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Abstract 

Until r ecentl y, the data on the di v ersity of the entir e micr obial comm unity fr om the Baltic Sea wer e r elati v el y rar e and v er y scar ce . 
However, modern molecular methods have provided new insights into this field with interesting results. They can be summarized 

as follows. (i) Although low salinity causes a reduction in the biodi v ersity of multicellular species relative to the populations of the 
North–East Atlantic, no such reduction occurs in bacterial di v ersity. (ii) Among cyanobacteria, the picocyanobacterial group dominates 
when considering gene abundance, while filamentous cyanobacteria dominate in means of biomass. (iii) The di v ersity of diatoms 
and dinoflagellates is significantly larger than described a few decades ago; however, molecular studies on these groups are still 
scar ce . (iv) Knowledge gaps in other protistan communities are evident. (v) Salinity is the main limiting parameter of pelagic fungal 
community composition, while the benthic fungal diversity is shaped by water depth, salinity, and sediment C and N av aila bility. (vi) 
Bacteriopha ges ar e the pr edominant gr oup of viruses, while among viruses infecting eukary otic hosts, Ph ycodna viridae ar e the most 
abundant; the Baltic Sea virome is contaminated with viruses originating from urban and/or industrial habitats. These features make 
the Baltic Sea microbiome specific and unique among other marine environments. 

Ke yw ords: Baltic Sea; marine ecosystem; di v ersity of micr oorganisms; molecular methods; pr okar yotic and eukar yotic micr oorgan- 
isms; marine viruses 
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Introduction 

Baltic Sea char acteriza tion 

The Baltic Sea is a semienclosed shelf sea located in northern 

Europe . T he sea is connected to the North Sea by the narrow 

and shallo w w aters of the Sound and the Belt Sea, the Katte- 
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at, and the Ska gerr ak, forming a tr ansition ar ea to the North
ea. Its catchment area, inhabited by about 85 million people, is
our times larger than the sea surface (Fig. 1 ). The biogeochemi-
al functioning of the br ac kish Baltic Sea is dir ectl y linked to its
ocation, specific topogr a ph y, and h ydr ogr a phic settings, and it is
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Figure 1. Map of the Baltic Sea with the surface salinity and catchment area, and indication of major deeps. Salinity le v els ar e indicated, with a scale 
r epr esenting r egions of the sea with corr esponding concentr ations of NaCl. The catc hment is shown as an ar ea ar ound the sea r egion. Vertical 
distributions of salinity at Bornholm (IDEAL), Gdansk (P1), and Gotland (BY15) Deeps within 2020–2023 (Szymczycha et al. 2024 ) are indicated. 
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nfluenced by eutrophication, deoxygenation, acidification, and
nthropogenic pollution (Kuli ́nski et al. 2022 ). T herefore , the com-
osition, diversity, and abundance of the microorganism commu-
ity are affected by the surface salinity gradient from marine to
earl y fr eshwater, r educed circulation, and str ong str atification
ausing hypoxic and anoxic conditions in bottom waters, high
edimentation rates with high organic matter content, and inflow
f terrestrial microorganisms (Xu et al. 2022 ). 

esearch on Baltic microorganisms 

nitiall y, r esearc h on Baltic microbes focused on phytoplankton.
uc h r esearc h has been carried out for mor e than 100 years (Cle v e
889 , Hensen 1887 , 1890 , Aurivillius 1896 , Apstein 1905 , Fraude
907 , Lakowitz 1907 , Lohmann 1908 , 1911 , Schulz 1926 ). Hensen
nd collaborators started modern plankton research by develop-
ng sampling nets and quantitative calculation methods . T hey
sed them during expeditions in 1883–1886 in the western parts of
he Baltic and North Seas (Finni et al. 2001 ). In 1902, the Interna-
ional Council for the Exploration of the Seas (ICES) established
nternational coordination of plankton r esearc h, with sampling
our times a year throughout the entire Baltic Sea area. Lohmann
 1908 , 1911 ) used a hand centrifuge to concentrate plankton and
ho w ed the importance of the nanoplankton (planktonic mi-
robes of 2–20 μm of cell diameter/size). He concluded that net
ampling leads to overlooking and underestimating small plank-
on. Quantitativ e anal yses of nanoplankton and micr oplankton
planktonic cells of 20–200 μm diameter/size) started when the
edimentation chamber method was established (Utermöhl 1931 ,
958 ). P a pers by Apstein ( 1905 ), Driver ( 1908 ), Merkle ( 1910 ), and
rabbi ( 1913 ) contributed to the Helsinki Commission (HELCOM)
r ogr am in 1974. They were the basis for intensifying cooperation
mong countries surrounding the Baltic Sea (Finni et al. 2001 ).
li ́nski and co w orkers had a significant impact on the present
hytoplankton r esearc h by constructing the identification k e ys
f phytoplanktonic species from the southern Baltic Sea that
elped in their correct taxonomic classification (Pli ́nski and Ko-
arek 2007 , Pli ́nski and Hindak 2010 , Pli ́nski and Witkowski 2020 ).

ochem ( 1988 , 1989 ) sho w ed the importance of phototrophic pic-
c y anobacteria of the Synechococcus genus. 

Ne v ertheless, until r ecentl y, compr ehensiv e studies on Baltic
icr oor ganisms wer e r elativ el y scarce . T he number of published
orks on the Baltic Sea micr oor ganisms incr eased significantl y
nly since the 1990s, with the development of molecular and
ioimaging methods. Until the 1980s, microbiological research in
he Baltic Sea was carried out using classical techniques with mi-
r obial cultur es . T he main r esearc h center was the Institute of
ceanogr a phy at the University of Kiel (Germany), where bacteria

nvolved in the nitrogen cycle were studied (Rheinheimer 1967 ),
nd micr oor ganisms ne w to science wer e described (Ahr ens and
oll 1970 ). Research has also been conducted on the link between

lgal blooms and bacterial populations (Rieper 1976 ). The prob-
em of eutrophication and its relationship with the presence of

icr oor ganisms (Hoppe 1978 ) and the direct connection between
3 parameters describing physical, chemical, and biological char-
cteristics were processed with particular reference to microbi-
logical activity (Bölter et al. 1981 ). Methodological works and
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comparisons of the presence of bacteria in differ ent ar eas of the 
Baltic Sea were carried out in Finland (Tvärminne Zoological Sta- 
tion) (Väätänen 1977 , 1980 ). The isolation and identification of 
bacteria in polluted areas were addressed in the Swedish Water 
and Air Pollution Research Institute in Stockholm, (Neilson 1980 ).
In 1983, the first compr ehensiv e study of the composition of bacte- 
rioplankton from the Baltic Sea and Skagerrak was conducted em- 
ploying epifluorescence and electron microscopy (Schmaljohann 

1984 ). In 1985, a study was published showing that in freshwa- 
ter (Lake Hodges, California) and br ac kish water (Baltic Sea), the 
release and uptake of orthophosphate were tightly coupled (Am- 
merman and Azam 1985 ). At that time, the vertical distributions of 
micr oor ganisms wer e also anal ysed in differ ent ar eas of the Baltic 
Sea using culture and microscopic methods (Rheinheimer et al.
1989 ). Subsequent years brought about research on the produc- 
tion and r espir ation of ov er all plankton and ultr a plankton com- 
munities (Kuprinen 1987 , Lignell 1990 ). Stable isotope labeling of 
nitrogen sources was used to investigate nitrogen flows in the sea 
(Sörensson et al. 1989 ). Subsequent use of secondary ion mass 
spectrometry allo w ed to determine nitrogen uptak e into indi vid- 
ual cells (Klawonn et al. 2016 , Olofsson et al. 2019 ). 

Thanks to evolving genetic methods, four strains of budding 
hyphal bacteria, which had very similar chemotaxonomic prop- 
erties, wer e isolated fr om the Baltic Sea (Sc hlesner et al. 1990 ,
Brettar and Rheinheimer 1991 ). Dominant marine bacterioplank- 
ton species were identified among colony-forming bacteria (Pin- 
hassi et al. 1997 ). At the end of the 20th century, HELCOM activ- 
ities led to the reduction of dangerous pollutants which, in turn,
caused the r egener ation of flor a and fauna in some ar eas (Rhein- 
heimer et al. 1989 ). Ho w e v er, ne w thr eats hav e begun to be r ecog-
nized. In this respect, the turning point occurred with the intro- 
duction of molecular biology techniques to study micr oor ganisms 
in the Baltic Sea ecosystem. Ther efor e, this r e vie w article focuses 
on modern genetic and genomic methods that have revolution- 
ized our understanding of the biodiversity of Baltic microbes. 

Importance of modern methods, including 

genetic and genomic analyses and 

advanced imaging techniques, in studies 

on marine microorganisms 

Metagenomics in analyses of 
microorganisms—ad v antages and limitations 

With the advances of metagenomics (Handelsman et al. 1998 ), ex- 
ploring the richness and diversity of microorganisms, including 
those thriving in marine en vironments , became mor e str aight- 
forw ar d than e v er. The a ppr oac h to studying genetic material r e- 
cov er ed dir ectl y fr om envir onmental samples without the need 

to isolate and culture individual microbes revolutionized our un- 
derstanding of microbial communities in terms of taxonomy and 

phylogen y. It shed ne w light on the role of micr oor ganisms in the 
environment (Gilbert and Dupont 2011 ). Metagenomics, with its 
e v er-gr owing and e volving methodology, has also challenged tra- 
ditional ideas about micr obial e v olution, sho wing that horizontal 
gene transfer and other processes can shape microbial genomes 
not only in the case of closel y r elated or ganisms but that suc h 

transmission can also occur between distant taxonomical groups 
(Miller et al. 2005 ). The pictur e that emer ges fr om meta genomic 
analyses allows us to see a multiplex network of interactions 
between differ ent micr oor ganisms and between micr oor ganisms 
and their environment that can contribute to a better understand- 
ng of the whole system and such complex processes as nutrient
ycling and bioremediation (Shu and Huang 2022 ). 

One of the k e y ad v anta ges of meta genomics is the possibility
f discovering new species and functional genes that were previ-
usly unknown or difficult to study (Kodzius and Gojobori 2015 ).
his notion has led to the de v elopment of new concepts and hy-
otheses about microbial ecology and evolution that have chal- 

enged many old assumptions and paradigms (Gilbert and Dupont 
011 , Alves et al. 2018 ). T he disco v ery of pr oteorhodopsin-based
hotoheter otr ophy (Beja et al. 2000 ) and ammonia-oxidizing ar-
haea (A O A) (Nicol and Sc hleper 2006 ) ar e outstanding exam-
les of metagenomics potential to examine microbial function.
etagenomics has also revealed that microbial communities are 
 uc h mor e div erse and complex than pr e viousl y thought. In this

egar d, tw o landmark studies have to be mentioned. They were
onducted within the Sargasso Sea Project (Venter et al. 2004 ) and
he Global Ocean Sampling (GOS) expedition (Rusch et al. 2007 ).
he first effort produced a dataset comprising over 10 9 DNA se-
uence reads assembled into 1800 unique genomes . T he study re-
ulted in the identification of 48 unknown bacterial phylotypes 
nd 1.2 million pr e viousl y unkno wn genes. Ho w e v er, a r ecent sur-
ey on global functional analysis of 26 931 metagenomes revealed
n e v en mor e complex landsca pe with 1.17 billion pr otein-coding
equences with no similarity to any sequences deposited in the
rotein families database (Pfam) (Pavlopoulos et al. 2023 ). 

The second project, GOS, focused on the biogeography and di-
ersity of specific bacterial groups. It provided information on the
otential for marine microbes to produce newly identified biologi- 
al compounds with commercial and medical applications. Other 
nitiatives that follo w ed, including the spectacular Tara Oceans
roject, focused on understanding the ocean ecosystem, particu- 
arly in light of climate change (Sunagawa et al. 2020 ), and con-
inued these large-scale pioneering studies. One of the recent ini-
iatives was devoted to harnessing metagenomics to bioprospect 
iruses from extreme habitats (Aevarsson et al. 2021 ). A high
r e v alence of genes without assigned functions was observed. In
he case of archaeal viruses, ∼75% of genes in analysed genomes
ho w ed no homology to genes in other viruses or cellular organ-
sms (Liu et al. 2019 ). The same was noted for thermophilic bacte-
iopha ges isolated fr om hydr othermal v ents in Iceland (Ae v arsson
t al. 2021 ), which makes viruses from extreme habitats a valuable
ource of unknown genes. 

Despite its simplicity and extraordinary potential, metage- 
omics suffers from some limitations, starting with sample 
r epar ation and sequencing and ending with data analysis

Gilbert et al. 2010 , Dopheide et al. 2019 , van der Loos and Nijland
020 , Mioduc howska et al. 2022 , Olen yi et al. 2023 ). The se v er e
 hallenge concerns high-thr oughput next-gener ation sequencing 
NGS), whic h r esults in an enormous amount of raw data. Indeed,
GS facilities pr ovide mor e data than users can anal yse, inter-
r et, and shar e (Chistoserdov a 2010 , Wong 2018 ). This c hallenge
 equir es state-of-the-art infr astructur e for meta genomic r esearc h
nd novel data curation and analysis approaches. In Europe, the
xemplary initiative is ELIXIR ( https:// elixir-europe.org/ ), started 

n 2013 with a focus on a single, coordinated infr astructur e de-
oted to curating life science data, training, analysis, and facili-
ating collaboration between member institutes and researchers 
Harrow et al. 2021 ). This initiative is significant in the case of

arine metagenomics as the ELIXIR provides databases such 

s MarRef (prokaryotic genomes), MarDB (incomplete sequenced 

rokaryotic genomes), MarCat (genes from marine metagenomic 
amples), and METdb (microeukaryotic marine species transcrip- 
omes) that are reference data sources for inter pr etation and

https://elixir-europe.org/
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pecies assignment purposes (Robertsen et al. 2018 , Klemetsen
t al. 2018 , Niang et al. 2020 ). Recently, the KAUST Metagenomic
nalysis Platform (KMAP) Global Ocean Gene Catalog 1.0 was es-

ablished, with 317.5 million gene clusters, being the most exten-
ive open-source catalog to study the diversity and function of
icrobes (Laiolo et al. 2024 ). The following subsections present

ome primary modern molecular methods used in studies on mi-
r oor ganisms, including those from the Baltic Sea. 

nalysing metagenome-assembled genomes 

n established dogma since the mid-1980s specifies that only
bout 1% of all microbes may be cultivated under laboratory con-
itions (Staley et al. 1982 , Staley and Konopka 1985 ). Even though
his conception was challenged later on (van Teeseling and Jogler
021 ), we continue to fall short in cultivation and thus only in-
 estigate micr obial div ersity and function on a limited scale. As
r gued pr e viousl y (Salc her and Šimek 2016 , Vilanov a and Por-
ar 2016 ), cultiv ation-based tec hniques ar e r equir ed for a holis-
ic understanding of microbial species, their biology, and ecology.
o w e v er, inv estigations using meta genome-assembled genomes

MAGs) may provide opportunities for novel insights into the di-
ersity and function of uncultivated taxa and reduce the knowl-
dge gap between model and nonmodel organisms. 

MAGs are reconstructed de novo through “binning,” i.e. group-
ng assembled contigs that share high sequence composition sim-
larity and display similar cov er a ge pr ofiles acr oss samples (Al-
ertsen et al. 2013 , Alneberg et al. 2014 ). This results in assem-
ling genomes of varying completeness and purity. For example,

n their v entur e to expand the tree of life, Parks et al. ( 2017 ) re-
onstructed 7903 bacterial and archaeal genomes using publicly
v ailable meta genome data. Half of these wer e ≥90% complete
ith ≤5% contamination. Ho w e v er, r ecent de v elopment of meth-
ds focused on advancing the quality of reconstructed MAGs has
onsider abl y impr ov ed completeness and r esolv ed contamination
ssues (Vollmers et al. 2022 ). 

A few studies utilizing MAGs from the Baltic Sea have been
ublished in recent years . T he first one pr ovided man y bacterio-
lankton genomes from the central Baltic Sea, several represent-

ng species new to science with no pr e vious sequences in exist-
ng databases (Hugerth et al. 2015 ). A global compar ativ e anal ysis
f these genomes r e v ealed significant fr a gment r ecruitment fr om
r ac kish waters in North America but only minor from lake or
cean areas, suggesting the existence of a global br ac kish meta-
omm unity. Compar ativ e anal yses of MAGs fr om the Caspian
nd Baltic Sea (Mehrshad et al. 2016 ) also r e v ealed high similar-
ty between br ac kish populations. In a subsequent study, MAGs
er e r econstructed fr om man y samples spanning significant en-
ir onmental gr adients of the Baltic Sea, r esulting in genomes of
50 differ ent pr okaryotic species (Alneber g et al. 2020 ). That re-
ort demonstrated that these species’ distributions along various
ic he gr adients (e.g. salinity and depth) could be r oughl y pr edicted
ased solely on the functional genes present in their genomes.
 phylogenomic analysis, including thousands of MAGs originat-

ng fr om fr eshwater, br ac kish (fr om the Baltic and Caspian Seas),
nd marine en vironments , confirmed the existence of a brackish-
pecific metacommunity and revealed that most brackish lin-
a ges tr ansitioned fr om fr eshwater or marine linea ges millions
f years ago, i.e. long before the Baltic Sea was formed (Jurdzinski
t al. 2023 ). 

A population genomic fr ame work can be a pplied, allowing for
ntr aspecific compar ativ e anal ysis of genomes for further, in-
epth investigation of MAGs. Such an approach may reveal how
icrobial populations are genomically structured across space
nd time and imply what factors in the organisms’ environment
 egulate their div ersity. The intr aspecies div ersity of uncultiv ated
altic Sea MAGs has been further investigated and correlated sig-
ificantl y with envir onmental factors like salinity and tempera-
ure (Sjöqvist et al. 2021 ). Moreover, specific genes were discovered
ithin se v er al MAGs that ada pted to differ ent salinity r egimes,

nabling the species to exist across a wide range of salinities
Sjöqvist et al. 2021 ). Using more traditional sequence-based ap-
r oac hes, like the comparison of ribosomal RNA genes (for ex-
mple, 16S rRN A), w ould not enable the detection of such in-
r aspecies v ariability. Functional genes in benthic MAGs fr om the
altic Sea environment have also been shown to differ across en-
ir onmental gr adients, and they can be further modified by re-
ource av ailability (Br oman et al. 2022 ). This suggests that vari-
bility in various parameters , e .g. o xygen, salinity, and n utrient
ontent, can influence metabolic pathways in benthic MAGs. 

NA barcoding 

N A bar coding is a po w erful technique for efficient and cost-
ffectiv e c har acterization and monitoring of pr okaryotic and eu-
aryotic communities in ecosystems . It is , ther efor e, widel y used
n biodiversity studies of marine en vironments . It relies on us-
ng short and standardized genome regions, known as “DNA bar-
odes,” as the r efer ence taxonom y molecular mark ers for compar-
son with the sequence of corresponding DNA regions of unknown
pecimens. While the concept is based upon the fact that genetic
ifferences between species tend to be greater than those within
 species, the choice of DNA sequence used for barcoding is criti-
al for reliable taxonomy identification as distinct regions of DNA
a y ha v e differ ent m utation r ates and patterns of v ariation. 
Metabarcoding, taking adv anta ge of high-throughput sequenc-

ng (HTS) of a specific DNA marker, enables taxonomic identifi-
ation of multiple species present in a sample. It involves four
teps: (i) genetic material extraction from environmental samples,
ii) PCR (pol ymer ase c hain r eaction)-based amplification of a spe-
ific v ariable r egion of DNA flanked with conserv ed r egions that
an be used for primers annealing; (iii) high-throughput DNA se-
uencing, and (iv) data analysis using a reference database. 

The barcoding pr ocedur e is str aightforw ar d and r equir es stan-
ard laboratory equipment except for the NGS platform. The most
ritical part concerns the amplification of the target variable re-
ions. In the case of eukaryotes, including microbial eukaryotes,
he target gene is the one coding for 18S rRNA that possesses hy-
erv ariable r egions like V1–V2 (Mohrbeck et al. 2015 ), V4 (Lejze-
owicz et al. 2015 ), V7 (Guardiola et al. 2015 ), V8 (Günther et al.
018 ), and V6–V8 or V9 (Amaral-Zettler et al. 2009 , Latz et al. 2022 ).
o w e v er, 18S rRNA does not r esolv e all eukaryotic plankton to the

pecies le v el, as the v ariability betw een species can be too lo w.
 hus , the internal transcribed spacer (ITS) and the 28S regions
re also utilized (Latz et al. 2022 ). The term “long read sequenc-
ng” is often used when 18S , ITS , and 28S are sequenced. For zoo-
lankton, as for other animals, the standardized target sequence

s a fr a gment (ca. 650 bp) of mitochondrial gene COI coding for
ytoc hr ome c oxidase subunit I (Folmer et al. 1994 , Herbert et al.
002 ). For eukaryotic microalgae, as for other plants, the standard-
zed tw o-locus bar code is used; one is a fr a gment (ca. 600 bp) of
he plastid gene coding for ribulose 1,5-bisphosphate carboxylase
 rbcL ), while another is a fr a gment (ca. 1550 bp) of the maturase
 matK ) gene (Chase et al. 2007 ). The barcode for fungi is the nu-
lear ITS of the ribosomal DNA (Seifert 2009 ). Pr okaryotes, suc h
s bacteria and arc haea, ar e detected using the 16S rRNA gene;
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ho w e v er, its use is limited for some genera due to a low poten- 
tial in differentiating between closely related microbes (Zeigler 
2003 , Janda and Abbott 2007 ). Functional groups of prokaryotes 
can be targeted with primers specific to their marker genes, for 
instance, dinitr ogenase r eductase gene nihF for diazotrophs (Gaby 
et al. 2018 ) or photosynthetic reaction center small subunit pufM 

gene for anoxygenic phototrophs (Gazulla et al. 2023 ). 
Unlike cellular organisms, no universal marker gene targets are 

a vailable for viruses . Ho w ever, this inconvenience can be over- 
come by using genes targeting common groups of viruses . T his 
a ppr oac h was a pplied in studies on the seasonality of arctic viral 
communities (Filee et al. 2008 , Larsen et al. 2008 ). T4-like bacte- 
riopha ges wer e ca ptur ed with gene g23 , while the mcp gene was 
used for large dsDNA phytoplankton viruses. Both genes men- 
tioned above code for viral major capsid proteins. 

In conclusion, for more complicated analysis, the standard bar- 
code set may not be sufficient to distinguish between closely 
related species or identify species from certain groups. In such 

cases, it is necessary to use additional DNA regions as barcodes 
or de v elop ne w barcoding markers (Antil et al. 2023 ). One of the 
valuable databases is the BOLD system, whic h stor es all the pub- 
lished primers used for barcoding purposes ( http://boldsystem. 
org/ index.php/ public _ Primer _ PrimerSearch ). The PCR-amplified 

DNA tar gets ar e sequenced using HTS tec hnologies gener ating 
millions of short or long reads, depending on the platform used 

(Illumina/Nanopore). This step is follo w ed b y quality control and 

filtering to r emov e low-quality r eads, ada pter sequences, and con- 
taminants, such as host DNA or sequencing artifacts . T he remain- 
ing r eads ar e then anal ysed using bioinformatic tools, suc h as 
(i) Barcode of Life Data Systems ( http:// www.boldsystems.org/ ),
which offers various applications for data management, quality 
contr ol, and anal ysis, as well as a r efer ence libr ary of barcode se- 
quences for many taxonomic groups (Ratnasingham and Herbert 
2007 ); (ii) QIIME2, which is a bioinformatic software package for 
micr obiome anal ysis that also includes tools for DNA sequence 
analysis, taxonomic assignment, and diversity analysis (Bolyen et 
al. 2019 ), (iii) mothur ( https:// mothur.org/ ), which offers a variety 
of methods for analysing microbial communities, including opera- 
tional taxonomic units (OTU)-based clustering, phylogenetic anal- 
ysis, examining amplicon sequence variants (ASVs), and network 
anal ysis (Sc hloss et al. 2009 ). Man y r esearc hers now use ASVs 
rather than O TUs , employing the D AD A2 algorithm (Callahan et 
al. 2016 ). The choice of software depends on the research ques- 
tion, the taxonomic group of interest (bacteria, archaea, viruses,
or eukaryotes), and the user’s le v el of expertise. 

Digital PCR 

Digital PCR (dPCR) is a method for quantifying nucleic acids that 
involves dividing a sample into a large number of minor reac- 
tions in the form of droplets (Vogelstein and Kinzler 1999 ). With 

this method, the absolute quantity of the target can be deter- 
mined without the need for a calibr ation curv e or r efer ence sam- 
ple (Hindson et al. 2011 ). The dr oplet gener ator, part of the dPCR 

platform, uses micr ofluidic c hannels to mer ge the aqueous and 

oil phases in a controlled manner, creating stable droplets of uni- 
form size (less than one nanoliter volume of each) and compo- 
sition. Eac h dr oplet contains either one copy, a few copies, or no 
molecules of the target sequences. Depending on the instrument 
used, it is possible to process ca. 20 000–1 000 000 separate PCR re- 
actions sim ultaneousl y in a single micr otube (Hindson et al. 2011 ,
Dobnik et al. 2016 ). The PCR reaction then proceeds within each 

droplet, with the fluorescent dy es allo wing for real-time detection 
nd quantification of the amplification products . T he nucleic acid
uantity is measured in the final step by placing the tube in a
PCR dr oplet r eader, whic h uses fluor escence to distinguish be-
ween positive and negative droplets. By counting the number of
ositive and negative droplets, the absolute concentration of the 
arget DNA can be calculated using Poisson statistics (Hindson et
l. 2011 , Pinheiro et al. 2012 ). 

The information obtained from the dPCR analysis can be used
o calculate the concentration of the target DNA in the original
ample. Because dPCR relies on partitioning the sample into many
ndividual reactions, it can provide greater accuracy and preci- 
ion than traditional real-time quantitative PCR (qPCR), which 

ypicall y measur es the av er a ge signal fr om bulk samples. dPCR
akes it possible to detect and quantify r ar e or low-abundance

argets that may be difficult to detect using regular qPCR. Addi-
ionall y, dPCR is mor e toler ant to inhibitors and can detect and
uantify low-abundance targets with higher sensitivity than tra- 
itional PCR. 

ioimaging methods 

ioimaging methods that visualize the structure and function of 
iving cells and their communities have long been used to study

or phology, or ganization, and functions of microalgae and bacte-
ia. For example, the accumulation of fluorescent carcinogenic or 
 uta genic or ganic compounds in micr oalgae can be follo w ed b y

onfocal fluorescent microscopy (Subashchandrabose et al. 2014 ),
nd the de v elopment of the various stages of the consortium can
e observed with a scanning electron microscope (Mu et al. 2021 ).

T hese methods , combined with the robustness of flo w c ytome-
ry (FC), provide a superb instrument for a variety of applications
n marine studies. FC has been implemented to identify and quan-
ify different phytoplankton species at the level of species or even
tr ain (Dunker 2019 , Fuc hs et al. 2022 ) and tr ac k their abundance
nd community structure changes . T his information can be ap-
lied to monitor ecosystem health, predict harmful algal blooms,
nd study the effects of environmental stressors on phytoplank- 
on populations. 

maging FlowCytobot 
maging FlowCytobot (IFCB) is a submersible instrument used to 

onitor and analyse in situ phytoplankton in aquatic environ- 
ents (Sosik and Olson 2007 ). IFCB combines automatic sampling,

C, and dig ital imag ing tec hniques to ca ptur e high-r esolution im-
ges of individual phytoplankton cells and particles and analyse 
heir size , shape , and fluor escence c har acteristics. A built-in high-
peed flo w c ytometer passes a w ater sample through a flow cell,
here a laser beam (635 nm wavelength) illuminates each cell or
article . T he light scattered and emitted by the cells and particles

s then collected and analysed by multiple digital cameras and
ensors, whic h ca ptur e detailed ima ges of eac h object. 

Chlor ophyll fluor escence measur ement allows for the discrimi-
ation between heter otr ophic and phototr ophic cells in taxa. IFCB
an anal yse lar ge numbers of particles and cells in r eal-time, pr o-
iding r a pid and high-thr oughput anal ysis of phytoplankton pop-
lations (Sonnet et al. 2022 ). IFCB can detect cells up to 150 μm

n size (Sonnet et al. 2022 ) and identify a wide range of phyto-
lankton species, including diatoms and harmful algae, like fila- 
entous c y anobacteria in the Baltic Sea (Kraft et al. 2021 ). The
easur ements pr ovide v aluable information for water quality

nd ecosystem health assessment. The instrument pr ov ed to be
 po w erful platform for studying the dynamics and diversity of

http://boldsystem.org/index.php/public_Primer_PrimerSearch
http://www.boldsystems.org/
https://mothur.org/
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hytoplankton communities with utmost precision and accuracy
Dask ov a et al. 2017 ). 

xploring Baltic Sea micr obial comm unities:
 vervie w of the sampling campaigns 

arine micr obial comm unities consist of all thr ee domains of life,
amel y bacteria, arc haea, and single-celled eukaryota. Micr oor-
anisms isolated using standard cultivation methods are rarely
umerically dominant in the communities from which they were
btained. Instead, they are isolated due to their ability to r a pidl y
row into colonies on high-nutrient artificial growth media, typi-
all y under aer obic conditions at moder ate temper atur es (Hugen-
oltz 2002 ). Mor eov er, the v ast majority of marine micr oor gan-

sms r emain unexplor ed, primaril y due to limitations in current
ultiv ation tec hniques (Amann et al. 1995 , Hugenholtz 2002 ). The
axonomic and functional diversity of the global ocean micro-
iome has been r e v ealed b y emplo ying tec hnological adv ances

n sampling, DNA sequencing, and bioinformatics, especially with
ara Ocean expeditions (Sunagawa et al. 2020 , Tara Ocean Foun-
ation et al. 2022 ) and other expeditions (the bioGEOTRACES
r oject, the Micr o B3 pr oject, the Bio-GO-SHIP pr oject, the Marine
iofilms, and others) (Lu et al. 2023 ). 

The Integrated Ocean Drilling Pr ogr am (IODP) expedition
ollected 347 cored sediments from different settings of the
altic Sea, covering the last glacial–interglacial cycle (Andrén et
l. 2015 ). Recent m ultidisciplinary a ppr oac hes combining m ul-
iple omics technologies (metagenomics , metatranscriptomics ,

eta pr oteomics, and metabolomics) a pplied to envir onmental
amples with cell biology, imaging, ecosystem modeling, remote
ensing, and oceanogr a phy hav e significantl y impr ov ed our un-
erstanding of individual microbes and their roles in the global
cean (DeLong and Karl 2005 ). Furthermore, in the last few years,
any thousands of MAGs have been reported for various environ-
ents and host-associated microbiota (Setubal 2021 ). The Oce-

nDNA MAG catalogue lists over 50 000 prokaryotic genomes orig-
nating fr om differ ent marine nic hes (Nishim ur a and Yoshizawa
022 ), including the Baltic Sea microbes (Hugerth et al. 2015 ,
lneberg et al. 2018a ), with several single amplified genomes (Al-
eberg et al. 2018b ). 

Understanding the k e y pr ocesses that contr ol bacterial com-
unity composition has enabled predictions of bacterial distribu-

ion and function within ecosystems (Herlemann et al. 2016 ). The
altic Sea offers an exceptional ecosystem for studying the influ-
nce of environmental factors and gradients on microbiome com-
 unity div ersity and functions (Lindh and Pinhassi 2018 ). Baltic

ea microbes are unique, highly diverse, and adapted to brackish-
ater ecosystems (Ininbergs et al. 2015 ). Since most microbiomes
r e sensitiv e to envir onmental disturbances (Lindh and Pinhassi
018 ), this r e vie w pr esents a selection of r esearc h concerning bio-
iv ersity c hanges in r esponse to envir onmental gr adients and an-
hr opogenic pr essur e. It discusses the role of Baltic micr oor gan-
sms in biogeochemical cycles and host–microbiome interactions,
nderscoring their importance to the field. 

acteria (excluding cyanobacteria) and 

rchaea in the Baltic Sea 

iodi v ersity in response to environmental 
radients 

 he o v er all taxonomic div ersity and activity of bacteria and ar-
 haea ar e ruled by differ ent gr adients (e .g. nutrient a vailability,
H, and temper atur e). Ho w e v er, it is salinity that has a significant
mpact on the composition of the microbial community (Oren
002 , Lozupone and Knight 2007 , Auguet et al. 2010 , Chen et al.
021 ). In the Baltic Sea, the intermediate salinity conditions cause
 reduction of the general biodiversity. Multicellular species are
specially less abundant and less differentiated in their genetic
aterial, r elativ e to the populations of the North–East Atlantic

Johannesson and André 2006 ). In contrast, no reduction in bacte-
ial diversity at brackish conditions can be observed (Herlemann
t al. 2011 , Dupont et al. 2014 , Hugerth et al. 2015 , Herlemann et
l. 2016 ). This could be concluded based on the first detailed de-
cription of an autochthonous brackish microbiome (Herlemann
t al. 2011 ), which was corroborated by further studies (discussed
elow). 

Ultra-deep Illumina sequencing (with an average of 10 5 se-
uences/sample) of rRNA gene amplicons of surface water, sam-
led in summer along a 2-km transect following the salinity gra-
ient (Hu et al. 2016 ), sho w ed similar features to those observed in
r e vious studies (Herlemann et al. 2011 , 2016 , Dupont et al. 2014 ).
pecificall y, the bacterial comm unity composition c hanged gr ad-
ally along the salinity gradient, and the difference in community
omposition (beta-diversity) was significantly correlated with the
ifference in salinity (Hu et al. 2016 ). Similar patterns were ob-
erved at the Vistula River mouth (Gołębiewski et al. 2017 ). More-
ver, studies on cable bacteria ( Desulfobulbaceae that couple sulfide
 xidation to o xygen r eduction ov er centimeter distances by medi-
ting electric currents) confirmed that salinity significantly influ-
nced species richness and composition (Dam et al. 2021 ). Cable
acteria can limit sulfide release by promoting iron oxide forma-
ion in sediments. For example, such an activity of cable bacteria
as observed in spring in the Gulf of Finland, possibly explaining
hy bottom waters in this highl y eutr ophic r egion r ar el y contain

ulfide in summer (Hermans et al. 2019 ). Berner et al. ( 2018 ) stud-
ed the response of summer plankton communities to increased
emper atur e and reduced salinity in the Gotland Deep, belonging
o the Baltic Proper (the part of the Baltic Sea located between the
˚
 land Sea and the Danish Straits). They found that shifts in com-
unity composition of heterotrophic bacteria are influenced di-

 ectl y by abiotic factors (temper atur e and salinity) and potentially
ndir ectl y by cyanobacteria (Berner et al. 2018 ). Based on pyrose-
uencing of 16S rRNA genes from surface waters taken from eight
tations extending from the Gulf of Finland to the southern Baltic
ea, von Scheibner et al. ( 2018 ) concluded that bacterial activities
r e suppr essed during earl y phytoplankton blooms at low temper-
tur es and ar e not substantiall y alter ed by short-term warming
 v ents. 

A long-term model system with natural fluctuations (provid-
ng support for future climate c hange-r elated shifts) r e v ealed that
ith increasing temperatures, enhanced growth, and earlier ap-
earance of picoc y anobacteria during the summer occurred. As
 consequence, the diversity of microbial communities in bottom
aters decreases (Seidel et al. 2022 ). Such conditions can cause
igher oxygen consumption on the sediment surface, resulting in
n increase of anaerobic processes closer to the sediment surface
nd higher diversity in the sediments. 

Bacterioplankton inhabiting the Baltic Proper does not consist
f locall y ada pted fr eshwater or marine populations but rather
ontains members of a global br ac kish metacomm unity that
ost likel y ada pted to br ac kish conditions befor e the Baltic Sea
as formed (Riemann et al. 2008 , Hugerth et al. 2015 ). Large-

cale phylogenomic analysis of freshwater, brackish, and marine
uality-filtered MAGs revealed that bacterial species rarely exist

n multiple biomes. In contrast, distinct brackish basins cohosted
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numerous species, but their intraspecific population structures 
displayed clear signs of geogr a phic separ ation (Jurdzinski et al.
2023 ). One of the core bacterial populations ne wl y identified in the 
metagenomic datasets obtained from Baltic Sea surface waters 
was SAR11 subclade IIIa (SAR11-IIIa) (Vidanage et al. 2020 ). SAR11,
an Alpha pr oteobacterial clade (Pela gibacter ales), is a gr oup of 
small, carbon-oxidizing, pelagic bacteria that are among the most 
abundant in aquatic en vironments , accounting for about 25% of 
the plankton cells in the ocean photic zone (Morris et al. 2002 ,
Giovannoni 2017 ). SAR11-IIIa was the major driver facilitating the 
seasonal shifts in the ov er all comm unity structur e ov er the br ac k- 
ish waters of the Baltic Sea (Vidanage et al. 2020 ). Using CARD- 
FISH methodology, Herlemann et al. ( 2014 ) r e v ealed that SAR11- 
IIIa was abundant in oligohaline–mesohaline conditions (salini- 
ties 2.7–13.3), with maximal abundances at a salinity of 7 (up to 
35% of total bacteria, quantified with a universal bacterial probe 
EUB). As expected, SAR11-I/II was abundant (27% of EUB) in the 
marine parts of the Baltic Sea, whereas freshwater lineage SAR11- 
IIIb was below the detection limit at all stations . T he shift from 

SAR11-IIIa to SAR11-I/II was also confirmed in the vertical salin- 
ity gradient in the deeper basins of the Baltic Sea (Herlemann et al.
2014 ). On the other hand, freshwater lineage SAR11-IIIb and other 
freshwater bacteria wer e observ ed in the Gulf of Gdansk (Piwosz 
et al. 2013 ). 

The complex changes in adaptation to osmotic shock (changes 
in salinity) and cold stress (temperature changes) were also shown 

in transcriptomic and proteomic analyses of Shewanella baltica , a 
significant player in denitrification and bioremediation in the ma- 
rine environment (Kloska et al. 2020 , 2022 ). Adaptation to salin- 
ity c hanges involv ed the accum ulation of DNA-binding pr oteins 
and incr eased pol yamine uptake, pr obabl y to coat and protect 
the nucleoid to counteract adverse changes in DNA topology due 
to ionic shifts (Kloska et al. 2022 ). Exposing S. baltica to low tem- 
per atur es r e v ealed c hanges in the bacterial transcriptome (stud- 
ied with RNA sequencing, validated with the RT–qPCR method),
especiall y massiv e downr egulation of gene expr ession, whic h 

cov er ed about 70% of differ entiall y expr essed genes (Kloska et al.
2020 ). 

As indicated abo ve , the Baltic Sea is one of the largest anthro- 
pogenically induced hypoxic areas in the world. High nutrient in- 
put to the system and low water exchange result in eutrophica- 
tion and oxygen depletion below the halocline (Thureborn et al.
2016 , Broman et al. 2017 ). The influence of oxygen and depth gra- 
dient on biodiversity changes has often been reported (Labrenz 
et al. 2007 , Brettar et al. 2012 , Thureborn et al. 2016 , Nishim ur a 
and Yoshizawa 2022 ). In Landsort Deep, str ong str atification was 
observ ed acr oss a depth tr ansect, encompassing both functional 
capacity and taxonomic affiliation. Functional capacity demon- 
strated the closest correlation with k e y environmental parame- 
ters such as oxygen level, salinity, and temperature (Thureborn et 
al. 2013 ). Oxygen-depleted Landsort Deep sediments were active,
as indicated in metatranscriptomic studies, and metabolic path- 
ways for carbon transformation, including fermentation, dissim- 
ilatory sulfate reduction, and methanogenesis, were found to be 
pr edominant (Thur eborn et al. 2016 ). 

Bacteria from the Epsilonproteobacteria group were shown 

to be mainly responsible for chemoautotrophic activity in the 
dark CO 2 -fixation maxima of the Black Sea and central Baltic 
Sea r edoxclines (Gr ote et al. 2008 ). Pyrosequencing of 16S rRNA 

genes from sediment samples obtained fr om Ska gerr ak and Both- 
nian Bay r e v ealed that the comm unity structur e matc hes the r e- 
dox stratification with the known F e-reducers , coinciding with 

the zone of Fe-reduction. Desulfobulbaceae , Desulfuromonadaceae , 
elobacteraceae , Desulfobacter , and Geobacter , known to reduce Fe
ons, were detected and showed the highest abundance near the
 e(III)/F e(II) redox boundary (Reyes et al. 2016 ). S-, Fe-, and Mn-
 educers wer e also detected by others (Edlund et al. 2008 , Sinkko
t al. 2011 , Vandieken et al. 2012 ). In 2014, the exceptional, major
altic inflow brought saline and oxygenated water into the anoxic,
ulfidic deep basins of the central Baltic Sea and caused dramatic
hanges in the composition of bacterial species. After this event,
he uplifting of the formerly anoxic bacterial community and the
ominance of Epsilonproteobacteria w as recor ded (Bergen et al.
018 ). 

Comm unity structur es of activ e bacterial populations ar e
ainly influenced by organic carbon content in coastal Baltic 

ea sediments. Other important factors included total nitrogen 

nd redox potentials, as studied along a vertical redox profile
thr ee r edo x de pths: 179, −64, and −337 mV) using terminal-
 estriction fr a gment length pol ymor phism (T-RFLP) and 16S rRNA
ene sequencing of clone libraries (Edlund et al. 2008 ). The re-
ults of those studies were obtained with two techniques studying
etabolicall y activ e and gr owing bacteria: (i) anal ysis of r e v erse-

r anscribed 16S rRNA fr om total RNA extr acts, and (ii) imm uno-
a ptur e of BrdU-labeled DNA from DNA extracts from the same
ediment samples (Edlund et al. 2008 ). Bacterial community struc-
ures in Baltic Sea sediments a ppear ed similar along small hor-
zontal spatial scales if the envir onmental v ariables wer e r el-
tiv el y constant, but these similarities decreased with increas-
ng geogr a phical distances (Edlund and Jansson 2006 , Edlund et
l. 2006 , 2008 ). In the Gulf of Bothnia, sediments’ distinct depth
tratification of archaeal and bacterial taxa was noted (Rasigraf 
t al. 2020 ). 

Salinity is also a significant factor in structuring the bacterio- 
enthos, and there is no loss of bacterial richness at intermedi-
te salinities . T he bacterial communities of marine , mesohaline ,
nd oligohaline sediments differed in terms of the relative rRNA
bundances of the major bacterial phyla/classes (Klier et al. 2018 ).
ther studies confirmed the pr e vious assumptions that the active
omm unity differ ed mainl y fr om the total comm unity, based on
he analyses of amplicon sequencing of RNA and DNA fractions in
ediments (Edlund et al. 2008 ) and in water (Miettinen et al. 2019 ).

The mean catabolic per-cell rate of microorganisms drops grad- 
ally with depth transitioning to life in slow motion, typical for the
eep biospher e (Jør gensen et al. 2020 ). Under energy-limited con-
itions, the continuous synthesis and breakdown of proteins are 
etabolicall y expensiv e for micr oor ganisms . T hus , the deep bio-

pher e micr obial comm unity conserv es ener gy by r epairing exist-
ng biomolecules . T his w as confirmed b y metagenomic and meta-
r anscriptomic anal yses of sediments . T he samples wer e r etrie v ed
uring the IODP Expedition 347 (Andrén et al. 2015 ) from Land-
ort Deep and the Little Belt in the Baltic Sea (covering the pe-
iod from the Baltic Ice Lake ca. 13 000 years ago to the present).
hese analyses indicated the high abundance, taxonomically 
idespr ead occurr ence, and expr ession of genes encoding the
rotein- l -isoaspartate ( d -aspartate) O -methyltransferase enzyme 

PCMT). PCMT r ecognizes dama ged l -isoaspartyl and d -aspartyl
 esidues in pr oteins and catal yses their r epair. This pr otein-
aintenance trait was more prevalent in the Baltic deep subsur-

ace than in pure laboratory cultures (Mhatre et al. 2019 ). More-
ver, Bird et al. ( 2019 ) investigated sediments with single-cell ge-
omics , metabolomics , metatranscriptomics , and enzyme assa ys
o identify possible subsistence mechanisms emplo y ed b y uncul-
ured Atribacteria, Aminicenantes, Actinomycetota group OPB41,
er ophobetes, Chlor oflexi, Delta pr oteobacteria, Desulfatiglans,
athy ar chaeota, and Eury ar chaeota marine group II lineages
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Bird et al. 2019 ). Atribacteria and Chlor oflexi wer e also identified
s active community members (with targeted sequencing of 16S
RNA transcripts) (Zinke et al. 2017 ). 

The subsurface life under extr eme ener gy limitation is facili-
ated by the exploitation of r ecalcitr ant substr ates, by bioc hemi-
al protection of nucleic acids and proteins, and by repair mech-
nisms for random mismatches in DNA or damaged amino acids
n pr oteins (Jør gensen et al. 2020 ). Some functions a ppear ed to
e shared by multiple lineages, such as trehalose production and
AD-consuming deacetylation, both of which have been shown

o increase cellular life spans by stabilizing proteins and nu-
leic acids, r espectiv el y (Bird et al. 2019 ). Relative abundance of
enes conferring salinity tolerance was found to correlate with the
resent Baltic salinity, even in deep late-glacial sediment layers
here salinity has increased since the sediment was deposited in
 “freshwater lake” phase of the Baltic Sea (the Ancylus Lake) over
000 years ago (Marshall et al. 2018 ). Metatranscriptomic anal-
sis identified methane cycling, sulfur cycling, and halogenated
ompound utilization as active in situ respiratory metabolisms.
enes for cell maintenance, division, motility, and antimicrobial
r oduction wer e also tr anscribed. This indicated that micr obes in
eep subsurface Baltic Sea basin sediments were alive and thriv-

ng (Zinke et al. 2017 ). 
Many studies on bacterial community composition in the Baltic

ea did not distinguish between particle-associated (PA) and free-
iving (FL) bacteria or neglected the PA fraction by prefiltration,
emo ving most particles . Rieck et al. ( 2015 ) studied surface sam-
les of three Baltic Sea stations (marine , mesohaline , and oligo-
aline) in two different seasons (summer and fall/winter). Am-
licon sequencing of the 16S rRNA gene r e v ealed significant dif-
erences in the community structure of both bacterial fractions
mong stations and seasons, with an exceptionally high fraction
f bacterial OTUs found exclusiv el y in the PA samples . T her efor e,
o gain a deeper understanding of the diversity and dynamics of
quatic bacteria, both PA and FL fractions of bacteria should be
tudied independently (Rieck et al. 2015 ). When studying the dy-
amics of microbial food webs over a yearly cycle in the Baltic Sea
roper, Martínez-García et al. ( 2022 ) revealed seasonal changes in
oth the composition of the bacterial community in the PA and
L size fractions and their contribution to organic matter utiliza-
ion and carbon cycling. Furthermor e, higher r elativ e quantities
f hgcAB genes were found in metagenomes from marine parti-
les compared to FL communities in anoxic water, suggesting that
uch particles constitute hotspot habitats for Hg methylators in
 xygen-de pleted seawater (Capo et al. 2020 ). 

iodi v ersity in biogeochemical cycles 

acteria and archaea mediate most transformations in the cy-
ling of nitr ogen, phosphorus, tr ace metals, and other nutrients
Falkowski et al. 2008 ). Numerous studies on biodiversity in the
ontext of biogeochemical c ycles w ere conducted. Due to the
nique c har acteristics of the Baltic Sea, the majority of r esearc h
as been devoted to the nitrogen and carbon cycle with particular
mphasis on methane transformations. 

Biological N 2 fixation is the oceans’ main source of fixed nitro-
en (N) (Gruber 2005 ). The Baltic Sea r eceiv es lar ge nitr ogen in-
uts from diazotrophic (N 2 -fixing) heterocystous cyanobacteria,
ut the significance of heter otr ophic N 2 fixation was also docu-
ented (Farnelid et al. 2013 ). The diversity, abundance, and tran-

cription of the nifH gene, encoding the nitrogenase enzyme, in
ubo xic and ano xic waters of the Baltic Sea (Baltic Proper, Gotland
eep, and Bornholm Basin) were studied with 454 pyrosequencing
nd qPCR. Since heter otr ophic diazotr ophs ar e not limited by light
r water temper atur e, they could potentiall y fix N 2 in the pelagial.
e v er al nifH phylotypes were abundant in subo xic/ano xic waters
uring all sampling years in the above mentioned basins (Farnelid
t al. 2013 ). 

Reconstruction of the nitrogen cycle at Landsort Deep indi-
ated a potential for syntrophy betw een ar chaeal ammonium
xidizers and bacterial denitrification at anoxic depths. In con-
r ast, anaer obic ammonium oxidation genes were absent despite
ubstantial ammonium le v els below the c hemocline (Thur eborn
t al. 2013 ). In sediments of the Bothnian Sea, the dominant roles
f denitrification and only minor anammox or DNRA were con-
rmed. Inter estingl y, a higher diversity of anammox bacteria was
etected using metagenomic data than with a PCR-based tech-
ique (Rasigraf et al. 2017 ). The high genomic potential for com-
lete denitrification to N 2 was noted in those sediments but the

mportance of anaerobic ammonium oxidation and dissimilatory
itrite reduction to ammonium was minor. Genomic potential for
erobic ammonia oxidation was dominated by Thaumarchaeota
Rasigraf et al. 2017 ). Metatranscriptomes retrieved from pelagic
uboxic zones of the central Baltic Sea (Gotland Deep and Land-
ort Deep) with an in situ fixation system using an automatic flow
njection sampler resulted in the detection of thaumarchaeal am-

onia monooxygenase transcripts that were up to 30-fold more
bundant than those detected in samples obtained using stan-
ard oceanogr a phic sampling systems (Feike et al. 2012 ). In the
othnian Sea sediments, the potential for nitrogen cycling was
ominated by r eductiv e pr ocesses via a truncated denitrification
athway, encoded exclusiv el y by bacterial lineages (Rasigraf et al.
020 ). 

A O A are an important component of the planktonic commu-
ity, linking nitrogen and carbon cycles through nitrification and
arbon fixation (Francis et al. 2005 ). By enriching A O A from a
r ac kish, o xygen-de pleted water-column in the Landsort Deep,
erg et al. ( 2015 ) performed seawater batch experiments . T hose
ere based on phylogenetic analyses of the 16S rRNA and the am-
onia monooxygenase subunit A ( amoA ) gene sequences, r e v eal-

ng an affiliation with assembla ges fr om low-salinity and fresh-
ater habitats, with “Candidatus Nitr osoarc haeum limnia” as the

losest r elativ e (Ber g et al. 2015 ). 
Methane in the seabed is mainly oxidized to CO 2 with sulfate

s the oxidant before it reaches the overlying water column, and
icrobial oxidation occurs within the sulfate–methane transition

SMT) zone (Beulig et al. 2019 ). Sedimentary gene pools suggested
hat nearly all potential methanogens within and beneath the
MT zone belonged to uncultured archaea of the Methanomicro-
ia gr oup, namel y anaer obic methane clade ANME-1, typicall y
ssociated with anaerobic methane oxidation (Laso-Pérez et al.
023 ). Analysis of a MAG suggested that predominant ANME-1 has
he enzymatic potential to catalyse both methane production and
onsumption (Beulig et al. 2019 ). In the sediments of the Bothnian
ea, the abundance of methanotrophic archaea of the ANME-2a
lade was related to the presence of methane and varied with sed-
ment iron content (Rasigraf et al. 2020 ). Pockmarks are important
pumps” proposed to play a significant role in global methane cy-
ling and harboring a unique assemblage of diverse prokaryotes
Iasakov et al. 2022 ). Recently, a large pockmark with active gas
eepage and submarine groundwater discharge was discovered in
he central Gulf of Gdansk, southern Baltic Sea. Within this pock-

ark, the composition of prokaryotes atypical for marine surface
ediments r esulted fr om the combination of freshwater and high
rganic matter content, and reflected active in situ methanogene-
is (Idczak et al. 2020 ). 
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Massive sequencing of the 16S rRNA gene V4 hypervariable 
regions for the samples from thirteen pockmark horizons (the 
Baltic Sea) collected at depths from 0 to 280 cm below seafloor 
r e v ealed that members of the phyla Planctomycetota, Chloroflex- 
ota, Desulfobacterota, Caldatribacteriota, Acidobacteriota, and 

Pseudomonadota predominated across all horizons, comprising 
58.5% of the total prokaryotic community (Iasakov et al. 2022 ).
Shifting of the ANME Archaea subclusters depending on depth 

(from 2a to 2b subcluster, which was predominant in sulfate-rich 

upper horizons, including SMT zone and together with sulfate- 
reducing bacteria) had a primary role in aerobic oxidation of 
methane, coupled with sulfate r eduction. Furthermor e, this led 

to shifting to ANME-1a and ANME-1b, which alone mediated the 
anaerobic oxidation of methane or switching to methanogenic 
metabolism (Iasakov et al. 2022 ). This reflects a tendency for niche 
separation. 

Biodi v ersity upon the influence of anthropogenic 

pressure 

Marine ecosystems, especially coastal areas, are subject to pro- 
gr essiv el y incr eased anthr opogenic disturbances (Halpern et al.
2008 ). Numerous studies have proven the impact of point sources 
of pollution on microbial biodiversity (Nogales et al. 2011 ). In the 
Baltic Sea, the impact of point sources of anthropogenic pres- 
sur e (e.g. riv er mouths, aquacultur es, harbors, ports, and wastew- 
ater treatment plant outfalls) on microbial life is especially pro- 
nounced due to the specific hydr ogeogr a phic pr operties (Fig. 1 ),
wher e an y external influence is po w erful because of the semien- 
closed c har acter of this sea. 

Sinkko et al. ( 2011 ) revealed that bacterial community compo- 
sition differed horizontally from the river estuary receiving agri- 
cultural phosphorus to the open sea, and v erticall y fr om the sur- 
face to deeper sediment la yers , mainly along the gradient of nu- 
trients (tested with the T-RFLP and cloning and sequencing of the 
16S rRNA gene obtained from sediments from Paimionjoki river 
estuary to the open sea—the Baltic Proper, Western Gulf of Fin- 
land). The study conducted on fish farms in the Turku Arc hipela go 
(northern Baltic Sea) sho w ed that medium-scale fish farming in 

shallo w w ater seemed to hav e a gr eater impact on sediment bac- 
teria than fish farming in open water, and has the potential to 
enric h the pr esence of fish and human pathogens (Tamminen et 
al. 2011 ). Metabarcoding also pr ovided e vidence for the influence 
of aquacultur e-associated eutr ophication on sediment comm u- 
nities (Harrison et al. 2021 ). Differences in bacterial biodiversity 
(studied with 16S rRNA amplicon sequencing) were also noted in 

biofilms on different types of microplastic (Kesy et al. 2019 ), and 

benthic community structure influenced by recreational boating 
(Iburg et al. 2021 ). 

In Baltic seawater microcosm experiments, diesel fuel, crude 
oil, and shale oil influenced the hydr ocarbon-degr ading bacte- 
rial community (Viggor et al. 2013 ). Research-based on 16S rRNA 

amplicon sequencing of the surface water and sediment sam- 
ples in oil-contaminated sites sho w ed that the composition of ar- 
c haeal comm unities was ecosystem- and season-dependent. Oil 
contamination significantly altered the composition and network 
pr operties of arc haeal comm unities in the littor al sediment (Yan 

et al. 2018 ). A set of phenol-degrading bacterial strains isolated 

from Baltic Sea surface w ater w ere mainly affiliated with the 
Pseudomonas and Acinetobacter genera. Ho w ever, that study also 
widened the range of phenol-degraders by including the genus 
Limnobacter . Furthermore, using an NGS approach, the genes cod- 
ing for the largest mPH subunit of phenol hydroxylase of Limnobac- 
er strains were found to be the most prevalent ones in the micro-
ial community of the Baltic Sea surface water (Vedler et al. 2013 ).
sing the Baltic Sea Reference Metagenome (BARM) dataset, Capo 
t al. ( 2020 ) studied the abundance and distribution of the genes
ncoding pr oteins involv ed in Hg methylation (the hgcAB gene
luster). The hgcAB genes were predominantly detected in anoxic 
ater, but some hgcAB genes were also detected in hypoxic and
ormoxic waters. Phylogenetic analysis identified putative Hg 
ethylators within Delta pr oteobacteria in oxygen-deficient wa- 

er la yers , as well as Spir oc haetota-lik e and Kiritimatiellaeota-lik e
acteria. Higher r elativ e quantities of hgcAB genes were found in
eta genomes fr om marine particles, compar ed to FL comm uni-

ies in anoxic water, suggesting that such particles are hotspot
abitats for Hg methylators in o xygen-de pleted seawater. Studies
n the gut microbiota of copepods (with qPCR for hgcA ) led to the
onclusion that endogenous Hg methylation occurs in zooplank- 
on and may contribute to seasonal, spatial, and vertical MeHg 
ariability in the water column and food webs (Gor okhov a et al.
020 ). 

The microbiota of cod Gadus morhua callarias L., inhabiting the
 hemical m unition dump site (Bornholm Deep), was significantl y
ess taxonomicall y div erse compar ed to those from a nonpol-
uted r efer ence site (Wilczy ́nski et al. 2022 ). On the contrary, using
ultur e-dependent molecular tec hniques, Hantula et al. ( 1996 ) re-
ealed that the bacterial community was more divergent in a pol-
uted location than in clean areas (Hantula et al. 1996 ). Mor eov er
 comparison of micr obiomes fr om the long-term oil-polluted
oastal site and less exposed sites r e v ealed that those sites had
 similar potential for petroleum hydrocarbon degradation (Miet- 
inen et al. 2019 ). Ho w e v er, tr anscriptome anal ysis of the Baltic
ea model bacterium Rheinheimera sp. BAL341, upon the influence 
f organic pollutants (batch experiments with environmentally 
 ele v ant concentr ations), r e v ealed significant shifts in gene ex-
r ession pr ofiles compar ed with contr ols in exponential gr owth

Karlsson et al. 2019 ). Anal ysis of meta genomes and metatr an-
criptomes to detect metacaspases , in volv ed in str ess r esponse
nd pr ogr ammed cell death in bacteria and phytoplankton, ac-
ounted for ∼4% of the bacteria (mainly Bacteroidota, Alpha- and
eta pr oteobacteria, and Cyanobacteria). The gene abundance was 
ignificantly higher in larger or PA bacteria ( > 0.8 μm), and fila-
entous Cyanobacteria dominated metacaspase gene expression 

hroughout the bloom season (Asplund-Samuelsson et al. 2016 ). 
Alter ed micr obial comm unities in human-impacted marine 

nvironments can, in turn, have detrimental effects on human 

ealth (i.e. the spread of pathogens and antibiotic resistance) (No-
ales et al. 2011 ). Since water envir onments ar e r eservoirs of an-
ibiotic resistance (Zhang et al. 2009 , Zheng et al. 2021b ), one can
onsider the ocean as a global reservoir of both clinically rele-
ant and potentially newly discovered antibiotic resistance genes 
ARGs) (Hatosy and Martiny 2015 , Xu et al. 2023 ). Studies in this
eld were also conducted in the Baltic Sea, mainly using cul-
iv ation tec hniques coupled with standard molecular methods 
Mudryk 2005 , Mudryk et al. 2010 , Moskot et al. 2012 , Tiirik et al.
014 , Kotlarska et al. 2015 , Łuczkiewicz et al. 2015 , Gross et al.
022a ,b ). Other important reservoirs for antibiotic resistance are
 astew ater treatment plants (Łuczkiewicz et al. 2010 , Laht et al.
014 , Kotlarska et al. 2015 , Pazda et al. 2020 ), river mouths (Sad-
wy and Łuczkiewicz 2014 , Kotlarska et al. 2015 ), and farming or
ildlife, especially birds (Literak et al. 2010 , Dreyer et al. 2022 , Ry-
ak et al. 2022 , Gross et al. 2022b ). The fish farm resistomes were
nric hed in tr ansposon and integr on-associated genes and ARGs
ncoding resistance to antibiotics used to treat fish at the farms
Muziasari et al. 2016 ). In contrast, the total relative abundance
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alues of ARGs were higher in the control sediment resistome, and
her e wer e mainl y genes encoding efflux pumps, follo w ed b y beta-
actam resistance genes, which are found intrinsically in many
acteria. This suggests that there is a natural Baltic sediment re-
istome (Muziasari et al. 2016 ). Inter estingl y, Muziasari et al. ( 2017 )
nalysed the composition of the antibiotic resistome from the in-
estinal contents of 20 fish from the Baltic Sea farms, using a high-
hr oughput method, WaferGen qPCR arr a y with 364 primer sets ,
o detect and quantify ARGs, mobile genetic elements, and the
6S rRNA gene . T hat study suggested that feces from farmed fish
ontribute to resistome enrichment in farm sediments despite the
ack of contemporaneous antibiotic treatments at the farms . T he
ntestinal contents of individual farmed fish had their own resis-
ome compositions (Muziasari et al. 2017 ). Mor eov er, it was pr ov en
using PCR) that the increase in the pr e v alence of tetr acycline r e-
istance genes is caused by the persistence of these genes in the
bsence of selection pr essur e (Tamminen et al. 2011 ). The ARGs
ersisted in sediments below fish farms (northern Baltic Sea, Fin-

and) at very low antibiotic concentrations during the 6-year ob-
ervation period from 2006 to 2012. Although the ARGs persisted
n the farm sediments, they were less pr e v alent in the surround-
ng sediments (Muziasari et al. 2014 ). Since studying the mobil-
ty of ARGs in environmental resistomes is challenging, Pärnä-
en et al. ( 2016 ) de v eloped a low-cost and labor-efficient method
ased on inverse PCR and long-read sequencing for studying the
obility potential of envir onmental r esistance genes. Anal ysis of
etagenomes and metatranscriptomes of size-fractionated bac-

erial communities for the presence of mobile elements sho w ed
r ansposase le v els up to 1.7% of bacterial genes, and 2% of bac-
erial transcripts . T his suggests an ele v ated r ate of tr ansposition-
ased genome change and host adaptation (Vigil-Stenman et al.
017 ). 

Another important aspect concerns the occurrence of possible
uman pathogens in the coastal region of the Baltic Sea. Sev-
ral studies have been carried out on the presence of bacteria
elonging to Esc heric hia coli and other fecal coliforms, Aeromonas ,
nterococcus , Pseudomonas , Staphylococcus , and Vibrio genera (Eiler
t al. 2006 , Sadowy and Łuczkiewicz 2014 , Bier et al. 2015 , Kot-
arska et al. 2015 , Łuczkiewicz et al. 2015 , Gyraite et al. 2019 , Fleis-
hmann et al. 2022 , Gross et al. 2022a , Kalvaitien ̇e et al. 2024 ).
ince microplastics in aquatic environments provide novel habi-
ats for surface-colonizing micr oor ganisms, it was found that Vib-
io spp. are early colonizers of microplastic surfaces in the Baltic
ea mesocosm (Kesy et al. 2019 ). T herefore , it is clear that con-
aminations deriv ed fr om urban and industrial sources gr eatl y
mpact the microbial diversity in the Baltic Sea, including (but not
estricted to) bacterial species that are harmful to humans and
esistant to many antibiotics . T hese issues of biological contami-
ation with pathogens and a rising problem with antibiotic resis-
ance is also discussed later in this paper, in a chapter devoted to
ontaminations in the Baltic Sea. 

icrobiomes associated with Baltic Sea 

rganisms 

he marine microbiome refers to all marine microorganisms,
ncluding bacterioplankton, micr oor ganisms associated with or-
anic and inorganic particles, and those living on and inside ma-
ine animals , plants , and macroalgae (Mioduchowska et al. 2022 ).
tudies on microbes associated with other Baltic Sea organisms
r e mostl y based on cultiv ation, coupled with molecular anal y-
es, mainly 16S rRNA gene sequencing (e.g. bacteria associated
ith the sponge Halichondria panicea , Althoff et al. 1998 ; the brown
lgae Laminaria saccharina , Wiese et al. 2009 ; bryozoans, Heindl et
l. 2020 ; Fucus vesiculosus and Delesseria sanguinea , Goecke et al.
013 ; soft coral Alcyonium digitatum , Pham et al. 2016 ; Nodularia
pumigena , Toru ́nska-Sitarz et al. 2018 ; farmed mussels Mytilus
pp., Utermann et al. 2018 ; ascidian Ciona intestinalis , Utermann
t al. 2020 , 2021 ; European plaice Pleuronectes platessa , Ghotbi et
l. 2022 ; herring Clupea harengus , Huotari et al. 2022 ). Many stud-
es have also been devoted to the occurrence of pathogens in the
altic Sea, with particular attention given to marine mammals

Siebert et al. 2001 , Sonne et al. 2020 ) or birds (Dreyer et al. 2022 ,
c hic k et al. 2022 , Gr oss et al. 2022a ). Ho w e v er, with the de v elop-
ent of HTS, it became possible to analyse the microbiota of other

altic organisms. 
The gut microbiota of G. morhua callarias L. from the chemical

unition dump site was disturbed, compared to those from a non-
olluted r efer ence site. Mor eov er, taxa associated with fish dis-
ases (e.g. Vibrionaceae and Aeromonadaceae ) wer e mor e pr e v alent,
nd probiotic taxa (Actinomycetota, Rhodobacteraceae ) were less
requent in the guts of individuals from the dump site (Wilczynski
t al. 2022 ). The gut microbiota of wild Baltic salmon parr (a sub-
opulation of Atlantic salmon Salmo salar L.) differs from those of
ild North- and East-Atlantic salmon parr, pr obabl y due to bio-

eogr a phical differ ences or host-selectiv e pr essur es (Skr oden yt ̇e-
rba ̌ciauskien ̇e et al. 2022 ). Compar ativ e micr obiome anal ysis of

ndigenous and nonindigenous gelatinous zooplankton species in
he low-saline southwestern Baltic Sea, conducted by Jaspers et
l. ( 2020 ), also sho w ed significant differences in microbiome com-
ositions . T he o v er all differ entiation between micr obiomes was
riven by eight indicator O TUs , which included Mycoplasma and
ibrio species . T hese bacteria can be problematic , as they include
nown pathogens r ele v ant to human health and aquaculture ac-
ivities (Jaspers et al. 2020 ). 

The coexistence of bacteria and protozoa in aquatic environ-
ents has led to the evolution of predatory defense mecha-

isms in the former group. Some of the predation-resistant bac-
eria are also pathogenic to humans and other mammals. Dur-
ng field studies (using amplicon sequencing of 16S rRNA of
r edation-r esistant bacteria and 18S rRNA of bacterivorous pro-
ozoa), conducted in the coastal area of the northern Baltic Sea,
o-occurrence patterns were found (such as Legionella and Cilio-
hora ). Mor eov er, the inter actions wer e genotype-specific, as indi-
ated, for example, in Ric kettsia . The pr edation-r esistant bacteria
equence diversity was larger in bays and freshwater inlets com-
ared to offshore sites, indicating local adaptations (Eriksson et al.
022 ). The 16S amplicon sequencing of the gut microbiota of the
and lances ( Ammodytes tobianus and Hyperoplus lanceolatus ) from
he North Sea and the Baltic Sea r e v ealed that the r elativ e abun-
ance of Gamma pr oteobacteria may be driv en by their r elativ e
bundance in the surr ounding envir onment. Ho w e v er, in the case
f the Alpha pr oteobacteria and Actinomycetota, r elativ e abun-
ances might depend mor e str ongl y on host species (Fietz et al.
018 ). 

In samples collected in the Baltic Sea and the adjusted area
the Kattegat, Ska gerr ak, and the eastern North Sea), the Ulv a -
ssociated bacterial composition (r esolv ed with Oxford Nanopore
equencing of full-length 16S rRNA gene) was str ongl y structur ed
y both salinity and host species . T he largest shift in the bacterial
onsortia coincided with the horohalinicum (defined as the tran-
ition zone from freshwater to marine conditions), with salinity
alues of 5–8 practical salinity unit (PSU). Characteristic bacterial
ommunities associated with distinct salinity regions may, there-
or e, facilitate host ada ptation acr oss the envir onmental gr adient
van der Loos et al. 2022 ). The diversity of the tunic-associated
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micr obiota differ ed also fr om that of the ambient seawater sam- 
ples and between sampling sites (Utermann et al. 2020 ). Wäge 
et al. ( 2019 ) have successfully used the microcapillary technique 
to sample the gut microbiome of two copepods ( Temora sp. and 

Acartia sp.), which commonly dominate the surface and subsur- 
face waters of the central Baltic Sea. The 16S rRNA gene ampli- 
con sequencing r e v ealed differ ences among the dominant bacte- 
rial communities associated with Temora sp. (Actinomycetota, Be- 
ta pr oteobacteria, and Flavobacteria) and Acartia sp. (Actinomyce- 
tota, Alpha pr oteobacteria, and Beta pr oteobacteria), and the sur- 
r ounding water (Pr oteobacteriota, Cyanobacteria, and Verrucomi- 
cr obia), but also intr aspecific v ariability was r ecorded. This r e- 
search also revealed indicative species for methane production 

pathways (Wäge et al. 2019 ). Quantifying bacterial and archaeal 
16S rRNA and the mcrA gene within copepod faecal pellets using 
droplet dPCR sho w ed a small number of methanogenic Ar chaea,
while mcrA transcripts indicating methanogenic activity were not 
detected. This suggests that copepod faecal pellets from the cen- 
tral Baltic Sea, similar to analogous data on copepod guts (Wäge 
et al. 2019 ), have potential but are unlikely hotspots for methane 
production by methanogenic archaea (Wäge et al. 2020 ). 

Gor okhov a et al. ( 2020 ) studied the occurrence of the bac- 
terial gene hgcA , in the guts of dominant zooplankters in the 
Northern Baltic Sea (copepods Acartia bifilosa , Eurytemora affinis ,
Pseudocalanus acuspes and Limnocalanus macrurus , and cladocerans 
Bosmina coregoni maritima and Cercopagis pengoi ). All copepods were 
found to carry hgcA genes belonging only to Delta pr oteobacteria 
and Bacillota. Ther efor e, studies combining population genomics 
with gut microbial data have the potential to gain insight into an 

organism’s ecological adaptive capabilities (Fietz et al. 2018 ). 
Another aspect of microbiome research concerns the produc- 

tion of biologically active compounds, such as antimicrobials 
(Wiese et al. 2009 , Heindl et al. 2020 , Goecke et al. 2013 ). This 
kind of r esearc h, linked to metabolomics, has made it possible to 
r e v eal a lar ge v ariety of bioactive compounds compared to con- 
v entional scr eening methods. Ghotbi et al. ( 2022 ) used a culture- 
de pendent surve y, follo w ed b y molecular identification of micro- 
biota associated with the gills and the gastrointestinal tract of Eu- 
ropean plaice ( P. platessa ). The untargeted metabolomic approach 

sho w ed the high chemical diversity of cultures of selected bacte- 
rial and fungal isolates (Ghotbi et al. 2022 ). Using UPLC-MS/MS- 
based metabolomics, a high chemical diversity was also detected 

among bacterial species associated with C. intestinalis . Peptides 
and polyketides were the predominant classes, but many un- 
kno wn compounds w ere also found (Utermann et al. 2020 , 2021 ).
Fiorini et al. ( 2022 ) proposed to combine high-throughput culti- 
v ation tec hniques with metabolomics to ca ptur e and assess the 
enormous metabolic potential of pr e viousl y uncultur ed bacte- 
ria (Fiorini et al. 2022 ). Lee et al. ( 2015 ) proposed a pipeline for 
the functional c har acterization of m ultiple meta genome sam- 
ples (FCMM) to infer major functions as well as their quantitative 
scores in a comparative metagenomics manner (Lee et al. 2015 ).
Another pr omising a ppr oac h w as used b y Massing et al. ( 2023 ),
whic h involv ed manifold learning, conv erting the taxonomic 
time series (obtained through 16S rRNA amplicon sequencing of 
seawater samples from western Baltic Proper) into information 

about bacterial metabolic niches . T he obtained results prove that 
manifold learning can broaden our understanding of the links 
between community composition and its function (Massing et al.
2023 ). 

In summary, the diversity of Baltic bacteria living with other 
or ganisms is r elativ el y br oad, showing that specific inter actions 
between bacteria and animals , plants , and other organisms are 
mportant phenomena to be considered when assessing the com- 
osition and function of the Baltic microbiome. Examples of mi-
r ophotogr a phs of Baltic bacteria are shown in Fig. 2 . 

yanobacteria in the Baltic Sea 

he origin of life is gener all y assumed to be 3.4 billion years ago,
ut before c y anobacteria started to produce oxygen about 2 billion
ears ago, all organisms were strictly anaerobic. In fact, c y anobac-
eria are oxygenic phototrophs (OPs) that play a fundamental role
n marine productivity and energy flow. Furthermore, the sec- 
ndary metabolites produced by these micr oor ganisms affect the
iversity of other marine inhabitants. As some taxa produce toxic
ompounds and form mass blooms, c y anobacterial diversity is
lso a matter of concern for agencies responsible for water quality
nd management. Due to potential harmful effects, the first stud-
es on Baltic c y anobacteria (since the 19th century) were primarily
ocused on filamentous, bloom-forming genera [ Nodularia , Aphani- 
omenon , and Dolichospermum (former Anabaena )]. In the 21st cen-
ury, studies with the application of advanced techniques have re-
ealed that those taxa might not be the only important players in
he Baltic c y anobacterial community. 

eplacing the classical approach (microscopy) 
ith novel methods—the case of monitoring 

tudies 

he blooms of filamentous c y anobacteria w er e r ecorded in the
altic as early as in 1854 (Lindström 1855 ). The exploration of the
iversity of this group of Baltic microorganisms started at the end
f the 19th century, when Victor Hensen launched phytoplankton 

tudies at Kiel University (Finni et al. 2001 ). On a larger scale, these
tudies were intensified in the 1960s (Finni et al. 2001 ). With the es-
ablishment of the HELCOM Phytoplankton Expert Group (PEG, re- 
erred to as EG PHYTO from 2022 onw ar ds) in 1991, a preliminary
ist of Baltic c y anobacterial species began to be published regu-
arly. Thirteen years later, the first c hec klist of Baltic phytoplank-
on, including c y anobacteria, w as published (Hällfors 2004 ). Since
hen, the c hec klist has been updated annually and is available at
ttps:// helcom.fi/ helcom- at- work/ projects/ peg/ - “bio volume” file ,
upported by an image gallery at www.nordicmicr oalgae.or g . The
urrent catalog contains 110 taxa identified at the species level
accessed on 31st March 2024). The regular monitoring studies are
erformed by trained taxonomists who use a standardized light 
icroscopy method (CEN 2015 ), making the data comparable lo-

ally and internationally. 
While microscopy-based identification and quantification of 

he c y anobacterial species are essential in Baltic ecosystem 

ioassessment pr ogr ams, the use of only these optical meth-
ds has many disadvantages: (i) detection of picoc y anobacteria 
s limited, (ii) cryptic and r ar e species ar e excluded, (iii) environ-

ental conditions may bias c y anobacterial morphology, (iv) the
ethod is time-consuming, and (v) shortage of specialists us- 

ng microscopy-based methods has been observed during recent 
ears . En vironmental DNA metabarcoding can address some lim-
tations of microscopy in cyanobacterial identification and can 

ncr ease div ersity estimates . For the first time , this method was
mplemented in Baltic phytoplankton monitoring by Finnish and 

w edish resear chers (Jerney et al. 2022 , Karlson et al. 2022 ). The
esults of the pilot studies, both involving sequence analyses of
he V4 v ariable r egion in the 16S rRN A gene, sho w ed that pico-
 y anobacterial, overlooked in standar d monitoring, dominate the
altic c y anobacterial community when considering r elativ e gene

https://helcom.fi/helcom-at-work/projects/peg/
http://www.nordicmicroalgae.org
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Figure 2. Epifluor escent micr ophotogr a phs of bacterial cells fr om surface coastal waters of the Baltic Sea. DAPI (4’,6-diamidino-2-phen ylindole dye) 
staining is shown in panels A and B. The live/dead staining (with SYTO 9 and propidium iodide dyes), where alive cells and dead cells are marked by 
fluorescence, is shown in panels C and D, r espectiv el y. Photogr a phs taken by Ewa Kotlarska. 
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bundance (though filamentous c y anobacteria dominate when
ssessing the biomass as a criterium). This issue is detailed in the
ubsequent section. 

hedding light on the smallest—the importance 

f picocyanobacteria 

icoc y anobacteria (PCy) are a polyphyletic group of small (be-
ween 0.2 and 2.0 μm diameter) micr oor ganisms. Meta genomic
tudies r e v ealed that two gener a, Proc hlorococcus and Synec hococcus ,
ominate the phytoplankton in oligotrophic parts of the oceans,
her eas Synec hococcus and Cyanobium r epr esentants ar e pr edom-

nant in br ac kish and fr eshwaters (Farr ant et al. 2016 , Jasser and
allieri 2017 ). Picoc y anobacterial populations are often divided
ccording to their pigment content into phycoc y anin (PC)-rich,
nd phycoerythrin (PE)-rich types. Phylogenomic and ecogenomic
tudies group marine Synechococcus / Cyanobium into well-defined
luster 5, which is further divided into three subclusters (SC):
C5.1, composed of marine and a few brackish strains, the clos-
st r elativ es to oceanic Proc hlorococcus spp.; SC5.2, the most div erse
ubcluster in terms of geogr a phic origin and habitat of the strains;
nd SC5.3, containing both open ocean and freshwater strains
Larsson et al. 2014 , Cabello-Ye v es et al. 2022 , Callieri et al. 2022 ).
egardless of the method used and the parameter measured, data
rom the last 20 years indicate that PCy can significantly con-
ribute to the Baltic phytoplankton biomass during the summer.
ased on the direct counts by fluorescence microscopy, it was esti-
ated that PCy constitutes 20%–97% of the Baltic c y anobacterial

iomass (Mazur-Marzec et al. 2013 ). When carbon or c hlor ophyll
 content was used as a prox,y PCy were determined to make up
o 83% of phytoplankton biomass (Zufia et al. 2021 and r efer ences
herein). 

Metabarcoding studies also r e v ealed that picoc y anobacterial
equences can dominate in constructed libr aries. Differ ent v ari-
ble regions of the 16S rRNA gene were analysed in those studies:
1–V2 (Xu et al. 2022 ), V3–V4 (Bertos-Fortis et al. 2016 , Hu et al.
016 , Celepli et al. 2017 ), and V5–V7 (Zufia et al. 2022 ). The conclu-
ions were as follows: (i) temper atur e has the dominant influence
n the abundance of PCy (positive correlation), (ii) the horizontally
arying contribution of SC51.-5.3 individual genotypes strongly
epend on salinity, with the most significant shift between 13 and
6 PSUs, and (iii) the Baltic PCy populations are of freshwater ori-
in. The presence of rare taxa, such as microorganisms closely re-
ated to the oceanic Prochlorococcus populations (SC5.1), was noted
nly when metagenome sequencing was used; in the case of 16S
RNA amplicon sequencing the taxa were not detected (Celepli et
l. 2017 ). 

Analyses of the metagenome-assembled Synechococcus genome
lassified it to the CS5.2 subcluster, r e v ealing the presence of a
ovel gene cluster encoding proteins for a unique set of light-
arvesting antennae (Larsson et al. 2014 ). This indicated that
here may be an as-yet uncharted gene pool in the Baltic Sea. The
nique genotype mentioned above dominates the PCy community

n the Baltic Proper (on average 88% of c y anobacterial reads; Hu et
l. 2016 ). The Baltic PCy community is composed of both PC-rich
nd PE-rich taxa, with the dominance of the former in coastal wa-
ers. As reported by Zufia et al. ( 2022 ), in the futur e, PC-ric h popu-
ations may gain a higher proportion of the PCy biomass, and their
resence will have a significant impact on the carbon cycle and
ner gy flow. PC-ric h cells inhibit the activity of filter-feeders and
ossess pr otectiv e mec hanisms a gainst pr edation and vir al infec-
ions . T he impact of PCy on the Baltic ecosystem and biochemical
ycles may be e v en str onger in the future . T he abundance of these
icr oor ganisms is pr edicted to incr ease due to climate change

Flombaum et al. 2013 ). 

i v ersity shift under the w av e of climate change 

nd methodological evolution 

he diversity of Baltic c y anobacteria is often analysed in the con-
ext of gradients of various abiotic parameters, in water masses
horizontally and vertically), and in time. In some cases, it is
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difficult to assess to what extent the implementation of new tech- 
niques has influenced our understanding of c y anobacterial diver- 
sity in the Baltic Sea. This is because of the ongoing ecosystem 

c hanges r elated to climate fluctuations (Meier et al. 2022 ). Some 
of the problems mentioned above can be solved using modern ap- 
pr oac hes to explore the trends. 

In paleontological studies, analyses of different proxies pre- 
served in the sediments enabled the r esearc hers to look beyond 

the observation periods. Most investigations conducted in the 
Baltic Sea area are based on the analyses of fossil pigments. Al- 
though the pigments did not allow us to infer the taxonomic 
composition of c y anobacterial comm unities, they r e v ealed that 
c y anobacteria have been present in the Baltic at least since the 
beginning of the br ac kish period, whic h started some 8000 years 
a go. Nonetheless, the anal ysis of specific lipids (Sollai et al. 2017 ,
Kaiser et al. 2020 ), c y anopeptides (Cegło wska et al. 2018 ), and ge- 
netic markers (PC-IGS; Cegłowska et al. 2018 ) made it possible to 
trace the history of occurrence of specific genera, species or e v en 

subpopulations . T he conclusion linking all these studies concerns 
the dominant effect of temper atur e on the mass growth of di- 
azotrophic c y anobacteria. Ho w ever, more resear ch into the past 
occurrence is needed to understand the present c y anobacterial 
diversity and to predict future changes. 

Global data unequivocally demonstrate that climate change 
associated with higher solar radiation, rising surface water tem- 
per atur es, and the subsequent vertical stratification leads to 
the intensification of c y anobacteria blooms and their expansion 

into new locations (Zepernick et al. 2022 ). An abiotic parame- 
ter that already strongly differentiates c y anobacterial communi- 
ties horizontally and which is also strongly dependent on climate 
change is salinity. In a few projects, c y anobacterial diversity w as 
analysed using nested PCR, amplicon sequencing (16S rRNA), or 
metagenome sequencing of water samples collected from all over 
the Baltic area. In those studies, salinity was found to be the fac- 
tor that most str ongl y determined the diversity of c y anobacte- 
ria (Dupont et al. 2014 , Celepli et al. 2017 , Reeder et al. 2022 ). By 
screening the V1–V2 variable region of 16S rRNA sequences re- 
trie v ed fr om Baltic water pr ofiles (3–155 m), Xu et al. ( 2022 ) con- 
cluded that c y anobacterial reads dominate the upper 8 m of the 
sea. In the same work, qPCR analyses of genes involved in photo- 
synthesis ( psbA ) disclosed a strong correlation between cyanobac- 
terial activity and water temper atur e. Meta genomic anal yses of 
experimental microcosm communities revealed that with rising 
temper atur es, blooms of diazotrophs start earlier, and one could 

expect a shift in the community rather than an intensification of 
the blooms (Berner et al. 2018 ). 

Gener all y, meta genomic studies r e v ealed the pr esence of 
c y anobacteria from all orders, apart from Stigonematales . T he 
other conclusion is that despite the fairly high c y anobacterial 
diversity in the Baltic Sea, one can observe a “long tail” phe- 
nomenon, with a few taxa dominating and many occurring in 

small numbers. Rare taxa that can form local blooms are often 

unseen by HTS projects and can be detected by more classical ap- 
pr oac hes (Chernov a et al. 2019 , Overlinge et al. 2021 ). 

Baltic c y anobacteria constitute an unexplored gene pool and,
as suggested by some authors, compared to other prokaryotes, 
their diversity is high (measured using the parameter SESMPD, i.e.
Standardized Effect Side of Mean Pairwise Phylogenetic Distance) 
(Celepli et al. 2017 ). The interactions between cyanobacteria and 

associated microbes were studied by Berg et al. ( 2018 ). By target- 
ing k e y gene transcripts, the authors sho w ed that c y anobacterial 
blooms affect the composition of functional microbial communi- 
ties. 
n-depth analyses of cultured strains 

fter the introduction of genetic methods (mainly 16S rRNA se-
uencing), in the late 20th century, the number of c y anobacte-
ial species, originally identified in the Baltic Sea based on mor-
hological tr aits, incr eased significantl y. Ho w e v er, in the studies
n strains deposited in the culture collections, in-depth and com-
lex anal yses incor por ated in the pol yphasic a ppr oac h, indicated
igh intraspecies diversity of these microorganisms (Wulff et al.
007 , Mazur-Marzec et al. 2016 , Szubert et al. 2021 ). Mor eov er, the
enetic diversity of randomly studied benthic c y anobacteria w as
hown to be e v en higher than planktic taxa (Surakka et al. 2005 , Si-
vonen et al. 2007 , Halinen et al. 2008 ). The significance of this ge-
etic and metabolic diversity of Baltic c y anobacteria for the func-
ioning of the ecosystem has yet to be discov er ed. 

To fully understand the diversity of c y anobacteria in the Baltic
ea using envir onmental DNA anal yses, the access to reliable
atabases containing well-annotated genomes of type taxa is re- 
uired. Out of 1110/70/263 genomes assembled to levels of scaf-
old/c hr omosome/complete genome, r espectiv el y, classified to the
yanobacteria/Melainabacteria group, 7/1/7 belong to Baltic or- 
anisms, r espectiv el y [Genome List—Genome—NCBI (nih.gov),
ast accessed on 8th December 2023]. These genomes do not com-
r ehensiv el y r epr esent the Cyanobacteria phylum: 13 r epr esent
he Nostocales order, one of the orders Pleur oca psales and Pseu-
anabaenales . T he primary objectives of those genomic studies
ere (i) to identify gene clusters associated with bioactive metabo- 

ite production and, more broadly, to determine the biosynthetic 
otential of Baltic c y anobacteria, (ii) to verify their taxonomy, (iii)
o determine adaptation to variable salinity conditions, and (iv) 
o identify host–microbiota interactions in holobiont (Vos et al.
013 , Teikari et al. 2018 , 2019 , Österholm et al. 2020 , Ahmed et al.
021 , Bonthond et al. 2021 , Dreher et al. 2021 , Heinilä et al. 2022 ).
he c y anobacterial genomes found in br ac kish waters ar e not well
 epr esented in databases, an observation also confirmed by data
r om Chesa peak e Bay (Cele pli et al. 2017 ). 

Examples of micr ophotogr a phs of Baltic c y anobacteria are
hown in Fig. 3 . 

iatoms in the Baltic Sea 

iatoms (Bacillariophyceae) constitute the largest group of mi- 
roalgae on Earth. They are present in all marine and terrestrial
abitats, where light and humidity are accessible, forming the 
ase of the trophic chain as primary producers (Armbrust 2009 ).
ike wise, diatoms dominate micr oalgae in terms of biodiversity at
he generic and species le v els in the Baltic Sea. Published sources
n the Baltic Sea diatoms provide numbers ranging from 90 to
43 gener a (P ank ow 1990 ) and 633 to 759 species (Hällfors 2004 ).
o w e v er, the species div ersity, as outlined abov e in P ank ow ( 1990 )
nd Hällfors ( 2004 ), seems to be str ongl y underscor ed when com-
ared with reports by Snoeijs and coworkers (Snoeijs 1993 , Snoeijs
nd Vilbaste 1994 , Snoeijs and P otapo va 1995 , Snoeijs and Hajdu
996 , Snoeijs and Balashova 1998 ), as with 500 species illustrated
rom the whole Baltic Sea, many species are not listed by the for-

er authors. In a recent publication on diatom assemblages in
he Gulf of Gdansk and neighboring waters, Pli ́nski and Witkowski
 2020 ) identified about 900 taxa, a significantly higher number
han those listed in the above mentioned reports . T he lists of
axa published by P ank ow ( 1990 ), Hällfors ( 2004 ), and Pli ́nski and

itkowski ( 2020 ) largely overlap with each other. 
The use of molecular tools in assessing the diatom diversity

n the Baltic Sea has been launched with the papers by Sarno
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Figure 3. Micr ophotogr a phs of cyanobacteria from the Baltic Sea. Cells of the following species are shown: Aphanizomenon flos-aquae (A), N. spumigena 
(B), and Dolichospermum lemmermannii (C). Photogr a phs taken by Justyna Kobos. 
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t al. ( 2005 ) and Pniewski et al. ( 2010 ) in which a series of com-
on benthic and planktonic br ac kish/marine water species have

een studied with both morphological and molecular methods.
hereas Sarno et al. ( 2005 ), using LSU sequences, sorted out the

uzzle of species names in the Skeletonema costatum -like com-
lex, Pniewski et al. ( 2010 ) applied 18S rRNA sequences for re-
onstructing the phylogeny of the species studied, and 5.8S and
TS2 rRNA as a barcode. Some species studied by Pniewski et al.
 2010 ), and given names of the established species, were isolated
 gain fr om the western part of the Polish coast. A contribution
rom Sarno et al. ( 2005 ) resulted in establishing Skeletonema dohrnii
nd S. marinoi species new to science. Further isolation and re-
earch on the Baltic Sea benthic diatom species were continued
y Li et al. ( 2018 ). That study, based on detailed morphology anal-
sis and three-gene concatenated molecular phylogeny (SSU, rbcL,
nd psbC ), has r e v ealed a high div ersity of benthic diatoms of the
olish Baltic Sea coast, contr aril y to the unusual hidden diver-
ity of the splash zone in the P omeranian Ba y At first, Li et al.
 2018 ) sorted out some problematic taxa that are dominant in the
altic Sea coastal zone , e .g. Opephora mutabilis , F ragilaria sopotensis ,
nd Pseudostaurosira trainorii and tr ansferr ed them to Gedaniella , a
enus new to science established to accommodate the mentioned
axa. Furthermore, F. sopotensis turned out to be part of the cell
ycle of a diatom from Japanese waters and was named Fragilaria
avovirens (Takano 1986 ). Fragilaria flavovirens was tr ansferr ed to
edaniella, and the species is c har acterized by a truly worldwide

cosmopolitan) distribution. Li et al. ( 2018 ) described species new
o science among taxa typical for the br ac kish waters of the Baltic
ea, like Gedaniella arenaria , whic h in a r outine diatom identifica-
ion with light microscopy and electron microscopy would be in-
luded in Gedaniella guenter-grassii . It was only the use of molecular
arkers that allo w ed the authors to separate the two species . T he

pplication of these markers has resulted in some unexpected dis-
overies in the Baltic Sea diatoms. One of the strains isolated from
he sublittoral waters of Sopot was positioned in the phylogenetic
ree in a small clade with Plagiostriata goreensis , a formerly mono-
ypic diatom genus known thus far onl y fr om its type habitat in
he Goree Island in Senegal, tropical East Atlantic (Sato et al. 2009 ).
lagiostriata baltica is the second species in the genus and the first
ccurring in a br ac kish-water habitat (Li et al. 2018 ). 

The biodiversity of the Baltic Sea diatom assemblages is nearly
xclusiv el y based on the analyses performed with purified ma-
erial in light and electron microscopic studies. Studies based on
lonal cultures of the Baltic Sea strains are still rare and involve
he most common planktonic species, S. marinoi (Godhe and Härn-
tröm 2010 , Pinseel et al. 2022 ), or a few dozen strains isolated
r om littor al benthic habitats of the Southern Baltic Sea coast
Pniewski et al. 2010 , Li et al. 2018 , Prelle et al. 2022 ). Likewise,
etabarcoding is becoming a standard tool for phytoplankton

iodiversity assessment for both freshwater and marine ecosys-
ems w orldwide (Apothéloz-P err et-Gentil et al. 2017 , Pér ez-Burillo
t al. 2021 , 2022 , Bilbao et al. 2023 , Kaleli et al. 2023 ), yet for the
altic Sea suc h a ppr oac h r emains uncommon. Baltic Sea diatom-
ocused metabarcoding occurs in liter atur e onl y as a part of larger
hytoplankton studies (Gr an-Stadniczeñk o et al. 2019 , Andersson
t al. 2023 ), where authors performed analyses of phytoplankton
sing both microscopy and metabarcoding. The explanation for
he issue of low interest in the metabarcoding study may be re-
ated to the excellent biomonitoring organized in the Baltic Sea
hr ough the HELCOM, wher e the experts on all classes of mi-
r oalgae anal yse ph ytoplankton and ph ytobenthos of particular
egions and the results are published regularly (Wasmund and
hlig 2003 , Ojaveer et al. 2010 , Olofsson et al. 2020 , Fridolfsson
t al. 2023 ). 

The use of cultur ed str ains allows v arious experiments on the
altic Sea diatoms to be performed. These include studies on
r owth r ate dependence on salinity, temper atur e, and nutrients
s well as on the dependence on bioactive compounds synthe-
ized by the diatom strains (like lipids and fatty acids). One of the
ritical questions in the case of the Baltic Sea planktonic strains
 epr esented by S. marinoi is the adaptation of the species to the
alinity gradient in the Baltic Sea basin. Pinseel et al. ( 2022 ) stud-
ed the tr anscriptomic r esponse of the Baltic Sea S. marinoi strains
solated from an environment close to marine conditions and fur-
her inside the basin from low salinities . T he results of that study
nderlined the en vironmental factors , including salinity, temper-
ture, and nutrient uptake, as the cause of the biological varia-
ion. A similar experiment was also carried out by Prelle et al.
 2022 ), but included only the response of benthic species repre-
enting the genus Planothidium from the coastal wetlands in the
astern part of the German coast. In a series of ecophysiological
xperiments, the authors noted the presence of two different eco-
ypes of Planothidium sp., whic h wer e identical in terms of their
bcL sequences. Inter estingl y, r egarding salinity r esponse, the two
lanothidium sp. strains differed significantly, with one strain iso-
ated from the brackish-water reaching its maximal growth rate
n salinity of 15 PSU and the strain isolated from freshwater in the
o w er salinity range. 

In summary, although diatoms ar e a ppar entl y the lar gest gr oup
f microalgae in the Baltic Sea, the scarcity of molecular data re-
arding this group of microorganisms is a serious limitation in
erforming a compr ehensiv e anal ysis of the biodiv ersity of this
r oup. Examples of micr ophotogr a phs of Baltic diatoms ar e shown
n Fig. 4 . 
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Figure 4. Micr ophotogr a phs of diatoms from the Baltic Sea. Cells of the following species are shown in images obtained using light (A, C, and E) and 
electron (B, D, and F) microscopic techniques: Gedaniella mutabilis (A and B), P. trainorii (C and D), and Gedaniella flavoviren (E and F). Photogr a phs taken by 
Przemysław D ̨abek. 
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Dinoflagellates in the Baltic Sea 

Dinoflagellates (Dinophyceae FE Fritsch) is a diverse group of 
mainl y unicellular pr otists, some forming c hains or colonies. In 

the Baltic Sea (including the Kattegat), 139 morphological species 
ar e monitor ed using a light micr oscopy-based method (Olenina 
et al. 2006 ). In the International Code of Nomenclature for al- 
gae, fungi, and plants (ICN), dinofla gellates ar e mainl y found 

in the class Dinophyceae as reflected in Algae Base (Guiry and 

Guiry 2023 ). The International Code of Zoological Nomenclature 
(ICZN) also includes dinoflagellates. Ho w ever, the ICZN nomen- 
clature is not used in the current text. The application of phy- 
logenomics shows that dinoflagellates form a subgroup within 

the Alveolata clade, which is a part of the lar ger gr oup TSAR,
that includes Telonemia , Stramenopiles , Alveolata , and Rhizaria (Burki 
et al. 2020 ). There are phototrophic , heterotrophic , mixotrophic ,
and parasitic dinoflagellates. In this case, mixotrophy is defined 

as feeding on other micr oor ganisms . F eeding str ategies ar e di- 
verse and include catching prey using peduncle (Spero 1982 ,
Hansen 1991 ), mucus traps (Blossom et al. 2012 , Papiol et al.
2016 ) and engulfment (Sk ovgaard 1996 ). Man y dinofla gellates ar e 
functional phytoplankton or microalgae since they have chloro- 
plasts . Most ha v e permanent c hlor oplasts with peridinin as a 
pigment, distinguishing them from other phytoplankton groups 
(Schnepf and Elbrächter 1999 , Zapata et al. 2012 ). They can also 
av e acquir ed c hlor oplasts fr om se v er al differ ent photosynthetic
icr oor ganisms, including diatoms (Bacillariophyceae), e.g. Peri- 

inium balticum (Chesnick et al. 1997 ), haptophytes (Haptophyta,
rymnesiophyceae), e.g. Karenia mikimotoi (Zapata et al. 2012 ),
ryptoph ytes (Cryptoph yceae), e.g. Dinophysis (Rial et al. 2013 ), and

 hlor ophytes (Chlor ophyta), e.g. Lepidodinium c hlorophorum/viridae 
Zapata et al. 2012 ). 

Bioluminescence, which is common among dinoflagellates, has 
een shown to reduce grazing by copepods (Prevett et al. 2019 ).

n the Baltic Sea, a bioluminescence from Alexandrium ostenfeldii 
P aulsen) Balec h and Tangen was r eported fr om the Stoc kholm
rc hipela go (Karlson et al. 2021 ), Å land Arc hipela go, and Puc k Bay

Kremp et al. 2009 , Hakanen et al. 2012 ). Many dinoflagellates have

 esting sta ges called cysts that impr ov e surviv al and act as seed
opulations . T he distribution of the cysts has been investigated in
arts of the Baltic Sea (Ellagaard et al. 1994 , Nehring 1994 , 1997 ). 

Certain dinofla gellates ar e harmful in some wa y. T her e ar e
06 species of dinoflagellates listed in the IOC-UNESCO Taxo- 
omic Reference List of Harmful Micro Algae (Lundholm et al.
023 ). Eighteen of these have been observed in Northern Euro-
ean coastal seas (Karlson et al. 2021 ). Examples from the Baltic
ea include Alexandrium spp., producers of paralytic shellfish tox- 
ns, Dinophysis spp., producers of diarrhetic shellfish toxins, and 

arlodinium veneficum causing fish mortalities (Karlson et al. 2021 ).
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Dinoflagellate abundance is largely controlled by bottom-up
actors such as light and nutrient availability, but also by compe-
ition and top-down contr ol. Gr azing by zooplankton, and in some
ases by other dinoflagellates (Rodriguez et al. 2014 ), also con-
r ols dinofla gellate abundance. Mor eov er, par asitism (exemplified
y P arvilucifera spp .) affects the dinoflagellates (Alacid et al. 2020 ).

Planktonic dinoflagellates are inspected as part of the Baltic
ea’s phytoplankton international and regional monitoring pro-
rams. Most international programs are coordinated through HEL-
OM, and methods are largely standardized through the HELCOM
OMBINE manual (HELCOM 2017 ). Samples are taken near the
urface, usually at depths of 0–10 m, and the frequency is of-
en monthly. The number of stations sampled varies by coun-
ry, for example, in the Swedish pr ogr am, about 10 stations ar e
ampled monthl y. The curr ent sampling pr ogr ams do not r esolv e
atur al v ariability satisfactoril y. Samples ar e anal ysed by light
icroscopy using the sedimentation chamber method (Utermöhl

958 , Edler and Elbr äc hter 2010 ). The taxa ar e most often defined
t the species or genus le v el. In addition, the cell volume, and
he trophic type (phototrophic , heterotrophic , mixotrophic , or un-
nown) are determined based on a checklist updated yearly (Olen-
na et al. 2006 ). The current version of the document is available
n the following web page: https:// www.ices.dk/ data/ Documents/
NV/PEG _ BVOL.zip . Biomass in carbon is calculated based on ob-
erved cell volumes (Menden-Deuer and Lessard 2000 ). 

Novel methods for dinoflagellate analysis are available and are
eing applied in the Baltic Sea. Her e, automated anal yses using

maging in-flow systems and molecular methods are being ad-
ressed. DN A metabar coding is used to investigate the distribu-
ion and diversity of dinoflagellates and other plankton (Hu et al.
016 , Silde v er et al. 2021 ). Benthic heter otr ophic pr otist comm uni-
ies were investigated in the Southern Baltic Sea (Sachs et al. 2023 ).
he target gene is mainly 18S rRNA, but the ITS and 28S regions
re also used (Latz et al. 2022 ). When using both the V3–V4 and the
9 regions of 18S, it was noted that the differ ent r egions r esolv ed
inofla gellate species differ entl y (Gaonkar and Campbell 2023 ).
tandar dized DN A extr action, sequencing, and bioinformatic pr o-
ocols have been recommended (Andersson et al. 2022 , Jerney et
l. 2022 , 2023 ). DNA is sequenced using Illumina NextSeq, MiSeq,
acBio, or Oxford Nanopore platforms. A bioinformatics process-
ng pipeline such as D AD A2 (Callahan et al. 2016 ) is applied, and
he resulting ASVs are compared to reference databases , e .g. the
r otist Refer ence Database 2 (PR 

2 ) (Guillou et al. 2013 ). The results
r e often pr esented as r elativ e abundance , i.e . the number of gene
opies of a taxon divided by the total number of gene copies for
ll taxa observed in a sample . T his is useful for showing diver-
ity, as more taxa are observed using metabarcoding compared
o microscopy. The main reason is likely that taxa with few mor-
hological features are not distinguished using light microscopy.
nother reason may be that a larger sample volume is analysed
sing metabarcoding, often ∼500 ml, compared to ∼20 ml for
icroscop y. DN A metabar coding reveals a larger diversity of di-

ofla gellates compar ed to micr oscopy. This likel y r esults fr om the
act that taxa with similar morphology can be differentiated using
iogenomics, especially small dinoflagellates . Moreo ver, parasitic
inoflagellates may be revealed using metabarcoding (Käse et al.
021 ). A disadv anta ge of metabarcoding is that the results are not
ir ectl y compar able to cell abundance or biomass estimated by
icr oscopy. Another pr oblem is that man y dinofla gellate taxa ar e

urr entl y missing in the r efer ence databases. In addition, the vari-
bility in the 18S seems to be too low to r esolv e man y dinofla gel-
ate taxa. Ther efor e, sequencing longer str etc hes of the genome is
ecommended. 
As mentioned earlier, qPCR is a molecular method helpful for
nalyses of the abundance of dinoflagellates and other planktonic
rganisms (Dittami et al. 2013 , Ruvindy et al. 2018 ). Processing
amples is quick, but only a few taxa can be anal ysed sim ulta-
eously using this method. T herefore , qPCR (or ddPCR) is appli-
able for observing harmful dinoflagellates but not for exploring
he whole phytoplankton community. As was also already men-
ioned, a methodological br eakthr ough was the intr oduction of
he IFCB (Olson and Sosik 2007 , Sosik and Olson 2007 ). IFCB has
een widely used for observations of dinoflagellates (Campbell
t al. 2010 , 2013 , Brosnahan et al. 2015 ). There are other imag-
ng in-flow instruments available for dinoflagellates observations,
.g. the CytoSense (Cytobuoy b.v., the Netherlands). A general re-
uirement for automated imaging in-flow analyses of plankton is
hat images of plankton identified by phytoplankton specialists
re needed to train the automated algorithms. 

The following conclusions can be drawn: (i) automated
maging-in flow systems are valuable tools for increasing the sam-
ling frequency of dinoflagellates and other phytoplankton; li-
r aries of r efer ence ima ges ar e needed to impr ov e automated

dentification of taxa, (ii) DN A metabar coding is helpful in inves-
igating dinofla gellate div ersity and distribution; metabarcoding
 e v eals a higher diversity than light microscopy; for dinoflagel-
ates, many taxa are missing in reference databases; 18S rRNA

a y ha v e too low v ariability to r esolv e species; longer sequences,
ncluding also ITS and 28S regions may be needed, (iii) qPCR (and
dPCR) is useful for quantitativ e anal ysis of a limited number of
inoflagellate species , thus , it is recommended for analysing se-

ected harmful taxa. 
Examples of micr ophotogr a phs of Baltic dinofla gellates ar e

hown in Fig. 5 . 

ther protists in the Baltic Sea 

etagenomic studies of nanoplanktonic protists and ciliates lag
ehind those of prokaryotes . T he main reason is that assembling
ood-quality eukaryotic MAGs is challenging due to the complex-
ty of their genomes. So far, most studies that use environmental
NA to anal yse pr otist div ersity ar e based on HTS of barcoded
mplicons of the 18S rRNA gene . Here , we r e vie w those fe w that
ocused on the Baltic Sea. 

Substantial changes in microbial eukaryotic communities
long the horizontal salinity gr adients ar e well-described for mi-
r ophytoplankton (Ojav eer et al. 2010 , Wasm und et al. 2017 ). Max-
m um div ersity is observ ed at salinity 5–8 PSU, called hor ohalin-
cum (Telesh et al. 2011 ), where marine and freshwater protis-
an species can live (Telesh et al. 2013 , 2015 ). This large-scale
lpha-diversity pattern was confirmed for smaller protists with
TS studies (Hu et al. 2016 , Filker et al. 2019 ). Two salinity thresh-
lds within horohalinicum were identified: at around 10 PSU, at
hich dominance of dictyochophytes shifts to dinophytes (Filker

t al. 2019 ), and at about 6 PSU, where dinophytes are replaced
y oc hr ophytes (Hu et al. 2016 ). These studies also indicated that
iliates (Ciliophora) rise at salinity below 9.5 PSU (Hu et al. 2016 ,
ilker et al. 2019 ). A similar pattern was observed at a local scale
long the gr adient fr om 0 to 7 PSU in the estuary of the Vistula
iver (Piwosz et al. 2018 ). It was observed that protist community
hanges along vertical salinity gradients were less pronounced in
pring when water was oxygenated almost to the bottom (Filker
t al. 2019 ). This is likely very different in summer, when waters
elow the halocline become anoxic and e v en sulfidic (Anderson
t al. 2013 ). For instance, it is w ell-kno wn that ciliates are partic-
larly important in oxygen-deficient zones (Stock et al. 2009 ), and

https://www.ices.dk/data/Documents/ENV/PEG_BVOL.zip
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Figure 5. Micr ophotogr a phs of dinoflagellates from the Baltic Sea. Cells of the following species are shown in images obtained using light microscopy 
(A and C), Imaging Flow Cytobot (B), and electron microscopy (D): Tripos mulleri (A and B), Peridiniella catenata (C), and Dinophyis acuminata (D). 
Photogr a phs taken by Maria Karlberg and Bengt Karlson. 
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Baltic anoxic zones are apparent targets of future studies using 
HTS methods. In the Gotland Deep, the application of older molec- 
ular methods r e v ealed higher phylotype div ersity than pr e viousl y 
detected during microscopy- and cultivation-based studies (Stock 
et al. 2009 , Weber et al. 2014 ). 

The main adv anta ge of the HTS studies is a deeper insight into 
pr otistan div ersity. At the same time, decadal-long studies of mi- 
crophytoplankton in the whole Baltic produced a list of some 2700 
species, estimates by HTS methods ∼2000 OTUs/ASVs from a sin- 
gle study (Hu et al. 2016 , Piwosz et al. 2018 , Filker et al. 2019 ). The 
list of ne wl y found pr otists includes , among others , pha gotr ophic 
Cercozoa (other than Ebria), Katablepharidophyta, Telonemia, Pi- 
cozoa, MAST linea ges (suc h as MAST-1, 2, 3, 4, and 6), Acantharea,
and aplastidic cryptophytes from the CRY1 lineage, as well as par- 
asitic Syndiniales and Oomycetes (Hu et al. 2016 , Piwosz et al.
2016 , 2018 , Eigemann and Schulz-Vogt 2019 , Filker et al. 2019 , Pi- 
w osz 2019 ). Ho w e v er, the most commonl y used primer sets for 
the V4 and V9 regions of the 18S rRNA gene poorly cover Excavata 
(Amar al-Zettler et al. 2009 , Stoec k et al. 2010 , Balzano et al. 2015 ).
Recentl y, a ne w primer pair for the V6–V8 r egion with good cov er- 
age for all eukaryotic super gr oups has been designed and tested in 

the Baltic Sea (Latz et al. 2022 ). Ho w e v er, their a pplication in the 
Bothnian Bay did not show Excavates to contribute to microbial 
eukaryotic comm unities substantiall y (Eriksson et al. 2022 , 2023 ).

The diversity of nanosized protists and ciliates is even more 
understudied in nonpela gic envir onments of the Baltic Sea. Ben- 
thic pr otistan comm unities wer e shown to be dominated by di- 
noflagellates and diatoms, with minor contributions from ciliates 
and perkinsenids (Salonen et al. 2018 ). In contrast, ciliates (Cilio- 
phora), follo w ed b y Dinoflagellata and Cer cozoa, w ere the most 
fr equent pr otists in the sediment surface layer (Sachs et al. 2023 ).
Finall y, floating micr oplastic particles became an important sub- 
strate for protists (Kettner et al. 2019 ). Although the community 
composition did not differ between pol yethylene, pol ystyr ene, and 

wood particles, potentially harmful dinoflagellate Pfiesteria was 
substantiall y enric hed on micr oplastic particles, indicating a fu- 
tur e thr eat to other or ganisms as these particles accum ulated. 
The knowledge gaps in protistan communities are evident. A 

e w sna pshots and local studies do not pr ovide an exhaustiv e
v ervie w of their div ersity, e v en in the best-investigated euphotic
ayers of the Baltic Sea. Communities living in deep waters, sed-
ments, and submerged living and nonliving surfaces still await 
escription. The amplicon-based studies, most commonly used 

or pr otistan comm unities, do not pr ovide quantitativ e informa-
ion on the abundance of specific lineages (Piwosz et al. 2020 ).
 hus , they should be treated predominantly as qualitative data.
b viousl y, this is not enough to understand how protists function

n aquatic ecosystems (Piwosz et al. 2021 ). Hopefull y, the adv ent
f meta-omics a ppr oac hes to studying protists will open a new
 ha pter in their ecology (Delmont et al. 2022 ). Before these ap-
r oac hes r eac h the accur acy le v el curr entl y av ailable for pr okary-
tes , long amplicons co v ering the whole rRNA oper on may help to
ridge the gap (Latz et al. 2022 ). Moreover, the morphological di-
ersity of some protists, such as ciliates or dinoflagellates, is much
reater than that of prokaryotes . T hus , it is recommended to con-
uct studies providing both molecular and morphological data si- 
 ultaneousl y (Saldarria ga et al. 2004 , Weber et al. 2014 ). Such an
 ppr oac h offers molecular sequences for taxonomically identified
rganisms. 

A micr ophotogr a ph of an example of a Baltic ciliate, Mesodinium
ajor Garcia-Cuetos, Moestrup & Hansen, 2012 (the species de- 

ac hed fr om Mesodinium rubrum ; Lohmann 1908 ), is shown in Fig. 6 .

ungi in the Baltic Sea 

ompared to bacteria and some groups of algae, fungi are an
nderstudied micr oor ganism gr oup, and v ast parts of the Baltic
ea are still awaiting mycological exploration (Tibell et al. 2020 ).
ungi comprise substantial quantities of biomass in the marine 
ealm (Hassett et al. 2019 ), but their activity must still be fully
 epr esented in marine ecosystem models (Vass et al. 2022 ). In the
altic Sea, fungi wer e discov er ed in the late 19th century, with
ore detailed investigations undertaken during the 20th century 
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Figure 6. Micr ophotogr a ph of a ciliate from the Baltic Sea. Cells of 
Mesodinium major are shown in the microphotograph. Photograph taken 
by Krzysztof Rychert. 
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Tibel et al. 2020 ). The main factors controlling fungal diversity in
oastal ecosystems include salinity, DO, and nutrient conditions
Hassett et al. 2019 , Rojas-Jimenez et al. 2019 ). Salinity is one of the
ha ping par ameters of pela gic fungal comm unity composition in
he Baltic Sea, where significant differences are observed above
nd below a critical value of 8 PSU (Rojas-Jimenez et al. 2019 ).
o w e v er, the benthic fungal diversity of the Baltic Sea is shaped
 y w ater depth, salinity, and sediment C and N availability (Lobo
t al. 2024 ). 

The fungal diversity of the Baltic Sea has not yet been fully re-
ealed. It has one of the highest richness of explored marine ar-
as worldwide (Hassett et al. 2019 ). Recent investigations based
n HTS data r e v ealed 319–345 OTU of fungal sequences along
he salinity gradient (3–34 PSU) (Rojas-Jimenez et al. 2019 ) or 493
ungal taxa in the subarctic zone of the Baltic Sea (Vass et al.
022 ). Ho w e v er, based on fungi morphological features supported
 y DN A dia gnostic, onl y 77 true marine fungi species belonging
o filamentous ascomycetes and basidiomycetes were found on
riftwood, live and dead macroalgae, and shore plants (Tibell et al.
020 ). Ther e ar e ongoing debates on whic h fungi pr esent in seas
hould be considered typical marine fungi. As has been agreed
atel y (P ang et al. 2016 ), a marine fungus is “any fungus that is re-
ov er ed r epeatedl y fr om marine habitats because (i) it can grow
nd/or sporulate in marine environments; (ii) it forms symbiotic
elationships with other marine organisms, or (iii) it is shown to
dapt and evolve at the genetic level or be metabolically active
n marine en vironments .” Since the use of the “marine fungi” con-
ept is questionable in the Baltic Sea, which is considered brackish
ater, Tibell et al. ( 2020 ) assigned to marine fungi only the species

hat were previously reported from oceanic waters (apart from the
altic Sea). Two of them belonged to Basidiomycota ( Digitatispora
arina and Leucosporidium scottii ), while others belonged to the
scomycota, mostl y fr om Sordariomycetes and Dothideomycetes
lasses. Most of those species have their main distribution in tem-
erate waters of the Atlantic Ocean. Howe v er, 13 species were
ound for the first time in the Baltic Sea. Se v er al, like Halojulella
vicenniae , Leptosphaeria australis , Setoseptoria phragmitis , and Tri-
 hocladium melhae , wer e pr e viousl y found onl y in far a wa y tropical
reas. 

The studies based on HTS r e v ealed that Rozellomycota (syn.
ryptom ycota) and Chytridiom ycota are the dominant r epr esen-

atives of the pelagic community of the Baltic Sea (Rojas-Jimenez
t al. 2019 , Vass et al. 2022 , Hassett et al. 2019 ). The dominance of
ozellomycota reflects the patterns observed in lacustrine ecosys-
ems (Rojas-Jimenez et al. 2017 ). This is an understudied phylum
f intr acellular par asites of zoosporic fungi and Oomycota that
row as naked protoplasts within their hosts (Ilicic and Grossart
022 ). Recently, 25 associations found between fungal and al-
al OTUs suggest potential host–parasite and/or saprotroph links,
upporting a Cryptomycota-based mycoloop pathway in the Baltic
ea (Vass et al. 2022 ). Another dominant mycoplankton and my-
obenthos group in the Baltic Sea, Chytridiomycota, are faculta-
ive or obligate parasites of macroalgae , diatoms , and dinoflag-
llates . T heir dominance in benthic environments is partly ex-
lained by the sedimentation of phytoplankton blooms (Lobo et al.
024 ). Even though they are relatively highly abundant, much of
he diversity known within these groups is almost entirely based
n environmental sequencing data (Karpov et al. 2021 ). Chytrid-
omycota is an understudied clade of marine fungi that might
av e gr eater ecological r ele v ance than is curr entl y r ecognized.
 artl y, this is due to the lack of annotated r efer ence sequences
f marine chytrids in DNA databases, making it difficult to deter-
ine the identity, ecological r ole (par asitic or sa pr ophytic), and

ost interactions (Fernández-Valero et al. 2022 , Ilicic and Grossart
022 ). 

Fe w ne w species fr om the Baltic Sea ar e described by
ombining light microscopical observations , ultrastructure , and
olecular phylogenetic analysis, for example, the parasitic

 hytridiomycete—Ericiom yces syringoforeus gen. et sp. no v. (Karpo v
t al. 2021 ) or Paradinomyces triforaminorum gen. et sp. nov. (Reñé
t al. 2022 ) co-occurring with other parasitoids during Kryptoperi-
inium foliaceum blooms . T her efor e, studies that combine cultiva-
ion, host range determinations, single-cell PCR techniques, and
enome sequencing are needed to understand the structure and
unction of the chytrid community, the parasitic and competitive
trategies, as well as the ecological or temporal niches of chytrids
Fernández-V alero et al. 2022 , V an den W yngaert et al. 2022 ). Par-
sitic fungi affect microbial interactions through several mech-
nisms: (i) transferring photosynthetic carbon to infecting fungi,
ii) stimulating bacterial colonization on phytoplankton cells, and
iii) altering the community composition of bacteria and their ac-
uisition of photosynthetic carbon (Klawonn et al. 2021 ). Fungal
icr opar asites can affect micr oor ganisms-r elated carbon flow at

he base of aquatic food webs and should be considered essential
embers of plankton comm unities. Pr e vious studies inv estigat-

ng fungal interactions have mainly been restricted to studies in
aboratory settings, not providing information about how these in-
eractions impact the distribution of mycoplankton communities
n nature (Vass et al. 2022 ). The contribution of biotic associations
o fungal metacommunity assembly is essential to improve pre-
ictions of species distributions in aquatic ecosystems. Identify-

ng biotic relationships that affect the distributions of members
f mycoplankton could be helpful in plankton ecology through
abitat management to promote species that control algal blooms
nd facilitate nutrient transfer to upper trophic levels (Vass et al.
022 ). 

The pattern observed across culture-based studies of host-
ssociated fungi shows that ubiquitous fungi belonging to Peni-
illium , Aspergillus , and other fungi found in the terrestrial envi-
 onment ar e the dominant members of such communities . T hese
ungi are highly adaptable and survive in various extreme con-
itions . T he ocean is considered a sink for terrestrial-sourced
ungi, of which a large fraction can reproduce in marine condi-
ions due to e volutionary ada ptations . T hus , coastal areas and
nclosed seas, such as the Baltic Sea, with significant terrestrial
nfluence, ar e consider ed biological hotspots for marine fungal di-
ersity (Hassett et al. 2019 ). 
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The host-associated fungi have been gaining more attention re- 
cently due to their potential to produce metabolites. Altogether,
55 fungi were isolated and identified from the Baltic seaweed F.
vesiculosus (Fan et al. 2019 ), with a significant part consisting of 
endophytes and only a few epiphytes of Gibellulopsis , Phoma , and 

P enicillium gener a. Based on meta genomic anal ysis, Ascomycota 
was the most abundant phylum on different species of Fucus sur- 
faces from the Baltic Sea environment (Oppong-Danquah et al.
2023 ). On F. vesiculosus , the yeast Candida was a significantly abun- 
dant ascomycete genus, which might contribute to microfouling 
and consume algal exudates, while on F. distichus subsp. evanescens 
was Mucor , whose major secondary metabolite is tyrosol, known 

to display antibiofilm activities (Oppong-Danquah et al. 2023 ). As 
many as 13 fungal strains, dominated by Penicillium species (10 
str ains), wer e isolated fr om the leaf and the r oot rhizospher e of 
the Baltic Zostera marina (Petersen et al. 2019 ). In total, 22 strains of 
fungi were for the first time isolated from the tunic of C. intestinalis 
collected from the North and Baltic Seas (14 strains) (Utermann et 
al. 2020 ). Much lo w er diversity w as identified in association with 

flatfish European plaice ( P. platessa ) (six isolated species in total 
fr om the stomac h, intestine digest gut epithelium) (Ghotbi et al.
2022 ). 

Fungi are much less abundant in association with macroor- 
ganisms than bacteria but pr oduce inter esting and pr e viousl y un- 
known secondary metabolites. Still, there are only a few studies 
on that aspect. From F. vesiculosus found in the Baltic Sea, iso- 
lated Pyrenochaetopsis sp. yielded newly identified pyrenosetins A–
D, phomasetin, and wakodecalines A and B (Fan et al. 2020 ). The 
presence of many potentially new decalinoylspirotetramic acid 

deri vati ves was also indicated (Fan et al. 2022 ). Pyrenochaetopsis sp.
and r elated pyr enosetins would be of interest for further r esearc h 

to understand their biosynthesis, particularly their true chemi- 
cal diversity and bioactivity (Fan et al. 2022 ). The metabolome 
of the tunic-associated fungus extracts indicated a high chemi- 
cal diversity of compounds putativ el y assigned to alkaloids , lipids ,
pe ptides, polyk etides, and ter penoids. Man y detected metabolites 
could not be annotated to known natural products and are clas- 
sified as ne wl y discov er ed (Utterman et al. 2020 ). From a plaice 
intestine-e pithelium-deri ved fungus Aureobasidium pullulans , PI9-F 
had remarkable chemical diversity and was active against the fish 

pathogen Lactococcus garvieae , methicillin-resistant Staphylococcus 
aureus , and Enterococcus faecium (Ghotbi et al. 2022 ). While we have 
more knowledge about host-associated fungi diversity and their 
metabolites in the Baltic Sea (Petersen et al. 2019 , Utermann et 
al. 2020 , Ghotbi et al. 2022 ), there is still very little information 

about how they modulate the host–microbe interactions, thereby 
possibly affecting the health of the host. 

Mor eov er, not onl y host-associated fungi ar e metabolicall y di- 
v erse. Dendr odolide N and E (compounds from the group of 
macr olides), spiciferinone (aza philone c hr omophor e), and the 
new analogue 8a-hydroxy-spiciferinone, and cephaloc hr omin 

were isolated from fungi Plenodomus influorescens and Pyrenochaeta 
nobilis , obtained from marine sediment of Baltic Sea (Oppong- 
Danquah et al. 2020 ). T hus , fungi derived from the Baltic Sea envi- 
r onment ar e the unta pped source of ne wl y discov er ed marine nat- 
ur al pr oducts with pharmacological r ele v ance, especiall y for an- 
timicrobial and cytotoxic activities (Utterman et al. 2020 , Ghotbi 
et al. 2022 ). 

Fungi are a phylogenetically diverse group, and only around 

∼50% of the known marine fungal species have an available DNA 

locus in public databases, and the Baltic Sea is not an excep- 
tion (Hassett et al. 2019 ). Expanding the collection of r efer ence 
loci/genes and genomes will be fundamental in understanding 
he ecology of marine fungi to support the HTS data (Tibell et
l. 2020 ). Detailed taxonomic information was lacking for most
ryptomycota OTUs (88.2%) investigated north of the Baltic Sea 

Vass et al. 2022 ). HTS offers ways to understand marine fungal
iversity patterns at higher taxonomic resolutions (phylum, fam- 

ly, or order level) (Hassett et al. 2019 , Rojas-Jimenez et al. 2019 ).
tudies on fungal DN A metabar coding use markers depending
n the taxonomic group of interest and the desired resolution.
ong-read metabarcoding covering 18S-ITS1-5.8S-ITS2-28S rRNA 

Wurzbacher et al. 2019 ) has been used recently in the Baltic Sea
o overcome the phylogenetic diversity of fungi (Vass et al. 2022 ),
hus enabling the use of differ ent rRNA gene r efer ence databases
nd significantl y impr o ving taxonomic classification o ver a single
ene marker a ppr oac h (Ilcic and Grossart 2022 ). 

Although there is increasing knowledge about fungal diversity,
e still lack information about their biomass, which is essential

or understanding the functional role of fungi in the Baltic Sea.
ungi biomass based on 5.8S rRNA genes was quantified by qPCR
n oil-polluted sediments of the Baltic Sea (Mietinnen et al. 2019 ).
ased on the results, the abundance of fungi in contaminated wa-
er and sediment samples w as lo w er than that of bacteria and
rc haea. Mor eov er, the pr esence of oil in the envir onment signif-
cantly lo w ered the abundance of fungi under experimental con-
itions, but it did not affect the diversity of fungi in water and
ediment (Yan et al. 2020 ). For the detection and quantification of
ungal parasites, a dual use of fungal cell wall markers, calcofluor
hite (CFW) and wheat germ agglutinin (WGA), is suggested. It
llows the detection and quantification of m ultiple, primaril y un-
escribed chytrids infecting phytoplankton in freshwater and the 
altic Sea environment (Klawonn et al. 2023 ). 

A significant group of fungi are saprophytes; thus, the role of
ungi in degr ading anthr opogenic pollutants as the source of car-
on accumulated in the Baltic Sea might be crucial. Most recent
tudies are related to their role in oil degradation (Mietinnen et
l. 2019 , Yan et al. 2020 ). Fungi usuall y ar e primary decomposers
f high-molecular weight hydrocarbons via secreted extracellular 
nzymes supported by the enzymatic activity of bacteria. The first
n-de pth re port about fungal di v ersity on another anthr opogenic
ollutant, microplastic, in different aquatic ecosystems, including 
he Baltic Sea, r e v ealed that fungal communities on microplastic
iffer ed fr om those in w ater and on w ood as a natur al substr ate.
s parasites , pathogens , symbionts or sa pr obes, and fungi could
ubstantially influence microplastic biofilm community dynam- 
cs and cycling processes (Kettner et al. 2017 ). 

Curr entl y, fungi ar e gaining mor e attention due to concerns
or human health (Lass-Florl et al. 2022 ). T errestrial–coastal inter -
aces are important for recreational activities where beachgoers 

ight be exposed to potential pathogens. Fungi are missing from
ater and sand health protection regulatory parameters. Still, it 

s suggested that in addition to sand, the water should be mon-
tored for potentially pathogenic fungi, at least Candida albicans 
nd dermatophytes (Brandão et al. 2021 ). Based on the sampling
ata and spatial distribution modeling a ppr oac h, due to strong
utr ophication conditions (c hl-a), the pr obability of occurr ence of
andida spp. in the Baltic Sea waters is higher compared to less eu-
rophic coastal waters (Cogliati et al. 2023 ). Still, further r esearc h
s needed to better c har acterize the fungal water contaminants,
llowing a better assessment of possible futur e r egulatory par am-
ters. 

Summarizing, the recent focus in the Baltic Sea related to
ungi is on r e v ealing their div ersity based on mor phological fea-
ures supported b y DN A-based diagnostics (ITS locus or 18S
RNA) (Tibell et al. 2020 ) and HTS data (Hassett et al. 2019 ),
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nvestigating the effects of environmental conditions (Rojas-
imenez et al. 2019 ) and biotic associations, contributing to the as-
embly of mycoplankton (Vass et al. 2022 ) or mycobiome (Ghotbi
t al. 2022 ). Marine fungi ar e r eceiving incr eased attention con-
erning human health, both as potential pathogens of humans
xposed to water (Brandão et al. 2021 , Cogliati et al. 2023 ) and for
heir bioactive metabolites (Fan et al. 2020 , 2022 ). Still, it is impor-
ant to highlight that the current fungal biodiversity is at risk of
pecies shift or decline with predicted changes in salinity due to
limate change and intensified eutrophication (Lobo et al. 2024 ).
xamples of (micr o)photogr a phs of Baltic fungi are shown in Fig. 7 .

iruses in the Baltic Sea 

eports on viruses occurring in the Baltic Sea are relatively scarce.
e v ertheless, fr om the liter atur e data discussed below, it appears

hat bacteriophages (or shortly—phages , i.e . viruses infecting bac-
eria and other prokaryotic hosts) are the most abundant viruses
n the Baltic Sea. This is perhaps not surprising, as bacteriophages
r e consider ed the most abundant biological entities on Earth,
laying enormously important ecological functions (Batinovic et
l. 2019 , W ęgrzyn 2022 ). Ther efor e, we divided this c ha pter into
w o parts, dev oted to bacteriophages and eukary otic viruses (i.e.
hose infecting eukaryotic hosts). 

acteriophages in the Baltic Sea 

he predominance of bacteriophages among all viruses found
n oceanic and marine waters is not restricted to the Baltic Sea,
ut it is a common feature of viral populations in various habi-
ats (Angly et al. 2006 , Williamson et al. 2012 , Mizuno et al.
016 , Zheng et al. 2021a ). In earlier reports on the environmen-
al significance of bacteriophages, these viruses were mistakenly
lassified as predators (Angly et al. 2006 ); ho w ever, follo wing a
ong-lasting contr ov ersy in the liter atur e, it has been concluded
hat they are obligatory parasites and should be classified as
uch (W ęgrzyn 2022 ). Irrespective of the classification, it is ev-
dent that bacteriopha ges, thr ough infecting and either killing
heir hosts (during lytic development) or changing their proper-
ies (in the lysogenic state), effectively affect populations of bac-
eria and other prokaryotes in marine en vironments , as discussed
elow. 

T he abundance , div ersity, and distribution of bacteriopha ges
ave been studied using both standard culture-dependent meth-
ds and culture-independent novel methods, such as metage-
omics and proteomics (Holmfeldt et al. 2014 , Ho w ar d-Varona et
l. 2017 , Nilsson et al. 2022 ), also using advanced bioinformatic
ools , like CheckV (Na yfach et al. 2021 ). Baltic Sea phage abun-
ance has been e v aluated using FC (Holmfeldt et al. 2010 , Köstner
t al. 2019 ), fluorescent microscopy (Weinbauer et al. 2003 , Šul ̌cius
t al. 2011 , Cai et al. 2019 ), and electron microscopy (Šul ̌cius et al.
011 , J akubo wska-Deredas et al. 2012 ). The latter enabled mor-
hological c har acteristics of pha ge virions (J akubo wska-Deredas
t al. 2012 , Cai et al. 2019 ). Phage diversity has been studied by
any authors who focused on phage isolation and characteri-

ation, involving virion morphology studies, virus–host interac-
ion studies, including host r ange, adsor ption, and burst size de-
ermination (Wolf et al. 2004 , Jenkins and Hayes 2006 , Luhtanen
t al. 2014 , Sen ̌cilo et al. 2015 , Šul ̌cius et al. 2015 , Nilsson et al.
019 , 2020 , Castillo et al. 2021 , Hoetzinger et al. 2021 , Stante et
l. 2023 ). In those studies , no vel, isolation-independent methods
er e tr eated as complementary methods in exploring vir al div er-

ity. For example, they w ere emplo y ed to map the environmental
eta genomic r eads to the sequenced genomes of phages or host
acteria (Sen ̌cilo et al. 2015 , Nilsson et al. 2019 , 2020 , Šul ̌cius et al.
019 ). 

In terms of mor phology, thr ee-tailed virus-like mor photypes
ere identified in the Baltic Sea, namely those with long non-

ontractile tails, long contractile tails, and short tails (members
f the former families Siphoviridae , Myoviridae , and Podoviridae , re-
pectiv el y), as well as those forming icosahedral particles with-
ut tails, belonging to div er gent subfamilies within Microviridae
Cai et al. 2019 , Holmfeldt et al. 2013 ). Phages of siphoviral mor-
hology seem to dominate in the marine en vironment. T he pres-
nce of siphoviruses with extr emel y long tails has been observed
n the sediments obtained from the Gulf of Gdansk (J akubo wska-
eredas et al. 2012 ). A large number of filamentous, spherical, en-
a psulated, r od-sha ped, and spindle-sha ped virus-like particles
VLPs), similar to nuclear-cytoplasmic large DNA viruses, r ar el y
ound in a water column, wer e observ ed in the deeper sedi-

ent. Importantly, intact VLPs were observed in deep subseafloor
rokaryotic cells for the first time, thus demonstrating the in situ
ssembly of viral particles in the hosts (Cai et al. 2019 ). 

The isolation studies, although r estrictiv e since a high number
f viruses and/or their hosts cannot be pr opa gated under labo-
atory conditions, enabled the total genome sequencing of about
80 bacteriophages obtained across the Baltic Sea, and delivered
mportant information on phage genomics and phage–host inter-
ctions. Most of the phages with sequenced genomes belong to the
lass of tailed viruses (Caudo viricetes). T heir genome (dsDNA) size
 anges typicall y fr om 29 to 160 kb, and they infect bacterial phyla
f Bacteroidota, Cyanobacteriota, and Pseudomonadota. Only four
f the Baltic bacteriophages genomes sequenced so far belong to
mall tailless phages from the Microviridae family, characterized
 y ssDN A as a genetic material. They infect Cellulophaga baltica,
nd their genome size is 6.5 kb (Šul ̌cius and Holmfeldf 2016 ). The
argest collection of sequenced phages (121 genomes) was created
y Hoetzinger et al. ( 2021 ), who isolated viruses against Flavobac-
erium sp. and Reinheimera sp. during a mesocosm experiment. The
enomic analysis led to the identification of the newly discovered
iral genus, Immutovirus , harboring gene sets putativ el y coding
or proteins involved in the synthesis of modified nucleotides and
lycosylation of bacterial cell surface components (Hoetzinger et
l. 2021 ). Nilsson et al. ( 2019 , 2020 ) obtained genome sequences
or 54 and 38 phages infecting Rheinheimera sp. and Flavobacterium
p., r espectiv el y. Other r esearc hers sequenced the genomes of six
old-activ e (psyc hr ophilic) pha ges (Sen ̌cilo et al. 2015 ), isolated
arlier from the Baltic Sea ice (Luhtanen et al. 2014 ). Those au-
hors observed phage influence on the total composition of She-
anella host populations, and thus their impact on biogeochemi-

al processes in this ecosystem (Sen ̌cilo et al. 2015 ). The genomic
 har acterization of the c y anophage vB_AphaS-CL131, infecting
 filamentous diazotrophic c y anobacterium, revealed previously
ndescribed features of c y anophage genomes (e.g. CRISPR–Cas
nd to xin–antito xin systems), and ther efor e pr ovided the ne w
nsights on the interaction of bloom-forming c y anobacteria and
heir viruses (Šul ̌cius et al. 2019 ). Four Baltic Sea phages have re-
ently been identified as being against bacterial microbiota mem-
ers of the moon jellyfish Aurelia aurita . Remarkably, one of them
as described as being efficient in infecting Gr am-negativ e and
r am-positiv e bacterial species of genera Pseudomonas and Staphy-

ococcus , though strains of the latter host were infected with rel-
tiv el y low efficiencies of plating (Stante et al. 2023 ). Such a
r oad host r ange is v ery unusual for bacteriopha ges, whic h ar e
nown to be particularly specific to their hosts, either bacterial
pecies or e v en str ain(s). T hus , this observ ation r equir es further
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Figure 7. Photogr a phs of fungi from the Baltic Sea. Ascomycota perithecium on F. vesiculosus blade (A and B), and colonies of Rhodotorula sp. (C and D) and 
Fusarium sp. (E) are shown. Photogr a phs taken by Marija Kataržyt ̇e. 
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confirmation, especially excluding the possibility of contamina- 
tion of the tested phage lysate(s) with other phage(s). 

According to the liter atur e, the most commonly used location 

in the Baltic Sea for sample collection in the above studies was 
Linnaeus Micr obial Observ atory, located in the Baltic Proper (Nils- 
son et al. 2019 , 2020 , Hoetzinger et al. 2021 ). 

Ho w e v er, bacteriopha ges wer e also isolated from the Gulf of 
Bothnia (Holmfeldt et al. 2010 ), Gulf of Finland (Luhtanen et al.
2014 , Sen ̌cilo et al. 2015 , Castillo et al. 2021 ), Barth Lagoon (Wolf et 
al. 2004 ), Gulf of Gdansk (J akubo wska-Deredas et al. 2012 ), Curo- 
nian Lagoon (Šul ̌cius et al. 2011 , 2015 ), and Kiel Fjord (Stante et al.
2023 ). Sediment samples were often collected from anoxic areas 
in Central Baltic, like Gotland Deep and Landsort Deep (Weinbauer 
et al. 2003 , Cai et al. 2019 , Köstner et al. 2019 ), the deepest point 
of the Baltic Sea. 

Onl y a fe w authors used exclusiv el y nov el methodologies,
such as metagenomics and proteomics, in phage research (Holm- 
feldt et al. 2013 , Allen et al. 2017 , Broman et al. 2021 , Hey- 
erhoff et al. 2022 ). There are 330 publicly available microbial 
metagenomes obtained from Baltic sediment and water sam- 
ples in the National Center for Biotechnology Information (NCBI) 
sequence r ead arc hiv e (SRA) ( https:// www.ncbi.nlm.nih.gov/ sra/ 
?term=Baltic+sea+AND+vir al+meta genomes; last accessed on 7 
March 2024). Access to these data enables the analysis of bacte- 
riophage composition and distribution across the Baltic Sea. 

Baltic bacteriophage distribution seems to depend on such fac- 
tors as water depth and access to oxygen, while their abundance 
is independent of the north–southerly salinity gradient spread in 

the Baltic Sea (Heyerhoff et al. 2022 ). For example, the viral and 

prokaryotic abundances in the Baltic Sea subseafloor sediments 
are similar to those in marine surface sediments . T he abundances 
ar e m uc h higher than on the deep-sea surface, which may be 
due to the fact that phages are better preserved and demonstrate 
lo w er decay rates at depth (Cai et al. 2019 ). This phenomenon 

was confirmed by higher virus-to-prokaryote r atios, observ ed in 
eeper sediments with fewer cells and lo w er organic matter con-
ent. On av er a ge, ther e ar e billions of vir al particles per cm 

3 of sed-
ment (Cai et al. 2019 ). Mor eov er, the pha ge composition v aries de-
ending on the depth below the sea floor. Sediment stations from
he Bornholm Basin and the Bay of Aarhus sampled at depths of
.75–3 m below the sea floor (mbsf) displayed higher counts of My-
obacterium pha ge Sparkdehlil y. On the other hand, deep subsur-
ace stations sampled at 24.1 and 67.5 mbsf, close to the island of
nholt and the Little Belt, r espectiv el y, wer e defined by the abun-
ant Ralstonia phage RSS30 (Heyerhoff et al. 2022 ). 

Phage abundance and composition also depend on the oxygen 

r adient. Gener all y, a higher abundance of viruses in deep anoxic
ater, such as dead zone sediments, in comparison to an oxy-
enated environment, has been reported in the Baltic Sea (Broman
t al. 2021 ). In terms of composition, dead zone sediments contain
ifferent c y anophages than oxic sediments. Interestingly, most 
 y anophage contigs with a high r elativ e abundance, gener ated
n metagenomic analyses in the oxic sediment, belonged to the

orphotype of Sipho viridae , while c y anophages in the hypoxic–
noxic sediment mainly belonged to morphotypes P odo viridae 
nd Myoviridae (Broman et al. 2021 ). The difference in c y anophage
lpha and beta diversity between the oxic and hypoxic–anoxic 
ediments may suggest that host-associated c y anobacteria capa- 
le of surviving in oxygen-deficient environments select for spe- 
ific c y anophages. In terms of host taxonomic composition, based
n the metagenomic analyses , Cy anobium was a more abundant
enus in an oxic station than in hypoxic–anoxic stations, and Syne-
hococcus sho w ed the opposite pattern (Broman et al. 2021 ). 

Metagenomic studies have extended our knowledge of the role 
f marine phages. Baltic Sea phages are thought to have major
oles in modulating microbial communities, such as controlling 
rokaryotic population size , turno ver rate , and diversity. Up to 20%
f oceanic prokaryotic organisms are estimated to die daily due to
iral infection and lysis (Broman et al. 2021 ). Phages are the most
mportant cause of prokaryotic mortality in deep sediments since 

https://www.ncbi.nlm.nih.gov/sra/?term=Baltic+sea+AND+viral+metagenomes;
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ukaryotic grazers (metazoan and protozoan) are thought to be
bsent in this habitat (Cai et al. 2019 ). Vir al l ysis of pr okaryotic
ells releases organic material that supports growth and nutrient
ec ycling b y noninfected cells (Cai et al. 2019 ). For example, viral
ysis of c y anobacterial blooms incr eases the turnov er of carbon,
hosphorus, and nitrogen and their availability to other microor-
anisms in both oxic and anoxic zones (Allen et al. 2017 , Broman
t al. 2021 , Heyerhoff et al. 2022 ). The large amounts of c y anobac-
eria sinking to dead zone sediments are known to fuel the benthic
cosystems with phosphorus (so-called internal loading) (Bror-
an et al. 2021 ). Genomes of Baltic bacteriopha ges fr equentl y

ontain auxiliary metabolic genes (AMGs), which allow phages to
ugment the metabolism of their hosts or enhance virus fitness
Broman et al. 2022 ). Acquiring AMGs during viral infections may
mpr ov e bacterial adaptation to various ecosystem fluctuations,
uch as temperature, organic matter concentration, salinity, or
 edox r egimes (Heyerhoff et al. 2022 ). Examples of AMGs found
n Baltic Sea c y anopha ges ar e photosynthesis-r elated genes, psbA
nd cobS , or genes for the phosphorus regulon phoH . The function
f phoH is still poorly understood. Ho w ever, such phages may in-
uence the cycling of phosphate by infecting cyanobacteria in the
ediment (Broman et al. 2017 ). Another example of AMGs found in
altic phages is the cobS gene, encoding a protein catalysing the
nal step in the bacterial cobalamin (vitamin B12) biosynthesis

Magnúsdóttir et al. 2015 ). Ho w ever, any speculations about the
nvolvement of viruses in cobalamin biosynthesis in the pelagic
cosystem r equir e mor e tar geted anal yses and experimental e vi-
ence (Heyerhoff et al. 2022 ). Furthermor e, viruses fr om the water
olumns pr ocur e AMGs specific for photosynthesis, while viruses
n sediments acquire AMGs that are part of the nutrient cycling
athwa ys , such as sulfur cycling. This also correlates with the
alinity gradient stretching by depth due to the higher density of
aline water (Heyerhoff et al. 2022 ). On the other hand, viruses
se AMGs to e v ade host r estriction mec hanisms by modifying
heir DNA through methylation or utilization of PreQ 0 (7-c y ano-
-deazaguanine, a specific base being the biosynthetic precursor
f queuosine-tRNA). These DNA modification AMGs were found to
e highly abundant in the Baltic Sea and have also been observed
o be globally conserved (Heyerhoff et al. 2022 ). 

Baltic Sea phages may also increase host genetic diversity. The
resence of a phage integrase gene in a cryptic plasmid pSFKW33
r om the psyc hr otr ophic bacterium Shew anella sp., an isolate fr om
he Gulf of Gdansk (the Baltic Sea), was detected by Werbowy et
l. ( 2009 ). This suggests the possibility of the horizontal trans-
er of the phage integrase gene to the cryptic DNA plasmid pMP1
rom the marine environment (Werbowy et al. 2009 ). Apart from
hat, the effect of c y anophage infection and lysis on the dynamics
f the he patoto xin nodularin (NOD) has been studied to demon-
trate the importance of such infection. It influenced the popu-
ation toxicity of filamentous c y anobacteria and demonstrated a
ignificant contribution of virus-mediated cell lysis to converting
OD from the particulate to the dissolved phase (Šul ̌cius et al.
018 ). Another example of how Baltic Sea phages can impact the
cology of the marine system was a demonstration that the gene
ncoding the outer membr ane ir on r eceptor pr otein was detected
n pha ge meta genomic r eads as the gene with the highest tempo-
 al allele v ariability (Beier et al. 2020 ). Mor eov er, the corr esponding
r otein r epr esented a putativ e tar get for pha ge infection, consis-
ent with the “Trojan Horse Hypothesis.” If this hypothesis is true,
ha ges incor por ate ir on atoms into their tail to be recognized and
nter host cells via K02014 transporters (Bonnain et al. 2016 ). 

Finall y, bacteriopha ges ar e known to modulate comm unity
tructur e thr ough infection cycles (Allen et al. 2017 ). The metage-
omic anal yses r e v ealed that the l ytic life mode is pr edominant in
he Baltic Sea, possibly due to high nutrient availabilities (Heyer-
off et al. 2022 ). On the other hand, in the sediments , the a v er a ge

nducible l ysogenic vir al pr oduction accounts for about 20% of the
otal potential viral production, indicating that lysogenic infection

ight be an important, but not a predominant, life cycle of viruses
n the sediments (Cai et al. 2019 ). 

iruses infecting eukaryotic organisms occurring 

n the Baltic Sea 

he number of reports on viruses infecting eukaryotic organisms
n the Baltic Sea is significantly lo w er than that describing bacte-
iopha ges. Ne v ertheless, the pr esence of viruses in the Baltic Sea
as noted almost half a century ago (Steinman 1977 ), though that
escription was very general, similar to the paper published 1 year

ater (Gärtner 1978 ). 
The primary c har acterization of viruses infecting eukaryotes

rom the Baltic Sea was possible only after the introduction of
odern genomic methods. In fact, until 2016, there were only

ingle reports on such viruses, as summarized by Šul ̌cius and
olmfeldt ( 2016 ). To that time, among these viruses, only those

nfecting algal and protist cells belonging to Mantoniella sp. and Mi-
romonas pusilla were identified; most of them were from the fam-
ly Phycodnaviridae . These algal and protist viruses develop quite
lowl y compar ed to bacteriopha ges, with infection cycles lasting
 week or so (Sahlsten 1998 , Eissler et al. 2003 ). Eukaryotic cell-
pecific viruses from the Baltic Sea were ascribed as representing
otentially high variability, though some are specific to individual
trains (Brussaard et al. 2004 , Martinez et al. 2015 ). 

Reports on the isolation and identification of specific viruses
nfecting marine animals in the Baltic Sea ar e especiall y scarce.
o w e v er, some inter esting r eports wer e published, indicating spe-
ific viral infections of harbor seals by Phocine Distemper Virus
PDV; this virus caused se v er al thousand deaths of seals in 1988
nd 2002), or of sea eagles by Influenza A virus (IAV), as summa-
ized by Sonne et al. ( 2020 ). Indeed, screening for PDV and IAV in-
ecting seals and porpoises in the Baltic Sea indicated that these
iruses ar e r elativ el y r ar e in this envir onment (Stokholm et al.
023 ). Ne v ertheless, vir al infections of animals living in the Baltic
ea can be se v er e, as indicated by the abovementioned disease
f harbor seals caused by PDV or a more recently reported occur-
ence of a highly pathogenic strain of IAV, identified as H5N8 in
ray seals (Shin et al. 2019 ). 

Onl y r ecent studies, in whic h adv anced tr anscriptomic and
eta genomic methods wer e emplo y ed, allo w ed to confirm that

he variability of eukaryote-specific viruses is high, while our
nowledge of their specificity and c har acteristic featur es is v ery
ncomplete. Meta genomic and metatr anscriptomic anal yses per-
ormed with samples from several stations located in the Baltic
ea indicated that viruses infecting phytoplankton might be the
ar gest gr oup among the eukaryotic host-specific viruses (Zeigler
t al. 2017 ). Ho w e v er, the pr esence of viruses fr om v arious fam-
lies was demonstrated, including retro viruses , picorna viruses ,
arvo viruses , and others . According to analyses of nucleic acid se-
uences, it could be concluded that viruses present in the Baltic
ea should be able to infect fish, tetr a pods , and insects . In addi-
ion, sequences deriv ed fr om por cine parv o viruses , along with hu-

an viruses, like picobirnavirus, norovirus, hepatitis E virus, coro-
a virus , and rhino virus A, wer e detected, demonstr ating that the
altic Sea virome is contaminated by viruses originating from ur-
an and/or industrial regions (Zeigler et al. 2017 ). 
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Recent metagenomic analyses confirmed that bacteriophages, 
not viruses infecting eukaryotic cells, are the most abundant 
group of viruses occurring in the Baltic Sea (Heyerhoff et al.
2022 ). Inter estingl y, viruses infecting dinoflagellates and diatoms 
r eported pr e viousl y to occur fr equentl y in some other seas (Na- 
gasaki 2008 , Tomaru et al. 2009 ), were under-represented in sam- 
ples from the Baltic Sea. Nevertheless, the presence of other 
groups of viruses in this basin has been confirmed, including 
phycodna viruses , baculo viruses , poxviruses , herpesviruses , and 

mimi viruses (He yerhoff et al. 2022 ). 
In summary, bacteriophages are a predominant group of 

viruses occurring in the Baltic Sea. Examples of electron micro- 
gr a phs of bacteriophage virions from the Baltic Sea are shown 

in Fig. 8 . Among viruses infecting eukaryotic hosts, Phycodnaviri- 
dae appears to be the most abundant group. Nevertheless, many 
other groups of viruses could be detected in this sea, including 
those pathogenic to fish and insects, but also pigs or humans . T he 
presence of those viruses indicates that the Baltic Sea virome is 
contaminated with viruses originating from urban and/or indus- 
trial habitats. 

Biological contaminations in the Baltic Sea 

The Baltic Sea is especially sensitive to different contaminations,
as a semienclosed sea with estuaries of large rivers (like the Vis- 
tula and the Oder), a highly populated and industrialized catch- 
ment area, and limited water influx from the oceans (Couper and 

Mutton 2019 , Gyraite et al. 2019 ). These include chemical, phys- 
ical, and biological contaminants fr om natur al sources and ur- 
ban/industrial en vironments . While chemical and physical con- 
taminants change the environmental conditions and affect organ- 
isms dir ectl y or indir ectl y, the pr esence of biological entities that 
a ppear r andoml y in the Baltic Sea (so-called biological pollution) 
significantly influences the composition of the microbial commu- 
nity of this habitat. In this c ha pter, we will discuss sources of bio- 
logical pollution and biological contamination, paying particular 
attention to antibiotic-resistant bacteria, which ma y ha ve biolog- 
ical significance and cause a risk of spreading this feature, which 

is dangerous to human health. 

Sources of potential biological pollution 

The potential sources of the Baltic Sea contamination are micro- 
biological factors such as bacteria, viruses , parasites , algae , and 

the so-called sanitary contamination. The role in this process is 
play ed b y sew age discharged directly into the sea, bypassing river 
runoff, and mainly by rivers that belong to dynamic ecosystems 
(Jutterström et al. 2014 ). More than 250 streams and rivers flow 

into the Baltic Sea, giving an annual flow of about 15 000 m 

3 /s 
(Jutterström et al. 2014 ). Municipal sewage and stormwater are 
serious water pollutants (Berndtsson and Paul 2015 ). Rainwater 
collects pollutants from agricultural land fertilized with manure, 
liquid manure, and synthetic fertilizers. Net pr ecipitation ov er the 
Baltic Sea adds about 1000 m 

3 /s of annual flow. 
Ther e ar e emer gency disc har ges of r aw se wa ge fr om tr eatment 

plants (Michalska et al. 2019 ). The Baltic Sea has also been pol- 
luted by fuel leaked from wrecks after World War II and today 
by millions of liters of se wa ge fr om passenger ships (pollution 

generated at sea). In addition to water pollution, depending on 

the meteorological conditions, bioaerosols are formed, which can 

contain a wide variety of bacteria, e.g. Staphylococcus sp., Bacillus 
spp., Pseudomonas aeruginosa , E. coli , or other Enterobacteriaceae,
among others (Michalska et al. 2019 ). Significantly higher concen- 
rations of psychrophilic , mesophilic , and coliform bacteria were 
bserved in seawater and air from the Gulf of Gdansk after emer-
ency disc har ges of r aw se wa ge in 2018 (Mic halska et al. 2019 ).
her efor e, not onl y the water body but also the ar eas surr ound-

ng it can pose a threat to human and animal health (Sonne et al.
020 ). 

iological pollutants (contaminations) 
n the sea, there are autochthonous and allochthonous microbes.
sc heric hia coli is a fecal bacterium recognized as an indicator of
nvironmental contamination (Schippmann et al. 2013 ). Its occur- 
ence is most often temporary; ho w ever, beach recreational facil-
ties are usually closed due to their presence . T he Oder (Szczecin)
agoon on the southern Baltic coast was examined for E. coli con-
amination by Gotk owska-Płac hta et al. ( 2016 ). The authors sug-
ested that insufficient w astew ater treatment in Szczecin is a ma-
or source of fecal contamination, e v en on beac hes located up to
0 km downstr eam. Mor eov er, southwest winds transport E. coli
long the east coast and favor high titers of this bacterium on
eaches . T he concentrations of Enterobacteriaceae and E. coli (fe-
al indicator bacteria) depend on water temper atur e, c hemical
xygen demand, dissolved oxygen (DO), ammonia nitrogen (NH 4 - 
), nitrite nitrogen (NO 2 -N), and total phosphorus (Gotkowska- 
łachta et al. 2016 ). 

Sea water and beac h sand, especiall y in water bathing areas,
ose a potential threat to human health (Mancini et al. 2005 ,
onilla et al. 2007 ). In many reports, pathogenic bacteria (for ex-
mple, S. aureus , Klebsiella pneumoniae , P. aeruginosa , Shigella spp.,
almonella enterica , Campylobacter spp ., Neisseria spp ., Clostridium 

erfringens , and Aeromonas hydrophila ) have been described in the
ater and beach sand (Kueh et al. 1995 , Gabutti et al. 2000 , El-
anama et al. 2005 , Mancini et al. 2005 , Bonilla et al. 2007 , Heaney

t al. 2009 ). 
Warm waters ( > 18 ◦C) and low salinity ( < 2.5% NaCl) waters of-

er optimal functioning conditions for the growth of Vibrio spp.
Gyraite et al. 2019 ). The mean temperature of the Baltic Sea
 anges fr om −10 ◦C to 17 ◦C, depending on the region. Still it is esti-
ated that global warming may have a significant impact on the

r e v alence of Vibrio spp. in the Baltic Sea r egion (Jutterstr öm et
l. 2014 ). The results of that study indicated that the total abun-
ance of Vibrio spp. detected in the coastal waters of Lithuania

10 2 –10 4 CFU/l) is very similar to the abundance of Vibrio spp. in
he coastal waters of Poland (2.11 × 10 4 CFU/l) (Mudryk et al.
014 ) and the br ac kish waters (0.7–1.5 PSU) of the Netherlands
Ijsselmeer—le v els of 10 4 CFU/l). 

It was suggested that green algae and cyanobacteria, as well
s lo w er salinity, play a r ole in the gr owth and spr ead of Vibrio
pp. The increase in dissolved organic matter resulting from in-
ense phytoplankton blooms can r emarkabl y support the growth
f Vibrio , and c y anobacterial-deriv ed or ganic matter can be more
mportant than temper atur e to determine the total abundance of
ibrio within a temper atur e r ange of 12 ◦C–25 ◦C (Eiler et al. 2007 ). A
 ecent study, whic h cov er ed the salinity and eutr ophication gr a-
ients of the Baltic Sea, r e v ealed that the most reliable predic-
ors of pathogenic bacterium Vibrio vulnificus presence were fea- 
ur es r elated to eutr ophication, suc h as particulate or ganic carbon
nd nitrogen, as well as the occurrence of potential phytoplank-
on blooms and associated species . T her efor e, r educing nutrient
nputs could effectiv el y contr ol V. vulnificus populations in eutr o-
hied br ac kish coasts (Riedinger et al. 2024 ). 

In some systems, the presence of Vibrio spp. can be associ-
ted with dinoflagellate blooms (Greenfield et al. 2017 ). The bloom
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Figure 8. Electr on micr ophotogr a phs of bacteriopha ges fr om Baltic Sea samples. Se v er al mor photypes ar e sho wn, including my oviruses (B, D, E, G, H, K, 
L, and N), podoviruses (M), and siphoviruses with either short (C, F, M, and Q) or extr emel y long tails (A, J , O , and P), and prolate heads (I, M, and Q). The 
bar corresponds to 200 nm. Reproduced from J akubo wska-Deredas et al. ( 2012 ), with permission of the publisher (Elsevier Masson SAS). 
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an also affect the survival rate of cultivable forms of these
acteria (Islam and Tanaka 2004 ). Mor eov er, a study on the fate
f allochthonous bacteria (of fecal origin) indicated that the high
urbidity and the amount of suspended organic matter in the
ur onian La goon could support bacterial surviv al and pr olifer a-

ion (Kataržyt ̇e et al. 2018 ). The combination of the natur all y low
alinity of Baltic waters and the rising annual sea surface temper-
ture also play significant roles (Schets et al. 2011 ). 

Pathogenic bacteria present in the sea can cause gastroen-
eritis , hepatitis , meningitis , r espir atory diseases , skin, eye , ear,
r nose infections and the a ppear ance of dermatitis and myco-
is. Mudryk et al. ( 2014 ) investigated the presence of Aeromonas ,
. aeruginosa , Staphylococcus , and Vibrio -like organisms on beach
and. Bacteria belonging to Aeromonas wer e mor e pr e v alent, while
acteria of the genus Staphylococcus were less abundant (Mudryk
t al. 2014 ). Dry sand was colonized by the highest number of po-
entially pathogenic bacteria. Differences in their abundance were
bserved between the surface and near-surface sand la yers , with
 marked decrease to w ar d the deeper la yers . 
In addition, wild animals, especially aquatic and terrestrial
nes, are important reservoirs of many pathogenic microorgan-
sms. Waterfowls are vectors transmitting many pathogenic mi-
r oor ganisms fr om the human envir onment (hospital envir on-
ents, se wa ge tr eatment plants, and landfill sites) (Rybak et

l. 2022 ). Marine mammals are frequently considered good sen-
inels for human, animal, and environmental health due to their
ong lifespan, coastal habitat, and c har acteristics as pr edators of
he upper chain. Marine mammals can provide information that
elps to impr ov e the understanding of the health of the marine
nd coastal envir onment. Unfortunatel y, marine animals become
ictims of biological and chemical contaminants. Sonne et al.
 2020 ) have indicated pathogens responsible for bacterial ( Brucella
pp., C. perfringens , E. coli , E. rhusiopathiae , β-haemol ytic str epto-
occi, and S. aureus ), vir al (influenza A), and par asitic diseases ( Gia-
dia , Cryptosporidium , and Toxoplasma ) (Gabutti et al. 2000 , Cabezón
t al. 2011 , Sonne et al. 2020 , Fayer 2004 , Reboredo-Fernández et al.
015 ). They were isolated from animal species recognized as indi-
ators of ecosystem condition: ringed seal ( Pusa hispida ), common
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seal ( Phoca vitulina and Phoca hispida ), grey seal ( Halichoerus gry- 
pus ), harbor porpoise ( Phocoena phocoena ), white-tailed eagle ( Hali- 
aeetus albicilla ), eider ( Somateria mollissima ), and pink-fronted goose 
( Anser brach yrh ynchus ) (Siebert et al. 2009 , Sonne et al. 2020 ). Au- 
topsies performed on porpoises found on the coasts of Latvia,
Poland, Germany, and Denmark sho w ed a significantly higher 
pr e v alence of lung inflammatory lesions and parasitic infections 
compared to control populations from Arctic waters (Ma et al.
2020 , Schmidt et al. 2020 , Siebert et al. 2020 , Dietz et al. 2021 ). Par- 
asites, such as C. semerme and P. truncatum , present in the colon 

and liver of Baltic gray seals, r espectiv el y, and anisakis nema- 
todes, r equir e particular monitoring due to their effects on animal 
health. Additionally, the distribution of existing viral and bacte- 
rial pathogens, and the emergence and spread of new pathogens,
must be monitored to assess the health status of k e y Baltic species 
(Sonne et al. 2020 , Desforges et al. 2022 ). 

Problems of antibiotic-resistant bacteria 

In marine waters and sediments, two sources of antibiotic- 
resistant bacteria and resistance genes can be identified: one from 

terrestrial bacteria originating from anthropogenic activities of 
the surr ounding envir onment and the other fr om indigenous es- 
tuarine or coastal marine bacteria. Both groups of bacteria can 

enter seawater with antibiotic-r esistant plasmids, whic h can be 
responsible for the observed prevalence of resistance genes in the 
marine environment (Tendencia and de la Pena 2001 , Dang et al.
2008 , de Oliv eir a and Pinhata 2008 , Mudryk et al. 2010 ). 

In the past few decades, the uncontrolled use of pharma- 
ceutical substances (mainly antibiotics, but also including anti- 
inflammatory, analgesic , cardio v ascular, and centr al nervous sys- 
tem agents) in human and veterinary medicine, animal hus- 
bandry, a gricultur e, and aquacultur e has caused an increased in- 
troduction of those agents into the aquatic environment (Hirsch 

et al. 1999 , Metcalfe et al. 2003 , Dang et al. 2006 ). Man y r eports 
have shown the presence of bacteria resistant to numerous antibi- 
otics in both deep-sea water and bottom sediments on the seabed 

and beach sand, as a result of pharmaceutical contamination of 
natural surface water or wastewater treatment plant effluent. En- 
vironmental bacteria may play a role as reservoirs of antibiotic 
r esistance, and r esistance genes ar e also exc hanged by differ ent 
freshwater and marine bacteria. 

Treated and untreated sewage, hospital waste, and a gricultur al 
runoff are also responsible for spreading multidrug resistance in 

marine and freshwater ecosystems . T here are indications that 
w astew ater treatment, although generally reducing the number 
of bacteria, might lead to an accumulation of resistance genes. As 
noted by Hsu et al. ( 1992 ), differences in the rates of resistance 

of bacteria to v arious antimicr obials may r eflect the history of 
antimicrobial use, so it may be possible to use resistance of bac- 
teria as an indicator of antimicrobial use (Mudryk et al. 2010 ). It 

was demonstrated that bacteria isolated from the Czołpino sand 

beach (Polish coast of the Baltic Sea, the Slovincian National Park) 
can be c har acterized b y lo w le v els of antibiotic r esistance and 

lar ge differ ences in the r esistance le v els to particular antibiotics 
tested. Among all isolated strains, the high resistance frequency 
(20%–27%) was related to amo xicillin, amo xicillin/clavulanic acid,
cefaclor, cefuroxime, clindamycin, ciprofloxacin, erythromycin, 
and penicillin. Bacterial resistance to these antibiotics was also 

noted in other marine beaches (Mudryk 2005 , de Oliv eir a and Pin- 
hata 2008 ), in coastal waters and marine sediments (Hermans- 
son et al. 1987 , Dumontent et al. 2000 , Harakeh et al. 2006 ), and 

in marine aquaculture (Akinbo w ale et al. 2006 , Mudryk et al.
010 ). Moskot et al. ( 2012 ) have also demonstrated the associa-

ion of resistance genes for different classes of antibiotics among 
acteria isolated from the surface waters of the Baltic Sea. The

solated bacteria belonged mainly to Gammaproteobacteria and 

ccounted for up to 78% of the studied isolates. Relationships
ere found between resistance to ampicillin and erythromycin,
 hlor amphenicol and erythr omycin, c hlor amphenicol and tetra-
ycline, and erythromycin and tetracycline, but these strains con- 
ained numerous resistance genes not associated with the pres- 
nce of plasmids. 

Wildlife is a reservoir and vector for antibiotic-resistant 
acteria and resistance genes (Rybak et al. 2022 ). Birds play
n important role, as their feces were found to be another
mportant source of such bacterial contamination in natural wa- 
er bodies. Birds themselv es ar e likel y to acquir e r esistant bacteria
r om the envir onment, indicating the complex tr ansmission dy-
amics of antimicrobial resistance (Hooban et al. 2020 , Edge and
ill 2005 ). 
Rybak et al. ( 2022 ) analysed cloacal swabs of wild birds that

ived, among others, in northern Poland, including municipal 
eaches on the Baltic Sea coast. They detected avian E. coli
SBL/AmpC strains with bla CTX-M 

, bla TEM 

, bla SHV , and bla AmpC genes
n various phylogenetic groups (A, B1, B2, and D) of E. coli . The phy-
ogenetic pathogenic B2 group was not the most prevalent one, but
n the case of this group, the coexistence of most ESBL genes was
bserv ed. Phylogenetic gr oup A (39.4%), consider ed a commen-
al pathotype, was the most r epr esented in the environment, and
n addition to antibiotic resistance, sho w ed high virulence [iron
cquisition systems (93.9%) and autotransporters (60.6%), typi- 
al of pathogens]. It indicates that wild birds on the beach can
e a reservoir of ESBL/AmpC E. coli carrying different virulence
actors. 

Gross et al. ( 2022a ) sho w ed that also marine mammals of
he North and Baltic Seas serve as reservoirs and vectors for
ntimicr obial-r esistant bacteria, thus participating in the circu- 
ation of resistant bacteria and resistance genes . T he harbor por-
oises ( P. phocoena ) mainly carried E. coli isolates belonging to phy-

ogenetic group B1, while seal isolates were most fr equentl y as-
igned to group B2. The presence of resistant E. coli in 39.4% of
he marine mammal samples was confirmed, while no resistant 
solates were obtained from any of the fish samples. Gross et al.
 2022b ) also described the dispersal of antimicr obial-r esistant
acteria in wild birds in German y, ther eb y allo wing conclusions
n the degree of environmental contamination and potential pub- 
ic health concerns. More than half of the isolates belonged to
he phylogenetic group B1. Of all isolates, 24.4% were classified as
PEC isolates, of which almost 82% were identified as multidrug-
 esistant (Gr oss et al. 2022b ). As a consequence of the widespread
se of antibiotics by humans, a dramatic and global increase in
he number of antibiotic-resistant bacteria, multiple antibiotic re- 
istance, pathogenic bacteria resistance, and reduced efficacy of 
ntibiotic treatment for diseases caused by resistant pathogens 
r e observ ed in aquatic envir onments. At the same time, an in-
rease in antibiotic concentrations in aquatic ecosystems can 

ener ate ne w selectiv e pr essur es on natur al bacterial populations
Mudryk et al. 2010 ). 

The occurrence of multidrug-resistant isolates is of particular 
oncern for human and domestic animal health. To combat an-
imicr obial r esistance, surv eillance of differ ent ecosystems is es-
ential by monitoring important reservoir and vector species . T he
altic Sea is a unique example of this problem, as it is especially
rone to biological contamination and the spreading of specific 
eatures, like antibiotic resistance. 



26 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 5 

Ta
b

le
 
1.

 
C

h
ar

 ac
te

ri
st

ic
 
fe

at
u

r e
s 

of
 
d

if
fe

r e
n

t 
gr

 ou
p

s 
of

 
m

ic
r o

or
 ga

n
is

m
s 

oc
cu

rr
in

g 
in

 
th

e 
B

al
ti

c 
Se

a.
 

M
ic

r o
or

ga
n

is
m

 
gr

 ou
p
 

D
om

in
an

t 
ta

x
on

om
ic

al
 
gr

ou
p

s 

En
vi

ro
n

m
en

ta
l 

co
n

d
it

io
n

s 
sh

ap
in

g 
m

ic
ro

b
ia

l 
d

i v
 er

si
ty

 

U
se

d
 
n

ov
el
 
m

et
h

od
s 

in
 

b
io

d
i v
 er

si
ty

 
re

se
ar

c h
 

an
d
 
ta

rg
et
 
re

gi
on

s 
Fu

n
ct

io
n

al
 
ro

le
s 

In
 ve

st
ig

a t
ed

 

as
so

ci
at

io
n

s 
w

it
h
 

ot
h

er
 
or

ga
n

is
m

s 
Id

en
ti

fi
ed

 
re

se
ar

ch
 

ga
p

s 

A
rc

h
ae

a 
B

at
h

y a
r c

h
ae

ot
a;
 

Eu
ry

 ar
 ch

ae
ot

a 
m

ar
in

e 
gr

ou
p
 
II

; 
M

et
h

an
om

ic
ro

b
ia

; 
T

h
au

m
ar

ch
ae

ot
a 

Sa
li

n
it

y;
 
n

u
tr

ie
n

t 
av

ai
la

b
il

it
y;
 
p

H
; 

te
m

p
er

 at
u

r e
; o

xy
ge

n
 

le
 v e

ls
; r

 ed
ox

 

st
ra

ti
fi

ca
ti

on
; d

ep
th

 

G
en

om
ic
 
se

q
u

en
ci

n
g;
 

m
et

ag
en

om
ic
 
an

d
 

m
et

at
ra

n
sc

ri
p

to
m

ic
 

an
al

ys
es

; q
PC

R
; 

m
et

ab
ol

om
ic

s 

C
h

em
ot

ro
p

h
s;
 

n
on

ox
yg

en
ic
 

p
h

ot
ot

ro
p

h
s;
 

sa
 p

r o
p

h
yt

es
 

N
on

e 
M

an
y 

D
N

A
 
se

q
u

en
ce

s 
p

re
se

n
t 

in
 
d

at
ab

as
es

, 
w

h
ic
 h
 
ar

 e 
n

ot
 
as

si
gn

ed
 

to
 
an

y 
kn

ow
n
 
gr

ou
p

s 
of
 

ar
ch

ea
 

B
ac

te
ri

a 
(e

xc
lu

d
in

g 
c y

 an
ob

ac
te

ri
a)
 

Pe
la
 gi

b
ac

te
r a

le
s 

(a
n
 

A
lp

h
a p

r o
te

ob
ac

te
ri

al
 

cl
ad

e 
SA

R
11

-I
II

a;
 

p
el

ag
ic

);
 

Ep
si

lo
n

p
ro

te
ob

ac
te

ri
a 

(b
en

th
ic

);
 

C
h

lo
ro

fl
ex

ot
a;
 

D
es

u
lf

ob
ac

te
ro

ta
; 

C
al

d
at

ri
b

ac
te

ri
ot

a;
 

A
ci

d
ob

ac
te

ri
ot

a;
 

Pl
an

ct
om

yc
et

ot
a;
 

Ps
eu

d
om

on
ad

ot
a;
 
S.
 

ba
lt

ic
a ;
 
R

he
in

he
im

er
a 

sp
. 

B
A

L3
41

; E
. c

ol
i a

n
d
 

ot
h

er
 
fe

ca
l 

co
li

fo
rm

s 
(d

u
e 

to
 

u
rb

an
/i

n
d

u
st

ry
-d

er
iv

ed
 

co
n

ta
m

in
at

io
n

) 

Sa
li

n
it

y 
(t

h
e 

cr
u

ci
al
 

co
n

d
it

io
n

);
 
n

u
tr

ie
n

t 
av

ai
la

b
il

it
y;
 
p

H
; 

te
m

p
er

 at
u

r e
; o

xy
ge

n
 

le
 v e

ls
; r

 ed
ox

 

st
ra

ti
fi

ca
ti

on
; d

ep
th

; 
oc

cu
rr

en
ce

 
of
 

c y
 an

ob
ac

te
ri

a 

U
lt

ra
-d

ee
p
 
se

q
u

en
ci

n
g;
 

C
A

R
D

-F
IS

H
; 

p
yr

os
eq

u
en

ci
n

g;
 

T-
R

FL
P;
 
m

et
ag

en
om

ic
 

an
d
 

m
et

at
ra

n
sc

ri
p

to
m

ic
 

an
al

ys
es

; q
PC

R
; 

m
et

ab
ol

om
ic

s 

Sa
 p

r o
p

h
yt

es
; 

sy
m

b
io

n
ts

; 
p

ar
as

it
es

/p
at

h
og

en
s 

Fi
sh

 
(c

od
, G

. m
or

hu
a ;
 

Eu
ro

p
ea

n
 
p

la
ic

e,
 
P.
 

pl
at

es
sa

 );
 
co

p
ep

od
s 

( T
em

or
a 

sp
., 

A
ca

rt
ia
 
sp

., 
an

d
 
ot

h
er

s)
; s

p
on

ge
 
( H

. 
pa

ni
ce

a )
; t

h
e 

b
ro

w
n
 

al
ga

e 
( L

. s
ac

ch
ar

in
a )

; 
b

ry
oz

oa
n

s;
 
F.
 

ve
si

cu
lo

su
s ;
 
D

. s
an

gu
in

ea
 ; 

so
ft
 
co

ra
l 

( A
. d

ig
it

at
um

 );
 

N
. s

pu
m

ig
en

a ;
 
m

u
ss

el
s 

( M
yt

ilu
s 

sp
p.

);
 
as

ci
d

ia
n
 

( C
. i

nt
es

ti
na

lis
 );
 

Eu
ro

p
ea

n
 
p

la
ic

e 
( P

. 
pl

at
es

sa
 );
 
h

er
ri

n
g 

( C
. 

ha
re

ng
us

 );
 
U

lv
a 

sp
.; 

h
u

m
an

s 

M
an

y 
D

N
A
 
se

q
u

en
ce

s 
p

re
se

n
t 

in
 
d

at
ab

as
es

, 
w

h
ic
 h
 
ar

 e 
n

ot
 
as

si
gn

ed
 

to
 
an

y 
kn

ow
n
 
gr

ou
p

s 
of
 

b
ac

te
ri

a 

C
ya

n
ob

ac
te

ri
a 

PC
y 

(m
ai

n
ly
 

Sy
ne

ch
oc

oc
cu

s 
sp

p.
 
an

d
 

C
ya

no
bi

um
 
sp

p.
, a

s 
fo

r 
ge

n
e 

ab
u

n
d

an
ce

) 

Te
m

p
er

 at
u

r e
 
(t

h
e 

p
re

d
om

in
an

t 
co

n
d

it
io

n
);
 
sa

li
n

it
y;
 

d
ep

th
 

B
ar

co
d

in
g 

an
d
 

m
et

ab
ar

co
d

in
g;
 
16

S 
rR

N
A
 
se

q
u

en
ci

n
g;
 

m
et

ag
en

om
e 

se
q

u
en

ci
n

g;
 
q

PC
R

; 
m

as
s 

sp
ec

tr
om

et
ry

; 
H

T
S 

O
Ps

 
B

ac
te

ri
a 

an
d
 
ar

ch
ea

 
T

h
e 

la
ck

 
of
 
re

li
ab

le
 

d
at

ab
as

es
 
co

n
ta

in
in

g 
w

el
l-

an
n

ot
at

ed
 

ge
n

om
es

 
of
 

c y
 an

ob
ac

te
ri

a 



Mazur-Marzec et al. | 27 

Ta
b

le
 
1.

 
C

on
ti

n
u

ed
 

M
ic

r o
or

ga
n

is
m

 
gr

 ou
p
 

D
om

in
an

t 
ta

x
on

om
ic

al
 
gr

ou
p

s 

En
vi

ro
n

m
en

ta
l 

co
n

d
it

io
n

s 
sh

ap
in

g 
m

ic
ro

b
ia

l 
d

i v
 er

si
ty

 

U
se

d
 
n

ov
el
 
m

et
h

od
s 

in
 

b
io

d
i v
 er

si
ty

 
re

se
ar

c h
 

an
d
 
ta

rg
et
 
re

gi
on

s 
Fu

n
ct

io
n

al
 
ro

le
s 

In
 ve

st
ig

a t
ed

 

as
so

ci
at

io
n

s 
w

it
h
 

ot
h

er
 
or

ga
n

is
m

s 
Id

en
ti

fi
ed

 
re

se
ar

ch
 

ga
p

s 

Pr
ot

is
ts
 

D
ia

to
m

s 
(B

ac
il

la
ri

op
h

yc
ea

e;
 
a 

h
ig

h
ly
 
d

om
in

an
t 

gr
ou

p
) 

( G
ed

an
ie

lla
 
sp

p.
, P

. 
ba

lt
ic

a ,
 
Pl

an
ot

hi
di

um
 
sp

., 
S.
 
m

ar
in

oi
 );
 

d
in

ofl
ag

el
la

te
s 

(D
in

op
h

yc
ea

e)
; c

il
ia

te
s 

(C
il

io
p

h
or

a)
 

Li
gh

t 
av

ai
la

b
il

it
y;
 

sa
li

n
it

y;
 
te

m
p

er
 at

u
r e

; 
n

u
tr

ie
n

ts
 

18
S 

rR
N

A
 
se

q
u

en
ci

n
g;
 

D
N
 A
 
b

ar
 co

d
in

g 
an

d
 

m
et

ab
ar

co
d

in
g;
 

im
ag

in
g 

in
-fl

ow
 

sy
st

em
s,
 
in

cl
u

d
in

g 
IF

C
B
 

O
Ps

 
(d

ia
to

m
s,
 
so

m
e 

d
in

ofl
ag

el
la

te
s)

; 
sa

 p
r o

p
h

yt
es

; p
ar

 as
it

es
 

(v
 ar

io
u

s 
p

r o
ti

st
s)
 

N
on

e 
fo

r 
p

h
ot

ot
ro

p
h

s;
 

sh
el

lfi
sh

 
an

d
 
fi

sh
 
fo

r 
p

ar
as

it
es

 

Sc
ar

ci
ty
 
of
 
m

ol
ec

u
la

r 
d

at
a 

(i
n

cl
u

d
in

g 
D

N
A
 

se
q

u
en

ce
s)
 

Fu
n

gi
 

R
oz

el
lo

m
yc

ot
a 

(p
el

ag
ic

);
 

C
h

yt
ri

d
io

m
yc

ot
a 

(b
en

th
ic

, p
el

ag
ic
 

re
al

m
);
 

A
sc

om
yc

ot
a 

Sa
li

n
it

y 
(p

el
ag

ic
 
at

 
<
 8 

PS
U
 
m

or
e 

fr
es

h
w

at
er

, 
>
 8 

m
ar

in
e 

co
m

m
u

n
it

y;
 

b
en

th
ic

);
 

n
u

tr
ie

n
ts
 
(c

oa
st

al
, 

b
en

th
ic

);
 

d
ep

th
 
(b

en
th

ic
) 

H
T

S;
 

m
et

ab
ar

co
d

in
g 

(l
on

g-
re

ad
 

18
S-

IT
S1

-5
.8

S-
IT

S2
-2

8S
 

rR
N

A
);
 

fu
n

ga
l 

ce
ll
 
w

al
l 

m
ar

ke
rs

; C
FW

 
an

d
 

W
G

A
 
(f

or
 

C
h

yt
ri

d
io

m
yc

ot
a)
 

P a
r a

si
te

s/
p

at
h

og
en

s;
 

sa
 p

r o
p

h
yt

es
; 

sy
m

b
io

n
ts
 

A
lg

ae
 
( F

uc
us

 ),
 

se
a g

r a
ss

 
( Z

. m
ar

in
a )
 

tu
n

ic
at

es
 
( C

. i
nt

es
ti

na
lis

 ) 
fi

sh
 
( P

. p
la

te
ss

a )
 

T
h

e 
la

ck
 
of
 
an

n
ot

at
ed

 

r e
fe

r e
n

ce
 
se

q
u

en
ce

s;
 

fu
n

ga
l 

m
ic

r o
p

ar
 as

it
es

’ 
ro

le
 
in
 

m
ic

r o
or

 ga
n

is
m

s-
 

re
la

te
d
 
ca

rb
on

 
fl

ow
; 

co
n

tr
ib

u
ti

on
 
to

 

b
en

th
ic

-p
el

ag
ic
 

re
cy

cl
in

g 
of
 
n

u
tr

ie
n

ts
; 

la
ck

 
of
 
d

et
ai

le
d
 

ta
xo

n
om

ic
 
in

fo
rm

at
io

n
 

fo
r 

m
os

t 
C

ry
p

to
m

yc
ot

a 

V
ir

u
se

s 
B

ac
te

ri
op

h
a g

es
 
(m

ai
n

l y
 

C
au

d
ov

ir
ic

et
es

);
 

Ph
yc

od
na

vi
ri

da
e 

(a
m

on
g 

vi
ru

se
s 

in
fe

ct
in

g 
eu

ka
ry

ot
ic
 
or

ga
n

is
m

s)
 

W
at

er
 
d

ep
th

; o
xy

ge
n
 

le
 v e

ls
; n

u
tr

ie
n

t 
av

ai
la

b
il

it
y 

fo
r 

h
os

t 
or

ga
n

is
m

s;
 
sa

li
n

it
y;
 
p

H
; 

te
m

p
er

 at
u

r e
; r

 ed
ox

 

st
ra

ti
fi

ca
ti

on
 

M
et

ag
en

om
ic

s;
 

p
ro

te
om

ic
s;
 
FC

; 
el

ec
tr
 on

 
m

ic
r o

sc
op

y 

O
b

li
ga

to
ry

 
p

ar
as

it
es

 
Pr

 ok
ar

yo
ti

c 
or

 ga
n

is
m

s 
fo

r 
b

ac
te

ri
op

h
ag

es
; 

m
an

 y 
d

if
fe

r e
n

t 
ki

n
d

s 
of
 

eu
ka

ry
ot

ic
 
or

ga
n

is
m

s 
fo

r 
ot

h
er

 
vi

ru
se

s 

Sc
ar

ci
ty
 
of
 
vi

ra
l 

ge
n

om
ic
 
se

q
u

en
ce

s 
in
 

d
at

ab
as

es
 
(r
 el

at
iv
 e 

to
 

th
e 

ab
u

n
d

an
ce

 
of
 
th

es
e 

m
ic

ro
b

es
);
 

co
n

ta
m

in
at

io
n
 
by

 

vi
ru

se
s 

or
ig

in
at

in
g 

fr
om

 
u

rb
an

 
an

d
/o

r 
in

d
u

st
ri

al
 
re

gi
on

s 



28 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 5 

Figur e 9. T he k e y elements and features of the unique di v ersity of Baltic micr oor ganisms. A Cyske r osette c hart showing major gr oups of Baltic 
micr oor ganisms, indicating k e y elements and/or featur es of micr obial div ersity among eac h gr oup. 
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oncluding remarks 

he Baltic Sea is a particular habitat for micr oor ganisms. It is
 semienclosed, shelf sea connected to the ocean only through
arrow and shallow waters . T her efor e, its topogr a ph y and h y-
r ogr a phic settings ar e quite unusual for marine envir onments.
any factors, like eutrophication, deoxygenation, acidification,

nd anthropogenic pollution influence the biogeoc hemical pr op-
rties of the waters. All these conditions influence Baltic microor-
anisms significantly, affecting their composition, diversity, and
bundance. Among the most important factors modulating the
altic microbiome are surface salinity gradient (from marine to
earl y br ac kish or fr eshwater), r educed circulation and str atifica-
ion, which cause hypoxic and anoxic conditions, high sedimen-
ation rates, and inflow of terrestrial organisms . T he Baltic Sea
s also especiall y sensitiv e to chemical, physical, and biological
ontaminations that accumulate effectively in this semienclosed
ea, and str ongl y influence all components of the micr obiota. The
 har acteristic featur es of differ ent gr oups of micr obiota occurring
n the Baltic Sea, together with environmental conditions shaping

icr obial div ersity and identified r esearc h ga ps, ar e summarized
n Table 1 . 

As presented and discussed in this r e vie w article, specific en-
ironmental conditions in the Baltic Sea result in highly pro-
ounced specificity of micr obial comm unities. Unique c har acter-

stics of the diversity of microbes in the Baltic Sea encompass the
ollowing points. First, although the low salinity causes a reduc-
ion in the biodiversity of multicellular species in the Baltic Sea
 elativ e to the populations of the North–East Atlantic, no such
mpairment in the bacterial diversity can be observed. Second,
mong c y anobacteria, the picoc y anobacterial group dominates
hen considering gene abundance, while filamentous c y anobac-

eria dominate by means of biomass in the Baltic Sea. Third, recent
nalyses indicated that the diversity of diatoms and dinoflagel-
ates in the Baltic Sea is significantly larger than described a few
ecades ago, but the problem is that molecular studies on these
r oups of or ganisms ar e scarce. Fourth, e v en deeper knowledge
a ps on comm unities of other pr otistan gr oups in the Baltic Sea
r e e vident. Fifth, fungi ar e another gr oup of under-inv estigated
icr oor ganisms in the Baltic Sea; ho w e v er, one can conclude that

espite the main factors controlling fungal diversity in coastal
cosystems, including salinity, DO, and nutrient conditions, the
alinity is a crucial pelagic fungal community composition pa-
ameter in the assessed marine environment. Sixth, bacterio-
ha ges ar e a pr edominant gr oup of viruses in the Baltic Sea, while
mong viruses infecting eukaryotic hosts, Phycodnaviridae are the
ost abundant. It is also worth noting that the Baltic Sea virome is

ontaminated with viruses from urban and/or industrial habitats.
he k e y points of the unique di v ersity of Baltic micr oor ganisms
re summarized in the form of the Cyske rosette chart (according
o Cyske et al. 2022 ), presented in Fig. 9 . 

Finall y, when inv estigating micr obiomes of specific habitats,
ike the Baltic Sea, it is crucial to indicate that molecular meth-
ds provide a po w erful tool for studies on the biodiversity of mi-
r oor ganisms. Ho w e v er, suc h methods should be combined with
iological investigations to obtain a comprehensive picture of the
icr obial div ersity of the Baltic Sea, whic h is sufficientl y differ-

nt from other marine environments to be especially prone to po-
ential errors resulting from a scarcity of data (present in various
atabases) related to unique properties, like very specific genes
nd other parts of genomes. 
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alvaitien ̇e G , Bu ̌cas M, Vai ̌ci ūt ̇e D et al. Impact of beach wrack on
micr oor ganisms associated with faecal pollution at the Baltic Sea
sandy beaches. Sci Total Environ 2024; 918 :170442.

arlson B , Andersen P, Arneborg L et al. Harmful algal blooms and
their effects in coastal seas of Northern Europe. Harmful Algae
2021; 102 :101989.

https://doi.org/10.1016/j.watres.2020.115880
https://doi.org/10.3389/fmicb.2016.00679
https://doi.org/10.1186/gb-2002-3-2-reviews0003
https://doi.org/10.1186/s13059-015-0834-7
https://doi.org/10.3390/foods11040492
https://doi.org/10.1016/j.marenvres.2021.105533
https://doi.org/10.1128/mSphere.00127-21
https://doi.org/10.1016/j.scitotenv.2020.140306
https://doi.org/10.3390/jof8020114
https://doi.org/10.1016/j.scitotenv.2020.139471
https://doi.org/10.1002/9781119068761.CH3
https://doi.org/10.5194/bg-17-2579-2020
https://doi.org/10.1007/s12237-023-01287-7


Mazur-Marzec et al. | 35 

 

 

 

K  

K  

 

K  

 

K  

K  

K  

 

L  

 

L  

L  

L  

 

L  

 

 

L  

 

 

L  

 

L  

 

L  

 

L  

 

L  

L  

 

Karlson B , Berdalet E, Kudela RM. The GlobalHAB mini-symposium 

on automated plankton observations. Harmful Algae News 
2022; 71 :1–4.

Karlsson CMG , Cerr o-Gálv ez E, Lundin D et al. Direct effects of or- 
ganic pollutants on the growth and gene expression of the Baltic 
Sea model bacterium Rheinheimera sp. BAL341. Microb Biotechnol 
2019; 12 :892–906.

Karpov SA , Reñé A, Vishn yak ov AE et al. P ar asitoid c hytridiomycete 
Ericiomyces syringoforeus gen. et sp. nov. has unique cellular struc- 
tures to infect the host. Mycol Prog 2021; 20 :95–109.

Käse L , Metfies K, Neuhaus S et al. Host-parasitoid associations in 

marine planktonic time series: can metabarcoding help r e v eal 
them?. PLoS One 2021; 16 :e0244817.
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