ. 2012. Temperature regulation of virulence factors in the 
pathogen Vibrio coralliilyticus. ISME J 6:835–846. https://doi.org/10.1038/
ismej.2011.154

18. Reusch TBH, Dierking J, Andersson HC, Bonsdorff E, Carstensen J, Casini 
M, Czajkowski M, Hasler B, Hinsby K, Hyytiäinen K, et al. 2018. The Baltic 
Sea as a time machine for the future coastal ocean. Sci Adv 4:eaar8195. 
https://doi.org/10.1126/sciadv.aar8195

19. Böer SI, Heinemeyer EA, Luden K, Erler R, Gerdts G, Janssen F, Brennholt 
N. 2013. Temporal and spatial distribution patterns of potentially 
pathogenic Vibrio spp. at recreational beaches of the German North Sea. 
Microb Ecol 65:1052–1067. https://doi.org/10.1007/s00248-013-0221-4

20. Eiler A, Johansson M, Bertilsson S. 2006. Environmental influences on 
Vibrio populations in northern temperate and boreal coastal waters 

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2419

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1011541/
https://github.com/lfdelzam/ASV_dada2_chunck/
https://zenodo.org/records/1087
https://doi.org/10.1128/mbio.01569-24
https://doi.org/10.1038/s41572-018-0005-8
https://doi.org/10.3201/eid2207.151996
https://doi.org/10.1038/nclimate1628
https://doi.org/10.2807/1560-7917.ES.2022.27.28.2101088
https://doi.org/10.3201/eid2903.221568
https://doi.org/10.2807/1560-7917.ES.2021.26.41.2002041
https://doi.org/10.3389/fmicb.2014.00038
https://doi.org/10.1128/AEM.03243-14
https://doi.org/10.1073/pnas.0505350102
https://doi.org/10.1146/annurev.phyto.38.1.145
https://doi.org/10.1126/science.aal1956
https://doi.org/10.1007/s00227-021-03963-3
https://doi.org/10.1128/AEM.01700-07
https://doi.org/10.1038/ismej.2011.156
https://doi.org/10.1128/AEM.70.9.5469-5476.2004
https://doi.org/10.1128/aem.00307-23
https://doi.org/10.1038/ismej.2011.154
https://doi.org/10.1126/sciadv.aar8195
https://doi.org/10.1007/s00248-013-0221-4
https://doi.org/10.1128/mbio.01569-24


(Baltic and Skagerrak Seas). Appl Environ Microbiol 72:6004–6011. https:
//doi.org/10.1128/AEM.00917-06

21. Fleischmann S, Herrig I, Wesp J, Stiedl J, Reifferscheid G, Strauch E, Alter 
T, Brennholt N. 2022. Prevalence and distribution of potentially human 
pathogenic Vibrio spp. on German North and Baltic Sea coasts. Front Cell 
Infect Microbiol 12:846819. https://doi.org/10.3389/fcimb.2022.846819

22. Gyraite G, Katarzyte M, Schernewski G. 2019. First findings of potentially 
human pathogenic bacteria Vibrio in the south-eastern Baltic Sea coastal 
and transitional bathing waters. Mar Pollut Bull 149:110546. https://doi.
org/10.1016/j.marpolbul.2019.110546

23. Andersson AF, Riemann L, Bertilsson S. 2010. Pyrosequencing reveals 
contrasting seasonal dynamics of taxa within Baltic Sea bacterioplank­
ton communities. ISME J 4:171–181. https://doi.org/10.1038/ismej.2009.
108

24. Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550. 
https://doi.org/10.1186/s13059-014-0550-8

25. Capo E, Cosio C, Gascón Díez E, Loizeau JL, Mendes E, Adatte T, 
Franzenburg S, Bravo AG. 2023. Anaerobic mercury methylators inhabit 
sinking particles of oxic water columns. Water Res 229:119368. https://
doi.org/10.1016/j.watres.2022.119368

26. Salah-Tantawy A, Chang CSG, Liu MY, Young SS. 2022. Exploring the 
diversity and structural response of sediment-associated microbiota 
communities to environmental pollution at the siangshan wetland in 
Taiwan using environmental DNA metagenomic approach. Front Mar Sci 
9. https://doi.org/10.3389/fmars.2022.990428

27. Jäntti H, Jilbert T, Aalto SL, Simojoki A, Mangayil R, Peura S, Rissanen AJ. 
2022. The role of organic matter and microbial community controlling 
nitrate reduction under elevated ferrous iron concentrations in boreal 
lake sediments. Hydrobiologia 849:2145–2160. https://doi.org/10.1007/
s10750-022-04858-0

28. Pope PB, Patel BKC. 2008. Metagenomic analysis of a freshwater toxic 
cyanobacteria bloom. FEMS Microbiol Ecol 64:9–27. https://doi.org/10.
1111/j.1574-6941.2008.00448.x

29. Schütt EM, Hundsdörfer MAJ, von Hoyningen-Huene AJE, Lange X, 
Koschmider A, Oppelt N. 2023. First steps towards a near real-time 
modelling system of Vibrio vulnificus in the Baltic Sea. Int J Environ Res 
Public Health 20:5543. https://doi.org/10.3390/ijerph20085543

30. Frans I, Michiels CW, Bossier P, Willems KA, Lievens B, Rediers H. 2011. 
Vibrio anguillarum as a fish pathogen: virulence factors, diagnosis and 
prevention. J Fish Dis 34:643–661. https://doi.org/10.1111/j.1365-2761.
2011.01279.x

31. Morrison BH, Jones JL, Dzwonkowski B, Krause JW. 2024. Tracking Vibrio: 
population dynamics and ecology of Vibrio parahaemolyticus and V. 
vulnificus in an Alabama estuary. Microbiol Spectr 12:e0367423. https://
doi.org/10.1128/spectrum.03674-23

32. Thompson JR, Randa MA, Marcelino LA, Tomita-Mitchell A, Lim E, Polz 
MF. 2004. Diversity and dynamics of a North Atlantic coastal Vibrio 
community. Appl Environ Microbiol 70:4103–4110. https://doi.org/10.
1128/AEM.70.7.4103-4110.2004

33. Oberbeckmann S, Fuchs BM, Meiners M, Wichels A, Wiltshire KH, Gerdts 
G. 2012. Seasonal dynamics and modeling of a Vibrio community in 
coastal waters of the North Sea. Microb Ecol 63:543–551. https://doi.org/
10.1007/s00248-011-9990-9

34. Vezzulli L, Brettar I, Pezzati E, Reid PC, Colwell RR, Höfle MG, Pruzzo C. 
2012. Long-term effects of ocean warming on the prokaryotic 
community: evidence from the vibrios. ISME J 6:21–30. https://doi.org/
10.1038/ismej.2011.89

35. Siboni N, Balaraju V, Carney R, Labbate M, Seymour JR. 2016. Spatiotem­
poral dynamics of Vibrio spp. within the Sydney Harbour estuary. Front 
Microbiol 7:460. https://doi.org/10.3389/fmicb.2016.00460

36. Parvathi A, Kumar HS, Karunasagar I, Karunasagar I. 2004. Detection and 
enumeration of Vibrio vulnificus in oysters from two estuaries along the 
southwest coast of India, using molecular methods. Appl Environ 
Microbiol 70:6909–6913. https://doi.org/10.1128/AEM.70.11.6909-6913.
2004

37. Murray CJ, Müller-Karulis B, Carstensen J, Conley DJ, Gustafsson BG, 
Andersen JH. 2019. Past, present and future eutrophication status of the 
Baltic Sea. Front Mar Sci 6. https://doi.org/10.3389/fmars.2019.00002

38. Pfeffer CS, Hite MF, Oliver JD. 2003. Ecology of Vibrio vulnificus in 
estuarine waters of eastern North Carolina. Appl Environ Microbiol 
69:3526–3531. https://doi.org/10.1128/AEM.69.6.3526-3531.2003

39. Jahid IK, Silva AJ, Benitez JA. 2006. Polyphosphate stores enhance the 
ability of Vibrio cholerae to overcome environmental stresses in a low-
phosphate environment. Appl Environ Microbiol 72:7043–7049. https://
doi.org/10.1128/AEM.00924-06

40. Conrad JW, Harwood VJ. 2022. Sewage promotes Vibrio vulnificus growth 
and alters gene transcription in Vibrio vulnificus CMCP6. Microbiol Spectr 
10:e0191321. https://doi.org/10.1128/spectrum.01913-21

41. Blackwell KD, Oliver JD. 2008. The ecology of Vibrio vulnificus, Vibrio 
cholerae, and Vibrio parahaemolyticus in North Carolina Estuaries. J 
Microbiol 46:146–153. https://doi.org/10.1007/s12275-007-0216-2

42. Vezzulli L, Grande C, Reid PC, Hélaouët P, Edwards M, Höfle MG, Brettar I, 
Colwell RR, Pruzzo C. 2016. Climate influence on Vibrio and associated 
human diseases during the past half-century in the coastal North 
Atlantic. Proc Natl Acad Sci U S A 113:E5062–E5071. https://doi.org/10.
1073/pnas.1609157113

43. Riedinger DJ, Fernández-Juárez V, Delgado LF, Sperlea T, Hassenrück C, 
Herlemann DPR, Pansch C, Kataržytė M, Bruck F, Ahrens A, Rakowski M, 
Piwosz K, Stevenson A, Reusch TBH, Gyraitė G, Schulz-Bull D, Benter­
busch-Brockmöller H, Kube S, Dupke S, Andersson AF, Riemann L, 
Labrenz M. 2024. Control of Vibrio vulnificus proliferation in the Baltic 
Sea through eutrophication and algal bloom management. Commun 
Earth Environ 5:246. https://doi.org/10.1038/s43247-024-01410-x

44. Celepli N, Sundh J, Ekman M, Dupont CL, Yooseph S, Bergman B, 
Ininbergs K. 2017. Meta-omic analyses of Baltic Sea cyanobacteria: 
diversity, community structure and salt acclimation. Environ Microbiol 
19:673–686. https://doi.org/10.1111/1462-2920.13592

45. Eigemann F, Schwartke M, Schulz-Vogt H. 2018. Niche separation of 
Baltic Sea cyanobacteria during bloom events by species interactions 
and autecological preferences. Harmful Algae 72:65–73. https://doi.org/
10.1016/j.hal.2018.01.001

46. Eiler A, Gonzalez-Rey C, Allen S, Bertilsson S. 2007. Growth response of 
Vibrio cholerae and other Vibrio spp. to cyanobacterial dissolved organic 
matter and temperature in brackish water. FEMS Microbiol Ecol 60:411–
418. https://doi.org/10.1111/j.1574-6941.2007.00303.x

47. Islam MS, Mahmuda S, Morshed MG, Bakht HBM, Khan MNH, Sack RB, 
Sack DA. 2004. Role of cyanobacteria in the persistence of Vibrio cholerae 
O139 in saline microcosms. Can J Microbiol 50:127–131. https://doi.org/
10.1139/w03-114

48. Lannergård EE, Ledesma JLJ, Fölster J, Futter MN. 2019. An evaluation of 
high frequency turbidity as a proxy for riverine total phosphorus 
concentrations. Sci Total Environ 651:103–113. https://doi.org/10.1016/j.
scitotenv.2018.09.127

49. Fries JS, Characklis GW, Noble RT. 2008. Sediment-water exchange of 
Vibrio sp. and fecal indicator bacteria: implications for persistence and 
transport in the Neuse River Estuary, North Carolina, USA. Water Res 
42:941–950. https://doi.org/10.1016/j.watres.2007.09.006

50. Padovan A, Siboni N, Kaestli M, King WL, Seymour JR, Gibb K. 2021. 
Occurrence and dynamics of potentially pathogenic vibrios in the wet-
dry tropics of northern Australia. Mar Environ Res 169:105405. https://
doi.org/10.1016/j.marenvres.2021.105405

51. Perkins TL, Clements K, Baas JH, Jago CF, Jones DL, Malham SK, 
McDonald JE. 2014. Sediment composition influences spatial variation in 
the abundance of human pathogen indicator bacteria within an 
estuarine environment. PLoS One 9:e112951. https://doi.org/10.1371/
journal.pone.0112951

52. Abia ALK, James C, Ubomba-Jaswa E, Benteke Momba MN. 2017. 
Microbial remobilisation on riverbed sediment disturbance in 
experimental flumes and a human-impacted river: implication for water 
resource management and public health in developing sub-saharan 
African countries. Int J Environ Res Public Health 14:306. https://doi.org/
10.3390/ijerph14030306

53. Li L, Mendis N, Trigui H, Oliver JD, Faucher SP. 2014. The importance of 
the viable but non-culturable state in human bacterial pathogens. Front 
Microbiol 5:258. https://doi.org/10.3389/fmicb.2014.00258

54. Zhou C, Gao Y, Zhang H, Luo M, Ma T, Li G, Vandeputte D, Leermakers M, 
Baeyens W. 2024. Phosphorus mobilization in sulfidic sediments in the 
Baltic Sea. Sci Total Environ 907:168000. https://doi.org/10.1016/j.
scitotenv.2023.168000

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2420

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://doi.org/10.1128/AEM.00917-06
https://doi.org/10.3389/fcimb.2022.846819
https://doi.org/10.1016/j.marpolbul.2019.110546
https://doi.org/10.1038/ismej.2009.108
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.watres.2022.119368
https://doi.org/10.3389/fmars.2022.990428
https://doi.org/10.1007/s10750-022-04858-0
https://doi.org/10.1111/j.1574-6941.2008.00448.x
https://doi.org/10.3390/ijerph20085543
https://doi.org/10.1111/j.1365-2761.2011.01279.x
https://doi.org/10.1128/spectrum.03674-23
https://doi.org/10.1128/AEM.70.7.4103-4110.2004
https://doi.org/10.1007/s00248-011-9990-9
https://doi.org/10.1038/ismej.2011.89
https://doi.org/10.3389/fmicb.2016.00460
https://doi.org/10.1128/AEM.70.11.6909-6913.2004
https://doi.org/10.3389/fmars.2019.00002
https://doi.org/10.1128/AEM.69.6.3526-3531.2003
https://doi.org/10.1128/AEM.00924-06
https://doi.org/10.1128/spectrum.01913-21
https://doi.org/10.1007/s12275-007-0216-2
https://doi.org/10.1073/pnas.1609157113
https://doi.org/10.1038/s43247-024-01410-x
https://doi.org/10.1111/1462-2920.13592
https://doi.org/10.1016/j.hal.2018.01.001
https://doi.org/10.1111/j.1574-6941.2007.00303.x
https://doi.org/10.1139/w03-114
https://doi.org/10.1016/j.scitotenv.2018.09.127
https://doi.org/10.1016/j.watres.2007.09.006
https://doi.org/10.1016/j.marenvres.2021.105405
https://doi.org/10.1371/journal.pone.0112951
https://doi.org/10.3390/ijerph14030306
https://doi.org/10.3389/fmicb.2014.00258
https://doi.org/10.1016/j.scitotenv.2023.168000
https://doi.org/10.1128/mbio.01569-24


55. Wu Y, Wen Y, Zhou J, Wu Y. 2014. Phosphorus release from lake 
sediments: effects of pH, temperature and dissolved oxygen. KSCE J Civ 
Eng 18:323–329. https://doi.org/10.1007/s12205-014-0192-0

56. Westrich JR, Ebling AM, Landing WM, Joyner JL, Kemp KM, Griffin DW, 
Lipp EK. 2016. Saharan dust nutrients promote Vibrio bloom formation in 
marine surface waters. Proc Natl Acad Sci U S A 113:5964–5969. https://
doi.org/10.1073/pnas.1518080113

57. Lehmann A, Myrberg K, Post P, Chubarenko I, Dailidiene I, Hinrichsen HH, 
Hüssy K, Liblik T, Meier HEM, Lips U, Bukanova T. 2022. Salinity dynamics 
of the Baltic Sea. Earth Syst Dynam 13:373–392. https://doi.org/10.5194/
esd-13-373-2022

58. Shaw KS, Jacobs JM, Crump BC. 2014. Impact of hurricane irene on Vibrio 
vulnificus and Vibrio parahaemolyticus concentrations in surface water, 
sediment, and cultured oysters in the Chesapeake Bay, MD, USA. Front 
Microbiol 5:204. https://doi.org/10.3389/fmicb.2014.00204

59. Jespersen AM, Christoffersen K. 1987. Measurements of chlorophyll-a 
from phytoplankton using ethanol as extraction solvent. Arch Hydrobiol 
109:445–454. https://doi.org/10.1127/archiv-hydrobiol/109/1987/445

60. Holmes RM, Aminot A, Kérouel R, Hooker BA, Peterson BJ. 1999. A simple 
and precise method for measuring ammonium in marine and freshwater 
ecosystems. Can J Fish Aquat Sci 56:1801–1808. https://doi.org/10.1139/
f99-128

61. Hansen HP, Koroleff F. 2007. Determination of nutrients. In Grasshoff K, 
Kremling K, Ehrhardt M (ed), Methods of seawater analysis

62. Helaleh MI, Fujii S, Korenaga T. 2001. Column silylation method for 
determining endocrine disruptors from environmental water samples by 
solid phase micro-extraction. Talanta 54:1039–1047. https://doi.org/10.
1016/s0039-9140(01)00386-1

63. Brussaard CPD, Payet JP, Winter C, Weinbauer MG. 2010. Quantification 
of aquatic viruses by flow cytometry, p 102–109. In Manual of aquatic 
viral ecology. American Society of Limnology and Oceanography.

64. Herlemann DPR, Labrenz M, Jürgens K, Bertilsson S, Waniek JJ, 
Andersson AF. 2011. Transitions in bacterial communities along the 2000 
km salinity gradient of the Baltic Sea. ISME J 5:1571–1579. https://doi.
org/10.1038/ismej.2011.41

65. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
2016. DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869

66. Parks DH, Chuvochina M, Rinke C, Mussig AJ, Chaumeil PA, Hugenholtz 
P. 2022. GTDB: an ongoing census of bacterial and archaeal diversity 
through a phylogenetically consistent, rank normalized and complete 
genome-based taxonomy. Nucleic Acids Res 50:D785–D794. https://doi.
org/10.1093/nar/gkab776

67. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman 
DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein 
database search programs. Nucleic Acids Res 25:3389–3402. https://doi.
org/10.1093/nar/25.17.3389

68. O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, Rajput 
B, Robbertse B, Smith-White B, Ako-Adjei D, et al. 2016. Reference 
sequence (RefSeq) database at NCBI: current status, taxonomic 
expansion, and functional annotation. Nucleic Acids Res 44:D733–D745. 
https://doi.org/10.1093/nar/gkv1189

69. Edgar RC. 2018. Updating the 97% identity threshold for 16S ribosomal 
RNA OTUs. Bioinformatics 34:2371–2375. https://doi.org/10.1093/
bioinformatics/bty113

70. Panicker G, Call DR, Krug MJ, Bej AK. 2004. Detection of pathogenic 
Vibrio spp. in shellfish by using multiplex PCR and DNA microarrays. Appl 
Environ Microbiol 70:7436–7444. https://doi.org/10.1128/AEM.70.12.
7436-7444.2004

71. Möller L, Kreikemeyer B, Gerdts G, Jost G, Labrenz M. 2021. Fish as a 
winter reservoir for Vibrio spp. in the southern Baltic Sea coast. J Mar Syst 
221:103574. https://doi.org/10.1016/j.jmarsys.2021.103574

72. Barnett D, Arts I, Penders J. 2021. microViz: an R package for microbiome 
data visualization and statistics. J Open Source Soft 6:3201. https://doi.
org/10.21105/joss.03201

73. Oksanen JSG, Blanchet FG. Vegan: community ecology package. V.2.6.4
74. Martinez Arbizu P. 2020. Pairwise multilevel comparison using adonis. R 

package version 0.4
75. Gu Z. 2022. Complex heatmap visualization. iMeta1:e43. https://doi.org/

10.1002/imt2.43
76. Kirschner AKT, Pleininger S, Jakwerth S, Rehak S, Farnleitner AH, 

Huhulescu S, Indra A. 2018. Application of three different methods to 
determine the prevalence, the abundance and the environmental 
drivers of culturable Vibrio cholerae in fresh and brackish bathing waters. 
J Appl Microbiol 125:1186–1198. https://doi.org/10.1111/jam.13940

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01569-2421

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.2

26
.2

30
.2

7.

https://doi.org/10.1007/s12205-014-0192-0
https://doi.org/10.1073/pnas.1518080113
https://doi.org/10.5194/esd-13-373-2022
https://doi.org/10.3389/fmicb.2014.00204
https://doi.org/10.1127/archiv-hydrobiol/109/1987/445
https://doi.org/10.1139/f99-128
https://doi.org/10.1016/s0039-9140(01)00386-1
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/bioinformatics/bty113
https://doi.org/10.1128/AEM.70.12.7436-7444.2004
https://doi.org/10.1016/j.jmarsys.2021.103574
https://doi.org/10.21105/joss.03201
https://doi.org/10.1002/imt2.43
https://doi.org/10.1111/jam.13940
https://doi.org/10.1128/mbio.01569-24

	Temperature, sediment resuspension, and salinity drive the prevalence of Vibrio vulnificus in the coastal Baltic Sea
	RESULTS
	Temporal dynamics of environmental and biological factors
	Vibrio species composition and diversity in the Baltic Sea
	Temporal dynamics of Vibrio spp. and V. vulnificus
	Environmental drivers and predictors of Vibrio spp. and V. vulnificus
	The impact of sediment resuspension on Vibrio spp. and V. vulnificus in the water column
	Co-occurrence of specific microbial communities with V. vulnificus

	DISCUSSION
	Salinity is an important driver of Vibrio species communities
	The importance of temperature for V. vulnificus in the Baltic Sea
	Role of phosphate for V. vulnificus in the Baltic Sea
	Sediment as a source of Vibrio spp. in the water column
	Conclusions

	MATERIALS AND METHODS
	Sampling
	Sample processing
	Chlorophyll a, inorganic nutrients, bacterial abundance, and grain size
	Molecular analyses
	Community analysis, statistics, and modeling



