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Abstract 
 

Algae microbiomes consist of a complex community of Bacteria, Archaea, and Fungi. 

Metagenomic analyses, molecular tools, modern bioinformatic methods as well as 

function-based analyses enable the accessibility of these extensive source for valuable 

biomolecules. In the present dissertation, these methods are used to investigate 

microbial community dynamics as well as their metabolic capabilities to describe the 

biotechnological potential. Furthermore, novel proteins were implemented in various 

industries, targeting future use in sustainable resources and healthcare applications. 

Overall, two major studies were carried out. 

i. Publication 1: “Community dynamics and metagenomic analyses reveal 

Bacteroidota's role in widespread enzymatic Fucus vesiculosus cell wall 

degradation” 

The search for alternative, renewable resources is under major investigations. 

Algae offer valuable biomolecules with applications in the sector of medical 

research, the food industry, and the energy sector in terms of biofuel. While 

cultivation of algae is already in large-scale implementations, the processing 

part of this variable resource still lacks an efficient way. With the focus on 

brown macroalgae cell wall degradation, I designed enrichment cultures to 

examine the bacterial community and metabolic dynamics. Additionally, 

metagenome datasets were screened with Hidden Markov Models (HMM) to 

investigate the glycosyl-hydrolysing capabilities of the algae surface biome. 

While 16S rRNA gene amplicon analyses identified Pseudomonadota as the 

dominating bacterial fraction, the HMM screening reveal Bacteroidota as the 

phylum with the highest potential for algae cell wall degradation. Further, these 

observations lay the foundation for the implementation and characterisation of 

2 novel, thermostable α-L-fucosidases; FUJM18 and FUJM20.  

 

ii. Publication 2: “Exploring Tetraselmis chui microbiomes - functional 

metagenomics for novel catalases and superoxide dismutases” 

The focus on microalgae for applications in several fields e.g. resources for 

biofuel, the food industry, cosmetics, nutraceuticals, biotechnology, and 

healthcare has gained increasing attention over the last decades. In this study, 



Abstract  VIII 
 

 

we investigate the microbiome of the cultured microalga Tetraselmis chui 

(T. chui) to highlight their potential for health benefits. In this context, 

biomolecules like antioxidants play a crucial role in the well-being of living 

organisms as they metabolise harmful reactive oxygen species (ROS) to 

reduce oxidative stress. Impaired processing of ROS leads to damaged cells 

and increases the risk of cancer, inflammatory diseases, and diabetes, among 

others. Here, we identify, characterise, and test bacterial antioxidants derived 

from the T. chui microbiome metagenome dataset. We identified 258 genes 

coding for proteins with potential antioxidant activity. Of those, four novel 

enzymes are expressed and identified as two superoxide dismutases (SOD), 

TcJM_SOD2 and TcIK_SOD3, and two catalases (CAT), TcJM_CAT2 and 

TcIK_CAT3. Extensive analyses characterised all implemented enzymes as 

active even in concentrations down to 25 ng*ml 1 for the SODs and 15 ng*ml 

1 for the CATs. Furthermore, sequence-based analyses assign TcJM_SOD2 

and TcIK_SOD3 to iron superoxide dismutases (Fe SODs) and TcJM_CAT2 

and TcIK_CAT3 to heme-containing catalases. These candidates are 

phylogenetically classified within the phylum Pseudomonadota. Regarding the 

biotechnological potential, a toxicity assay did not indicate any harmful effects. 

The introduced enzymes may benefit medical applications and expand the 

potential of microalgae microbiomes. 

In total, 6 novel proteins are implemented, tested, and characterised (Macdonald et al. 

(2024): FUJM18; FUJM20. Macdonald et al. (2025): TcJM_SOD2; TcJM_SOD3; 

TcIK_CAT2; TcIK_CAT3). With increased sensitivities as well as enzyme activity rates 

and potential thermostability for α-L-fucosidases, all six are interesting candidates for 

a potential future application.  
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Zusammenfassung 
 

Das Mikrobiom der Algen besteht aus einer komplexen Gemeinschaft von Bakterien, 

Archaeen, Pilzen und mikroskopisch kleinen Tieren. Metagenomische Analysen, 

molekulare Werkzeuge sowie moderne bioinformatische Methoden ermöglichen die 

Erschließung dieser umfangreichen Quelle für wertvolle Biomoleküle. In der 

vorliegenden Dissertation werden diese Methoden zur Untersuchung der mikrobiellen 

Dynamik mikrobieller Gemeinschaften sowie deren Stoffwechselleistungen zur 

Beschreibung des biotechnologischen Potenzials zu beschreiben. Darüber hinaus 

wurden neuartige Proteine für Industriezweigen vorgestellt, mit dem Ziel einer 

zukünftigen Nutzung nachhaltiger Ressourcen und deren Anwendungen im 

Gesundheitswesen. 

Insgesamt wurden zwei Studien durchgeführt. 

i. Veröffentlichung 1: “Community dynamics and metagenomic analyses reveal 

Bacteroidota's role in widespread enzymatic Fucus vesiculosus cell wall 

degradation” 

Die Suche nach alternativen, erneuerbaren Ressourcen ist Gegenstand 

umfangreicher Untersuchungen. Algen bieten wertvolle Biomoleküle, die in der 

medizinischen Forschung, der Lebensmittelindustrie und im Energiesektor in 

Form von Biokraftstoffen eingesetzt werden können. Während die Kultivierung 

von Algen bereits in großem Maßstab durchgeführt wird, gibt es für die 

Verarbeitung dieser wertvollen Ressource noch keine effiziente Methode. Mit 

dem Fokus auf den Zellwandabbau von braunen Makroalgen habe ich 

Anreicherungskulturen angelegt, um die bakterielle Gemeinschaft und die 

Stoffwechseldynamik zu untersuchen. Zusätzlich wurden Metagenom-

Datensätze mit Hidden-Markov-Modellen (HMM) untersucht, um die Glykosyl-

Hydrolyse-Fähigkeiten des Algenoberflächen-Bioms zu ermitteln. Während 

16S rRNA-Gen-Amplikonanalysen Pseudomonadota als die dominierende 

bakterielle Fraktion identifizierten, zeigte das HMM-Screening Bacteroidota als 

das Phylum mit dem höchsten Potenzial für den Algenzellwandabbau. Darüber 

hinaus bilden diese Beobachtungen die Grundlage für die Implementierung 

und Charakterisierung von zwei neuen, thermostabilen α-L-Fucosidasen: 

FUJM18 und FUJM20. 
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ii. Veröffentlichung 2: “Exploring Tetraselmis chui microbiomes - functional 

metagenomics for novel catalases and superoxide dismutases” 

Der Fokus auf Mikroalgen für Anwendungen in verschiedenen Bereichen, z.B. 

Ressourcen für Biokraftstoffe, die Lebensmittelindustrie, Kosmetika, 

Nutrazeutika, Biotechnologie und Gesundheit, hat in den letzten Jahrzehnten 

zunehmend an Aufmerksamkeit gewonnen. In dieser Studie untersuchen wir 

das Mikrobiom der kultivierten Mikroalge Tetraselmis chui (T. chui), um ihr 

Potenzial für gesundheitliche Vorteile herauszustellen. In diesem 

Zusammenhang spielen Biomoleküle wie Antioxidantien eine entscheidende 

Rolle für das Wohlbefinden lebender Organismen, da sie schädliche reaktive 

Sauerstoffspezies (ROS) verstoffwechseln, um oxidativen Stress zu 

reduzieren. Eine gestörte Verarbeitung von ROS führt zu geschädigten Zellen 

und erhöht das Risiko von Krebs, entzündlichen Erkrankungen und Diabetes, 

um nur einige zu nennen. Hier identifizieren, charakterisieren und testen wir 

bakterielle Antioxidantien, die aus dem Metagenom-Datensatz des T. chui 

Mikrobioms stammen. Wir haben 258 Gene identifiziert, die für Proteine mit 

potenzieller antioxidativer Aktivität kodieren. Davon werden vier neue Enzyme 

exprimiert und als zwei Superoxid-Dismutasen (SOD), TcJM_SOD2 und 

TcIK_SOD3, und zwei Katalasen (CAT), TcJM_CAT2 und TcIK_CAT3, 

identifiziert. Umfangreiche Analysen charakterisierten alle implementierten 

Enzyme als aktiv, sogar in Konzentrationen bis zu 2,5*10-5 mg*ml-1 für die 

SODs und 1,5*10-5 mg*ml-1 für die CATs. Darüber hinaus ordnen 

sequenzbasierte Analysen TcJM_SOD2 und TcIK_SOD3 den Eisen-

Superoxid-Dismutasen (Fe-SODs) und TcJM_CAT2 und TcIK_CAT3 den häm-

haltigen Katalasen zu. Diese Kandidaten sind phylogenetisch dem Stamm 

Pseudomonadota zugeordnet. Was das biotechnologische Potenzial betrifft, 

so ergab ein Toxizitätstest keine schädlichen Auswirkungen. Die eingeführten 

Enzyme könnten medizinischen Anwendungen zugutekommen und das 

Potenzial von Mikroalgen-Mikrobiomen erweitern. 

Insgesamt wurden sechs neue Proteine implementiert, getestet und charakterisiert 

(Macdonald et al. (2024): FUJM18; FUJM20. Macdonald et al. (2025): TcJM_SOD2; 

TcJM_SOD3; TcIK_CAT2; TcIK_CAT3). Mit erhöhten Empfindlichkeiten sowie 

Enzymaktivitätsraten und, für die α-L-Fucosidasen, einer Thermostabilität, sind alle 

sechs interessante Kandidaten für eine mögliche zukünftige Anwendung. 
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Introduction 

 

Biotechnology potential of algae microbiomes 

Aquatic ecosystems cover over 70 % of the earth’s surface and harbour the smallest 

to the biggest forms of life. Additionally, the global marine system acts as a substantial 

carbon sink, with marine algae playing a crucial role in climate regulation. With over 

50,000 identified species in marine and freshwater environments, algae are primary 

producers of the oxygen essential for terrestrial life (Walker, 1980; Guiry, 2024). The 

term 'algae' encompasses a variety of taxonomic groups, each contributing to 

numerous ecosystem services. 

Simultaneously, the global climate system is in an unstable and rapidly changing state. 

The global climate crisis impacts human life, industries, ecosystems, and political 

decisions. Consequently, this drives the search and investigation of alternative 

resources and sustainable technologies. Algae and their associated microbiome 

contain one of those resources. Algae serves multiple purposes as a renewable 

material with applications in the energy sector and biofuel production (Adeniyi et al., 

2018). Furthermore, products of algae origin are used in the food-, nutraceutical, and 

cosmetic industries, as well as in medical treatments (Wells et al., 2017; Joshi et al., 

2018; Krohn et al., 2022). 

Algae’s surface and surrounding water are inhabited by a diverse community of 

microorganisms, which are defined as the microbiome, consisting of a variety of pro- 

and eukaryotes species. The diversity and composition depend on several biotic and 

abiotic factors like temperature, salinity, season, nutrient concentration, and global 

location (Martin et al., 2021; Van Der Loos et al., 2021; Stal and Cretoiu, 2022). 

Additionally, certain algae species and associated biomolecules influence microbial 

diversity (Steinrücken et al., 2023). Interestingly, mutual interactions occur between the 

algae and the microorganisms and between the microbial community. These 

interactions drive metabolic processes and molecular responses to certain conditions 

and states. The marine microbial community contains a variety of valuable 

biomolecules like proteins, carbohydrates, and lipids, which have already been 

harvested (Rotter et al., 2021). Furthermore, algae farms with micro- and macroalgae 

are well-established (Liu et al., 2023).  



Introduction  2 

 

In this dissertation, I emphasise the role of the associated microbiomes and point out 

their potential for various future applications. 

This work and its included studies were part of the SuReMetS-project FKZ 031B0944A 

(“From Sustainable Resources to novel marine nutraceuticals for the management of 

Metabolic Syndrome”). The project aimed to identify novel biomolecules from marine 

algae and fish to treat systemic diseases. The University of Hamburg focused to find 

bacterial enzymes for processing marine organic matter in the form of algae to access 

valuable enzymes. 

For this, enrichment cultures of Fucus vesiculosus serve as the experimental setup to 

characterise an algae cell wall polysaccharide hydrolysing community and establish 

novel enzymes. This enzyme characterisation was achieved by screening microbiome 

genomes with Hidden Markov Models (HMM) for genes with hydrolysation capabilities 

to degrade algae cell walls in an efficient and sustainable way. In the study “Macdonald 

et al. (2024). Community dynamics and metagenomic analyses reveal Bacteroidota's 

role in widespread enzymatic Fucus vesiculosus cell wall degradation” I published the 

results in May 2024. 

Additionally, genes derived from microalgae microbiomes were identified and tested 

for their potential antioxidant applications. Antioxidant enzymes are crucial in 

metabolising reactive oxygen species (ROS). In a second publication, “Macdonald et 

al., 2025. Exploring Tetraselmis chui microbiomes - functional metagenomics for novel 

catalases and superoxide dismutases ", I investigate the microbiome of a Tetraselmis 

chui culture. Here I screen a metagenome dataset for the antioxidant enzymes 

Superoxide Dismutase (SOD) and Catalase (CAT). The enzymes should have a 

beneficial impact for human health applications by metabolising superoxide anions and 

hydrogen peroxide. 

Publication 1: Community dynamics and metagenomic analyses reveal 

Bacteroidota's role in widespread enzymatic Fucus vesiculosus cell wall 

degradation 

Plant cells cover their cells with a dense matrix of polymers. This layer of carbohydrates 

serves multiple protection and structure-given purposes. The protection against 

mechanical pressure and tension is crucial in environments driven by water circulation. 

This mechanical stress and further physical challenges apply especially to macroalgae 

in tidal areas. These algae are exposed to solar radiation and alternating conditions of 
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dry and wet phases, as well as changing salinity, temperature, and nutrient conditions. 

However, specific cell wall compounds create a set of protection characteristics for 

whole algae groups and species, which are adapted to their habitat. Consequently, the 

concentration and proportion of single-cell wall polysaccharides and further 

compounds can differ inter- and intraspecific (Fletcher et al., 2017). 

Besides producing breathable oxygen, marine algae play a significant role in the global 

ecosystem. Phytoplankton and macroalgae serve as food sources for various animals, 

from microscopic zooplankton to mammals. Furthermore, they are crucial in the world’s 

carbon flux by fixing carbonate during photosynthesis. Dissolved organic matter (DOM) 

of algae origin is transported in the deep sea and fixes the carbon in the ocean system. 

The ocean works as a carbon sink through this and additional gas exchanges. About 

50 % of the annual carbon fixation is contributed by algae (Field et al., 1998). 

Furthermore, macroalgae washed ashore are involved in blue carbon cycles (Perkins 

et al., 2022). Consequently, natural algae systems act against climate change effects. 

Figure 1: Marine biomass of Brown algae ©Jascha FH Macdonald. A) Large quantities of Brown algae 
washed ashore on the coast of Helgoland (54°17′70’’ N, 7°88′64’’ E), North Sea, Germany (July 2024). 
Degrading biomass consisting of different kelp species, including Ascophyllum nodosum, Laminaria 
digitata, Fucus serratus, Fucus spiralis, Fucus vesiculosus, and Saccorhiza polyschides. B) C) Kelp 
forests of Fucus vesiculosus growing in the Kiel Bight (54°21′56’’ N, 10°11′43’’ E), Baltic Sea, Germany 
(July 2024). 

Species of the class Brown algae (Phaeophyceae) are distributed throughout the 

global marine system. They can be found on the shores of both polar regions as well 

as all continents in all climate zones. In contrast to green and red algae, including 

single-cell microalgae species, all Brown algae species are multicellular (Verma et al., 

2015). Well-known genera and species are Sargassum, name giver to the Sargasso 

Sea in the North Atlantic report first by Christopher Columbus; Macrocystis pyrifera of 

the order Laminariales known as Kelps, which forms valuable kelp-forest ecosystems 

in the eastern Pacific with plants up to 60 m in length; and Fucus, which is found in 
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high numbers on the shores of the Northern Pacific and Arctic Sea with a high 

concentration of the polysaccharide Fucoidan within the cell wall (Hahn et al., 2012; 

Cock et al., 2011; Wang et al., 2019). 

Fucus vesiculosus is a Brown alga species prominently found washed ashore in large 

quantities. Gas-filled bladders enable disrupted plants to float on the ocean surface. 

The plants are deposited through tidal currencies on beaches of the North- and Baltic 

Sea, among others (Fig 1A). For this reason, it is easy to gather and serves as an 

exemplary representative for all Brown algae, according to the cell wall structure. For 

these reasons, all investigations in this study were carried out on fresh F. vesiculosus 

samples washed ashore in the Kiel Bight (54°21′56’’ N, 10°11′43’’ E) (Fig 1BC). 

For many centuries, Brown algae served humans as a resource. First, it is a valuable 

food with nutraceutical characteristics. While most of seaweed consumption is in East 

Asia, the global commercial seaweed market was USD 12.04 billion in 2023 and is 

expected to reach USD 18.66 billion in 2030 (Wells et al., 2017; Commercial Seaweed 

Market Report, 2024). About 40 % of the annual multicellular algae is produced for 

direct consumption. 2012, this equals 24 million tons (Radulovich et al., 2015). 

Additionally, algae serve as animal nutrition and fertilisers (Christaki (Ε. Χρηστακη) et 

al., 2017). As an increasing consumption of vegan, eco-friendly, and sustainable foods 

is found, especially in Europe and North America, the demand for novel food products 

increases. Algae fulfil these requirements, enhancing seaweed food product 

development (Saari et al., 2021; Li et al., 2021). 

Furthermore, the traits of sustainability also apply to the cosmetic industry. Especially 

in skin care, natural products of algae origin are applied. Various biomolecules affect 

skin whitening, anti-wrinkling, anti-skin ageing, moistening, skin thickening and 

sensitising, and work as antioxidants (Joshi et al., 2018). For example, antioxidant 

molecules like Vitamin E or β-carotene reduce skin ageing and the risk of skin cancer 

(Schagen et al., 2012; Keen and Hassan, 2016). The Brown alga F. vesiculosus is 

processed for its chlorophyll-c and fucoxanthin, which induces skin-tightening and 

stimulates skincare metabolic processes (Joshi et al., 2018). Additionally, countless 

health benefits of algae are already present in the pharmaceutical industry (Schwartz 

et al., 1990; Gojkovic et al., 2019; Krohn et al., 2022). Recent studies on the main 

Brown algae cell wall carbohydrate Fucoidan, which functions as an antioxidant, anti-

inflammatory, and anticancer molecule, show beneficial effects for SARS-CoV2 
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treatment (Rupérez et al., 2002; Hwang et al., 2015; Vishchuk et al., 2016; Díaz-

Resendiz et al., 2022). 

In addition to that, fossil fuel burning is one of the main drivers of the manmade climate 

crisis (Soeder, 2021). Consequently, renewable energy sources are needed and are 

already under investigation. Algae with increased oil content are processed to generate 

biodiesel and biogas beyond others (Adeniyi et al., 2018). Alginate of Brown algae is 

processed to produce bioethanol (Lee and Lee, 2016). 

The common ground of these products is the involved processing part, which still lacks 

a universal and efficient method. This degradation includes the hydrolysation of the 

algae cell wall polysaccharides. These differ not only between taxonomic groups and 

species but also interspecifically in composition, concentration, and sulfate content 

beyond other factors, which poses a challenge for enzymatic degradation.  

Figure 2: Schematic cross-section structure of Phaeophyceae cell walls. The polysaccharide matrix 
consists mainly of Cellulose, Fucoidan, and Alginate. The crosslinked structures of Fucoidan form 
connections between Cellulose microfibrils while presumably interacting with short Hemicellulose 
chains. Phenols (Phlorotannins) are associated with proteins and Alginate. Adapted from Deniaud-Bouët 
et al., 2014. Created with BioRender.  

In Brown algae, the cell wall polysaccharide matrix consists of the carbohydrates 

Cellulose, Alginate and Fucoidan, also known as Fucans or Fucose-containing sulfated 

polysaccharides (Fig 2) (Hahn et al., 2012; Deniaud-Bouët et al., 2014). The structure 

given Cellulose microfibrils are spare and interact with Fucoidan chains, which 
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presumably interact with attached hemicellulose. These interconnections strengthen 

the cell wall structure. The third carbohydrate, Alginate, crosslinks with phenolic 

compounds in the form of Phlorotannin. These phenols are secondary metabolites with 

multiple ecological roles produced by the polymerisation of phloroglucinol 

(1,3,5-trihydroxybenzene) (Stern et al., 1996). In Brown algae cell walls, the complex 

molecules that also bind to proteins act similarly to the structure and protection 

compound Lignin, which is found in plants on land and leads to lignification. 

Phlorotannins also protect against UV radiation to avoid damage to the DNA, which is 

especially important to algae in tidal zones like F. vesiculosus (Gómez and Huovinen, 

2010). Additionally, a soluble form in the cell acts as a storage molecule (Koivikko et 

al., 2005). 

Figure 3: Schematic enzymatic degradation of phaeophycean carbohydrates, with involved enzyme 
classes and families of glycosyl hydrolases (GH), polysaccharide lyases (PL), and carbohydrate binding 
modules (CBM). Red stars indicate endocyclic oxygen. Supporting information for Macdonald et al. 
(2024) Fig 1. Also see Macdonald et al. (2024) Supplementary Table 4. Adapted from Li et al., 2022. 
A) Alginate B) Laminarin C) Cellulose. 
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The carbohydrate chains comprise varying compositions of saccharides connected 

with glycosidic bonds. The monosaccharides and their linkage define the carbohydrate 

group. The best-studied carbohydrate due to its appearance in land plants is Cellulose. 

Cellulose consists of β-D-glucose linked with β-1,4-glycosidic bonds (Fig 3C). It forms 

strong fibrils, giving the plant a tear-resistant trait (Li et al., 2022). Additionally, Alginate 

is made up of a more complex structure, divided into polymeric blocks of 

α-1,4-L-guluronic acid (PolyGlcA) and β-1,4-D-mannuronic acid (PolyMnA) or mixed 

PolyMnA-GlcA blocks (Fig 3A) (Dobrinčić et al., 2020). While Alginate becomes 

detectable in the zygote of Fucus shortly after the fertilisation, Cellulose is following 

within 20 min of development and Fucoidan after 1 h (Brawley et al., 1976; Vreeland 

et al., 1993). Fucoidan consists of a complex structure with a backbone of altering 

α-1,3- and α-1,4-fucose linkages, less frequent also α-1,2-fucose. A fourth Brown algae 

exclusive carbohydrate is Laminarin. It is a β-1,3-D-glycopyranose with β-1,6-D-

glycopyranose branches that acts as a storage molecule and is not found in the cell 

wall (Fig 3B) (Becker et al., 2017). 

It is crucial to degrade those essential carbohydrates to access the cells or the cell wall 

carbohydrates themselves. With the extension to degrade green and red algae, 

additional valuable carbohydrates, the complexity of a universal degradation 

processes increases (e.g. Carrageenan, Mannan, Agar, Porphyran, Ulvan, Pectin) 

(Khotimchenko et al., 2020; Kaihou et al., 1993; Usov, 2011; Wang et al., 2023; Robic 

et al., 2009; Eder and Lütz-Meindl, 2010). So far, algae are cultured in large-scale 

algae farms, which are especially suitable for microalgae. For biofuel, the processing 

is achieved in different approaches: thermochemical conversion, thermochemical 

conversion, transesterification and through microbial fuel cells (Koyande et al., 2019). 

In natural conditions, microbial degradation is achieved by enzyme secretion to 

hydrolyse the algae cell wall. A more complex and diverse microbial community is 

assumably more efficient in algae degradation, as the varying cell wall compositions 

and environmental conditions require an adaptation of the microbiome and the applied 

enzymes. 

Enzymes active on carbohydrates are categorised into enzyme classes and families in 

the Carbohydrate-Active enZYme database (CAZY, http://www.cazy.org/) (Drula et al., 

2022). Glycosyl hydrolases (GH) (EC 3.2.1.-) are of enhanced importance for the 

Brown algae cell wall carbohydrate degradation, as this class includes families like 

GH29, which comprises several fucosidases. The degradation of the Fucoidan 
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backbone mainly requires GH29 enzymes α-1,3-L-fucosidase (EC 3.2.1.111), 

α-1,4-L-fucosidase (EC 3.2.1.-), α-L-fucosidase (EC 3.2.1.51), and α-1,2-fucosidase 

(EC 3.2.1.63). These enzymes hydrolyse the glycosidic bonds between the 

saccharides of carbohydrates to cut down polysaccharides into sugar dimers and 

monomers. In addition, polysaccharide lyases (PL) (EC 4.2.2.-) and carbohydrate 

esterases (CE) are involved in the Fucoidan degradation as well. Marine Bacteria 

secrete CAZY-enzymes for external digestion of carbohydrates. Short chains of 

polysaccharides are then transported into the cell and introduced in their general 

metabolism.  

In the Baltic Sea of the Kiel Bight, the marine bacterial community associated with the 

Brown algae F. vesiculosus is dominated by Pseudomonadota species of the classes 

α- and γ-proteobacteria (Stratil et al., 2013). However, the phylum Bacteroidota is less 

abundant but makes one of the significant fractions in natural conditions. Bacteroidota 

species are well known for their widespread degradation potential associated with 

natural and synthetic polymers (Huang et al., 2023; Nguyen et al., 2023; Silverio et al., 

2024). The investigation of the algae microbiome composition has the potential to offer 

insights into species interactions and to identify key species of the algae cell wall 

carbohydrate degradation. This analysis enables an extensive characterisation of the 

phylum Bacteroidota and its influence in a diverse community. In general, the microalga 

bacterial community offers a widespread network of Alga-Bacteria interactions as well 

as Bacteria-Bacteria interactions. This system gets more complex in natural systems, 

with several other algae species as well as animals like zooplankton grazers entering 

the biosphere. Alga-Bacteria interactions mainly rely on an exchange of nutrients that 

benefit both, the microbes as well as the algae (Kouzuma and Watanabe, 2015). 

Furthermore, the bacterial communities form biofilms on the algae surface (Macdonald 

et al. (2024) Fig 3). The formation of biofilms is an extracellular matrix of different 

organisms (mostly Bacteria), lipids, polysaccharides, secreted proteins/enzymes, and 

extracellular DNA (Appendix Fig 1) (Brading et al., 1995; Lachnit et al., 2011). Biofilms 

are a form of bacterial interactions driven by quorum sensing. This cell-cell 

communication benefits the community by increasing the efficiency of energy 

conversion and nutrient exchange, as well as protection (Jefferson, 2004; Solano et 

al., 2014). 

Furthermore, metagenomic approaches supported with special HMM searches narrow 

down the enzymatic potential of certain Bacteria species. Due to several 
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biotechnological catalysts that have been implemented by screening metagenomes of 

various sources, the conducted method is efficient and already well established for 

over 20 years (Voget et al., 2003; Fernández-Arrojo et al., 2010). Metagenomes 

comprise a dataset of all genes in a particular sample. This dataset enables the 

accessibility to genes of nonculturable Bacteria. The combination with HMMs for 

function predictions, which work with amino sequence likelihood patterns of empiric 

data, makes this method a powerful tool for targeted protein searches.  

DOM with algae origin results from the degradation processes described by 

microorganisms of these algae. As DOM is crucial in the global carbon flux, 

understanding these degradation processes and observing the involved species can 

help to understand ecosystem compositions and changes. Furthermore, the industrial 

processing of algae is of significant interest. Novel, efficient enzymes can be applied 

to increase algae processing in large-scale algae farms. In the published first study, 

we investigate F. vesiculosus enrichment cultures. We observe microbiome 

composition and general metabolic dynamics and screen metagenome datasets with 

HMM for 69 enzyme families, with 36 of those involved in the algae cell wall 

polysaccharide degradation, including glycosyl hydrolases and sulfatases. We use 

these results to clone, characterise, test, and implement novel α-L-fucosidases for 

potential industrial applications on Brown algae degradation. 

Publication 2: Exploring Tetraselmis chui microbiomes - functional 

metagenomics for novel catalases and superoxide dismutases 

In the frame of the SuReMetS-project I implemented novel α-L-fucosidases for the 

future use of algae for the sustainable extraction of antidiabetic molecules beyond 

others. However, microalgae microbiomes also offer a rich source of valuable 

enzymes. Consequently, an extended targeted screening of microalgae microbiomes 

for antidiabetic, anti-inflammatory, and antioxidant biomolecules seemed profitable. 

The SuReMetS-project focuses on the Metabolic Syndrome (MS). This human 

syndrome is a combination of several life-limiting conditions with potentially fatal 

consequences. It was found in over 22 % of US citizens, with increasing rates in people 

with higher weight conditions (Park et al., 2003). The combination of symptoms and 

definition of MS vary between different health organisations. However, the World 

Health Organization (WHO) defines it as insulin resistance in combination with at least 

two symptoms of increased blood pressure, obesity, and impaired lipid metabolism in 
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the form of an increased rate of triglycerides and/or a decreased rate of high-density 

lipoproteins (Alberti et al., 2009; Saklayen, 2018). MS leads to an increased risk of 

developing Type 2 Diabetes and causes lasting damage to the cardiovascular system. 

Furthermore, this risk factor increases the impact of the development and severity of 

other illnesses. As a recent example, the COVID-19 pandemic led to a higher infection 

chance with the Coronavirus for patients with diabetes and/or MS. The infection had 

an increased deterioration as those patients’ immune- and metabolic systems were 

already stressed (Marhl et al., 2020).  

Besides a “healthy” lifestyle, including sporting activities and balanced nutrition, there 

are pharmaceutical ways to prevent and fight MS. Reactive oxygen species (ROS) can 

cause severe damage to humans and promote the development of systemic diseases 

(Liou and Storz, 2010). Simultaneously, increased concentrations of ROS are 

associated with diabetes. Here, those ROS are not metabolised correctly and cause 

cell stress. ROS are oxygen radicals, like superoxide (O2
.-) and hydrogen peroxide 

(H2O2), which have a high affinity for reacting with other molecules (Bayr, 2005). 

Consequently, there is an increased risk of developing and/or promoting cancer, 

inflammatory diseases, diabetes, and other life-limiting conditions. ROS result from 

mitochondrial dysfunction, peroxisome, disturbed receptor signalling, and increased 

activity of enzymes like oxidases, lipoxygenase (EC 1.13.11.-), cyclooxygenases 

(EC 1.14.99.1), and thymidine phosphorylase (EC 2.4.2.4). Additionally, increased 

metabolic activity promotes the formation of ROS (Szatrowski and Nathan, 1991; 

Storz, 2005; Liou and Storz, 2010). Interestingly, those conditions are caused by 

systemic diseases and promote these (e.g. tumour development) simultaneously. 

Oxidative stress is promoted by obesity and insulin resistance, while antioxidant 

activity is disturbed in MS patients (Urakawa et al., 2003; Armutcu et al., 2008). 

In a healthy organism, ROS are metabolised by different biomolecules defined as 

antioxidants. Those molecules are enzymes and different phenolic compounds (e.g. 

gallic acid) and Vitamin C with antioxidant properties (Francenia Santos-Sánchez et 

al., 2019). Antioxidants are found in all phylogenetic kingdoms and are crucial for the 

well-being of organisms. Two well-studied examples of enzymes that use ROS as a 

substrate are Superoxide Dismutases (EC 1.15.1.1) and Catalases (EC 1.11.1.6). 

SODs catalyse the decomposition of O2
.- which results in the formation of breathable 

oxygen (O2) and H2O2. The H2O2 must be processed further, as it resembles another 

ROS. In the following, CAT reacts with this product of the SOD catalyse, resulting in 
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the release of O2 and water (H2O). These enzymes can be given to affected patients 

to treat symptoms and causes of the mentioned diseases in different applications like 

nutraceuticals, medications, injections, or topic applications. The application depends 

on the type of antioxidant and the condition in which it is treated (Flieger et al., 2021). 

Therefore, it is beneficial to find a variety of antioxidants with efficient substrate 

processing rates. 

Figure 4: Cultured Tetraselmis chui SAG 8-6. A) Culture flasks of 2-month old (left) and 4-month old 
(right) culture. B) Optical microscope picture of cultured T. chui. Magnification objective 63x with 
Fluorescence Microscope (AXIO Imager 2, Zeiss, Oberkochen, Germany).  

The mechanism and basic structure vary between different groups of SODs or CATs. 

The SODs groups are defined by a metal co-factor and divided into the following four 

groups: Fe-SOD, Cu/Zn-SOD, Mn-SOD, and Ni-SOD. SODs can be found in all six 

kingdoms of life. The evolutionary development of Fe-SOD and Mn-SOD took place in 

Prokaryotes and Cu/Zn-SOD in Eukaryotes. Following the endosymbiotic theory, 

Mn-SOD is also found in the mitochondria of Eukaryotes. Ni-SOD is found in 

Streptomycetota and Cyanobacteria (Steinman, 1978; Smith and Doolittle, 1992; 

Abreu and Cabelli, 2010). However, CATs are divided into three groups depending on 

their mechanism. The first two are heme-containing “monofunctional” CATs and heme-

containing bi-functional Catalases/Peroxidases. The monofunctional CATs are further 

divided into three clades. Clade 1 originates from Algae, Plants and Bacteria and 

contains heme b. Clade 2 contains heme d and is found in Fungi and Bacteria. Lastly, 

Clade 3 is the most abundant group found in Bacteria, Archaea, Fungi, Protists, Plants, 

and Animals (Macdonald et al. (2025) Fig 3). The third CAT group also depends on a 

metal co-factor and is defined as nonheme Mn-CAT (Zamocky et al., 2008). CAT is the 
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most efficient enzyme in substrate processing, with a decomposition rate of several 

million H2O2 per Catalase per second (Goodsell, 2004). In Macdonald et al. (2025), 

microalga microbiomes are suggested as a potential source of those antioxidant 

enzymes. 

Microalgae offer several health benefits (Krohn et al., 2022). One of those is the 

antioxidant potential. One of the most efficient antioxidants is the keto-carotenoid 

astaxanthin, which is found in the green alga Haematococcus pluvialis and Tetraselmis 

suecica (Holeton et al., 2009; Plaza et al., 2009). Furthermore, in animal studies, 

feeding experiments with different alga species promoted antioxidant activity (EL-

Sabagh et al., 2014; Teimouri et al., 2019; Qiu et al., 2020). As microalgae farming is 

already well established, harvesting and using those antioxidants is a logical 

consequence. However, the specific microbiome of microalgae species is crucial for 

their growth and well-being and, therefore, mandatory for the success of the farming 

approaches. One industrial cultured microalga species is Tetraselmis chui (Fig 4). It is 

serves as source for fatty acids which find application in the treatment of various 

diseases (Li et al., 2019; Moser et al., 2022). As for every algae culture system, crucial 

bacterial microbiomes are attached to the algae and its surroundings, forming a 

complex network of species interactions by exchanging nutrients (Kouzuma and 

Watanabe, 2015). An investigation of the microbial community should benefit future 

farming approaches by increasing the number of bioactive compounds to yield. 

Interestingly, microbiomes resemble another potential source for compounds with 

antioxidant activity. Algae, including their associated microbiome metagenome 

analyses, hint at elevated numbers of genes coding for antioxidant enzymes like SODs 

and CATs (Krohn et al., 2022) (see genomes at IMG ID 2507525016). The Bacteria in 

the microbiome of microalgae express different antioxidants, some of them exclusively 

found in prokaryotes (Mn-SOD, Fe-SOD, nonheme manganese-containing CAT). So 

far, numerous antioxidant compounds like carotenoids, exopolysaccharides, CATs, and 

SODs from marine Bacteria have been described. Those circumstances make the 

microbiome found in large-scale microalgae farms an additional potential source for 

those molecules with biotechnological application possibilities. 

This assumption let to the experimental design of the publication Macdonald et al. 

(2025), where T. chui enrichment cultures are investigated to examine the antioxidant 

potential of the associated microalgae. Initial studies of the SuReMetS-project partner 
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from Marbio, Faculty of Biosciences, Fisheries and Economics, UiT at the Arctic 

University of Norway, Tromsø, Norway, identified increased antioxidant activity of 

T. chui cultures compared to other microalgae species such as Nannochloropsis 

salina. Metagenome analyses are investigated to reveal novel SODs and CATs, which 

should be cloned, tested, and characterised. The results will help to promote the 

extensive use of sustainable algae farming and support future treatment of life-limiting 

diseases.  
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Discussion 

 

Biotechnology potential of algae microbiomes 

Historically, viable but nonculturable Bacteria pose a challenge to microbial science 

(Oliver, 1993). Numerous species and genes were unable to be detected. With the 

implementation of novel molecular tools, these barriers were partially eliminated. 

Furthermore, improved methods lead to an increase in efficiency, decreasing the costs 

and time consumption of specific processes. This efficiency is prominently found in 

genome sequencing and assembly (Mardis, 2011). In addition, the technique of whole 

metagenome sequencing and bioinformatic approaches like metagenome-assembled 

genomes (MAGs) and gene prediction with Hidden-Markov Models (HMMs) improved. 

With the successful application of those methods, the potential of a powerful pipeline 

of tools is underlined. Furthermore, the vast potential of algae microbiome for 

biotechnological applications is pointed out (Fig 5). Six novel enzymes with different 

functions are implemented (Tab 1). FUJM18 and FUJM20 derive from the Fucus 

vesiculosus microbiome and are α-L-fucosidases and will help in the processing of 

Brown alga. TcJM_SOD2 and TcIK_SOD3 act as Superoxide Dismutases (SODs). Like 

the two Catalases (CATs) TcJM_CAT2 and TcIK_CAT3, they originate from the 

microbiome of the microalga Tetraselmis chui. Those antioxidants can be applied in 

pharmaceutical, cosmetic, and nutraceutical interventions. 

Table 1: Novel implemented genes of the present studies. 

Gene Function Source Template 
IMG ID 

Length 
[aa] 

NCBI Nucleotide 
Blast (perc. ident.) 

FUJM_18 α-L-fucosidase F. vesiculosus 
microbiome  

Ga0502370_
024398_80_
1447 

444 Maribellus 
comscasis (92.7) 

FUJM_20 α-L-fucosidase F. vesiculosus 
microbiome 

Ga0502371_
0001890_22
19_3553 

426 Butyricimonas 
faecalis (88.3) 

TcJM_SOD2 Fe-superoxide 
dismutase 

T. chui 
microbiome 

Ga0499797_
000027_110
175_110774 

199 Pacificitalea 
manganoxidans 
(88.9) 

TcIK_SOD3 Fe-superoxide 
dismutase 

T. chui 
microbiome 

Ga0499797_
000031_370
60_37662 

200 Roseitalea 
porphyridii (88.8) 

TcJM_CAT2 Heme-containing 
“monofunctional” 
catalase 

T. chui 
microbiome 

Ga0499797_
000030_561
27_57647 

506 Pseudosulfitobacter 
pseudonitzschiae 
(99.6) 

TcIK_CAT3 Heme-containing 
“monofunctional” 
catalase 

T. chui 
microbiome 

Ga0499797_
000173_134
86_14940 

484 Roseovarius sp. 
(87.6) 
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All studies involved different enrichment cultures. These artificial systems are 

beneficial for implementing stable culture conditions and enabling the observation of 

culture changes or maintaining single and mixed species environments. These 

experimental setups can alter the bacterial composition of the microbiome. 

Consequently, this affects the outcome of the metagenome screening, particularly in 

comparison to a natural marine microbial community. This influence is known as the 

bottle effect and gives an advantage to fast-growing Pseudomonadota species (Eilers 

et al., 2000). Furthermore, the chosen cultivation parameters for temperature and 

oxygen conditions are influenced by shaking speeds, lid applications, salinity, volume, 

culture medium, and light conditions, which influence the microbial composition and 

gene transcription dynamics. Alternation and optimisation of those conditions 

presumably result in different outcomes, further expanding the potential number of 

species and genes to find (Sangeetha and Thangadurai, 2024). 

Nevertheless, the results of both published studies underline the biotechnological 

potential of those diverse communities. Besides the implemented novel enzymes, 

several genes were identified with putative activity on various substrates. In further 

approaches, those genes can be characterised and tested for additional 

implementations of biotechnological tools of algae microbiome origin. With this, the 

industry can maximise the yield of these sustainable farming applications. Those 

results promote the use of algae farms to find valuable biological compounds for the 

health sector, the nutraceutical and food industry, and energy and biofuel companies. 

Furthermore, it is strongly suggested that scientific investigations of algae microbiomes 

be emphasised. 

Publication 1: Community dynamics and metagenomic analyses reveal 

Bacteroidota's role in widespread enzymatic Fucus vesiculosus cell wall 

degradation 

Fucus vesiculosus, as a Brown algae species, synthesises all three phaeophycean-

associated cell wall carbohydrates. The content of Fucoidan elevated in this species, 

as the genes coding for Fucoidan degrading enzymes in our study (Fletcher et al., 

2017). In initial studies, we tested several inoculations including soil samples and 

faeces of herbivore mammals. The marine microbiome attached to the algae was the 

most successful in enzymatic degradation. Samples from the terrestrial origin of 

different soils and horse gut microbiota did not lead to significant visual changes in the 

plants but lack enzymes active on further carbohydrates with marine origin. 
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Figure 5: Methodology from the published studies in the thesis: A) Macdonald et al. (2024): Fucus 
vesiculosus samples were collected from the shore and transferred into shaking enrichment cultures. 
Over 25 days, the cultures were monitored regularly for metabolic and phylogenetic changes. 
Metagenome datasets and Hidden-Markov Models were utilised to identify gene candidates, which were 
cloned, tested, and characterised. B) Macdonald et al. (2025): Initial tests on microalgae cultures 
highlighted the antioxidant activity of Tetraselmis chui cultures. Using a metagenome dataset, putative 
Superoxide Dismutases and Catalases were identified, cloned, tested, and characterised. 

Overall, the conducted 105 HMMs for the 67 GH and 2 Sulfatase families revealed 

over 17,000 unique genes. The expectation of an increased number of genes in the 

microbiome coding for enzymes active on Fucoidan is fulfilled in Macdonald et al. 
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(2024). This conclusion relies on the 1,010 identified genes that belong to GH29, so 

they resemble putative glycosyl hydrolases that hydrolase the glycosidic bond of 

Fucoidan. This equals >8 % of all identified glycosyl hydrolases. The most interesting 

result is found in the 643 predicted GH29 genes for the phylum Bacteroidota, making 

it the most crucial phylum for the enzymatic Brown algae cell wall degradation. 

Furthermore, the highest number of predicted sulfatases was derived from the 

Bacteroidota phylum too. 

Figure 6: Schematic molecular structures of phaeophycean cell wall carbohydrates. Created with 
ChemDraw v21.0.0. A) Fucose-containing sulfated polysaccharide/Fucoidan in Homofucan backbone 
structure and crosslinked Heterofucan structure. B) Cellulose. C) Alginate in α-1,4-L-guluronic acid 
(PolyGlcA), β-1,4-D-mannuronic acid (PolyMnA), and mixed PolyMnA-GlcA blocks. 

Fucoidan is degraded in a diverse multistep enzymatic procedure. The backbone of 

α-L-fucose connected in variable glycosidic bonds contains sulfuric acid groups, that 

must be detached from the carbohydrate (Fig 6A) (Chevolot et al., 2001; Dobrinčić et 

al., 2020). Consequently, sulfatases are crucial for the degradation process. In 

addition, GHs and carbohydrate binding modules (CBMs) are involved in the cascade 

(Macdonald et al. (2024) Fig 1 and Macdonald et al. (2024) Supplementary Tab 4) (Li 

et al., 2018; Schultz Johansen et al., 2018). This study’s metagenome approach 

confirms the capability of the F. vesiculosus microbiome to degrade the carbohydrate. 

However, Fucoidan consists of branches and varying contents of different saccharides 

besides Fucose, like Galactose and Xylose, beyond others (Makita and Taniguchi, 

1985). The second primary Brown algae cell wall carbohydrate is Alginate, which 

interacts with Phlorotannins. This molecule also has a complex and variable structure 

of MnA and GlcA blocks (Fig 6C) (Dobrinčić et al., 2020). In contrast to Fucoidan, no 
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GH families but PLs and CBMs are involved in the degradation of Alginate (Fig 3A, 

Macdonald et al. (2024) Supplementary Tab 4). A comparable simple structure is found 

in Cellulose with chains of linked β-D-glucose molecules (Fig 6B). Several GH, CBM 

and carbohydrate esterase families are involved in the degradation, including more 

general GH families like GH1, GH3, and GH5 (Fig 3C) (Brumm, 2013; Wang et al., 

2020). The most abundant phylum in the enrichment cultures, Pseudomonadota, 

included relatively low numbers of genes involved in the Fucoidan degradation. 

However, the observed Pseudomonadota show an increased number of genes for the 

mentioned general GH families GH1 and GH3 and are presumably active on Cellulose. 

Nevertheless, the highest number of predicted GH3 genes are synthesised by 

Bacteroidota. Laminarin, the storage carbohydrate of Brown algae, is degraded by 

GHs and CBMs (Fig 3B) (Becker et al., 2017; Qin et al., 2017). As for the Cellulose 

degradation, less predicted associated GH genes were identified compared to the 

Fucoidan degradation, with Bacteroidota as the most significant phylum, followed by 

Pseudomonadota. 

Studies regarding the expression of Fucoidan degrading glycosyl hydrolases confirm 

the significant influence of the phylum Bacteroidota due to the elevated expression of 

the CAZY families GH29 and GH168, especially of the Flavobacteriaceae family 

(Zhang et al., 2024). Additionally, the high potential for Alginate degradation was 

confirmed by the expression of several PLs. In the study of Zhang et al., 2024, a similar 

approach was used to identify Brown algae degrading bacterial communities and 

genes, including metagenome and HMM approaches. In contrast to the presented first 

study Macdonald et al., 2024, the observed Brown alga species was Saccharina 

japonica in China, which was not degraded in enrichment cultures but collected and 

compared directly from the tidal zone of the Bohai Sea at Yantai, China in fresh and 

decayed form. This approach revealed an increased number of Verrucomicrobiota 

species, especially from the genus Lentimonas, compared to the enrichment culture 

degradation with high numbers of genes from the GH95 family, which comprises further 

α-L-fucosidases (EC 3.2.1.51). Lentimonas sp. CC10 and Lentimonas sp. CC21, 

isolated from the Baltic Sea, have already been identified as key candidates for 

extensive fucoidan degradation, our findings further support those results (Sichert et 

al., 2020). As the presented results unravel hints for the fate of carbon in marine 

systems and the dynamics of DOM, it is necessary to compare the results to dynamics 

in natural systems.  
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The Baltic Sea is a marine habitat with unique characteristics due to its geographic 

enclosure by the Baltic landmass. Through this, freshwater inflow rates are high, while 

inflow events of the other marine systems are limited and only appear through 

Skagerrak and Kattegat. Those conditions lead to a rarely found layering and mixing 

of different waters, influencing water temperatures, oxygen distribution, and salinity 

dynamics. Consequently, the marine micro- and macrofauna are interesting to 

investigate, especially as their composition influences the initial inoculations of the 

enrichment cultures of the study on F. vesiculosus (Snoeijs-Leijonmalm and Andrén, 

2017). The HMM search for certain GH and Sulfatase-families assigned 782 genes to 

species of the genus Lentimonas, most of them to one of the two described strains. 

However, the observed genes of Bacteroidota derive from a more diverse bacterial 

community. The overall 8442 HMM predicted genes derive from 2619 different species, 

with 17 of those coding for > 100 predicted genes each. Therefore, Bacteroidota is 

predicted as a specialised phylum capable of widespread algae cell wall carbohydrate 

degradation. The Bacteroidota species with the most genes coding for the observed 

GH and Sulfatase-families are Mariniflexile fucanivorans (404 assigned genes) and 

Formosa algae (266 assigned genes). Both Flavobacteriia species were previously 

described as active on sulfated Fucans (Barbeyron et al., 2008; Silchenko et al., 2016). 

Furthermore, characteristic polysaccharide utilisation loci (PUL) are previously found 

in species of Bacteroidota, like Bacteroides thetaiotaomicron (Feng et al., 2022; Yu et 

al., 2024). PUL are specialised gene systems, including genes involved in sensing, 

degradation, and transporting polysaccharides (Grondin et al., 2017). This genomic 

characteristic and the metagenome results emphasise the role of Bacteroidota in 

widespread polysaccharide degradation systems and strengthen our assumption of 

their crucial role in the Fucoidan and Brown algae degradation.  

Furthermore, fouling rates of different Fucus species are strongly connected to their 

surface microbiome. The algae itself produces and secretes biomolecules that, on the 

one hand, protect the surface and, on the other hand, promote species with beneficial 

characteristics for the algae (Oppong-Danquah et al., 2023). For example, Fucus 

distichus subsp. evanescens was recently found to exclusively release beatine lipids 

MGTA, ulvaline, and 4-pyridoxic while exhibiting slower rotting compared to 

F. vesiculosus and others. Additionally, Oppong-Danquah et al. observed bacterial and 

fungal species with antimicrobial and antifouling effects on F. distichus subsp. 

evanescens, again missing at the surface of other Fucus species. Interestingly, this 
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study’s 16S rRNA gene amplicon results differ from ours despite of the same origin. 

While the relative abundance of Pseudomonadota was lower and the Bacteroidota 

significantly elevated in the presented study’s initial composition, Oppong-Danquah et 

al. found Actinomycetota >15 % contrary to their abundance of <1 % in the enrichment 

culture approach. This variance is possibly caused by the different sampling dates, 

seasonality, and sampling methods. Other approaches to the F. vesiculosus 

microbiome composition strengthen this assumption, as they are more similar to the 

presented results of Macdonald et al. (2024) (Parrot et al., 2019). As stated, the initial 

composition lays the foundation for the degradation process in enrichment cultures, 

especially caused by the pre- or absence of key species like the described 

Lentimonas sp. CC10 and Lentimonas sp. CC21. Another candidate for an efficient, 

widespread degradation of Brown algae is Agarivorans albus B2Z047. This Bacterium 

was able to perform hydrolysation rates of > 50 % of Saccharina japonica and > 30 % 

of Sargassum. Green and red algae showed limited hydrolysation rates by A. albus 

B2Z047 (Gong et al., 2024). However, the bottle effect influences these initial 

conditions as well. 

The methods used in this study worked out as an efficient pipeline of tools (Fig 5A). 

Metagenome approaches to screen for Fucoidan active enzymes have already been 

conducted in previous research (Schultz Johansen et al., 2018). However, there is 

room for potential improvements. The F. vesiculosus samples were collected through 

specific time points, e.g. the basis of the metagenome dataset was from samples 

washed ashore in March 2021. Several time points would unravel the influence of 

seasonality for a broader identification of the microbiome composition and degradation 

dynamics (Wietz et al., 2015; Herlemann et al., 2016). Consequently, the number of 

efficient genes active on algae cell wall carbohydrates should increase. Furthermore, 

the samples were collected from the tidal zone in semi-dry conditions. It would be 

interesting to get insights into the degradation success of the microbiome attached to 

fresh algae that have not yet been exposed to dry conditions. The composition of those 

microbiomes and those in the surrounding waters is well known and presumably 

includes algae cell wall carbohydrate active enzymes that are lost during the exposition 

of the algae to dry conditions and UV radiation (Stratil et al., 2013; Mensch et al., 2016). 

Multiple observed enrichment cultures lacked in the consistency of the visual 

degradation processes, presumably caused by those altering inoculation conditions. 

For the gathering of information on chemical processes in natural conditions, blue 
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carbon research, and previously described harmful effects of degradation products on 

sediment systems, it is necessary to combine results on experiments from field studies 

and laboratory results (He et al., 2024). Furthermore, in extended research, culturing 

barriers like the bottle effect can be decreased in controlled mesocosm experiments in 

tidal sites, similar to the studies of Zhang et al., 2024. However, the method used in 

this study allowed for the improved monitoring of metabolic dynamics solely caused by 

the microbiome, as the influence of the macrofauna is excluded. The enzymatic 

influence on the cell wall degradation of Fungi also remains unknown. Nevertheless, 

Fungi are prominently known as natural degraders and for expressing carbohydrate 

active enzymes (Zhang et al., 2020). Occasionally, slime mould formation was 

observed on the surface of the enrichment cultures, indicating at an active fungal 

community. 

For a more detailed knowledge of the cleavage of algae cell wall carbohydrates and 

the fate of the polysaccharides, molecular enzyme mechanisms and structural 

transformation of molecules need to be investigated. Current research focuses on the 

structure of Fucoidan of different origins (Reyes-Weiss et al., 2024). The supply of 

purified Fucoidan is limited and expansive, as the current extraction methods are time 

consuming and the yield is low. The methods for F. vesiculosus include microwave- 

and ultrasound-assisted methods as well as enzyme extraction methods, besides 

extensive pretreatment (Hahn et al., 2012). This research barrier will be partly 

eliminated, as researchers implemented and improved methods to synthesise 

Fucoidan oligosaccharides (Crawford et al., 2024). This synthesised carbohydrate can 

also be applied in health management, as Fucoidan has benefits in several health 

applications. For example, Fucoidan is indirectly helpful for cancer treatment, as it 

positively influences the gut microbiota (Li et al., 2024). Furthermore, Fucoidan was 

proven to prevent, inhibit and cure SARS-CoV-2 infections (Song et al., 2024). 

Additionally, α-L-fucose oligosaccharide is part of human milk (Choi et al., 2015). 

Therefore, a guaranteed supply is crucial for the healthy development of infants and 

valuable for the baby food industry. Besides their application in health management, 

these artificial polysaccharides can lead to substantial knowledge about degradation 

mechanisms and help to establish novel biotechnological tools. The efficiency and 

implementation of α-L-fucosidases like FUJM18 and FUJM20 will benefit from those 

techniques in the future. 



Discussion  22 

 

The enzyme structures of the identified α-L-fucosidases were predicted by Alphafold2. 

A structure comparison to α-L-fucosidases of the RCSB Protein Database (PDB) 

reveals the most structurally similar enzyme entry of the phylum Bacillota (Berman, 

2000). This identification is contrary to the nucleotide blast prediction, which assigns 

the highest sequence similarities of 88.3 % and 92.7 % to Bacteroidota species 

(Tab 1). However, as a nucleotide sequence similarity resembles evolutionary 

development, the genes most likely originate from Bacteroidota. As PDB is limited to 

the entries, enzymes originating from Bacillota might be well-studied and, compared to 

Bacteroidota, overrepresented. Extensive future protein structure analyses are needed 

to investigate crystal structures and their relations. The produced bias becomes further 

apparent as structurally similar, non-bacterial proteins were found to originate from 

mammals like the wild boar (Sus scrofa) and humans (data not shown). Those results 

strengthen the nucleotide blast assignment for phylogenetic analyses, while the 

structure prediction and comparison help to identify potential enzyme mechanics.  

Figure 7: Structure and bonding prediction of a functional FUJM18 dimer. Two active sites are formed 
by Asp195 and Glu246 residues (yellow) of one enzyme chain, completed by a Trp405 residue (green) 
of the other enzyme chain. Blue: Nitrogen, Red: Oxygen. Structure and bonding prediction created 
Alphafold2, visualisation created with UCSF Chimera v1.177.3 and ChimeraX v1.8 (Pettersen et al., 
2004; Jumper et al., 2021). 

In detail, for FUJM18 and FUJM20, the most structurally related PDB entry is a GH29 

α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus (PDB ID 6GN6) chain 

described in 2018 (Kovaľová et al., 2018). The X-ray diffraction image reveals a 

polymer of six chains. Each chain consists of an N-terminal domain and a CBM-like 

C-terminal domain, which is the same structure as in FUJM18 and FUJM20. The larger 

N-terminal domain includes 13 α-helices and 6 β-strands predicted for FUJM18 and 11 

α-helices and 6 β-strands predicted for FUJM20. This domain shares similarities to a 

(β/α)8 barrel. For FUJM18, the active site is located inside the barrel. The prediction for 

the C-terminal domain shows 1 α-helices and 6 β-strands predicted for FUJM18, while 

FUJM20 has no α-helices and 7 β-strands. Two chains form dimers as an active 

subunit. The active site of a 6GN6 chain comprises two residues: a nucleophile Asp186 
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and an acid/base functioning Glu239 of the N-terminal domain. Interestingly, a Trp392 

residue on the C-terminal domain of the second chain of the dimer completes the active 

site after and the other way around. This orientation results in two active sites per 

dimer. When the protein sequence of 6GN6 is aligned with FUJM18 and FUJM20, we 

find all three identical residues in the motive of FUJM18 (Asp195, Glu246, Trp405), for 

FUJM20 only a corresponding aspartic acid (Asp191) is present (Fig 7). Consequently, 

FUJM18 is expected to have a highly similar mechanism to 6GN6.  

However, bonding predictions do not show a similar structure of FUJM20 dimers, as 

the C-terminal CBM domains are orientated outwards (Appendix Fig 2). This 

orientation is contrary to 6GN6 and FUJM18 and further hints at a different molecular 

mechanism that must be investigated in future studies. 

Contrary to GH95, the other α-L-fucosidase family with known mechanism, GH29-

fucosidases do not reconfigure the anomeric state of released saccharide residues. 

The whole reaction happens in 2 steps including a sequential glycosylation and 

deglycosylation. In the first step, the anomeric compound of the substrate reacts with 

a residue acting as a nucleophile. Simultaneously, a second residue acts as an 

acid/base and protonates the glycosidic oxygen. This protonation catalyses the cleave 

of the aglycone moiety. A glycosyl-enzyme linkage is formed, which is finally cleaved 

by a water molecule (Koshland, 1953; McCarter and Stephen Withers, 1994; Kovaľová 

et al., 2018). Through the predicted assignment as well as identified conserved regions 

of FUJM18 and FUJM20 to GH29, those mechanisms are assumed to be found for 

those enzyme candidates. 

JMFU18 and JMFU20 show significantly higher enzyme activities in elevated 

temperatures. JMFU18 was exceptionally efficient at 80° C, while JMFU20 showed the 

highest activity rates at 70° C and 80° C, both in optimal pH conditions of pH 6. In 

general, JMFU18 was more efficient in substrate processing in the conducted 

pnp-fucopyranose assay compared to JMFU20. The enzyme activity of 

61.18 ± 12.79 U*mg-1 in optimal conditions was >25 % higher than the activity of 

JMFU20. This increased enzyme activity supports the calculated HMM prediction, as 

the score of JMFU18 with 325.3 was higher than that of JMFU20 with 324.4. Highly 

active α-L-fucosidases are essential for future use in industrial algae processing but 

are also valuable for treating Fucosidosis, a human disorder on Chromosome 1. 
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Fucosidosis is a rare disease with <100 known cases that developed life-limiting 

symptoms caused by the missing enzyme (Johnson, 2015). 

All the results helped to implement two novel, thermostable, and highly active 

α-L-fucosidases for industrial application and gave insights into the global marine 

biogeochemical processes. The phylogenetic analyses and specialised metagenome 

screening also give an amazing overview of the microbial algae cell wall degradation 

potential. With this, the exceptional role of Bacteroidota for carbohydrate processing is 

emphasised, as well as the adaptation of the microbiome to the Brown algae surface 

and surroundings. Furthermore, the results of the study serve as proof of concept. Both 

enzymes FUJM18 and FUJM20 can be used to process Brown macroalgae. This 

sustainable approach shapes the future of industries that have already started to adapt 

to novel methods, including renewable resources. A universal, sustainable, and 

efficient algae cell wall degradation method is still urgently needed. The two 

implemented enzymes are putative candidates for a future enzyme mixture for a 

widespread application in algae processing. 

Publication 2: Exploring Tetraselmis chui microbiomes - functional 

metagenomics for novel catalases and superoxide dismutases 

While Macdonald et al. (2024) focused on the biotechnological potential of algae 

microbiomes with applications on marine organic matter, this study Macdonald et al. 

(2025) targets health management approaches and putative applications on humans. 

Here, microalga cultures were harvested, conducted, and tested for antioxidant activity 

(Fig 5B). Multiple initial assays (Ferric ion reducing antioxidant power (FRAP), ELISA 

(anti-inflammatory), Inhibition of dipeptidyl peptidase IV peptidase activity (DPP IV)) 

from project partners of the University of Norway, Tromsø on microalga cultures of 

different single species systems revealed T. chui and its associated microbiome as an 

exciting candidate for further investigations. 

So far, several studies have shown the antioxidant effects of marine algae extracts. In 

a corresponding review of Coulombier et al., 2021, 60 individual studies within different 

in vitro and in vivo experiments are summarised, comprising various microalgae 

species and their increased antioxidant potential. Beyond them are commercially 

interesting microalgae candidates like Nannochloropsis salina, Chlorella vulgaris, 

Scenedesmus quadricauda, and the conducted T. chui (Aremu et al., 2014; Safafar et 

al., 2015; Rahman et al., 2017; Agregán et al., 2018). However, the antioxidant 



Discussion  25 

 

influence of the associated microbiome remains less enlightened. This imbalance is 

presumably due to the higher yield of cultivated microalgae and their exceptional 

content of antioxidant compounds like carotenoids and exopolysaccharides. Primarily 

carotenoids are expressed by a variety of organisms and are already established and 

applied as antioxidant agents (Mapelli-Brahm et al., 2023). However, the published 

study focuses on marine bacterial enzymes with antioxidant activity. Regardless of the 

microbiome antioxidant activity results, microalgae remain a highly relevant source of 

antioxidant compounds. Ranking research results focusing on the extraction and 

identification of Superoxide Dismutases and Catalases, both microalgae and marine 

Bacteria are equally crucial as putative sources (Hamidi et al., 2019). Additionally, early 

research developed methods for antioxidant screenings from 112 isolated marine 

Bacteria but did not focus on algae microbiomes (Takao et al., 1994).  

The general antioxidant activity is mainly described and confirmed for marine Bacteria, 

similar to the conducted initial tests. Through this, the antioxidant activity of marine 

Bacteria is confirmed, and their importance for health management is strengthened 

(Tripathi et al., 2020). In the course of this thesis, the search for novel bioactive 

compounds is extended. The presented study's results can help emphasise the role of 

microbiomes and promote another source of commercial bioactive compounds that 

can be yielded in microalgae farms or produced in biotechnological plants. 

Identified and significant enzymes with antioxidant activity are Glutathione Peroxidases 

(EC 1.11.1.19), Peroxiredoxins, Thioredoxin Reductase, Superoxide Dismutases, and 

Catalases, Catalase-peroxidase each with several subdivisions (Sáez and Están-

Capell, 2014). The screening of the T. chui SAG8-6 metagenome focused on SODs 

and CATs, two linked enzyme classes, as a product of the SOD reaction serves as the 

substrate for CATs. Moon and Cho, 2023 showed the successful application of T. chui 

as a nutraceutical and identified its antioxidant benefits. However, those results apply 

to the alga and the associated peptides. The role of the microbiome of this alga 

regarding the expression of antioxidants is rarely known. In the metagenome analyse, 

the IMG enzyme classification revealed 258 enzymes with antioxidant activity (number 

of hits per 50 mb). Besides the group with the most identified genes coding for 

glutaredoxins (51), genes coding for 9 SODs and 6 CATs were identified. 

The four established novel enzymes in Macdonald et al. (2025) have exceptional 

potential for application in humans, as two conducted assays on invertebrates for toxic 
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effects did not hint at harmful characteristics. Consequently, it is recommended to test 

these enzymes in further studies to achieve efficient treatments for inflammatory 

diseases, cancer, diabetes, and (in general) take care of the metabolic syndrome. 

Furthermore, the two SODs and two CATs showed activities in low concentrations.  

Figure 8: Protein sequence similarity network of different microalgae microbiome metagenome datasets 
in comparison to TcJM_SOD2 (IMG ID Ga0499797_000027_110175_110774_1), TcIK_SOD3 (IMG ID 
Ga0499797_000031_37060_37662_1), TcJM_CAT2 (IMG ID Ga0499797_000030_56127_57647_1), 
and TcIK_CAT3 (IMG ID Ga0499797_000173_13486_14940_1) derived from a Tetraselmis chui 
microbiome metagenome (IMG ID Ga0499797). Supporting data is displayed in Appendix Table 1. Data 
was processed and provided by the University Medical Centre Hamburg-Eppendorf, Bioinformatics 
Core, Hamburg, Germany. Supporting data for Macdonald et al. (2025) Fig 1. A) Superoxide dismutase 
sequence network of a Chlorella vulgaris microbiome metagenome (IMG ID Ga0483890). B) Catalase 
sequence network of a Chlorella vulgaris microbiome metagenome. C) Superoxide dismutase sequence 
network of a Nannochloropsis salina microbiome metagenome (IMG ID Ga0500404). D) Catalase 
sequence network of a Nannochloropsis salina microbiome metagenome. 
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Interestingly, all four enzymes most likely derive from α-proteobacteria species, while 

previous research of algae microbiome-derived antioxidants identified γ-proteobacteria 

as a bacterial class with increased antioxidant potential (Pawar et al., 2015). Although 

Macdonald et al. (2025) only included the microbiome of one microalga species, the 

results are suitable for estimating the potential of other microalgae-associated 

microbiomes.  

An extensive analysis of the novel-identified antioxidant shows the potential of further 

algae species microbiomes (Fig 8). Over 40 predicted SODs and CATs are found in a 

Chlorella vulgaris culture metagenome dataset (IMG ID Ga0483890) (Fig 8AB). The 

enzymes TcJM_SOD2, TcIK_SOD3, TcJM_CAT2, and TcIK_CAT3 derived from the 

T. chui microbiome resemble around 80 % sequence similarity to the closest enzyme 

of the C. vulgaris microbiome. Most enzymes derive from the phylum 

Pseudomonadota. Higher similarities are found for TcJM_SOD2 and TcIK_SOD3 in a 

SOD network analysis of a Nannochloropsis salina culture metagenome (IMG ID 

GA0500404) (Fig 8CD). Here, 41 SODs were identified. Again, the majority of enzymes 

derive from Pseudomonadota. This gene distribution also resembles the CATs in the 

N. salina microbiome (Fig 8D). With this, we can further emphasise the antioxidant 

potential of microalgae microbiomes. These findings lay the foundation for future 

approaches in the search for novel antioxidants. 

Additionally, the structure of the four antioxidants were compared to previously 

described functional enzymes from PDB and compared in an all-vs-all approach with 

the Dali Server (Appendix Fig 3, Appendix Fig 4) (Berman, 2000; Holm, 2022). 

TcJM_SOD2 was structural most similar to a crystal structure of an iron/manganese 

cambialistic Superoxide Dismutase from Rhodobacter capsulatus (7azq, 

https://doi.org/10.2210/pdb7AZQ/pdb, Entry Authors: Ponce-Salvatierra, A., Hermoso, 

J.A., 2021) (Appendix Fig 3A). Simultaneously, TcIK_SOD3 resembled the most 

structural similarity to a corresponding iron Superoxide Dismutase from Acinetobacter 

sp. Ver3 (7sbh, https://doi.org/10.2210/pdb7SBH/pdb) (Appendix Fig 3B) (Steimbrüch 

et al., 2022). A closer analysis of the active site of both enzymes revealed a similar 

orientation of specific residues, assuming an identical reaction mechanism of the 

enzymes. For both enzymes and the corresponding crystal structures, this includes an 

iron atom held in place by three Histidine and an Aspartic acid residue. Two close 

residues of Tyrosine and Glutamine are involved in the cleavage of the superoxide 

substrate (Abreu et al., 2005). As 7sbh, Fe-SODs form dimers. 
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In addition, the structural alignment revealed the closest relation of a highdose 

liganded bacterial Catalase (4b7h, https://doi.org/10.2210/pdb4b7h/pdb) to 

TcJM_CAT2 (Appendix Fig 4A) (Candelaresi et al., 2013). This tetramer-forming 

enzyme has heme b in its active site with a prominent orientated Tyrosine residue, 

which is involved in the enzyme reaction with Hydrogen peroxide. The similar structure 

with significant compounds involving a β-barrel next to the active site hints at a similar 

enzyme mechanism and potential forming of tetramers of TcJM_CAT2 chains. Those 

findings also apply to TcIK_CAT3 and the structural closest PDB Atomic resolution 

structure of Micrococcus lysodeikticus Catalase (1gwe, 

https://doi.org/10.2210/pdb1gwe/pdb) (Appendix Fig 4B) (Murshudov et al., 2002). 

Potential applications of all four enzymes must be investigated in the future. Besides 

the potential for the cosmetic industry regarding skin rejuvenation, their application in 

clinical studies is highly interesting. Suppose the initial toxic assays are extended and 

the enzymes are identified as harmless for human applications. In that case, the 

enzymes can potentially help thousands of people suffering from several systematic 

diseases. Affordable medicine for cancer treatments and diabetic patients is urgently 

needed. Furthermore, the presented research results emphasise the future 

investigations of microalgae microbiomes. The implementation of novel SODs and 

CATs by innovative techniques was proven to be efficient and effective. 

Further biotechnological potential of algae microbiomes 

In an extension study, we tested the metagenomes of the four F. vesiculosus 

enrichment cultures for the putative capability of degrading synthetic polymers based 

on enzyme function predictions with the metagenome datasets and HMM analyses. 

This screening will further emphasise the biotechnological potential of marine algae 

microbiomes in even more fields. For this, HMM screenings based on three models 

were conducted: an HMM for polyethylene terephthalate (PET) esterases 

“PETase_UHH_2202” (Fig 9A)), an HMM for Polyurethane (PUR) amidases 

PU_amidase_UHH_2007, and an HMM for PUR esterases “PU_esterase_UHH_2007” 

(Fig 9B), available on the Plastics-Active Enzymes Database (PAZy) (Buchholz et al., 

2022). Data preparation with the help of Dr Pablo Pérez-García revealed 543 unique 

(bitscore cut-off 100) genes with putative enzyme activity on PET and PUR (2 PET 

esterases, 532 PUR amidases, and 9 PUR esterases).  
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Figure 9: Molecular structure of synthetic polymers which serve as a putative substrate for enzymes of 
the F. vesiculosus microbiome metagenome predicted by HMMs. Created with ChemDraw v21.0.0. 
A) Polyethylene terephthalate. B) Schematic structure of Polyurethane with characteristic Urethan-
group -NH-CO-O-. 

The highest HMM-score for the predicted PET esterases was 105.7 for the gene 

Ga0502371_0441542_3_347. According to the IMG classification, this gene primarily 

acts as a triacylglycerol lipase. The gene Ga0502370_001663_2530_4002 is defined 

as amidase/aspartyl-tRNA(Asn)/glutamyl-tRNA(Gln) amidotransferase subunit A 

according to IMG. Additionally, it has the highest calculated HMM-score of 330.0 for 

PUR amidases in the F. vesiculosus microbiome metagenome. Finally, the highest 

HMM-score for PUR esterases was 262.9 for the gene Ga0502373_0181688_3_470, 

a predicted Ca2+-binding RTX toxin-like protein according to IMG. For further 

confirmation, these enzyme candidates need to be cloned and tested. Those 

approaches help extend recycling processes to minimise the environmental pollution 

caused by synthetic polymers, as multimillion tons of plastics have been distributed 

over the last seven decades (Brandon et al., 2019). The successful identification of 

several enzyme candidates underlines the enzymatic polymer-degrading potential of 

algae microbiomes. With this, it is highly recommended to investigate and extend 

studies approaching algae research and marine microbiomes. 
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Supplemental Movie 1: Structure comparison of predicted FUJM18 protein structure 
and α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus (6GN6) from the 
PDB database. Grey: α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus. 
Orange: JUFM18 structure prediction by Alphafold2. BLUE: α-L-fucosidase isoenzyme 
1 from Paenibacillus thiaminolyticus Chain D. Picture adaptation of original movie. 
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Supplemental Movie 2: Structure comparison of predicted FUJM20 protein structure 
and α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus (6GN6) from the 
PDB database. Grey: α-L-fucosidase isoenzyme 1 from Paenibacillus thiaminolyticus. 
Green: JUFM20 structure prediction by Alphafold2. BLUE: α-L-fucosidase isoenzyme 
1 from Paenibacillus thiaminolyticus Chain D. Picture adaptation of original movie. 
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Supplemental Movie 3: Structure comparison of predicted FUJM18 and predicted 
FUJM20. Orange: JUFM18 structure prediction by Alphafold2. Green: JUFM20 
structure prediction by Alphafold2. Picture adaptation of original movie. 
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Supplemental information – The antioxidant potential of T. chui microbiomes 
 
Table S1: Profile hidden Markov model (HMM) search for SODs (PF00081 and PF02777) and CATs 
(PF00199 and PF06628) against the Tetraselmis chui metagenome. Taxonomic affiliation was inferred 
from the best BLASTp hit in NCBI's nr-database. 

 
 
 
Table S2: Statistical F-test comparison of linear models for the toxological effects on Galleria mellonella 
larvae of the tested antioxidant enzymes to a control. 

 
 
 
 

No. IMG Query ID (Ga0499797_) HMM HMM 
e-value 

HMM 
score 

BlastP subject BlastP 
Identity 

Species 
assignment 
(BlastP subject) 

A)        

1 000026_192 Sod_Fe_N 5.8E-24 88.5 WP_159642379.1 100 Sphingorhabdus 
sp. 109 

TcJM_SOD2 000027_110175_110774_1 Sod_Fe_N 3.8E-28 84.1 WP_149780105.1 100 Roseovarius 
litoreus 

3 000027_113 Sod_Fe_N 1.3E-22 84.1 WP_149780105.1 100 Roseovarius 
litoreus 

4 000031_37 Sod_Fe_N 2.4E-25 92.9 WP_109767327.1 98 Oceaniradius 
stylonematis 

TcIK_SOD3 000031_37060_37662_1 Sod_Fe_N 7E-31 92.9 WP_109767327.1 98 Oceaniradius 
stylonematis 

6 000036_74 Sod_Fe_N 2.5E-22 83.2 WP_089419839.1 99.5 Roseobacteraceae 
bacterium 

7 000038_26 Sod_Fe_N 1.2E-30 109.9 TVR83868.1 81.7 Saprospirales 
bacterium 

8 000083_66 Sod_Fe_N 4.5E-25 92 WP_260277506.1 100 Paracoccus 
maritimus 

9 056429_1 Sod_Fe_C 1.8E-10 44.9 KAK3246025.1 90.3 Cymbomonas 
tetramitiformis 

B) 
 

       

1 000001_642 Catalase 1.6E-179 601.1 WP_159643319.1 100 Sphingorhabdus 
sp. 109 

2 000030_55 Catalase 1.7E-173 581.3 WP_089419967.1 99.6 Roseobacteraceae 
bacterium 

TcJM_CAT2 000030_56127_57647_1 Catalase 4.9E-179 581.3 WP_089419967.1 99.6 Roseobacteraceae 
bacterium 

TcIK_CAT3 000173_13486_14940_1 Catalase 1.9E-188 612.3 WP_084354968.1 94.2 Primorskyibacter 
flagellatus 

6 000217_8 Catalase 1.4E-180 604.6 PHQ68604.1 98.4 Paracoccus sp. 
 

7 167948_1 Catalase 1.8E-78 268.5 WP_292606672.1 99.4 Nocardioides sp. 
REDSEA-S30_B4 

Enzyme Concentration 
(mg/ml) 

Estimate Std.error Statistic p.value 

TcJM_SOD2 0.0003 0.104 0.342 0.304 0.773 
TcJM_SOD2 0.003 -0.063 0.353 -0.177 0.866 
TcJM_SOD2 0.03 0.187 0.375 0.499 0.638 
TcIK_SOD3 0.0003 -0.229 0.381 -0.601 0.573 
TcIK_SOD3 0.003 -0.312 0.328 -0.954 0.384 
TcIK_SOD3 0.03 -0.645 0.329 -1964 0.107 
TcJM_CAT2 0.00006 0.063 0.353 0.177 0.866 
TcJM_CAT2 0.0006 -0.77 0.486 -1.587 0.173 
TcJM_CAT2 0.006 0.479 0.364 1.317 0.245 
TcIK_CAT3 0.00006 0.396 0.419 0.944 0.388 
TcIK_CAT3 0.0006 0.312 0.393 0.795 0.463 
TcIK_CAT3 0.006 0.229 0.431 0.532 0.618 
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Movie S1: Structure comparison of predicted TcJM_SOD2 and predicted TcIK_SOD3. Yellow: 
TcJM_SOD2 structure prediction by Alphafold2. Purple: TcIK_SOD3 structure prediction by Alphafold2. 
Picture adaptation of original movie. 

Movie S2: Structure comparison of predicted TcJM_CAT2 and predicted TcIK_CAT3. Blue: TcJM_SOD2 
structure prediction by Alphafold2. Orange: TcIK_SOD3 structure prediction by Alphafold2. Picture 
adaptation of original movie. 
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Appendix 

Appendix Figure 1: Model of S. maltophilia K279a biofilm structure including selected extrapolymeric 
substances of lipids (structure: phosphatidylcholin), polysaccharides (structure: levan), 
proteins/enzymes and extracellular DNA. Created with BioRender.com and ChemDraw 21.0.0.28 
(https://perkinelmerinformatics.com). Extracted from Figure 6A (authors contribution) in Peters et al., 
2023. 

Appendix Figure 2: Structure and bonding prediction of a functional FUJM20 dimer. Structure and 
bonding predicted with Alphafold2, visualised with UCSF Chimera v1.177.3 and ChimeraX v1.8 
(Pettersen et al., 2004; Jumper et al., 2021).  
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Appendix Figure 3: Predicted structures and comparison of cloned, functional Superoxide Dismutases 
derived from the Tetraselmis chui microbiome. Structures predicted with Alphafold2, visualised with 
UCSF Chimera v1.177.3, structure searches and all-vs-all comparison applied with Dali Server against 
structures derived from the RCSB Protein database (PDB, https://www.rcsb.org) (Berman, 2000; 
Pettersen et al., 2004; Jumper et al., 2021; Holm, 2022). A) Structure comparison of TcJM_SOD2 to 
“Crystal structure of the iron/manganese cambialistic superoxide dismutase from Rhodobacter 
capsulatus complex with Fe” (7azq, https://doi.org/10.2210/pdb7AZQ/pdb) (z-value 0.5 Å). Overview 
displayed by a dimer structure of 7azq and a detailed view of the aligned protein chains. Detailed view 
of the active site containing the Iron-atom. The active site of 7azq consists of the residues His28, His82, 
Asp165, His169 that orientate the Iron and Tyr36 as well as Gln78. The assumed corresponding 
residues of TcJM_SOD2 are His28, Tyr36, Gln78, His82, Asp164 and His168. B) Structure comparison 
of TcIK_SOD3 to “Crystal structure of the iron superoxide dismutase from Acinetobacter sp. Ver3” (7sbh, 
https://doi.org/10.2210/pdb7SBH/pdb) (z-value 1.2 Å). Detailed view of the aligned protein chains. 
Detailed view of the active site containing the Iron-atom. The active site of 7sbh consists of the residues 
His28, His80, Asp164, His168 that orientate the Iron and Tyr36 as well as Gln76. The assumed 
corresponding residues of TcJM_SOD2 are His27, Tyr35, Gln73, His77, Asp160 and His164. 
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Appendix Figure 4: Predicted structures and comparison of cloned, functional Catalases derived from 
the Tetraselmis chui microbiome. Structures predicted with Alphafold2, visualised with UCSF 
Chimera v1.177.3, structure searches and all-vs-all comparison applied with Dali Server against 
structures derived from the RCSB Protein database (PDB, https://www.rcsb.org) (Berman, 2000; 
Pettersen et al., 2004; Jumper et al., 2021; Holm, 2022). A) Structure comparison of TcJM_CAT2 to 
“Structure of a highdose liganded bacterial catalase” (4b7h, https://doi.org/10.2210/pdb4B7H/pdb) 
(z-value 1.2 Å). Overview displayed by a dimer structure of 4b7h and a detailed view of the aligned 
protein chains. Detailed view of the active site containing the Heme b. The active site of 4b7h consists 
of the Heme b and residue Tyr353. The assumed corresponding residue of TcJM_SOD2 is Tyr342. 
B) Structure comparison of TcIK_CAT3 to “Atomic resolution structure of Micrococcus lysodeikticus 
catalase” (1gwe, https://doi.org/10.2210/pdb1GWE/pdb) (z-value 1.6 Å). Detailed view of the aligned 
protein chains. Detailed view of the active site containing the Heme b. The active site of 1gwe consists 
of the Heme b and residue Tyr343. The assumed corresponding residue of TcJM_SOD2 is Tyr339. 

 

Appendix Table 1: Supportive data for Figure 7. 
No. IMG Query ID 

 
HMM HMM 

score 
BlastP subject BlastP 

Identity 
Species 

A) Ga0483890_     Chlorella vulgaris 

1 00007_436 Sod_Fe_N 87 WP_223613760.1 99.6 Phyllobacterium 
calauticae 

2 00008_164 Sod_Fe_N 82.5 WP_181267511.1 100 Sphingomonas 
ursincola 

3 00019_214 Sod_Fe_N 101.6 WP_235148482.1 86.4 Dyadobacter sp. 
CY345 

4 00037_206 Sod_Fe_N 87.3 WP_305572893.1 97.5 Phreatobacter sp. 

5 00038_119 Sod_Fe_N 92.7 WP_137932185.1 100 Mesorhizobium 
comanense 

6 00043_100 Sod_Fe_N 94.5 WP_105737248.1 100 Phyllobacterium sp. 

7 00048_98 Sod_Fe_N 111.3 WP_295934642.1 97 uncultured 
Dyadobacter sp. 

8 00049_98 Sod_Fe_N 111.3 WP_295934642.1 97 uncultured 
Dyadobacter sp. 

9 00095_64 Sod_Fe_N 92.7 WP_075152223.1 98.5 Sphingomonas 
koreensis 

10 00113_3 Sod_Fe_N 104.3 WP_013544049.1 99.5 Variovorax 
paradoxus 

11 00221_40 Sod_Fe_N 99.4 WP_034463928.1 96.5 Afipia sp. P52-10 

12 00354_46 Sod_Fe_N 103.7 WP_013541695.1 99 Variovorax sp. 
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13 00660_29 Sod_Fe_C 77.7 KAI3433430.1 100 Chlorella vulgaris 

14 00660_30 Sod_Fe_N 38.8 KAI3433430.1 100 Chlorella vulgaris 

15 00702_18 Sod_Fe_C 63.1 KAI3428127.1 86.7 Chlorella vulgaris 

16 01276_2 Sod_Fe_N 103.3 WP_296571591.1 100 Phreatobacter sp. 

17 02398_5 Sod_Fe_N 105 WP_265080492.1 98 Rhodopseudomonas 
sp. P2A-2r 

18 02576_12 Sod_Fe_C 59.2 KAI3435487.1 61.5 Chlorella vulgaris 

19 02576_6 Sod_Fe_C 74.2 KAI3435486.1 98.5 Chlorella vulgaris 

20 02576_8 Sod_Fe_N 41.8 KAI3435486.1 100 Chlorella vulgaris 

21 03036_2 Sod_Fe_N 99.2 WP_137871339.1 99.5 Sphingopyxis sp. 
2PD 

22 03179_10 Sod_Fe_C 46.8 KAI3431838.1 100 Chlorella vulgaris 

23 03179_2 Sod_Fe_C 46.8 KAI3431838.1 100 Chlorella vulgaris 

24 03179_9 Sod_Fe_C 23 KAI3431838.1 100 Chlorella vulgaris 

25 03719_2 Sod_Fe_N 100.8 WP_043351079.1 99.5 Methylobacterium 
sp. 

26 03893_4 Sod_Fe_N 87.2 WP_068734157.1 94.7 Tardiphaga robiniae 

B) Ga0483890_     Chlorella vulgaris 

1 00001_522 Catalase 593.1 WP_340035255.1 91.4 Aminobacter sp. 
Piv2-1 

2 00009_431 Catalase 611.8 WP_223611615.1 99.6 Phyllobacterium 
calauticae 

3 00022_178 Catalase 603.7 WP_019943699.1 86.3 Dyadobacter 
beijingensis 

4 00029_176 Catalase 80 WP_305577679.1 93.6 Phreatobacter sp. 

5 00063_131 Catalase 586.2 WP_169571150.1 88.5 Sphingobium 
psychrophilum 

6 00085_54 Catalase 598.2 WP_273304227.1 99.6 Sphingomonadaceae 
sp. 

7 00170_21 Catalase 84.9 QNQ11853.1 72.8 Sphingomonas 
alpina 

8 00192_32 Catalase 637.5 WP_034465763.1 94.1 Afipia sp. P52-10 

9 00245_22 Catalase 617.3 WP_286517245.1 97.1 Variovorax sp. 

10 00331_43 Catalase 611.8 WP_056521151.1 88.2 Variovorax sp. 
Root411 

11 00440_37 Catalase 114.4 WP_091995066.1 100 Methylobacterium 
sp. 

12 00550_31 Catalase 556 WP_179698242.1 99.6 Methylobacterium 
sp. 

13 01108_16 Catalase 545.4 WP_093218129.1 88.2 Variovorax sp. 

14 01131_16 Catalase 129.4 WP_274929355.1 100 Methylobacterium 
sp. 092160098-2 

15 02422_1 Catalase 59.3 KAI3425754.1 41.1 Chlorella vulgaris 

16 03650_1 Catalase 55.1 XP_005847557.1 97.3 Chlorella variabilis 

17 03878_1 Catalase 84.5 WP_043757105.1 100 Methylobacterium 
sp. 

18 06692_1 Catalase 43.7 KAI3425754.1 97.3 Chlorella vulgaris 

19 06692_2 Catalase 48 KAI3425754.1 95.7 Chlorella vulgaris 

20 06692_3 Catalase 103.3 KAI3425754.1 98.5 Chlorella vulgaris 

C) Ga0500404_      

3 00001_595 Sod_Fe_N 102.7 WP_043949068.1 91.5 Candidatus 
Phaeomarinobacter 
ectocarpi 

4 00023_243 Sod_Fe_N 101 WP_014129804.1 95 Pelagibacterium 
halotolerans 

5 00119_74 Sod_Fe_N 96.8 WP_306145257.1 84.9 Roseibium sp. 
MMSF_3412 
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6 00121_136 Sod_Fe_N 88.6 OAN99667.1 100 Sphingomonadales 
bacterium EhC05 

7 00154_23 Sod_Fe_N 109.4 KJS04440.1 91.5 Flavobacteriales 
bacterium BRH_c54 

8 00167_33 Sod_Fe_N 115.8 WP_207398455.1 76.4 Bremerella alba 

9 00194_82 Sod_Fe_N 113.6 WP_061331729.1 100 Marinobacter sp. 

10 00201_67 Sod_Fe_N 104 WP_019961498.1 79.4 Woodsholea 
maritima 

11 00279_26 Sod_Fe_N 96.9 WP_306024536.1 100 Oceaniradius 
stylonematis 

12 00281_56 Sod_Fe_N 115.9 RUA34553.1 97 Bacteroidota 
bacterium 

13 00307_2 Sod_Fe_N 109.9 WP_044217179.1 98.1 Phaeodactylibacter 
xiamenensis 

14 00317_14 Sod_Fe_N 84.3 WP_227285974.1 99.5 Boseongicola sp. H5 

15 00323_62 Sod_Fe_N 103.3 WP_072674833.1 100 Erythrobacter 
sanguineus 

16 00483_28 Sod_Fe_N 115.2 WP_037249758.1 100 Rhodopirellula sp. 
 

17 00513_26 Sod_Fe_N 109.9 TVR83868.1 81.7 Saprospirales 
bacterium 

18 00607_26 Sod_Fe_N 105 OPZ08953.1 61 candidate division 
BRC1 bacterium 
ADurb.BinA292 

19 00726_24 Sod_Fe_N 116 RMH28364.1 83.2 Planctomycetota 
bacterium 

20 00818_6 Sod_Fe_N 113 WP_164103444.1 84.1 Candidatus 
Laterigemmans 
baculatus 

21 00870_7 Sod_Fe_N 105 WP_052599883.1 87.6 Aureispira sp. 
 

22 00943_27 Sod_Fe_N 108.3 GGH03325.1 92.2 Glycocaulis albus 

23 01013_27 Sod_Fe_N 92.5 WP_109767327.1 99 Oceaniradius 
stylonematis 

24 01027_44 Sod_Fe_N 83.2 WP_012177740.1 100 Dinoroseobacter sp. 
 

25 01038_9 Sod_Fe_N 104.3 TVS04628.1 62.1 Phycisphaerales 
bacterium 

26 01167_16 Sod_Fe_N 82.7 WP_290560629.1 100 Aestuariivita sp. 

27 01453_8 Sod_Fe_N 109 WP_018128400.1 81.7 Balneola vulgaris 

28 01529_1 Sod_Fe_N 108.9 WP_120710191.1 95.5 Ulvibacterium 
marinum 

29 01676_13 Sod_Fe_N 115.9 WP_227756481.1 91.7 Dermatobacter 
hominis 

30 02404_1 Sod_Fe_N 99.1 GJM12296.1 80.1 Pseudohongiella sp. 

31 03712_1 Sod_Fe_N 105.7 WP_127140257.1 100 Flavobacteriaceae 
sp. 
 

32 05581_2 Sod_Fe_N 62.6 TFJ80133.1 100 Microchloropsis 
salina 

33 06570_1 Sod_Fe_N 71.8 WP_146299725.1 100 Nitratireductor 
mangrovi 

34 08590_1 Sod_Fe_N 29.8 WP_187970154.1 87.4 Aquibium 
microcysteis 

35 10237_3 Sod_Fe_N 107.3 WP_083559110.1 77.4 Oceanococcus 
atlanticus 

36 11404_2 Sod_Fe_N 97.5 WP_028795535.1 95.4 Thalassobaculum 
salexigens 

37 16615_2 Sod_Fe_N 102 WP_211372123.1 98 Flagellimonas olearia 
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38 16911_1 Sod_Fe_C 141.6 TFJ80133.1 100 Microchloropsis 
salina 

39 21300_1 Sod_Fe_N 96.1 WP_007196653.1 100 Hoeflea 
phototrophica 

40 24088_1 Sod_Fe_N 85.5 WP_292021230.1 99 Maritimibacter sp. 
UBA3975 

41 24298_1 Sod_Fe_N 52.4 WP_259546105.1 94.1 Roseibacterium 
beibuensis 

42 32366_1 Sod_Fe_C 146.3 WP_152131889.1 98.5 Flagellimonas olearia 

43 37763_2 Sod_Fe_N 63.8 WP_294130624.1 100 Pseudohongiella sp. 

D)       

3 00039_2 Catalase 633.5 WP_008661361.1 99.2 Rhodopirellula 
europaea 

4 00053_3 Catalase 616.2 RZO57880.1 84.4 Sandaracinaceae 
bacterium 

5 00079_61 Catalase 43.3 WP_290560031.1 100 Aestuariivita sp. 

6 00114_114 Catalase 96.5 AWY99835.1 60.2 Rhodobiaceae 
bacterium 

7 00475_13 Catalase 620.6 WP_299750394.1 83.2 Devosia sp. 

8 00674_18 Catalase 607.1 WP_146392910.1 81.3 Allorhodopirellula 
solitaria 

9 00988_10 Catalase 583.1 WP_255599329.1 94.2 Hasllibacter sp. 
MH4015 

10 01037_21 Catalase 221.2 TFJ82773.1 98.3 Microchloropsis 
salina 

11 01037_22 Catalase 73.3 TFJ82773.1 98.4 Microchloropsis 
salina 

12 01037_24 Catalase-
rel 

73.3 TFJ82773.1 99.1 Microchloropsis 
salina 

13 07277_1 Catalase 610.3 WP_283413272.1 99.2 Algoriphagus 
winogradskyi 

14 19074_1 Catalase 496.4 WP_140926851.1 93.2 Sandaracinobacter 
neustonicus 

15 37537_1 Catalase 250.2 WP_245451469.1 92.3 Georhizobium 
profundi 
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