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THESIS SUMMARY
The name “cyanobacteria” very concisely describes two most important characteristics of
these organisms: firstly, they have specific, diagnostic pigments in their cells that are important link
in the process of oxygenic photosynthesis, and secondly, they are prokaryotic organisms. As many
other bacteria, cyanobacteria are ubiquitous in many environments, but they have abilities to
proliferate in the most extreme ones. Adaptation to high salinity, extremely high and low
temperatures, desiccation, high UV radiation, high level of nutrients etc., originate from their long
history (3.5 billion years), when the Earth’s environment was utterly extreme (Bellinger and Sigee,
2015). For that reason, they are often considered as pioneers in today’s environments, especially
the ones that emulate conditions of the Earth’s past. Through photosynthesis and symbiotic
relationships with other prokaryotic and eukaryotic organisms, cyanobacteria have transformed
ecosystems and environments in what we observe today. Even though cyanobacteria are crucial
part of many ecosystems (especially in the oceans), due to anthropogenically impacted processes
of climate change and eutrophication, they are often associated with negative impacts on the
environment and health, especially in freshwaters. Their diversity, abundance, positive and negative
impact on aquatic and terrestrial ecosystems have been investigated in various research studies. At
the same time, for many cyanobacterial genera taxonomical challenges are still present. Transition
to molecular-based methods in investigations largely contributed to discovering much greater
cyanobacterial diversity and opened up discussion of bridging morphological and genomic data
(Komárek et al., 2014). Moreover, molecular-based methods, such as the ones utilizing highthroughput sequencing (HTS) technology, represent fast and relatively low-cost technologies when
addressing monitoring issues in the anthropogenically impacted environments. Metabarcoding
methods of first (Sanger sequencing) and second generation (HTS) (Santos, 2020) using the 16S rRNA
and/or ITS gene markers, are the main methods used in this thesis for the identification of
cyanobacteria and other members of bacterial communities in freshwater and marine ecosystem of
the Eastern Adriatic Sea.
The aim of this thesis is to describe cyanobacterial community response to environmental
pressures derived from climate change and anthropogenic sources, with emphasis on the changes
observed at the level of cyanobacterial diversity and community structure. This encompasses
studying cyanobacterial community response in both benthic and pelagic systems of different
freshwater and marine environments, namely an intermittent river in the Adriatic Sea basin and
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coastal waters and sediments of central and southern Adriatic Sea. This aim has been pursued using
molecular-based methods, specifically metabarcoding. In doing that, this thesis will address the
following hypotheses: i) Cyanobacteria are exceptionally important organisms in extreme
environments, as they change/adapt such environments into habitats suitable for growth and
proliferation of other organisms; ii) The Adriatic Sea and the Adriatic basin in general are ideal
natural models for studying ecosystems influenced by climate change and anthropogenic pressures
and iii) contemporary molecular methods using high-throughput sequencing technology, such as
metabarcoding, are the most appropriate tools for studying cyanobacteria and for identification of
key taxa essential for ecosystems functioning.
In this doctoral thesis, after the introductory chapter, results in the form of four publications
are presented together with thorough discussion. The first two publications are concerned to
freshwater, benthic cyanobacteria within microbial mats situated in an intermittent river of the
Adriatic Sea basin. Intermittent freshwater systems are identified as extremely vulnerable to climate
change, but are unfortunately very rarely focus of investigations (Datry et al., 2014). Publication I is
concentrated on the description of cyanobacterial microbial mats as food and shelter for the
subterranean crustacean Synurella ambulans (F. Müller, 1846). Cyanobacteria were investigated
using light microscopy and sequencing of the 16S rRNA gene clone libraries (Sanger i.e. first
generation sequencing) in the river under intermittent regime. Furthermore, organisms embedded
in the microbial mats, for instance diatoms and the amphipod S. ambulans were described and
enumerated. In that way, cohabitation relationships of cyanobacteria with other eukaryotic
organisms were explored. In the Publication II, bacterial component of the cyanobacterial mats were
investigated during the course of one year covering eight different time points and all four different
seasons (October, November, and December of 2014 and March, April, May, June, and October of
2015), by using both Sanger sequencing of ITS region and HTS of 16S rRNA V1-V3 region, focusing
on the hydrological stress as main factor shaping targeted communities. Publications III and IV focus
on areas of the central and southern Adriatic Sea impacted by anthropogenic activities
(aquaculture), concentrating on the seawater column and surface marine sediments. Bacterial
communities, including cyanobacteria, were targeted using HTS of 16S rRNA V1-V3 region. In
Publication III, the cyanobacterial component was subsampled from the total Bacteria in order to
examine their diversity, ecology and structural changes, as well as to detect the main environmental
factors responsible for the observed changes within communities. Finally, Publication IV explores
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the impact of aquaculture and other anthropogenic impacts in coastal areas of the Eastern Adriatic
Sea on total bacterial community by using HTS and by implementing various bioinformatics tools.
This thesis will, for the first time, provide valuable information on the structure of the
cyanobacterial microbial mat community residing in the unexplored intermittent river habitat.
Cyanobacteria and other members of bacterial community were described for the first time in this
ecosystem by implementing HTS, which is still rarely used in ecological and monitoring studies in
Croatia. In the anthropogenically impacted coastal seawater and sediments, situated in the central
and southern Adriatic coastal zone, cyanobacteria (as well as other members of prokaryotes) were
explored by using the same method. For the first time, benthic cyanobacteria from marine sediment
were given consideration in the eastern Adriatic. This thesis also provides insights into sediment
bacterial community residing in the in the anthropogenically impacted zones, thematic that is
completely overlooked, due to its complexity. Finally, this thesis represents a first step towards the
use of total bacterial communities as indicators to assess environmental, animal and human health
in sea bass aquaculture system in Croatia. Moreover, this is one of the few studies using HTS
metabarcoding of bacterial communities in sea bass farms in the Mediterranean Sea in general.
Climate change and anthropogenic pollution of coastal areas are one of the biggest challenges
faced by Mediterranean countries, necessitating investigations such as the ones presented in this
thesis. Furthermore, the Eastern Adriatic Sea and the Adriatic basin are even more vulnerable to
these changes, due to karstified rocks of semi-enclosed, rugged coastline, offering many locations
for various anthropogenic activities and contamination. Therefore, considering climate change and
human impact on coastal Adriatic, the results displayed by metabarcoding methods reveal great
bacterial diversity, ecological variety and functional potential in the investigated environments. HTS
technologies and metabarcoding also show promise as an independent and complementing method
of investigation of cyano(bacteria), particularly in the eastern Adriatic.
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PROŠIRENI SAŽETAK
Naziv „cijanobakterije“ vrlo sažeto opisuje dvije najvažnije karakteristike ovih organizama:
prvo, one imaju specifične dijagnostičke pigmente u svojim stanicama koji su važna karika u procesu
fotosinteze kisika, i drugo, one su prokariotski organizmi. Kao i mnoge druge bakterije,
cijanobakterije su sveprisutne u mnogim okolišima, no cijanobakterije imaju sposobnost
razmnožavanja u onim najekstremnijim. Prilagodbe na uvjete visokog saliniteta, izuzetno visokih i
niskih temperatura, isušivanje, visoko UV zračenje, visoka razina hranjivih tvari itd., su prilagodbe
koje potječu od postanka cijanobakterija prije 3,5 milijardi godina, kada su uvjeti u okolišima na
Zemlji bili isključivo esktremni (Bellinger i Sigee, 2015). Iz tog razloga ih se u današnjim okolišima
često naziva pionirima, posebno u onim okolišima koji imaju slične uvjete kao u Zemljinoj prošlosti.
Međutim, cijanobakterije su transformirale ekosustave i okolište kakve ih danas poznajemo
postupkom fotosinteze i simbiotskim odnosima s drugim prokariotskim i eukariotskim organizmima.
Iako su cijanobakterije još uvijek važan dio mnogih ekosustava, posebno oceana, zbog antropogenih
utjecaja (klimatskih promjena i eutrofikacije) mogu imati negativan utjecaj na okoliš i zdravlje.
Njihova raznolikost, abundancija te pozitivni i negativni utjecaji na vodene i kopnene ekosustave
istražuju znastvenici iz različitih područja. Unatoč tome, mnogi cijanobakterijski rodovi i dalje
prestavljaju taksonomske nedoumice zbog dvojne nomenklature. Prelazak na molekularne metode
istraživanja cijanobakterija uvelike je pridonio otkrivanju veće cijanobakterijske raznolikosti i otvorio
raspravu o premošćivanju taksonomskih razlika dobivenih iz morfoloških i genetskih podataka.
Štoviše, molekularne metode, poput onih koje koriste tehnologiju sekvenciranja druge generacije,
brže su i sve jeftinije u monitoringu okoliša pod antropogenim utjecajima. Metode
metabarkodiranja prve i druge generacije (Santos, 2020) pomoću genskih markera 16S rRNA i/ili ITS,
središnja su metoda u ovom doktorskom radu, u identifikaciji cijanobakterija i ostatku bakterijske
zajednice u slatkovodnom i morskom ekosustavu istočnog Jadrana.
Ciljevi ovog doktorskog rada su opisati raznolikost, promjene u strukturi i odgovor
cijanobakterijskih zajednica na pritiske u okolišu uzrokovane klimatskim promjenama i
antropogenim izvorima. To obuhvaća i bentičku i pelagičnu komponentu u slatkovodnom i morskom
okolišu: krška rijeka Jadranskog sliva koja ljeti presušuje, te morski stupac i površinski sedimenti
središnjeg i južnog Jadranskog mora. Cilj je to postići korištenjem molekularnih metoda, tj.
metabarkodiranje. Pri tome će se doktorski rad baviti sljedećom hipotezama: i) Cijanobakterije su
iznimno važni organizmi u naseljavanju ekstremnih okoliša i mijenjaju/prilagođavaju takve okoliše
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za razvoj drugih organizama; ii) Jadranski sliv i Jadransko more su idealni prirodni modeli za
proučavanje ekosustava pod utjecajem klimatskih promjena i antropogenim pritiscima, iii)
Suvremene molekularne metode koje koriste tehnologiju sekvenciranja nove generacije, kao što je
metabarkodiranje, je odgovarajući alat za proučavanje cijanobakterija i određivanje ključnih vrsta
za ekosustave.
U ovom doktorskom radu, nakon uvodnog poglavlja, predstavljeni su rezultati u formi četiriju
publikacija te kasnije raspravljeni. Prve dvije publikacije posvećene su slatkovodnim bentičkim
cijanobakterijama u mikrobnim obraštajima, smještenim na izvoru povremene tekućice Jadranskog
sliva. Povremene tekućice prepoznate su kao izuzetno osjetljive na klimatske promjene, no
istovremeno su nedovoljno istražena staništa (Datry i sur., 2014). U Publikaciji I fokus je stavljen na
opisivanje cijanobakterijskih mikrobnih obraštaja kao hrane i skloništa za podzemne amfipode
Synurella ambulans (F. Müller, 1846). Cijanobakterije se istražene pomoću svjetlosne mikroskopije i
16S rRNA sekvenciranja prve generacije u reprezentativnim mjesecima u riječnom ciklusu. Nadalje
su opisane vrste i abundancija organizama koji su nalaze u mikrobnim obraštajima, kao što su
dijatomeje i S. ambulans. Na taj su način istraženi kohabitacijski odnosi cijanobakterija s drugim
eukariotskim organizmima. U Publikaciji II, cijanobakterijski mikrobni obraštaji su istraženi tijekom
osam mjeseci (listopad, studeni i prosinac 2014 te ožujak, travanj, svibanj, lipanj i listopad 2015).
Kako bi se dobio detaljniji uvid u bakterijsku komponentu, napravljeno je sekvenciranje ITS regije
sekvenciranjem prve generacije te regije 16S rRNA V1-V3 sekvenciranje druge generacijes fokusom
na hidrološki stres koji oblikuje zajednicu. U Publikaciji III i IV provodilo se sezonsko istraživanje
uzoraka morske vode i površinskih sedimenata u središnjem i južnom priobalju Jadrana, pod
utjecajem antropogenih aktivnosti (akvakultura). Bakterijska zajednica, uključujući cijanobakterije,
istraživana je poglavito upotrebom sekvenciranjem druge generacije 16S rRNA V1-V3 regije. U
Publikaciji III cijanobakterijska komponenta bila je zasebno analizirana radi detaljnijeg uvida u
raznolikost, ekologiju i strukturne promjena, kao i otkrivanja glavnih faktora okoliša koji oblikuju
cijanobakterijsku zajednicu u morskoj vodi i sedimentu. Konačno, Publikacija IV detaljno istražuje
ukupnu bakterijsku zajednicu pomoću sekvenciranja druge generacije, primjenjujući različite
bioinformatičke alate, prvenstveno za procjenu utjecaja akvakulture i drugih antropogenih utjecaja
obalnih područja istočnog Jadranskog mora.
Znanstveni doprinos ove teze prvi je uvid u sastav bakterijske zajednice cijanobakterijskih
mikrobnih obraštaja, u nedovoljno istraženom okolišu povremenih rijeka. Nadalje, cijanobakterije i
ostali članovi bakterijske zajednice prvi put su opisani primjenom sekvenciranja druge generacije,
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koji se još uvijek rijetko koristi u ekološkim i monitoring istraživanjima u Hrvatskoj. U središnjem i
južnom obalnom području Jadrana cijanobakterije (kao i ostali pripadnici zajednice) istraživane su
istom metodom u antropogenim utjecajima obalne morske vode i sedimenata. Dan je detaljan uvid
posebno u bakterijsku zajednicu u sedimenatu, staništu koje je gotovo neistraženo u drugim
studijama na Jadranu koje koriste sekvenciranje druge generacije. Nadalje, prvi put se na istočnom
Jadranu pridala pažnja bentičkim cijanobakterija iz morskog sedimenta. Bitan korak učinjen je
upotrebom sekvenciranja druge generacije na bakterijske zajednica iz sustava akvakulture lubina u
Hrvatskoj, u procjeni zdravlja okoliša, životinja i ljudi. Štoviše, ovo je jedno od rijetkih istraživanja
koje koristi metodu metabarkodiranja sekvenciranjem nove generacije na farmama lubina općenito
u Mediteranu.
Klimatske promjene i antopološko onečišćenje su najveći izazovi s kojim se susreću
mediteranske zemlje, stoga su istraživanja kao iz ovog doktorata nužna. Posebno jer je područje
istočnog Jadrana i Jadranskog mora osjetljivo na takve pritiske, zbog krške geološke podloge i
poluzatvorene, vrlo razvedne obale. Stoga, uzimajući u obzir klimatske promjene i utjecaj čovjeka
na područje Jadrana, rezultati dobiveni metodom metabarkodiranja pokazali su veliki potencijal kao
samostalna metoda te nadopuna drugim metodama istraživanja cijano(bakterija), posebno na
istočnom Jadranu.
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INTRODUCTION
Cyanobacteria: Prokaryotes essential for life on Earth
Bacterial phyla with link to plant kingdom
Metabolic activity of extremely special prokaryotes – Cyanobacteria – have created probably
the most important biogeochemical phenomenon in Earth history, an aerobic atmosphere 2.2-2.4
billion years ago (Ochoa de Alda et al., 2014). Using aerobic photosynthesis cyanobacteria produced
oxygen for the first time, raising the oxygen level in the atmosphere and in the ocean, allowing the
ozone layer to form so enabling oxygen-using living organisms to thrive and evolve. During a period
known as the Great Oxidation Event (GOE), cyanobacteria became one of the main contributors to
the biological cycle of carbon and nitrogen (Schirrmeister et al., 2016, Meriluoto et al., 2017), as are
still today. Moreover, they synthetize N-(2-Aminoethyl)Glycine, likely the origin molecule for
peptide nucleic acids (PNAs), directly impacting evolution of molecules containing genetic
information, e.g. RNA (Banack et al. 2012; Schirrmeister et al., 2016). Cyanobacteria incorporate
non-photosynthetic line – Melainabacteria – thriving in aphotic habitats using anoxygenic
photosynthesis, a predecessor of oxygenic photosynthesis. Photosynthetic Cyanobacteria and
Melainabacteria share a common ancestor, which suggests that photosynthesis occurred with
strong lateral gene transfer (Soo et al. 2014). Genome of the most recent ancestor has 4.5 Mb,
approximately only 4-6% of the genome of modern cyanobacteria. Due to numerous genomic
“upgrades”, today cyanobacteria have various evolutionary advantages, e.g. ability to create
heterocysts and filaments, diazotrophic metabolism and numerous symbiotic adaptations (Larsson
et al., 2011; Alvarenga et al., 2017). Furthermore, they have up to two chromosomes (1.4 to 8.2
Mb), but the possibility to make 218 chromosomes in polyploidy events (Griese et al., 2011;
Alvarenga et al., 2017). Core genome of cyanobacteria is robust and resistant to horizontal gene
transfer and modifications, conserving the essential biochemical paths and complex proteins (Shi
and Falkowski 2008; Larsson et al.,2011; Bergman 2011; Alvarenga et al., 2017). Nonetheless, the
rest of the genome easily changes and responds quickly to environmental changes (Tenaillon et al.
2016; Alvarenga et al., 2017).
The name “cyanobacteria” originates from Greek word “cyano-” meaning blue, due to
pigment phycobilin that in combination with phycoerythrin produces characteristic blue-green
colour (Bellinger and Sigee, 2015). Typical prokaryotic structure includes cell size <10 µm in
diameter, nucleotide DNA without nuclear membrane structure. Like other Gram negative bacteria,
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they have external membrane, plus peptidoglycan cell wall, lipopolysaccharide inside membrane,
and certain cyanobacteria also have outer mucous membrane. Specific organelles are located in the
protoplasm: carboxysomes (enzymes for CO2 fixation), cyanophycin (amino acids polymers
containing arginine and aspartic acid, used for nitrogen storage), granules of polyphosphate and
glycogen, and finally, photosynthetic pigments connected to the thylakoid membranes. On them
are located large protein structures such as phycobilisomes, chlorophyll a complex, carotenoids,
photosynthetic reaction centre and electron transport system (Bellinger and Sigee, 2015). Both
oxygenic photosynthesis and cellular respiration occur in thylakoids. Phycobilisomes are arranged
in rows and connected to photosystem II situated on the other side of the thylakoid membrane
surface, and their role is to collect light for cyanobacterial cell. Their shape can vary from semidysmoid to semi-ellipsodial, bicylindrical, in bundles, etc. Phycobilisomes consist of two types of
proteins: brightly coloured, polar phycobiliprotein with covalently bound tetrapyrrole
chromophores (bilins) and uncoloured, non-polar bound proteins. The association of acidic, polar
phycobiliprotein and non-polar, basic binding protein creates the “core-rod” structure, that is very
efficient in transporting light energy to the photosynthetic reaction centre. Due to bilins,
phycobiliproteins are very fluorescent, and their analysis, along with other non-polar pigments
(carotenoids and chlorophylls), can provide insight into cyanobacterial diversity. Moreover,
phycobiliproteins can make up to 60% of the protein content of cyanobacteria, and for this reason
certain types of cyanobacteria (e.g., Arthrospira, marketed as Spirulina) have been used in the
human and animal diet (Colyer et al., 2005). Other important processes in which cyanobacteria
participate is nitrogen fixation, and further transformation of nitrogen into ammonia ions and amino
acids. Nitrogen fixation is usually carried out in heterocysts under aerobic conditions, but there are
special strategies of nitrogen fixation for other cyanobacteria without these specialized cells
(Whitton and Potts, 2000). In the last decade it was determined that cyanobacteria are the main N2fixing organisms in the oceans, even though heterocyst cyanobacteria are scarce in marine
environments (Bauer et al., 2008; Whitton and Potts, 2000).
Due to their remarkable features and metabolic adaptations, cyanobacteria reside in all types
of habitats; from thermal springs, Antarctic soils and lakes, oceans and seas, river estuaries,
freshwater ecosystems, and illuminated rock and soil surfaces (Colyer et al., 2005). They can even
inhabit interior of rocks (endoliths), with several adaptations: rock boring (euendolith), colonizing
cavities inside porous rocks (cryptoendoliths) and rock’s cracks (chasmoendoliths) (Golubic et al.,
1981). They are primary colonizers, capable of surviving various extreme conditions such as high

10

salinity, extreme temperature changes, droughts, large amounts of UV radiation. Cyanobacteria also
store nutrients such as phosphorus, nitrogen, carbon, iron, which allows them to grow in conditions
where these elements are limited (Meriluoto et al. 2017).

Taxonomic conundrum: Botanists versus Microbiologists
Cyanobacterial taxonomy is a complex subject due to different approaches used. The first
classical taxonomy was compiled by Gietler in 1932 according to the instructions of the ICBN
(International Code of Botanical Nomenclature), and he calls them blue-green algae or Cyanophyta
(Whitton and Potts 2012). Later in the 1970s, Stanier proposed that blue-green algae should be
treated as bacteria, change the name to cyanobacteria and adjust their taxonomy according to the
rules of the International Code of Nomenclature of Bacteria (Stanier et al. 1978; Whitton and Potts,
2012). Assigning species for cyanobacteria, as well as bacteria in general, is often challenging.
Prokaryotes reproduce asexually, so they do not fit into Ernst Mayr's "biological concept of species"
- populations that reproduce within their own group and are reproductively isolated from other
groups. Molecular definitions of the species are accepted today: if they have over 97% identity of
16S rRNA gene or if they share at least 70% binding in standardized DNA-DNA hybridization, they
belong to the same species (Doolittle and Papke, 2006). In the last decade, all nomenclature changes
involve molecular research, and the central role of molecular data is particularly emphasized by
Komárek et al. (2014). However, the importance of additional inclusion of phenotypic and ecological
features for accurate species identification is suggested.
In practice, cyanobacteria are often determined by their morphological features.
Morphogenera are often used in the determination literature, i.e. defining genera on the principle
of their morphology (Komárek et al., 2014). Morphological characteristics are the basis for species
determination, e.g. coccoid or trichal form, branching type, dimensions, presence of akinets and
other specialized cells. However, these features often appeared or disappeared during the evolution
of species and genera, also due to environmental conditions (Gugger and Hoffmann 2004;
Schirrmeister et al., 2011; Komárek et al. 2014; Shih et al. 2013), making this type of characterization
unpredictable. Use of electron microscopy and molecular methods have changed drastically our
knowledge on cyanobacteria, showing that morphology cannot be the only standard in species
taxonomy and determination. A good example of the unreliability of morphology are cyanobacteria
grown in culture, which often change their morphology as a response to adverse conditions
(Komárek et al., 2014). Moreover, the use of molecular methods has led to the discovery of many
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cryptic genera and species, which are morphologically or ecologically almost identical, but stand out
when ultrastructural differences, small morphological differences and ecological differences are
observed (Komárek et al., 2014).
A compromise can be represented by the “polyphasic approach”, in which two main
conditions must be met: the taxonomic classification must reflect phylogeny and the species must
be monophyletic (Komárek et al., 2014). Knowing the phylogeny, often the data on the morphology
and ecology of the species coincide, and it is easier to identify a new genus. The definition of the
cyanobacterial genus uses molecular phylogeny based on 16S RNA type species, around which
monophyletic groups of strains that connect morphological and other characteristics are collected.
According to these characteristics, Komárek et al. (2014) propose a taxonomic revision of
Cyanobacteria in 8 orders: Gleobacterales, Synechococcales, Oscillatorales, Chroococcales,
Pleurocapsales, Spirulinales, Chrococcidiopsidales and Nostocales (Komárek et al., 2014). It should
be emphasized that sometimes 16S RNA analysis is not sufficient for certain genera, therefore it is
necessary to sequence additional regions of the genome in order to make a multiple loci analysis.
In the discovery of cryptic species and the separation of polyphyletic genera, it is useful to combine
phylogeny from most frequently used markers: 16S rRNA and 16S-23S ITS (internal transcribed
spacer) region. ITS marker can be observed phylogenetically or through the secondary structure of
proteins (Sciuto and Moro 2016). Revision of the genus Geitlerinema and description of the new
genus Anagnostidinema gen. nov. is a successful example of using the secondary structure of the
ITS region (Strunecky et al. 2017)

Methodology for cyanobacterial research
Cyanobacteria are a very indicative phyla of the environment they inhabit; hence they are
oftentimes investigated using different methods, depending on the scope of the investigation. One
of the approaches is water quality monitoring, that uses information on cyanobacterial ecology to
assess the trophic state of aquatic environments. Depending on the type of water body, the
methods of sampling, detection and monitoring of cyanobacteria vary. Thus, there is a methodology
for shallow lakes, deep lakes, reservoirs, rivers, the Baltic Sea and drinking water reservoirs.
Ecological monitoring of cyanobacterial blooms is performed by the morphological observation
under an inverted light microscope, according to the Utermöhl method (Lund et al., 1958). Sampling
of cyanobacteria in aquatic environments can be done in 3 ways: phytoplankton mesh, pump or
integrated pump. The collected water samples must be chemically fixed immediately or shortly after
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sampling (Bellinger and Sigee, 2015). Results can be further incorporated in ecological theories, such
as Reynolds functional groups, e.g. Mantzouki et al. (2016). The authors consider that the key
ecological characteristics of cyanobacteria are most important for successful control and
management of lakes. Using Reynolds functional groups (Reynolds et al. 2002; Reynolds 2006) they
5 groups of cyanobacteria can be defined: S1 / S2, H1 / H2, LO / LM, SN and R. For each, key
ecological properties are defined, related on how species adapt on eutrophication conditions and
climate change, then what monitoring and management measures can be applied knowing their
strengths and weaknesses.
Bloom-forming cyanobacteria may produce various toxins called cyanotoxins. Traditionally,
various chemical methods (e.g. HPLC, LC/MS etc.) have been used to determine cyanobacterial
toxins that are classified into families according to chemical structure (Meriluoto et al. 2017).
According to the Guidelines for Safe Recreational Water Environments (WHO, 2003), marine blooms
are known to cause “marine cyanobacterial dermatitis” that occurs after swimming in such waters.
Symptoms including itching, burning, redness, blisters, and peeling of the skin, as reported to be
caused by the benthic marine cyanobacterium Lyngbya majuscula in Japan, Hawaii, and Australia.
Numerous toxic components have been isolated from marine cyanobacteria, such as aplysiatoxin,
debromoaplysiatoxin, and lyngbyatoxin A (WHO, 2003; Shimizu 1996). Nodularia spumenigena,
which produces the toxin nodularin, is considered to be the first cyanobacteria that caused mammal
death. Nodularin is a hepatotoxin that enters the body by ingesting contaminated water, and it
causes bleeding, liver failure and kidney damage (Eriksson et al. 1988; Sandström et al. 1990). In
most cases, the identification of cyanobacterial species is not sufficient to determine whether it is
also toxic, as strains with varying degrees of toxicity, but belonging to the same species, may develop
(WHO, 2003).
Oceanologists and limnologists use chemical methods such as fluorimetry or
spectrophotometry to determine chlorophyll concentrations, which are used as a proxy of
phytoplankton biomass (Jeffrey et al., 1997). Wright et al. (1991) introduced the High Performance
Liquid Chromatography (HPLC) method which separates more than 50 pigments including
chlorophylls (a, b, c), carotenoids and their derivatives by means of 3 solvent ratios (80:20
methanol/ammonium acetate and 0.01% BHT; acetonitrile/water and 0.01% BHT; ethyl acetate).
Since then, detailed protocols allow discrimination of phytoplankton photosynthetic and accessory
pigments which are used as taxonomic markers (Jeffrey et al., 1997). For cyanobacteria are used
β,β-carotene and zeaxanthin – the most important marker pigment for cyanobacteria (shared with
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green algae), but also cyanobacteria-specific such as echinenone, canthaxanthin, myxoxanthophyll,
etc. (Descy, 2017). However, the carotenoid canthaxanthin can coelute with the cyanobacterial
taxonomic marker zeaxanthin, hindering the results. HPLC also allow separation and quantification
of divinyl chlorophyll a taxonomical indicator of the cyanobacterium Prochlorococcus, which
belongs to marine picoplankton and plays a key role in the global carbon cycle (Ito and Tanaka,
2011). It is one of the few cyanobacteria that does not have phycobilisomes, along with Prochloron
and Prochlorothrix (Biller et al., 2015). It has a unique photosynthetic system of prochlorophyte
chlorophyll-binding protein (Pcb) that uses divinyl chlorophyll a and divinyl chlorophyll b (Biller et
al., 2015) instead of monovinil chlorophyll a, and show an incredible photophysiology which allows
it to photosynthesize down to the deep layers of the water column in the vast majority of the
oceans. Evolutionarily, this is an essential feature that allows these cyanobacteria to efficiently use
the blue part of the light spectrum with the help of divinil chlorophyll a (Ito and Tanaka, 2011).
Another method of tracking cyanobacteria is through satellite imaging (optical or satellite
remote sensing) which allows to quickly spot blooms and eventually apply countermeasures (Hunter
et al., 2017). Cyanobacterial “diagnostic pigments” used in remote sensing are phycocyanin with a
characteristic maximum at about 620 nm and 650 nm (Gons et al. 2005; Bresciani et al. 2016) and
phycoerythrin with a maximum at 565 and 600 nm (Bresciani et al. 2011, 2016).
Lastly, with development of molecular methods and computational power, molecular
methods are used for assessing species richness and abundance, by designing specific
oligonucleotide probes with fluorescent labels, which can then be enumerated by epifluorescence
microscopy or flow cytometry. Various types of analysis use this basic technology: Fluorescent In
Situ Hybridization (FISH), qPCR (quantitative polymerase chain reaction), dot blot hybridization, and
whole cell (in situ) hybridization, coupled with epifluorescence microscopy, confocal microscopy
and flow cytometry. Especially flow cytometry (FCM) has a wide application as a quantitative
method at the single cell level, that can overcome many shortages of traditional microscopy analysis
(Dubelaar et al., 2007). Using the lasers as a light source, FCM produces fluorescent and scattered
light signals emitted off cell populations and read by detectors, further converted into electronic
signals analysed by software (McKinnon, 2018). In that process, can be used to enumerate
populations of interest, e.g. DNA binding dyes, viability dyes, ion indicators dyes etc. (McKinnon,
2018). This methodology is very useful for monitoring applications (aquaculture, ballast waters) and
ecological applications (population processes, cell processes and functions, abundance), due to its
reproducibility and rapidity of analysis (Dubelaar et al., 2007).
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Regarding metabarcoding, Sanger sequencing (Sanger and Coulson, 1975), based upon using
PCR (Polymerase Chain Reaction) technique, has revolutionized applications in molecular biology.
This molecular method allowed bacteria analysis without the need of culturing them, which
tremendously updated the field, considering that less than 1% of microbes from the environment
are cultured and only a fraction of them is found in culture collections (Solden et al., 2016). This is
called first generation sequencing or metabarcoding because it used full length 16S rRNA gene as a
marker (approximately 1600bp) in a lengthy procedure: obtaining and cloning of amplicon, adding
it into a vector and transform in a host (usually E. coli), extracting the plasmid, purification and finally
Sanger sequencing of 16S rRNA insert (Santos et al., 2020). 16S rRNA is one of the many marker
genes used, but it is considered the golden standard for bacterial taxonomic profiling, due to several
advantages: it is present in all prokaryotes including Archaea; it has highly conserved regions
targeted by universal primers and by flanking hypervariable regions (V1-V9) and variable regions for
identification of specific bacterial groups; high degree of functional conservation and small size of
~1500 bp (Santos et al., 2020). However, even though Sanger sequencing platforms can generate
sequences up to 1000 bp with almost 100% accuracy, their number is very limited and time and cost
demanding. Besides 16S rRNA gene PCR amplification and subsequent Sanger sequencing, PCR
methods as DGGE (Denaturing Gradient Gel Electrophoresis) and T-RFLP (Terminal Restriction
Length Polymorphism) were increasingly used in the monitoring of cyanobacteria from
environmental samples. For DGGE analysis, the noncoding and variable region ITS (Intergenic
Transcribed Spacer), located between 16S-23S rRNA (Luo et al. 2014), is used to obtain more
detailed analyses of intraspecies phylogeny (García-Martínez et al. 1996; Boyer et al., 2001).
In the mid-2000s, high throughput sequencing (HTS) technologies became more prevalent due
to the ability to process large amounts of biological data, e.g. Illumina platform can generate up to
20 Gb of data, comparing to Sanger sequencing platform output of 1.9-84Kb. Besides the high
output and data accuracy, these technologies also removed time-consuming steps such as the
cloning of DNA fragments and electrophoretic separation of sequencing products (required for
Sanger sequencing) (Santos et al., 2020). HTS includes several sequencing platforms: 454
pyrosequencing (Roche), Ion Torrent (Life Technology) and Illumina (Mandal et al., 2015). This
second generation sequencing platforms use PCR amplification of specific regions of the 16S rRNA
gene, where out of nine regions V1-V2 and V3-V4 are the most used (Santos et al., 2020). A paired
end library is constructed using these regions, with adapters and indexes added to amplicons ends,
and finally libraries of ~300 bp are sequenced on the chosen platform. Main advantage over Sanger
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sequencing is high number of small gene fragments, which is still sufficient to analyse complete
bacterial diversity using bioinformatics tools in downstream analysis and databases (e.g. SILVA,
Greengens) in bacterial identification. The field of microbial ecology experienced considerable
transformation, accompanied by availability of ever emerging new tools and updates of platforms
for bioinformatics analyses (e.g. QIIME/QIIME2, Mothur, Phyloseq). However, biases of the method
can be introduced in every step, from using different isolation kits, choosing primers for different
regions of 16S rRNA amplification etc., leading to bias in taxonomic assignment, overestimation of
certain bacterial groups because of high number of amplification etc.
Third generation sequencing (or long read sequencing) has been developed in the last ten
years. It started with Pacific Biosciences (PacBio) single-molecule real-time (SMRT) sequencing in
2011, using Sequel sequencer, and Oxford Nanopore Technologies nanopore sequencing in 2014,
using MinION platform. Still, for 16S rRNA metabarcoding studies, there is still a scarcity of
bioinformatic tools and protocols designed specifically for the analysis of outputs by these
platforms, especially compared to second generation sequencing platforms (Santos et al., 2020).

Symbiotic relationships case in point: Microbial mats
Pronounced potential for symbiotic relationships is characteristic of cyanobacteria, including
endosymbiosis. Results by Ochoa de Alda et al. (2014) propose that the origin of plastids happened
during diversification of mainly N2 fixing filamentous cyanobacteria around 1.75–2 Bya ago. In that
ecologically important event, cyanobacteria basically started an evolutionary path that led to the
origin of plants during the Proterozoic (Schirrmeister et al., 2016). The large metabolic capacity of
cyanobacteria has produced important ecological roles and enabled them to achieve mutual
relations with various organisms. Their endosymbiosis and episymbiosis with plants, fungi and
lichens, diatoms and dinoflagellates, and animals have been documented (Adams 2000; Adams et
al., 2013; Alvarenga et al., 2017). Heterotrophic bacteria often form symbiotic relationships with
cyanobacteria, bounding to their cells walls or residing in cyanobacterial glycocalyx, profiting from
products of photosynthesis, nitrogen fixation and secondary metabolism (Zhubanova et al. 2013; da
Silva et al. 2014s).
Microbial mats are the oldest ecosystems on Earth and the most ecologically successful, due
to the establishment of a stable but also very plastic community of organisms (Awramik, 1976;
Bonilla-Rosso et al., 2012). These are self-sustaining and heterogeneous systems, that are
interesting experimental models on which ecosystem response to rapid environmental changes can
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be tested (Paerl et al., 2008; Bonilla-Rosso et al., 2012). Additionally, they are remarkable for
studying coevolution and ecological interactions such as mutualism, competition, predation,
parasitism, commensalism, neutralism (Alvarenga et al., 2014). They are characterized by vertically
stratified benthic communities of functional groups of microorganisms, which grow on a solid
substrate such as rocks, sand, and other sediments (Bolhuis et al., 2014). Microbial mats are
considered analogues of stromatolites, whose fossil remains date 3.5 billion years into the Earth's
past (Bolhuis et al., 2014). According to Stal (2012), these are excellent model organisms for the
study of Precambrian stromatolites, although nowadays lithification rarely occurs as it did in the
Archaic, from which the oldest stromatolites date. In contrast to the high prevalence in geological
history, modern microbial mats are limited to several types of freshwater and marine aquatic
environments (Bonilla-Rosso et al., 2012). Mats are thought to develop in extreme environments
where there is no grazing, which is one of the reasons for the age of stromatolites (Whitton and
Potts, 2012). Environments such as open savanna soils, rocks of cold desert of Antarctica, leaf
surfaces in wet tropical forests, rocks in the mountains (especially dolomites), are oftentimes
covered by cyanobacterial microbial mats. They survive and often thrive in these environments due
to adaptations to irradiance, heat and water stress (Lüttge, 1997).
Phototrophic microbial mats develop in an illuminated environment, and are mostly
composed of cyanobacteria, and sometimes diatoms, which also participate in photosynthesis. In
addition to cyanobacteria, it may contain a vast number of taxonomically different bacterial groups,
such as purple sulfur bacteria, green sulfur bacteria etc. Cyanobacteria in a mat can amplify
microbial community conditions to perform a particular task (Zhubanova et al., 2013). Good
examples of that are microbial mats formed after oil spill where cyanobacteria as pioneers provide
the basis for attracting in the mat specifically oil degrading bacteria, helping in bioremediation of
the area (Al-Thukair et al., 2007). As primary producers, cyanobacteria produce organic compounds
for the growth and production of nonstructural components such as extracellular polymers
substances (EPS), which as an adhesive create a stable structure in which organisms grow and which
is attached to the substrate surface (Bolhuis et al., 2014). They have a great role in stabilizing
sediment, preventing erosion and participating in the terraforming of new environments.

Marine cyanobacteria: Global impact
Marine cyanobacteria play a major role in the global carbon cycle (as primary producers) and
in nitrogen fixation, especially in the marine environment that is poor in nitrogen compounds (Brito
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et al. 2017). In the marine ecosystems, including coastal zones, the most dominant fraction of
cyanobacteria is picocyanobacterial, single cell cyanobacteria under 2-3 μm in diameter dominate
(Jasser and Callieri 2017). They account for a very important share in primary production and ocean
biomass, exceeding 50% of marine phytoplankton (Paerl, 2012). This is especially true for
ultraoligotrophic areas, such as oceans and oligotrophic deep lakes. Picocyanobacteria with other
bacteria form the foundations of the microbial food network, especially serving as food for
protozooplankton. Heterotrophic nanoflagellates are responsible for the removal of 90% of
picocyanobacterial and bacterial biomass, and ciliate for the remaining 10% (Jasser and Callieri
2017). Picocyanobacteria feed to some extent on copepods, rotifers, and mixotrophic algae, forming
a trophic link between them and mesozooplankton (Jasser and Callieri 2017; Callieri et al., 2012).
Marine picocyanobacteria contain the genera Synechococcus, Chroococcus, Prochlorococcus, and
Synechocystis (Paerl, 2012). Synechococcus and Prochlorococcus together contribute about 25% of
ocean primary production (Flombaum et al. 2013; Dvořák et al. 2014). These two genera diverged
150 million years ago from a common ancestor and still share many genetic similarities (at least
according to 16S rRNA), although they differ significantly in cell size and photosynthetic pigments.
Phylogeny made on entire genomes also separate the two genera, although interestingly linking
low-light (LL) Prochlorococcus to Synechococcus rather than high-light Prochlorococcus. Their
geographical distribution indicates the ecological niche they occupy. Synechococcus is ubiquitous in
all marine environments, and is particularly dominant in nutrient-rich coastal waters and cold
waters of higher latitude. Prochlorococcus, in contrast, is found in warm and oligotrophic oceans
and seas, such as the Mediterranean Sea (Li, 2000). Due to the phycobilisomes antenna system of
Synechococcus, it is more adapted to temperature changes and is less sensitive to the toxicity of
copper from coastal waters (Biller et al., 2015). Thus, the genus Synechococcus is more abundant in
marine pelagic picoplankton. Namely, 26 of the currently 43 fully sequenced cyanobacterial
genomes belong to this genus (Dvořák et al., 2014). In freshwater environments, picocyanobacteria
are divided into 5 genera: Synechococcus, Cyanobium, Synechocystis, Cyanothece and
Cyanobacterium (Jasser and Callieri, 2017). These cyanobacteria can enter the coastal marine zones
via freshwater input from the coast, such as estuaries and deltas of rivers. Under special
environmental conditions, they can develop mucilage, form colonies and blooms. Examples of
genera that do not create blooms are Aphanocapsa, Aphanothece, Chroococcus, Coelosphaerium,
Cyanodictyon, Merismopedia, Snowella, Romeria, etc. (Jasser and Callieri, 2017).
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Cyanobacteria in the Anthropocene
Living with extremes: Cyanobacteria and climate change
Current climate change is evident in ongoing processes of global temperature rise, warmer
oceans and ocean acidification, melting ice surfaces and glacial retreat, sea level rise and extreme
events – as a result of numerous anthropogenic activities. These processes are greatly impacting the
environment and ecosystems’ functioning.
The rise in temperature caused by global warming encourages increased growth of
cyanobacteria, in contrast to the eukaryotic phytoplankton fraction (Paerl and Huisman, 2008, 2009;
Paerl and Paul, 2012). Cyanobacteria have developed several strategies allowing them to adapt to
this human-changing environments: resistance to high temperatures, tolerance to reduced light,
alterations in floating at different depths within the water column (by pseudovacuole), tolerance to
low levels of phosphorus and nitrogen, low pH and low CO2, symbiotic bonds with aerobic bacteria
on the surface of heterocysts (Bellinger and Sigee, 2015). As an example, in freshwater eutrophic
lakes of temperate latitudes, where blooms occur in summer, when the temperature is above 20°C
and when the lake temperature stratification is established, cyanobacteria e.g., the genus
Microcystis ascertain dominance over other microalgae because of their ability to float to the
desired depth, thus winning the competition for light source and nutrients (Codd et al., 2017). The
ecology of e.g. Microcystis aeruginosa species is multifaceted, as they occur also in oligotrophic
lakes (Bellinger and Sigee, 2015) and may be benthic by forming granular masses at the bottom of
the lake (Bellinger and Sigee, 2015). Species of the genus Microcystis and Gloeotrichia can rebecome planktonic by separating from the substrate and becoming free-floating. Ecologically,
colonial cyanobacteria are very good bioindicators of a highly eutrophic water body, while
unicellular cyanobacteria from the Chrococcales group are indicators of meso- and oligotrophic
conditions (Bellinger and Sigee, 2015).
As a consequence of human impacts to these environments, eutrophication of aquatic
habitats results in frequent cyanobacterial blooms eventually posing major problems for the
environment and human health (Luo et al. 2012; O’Neil et al. 2012). Eutrophication is one of the
biggest stressors that can affect freshwater and coastal marine ecosystems. It can result in so-called
“dead zones” as a consequence of the lack of the oxygen in the water column, mostly due to the
increased frequency, duration, and extent of phytoplankton blooming (McCrackin et al., 2017). In
the last 50 years, the dead zone areas within the world’s coastal zones has grown to 245 000 km2
(Diaz and Rosenberg, 2008; McCrackin et al., 2017). The prevalence and blooming of toxic algae has
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been likewise on the rise in the last decade, with their occurrence being associated with excessive
nutrient supply from coastal zones (Anderson et al. 2008; McCrackin et al., 2017). Lack of fresh water
and insufficient wastewater treatment (van Loosdrecht and Brdjanovic, 2014), increased use of
fertilizers for intensive agriculture (for human and animal consumption) (Bennett et al., 2001) and
global warming, amplifies uncontrolled growth of cyanobacteria and the emergence of toxic strains.
Also, high temperatures and insolation favour the growth of cyanobacteria at the expense of
phytoplankton in freshwater ecosystems. Intense and extreme rainfall also affects the increased
influx of nutrients into aquatic ecosystems and their enhanced eutrophication (Jeppesen et al.,
2009).

Intermittent rivers: Future scenario for fluvial waters
Intermittent rivers encompass “all temporary, ephemeral, seasonal, and episodic streams and
rivers in defined channels” (Datry et al., 2014). Even though they are present on every continent
and constitute more than half of the length of the global rivers network, they are yet not integrated
into regional and global analyses (Datry et al., 2018). Due to anthropogenic engineering, many of
the large, perennial worlds’ rivers are turning into intermittent (e.g. Nile, Colorado, Rio Grande,
Yellow River etc.). Several world regions have predominantly intermittent water bodies: Australia,
Arctic, Antarctica, Alpine region (Datry et al., 2014). In the Mediterranean region especially, most of
the surface water bodies belong to intermittent rivers and ephemeral streams (IRES), and
population is heavily dependet on the source of water and sediment they provide (Borg Galea et al.,
2019). In the Mediterranean basin, they provide various ecosystem services, e.g. as aquifers, for
irrigation, protection from floods, grounds for grazing animals, habitats of medicinal herbs and
plants etc. Moreover, due to their complexity (aquatic, semi-aquatic and terrestrial periods), they
are hotspots of biodiversity and habitats of endemic species. Finally, during dry periods IRES habitats
have important ecological functions of organic matter and nutrient cycling. In the disconnected
pools of the river during drying and dry periods, leaf litter and sediment accumulate. Hypoxic
conditions cause ammonium and phosphate release from sediments, and dissolved nutrients are
converted to evaporites, while aquatic macrophytes and algae are replaced by plants (Datry, 2014).
When water flow resumes, solute concentration rises, and progressing water can move many
tonnes of organic matter resulting in “pulses” of carbon used by heterotrophic organisms, but also
potentially causing hypoxia and mortalities for fish and invertebrates in reservoirs, lakes and coastal
areas. This effect of intermittent rivers, as well as greenhouse gas emissions and carbon
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sequestrations, are still underexplored (Datry, 2014). Climate is the main driver shaping intermittent
rivers, affecting precipitation, wind, temperature fluctuations, which are then mediated by
geological characteristics. Other natural and anthropogenic activities are shaping them additionally
(Borg Galea et al., 2019). Due to the unpredictability of climate change, the future of these water
bodies is uncertain. According to Acuña and Tockner (2010), climate change will prolong the
deciduous-tree litter fall by several months in the Mediterranean region, which will result in more
organic matter accumulation in dry river channels, increasing the carbon pulses in the wet seasons.
At the same time, occurrence, duration and frequency of river drying is prolonged due to agriculture
irrigation needs and other anthropogenic uses (Döll and Schmied 2012). In Mediterranean IRES,
climate change and anthropogenical activities effect on long-term reduction in number of flow-days
and flow decrease is already recorded, which in turn is disturbing ecosystem services they provide
(Borg Galea et al., 2019). Principal primary producers in IRES are cyanobacteria and algae, their
composition depending on different climatic and geological settings, hydrological patterns, water
chemistry, and light irradiance regime (Sabater et al., 2017). In the Mediterranean, intermittent
rivers cyanobacterial composition varies from cold and warm arid zones, but they can also acquire
likeness to communities in perennial rivers if the flow changes are less intense. During the dry phase,
community shifts radically, with desiccation resistant cyanobacteria and green algae as pioneers,
followed by diatoms. Duration of dry phase can have lasting impact on their communities, especially
if the flowing phase is not long enough for communities to fully recover (Sabater et al., 2017).
Cyanobacteria and algae form microbial mats (biofilms), incorporate other bacteria and fungi, while
providing habitat for microfauna and meiofauna (Sabater and al, 2016). Cyanobacteria make all this
possible by secreting extracellular polymeric substances (EPS), which offers protection from
desiccation, UV radiation, biocides etc. by forming microbial mats (biofilms). EPS is retaining
extracellular enzymes, supporting utilization of compounds from the environment and transforming
them into nutrients for bacteria and algae. It also enables cell to cell communication in close
proximity, thus promoting formation of a co-operative community (Sabater and al, 2016).

Aquaculture: Microbial challenges
Aquaculture’s primary role is cultivation of aquatic organisms: fish, shellfish, molluscs and
crustaceans, macrophytes and algae (FAO, 1988). Human intervention has been involved from the
very beginning in the breeding process, and includes juvenile rearing, feeding, protection from
diseases and predators, etc., all for the purpose of increasing the production of organisms for human
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and animal consumption (FAO, 2014). Aquaculture is one of the fastest growing industries in the
world, in just 12 years (2000-2012) production increased from 32.4 to 66.6 million tons globally
(FAO, 2014). It can be considered an artificial medium for bacterial development, as nutrients in the
form of phosphate and nitrogen metabolites and organic matter are abundant in aquaculture
conditions (Martinez-Porchas and Vargas-Albores, 2017). Microorganisms in the aquaculture in the
last decade are used as probiotics, for bioremediation of effluent, as food, but also as biomarkers in
the environment, which inform about the state of the aquaculture environment (Martinez-Cordova
et al., 2015; Martinez-Porchas and Vargas-Albores, 2017). Practice and technology in aquaculture
have advanced rapidly, as seen in higher yields, feeding new formulations, new species for
cultivation, and genetically modified organisms, recirculation systems, multitrophic systems, and
biofloc/biofilm technology (Martinez-Porchas and Vargas-Albores, 2017). The biggest obstacle to
aquaculture progress are diseases caused by microorganisms. Financial losses due to diseases in
aquaculture reach up to $ 6 billion per year (Assefa and Abbuna, 2018). The health and production
of organisms are affected by temperature, pH, dissolved oxygen, salinity, nutrients, and
phytoplankton biomass (Martins et al., 2018). Seasonal parameters such as rainfall and sunlight can
affect the already mentioned physicochemical and biological parameters.
The bacterial community, residing within its water column as well as in the sediment, is
extremely important in aquaculture, providing purification and consequently good quality of water,
being responsible for the health of aquatic organisms (Rurangwa and Verdegem, 2015; Martins et
al., 2018). Microorganisms in the water column can have a beneficial effect on water quality by
mineralizing extensive nutrients loads, reducing the number of pathogenic bacteria and affecting a
higher survival rate of larvae. Microbial communities provide a rapid response to changes in the
aquatic environment, which can vary from changes in the overall composition of the community
and its functionality, to small changes such as (de)activation of certain metabolic pathways
(Bentzon-Tilia et al., 2016). In sediments, bacterial communities play a distinct role in
biogeochemical cycling of all major nutrients with a crucial role in the decomposition of organic
matter. Unfortunately, in the intensive aquaculture systems, high organic production and/or waste
accumulation can reduce the capacity of the microbial component to mineralize these compounds.
This can eventually result in hypoxia followed by the release of toxic metabolites into the
environment (e.g. ammonium, nitrites, hydrogen sulphide), which adversely affects health and
survival of aquatic organisms (Robinson et al., 2016). The challenge of making as much profit as
possible in aquaculture often means raising large quantities of fish (or other organisms) in a given
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area. In such systems, high concentrations of nutrients such as nitrogen and phosphorus can lead
to hypereutrophication and eutrophication, often followed by phytoplankton blooms (Granada et
al., 2016). Toxins produced by phytoplankton blooms (including cyanobacteria) can cause mortality
in aquaculture (McCrackin et al., 2016). In general, eutrophication causes negative economic
consequences for the aquaculture (McCrackin et al., 2016). Only 13.9% of nitrogen and 25.4% of
phosphorus from fish food is utilized, the rest accumulates in water and sediment (He and Wu, 2003;
Zhang et al., 2014). Nitrogen compounds, such as ammonium and nitrite, accumulating in high
concentrations, can be toxic to aquatic animals but also to human health (Nora’aini et al. 2005;
Zhang et al., 2014), strongly impacting surrounding sites.
Due to their major role in preserving health of the aquaculture, microbial communities are
very good indicators of the changes within these ecosystems. Changes in the microbial transport of
nitrogen and phosphorus, as well as metabolism, can give indications of the state of water in the
farm, as dissolved inorganic nitrogen and phosphorus are one of the most important indicators of
self-pollution of the farm and the environment (Bentzon-Tilia et al., 2016). Nevertheless, in light of
global warming and climate change, some authors have noticed changes in the structure of
microbial communities, with shift from non-toxic to toxic strains following increasing temperatures
(Sinden and Sinang, 2016), however, which is a significant cause for concern when it comes to
aquaculture management. At the same time, a significant decrease in cyanobacterial blooms was
observed at temperatures above 32°C.
Diseases of aquatic organisms are known to be a consequence of the complex interaction
between the host, microorganisms, pathogens and environmental conditions (Granada et al., 2016).
Unfortunately, environmental conditions persisting in the aquaculture, such as high densities of
organisms, increased stress of organisms, excessive fattening and poor water circulation, often
promote development and the emergence of diseases, especially in intensive and semi-intensive
aquaculture production. Under such degraded environmental conditions, organisms are more
susceptible to pathogens, with extremely virulent pathogens known to occur.
Changes in the global climate affect microorganisms in the sediment, water and aquatic
organisms themselves. The rise in temperature has also been positively correlated with the growth
of aquatic organisms. However, higher temperatures affect susceptibility to disease, spawning time,
mortality and impact on the life cycle. All of the above also has socio-economic consequences
globally (Woodard, 2015; FAO, 2016). Rising CO2 and ocean acidification are leading to negative
changes for organisms important to aquaculture. These processes cause the physiological changes
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in shellfish, from reproduction and growth to shell development. Due to acidification, massive
shellfish larvae mortality has been reported in farms. Embryos and larvae of bony fish also show
sensitivity (reduced growth and mortality) to sea and ocean acidification (Heuer and Grossel, 2014;
FAO, 2016). The impact of climate change on salinity can affect diseases of cultivated organisms. For
example, bacteria of the genus Vibrio that prefer growth in warm waters (<15 C) of lower salinity
(<25 ppm) may, under the influence of climate change, cause disease in farms of temperate and
higher latitudes (Rowley et al., 2014; FAO, 2016). Phytoplankton (algae and cyanobacteria) produce
oxygen in the water column and can be a source of food, but at the same time in certain
unfavourable conditions they can be the cause of death of organisms. Bacteria from the water
column and sediment are important for system health and nutrient remineralization, but can be a
reservoir of pathogenic bacteria and antimicrobial resistance genes. Therefore, the study of
microorganisms in aquaculture must be approached holistically and synergistically, looking at the
broader interdisciplinary picture, in order to adequately understand the negative processes and
approach their solution.
Finally, the problem of cyanobacterial blooms and cyanotoxins in aquaculture is a common
problem that causes large economic damage and has a negative impact on human and animal
health, as well as a negative impact on the environment itself (Sinden and Sinang, 2016).
Cyanotoxins can cause neurological damage (Metcalf and Codd, 2009) and hepatologic lesions
(Eriksson et al., 1988; Sandström et al. 1990). Also, volatile organic compounds (VOCs) such as
geosmin and 2-methyl isoborneal (MIB) spread unpleasant odours in drinking water and give a
mouldy taste to fish (Sinden and Sinang, 2016). Cyanobacterial blooms cause reduction of oxygen
in the water column: cyanobacterial cells floating on the surface impede photosynthesis of
phytoplankton, while large numbers of dead cells from the bloom decompose and additionally
consume oxygen. Except for fish mortality, blooms and cyanotoxins affect fish appetite and growth,
and such fish is often not of sufficient quality for consumption or damaged by toxins (Sinden and
Sinang, 2016). Numerous studies have shown that the frequency, intensity and duration of
cyanobacterial blooms are globally on the rise, as a result of eutrophication and global warming
(Huisman et al., 2018). Therefore, there is a need for new, faster methods detection is large, due to
the great economic importance, impact on the diet and health of a large number of people and
environmental impact.
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Cyanobacteria research in the Eastern Adriatic
Although they are an extremely important part for aquatic ecosystem functioning, especially
the marine one, Cyanobacteria research in Croatia was mainly focused on freshwater ecosystems.
In them, cyanobacteria were studied as part of phytoplankton community in lakes and rivers,
following Water Framework Directive guidelines (Mihaljević et al., 2014; Žutinić et al., 2014; Gligora
Udovič et al., 2015) or as bloom-forming phenomena in freshwater ecosystems in continental
Croatia (Mihaljević and Stević, 2011). Even though 22% of Croatia is coastal and an additional 35,4%
is covering the Adriatic Sea (Ministry of Environment and Energy, Republic of Croatia), investigations
on cyanobacteria in eastern Adriatic are scarce. In these few studies investigators have used flow
cytometry, epifluorescence microscopy and high throughput sequencing (HTS) in order to study the
composition and dynamics of bacterial communities (Šantić et al., 2013; Najdek et al. 2014, Korlević
et al., 2014; Paliaga et al., 2017; Babić et al., 2017; Babić et al., 2018; Mucko et al., 2018; Šantić et
al., 2018). Of particular interest was spatial and temporal distribution of the Prochlorococcus and
Synechococcus picocyanobacterial community in Adriatic seawater. However, data on the sediment
bacterial community, including cyanobacterial fraction, are very scarce (Korlević et al., 2015).
Data produced by flow cytometry in the coastal waters of central and southern Adriatic Sea
showed that Synechococcus biomass dominates over Prochlorococcus, probably due to adaptation
to water-column mixing, eurythermal properties and ability to absorb different types of nutrient
sources (Šantić et al., 2013). Using epifluorescence microscopy, two ecotypes of Synechococcus are
detected coexisting, phycocyanin-rich cells (PC-SYN) and phycoerythrin-rich cells (PE-SYN) (Šantić et
al., 2018). Two ecotypes were affected by relative ratio of phosphorus availability and total inorganic
nitrogen nutrients. PC-SYN cells were dominating during spring, showing a significant positive
relationship with temperature and nitrogen, and PE-SYN dominated during winter and autumn
positively responding to phosphate availability. In the offshore waters of southern Adriatic, Najdek
et al. (2014) investigated picocyanobacteria and bacterial community during convection event,
combining methods of flow cytometry and the DGGE analysis. Prochlorococcus and Synechococcus
were more abundant in highly saline and nutrient poor Levantine Intermediate waters then in
Southern Adriatic waters, with negative correlations with dissolved inorganic nitrogen, in contrast
to results for heterotrophic prokaryotes and picoeukaryotes. Additionally, Korlević et al. (2014)
focused its study on changes in the structure and diversity of the total bacterial community during
two sampling years (2011/2012) using 454 pyrosequencing and CARD-FISH methods. As observed,
cyanobacteria were the second most abundant group within total bacterial community, and
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interestingly, their abundance decreased during the convection event (Korlević et al., 2014).
Picocyanobacterial community, with emphasis on different Prochlorococcus ecotypes, was also
investigated in the southern Adriatic during winter convection event in the year 2015 (Babić et al.,
2017). By combining flow cytometry with phylogenetic information of the ITS region clone libraries,
authors have detected co-occurrence of HLI (MED4) and LLI (NATL2A) Prochlorococcus ecotypes
alongside with high diversity of Synechococcus clades. In publication by Babić et al. (2018) and
Mucko et al. (2018), Cyanobacteria were further investigated as a part of the total bacterial
community by flow cytometry, HPLC and 16S rRNA amplicon high throughput sequencing. In the
winter conditions of 2016 when deep convection was absent, Prochlorococcus and Synechococcus
abundances were found to be higher in the coastal areas from 0-30m and offshore surface, euphotic
layer, representing 10% of the total bacterial community (Babić et al., 2018). Within the
picoplankton community, Cyanobacteria represented 9.25% of the total bacterial community, and
their abundances were found to correlate to higher concentrations of pigment: zeaxanthin plus βcarotene for Synechococcus, and divinyl chlorophyll a for Prochlorococcus (Mucko et al., 2018).
However, in this study HPLC method was shown to be less sensitive, when compared to flow
cytometry and HTS, probably due to very low concentrations of photosynthetic pigments. On the
other hand, investigation conducted on the coastal seawater impacted by the wastewaters that
underwent only primary treatment (Paliaga et al., 2017), using HTS and epifluorescence microscopy,
suggested that cyanobacteria were not major contributor to bacterial community composition.
Synechococcus prevailed over Prochlorococcus abundances, showing preference to eutrophic
conditions (Paliaga et al., 2017).
Besides coastal and offshore Adriatic picocyanobacteria, research was also published on
cyanobacteria living in the extreme environment of rock pools and splash zones of the karst Adriatic
coast (Brandes et al., 2015; Palinska et al., 2017; Vondrášková et al., 2017; Vogt et al., 2019). Brandes
et al. (2015), for studying cyanobacteria residing within supratidal rock pools, have used HTS, singlecell and single-filament DNA isolation in addition to microscopy. Cyanobacterial order
Pleurocapsales was found as the main contributor in the endolithic community with the highest
richness recorded in the most extreme high-salinity samples. Interestingly, these habitats had higher
relative community diversity when comparable to the extreme sites of hot and cold deserts (Brandes
et al., 2015). In the further investigation conducted by Palinska et al. (2017), total bacterial
component was analysed by using HTS, revelling highly diverse community of heterotrophs:
Proteobacteria, Chloroflexi, Actinobacteria, Planctomycetes, Acidobacteria and Spirochaetes.

26

However, Cyanobacteria were predominant representing 43% of the community, with a total of 13
morphospecies and 17 genotypes discovered. Proportions of heterotrophic to phototrophic bacteria
was found to be dependent on the distance to the sea level, with separation of Cyanobacteria
orders: Oscillatoriales in the subtidal zones and Pleurocapsales in the upper wave-spray zone
(Palinska et al., 2017). Comparing Croatian sample with tidal flats samples (sediments and water)
from 4 other different climate zones (Iceland, Oman, France, Germany), using HTS with specific
primers targeting cyanobacteria, showed that Croatian samples were dominantly Pleurocapsales
enriched (Vogt et al., 2019). Besides, Croatian sample had high number of location-specific OTUs
(72%) but it only shared 5 to 7 OTUs with other locations, which implies very diverse and particular
cyanobacterial community, probably derived by characteristics of Adriatic coast limestone (Vogt et
al., 2019). In the line with that, Vondrášková et al. (2016) have reported 42 cyanobacterial endolithic
and epilithic species in the splash zone of Croatian islands Ugljan and Veruda. Using extensive
microscopy efforts (336 samples), they determined vertical gradient as the most important
determinant affecting species composition, with Hyella spp. and Gloeocapsopsis crepidinum as the
most dominant (Vondrášková et al., 2016).
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THESIS OUTLINE
This doctoral thesis incorporates four scientific publications (I-IV), which are adequately addressing
aims and hypotheses of the thesis.
Aims of thesis are:
1. To define the cyanobacterial community response to environmental pressure in the benthic and
pelagic systems in freshwater and marine environments. (Publication II, III, IV)
2. To identify changes in the structure of the cyanobacterial communities in an extreme ecosystem
that is affected by climate change and anthropogenic pressures (mariculture). (Publication I, II, III,
IV)
3. To describe the diversity of cyanobacteria in the intermittent river and aquaculture-influenced
marine system in the southern and central Adriatic. (Publication I, II, III, IV)
4. To apply molecular methods and analysis to identify cyanobacteria in the investigated
ecosystems. (Publication I, II, III, IV)
Hypothesis of the thesis are:
1. Cyanobacteria are exceptionally important organisms in extreme environments, as they
change/adapt such environments into habitats for development of other organisms. (Publication I,
II)
2. The Adriatic Sea and the Adriatic basin are ideal natural models for studying ecosystems
influenced by climate change and anthropogenic pressures. (Publication I, II, III, IV)
3. Recent innovative molecular methods using high-throughput sequencing technology, such as
metabarcoding, are appropriate tools for cyanobacterial research and for the identification of key
taxa for ecosystems. (Publication II, III, IV)
First two publications (I, II) answer satisfactory to the first hypothesis; all four publications (I, II, III,
IV) pertain to the second hypothesis, and the last three publications (II, III, IV) explore possibilities
of the third hypothesis. Aims of the thesis are reached: Publications II, III, IV describe cyanobacterial
response to various environmental pressures; publications I, II, III, IV identify changes in the
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community and describe diversity of cyanobacteria using observational method such as light
microscopy and molecular methods using DNA extraction, PCR amplification and phylogenetic
analysis of 16S rRNA and ITS marker genes and HTS of 16S rRNA amplicons and various bioinformatic
tools in the analysis microbial mats, seawater and sediment samples in the Eastern Adriatic area
(Publications II, III, IV).
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DISCUSSION
Cyanobacterial microbial mats in the intermittent river: Habitat and natural laboratory for
studying the extremes
First two publications have answered most of the thesis aims (second, third and fourth): (i)
they have identified changes in the structure of cyanobacterial community in the extreme
ecosystem affected by the climate change, (ii) described diversity of cyanobacteria in the
intermittent river situated in the Adriatic basin, and finally, (iii) applied both molecular (Publication
I, II) and observational method (light microscopy, Publication I) for the identification of
cyanobacteria. This type of research is additionally significant in the light of the expected rise in
numbers of intermittent water bodies worldwide, due to the effects of climate change and
anthropogenic interference.
First hypothesis: “Cyanobacteria are exceptionally important organisms in extreme
environments, as they change/adapt such environments into habitats for development of other
organisms”, have been confirmed, and first two publication have addressed this in depth –
Publication I by explaining the importance of interactions between different trophic groups,
including prokaryotes (bacterial community with emphasis on cyanobacteria), eukaryotic
component (diatom assemblage) and macroinvertebrates (Synurella ambulans) for the ecosystem
functioning, while in the Publication II insights are given on the resilience and survival of microbial
mat community in this extreme ecosystem with strong seasonal disturbances. Furthermore, the
second hypothesis: “The Adriatic Sea and the Adriatic basin are ideal natural models for studying
ecosystems influenced by climate change and anthropogenic pressures.” has also been confirmed,
as the study site was the intermittent river Krčić, as part of the Adriatic basin (Krka river sub-basin).
The effects on the microbial communities have been reported, as well as the hydrological cycle of
the Krčić during 2014 and 2015 (Publication II). Year 2014 was characterized by a rainy summer,
without a typical drought period, which was established again in the summer of 2015. These
conditions produced distinct bacterial communities in the microbial mat, giving opportunity to
witness changes in the environment. Finally, the third hypothesis: “Contemporary molecular
methods using high-throughput sequencing technology, such as metabarcoding, are appropriate
tools for cyanobacterial research and for the identification of key taxa for ecosystems”, has been
confirmed, as with the combination of 16S rRNA cyanobacteria-specific primers (Publication I), 16S
rRNA amplicon sequencing and internal transcribed spacer (ITS) region (Publication II), intense
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hydrological changes were detected in shaping (and/or selecting) the microbial mat community of
the Krčić.

Cyanobacteria displaying environmental selection in the intermittent river ecosystem
Publication I has approached the importance of microbial mats as a shelter microhabitat
during two environmental extremes - high flow and drought periods, and as a feeding place of the
amphipod S. ambulans. In this publication, for the first time, identification of cyanobacteria forming
microbial mats was conducted on one Croatian intermittent karstic spring/river. The Krčić river is
specifically selected as a representative of IRES, due to extreme conditions, mostly as a result of
intense water regime fluctuations, but also due to low temperature, prolonged desiccation, and
high solar irradiance. These extreme conditions encompass: a drought period generated during
summer season, strong rains following in the autumn months, freezing ambient temperature during
winter period, and higher water levels reached in the spring time as a consequence of snow melt.
Two months that have distinct hydrological conditions - February (winter), representing month with
high water extreme, and May (spring), representing starting point of drought period, were selected
for sampling and consequent analyses. Morphological analysis was conducted on diatoms and
cyanobacteria, with additional molecular identification of cyanobacteria using 16S rRNA marker
with specific primers designed to target only cyanobacteria (DNA extraction, construction of clone
libraries and consequently phylogenetic analysis) and crustacean identification and enumeration.
Morphological observations defined Oscillatoriales cyanobacteria as dominant members of the
microbial mat, with Phormidium favosum found in both winter (high water) and spring (beginning
of drought) samples and Hydrocoleum muscicola identified as subdominant species. Molecular
phylogeny analysis further confirmed Oscillatoriales predominance in microbial mat, but provided
additional data. Using these tools Phormidium autumnale and genera Tychonema, Pseudoanabena
and Hydrocoleum arise as dominant cyanobacteria within microbial mats. Interestingly, in addition
to these species Wilmottia was identified within the mats, found exclusively in the winter sample
characterized by cold and high water. This is considered as a first report of the presence of Wilmottia
in Croatia. Considering this, Wilmottia in the Krčić Spring could be endemic for this area, although a
broader investigation on the topic is needed for further conclusions. Phylogenetic tree further
suggested clear separation of these two cyanobacterial clusters (7-10% difference): “Phormidium”
cluster occurring both in winter and spring, and exclusively winter “Wilmottia” cluster. Study has
clearly showed that pockets of microbial mat, formed in Krčić Spring, serve as an important shelter
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for the stygophilic amphipod S. ambulans when moss as the primary substratum is not fully
developed. Cyanobacteria of order Oscillatoriales seem to be the key for development of microbial
mat: they synthesize extracellular polymers serving as a glue for other microorganisms (e.g.
diatoms), providing stabile foundation between mat and the substrate and organic source for other
heterotrophic and lithotrophic bacteria. The cyanobacteria-diatom mat protects amphipods from
drift, usually during the flow activation in autumn or from the Dinara mountain snowmelt in spring.
Results from the Publication I were used as a starting point for the more detailed analysis
presented in Publication II. Microbial mats, forming within this extreme ecosystem, were this time
studied by sampling conducted throughout the whole year period and by combining two gene
regions analysis - 16S rRNA (V1-V3 region) as a universal bacterial marker gene and ITS as a specific
cyanobacterial marker gene. This information gave much needed insights into adaptation capability
of the microbial mats thriving in this extreme ecosystem. 16S rRNA analysis suggested complex
microbial mat community consisted of 11 different bacterial phyla with Cyanobacteria making the
community core (>50%), and Proteobacteria (Alphaproteobacteria) emerging as second most
dominant phylum. Most abundant cyanobacterial genera included Microcoleus, Phormidium and
uncultured

Antarctic

cyanobacterium.

Other

dominant

phylum

was

Proteobacteria

(Alphaproteobacteria). ITS marker results grouped majority of cyanobacteria within Cluster 1,
encompassing genera Phormidium/Microcoleus/Tychonema/Oscillatoria/Stanieria, all six being
phylogenetically closely related. However, during conditions of low temperatures and strong bora
wind (winter 2014) and during drought period (summer 2015), Cyanobacteria were reduced within
the community. Under the extreme cold, Planctomycetes and candidate phylum TM6 proliferated.
Members of the phyla Firmicutes were strictly found during the drought summer period followed
by genera Cytophagia-Fibrella, Polymorphobacter, Polaromonas, and Massilia. Nonetheless, during
high water inflow following the drought, Cyanobacteria represented 90% of the community in which
specific desiccant-tolerant genera (Chroococcidiopsis, Calothrix, and Pleurocapsa) appeared to have
mechanisms for quick recolonization.
In order to identify key cyanobacteria in the ecosystem, two markers were used with
sometimes opposite results, but giving better insight into the community when combined. For
example, potentially endemic genus Wilmottia was only detected with ITS marker. ITS analysis
suggested the presence of a small population of “Wilmottia” cyanobacteria present in both winter
and spring months. This genus was previously detected in a winter sample by cyanobacteria-specific
16S rRNA clone libraries (Publication I). To resolve this issue, and with aim to remove other possible
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discrepancies, data of the 16S rRNA amplicon sequencing from the Publication II was re-analysed.
New pipeline established for Publication III and IV was applied, using QIIME2 platform and new
version of SILVA database v. 132 taxonomy assignment at 99% OTU identity threshold (Fig. 1.).
Interestingly, the re-analysis suggested that genus Wilmottia was abundantly present in all months
except pre-drought (Jun-15) and after-drought (Oct-15), when its relative abundance was under 1%.
In other months, Wilmottia relative abundance ranged between 1.20% in during winter freeze to
immense 28.45% during spring snow melt flow. Sequences from the Wilmottia genus were found
to be closely related to strain Wilmottia Ant-Ph58, isolated from pond in Antarctica (Comte et al.,
2007). Thus, Wilmottia could potentially belong to the puzzling “Uncultured Antarctic
cyanobacteria” group from 16S rRNA amplicon analysis in Publication II. Example of Wilmottia
shows that ITS was a good phylogenetic marker in detecting cyanobacterial members of the
community. At the same time, due to limited scope of the SILVA database at the time of 16S rRNA
analysis (Publication II), Wilmottia sequences could not be more precisely assigned then as
“Uncultured Antarctic cyanobacteria”. Ribosomal RNA databases such as SILVA are continually
quality checking and updating datasets of bacterial rRNA sequences. In that manner, every
subsequent analysis is giving new understanding of the data. Obtained results demonstrate rapid
change in bioinformatics tools and databases, becoming more sensitive and advanced in helping
researchers in better characterization of bacterial communities.

Fig. 1. Relative abundances within cyanobacterial community in Krčić Spring on genus level, SILVA database v. 132
at 99% OTU identity threshold
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Re-analysis also detected two new cyanobacterial genera, that were probably sorted as
“uncultured” and “other” group (Publication II), due to limitations of the database at the time:
Leptolyngbya (similar to strain Leptolyngbya FYG) and Potamolinea (strain Potamolinea 1PC).
Additionally, group of cyanobacterial genera that had relative abundance under 1% (rare taxa)
(Fig.1), was found to be extremely diverse and comprised of: Aliterella CENA595, Calothrix
PCC−6303, Chalicogloea CCALA 975, Chamaesiphon PCC−7430, Leptolyngbya ANT.L52.2, Loriellopsis
LF−B5, Microseira Carmichael−Alabama, Phormidesmis ANT.LACV5.1, Phormidium SAG 37.90,
Pleurocapsa PCC−7319, and two uncultured cyanobacterial populations. Interestingly, rare
cyanobacterial taxa were present only in pre-drought and post-drought months. This could indicate
special functions these cyanobacteria perform in the most extreme conditions.
The main issue arising during molecular analysis was the assignation of sequences to genus
Tychonema. Previously determined as a genus Phormidium (Publication II), these sequences were
identified as Tychonema CCAP 1459-11B in the re-analysis. However, results of ITS marker pointed
out Phormidium-related population as a largest cluster comprising both Phormidium autumnale and
Tychonema bourrellyi species (Publication II). Due to ecology of T. bourrellyi as a planktonic bloomforming species (Suda et al. 2002), this was considered as misidentification on the part of NCBI
GenBank database. However, study by the Brinkmann et al. (2015) conducted in German karstic
streams also found in biofilms sequences closely related to Tychonema bourrellyi Anagnostidis and
Komárek strain CCAP 1459 /11B. That information could confirm the wider distribution of this strain,
not only as planktonic, but as benthic species specific for growing on karstic substrate. Still, to
double-check this taxonomic assignment, data from new analysis were assigned using Greengenes
database (13_8 at 99% OTUs identity threshold), which assigned these sequences again as
Phormidium genus. This result affirms already proposed complex questions on the phylogeny of the
genus Phormidium, whose phenotypical and phylogenetic heterogeneity requires revision of the
genus, on which results more precise conclusions could be drawn. However, their function as the
main builders of the microbial mat in the conditions of established water flow still stands.
Furthermore, re-analysis elucidated results on genus Chroococcidiopsis and perplexing
population of quartz hypoliths, important for recolonizing the ecosystem after drought. In the
Publication II in the post-drought period (Oct-15), was observed that cyanobacteria predominate
microbial mats of which 70% belonged to the species Chroococcidiopsis (Publication II).
Interestingly, the updated SILVA database re-assigned these large numbers of sequences only to
order level Nostocales (Fig.1). Besides this conundrum, similarity to two different strains of
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Chroococcidiopsis were detected by new analysis: Chroococcidiopsis CC1 (1.40%) and
Chroococcidiopsis PCC 7203 (9.25%). This finding converges to the results of the ITS marker, which
has detected two sub-clusters related to Chroococcidiopsis: sub-Cluster 2a and sub-Cluster 2b. It
should be noted that classification in SILVA is based on Bergey’s Taxonomic Outlines, meaning that
Nostocales encompasses 15 cyanobacterial families (e.g. Chroococcidiopsaceae, Nostocaceae,
Oscillatoriaceae, Phormidiaceae, Xenococcaceae etc.). Better result is obtained with Greengenes
database 13_8 (99% OTUs identity threshold), that managed to assign these sequences to family
level (Xenococcaeae). Nonetheless, assignation to genus, species or strain was unsuccessful when
checking these sequences against NCBI GenBank database using BLAST tool. Still, BLAST search
revealed 96% identity to uncultured bacteria from the environmental samples of worldwide
genomic diversity of “quartz hypoliths”. Hypoliths are defined as extremophile microorganisms from
hot and cold deserts, living under rocks that provide them refugium or at the rock-soil interface
(Cameron and Blank 1965; Schlesinger et al. 2003). Sequences belonging to “quartz hypotlits” were
also detected in ITS clone libraries. Hypothetically, these undetermined sequences could belong to
Chroococcidiopsis, as it is a well-known hypolithic genus from hot and cold deserts. However, since
they seem to be very specific, they could present novel species of Chroococcidiopsis for Adriatic area
or similar type of environment.
Generally, updated analysis has shown to match better to the results of the ITS phylogenetic
analysis, which was, up till now, regarded as a better phylogenetic marker in Publication II. This
revision upgraded and advanced data on the structure of the microbial mat community within this
extreme environment. It is clear that the microbial mat community, especially its cyanobacterial
fraction, is still highly underinvestigated and unknown in these extreme types of ecosystems. Their
proper identification is of utmost importance in order to recognize and understand the key primary
production players in the intermittent rivers.

Bacterial community providing insight into putative ecosystem function
As shown in Publication II, besides cyanobacteria, other members of the microbial mat
community also responded to the imposed environmental stressors, especially observed during the
drought and after drought period, when apparent changes in their composition and abundances
took place. It was noticeable that specific environmental conditions favoured enrichment of specific
phyla and classes of bacteria within the microbial mat community. There are four extreme events
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shaping specific communities: summer drought period, winter bora and freeze, spring high flows
and autumn rewetting after drought period.
Bacterial community during winter freeze showed high alpha diversity and moreover, high
rare species richness (Publication II). However, although in extreme polar regions Cyanobacteria
represent a dominant group in microbial mats, community from Krčić had diminished cyanobacteria
number and enrichment with other phyla, most notably Planctomycetes. Species of SM2F11,
Shewanella and Pirellula, were previously identified in different extreme cold environments,
possessing a number of adaptive strategies in conditions of cold, desiccation, radiation, excessive
UV radiation and temperature, and low nutrient availability. Planctomycetes are phyla characteristic
of many types of microbial mats, colonizing even most extreme acidic environments (Publication II).
During spring flood conditions, community richness was lower and communities are
represented mostly by Cyanobacteria (order Oscillatoriales), which build thick microbial mats.
However, novel phylum was revealed in new taxonomic analysis - Patescibacteria (Fig. 2). These
oligotrophic bacteria are characteristic for groundwater habitat (Herrmann et al., 2019).
Patescibacteria was also detected in aquaculture sediments in central Adriatic location, which
confirmed the assumption that freshwater input in this area has a source in underground submarine
karstic springs (Publication III). Patescibacteria are most abundand during spring flooding,
suggesting that they are flushed from the underground into Krčić spring. However, this phylum is
present in all sampling points, although under 1% of relative abundance.
Summer drought, interestingly, selected for a community that had overall high community
richness. Firmicutes are missing in the results of taxonomic re-analysis (Fig. 2), which is also
confirmed by phenotype analysis (Gram-positive phenotype is absent, Fig. 4). This is another
example of using updated databases for added insight. With Firmicutes absent from the community,
re-analysis endorsed Krčić river as an oligotrophic environment. Drought community also has
highest abundance of Actinobacteria, known as metabolic oligotrophs, which thrive in drought
conditions of increased solute concentration and oxygen content, reduced substrate diffusion, and
osmolyte production (Publication II). Furthermore, several new phyla typical for extreme
environments are detected by updated taxonomic analysis: Armatimonadetes (present only during
drought) and Deinococcus−Thermus. Adaptations of these two phyla fit drought conditions.
Armatimonadetes representatives have been found in typically extreme environments: hot springs
(Kanakratana et al. 2004), geothermal soils (Stott et al. 2008), hypersaline microbial mats (Ley et al.
2006) and variety of soils (Chow et al. 2002; Lesaulnier et al. 2008). Deinococcus−Thermus is known
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for resistance to extreme radiation, desiccation and thermophilic characteristics (Pavkov-Keller et
al., 2011). This phylum is also present in autumn community after the drought.
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Fig. 2. Relative abundances within bacterial community in Krčić Spring on phyla level, SILVA database v. 132 at 99%
OTU identity threshold

Bioinformatics tools for phenotype profiling and functional groups used in Publication IV were
applied on data from Publication II. Functional groups analysis of microbial mat according to Louca
et al. (2016), derived much simpler characterization and is congruent with conclusions from
Publication II: main groups are: (oxygenic) photoautotrophy, phototrophy and cyanobacteria (Fig.
3). This once more supports the claim of the first hypothesis, cyanobacteria are indeed the backbone
of microbial mats, gathering the specific microbial consortia according to extreme environmental
conditions (Al-Thukair et al., 2007).
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Fig. 3. Functional groups within bacterial community in Krčić Spring

Community from the drought period is an exception, when (aerobic) chemoheterotrophy and
fermentation groups have higher relative abundance, presumably degrading cyanobacterial and
algal biomass and participating in a sedimentary process. This is also supported by abundance of
soil bacteria, e.g. Polaromonas and Polymorphobacter (Publication II).
Phenotype profiling Ward et al., in Fig. 4., confirmed dominant aerobic lifestyle inside the
microbial mat: only aerobic and facultatively anaerobic phenotypes are detected. This was not
surprising since Cyanobacteria and Proteobacteria often exist as co-dominant groups in microbial
mats, with photosynthetic cyanobacteria constantly providing aerobic environment, and aerobic
heterotrophic Proteobacteria playing a major role in organic carbon mineralisation (Publication II).
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Fig. 4. Relative abundance (%) at organism-level of ten categories of microbial phenotypes from
Krčić Spring microbial mat

In general, phenotype analysis suggests that the microbial mat community is mainly composed of
Gram-negative members (over 99% for all samples). That is anticipated, as Cyanobacteria and
Proteobacteria are both Gram-negative, and represent the majority of the microbial mat
community. Regarding the potential of the microbial mats to cope with negative environmental
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conditions, results showed that oxidative stress tolerant phenotypes are present in over 90%
relative abundance in all samples, except during drought (70.7%) and post-drought (42.9%). This
could be connected to lower abundance of Cyanobacteria in the drought and predominance of
coccoid Cyanobacteria after drought, while microbial mat was still establishing. Presumably,
oxidative stress is a result from the hydrogen peroxide – a toxic by-product of aerobic respiration,
present in the developed microbial mat with high cyanobacterial fraction. Furthermore, samples
from pre-drought and post-drought possess high relative abundance of “biofilm forming
phenotype” (72.4% and 65.5%, respectively) and “mobile elements containing phenotype” (29.2%
and 20.8%, respectively). This suggests colonization in the stressful environment, when thick
microbial mats (characteristic during high water flow) are not established.
Possibilities of phenotype profiling tools are numerous by using KEEG microbial pathway
database, which offers various ways of exploring potential functionality of microbiome. For
example, the osmoprotectant transport system pathway, which protects bacterial cells from
osmotic stress during drought, has the highest relative abundance in drought and post-drought
samples (93.05% in Jun-15 and 65.28% in Oct_15). Interestingly, the drought sample has the lowest
values for nitrogen fixation pathway (9.7%), which could be connected to low abundance of
Cyanobacteria, generally considered as the principal diazotrophs in nutrient-depleted
environments. These are one of the many possible pathways coverage predictions that can be used
in exploration of microbiomes. Although, without the mRNA analysis (showing metabolic activity of
bacterial community), we can only presume that enriched taxa are actually active in the time of
sampling and performing functions. The results of the analysis of 16S rRNA and RNA transcripts can
differ greatly, since transcriptomics provide insight into the actual amount of transcribed genes
(Gierga et al., 2012; Bolhuis et al., 2014).
In conclusion, recent research on cyanobacterial mats has been turned from traditional
morphological approach to molecular based HTS research (Schneider et al., 2015, Bolhuis et al.,
2014; Bonilla-Rosso et al., 2012). DNA data can provide valuable insights into diversity and
functional potential of the microbial community. Bioinformatics tools using HTS 16S rRNA amplicon
data can offer good starting points in investigations of environmental samples, and results can be
directed further in experimental design for metatranscriptomics and/or metabolomics studies. It is
an important attempt to elucidate conditions in the habitat that is cross between aquatic and
terrestrial, an oligotrophic system under hydrological stress, additionally increased by an
unpredictable pattern of climate change. Study of the intermittent river Krčić showed that high
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water flow is a stressor to which cyanobacteria are responding well, while their richness dropped
when environmental conditions turned to cold and/or low water levels. These findings are not
surprising considering similar behaviour of cyanobacteria in other extreme environments. In the
Brandes et al. (2015) research of rock pools of Croatian Adriatic (another extreme environment),
the highest cyanobacteria richness and diversity were measured in the high-salinity samples and the
lowest in low-salinity samples. Why is this so? As other extremophiles, cyanobacteria, when
compared to other bacteria, easily proliferate in their particular extreme niche. Drought is definitely
the most important stressor on many organisms, including cyanobacteria, but due to their
remarkable adaptations, they can survive desiccation and thrive again in the rewetting process
(Lüttge, 1997), as shown in Publication II. However, how will cyanobacteria from intermittent rivers
be affected in the light of extreme events caused by climate change? Total unpredictably is a
characteristic of extreme events. The drought periods could be prolonged indefinitely, not giving
microbial mat communities opportunity to restore. Or in case of continual flows by excessive rain
and snow melt, cyanobacterial mat growth could be prolonged. However, cold periods could also
be on the rise, characterized by strong bora winds and freezing ambient temperature, during which
Cyanobacteria abundance and diversity could fall again. In the events of prolonged drought and cold
periods, certain cyanobacterial genera could be replaced by other, more adapted genera or other
bacterial phyla. Monitoring of cyano(bacterial) components in these areas could potentially give
indications of climate shifts ahead. As a final point, cyanobacteria are essential for microbial mat
formation, giving living substrate to diatoms and shelter and food for macroinvertebrates. Any
positive or negative effects of climate change on this ecosystem could disrupt the delicate balance
of intermittent river biological segments, affecting the survival of these organisms.

Coastal anthropogenic pressures: Characteristics of Cyanobacteria from water column and
sediment
Publication III and IV are covering research conducted within the marine coastal ecosystem,
describing possible anthropogenic impact on the bacterial communities residing within seawater
and sediment. These two publications are studying eutrophic ecosystem being under strong
anthropogenic influence, in contrast to highly oligotrophic freshwater system under intermittent
water regime (Publications I and II). This juxtaposition between two ecosystems is however bridged
by the general importance of cyanobacteria in these types of environments, changing as a
consequence of anthropogenic pressures and/or climate change. In them, for the most part,
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cyanobacteria present a principal and crucial segment of the microbial communities. In addition, all
studies are conducted within the geographical and geological area of the karstic Adriatic, considered
as a fragile region, in which effects of climate change and land-based pollution are observed much
faster than in other areas. Samples of water column and surface sediments were seasonally
collected at the locations situated in the central and southern Adriatic Sea coast. These locations
are affected by various anthropogenic influences (urbanization, wastewaters, tourism, agriculture
etc.), but predominantly by the aquaculture, i.e. European seabass cage farms. Results of the
Publication III and IV are following established aims of the doctoral thesis: (i) defining both
cyanobacterial and total bacterial community in pelagic and benthic system of marine environment,
(ii) identifying changes in their structure and diversity as a consequence of anthropogenic pressures;
(iii) applying molecular methods, namely metabarcoding, for the identification of targeted
communities within the aquaculture system. Following proposed aims, both the second and third
hypothesis of the thesis have been confirmed.
While in the Publication III cyanobacterial structure and diversity has been in the focus of the
study, in the Publication IV cyanobacteria are analysed with the rest of the bacterial assemblage.
Publication III aimed at testing the possibility of using metabarcoding specifically to investigate
marine cyanobacteria, explore their ecology and potential as an indicator group in these
anthropologically stressed coastal environments, while Publication IV uses a more holistic approach,
combining sequencing data and microbial ecology tools, to determine the potential impacts of the
aquaculture on animal, human and environmental health. In Publication III, the possibility of using
specific marine Cyanobacteria as potential indicators of marine ecosystem ecological status in the
highly impacted coastal zone is tested. Cyanobacteria are already widely used as eutrophication
indicators in freshwater ecosystems, and highly impacted marine ecosystem. Simultaneously, the
metabarcoding method by using HTS was tested as a standard monitoring method in investigating
anthropogenically impacted coastal waters and sediments. Both aims were met, since detected
Cyanobacteria in the water column and sediment were not exclusively marine genera. Evidence of
freshwater influence, coastal eutrophication, as well as tropicalization process aided by climate
change effects were found in the cyanobacterial composition.
Research presented in Publication IV resulted in a comprehensive and holistic study of
bacterial assemblages’ dynamics in the zone of two European sea bass cage farms. Results indicated
clear a difference between water column and sediment habitats, harbouring distinct microbial
communities. They are formed probably due to selection driven by the specific environmental

112

conditions in those habitats, requiring specific microorganisms to perform distinctive functions for
the habitat. Importantly for aquaculture microbial management, analyses showed that potential
pathogens could be more prevalent outside of the actual fish farm. Furthermore, seawater
contained a higher percentage of potential health-impacting taxa. For both habitats, important
biomarkers for the aquaculture environment were detected, as well as human and fish potential
pathogens.

Cyanobacteria and other members of bacterial community in seawater
Cyanobacteria from seawater did not show any difference between locations under
aquaculture influence and control locations. Cyanobacterial community from seawater showed
lower diversity, composed of only 3 genera: Prochlorococcus, Syenchococcus and Cyanobium. Even
so, these genera are more abundant when compared to cyanobacteria found in sediment. Although
this was surprising, no impact of the aquaculture activity was detected on the cyanobacterial
assemblages from the water column. Two explanations are proposed, (1) either this is the
consequence of similar physico-chemical parameters measured on both sites, or (2) fish farms have
well-managed systems which do not provoke the triggers for dramatical change in the water column
community. Seawater bacterial community (Publication IV), as well as cyanobacterial fraction
(Publication III) were found to differ depending on seasonal environmental factors. Cyanobacteria
were more abundant in spring and autumn, also confirmed by higher relative abundance of
functional groups for phototrophy/oxygenic photoautrotrophy/cyanobacteria. Simultaneously,
these two seasons generated a bacterial community that harboured more facultative anaerobic
bacteria and anaerobic bacteria, and less oxidative stress tolerant community, potentially from
degradation of organic matter. On the positive side, spring and autumn also had lower relative
abundance of potential pathogens. However, in summer and winter samples genera Vibrio and
Pseudomonas (Gammaproteobacteria) are enriched. As a consequence, an outbreak of vibriosis
caused by Vibrio (Listonella) anguillarum was reported before spring sampling. In the total bacterial
community at the phyla level (Fig. 5), Cyanobacteria were found in higher relative abundance in
seawater, especially during spring (min. 2.69%, max. 17.93%) and autumn (min. 5.04%, max.
13.82%) (Fig. 5). Relative uniformity of seawater samples is clearly evident on the phyla level (Fig.
5), mostly consisting of Proteobacteria (Alpha- and Gammaproteobacteria), Bacteroidetes and
Cyanobacteria. Gammaproteobacteria phyla, besides containing many pathogens (Vibrio,
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Pseudomonas, Photobacterium), integrate many genera responsible for dissolving organic matter,
being important in the eutrophic coastal marine areas (genera Alcanivorax, Halomonas, Litoricola).
This function is extremely important in marine ecosystems, with other phyla being abundantly
represented for the same function in our samples: Alphaproteobacteria (SAR11) and Bacteroidetes
(NS4 and NS5 marine group) (Publication IV).
Cyanobacteria in seawater related to strains Cyanobium PCC-6307, Prochlorococcus MIT9313
and Synechococcus CC9902 represented abundant taxa in seawater samples, with abundance and
ratio found to depend on the collection season (Publication III and IV). Unfortunately, assignation at
the genus level for Cyanobacteria in about half of samples was under 50% of ASVs (Amplicon
Sequence Variants), which displays potential biases of using universal primer sets targeting V1-V3
region for studying Cyanobacteria (Publication III). New evidence presented in the study by Huber
et al. (2019) indicates that the hypervariable regions V5, V6, and V7 are those most informative for
studying genera Synechococcus, Prochlorococcus and Cyanobium, with successful assignment of
97% of reads at the genera level. This information is valuable by giving indication on the
effectiveness of utilizing 16S rRNA. However, for identification of picocyanobacteria, targeting some
specific gene regions should also be incorporated in the future experimental design.
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Fig. 5. Relative abundances of bacterial community in seawater column on phyla level
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Investigation on the structure of the picocyanobacterial community suggested that, similar to
their general distribution patterns in the eastern Adriatic Sea (Šantić et al. 2013, Paliaga 2017,
Mucko et al. 2018), Synechococcus dominate over Prochlorococcus also in the impacted coastal
ecosystem. Presumably Synechococcus related to the strain CC9902 found in the water column
(Publication III) could represent a phycocyanin rich ecotype (Šantić et al., 2018), according to data
from Haverkamp et al. (2008) on the gene cpcBA (green PC pigment). The potential aquaculturerelated concern arises from the information on this strain being firstly isolated from coastal waters
off California, where it formed extensive blooms and affected fish behaviour (Hamilton et al. 2014).
Even though in the report by Kim et al. (2018) Synechococcus CC9902 was detected only in summer
samples at 24°C, results in Publication III showed it was present in the water column throughout the
year (12.01 – 23.34°C). That could indicate broader ecological valence of this ecotype then
presumed before, and/or successful adaptation to both lower and higher water temperatures.
Interestingly, when compared to the study of Babić et al. (2017), which pointed out HLI
ecotype MED4 and LLI ecotype NATL2A as typical Prochlorococcus residing within the southern
Adriatic offshore waters, in samples collected in seawater of the fish farms only LL adapted
Prochlorococcus (MIT9313) was detected. It can be presumed that Prochlorococcus MIT9313 is more
adapted to the coastal, anthropogenically impacted environment, due to its abilities to respond to
the environment stress and lower light availability, which are characteristic for more eutroficated
coastal zones characterized by high primary production and presence of various size particles
(Cloern et al, 2014). This strain is also successful in utilizing organic nitrogen compounds and could
have function in transformation of organic matter (fish food) as well as fish excreted urea and amino
acids, found in this environment in extensive amounts, as a by-product of fish farming. This implies
ecological importance of Prochlorococcus MIT9313 in the functioning of this aquaculture
ecosystem. Among detected cyanobacteria not all could be assigned as being exclusively marine
genera:e.g. Cyanobium, Geminocystis and Chrococcidiopsis, giving evidence of the freshwater and
coastal eutrophication. In coastal water of the Eastern Adriatic Cyanobium was not recorded before,
and the closest findings were north-west Adriatic of Italian lagoons (Sorokin et al., 2006),
Mediterranean lagoons (Pulina et al., 2011) and lagoons of coastal southern Baltic Sea (Albrecht et
al., 2017). Detection of the Cyanobium genus brought concerns of the eutrophication processes in
these waters (Publication III) with clear indication that the aquaculture environment is changing
with potential negative impact on the productivity of the industry. Consequently, this genera can be
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destructive to less tolerant species in the phytoplankton community, and lead to an increase of
cyanobacteria fraction (Pulina et al. 2011) with potential cyanobacterial blooms.
Concerning standard physico-chemical parameters measured in seawater, as shown in the
Publications III (and especially the Publication II), environmental parameters seem to play a big role
in triggering cyanobacteria proliferation (Mella-Flores et al., 2011). But some of unmeasured
parameters in Publications, such as concentration of Fe from iron particles from Saharan dust,
precipitation, high solar irradiation and air temperature, calm weather, land runoffs etc., may have
great impact on formation of e.g. benthic cyanobacterial mats in surface sediments (Brocke et al.,
2015; Brocke et al., 2018). Even registering low nutrient levels (total N and P in Publication II and III)
may be misleading, due to nutrients probably being quickly converted to biomass (Brocke et al.,
2015). Furthermore, measured physico-chemical parameters and using correlation methods in
explaining bacterial distribution and dynamics in seasonal samplings, could be insufficient describers
of factors that shape bacterial community, as seen in Korlević et al. (2014). However, in this study
some correlations on the co-existence of certain bacterial groups were observed (Publication IV).
That implies on the important role of microbial ecology, i.e. bacterial networking and different
trophic interactions (with each other and other (micro)organisms), and/or interactions with other
environmental parameters, on shaping microbial communities abundance and dynamics.
The Adriatic Sea coastal area is shallow, as is generally the whole Adriatic Sea (Artegiani et al.,
1997). Similarly, to the rest of Mediterranean, the coast is densely populated largely without
municipal wastewater treatment (Paliaga et al., 2017) with settlements being built mainly on porous
limestone bedrock. Additionally, coastal karstic rivers are a source of agricultural and other runoffs
to the Adriatic basin. These conditions are a “fertile ground” on which climate change driven events
could lead to proliferation of benthic cyanobacteria in sediments as well as potentially toxic
cyanobacteria in water column. Investigation of Paliaga et al. (2017) on the effect of wastewaters
on the bacterial community in the northern Adriatic also support the findings in Publication IV.
Specifically, seawater samples from control location showed higher anthropogenic impact,
especially regarding pathogenic bacteria, but generally, seawater communities seem to be shaped
by seasonal conditions, as shown in Paliaga et al. (2017).
In conclusion, it is clear that specific cyanobacteria have good potential to be used as early
indicators of the changes in the marine environments as a consequence of human impacts. Coastal
environments are being constantly subjected to multiple anthropogenic pressures, including
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pollution and climate change. Studies in the last several decades pointed out particular vulnerability
of the Mediterranean Sea, with many local variations (Mella-Flores et al., 2011). At the same time,
unique hydrogeological features of Eastern Mediterranean, and its northernmost corner – Adriatic
Sea – makes it an ideal location to observe early changes in the marine environment. Mella-Flores
et al. (2011) already proposed the use of Prochlorococcus HLII (eMIT9312) and Synechococcus clade
II (CC9605) as bioindicators of changes in the marine environment. Results produced from
Publication III, could propose adding Synechococcus (CC9902) and Prochlorococcus (MIT9313) as
potential bioindicators of changes in the coastal Adriatic area. Moreover, cyanobacterial
composition in samples suggested a tropicalization process that cannot be ignored. This process was
evident from genera mostly found in sediment, although some of them are planktonic, e.g.
Neolyngbya, Chrococcidiopsis, Trichodesmium, Aphanocapsa, Cyanobacterium, Crocosphaera,
Xenococcus. In seawater, many sequences were closely related to Synechococcus strains found up
till now exclusively in the warm seas, e.g. Gulf of Mexico and Arabian Sea. Furthermore, results from
Publication IV suggests that some strains could be used as important biomarkers for the aquaculture
environment including Marinimicrobia (SAR406) and human and fish potential pathogens: Vibrio
ichtyoentery, V. harvey, Acinetobacter lwoffi, A. johnsonii, Clostridium perfringens, Photobacterium
and Tanacibaculum. Accordingly, this thesis should be considered as a strong starting point for
possible usage of metabarcoding method as a suitable monitoring tool for ecosystem health.

Cyanobacteria and other members of bacterial community in sediment
Impact of the aquaculture on this ecosystem was more clearly seen within the sediment, as
the bacterial community collected underneath the cages noticeably differed from the one at the
control site. Interestingly, besides benthic cyanobacteria, a “record” of planktonic cyanobacteria
was detected within surface sediments that were not present in seawater samples (Publication III).
Furthermore, total bacterial community in sediments was more stable, contrary to seawater
samples which provide momentary “snapshot” of the community.
As confirmed by other studies (Vogt et al., 2019), sediment grain size and type seems to be
one of the most important factors influencing composition, abundances and distribution of
cyanobacteria. Indeed, when compared to the overall microbial community, grain size seemed to
be crucial for cyanobacterial diversity in the sediment samples analysed. Muddy component in
aquaculture sediments seems to be antagonistic to cyanobacteria. However, cyanobacterial
diversity has increased in the sandy gravel type of sediment, located mainly on the control locations.
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Benthic cyanobacteria were part of the abundant taxa mostly on the sandy gravels at the control
sites, while in the aquaculture impacted sites they were part of rare taxa and had considerably lower
diversity. Coarse-grained sediment was shown to be unfavourable for development of mats which
require certain abundance of filamentous cyanobacteria, but at the same time have high
abundances of unicellular cyanobacteria which act as pioneers and part of “early stage
communities” (Vogt et al., 2019). That finding was also observed in aquaculture impacted sites
(Publication III), and goes in line with the first hypothesis. Sandy sediments harboured diverse
cyanobacterial families, predominantly Pleurocapsales, but including Oscillatoriales, Chroccocales,
Chroccocidiopsales and Synechoccales (Publication III), which is congruent with Vogt et al. (2019).
As reported for epilitic and endolitic taxa from Adriatic coast (Brandes et al., 2015; Palinska et al.,
2017; Vondrášková et al., 2017; Vogt et al., 2019), cyanobacteria from order Pleurocapsales are
most often dominant community members, as it is in the sediment samples in Publication III (genera
Pleurocapsa and Xenococcus). Quite possibly, cyanobacteria discovered in the marine sediments
could be epiliths and endoliths, adapted to the same extreme lifestyle in sediment as their littoral
counterparts. ASVs similar to Pleurocapsa PCC-7319 were not recorded in eastern Adriatic
sediments before. Intriguingly, they were detected also in the rare taxa of microbial mat in Krčić in
Nov-14, Jun-16 and Oct-15 (re-analysis). This strain seems to be representative of species
Pleurocapsa minor Hansgirg, found in both marine and freshwater habitats (Loza et al., 2013; Dvořák
et al., 2017). Nearly all samples contained genera Pleurocapsa and Xenococcus, making them core
genera in the cyanobacterial community. These genera are microbial mat-forming cyanobacteria
and first colonizers in marine sediments. Cyanobacteria play important role in stabilization of
surface sediments, from low level (loose sediment covered by thin biofilms), medium (sediment
surface stabilized by EPS) and high (well stabilized and laminated microbial mats) (Vogt et la., 2019).
Findings of Pleurocapsa and Xenococcus could indicate beginning of low to medium level microbial
mat formation, and emphasize cyanobacterial function as sediment stabilizers. Additionally,
Chroococcidiopsis found in control sediments (Publication III) is well known representative of
endolithic and hypolithic communities (Brandes et al., 2015). Since cyanobacterial communies in
sediments of Eastern Adriatic have not been investigated by HTS metabarcoding method before
Publication III, there are no comparable results. However, they share high similarity to the
extremophiles from the splash zones and tidal pools described by Brandes et al. (2015), Palinska et
al. (2017), Vondrášková et al. (2017) and Vogt et al. (2019).
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Regarding total bacterial community, there was no significant difference in species richness in
aquaculture vs. control sediment, as shown by the diversity metrics (Publication IV). Even so, control
sediments contained more aerobic and facultatively anaerobic bacteria, which is concurrent with
cyanobacteria found to be enriched at control location (Publication III). Moreover, control
sediments had higher relative abundance in functional groups: phototrophy/oxygenic
photoautrotrophy/cyanobacteria then aquaculture impacted ones (Publication IV). At the same
time, aquaculture sediments were markedly anaerobic, containing functional groups for respiration
of sulfate and sulfur compounds. These obvious functional differences clearly pointed out control
locations as a more balanced and healthier benthic ecosystem. However, regarding presence of
pathogens – important threats for animal/human health, were more abundant in control site
sediments (e.g. Tenacibaculum). Moreover, it seems that control sediments are more
anthropogenically impacted, but presumably by sources other than aquaculture, possibly
wastewaters (Publication IV). On the phyla level (Fig. 6.), that can be seen by the enrichment of the
bacteria belonging to organic-degrading phyla Planctomycetes and Bacteroidetes. Additionally,
Firmicutes were found in higher abundances during summer when, due to tourism and
overpopulation, pressures on the coastal ecosystems are higher – suggesting enrichment with
nutrients. In sediments under fish cages however, Epsilonbacteraeota (genera Sulfurovum) and
Spirochaetes (Spirochaeta 2) are dominant within the total community. These bacteria have already
been connected to aquaculture impacted sediments being labelled as important sulfur-oxidizing
chemolitoautotrophs in these ecosystems. This clear indication of anoxic nature of sediments under
fish cages represents environmental health concern, even if the level of detected pathogens is low
– therefore giving deceptive low health risk.
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Fig. 6. Relative abundances of bacterial community in surface sediments on phyla level

In research by Al-Thukair et al. (2007) and Brocke et al. (2015), anthropogenically impacted
sites are defined as extreme habitats, and consequently, are characterized by the presence of
benthic cyanobacterial mats. At such locations, cyanobacterial communities are considered to be
vital for conducting natural biodegradation processes (Al-Thukair et al., 2007). However, even
though it seems logical that aquaculture sediments should have established benthic mats
performing biodegrading function, control sediments were found to harbour more abundant and
diverse cyanobacterial communities. Could it be that cyanobacteria are performing biodegradation
in more aerobic, sandy control sediments, while aquaculture samples need more specialized
bacteria for anoxic, muddy sediments (e.g. Sulfurovum)?
In conclusion, investigations on the sediment microbial communities in the eastern Adriatic
using HTS metabarcoding method are rare (Korlević et al., 2015). Furthermore, bacterial
communities on the aquaculture-impacted sediments, using the HTS metabarcoding method were
not described before. Benthic cyanobacterial mats presence, composition and diversity in the
eastern Adriatic are certainly fascinating novel area for future investigations, especially since they
are connected to higher organic content in the sediments (Brocke et al., 2015), implicating
anthropogenic impact. Even though Cyanobacteria are central in this thesis, in sediments they were
120

found to be less abundant. As shown on phyla level (Fig. 6), in almost half of the studied samples
(43%) cyanobacteria relative abundances are mostly under 1%. Even though cyanobacteria fall into
the rare taxa category, they have considerably greater diversity than in the seawater and are
indicated as community members with high ecological importance. Their importance lies in the fact
that rare taxa in ecosystems seem to be more responsive to disturbances in the environment. Other
bacterial taxa in this “rare” category, identified as being likewise important, include fish and human
pathogens of the genera Vibrio, Pseudomonas, Photobacterium and Tenacibaculum. This thesis
correspondingly proposes important biomarkers for aquaculture system, whose presence can
reflect the state of environmental health within the sediments: Blastopirullela, Sva0081,
Suflurovum, Bacteroidetes BD2-2, Spirochaeta 2, Anaerolineaceae and Marinimicrobia (SAR406), as
well as mentioned pathogens. On that basis, methods and results of this thesis should be considered
as a first step towards recognizing the importance of (cyano)bacterial players as health-state
indicators of the coastal marine environments, as well as of economically significant food industry
such as aquaculture.
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CONCLUSIONS
Results presented in publications encompassing this doctoral thesis, along with new data discussed,
offer the opportunity to highlight several important closing remarks:
1. Freshwater microbial mats are described for the first time in the intermittent karstic
environment in Croatia, representing extreme habitat that is even more amplified by climate
change.
2. Cyanobacteria are essential for microbial mat formation, giving living substrate to diatoms
and serving as a shelter and food for stygophilic crustacean S. ambulans. Cyanobacterial
relative abundance, composition and seasonal dynamic, along with the rest of the bacterial
community, is described for the first time using high throughput sequencing in the
intermittent karstic environment.
3. Cyanobacteria are the main constituents of microbial mats and pioneers in ecosystem
rebuilding after drought stress. They strongly respond to other imposed environmental
stressors in this extreme ecosystem. Monitoring of cyano(bacterial) components in
intermittent ecosystems could potentially give indications of climate shifts.
4. Pelagic and benthic cyanobacteria, along with the rest of bacterial assemblage, have been
described for the first time by high throughput sequencing in the aquaculture system in
Croatia. Furthermore, analysis of cyanobacteria from the marine sediments are novel for the
eastern Adriatic.
5. This thesis correspondingly proposes important biomarkers for the aquaculture system,
whose presence can reflect the state of environmental health within the aquaculture
sediments. However, control sediments and seawater bacterial community was a better
reference concerning human and animal health.
6. ITS and 16S rRNA genetic markers potential in assessing the bacterial community was
compared. Updated version of SILVA database brought disparate results closer together, and
detected new cyanobacterial genera and bacterial phyla. Expending possibilities of
characterizing bacterial community using emerging bioinformatics tools (e.g. functional
groups, phenotype profiling) were explored.
7. High throughput sequencing of 16S rRNA (V1-V3 region) gene marker has displayed
promising results in describing total bacterial community, including cyanobacterial fraction.
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Due to relatively low price and fast results, it shows potential in describing and monitoring
rapidly changing environments focusing on bacterial components.
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