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“A journey of a thousand miles begins with a single step”  
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“A scientist in her laboratory is not a mere technician: she is also a child confronting 
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Abstract 

Cylindrospermopsin is a highly persistent and toxic alkaloid toxin produced by 

cyanobacteria. Information regarding biological transformation of cylindrospermopsin is 

scarce, only a few cylindrospermopsin -removing microbial isolates and communities have 

been described, and so far, transformation products of biological processes have not been 

identified. Owing to the ability to remove a variety of pollutants, manganese-oxidizing bacteria 

have been proposed as a potential biological tool to remove diverse pollutants from water. In 

the present study, we investigated cylindrospermopsin transformation by different MOB 

isolated from natural and technical systems under diverse growth conditions. Tested 

manganese-oxidizing bacteria were Pseudomonas sp. strain OF001, Ideonella sp. strains 

A288 and A226, and Rubrivivax sp. strain A210. Cylindrospermopsin at an environmentally 

relevant concentration of 120 µg L-1 was removed in a range from 25 to 100% after 3 to 28 

days of incubation when MnCO3 was used as the Mn2+ source in the media with 

cylindrospermopsin removal rates between 0.38 and 37.01 µg L-1 day- 1. In the absence of 

Mn2+, cylindrospermopsin removal by all the tested MOB was zero or lower than 20%. For the 

detection of cylindrospermopsin transformation products, the four strains were incubated with 

7 mg L-1 of CYN for 4 to 34 days, depending on the growth rate of each strain. All tested 

manganese-oxidizing bacteria removed cylindrospermopsin to concentrations below the 

detection limit at rates ranging from 0.48 to 3.16 mg L-1 day-1. Pseudomonas sp. OF001 was 

the fastest tested MOB removing 100% of cylindrospermopsin concentration within three days, 

while Rubrivivax sp. A210, and Ideonella sp. A288 and A226 removed 100% of 

cylindrospermopsin within 14 to 21 days. For all four manganese-oxidizing bacteria strains the 

same seven transformation products were detected and identified via mass spectrometric 

analysis (LC-MS/MS) and using an inclusion list of previously described transformation 

products of abiotic reactions, and further analysis of their fragmentation patterns. These results 

suggest that MOB follow a general mechanism for cylindrospermopsin transformation. The 

mixture of transformation products was tested for their hepatotoxicity using HepG2 and 

HepaRG cell lines. The transformation products exhibit negligible toxicity in both cell lines in 

comparison to pure cylindrospermopsin and controls without cylindrospermopsin. The genome 

of Pseudomonas sp. OF001, and Rubrivivax sp. A210 were analysed to identify in silico the 

enzymes responsible for the oxidation of Mn2+, and to determine their metabolic potential. 

These strains were selected due to the removal efficiency of nearly 100% when 

environmentally relevant concentrations of cylindrospermopsin were used, and for the 

differences observed on the growth and removal requirements. For instance, strain OF001 

required yeast extract as additional carbon source for the removal of cylindrospermopsin, but 

strain A210 transformed cylindrospermopsin in mineral media. Strain OF001 encodes 
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enzymes with high similarity to the Mn2+ oxidases in P. putida GB-1, while strain A210 encodes 

enzymes with high similarity to the Mn2+ oxidase in Leptothrix discophora SS-1. Both strains 

have the metabolic potential to grow over a wide range of O2 concentrations, fix nitrogen, and 

reduce nitrate and sulfate in an assimilatory manner. In addition, the strain A210 encodes 

genes which may convey the ability to reduce nitrate in a dissimilatory manner, and fix carbon 

via the Calvin cycle. Moreover, strains OF001 and A210 have the metabolic potential to remove 

aromatic compounds via the catechol meta- and ortho-cleavage pathway, respectively. 

Considering the efficient removal of cylindrospermopsin by the tested strains, manganese-

oxidizing bacteria might be used for water treatment to remove cylindrospermopsin and might 

contribute to the natural removal of cylindrospermopsin in freshwater systems. 
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Zusammenfassung 

Cylindrospermopsin ist ein hoch persistentes Alkaloid-Toxin, das von Cyanobakterien 

produziert wird und besonders hepatotoxisch wirkt. Über den mikrobiellen Abbau von 

Cylindrospermopsin ist nur wenig bekannt und für die wenigen bekannten CYN-abbauende 

mikrobiellen Isolate und Gemeinschaften konnten bisher keine Transformationsprodukte 

identifiziert werden. Für Mangan-oxidierende Bakterien wurde gezeigt, dass sie  eine Vielzahl 

von Schadstoffen mittels reaktiver Manganspezies entfernen können. Bisher war jedoch nicht 

bekannt, ob Mangan-oxidierende Bakterien auch Cylindrospermopsin über diesen 

Mechanismus entfernen können. In der vorliegenden Studie wurde der Einfluss verschiedener 

Mangan-oxidierende Bakterien Stämme auf Cylindrospermopsin untersucht. Die getestete 

Mangan-oxidierende Bakterien Stämme waren Pseudomonas sp. Stamm OF001, Ideonella 

sp. Stämme A288 und A226 sowie Rubrivivax sp. Stamm A210 und stammen aus technischen 

oder natürlichen Süßwasser Systemen. Die Mangan-oxidierende Bakterien Stämme wurden 

in Anwesenheit einer umweltrelevanten Cylindrospermopsin Konzentration von 120 µg L-1 in 

An- und Abwesenheit von Manganquellen inkubiert. Nach 3 bis 28 Tagen Inkubation wurden 

je nach getestetem Stamm 25 bis 100% Cylindrospermopsin durch MOB entfernt, mit 

Abbauraten zwischen 0.38 and 37.01 µg L-1 day-1, wenn MnCO3 als Mn2+-Quelle in den Medien 

verwendet wurde. In Abwesenheit von Mn2+ wurde Cylindrospermopsin je nach Stamm zu 

weniger als 20% oder gar nicht entfernt. Zum Nachweis von Cylindrospermopsin-

Transformationsprodukten wurden die vier Stämme mit 7 mg L-1 Cylindrospermopsin in 

Abhängigkeit der Wachstumsrate der Stämme für 4 bis 34 Tage inkubiert. Bei dieser höheren 

Cylindrospermopsin Konzentration entfernten alle getesteten Mangan-oxidierende Bakterien 

Cylindrospermopsin bis unterhalb der Nachweisgrenze von Cylindrospermopsin mit Raten 

zwischen 0,48 und 3,16 mg L-1 Tag-1 und gehören damit die höchsten Cylindrospermopsin 

Abbauraten dir für mikorbiellen Abbau beschrieben worden sind.  Pseudomonas sp. OF001 

zeigte dabei die höchsten Cylindrospermopsin Transformationsrate mit einer Transformation 

von 100% der ursprünglich eingesetzten Cylindrospermopsin-Konzentration innerhalb von drei 

Tagen. Rubrivivax sp. A210 sowie Ideonella sp. A288 und A226 transformierten 100% der 

ursprünglich eingesetzten Cylindrospermopsin-Konzentration innerhalb von 14 bis 21 Tagen. 

Für alle vier Mangan-oxidierende Bakterien -Stämme konnten die gleichen sieben 

Transformationsprodukte mittels massenspektrometrischer Analyse (LC-MS/MS), der 

Verwendung bereits beschriebener Transformationsprodukte abiotischer Reaktionen und der 

weiteren Analyse ihrer Fragmentierungsmuster nachgewiesen und identifiziert werden. Dieses 

Ergebnis legt nahe, dass Mangan-oxidierende Bakterien einem änlichen. Mechanismus für die 

Cylindrospermopsin-Transformation folgen. Um zu untersuchen ob von den 

Transformationsprodukten eine geringere hepatotoxische Wirkung ausgeht wurde die 
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Mischung der Transformationsprodukte  mit HepG2- und HepaRG-Zelllinien getestet. Die 

Transformationsprodukte wiesen in beiden Zelllinien im Vergleich zu reinem 

Cylindrospermopsin und Kontrollen ohne Cylindrospermopsin eine vernachlässigbare 

Toxizität auf. Obwohl alle Mangan-oxidierende Bakterien Stämme die gleichen 

Transformationsprodukte bilden, zeigten sich jedoch in der Kultivierung entscheidenden 

Unterschieden zwischen den Stämmen. So konnte Stamm A210 im Gegensatz zu den 

anderen Stämmen Cylindrospermopsin auch in minimal Medium ohne zusätzliche organische 

Kohlenstoffquellen umsetzen. Um die metabolischen Grundlagen für diese Unterschiede zu 

verstehen und eine bessere Kenntnis der Enzyme, die für den 

Manganoxidationsmechanismus verantwortlich sind zu erhalten, wurden die Genome von 

Pseudomonas sp. OF001 und Rubrivivax sp. A210 wurde analysiert. Stamm OF001 kodiert 

Enzyme mit hoher Ähnlichkeit zu Mn2+-Oxidasen aus P. putida GB-1, während der Stamm 

A210 Enzyme mit hoher Ähnlichkeit zur Mn2+-Oxidase aus Leptothrix discophora SS-1 kodiert. 

Beide Stämme haben das metabolische Potenzial, über einen weiten Bereich von O2-

Konzentrationen zu wachsen, Stickstoff zu fixieren und Nitrat und Sulfat auf assimilatorische 

Weise zu reduzieren. Darüber hinaus kodiert der Stamm A210 Gene, die Stamm A210 

erlauben könnten, Nitrat in einer dissimilatorischen Weise zu reduzieren und Kohlenstoff über 

den Calvin-Zyklus zu fixieren. Darüber hinaus haben die Stämme OF001 und A210 das 

metabolische Potenzial, aromatische Verbindungen über den Brenzcatechin meta- 

beziehungsweise ortho-Weg zu entfernen. In Anbetracht der effizienten Entfernung von 

Cylindrospermopsin durch die getesteten Stämme könnten Mangan-oxidierende Bakterien zur 

Wasserbehandlung zur Entfernung von Cylindrospermopsin eingesetzt werden und zur 

natürlichen Entfernung von Cylindrospermopsin in Süßwassersystemen beitragen. Die 

Ergebnisse dieser Arbeit weisen darauf hin, dass Mangan-oxidierende Bakterien zur 

biotechnologischen Entfernung von Cylindrospermopsin geeignet sein könnten und zudem 

eine wichtige Rolle in natürlichen Abbauprozessen von Cylindrospermopsin in 

Süßwassersystemen spielen könnten. 
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1  Introduction 

1.1 Environmental factors influencing cyanobacterial blooms 

Eutrophication is a natural evolutionary process of aquatic ecosystems related to the 

enrichment of water bodies with nutrients that leads to the production of organic material (Khan 

et al., 2014). The term was applied for the first time at the beginning of the 20th century to refer 

to the increasing concentration of phytoplankton in lakes (Thienemann 1918 and Naumann 

1919 in Wurtsbaugh et al., 2019). Nowadays, eutrophication is considered one of the most 

important phenomena causing water quality impairment of all kinds of water bodies around the 

world, including freshwater and marine environments (Khan et al., 2014). Although 

eutrophication is considered a natural evolutionary process of aquatic ecosystems, 

anthropogenic activity is accelerating it (Ansari et al., 2011). When eutrophication of water 

bodies is a consequence of human activity, it is known as anthropogenic eutrophication or 

cultural eutrophication (Malone and Newton, 2020; Smith et al., 1999). In contrast to natural 

eutrophication, anthropogenic eutrophication occurs at a shorter time scale, accelerating the 

adverse environmental and health effects (Le Moal et al., 2019).  

Different anthropogenic activities promote directly or indirectly cultural eutrophication 

including wastewater discharge into rivers, the increased use of fertilizers for agriculture, high 

energy demands, population expansion, construction of water diversion projects, and climate 

change (Glibert, 2017; Malone and Newton, 2020). Other activities might also significantly and 

regionally increase the load of nutrients in aquatic environments. For instance, animal waste 

from animal farming represents an important source of nutrient pollution. Aquaculture is 

another example of regional relevant nutrient load, due to the alteration of the natural cycling 

of nutrients (A. F. Bouwman et al., 2013; L. Bouwman et al., 2013; Peñuelas et al., 2012). 

Since the 1970s, research has been conducted to understand the elements that trigger 

eutrophication (Le Moal et al., 2019). Nowadays, it is known that the main drivers of 

eutrophication are the increased load of nitrogen and phosphorus into the systems (Khan et 

al., 2014; Malone and Newton, 2020). However, the impact and response of the aquatic 

systems to the changes of nitrogen and phosphorus loads will also depend on other 

environmental factors such as temperature and light intensity (Bouraï et al., 2020; Dou et al., 

2019; Yang et al., 2008).  

The increase of nitrogen and phosphorus load into aquatic systems favours the 

proliferation of photosynthetic organisms, leading to structural and functional changes of all 

the communities in the ecosystems including phytoplankton, zooplankton, benthic organisms, 

and fish (Fig. 1.1). Environments previously dominated by benthic algae and macrophytes will 
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shift to a phytoplankton-dominated environment (Wurtsbaugh et al., 2019).The increase of 

phytoplankton biomass will reduce light penetration into the water column, and, therefore, light 

becomes a limiting factor. The increased amount of bacterial activity below the photosynthetic 

active zone leads to the depletion of oxygen and thus, to a state of anoxia (Glibert, 2017; Le 

Moal et al., 2019). All these changes will produce a loss of biodiversity (Azevedo et al., 2013) 

and a massive death of aquatic organisms (Le Moal et al., 2019; Paerl, 2017). Moreover, 

eutrophication can increase production of toxic or climate relevant gases like H2S and CH4 

(Achá et al., 2018; Beaulieu et al., 2019).  

One of the main consequences of the proliferation of phytoplankton biomass is the risk 

of the formation of harmful algal blooms by toxigenic cyanobacteria (Paerl, 2017).  

 

 

Fig. 1.1. Representation of expected changes on eutrophic systems. a) Succession of photosynthetic 
organisms expected in the water column, b) change in the aquatic system related to an increase of 
nitrogen and phosphorus load, including the loss of biodiversity and the presence of anoxic conditions. 
Modified from Glibert (2015) and Le Moal et al. (2019). 

 

1.2 Cyanobacteria and cyanotoxins 

Cyanobacteria are oxygenic photosynthetic prokaryotic organisms that inhabit diverse 

environments, including soil, seawater, freshwater, and even extreme environments such as 

hot springs, and polar regions (Flombaum et al., 2013; Whitton, 2012). Cyanobacteria are one 

of the oldest groups on Earth, and they were involved in the formation of the oxygenic 

atmosphere (Hamilton et al., 2016). Cyanobacteria are primary producers and key players in 
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the carbon and nitrogen cycles (Díez and Ininbergs, 2014). They are the origin of the 

chloroplast of eukaryotic algal and plant cells through an endosymbiotic event (Sharma et al., 

2014) and contribute with around 20−30% to the primary productivity worldwide (Bullerjahn 

and Post, 2014; Lee et al., 2017).  

As previously discussed, certain environmental factors and anthropogenic activities, 

promote cyanobacterial blooms in water systems (Liu et al., 2019; Richardson et al., 2019; 

Walls et al., 2018; Withers et al., 2014). When cyanobacterial blooms impact negatively the 

general state of the environment, the economy, and the health of humans and animals, they 

are called cyanobacteria harmful algal blooms (cyanoHABs) (Benayache et al., 2019; Watson 

et al., 2015). CyanoHABs occur in marine, and brackish environments, however, they are more 

common in freshwater systems (McGowan, 2016).  

CyanoHABs affect water quality by changing its colour, producing unpleasant odour 

and affecting its taste (Wood, 2016). Nevertheless, one of the main problems associated to 

cyanoHABS is the ability of certain cyanobacterial species to produce secondary metabolites 

known as cyanotoxins, which are potentially toxic to humans, animals, and plants (Corbel et 

al., 2014; Merel et al., 2013; Wood, 2016; Zanchett and Oliveira-Filho, 2013). Human 

intoxication related to cyanotoxins has occurred all over the world with rare cases of death 

(Wood, 2016). Intoxication and death of animals associated to cyanotoxins have been also 

documented worldwide with more common fatal consequences than for humans. A diverse 

range of organisms has been affected including livestock (Negri et al., 1995), bees (May and 

McBarron, 1973), giraffes (Oberholster et al., 2006), sea otter (Miller et al., 2010), fish 

(Zanchett and Oliveira-Filho, 2013), birds (Papadimitriou et al., 2018), bats (Isidoro-Ayza et al., 

2019), and dogs (Fastner et al., 2018). The most recent case of intoxication related to 

cyanobacteria and cyanotoxin production is the death of over 300 elephants in Botswana 

(Reuters Staff, 2020). 

The main cyanotoxins exposure routes for humans are through the consumption of 

contaminated food, dietary supplementary, and water, and through recreational activities in 

contaminated water bodies (Giannuzzi et al., 2011; Lee et al., 2017; Mulvenna et al., 2012; 

Roy-Lachapelle et al., 2017; Svirčev et al., 2017).  

Based on their target organs, cyanotoxins are classified as hepatotoxins, cytotoxins, 

neurotoxins and dermatotoxins (Merel et al., 2013). In table 1.1, a list of the main cyanotoxins, 

their mode of action, and the number of congeners is shown. The most commonly reported 

cyanotoxins over the world are microcystins, cylindrospermopsins, anatoxins, and saxitoxins 

(Svirčev et al., 2019).  
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Table 1.1. Main cyanotoxins and toxicological properties. 

Toxin Known analogs 
number 

Main target 
organs 

Mechanism of action 

Microcystin >250 Liver Irreversible inhibition of 
protein phosphatases  

Nodularin 10 Liver Irreversible inhibition of 
protein phosphatases 

Cylindrospermopsin 5 Liver and kidneys Inhibition of protein 
synthesis 

Anatoxin-a 8 Nervous system Binding to nicotinic 
acetylcholinesterase 

Anatoxin-a(s) 1 Nervous system Inhibition of 
acetylcholinesterase 

Saxitoxin 56 Nervous system Binding to sodium 
channels 

β-N-methylamino-L-
alanine 

1 Nervous system Binding to glutamate 
receptors 

Lyngbiatoxin 3 Skin Activation of protein 
kinase C 

Modified from Merel et al. (2013) and Svirčev et al. (2019). 

 

1.3 Cylindrospermopsin (CYN) 

Cylindrospermopsin is an alkaloid toxin with a cyclic sulfated guanidine moiety bound 

to a hydroxymethyluracil group (Fig. 1.1). To date, five analogues of CYN have been described: 

CYN, 7‐epi‐CYN, 7‐deoxy‐CYN (Banker et al., 2000; Norris et al., 1999; Ohtani et al., 1992), 

7‐deoxydesulfo‐CYN and 7‐deoxydesulfo‐12‐acetyl‐CYN (Wimmer et al., 2014). 

Fig. 1.2.Chemical structure of cylindrospermopsin 

 

CYN is a zwitterion at neutral pH (Onstad et al., 2007) and hence highly water soluble 

(Griffiths and Saker, 2003). CYN is chemically stable under acidic and neutral pH, and between 

4 and 100 °C (Adamski et al., 2016a; Chiswell et al., 1999). Moreover, photodegradation in 

natural environments is very limited and it mainly depends on UV-A (315−400 nm) radiation. 

Besides, photodegradation will be influenced by light penetration on the water column, and 
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thus, it is related to the turbidity and the suspended particles in water (Wörmer et al., 2010). 

Due to its physicochemical properties, CYN is a highly persistent compound in aquatic 

environments. 

CYN is produced by several cyanobacterial strains including Cylindrospermopsis 

raciborskii, Umezakia natans, Chrysosporum sp., Aphanizomenon sp., Microseira wollei, 

Anabaena sp., and Oscillatoria sp. (Kokociński et al., 2017). CYN has been reported 

worldwide, and it is the second most reported cyanotoxin in Europe (Svirčev et al., 2019). 

Detected concentrations of CYN are usually below 10 µg L-1. However, values up to 202 µg L-

1 in natural environments have been reported (Rzymski and Poniedziałek, 2014). The highest 

CYN values in water systems measured are 589 and 800 µg L-1 in an aquaculture pond and in 

a farm dam, respectively (Saker and Eaglesham, 1999; Shaw et al., 2000). 

CYN is mainly excreted by the cyanobacterial cells, and therefore 56−98% of CYN 

occurs extracellularly (Bormans et al., 2014; Preußel et al., 2009; Rücker et al., 2007), with the 

highest CYN concentration detected at the senescence of the cells (Chiswell et al., 1999; Davis 

et al., 2014).  

The biological role of CYN has not been completely elucidated. The main hypothesis 

are i) that CYN works as an allelopathic compound to favour the production of alkaline 

phosphatase by other organisms to increase the amount of inorganic phosphate available for 

the CYN producer, and ii) that CYN works as grazing defence (Holland and Kinnear, 2013). 

CYN is toxic to humans, and other organisms including, mammals, plants, fish, 

amphibians, molluscs, and crustaceans (de la Cruz et al., 2013; Kokociński et al., 2017). 

Bioaccumulation of CYN by some organisms like fish or plants also represent a potential risk 

for other organisms in higher trophic levels, including humans (Berry et al., 2012; Gutiérrez-

Praena et al., 2013; Kinnear, 2010). Therefore, the presence of CYN represents a human 

health and an environmental problem. The first known human poisoning by CYN was the so-

called Palm Island mystery disease in 1979. At that time, a hepatoenteritis outbreak was 

reported a few days after an algal bloom in the major water supply for the island, the Solomon 

dam, was treated with copper sulfate (Bourke et al., 1983; Byth, 1980; Griffiths and Saker, 

2003). Years later, CYN produced by Cylindrospermopsis raciborskii was found as the most 

likely cause of the outbreak in Palm Island (Griffiths and Saker, 2003; Hawkins et al., 1985).  

In humans and animals, the main target organs of CYN are the liver and the kidneys. 

Hepatic damage follows four consecutive phases, namely, protein synthesis inhibition, 

membrane proliferation, accumulation of fat droplets, and necrosis (Terao et al., 1994). Renal 

damage is related with the negative effects on the proximal and distal tubules (Falconer et al., 

1999; Humpage and Falconer, 2003; Moraes and Magalhães, 2018; Terao et al., 1994). 
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Nevertheless, CYN affects also other organs including lungs, thymus, bone marrow, 

gastrointestinal tract, immune and nervous systems, and heart (Díez-Quijada et al., 2019; 

Falconer et al., 1999; Guzmán-Guillén et al., 2015; Humpage et al., 2000; Kubickova et al., 

2019a, 2019b; Moraes and Magalhães, 2018; Oliveira et al., 2012; Seawright et al., 1999; 

Shaw et al., 2000; Terao et al., 1994).  

The toxicity mechanism of CYN is mainly related to protein synthesis inhibition and 

oxidative stress. CYN inhibits protein synthesis by the detachment of ribosomes from the rough 

surfaced endoplasmic reticulum, leading to an accumulation of free ribosomes in the cytoplasm 

of the cells (Terao et al., 1994).  

Oxidative stress is the imbalance of reactive oxygen species and the antioxidant 

response. It can be to the result of an increase in the reactive oxygen species or a decrease 

in the antioxidant cellular capacity (Sies, 1997). Oxidative stress affects the cellular 

macromolecules like proteins and lipids, which lead to an enzymatic inactivation, 

lipoperoxidation, DNA damage and finally to cell death (Pizzino et al., 2017; Winston and Di 

Giulio, 1991). CYN produces oxidative stress by different mechanisms including the inhibition 

of glutathione synthesis (Humpage et al., 2005; Runnegar et al., 2002), and the production of 

reactive oxygen species (Liebel et al., 2015; López-Alonso et al., 2013). Furthermore, CYN 

induces the upregulation of the genes encoding enzymes of the antioxidant response like 

catalase and thioredoxin reductase (Štraser et al., 2013). 

The activation of CYN by cytochrome P450 is also considered relevant for its toxicity 

(Humpage et al., 2005; Pichardo et al., 2017). Administration of cytochrome P450 inhibitors 

like proadifen or ketoconazole reduced the toxicity of CYN on Swiss albino male mice, but it 

does not prevent protein synthesis inhibition (Froscio et al., 2003). A similar effect was 

observed when primary mouse hepatocytes were exposed to CYN. DNA damage was reduced 

with the administration of cytochrome P450 inhibitors (Humpage et al., 2005). Moreover, CYN 

induces the upregulation of different genes related to the expression of phase I and phase II 

enzymes involved in xenobiotics detoxification processes, evidencing a metabolic 

detoxification response (Štraser et al., 2013). However, phase I metabolites were not detected 

in HepaRG cells exposed to CYN, suggesting only a minor role of phase I metabolism in CYN 

toxicity (Kittler et al., 2016). Despite the lack of phase I metabolites detection in HepaRG cells, 

in vivo assays have evidenced the importance of CYN activation by cytochrome P450 in its 

toxicity mechanism (Norris et al., 2001).  



Introduction 
 

7 
 

1.3.1 Cylindrospermopsin transformation processes  

Considering the threat that CYN represents to humans, animals, and the environment 

in general, it is important to develop safe and efficient CYN removal processes from water and 

to understand its fate in the environment for an improved risk assessment.  

To date, different physicochemical reactions have been proposed for the efficient 

removal of CYN. Powdered activated carbon removed up to 20 µg L-1 of CYN (Ho et al., 2011). 

However, the use of activated carbon represents only a transfer of CYN to another material 

which will require further treatment to eliminate the adsorbed CYN. Other processes such as 

chlorination and ozonation transformed CYN at concentrations from 0.1 to 8.3 mg L-1 (León et 

al., 2019; Merel et al., 2010; Senogles-Derham et al., 2003; Yan et al., 2016). Photocatalysis, 

using TiO2 and different wavelengths of light (Adamski et al., 2016b; Fotiou et al., 2015; León 

et al., 2019; G. Zhang et al., 2015), and advanced oxidation processes (He et al., 2014a, 

2014b; Song et al., 2012), using hydroxyl and sulfate radical species, transformed efficiently 

CYN at concentrations up to 8.3 mg L-1.  

Several transformation products formed by the physicochemical transformation of CYN 

have been identified. Some transformation products are similar among different treatments, 

but the type of transformation products depends on the transformation method. Generally, it 

was observed that disregarding the transformation method used, the main CYN transformation 

reactions were oxidation, hydrogen abstraction, hydroxylation, and loss of the sulfate group. 

Besides, it was generally concluded that the most susceptible part of CYN to be transformed 

is the uracil moiety (Adamski et al., 2016b; Fotiou et al., 2015; He et al., 2014a, 2014b; León 

et al., 2019; Merel et al., 2010; Song et al., 2012; Yan et al., 2016; G. Zhang et al., 2015).  

Among the mechanisms implemented to remove toxic compounds from water are 

biologically mediated processes. Biological degradation or biodegradation refers to the 

process of breaking down an organic compound into smaller or less complex compounds 

through the activity of microorganisms (Joutey et al., 2013). When biodegradation produces 

mineral components such as carbon dioxide and water is known as mineralization (Knapp and 

Bromley-Challoner, 2003). When the process involves the modification of the original 

compound to produce modified chemical structures, without reaching the production of mineral 

components, is known as biological transformation or biotransformation (Pal, 2017). 

Biotransformation might represent an economical, eco-friendly and sustainable 

alternative to the removal of cyanotoxins by conventional methods from water (Ho et al., 2012). 

Biotransformation has the potential to produce fewer toxic transformation products, as 

previously observed for microcystin (Kumar et al., 2019). Moreover, biological removal is likely 

one of the most important natural attenuation mechanisms for CYN in water bodies (de la Cruz 



Introduction 
 

8 
 

et al., 2013; Dziga et al., 2016; Smith et al., 2008). However, the results in this regard are 

contrasting. CYN was not removed by microbial communities from freshwater bodies in Spain, 

regardless of whether they were previously exposed to CYN or not (Wormer et al., 2008). In 

contrast, CYN was removed by microbial communities that were previously exposed to CYN 

from a dam in Australia (Smith et al., 2008). Furthermore, microbial communities that had not 

been previously exposed to CYN from sand filter sediments and groundwater from an aquifer 

north of Berlin, Germany removed CYN under aerobic conditions. The same microbial 

communities removed CYN faster after they had a previous exposure to CYN (Klitzke et al., 

2010; Klitzke and Fastner, 2012). These studies suggest that biological removal of CYN by 

microbial communities will be influenced by the previous contact of the communities with CYN, 

as well as the presence and composition of organic matter and the microbial community. 

Information about specific organisms that remove CYN is limited in comparison, for 

instance, with microcystin, the most studied cyanotoxin worldwide (Ho et al., 2012; Kumar et 

al., 2019). So far, reported CYN degraders include only probiotic bacteria (Nybom et al., 2008), 

and two organisms isolated from freshwater bodies with previous reports of cyanoHABs, 

Aeromonas sp. R6 (Dziga et al., 2016) and Bacillus sp. AMRI-03 (Mohamed and Alamri, 2012). 

Despite the description of microbial communities and isolated organisms that remove CYN, it 

remains unknown if CYN is mineralized or if CYN is transformed. In case CYN transformation 

took place, it is unknown which transformation products are formed during biological removal 

processes (Dziga et al., 2016; Klitzke et al., 2010; Mohamed and Alamri, 2012; Nybom et al., 

2008; Smith et al., 2008). 

 

1.3.2 Toxicity assessment of CYN transformation products 

 Toxic effects produced by CYN have been extensively reported using in vivo and in 

vitro models (Berry et al., 2009; Chernoff et al., 2018; Gutiérrez-Praena et al., 2012; Humpage 

and Falconer, 2003; Pichardo et al., 2017; L. Wang et al., 2020). However, toxicity of CYN 

transformation products obtained after water treatment by several processes has been barely 

investigated. 

Different cell lines have been used for in vitro toxicity assessment of CYN 

transformation products including human hepatoma cell lines HepG2 and C3A (Yan et al., 

2016; G. Zhang et al., 2015), and human intestinal cell line Caco-2 (Merel et al., 2010). These 

cell lines were used as models for the evaluation of the toxicity on liver and human intestinal 

ephitelium.  

In vivo toxicity assays of CYN transformation products have been only performed on 

P53 transgenic mice (Senogles-Derham et al., 2003). This mouse model has an alteration on 
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the P53 gene, which is responsible of the suppression of tumours (Lozano, 2010). P53 mice 

are a good model for the evaluation of mutagenic cancer inducing compounds (Tennant et al., 

1996). 

Transformation products formed after chlorination and ozonation were non-toxic for 

Caco-2 (Merel et al., 2010) and HepG2 cells (Yan et al., 2016). Nevertheless, 40% of male 

P53 transgenic mice exposed to the transformation products formed by chlorination showed 

liver fatty vacuolation (Senogles-Derham et al., 2003). No toxicity was reported when C3A cells 

were exposed to the transformation products formed after treatment of CYN with TiO2 

photocatalysis (G. Zhang et al., 2015). Noteworthy, the toxicity of CYN transformation products 

formed by biotransformation, and other photocatalytic or advanced oxidation processes was 

not always tested (Merel et al., 2010; Senogles-Derham et al., 2003; Yan et al., 2016; G. Zhang 

et al., 2015), and therefore, the information in this regard is scarce. 

 

1.4 Manganese-oxidizing bacteria (MOB) 

Manganese is the third most abundant transition metal in the Earth’s crust 

(Yaroshevsky, 2006), and occurs in different oxidation states of which Mn2+, Mn+3 and Mn4+ 

have biological significance (Geert Jan Brouwers et al., 2000). Manganese is soluble when 

Mn2+ occurs as a divalent cation together with chloride or sulfate, and is poorly soluble when it 

occurs together with carbonate or phosphate as Mn2+, in complex with other ligands, and as 

oxides with an oxidation state of Mn3+ and Mn4+ (Tebo et al., 2004). Manganese oxides can be 

formed by abiotic and biotic processes. However, the oxidation of Mn2+ to Mn3+/Mn4+ is largely 

accelerated by the activity of microorganisms such as bacteria and fungi (Tebo et al., 2005).  

Iron is the most abundant transition metal in the Earth’s crust (Yaroshevsky, 2006), and 

resembles manganese in several biochemical characteristics. For instance, manganese and 

iron are two ubiquitous abundant transition metals with a solubility-dependence on their redox 

state (Richardson and Nealson, 1989). Iron occurs in nature mainly as Fe2+ or Fe3+, and the 

oxidation of Fe2+ forms insoluble oxides similar to those formed from Mn2+ oxidation. 

Manganese and iron are micronutrients, namely, at low concentrations both play a biological 

role as cofactor or as part of metalloenzymes and even the substitution of manganese in iron-

containing enzymes has been even suggested (German et al., 2016), but at high 

concentrations they might be toxic for the cells (German et al., 2016; Kehl-Fie and Skaar, 

2010).  

Despite the multiple similarities between manganese and iron, one of the main 

differences between them is the stability of their reduced state. At circumneutral pH in aerobic 
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conditions Mn2+ is stable (Emerson, 2000; Ghiorse, 1984) and therefore in nature, its oxidation 

is mainly related to biological activity. In contrast, Fe2+ at circumneutral pH in aerobic conditions 

is highly susceptible to abiotic oxidation. However, under microaerophilic conditions or 

complexed by organic molecules, stability of Fe2+ increases and biological iron oxidation 

regains importance (Hedrich et al., 2011; Kappler et al., 2015; Maisch et al., 2019; Szewzyk et 

al., 2011).  

Numerous bacterial groups are able to oxidize Mn2+ and Fe2+ (Corstjens et al., 1997, 

1992; Schmidt, 2018; Schmidt et al., 2014). Through the oxidation of Mn2+ and Fe2+ these 

bacterial groups produce water-insoluble biogenic metal oxides and play therefore a pivotal 

role in the biogeochemical cycle of manganese, iron and other elements (Emerson, 2000; Tebo 

et al., 2005). In addition, manganese oxides often interact with other metals. For instance, the 

interaction of manganese oxides with iron forms ferromanganese oxides that are commonly 

found in the nature as ferromanganese crusts in various environments (Lee and Xu, 2016; 

Stein et al., 2001; Szewzyk et al., 2011; Vesper, 2012) including the deep sea and the ocean 

floor (Hein and Koschinsky, 2013), freshwater bodies (Strakhovenko et al., 2018), and soil 

(Timofeeva, 2008).  

The growth of manganese- and iron-oxidizing bacteria, and the formation of 

ferromanganese oxides has furthermore been related to the clogging of water distributions 

pipes (Emerson, 2000; Szewzyk et al., 2011).Even though this group of organisms is often 

referred to as iron/manganese bacteria the term manganese oxidizing bacteria (MOB) will be 

used to refer to this group in the following due to the focus of the present thesis on the 

relevance of biological Mn2+ oxidation.  

MOB reported to date belong to different phyla including Firmicutes, Proteobacteria, 

Actinobacteria, Bacteroidetes, and Cyanobacteria (Fig. 1.3) (Zhou and Fu, 2020). This broad 

phylogenetic affiliation is also associated with the highly metabolic variability among the MOB, 

(e.g. autotrophs, and heterotrophs). MOB are ubiquitous in nature, being reported in 

freshwater, marine and terrestrial ecosystems (Tebo et al., 2004; Zhou and Fu, 2020), but also 

in technical water systems (Cerrato et al., 2010; Marcus et al., 2017). In natural environments, 

MOB may coexist with different organisms including potentially toxigenic cyanobacteria 

(Santelli et al., 2014; Stein et al., 2001). Mechanisms of biological manganese oxidation are 

diverse and could be classified in two main groups: enzyme-mediated direct oxidation and non-

enzyme mediated indirect oxidation (Hansel and Learman, 2015; Zhou and Fu, 2020).  

To date, enzymes implicated in the enzyme-mediated direct Mn2+ oxidation by 

heterotrophic MOB are multicopper oxidases (MCOs) and haem peroxidases (Geszvain et al., 

2012; Hansel and Learman, 2015; Zhou and Fu, 2020).  
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Fig. 1.3. Phylogenetic tree based on 16S rDNA sequences. Representative MOB are highlighted in bold. 
Superscript numbers represent that there is at least one reported organism belonging to that group, but 
not necessarily that all the family members are MOB. 1,2Tebo et al. (2005), 3Chaput et al. (2019), and 
4Akob et al., (2014) and Bohu et al. (2016) Lept.: Leptothrix; Psu.: Pseudomonas. Modified figure from 
Tebo et al. (2005, 2004). 

 

MCOs are a family of enzymes that catalyzes an oxidation-reduction reaction 

(Soldatova et al., 2017; Spiro et al., 2008). MCOs have a broad substrate specificity and 

possess four characteristic copper-binding motifs (A-D) (Geszvain et al., 2012; Sakurai and 

Kataoka, 2007). In general, MCOs oxidize their substrates through the removal of one electron. 

However, in the case of MCO Mn2+ oxidation activity, the oxidation is catalysed via two 

sequential one-electron transfer steps that produce Mn3+ as intermediate. This two-electron 

transfer oxidation activity differentiates the Mn2+ oxidase MCOs from the non Mn2+ oxidases 

(Geszvain et al., 2012). However, not all multicopper oxidases mediate Mn2+ oxidation. So far, 

little is known about the structural determinants in multicopper oxidases related to Mn2+ 

oxidation activity (Zhou and Fu, 2020). Manganese-oxidizing multicopper oxidases have been 
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described in different organisms such as Leptothrix discophora SS-1 (Corstjens et al., 1997), 

Pedomicrobium sp. ACM 3067 (Ridge et al., 2007), Bacillus sp SG-1 (Gregory J Dick et al., 

2008), and Pseudomonas putida GB-1 (Geszvain et al., 2013). 

Animal haem peroxidases are enzymes with hemolysin-type calcium binding domains 

that catalyze the hydrogen peroxide-mediated oxidation of different substrates (Zámocký et 

al., 2015). Similarly as MCOs, not all haem peroxidases mediate Mn2+ oxidation. So far, the 

structural determinants in haem peroxidases related to Mn2+ oxidation activity are unknown 

(Zhou and Fu, 2020). Manganese-oxidizing haem peroxidases have been described in 

Aurantimonas manganoxydans SI85-9A1, Erythrobacter sp. strain SD-21 (Anderson et al., 

2009), and P. putida GB-1 (Geszvain et al., 2016).  

The non-enzymatic mediated indirect Mn2+ oxidation is carried out by the action of 

superoxide, an increase of pH by microbial metabolism, and anaerobic photo-driven processes 

(Zhou and Fu, 2020). In the superoxide-mediated manganese oxidation, the superoxide is 

produced extracellularly and then it interacts and oxidizes Mn2+. This oxidation process was 

observed for Roseobacter sp. Azwk-3b (Learman et al., 2011). Manganese oxidation through 

an increase in pH can occur naturally. When some organisms alkalinize their media by the 

production of pH-active metabolites and Mn2+ is present, manganese oxidation might take 

place. Indirect oxidation of Mn2+ due to the increase in pH in culture media has been reported 

in the presence of the green algae Chlorella sp. (Richardson et al., 1988), Stenotrophomonas 

sp., and Lysinibacillus sp. (Barboza et al., 2015). Recently, manganese oxidation driven by 

light in strictly anaerobic conditions by anoxygenic photosynthetic microorganism was 

described. However, the mechanism has not been characterized yet (Daye et al., 2019).  

The physiological role of manganese oxidation is still unknown. Nevertheless, several 

hypotheses have been formulated on the physiological role of manganese oxidation. For 

instance, it was proposed that Mn2+ oxidation could provide energy to support the growth of 

bacteria, but no conclusive results were shown (Kepkay and Nealson, 1987). However, a 

recent study demonstrated for the first time, the chemolitoautotrophy via Mn2+ oxidation of a 

bacterium affiliated to the phylum Nitrospirae, Candidatus Manganitrophus noduliformans. 

Mn2+ oxidation by Candidatus Manganitrophus noduliformans follows a similar mechanism as 

the lithotrophic iron oxidation and the respiratory metal reduction, involving the activity of c-

type cytochromes and porin–cytochrome c protein complexes (Yu and Leadbetter, 2020). 

Other proposed functions of Mn2+ oxidation are the protection against toxicity of organic 

compounds, and reactive oxygen species (Banh et al., 2013; Zerfaß et al., 2019), breakdown 

of organic matter into utilizable substrates (Jones et al., 2018; Sunda and Kieber, 1994), and 

as a carbon reservoir (Estes et al., 2017). Nevertheless, the precise physiological role of 
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manganese oxidation in the diverse manganese-oxidizing bacterial groups remains unknown 

(Zhou and Fu, 2020).  

Owing to the ability of MOB to oxidize Mn2+, and in some cases Fe2+, MOB have been 

used for the simultaneous removal of Mn2+ and Fe2+ from drinking water systems as a reliable 

and energy-efficient alternative to the chemical oxidation processes (Bruins, 2016; 

Katsoyiannis and Zouboulis, 2006; Marsidi et al., 2018; Mouchet, 1992; Pacini et al., 2005; 

Tobiason et al., 2016). Additionally, it has been shown that MOB removed different recalcitrant 

organic and inorganic pollutants from water such as diclofenac, benzotriazole, 17 α-

ethinylestradiol, bisphenol A, As(III), and Sb(III) (Meerburg et al., 2012; Sochacki et al., 2018; 

Tran et al., 2018; H. Wang et al., 2019; Wang et al., 2017; Watanabe et al., 2013; Y. Zhang et 

al., 2015). The transformation of these recalcitrant compounds involves the indirect reaction of 

the pollutants with the reactive Mn3+/Mn4+ species formed through the oxidation of Mn2+ by 

active MOB. Reactive Mn3+/Mn4+ species interact with the pollutant and are concomitantly 

reduced to Mn2+ (Meerburg et al., 2012; Tran et al., 2018). Genomic analysis of the metabolic 

potential and the Mn2+ oxidation mechanism of isolated MOB might provide useful information 

to further understand the possible applicability of these organisms for biotechnological 

purposes. The genome analysis of some MOB have been performed to gain a better insight 

into the mechanism of manganese oxidation (Gregory J. Dick et al., 2008; X. Wang et al., 

2020). However, so far, no reported pollutant-removing MOB strains have been analyzed on a 

genomic level to determine their metabolic potential.  

Altogether, MOB might be promising candidates for future implementation for the 

removal of CYN from water. Moreover, considering the wide distribution of MOB in aquatic 

environments and their co-existence with potentially toxigenic cyanobacteria and their 

secondary metabolites, such as CYN, MOB might play an important role in the natural 

attenuation of CYN in natural aquatic environments. 

 

1.5 Goal of this thesis 

This thesis aims i) to investigate the CYN degradation by MOB, ii) to identify if MOB 

mineralized or transformed CYN, and if so, which transformation products were produced, and 

ii) to assess the cytotoxicity of the mixture of CYN transformation products against human 

hepatic cell lines compared to CYN, considering that the liver is the main target organ. For that 

purposes four MOB strains isolated from natural and technical systems under laboratory 

conditions were used. MOB used in the present study were Pseudomonas sp. OF001, 

Ideonella sp. A288 and A226, and Rubrivivax sp. A210. All tested MOB belong to the bacterial 

collection of the Laboratory of Environmental Microbiology, where the present thesis was 
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developed. In addition to the general introduction, this thesis consists of four chapters. A 

general description and particular objectives of each chapter are outlined below. 

• In chapter 2, we aim to investigate the removal of CYN by MOB based on three main 

objectives. First, we focused on the influence of different factors on the removal of an 

environmentally relevant CYN concentration by MOB, including the presence and the 

absence of Mn2+ and/or Fe2+, the type of Mn2+ source, and the absence of an additional 

carbon source. Second, we analysed the correlation between the amount of oxidized 

manganese and CYN removal. And third, we evaluated the contribution of active MOB 

in comparison with sterile biogenic oxides on the removal of CYN. 

• In chapter 3, we aim to investigate the biological transformation of CYN by MOB based 

on two main objectives. First, we focused on the identification and comparison of 

transformation products formed by MOB to previously reported transformation products 

formed by different abiotic processes. And second, we evaluated the cytotoxicity of the 

mixture of transformation products against human hepatic cell lines, HepG2 and 

HepaRG cells, in comparison to CYN. 

• In chapter 4, we aim to deepen our understanding of the metabolic potential of 

Pseudomonas sp. OF001 and Rubrivivax sp. A210 for their further applicability for 

pollutants removal. Besides, this information might help to better understand the role 

of MOB in natural environments. We established three main objectives, based on the 

analysis of their draft genomes. First, we focused on the in silico identification of 

enzymes potentially involved in manganese-oxidation. Second, we analysed the 

genome to identify relevant metabolic pathways including those related to energy 

harvesting and pollutants removal. And third, we studied the genome plasticity related 

to horizontal gene transfer mechanisms.  

• In chapter 5, I aim to further investigate the influence of different growth factors on the 

biological transformation of CYN by MOB. The growth factors tested in this chapter 

were the presence of Fe2+ and the absence of an additional organic carbon source. I 

focussed on the identification and comparison of transformation products formed by 

one MOB strain using previously reported transformation products formed by different 

physicochemical reactions and comparing them to the products formed by biological 

transformation by MOB reported in chapter 2.  

• In chapter 6, I discuss in a general context the main results presented in chapters 2 to 

5 focusing on the relevance of MOB i) for biotechnological application for CYN removal, 

and ii) their role in the attenuation of CYN in natural environments. Moreover, I present 

the outlook of this research project to continue with this investigation. 
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2  Manganese-oxidizing bacteria isolated from natural and 
technical systems remove cylindrospermopsin 
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Abstract 

The cyanotoxin cylindrospermopsin was discovered during a drinking water-related outbreak 

of human poisoning in 1979. Knowledge about the degradation of cylindrospermopsin in 

waterbodies is limited. So far, only few cylindrospermopsin-removing bacteria have been 

described. Manganese-oxidizing bacteria remove a variety of organic compounds. However, 

this has not been assessed for cyanotoxins yet. We investigated cylindrospermopsin removal 

by manganese-oxidizing bacteria, isolated from natural and technical systems. 

Cylindrospermopsin removal was evaluated under different conditions. We analysed the 

correlation between the amount of oxidized manganese and the cylindrospermopsin removal, 

as well as the removal of cylindrospermopsin by sterile biogenic oxides. Removal rates in the 

range of 0.4 - 37.0 mg L-1 day-1 were observed. When MnCO3 was in the media Pseudomonas 

sp. OF001 removed ~100% of cylindrospermopsin in 3 days, Comamonadaceae bacterium 

A210 removed ~100% within 14 days, and Ideonella sp. A288 and A226 removed 65% and 

80% within 28 days, respectively. In the absence of Mn2+, strain A288 did not remove 

cylindrospermopsin, while the other strains removed 5-16%. The amount of manganese 

oxidized by the strains during the experiment did not correlate with the amount of 

cylindrospermopsin removed. However, the mere oxidation of Mn2+ was indispensable for 

cylindrospermopsin removal. Cylindrospermopsin removal ranging from 0 to 24% by sterile 

biogenic oxides was observed. Considering the efficient removal of cylindrospermopsin by the 

tested strains, manganese- oxidizing bacteria might play an important role in 

cylindrospermopsin removal in the environment. Besides, manganese-oxidizing bacteria could 

be promising candidates for biotechnological applications for cylindrospermopsin removal in 

water treatment plants. 

Keywords: cyanotoxins, removal, manganese oxidation, biogenic oxides 
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2.1 Introduction 

Cyanobacteria are prokaryotic organisms that can grow in different habitats such as 

seawater, freshwater, and soil; as well as in extreme environments like deserts, hot springs, 

and polar regions (Flombaum et al., 2013; Whitton and Pentecost, 2012). Some genera are 

considered toxigenic due to their ability to produce toxic chemical compounds known as 

cyanotoxins. They are responsible for the poisoning of humans, wild, and domestic animals 

(Wood, 2016). Cyanobacterial abundance increases as a consequence of eutrophication, 

raising the risk of intoxication due to the production of cyanotoxins (Merel et al., 2013).  

Cylindrospermopsin (CYN) is an alkaloid cyanotoxin with a cyclic guanidine moiety 

bound to a hydroxymethyluracil group. It has various modes of action including hepatotoxicity, 

cytotoxicity, and neurotoxicity (Poniedziałek et al., 2012); and it is most likely the cause of the 

Palm Island mystery disease in 1979 (Griffiths and Saker, 2003). 

CYN is produced by different cyanobacteria such as Cylindrospermopsis raciborskii, 

Umezakia natans, Chrysosporum ovalisporum, Aphanizomenon sp., and Anabaena bergii 

(Rzymski and Poniedziałek, 2014). It has been detected in America, Asia, Europe, Oceania, 

and even in Antarctica (Rzymski and Poniedziałek, 2014). In natural environments, the highest 

reported CYN concentrations are 120 µg L-1 in Queensland, Australia (Shaw et al., 1999), 126 

µg L-1 in Italy (Messineo et al., 2009), and 202 µg L-1 in Florida, USA (Williams et al., 2006). A 

large fraction of CYN (56-98%) occurs extracellularly (Bormans et al., 2014; Rücker et al., 

2007) with the highest concentration detected at the end of the cyanobacterial bloom (Chiswell 

et al., 1999). 

CYN is chemically stable and highly persistent in aquatic environments (Wormer et al., 

2008). Photodegradation of CYN is limited and dependent on the depth in the water column, 

showing lower degradation at greater depth (Wörmer et al., 2010). Removal of CYN by 

indigenous organisms was observed in sediments from Berlin, Germany (Klitzke et al., 2010) 

and in sludge from a drinking water treatment plant from Quebec, Canada (Maghsoudi et al., 

2015). Removal of CYN was also reported in samples from a dam in Queensland, Australia 

(Smith et al., 2008). In contrast, no removal was observed using samples from freshwater 

bodies with and without previous exposure to CYN from Madrid, Spain (Wormer et al., 2008) 

and using samples from a lake without history of CYN from Missisquoi Bay, Canada 

(Maghsoudi et al., 2015). 

In natural environments, such as freshwater systems, cyanobacteria may coexist with 

different organisms including manganese-oxidizing bacteria (MOB) (Santelli et al., 2014; Stein 

et al., 2001). MOB belong to different phylogenetic lineages with a broad physiological diversity 

including, for example autotrophic and heterotrophic organisms. MOB are widely distributed in 
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nature, and are also detected in drinking water systems (Tebo et al., 2005). MOB are able to 

oxidize Mn2+, precipitating biogenic manganese oxides and thus playing an important role in 

the biogeochemical cycle of manganese and other elements (Tebo et al., 2004). The 

physiological role of Mn2+ oxidation is still unknown and is not essential for the survival of MOB 

(Spiro et al., 2008). Biogenic manganese oxides often interact with different metals. 

Ferromanganese (Fe and Mn) oxides are one of the most common in the nature. Biogenic 

manganese oxides are considered strong oxidants (Tebo et al., 2004), being able to oxidize a 

variety of organic and inorganic compounds (Hennebel et al., 2009). However, several in vitro 

studies showed that the active MOB, and not only the biogenic oxides, play an important role 

in the removal of organic pollutants (Meerburg et al., 2012; Sochacki et al., 2018; Tran et al., 

2018). Thus, metabolic activity of MOB is considered to be essential for the removal of organic 

pollutants due to the formation of Mn3+ intermediates by biological Mn2+ oxidation (Meerburg 

et al., 2012; Tran et al., 2018). 

MOB remove highly recalcitrant substances and may coexist in freshwater 

environments with cyanobacteria. To the best of our knowledge, the removal potential of CYN 

by MOB has not been investigated yet. Moreover, knowledge about isolated strains with the 

ability to remove CYN is still limited (Dziga et al., 2016; Mohamed and Alamri, 2012; Nybom 

et al., 2008). Therefore, in this study we evaluated CYN removal by different MOB strains 

isolated from natural and technical systems.  

To investigate the removal of CYN by MOB, we focused especially on i) the influence 

of Mn2+ and/or Fe2+ and ii)  the type of Mn2+ source on CYN removal. We also focused on iii) 

the correlation between the amount of oxidized manganese and CYN removal, iv) the role of 

active MOB on the removal of CYN compared to sterile biogenic oxides (BioOx), and v) the 

CYN removal in the absence of an additional carbon source. Selection of the parameters to be 

evaluated were chosen considering the isolation source, and the laboratory conditions under 

which these MOB have been cultivated.  

 
2.2 Material and methods 

2.2.1 Strain identification and culture conditions 

Four aerobic neutrophilic MOB strains were obtained from the culture collection of the 

Laboratory of Environmental Microbiology from the Technical University of Berlin (TU Berlin), 

Germany. Based on preliminary tests and considering their isolation source, four MOB were 

selected: Pseudomonas sp. OF001, Comamonadaceae bacterium A210, Ideonella sp. A226, 

and Ideonella sp. A288. Strain OF001 was isolated from the effluent of an experimental fixed-

bed biofilm bioreactor established for the removal of recalcitrant substances from wastewater 
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operated by the Laboratory of Environmental Process Engineering (TU Berlin). Strains A288, 

A210, and A226 were isolated from an iron manganese-depositing biofilm in a freshwater pond 

in the Lower Oder Valley National Park, Germany.  

 

2.2.1.1 DNA extraction and PCR amplification 

Cells from a pure 50 mL liquid culture from each strain were harvested by centrifugation 

at 15,000 x g for 3 min and washed three times with sterile Milli Q water under sterile conditions. 

DNA was extracted using the GeneMATRIX Soil DNA Purification Kit (EURX Gdańsk, Poland) 

following the manufacturer’s instructions. The extracted genomic DNA was used as a template 

for the amplification of the 16S rDNA using the 63F forward and 1387R reverse primers 

previously reported by Marchesi et al. (1998) (PCR reaction mixture and cycling conditions 

shown in Appendix, Table A1 and A2). PCR products were purified (DNA Clean and 

Concentrator ® -5 kit, Zymo Research Europe GmbH, Freiburg, Germany) and Sanger 

sequenced in both directions (LGC Genomics, Berlin, Germany). Quality assessment was 

performed in Chromas v2.6.4. Obtained sequences were submitted to the NCBI Genbank 

(Accession numbers MK599476- MK599479). 

We created a dataset of our sequences and closely related reference and non-

reference sequences from the GenBank. They were aligned using MUSCLE (Edgar, 2004) in 

MEGA v7.0.25.  

A phylogenetic tree was constructed with Bayesian inference (MrBayes v3.2.6 

[Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003]) and Maximum 

Likelihood method (PhyML v3.1 [Guindon et al., 2010]). A bootstrap analysis was performed 

with 1000 replicates for the Maximum Likelihood tree, and also the MCMC for the Bayesian 

Inference with 1,000,000 generations was done. The trees were visualized using the software 

FigTree v1.4.4.  

Consensus and summarization of both Maximum Likelihood and Bayesian Inference 

analysis tree was generated using DendroPy package v4.3.0 and SumTrees.py (Sukumaran 

and Holder, 2010), according to the default settings of a 50% majority-rule consensus tree. 

 

2.2.1.2 Culture conditions 

Bacteria were cultivated routinely in a medium developed for Leptothrix strains (Atlas, 

2010), which was modified by our research group. This modified medium is referred to as 

LSM2 (medium content is shown in Appendix, Table A3). The pH of the medium was adjusted 
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to 7.2 before autoclaving. The medium was chosen because it was used for the isolation of 

MOB.  

For the inoculum of the batch removal experiments, 300 µL of the culture in LSM2, 

were transferred to LSM2 without Fe2+ and Mn2+. Cultures were cultivated twice in LSM2 

without Fe2+ and Mn2+ previous to the removal assay, to ensure the absence of manganese 

and/or iron deposits in the inoculum. Flasks were incubated at room temperature (20.8 ± 2.2 

°C) with shaking at 110 rpm. 

For the production of BioOx, bacteria were grown in LSM2 without Fe2+ and Mn2+, under 

the conditions above described. From the cultures in the exponential phase, 300 µL was 

transferred to media with MnCO3 (setup 4 no Fe2+) or MnSO4 (setup 7 with MnSO4) as the 

Mn2+ source (Table 2.1). Cultures were incubated for 2 days (Pseudomonas sp. OF001) or 14 

days (other strains). Oxides produced in setup 7 are referred to as BioOx-S7 and oxides 

produced in the setup 4 are referred to as BioOx-S4.  

 
Table 2.1. Media components of the setups used for the batch removal assays.  

 Setup* 
 1  

with 

buffer 

2  

no buffer 

3  

no Mn2+ 

no Fe2+ 

4  

no Fe2+ 

5  

no Mn2+ 

6  

no YE 

7   

with  

MnSO4 

NH4Cla        

MnCO3 H2Oa    -  -  - 

MnSO4 H2Ob - - - - - -  

Yeast extracta (YE)      -  

Fe(NH4)(SO4)2·6 

H2Oa 

  - -    

HEPES buffera  -      

*A short name for each setup was assigned according to the most representative characteristic of the 
composition of the medium. YE: yeast extract. 
a: Concentration as it is described for LSM2 in table S3 
b: 0.05 g L-1 as in the DSMZ Medium 803 (Atlas, 2010). 
: added to the medium 
-: not present in the medium 

 

Subsequently, NaN3 was added to the cultures to a final concentration of 30 mM to 

inactivate the cells. The cultures were incubated for an additional 24 h under the same 

conditions. BioOx from each flask were harvested by centrifugation at 15,000 x g for 3 min and 

washed three times with sterile Milli Q water under sterile conditions. Oxides derived from the 

four strains were transferred to independent sterile glass Petri dishes (60 x 17 mm). The 

remaining water was evaporated from the closed Petri dishes at 60 °C, followed by a dry heat 
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treatment at 120°C for 30 min. Oxidative activity of the BioOx was qualitatively confirmed using 

the redox indicator N,N-Dimethyl-p-phenylenediamine (data not shown). Inactivation of cells 

was evaluated qualitatively by streaking the culture onto solid LSM2 after the dry heat 

treatment. Inactivation of cells was considered succesful when no growth was detected after 

one month. 

 

2.2.2 Batch removal assays 

Pure CYN (>95% purity) was purchased from Enzo Life Science, Inc (New York, USA) 

and was resuspended with sterile Milli Q water to a final concentration of 500 mg L-1.  

Seven setups were used to evaluate the removal of CYN under different conditions. All 

the setups were prepared with 0.3 g L-1 NH4Cl, 2 mL L-1 of trace elements solution and 2 mL 

L-1 of vitamin solution in Milli Q water as described in section 2.2.1. The pH of the medium was 

adjusted to 7.2 before autoclaving. All the other compounds were added according to the 

parameter to be analyzed (Table 2.1). Setups 1 and 2 were used to evaluate how pH variations 

in a buffered and in an unbuffered system affect the removal of CYN as pH has been 

considered a relevant parameter for the removal of CYN (Adamski et al., 2016a; Dziga et al., 

2016; Mohamed and Alamri, 2012). It was investigated with setup 3 if CYN was removed by 

MOB in the simultaneous absence of Mn2+ and Fe2+. In setup 4 and 5 it was evaluated whether 

the presence of only Fe2+ or only Mn2+ was essential for bacteria to remove CYN, respectively. 

Mn2+ oxidation is not essential for the survival of the MOB, and previous studies showed the 

importance of Mn2+ oxidation in the removal of recalcitrant substances (Meerburg et al., 2012; 

Sochacki et al., 2018; Tran et al., 2018). Mn often forms mixed oxides with iron and the strains 

used in this study were isolated using iron and manganese containing media. Tested strains 

were isolated and are routinely maintained in medium with yeast extract as the sole organic 

carbon source. It was determined with setup 6, whether MOB removed CYN when it was the 

sole organic carbon source available for growth. On a routine basis, the tested MOB are 

cultivated using MnCO3 as the Mn2+ source, however the removal of other organic recalcitrant 

pollutants has been achieved using soluble Mn2+ sources like MnSO4 or MnCl2. For that 

reason, the influence of the type of Mn2+ source on CYN removal was evaluated in setup 7 by 

replacing MnCO3 with MnSO4. The concentration of total Mn2+ using MnCO3 was 15 mM and 

using MnSO4 was 0.3 mM. Different concentrations of MnCO3 and MnSO4 had to be applied 

because growth and Mn2+ oxidation of the strains was negatively affected when higher 

concentrations of MnSO4 were used (data not shown). For that reason, the initial concentration 

of MnSO4 in setup 7 was used as it is referred for the DSMZ medium 803 (Atlas, 2010). MOB 

in the media with either MnCO3 or MnSO4 formed BioOx, visually identifiable as brown dark 
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aggregates (Appendix, Fig. A1). BioOx were not observed in the absence of Mn2+ nor in the 

control (growth media without bacteria). 

Bacteria were inoculated using 300 µL of the cultures described in section 2.2.1.2 at 

exponential growth (OD600 nm) in sterile 100 mL Erlenmeyer flasks with 50 mL of medium. CYN 

was added to a mean final measured concentration of 118 µg L-1. Bacteria were incubated in 

the dark under the conditions described in section 2.2.1.2. In order to evaluate the abiotic 

removal of CYN, flasks with medium and CYN but without bacteria were used as a control for 

each setup. 

Three independent replicates were run per strain, as well as for the negative control. 

The tested strains have different growth rates. In medium LSM2 without Mn2+ and Fe2+, 

Pseudomonas sp. OF001 reached the exponential growth phase in less than 3 hours, 

Ideonella sp. A288 and A226 after 48 h, and strain A210 after 96 h. Based on the growth rates, 

samples were taken at specific intervals: daily during three days from the culture of 

Pseudomonas sp. OF001 and every 7th day during 28 days from the cultures of the other three 

strains. The same scheme was followed for the negative controls. pH, and concentration of 

CYN and oxidized manganese in the media were quantified for the samples. At the end of each 

assay, the viability and purity of cells were evaluated qualitatively by inoculation onto solid 

LSM2 and incubation at room temperature (20.8 ± 2.2 °C). The same procedure was followed 

for the controls in order to discard any contamination.  

We evaluated CYN concentration at the beginning and at the end of every experiment 

in all the setups of each strain. However, CYN concentration in mid time points was quantified 

at discrete time points according to the removal observed at the end of each experiment. 

We quantified the evaporation of the media in the 28 days’ assays (data not shown). 

The evaporation of media explains the apparent increase amount of 10-17% of CYN per mL 

observed in the controls (Fig. 2.1a-d). 

 

2.2.3 CYN quantification 

To determine CYN concentrations in controls and bacteria flasks, 1 mL samples were 

centrifuged at ~10,000 x g for 10 min at 4°C and filtered using 0.2 mm PVDF membranes in 

order to obtain supernatants free of bacteria and oxides. They were stored at -20°C until 

analysis. CYN concentrations were determined by liquid chromatography combined with 

tandem mass spectrometry (LC-MS/MS) using an Agilent 1290 series HPLC system (Agilent 

Technologies, Waldbronn, Germany) coupled to a API 5500 QTrap mass spectrometer (AB 

Sciex, Framingham, MA, USA) equipped with a turbo-ion spray interface (Appendix, Fig. A2) 

(Fastner et al., 2018). 
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The limit of quantification (LOQ) was 0.2 µg L-1. 

 

2.2.4 pH and oxidized manganese concentration 

For pH measurements, 600 µL was taken from each replicate and pooled, to have a 

total of 1.8 mL per each setup from every strain and their respective controls. The sampling 

time followed the description in section 2.2.2. 

The concentration of oxidized manganese was measured with the leucoberbelin blue I 

(lbb I) assay (Krumbein and Altmann, 1973), in setups in which Mn2+ was added (setups 1 with 

buffer, 2 no buffer, 4 no Fe2+, 6 no YE, and 7 with MnSO4). The leucobase is oxidized by either 

Mn3+ or Mn4+ to an intense blue reaction product. Therefore, the oxidized manganese in the 

present work represents both oxidized manganese forms. For the assay, 50 µL was taken from 

each flask and mixed with 250 µL of 0.04% lbb in 45 mM acetic acid. Samples were incubated 

for 20 min and centrifuged at 10,000 x g for 3 min. The absorbance at 630 nm was measured 

using KMnO4 as standard. 

 

2.2.5 CYN removal by BioOx 

The removal of CYN by sterile BioOx formed in the absence of viable bacterial cells 

with either MnCO3 or MnSO4 as the Mn2+ source was evaluated.  

BioOx were inoculated in separate flasks with 50 mL of media with the same 

composition as in the setups 4 (no Fe2+) and 7 (with MnSO4) with CYN at a final measured 

concentration of 123.5 µg L-1. BioOx formed by Pseudomonas sp. OF001 were incubated for 

7 days, while those produced by Ideonella sp. A288 and A226, and Comamonadaceae 

bacterium A210 for 28 days. The incubation times of the BioOx were chosen in order to 

compare the removal of CYN between BioOx without viable cells with the removal by active 

cells in a similar time. The concentration of CYN was quantified at the beginning and at the 

end of the assay. 

 

2.2.6 Removal rate 

The removal rate was calculated by dividing the difference of the initial CYN 

concentration and the lowest measured concentration, by the number of days in which the 

lowest CYN concentration was measured. 
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2.2.7 Statistical analysis 

One-way analysis of variance (ANOVA) was performed to compare differences of total 

CYN removal, oxidized manganese concentrations, and CYN removal rates per day by the 

strains, followed by Dunnett’s comparison test to evaluate statistical differences with the 

control, and by Tukey’s pairwise comparison test for the multiple comparisons among setups, 

including control. 

 

2.3 Results 

 CYN was removed by all strains under different cultivation conditions (Figures 2.1a–

d.). However, different growth conditions influenced the efficiency of CYN removal. Overall, 

CYN removal rates between 0.38 and 37.01 µg L-1 day- 1 were observed (Table 2.2). 

 

2.3.1 Strain identification 

 To identify or confirm the identity of the bacterial strains, 16S rDNA sequences were 

evaluated. Based on the phylogenetic analysis with the 16S rDNA sequences (Appendix, Fig. 

A3), we determined that the isolate OF001 belongs to the genus Pseudomonas. The strain 

A226 is closely related to the Ideonella sp. strain A288, from which the whole genome has 

been sequenced (Braun et al., 2017). Based on the 16S rDNA and the phylogenetic analysis, 

no further classification to genus level was possible for strain A210. This organism is therefore 

referred to as a member of the genera incertae sedis of the Comamonadaceae family.  

 

2.3.2 CYN removal in the presence of Mn2+ by MOB 

 To evaluate whether Mn2+ was required for the removal of CYN, we incubated MOB 

and CYN in media without a Mn2+ source or with MnCO3 as the Mn2+ source. We observed that 

all tested MOB removed higher amount of CYN when MnCO3 was added to the cultures than 

when no Mn2+ was provided (Table 2.2), demonstrating that the presence of Mn2+ improved 

CYN removal. 

 Pseudomonas sp. OF001 removed CYN at a higher rate and to a further extent than 

the other three tested strains (Fig. 2.1a). ~100% of CYN was removed by strain OF001 in all 

setups with MnCO3 and yeast extract (setups 1 (with buffer), 2 (no buffer), and 4 (no Fe2+)) 

within 3 days, with a removal rate of about 36 µg L-1 day-1 (Table 2.2).  
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Table 2.2. Removal rates of the 4 MOB and % of CYN remaining in the different setups. Removal rates 
of the 4 MOB and % of CYN remaining in the different setups. Average values (n = 3). Removal time 
was calculated at the indicated time. *Indicates significant difference (P < 0.01) respect to control at the 
time given (Dunnett’s test). Different letters indicate significant difference (P < 0.05) in accordance to 
Tukey’s pairwise comparisons among the 4 strains. -: not evaluated 

 

 Ideonella sp. A288 removed a higher amount of CYN in all setups with MnCO3 and 

yeast extract than in the absence of both compounds. Strain A288 removed 65% of CYN with 

a removal rate of 3.0 µg L-1 day-1 in setup 4 (no Fe2+) (Table 2.2). In setup 1 (with buffer) and 

in setup 2 (no buffer) strain A288 removed around one third (37%) and one fourth (26%) of the 

original CYN concentration within 28 days, respectively (Fig. 2.1b). 

 Comamonadaceae bacterium A210 showed higher CYN removal in all setups with 

MnCO3 than in all other tested conditions. Strain A210 removed around 100% of CYN in 14 

days in setup 1 (with buffer) and in 28 days in setup 4 (no Fe2+) with removal rates of 8.6 and 

Setup Strain % CYN 
remaining 

Time 
(d) 

Removal rate  
(µg L-1 day-1) 

S1 with 
buffer 

Pseudomonas sp. OF001 < 1a* 3 36.1a 
Comamonadaceae bacterium A210 < 1a* 14 8.6b 
Ideonella sp. A226 44b* 28 2.4c 
Ideonella sp. A288 63b* 28 1.6c 

S2 no buffer Pseudomonas sp. OF001 1a* 3 35.5a 
Comamonadaceae bacterium A210 24b* 28 3.1b 
Ideonella sp. A226 43c* 28 2.4b 
Ideonella sp. A288 74d* 28 1.1c 

S3 no Mn2+ 
no Fe2+ 

Pseudomonas sp. OF001 107a 3 0.0a 
Comamonadaceae bacterium A210 90b* 28 0.4b 
Ideonella sp. A226 90b* 28 0.4b 
Ideonella sp. A288 114a 28 0.0a 

S4 no Fe2+ Pseudomonas sp. OF001 4a* 3 37.0a 
Comamonadaceae bacterium A210 < 1a* 28 4.4b 
Ideonella sp. A226 20b* 28 3.4b 
Ideonella sp. A288 35b* 28 3.0b 

S5 no Mn2+ Pseudomonas sp. OF001 95a 3 0.0a 
Comamonadaceae bacterium A210 84a* 28 0.7b 
Ideonella sp. A226 88a* 28 0.5b 
Ideonella sp. A288 112b 28 0.0a 

S6 no YE Pseudomonas sp. OF001 - - - 
Comamonadaceae bacterium A210 23a* 28 3.3a 
Ideonella sp. A226 91b* 28 0.4b 
Ideonella sp. A288 91b* 28 0.4b 

7 with 
MnSO4 

Pseudomonas sp. OF001 78a* 3 8.4a 
Comamonadaceae bacterium A210 77a* 28 1.0b 
Ideonella sp. A226 82a* 28 0.8bc 
Ideonella sp. A288 103b 28 0.0c 
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4.4 µg L-1 day-1, respectively (Table 2.2). Strain A210 removed 76% of the initial CYN 

concentration in setup 2 (no buffer) (Fig. 2.1c).  

 

 

Fig. 2.1. CYN removal curves. a) Pseudomonas sp. OF001, b) Ideonella sp. A288, c) Comamonadaceae 
bacterium A210 and d) Ideonella sp. A226. Initial CYN concentration: 118 µg L-1. Mean values ± 
standard error bars (n = 3). *Indicates significant differences respect to control (P < 0.05). S: setup; YE: 
yeast extract; % CYN remaining: concentration of CYN quantified in the medium with respect the initial 
concentration. Control group represents the mean of all the control flasks ± standard error (n = 18 for 
strain OF001 and n = 21 for the other strains). CYN concentration below the LOQ was taken as 0.1 µg 
L-1. 

 
 Ideonella sp. A226 showed the highest removal in all setups with MnCO3 and yeast 

extract. Strain A226 removed 80% of CYN in setup 4 (no Fe2+) within 28 days, with a removal 

rate of 3.4 µg L-1 day-1 (Table 2.2). In setup 1 (with buffer) and 2 (no buffer), strain A226 

removed around 56% of the initial CYN concentration in 28 days (Fig. 2.1d). 

 Pseudomonas sp. OF001 and Ideonella sp. A288 did not remove CYN in the absence 

of Mn2+ (Fig. 2.1a-d). Comamonadaceae strain A210 and Ideonella sp. A226 removed 10-16% 

of CYN when only Fe2+ instead of Mn2+ (setup 5), or neither Fe2+ nor Mn2+ (setup 3) was added 

to the media (Fig. 2.1a-d). 
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2.3.2.1 Influence of the Mn2+ source on CYN removal 

To determine the influence of the Mn2+ source on the CYN removal by the tested 

strains, MOB were incubated using MnSO4 (setup 7) instead of MnCO3 as the Mn2+. When 

MnSO4 was added, all tested organisms removed CYN with lower removal rates than when 

MnCO3 was added to the cultures (Table 2.2).  

Pseudomonas sp. OF001 removed 22% of the initial CYN concentration, while 

Comamonadaceae bacterium A210 removed 23% (Fig. 2.1a and c). Ideonella sp. A226 

removed 18% of CYN within 28 days (Fig. 2.1d). Ideonella sp. A288 did not remove CYN when 

MnSO4 was used as the Mn2+ source indication that the type of Mn2+ source influenced CYN 

removal.  

 

2.3.2.2 CYN removal in the presence of an additional carbon source 

MOB were incubated without yeast extract (setup 6) to evaluate CYN removal in the 

absence of an additional organic carbon source.  

Pseudomonas sp. OF001 did not grow without yeast extract, therefore the removal of 

CYN under this condition (setup 6) was not evaluated. Ideonella sp. A288 and A226 removed 

9% of CYN within 28 days when no additional organic carbon source was added (Fig. 2.1b 

and d).  

Comamonadaceae bacterium A210 removed 77% of the initial CYN concentration 

without yeast extract in the growth medium within 28 days. Strain A210 was the only organism 

among the tested bacteria that removed a comparable amount of CYN with and without yeast 

extract, suggesting strain A210 uses CYN as an alternative organic carbon source (Fig. 2.1c). 

 

2.3.2.3 Influence of Fe2+ on CYN removal 

To evaluate whether the Fe2+ influences CYN removal, Fe2+ was added to the growth 

media where MnCO3 and yeast extract was present. 

Addition of Fe2+ increased the rates of CYN removal of strain A210 2-fold (from 4.4 to 

8.6 µg L-1 day-1) (Table 2.2). In contrast, strain A288 and A226 removed lower amounts of CYN 

in the presence of Fe2+. CYN removal by strain OF001 was similar (<1%) in presence or 

absence of Fe2+ (Table 2.2)  
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2.3.2.4 pH influence on CYN removal 

To evaluate the influence of pH variations on CYN removal, MOB were inoculated in a 

buffered (setup 1) and unbuffered (setup 2) system. Whereas the pH in the buffered medium 

was between 7.1 and 7.6, during cultivation of MOB with CYN, pH was between 7.0 and 8.3 in 

the unbuffered medium (Appendix, Fig. A4 and A5). 

We observed similar CYN removal in the buffered and the unbuffered system for strains 

OF001, A288, and A226 (Fig. 2.1a, b, and d). In contrast, strain A210 showed better CYN 

removal rate in the buffered system (pH 7.2-7.4) than in the unbuffered one (pH 7.2-8.1), which 

indicates that CYN removal by strain A210 is pH sensitive (Fig. 2.1c). 

 

2.3.3 Influence of the amount of oxidized manganese formed during cultivation on CYN 

removal 

 We quantified the amount of oxidized manganese in the medium with lbb I to evaluate 

if a higher amount of oxidized manganese correlated with a higher CYN removal. No clear 

correlation between CYN removal and the amount of oxidized manganese was observed. 

 Pseudomonas sp. OF001 produced a higher concentration of oxidized manganese 

when MnCO3 instead of MnSO4 was present in the media (Fig. 2.2a). The highest amount of 

CYN was removed in setups with the highest amount of oxidized manganese. 

 Comparing the concentration of oxidized manganese by Ideonella sp. A288 among the 

different setups, the strain oxidized the highest amount of Mn2+ in setup 1 (with buffer) and 4 

(no Fe2+), and formed significantly less oxidized manganese in setups 2 (no buffer), 6 (no YE), 

and 7 (with MnSO4). Removal of CYN in setup 4 was the highest, however in setup 1 and 2 

the removal was similar in spite of the different amount of oxidized manganese (Fig. 2.2b). 

 Higher concentrations of oxidized manganese formed by Comamonadaceae bacterium 

A210 (Fig. 2.2c) were observed in setups 1 (with buffer), 4 (no Fe2+), and 6 (no YE), than in 

setups 2 (no buffer) and 7 (with MnSO4). However, the removal of CYN in setup 2 was similar 

to the removal in setup 6, even though the amount of oxidized manganese differed 

substantially (Fig. 2.2c). 

 The oxidation of Mn2+ by Ideonella sp. A226 was similar in all setups, even though we 

observed a significantly higher CYN removal in setups 1, 2, and 4 than in other setups (Fig. 

2.2d).  
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Fig. 2.2. Concentration of MnOx produced during batch removal assays. a) Pseudomonas sp. OF001, 
b) Ideonella sp. A288, c) Comamonadaceae bacterium A210 and d) Ideonella sp. A226. Mean values ± 
standard error bars (n = 3). *Indicates significant differences respect to control (P < 0.05). Different 
letters indicate significant differences (P < 0.05) for each sampling time, after Tukey’s pairwise 
comparisons. S: setup; YE: yeast extract. Control group represents the mean of all the control flasks ± 
standard error (n = 12 for strain OF001 and n = 15 for the other strains).  

 

2.3.4 CYN removal by BioOx 

 To determine if the BioOx, produced by the tested strains, removed CYN in the absence 

of viable cells, CYN was incubated with sterile BioOx. The BioOx produced from MnCO3 

(BioOx-S4, no Fe2+) or MnSO4 (BioOx-S7, with MnSO4) were used to compare reactivity of 

BioOx towards CYN from different manganese sources.  

 The BioOx-S4 produced by strain OF001 from MnCO3 removed 24% of CYN, while 

BioOx-S7 formed from MnSO4 did not remove CYN. The removal of CYN by viable 

Pseudomonas sp. OF001 in the presence of MnCO3 was 4-fold higher (~100%) than the 

removal by the sterile BioOx-S4 (24%) (Fig. 2.3a and b). 

 The BioOx-S4 and the BioOx-S7 produced by the strains A288, A210, and A226 

removed 0 to 4% of CYN, whereas viable bacteria in the media with MnCO3 (26 to ~100%) or 

MnSO4 (18 to 23%) removed in a higher amount of CYN (Fig. 2.3a and b). These results 

indicate that viable MOB are required for removing CYN. 
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Fig. 2.3. Comparison of the CYN removal by viable bacteria and BioOx. a) Bacteria vs. BioOx-S4 and 
b) Bacteria vs. BioOx-S7. Mean values ± standard error bars (n = 3). *Indicates significant differences 
respect to BioOx (P < 0.05). S: setup.  

 

2.4 Discussion 

 Information about bacterial removal of CYN is scarce, and only a few strains with this 

ability have been isolated and described (Dziga et al., 2016; Mohamed and Alamri, 2012). To 

the best of our knowledge, the role of MOB in the removal of CYN has not been studied so far. 

MOB occur frequently in freshwater systems (Johnson et al., 2012; Palermo and Dittrich, 2016; 

Santelli et al., 2014; Sommers et al., 2002; Stein et al., 2001; Sternbeck, 1995; Zakharova et 

al., 2012) and could therefore impact the fate of CYN in the environment. We observed removal 

of CYN at environmentally relevant concentrations by manganese-oxidizing bacteria isolated 

from natural and technical systems. In addition, we found that MOB removed CYN at different 

rates and to a different extent under diverse cultivation conditions. These results suggest that 

not all MOB are equally suitable for the potential application in technical systems for CYN 

removal.  

 For instance, the most efficient removal of CYN in the present work was achieved by 

Pseudomonas sp. strain OF001 followed by Comamonadaceae bacterium A210, the latter 

removing the total amount of initial CYN after a longer incubation time than strain OF001. In 
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addition, Comamonadaceae bacterium A210 showed a high removal of CYN in the absence 

of yeast extract in contrast to the other tested MOB strains. Ideonella sp. A288 and A226 also 

removed CYN, but with lower efficiency and at lower rates than the former strains. The ability 

to oxidize manganese is widespread among different bacterial phylogenetic lineages (Tebo et 

al., 2005). Considering that we observed CYN removal for all tested MOB, regardless of their 

isolation source, we expect that also other MOB catalyse the removal of CYN.  

All organisms in this study can grow in the absence of Mn2+, as it has been described 

for MOB (Spiro et al., 2008). However, the CYN removal activity depended on the presence of 

Mn2+ evidenced by low to no (016%) removal of CYN in the absence of this element. Also, 

the successful removal of other organic xenobiotics as 17α-ethynylestradiol (Tran et al., 2018), 

and diclofenac (Meerburg et al., 2012) was accomplished or substantially improved when Mn2+ 

was added to the growth media. To our surprise, the removal of CYN changed when MnSO4 

instead of MnCO3 was used as the Mn2+ source. When MnCO3 was added instead of MnSO4, 

all the MOB tested in this study showed the highest CYN removal rates and removal 

efficiencies. This is in contrast with previous studies using MOB for the removal of different 

organic compounds (Meerburg et al., 2012; Sochacki et al., 2018; Tran et al., 2018), in which 

soluble sources of Mn2+, including MnSO4 or MnCl2 in similar concentrations as in the present 

work, removed all tested substance successfully. The initial concentration of Mn2+ added as 

MnSO4 was lower (0.3 mM) than the concentration added as MnCO3 (15 mM). However, 

between 67 to 85% of Mn2+ (based on the stoichiometry of Mn added as MnSO4) remained in 

the medium at the end of the assay (Fig. 2.2a-d), showing that Mn2+ was not a limiting factor 

for the bacteria. Thus, increasing the amount of Mn2+ as MnSO4 should not modify the CYN 

removal. In addition, so far no studies evaluate the removal of organic compounds in the 

presence of insoluble MnCO3. Nonetheless, MnCO3 has been used previously as the Mn2+ 

source for the cultivation and isolation of MOB (Schmidt et al., 2014). Based on our results, we 

propose that CYN removal by the tested strains is not affected by the initial amount of Mn2+ or 

the amount of manganese oxides formed in the media, but by the type of Mn2+ source. The 

reasons why the tested bacteria remove CYN better when they oxidize MnCO3 instead of 

MnSO4 still remains to be elucidated. 

 Pseudomonas sp. OF001 (~37 µg L-1 day-1) showed higher CYN removal rates than 

Bacillus sp. AMRI-03 (15 µg L-1 day-1) when it was cultivated with a similar initial CYN 

concentration (100 µg L-1) and at a similar pH of 7-8 (Mohamed and Alamri, 2012). All MOB 

tested in this study showed a similar or even higher rate of CYN removal than the bacterial 

consortium tested by Smith et al. (2008), with a removal rate of 0.3 to 24 µg L-1 day-1 at initial 

CYN concentrations of 3-76 µg L-1. In contrast, the removal rates of all the MOB in this study 

were lower than the removal rates of Aeromonas sp. R6, ranging between 280 to 700 µg L-1 
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day-1 with initial CYN concentrations of 1-20 mg L-1 (Dziga et al., 2016). CYN removal is 

influenced by the initial concentration of CYN (Mohamed and Alamri, 2012; Smith et al., 2008). 

The environmentally relevant concentration that we used in our experiments (118 µg L-1) could 

contribute to the lower CYN removal rates observed compared to CYN removal rates observed 

with Aeromonas sp. R6 (Dziga et al., 2016).  

 We evaluated the influenced of pH on CYN removal in buffered and unbuffered media 

because for other CYN removers the influence of pH on CYN removal was reported. Highest 

CYN removal was reported in culture media with pH ranging from 6.5 to 8 for Aeromonas sp. 

R6 (Dziga et al., 2016) and from 7 to 8 for Bacillus sp. AMRI-03 (Mohamed and Alamri, 2012). 

In accordance, we observed high CYN removal by all the tested MOB in pH between 7.0 and 

8.3. Nevertheless, the removal of CYN by Comamonadaceae bacterium A210 was lower at 

higher pH. Possibly, the enzymes of strain A210 involved in manganese oxidation work 

optimally at pH closer to 7.  

 CYN removal in the absence of an additional organic carbon source was studied for 

strains A288, A210, and A226. Strain OF001 did not grow in the absence of yeast extract and 

CYN, thus CYN removal under this condition was not evaluated. Low CYN removal activity in 

the absence of yeast extract by strains A288 and A226 suggests that the two Ideonella strains 

were not able to use CYN as a carbon source; CYN removal by Ideonella was observed only 

when another organic carbon source was present. In contrast, Comamonadaceae bacterium 

A210 removed 77% of CYN in yeast extract-free media. Even though we cannot exclude that 

strain A210 may fix CO2 or use carbonates as a carbon source for growth, strain A210 could 

use CYN as an alternative carbon and/or nitrogen source, based on the high removal rates 

observed. The use of CYN as an additional carbon and nitrogen source, when the easiest 

carbon source is depleted, was proposed for Bacillus sp. AMRI-03 (Mohamed and Alamri, 

2012) and Aeromonas sp. R6 (Dziga et al., 2016).  

 The influence of Fe2+ onto CYN removal was evaluated because three of the tested 

MOB were isolated from an iron-manganese biofilm and many MOB are also able to precipitate 

iron (Schmidt et al., 2014). Besides, manganese oxides commonly contain other elements like 

iron (Vesper, 2012). El Gheriany et al. (2009) demonstrated that iron might influence the 

production of the manganese-oxidizing enzymes of Leptothrix discophora-SS, which could 

explain the differences observed for CYN removal with and without Fe2+.  

 Manganese oxides are known for their ability to oxidize various organic compounds 

(Tebo et al., 2004). In our study, BioOx in the absence of active bacteria showed low or no (0-

24%) CYN removal. In accordance, several reports demonstrated that the removal of many 

organic compounds was significantly lower or even absent when only sterile BioOx were 

present, showing the important role of viable MOB in the removal of compounds such as 
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benzotriazole (Sochacki et al., 2018), 17α-ethynylestradiol (Tran et al., 2018), and diclofenac 

(Meerburg et al., 2012). On the other hand, other studies showed that BioOx removed 17α-

ethynylestradiol in the absence of viable cells (Sabirova et al., 2008). The differences observed 

might be related to the structure of the BioOx formed by the tested strains. 

 The precise mechanism of the removal of CYN by the tested MOB strains at a 

molecular level was not investigated yet. In the present study, it was found that viable MOB 

cells and MnCO3 as manganese source were required for the efficient removal of CYN. 

However, we hypothesize that the removal of CYN by MOB follows a similar mechanism as 

described for Pseudomonas putida for the removal of other organic compounds (Meerburg et 

al., 2012; Tran et al., 2018). Briefly, the removal pathway starts with the enzymatic oxidation 

of Mn2+ in the medium. The oxidation releases as a final product insoluble BioOx containing 

Mn4+, with Mn3+ as an intermediate. The highly reactive intermediate Mn3+ would either 

complete the oxidation to Mn4+ or oxidize other chemical compounds. When BioOx (Mn4+) are 

produced, they may continue with the oxidation of other compounds and Mn2+ is again 

available for enzymatic re-oxidation by the viable bacteria (Meerburg et al., 2012; Tran et al., 

2018). In this process, the presence of viable bacteria as well as Mn2+, are necessary for the 

continuous re-oxidation of Mn2+ to allow efficient removal of the organic substance, which is in 

accordance with the results of our study. Nevertheless, the four tested strains showed different 

CYN removal efficiencies and rates, and removed CYN under different conditions such as the 

absence or presence of an additional carbon source. Therefore, our findings suggest that more 

complex processes contribute to the removal of CYN, and not only the mere oxidation of Mn2+. 

The mechanism for CYN removal by MOB remains unknown. However, biological 

processes related to the presence of viable bacteria (e.g. co-metabolism) are required for 

substantial CYN removal. Adsorption on the cellular structure based on ionic charges, seems 

unlikely. CYN sorption by the biomass was not observed in any of the control setups and at 

the tested pH, cylindrospermopsin remains as a zwitterion (Adamski et al., 2016a), decreasing 

the possibility of adsorption.  

 The description of new organisms which can remove CYN contributes to a better 

understanding of the fate of cyanotoxins in the environment. It also allows a deeper insight into 

the role of MOB in the removal of recalcitrant organic substances and thus, further elucidates 

their potential as candidates for the treatment of water to remove organic pollutants, including 

CYN. 

 

 



Chapter 2 
 

34 
 

2.5 Conclusions 

We considered five points as the most valuable conclusions from this work: 

1. MOB removed CYN at environmentally relevant concentrations in presence of MnCO3. 

2. The participation of viable bacteria actively oxidizing Mn2+ was the key factor for efficient 

CYN removal. 

3. The mere active oxidation of Mn2+ is important, independent of the final concentration of 

BioOx in the medium. 

4. An additional carbon source available in the media is necessary for the removal of CYN by 

Pseudomonas sp. OF001, and Ideonella sp. A288 and A226. 

5. MOB might be promising candidates for future implementations in water treatments for the 

removal of CYN. 
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Abstract 

Cylindrospermopsin (CYN) is a toxic alkaloid highly persistent in aquatic environments. 

Biological removal of CYN was described previously. However, no transformation products 

formed by biological processes could be identified so far. Here, we describe that various 

manganese-oxidizing bacteria (MOB) transform CYN completely at an initial mean 

concentration of 7 mg L-1 (17 µM) within 3 to 34 days. Regardless of the strain, and 

transformation rate, transformation of CYN by MOB led to the same seven transformation 

products identified by mass spectrometry, which suggests that the removal of CYN by MOB 

follows a similar mechanism. Oxidation was the main transformation process, and the uracil 

moiety was the most susceptible part of the CYN molecule. In vitro cytotoxicity tests with the 

transformation products of CYN formed by one of the tested strains against the two human 

liver cell lines HepG2 and HepaRG, revealed that the transformation products were 

substantially less toxic than pure CYN for both cell lines. The results suggest that incubation 

with MOB might be an option for water treatment to remove CYN and may allow more detailed 

studies on the fate of CYN in the environment.  

 

Keywords: CYN, cyanotoxins, HepG2, HepaRG, biogenic oxides, mass spectrometry, 

degradation  
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3.1 Introduction 

Environmental factors such as warming, extreme natural events, and eutrophication 

increase non-harmful and harmful cyanobacterial blooms, and consequently increase the risk 

of intoxication related to the production of cyanotoxins (Liu et al., 2019; Merel et al., 2013; 

Richardson et al., 2019; Walls et al., 2018). Cyanotoxins are secondary metabolites, produced 

by various cyanobacterial genera, and are toxic to humans, animals, and plants (Corbel et al., 

2014; Wood, 2016). 

Cylindrospermopsin (CYN) is an alkaloid cyanotoxin, composed of a cyclic sulfated 

guanidine moiety bound to a hydroxymethyluracil group. CYN-producing cyanobacteria, such 

as Cylindrospermopsis raciborskii, Umezakia natans, Chrysosporum ovalisporum, 

Aphanizomenon spp., and Anabaena spp. occur in aquatic environments worldwide (Rzymski 

and Poniedziałek, 2014). CYN is a zwitterion at neutral pH (Onstad et al., 2007) and therefore 

highly water-soluble (Griffiths and Saker, 2003). Most of the CYN is excreted by the 

cyanobacterial cells, so that 56−98% of the CYN can be found extracellularly with the highest 

concentration detected at the stationary phase (Bormans et al., 2014). CYN is stable under 

acidic and neutral pH and between 4 and 100 °C (Adamski et al., 2016a; Chiswell et al., 1999). 

Natural photodegradation of CYN is limited (Wörmer et al., 2010). All these characteristics 

make it highly persistent in aquatic environments. Therefore, research on specific processes 

aiming at removing and transforming CYN has been conducted.  

Different physicochemical treatments, such as advanced oxidation (He et al., 2014b), 

chlorination (Merel et al., 2010), UV irradiation (Adamski et al., 2016b), and ozonation (Yan et 

al., 2016) can efficiently remove CYN. Identified transformation products involved typically 

reactions of oxidation, hydrogen abstraction, hydroxylation, and loss of the sulfate group. 

Generally, the uracil moiety of the CYN molecule is the most susceptible functional group to 

modifications, including the cleavage of the whole uracil group (Adamski et al., 2016b, 2016a; 

Fotiou et al., 2015; He et al., 2014a; Merel et al., 2013; Song et al., 2012; Yan et al., 2016; G. 

Zhang et al., 2015). In the case of CYN treated by chlorination, a chlorine compound known 

as 5-chloro-cylindropermopsin is formed by the substitution of a hydrogen atom at C7 by a 

chlorine atom (Merel et al., 2010). Transformation products from some of these abiotic 

processes are less toxic than pure CYN (Merel et al., 2010; Yan et al., 2016; G. Zhang et al., 

2015).  

Biological transformation could represent an economical alternative to the removal of 

cyanotoxins, with the potential to produce fewer toxic transformation products, as previously 

shown for microcystin (Kumar et al., 2019). In addition, biotransformation may be an important 

natural process to remove CYN from water bodies (Dziga et al., 2016; Smith et al., 2008). 

Nevertheless, in this regard, results are ambiguous. For example, microbial communities from 
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freshwater bodies from Spain, with and without previous exposure to CYN, did not degrade 

100 µg L-1 of CYN after 40 days (Wormer et al., 2008). However, microbial communities from 

a dam in Australia, previously exposed to CYN, removed up to 76 µg L-1 of CYN (Smith et al., 

2008). Moreover, bacterial communities of freshwater sediments from sand filters and 

groundwater removed CYN, showing that CYN removal can also take place in sediments 

(Klitzke et al., 2010).  

A few isolated organisms have been described with the ability to remove CYN in a 

range of 0.010 to 1.5 mg L-1. Such organisms include probiotic bacteria (Nybom et al., 2008), 

Bacillus sp. (Mohamed and Alamri, 2012) and Aeromonas sp. (Dziga et al., 2016) isolated from 

a freshwater body, either with or without previous exposure to CYN, as well as different strains 

of manganese-oxidizing bacteria (MOB) isolated from a freshwater body and a bioreactor 

(Martínez-Ruiz et al., 2020b). Although the removal of CYN by bacterial communities (Klitzke 

et al., 2010; Smith et al., 2008) and isolated strains (Dziga et al., 2016; Martínez-Ruiz et al., 

2020b; Mohamed and Alamri, 2012) has been reported, there is no information about the 

formation of transformation products or the mineralization of CYN by bacteria. 

MOB are a phylogenetically diverse group of organisms with a broad physiological 

diversity (e.g. autotrophs and mixotrophs), able to oxidize Mn2+ to Mn3+ and Mn4+ (Tebo et al., 

2005). MOB transform different organic and inorganic pollutants as a side reaction only when 

Mn2+ is oxidized in batch assays and bioreactor scale (Meerburg et al., 2012; Sochacki et al., 

2018; Tran et al., 2018; Zhang et al., 2015). As a result of the manganese oxidation, MOB 

precipitate biogenic manganese oxides that are strong natural oxidants (Hennebel et al., 2009; 

Tebo et al., 2004) and play thus an important role in the biogeochemical cycle of manganese 

and other elements (Tebo et al., 2004). Biogenic manganese oxides often interact with different 

metals like Fe, forming ferromanganese oxides, which are common in the nature (Lee and Xu, 

2016; Stein et al., 2001; Vesper, 2012). Manganese oxidation is not essential for the survival 

of MOB, and its physiological role is still poorly understood (Spiro et al., 2008). MOB are 

present in drinking water systems (Cerrato et al., 2010) and are widely distributed in the nature 

(Tebo et al., 2004). For instance, in freshwater systems of the Lower Oder Valley National 

Park, MOB may coexist with potentially toxigenic cyanobacteria such as Anabaena spp. 

(Scheer, 2010). MOB transform CYN in presence of Mn2+ (Martínez-Ruiz et al., 2020b), but it 

was unknown if transformation products are formed and whether these transformation 

products exhibit lower toxicity than CYN.  

Humans may be exposed to CYN and its transformation products through the 

consumption of contaminated food (Guzmán-Guillén et al., 2017; Prieto et al., 2017) and water 

(Bourke et al., 1983; Byth, 1980). Recreational activities in contaminated water bodies 

represent other potential sources of exposure (Poniedziałek et al., 2012). CYN possesses 
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diverse modes of actions including hepatotoxicity, cytotoxicity, and neurotoxicity. The liver is 

considered the main target organ of CYN (Poniedziałek et al., 2012), and therefore, its toxicity 

has been studied using human hepatic cells as in vitro models (Gutiérrez-Praena et al., 2019; 

Huguet et al., 2019; Kittler et al., 2016). 

The most widely used human hepatoma cell line used in toxicological research is the 

hepatocellular carcinoma cell line HepG2 (Donato et al., 2015). HepG2 cells are easy-to-

handle and highly proliferative cells that express various hepatic functions. Nevertheless, the 

expression of some cytochrome P450 enzymes (CYP) from phase I and phase II enzymes of 

the pollutants metabolism, and membrane transporters are reduced or not present in HepG2 

cells (Donato et al., 2015; Guillouzo and Guguen-Guillouzo, 2018). In contrast, HepaRG, a 

human bipotent progenitor cell line, express the majority of phase I and II enzymes of the 

pollutants metabolism, as well as membrane transporters, mainly in their differentiated state 

(Guillouzo et al., 2007). The differentiated state of HepaRG cells represents the physiology of 

human hepatocytes better than HepG2 cells (Gerets et al., 2012; Guillouzo and Guguen-

Guillouzo, 2018), so they may be more sensitive for human liver cytotoxicity testing (Guillouzo 

et al., 2007; Yokoyama et al., 2018).  

In our previous study, we reported the ability of MOB to transform the environmentally 

relevant concentrations of 118 µg L-1 CYN under different growth conditions (Martínez-Ruiz et 

al., 2020b). We found that CYN is removed only when metabolically active MOB grow in the 

presence of Mn2+. The best removal rates were observed when MnCO3 was used as the Mn2+ 

source, and yeast extract was added (Martínez-Ruiz et al., 2020b). However, it remained 

unknown if transformation products are formed and if these transformation products are toxic. 

Based on the previous information about CYN removal and MOB, we hypothesized that i) 

MOB transform CYN by a common mechanism regardless of their phylogeny and isolation 

origin, and ii) transformation products produced by MOB are less toxic than pure CYN. 

Therefore, we investigated i) the biological transformation of CYN by MOB at a sixty-fold higher 

concentration than previously reported, focusing on the identification and comparison of the 

transformation products formed by various MOB, and ii) the cytotoxicity of the mixture of CYN 

transformation products against human HepG2 and HepaRG cells compared to CYN. 

 

3.2 Material and methods 

3.2.1 Strains and culturing conditions 

Pseudomonas sp. OF001, Comamonadaceae bacterium A210, Ideonella sp. A226, 

and Ideonella sp. A288 were obtained from the culture collection of the Laboratory of 

Environmental Microbiology from the TU Berlin, Germany (Martínez-Ruiz et al., 2020b). Strain 
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OF001 (GenBank accession number MK599476) was isolated from the effluent of an 

experimental fixed-bed biofilm bioreactor established for the removal of recalcitrant substances 

from wastewater operated by the Laboratory of Environmental Process Engineering (TU 

Berlin). Strains A288, A210, and A226 (GenBank accession numbers MK599477, MK599478, 

and MK599479, respectively) were isolated from an iron manganese-depositing biofilm in a 

freshwater pond in the Lower Oder Valley National Park, Germany. Bacteria were routinely 

cultivated in a medium developed for Leptothrix strains (Atlas, 2010), known as LSM2. In the 

present study, a modified LSM2 was used, to which Fe(NH4)2(SO4)2·6H2O was not added. This 

modified medium is referred to as modified LSM2. The detailed composition of the medium is 

listed in Table S3.1 (Appendix). The pH of the medium was adjusted to 7.2 with 1 M NaOH 

before autoclaving. For the inoculum of the batch transformation assay, 300 µL of the culture 

in modified LSM2, were transferred to modified LSM2 without MnCO3. This was necessary to 

allow for the assessment of the bacterial growth phase because the biogenic oxides and 

MnCO3 interfere with OD measurements. Cultures were cultivated twice in modified LSM2 

without MnCO3 previous to the transformation assay, to ensure the absence of manganese 

oxides in the inoculum. Flasks were incubated at room temperature (20.8 ± 2.2 °C) with 

shaking at 110 rpm for 18 h (Pseudomonas sp. OF001), 2 days (Ideonella sp. A288), 3 days 

(Ideonella sp. A226), and 5 days (strain A210). 

 

3.2.2 CYN transformation assays 

CYN (>95% purity) was purchased from Enzo Life Science, Inc (New York, USA). CYN 

was resuspended in sterile Milli Q water to a final concentration of 500 mg L-1. All MOB tested 

in this study remove CYN at the highest rates when MnCO3 and yeast extract are present in 

the medium (Martínez-Ruiz et al., 2020b). Therefore, all cultures contained 1 g L-1 MnCO3 and 

0.5 g L-1 yeast extract (Carl Roth, Karlsruhe, Germany). Bacteria were inoculated into 3 mL 

modified LSM2 in sterile glass tubes (12 x 100 mm), using 30 µL of manganese-free 

precultures at exponential growth (OD600 nm). CYN was added to a final mean concentration 

of 7 mg L-1. This concentration is approximately 60-times higher than the commonly detected 

CYN concentration in the environment (Messineo et al., 2009; Shaw et al., 1999). However, a 

high concentration of CYN was selected to increase the probability to detect CYN 

transformation products. Bacteria were incubated on a shaker at 110 rpm at room temperature 

(21 ± 2 °C) in the dark for 4 days (Pseudomonas sp. OF001), 21 days (Ideonella sp. A288 and 

strain A210), and 27 days (Ideonella sp. A226). 

Samples were taken at discrete time points based on preliminary assays and the 

reported removal patterns/rates of CYN by each strain (Martínez-Ruiz et al., 2020b). 

At the end of each assay, viability and purity of cells were evaluated qualitatively by 
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inoculating the strains onto solid modified LSM2 and incubation at room temperature (20.8 ± 

2.2 °C). The same procedure was followed for the controls in order to discard any 

contamination.  

As a control for the abiotic transformation of CYN, modified LSM2 with CYN, but without 

bacteria was evaluated. Modified LSM2 with bacteria, but without CYN was used as a control 

to test for bacterial metabolites. Two independent replicates were run per strain and per 

control. 

 

3.2.3 Analysis of CYN and its transformation products 

For chemical analyses 400 µL culture liquid were sampled, centrifuged at ~10,000 x g 

for 10 min at 4 °C and filtered using 0.22 µm PVDF membranes to remove bacteria and 

manganese oxides. Samples were stored at -20°C until analysis.  

The detection of transformation products was carried out using an Orbitrap Fusion 

Tribrid Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to a UHPLC. 

Chromatographic separation was performed using a Hypersil GOLD C18 column (150 x 2.1 

mm, 3 µm, Thermo Scientific) in a UHPLC Dionex UltiMate 3000 RS (Thermo Fisher Scientific, 

Bremen, Germany). Separation conditions were used as previously reported with slight 

modifications (Fastner et al., 2018). Briefly, the mobile phase consisted of water (A) and 

methanol (B) both with 0.1% formic acid. A linear gradient was applied from 1% to 25% B 

within 5 min at a flow rate of 0.2 mL min- 1, and back to 1% B for 7 min. The effluent was 

monitored and CYN was quantified with a UV detector set at 262 nm. The injection volume 

was 5 µL and the oven temperature 25 °C. For the Orbitrap, heated electrospray ionization 

source parameters were: spray voltage of 3.5 kV and ion transfer tube temperature at 325 °C. 

Sheath, auxiliary, and sweep gas flow rate were 35, 10, and 0 (arbitrary units), respectively. 

Data acquisition was performed in full-scan mode.  

Using an inclusion list with the m/z values and charge state, we conducted a target 

screening of the MS1 traces for the expected m/z values of transformation products previously 

reported for transformation of CYN by physicochemical procedures (Adamski et al., 2016b, 

2016a; Fotiou et al., 2015; Guzmán-Guillén et al., 2017; He et al., 2014b, 2014a; León et al., 

2019; Merel et al., 2010; Song et al., 2012; Yan et al., 2016). The m/z value of potential CYN 

transformation products was searched scanning from 100 to 500 m/z under positive ion mode 

as previously reported (Fotiou et al., 2015; Guzmán-Guillén et al., 2017; He et al., 2014b, 

2014a; Prieto et al., 2017; Song et al., 2012). If the instrument detects a mass spectral peak 

fulfilling the criteria specified in the inclusion list, an MS2 spectrum is obtained for the 

associated precursor ion. Orbitrap resolution was 120000 for MS1 and 60000 for MS2.  
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The limit of quantification (LOQ) of CYN was 0.05 mg L-1. The limit of detection (LOD) 

of CYN was 0.001 mg L-1. 

 

3.2.4 Transformation products identification 

Potential transformation products in microbial cultures were further evaluated by 

manually checking: i) the absence of the corresponding m/z signals in control samples a) sterile 

modified LSM2 with CYN and b) modified LSM2 without CYN but with bacterial growth), ii) 

peak intensities along the incubation time, and iii) MS2 fragmentation patterns. Fragmentation 

patterns were compared with published data (Adamski et al., 2016a, 2016b; Fotiou et al., 2015; 

Guzmán-Guillén et al., 2017; He et al., 2014a, 2014b; Yan et al., 2016). Transformation 

products without published MS2 fragments were tentatively identified based on the precise MS1 

mass, and the distribution of the isotope abundance. Error limits of 10 ppm of the m/z and the 

MS2 fragments of the potential transformation products were allowed. 

 

3.2.5 Preparation of CYN transformation products for cytotoxicity assessment 

Pseudomonas sp. OF001 was inoculated using 30 µL of the cultures in sterile glass 

tubes (12 x 100 mm) with 3 mL of modified LSM2 and incubated as described above. CYN 

was added to the cultures to final concentrations of 4 or 12 mg L-1. Sterile or inoculated controls 

were set up without CYN. Samples of 400 µL volume were taken at day 0, 4 and 7, centrifuged 

at 10,000 x g for 10 min at 4°C and filtered through 0.2 µm PVDF membranes to obtain 

supernatants free of bacteria and oxides. Samples were then stored at -20°C until analysis. 

Samples at time 0 contained pure CYN, and samples of day 4 and 7 contained the mixture of 

transformation products of CYN. Two independent CYN transformation assays each with three 

replicates per CYN concentration, including the controls, were run. The cultivation 

supernatants were diluted 1:4 in the new medium to obtain a final CYN concentration of 1 or 3 

mg L-1.  

 

3.2.6 Cell cultures 

Human hepatoma HepG2 cells were cultured in RPMI medium (Biowest, France) 

supplemented with 10% fetal bovine serum (FBS, c.c.pro GmbH, Oberdorla, Germany). 

Human bipotent progenitor cells HepaRG cells purchased from Biopredic (Saint Grégoire, 

France) were cultured as described previously (Hiller et al., 2018). Briefly, HepaRG cells were 

grown in Williams E medium (PAN Biotech, Aidenbach, Germany) supplemented with 10% 

FBS, 2 mM L-glutamine (Biowest, Nuaillé, France), 5 µg mL-1 recombinant human insulin (PAN 
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Biotech), 50 µM hydrocortisone hemisuccinate (Sigma, Steinheim, Germany), and 1% 

penicillin/streptomycin (Biowest). After 14 days of incubation, differentiation of HepaRG cells 

was induced by adding 1.7% of DMSO (Sigma). Cells were incubated for additional 14 days 

before their application in cytotoxicity assays. Both cell line cultures were incubated at 37 °C 

and 5% CO2 in a humidified atmosphere. 

 

3.2.7 Cytotoxicity assessment 

HepG2 and HepaRG cells were seeded onto clear sterile 96-well cell culture 

microplates with flat bottom (Greiner Bio-One, Frickenhausen, Germany) and incubated for 24 

h at 37 °C and 5% CO2 to obtain a final cell number of 4 x 105 and 1 x 105 cells per well for 

cytotoxicity assessment, respectively. After 24 h of incubation, the RPMI or Williams E culture 

medium was replaced with a mixture of three parts of fresh RPMI or Williams E medium and 

one part of filtered supernatant of the Pseudomonas sp. OF001 culture with CYN or the mixture 

of transformation products obtained as described above. As positive controls for cell viability 

HepG2 or HepRG cells were grown in RPMI or Williams E medium with either i) supernatant 

of the Pseudomonas sp. OF001 culture in modified LSM2 without CYN or transformation 

products or ii) supernatant of sterile modified LSM2 medium. As blank RPMI or Williams E 

medium without hepatic cells with i) supernatant of the Pseudomonas sp. OF001 culture in 

modified LSM2 medium without CYN or transformation products or ii) supernatant of sterile 

modified LSM2 medium, were used. Cells were exposed to the test substances for 24 h, and 

at the end of the assay, viability and proliferation was determined and compared to controls. 

Viability of cells was evaluated using the tetrazolium dye XTT (XTT) and neutral red (NR) 

assays with the kits “In Cytotox-XTT” and “In Cytotox-NR” (Xenometrix, Allschwil, Switzerland) 

following the manufacturer’s instruction. XTT and NR. Absorbance was measured at 450 and 

540 nm, respectively, with a reference wavelength at 690 nm using an Ao microplate reader 

(Azure Biosystems, California, USA). 

Two independent transformation assays with three replicates of each supernatant of 

Pseudomonas sp. OF001 with CYN (1 and 3 mg L-1 of CYN as initial concentration) or the 

mixture of transformation products (from day 4 and 7) were tested with HepG2 cells (n = 6). 

For HepaRG cells assays, we chose randomly three samples of supernatant of Pseudomonas 

sp. OF001 with CYN of each of the tested initial CYN concentrations (1 and 3 mg L-1 of CYN), 

from the two independent transformation assays. In this setup, we assured that at least one 

sample per each independent transformation assay was included. Also, for the mixture of 

transformation products (from day 4 and 7) three samples were chosen randomly, including at 

least one sample per each independent transformation assay (n = 3). 
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3.2.8 Removal rate 

The removal rate was calculated by dividing the difference of the initial CYN 

concentration and the concentration measured on the last day where the CYN concentration 

was above the LOQ, by the number of days in which this CYN concentration was measured. 

 

3.2.9 Data analysis and statistical analysis 

Transformation products were analyzed with the MZmine v2.38 software (Pluskal et al., 

2010). Chemical structures were drawn with ChemDraw (PerkinElmers Informatics). The dplyr 

R package on RStudio version 3.4.2 was used for statistical analysis (Wickham et al., 2019). 

Figures were made with the ggplot (Wickham, 2016) and gridExtra (Auguie, 2017) R package. 

One-way analysis of variance (ANOVA) followed by Tukey’s pairwise comparison test for the 

multiple comparisons among CYN and transformation products at different times were 

performed. 

 

3.3 Results and discussion 

3.3.1 CYN removal 

In a previous study we showed the removal of CYN by MOB, at environmentally 

relevant concentrations (Martínez-Ruiz et al., 2020b). In this study we aimed at the 

identification of CYN transformation products and therefore used a high concentration of 7 mg 

L-1 of CYN. We observed that all four tested strains removed CYN to concentrations below the 

detection limit, and at higher rates than described in our previous study (Fig. 3.1) (Martínez-

Ruiz et al., 2020b). These results are in agreement with previous studies showing a strong 

influence of the initial CYN concentration onto the rate of its removal (Dziga et al., 2016; 

Mohamed and Alamri, 2012; Smith et al., 2008). In these studies the presence of specific 

genes and enzymes involved in CYN degradation was proposed, similarly as reported for 

microcystin (Dziga et al., 2013). Higher removal rates at higher CYN concentrations could 

thereby be explained by an enhanced induction of genes related to CYN removal (Dziga et al., 

2016; Mohamed and Alamri, 2012; Smith et al., 2008). However, the mechanism for the 

removal of pollutants by MOB is proposed to be based on the unspecific reaction of reactive 

Mn species with the pollutant (Meerburg et al., 2012; Tran et al., 2018). Therefore, other 

parameters may influence CYN removal rates which will be further discussed in the section 

3.3.2 Identification of CYN and its transformation products.  

The fastest CYN removal was observed for Pseudomonas sp. OF001, removing CYN 

within three days. Ideonella sp. A288, and Comamonadaceae bacterium A210, removed CYN 
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in 14 days, whereas Ideonella sp. A226 removed CYN in 27 days (Fig. 1). In our previous study 

with environmentally relevant CYN concentrations, strain OF001 showed the highest CYN 

removal rate followed by strain A210, while strain A226 and A288 removed only 80% and 65% 

of CYN after 28 days, respectively.  

 

Fig. 3.1. CYN transformation over time by four different MOB. Control: CYN in the medium without MOB. 
The four MOB were Pseudomonas sp. OF001, Ideonella sp. strains A288 and A226, and 
Comamonadaceae bacterium A210. They were all grown in LSM2 medium with an initial CYN 
concentration of 7 mg L-1. CYN concentration below the LOQ was taken as 0.025 mg L-1. Two 
independent replicates were run per strain and per control (n = 2), error bars represent standard 
deviation and are provided to show the variation of the samples at each point. 

 

CYN at 7 mg L-1 is 60-times higher than the concentration used in our previous study, 

however not all the removal rates of the tested MOB followed the same 60x increase rate. All 

tested MOB showed higher CYN removal rates when 7 mg L-1 of CYN was added as initial 

concentration, instead of 0.118 mg L-1 of CYN (Martínez-Ruiz et al., 2020). At 7 mg L-1, CYN 

removal rates ranged from 0.48 to 3.16 mg L-1 day-1 compared to rates at 0.118 mg L-1 of CYN 

from 0.003 to 0.037 mg L-1 day-1. In addition, at 7 mg L-1 all tested MOB showed higher CYN 

removal rates than Aeromonas sp. R6 and Bacillus sp. AMRI-03, the strains with the highest 

reported CYN removal rates so far. Aeromonas sp. R6 removed 0.070 to 0.280 µg L-1 day-1 

when 1 to 20 mg L-1 of CYN were added as initial CYN concentration (Dziga et al., 2016), while 

Bacillus sp. AMRI-03 removed 0.050 µg L-1 day-1 when an initial amount of 0.5 mg L-1 of CYN 

was added (Mohamed and Alamri, 2012). 
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3.3.2 Identification of CYN and its transformation products 

In our liquid chromatography / mass spectrometric analysis CYN eluted at a retention 

time (RT) of 8.09 min with a m/z value of 416.1234. Fragmentation of the isolated peak 

generated five fragments (Appendix, Fig. A6a) which correspond to the loss of SO3 (m/z 

336.1662), the loss of SO3 and H2O (m/z 318.1558), the loss of the hydroxymethyl uracil moiety 

(m/z 274.0853), the loss of the hydroxymethyl uracil moiety and SO3 (m/z 194.1285), and the 

loss of the hydroxymethyl uracil moiety and SO3 and H2O (m/z 176.1180) (Guzmán-Guillén et 

al., 2012). 

With the approach followed in the present study, the same seven CYN transformation 

products were detected for each MOB. Calculated chemical formulae, RTs, observed m/z 

values for singly charged ions ([M+H]+ ions), calculated formulae, calculated m/z values and 

calculated mass errors are shown in Table 3.1. For all calculations of the precursor masses, 

the mass error is below 0.5 ppm, corresponding to 0.0002 Da for the largest error. Evolution 

over time of the transformation products indicates non-linear transformation (Fig. 3.2). Relative 

abundances in the present study are based on peak intensity and do not necessary reflect the 

concentration of the products. We could not obtain neat standards of the proposed 

transformation products to calibrate the quantification. The evolution of transformation 

products generated by all the tested MOB transforming CYN in modified LSM2 followed a 

general trend in the relative abundances throughout the assay (Fig. 3.2).  

Our results show that the uracil moiety is the most susceptible group of CYN for 

modification, which is in agreement with transformation processes described in previous 

reports using abiotic reactions (Adamski et al., 2016b, 2016a; Fotiou et al., 2015; He et al., 

2014b; Yan et al., 2016). TP448 was the transformation product with the highest molecular 

weight and the only detected product in which the ring of the uracil moiety was still present. 

Previously reported fragmentation pattern of TP448 reported a fragment with an m/z of either 

274 (He et al., 2014b) or 350 (Fotiou et al., 2015). These fragments could not be identified in 

our study. Instead, one fragment with a m/z of 430.1025 potentially related to the loss of H2O 

was detected (Appendix, Fig. A6b). However, the presence of three isotopes of TP448, provided 

more evidence for the tentative identification of this product (Appendix, Fig. A6b). The detection 

of TP448 suggests hydroxylation of CYN possibly at the double bond between C5 and C6 in the 

methyluracil group (Fig. 3.3). The highest relative abundance of TP448 was detected at the early 

stage of incubation for all MOB (2 days for strain OF001, and 7 days for the other three strains), 

and diminished at the last stage. TP448 was also identified after treatment of CYN with 

advanced oxidation processes (He et al., 2014b; Song et al., 2012), and photocatalysis (Fotiou 

et al., 2015; G. Zhang et al., 2015). 
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Table 3.1. Transformation products of CYN formed by MOB.  

            Fragmentation ions 

RT 
(min) m/z obs. 

Putative 
chemical 
formula 

m/z calc. 
Mass 
error 
(ppm) 

m/z obs. Fragment 
formula m/z calc. 

Mass 
error 
(ppm) 

CYN 8.09 416.1234 C15H21N5O7S 416.1234 0 336.1662 C15H21N5O4 336.1666 -1.2 

      318.1558 C15H19N5O3 318.1561 -0.9 

      274.0853 C10H15N3O4S 274.0856 -1.1 

      194.1285 C10H15N3O 194.1288 -1.6 

      176.1180 C10H13N3 176.1182 -1.1 

TP290 3.64 290.0804 C10H15N3O5S 290.0805 -0.3 210.1232 C10H15N3O2 210.1237 -2.4 

      192.1129 C10H13N3O 192.1131 -1 

TP292a 5.76 292.0961 C10H17N3O5S 292.0962 -0.3 212.1389 C10H17N3O2 212.1394 -2.4 

      194.1284 C10H15N3O 194.1288 -2.1 

      176.1179 C10H13N3 176.1182 -1.7 

TP292b 8.41 292.0961 C10H17N3O5S 292.0962 -0.3 212.1388 C10H17N3O2 212.1394 -2.8 

      194.1284 C10H15N3O 194.1288 -2.1 

      176.1181 C10H13N3 176.1182 -0.6 

TP308 6.13 308.091 C10H17N3O6S 308.0911 -0.3 228.1339 C10H17N3O3 228.1343 -1.8 

      210.1231 C10H15N3O2 210.1237 -2.9 

TP320 8.84 320.0909 C11H17N3O6S 320.0911 -0.6 240.1337 C11H17N3O3 240.1343 -2.5 

      222.1233 C11H15N3O2 222.1237 -1.8 

TP347 9.59 347.1019 C12H18N4O6S 347.1020 -0.3 267.1450 C12H18N4O3 267.1451 -0.4 

TP448 3.88 448.1135 C15H21N5O9S 448.1133 0.5 430.1027 C15H19N5O8S 430.1027 0 

TP represent the transformation product with the m/z indicated as subscript number. m/z values for 
singly charged ions ([M+H]+ ions). m/z observed is the average value of CYN or transformation product 
in all the samples. obs.: observed; calc.: calculated. 

 
All other transformation products detected in this study contained four or less nitrogen 

atoms within their structure, suggesting the loss or the opening of the uracil ring structure (Fig. 

3.3). The MS2 fragmentation spectra of TP347 showed two fragments with m/z of 267.1453, and 

199.1436 (Appendix, Fig. A6c). Fotiou et al. (2015) reported TP347 as a transformation product 

upon photocatalytic treatment of CYN, but no fragmentation pattern was described. 

Nevertheless, the fragmentation pattern that we described for TP347 in the present study is in 

good agreement with the chemical structure previously proposed for TP347 by Fotiou et al 

(2015). TP347 is produced most likely by further oxidation of TP448 leading to the uracil ring-

fragmentation. TP347 was the product formed with the lowest relative abundance in modified 

LSM2 setups with strain OF001, A288 and A226. We could not detect TP347 when CYN was 

transformed by strain A210 under standard modified LSM2 cultivation conditions. However, 

TP347 was formed by all the other MOB strains. Therefore, we cannot exclude the possibility 

that strain A210 also formed TP347 in modified LSM2 under standard conditions in quantities 

below detection limit at the selected sampling times.  
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Fig. 3.2. Generation of transformation products shown in Figure 3.3 over the incubation time of MOB. a) 
Pseudomonas sp. OF001, b) Ideonella sp. A288, c) Ideonella sp. A226, d) Comamonadaceae bacterium 
A210. Initial CYN concentration: 7 mg L-1. AreaTP: transformation products’ peak area, and AreaCYN: 
CYN’ peak area of the initial amount of CYN from LC-MS results. The three vertically combined graphs 
have different y-axis scales and show compounds according to their AreaTP / AreaCYN values. Note for 
the different scales also on the x-axis. Two independent replicates were run per strain and per control 
(n = 2), error bars represent standard deviation and are provided to show the variation of the samples 
at each point. 
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According to the proposed transformation pathway shown in Figure 3.3, TP320 is formed 

due to the hydroxylation process of TP347 and the reminiscent fragment of the uracil group is 

removed. The MS2 spectra of TP320 revealed two fragments with m/z of 240.1338 and 

222.1233, respectively (Appendix, Fig. A6d). The former corresponds to the loss of SO3, while 

the latter corresponds to the loss of SO3 and H2O. MS2 fragments are in agreement with those 

already reported for TP320 in a study using ozonation to transform CYN (Yan et al., 2016). TP320 

was the second least abundant identified product. However, its relative abundance increased 

throughout the assay for all tested MOB (Fig. 3.2). TP320 has been generated also from 

photocatalysis (Fotiou et al., 2015) and advanced oxidation processes (He et al., 2014b, 

2014a; Song et al., 2012). 

The hydroxylation of TP320, with a loss of CO, formed TP308. Two fragments of TP308 

with m/z values of 228.1339 and 210.1232 were detected in the MS2 spectra (Appendix, Fig. 

A6e). The chemical structure of a compound with the same m/z value as TP308, detected by 

ozonation of CYN, was proposed by Yan et al. (2016) However, they did not report the 

fragmentation pattern, and consequently we could not assign TP308 unequivocally to the one 

that Yan et al. proposed (2016). Therefore, we propose a chemical structure based on the m/z 

value and the fragmentation pattern. Further studies should be conducted to better 

characterize and confirm the chemical structure of TP308. Over the transformation assay time, 

TP308 increases until reaching a plateau after 2 and 7 days when strains OF001, and A210 

were transforming CYN, respectively. In the case of strain A226, TP308 reached the highest 

relative abundance after 21 days, and decreased afterwards (Fig. 3.2). TP308 increased faster 

within 7 days of CYN transformation by strain A288, and continued increasing until reaching 

the highest relative abundance at day 21.  

Compound TP292 was detected at two different RT (~5.76 and ~8.41), thus named as 

TP292a and TP292b. For both types of TP292 three fragments with m/z of 212.1388, 194.1284, 

and 176.1180 were identified in the MS2 spectra, indicating the loss of SO3 and the loss of one 

or two H2O molecules (Appendix, Fig. A6f). Observed fragmentation patterns coincide with 

previous reports, and allow a tentative identification of the product (Adamski et al., 2016a, 

2016b; Guzmán-Guillén et al., 2017; Prieto et al., 2017; Yan et al., 2016). TP292 may be formed 

by the hydroxylation of TP320 and the simultaneous removal of the carboxyl group, or by the 

oxidation of TP308. The different retention times together with the same m/z value, and same 

fragmentation patterns of TP292a and TP292b suggests the detection of diastereoisomers as 

described previously for CYN transformation products obtained by different cooking techniques 

(Guzmán-Guillén et al., 2017; Prieto et al., 2017) and ozonation (Yan et al., 2016). 

Interestingly, alkaline (Adamski et al., 2016a), photocatalytic (Adamski et al., 2016b), and 

advanced oxidation (He et al., 2014b) treatment of CYN led to the formation of TP292 but not 

the formation of diastereoisomers. In all the assays of the four MOB strains, TP292b was formed 
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in a higher relative abundance than TP292a. TP292b was the transformation product detected 

with the highest relative abundance of all the identified products (Fig. 3.2).  

Further dehydration/oxidation of TP308 or TP292a-b might yield the ketone TP290. The two 

MS2 fragments of TP290 with m/z values of 210.1238 and 192.1129 correspond to the 

sequential loss of SO3 and H2O (Appendix, Fig. A6g), and coincide with those already reported 

after treatment of CYN by photocatalysis (Adamski et al., 2016b) or cooking (Guzmán-Guillén 

et al., 2017; Prieto et al., 2017). Even though TP290 was also identified after advanced oxidation 

(He et al., 2014b) and ozonation (Yan et al., 2016) of CYN, no MS2 fragments were described. 

TP290 showed an increasing relative abundance at the beginning of the assay reaching a 

plateau and staying constant until the last day of sampling in the case of strain A288, and 

A210. For strain A226, TP290 reached the highest relative abundance on day 14 and decreased 

from then on. In contrast, with strain OF001 TP290, showed a rapid increase in the first 48 h, 

continuing at a slower rate during the rest of the assay (Fig. 3.2).  

With the approach followed in the present study, we were able to detect the same seven 

transformation products formed by the four tested MOB, however, we cannot rule out the 

possibility that more were produced. Based on molecular masses of the transformation 

products, relative abundances, and previously reported reaction pathways, we propose a 

transformation scheme shown in Figure 3.3. A molecule not detected in the present work, was 

included based on previous reports to complement the proposed pathway. Further studies will 

have to be carried out to evaluate the presence of CYN biotransformation products in the 

environment.  

The tentative identification of the same seven transformation products formed among 

all the tested MOB and that all transformation products were produced mainly by oxidation 

reactions support the hypothesis that CYN is transformed by a similar mechanism as proposed 

by Meerburg et al.(2012) and Tran et al. (2018), suggesting that MOB transform pollutants 

indirectly by the oxidation of Mn2+. Active MOB produced reactive Mn3+/Mn4+ species through 

the oxidation of Mn2+, and these reactive species Mn3+/Mn4+ are reduced to Mn2+ by the 

concomitant oxidation of the pollutant. Thus, CYN might be transformed by MOB via the 

unspecific interaction with reactive Mn species, even though the existence of an enzyme-

substrate interaction cannot be completely excluded. Instead, other factors might influence 

CYN removal rates and the catalysed transformation reaction by MOB such as the different 

Mn oxidation rates or differences in structure and composition of the biogenic oxides of each 

MOB (Martínez-Ruiz et al., 2020b).  

To date, five CYN derivatives produced by cyanobacteria have been described. All of 

them preserve the uracil moiety (Sadler, 2015). Therefore, transformation of CYN derivatives 

by MOB by the unspecific action of the reactive Mn species might be possible, even though 
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the type and amount of transformation products formed, may differ from the ones observed in 

the present study. 

 

Fig. 3.3. Degradation products and proposed reaction pathways of CYN degradation by MOB. The 
compound in parentheses was not observed in the present study but has previously been reported 
(Fotiou et al., 2015; He et al., 2014b; Song et al., 2012; Yan et al., 2016). TP292a and TP292b are included 
in the scheme as TP292. 
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3.3.3 Evaluation of cytotoxicity of CYN and its transformation products on human hepatic 

cells 

We used the human hepatic cell lines HepG2 and HepaRG to evaluate the toxicity of 

CYN and the mixture of CYN transformation products generated by Pseudomonas sp. OF001, 

knowing that the liver is the main target organ of CYN (Poniedziałek et al., 2012). 

For cytotoxicity evaluation, we selected the fastest CYN degrader, Pseudomonas sp. 

OF001, to produce the mixture of seven transformation products. The transformation product 

mixtures generated by Pseudomonas sp. OF001 after 4 and 7 days of growth with 4 and 12 

mg L-1 of initial CYN concentration were collected. Several studies have reported dose-

response curves and IC50 values of CYN for both human hepatic cell lines (Gutiérrez-Praena 

et al., 2019; Kittler et al., 2016; Neumann et al., 2007; Štraser et al., 2011). Taking into account 

that the objective of the present study was to compare the effect of pure CYN with the mixture 

of transformation products, the two CYN concentrations were selected to be in a range of 

concentrations in which toxic effects produced by CYN have been reported (Gutiérrez-Praena 

et al., 2019; Neumann et al., 2007; Štraser et al., 2011). Dose-response curves for the 

tentatively identified transformation products could not be established, because standards are 

not available.  

The mixture of transformation products produced from both initial CYN concentrations 

at the two sampling points (day 4 and 7) showed much less toxicity in HepG2 cell lines than 1 

and 3 mg L-1 of pure CYN (Fig. 3.4a-b). Indeed, cells exposed to the transformation products 

mixture had a cell viability of 93 to 97% and 105 to 110% with respect to the control without 

significant differences in the XTT and NR assay, respectively. This is in accordance with the 

reduced cytotoxicity of the transformation products formed by ozonation comparing with CYN 

on HepG2 cells (Yan et al., 2016). Moreover, our results are also in accordance with 

cytotoxicity studies with CYN transformation products formed by photocatalysis on the human 

hepatocellular carcinoma cell line C3A (G. Zhang et al., 2015). The transformation products 

mixture produced by photocatalysis (G. Zhang et al., 2015) and ozonation (Yan et al., 2016) 

strongly differed in composition to the mixture identified in this study, however both contained 

several products that we have also detected, such as TP290 and TP448. Similarly, transformation 

products formed by chlorination of CYN showed reduced cytotoxicity compared to CYN using 

the human intestinal cell line Caco-2 (Merel et al., 2010), even though the three transformation 

products detected were different from those identified in this study. Interestingly, 

transformation products detected in all the mixtures previously tested to evaluate their toxicity, 

contained modifications at the uracil moiety as the transformation products detected in the 

present study. These results support the observation that the modification of the uracil moiety 

is crucial for toxicity reduction of CYN (Banker et al., 2001). Thus, the detection of 
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transformation products with different modifications at the uracil moiety, from simple 

hydroxylation to complete cleavage of the uracil group, might explain the reduction of toxicity 

of the mixture obtained in the present study.  

 

Fig. 3.4. Cytotoxicity of CYN and the mixture of transformation products. a) Viability of HepG2 and 
HepaRG cells exposed for 24 h to pure CYN and the mixture of transformation products. CYN: sample 
at time 0 of CYN incubated with Pseudomonas sp. OF001; TP_4d: mixture of transformation products 
after 4 days of incubation of CYN with Pseudomonas sp. OF001; TP_7d: mixture of transformation 
products after 7 days of incubation of CYN with Pseudomonas sp. OF001. b) CYN concentration in the 
supernatant tested for cytotoxicity. The samples were diluted 1:4 for the cytotoxicity test. Mean values 
± standard error bars (HepG2 cells n = 6, HepaRG cells n = 3). * in a indicates significant differences 
with respect the control (blue box) of each group of samples (CYN, TP_4d, TP_7d); * P < 0.05, ** P < 
0.01; *** P < 0.001. + in a indicate significant differences of TP_4d and TP_7d with respect CYN; + P < 
0.05, ++ P < 0.01; +++ P < 0.001. # in b indicates significant differences of CYN concentration at day 4 
and 7 with respect time 0; # P < 0.05, ## P < 0.01; ### P < 0.001. 

 

Viability of HepG2 cells decreased after 24 h of exposure to both CYN concentrations 

(1 and 3 mg L-1). HepG2 cells exposed to 1 mg L-1 of CYN had a viability of 75% with respect 

to the control in XTT and NR assays (Fig. 3.4a-b). Cells exposed to 3 mg L-1 of CYN showed 

59% (XTT), and 51% (NR) viability with respect to the control (Fig. 3.4a-b). In accordance, Yan 

et al.(Yan et al., 2016) reported viability of ~80% and ~60% of HepG2 cells with the MTT assay 

when they were exposed for 24 h to 1.2 (3 µM) and 4.2 mg L-1 (10 µM) of CYN, respectively. 



Chapter 3 
 

54 
 

Similarly, when Gutiérrez-Praena et al. exposed HepG2 cells to 1 and 3 mg L-1 of CYN, MTS 

assay evidenced 90 and 70% viable HepG2 cells, respectively (Gutiérrez-Praena et al., 2019).  

HepG2 cell lines are a common model for cytotoxicity assessment of hepatotoxic 

compounds, like CYN (Froscio et al., 2009; Gutiérrez-Praena et al., 2019; Liebel et al., 2016; 

Pichardo et al., 2017; Štraser et al., 2013; Yan et al., 2016). However, HepaRG cells reflect 

the physiology of human hepatocytes much better than HepG2 cells (Gerets et al., 2012; 

Guillouzo and Guguen-Guillouzo, 2018). Therefore, we decided to confirm the reduction of 

toxicity of CYN and the mixture of transformation products, using differentiated HepaRG cells.  

As observed for HepG2 cells, CYN had a cytotoxic effect on HepaRG cells as well; 

however, the toxicity was much more pronounced in the case of HepaRG cells (Fig. 3.4a-b). 

Viability of HepaRG cells exposed to CYN at 1 mg L-1 dropped to only 15% (XTT) and 8% 

(NR), respectively, with respect to the control. Cell viability of CYN at 3 mg L-1 was below 2% 

as evidenced by XTT and NR assays. Similarly, complete inhibition of HepaRG cells exposed 

for 24 h to 5.2 mg L-1 (12.5 µM) of CYN was quantified with the NR assay by Huguet et 

al.(2019). However, in the same study, when HepaRG cells were exposed to 1.2 mg L-1 (3 µM) 

of CYN, viability was 60% after 24 h. The IC50 values of CYN in HepaRG cells, evaluated with 

XTT, and NR tests reported by Kittler et al. were ~1.2 mg L-1 (3 and 2.7 µM) (2016) We did not 

evaluate the IC50 in the present study, but the values reported by Kittler et al. suggest a lower 

toxicity of CYN onto HepaRG cells than the toxicity that we observed. Experimental conditions 

such as passage number of the cells, and the solvent of CYN solution could explain the 

differences in the cytotoxic effects of CYN in HepaRG cells. 

An interesting finding is the pronounced higher cytotoxicity of CYN on HepaRG than on 

HepG2 cells. One reason might be that CYN influences the expression of genes that are 

notably higher expressed in differentiated HepaRG cells than in HepG2 cells, such as CYP 

isoforms genes (e.g. CYP2C8, CYP1A1, CY2A13), genes related to phase II enzymes (e.g. 

UGT2B4-UDP glucuronosyltransferase, GSTA2-glutathione S-transferase alpha 2), and genes 

related to cell cycle (e.g. PCNA-proliferating, cell nuclear antigen, CDK1-cyclin-dependent 

kinase 1) (Huguet et al., 2019; Štraser et al., 2013). This could explain the observed differences 

and suggests that HepaRG cells are a more sensitive and suitable model than HepG2 cells to 

evaluate toxicity of hepatotoxins, such as CYN, and their transformation products.  

In contrast to CYN, the mixture of transformation products formed by Pseudomonas sp. 

OF001 from both initial CYN concentrations (4 and 12 mg L-1, diluted 1:4 for cytotoxicity 

assessment) after 4 and 7 days of incubation, showed no toxicity to HepaRG cells, with a 

viability of 85−91% with no significant difference with respect to the control in the XTT assay 

(Fig. 3.4a-b). The NR assay evidenced a reduced cytotoxicity of the transformation products 

mixture with a viability of 84−91% in the NR assay (Fig. 3.4a-b).  
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To the best of our knowledge, HepaRG cells have not yet been used to study the toxicity 

of CYN transformation products despite the fact that they reflect the biological function of 

hepatocytes better than HepG2 cells. HepaRG are well-known to express genes that 

metabolize pollutants at higher levels and are therefore better suited to carry out toxicity 

studies. While we observed strong toxicity of CYN on HepaRG – an effect that was much more 

pronounced than with HepG2 cells –, we did not measure substantial toxicity of the 

transformation products. We cannot exclude the possibility that additional transformation 

products which were below the detection limit of our analyses were formed by Pseudomonas 

sp. OF001. However, our experiments show that the mixtures of transformation products exert 

negligible cytotoxicity, either on HepG2 or on HepaRG cells. 

 

3.4 Conclusions 

In respect of our initial hypothesis and the stated objectives we have two major 

conclusions: First, we detected and tentatively identified seven CYN transformation products 

formed by all tested MOB. Transformation products formed due to biological activity have so 

far never been described. We also observed that CYN was transformed at higher rates when 

higher CYN concentrations were used compared to our previous study. The detection of the 

same transformation products among the tested MOB, despite the different CYN removal 

rates, origin of the strains, and phylogenetic lineages, suggests a general mechanism for CYN 

transformation by MOB. Even though the precise mechanism of CYN transformation is 

unknown, the identification of transformation products will help to further understand the 

process. Second, we showed that the toxicity of the mixture of transformation products on 

hepatic human cell lines was substantially reduced compared to CYN. The reduction of 

hepatotoxicity by MOB could be exploited by implementation of MOB treatment for the removal 

of CYN from water. Three of the four tested MOB were isolated from a freshwater pond in the 

Lower Oder Valley National Park, where potentially toxigenic cyanobacteria have been 

observed. Therefore, MOB might interact with cyanotoxins in natural environments. Thus, the 

identification of biologically produced CYN transformation products may contribute to a better 

understanding of the fate of CYN in the environment and the role of MOB in the removal of 

pollutants.  
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Abstract 

Background 

Cylindrospermopsin is a highly persistent cyanobacterial secondary metabolite toxic to 

humans and other living organisms. Strain OF001 and A210 are manganese oxidizing bacteria 

(MOB) able to transform cylindrospermopsin during the oxidation of Mn2+. So far, the enzymes 

involved in manganese oxidation in strain OF001 and A210 are unknown. Therefore, we 

analyze the genomes of two cylindrospermopsin-transforming MOB, Pseudomonas sp. OF001 

and Rubrivivax sp. A210, to identify enzymes that could catalyze the oxidation of Mn2+. We 

also investigated specific metabolic features related to pollutant degradation and explored the 

metabolic potential of these two MOB with respect to the role they may play in biotechnological 

applications and/or in the environment.  

Results 

Strain OF001 encodes two multicopper oxidases and one haem peroxidase potentially 

involved in Mn2+ oxidation, with a high similarity to manganese-oxidizing enzymes described 

for Pseudomonas putida GB-1 (80%, 83% and 42% respectively). Strain A210 encodes one 

multicopper oxidase potentially involved in Mn2+ oxidation, with a high similarity (59%) to the 

manganese-oxidizing multicopper oxidase in Leptothrix discophora SS-1. Strain OF001 and 

A210 have genes that might confer them the ability to remove aromatic compounds via the 

catechol meta- and ortho-cleavage pathway, respectively. Based on the genomic content, both 

strains may grow over a wide range of O2 concentrations, including microaerophilic conditions, 

fix nitrogen, and reduce nitrate and sulfate in an assimilatory fashion. Moreover, the strain 

A210 encodes genes which may convey the ability to reduce nitrate in a dissimilatory manner, 

and fix carbon via the Calvin cycle. Both MOB encode CRISPR-Cas systems, several predicted 

genomic islands, and phage proteins, which likely contribute to their genome plasticity.  

Conclusions 

The genomes of Pseudomonas sp. OF001 and Rubrivivax sp. A210 encode sequences with 

high similarity to already described MCOs which may catalyze manganese oxidation required 

for cylindrospermopsin transformation. Furthermore, the analysis of the general metabolism of 

two MOB strains may contribute to a better understanding of the niches of cylindrospermopsin-

removing MOB in natural habitats and their implementation in biotechnological applications to 

treat water. 

Keywords 

Metabolic potential, manganese-oxidizing bacteria, biotransformation, cyanotoxins  
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4.1 Background 

Cylindrospermopsin (CYN) is a secondary metabolite produced by several 

cyanobacteria, toxic for humans and other living organisms (Poniedziałek et al., 2012). The 

two bacterial strains OF001 and A210 transform the cyanotoxin CYN during the oxidation of 

Mn2+ (Martínez-Ruiz et al., 2020b, 2020a). Strain OF001 belongs to the gammaproteobacteria 

and was isolated from the effluent of an experimental fixed-bed biofilm reactor established for 

the removal of recalcitrant substances from wastewater. Strain A210 belongs to the 

betaproteobacteria and was isolated from an iron manganese-depositing biofilm in a 

freshwater pond in the Lower Oder Valley National Park, Germany.  

 The removal of CYN by both strains required the active oxidation of MnCO3 whereas 

no or low CYN removal was observed with MnSO4 or in setups without manganese. Sterile 

biogenic oxides formed by the strains did not show any influence on CYN removal, highlighting 

the importance of the active manganese oxidation. Both strains are able to remove 100% of 

CYN at the highest rates reported for biological CYN removal so far (Martínez-Ruiz et al., 

2020b, 2020a). Furthermore, analysis of CYN transformation products revealed that the same 

seven transformation products were formed by both strains corroborating the important role of 

manganese oxidation. However, strain OF001 and A210 showed important differences. 

Pseudomonas sp. strain OF001 degraded CYN within 3 days. Whereas strain A210 degraded 

CYN within 14 to 28 days when cultivated under the same conditions. Moreover, strain OF001 

required yeast extract as additional carbon source for the removal of CYN. In contrast, strain 

A210 was able to transform CYN in mineral media (Martínez-Ruiz et al., 2020b).  

 So far, little is known about biological CYN removal (Dziga et al., 2016; Martínez-Ruiz 

et al., 2020b, 2020a; Mohamed and Alamri, 2012; Nybom et al., 2008). Even though several 

bacterial strains have been reported to remove CYN, to date, no enzymes or defined metabolic 

pathway for the transformation of CYN have been identified (Kormas and Lymperopoulou, 

2013; Kumar et al., 2019). Moreover, for biological CYN removal, no transformation products 

have been identified except for CYN transformed by MOB (Martínez-Ruiz et al., 2020a).  

 MOB are present in terrestrial (W. Yang et al., 2013), marine and freshwater 

environments (Hansel and Learman, 2015; Schmidt et al., 2014; Szewzyk et al., 2011; Tebo 

et al., 2005), but they also occur in drinking water systems and reactors aiming at the removal 

of manganese and other pollutants (Cerrato et al., 2010; Szewzyk et al., 2011; Tobiason et al., 

2016; Y. Zhang et al., 2015). MOB belong to diverse phylogenetic lineages with a broad 

physiological diversity (e.g. autotrophs and mixotrophs) (Tebo et al., 2005, 2004; Zhou and Fu, 

2020). Through the oxidation of Mn2+, MOB form water-insoluble biogenic manganese oxides, 

which are one of the strongest natural oxidants (Hennebel et al., 2009; Tebo et al., 2004). 

Biogenic manganese oxides often interact with other compounds and thus play an important 
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role in the biogeochemical cycle of manganese and other elements (Lee and Xu, 2016; Stein 

et al., 2001; Tebo et al., 2004; Zhou and Fu, 2020).  

 The physiological role of manganese oxidation is not fully understood. Manganese 

oxidation was proposed to provide energy to support the growth of bacteria. However, no 

conclusive results were shown (Kepkay and Nealson, 1987). Other proposed functions are the 

protection against the toxicity of organic compounds, and reactive oxygen species (Banh et 

al., 2013; Zerfaß et al., 2019), the breakdown of organic matter into utilizable substrates (Jones 

et al., 2018; Sunda and Kieber, 1994), and the use as a carbon reservoir (Estes et al., 2017). 

Nevertheless, the precise physiological role of manganese oxidation remains unknown (Zhou 

and Fu, 2020). Different manganese oxidation mechanisms have been described including 

non-enzymatic pathways based on a pH increase, the oxidation through superoxide 

production, or an anaerobically photo-driven reaction; and enzymatic reactions generally 

associated to the activity of multicopper oxidases (MCO) and haem peroxidases (Geszvain et 

al., 2012; Hansel and Learman, 2015; Zhou and Fu, 2020).  

 Besides CYN, MOB transform different organic and inorganic pollutants including, 

diclofenac, benzotriazole, 17 α-ethinylestradiol, bisphenol A, As(III), and Sb(III) (Martínez-Ruiz 

et al., 2020a, 2020b; Meerburg et al., 2012; Sochacki et al., 2018; Tran et al., 2018; H. Wang 

et al., 2019; Wang et al., 2017; Watanabe et al., 2013). The mechanism of pollutant 

transformation was proposed to be based on an unspecific oxidation by reactive manganese 

Mn3+/Mn4+ species that are formed through the oxidation of Mn2+ (Meerburg et al., 2012). For 

CYN transformation, a similar mechanism was assumed based on the requirement of active 

Mn2+ oxidation for efficient CYN removal and the formation of the same transformation products 

among all tested MOB, including strain OF001 and A210 (Martínez-Ruiz et al., 2020a). Thus, 

it is suggested that MOB act as suppliers of biogenic oxides that indirect oxidize the pollutants. 

However, the intrinsic capacity of MOB to remove organic compounds has not been deeply 

investigated (Zhou and Fu, 2020).  

 The whole genome sequences of some MOB have been analysed previously to gain a 

better insight into the mechanism of manganese oxidation (Gregory J. Dick et al., 2008; X. 

Wang et al., 2020). However, so far, no reported pollutant-removing MOB strains were 

analyzed on a genomic level. Besides, for strain OF001 and A210, information about the 

metabolic potential, including also about genes potentially involved in manganese oxidation, 

was missing. The genomic analysis of strain OF001 and strain A210 might allow to identify 

enzymes potentially involved in the oxidation of manganese based on the comparison with 

manganese oxidizing enzymes reported to date. Furthermore, metabolic differences between 

the two MOB strains became evident during cultivation experiments in presence of CYN 

(Martínez-Ruiz et al., 2020b), and further dissimilarities could be assumed. Such metabolic 
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differences could be relevant for the application of the strains for the removal of pollutants from 

water in technical systems including but not limited to wastewater or drinking water treatment 

plants, and for the understanding of the niche they may occupy in natural environments.  

Therefore, in this study, we analysed the draft genomes of the MOB strains OF001 and 

A210, both of which are able to transform CYN during oxidation of MnCO3. We aim to provide 

further insight into i) manganese oxidation mechanism, ii) other metabolic pathways relevant 

for pollutant removal, iii) energy harvesting processes such as respiration, iv) their metabolic 

potential in comparison with their closest described phylogenetic relatives, and v) genome 

plasticity related to horizontal gene transfer mechanisms.  

 

4.2 Results and discussion 

4.2.1 General genome features  

Genome quality estimation determined with CheckM showed that both genomes are of 

high quality (>90% completeness and <5% contamination). Genomes of strains OF001 and 

A210 have a completeness of 99.59 and 99.38%, respectively, with a contamination level of 

2.12 and 0.35%.  

The genome sequence of strain OF001 contains 4,476,686 bp in 65 contigs with a N50 

contig length of 147,742 bp, and a GC content of 68.01%. The genome of strain OF001 

encodes 4845 genes of which 4720 are protein coding sequences (CDS). Furthermore, one 

16S, one 23S, and six 5S rRNA genes were identified in the genome of OF001, as well as, 

sixty-seven tRNA genes that enable recognition of codons for all 20 amino acids.  

The genome sequence of strain A210 contains 5,371,534 bp in 72 contigs with a N50 

contig length of 327,374 bp, and a GC content of 69.54%. The genome of strain A210 encodes 

5184 genes from which 5112 are CDS. In addition, one 5S-23S-16S rRNA operon, and 52 

tRNA genes were identified in the genome of strain A210. Genome quality estimation and 

general genomic features are summarized in Table 4.1.  

Genome Taxonomy Database tool kit (GTDB-tk) was used to classify the bacterial 

genomes. GTDB-tk analysis classified strain OF001 as a member of the Pseudomonas_K 

group. According to the GTDB (May, 2020) P. oryzae, P. sagittaria, P. linyingensis, and P. 

guangdongensis belong to the Pseudomonas_K group. The genus status of the strain OF001 

in the Pseudomonas_ K group was supported by the genetic relatedness determined by whole-

genome analysis and 16S rRNA phylogeny (Fig. A7). 

 

 



Chapter 4 
 

62 
 

Table 4.1 Genomic features of strains OF001 and A210. 

CDS: coding sequences, COG: Cluster of Orthologous Groups; KEGG: Kyoto Encyclopedia of Genes 
and Genomes; tRNA: transfer RNA; rRNA, ribosomal RNA; misc_RNA: miscellaneous RNA; tmRNA: 
transfer-messenger RNA. 

 
To determine the species affiliation of Pseudomonas sp. OF001 average nucleotide 

identity (ANI), and tetra-nucleotide frequencies (TETRA) analysis were done. The analysis 

revealed highest similarity between strain OF001 and P. oryzae KCTC 32247 with an ANI 

based on BLAST (ANIb) value of 89.06%, an ANI based on MUMmer (ANIm) value of 90.98%, 

and a TETRA value of 0.998 (Fig. 4.1a). Organisms with an ANI value above 95%, and a 

TETRA value above 0.99 are suggested to delineate the same species level (Goris et al., 2007; 

Richter et al., 2016; Richter and Rosselló-Móra, 2009). TETRA values should be in agreement 

with ANI values to support the species assignation (Richter and Rosselló-Móra, 2009). TETRA 

values of strain OF001 and the organisms of the Pseudomonas_K group were higher than 

0.99, but ANI values were below the species limit. Together, the data suggest strain OF001 is 

a potential new species of the Pseudomonas_K group. 

GTDB-tk analysis classified strain A210 as a member of the Rubrivivax genus. 

According to the GTDB database this genus belongs to the order Burkholderiales and has so 

far only three described species: R. benzoatilyticus, R. gelatinosus, and R. albus (Nagashima 

et al., 2012; Ramana et al., 2006; Sheu et al., 2020). 

Based on the phylogenetic analysis using the whole 16S rRNA gene sequence (Fig. 

A8a), strain A210 could not be classified at genus level. Organisms with high similarity to the 

 OF001 A210 
N50 147,742 327,374 
Number of contigs 65 72 
CheckM completeness 99.59% 99.38% 
CheckM contamination 2.12% 0.35% 
Complete genome size (bp) 4,476,686 5,371,534 
Undetermined bases 6,400 7,100 
% GC 68.01 69.54 
% Protein coding density 90.64 93.09 
Pseudogene 6 2 
CDS 4720 5112 
Genes assigned to:   

COG 3436 (72.70%) 3798 (74.27%) 
KEGG 2490 (52.7%) 2632 (51.5%) 
Hypothetical proteins / unknown function 1327 (28.08%) 1492 (29.17%) 
Fragment CDS 6 2 
tRNA 67 52 

rRNA 8 3 

misc_RNA 43 14 
tmRNA 1 1 
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16S rRNA gene sequence of strain A210 were mainly bacteria of the genera incertae sedis 

from the Comamonadaceae family (Aquabacterium, Ideonella, Leptothrix, Roseateles, 

Rubrivivax, Sphaerotilus) (Fig. A8a). However, phylogenomic analysis of strain A210 done with 

TYGS platform affiliated A210 with organisms of the genus Rubrivivax (Fig. A8b), supporting 

the results obtained with the GTDB-tk.  

 

Fig. 4.1. Heatmap representing the degree of similarity of the MOB genomes. a) Pseudomonas sp. 
OF001, and b) Rubrivivax sp. A210. Heatmaps was derived from the average nucleotide identity (ANI) 
matrix based on BLAST (ANIb) Dendrogram directly reflects the degree of identity between genomes. 
ANIm: ANI based on MUMmer; TETRA: correlation indexes of the tetra-nucleotide frequencies; DDH 
d4: DDH calculated with the formula d4, which is the non-logarithmic version of formula d5 (used for the 
Appendix, Fig. S4.1 and S4.2). Formula d4 is highly recommended when using draft genomes to assure 
confident results (Meier-Kolthoff et al., 2013).  

 

ANI, and TETRA analysis were done with the genome of A210 to analyze species 

affiliation. The analysis showed the highest similarity of Rubrivivax sp. A210 with R. 

benzoatilyticus JA2 with an ANIb value of 76.69%, an ANIm value of 84.45%, and a TETRA 

value of 0.913 (Fig. 4.1b). Thus suggesting, strain A210 is a potential new species of the genus 

Rubrivivax.  

 
4.2.2 Pan and core genome 

The pan-genome of the Pseudomonas_K group genomes comprised 20,296 genes 

belonging to 6,805 MICFAM (Microscope Families)(Miele et al., 2011; Vallenet et al., 2017). 

The core-genome comprised 11,985 genes that correspond to 1,957 MICFAM, and the 

variable-genome contained 8,311 corresponding to 4,848 MICFAM. The Pseudomonas sp. 

OF001 genome contains 1,091 strain-specific genes from 1,052 MICFAM that correspond to 

24.08% strain-specific coding sequences. With this, strain OF001 contains the highest number 

of CDS from the Pseudomonas_K group genomes analyzed (Fig. A9a). Among the strain-
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specific genes in OF001, we found genes related to mercury resistance, transport, and foreign 

DNA (see also section 3.5 Elements potentially acquired by horizontal gene transfer). 

Pan- and core-genome size evolutions were estimated with the four available genomes 

of the Pseudomonas_K group and the genome of strain OF001. The curve of the pan-genome 

of strain OF001 and Pseudomonas_K group did not reach the plateau, suggesting that the 

pan-genome of Pseudomonas_K group is open and the sequences of other genomes from this 

group might increase the gene pool of novel genes (Fig. A10a). The plateau of the core-

genome is reached with the five genomes selected and is composed of approximately 2,000 

MICFAM (Fig. A10b).  

The pan-genome of Rubrivivax genomes comprised 23,140 genes belonging to 9,974 

MICFAM. The core-genome comprises 10,154 genes that correspond to 1,629 MICFAM, and 

the variable-genome contains 12,986 genes corresponding to 8,345 MICFAM. The Rubrivivax 

sp. A210 genome contains 2,123 strain-specific genes from 2,035 MICFAM that correspond 

to 42.98% strain-specific coding sequences (Fig. A9b). Among the strain-specific genes in 

A210, we found genes related to transport like ABC transporters, and cytochromes (see also 

section 3.4.3 Aerobic respiration). 

Pan- and core-genome size evolutions were estimated according to the genomes 

selected for the A210 analysis (Fig. A10c-d). The core-genome plateau is apparently reached 

with the analyzed genomes and is composed of approximately 1,600 MICFAM. 

 

4.2.3 Genes potentially involved in manganese oxidation  

In Pseudomonas sp. OF001, we detected three different homologues of manganese-

oxidizing multicopper oxidases (MO-mco’s) (OF001_u20185, OF001_u60094, and 

OF001_u90046). Gene name, accession number, locus tag in the evaluated genomes, E-

value, and percent similarity of amino acid alignments are shown in Table A4. All three MO-

mco’s homologues of strain OF001 belong to the homologous cupredoxin superfamily 

(IPR008972), according to the InterPro-based analysis. The amino acid sequences encoded 

by OF001_u20185 and OF001_u60094 exhibit the four characteristic motifs found in 

multicopper oxidases, in the same order and in a similar position as observed in McoA and 

MnxG from P. putida GB-1 (Fig. 4.2a, b). In addition, MO-mco’s homologues OF001_u20185 

and OF001_u60094, showed the highest similarity to the Mn2+ oxidases mnxG (80%) and 

mcoA (83%) from P. putida GB-1 (Geszvain et al., 2013), whereas OF001_u90046 showed 

the highest similarity to moxA (51%) from Pedomicrobium sp. ACM 3067 (Ridge et al., 2007). 

All three MO-mco’s contain non-cytoplasmic domains covering almost the whole protein, and 
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a transmembrane domain or a transmembrane helix. The presence of non-cytoplasmic and 

transmembrane domains suggests that these enzymes are loosely bound to the outer 

membrane, which is in agreement with the localization of MO-mco’s in other MOB (Corstjens 

et al., 1997; Gregory J Dick et al., 2008; Geszvain et al., 2013).  

OF001_u60094 in Pseudomonas sp. OF001 is located in a predicted operon similar to 

mnxG in P. putida GB-1 (Geszvain and Tebo, 2010). The operon is composed out of five 

additional genes with high similarity to those located in the mnxG operon of P. putida GB-1, 

(63−76% according to blastp analysis, Fig. 4.2c). Expression of the MO-mco’s in P. putida GB-

1 is regulated by a two-component pathway, mnxS1/mnxS2/mnxR (Geszvain and Tebo, 2010). 

In the genome of strain OF001, we found putative homologues to the mnxS2 histidine kinase, 

and to the mnxR regulator, arranged in a similar operon structure as in P. putida GB-1 (Fig. 

4.2d) (Geszvain and Tebo, 2010). Our results suggest that the regulation of the MO-mco’s of 

strain OF001 follows a similar regulation to the one observed in P. putida GB-1.  

 

 

Fig. 4.2. Genetic organization of regulatory system and MO-mco’s in P. putida GB-1 and Pseudomonas 
sp. OF001. a) McoA protein of strain GB-1, and the putative homolog found in strain OF001, b) MnxG 
protein of strain GB-1, and the putative homolog found in strain OF001, c) predicted operon organization 
in which mnxG (MO-mco) is found in strain GB-1, and putative homologues found in a predicted operon 
in strain OF001, and d) regulatory system for Mn2+ oxidation of strain GB-1, and putative homologues 
found in strain OF001. Capital letters (A-D) in a), and b) represent the multicopper oxidases motifs (Spiro 
et al., 2008). mnxR: response regulator; mnxS1 and mnxS2: sensor histidine kinases; ABC: ABC 
transporter; lactonase f.: beta-propeller fold lactonase family protein; mnxG: MO-mco, SCO f. SCO 
family protein; SurA: SurA N-terminal domain-containing protein, McoA: MO-mco, MnxG: MO-mco. 

 



Chapter 4 
 

66 
 

Furthermore, two homologues of manganese-oxidizing haem peroxidases (MO-hpox’s) 

(OF001_u100035, and OF001_u220048) were identified in strain OF001. The putative MO-

hpox homologue OF001_u100035 showed the highest similarity with the Mn2+ oxidase mopA 

of P. putida GB-1 (42%). Together with the MO-hpox of A. manganoxydans SI85-9A1, they 

belong to the haem peroxidase superfamily (IPR010255). The MO-hpox homologue OF001_ 

u220048, showed highest similarity to mopA of Erythrobacter sp. SD-21 and neither of the two 

belong to the haem peroxidase superfamily. No cytoplasmic or non-cytoplasmic domains could 

be identified for the putative MO-hpox’s homologues of strain OF001. Therefore, we evaluated 

the probable subcellular localization with LocTree (Goldberg et al., 2014). Both putative MO-

hpox’s of OF001 are likely secreted to the media, similar as previously described for several 

MO-hpox’s of other MOB (Anderson et al., 2009; Corstjens et al., 1997; Gregory J Dick et al., 

2008; Geszvain et al., 2016, 2013; Ridge et al., 2007). 

In the genome of Rubrivivax sp. A210, five MO-mco’s homologues were identified 

(RA210_u420004, RA210_u30250, RA210_u110082, RA210_u10102, and RA210_u100111) 

(Table A4). Two MO-hpox’s homologues (RA210_u10091, and RA210_u140033) were 

identified, but were discarded for further analysis due to very low coverage of the query 

sequences (Table A4). 

All MO-mco’s homologues of strain A210 belong to the homologous cupredoxin 

superfamily (IPR008972), according to the InterPro-based analysis. They contain non-

cytoplasmic domains which cover almost the whole protein, and possess either a 

transmembrane domain or a transmembrane helix, except for RA210_ u420004. This suggests 

that these enzymes are loosely bound to the outer membranes, similar as previously reported 

for other MO-mco’s (Corstjens et al., 1997; Gregory J Dick et al., 2008; Geszvain et al., 2013). 

RA210_u30250 shows highest similarity (59%) to the mofA gene of L. discophora SS-1 

(Corstjens et al., 1997). In addition, the amino acid sequence of RA210_u30250 encodes the 

four characteristic motifs found in multicopper oxidases in the same order and in a similar 

position than those found in MofA from L. discophora SS-1 (Fig. 4.3a). In addition, it is located 

in a predicted operon similar to mofA in L. discophora SS-1 (Fig. 4.3b). The mof operon in L. 

discophora SS-1 is composed out of mofA, mofB and mofC (G. J. Brouwers et al., 2000). The 

putative mof operon in strain A210 encodes five genes, including the putative mofA 

homologue, and two genes with high similarity to mofB (68%) and mofC (60%), together with 

a putative metallochaperon, and an exported protein of unknown function (RA210_u30246 – 

RA210_u30250).  
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Fig. 4.3. Genetic organization of the MO-mco in L. discophora SS-1 and Rubrivivax sp. A210. a) MofA 
protein of strain SS-1, and the putative homolog found in strain A210, and b) predicted operon 
organization in which mofA (MO-mco) is found in strain SS-1, and the putative homologues found in a 
predicted operon in strain A210. Capital letters (A-D) in a) represent the multicopper oxidases motifs 
(Spiro et al., 2008). mofA: MO-mco; mofB: macrophage infectivity potentiator (mip); mofC: Cytochrome 
c domain-containing protein. Note that in a) the operon in strain SS-1 is represented based on the total 
length of the operon because the genome has not been sequence. Capital letters in b) are the other two 
proteins predicted within the operon of strain A210, D: copper metallochaperone, and E: protein of 
unknown function. 

 
In spite of the low homology between MO-mco’s from different organisms, we 

attempted to gain further evidence for the Mn2+ oxidation activity of the suggested multicopper 

oxidases by using a phylogenetic approach. For this purpose, a phylogenetic tree was 

constructed with sequences of MO-mco and non-MO-mco retrieved form the NCBI database 

excluding the newly identified putative MO-mco homologues (Table A5), to discard the 

possibility that the new sequences were the main factor driving the topology of the tree (Fig. 

A11). Subsequently, the putative MO-mco homologues of the strains OF001 and A210 were 

added. Phylogenetic analysis revealed one cluster of all MO-mco sequences and one cluster 

of non-MO-mco (Fig. 4.4). The only identified outlier was moxA from Pedomicrobium sp. ACM 

3067, a reported MO-mco, affiliated with the non-MO-mco. Possibly, this is due to an uncertain 

assignation as suggested previously by Anderson et al. (2009). In contrast to OF001_u20185, 

OF001_u60094, and RA210_u30250, the proteins encoded by OF001_u90046, and 

RA210_u100111 did not cluster with the MO-mco (Fig. 4.4). This result suggests that the two 

annotated multicopper oxidases OF0011_u90046 and RA210_u100111 in Pseudomonas sp. 

OF001 and Rubrivivax sp. A210, respectively, do not possess the Mn2+ oxidation activity. 

Collectively, the data suggest that the best candidates for Mn2+ oxidation are MO-mco 

OF001_u20185, OF001_u60094, and MO-hpox OF001_u100035 in strain OF001 and MO-

mco RA210_u30250 in strain A210. 

Our results indicate that both MOB strains, OF001 and A210, oxidize manganese 

through enzyme-mediated mechanisms. In spite of the evidences found based on the genomic 

analysis, further experiments are required to determine which enzymes are involved in the 

oxidation of Mn2+ in Pseudomonas sp. OF001 and Rubrivivax sp. A210.  
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Fig. 4.4. Maximum Likelihood phylogenetic tree based on multicopper oxidases sequences with and 
without reported Mn2+ oxidation activity. Numbers in the branches represent bootstrap value. Scale bar 
represent sequence divergence. 

 

4.2.4 General metabolism 

4.2.4.1 Organic carbon metabolism 

Pseudomonas sp. OF001 and Rubrivivax sp. A210 possess all genes necessary for 

commonly found central carbohydrate metabolism in aerobic organism including glycolysis 

(Embden-Meyerhof-Parnas), gluconeogenesis, tricarboxylic acid cycle (Krebs cycle), and the 

non-oxidative branch of the pentose phosphate pathway, to support basic growth. In both 

MOB, genes involved in the oxidative branch of the pentose phosphate pathway were 

incomplete which is in accordance with its absence in many aerobic and thermophilic 

organisms (Stincone et al., 2015).  

 

4.2.4.2 CO2 fixation 

Pseudomonas sp. OF001 possesses several genes encoding enzymes related to CO2 

fixation via the Calvin cycle, however the key enzyme D-ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) is missing. This is in accordance with our previous study 

which demonstrated the growth of strain OF001 only in presence of an organic carbon source 

(Martínez-Ruiz et al., 2020b). 
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In contrast, Rubrivivax sp. A210 has the complete repertoire of genes required for CO2 

fixation via the Calvin cycle, including the RuBisCO, which is supported by previous studies of 

our group showing that A210 was able to grow in mineral media (Martínez-Ruiz et al., 2020b). 

The cbb operon in strain A210 has all genes predicted to be encoded together with the 

RuBisCO small (cbxSP) and large (cbbL) subunits (gpx, cbbYP, prkB, fbp, cbxXC). The 

presence of genes coding for enzymes of the Calvin cycle in strain A210 is in accordance with 

their detection in the three described species of the Rubrivivax genus R. albus (Sheu et al., 

2020), R. gelatinosus (Nagashima et al., 2012) and R. benzoatilyticus (Ramana et al., 2006).  

 

4.2.4.3 Aerobic respiration 

All genes for oxidative phosphorylation and aerobic respiration were present in 

Pseudomonas sp. OF001. Among them, twenty genes annotated as cytochromes, including 

14 c-type, 5 b-type, and 1 d-type cytochromes were found. Also, several predicted terminal 

oxidases are present including cytochrome bd-type quinol oxidase, cytochrome c oxidases, 

and cbb3-type cytochrome c oxidases.  

cbb3-type cytochrome c oxidases in the genome of strain OF001 are predicted to be 

organized in two operons, one operon containing cbbP and cbbQON genes, similar as reported 

for other bacteria (Ekici et al., 2012; Koch et al., 1998; Kulajta et al., 2006; Preisig et al., 1996), 

and one operon containing a copy of cbbPO and a gene of unknown function. Next to the 

cbbPQON operon, a predicted operon with three (ccoSIG) genes encoding the enzymes 

responsible of the assembly of cbb3-type cytochrome c oxidases was observed (Durand et al., 

2018). The ccoH assembly factor for the cbb3-type cytochrome oxidase is missing in strain 

OF001, suggesting that it follows a ccoH-independent assembly mechanism, similar as 

described for H. pylori, and R. gelatinosus (Durand et al. 2018).  

Likewise, all genes for oxidative phosphorylation and aerobic respiration were found in 

Rubrivivax sp. A210. Thirty-nine genes were annotated as cytochromes, including thirty c-type, 

and nine b-type cytochromes. Predicted terminal oxidases are present, including cytochrome 

c oxidases and cbb3-type cytochrome c oxidases. cbb3-type cytochrome c oxidases and the 

enzymes responsible of their assembly in the genome of strain A210 are predicted to be 

organized in a single operon ccoISNOQPG. Similar as for OF001, the ccoH assembly factor 

for the cbb3-type cytochrome oxidase is missing in strain A210, which suggest that it also 

follows a ccoH-independent assembly mechanism likewise to strain OF001. 

The presence of diverse cytochrome oxidases, with high O2 affinity, rather than only 

cytochrome c oxidases, indicate the potential of strain OF001 and A210 to grow under a wide 
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range of O2 concentrations. 

 

4.2.4.4 Nitrogen metabolism 

Pseudomonas sp. OF001 possesses genes predicted to participate in ammonium 

uptake, including specific transporters like amtB and genes involved in the regulation of the 

process such as glnA, glnL, and glnK (Atkinson and Ninfa, 1999; Blauwkamp and Ninfa, 2002; 

Gosztolai et al., 2017; Magasanik, 1982; Pahel et al., 1982; Schreier and Sonenshein, 1986). 

The genes are predicted to be arranged within different operons, with glnA as a single 

regulated gene, located immediately downstream from the operon encoding glnG and glnL. 

In addition, the genome of Pseudomonas sp. OF001 encodes the genes nifDKH, 

implicated in nitrogen fixation. Nitrogenase genes in strain OF001 are not predicted to form an 

operon, but cluster together in the genome. The detection of the nifDKH genes is in accordance 

with their detection in the genomes of the two taxonomically closest organisms to OF001, P. 

linyingensis (He et al., 2012) and P. sagittaria (Lin et al., 2013). 

Furthermore, strain OF001 encodes genes related with assimilatory nitrate reduction, 

including nitrate transport, the ammonium-forming nitrite reductase small subunit nasD, and 

the nitrate reductase nasA (Kawasaki et al., 1997; Mohan and Cole, 2007; Ramos et al., 1993; 

Yukioka et al., 2017). Strain OF001 also possesses two nitrite reductases, one in a predicted 

operon together with the nitrate reductase nasA, and the other as an independent regulated 

gene. Genes involved in dissimilatory nitrate reduction were missing. This is in agreement with 

the absence of genes involved in dissimilatory nitrate reduction in the closest related 

Pseudomonas_K group.  

Similar to strain OF001, the genome of Rubrivivax sp. A210 encodes genes predicted 

to participate in ammonium uptake in five predicted operons, including specific transporters 

like amtB and genes involved in the regulation of the process such as glnA, glnL, and glnK 

(Atkinson and Ninfa, 1999; Blauwkamp and Ninfa, 2002; Gosztolai et al., 2017; Magasanik, 

1982; Pahel et al., 1982; Schreier and Sonenshein, 1986). However, in contrast to strain 

OF001, the glnB gene is encoded in the genome of strain A210. GlnB is a PII signal 

transcription protein, homologue to GlnK (Arcondéguy et al., 2001). Both are key for the 

metabolic regulation of ammonium uptake. The presence of the glnK and glnB genes in 

Rubrivivax sp. A210 suggests that ammonium uptake in strain A210 follows a similar regulation 

as described for Escherichia coli. (Gosztolai et al., 2017; Yurgel et al., 2010). GlnB found in 

Proteobacteria is commonly associated with glutamine synthetase genes (Sant’Anna et al., 

2009), and likewise, the glnB gene of strain A210 is located in an operon structure next to the 
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glutamine synthetase nadE.  

The genes nifDKH, implicated in nitrogen fixation, are encoded in the genome of 

Rubrivivax sp. A210 similarly as observed for all three known Rubrivivax species (Nagashima 

et al., 2012; Ramana et al., 2006; Sheu et al., 2020). The nifDKH genes are located in a 

predicted operon structure together with a putative ferredoxin and a conserved protein of 

unknown function. Ferredoxin may mediate nitrogenase activity when ammonium is available 

for uptake (Egener et al., 2001; Martin et al., 1989; Poudel et al., 2018; Yakunin et al., 1993).  

Moreover, strain A210 encodes genes related with assimilatory nitrate reduction, 

including nitrate transport, the ammonium-forming nitrite reductase small subunit nirB, and the 

nitrate reductase nasA (Kawasaki et al., 1997; Mohan and Cole, 2007; Ramos et al., 1993; 

Yukioka et al., 2017).  

In contrast to strain OF001, in the genome of strain A210 genes related with 

dissimilatory nitrate reduction were detected, including nitrate reductase narGHI, and nitrite 

reductase nirBD. Noteworthy, in the three described species of the Rubrivivax genus 

(Nagashima et al., 2012; Ramana et al., 2006; Sheu et al., 2020), genes coding for enzymes 

related to dissimilatory nitrate reduction were not detected.The enzymes related with the 

dissimilatory and assimilatory nitrate reduction are organized in two predicted operons. 

The genomic data indicate that both MOB strains have the ability to assimilate 

ammonium. In addition, it seems likely that OF001 can use nitrate in an assimilatory but not 

dissimilatory pathway. In contrary, the genomic data suggest that Rubrivivax sp. A210 has not 

only the genomic potential to assimilate nitrate, but also to perform anaerobic respiration using 

nitrate as final electron acceptor. This characteristic may confer a higher flexibility to strain 

A210, compared to OF001, to adapt to changing conditions in technical and natural 

environments. 

 

4.2.4.5 Sulfur metabolism 

Pseudomonas sp. OF001 harbours all genes required for assimilatory sulfate reduction, 

which are organised in several predicted operons, and some as single regulated genes. Strain 

OF001 also possesses different sulfate transporters including ABC type UWA (Sirko et al., 

1995), the proton: sulfate symporter or putative sulfate : bicarbonate antiporter SulP (Loughlin 

et al., 2002; Van De Kamp et al., 1999), and the high affinity sulfate transporter CysZ, essential 

for sulfate uptake at low concentrations (Parra et al., 1983; Rückert et al., 2005). No genes 

required for dissimilatory sulfate reduction were detected in the genome of strain OF001. 
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Rubrivivax sp. A210 harbors several genes required for assimilatory sulfate reduction, 

organised in three predicted operons. However, A210 lacks the adenylyl sulfate kinase cysC, 

responsible of the transformation of adenosine 5'-phosphosulfate (APS) to 3'-

phosphoadenosine-5'-phosphosulfate (PAPS), which is an essential step in the assimilatory 

sulfate reduction (Kushkevych et al., 2020). Nevertheless, other organisms like P. aeruginosa, 

Sinorhizobium meliloti, and Burkholderia cenocepacia lacking cysC, reduce APS via the 

phosphoadenosine phosphosulfate reductase cysH to sulphite (Abola et al., 1999; Bick et al., 

2000; Iwanicka-Nowicka et al., 2007). Strain A210 also possesses different sulfate transporters 

like ABC type UWA (Sirko et al., 1995). Similar to strain OF001 and other Rubrivivax species, 

not all genes involved in dissimilatory sulfate reduction were identified in strain A210. 

 

4.2.4.6 Cell motility and biofilm formation 

Proteins for motility, including genes related to chemotaxis, and flagellar proteins were 

present in the genome of Pseudomonas sp. OF001. Genes encoding flagellar proteins in strain 

OF001 belong to the flg, and fli family, which are part of the core set of flagellar genes (Liu and 

Ochman, 2007). Among the genes related to the central signal transduction pathway for 

chemotaxis, we found cheAWYBR genes, and the transmembrane chemoreceptors, methyl-

accepting chemotaxis proteins (MCPs) in the genome of strain OF001. This is in agreement 

with the description of the closest relatives of strain OF001, P. oryzae, P. sagittaria, P. 

guangdongensis, and P. linyingensis, as motile bacteria (He et al., 2012; Lin et al., 2013; G. 

Yang et al., 2013; Yu et al., 2013). Sixty-four genes associated with biofilm formation were 

found in the genome of Pseudomonas sp. OF001, including siaD, bifA, and fleQ.  

In the genome of Rubrivivax sp. A210 genes required for motility were present, 

including genes related to chemotaxis, and genes encoding flagellar proteins. Similar as in 

strain OF001, in strain A210 found genes encoding flagellar proteins belong to the flg, and fli 

family. Strain A210 possesses cheAWYBR genes, and the transmembrane chemoreceptors 

MCPs, which are related to the central signal transduction pathway for chemotaxis. The 

taxonomically closest bacteria to strain A210, R. gelatinosus, and R. benzoatilyticus, are also 

motile bacteria (Nagashima et al., 2012; Ramana et al., 2006). However, despite the presence 

of motility-related genes in R. albus, the absence of motility was experimentally evidenced 

(Sheu et al., 2020). Therefore, further experiments are required to verify motility of strain A210. 

One hundred twenty one genes associated with biofilm formation were found in the genome 

of Rubrivivax sp. A210, including sadC, pilI, and pslH.  

As discussed above, both strains contain genes that encode proteins involve in biofilm 

formation, which is in agreement with the isolation of both MOB from biofilms. Moreover, both 
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strains form biofilm in pure culture. 

 

4.2.4.7 Organic compound degradation 

Genes for the aerobic degradation of aromatic compounds via the catechol meta-

cleavage pathway, and for the specific degradation of benzoate, phenol, and benzene, 

including phenol/toluene 2-monooxygenases (NADH), benzoate/toluate 1,2-dioxygenases, 

and catechol 2,3-dioxygenases, were detected in Pseudomonas sp. OF001. In addition, strain 

OF001 may have the potential to transform other compounds like 2-, 3- and 4-fluorobenzoate, 

toluene, steroids, citalopram, trinitrotoluene, p-methylbenzoate, trans-cinnamate, 

phenylpropanoate, and 4-hydroxyphenylacetate. This is in accordance with the ability of 

several Pseudomonas spp. to transform diverse organic pollutants such as benzoate, toluene, 

phenol, and poly- chlorobiphenyls (PCBs) (Nogales et al., 2017).  

Because strain OF001 is able to degrade the cyanotoxin CYN we were also interested 

in the potential of the strains to degrade other cyanobacterial toxins. However,  specific 

enzymes for the degradation of cyanotoxins are described only for microcystin, the most 

studied cyanotoxin (Kormas and Lymperopoulou, 2013; Kumar et al., 2019). No genes 

involved in microcystin degradation were found in the genome of OF001. Although 

biodegradation of CYN is considered one of the main natural attenuation processes (de la Cruz 

et al., 2013), no specific genes involved in their transformation are known yet (Martínez-Ruiz 

et al., 2020a).  

Rubrivivax sp. A210 harbors genes involved in the aerobic degradation of aromatic 

compounds via the catechol ortho-cleavage pathway, and for the specific degradation of 

benzoate, and 3- and 4-fluorobenzoate, including benzoate/toluate 1,2-dioxygenases, 

muconate cycloisomerase, and catechol 1,2-dioxygenase. Similarly, the closely-related strain 

R. bezoatilyticus JA2 catabolizes different aromatic compounds including benzoate (Ramana 

et al., 2006). Strain A210 also has the potential to transform other compounds such as 4-

methylcatechol, acrylonitrile, 2-fluorobenzoate, and trinitrotoluene.  

Because strain A210 is able to degrade CYN similarly as strain OF001, we searched 

the genome for genes related to cyanotoxin transformation. We could not find genes 

associated with the transformation of microcystin.  
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4.2.5 Elements potentially acquired by horizontal gene transfer 

4.2.5.1 Genomic islands 

Genomic islands are genomic regions potentially obtained by horizontal gene transfer 

that can drive strain differentiation and support adaptation. Analysis of Pseudomonas sp. 

OF001 genome with IslandViewer 4 led to the identification of at least 12 genomic islands with 

size ranges from 4.2 to 70.5 Kb (Fig. A12a). Genomic islands in strain OF001 include genes 

associated with transposases, phage proteins, CRISPR systems, 147 proteins of unknown 

function, toxin-antitoxin systems, metal-related proteins, and mercury resistance. Metal 

resistance genes are related with environmental pollution, and specifically, mercury resistance 

genes are the  genes most frequently associated with genomic islands (Reva and Bezuidt, 

2012) 

Analysis of Rubrivivax sp. A210 genome with IslandViewer 4 led to the identification of 

at least 8 genomic islands with size ranges from 3.8 to 99.5 Kb (Fig. A12b). Genomic islands 

in strain A210 included genes associated with transposases, phage proteins, 136 proteins of 

unknown function, toxin-antitoxin systems, transporters, and nitrate reduction. Genes related 

to nitrogen metabolism associated to genomic island have been previously reported (Loux et 

al., 2015; Zhu et al., 2018). 

 

4.2.5.2 Prophages 

Using, PHASTER (PHAge Search Tool Enhanced Release), we detected four 

incomplete and three intact prophage regions (Score ≥ 100) in Pseudomonas sp. OF001 

genome (Table A6 and Fig. A13a). The three intact prophages were named OF001 region 2, 

OF001 region 5, and OF001 region 7 based on the genome location retrieved by PHASTER. 

A summary of the distribution and genetic features of these prophages is shown in Figure 

A13b. All prophages in OF001 exhibited structural proteins, including major capsid, fiber, and 

tail proteins.  

Based on the proteomic tree generated with the VIPTree server, all complete 

prophages in OF001 belong to the order Caudovirales (Fig. A14). OF001 region 2 and OF001 

region 5 were classified in the family Siphoviridae, while OF001 region 7 was classified in the 

family Myoviridae. Interestingly, OF001 region 2 and OF001 region 7 display putative site-

specific integrases and excisionases, indicating site-specific recombination (Grindley et al., 

2006). Multiple prophages have already been observed in other members of the genus 

Pseudomonas (de Sousa, 2020; Dziewit and Radlinska, 2016; Martínez-García et al., 2014; 

Paulsen et al., 2005).  
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Within A210 genome, two incomplete prophages of 28.8 and 9.9 kb were detected 

(Table A6 and Fig. S13c). No complete prophage was identified.  

 

4.2.6 CRISPR-Cas systems 

Using the CRISPRCas finder tool, we identified one complete class 1 CRISPR-Cas 

system, with a level of confidence of 4 (levels from 1 to 4, representing level 4 the most 

confident identification (Couvin et al., 2018)) in the genome of OF001 (Table A7 and A8). The 

seven cas genes are downstream of the repeat/spacer region. The repeats and spacers were 

compared with the CRISPRCas database (Pourcel et al., 2020) and were highly similar to 

sequences found in other bacteria including some Pseudomonads like P. stutzeri, P. 

aeruginosa, and Pseudomonas sp. phDV1 (Table A9 and A10). From the taxonomically closest 

organisms to strain OF001, only P. guandongensis has one confirmed class 1 CRISPR-Cas 

system. 

In the genome of A210, one complete class 1 CRISPR-Cas system, with a level of 

confidence of 4, and one CRISPR region without cas genes associated, with a level of 

confidence of 2 were identified (Table A7 and A8). The three cas genes associated to the 

complete CRISPR-Cas loci are downstream of the repeat/spacer region. The repeats and 

spacers of the CRISPR region with a level of confidence 4 were compared with the 

CRISPRCas database (Pourcel et al., 2020) and, for the majority of them, no matching were 

found (Table A11 and A12). For the three spacers and two repeats, only results with a similarity 

around 50% were found. The organisms were these repeats and spacers were found are 

Verrucomicrobium spinosum, Raphidiopsis curvata, Pectobacterium carotovorum and 

Opitutaceae bacterium. The taxonomically closest organisms to strain A210, R. gelatinosus 

and R. benzoatilyticus, have two CRISPRs without associated cas genes, and 4 incomplete 

and 2 complete CRISPR-Cas systems, respectively.  

Class 1 CRISPR-Cas systems, as the one found in both MOB, are the most abundant 

class in Beta and Gammaproteobacteria, and in general in archaea and bacteria (Makarova et 

al., 2020). 

The presence of CRISPR-Cas systems in strain OF001 and A210 might represent 

protection from phage infections, but could represent a disadvantage if useful genes for 

competitive adaptation cannot be acquired via external DNA (Bhaya et al., 2011). 

Together the presence of genomic islands, including phage material and CRISPR-Cas 

systems in Pseudomonas sp. OF001 and Rubrivivax sp. A210 suggest that both MOB have 
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undergone diverse genetic changes related to different horizontal gene transfer mechanisms 

which likely contribute to their genome plasticity. 

 

4.2.7 Implications of the metabolic potential of strains OF001 and A210  

In this study, we aimed at a better understanding of the metabolic capacities of the two 

CYN removing MOB which could potentially contribute to the biotechnological use of MOB for 

the removal of pollutants from water. In agreement with the genomes of other MOB with so far 

uncharacterized degradation ability (Gregory J. Dick et al., 2008; X. Wang et al., 2020), the 

content of the genomes of strain OF001 and strain A210 suggests a potential metabolic 

versatility and thus, a broader application potential. 

The genomic potential of MOB strains OF001 and A210 for the degradation of different 

organic compounds via specific enzymatic pathways might complement the unspecific 

transformation pathways of substances like diclofenac (Nega, 2020) and CYN (Martínez-Ruiz 

et al., 2020b, 2020a), via manganese oxidation. Our results suggest that strain OF001 and 

A210 might be able to remove different organic pollutants by a coupled mechanism involving 

specific enzymatic activity and unspecific oxidation by the reactive manganese species, as has 

been observed for the removal of phenolic compounds, which are common wastewater 

pollutants (G. Wang et al., 2019). Moreover, it seems likely that the MOB described in this 

study transform other organic compounds like carbofuran, ciprofloxacin, and 17α-

ethinylestradiol, similar to other MOB (Liu et al., 2017; Tran et al., 2018; Tu et al., 2014).  

Both analyzed MOB, strain OF001 and A210, transform CYN indirectly through the 

oxidation of Mn2+ (Martínez-Ruiz et al., 2020a), and according to the results of this study most 

likely mediated by the activity of multicopper oxidases and heme peroxidases. The unspecific 

transformation of CYN by MOB does not require an adaptation phase or a pre-conditioned 

towards the toxin as it is known for many enzymatically catalyzed processes. Therefore, the 

use of MOB to remove the only periodically occurring CYN molecule, might represent an 

advantage in comparison to other biological removal processes that require a pre-conditioning 

with the toxin to remove it. Moreover, the unspecific oxidation of organic pollutants via reactive 

manganese species might allow for the removal of other cyanotoxins, however further studies 

are required.  

The different metabolic pathways encoded in the genome of strain OF001 and strain 

A210 also suggest different fields of application aiming at the removal of pollutants. For 

instance, the ability of strain A210 to thrive and degrade CYN in the absence of an organic 

carbon source suggests that it is more suitable for an application in settings, in which readily 
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degradable organic carbon sources are depleted, such as reactors for the removal of pollutants 

from secondary wastewater. Also, due to the metabolic potential of strain A210, it may adapt 

within the reactor or the biofilm to varying oxygen concentrations or even the depletion of 

oxygen by a shift to nitrate respiration (Wu et al., 2015). Moreover, both strains are able to 

form biofilms which may allow them to establish and be retained on fixed bed reactors. 

Pseudomonas sp. OF001 showed the highest CYN removal efficiency and the fastest 

growth from all tested MOB (Martínez-Ruiz et al., 2020b). Furthermore, it was isolated from a 

fixed-bed reactor system, however, the genome of strain OF001 encodes less diverse 

metabolic pathways to adapt to changing environments. Together, this data suggests that 

studies investigating degradation potential of MOB should consider the phylogenetic and 

metabolic diversity of MOB to identify the most suitable organisms that fulfil the requirements 

of the removal system. 

The metabolic diversity of strains OF001 and A210 also suggests an important role of 

MOB in the removal of CYN in different habitats. For instance, strain A210 was isolated from 

a freshwater lake in the National Park Lower Oder Valley in Germany. This strain has the 

metabolic potential to dissimilatory reduced nitrate, which is an important mechanism to control 

nitrogen loading in aquatic environments (Burgin et al., 2015; Li et al., 2020; S. Wang et al., 

2020). Dissimilatory nitrate reduction to ammonium has been related to the promotion of 

eutrophic conditions in water systems, due to the release of ammonium that could be used 

preferentially by cyanobacteria, and therefore favouring cyanobacterial blooms (Li et al., 2020). 

MOB strains with the ability to denitrify and degrade CYN may be therefore tightly 

interconnected with the production and removal of the cyanotoxin. Furthermore, the metabolic 

versatility of MOB may allow them to inhabit sediments and water columns. Therefore, MOB 

might contribute to the removal of CYN produced by benthic organisms in sediments, but also 

might transform CYN produced by planktonic cyanobacteria in the water column. However, 

further studies on the occurrence and distribution of MOB in CYN contaminated environments 

are required. 

 

4.3 Conclusions 

In summary, this study provides an insight into the molecular basis of Mn2+ oxidation, 

and into the metabolic potential of two CYN-transforming MOB strains. We identified 

sequences in Pseudomonas sp. OF001 and Rubrivivax sp. A210 that show high similarity to 

already described MCOs which may catalyze manganese oxidation required for CYN 

transformation. Furthermore, considering the mechanism proposed for the removal of other 

pollutants by MOB the multicopper oxidases found in both strains and the haem peroxidase 
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identified in strain OF001 might covey the ability to both strains to transform also other 

pollutants susceptible to reactive Mn species. Both MOB share the potential to grow over a 

wide range of O2 concentrations, to fix nitrogen, and reduce nitrate and sulfate via the 

assimilatory pathway. Both strains encode pathways that might enable them to remove 

different aromatic compounds such as benzoate, benzene, and phenol. However, while strain 

A210 harbors the genomic potential to fix CO2 and to reduce nitrate as final respiratory electron 

acceptor, strain OF001 requires additional organic carbon sources and lacks the ability for 

dissimilatory nitrate reduction. The analysis of the general metabolism of two MOB strains able 

to remove organic pollutants such as CYN and DCF might help to implement MOB in 

biotechnological applications and contributes to a better understanding of the natural niches 

of CYN-removing MOB in natural habitats.  

 

4.4 Materials and methods 

4.4.1 Strains, culturing conditions and genomic DNA extraction  

Pseudomonas sp. OF001 and Rubrivivax sp. A210 were obtained from the culture 

collection of the Laboratory of Environmental Microbiology from the TU Berlin, Germany 

(Martínez-Ruiz et al., 2020b). Bacteria were routinely cultivated in a medium that was originaly 

developed for Leptothrix strains (Atlas, 2010), which was modified by our research group and 

is known as LSM2.  

Cells from a pure, fresh 50 mL liquid culture from each strain were harvested by 

centrifugation at 15,000 x g for 3 min and washed three times with sterile Milli Q water under 

sterile conditions. Total genomic DNA was extracted using the GeneMATRIX Soil DNA 

Purification Kit (EURX Gdańsk, Poland) following the manufacturer’s instructions. Quality and 

quantity of the extracted DNA was determined using QubitTM fluorometric quantitation and 

NanoDrop 2000 (both Thermo Fisher Scientific, Bremen, Germany). 

 

4.4.2 Genome sequencing, assembly and annotation  

The genome of both MOB strains was sequenced on an Illumina MiSeq platform with 

a read length of 301 bp (paired end). The genome of each isolate was assembled using 

SPAdes 3.10.1 and draft genomes obtained using manual binning procedures based on 

coverage-GC plots performed in R 3.6.1 (Fig A15). Genome quality estimation based on 

completeness and contamination was determined with CheckM (Parks et al., 2015). Genome 

annotation was performed with the interface Magnifying Genomes (MaGE) of the MicroScope 

web-based service from GenoScope (Vallenet et al., 2013). Protein coding genes were 
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classified based on the annotation into Cluster of Orthologous Groups (COG) functional 

categories (Tatusov, 2000) with the automatic classification COG tool at Microscope platform. 

Function and pathway analysis were performed using BlastKOALA web tool of KEGG (Kyoto 

Encyclopedia of Genes and Genomes) database according to the KEGG groups of orthologs 

(Kanehisa et al., 2016), and using MicroCyc tool of the MicroScope web-based service from 

GenoScope (Vallenet et al., 2013) which is a collection of microbial Pathway/Genome 

databases (PGDBs). PGDBs within MicroScope are generated by comparing the genome 

annotations to the metabolic reference database MetaCyc (Caspi et al., 2018). In the present 

work, metabolic potential will refer to the possibility of the strains to follow a specific metabolic 

pathway based only on their genome information, without being so far experimentally 

corroborated.  

The data for this study have been deposited in the European Nucleotide Archive (ENA) 

at EMBL-EBI under project number PRJEB40009 with accession numbers GCA_904426495 

and GCA_904426505 for strain OF001 and A210, respectively 

(https://www.ebi.ac.uk/ena/browser/view/PRJEB40009). 

 

4.4.3 Genomes comparison 

First classification of the genomes was determined according to the Genome 

Taxonomy Database (GTDB) using the GTDB-tool kit (GTDB-tk) v.1.1.0 integrated in the 

MicroScope web-based service (Chaumeil et al., 2019; Parks et al., 2018; Vallenet et al., 

2017). GTDB-tk provides a taxonomic classification of bacterial and archaeal genomes based 

on the combination of the GTDB reference tree, the relative evolutionary divergence and the 

ANI value against reference genomes (Chaumeil et al., 2019). GTDB proposed a bacterial 

taxonomy based on the phylogeny inferred from the concatenation of 120 ubiquitous single-

copy proteins that normalizes taxonomic ranks by using the relative evolutionary divergence 

(Parks et al., 2018). Therefore, it is considered that the analysis performed by GTDB-tk has an 

advantage over other phylogenies currently in use (Parks et al., 2018). 

 Genomes sequences were uploaded to the Type strain genome server (TYGS), a free 

bioinformatics platform (https://tygs.dsmz.de) for a whole genome-based taxonomic analysis 

(Meier-Kolthoff and Göker, 2019). TYGS platform runs automatically all the analysis. Briefly, 

TYGS performed first a determination of closely related type strain genomes, comparing the 

query genome against all available genomes in the TYGS database with the MASH algorithm 

(Ondov et al., 2016) and selecting ten type strains. Then, additionally ten close related type 

strains were determined based on the 16S rRNA sequence extracted from the query genome 

using RNAmmer (Lagesen et al., 2007). 16S rRNA sequences were compared with BLAST 

https://www.ebi.ac.uk/ena/browser/view/PRJEB40009
https://tygs.dsmz.de/
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(Camacho et al., 2009) against the TYGS database. The best 50 matching types were used to 

calculate precise distances using the Genome BLAST distance phylogeny approach (GBDP) 

(Meier-Kolthoff et al., 2013). The distances calculated by GBDP were then used to determine 

the ten closest type strain genomes for each query. Afterwards, GBDP conducted all pairwise 

comparisons among the set of genomes selected in the previous steps, and inferred accurate 

intergenomic distances under the algorithm “trimming” and distance formula d5 (Meier-Kolthoff 

et al., 2013). One hundred distance replicates were calculated each. In silico DNA-DNA 

hybridization (DDH) analysis were calculated using the recommended settings of the Genome-

to-genome distance calculator (GGDC) 2.1 (Meier-Kolthoff et al., 2013). The resulting 

intergenomic distances were used to infer a balanced minimum evolution tree with branch 

support via FASTME 2.1.4 including subtree pruning and regrafting (SPR) postprocessing 

(Lefort et al., 2015). Branch support was inferred from 100 pseudo-bootstrap replicates each.  

 JSpeciesWS  (Richter et al., 2016) was used to calculate the average nucleotide 

identity (ANI) values (Richter et al., 2016) based on BLAST (ANIb) (Camacho et al., 2009; 

Goris et al., 2007) and MUMmer (ANIm) (Kurtz et al., 2004), and to calculate the correlation 

indexes of the tetra-nucleotide frequencies (TETRA) (Teeling et al., 2004).  

 For the ANI and TETRA analysis, the genome of strain OF001 was compared to the 

Pseudomonads belonging to the Pseudomonas_K group: P. oryzae (GCA_900104805.1), P. 

sagittaria (GCA_900109175.1), P. guangdongensis (GCA_900105885.1), and P. liyingensis 

(GCA_900115715.1).  

 For the ANI and TETRA analysis, the genome of strain A210 was compared to the 

genomes of the three species of the genus Rubrivivax: R. benzoatilyticus JA2 

(GCA_000420125.1), R. gelatinosus IL144 (GCA_000284255.1), R. gelatinosus DSM 1709 

(GCA_00430905.1), and R. albus ICH-03 (GCA_004016515.1).  

 

4.4.4 Core- and pan-genome  

Determination of the core- and pan-genome analysis was performed with the Pan/Core-

genome tool from the MicroScope web-based service (Vallenet et al., 2013). The analysis is 

based on the computation of Microscope gene families (MICFAM) using a single linkage 

clustering algorithm of homologous genes sharing an amino-acid alignment coverage and 

identity above the defined threshold (Miele et al., 2011). This analysis considered i) any 

MICFAM associated with at least one gene from every genome used for the comparison as a 

part of the core-genome, ii) any MICFAM associated with at least 2 compared genomes as a 

part of the variable- genome, and iii) the sum of the core-genome and variable-genome as the 
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pan-genome (Vallenet et al., 2017). Parameter of 50/80 was selected (50% amino-acid 

identity, 80% amino-acid alignment coverage). All bacterial genomes used for the comparison 

with the genomes of strain OF001 or strain A210  that were not available in the MicroScope 

database were also annotated with MaGe from GenoScope (Vallenet et al., 2013). 

For the pan- and core-genome analysis, the same strains as for the ANI and TETRA 

analysis, were used. 

 

4.4.5 Manganese-oxidation genes  

We used the blastp function on the Microscope web server (Camacho et al., 2009; 

Vallenet et al., 2020) to identify potential Mn2+ oxidases in Pseudomonas sp. OF001 and 

Rubrivivax sp. A210, using experimentally verified Mn2+ oxidases of other manganese-

oxidizing bacteria. Nine sequences of multicopper oxidases and three sequences of haem 

peroxidases related with the oxidation of Mn2+ in other MOB were used for the search (Table 

A4). Multicopper oxidases and haem peroxidases with Mn2+ oxidation activity will be referred 

as MO-mco and MO-hpox, respectively. We considered as homologue any protein with an E-

value lower than 10-10.  

Mn2+ oxidases and putative homologues found in OF001 and A210 were functionally 

analyzed with the InterPro web server (Mitchell et al., 2019). InterPro web server classifies 

proteins into families, and predicts functional domains and important sites of the proteins, 

integrating protein signatures from 13 different databases. We predicted the sub-cellular 

localization with LocTree3 (Goldberg et al., 2014) of those putative homologues without a 

predicted cytoplasmic or non-cytoplasmic domain according to the InterPro analysis. 

To determine a possible phylogenetic relationship between manganese-oxidizing 

multicopper oxidases (MO-mco) and non-manganese oxidizing multicopper oxidases (non-

MO-mco), we created a dataset sequences of multicopper oxidases with experimental 

evidence of Mn2+ oxidation (Corstjens et al., 1997; Francis and Tebo, 2002; Geszvain et al., 

2016, 2013; Ridge et al., 2007; Tang et al., 2019) and multicopper oxidases with experimental 

evidence of non-Mn2+ oxidation activity (Anderson et al., 2009; Geszvain et al., 2013) and 

included our sequences. They were aligned using MUSCLE (Edgar, 2004) in MEGA v7.0.25. 

A phylogenetic tree was constructed with Maximum Likelihood method in MEGA v7.025. A 

bootstrap analysis was performed with 1000 replicates for the Maximum Likelihood tree.  
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4.4.6 Operon prediction 

Operon prediction was done using the FGENESB program (Solovyev and Salamov, 

2011). FGENESB gene prediction algorithm is based on Markov chain models of coding 

regions, start of translation, and termination sites. Predicted genes are then used for the 

operon models using distances between ORFs frequencies of neighboring genes in known 

bacterial genomes, and positions of predicted promoters and terminators (Solovyev and 

Salamov, 2011).  

 

4.4.7 Elements potentially acquired by horizontal gene transfer  

4.4.7.1 Genomic islands 

Genomic islands were predicted with the IslandPath-DIMOB (Hsiao et al., 2003) and 

SIGI-HMM (Waack et al., 2006) method included in the IslandViewer 4 tool using the default 

settings (Bertelli et al., 2017). Among the prediction methods included in IslandViewer 4 tool, 

SIGI-HMM has the highest precision and overall accuracy (Langille et al., 2008).  

 

4.4.7.2 Prophages 

Putative phages from Pseudomonas sp. OF001 and Rubrivivax sp. A210 were 

predicted with PHASTER (PHAge Search Tool Enhanced Release) web server (Arndt et al., 

2016). PHASTER classifies genome regions with a score below 70 as incomplete, between 70 

to 90 as questionable, and greater than 90 as complete prophages (Arndt et al., 2016). 

The resulting complete prophage genomes were annotated with multiPhATE v.1.0 

(multiple-genome Phage Annotation Toolkit and Evaluator) (Ecale Zhou et al., 2019) using 

Phanotate to predict ORFs (Mcnair et al., 2019). PhAnToMe (Phage Annotation Tools and 

Methods), pVOGs (Grazziotin et al., 2017), and SwissProt (Bairoch and Apweiler, 2000) 

databases were used for the identification of the homologs of the input genomes and its 

predicted gene and peptide sequences. Additionally, highly divergent structural proteins were 

detected with iVireons (Seguritan et al., 2012) and confirmed with VIRALPro (Galiez et al., 

2016).  

To classify the complete prophages, a whole proteomic tree based on genome-wide 

similarities was computed by tBLASTx, using the VIPTree web server v.1.9 (Nishimura et al., 

2017).  
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4.4.8 CRISPR-Cas systems 

The presence of Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) and their associated genes (cas) was evaluated with CRISPRCasFinder (Couvin et 

al., 2018). CRISPRCasFinder include a rating system which classifies the detected CRISPRs 

to differentiate between CRISPR-like elements and true CRISPRs. Evidence levels from 1 to 

4 are assigned, with  1 representing the lowest evidence classification and 4 the most confident 

identification (Couvin et al., 2018).  

Spacers and repeat regions detected in both genomes were searched with BLAST (blastn) 

against the CRISPRCasdb to identify their presence in other organisms. CRISPRCasdb 

contains CRISPR arrays and cas genes from complete genome sequences (Pourcel et al., 

2020).  

 

4.4.9 Data graphics 

Figures were made with the R packages ggplot2 (Wickham, 2016), gridExtra (Auguie, 

2017), pheatmap (Kolde, 2015), VennDiagram (Chen and Boutros, 2011), and gggenes 

(Wilkins, 2019), using Viridis (Garnier, 2018) and RcolorBrewer (Neuwirth, 2014) packages for 

colouring in RStudio version 1.0.153 (R Core Team, 2020, 2016). Genomic maps of prophages 

were generated using the Snapgene® software (GSL Biotech). Trees generated with the 

TYGS tool and the multicopper oxidase tree were visualized and annotated with the online 

server iTOL (Letunic and Bork, 2019). 
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5  Influence of growth conditions of MOB on CYN removal 
rate and the formation of transformation products.  

 

5.1 Introduction 

Cylindrospermopsin (CYN) is an alkaloid cyanotoxin with a cyclic sulfated guanidine 

moiety bound to a hydroxymethyluracil group. Cylindrospermopsis raciborskii was the first 

identified CYN producer (Ohtani et al., 1992), but lately, various other cyanobacteria genera 

have been identified as CYN producers worldwide, including Cylindrospermopsis raciborskii, 

Umezakia natans, Chrysosporum ovalisporum, Aphanizomenon spp., and Anabaena spp. 

(Rzymski and Poniedziałek, 2014). CYN is stable in a wide range of temperatures and is highly 

water-soluble (Adamski et al., 2016a; Griffiths and Saker, 2003; Onstad et al., 2007). CYN is 

highly persistent in aquatic environments, hence, it is important to research specific processes 

aiming at removing and transforming CYN.  

Different abiotic processes, including advanced oxidation (He et al., 2014b), chlorination 

(Merel et al., 2010), UV irradiation (Adamski et al., 2016b), and ozonation (Yan et al., 2016) 

have been used to efficiently remove CYN. The products of these abiotic reactions have been 

identified and, in some cases, a reduction of toxicity in comparison with pure CYN was 

evidenced.  

Biotransformation might be an economical and sustainable alternative to the abiotic 

processes to remove CYN in technical systems. Moreover, biotransformation is considered 

one of the main natural CYN attenuation processes (de la Cruz et al., 2013). To date, only a 

few isolated CYN degraders have been described including probiotic bacteria (Nybom et al., 

2008), Bacillus sp. AMRI-03 (Mohamed and Alamri, 2012) and Aeromonas sp. R6 (Dziga et 

al., 2016) isolated from freshwater bodies with previous reports of cyanoHABs or in eutrophic 

conditions, as well as different strains of manganese-oxidizing bacteria (MOB) isolated from 

natural and technical systems (Martínez-Ruiz et al., 2020b). Despite the reported removal 

ability of the above mentioned isolated strains, detection and identification of transformation 

products was carried out only for the transformation by MOB (Martínez-Ruiz et al., 2020a). 

MOB are a group of organisms able to oxidize Mn2+ to Mn3+ and Mn4+, producing water-

insoluble aggregates as a result of the reaction (Tebo et al., 2005). These aggregates, also 

known as biogenic manganese oxides, are one of the strongest oxidants in the nature 

(Hennebel et al., 2009; Tebo et al., 2004). As an indirect reaction of Mn2+ oxidation, MOB 

transform different organic and inorganic pollutants (Meerburg et al., 2012; Sochacki et al., 

2018; Tran et al., 2018; Zhang et al., 2015). Biogenic manganese oxides often interact with 
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other elements like Fe, forming ferromanganese oxides. Indeed, ferromanganese oxides are 

one of the most common forms of biogenic oxides in the environment (Geszvain et al., 2012; 

Lee and Xu, 2016; Stein et al., 2001; Vesper, 2012). MOB are present in drinking water 

systems (Cerrato et al., 2010) and are widely distributed in the nature (Tebo et al., 2004), 

where they may coexist with potentially toxigenic cyanobacteria (Scheer, 2010).  

In chapter 2, I reported the ability of MOB to remove CYN at the environmentally relevant 

concentration of 118 µg L-1 CYN under different growth conditions. The best removal rates 

were observed when MnCO3 was used as the Mn2+ source, and yeast extract was added as 

the carbon source. Among all the tested MOB, only strain A210 showed a high removal of CYN 

in a yeast extract-free medium (Martínez-Ruiz et al., 2020b). Moreover, strain A210 was the 

only MOB able to remove CYN at a higher rate in the presence of Fe2+ than in the absence of 

this element. In chapter 3, I evidenced the ability of MOB to transform CYN into the same 

seven transformation products at the highest transformation rates ever reported for biological 

CYN transformation. MOB transform CYN in the presence of Mn2+ into a mixture of products 

that exhibit lower toxicity than CYN (Martínez-Ruiz et al., 2020a). However, the growth media 

used for the transformation assays had yeast extract and had not additional Fe2+. Thus, it 

remains unknown if the same transformation products are formed by strain A210 in the 

presence of Fe2+ and with and without an additional organic carbon source. 

Therefore, I investigated the biological transformation of CYN by strain A210 at a sixty-

fold higher concentration than the previously reported (Martínez-Ruiz et al., 2020b) in the 

presence of Fe2+ with and without yeast extract. 

 

5.2 Materials and methods 

5.2.1 Strains and culturing conditions 

Rubrivivax sp. A210 was obtained from the culture collection of the Laboratory of 

Environmental Microbiology from the TU Berlin, Germany (Martínez-Ruiz et al., 2020b). Strain 

A210 (GenBank accession number MK599478) was isolated from an iron manganese-

depositing biofilm in a freshwater pond in the Lower Oder Valley National Park, Germany. It 

was routinely grown in LSM2 medium (Table A3). The pH of the medium was adjusted to 7.2 

with 1 M NaOH before autoclaving. Strain A210 was cultivated consecutively twice in LSM2 

without Mn2+ and Fe2+ to avoid the presence of iron-manganese deposits in the inoculum of 

the transformation assays. Flasks were incubated at room temperature (21 ± 2 °C), at 110 rpm.  
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5.2.2 CYN transformation assays  

CYN (>95% purity) was purchased from Enzo Life Science, Inc (New York, USA). CYN 

was resuspended in sterile Milli Q water to a final concentration of 500 mg L-1. Bacteria were 

inoculated into 3 mL LSM2 media in sterile glass tubes (12 x 100 mm), using 30 µL of 

manganese-free precultures at exponential growth (OD600 nm). Cultures contained 1 g L-1 

MnCO3. Per each glass tube, 3 µL of Fe2+ stock solution (Fe(NH4)2(SO4)2·6H2O) was added. 

CYN was added to a final mean concentration of 7 mg L-1. This concentration is approximately 

60-times higher than the commonly detected CYN concentration in the environment (Messineo 

et al., 2009; Shaw et al., 1999). However, a high concentration of CYN was used to increase 

the probability to detect CYN transformation products. In addition, the same concentration of 

CYN allows me to compare the relative abundances of the products with those reported in 

chapter 3 (Martínez-Ruiz et al., 2020a), in case of the detection of similar transformation 

products. Bacteria were incubated on a shaker at 110 rpm at room temperature (21 ± 2 °C) in 

the dark.  

As a control for the abiotic transformation of CYN, culture media LSM2 i) with Fe2+ and 

yeast extract, and ii) with Fe2+ and without yeast extract, with CYN, but without bacteria were 

evaluated. Media LSM2 i) with Fe2+ and yeast extract, and ii) with Fe2+ and without yeast extract 

with bacteria, but without CYN were used as a control to test for bacterial metabolites. Two 

independent replicates were run per strain and per control. 

Samples were taken at discrete time points based on preliminary assays and the 

reported removal patterns/rates of CYN by strain A210 (Martínez-Ruiz et al., 2020b).  

Viability and purity of cells were qualitatively evaluated at the end of each assay by 

inoculating the strains onto solid modified LSM2 and incubation at room temperature (20.8 ± 

2.2 °C). To discard any contamination, the same procedure was followed for the controls in 

order  

 

5.2.3 Analysis of CYN and its transformation products. 

Samples were taken and processed as previously described (Martínez-Ruiz et al., 

2020a). The detection of transformation products was carried out using an Orbitrap Fusion 

Tribrid Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to a UHPLC. 

Chromatographic separation was performed using a Hypersil GOLD C18 column (150 x 2.1 

mm, 3 µm, Thermo Scientific) in a UHPLC Dionex UltiMate 3000 RS (Thermo Fisher Scientific, 

Bremen, Germany). Separation conditions were used as previously reported (Martínez-Ruiz 

et al., 2020a). Briefly, the mobile phase consisted of water (A) and methanol (B) both with 0.1% 
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formic acid. A linear gradient was applied from 1% to 25% B within 5 min at a flow rate of 0.2 

mL min- 1, and back to 1% B for 7 min. The effluent was monitored and CYN was quantified 

with a UV detector set at 262 nm. The injection volume was 5 µL and the oven temperature 25 

°C. For the Orbitrap, heated electrospray ionization source parameters were: spray voltage of 

3.5 kV and ion transfer tube temperature at 325 °C. Sheath, auxiliary, and sweep gas flow rate 

were 35, 10, and 0 (arbitrary units), respectively. Data acquisition was performed in full-scan 

mode.  

A target screening of the MS1 traces for the expected m/z values of transformation 

products previously reported for transformation of CYN by abiotic procedures was conducted 

(Adamski et al., 2016b, 2016a; Fotiou et al., 2015; Guzmán-Guillén et al., 2017; He et al., 

2014b, 2014a; León et al., 2019; Merel et al., 2010; Song et al., 2012; Yan et al., 2016), using 

an inclusion list with the m/z values and charge state. The m/z value of potential CYN 

transformation products was searched scanning from 100 to 500 m/z under positive ion mode 

as previously reported (Fotiou et al., 2015; Guzmán-Guillén et al., 2017; He et al., 2014b, 

2014a; Martínez-Ruiz et al., 2020a; Prieto et al., 2017; Song et al., 2012). If the instrument 

detect a mass spectral peak fulfilling the criteria specified in the inclusion list, an MS2 spectrum 

is obtained for the associated precursor ion. Orbitrap resolution was 120000 for MS1 and 60000 

for MS2. The limit of quantification (LOQ) of CYN was 0.05 mg L-1.  

 

5.2.4 Transformation products identification.  

Potential transformation products in cultures of strain A210 were further evaluated by 

manually checking the same parameters as Martínez-Ruiz et al. (2020a) Fragmentation 

patterns were compared with published data (Adamski et al., 2016a, 2016b; Fotiou et al., 2015; 

Guzmán-Guillén et al., 2017; He et al., 2014a, 2014b; Martínez-Ruiz et al., 2020a; Yan et al., 

2016), including fragmentation patterns of products formed by MOB in chapter 3. 

Transformation products without published MS2 fragments were tentatively identified based on 

the precise MS1 mass, and the distribution of the isotope abundance. Error limits of 10 ppm of 

the m/z and the MS2 fragments of the potential transformation products were allowed. 

 

5.2.5 Removal rate 

The removal rate was calculated by dividing the difference of the initial CYN 

concentration and the concentration measured on the last day where the CYN concentration 

was above the LOQ, by the number of days in which this CYN concentration was measured. 
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5.2.6 Data analysis and statistical analysis.  

Transformation products were analyzed with the MZmine v2.38 software (Pluskal et al., 

2010). The dplyr R package on RStudio version 3.4.2 was used for statistical analysis 

(Wickham et al., 2019). Figures were made with the ggplot (Wickham, 2016) and gridExtra 

(Auguie, 2017) R package. One-way analysis of variance (ANOVA) followed by Tukey’s 

pairwise comparison test for the multiple comparisons among CYN and transformation 

products at different times were performed. 

 

5.3 Results and Discussion 

It was previously shown that strain A210 can remove CYN in the absence of yeast extract 

in contrast to the other three investigated strains in previous chapters. In addition, strain A210 

removed CYN at a higher rate when Fe2+ was added to the media than in a Fe2+- free medium 

in comparison to the other MOB strains (Martínez-Ruiz et al., 2020b). Therefore, I analysed 

CYN transformation products formed by strain A210 in the presence of Fe2+ with and without 

yeast extract in the growth medium. In both conditions, the same seven transformation 

products as those formed by strain OF001, A288, A210 and A226 (Martínez-Ruiz et al., 2020a) 

were detected, based on observed retention time m/z values, formation along the incubation 

time and fragmentation patterns. 

In good agreement with the previous study (Martínez-Ruiz et al., 2020b), strain A210 

removed about 100% of CYN in the presence of Fe2+ (Fig. 5.1). However, CYN removal under 

this condition was slightly slower than the removal in the absence of Fe2+ observed in chapter 
3 (Fig. 3.1). Removal rate in presence of Fe2+ and yeast extract at day 7 was 0.90 mg L-1 day- 1, 

which is lower than the removal rate of 1.10 mg L-1 day-1 observed for strain A210 in medium 

without Fe2+ and with yeast extract at day 7 (Martínez-Ruiz et al., 2020a). 

The slowest CYN removal was observed when strain A210 transformed CYN in the 

growth medium with Fe2+ and without yeast extract (Fig. 5.2). Under these conditions, strain 

A210 removed about 100% of CYN within 34 days at a removal rate of 0.25 mg L-1 day-1. This 

removal rate is 70-fold higher than the previously reported CYN removal rate of strain A210 in 

the same growth conditions, but with a lower initial CYN concentration (Martínez-Ruiz et al., 

2020b). In contrast to my previous study using environmentally relevant concentrations of 

CYN, strain A210 cultivated in medium with Fe2+ but without yeast extract removed around 

80% of the total CYN (Martínez-Ruiz et al., 2020b). Thus, the influence of the initial CYN 

concentration on the removal rate of MOB was again confirmed. 
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When Fe2+ was added to the growth medium of strain A210, relative abundances of 

TP448, TP320, TP292a-b, and TP290 were two- to three-fold higher (Fig. 5.2) than when Fe2+ was 

absent (Fig. 3.2). Differences might be related to the influence of Fe2+ on manganese-oxidizing 

enzymes as reported for Leptothrix discophora SS-1 (El Gheriany et al., 2009). Thus, it is likely 

that Fe2+ impacts on the production of reactive Mn species by strain A210, leading to different 

oxidation rates of CYN and the transformation products.  

 

Fig. 5.1. CYN transformation over time by Rubrivivax sp. A210. Control: CYN in the medium without 
MOB. Strain A210 was grown in LSM2 medium i) with yeast extract and Fe2+ and ii) without yeast extract 
but with Fe2+, with an initial CYN concentration of 7 mg L-1. YE: yeast extract. 

 

In contrast to the other strains tested in the present thesis, strain A210 was the only 

strain able to remove CYN in the absence of yeast extract (Martínez-Ruiz et al., 2020b). 

Therefore, based on results of chapter 2, it was hypothesized that strain A210 use CYN as a 

carbon source, when no other organic carbon sources are available, as was previously 

reported for other CYN-degraders (Dziga et al., 2016; Martínez-Ruiz et al., 2020c; Mohamed 

and Alamri, 2012). If this hypothesis would have been proven, I would observe a lower 

accumulation of transformation products or no products would be detected. However, based 

on the present results, this hypothesis was rejected.  

Disregarding growth conditions, strain A210 cultivated in yeast extract-free medium 

showed two- to eight-fold accumulation of TP292a and TP292b, being the highest abundance of 
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these products in comparison with all the tested MOB in chapter 3 (Fig. 3.2). The other 

transformation products were detected with a similar abundance as in the transformation 

assays performed with other MOB strains (Fig. 3.2). Currently, it is not possible to give an 

explanation for this phenomenon. Nevertheless, results suggest that strain A210, in the 

absence of yeast extract, may use CO2 or CO3 as carbon source instead of using CYN or its 

transformation products. However, further studies would be required to confirm this 

speculation.  

 

Fig. 5.2. Generation of transformation products shown in Fig. 5.1 over the incubation time of strain A210. 
Rubrivivax sp. A210 a) with yeast extract and Fe2+, b) without yeast extract but with Fe2+. The initial CYN 
concentration was 7 mg L-1. AreaTP: transformation products’ peak area, and AreaCYN: CYN’ peak area 
of the initial amount of CYN from LC-MS results. The three vertically combined graphs have different y-
axis scales and show compounds according to their AreaTP/AreaCYN values. 

 

5.4 Conclusion 

In summary, strain A210 formed the same seven CYN transformation products as other 

MOB. In presence of Fe2+, with and without an additional carbon source, strain A210 

transformed CYN into the same seven transformation products than those detected in the 

presence of yeast extract and the absence of Fe2+ shown in chapter 3. Detection of the same 

transformation products formed by strain A210, despite the different CYN removal rates, and 
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growth conditions, provide further evidence supporting that a general mechanism for CYN 

transformation is followed by MOB. Even though the precise mechanism of CYN 

transformation is unknown, the identification of transformation products will help to further 

understand the process. 
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6  Discussion, conclusions and outlook 

6.1 Discussion and conclusions 

The aim of this thesis was to evaluate the transformation of CYN by MOB, including the 

description and the evaluation of the toxicity of the transformation products. In addition, a 

genomic analysis of the two MOB with the fastest CYN transformation rates was carried out. 

The genomic analysis was focused on the identification of the most likely mechanism for 

manganese-oxidation and the description of their metabolic potential.  

The knowledge generated in the present thesis contributes to a better understanding 

of the biotechnological applicability of MOB to remove CYN from water, and to further 

understand the likely role of MOB in the natural attenuation of CYN in waterbodies  

 

6.1.1 MOB as promising candidates for CYN removal 

Despite the potential of MOB to remove different organic pollutants, their CYN removal 

ability was never tested. As it was discussed in chapter 2, the four tested MOB, Pseudomonas 

sp. OF001, Ideonella sp. A288 and A226, and Rubrivivax sp. A210, removed CYN at 

environmentally relevant concentrations to a different extent, depending on the cultivation 

conditions. Highest removal rates were observed when MnCO3 was used as the Mn2+ source.  

Results evidenced that the key factor for the efficient removal of CYN was the 

participation of viable bacteria actively oxidizing Mn2+, regardless of the final concentration of 

manganese oxides in the medium. It could be demonstrated that each strain has different 

growth requirements for the removal of CYN. For instance, Pseudomonas sp. OF001 removed 

CYN at the highest rates only when an additional carbon source was added to the media, while 

Rubrivivax sp. A210 removed CYN at a high extent even when grown in a mineral media.  

Results of chapter 2 were the first report showing that MOB are involved in the removal 

of CYN and suggest that CYN removal by MOB follows a similar mechanism as the one 

proposed for the removal of other organic pollutants by MOB (Meerburg et al., 2012; Tran et 

al., 2018). This mechanism involves the indirect oxidation of the pollutant by the Mn3+/Mn4+ 

produced as a result of the Mn2+ oxidation. 

Previous studies report that biological CYN removal by isolated organisms and 

bacterial communities need an adaptation phase (lag phase) (Dziga et al., 2016; Klitzke et al., 

2010; Smith et al., 2008). Based on pre-conditioning experiments, it was suggested that 

previous exposure to CYN shortened the lag phase (Klitzke et al., 2010). However, the 
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necessity of an adaptation phase for CYN removal could limit the use of those organisms for 

water treatment, considering that CYN may occur periodically and not as a constant pollutant 

(Wiedner et al., 2008). In this regard, fast growing MOB like Pseudomonas sp. OF001 might 

have an advantage over previously reported CYN-degraders. MOB likely transform CYN by 

the concomitant oxidation of Mn2+, and therefore would not need a previous exposure to CYN 

to activate any specific metabolic pathway for its removal. 

The removal of CYN by MOB was evidenced in chapter 2, however, it was not clear 

whether transformation products were formed by MOB and whether they exhibited a similar or 

lower toxicity than CYN or not. This was investigated in chapter 3. To increase the probability 

to detect transformation products, the concentration of CYN was increased by 60-times 

compared to the concentration of CYN used in chapter 2. At this high CYN concentration, all 

tested MOB transformed CYN at the highest rates ever reported for microbial CYN removal 

considering isolated CYN degraders and CYN-degrading communities (Dziga et al., 2016; 

Mohamed and Alamri, 2012; Smith et al., 2008).  

All tested MOB transform CYN at different removal rates. However, there is no clear 

explanation for the variation of transformation rates among MOB strains. I consider three 

possible factors influencing CYN transformation rates, namely, growth rate, Mn2+ oxidation rate 

and type of biogenic manganese oxides. Firstly, it was shown in chapter 2 that the amount of 

oxidized manganese was not always related to the amount of CYN removal. However, I 

quantified the amount of oxidized manganese suspended in the media and not the manganese 

oxidation rate per organism. The mechanism proposed for the removal of CYN and other 

pollutants involves an oxidation-reoxidation process of manganese mediated by viable cells 

with the concomitant oxidation of the pollutant (Meerburg et al., 2012; Tran et al., 2018). 

Therefore, it is expected that higher Mn2+ oxidation rates represent higher CYN transformation 

rates.  

Secondly, oxidation rates could also be influenced by the bacterial growth rate. Due to 

the formation of biogenic oxides, the precise quantification of bacteria growth with common 

methods as the optical density is not feasible. However, evaluation of the bacteria growth rate 

in Mn2+-free media evidenced that Pseudomonas sp. OF001 has the fastest growth among all 

the tested MOB. As shown in chapter 2, strain OF001 was also the fastest CYN-degrader. 

Thus, high removal rates might be related to a fast growth.  

Finally, the type of biogenic manganese oxide might also affect CYN transformation 

rates. Oxidation products differ from strain to strain (Zhou and Fu, 2020), and their structure is 

influenced by various external factors, including the initial concentration of Mn2+, pH, ionic 

strength, oxidation mechanism, and the presence of other metals (Emerson, 2000). 
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Considering that all tested MOB belong to different phylogenetic lineages and are metabolically 

distinct, I expect that biogenic manganese oxides of various types and reactivity are formed by 

each tested MOB. 

The approach followed in the present thesis allowed for the detection and the tentative 

identification of seven CYN transformation products formed by all the tested MOB, 

disregarding CYN transformation rates, isolation source, growth conditions, and phylogenetic 

lineages of the MOB, as described in chapter 3 and chapter 5. This supports the hypothesis 

presented in chapter 2 that MOB transform CYN by a general mechanism based on the 

unspecific oxidation of the compounds by the reactive manganese species formed due to the 

oxidation of Mn2+. 

The mixture of transformation products tentatively identified in chapter 3 was 

substantially less toxic than pure CYN. CYN is considered a cytotoxic toxin due to the wide 

range of organs that might affect, which includes not only the liver, but also kidneys, lungs, 

gastrointestinal tract, and nervous system (Falconer et al., 1999; Guzmán-Guillén et al., 2015; 

Kubickova et al., 2019a; Terao et al., 1994). Even though, I evaluated only the hepatotoxicity 

of the mixture of CYN transformation products, the modifications on the uracil moiety observed 

in the transformation products detected in chapter 3 suggest a reduction of the general toxicity 

of CYN against all the organs (Banker et al., 2001). Thus, the reduction of CYN hepatotoxicity 

by MOB supports their implementation for the removal of CYN from water, with a high likelihood 

that no toxic products will be formed.  

Results in chapter 2 demonstrated that each MOB strain has different growth 

requirements influencing the removal of CYN. Results in chapter 3 suggest that a general 

mechanism for CYN was followed by all the MOB here tested. However, it was unclear if 

changes in growth conditions could influence the transformation of CYN, leading to the 

formation of different products or mineralization. In chapter 5, I addressed this question. It was 

evidenced that Rubrivivax sp. A210 cultivated in a mineral media transformed CYN into the 

same seven transformation products than MOB cultivated in media with an additional organic 

carbon source. Thus, supporting the hypothesis of a general mechanism for CYN 

transformation followed by MOB. Moreover, the production of the same seven transformation 

products by strain A210 that exhibit lower cytotoxicity as shown in chapter 3, supports the 

implementation of strain A210 also for the treatment of low organic content water. For instance, 

for reactors aiming at the removal of pollutants from secondary wastewater. 

Results on chapter 3 were the first description of transformation products of CYN 

formed due to biological activities. Although the precise mechanism of CYN removal was not 

identified, the identification of the transformation products provides useful information to further 
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understand the process. MOB transform CYN through an unspecific mechanism associated 

with the oxidation of Mn2+ and the reactivity of Mn3+/Mn4+ species. However, the involvement 

of other mechanisms into the CYN transformation by MOB cannot be ruled out. It remains 

unknown to which extent reactive manganese species are responsible for CYN oxidation and 

which other processes are involved in further CYN transformation. For instance, G. Wang et 

al. (2019), described a coupled mechanism for the transformation of phenolic compounds, 

which involves an initial transformation of the compound by the activity of specific enzymes, 

and a further transformation by the reactive manganese species.  

It is also important to highlight that the unspecific CYN transformation mechanism of 

MOB is not the only bacterial CYN transformation mechanism. Previously described CYN-

degraders were not classified as MOB and the production of biogenic oxides was not 

mentioned (Dziga et al., 2016; Mohamed and Alamri, 2012; Nybom et al., 2008). CYN removal 

by non-MOB strains suggests that different transformation reactions are catalysed by other 

bacteria. Unknown mechanisms might be related to specific enzymes that use CYN as 

substrate, similarly as the specific enzymes that transform microcystin, the most commonly 

detected cyanotoxin worldwide (Bourne et al., 2001). 

Pseudomonas sp. OF001 and Rubrivivax sp. A210 were the only organisms among the 

tested MOB to transform 100% CYN at environmentally relevant concentrations at very 

different culture conditions, and therefore, they were selected for a genomic analysis on 

chapter 4 to understand their metabolic potential for biotechnological interests and to provide 

further information related to molecular basis of the Mn2+ oxidation mechanism.  

The genomic analysis presented in chapter 4 evidenced that the genome of strain 

OF001 encodes enzymes with a high similarity to those Mn2+ oxidases of Pseudomonas putida 

GB-1 (Geszvain et al., 2016, 2013). The genomic analysis also evidenced that the genome of 

strain A210 encodes enzymes with high similarity to those Mn2+ oxidases in Leptothrix 

discophora SS-1 (Corstjens et al., 1997). These results suggest that both MOB strains oxidize 

manganese through enzyme-mediated mechanisms. Additionally, Pseudomonas sp. OF001 

and Rubrivivax sp. A210 oxidize Mn2+ without an increase of pH in the media, as observed in 

chapter 2. These results dismiss the change in pH as the Mn2+ oxidation mechanism in both 

organisms and reinforce the hypothesis of an enzyme-mediated Mn2+ oxidation.   

Furthermore, both strains encode enzymes for the specific transformation of organic 

pollutants such as benzoate, and other aromatic compounds via the catechol meta- and ortho-

cleavage. Strain OF001 and A210 remove CYN (chapter 2, 3 and 5) most likely, by the 

unspecific activity of the reactive manganese species. Therefore, the potential to remove 
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pollutants by specific and unspecific mechanisms increases the value of the tested MOB for 

biotechnological applications aiming at the removal of various organic pollutants from water. 

Pseudomonas sp. OF001 and Rubrivivax sp. A210 do not possess the genes encoding 

for microcystinases, the responsible enzymes for the transformation of microcystin (Bourne et 

al., 2001). However, a recent report evidenced the removal of low concentrations of a common 

water pollutant (2-hydroxy-4- methoxybenzophenone-5-sulfonic acid) and microcystin when 

the MOB Pseudomonas sp. QJX-1 was incorporated into the system (Jian et al., 2019). Both 

compounds were removed by strain QJX-1 most likely following the same unspecific 

mechanism proposed for the removal of other pollutants, including CYN (Martínez-Ruiz et al., 

2020a; Meerburg et al., 2012; Tran et al., 2018). Thus, MOB, including strains OF001 and 

A210, might be able to transform microcystin by the concomitant oxidation of Mn2+ rather than 

by the specific activity of microcystinases. Considering that the cyanotoxins nodularins have a 

similar chemical structure as microcystins (Pearson et al., 2010), a transformation by MOB 

seems likely.  

Strain OF001 and A210 had different growth requirements that were further 

corroborated by the metabolic potential encoded at the genomic level, as described in chapter 
4. The information related to the metabolic diversity of strains OF001 and A210 will allow a 

deeper understanding of the metabolic capacities of the two CYN removing MOB which could 

potentially be implemented for the removal of pollutants including manganese and iron ions. 

MOB are used in drinking water treatment to remove Mn2+ (Katsoyiannis and Zouboulis, 

2004; Mouchet, 1992; Pacini et al., 2005; Tobiason et al., 2016), which is consider toxic at high 

concentrations (O’Neal and Zheng, 2015). The Environmental Protection Agency of the United 

States established as a maximum tolerable level 0.05 mg L-1 of manganese in drinking water 

(U.S. EPA, revised November 2020), while the World Health organization set 0.4 mg L-1 of 

manganese as a guide value (World Health Organization, 2011). Manganese is released to 

waterbodies as a natural process, but anthropogenic activities like discharge of industrial and 

domestic wastewater, waste from livestock, mining, and the use of pesticides contribute to 

their presence (Marsidi et al., 2018). The same anthropogenic activities are the source of iron 

in water. Similarly as manganese, iron is an essential element, which at high concentrations 

produces toxic effects (Kehl-Fie and Skaar, 2010). The Environmental Protection Agency of 

the United States established as a maximum tolerable level 0.3 mg L-1 of iron in drinking water 

(U.S. EPA, revised November 2020). Considering that various MOB strains are able to oxidize 

simultaneously manganese and iron (Corstjens et al., 1997, 1992; Schmidt, 2018; Schmidt et 

al., 2014), the simultaneous biological removal of both elements has been widely implemented 

for water treatment (Marsidi et al., 2018; Mouchet, 1992). 
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Our results, together with previous reports of the removal of different organic pollutants 

by MOB, suggest that the Mn2+ oxidation of MOB might be exploited together with the removal 

of CYN and other organic and inorganic pollutants like iron. Accordingly, MOB might 

accomplish the removal of Mn2+ with the concomitant removal of CYN and other pollutants. 

For instance, Bai et al. (2016) observed higher removal rates of Mn2+, Fe2+, As3+, and Sb3+ in 

quartz-sand columns after the MOB Pseudomonas sp. QJX-1 was inoculated, compared to 

those columns without the inoculation of the manganese-oxidizing strain. Furthermore, Zhang 

et al. (2015) evidenced high removal of diclofenac and sulfamethoxazole in lab-scale aerated 

biofilters inoculated with MOB, in which manganese was also completely removed from water.  

 

6.1.2 Probable participation of MOB in natural attenuation of CYN 

Biological removal of CYN is considered one of the main natural attenuation processes 

(de la Cruz et al., 2013; Dziga et al., 2016; Smith et al., 2008). In freshwater systems, MOB 

could co-exist with toxigenic cyanobacteria (Santelli et al., 2014; Stein et al., 2001). Indeed, 

three of the four MOB used in the present study were isolated from a freshwater pond in the 

Lower Oder Valley National Park, where potentially toxigenic cyanobacteria have been 

observed (Scheer, 2010). However, the lack of knowledge regarding the potential of MOB to 

remove CYN did not allow previous correlation of MOB and natural CYN attenuation. 

As reported in chapter 2 and 3, MOB isolated from natural environments efficiently 

remove CYN, suggesting a role of MOB in the removal of CYN from freshwater bodies. MOB 

are found in sediments but also in the water column (Keim et al., 2015), where they might 

interact and remove CYN that is produced either by planktonic cyanobacteria (Poniedziałek et 

al., 2012) but also by benthic organisms (Bormans et al., 2014; Gaget et al., 2017; Poirier-

Larabie et al., 2020).  

As discussed in chapter 2, the presence of Fe2+ influences CYN removal by MOB at a 

lower extent than Mn2+ oxidation. When Fe2+ was added to the media, both Ideonella strains 

had lower CYN removal rates than in a Fe2+-free media. Moreover, as it was observed in 

chapter 5, the presence of Fe2+ also reduced CYN removal rates of Rubrivivax sp. A210. 

Nevertheless, in presence or absence of Fe2+ in the media, the same less toxic transformation 

products were formed. Mn2+ and Fe2+ are two elements commonly found together in the 

environment, being Fe2+ more abundant than Mn2+ (Emerson, 2000; Schmidt, 2018). Results 

suggest that the common presence of Fe2+ in the nature might affect the removal rates of CYN 

by MOB at strain-specific level. However, even in presence of Fe2+, the transformation of CYN 

to less toxic products by MOB in freshwater bodies might take place.  
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The transformation products described in chapter 3 and chapter 5 provide useful 

information to understand the fate of CYN in the environment. Considering that oxidation of 

manganese is a widespread ability among different bacterial groups (Tebo et al., 2005), and 

that all the tested MOB in the present work transform CYN to the same transformation 

products, it is expected that other MOB that also occur naturally in aquatic environments might 

transform CYN as well. Furthermore, the transformation of CYN by MOB cultivated in mineral 

media reported in chapter 5 suggests a role of MOB in CYN transformation also in water 

bodies with low organic carbon load.  

The results in chapter 4, evidenced the metabolic potential of strains OF001 and A210 

to grow over a wide range of O2 concentrations, including microaerophilic conditions, fix 

nitrogen, reduce nitrate and sulfate in an assimilatory way. Moreover, strain A210 encodes to 

enzymes related to dissimilatory nitrate reduction, and carbon fixation via Calvin cycle. 

Therefore, it might be expected that MOB with the ability to remove CYN inhabit different 

niches in the environment including the water column and the oxic-anoxic layer of the 

sediments, thus playing a pivotal role in the natural attenuation of CYN in water systems. 

Moreover, the potential carbon fixation by strain A210 suggests that some MOB might also 

play a role in the carbon cycle in waterbodies through the dark carbon fixation (Santoro et al., 

2013). This process is expected mainly at the oxic-anoxic interfaces like the upper layer of the 

sediments (García-Cantizano et al., 2005), which MOB inhabit.  

Aquatic environments are commonly affected by run-off from farmlands, and domestic 

and industrial discharges. These anthropogenic sources promote cultural eutrophication of 

waterbodies and increase pollutant concentrations (Glibert, 2017; Schulz, 2001). In such 

environments, a complex mixture of toxic compounds can be expected, which can include 

pesticides, metals, microplastics, and cyanotoxins (Metcalf and Codd, 2020). The 

environmental impact and the health significance of the co-occurrence of cyanotoxins and 

other pollutants has not been deeply studied. In this regard, the potential of MOB to remove 

several organic and inorganic pollutants by the combined activity of specific and unspecific 

mechanisms as discussed from chapter 2 to 5, suggest an important role of MOB in the 

removal of cyanotoxins and various classes of pollutants in natural systems deeply affected by 

anthropogenic pollution. 

 

6.2 Outlook 

 The information generated in the present study contributes with useful information 

regarding the previously unknown CYN removal ability of MOB, including transformation rates, 
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biological transformation products, and the negligible toxicity of the mixture of transformation 

products in comparison with pure CYN. Furthermore, it supplies valuable information related 

to the metabolic potential of two CYN-transforming MOB to promote their application for 

biotechnological purposes and the molecular basis of the enzymes involved in Mn oxidation. 

Altogether, it deepens our understanding of the role of MOB in the removal of CYN and other 

organic pollutants, and allows a better understanding of the fate of CYN in aquatic 

environments.  

I consider that further studies should focus in three main points: CYN removal for 

biotechnological applications, general metabolism and manganese oxidation mechanism of 

MOB, and the influence of MOB and manganese oxidation into the fate of CYN in aquatic 

environments. 

Knowing that the four tested MOB remove CYN, it would be of great importance to 

evaluate the removal efficiency under different conditions like lower Mn2+ concentration, other 

Mn2+ sources like MnCl2, or lower organic matter load, to try to simulate the characteristics of 

drinking water or groundwater. Furthermore, the removal efficiency of CYN variants with 

reported toxicity like 7‐epi‐CYN, and 7‐deoxy‐CYN (Adamski et al., 2014; Neumann et al., 

2007), and CYN variants with suspected toxicity as 7‐deoxydesulfo‐CYN and 7‐deoxydesulfo‐

12‐acetyl‐CYN (Wimmer et al., 2014) should be investigated. 

Moreover, the removal of CYN by two or more different MOB could be evaluated. For 

instance, the mixture of Pseudomonas sp. OF001 and Rubrivivax sp. A210 might increase the 

removal rates at lower or none organic matter load. Perhaps, while strain A210 might provide 

the easily degradable carbon sources that strain OF001 requires to grow, both organisms 

together would remove CYN at high rates without the initial addition of a carbon source.  

The evaluation of the biofilm formation capacity of the CYN-transforming strains, as 

well as their efficiency to remove CYN while immobilized in a column would be of great 

importance to determine whether they could be used as an inoculum applicable to remove 

CYN for water treatment. In addition, tested MOB in the present study could be inoculated in 

specific reactors in order to evaluate their adaptation to the columns, how the indigenous 

community of bacteria is altered, and, if in those conditions, CYN transformation is still carried 

out. 

Even though the four tested organisms oxidized Mn2+, the enzymes related to this 

process are not fully characterized. Therefore, the enzymes that were in silico identified to be 

most likely involved in Mn2+ oxidation should be further analysed to either corroborate their 

Mn2+ oxidase activity or to discard them and search for other alternatives.  
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Related with the Mn2+ oxidation process, it would be of great importance to characterize 

biogenic oxides produced by the tested MOB with regard to the structure, Mn3+/Mn4+ 

composition, and Mn:Fe ratio. This information may provide an answer for the differences in 

transformation rates that we observed, but also for the general characterization of the tested 

MOB.  

Additionally, it might be relevant to experimentally validate in vitro the physiological 

traits encoded in the genome of Pseudomonas sp. OF001 and Rubrivivax sp. A210. This 

information will be helpful for the general characterization of the MOB. Moreover, it should be 

evaluated if the tested MOB remove other cyanotoxins and organic compounds, either by a 

specific enzymatic pathway or by the unspecific mechanism related to Mn2+ oxidation. 

The description of transformation products formed by MOB might help to investigate 

the fate of CYN in water bodies. To this end, it could be analysed the presence of the identified 

transformation products in aquatic environments, where CYN and MOB are found, to evaluate 

in situ the contribution of MOB into the removal of CYN in natural environments.  
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8  Appendix 
 

Table A1. PCR reaction mixture for the amplification of the 16S rDNA sequences.  

Reagent* Final 
concentration 

Buffer 
Taq 
MgCl2 
dNTPs 

1X 
1.25 U 
1.5 mM 
0.2 mM 

Primer 63F# 0.6 µM 
Primer 1387R# 0.6 µM 

*EURx, Gdańsk, Poland 
#Marchesi et al., 1998 

 

Table A2. PCR cycling conditions for the amplification of the 16S rDNA sequences. 

Step Temperature Time Cycles 
Initial denaturation 95°C 2 min 1 

Denaturation 95°C 20 s  
Annealing 58°C 30 s 30 
Extension 72°C 2 min 

 
Terminale extension 72°C 20 min 1 

Expected product ~1300 bp. 
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Table A3. Composition of growth media and trace elements and vitamins solutions.  

 

 

 

LSM2 Ammonium Iron(II) Sulfate 
Hexahydrate solution (Fe2+ 

solution) 

Trace 
elements 
solution 

Vitamin solution 

Yeast extract 1 g L- 1 Fe(NH4)2(SO4)2·6H2O 4 g diluted 
in a solution of 3 g of trisodium 
citrate dehydrate dissolved in 20 
mL 

N(CH2CO2H)3 
12.8 g L-1 

4-Aminobenzoic Acid 
10 mg L- 1 

NH4Cl 0.3 g L-1 FeCl2·4 H2O 2 
g L- 1 

D(+)-Biotin 2 g L-1 

MnCO3·H2O 2 g L- 1 ZnCl2 70 mg L- 1 Cyanocobalamin 20 
mg L-1 

Trace elements 
solution 2 mL L-1 

MnCl2·2 H2O 
80 mg L-1 

Nicotinic acid 20 mg 
L- 1 

Vitamin solution 2 mL 
L-1 

H3BO3 6 mg L-1 D-Calcium 
pantothenat 5 mg L-1 

Fe2+ solution 500 µL 
L-1 (added directly to 
each flask when it 
was requiered) 

CoCl2·6 H2O 
190 mg L-1 

Pyridoxamine 
dihydrochloride 
monohydrate 50 mg 
L- 1 

pH 7.2 (before 
autoclaving) 

CuCl2·2 H2O 2 
mg L-1 

Thiamine 
hydrochloride 10 mg 
L-1 

 NiCl2·6 H2O 24 
mg L-1 

 

 Na2MoO4·2 
H2O 36 mg L-1  

 

 pH 6 (before 
autoclaving) 
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Fig. A1. Example of the brown dark aggregates formed by Ideonella sp. A288 under different conditions. 
On the image of setup 3 and 4, the pellet corresponds to bacteria biomass, while for the other images 
aggregates and bacteria are mixed. Strains OF001, A210 and A226 formed aggregates with a similar 
colour as those formed by A288. In medium without bacteria aggregates are not observed. In the 
medium with MnCO3 the insoluble MnCO3 is observed. 

 

 



Appendix 
 

138 
 

 

Fig. A2. Reconstructed LC-MS/MS chromatograms of CYN. a) Certified reference standards; b) sample 
of the control group. Lines show the transitions indicative for CYN
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Fig. A3. Consensus phylogenetic tree based on 16S rDNA sequences. Numbers in the branches 
represent Bayesian posterior probability and bootstrap value from those branches which were present 
in both, Maximum Likelihood and Bayesian Inference trees. Bold text represent the sequences 
generated in the present work. Scale bar represent sequence divergence. gis.C: genera incertae sedis 
Comamonadaceae. 
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Fig. A4. pH changes throughout the assay time of Pseudomonas sp. OF001. a) setup 1 with buffer, b) 
setup 2 no buffer, c) setup 3 no Mn2+ no Fe2+, d) setup 4 no Fe2+; e) setup 5 no Mn2+ f) setup 7 with 
MnSO4. YE: yeast extract. 
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Fig. A5. pH changes throughout the assay time of Ideonella sp. A288, Comamonadaceae bacterium 
A210 and Ideonella sp. A226. a) setup 1 with buffer, b) setup 2 no buffer, c) setup 3 no Mn2+ no Fe2+, d) 
setup 4 no Fe2+; e) setup 5 no Mn2+ f) setup 6 no YE, g) setup 7 with MnSO4. YE: yeast extract. 
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c 

 

d 

 
 

e 
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f 

 
 

g 

 
Fig. A6. Chromatograms and MS2 fragmentation pattern spectra of CYN and CYN transformation 
products. a) CYN, b) chromatogram of TP448 and main isotopes, and fragmentation pattern, and c-g) 
CYN transformation products. TP represent the transformation product with the observed m/z indicated 
as subscript number. Observed m/z values for singly charged ions ([M+H]+). Observed m/z and RT is 
the average value of CYN or transformation products in all the samples. Peaks under 4.0 x 104 were 
considered unspecific peaks. obs.: observed; RT: retention time. 

  



Appendix 

145 
 

a 

 

 

b 

 
Fig. A7. Phylogenetic tree based on 16S rDNA sequences and whole genome sequences including 
strain OF001 sequence. Tree inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances 
calculated from a) 16S rDNA gene sequences and b) genome sequences. The branch lengths are 
scaled in terms of GBDP distance formula d5. The numbers above branches are GBDP pseudo-
bootstrap support values > 60% from 100 replications, with an average branch support of a) 68.8% and 
b) 92.5%. Tree was rooted at the midpoint (Farris, 1972). Bold text represent the sequences generated 
in the present work. Scale bar represent sequence divergence. 
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a 

 

 

b 

 

Fig. A8. Phylogenetic tree based on 16S rDNA sequences and whole genome sequences including 
strain A210 sequence. Tree inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances 
calculated from a) 16S rDNA gene sequences and b) genome sequences. The branch lengths are 
scaled in terms of GBDP distance formula d5. The numbers above branches are GBDP pseudo-
bootstrap support values > 60% from 100 replications, with an average branch support of a) 76.8% and 
b) 83.4%. Tree was rooted at the midpoint (Farris, 1972). Bold text represent the sequences generated 
in the present work. Scale bar represent sequence divergence. 

  



Appendix 

147 
 

 

Fig. A9. Pan- and core genome overview. Venn diagram shows the number of shared and specific 
Microscope gene families (MICFAM) a) among Pseudomonas sp. OF001 and the members of the 
Pseudomonas_K group, and b) among Rubrivivax sp. A210 and the members of the Rubrivivax genus. 
MICFAM grouping was based on 50% amino acid identity cut-off and at least 80% amino-acid alignment 
coverage. 

 

 

 

Fig. A10. Pan- and core- genome sizes estimated evolution. a, c) Number of MICFAM families in the 
pan-genome size by the number of genomes, and b, d) number of MICFAM families in the core-genome 
by the number of genomes. a, b) Including Pseudomonas sp OF001, and c, d) including Rubrivivax sp. 
A210.  
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Fig. A11. Maximum Likelihood phylogenetic tree based on multicopper oxidases sequences with and 
without reported Mn2+ oxidation activity. Sequences of the studied strains in the present study are not 
included. Numbers in the branches represent bootstrap value. Scale bar represent sequence 
divergence. 

 

 

 

Fig. A12. Putative genomic islands harbored by the studied MOB. a) Pseudomonas sp. OF001, and b) 
Rubrivivax sp. A210. Outer circle represents the genome size in Mbps. Genomic islands obtained by 
different prediction methods are highlighted in color. Integrated represent those islands detected by at 
least one method.  
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Fig. A13. Distribution and genetic features of prophages detected in Pseudomonas sp. OF001 and 
Rubrivivax sp. A210. a) Circular genome map of strain OF001, b) genetic features of the complete 
prophages in strain OF001, and b) circular genome map of strain A210. In the genome maps location 
of prophages are highlighted in colors depending on the completeness of the prophages (Table S9). 
Number assigned to each prophage region is based on the genome location retrieved by PHASTER 
(Arndt et al., 2016). 
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Fig. A14. Whole proteomic tree of Pseudomonas sp. OF001 prophages based on genome-wide 
similarities computed by tBLASTx. The tree was constructed using the VIPTree web server v.1.9 
(Nishimura et al., 2017). Numbers in brackets in the figure legend represent the number of virus 
genomes. Red stars represent the three complete prophages of strain OF001. Scale bar represent 
sequence divergence.  
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Fig. A15. Coverage-GC plots of contig properties for strain OF001 and A210. a, c) Coverage vs GC 

content, and b, d) coverage vs length. Both samples has a primary, high abundance cluster of contigs, 

with GC centered around 0.6 with arise form the primary culture populations. For strain OF001 a second 

contig cluster with GC centered around 0.35 at a much lower abundance was detected, which might 

represent a slight DNA contamination. 
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Table A4. List of genes in strains OF001 and A210 with homology to putative Mn2+ oxidases from other 

MOB. 

 

 

  

Gene Organism Locus 
tag 

(OF001
_) 

Predicted 
function 

% 
similarit

y 

E 
valu

e 

Locus 
tag 

(RA210
_) 

Predicted 
function 

% 
similarit

y 

E 
value 

mcoA 
(ABY98562.1) 

P. putida GB-
1 

 u20185 Glycoprote
in gp2 

80 0  
u42000
4 

Glycoprote
in gp2 

49 3E-
11 

mnxG 
(ABY98346.1) 

P. putida GB-
1 

 u60094 unknown 
function  

83 0  u10102 Unknown 
function 

58 0 
    

 
 

 
u11008
2 

unknown 
function 

58 0 

mofA 
(CAA81037.2) 

L. discophora 
SS-1 

n.d. - - -  u30250 Fibronectin 
type III 
domain 
protein 

59 0 

mnxG 
(AAB06489.1) 

Bacillus sp. 
SG-1 

 u60094 Unknown 
function 

36 7E-
51 

 
u11008
2 

Unknown 
function 

35 7E-
51 

mnxG 
(ABP68890.1) 

Bacillus sp. 
PL-12 

 u60094 Unknown 
function 

38 2E-
39 

 
u11008
2 

Unknown 
function 

36 3E-
32 

mnxG 
(ABP68899.1) 

Bacillus sp. 
MB-7 

 u60094 Unknown 
function 

34 6E-
49 

 u10102 Unknown 
function 

40 5E-
24 

moxA 
(CAJ19378.1) 

Pedomicrobiu
m sp. ACM 
3067 

 u90046 Multicoppe
r oxidase 

51 6E-
29 

 
u10011
1 

Multicoppe
r oxidase 

53 5E-
29 

cueO precursor 
(ACA39916.1) 

L. sphaericus 
C3-41 

 u90046 Multicoppe
r oxidase 

43 6E-
28 

 
u10011
1 

Multicoppe
r oxidase 

45 6E-
39 

mokA gene 
(KU366610.1) 

Lysinibacillus 
sp. MK-1 

 u20185 Glycoprote
in gp2 

41 3E-
15 

 u30250 Fibronectin 
type III 
domain 
protein 

36 1E-
19 

putative 
hemolysin-type 
calcium-binding 
peroxidase 
(EAS51309.1) 

A. 
manganoxyda
ns SI85-9A1 

 
u10003
5 

Haem 
peroxidase 

39 1E-
85 

 u10091 Protein of 
unknown 
function 

48 7E-
23 

mopA 
(WP_006833885
.1) 

Erythrobacter 
sp. SD-21 

 
u22004
8 

Unknown 
function 

38 1E-
104 

 
u14003
3 

Protein of 
unknown 
function 

36 3E-
43 

mopA 
(ABY99245.1) 

P. putida GB-
1 

 
u10003
5 

Haem 
peroxidase 

42 2E-
166 

 u10091 Protein of 
unknown 
function 

54 2E-
34 
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Table A5. List of sequences of MO-mco and non- Mn2+ oxidases. 

Mco: multicopper oxidase, Information about Mn2+ oxidation activity is reported in Anderson 
et al. (2009) and Geszvain et al. (2013). 

  

Mn2+ oxidases non-Mn2+ oxidases 
Organism Gene Organism Gene/product 
P. putida GB-1 mcoA 

(ABY98562.1) 
P. putida GB-1 copA (ABY95933.1) 

P. putida GB-1 mnxG 
(ABY98346.1) 

P. putida GB-1 mco (ABY96941.1) 

L. discophora SS-1 mofA 
(CAA81037.2) 

P. putida GB-1 copA (ABY97731.1) 

Bacillus sp. SG-1 mnxG 
(AAB06489.1) 

P. putida GB-1 cumA (AAD24211.1) 

Bacillus sp. PL-12 mnxG 
(ABP68890.1) 

A. manganoxydans  
SI85-9A1 

copper oxidase 
(WP_009209176.1) 

Bacillus sp. MB-7 mnxG 
(ABP68899.1) 

A. manganoxydans  
SI85-9A1 

copper oxidase 
(WP_009209613.1) 

Pedomicrobium sp. ACM 
3067 

moxA 
(CAJ19378.1) 

P. mendocina ymp copA (ABP84979.1) 

L. sphaericus C3-41 cueO precursor 
(ACA39916.1) 

P. mendocina ymp mco type 3 
(ABP85411.1) 

Lysinibacillus sp. MK-1 mokA 
(KU366610.1) 

P. mendocina ymp mco type 3 
(ABP86170.1) 

 

 
P. aeruginosa PAO1 metallo-

oxidoreductase 
(NP_252457.1) 

 
 

P. syringae pv. tomato T1 mco (EEB56791.1) 
 

 
P. syringae pv. tomato 
str. DC3000 

mco (AAO54977.1) 

    P. protegens Pf-5 cumA (AAY94158.1) 
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Table A6. Characteristics of prophage regions identified in Pseudomonas sp. OF001 and Rubrivivax sp. 
A210 genome.  

Number assigned to each prophage region is based on the genome location (Fig. A13). Regions with a 
score below 70 are classified as incomplete, between 70 to 90 questionable, and greater than 90 as 
complete (Arndt et al., 2016). 

  

 
Region  Length 

(Kb) 

Completeness  Score  No. of 

proteins 

Position in 

genome  

Most Common 

Phage 

OF001 1 17.3 incomplete 50 17 128930-

146325  

Synechococcus 

phage ACG-2014f 

(NC_026927)  
 

2 38.9 complete 140 57 518625-

557596  

Pseudomonas 

phage F10 

(NC_007805)  
 

3 28.2 incomplete 30 21 675847-

704073  

Acinetobacter 

phage Presley 

(NC_023581)  
 

4 11.8 incomplete 10 28 706525-

718353  

Pseudomonas 

virus H66 

(NC_042342)  
 

5 52.2 complete 130 48 728248-

780492  

Vibrio phage 

SHOU24 

(NC_023569)  
 

6 18.1 incomplete 20 24 1165602-

1183706  

Pseudomonas 

phage MD8 

(NC_031091)  
 

7 40.1 complete 100 57 1347817-

1388004 

Pseudomonas 

phage phi3 

(NC_030940)  
 

8 32 questionable 70 55 3103053-

3135127  

Pseudomonas 

phage phi2 

(NC_030931)  
 

9 30.5 incomplete 30 23 4343162-

4373729  

Pseudomonas 

phage phi2 

(NC_030931)  

A210 1 28.8 incomplete 20 9 2977501-

3006322 

Agrobacterium 

phage Atu_ph07 

(NC_042013)  
 

2 9.9 incomplete 20 10 3674006-

3684003 

Synechococcus 

phage ACG-2014f 

(NC_026927)  
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Table A7. CRISPR-Cas systems detected within Pseudomonas sp. OF001 and Rubrivivax sp. A210 

genome. 

 
CRISPR Cas 

Strain Start End Lengt

h (bp) 

Potential 

orientatio

n 

Direction Repea

t 

length 

No. of 

spacer

s 

Evidenc

e level 

Nb. 

Ca

s 

Cas 

type 

Start End 

OF00

1 

330801

8 

331004

7 

2029 Reverse Unknow

n 

32 30 4 1 General

-Class 1 

331022

9 

331787

6 

A210 313974

4 

314014

1 

397 Forward Unknow

n 

35 5 2 n.d. - - - 

 
314024

9 

314135

9 

1110 Forward Unknow

n 

35 15 4 1 General

-Class 1 

314241

6 

314764

2 

n.d.: not detected, -: no values correspond to this cell. 

 

 

Table A 8. Characteristics of the cas genes detected within Pseudomonas sp. OF001 and Rubrivivax 

sp. A210 genome. 
Strain Cas-type/subtype Gene status System Type Start End Strand 

OF001 Cas2_0_I-II-III-V accessory General-Class1 CDS 3310229 3310516 - 

 Cas1_0_IC accessory General-Class1 CDS 3310527 3311567 - 

 Cas4_0_I-II accessory General-Class1 CDS 3311571 3312197 - 

 Cas7_0_IC accessory General-Class1 CDS 3312214 3313098 - 

 Cas8c_0_IC accessory General-Class1 CDS 3313095 3314948 - 

 Cas5_0_IC accessory General-Class1 CDS 3314945 3315619 - 

 Cas3_0_I accessory General-Class1 CDS 3315654 3317876 - 

A210 Cas3_0_IU accessory General-Class1 CDS 3142416 3145061 - 

 Csb2_0_IU accessory General-Class1 CDS 3145058 3146437 - 

  Csb1_0_IU accessory General-Class1 CDS 3146449 3147642 - 

 

  



Appendix 
 

156 
 

Table A 9. Comparison of repeats in the CRISPR of confidence level 4 found in strain OF001 to 

CRISPRCasdb. 

 
Repeat  Matched 

nucleotid
es 

BLAS
T 

score 
bits 

BLAS
T e-

value 

Organism Accesion 
number 

GTTTCAATCCGCGCAGCCGCGTGGGGC
GCGAC 30/32 48.1 3E-8 

Chromobacteriu
m violaceum AE016825.1_1 

30/32 48.1 3E-8 
Halomonas sp. 
Soap Lake #6 CP020469.1_6 

30/32 48.1 3E-8 
Halomonas sp. 
Soap Lake #7 CP019915.1_6 

GTTTCAATCCACGCGCCCGCGTGAGGC
GCGAC 31/32 61.9 2E-12 

Selenomonas 
sputigena CP002637.1_5 

31/32 56 1E-10 
Pelodictyon 
luteolum CP000096.1_1 

31/32 56 1E-10 
Dickeya 
chrysanthemi CM001974.1_4 

31/32 56 1E-10 
Dickeya 
dianthicola CP031560.1_1 

31/32 56 1E-10 
Dickeya 
dianthicola CM001838.1_4 

31/32 56 1E-10 
Dickeya 
dianthicola CM001838.1_5 

31/32 56 1E-10 
Dickeya 
dianthicola 

AOOM01000229.
1_1 

31/32 56 1E-10 
Dickeya 
dianthicola CM002023.1_2 

31/32 56 1E-10 
Dickeya 
dianthicola CM002023.1_1 

31/32 56 1E-10 
Dickeya 
dianthicola CM001840.1_1 

31/32 56 1E-10 
Dickeya 
dianthicola 

AOOB01000047.
1_1 

31/32 56 1E-10 
Dickeya 
dianthicola CM001841.1_2 

31/32 56 1E-10 
Dickeya 
dianthicola CM001841.1_1 

31/32 56 1E-10 
Dickeya 
dianthicola CP017638.1_1 

31/32 56 1E-10 
Halomonas sp. 
Soap Lake #6 CP020469.1_6 

31/32 56 1E-10 
Halomonas sp. 
Soap Lake #7 CP019915.1_6 

31/32 56 1E-10 
Methylomonas 
methanica CP002738.1_5 

31/32 56 1E-10 
Methylomonas 
methanica CP002738.1_3 

31/32 56 1E-10 
Methylomonas 
methanica CP002738.1_4 

31/32 56 1E-10 
Pseudomonas 
stutzeri LR134319.1_1 

31/32 56 1E-10 
Pseudomonas 
stutzeri CP000304.1_3 

31/32 56 1E-10 
Ramlibacter 
tataouinensis CP000245.1_1 

GTTTCAATCCACGCGCCCGCATGAGGC
GCGAC 31/32 56 1E-10 

Halomonas sp. 
Soap Lake #6 CP020469.1_6 

31/32 56 1E-10 
Halomonas sp. 
Soap Lake #7 CP019915.1_6 

n.m.: no matches 
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Table A10. Comparison of spacers in the CRISPR of confidence level 4 found in strain OF001 to 

CRISPRCasdb. 
Spacers  Matched 

nucleotid
es 

BLAS
T 

score 
bits 

BLAS
T e-

value 

Organism Accesion 
number 

ACGGTGCAGCCGCTGCCGCATTGGCCGTCAA
TC 

28/32 50.1 9E-8 Pseudomonas 
sp. phDV1 

CP031606.1_
2 

CAGGCAGGGGCCTGCTAGTGGAATTGGGCGC
TCCA 

15/32 30.2 0.084 Corynebacteri
um sp. 2184 

CP026948.1_
3 

GGCTGGTTCTCGGCCTGACCCTCGGCGTGCT
GGCC 

15/36 30.2 0.084 Haliangium 
ochraceum 

CP001804.1_
12 

CTCCATGCCGATGCCCTCGAGCAGCGGGCCG
AGGTC 

15/35 30.2 0.087 Nostoc sp. 
PCC 7524 

CP003552.1_
7 

GGGCGGCCTTGAGCAGCTCGCGCAGATCCTG
GTG 

16/37 32.2 0.02 Blastochloris 
sp. GI 

AP018907.1_
5 

GCTGGGAGCGCGACCTGGCCGGCAAGATCCA
GGC 

16/32 32.2 0.02 P. aeruginosa CP029660.1_
3 

TGTTGTACCTCCTCGAGACGACGGGGCAGAT
GCAA 

18/36 30.2 0.084 Halobacterium 
hubeiense 

LN831303.1_
5 

GAAACGCATTCCACGCCGTCCTGACCCCAGG
CGCG 

n.m. 
    

GCTGCGCCGCCCTCGCCCACTCTGGAGCCAA
CCAT 

n.m. 
    

TTTGCGTGCGAACCAGAGTGCGAACCTTCTGC
GTGC 

n.m. 
    

CTCCGGCCTGCAGGAGCAGACGCAGGTGGA
GCAGAG 28/32 50.1 9E-8 

Pseudomonas 
sp. phDV1 

CP031606.1_
2 

GGTTGTTGGGCAATTGAAATTTGGTACGATCC
GAA n.m.     
AGGTGGTTCTGTTGTGTTCAAACTCACAGAGG
GC n.m.     
GATCCCAGCCGCCCAGGTACAGCCGGAAGGA
CTGCA n.m.     
GTCCACAGCGTCGCATAGCCCTGGGCGATGA
TCA n.m.     
TCGGGTTTGTGACGCCATCCAGCGTCATGCTA
ACC n.m.     
TGGCCTGTGGGGCAACACCCTCATCATCAAG
ATGCC 15/37 30.2 0.087 

Sulfolobus 
solfataricus 

LT549890.1_
7 

GGATGGTCTGATTGATCGTCGGCGCGTACTC
GGT n.m.     
ACCATTGGGGCCGGCAGCAAAGGAGAAACGA
CCAT n.m.     
CGCCTTCGGCAGCCAGGCGGCGCTCGATGGT
GTT n.m.     
ATCACGCACATCCCGACCCCTTCATGGTTGAA
GC n.m.     
TATCGCCGGGCTGCGGGTCGAGGATGACCGC
ATTG n.m.     
TTGCCGCCGACGATGCCGGTGCCGACTCCGC
CGGC 

15/32 30.2 0.084 Corynebacteri
um sp. 2184 

CP026948.1_
3 

ACAGGTCCGGTGGCATCACCCTTGAGGATTA
CCA n.m.     
ATGCACTGATGAGCTTCGACCGCATGGCCATC
TG n.m.     
GGACACGGCGCCGAGGGTGCTCAGTTGTTCG
TT n.m.     
CGGCGCCGATGATCTTGCGACCGAGCCCCGC
GAT n.m.     
GTCGGTGGTGGACTTGTGGTTGGTGAAGGCA
TC n.m.     
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ATTTCGTGGTGCGTTGCACCTACTACGCCAGG
GAG n.m.     
CTTCGACTTGAGTGGCCATAGATCACCGCTGG
CG n.m.         

n.m.: no matches 
 

 

Table A 11. Comparison of repeats in the CRISPR of confidence level 4 found in strain A210 to 

CRISPRCasdb. 
Repeat Matched 

nucleotid
es 

BLAS
T 

score 
bits 

BLAS
T e-

value 

Organism Accesion 
number 

ACTTCAACGATGCCGCGCCCAAAGGGTGCG
GTGAG 

n.m. 
    

GCTTCAACGATGCCGCGCCCCAAGGGCGC
GGGGAA 

n.m. 
    

GCTTCAACGATGCCGCACCCCATGGGCGCG
GTGAG 

19/36 32.2 0.002 Verrucomicrobi
um spinosum 

ABIZ01000001.
1_7 

ACTTCAACGATGCCGCGCTTCAAAGGCGCG
GTGAG 

n.m. 
    

ACTTCAACGATGCCGCGTCCCAGGGGCGCG
GTGAG 

n.m. 
    

GCTTCAACGATGCCACGCCGCATGGGCGTG
GTGAG 

20/36 34.2 0.000
5 

Opitutaceae 
bacterium 
TAV5 

CP007053.1_2 

GCTTCAACGATGCCGCGCCACAAAGGCGCG
GTGAG 

n.m. 
    

GCTTCAATGATGCCGCGCCTCAAAAGCGCA
GTGAG 

n.m. 
    

GCTTCAACGATGCCGCGCCACAAAGGCACG
GTGAG 

n.m. 
    

GCTTCAACGATGCCGCGCCTCAAAGGCACG
GTGAG 

n.m.         

n.m.: no matches 
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Table A12. Comparison of spacers in the CRISPR of confidence level 4 found in strain A210 to 

CRISPRCasdb. 

n.m.: no matches 
 

 

Spacers Matched 
nucleotid

es 

BLAST 
score 
bits 

BLAS
T e-

value 

Organism Accesion 
number 

GCATGTCGTCCTCGTTCAAGTCGTAGGTCTTGT
CCGT 

15/46 30.2 0.087 Raphidiopsis 
curvata 

AP018317.1
_2 

CCATCGTGTCGATGACCCGCTTGTGGTGCGTCG
TGTT 

n.m. 
    

GCGGGGCATGTTCGAGGTCGCACTCAACCCCT
ACGC 

n.m. 
    

CCCCGTTCATCGTGCAGGCGACGTGCGTGGTG
CCGTT 

n.m. 
    

GCACCACCGTGCCGCGGTCAATCAGCATCTTCG
CCGT 

n.m. 
    

GCCGCGATACTCTTCCCAGATCACGCCGCCGAA
CTC 

15/32 30.2 0.087 Pectobacteri
um 
carotovorum 

CP003776.1
_2 

GCGCATCGTTCAAGACGACGGCGGTGGAGTAC
ATCTT 

n.m. 
    

CCCGTGGGCGCAGCGGTTGCCCTCCACGATGT
TGCC 

n.m. 
    

CCTTCTTCAGCGCCTTCATGATCGGGTCTTTGA
CCGC 

n.m. 
    

CCGGAAGTCGGGCCGGTCCAGCCCGTCGGGC
GTGCA 

n.m. 
    

TCGCGATGTCACCAAGACGATGCTGCGGGTCTT
CCA 

n.m. 
    

CCGCGGTGCCGGTTCAGGGCCGTGGTGCAGGC
GTCGTA 

n.m. 
    

CCCGGCAAGTGGGTGCAGATCGACCCCCGCGC
GTGGAA 

n.m. 
    

CCCGGGCCTGATGGGCCAGAAGCTGTACGAGT
CGAT 

15/46 30.2 0.087 Raphidiopsis 
curvata 

AP018317.1
_2 

CCGTGATCGGCCATAGCGACTGAGAGGGGTTG
CAGAC 

n.m.         


	Title page
	Abstract
	Zusammenfassung
	List of publications
	List of conferences
	Table of contents
	List of figures
	List of tables
	Abbreviations
	1  Introduction
	1.1 Environmental factors influencing cyanobacterial blooms
	1.2 Cyanobacteria and cyanotoxins
	1.3 Cylindrospermopsin (CYN)
	1.3.1 Cylindrospermopsin transformation processes 
	1.3.2 Toxicity assessment of CYN transformation products

	1.4 Manganese-oxidizing bacteria (MOB)
	1.5 Goal of this thesis

	2  Manganese-oxidizing bacteria isolated from natural and technical systems remove cylindrospermopsin
	Abstract
	2.1 Introduction
	2.2 Material and methods
	2.2.1 Strain identification and culture conditions
	2.2.1.1 DNA extraction and PCR amplification
	2.2.1.2 Culture conditions

	2.2.2 Batch removal assays
	2.2.3 CYN quantification
	2.2.4 pH and oxidized manganese concentration
	2.2.5 CYN removal by BioOx
	2.2.6 Removal rate
	2.2.7 Statistical analysis

	2.3 Results
	2.3.1 Strain identification
	2.3.2 CYN removal in the presence of Mn2+ by MOB
	2.3.2.1 Influence of the Mn2+ source on CYN removal
	2.3.2.2 CYN removal in the presence of an additional carbon source
	2.3.2.3 Influence of Fe2+ on CYN removal
	2.3.2.4 pH influence on CYN removal

	2.3.3 Influence of the amount of oxidized manganese formed during cultivation on CYN removal
	2.3.4 CYN removal by BioOx

	2.4 Discussion
	2.5 Conclusions
	2.6 Acknowledgments

	3  Manganese-oxidizing bacteria form multiple cylindrospermopsin transformation products with reduced human liver cell toxicity
	Abstract
	3.1 Introduction
	3.2 Material and methods
	3.2.1 Strains and culturing conditions
	3.2.2 CYN transformation assays
	3.2.3 Analysis of CYN and its transformation products
	3.2.4 Transformation products identification
	3.2.5 Preparation of CYN transformation products for cytotoxicity assessment
	3.2.6 Cell cultures
	3.2.7 Cytotoxicity assessment
	3.2.8 Removal rate
	3.2.9 Data analysis and statistical analysis

	3.3 Results and discussion
	3.3.1 CYN removal
	3.3.2 Identification of CYN and its transformation products
	3.3.3 Evaluation of cytotoxicity of CYN and its transformation products on human hepatic cells

	3.4 Conclusions
	3.5 Acknowledgments 

	4  Genome analysis of Pseudomonas sp. OF001 and Rubrivivax sp. A210 suggests multicopper oxidases catalyze manganese oxidation required for cylindrospermopsin transformation
	Abstract
	4.1 Background
	4.2 Results and discussion
	4.2.1 General genome features 
	4.2.2 Pan and core genome
	4.2.3 Genes potentially involved in manganese oxidation 
	4.2.4 General metabolism
	4.2.4.1 Organic carbon metabolism
	4.2.4.2 CO2 fixation
	4.2.4.3 Aerobic respiration
	4.2.4.4 Nitrogen metabolism
	4.2.4.5 Sulfur metabolism
	4.2.4.6 Cell motility and biofilm formation
	4.2.4.7 Organic compound degradation

	4.2.5 Elements potentially acquired by horizontal gene transfer
	4.2.5.1 Genomic islands
	4.2.5.2 Prophages

	4.2.6 CRISPR-Cas systems
	4.2.7 Implications of the metabolic potential of strains OF001 and A210 

	4.3 Conclusions
	4.4 Materials and methods
	4.4.1 Strains, culturing conditions and genomic DNA extraction 
	4.4.2 Genome sequencing, assembly and annotation 
	4.4.3 Genomes comparison
	4.4.4 Core- and pan-genome 
	4.4.5 Manganese-oxidation genes 
	4.4.6 Operon prediction
	4.4.7 Elements potentially acquired by horizontal gene transfer 
	4.4.7.1 Genomic islands
	4.4.7.2 Prophages

	4.4.8 CRISPR-Cas systems
	4.4.9 Data graphics

	Acknowledgments 

	5  Influence of growth conditions of MOB on CYN removal rate and the formation of transformation products. 
	5.1 Introduction
	5.2 Materials and methods
	5.2.1 Strains and culturing conditions
	5.2.2 CYN transformation assays 
	5.2.3 Analysis of CYN and its transformation products.
	5.2.4 Transformation products identification. 
	5.2.5 Removal rate
	5.2.6 Data analysis and statistical analysis. 

	5.3 Results and Discussion
	5.4 Conclusion

	6  Discussion, conclusions and outlook
	6.1 Discussion and conclusions
	6.1.1 MOB as promising candidates for CYN removal
	6.1.2 Probable participation of MOB in natural attenuation of CYN

	6.2 Outlook

	7  References
	8  Appendix



