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Abstract 

Plastic production and the resulting waste significantly threaten the environment and numerous 

ecosystems. Due to increasing production rates, global plastic pollution is also rising rapidly. 

Plastic particles accumulate in a wide range of habitats, and nowadays are found all around the 

globe. These particles are rapidly colonized by diverse microorganisms. While microbial 

colonization offers potential advantages, such as contributing to plastic degradation, it also 

presents risks, particularly due to the accumulation of potentially pathogenic bacteria on plastic 

surfaces. Another major consequence of microbial colonization is biofouling, where bacteria 

adhere to plastic materials, used in various industries, leading to surface damage and reduced 

material durability.  

This thesis encompasses three chapters. In chapter one, this study gives for the first time insights 

into molecular keys, involved in Vibrio gazogenes polyethylene terephthalate (PET) colonization 

and subsequent polymer degradation, using deep transcriptomics, advanced imaging analyses 

and analytic technologies. The first part of the study focuses on the analysis and transcriptional 

profiling of the PET6 gene expression. PET6 is a recently discovered PETase in the marine 

bacterium Vibrio gazogenes DSM 21264. Within 24 hours of incubation, degradation products 

such as bis(2-hydroxyethyl) terephthalate (BHET), mono(2-hydroxyethyl) terephthalate (MHET) 

and terephthalic acid (TPA) were detected, when DSM 21264 was incubated with PET foil or 

powder. For a deep understanding of bacterial response in the presence of PET and its 

degradation products BHET and TPA, focusing on the transcription of the pet6 gene, multiple 

RNAseq approaches were conducted. Further, a number of natural substrates like chitin and 

cellulose were used, to study the response of DSM 21264 and its gene expression profile. 

Interestingly, the incubation of DSM 21264 in biofilm condition on PET vs PE surface or planktonic 

samples with PET powder did not increase the transcription of the pet6 gene. Highest 

transcription, however, was detected in planktonic samples, supplemented with BHET. Notably, 

the intermediate BHET significantly influenced bacterial gene expression on a global level by 

disrupting key signaling systems like quorum sensing (QS), c-di-GMP and CRP-cAMP signaling 

pathway. Using these second messenger bacteria adapt to their environment, regulating 

numerous metabolic pathways. This resulted in failure to form biofilms, altered colony morphology, 

and inhibited the biosynthesis of the red pigment prodigiosin. These findings imply that microbial 

and enzyme driven plastic degradation and the generated metabolites, thereby, may not only 

serve as carbon sources but also as potential signaling molecules.  
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Furthermore, with this work I provided evidence that UlaG, which has been described as a highly 

promiscuous esterase, involved in ascorbate metabolism under anaerobic conditions, plays a 

significant role in BHET degradation. The transcription was 7.9-fold upregulated in the presence 

of BHET, and biochemical tests using recombinant UlaG verified that the Vibrio gazogenes UlaG 

is involved in BHET metabolism. Further work will have to evaluate its role in the plastisphere.  

In the second chapter, the colonization behavior of the Gram-negative bacterium Kaistella jeonii, 

native host of PET 30, was observed on PET surface, using Laser scanning microscopy (LSM). 

Kaistella jeonii is a member of the phylum Bacteroidetes and wide spread in nature. It plays an 

important role in the plastisphere. Thereby, my imaging analyses contributed to the 

characterization of the first PET-degrading enzymes from the phylum Bacteroidetes.  

In chapter three, Vibrio campbelli, a pathogenic member of the plastisphere, was analyzed on 

treated and untreated polyethylene (PE) foils with the aim to prevent biofouling. A novel surface 

treatment with poly-N-oxides grafted onto PE surface revealed significantly less bacterial 

colonization. 

Altogether, this study investigated for the first the influence of PET degradation products on the 

microbial community of the plastisphere, and offers solutions towards biodegradation and 

biofouling
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Zusammenfassung 

Die Plastikproduktion und die daraus resultierenden Abfälle bedrohen in hohem Maße die Umwelt 

und zahlreiche Ökosysteme. Mit stetig steigenden Produktionsraten nimmt auch die weltweite 

Plastikverschmutzung rapide zu. Plastikpartikel reichern sich in einer Vielzahl von Lebensräumen 

an und sind heute weltweit verbreitet. Diese Partikel werden zeitnah von unterschiedlichsten 

Mikroorganismen besiedelt. Obwohl die mikrobielle Besiedlung auch potenzielle Vorteile bietet, 

wie durch den mikrobiellen Plastikabbau, gehen auch Risiken damit einher, insbesondere durch 

die Anheftung potenziell pathogener Bakterien auf Plastikoberflächen. Eine weitere relevante 

Folge der mikrobiellen Besiedlung ist das sogenannte Biofouling. Dabei besiedeln 

Mikroorganismen Plastikoberflächen, die in verschiedenen Industriezweigen verwendet werden, 

was zu Oberflächenschäden und verringerter Materialhaltbarkeit führen kann. 

Diese Arbeit umfasst drei Kapitel. Im ersten Kapitel liefert diese Studie erstmals Einblicke in 

molekulare Schlüsselmechanismen, die für die Besiedlung von Polyethylenterephthalat- (PET-) 

Folie durch Vibrio gazogenes sowie für den Polymerabbau relevant sind. Dafür wurden 

tiefgreifende Transkriptomanalysen, fortschrittliche Bildgebungsverfahren und analytische 

Technologien durchgeführt. Im ersten Teil dieser Arbeit liegt der Fokus auf der Analyse und dem 

transkriptionellen Profiling der PET6-Genexpression. PET6 ist eine kürzlich entdeckte und 

charakterisierte PETase des marinen Bakteriums Vibrio gazogenes DSM 21264. Bei der 

Inkubation von DSM 21264 mit PET-Folie oder -Pulver konnten innerhalb von 24 Stunden 

Abbauprodukte wie Bis(2-hydroxyethyl)terephthalat (BHET), Mono(2-hydroxyethyl)terephthalat 

(MHET) und Terephthalsäure (TPA) nachgewiesen werden. Um das bakterielle Verhalten von 

DSM 21264 in Anwesenheit von PET sowie dessen Abbauprodukten BHET und TPA zu 

untersuchen, wurden mehrere RNAseq-Analysen durchgeführt. Dabei lag der Fokus auf der 

Transkription des pet6-Gens. Darüber hinaus wurde DSM 21264 mit verschiedenen natürlichen 

Substraten wie Chitin und Zellulose supplementiert, um die transkriptionelle Reaktion des 

Organismus und dessen Genexpressionsprofil zu bestimmen. Interessanterweise führte die 

Inkubation von DSM 21264 im Biofilm auf PET- im Vergleich zu PE-Oberflächen oder in 

planktonischen Kulturen mit PET-Pulver nicht zu einer erhöhten Transkription von pet6. Die 

höchste Transkription konnte hingegen in planktonischen Kulturen mit Zusatz von BHET detektiert 

werden. Auffällig war, dass das Zwischenprodukt BHET die bakterielle Genexpression stark 

beeinflusst, indem es wichtige Signalsysteme wie Quorum Sensing (QS), c-di-GMP sowie den 

CRP-cAMP-Signalweg stört. Mit der Nutzung dieser sekundären Signalstoffe passen Bakterien 

ihren Stoffwechsel an die gegeben Umweltbedingungen an. 
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Dies führte zu einer gestörten Biofilmbildung, veränderter Koloniemorphologie und die 

Biosynthese des roten Pigments Prodigiosin wurde inhibiert. Diese Ergebnisse deuten darauf hin, 

dass der mikrobiell und enzymatisch gesteuerte Kunststoffabbau sowie die dabei entstehenden 

Metabolite nicht nur als Kohlenstoffquelle fungieren, sondern auch als potenzielle Signalmoleküle 

wirken können. 

Darüber hinaus konnte in dieser Arbeit gezeigt werden, dass das Enzym UlaG, das bisher als 

hoch promiskuitive Esterase im anaeroben Ascorbatstoffwechsel beschrieben wurde, eine 

bedeutende Rolle beim Abbau von BHET spielt. Die Transkription war unter Einfluss von BHET 

7,9-fach hochreguliert, und biochemische Tests mit rekombinantem UlaG bestätigten, dass UlaG 

aus Vibrio gazogenes am BHET-Stoffwechsel beteiligt ist. Weitere Studien sind nötig, um die Rolle 

von UlaG in der Plastisphäre zu bestimmen. 

Im zweiten Kapitel wurde das Kolonisationsverhalten des Gram-negativen Bakteriums Kaistella 

jeonii, dem natürlichen Wirt von PET30, auf PET-Oberflächen mittels Laserscanning-Mikroskopie 

(LSM) untersucht. Kaistella jeonii gehört zum Phylum der Bacteroidota und ist in der Natur weit 

verbreitet. Darüber hinaus ist es ein wichtiges Mitglied der Plastisphäre. Mit meinen Bildanalysen 

konnte ich zur Charakterisierung der ersten PET-abbauenden Enzyme aus dem Phylum 

Bacteroidota beitragen. 

In Kapitel drei wurde Vibrio campbelli, ein pathogener Vertreter der Plastisphäre, auf behandeltem 

im Vergleich zu unbehandeltem Polyethylen (PE) untersucht, mit dem Ziel Biofouling 

vorzubeugen. Durch diese neue Art der Oberflächenbehandlung bei der poly-N-Oxide auf PE 

gebracht werden, konnte die bakterielle Besiedlung signifikant verringert werden. 

Zusammenfassend untersucht diese Studie zum ersten Mal den Einfluss von PET 

Abbauprodukten auf die mikrobielle Gemeinschaft der Plastisphäre und bietet Lösungsansätze im 

Hinblick auf enzymatischen Plastikabbau sowie Biofouling. 
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1  Introduction 

1.1 Enzymatic plastic degradation as a sustainable solution to pollution? 

Global plastic production has increased over the past 70 years, starting at around 2 million tons 

(Mt) per year in 1950 up to an annual production of over 400 Mt today (Landrigan et al., 2023, 

Plastics Europe, 2024). The annual growth rate of plastic production is estimated about 8.4%, 

since it is used in numerous industries such as healthcare, packaging, or construction (Anuar 

Sharuddin et al., 2016). Along with the rapidly increasing production, also the global plastic waste 

is increasing annually, leading to an estimation of 12 billion Mt by 2050 (Katnic & Gupta 2025). 

Especially, materials from the packaging industry have a product lifetime of less than one year, 

until they are discarded. Only polymers used for industrial machinery or building and construction 

are used for more than 20 years (Geyer et al., 2017). 

 

Figure 1: Distribution of the annually produced plastics by the polymer type in Mt Percentage 

distribution by polymer type of globally produced plastics in 2023. Abbreviations used in this figure: 

(Expanded) Polystyrene (PS-E), Polyurethane (PUR), Polyethylene terephthalate (PET), Polyvinyl chloride 

(PVC), Polypropylene (PP), Polyethylene (PE), High density (-HD), Medium density (-MD), Low density (-

LD) and Linear low density (-LLD) (adapted from Plastics Europe, 2024). 
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Since those polymers make a significant lower amount than all other sectors such as packaging, 

consumer and institutional products or textiles, this results in almost 80% of the plastics produced 

rapidly becoming waste (Geyer et al., 2017, Yadav & Mantri, 2025). The vast majority of those 

plastics are based on fuel-fossil resources, giving the advantage of low-cost, high thermostability 

and durability (Walker & Rothman, 2020). Among the main polymers produced are polyethylene 

(PE), polypropylene (PP), polyvinylchloride (PVC), polyethylene terephthalate (PET), 

polyurethanes (PUR) and polystyrene (PS) in descending order (Figure 1, Danso et al., 2019, 

Plastics Europe, 2024). PE is the most produced plastic polymer, since it is extensively used in 

the packaging industry (Zhong et al., 2017). PP has a broad range of applications in medical 

industries for hospital supplies and equipment, as well as bottle caps, straws or automobile parts 

(Clayman, 1981). PVC is used for packaging materials, too, but also flooring and building 

materials, toys, and furniture (Ali et al., 2014). The main use of PET in the plastic industry is for 

PET bottles or foils, but also for textile fibers (Nisticò, 2020). PUR is synthesized for the production 

of foams, textile coatings or insulation materials (Seymour & Kauffmann, 1992). The use of PS 

ranges from packing industry to daily use articles such as plastic cutlery or CD cases. (Danso et 

al., 2019). Due to their high durability, most plastics are not biodegradable and difficult to recycle 

in large quantities. To date, plastic disposal is extremely inefficient. Among the strategies for 

disposal are open burning, thermal conversion, but also export from high- to low-income countries, 

where it is rapidly accumulating in the environment (Landrigan et al., 2023). The lack of knowledge 

on biodegradation is leading to high costs, lower quality and thereupon inefficient recycling rates 

of less than 10% of all plastic waste (Zhang et al., 2021). The insufficient waste management 

regarding disposal strategies and recycling is resulting in 60% of all the plastics ever produced 

being discarded or exported (Jambeck et al., 2017). As a result, they accumulate in the 

environment, significantly polluting oceans and increasing the burden on landfills (Su et al., 2019, 

Alencar et al., 2022). The polymers, enriching in all kinds of ecosystems, pollute air and water, 

making it a major concern for human health and the environment (Ahmad et al., 2025, Dileepan 

et al., 2025).  

Over the last decades, research has focused on the biodegradation via enzymatic breakdown to 

enhance recycling processes. Varying chemical structures and composition require specific 

enzymes for each polymer type (Chow et al., 2022). Synthetic polymers can be divided into two 

groups: enzymatically hydrolysable and not directly hydrolysable polymers. Among the most 

commonly produced polymers are PE, PP, PVC, and PS, having a carbon-carbon backbone, 

which means they lack hydrolysable functional groups (Figure 1). Consequently, no degradation 

pathways have been identified, for breaking down these polymers. Without prior initial breakdown 
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it is unlikely that enzymes can access and degrade polymers with chain lengths exceeding 40 

units (Wei & Zimmermann, 2017). On the other hand, PET and PUR contain hydrolysable ester 

bonds, which make them more amenable to enzymatic degradation (Raczyńska et al., 2024, Chen 

et al., 2025).  

Within this study, the polymers that are mainly focused on are PET and PE, since they are the 

most annually produced plastic substrates from the two distinct enzymatic hydrolysable and not-

hydrolysable groups.  

Enzymes degrading PET are usually secreted and promiscuous cutinases (EC 3.1.1.74), lipases 

(EC 3.1.1.3) and esterases (EC 3.1.1), and were first isolated from and investigated in detail in 

Fusarium solani, Thermomyces insolens, T. lanuginosus, Aspergillus oryzae, Pseudomonas 

mendocina, and Thermobifida fusca (Zimmermann & Billig, 2011). Using a metagenomic 

approach, a cutinase could be isolated from a leaf-branch compost (LCC) showing only 5.4% 

identity to cutinase from T. fusca, but with a much higher PET degradation rate (Sulaiman et al., 

2012). This enzyme has been optimized through engineering campaigns, and is the only one being 

applied in an industrial plant for PET depolymerization (Tournier et a., 2020; Arnal et al., 2023). 

 

Figure 2: Enzymatic pathway of PET degradation. PETases cleave the polymer into the first 

intermediates BHET or MHET. An optional MHETase further degrades them into TPA and EG (adapted 

from Duan et al., 2023). 

The intermediates of PET degradation are bis(2-hydroxyethyl) terephthalate (BHET) and mono(2-

hydroxyethyl) terephthalate (MHET). Further, it is degraded into its monomers ethylene glycol 

(EG) and terephthalic acid (TPA) (Figure 2, Duan et al 2023). 
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In 2016, Yoshida et al. isolated the first microorganism able to use PET as a sole carbon source 

for growth. Ideonella sakaiensis 201-F6 harbors ISF6_4831 protein, which was identified as a 

PETase, due to its ability to breakdown PET into MHET or BHET. Further, degradation from MHET 

into TPA and EG was assigned to ISF6_0224 protein, classified as a MHETase (Yoshida et al., 

2016). Until now, more than 125 PETases have been characterized, according to the PAZy 

database. Furthermore, sequence-based screening of publicly available protein databases, using 

Hidden Markov Models, have identified more than 3,000 homologs of PET-active enzymes 

(Buchholz et al., 2022).  

In contrary, as previously mentioned, biodegradation of PE is highly complex, due to its non-

accessible chemical structure. Enzymes acting on carbon chains longer than C20 are alkane 

hydroxylases. The long-chain n-alkanes are oxidized to primary corresponding alcohols, which 

are further oxidized by alcohol and aldehyde dehydrogenases (Ji et al., 2013).  The majority of 

enzymatically accessible n-alkanes ranges between 10-30 carbon atoms. In contrary, PE as a 

native polymer consists of more than 1,000 c-atoms. Several attempts have been made to oxidize 

the polymer, and thereby weaken its structure, so that it might be more accessible for enzymatic 

breakdown. Even though some microorganisms (e.g., Bacillus subtilis or Aspergillus flavus) have 

been observed to oxidize PE, the specific enzymes responsible for the oxidation have not yet been 

identified (Ghatge et al., 2020, Yang et al., 2024). Recent studies showed that two cytochrome 

P450 monooxygenases from Galleria mellonella are capable of oxidizing PE (Son et al., 2024). 

Interestingly, these observations could not be repeated in other studies, indicating that 

interpretation of potential enzymatic breakdown or weight loss of polyolefins has to be handled 

carefully (Stepnov et al., 2024). So further work needs to be conducted, to identify truly active 

enzymes on the respective polymer.  

Plastic material in the global biosphere is disrupted through a series of abiotic processes, both 

chemical and mechanical, the so-called weathering. Weathering includes thermo-oxidative 

deration, UV-light or hydrolysis through reaction with water (Andrady, 2011). The disrupted plastic 

particles with a size of < 5 mm are considered microplastics or at diameters of 1 µm nanoplastics 

(Tirkey & Upadhyay, 2021). Within the term microplastic, it is distinguished between primary 

microplastic and secondary microplastic. While secondary microplastics refer to breakdown 

products of larger plastic materials (Ahmad et al., 2020), primary microplastics are originally 

produced at millimeter sizes. They are mainly used for cosmetic or pharmaceutic products such 

as skin or hand cleaners, body washes or toothpastes (Gregory, 1996, Conkle et al., 2018, Yadav 

& Mantri., 2025). Today those microplastics are ubiquitously present in all ecosystems, thereby 

contaminating food chains for numerous living organisms (Yee et al., 2021). 



Introduction 

5 

Several studies already addressed the question, how those microplastics influence human and 

animal health, leading to the result that more than 117 researches indicate potential risk for 

mammalian wellbeing, due to the exposure to microplastics (Xu et al., 2022). Numerous systems 

in the human body can be negatively affected by microplastics, ranging from digestive, respiratory, 

immune and reproductive system for example (Lee et al., 2023). 

 

1.2 Plastics impact on the marine environment: The Plastisphere 

Microorganisms are known for their ability to adapt to new or changing habitats. Thus, it is not 

surprising that also artificially formed ecological niches such as micro- and nanoplastics are rapidly 

colonized by a wide array of microorganisms (Oberbeckmann et al., 2014, Roager & 

Sonnenschein, 2019). The first evidence of microorganisms attaching to plastic particles was 

reported in the 1970s (Carpenter and Smith, 1972). Nevertheless, it was not until 2013 when 

Zettler et al. performed first next generation sequencing studies, using plastic particles collected 

in the North Atlantic Ocean, for the determination of the microbial communities forming biofilms 

on the surfaces. Within this work, the term “plastisphere” was coined for the newly formed micro-

habitat (Zettler et al., 2013). Once the particles enter the ocean, both, prokaryotes and eukaryotes 

begin to adhere to the surfaces, and initiate the development of biofilms. Main bacterial phyla 

associated with the plastisphere are Pseudomonadota, Vibrionales, Bacteroidetes, Bacillota, and 

Cyanobacteriota (Roager and Sonnenschein, 2019, Zhai et al., 2023). Especially, 

Pseudomonadota show a high abundance within the plastisphere, and along with Bacteroidetes 

and Planctomycetes are more often found on plastic than on non-plastic surfaces (Ogonowski et 

al., 2018). Yet, it should be mentioned that until now no microorganisms were found exclusively 

on plastic surfaces (Amaral-Zettler et al., 2020). 

The process of biofilm formation on plastic debris can be divided into various stages, including the 

initial colonization, the early plastisphere and the mature plastisphere (Figure 3, Dey et al., 2022). 

The formation of the plastisphere is initiated by the attachment of the first microorganisms. (Wright 

et al., 2020). Pioneer organisms, characterized by their ability to adhere to surfaces and initiate 

biofilm development, attach very quickly after particles enter their habitat, occurring within a time 

frame of approximately 15 minutes to 4 hours (Latva et al., 2022, Dey et al., 2022). Alpha- and 

Gammaproteobacteria are amongst the primary colonizers, but also phototrophic microbes such 

as Cyanobacteria, diatoms, and green algae have been described (Quero & Luna, 2017). Initially, 

Gammaproteobacteria are predominant, and some of these microorganisms are believed to 

degrade plastic, forming the early plastisphere. However, this process would occur only at low 
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rates, meaning it doesn't result in the complete breakdown of the polymers (Wright et al., 2020). 

As biofilm development progresses the community succession stage is reached, characterized by 

a rather stable microbial community. Gammaproteobacteria are outcompeted by Bacteroidetes, 

particularly from the Flavobacteriaceae family (Dey et al., 2022).  

 

Figure 3: Formation of the plastisphere. The process is initiated by the pioneer microorganisms, develops 

in the early plastisphere and is fully established within the mature plastisphere, forming a stable micro-

habitat (Created with Biorender, adapted from Zhai et al., 2023). 

Once the mature plastisphere is established, the biofilm becomes dominated by microbes that 

metabolize polymer additives and organic substrates released by the pioneer organisms, such as 

metabolites produced by photosynthetic organisms (Figure 3, Andrady, 2011, Wright et al., 2020, 

Amaral-Zettler et al., 2020, Zhang et al., 2022). Those organisms mainly compose of members of 

the Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes (Gulizia et al., 2025). 

 

1.3 Factors influencing the establishment of the marine plastisphere 

Many studies have investigated the formation and microbial distribution within the plastisphere, 

especially in marine environments (Amaral Zettler et al., 2013, Wright et al., 2022, Davidov et al., 

2022). Contrary to expectations, observations reveal that the type of polymer is not the primary 

factor determining the composition of the microbial community found on the plastic surface 

(Amaral-Zettler et al., 2015, Yu et al., 2023). The largest impact on the microbial composition in 

the plastisphere have the aquatic environmental conditions. Most decisive factors for the formation 

of the plastisphere are the geographical location and physicochemical conditions. This includes 

on the macroscale temperature, pH, light availability, hydrodynamics, nutrient levels or salinity, 

determining, which organisms appear in the respective habitat (Figure 4, Wright et al., 2021, Yu 

et al., 2023). 
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Figure 4: Most decisive factors influencing the colonization of the marine plastisphere. Aquatic 

environmental conditions determine the contribution of the seawater community. Plastic properties and 

colonization time are relevant for the distribution of attaching bacteria (adapted from Yu et al., 2023). 

Free-living bacterial seawater communities vary highly compared to the attaching bacteria. While 

the seawater community is heavily influenced by seasonal changes, the microplastic communities 

form a relatively stable micro-habitat (Davidov et al., 2024) Colonizing microbiota are 

characterized by their capability of metabolic adaption, and harbor mechanisms for attachment, 

motility, secretion, biofilm formation, and quorum sensing (Roager and Sonnenschein, 2019).  

On the microscale, colonization time and plastic properties determine the microbial distribution 

(Figure 4, Yu et al., 2023). Plastic polymers provide different surface characteristics, regarding 

their roughness, hardness, charge, or hydrophobicity. Therefore, also the polymer type influences 

the microbial distribution found within the aquatic plastisphere as well (Kirstein et al., 2018). In 

both short- and long-term experiments, conducted under the same incubation conditions, it was 

found that a greater number of bacteria adhered to PE and PVC compared to PP and PET. In this 

context, the substrates showed significant variation in surface hardness. PET and PP, which 

supported lower numbers of colonizing bacteria, are hard materials. In contrast, PE and PVC, 

which had higher bacterial adhesion, exhibited lower surface hardness. This suggests that surface 

hardness is a major factor influencing bacterial attachment (Cai et al., 2019).  
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Differences in colonization patterns are also due to varying hydrophobicity and chemical structure 

of the polymers. This suggests that strain-specific characteristics, such as their nutritional status, 

cell hydrophobicity, and the ratio of intra- to extracellular nutrients, also play a role in their ability 

of attaching to surfaces. Nevertheless, only few studies have addressed the impact of the chemical 

properties of the plastic substrates in relation to the number of bacteria attaching to them (Hansen 

et al., 2021). 

Another important factor is the distribution of the polymers within the aquatic system. PET, PVC, 

or polyamide (PA) are mainly found in the bottom sediments, whereas PP or PE can persist in 

upper water columns. This results in a shift in colonization, since different microorganisms are 

enriched in the respective habitats (Andrady, 2011). But the buoyancy can also be changed due 

to microbial colonization on the plastic debris. Biofouling terms the biofilm formation on plastic 

surfaces, and is the reason for polymers to sink instead of floating on the surface, additionally 

affecting the microbial community (Sugathapala et al., 2025).  

 

1.4 Biotechnological perspectives and advantages of the plastisphere 

Several studies have already addressed the question, to what extend the plastic-associated 

communities are capable of degrading the respective polymers. As previously mentioned, it is 

assumed that during the formation of the plastisphere bacteria accumulate that are, theoretically, 

to some extent, capable of degrading the polymer (Wright et al., 2021). Some hydrocarbon-

degrading bacteria, associated with Oceanospirillalles, Alteromonadales or Halomonadaceae, 

were more enriched on plastic surfaces than on non-plastic control biofilms (Prince et al., 2010, 

Wright et al., 2021). 

In 2019, Roager and Sonnenschein collected and summarized most of the published research on 

microorganisms degrading plastics (Roager & Sonnenschein, 2019). Interestingly, most of the 

existent work focuses on the determination of weight loss over time, rarely exceeding 10% after 

several months (Sudhakar et al., 2008, Auta et al., 2017). LDPE incubated with Alcanivorax 

borkumensis over 80 days showed only 3.5% weight loss (Dellacuvellerie et al., 2019). Bacillus 

cereus and B. gottheii isolated from mangrove sediment partially degraded PE, PET, and PS after 

40 days of incubation. Nevertheless, this resulted in weight losses ranging from 1.6% to 7.4% 

(Auta et al., 2017). A consortium consisting of Vibrio alginolyticus and V. parahaemolyticus have 

shown biodegradation of polyvinyl alcohol-linear low-density polyethylene (PVA-LLDPE ) (Raghul 

et al., 2014). 
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Still, it remains unclear to what extend the colonizing organisms contribute to the measured 

biodegradation, or if other abiotic and biotic factors are involved, and what enzymes might be 

responsible for the potential breakdown (Roager & Sonnenschein, 2019). For the finding of such 

degrading organisms it is assumed that they are closely attached to the respective polymer, but 

not found in the upper layers of a mature biofilm (Figure 3; Wright et al., 2021). However, 

biodegradation remains uncertain, particularly for the previously mentioned carbon-carbon-

backbone polymers. Even if bacteria possess plastic-degrading enzymes, it has not been proven 

that these enzymes are expressed in natural environments. 

 

1.5 Emerging risks of plastic colonization 

Despite the potential advantages that the plastisphere offers, numerous threats also emerge from 

this newly formed ecological niche.  

Another, negative, aspect of the above-mentioned biofouling is the colonization of all artificial 

objects, including also plastic surfaces within the marine environment (Qian et al., 2022). Highly 

threatened by biofouling are for example the shipping industry or membranes used for desalting 

water, which are made of polyamide (Khan et al., 2015, Pan et al., 2022). This leads to high 

economic losses, and the damages significantly reduce the lifespan of those materials, which 

thereupon increases plastic pollution (Hong et al., 2024). Various approaches have already aimed 

to reduce biofouling by antifouling coatings or chemical adaptions of the surface (Burmeister et 

al., 20233, Weber and Esmaeili, 2023). The drift of plastic debris or by biofouling contaminated 

ships, along with the enrichment of its associated communities, has been identified as a pathway 

for the invasion of alien species, which can have unpredictable and significant consequences for 

the marine environment. This invasion could harm local community structures, affecting water 

quality and its associated aquaculture (Derraik et al., 2002, Shen et al., 2019). 

The novel niche created by microplastics may promote enrichment of certain microorganisms, 

which can result in an increased gene exchange through horizontal transfer. This exchange can 

encompass antibiotic resistance genes and virulence factors (Shen et al., 2019). Studies have 

shown that antibiotic resistance genes are more abundant within the plastic community compared 

to surface water (Wang et al., 2024, Malla et al., 2025). Since microplastics also act as carriers of 

pollutants like heavy metals, the horizontal gene transfer of bacteria might further be increased 

(Zhang et al., 2022). For the spread of antibiotic resistance genes also heavy metals play a not 

negligible role, promoting horizontal gene transfer (Lin et al., 2024).  
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Additionally, the accumulation of potentially pathogenic bacteria on plastic surfaces has been 

recognized as an emerging risk factor, as these polymers may serve as vectors for the dispersal 

of human or animal pathogens (Wang et al., 2021, Oliver et al., 2024, Mphasa et al., 2025). Among 

the identified potential pathogens, enriched on plastics from marine environments, are 

Tenacibaculum, Pirellulaceae, Clostridiales, Vibrionaceae, Thalassospira and Chlamydiae, 

respectively (Wright et al., 2021). 

Plastic debris from a river in Chicago harbored possible human-infecting pathogens like 

Aeromonas, Aquabacterium, Arcobacter, and Pseudomonas (McCormick et al., 2014). In coastal 

lagoons, at least 15 species have been identified as potentially pathogenic towards humans or 

fish, such as Shewanella, Enterobacter, Klebsiella, Serratia, Pseudomonas, Vibrio and 

Stenotrophomonas (Garcés-Ordónez et al., 2024). Overall, the most abundant potentially harmful 

bacteria found in the aquatic plastisphere, including marine and fresh water, in descending order, 

are Vibrio, Pseudomonas, Acinetobacter, Arcobacter, Bacillus, Aquabacterium, Mycobacterium, 

Aeromonas, Tenacibaculum, Escherichia, Klebsiella and Legionella (Junaid et al., 2022). 

Yet, it is important to note that most of the studies use sequencing methods to identify bacteria at 

the genus level, which is insufficient to determine the pathogenesis of the organisms accurately. 

The ability of bacteria to cause diseases is determined by their expression of virulence factors. 

Thus, deeper analyses are required to verify if the identified bacteria are indeed pathogenic, rather 

than merely potential pathogens (Wright et al., 2021). 

In the context of pathogen accumulation within the plastisphere, particular attention should be 

given to Vibrio spp, representing a significant group of concern. The genus is associated with at 

least 12 human pathogens such as V. parahaemolyticus, V. vulnificus, and V. cholerae, which are 

able to cause life-threatening septicemia and cholera, as well as additional plant and animal 

pathogens like V. campbelli, V. alginolyticus, and V. anguillarum. They naturally occur in marine 

habitats (Defoirdt et al., 2007, Baker-Austin et al., 2018, Li et al., 2025, Sathiyamoorthi et al., 2025, 

Che et al., 2025). In 2016, V. parahaemolyticus was identified to colonize PE, PP, and PS (Kirstein 

et al., 2016). Under artificial environmental conditions, V. cholerae was able to persist up to 14 

days on plastic particles at concentrations sufficient for potential human infection (Ormsby et al., 

2023). It is suggested that non-pathogenic Vibrio spp. are capable of resuscitating toxigenic V. 

cholerae O1 through quorum sensing, potentially enabling seasonal cholera outbreaks (Naser et 

al., 2021). This underscores the need for a better understanding of gene expression in plastic 

biofilms concerning the production of autoinducers and virulence factors. 
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1.6 Vibrio sp. is dominating the plastisphere 

Numerous studies identified Vibrio sp. among the most abundant genera within the plastisphere 

(Figure 5, Amaral-Zettler et al., 2013, Zhai et al., 2023). Figure 5 outlines its global presence on 

plastic substrates, which is independent form the polymer type, according to several researches. 

Numerous studies using metagenomic approaches predominantly found Vibrio sp. within their 

samples (Figure 5). 

 

Figure 5: Global distribution of Vibrio sp. in the marine habitat. The Figure outlines studies that sampled 

numerous types of plastic substrates (PP, PE, PVC, PET, PA, PUR) from the shown habitats and all of them 

found Vibrio sp. among the most abundant genera within their samples. This strongly outlines the relevance 

of Vibrio sp. in the plastisphere (Zettler et al., 20131; Lacerda et al., 20212; Rodrigues et al., 20193; Frere et 

al., 20184; Kirstein et al., 20165; Delacuvellerie et al., 20216; Delacuvellerie et al., 20227; Kumar et al., 20228; 

Joshi et al., 20219; Wang et al., 202410; Zhang et al., 202011; Bhagwat et al., 202112, created with Biorender). 

Generally, Vibrio spp. occur ubiquitously in aquatic habitats, due to their ability to adapt to different 

ecological and metabolic lifestyles (Frère et al., 2018). Regarding the surface distribution in marine 

habitats, they were found to be more abundant in plastic-based biofilms than in control samples 

on other surfaces (Wright et al., 2020). Therefore, it is not surprising that the genus is described 

to belong to the first colonizers, especially within the marine plastisphere (Zhai et al., 2023). Due 

to climate change, leading to increasing water temperature, Vibrio sp. are more often found in 

higher numbers in aquatic environments, and are further enriched during diatom blooms. 
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Especially during the summer months, they are capable of dominating the plastisphere, 

independently of polymer type and geographical location (Figure 5; Amaral-Zettler et al., 2020).  

An important factor for the high abundance of Vibrio spp. on surfaces is their capability to form 

strong biofilms. Depending on the species, they possess two or even three quorum sensing 

systems (Baker-Austin et al., 2018). These include the autoinducer system 1 (AI-1) and 2 (AI-2) 

and the cholera autoinducer system (CAI). They are required for cell-cell communication, 

controlling extracellular polymeric substances (EPS) production, expression of virulence genes 

and the secretion of hydrolases, possibly involved in degradation processes (Hammer and 

Bassler, 2003, Zhai et al., 2023). 

Summarizing, Vibrio sp. are highly relevant in terms of plastic colonization as they are partially 

dominating the plastisphere. Interestingly, the genus is associated with members potentially 

capable of degrading plastic polymers (Auta et al., 2017, Weigert et al., 2022, Buhari et al., 2025), 

but also with numerous human and animal pathogens (e.g., Vibrio cholerae) (Van Kessel & 

Camilli, 2024). 

 

1.7 Vibrio gazogenes DSM 21264 as a model organism for this work 

For this thesis, Vibrio gazogenes DSM 21264 was chosen as a model organism. It was first 

isolated in 1978 from a saltwater marsh mud in Massachusetts (USA; Harwood, 1978). Initially 

classified as Beneckea gazogenes, it was reclassified in 1981 after sequence homology analyses 

(Baumann et al., 1981). The organism is a rod-shaped, Gram-negative, facultative anaerobe 

Gammaproteobacterium (Allen et al., 1982). V. gazogenes produces a red, prodiginine-like 

pigment, called prodigiosin, which was first isolated in 1946 from Chromobacterium prodigiosum 

(Serratia marcescens). The compound has been studied since then for its antimicrobial and 

anticancer properties (Lichstein and Vam de Sand, 1946, Castro, 1967, Vijay et al., 2022). 

Interestingly, V. gazogenes carries a putative PET-degrading hydrolase, named PET6, which has 

been well characterized in vitro (Weigert et al., 2022). Additionally, homologs of this PETase were 

found in V. ruber, V. spartinae, V. palustris, and V. zhugei. The amino acid sequences of all PET6 

homologs share 90-95% identity and full coverage. While these homologs have just been 

identified, it has yet to be shown whether they also degrade PET, although it is most likely. 

Intriguingly, average nucleotide identity (ANI) and pangenome analysis showed that V. palustris 

and V. zhugei form a different cluster to the other three species, suggesting the occurrence of 

horizontal gene transfer of the gene coding for the PETase (Weigert et al., 2022). 
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Regarding all the above-mentioned interesting characteristics of V. gazogenes DSM 21264, it was 

chosen as a model organism for this work, to gain deeper understanding of its role in the 

plastisphere. This species is a representative of the predominant genus and theoretically has the 

ability to degrade PET. Consequently, we aimed to address, whether organisms with the 

enzymatical potential to hydrolyze artificial polymers actually contribute to their degradation in 

vivo. 

 

1.8 Intention of this work 

After summarizing the obtained information on plastic pollution and the increase of the new formed 

micro-habitat, the plastisphere, it is outstanding that besides the comprehensive knowledge, that 

has been generated, still significant gaps are occurring. Within this framework steps towards the 

closing of those knowledge gaps should be made, addressing three main research questions.  

 

Figure 6: Lifecycle of plastic debris in the sea and possible solutions. The figure has been adapted 

from Katnic & Gupta, 2025 to point out the potential support by this work for obtaining the goal of plastic 

recycling and less harm to marine life and human (created with Biorender). 

Figure 6 (adapted from Katnic & Gupta, 2025) briefly summarizes the lifecycle of plastic waste, 

pointing out the best possible outcome in biodegradation and recycling of the polymers. The figure 
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has been evaluated outlining, the contribution of the following chapters to the achievement of the 

addressed goal.  

Since Vibrio spp. are not only ubiquitously found in aquatic environments but also are partially 

dominating the plastisphere, representative Vibrio gazogenes DSM 21264 was chosen, to get 

detailed information about gene response during first colonization on plastic polymers. The 

previously described controversy of the chemical structures of PE and PET and along with that 

the different possibilities of enzymatic breakdown, make the polymers interesting for the 

investigation of the question, if and to what extend bacteria distinguish in their gene transcription 

during attachment to different surfaces.  

Even though the toxicity of some polymers is described already, little is known about the influence 

of the breakdown products of the different plastic types. In Chapter 1 the influence of the primary 

degradation products of PET, BHET and TPA is studied in detail, using various RNAseq 

approaches (Preuss et al., 2025). 

Plastic recycling rates remain insufficient, and due to increasing plastic production its pollution 

keeps threatening the environment. Until now, already numerous PETases have been discovered, 

but their role in nature remains unknown. The phylum Bacteroidetes is among the main colonizers 

of plastics surfaces, making it an important factor for the understanding of the plastisphere and 

the degradation possibilities. Chapter 2 aims to increase the understanding of PETases. PET27 

and PET30 are the first PETases from the phylum Bacteroidetes, which were studied for their 

potential role in plastic degradation in vitro and colonization behavior of its native host (Zhang et 

al., 2022). 

Once exposed to biotic environment, almost all materials are colonized by microorganisms, 

potentially harming the surface or enhance the accumulation of pathogenic bacteria, posing a 

potential threat for human and the environment. To reduce biofouling, surface adaption on PE 

were generated in Chapter 3, to obtain low-fouling surfaces, with the aim to prevent bacterial 

colonization. Marine fish pathogen Vibrio campelli was used, to evaluate, if grafted polymeric N-

oxides can be used for low-fowling coating and the determination of changes in adherence and 

biofilm formation. 
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ABSTRACT 

Global plastic pollution in oceans and estuaries is increasing rapidly and it’s well known 

that bacteria colonize plastic particles of all sizes. Vibrio spp. are frequently found as part 

of the plastisphere. We recently showed that Vibrio gazogenes DSM 21264 harbors a 

promiscuous esterase designated PET6.  We now provide evidence that the pet6 gene is 

expressed under a wide range of environmental conditions in its native host. However, in 

PET- and PE-grown biofilms the pet6 gene expression was not affected by the type of 

surface. The pet6 transcription was sufficient to allow enzyme production and release of 

µM amounts of mono(2-hydroxyethyl) terephthalate (MHET) and terephthalic acid (TPA) 

already after 24 hours of incubation on PET foil. Notably, the highest pet6 gene 

transcription was observed in planktonic lifestyle in the presence of bis(2-hydroxyethyl) 

terephthalate (BHET) one of the primary degradation products of PET. BHET was further 

hydrolyzed by PET6 and UlaG, a lactonase that had not been known to be involved in BHET 

degradation. Elevated concentrations of BHET affected the major signaling circuits 

involved in bacterial quorum sensing (QS), c-di-GMP and cAMP-CRP signaling. This 

resulted in failure to form biofilms, synthesis of the red pigment prodigiosin and altered 

colony morphologies. While BHET had a very wide impact, TPA interfered mainly with the 

bacterial QS by attenuating the expression of the CAI-I autoinducer synthase gene.  These 

observations imply a potential role of BHET and TPA as nutritional signals in Vibrio 

gazogenes and that may affect its growth and survival in the plastisphere.  

 

 

 

IMPORTANCE 

This study provides first evidence that Vibrio gazogenes DSM 21264 secretes an active PET 

hydrolase and degrades the polymer using PET6 when growing in biofilms on foils and 

microplastic particles. The study further provides evidence that the primary PET degradation 

products BHET and TPA may have a profound impact on the global QS, c-di-GMP and cAMP-

CRP signaling of V. gazogenes and its capability to colonize plastic particles in the marine 

environment.  
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INTRODUCTION 

Global plastic pollution has reached an alarming and unprecedented level in the recent decade. 

Recently, it was estimated that a minimum of 8-10 million tons of plastic is entering the oceans 

annually [1], [2], [3], [4], [5]. While most of the plastic enters the environment as larger floating 

fragments, weathering results in the production of smaller particles (micro-, nano- and pico-

plastics) with sizes less than 5 mm in diameter [6], [7]. These particles and the additives contained 

in them are believed to have negative impact on all ecological niches and their biodiversity [8], [9].  

Ultimately, they will also affect human health and wellbeing [10].  

The majority of the fossil-fuel based and synthetic polymers which end up in the environment are 

polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC), polyethylene terephthalate (PET), 

polyurethane (PUR), polystyrene (PS) and polyamide (PA) only being produced at lower quantities 

[11]. While for most of these polymers no enzymes and microorganisms are known to degrade 

them the degradation of PET is well understood (www.PAZy.eu) [12]. PET is degraded by 

promiscuous and secreted esterases, lipases or cutinases that all have a wide substrate specificity 

and are members of the E.C classes 3.1.1.- [11], [13], [14]. In addition to these studies recently 

much effort has been made to analyze and characterize the phylogenetic makeup of microbial 

communities associated with plastic particles found in the marine environment. The 

microorganisms colonizing plastic particles (i.e. the plastic microbiota) have been termed 

‘plastisphere’ [15], [16], [17], [18]. These studies indicate that growth on and the initial colonization 

of plastic surfaces depends on the chemical and the physical properties of the various polymers. 

Thereby, the surface charge, roughness and the different chemical compositions of additives play 

key roles during the attachment and growth of the plastic colonizing microbiota [19], [16].  

Notably, the simple colonization does not imply any biodegradation [6]. The microbial communities 

observed are highly diverse in their phylogeny and bacteria affiliated with the genus Vibrio are 

often observed on plastic particles [20] [18] [21] [22] [23] [24]. Vibrio species are ubiquitously 

occurring gram-negative bacteria that are mainly found in marine environments where they are 
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considered to be key players in carbon and nitrogen cycling [25] [26]. There are more than 100 

known Vibrio species of which few are either human or fish pathogens (e.g. Vibrio cholerae, Vibrio 

parahaemolyticus, Vibrio alginolyticus, Vibrio vulnificus and others) [27] [28] [29]. 

Recently, we have shown that the marine organism V. gazogenes DSM 21264 (from here on DSM 

21264) harbors a gene encoding a promiscuous esterase designated PET6 in its 4.6 Mbp genome 

[30] [31]. DSM 21264 (synonym PB1, AATCC 29988) is a gram-negative and non-pathogenic 

bacterium. It was isolated from sulfide-containing mud collected from a saltwater marsh and 

produces a red pigment, prodigiosin [32]. The species is globally occurring and typically found in 

estuaries. The pet6 gene is encoded by ORF AAC977_05355. The heterologous expressed 

protein hydrolyzes amorphous PET and other substrates including short chain fatty acid esters 

[30] [31] and its activity is salt- dependent. PET hydrolysis catalyzed by recombinant PET6 is, 

however, rather low compared to other known enzymes used in industrial processes like the well-

characterized IsPETase or LCC [31]. While much information was gathered on the enzyme 

structure and biochemical function of PETases, only few studies focused on the expression of the 

enzyme within the native host. Ideonella sakaiensis is among the only organisms for which the 

PET-metabolism is well understood [33].  With respect to DSM21264 it was not known under which 

conditions the pet6 gene is transcribed in its native host and if the native enzyme would result in 

PET degradation in the environment. Within this manuscript we provide first evidence that the pet6 

gene is transcribed at low levels under various environmental conditions. The pet6 gene 

expression is, however, not affected by the presence of PET, PE foil or PET powder.  

Instead, BHET, a primary PET degradation product, affects pet6 transcription at mM 

concentrations. Further, our data imply that BHET is a nutritional signal affecting the c-di-GMP, 

the cAMP-CRP and QS-dependent signaling pathways in DSM 21264. These three signaling 

pathways are essential to lifestyle transitions from motility, attaching to a surface and forming 

biofilms in the plastisphere.  

 

https://www.atcc.org/products/29988
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RESULTS 

DSM 21264 forms patchy biofilms on PE and PET independent from the surface and releases µM 

amounts of MHET and TPA.  

Since we had earlier shown that DSM 21264 produces a PET-active hydrolase, designated PET6 

[31] [30], we wanted to know if the organism forms biofilms on PET foil and actively degrades 

PET. Further, we asked if the pet6 gene is expressed at significant levels. Therefore, we 

inoculated DSM 21264 in artificial seawater medium (ASWM) with PET or PE foil for biofilm 

formation and potential degradation. Since no PE-degradative genes have been reported in gram-

negative bacteria PE-foil was used as a control. In these biofilm experiments cells attached in 

general at very low frequencies and only thin single cell layer biofilms were formed after 10 and 

180 days (FIGURE 1 & S1).  

 

FIGURE 1: Scanning electron microscope (SEM) (A, D) and confocal laser scanning microscope (CLSM) 

images (B, C, E, F) of V. gazogenes DSM 21246 biofilms grown on PET and PE foil. SEM images and 

CLSM images A), B) & D), E) show first attachment of cells after 8 hours of incubation in ASW medium at 

22 °C of incubation on PET foil A) & B) and PE foil D) & E). CLSM images C) & F) show biofilm formation 

of DSM 21264 on PET foil C) and PE foil F) after 24 hours of incubation. Cells were stained using 

LIVE/DEAD stain.   
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Therefore, we used ASWM supplemented with tryptone and yeast extract 1% (w/v) in further tests 

to promote growth and biofilm formation. Under these conditions DSM 21264 attached within few 

hours and formed patchy biofilms on both plastic surfaces, whereby the biofilms formed on PE 

were less patchy than those on PET (FIGURE 1).  Biofilms formed on PE and PET had an average 

thickness of 2-3 m equaling one cell layer (FIGURE 1).   

SEM images showed that the cells on PET and PE were interconnected by fiber- and net-like 

structures with a length of 4-10 m. However, the net-like structures were more prominent on PE 

surfaces (FIGURE 1). Additional tests with air plasma-treated PET and PE foil were conducted 

[34]. Air plasma treatment leads to the formation of oxygen-functionalities and thus an increase in 

surface polarity. It typically gives a potential degradative enzyme better access to the polymer 

fibers [35]. However, in these tests only minor differences were observed with respect to biofilm 

formation (FIGURES 1 & S1).  Notably, when we grew DSM 21264 on PET foil or powder, we 

detected µM amounts of BHET, MHET and TPA in the biofilm and culture supernatants already 

after 24 hours (FIGURE 2).   

 FIGURE 2: PET degradation products observed in supernatants of V. gazogenes DSM 21264 biofilms 

grown on PET foil (non-treated), UV-treated foil and PET powder. V. gazogenes DSM 21264 was grown in 

ASWM medium with reduced carbon source. Supernatants were collected after 1, 3 and 5 days and the 

degradation products were measured using UHPLC and as described in the Material and Methods section. 
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Data were normalized and corrected to E. coli DH5α growing on PET foil and powder. Data are mean values 

of three independent replications and bars represent the standard deviations. 

 

Transcriptome analysis identifies keys to PET6 gene expression. 

Based on the above-made observations, we further asked if the pet6 gene (AAC977_05355) was 

expressed and if surface attachment to PET or PE resulted in major transcriptional changes. To 

address these questions, we mainly used transcriptome studies with the goal to obtain an insight 

into the overall gene expression pattern of DSM 21264 in response to PET or other substrates 

during life in biofilms and planktonic cultures. In total we analyzed 14 different environmental 

parameters and/or carbon sources. Each experiment was repeated 3 times resulting in 42 RNAseq 

data sets which have been submitted to the European Nucleotide Archive (ENA). They are publicly 

available under accession PRJEB80907. Obtained reads were mapped against the genome of 

DSM 21264. For this purpose, we established a high-quality genome sequence of DSM 21264 

that encompasses two chromosomes coding for 4,159 genes. Chromosome 1 (CP151640) codes 

for 3,121 genes and chromosome 2 (CP151641) for 1,038 genes. The newly established genome 

sequence is available under accession numbers CP151640 and CP151641 at NCBI/GenBank. An 

overview of the data sets reads obtained, the percentage of reads mapped to the genome and 

other parameters together with the level of pet6 gene expression is given in TABLE S2 and 

FIGURE 3.   

https://www.ncbi.nlm.nih.gov/nuccore/CP151640
https://www.ncbi.nlm.nih.gov/nuccore/CP151641
https://www.ncbi.nlm.nih.gov/nuccore/CP151640
https://www.ncbi.nlm.nih.gov/nuccore/CP151641
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FIGURE 3: Transcription level of the pet6 gene in relation to all 4,117 genes transcribed in DSM 21264. 

Blue bars indicate ranking of pet6 depending on all genes transcribed. 

Each data set represents the mean data from three independent biological replicates. Standard deviations 

are indicated as light grey bars on top of the colored bars. The blue dotted line indicates the mean 

transcription level of all 4,117 genes in all 42 experiments. 

 

PET6 is weakly expressed in biofilms grown on PET and PE foils.  

When we compared PET-grown biofilms versus PE-grown biofilms, the expression of pet6 was 

low and ranked around 25% of the weakest transcribed genes. FIGURE 3 summarizes the level 

of expression of pet6 under the biofilm conditions tested and in relation to the genome-wide 

expression of all genes. Plasma-treatment of the PET or PE foil had no significant impact on the 

low level of pet6 gene expression (TABLE S1 and FIGURE 3). This observation is in line with the 

slow degradation of the polymer in biofilm cultures as described above (FIGURE 2). In addition, 

we noticed, that in all biofilm experiments the transcription of ompU was among the highest 

transcribed genes. OmpU is an outer membrane protein which has for V. cholerae been 

described to be important for biofilm formation [40], implying that OmpU possibly is involved 

in surface colonization. Furthermore, only four genes were differentially expressed in all biofilm 

studies (TABLE S1 and S3). Highest log2-foldchanges were detected for a glutathione peroxidase 

and an alkyl hydroxide peroxidase, both involved in hydrogen peroxide scavenging [36]. In 

addition, the adhE gene, which is involved in ethylene glycol (EG) metabolism was significantly 

upregulated in PET biofilms but not in PE-grown biofilms (TABLE S1). To further verify the 

increased expression of adhE, a reporter fusion was constructed fusing the promoter with the 

amcyan gene in pBBR1-MCS-1 and mobilized into DSM 21264 (TABLE 1). Using the 

P_adhE::amcyan transcriptional reporter gene fusion in DSM 21264 we were able to verify that 

adhE was 2-fold upregulated in the presence of 5 mM EG (FIGURE S5).  
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Since PET and PE are no natural substrate for bacteria, we further asked if other natural polymers 

would stimulate pet6 gene expression. Therefore, we added alginate, chitin and carboxymethyl 

cellulose (CMC) (1% w/v) to planktonic cultures and assayed the transcriptomes after 24 hours of 

aerobic growth. As expected in the planktonic cultures a largely different pattern of gene 

transcription was observed compared to the biofilm conditions (Table S1, FIGURES 4-6 & 

FIGURE S2).  

Since under all tested conditions a number of reads was mapped to the pet6 gene, it appears to 

be constitutively expressed (FIGURE 3). In general, the transcription level of pet6 was low and 

close to 0.4% of the transcription observed for rpoD (TABLE S2). In summary, the data imply that 

pet6 gene expression is not strongly activated by any of the added natural polymers or by PET 

powder (1% w/v) containing cultures. However, the expression was significantly higher in the 

planktonic cultures compared to the biofilm cultures (FIGURE 3).  

 

Pet6 and ulaG transcription are induced by BHET in DSM 21264.  

Since PET6 hydrolyzes PET, we further asked if DSM 21264 would be able to metabolize BHET 

and use it as sole carbon and energy source, and if it would affect pet6 gene expression. To 

address these questions additional experiments in liquid media were performed challenging DSM 

21264 with BHET at concentrations of 0.5, 5.0 and 30 mM. The growth of the strain was not 

affected by lower BHET concentrations (0.5 mM and 5.0 mM) after 24 h of incubation (FIGURE 

S8). Since higher concentrations of BHET precipitate, measurement of OD600 was not valid. 

Testing 30 mM of BHET on agar plates determined less colony formation than other tested 

concentration implying reduced growth (FIRGURE S6). The overall gene expression profile using 

RNAseq was tested for the respective BHET concentrations. As controls we incubated DSM 

21264 in the presence of 1.0 mM TPA, DMSO (0.5% v/v) and PET powder (1% w/v) in liquid 

cultures. TABLE S2 summarizes the data obtained for all RNAseq experiments. The volcano plots 

highlight major changes in gene expression (FIGURE S2). A detailed analysis identified a large 
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number of genes and operons differentially regulated (>log2-foldchange of 2) in the presence of 

the different BHET concentrations clearly indicating that DSM 21264 senses and adapts its 

metabolism to the presence of BHET (TABLE S1 and FIGURES 4-6).  

High concentrations (5.0 and 30 mM) of BHET had the most pronounced effects on the overall 

gene expression levels in DSM 21264 with >230 upregulated and >100 downregulated genes in 

the presence of 5.0 mM and >830 upregulated and >550 downregulated genes in the presence of 

30 mM BHET compared to the DMSO or the TPA controls (FIGURE S7). Our data imply that 

BHET is most likely initially metabolized by PET6 releasing MHET as the primary degradation 

product of BHET. This is in line with an almost 5-fold (log2-foldchange) increased transcription 

level of pet6 (AAC977_05355) at 5 mM BHET and 1.8-fold increase at 30 mM. Surprisingly, the 

RNAseq data indicated that UlaG, a predicted metallo-ß-lactamase, is also involved in BHET 

metabolism. In the presence of 30 mM BHET ulaG was most strongly transcribed with a 7.9-fold 

upregulation compared to the control. To further verify this novel role of UlaG, we expressed it in 

E. coli T7 SHuffle and used the recombinant protein to hydrolyze BHET. In these tests the 

promiscuous enzyme was able to cleave BHET at slow but significant rates (FIGURE S3). Further 

UHPLC measurement confirmed that MHET is the main and initial degradation product of DSM 

21264 cells grown on BHET (FIGURE S4).  While MHET is converted to EG and TPA, DSM 21264 

was neither able to grow on TPA and EG as sole carbon and energy source nor on BHET. It does 

not encode any mono- and dioxygenases involved in aromatic ring cleavage.  

 

BHET and TPA affect the central circuits involved in c-di-GMP, cAMP-CRP and QS signaling in 

DSM 21264.  

During the above-described growth experiments using BHET as a substrate, we noticed major 

phenotypic changes in DSM 21264 affecting colony morphology, biofilm formation, prodigiosin 

biosynthesis and others (FIGURE S6).  
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BHET altered colony morphology already at rather low concentrations (0.5 mM). Colonies were 

less structured and had smooth edges. Higher concentrations of BHET resulted in the 

disappearance of the red pigment prodigiosin. Biofilm formation was disturbed at 0.5 mM and no 

solid biofilms were formed at 10 mM BHET present in the medium (FIGURE S6). 

These phenotypic observations implied a larger impact of BHET on the metabolism and main 

regulatory circuits of DSM 21264 in planktonic cultures. To further elucidate these effects, we 

analyzed our transcriptome data with respect to the influence of BHET on regulatory pathways 

linked to QS, cAMP-CRP signaling and c-di-GMP signaling. These pathways were chosen, as 

they are known to have a wider impact on biofilm formation, motility, secretion, secondary 

metabolite production and others.  

Most notably, 30 mM BHET strongly affected the transcription of genes essential for c-di-GMP 

biosynthesis. The signal c-di-GMP is synthesized by diguanylate cyclases degraded by 

phosphodiesterases. DSM 21264 harbors at least 16 possible c-di-GMP cyclases/ 

phosphodiesterases in its genome. The majority of the diguanylate cyclases were strongly 

downregulated in their transcription in the presence of high concentrations of BHET, while they 

were strongly upregulated in the presence of low concentrations of BHET or other carbon sources 

(FIGURE 4). The most strongly attenuated genes coding for diguanylate cyclases were cdgB, C, 

I, J and M (log2-foldchange < –4.5). On the contrary, cdgG and acgB were strongly upregulated 

in the presence of increased BHET concentrations (log2-foldchange 3.5 and 5) (FIGURE 4). 
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FIGURE 4: Relative transcription level of c-

di-GMP-signaling related genes in DSM 

21264. The circles size and color correlate 

with the normalized transcription level. The 

color intensity and size of the circles is 

adjusted to logarithmized values 

(log_value) ranging from -2 to 4 and 

according to the mapped reads. CdgA- 

CdgN are diguanylate cyclases (DGC) and 

CdgO-CdgX are phosphodiesterases 

(PDE), bifA and bifB code for bifunctional 

genes and Orn is an oligoribonuclease. 

Each data point is a mean value of three 

independent experiments for each of the 12 

conditions shown. 

 

Further, we observed that BHET affected quorum sensing (QS) processes. In this context, 

transcription of the master QS regulator aphA was almost not detectable at 30 mM BHET, while it 

was well expressed at 0.5 and 5.0 mM BHET or in the presence of TPA in planktonic cultures 

(FIGURE 5). HapR was also only weakly transcribed in the presence of 30 mM BHET. While it is 

well known that AphA and HapR are usually transcribed at opposite levels, no differences in 

transcription levels were visible neither in the presence of lower concentrations of BHET nor in the 

presence of TPA. These differences in expression were, however, clearly visible in all the biofilm 

experiments and in the planktonic cultures supplemented with natural polymers (FIGURE 5).  

Furthermore, TPA negatively affected the transcription of the autoinducer synthase gene cqsA, 

which is involved in the cholera autoinducer I biosynthesis (CAI-I) (TABLE S1 and FIGURE 5). 

Further our data showed that the DSM 21264 autoinducer (AI) -I synthase, LuxM, and the cognate 
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sensor LuxN as well as the genes coding for the AI-2 synthase, luxS, the periplasmatic binding 

protein, LuxP, and the sensor kinase LuxQ were significantly affected in their transcription levels 

at 30 mM BHET (FIGURE 5). 

FIGURE 5: Relative transcription 

level of essential quorum sensing 

(QS)-related and differentially 

regulated genes in DSM 21264. The 

circles size and color correlate with 

the normalized transcription level. 

The color intensity and size of the 

circles is adjusted to logarithmized 

values (log_value) ranging from -2 to 

4 and according to the mapped reads. 

luxS, luxM and cqsA code for 

autoinducer synthases, LuxP is 

annotated as periplasmatic binding 

protein and LuxQ, LuxN and CqsS are autoinducer sensor kinases. Apha is the low cell density regulator 

and LuxR high cell density regulator.Each data point is a mean value of three independent experiments for 

each of the 12 conditions shown. 

Finally, our data implied that BHET interfered with the cAMP-CRP signaling. The catabolite 

activator protein transcription was almost completely turned off in the presence of 30 mM BHET 

(FIGURE 6). 



Polyethylene terephthalate (PET) primary degradation products affect quorum sensing (QS), c-di-
GMP-, cAMP-signaling in Vibrio gazogenes DSM 21264 

 28 

FIGURE 6: Relative transcription level and changes of differentially regulated major genes and gene 

clusters in DSM 21264. The circles size and color correlate with the normalized transcription level. The color 

intensity and size of the circles is adjusted to logarithmized values (log_value) ranging from -2 to 4 and 

according to the mapped reads. R bodies belong to the Rebb family gene cluster, pig gene cluster is 

responsible for synthesis of prodigiosin, hapA is M4 metallopeptidase annotated as vibriolysin, aspA 

encodes an aspartate ammonia-lyase, pflB codes for a formate C-acetyltransferase. Each data point is a 

mean value of three independent experiments for each of the 12 conditions shown. 

Besides the direct impact of 30 mM BHET on the above-mentioned regulatory circuits, 30 mM 

BHET strongly attenuated transcription of motility genes, hapA, aspE, ompU. In the contrary, ulaG, 

ulaR, aphC, aphF and the prodigiosin operon were strongly upregulated (FIGURE 6).   

Interestingly, among the highest upregulated genes in the samples supplemented with 30 mM 

BHET several phage related genes were observed. In total, DSM 21264 codes for three 
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prophages (Phage 1, designated VGPH01, AAC977_19445 – AAC977_19700; Phage 2, 

designated VGPH02, AAC977_20360 – AAC977_20490 and Phage 3, designated VGPH03, 

AAC977_09080 – AAC977_09210) which can be grouped into the class of Caudoviricetes. 

VGPH01 and VGPH02 are encoded on the smaller chromosome CP151641 whereas VGPH03 is 

part of the larger chromosome CP151640. All three phages were transcribed under biofilm 

conditions. In contrast, their transcription was generally low in planktonic cultures. However, in 

planktonic cultures, 30 mM BHET resulted in strong transcription of the gene clusters coding for 

VGPH01 and VGPH02 (TABLE S4 and FIGURE 6). 

In summary our data imply that BHET and TPA may have a wider effect on the metabolism of 

DSM 21264 and interfere with the interconnected pathways involved in c-di-GMP, QS and cAMP-

CRP signaling.  

 

DISCUSSION  

Today 124 PET-active enzymes are known and most of these enzymes have been characterized 

very well with respect to their structures, functions and catalytic activities on the synthetic polymer. 

These enzymes are generally secreted and promiscuous hydrolases belonging to the E.C. 3.1.-. 

[12] [11] [13] [14] [6]. However, only very few studies have analyzed growth of bacteria on PET foil 

using global RNAseq approaches [37] [38] [39]. Despite these first studies, it is not clear if bacteria 

differentiate between the different types of synthetic polymers either as a surface to attach to or 

as a potential substrate for breakdown.  

Our data suggest that only very few genes are differentially regulated when DSM 21264 is grown 

on PET versus the non-biodegradable PE, implying that most likely DSM21264 is not able to 

differentiate between these two polymers. Also, the treatment with plasma did not affect this 

response. Interestingly, our data identified ompU as one of the most strongly transcribed genes 

when grown in biofilms (TABLE 2). OmpU is an outer membrane protein known to be an important 

adherence factor in Vibrio cholerae and an essential biofilm matrix assembly protein [40]. Based 
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on these earlier findings it is likely that the DSM 21264 OmpU plays a major role in biofilm formation 

on plastic surfaces and life in the plastisphere.  

Only a few Vibrio species harbor PET6 homologues but all of them share a very conserved core 

genome and have common regulatory networks [31] [41] [42]. Within this setting our data imply 

that pet6 is expressed at low levels under most environmental conditions (FIGURE 3) and 

increasing BHET concentrations affected transcription of the gene.   

Besides these observations our study has further revealed that UlaG is involved in BHET 

metabolism. Previous work has already demonstrated that UlaG is a promiscuous metallo-beta-

lactamase with a wide range of functions in bacteria and archaea [43] [44].  We observed a strongly 

increased transcription of ulaG in the presence of high BHET concentrations. Additional BHET 

degradation assays confirmed this novel functional role of UlaG (FIGURE S3, FIGURE 7).  

 

FIGURE 7: Possible PET degradation pathway in DSM 21264 and regulatory model affecting QS, cAMP-

CRP and c-di-GMP signaling through BHET and TPA. Proteins involved in enzymatic PET breakdown are 

in cyan color. PET and degradation products released are labeled in blue. Blue arrows indicate regulatory 
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pathways affected by BHET and /or TPA in DSM 21264. Red and blue arrows inside the cell model indicate 

up- and downregulated pathways. 

*Transcription of prodigiosin operon is strongly upregulated (log2-foldchange >3) in the presence of high 

BHET concentrations, but synthesis of the pigment is inhibited. 

 

Ideonella sakaiensis is the only organism for which the whole degradation pathway of PET is 

mostly understood. PET is degraded into MHET and EG and further transformed by the 

IsMHETase into TPA and EG. EG is then oxidized by an alcohol dehydrogenase to glycolaldehyde 

(GAD) and further metabolized by the aldehyde dehydrogenase to glycolic acid (GA) [45]. Similar 

to the EG metabolism of I. sakaiensis, our data support the notion that adhE in DSM 21264 is 

involved in the metabolism of EG. This observation was supported by both RNAseq and 

experimental data (FIGURE S5). Since adhE is transcribed at higher levels in PET biofilms it is 

likely that this increase is caused already by the degradation of the polymer and the parallel BHET 

release (FIGURE 7) 

Additionally, the data from our study suggest that BHET and TPA are nutritional signals affecting 

QS, c-di-GMP and cAMP signaling at mM concentrations (TABLE S1 and FIGURE 4-6). This 

hypothesis is based on 42 transcriptome datasets of DSM 21264 that have given us insight into 

the response of this bacterium when challenged with PET, other natural polymers, BHET and TPA. 

Because of the important role of Vibrio spp. in pathogenicity, regulatory networks have been well 

studied in this genus [46] [47] [48]. These networks are known to be involved in surface attachment, 

biofilm formation, infection, toxin and secondary metabolite production, phage assembly and 

others. Biofilm formation in Vibrio spp. is controlled by quorum sensing (QS), an integrated and 

highly complex network of multiple transcriptional regulators (e.g. VpsR, VpsT, HapR, H-NS and 

AphA). The c-di-GMP signaling influences the planktonic-to-biofilm transition. In addition, cAMP-

CRP-signaling represses biofilm formation in Vibrio spp. [49] [47] [50].  

In this study, we showed that many of the above-mentioned regulatory circuits and their key 

regulators in DSM 21264 were affected by BHET and in part by TPA in planktonic cultures 
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(FIGURES 4-6). For instance, essential components of the QS signaling like the low cell density 

regulator, AphA, and the regulator for high cell density, HapR, were strongly attenuated by high 

concentrations of BHET. Like AphA and HapR, the autoinducer-I and 2 synthase genes (luxM, 

luxS), the cognate sensor genes (luxN, luxQ) and the transcription of the periplasmic binding 

protein (LuxP) were significantly affected in their transcription levels by 30 mM BHET (FIGURE 5). 

QS thereupon regulates the c-di-GMP level in the cell. The major signal c-di-GMP is produced by 

diguanylate cyclases and degraded by specific phosphodiesterases which are directly regulated 

by HapR [51] [50]. DSM 21264 has a very similar set of c-di-GMP cyclases and 

phosphodiesterases compared to V. cholerae or other well studied Vibrio species. Many of the 

cyclase genes were differentially regulated at higher concentrations of BHET (TABLE S1 and 

FIGURE 4). The lack of sufficient cyclase transcription will most likely result in low intracellular 

levels of c-di-GMP that would not be sufficient to allow biofilm formation. This observation is in line 

with the failure to form biofilms in medium supplemented with >10 mM BHET (FIGURE S6).   

Within this framework, cAMP-CRP signaling is well known to be involved in the expression of 

inducible catabolic operons. Besides this function cAMP-CRP signaling is also involved in 

processes related to infection and biofilm formation. Thereby, a specific adenylate cyclase 

catalyzes the formation of cAMP from ATP, whereas cAMP phosphodiesterases catalyze its 

breakdown [52] [53]. The DSM 21264 cAMP-CRP signaling pathway is conserved as well and its 

main regulatory protein is the CRP regulator. While CRP was highly transcribed under biofilm 

conditions, its transcription was in general much lower in planktonic lifestyle. Notably, 5.0 and 30 

mM BHET downregulated the CRP transcription even further, implying that BHET is interfering 

with this signaling cycle as well (FIGURE 6). Overall, the interference with key regulatory networks 

implies that the degradation products of PET strongly induce stress responses in DSM 21264. 

This results in rapid changes of several metabolic pathways and linked to different survival 

strategies. 
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Based on the above made observations we were able to establish a putative first model outlining 

the main genes and enzymes involved in PET degradation and metabolism and the regulatory 

circuits involved (FIGURE 7). This preliminary model and our experimental data provide a 

foundation for future research on bacterial metabolism and nutritional signaling during life in the 

plastisphere. Since Vibrio spp. is found with high frequencies in the plastisphere data from this 

study will help to identify key factors involved in enriching for pathogens in this man-made habitat. 

Finally, this study will be useful for the design of bacterial strains for efficient plastics removal in 

the marine environment.  
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MATERIAL AND METHODS 

Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are summarized in TABLE  1.  Vibrio sp. was 

cultured either at 22 °C or 28 °C in artificial seawater medium (28.13 g/L NaCl, 0.77 g/L KCl, 1.6 

g/L CaCl2 x 2H2O, 4.8 g/L MgCl2 x 6 H2O, 0.11 g/L NaHCO3, 3.5 g/L MgSO4 x 7 H2O, 10 g/L yeast 

extract, 10 g/L tryptone) or in AS medium 1:10 diluted (1 g/L tryptone, 1 g/L yeast extract) and 

either CMC (1% w/v), chitin (1% w/v), alginate (1% w/v), PET powder (1% w/v), TPA (1mM) or 

BHET (0.5, 5 and 30 mM) was added. Additional growth experiments were implemented in M9 

medium (Na2HPO4 33.7 mM, KH2PO2 22 mM, NaCl 51.3 mM, NH4Cl 9.35 mM, MgSO4 1 mM, biotin 

1 µg, thiamin 1 µg, EDTA 0.134 mM, FeCl3-6H2O 0.031 mM, ZnCl2 0.0062 mM, CuCl2 2H2O 0.76 

µM, CoCl2 2 H2O 0.42 µM, H3BO3 1.62 µM, MnCl2 4H2O 0.081 µM). 

E. coli was grown at 37°C aerobically in LB medium (10 g/L tryptone, 5 g/L yeast, 5 g/L NaCl) and 

supplemented with the appropriate antibiotics.   

For the observation of the phenotypical reaction and halo formation of DSM 21264 to various 

concentrations of BHET LB agar plates (10 g/L tryptone, 5 g/L yeast, 5 g/L NaCl, 15 g/L agar) were 

prepared. After autoclaving, the respective amount of BHET was added to reach final 

concentrations of 0.5 mM, 5.0 mM, 10 mM and 30 mM in the respective plate. 5 µl of DSM 21264 

OD600 = 1 were added and incubated 24 h at 28 °C.  

 

Fluorescence imaging analysis of biofilms  

To observe biofilm formation of DSM 21264 on plastics surfaces, cells were inoculated at OD600 = 

0.05 in ASW medium and incubated in 6 -well cell culture plates (Nunc cell culture plate, catalog 

no. 130184; Thermo Fisher Scientific, Waltham, MA) at 22 °C or 28 °C at 80 rpm shaking. After 

incubation foil was washed in PBS buffer and placed into µ-slide eight-well (ibiTreat. catalog no. 

80826, ibidi USA, Inc., Fitchburg, Wisconsin). Cells were stained using LIVE/DEAD BacLight 

bacterial viability kit (Thermo Fisher Scientific, Waltham, MA, USA). 
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Cells were visualized using confocal laser scanning microscope (CLSM) Axio Observer.Z1/7 LSM 

800 with airyscan (Carl Zeiss Microscopy GmbH, Jena, Germany) and a C-Apochromat 63x/1.20W 

Korr UV VisIR objective. Settings for the microscope are presented in Table S5. For the analysis 

of the CLSM images the ZEN software was used (version 2.3. Carl Zeiss Microscopy GmbH, Jena, 

Germany). For each sample at least three different positions were observed and one 

representative CLSM image was chosen. 

 

Preparation for scanning electron microscopy 

Strains and polymers were incubated as described above and after incubation fixed overnight in 

1% PFA in 50 mM Cacodylate buffer, pH 7. The following day samples were incubated in 0.25% 

GA in 50 mM Cacodylate buffer, pH 7 overnight. For drainage samples were incubated in 30%, 

50% and 70% of ethanol in the following order each for 20 min. An additional incubation in 70% 

ethanol was performed overnight. Drainage continued with sample incubation in 80%, 96% and 

100% of ethanol for 20 min and 100% of ethanol for 30 min. Critical point drying was performed 

using Leica EM CPD300 thereby washed 18 x with CO2. Next, coated in a thin carbon layer using 

Sputter Coater LEICA EM ACE600. Microscopy was performed at the scanning electron 

microscope LEO 1525 using Software SmartSEM V06.00. 

 

Sample preparation for RNA seq and analysis 

Precultures of DSM 21264 were inoculated at OD600 = 0.05 in ASW medium (4 mL/well) in 6 -well 

cell culture plates (Nunc cell culture plate, catalog no. 130184; Thermo Fisher Scientific, Waltham, 

MA). To each well either PE or PET foil (35 mm diameter) was added and incubated for 8 hours 

at 22 °C shaking at 80 rpm. Foil was washed in PBS buffer to get rid of planktonic cells, then cells 

were scratched off the surface. 2 ml of 20% stop mix consisting of 95% ethanol and 5% phenol 

was added to the cells and the mixture was centrifuged for 20 minutes at 4 °C. Supernatant was 
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discarded, the pellet was washed three times in PBS buffer and afterwards immediately frozen in 

liquid nitrogen and stored at -70 °C.  

The liquid cultures were inoculated at OD600 = 0.05 in diluted artificial seawater. Respective C-

source (CMC, PET powder (particle size 300 µm max; >50% crystallinity, product no. ES30-PD-

000132), chitin and alginate (1% w/v) and BHET concentrations ranging from 0.5 mM, 5 mM and 

30 mM as well as 1 mM TPA) was added and incubated shaking at 28 °C at 130 rpm for 24 hours. 

As negative controls no additional carbon source and DMSO controls were prepared. Cells were 

harvested and cell pelleted. 

Harvested cells were re-suspended in 800μl RLT buffer (RNeasy Mini Kit, Qiagen) with β-

mercaptoethanol (10μl ml-1) and cell lysis was performed using a laboratory ball mill. 

Subsequently, 400μl RLT buffer (RNeasy Mini Kit Qiagen) with β-mercaptoethanol (10μl ml-1) and 

1200 μl 96% (vol./vol.) ethanol were added. For RNA isolation, the RNeasy Mini Kit (Qiagen) was 

used as recommended by the manufacturer, but instead of RW1 buffer RWT buffer (Qiagen) was 

used in order to isolate RNAs smaller than 200 nucleotides also. To determine the RNA integrity 

number the isolated RNA was run on an Agilent Bioanalyzer 2100 using an Agilent RNA 6000 

Nano Kit as recommended by the manufacturer (Agilent Technologies, Waldbronn, Germany). 

Remaining genomic DNA was removed by digesting with TURBO DNase (Invitrogen, Thermo 

Fischer Scientific, Paisley, UK). The Illumina Ribo-Zero plus rRNA Depletion Kit ((Illumina Inc., 

San Diego, CA, USA) was used to reduce the amount of rRNA-derived sequences. For 

sequencing, the strand-specific cDNA libraries were constructed with a NEB Next Ultra II 

Directional RNA library preparation kit for Illumina and the NEB Next Multiplex Oligos for Illumina 

(96) (New England BioLabs, Frankfurt am Main, Germany). To assess quality and size of the 

libraries samples were run on an Agilent Bioanalyzer 2100 using an Agilent High Sensitivity DNA 

Kit as recommended by the manufacturer (Agilent Technologies). Concentration of the libraries 

was determined using the Qubit® dsDNA HS Assay Kit as recommended by the manufacturer 

(Life Technologies GmbH, Darmstadt, Germany). Sequencing was performed on the NovaSeq 
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6000 instrument (Illumina Inc., San Diego, CA, USA) using NovaSeq 6000 SP Reagent Kit (100 

cycles) and the NovaSeq XP 2-Lane Kit v1.5 for sequencing in the paired-end mode and running 

2x 61 cycles. For quality filtering and removing of remaining adaptor sequences, Trimmomatic-

0.39 (Bolger et al., 2014) and a cutoff phred-33 score of 15 were used. The mapping against the 

reference genome of V. gazogenes DSM 21264T was performed with Salmon (v 1.10.2) [54]. As 

mapping back-bone a file that contains all annotated transcripts excluding rRNA genes and the 

whole genome of the reference as decoy was prepared with a k-mer size of 11. Decoy-aware 

mapping was done in selective-alignment mode with ‘–mimicBT2’, ‘–

disableChainingHeuristic’and‘–recoverOrphans’flags as well as sequence and position bias 

correction and 10 000 bootstraps. For–fldMean and–fldSD, values of 325 and 25 were used 

respectively. The quant.sf files produced by Salmon were subsequently loaded into R (v 4.3.2) 

[55] using the tximport package (v 1.28.0) [56]. DeSeq2 (v 1.40.1) was used for normalization of 

the reads and fold change shrinkages were also calculated with DeSeq2 [57] and the apeglm 

package (v 1.22.0) [58]. Genes with a log2-foldchange of +2/-2 and ap-adjust value <0.05 were 

considered differentially expressed.  

Fastp [59] was used to remove sequences originating from sequencing adapters and sequences 

of low-quality sequences. Reads were then aligned to the V. gazogenes DSM 21264 reference 

assembly [60] using BWA mem. Differential expression analysis was carried out with DESeq2 

[57]. A gene was considered significantly differentially expressed in a comparison if the 

corresponding false discovery rate (FDR) was smaller or equal to 0.05 and the absolute log2-

foldchange (|log2FC|) was larger than 2. All software was used with standard parameters. 

Sequence data reported in this publication have been submitted to the European Nucleotide 

Archive (ENA). They are publicly available under accession PRJEB80907.  

Key genes presented in Figures 4-6. The size of the circles and color intensity were calculated 

based on the transcriptome hits per gene (absolute values) and scaled using log-10-fold changes 

to allow better scaling.  
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Cloning and expression of V. gazogenes UlaG 

UlaG (NCBI Ref. Seq. WP_072962133.1) was cloned into pET21a(+) vector (Novagen/Merck) 

using restriction sites NdeI and XhoI in front of C-terminal 6x HisTag. Primers were designed using 

SnapGene (GSL Biotech LLC, San Diego CA, United States) and PCR was performed using 

parameters indicated by design tool. After PCR cleanup, 7 µl DNA (≈30 ng/μl) were mixed with 1 

μl of T4 Ligase Buffer (10x), 1 µl of T4 Ligase (400 U/μl) and 1 µl of purified pET21a(+) plasmid 

and incubated over night at 6 °C. Ligation construct was transformed into competent E. coli DH5α 

cells, positive clones were identified via DNA sequencing (Microsynth seqlab). Positive sequenced 

plasmids were isolated and transformed into competent E. coli T7 Shuffle cells. 

 

Protein production and purification 

For protein production cells were overexpressed by growing inoculated cultures with T7 SHuffle 

harboring pET21a(+):UlaG or BL21(DE3) harboring pET28a(+):pet6 at 37 °C to OD600  = 0.8. Cells 

were induced with IPTG to final concentrations of 0.4 mM and incubated at 22 °C over night until 

cells were harvested by centrifugation at 5.000 g. 

For protein purification cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 

10 mM imidazole, pH 8.0) and sonicated for cell disruption with Ultrasonic Processor UP200S by 

Hielscher with amplitude 70% and cycle 0.5. Afterwards, the proteins harboring a sixfold C-

terminal histidine tag were purified with nickel-ion affinity chromatography using Ni-NTA agarose 

(Qiagen, Hilden, Germany). The elution buffer was exchanged against 0.1 mM potassium 

phosphate buffer pH 8.0 in a 30 kDa Amicon Tube (GE Health Care, Solingen, Germany). 

 

Measurement of PET and BHET degradation 

Precultures of DSM 21264 were inoculated at OD600 = 0.05 in 20 mL M9 medium supplemented 

with 5 mM of glucose and additional 5 mM of BHET. Flasks were incubated shaking at 28 °C and 

130 rpm for six days. Each day 1 mL of each sample was taken and measured at the UHPLC. As 
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negative control medium was incubated under same conditions with E. coli Dh5α and samples 

were taken at same timepoints. 

For detection of PET powder and foil degradation DSM 21264 was incubated as described above 

in 6 well plates and also 0.5 mL of sample was taken each day and prepared for UHPLC 

measurements. 

For enzymatic BHET degradation purified enzyme in ranging concentrations was incubated with 

300 µM of BHET for 24 h and samples were prepared for UHPLC.  

Respective supernatants were prepared and measured at the UHPLC following protocols 

described previously [61] [62].  

 

Cloning promoter fusion of adhE 

Promoter of adhE (AAC977_10260) was identified using the software tool published at 

softberry.com (BPROM - Prediction of bacterial promoters)  and cloned into pBBR1-MCS-1 vector 

[63] carrying amCyan in the multiple cloning site using restriction enzymes SacI and XbaI. 

Primer design, PCR, ligation and transformation into competent E. coli DH5α cells were performed 

as described above. Positive constructs were transformed into competent E. coli WM3064 cells. 

Since electroporation didn’t result in sufficient colony amount, the plasmid was conjugated via 

biparental conjugation into DSM 21264. Cells were grown in overnight cultures. 1 mL of donor 

strain (E. coli WM3064 carrying the respective plasmid) and receptor strain (DSM 21264) were 

mixed at ratio 1:1 and centrifuged at 5,000 rpm for 8 min. Cells were washed three times in LB 

medium, resuspended after final centrifugation step in 150 µl of LB medium and spot was given 

onto LB agar plate supplemented with 300 µM DAP. The plate was incubated overnight at 28 °C 

and spot was washed off. Dilutions ranging from 1:1 to 1:5 were prepared and plated onto ASWM 

agar plates supplemented with 25 µg chloramphenicol and 25 µg kanamycin. Colonies were 

detectable after 2 to 3 days of incubation and inoculated in liquid medium.  

 

 

http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb
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Promoter fusion measurements 

For the identification of the influence of ethylene glycol on the expression of adhE, DSM 21264 

carrying promoter fusion construct pBBR1MCS-1_adhE_amcyan as well as wild type strain were 

inoculated at OD600 = 0.05 in M9 medium with 5 mM glucose.  Cells were incubated in 48 well-

plates (1 mL/well) (Nunc cell culture plate, catalog no. 150687; Thermo Fisher Scientific, Waltham, 

MA, USA) for 48 h at 130 rpm shaking. For the detection of the influence of ethylene glycol 5 mM 

were added and strains were grown in the presence with and without EG. After incubation optical 

density and fluorescence of cyan (450;496) was measured at Synergy HT plate reader using Gen5 

software (Biotek, Winooski, USA). Average was evaluated and fluorescence was divided by optical 

density to detect fluorescence units.  

 

Plasma activation of PE and PET foil 

For plasma activation, an atmospheric air plasma system from Plasmatreat GmbH (Steinhagen, 

Germany) was used. The atmospheric-pressure plasma was produced by a generator FG5001 

with an applied working frequency of 21 kHz, generating a non-equilibrium discharge in a rotating 

jet nozzle RD1004 in combination with the stainless-steel tip No. 22826 for an expanded treatment 

width of approximately 22 mm. Additionally, the jet nozzle was connected to a Janome desktop 

robot type 2300N for repetitious accuracy regarding treatment conditions. The process gas was 

dry and oil-free air at an input pressure of 5 bar in all experiments. 
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TABLES  

TABLE 1: Bacterial strains and plasmids used in this study. 

Strain or plasmid Relevant trait(s)a Source or reference 

Strains   

E. coli DH5α F- ɸ80dlacZΔM15 Δ(argF-lacZYA) U169 endA1 hsdR17 

(rK
-. mK

-) supE44 thi-1 recA1 gyrA96 relA1 

[64] 

E. coli WM3064 thrB1004 pro thi rpsL hsdS lacZΔM15 RP4–1360 

Δ(araBAD)567 ΔdapA1341::[erm pir(wt)] 

W. Metcalf, University 

of Illinois, Urbana-

Champaign, USA 

E. coli SHuffle® T7 huA2 lacZ::T7 gene1 [lon] ompT ahpC gal λatt::pNEB3-

r1-cDsbC (SpecR. lacIq) ΔtrxB sulA11 R(mcr-

73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10 --TetS) 

endA1 Δgor ∆(mcrC-mrr)114::IS10 

NEB, Frankfurt am 

Main, Germany 

E. coli BL21 (DE3) F−. ompT. hsdS B (rB− m B−) gal. dcm. λDE3 Novagen/Merck, 

Darmstadt, Germany 

   

V. gazogenes  

DSM 21264 

Wild-type strain DSMZ, Braunschweig, 

Germany  

   

Plasmids   

pBBR1MCS-1 Broad host range vector. low copy no.; Cmr [63] 

pBBR1-MCS-

1::amcyan 

pBBR1MCS-5 carrying the amcyan gene in the MCS 

between XbaI and BamHI restriction site   

This work 

pBBR1-MCS-

1::adhE::amcyan 

pet6::amcyan reporter fusion in pBBR1MCS-5 between 

SacI and XbaI restriction site in front of amcyan 

This work 

pET21a(+) Expression vector. lacI. AmpR  T7-lac-promoter. C-

terminal His-tag coding sequence 

Novagen/Merck 

(Darmstadt, Germany) 

pET21a(+)::ulaG 1056 bp insert in pET21a(+) coding for UlaG  This work 

pET28a(+) Expression vector. lacI. KanaR  T7-lac-promoter. C-

terminal His-tag coding sequence 

Novagen/Merck 

(Darmstadt, Germany) 

pET28a(+)::pet6 894 bp insert in pET28a(+) coding for PET6 [31] 
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TABLE 2: The 25 genes with the highest normalized counts in DSM 21264 grown in 

biofilms on PET and PE 

8-hour biofilms  

#  PET foil  PE foil  

 Predicted Function  Locus tag Predicted Function     Locus tag 

     

1  ompU. porin  AAC977_02740  ompU, porin AAC977_02740  

2  secY, translocase AAC977_01575 secY, translocase AAC977_01575  

3  pflB, acetyltransferase AAC977_06195 pflB, acetyltransferase AAC977_06195  

4  rpoA, RNA polymerase AAC977_01600  rpoA, RNA polymerase  AAC977_01600 

5  dehydrogenase AAC977_05600 elongation factor AAC977_11845  

6  fusA, elongation factor  AAC977_11845 rpoB, RNA polymerase AAC977_14125  

7  rpoB, RNA polymerase AAC977_14125 rpoC. RNA polymerase AAC977_14120  

8  peptide synthetase AAC977_13870 peptide synthetase  AAC977_13870  

9  rpoC. RNA polymerase AAC977_14120  cold-shock protein AAC977_16695  

10  aspA, ammonia-lyase AAC977_00985  dehydrogenase  AAC977_05600 

11  *metallopeptidase AAC977_18400  aspA, ammonia-lyase  AAC977_00985 

12  cold-shock protein  AAC977_16695  methyltransferase AAC977_01345  

13  methyltransferase AAC977_01345  dehydrogenase  AAC977_02520  

14  tuf, elongation factor AAC977_13935 elongation factor  AAC977_13935  

15  ATP synthase AAC977_15540  acyl carrier protein AAC977_10205  

16  tuf, elongation factor AAC977_14160  ATP synthase AAC977_15540  

17  luxR, regulator  AAC977_02535 elongation factor AAC977_14160  

18  chaperone AAC977_04160 *metallopeptidase  AAC977_18400 

19  fumarate reductase  AAC977_01180    chaperone AAC977_04160  

20  chaperonin AAC977_01145  quinone reductase AAC977_11710  

21  quinone reductase AAC977_11710  elongation factor AAC977_13940  

22  ATP synthase  AAC977_15530 ATP synthase AAC977_15530  

23  acyl carrier protein  AAC977_10205   dehydrogenase AAC977_02525  

24  aldolase AAC977_13010  ACP synthase AAC977_10200  
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25  pyruvate dehydrogenase AAC977_02520 nucleotidyltransferase AAC977_02820 

 

*vibriolysin  
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5 Discussion 
Increasing plastic production and the concomitant plastic pollution challenge the environment 

and human health in multiple ways. In Figure 6, the lifecycle of plastic is pictured, pointing out 

potential risks and advantages of plastic colonization. In recent years, research has intensively 

studied the plastisphere and searched for plastic degrading bacteria and enzymes. Yet, 

several knowledge gaps occur. Gene regulation within the plastisphere and the role of 

degradation products gained insufficient attention. Recycling rates still remain rather low and 

the actual biodegradation in nature is not determined. Additionally, biofouling contaminates 

surfaces, reducing the material durability. In Chapter 1-3, this study aimed to provide steps 

towards closing those gaps (Figure 6). This thesis contributes to a detailed understanding of 

the initial attachment of bacteria to plastic surfaces and additionally the influence of plastic 

degradation products towards the plastisphere community (Chapter 1), the characterization of 

PET degrading enzymes for potential industrial approaches, but also for the understanding of 

their role in nature (Chapter 2) and the prevention of biofouling by changing the polymer 

surfaces, and characterizing bacterial behavior towards adapted PE foil (Chapter 3). 

 

5.1 DSM 21264 highly transcribes virulence factors during initial attachment 

on plastic surfaces 

Many studies have already explored the formation of the plastisphere, the processes involved, 

and the major phyla associated (Quero & Luna, 2017, Pinto et al., 2019, Latva et al., 2022, 

Dey et al., 2022, Gulizia et al., 2025) However, there remains a lack in our knowledge regarding 

the gene transcription and expression, relevant for the development of the plastisphere 

(Amaral-Zettler et al., 2020). Within this study, the gene regulation of V. gazogenes DSM 

21264 during the initial attachment after 8 hours of incubation on PET and PE, both untreated 

and plasma-activated, was detected. RNAseq revealed that DSM 21264 doesn’t distinguish 

significantly between the different surfaces, and only four genes were differentially upregulated 

when DSM 21264 was colonizing PET compared to PE (Preuss et al., 2025, TABLE S3). 

Interestingly, among the highest transcribed genes on all tested surfaces were the outer 

membrane protein OmpU and the translocase SecY. In V. cholera, OmpU is described to be 

involved in cell-surface adhesion and biofilm formation (Potapova et al., 2024). Additionally, 

the protein is involved in its pathogenesis, and its adaptions have contributed to increased 

antimicrobial resistance (Grant et al., 2023). On the other hand, translocases transport 

polypeptides from the cis to the trans side of the membrane, suggesting that SecY could be 

responsible for the transport of OmpU (Economou, 1998). 
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Moreover, among the most highly expressed genes in biofilm state was the C-

acetyltransferase, also referred to as pyruvate-formiate-lyase (pfl), which is involved in 

anaerobic and mixed acidic fermentation in enteric bacteria. This suggests that partial 

anaerobic metabolism could be taking place within our single-layer biofilms (Hanževački et al., 

2022). This observation is in line with the strong expression of the aspartate ammonium lyase 

(asp), cleaving aspartate into ammonia and fumarate to use the latter as electron acceptor 

(Yoo et al., 2024).  

Another notable finding is the strongly transcribed M4 metallopeptidase, commonly referred to 

as vibriolysin. Vibriolysin like proteases (VLPs) are key pathogenesis factors in Vibrio species 

(Huang et al., 2018). During infection, vibriolysin is believed to facilitate host colonization and 

dissemination, and to contribute to tissue degradation and hemolysis (Iqbal et al., 2011). 

Although, only few studies have addressed the expression of virulence factors within the 

plastisphere, their findings are in line with our RNAseq results, indicating significant expression 

of virulence factors within the plastisphere community (Wang et al., 2024, Messer et al., 2024). 

Since quorum sensing plays a crucial role in bacterial surface colonization, it is not surprising 

that HapR- the master QS regulator in Vibrio species- was highly transcribed under all tested 

biofilm conditions. HapR regulates more than 300 genes, including previously mentioned 

vibriolysin production, biofilm formation, and type VI secretion system (T6SS) (Lydick et al., 

2025) (Preuss et al., 2025, TABLE 2). In V. cholerae, T6SS is responsible for the delivery of 

virulence factors (Shao & Bassler, 2014). This is in line with the results of the RNAseq data of 

DSM 21264 on plastic surfaces. Like HapR, the T6SS was highly transcribed and the strongest 

expressed among the secretion systems encoded in DSM 21264. (Preuss et al., 2025, 

FIGURE 5). Secretion systems in bacteria are used for the delivery of toxins, virulence, or 

enzymes into their environment (Hay et al., 2017). The upregulation of several virulence-

associated genes in strain DSM21264 suggests that other potential pathogens in the 

plastisphere may also strongly transcribe these genes. 

 

5.2 PET-degrading enzymes are secreted outside the cell 

Proteins, which degrade polymers outside the cell, have to be transported through the cell 

membrane mainly via secretion systems. PET6 carries a signal peptide (SP). SPs are short 

peptides which are located in the N-terminal of the respective enzyme, determining the 

transport pathway as well as the destination of the protein (Owji et al., 2018). This suggests 

that PET6 is most likely transported outside the cell. This is in line with the findings that PET 

degradation was observed when DSM 21264 was incubated with PET foil and powder (Preuss 

et al., 2025, FIGURE 2). BLAST-results of the sequence of PET6 in SignalP (SignalP 6.0 - 

DTU Health Tech - Bioinformatic Services) showed that the SP belongs to the Sec-dependent 

https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
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pathway, which is characterized by post-translational translocation (Owji et al., 2018). For the 

release of the respective protein from the membrane, signal peptidases (SPases)are required 

to cleave the SP (Musik et al., 2019). It is distinguished between two types of SPases, Type I 

and Type II, respectively, While SPases II are mainly associated with lipoproteins, SPase I 

cleaves off the signal peptides of several bacterial proteins. The signal peptidase from DSM 

21264 for PET6 cleavage refers to Type I SPase, which is the most commonly utilized signal 

peptidase in many bacteria (Paetzel, 2019).  

For the secretion outside the cell, it is likely that the organism uses secretion systems, to carry 

PET6 outside the cell, enabling the degradation of PET and BHET in its environment. The 

genome of DSM 21264 codes for three secretion systems, Type I (T1SS), Type II (T2SS) and 

Type VI (T6SS). T1SS occurs in Gram-negative bacteria and transports proteins in one-step 

process across both bacterial membranes. Mainly, it exports enzymes of different sizes and 

functions like proteases or lipases. In Vibrio it also mediates the secretion of hemolysin (Pena 

et al., 2019). In many Gram-negative bacteria, the T2SS is used for the transport of folded 

proteins across the membrane into the extracellular milieu (Korotkov et al., 2012). For P. 

aeruginosa it has been characterized to be amongst others especially involved in the secretion 

of hydrolases, indicating that also the transport of PET6 might be affiliated with the T2SS (Hay 

et al., 2017). It consists usually of 12 to 15 proteins, forming a multiprotein machinery. The 

enzymes are located in one operon, which is also encoded in the genome of DSM 21264. The 

enzymes are transported over the inner membrane by the SecYEG translocases, which was 

also strongly regulated in biofilm samples like the T2SS (Korotkov et al., 2012). Those results 

indicate that DSM 21264 uses T2SS for the transport of PET6 through the membranes. 

 

5.3 Potential PET -degradation pathway in DSM 21264 

DSM 21264 harbors a well characterized PET-degrading enzyme, designated PET6 (Weigert 

et al., 2022). Nevertheless, the regulation of pet6 in the native host, as well as the associated 

metabolic pathways, have not been identified before this thesis. Using various RNAseq 

approaches within this study, we characterized the transcriptional behavior of DSM 21264 in 

the presence of PET and its degradation products, providing a more detailed understanding of 

the potential gene regulation within the plastisphere. 

PET can be metabolized as sole carbon source by Ideonella sakaiensis. It is among the only 

organisms. for which the whole hydrolysis process is well understood (Yoshida et al., 2016, 

Maity et al., 2021). Regarding PET degradation products, also for P. putida KT2440 detailed 

information in EG uptake and metabolism were generated (Franden et al., 2018). TPA uptake 

and metabolization on the other hand is well characterized in Comamonas testosteroni, which 
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is able to grow with TPA as a sole carbon source (Vural & Ettadili, 2024). Based on those 

previously identified pathways and comparing them to the findings made for DSM 21264, using 

the data obtained from RNAseq results, we were able to develop a potential degradation 

pathway of PET (Preuss et al., 2025 FIGURE 7). Initial breakdown of PET and BHET is 

assumed to be catalyzed by PET6, as this gene was strongly upregulated in the presence of 

5 mM BHET (log2-foldchange 5) and 30 mM BHET (log2-foldchange 1.5). Additionally, we 

were able to identify Utilization of L-ascorbate protein G (UlaG) as a novel BHETase, which 

was upregulated in the presence of 5 mM BHET and was one of the most strongly upregulated 

genes at 30 mM BHET (log2-foldchange 7.8) (Preuss et al., 2025, FIGURE 6, 7). UHPLC 

measurements using the purified enzyme also revealed slow but significant BHET degradation 

rates (Figure 7, Preuss et al., 2025).  

 

Figure 7 (Preuss et al., 2025, FIGURE S3): BHET degradation assay of recombinant and purified 

UlaG and PET6. Samples were measured using UHPLC ad as outlined in the Materials and Methods 

section. For detection of degradation products MHET and TPA. BHET was added at 300 µM. Bars 

indicate production of MHET. Data are mean values of three measurements and the simple SD is given. 

Data were recorded after 24 hours of incubation. 

UlaG, a member of the E.C. 3.1.1.-, has first been characterized in E. coli, responsible under 

anaerobic conditions for the metabolization of L-ascorbate, when it is the sole carbon source. 

It is annotated as L-ascorbate-6-phosphate lactonase, catalyzing the first step in 6-phosphate 

degradation (Garces et al., 2008). It is believed that UlaG’s ancestral function could have been 

related to hydrolysis and maturation of RNA substrates, but it would have adapted its 

substrates specify to novel substrates during evolution (Garces et al., 2010). Even though the 

function of UlaG as a BHETase has not been shown before, it is discussed that UlaG also 

catalyzes side activities, which might evolve to enzyme specialists within a novel pathway 

(Perez-Garcia et al., 2021). UlaG could therefore play a role in the plastisphere that has not 

been sufficiently characterized, yet. 
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BHET is cleaved outside the cell into MHET and EG and further into EG and TPA, which can 

be taken up by specific transporters. C. thiooxidans, metabolizing TPA as a sole carbon 

source, uses a specific tripartite tricarboxylate transporter for the TPA uptake (Dierkes et al., 

2022). The genome of DSM 21264 encodes 6 tripartite tricarboxylate transporters. 

Interestingly, the transcriptomic data have also shown that one transporter (AAC977_10445) 

and its corresponding permease (AAC977_10440) were upregulated in the presence of 1 mM 

TPA (log2-foldchange > 0.5). The data might imply that DSM 21264 utilizes a transportation 

mechanism comparable to that of C. thiooxidans. Supplementing the strain with higher 

concentrations of TPA could provide further insight into this hypothesis. According to UHPLC 

measurements, DSM 21264 cleaved all BHET into MHET within three days, when 

supplemented with 5 mM of BHET. TPA concentration thereupon increased at that timepoint 

indicating that further degradation of MHET is only initiated when no BHET is in the medium. 

(Preuss et al., 2025, FIGURE S4).  

This is in line with the finding that after 24 h of incubation of DSM 21264 in the presence of 5 

mM BHET, the respective TPA transporter was not regulated yet, but it can be assumed that 

the transcription increases at rising TPA concentrations in the medium. We hypotesize that 

TPA is furhter degraded by Ubiquinone biosynthesis gene D (UbiD). UbiD is a member of the 

UbiD decarboxylase family, which are known to catalyze the decarboxylation of aromatic 

substrates (Khusnutdinova et al., 2024). The product of the single decarboxylation would be 

benzoic acid (Figure 8). UbiD (AAC977_13085) was strongly upregulated in the presence of 

30 mM BHET (log2-foldchange of 6). In the presence of TPA a slight increase in transcription 

was detected (log2-foldchange of 0.4). 

Besides MHET, the degradation of BHET leads to the release of EG (Figure 8, Preuss et al., 

2025, FIGURE 7). In both, P. putida KT2440 and I. sakaiensis the oxidation of EG to 

Glycolaldehyde (GAD) is initialized by alcohol dehydrogenases (Franden et al., 2018, 

Hachisuka et al., 2022). In DSM 21264, we identified one putative bifunctional acetaldehyde -

CoA/ alcohol dehydrogenase, referred to as adhE, which was upregulated in the presence of 

5 mM BHET (log2-foldchange of 2), and interestingly, also when DSM 21264 is grown on PET 

surface compared to PE foil in biofilm condition (log2-foldchange of 1). Glycolaldehyde is 

further catabolized to glycolic acid (GA) by aldehdyde dehydrogenases. Blasting adhE from 

DSM 21264 against the proteins characterized for its role in EG catabolism from P. putida and 

I. sakaiensis, percent identity of 23.28% and 22.78% for aldehdyde dehydrogenases PedI and 

IsPedI was detected. IsPedI was also upregulated in the presence of PET and EG in I. 

sakaiensis (Hachisuka et al., 2022). In order to further investigate the role of adhE, a promoter 

fusion construct was cloned and analyzed, using fluorescence measurements. Results showed 

a significant induction of the adhE promoter in the presence of 5 mM EG (Preuss et al., 2025, 

FIGURE S5). For Thermotoga neapolitana, it has already been shown that a bifunctional 
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aldehdyde/alcohol dehydrogenase is capable of catalyzing two consecutive reactions (Wang 

et al., 2021), indicating that adhE could also be involved in the reaction from EG to GAD and 

its further conversion to GA. To verify the role of adhE in the EG metabolism, further 

biochemical analysis have to be conducted (Figure 8). 

 

Figure 8: Potential PET degradation pathway and metabolism of PET-degradation products in 

DSM 21264. PET is degraded by PET6 into BHET or MHET. The intermediates are further degraded by 

PET6 and UlaG into EG and TPA. TPA is transported through tripartite tricarboxylate transporter into 

the cell and potentially decarboxylated by UbiD into benzoic acid. EG is oxidized by AdhE into GAD and 

further metabolized also by AdhE into GA. GA is then potentially converted into acetyl-CoA and inserted 

into the TCA cycle (Created with Biorender).  

Until now, most studies focused either on the characterization of the purified PETase or the 

bacterial degradation, determining the product release, but ignore the transcriptomic changes 

induced by the polymer or degradation products (Liu et al., 2024). Within this study, we were 

able to develop a model of the potential degradation pathway, and identify genes that might 

play important roles in the metabolism (Figure 8). Additionally, this is the first study that gives 

insight in to changes in gene expression due to different substrates and concentrations related 

to PET. The study revealed that gene transcription strongly relies on the concentration 

supplemented within the medium.  
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5.4 Identification and characterization of PETases and their hosts 

Since PET is one of the few plastic polymers, for which the full degradation pathway is well 

understood, this offers the ability, to search for effective enzymes for PET biodegradation. 

Different approaches are applied for the finding of novel PETases, and recently, methods have 

been conducted for the improvement of the degradation rates of those enzymes (Buchholtz et 

al., 2022, Fritzsche et al., 2024, de Oliveira et al., 2025). The approaches for the detection of 

PET degrading enzymes vary from basic laboratory screening methods, using agar plates 

supplemented with PET (Urbeliene et al., 2025) to the establishment of complex sequence-

based screening motifs (Danso et al., 2018, Buchholtz et al., 2022, Jahanshahi et al., 2025). 

Using a profile Hidden Markov Model (HMM) search, PET6 derived from Vibrio gazogenes 

DSM 21264, intensively studied in Chapter 1, as well as PET27 and PET30 characterized in 

Chapter 2, were, inter alia, identified (Danso et al., 2018, Zhang et al., 2022, Preuss et al., 

2025). The field of PET degrading enzymes expanded rapidly, and a more detailed knowledge 

of conserved motifs and key amino acid sequences was obtained (Jahanshahi et al., 2025). 

Despite the deep understanding of the well characterized PETases, the expression within their 

native hosts only received insufficient attention. However, for Kaistella jeonii, the native host 

of PET30, it was observed that the cells attach to PET surface, indicating a potential 

degradation also in nature. Additionally, enzyme activity could be detected at 4 °C making PET 

degradations at low temperatures in the oceans by Bacteroidetes very likely (Zhang et al., 

2022, FIGURE S5). The phylum Bacteroidetes encodes a distinct secretion system than the 

previously named. The Type IX secretion system (T9SS), previously referred to Por Secretion 

System, is widely found within the phylum Bacteroidetes and is not encoded within the 

genomes of other phyla (McBride & Zhu, 2013). It has been predominantly studied in 

pathogenic bacteria for its role in infection, due to the release of virulence factors (Mizgalska 

et al., 2024). The T9SS allows the transport across the membranes with the aid of the Sec 

system for enzymes carrying a secretion tag. Since PET27 and PET30 harbor a PorC-motif, it 

is assumed that they are secreted via the T9SS (Pena et al., 2019, Zhang et al., 2022). Our 

findings regarding DSM 21264 and K. jeonii imply that signal peptides and the associated 

secretion of the enzymes via secretion systems are essential for plastic degradation in the 

environment. Despite the deep characterization of the purified PETases from the phylum 

Bacteroidetes, about other genes involved in the PET-degradation pathway within K. jeonii can 

only be speculated. 
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5.5 Influence of BHET and natural substrates towards the metabolism of DSM 

21264 

Regarding the expression of PET6, which is potentially involved in biodegradation of PET, no 

differentially regulation on the distinct polymers like PET foil and powder could be observed. 

Even tough after the incubation of DSM 21246 with PET foil and powder MHET release was 

detected, indicating that the constitutively expressed enzyme is sufficient for low degradation 

rates, the substrate is not inducing the gene expression (Preuss et al., 2025). Until now more 

than 125 PET-active hydrolases have been detected, but the majority have been heterologous 

expressed and characterized under laboratory conditions in expression strains such as E. coli 

and not their native hosts (Almeida et al., 2019; Zurier & Goddard, 2022, Carter et al., 2024). 

The results of Chapter 1 indicate that organisms, in theory capable of degrading plastic 

substrates, not necessarily enhance biodegradation in the environment at high levels. 

To get a deeper insight on the transcriptional regulation of PET6 further RNAseq experiments 

were conducted, using natural occurring substrates as additional carbon sources such as 

CMC, chitin and alginate, several BHET concentrations, and TPA. Numerous Vibrio species 

harbor chitinases involved in chitin degradation (Deng et al., 2025) and also alginate lyases, 

degrading alginate (He et al., 2022). Thus, we hypothesized that PET6 might also be involved 

in either of those metabolisms. Even though there was no differentially expression of PET6 

observable, when DSM 21264 was supplemented with those natural substrates, we detected 

a significant increase in transcription of pet6, when 5 mM and 30 mM BHET were added to the 

medium.  

Our data reveal that not only the PETase transcription was induced, but increasing BHET 

concentrations significantly affected the overall bacterial metabolism of DSM 21264. In total, 

250 genes were upregulated and >100 genes were downregulated in the presence of 5 mM 

BHET. At 30 mM concentration, >850 genes were upregulated and >600 genes were 

downregulated (Preuss et al., 2025, FIGURE S2, S7). Among those differentially regulated 

genes and pathways were Quorum sensing systems (QS), Bis-(3’-5’)-cyclic dimeric guanosine 

monophosphate (cyclic-di GMP) and cyclic adenosine monophosphate (cAMP) signaling, the 

prodigiosin cluster, prophages and genes involved in oxidative stress (Preuss et al., 2025, 

FIGURE 4-6). It has already been determined that plastic substrates can negatively influence 

metabolic pathways of the aquaculture regarding oxidative stress, inflammations or fertility 

(Hodkovicova et al., 2022). In general, only 9% of all the studies, referring to microplastics, 

focus on PET and even less are concerned with its degradation products (Hodkovicova et al., 

2022). As a result, the metabolic changes, they may induce, have not been determined, yet. 
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Already 0.5 mM of BHET altered biofilm morphology in DSM 21264. In the presence of 10 mM, 

the red pigment prodigiosin was not detectable anymore, but gained back when inoculated in 

BHET-free fresh medium (Figure 9, Preuss et al., 2025). 

 

Figure 9 (Preuss et al., 2025, FIGURE S6): Phenotypical changes of DSM 21264 influenced by 

BHET and TPA Confocal laser scanning microscope (CLSM) images (A-J) of V. gazogenes DSM 21246 

biofilms grown in the presence of increasing concentrations of BHET (B-E) and TPA (G-J) for 24 h of 

incubation at 28 °C. BHET concentrations ranged from 0.5 mM B), 5 mM C), 10 mM D), 30 mM E). Used 

TPA concentrations were 1 mM(G), 5 mM H), 10 mM I) and 20 mM J). As controls DSM 21264 was 

inoculated with DMSO F) and also without any added substrates A). Cells were stained using 

LIVE/DEAD stain.   

K) Changing colony morphology of DSM 21246 in the presence of increasing BHET concentrations in 

LB agar plates at 28 °C after 24h of incubation. 

 

As previously mentioned, prodigiosin is deeper characterized in Serratia marcescens, for 

which the prodigiosin synthase genes, such as pigA or pigC, are categorized as virulence 

factors (Liu et al., 2023). For the prodigiosin synthesis, numerous transcriptional regulators 

have been determined Among them are LuxS as part of AI-2, but also the two-component-

systems EnvZ/OmpR, RssB/RssA and PigQ/W (Xiang et al., 2022). The transcription of the 

two-component-system EnvZ/OmpR decreased at rising BHET concentrations, indicating a 

connection to the failure of prodigiosin synthesis in DSM 21264, according to our RNAseq 

analysis. Since in the presence of higher BHET concentrations no prodigiosin was observable, 
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it is likely that the downregulation of EnvZ/OmpR contributed to the absence of red 

pigmentation (Figure 9, Preuss et al., 2025, FIGURE 6). Another interesting finding was the 

strong upregulation of genes from Reb family protein, involved in R-body synthesis, in the 

presence of 5 mM BHET. R-bodies, also called “killer trait”, were first characterized in 

Caedibacter sp., which are endosymbionts of paramecia (Schrallhammer et al., 2011). Genes 

responsible for R-body production belong to the reb operon, and have also been found in the 

phylum Proteobacteria. R-bodies are believed to be involved in bacterial pathogenesis in 

species that carry the reb operon (Matsuoka et al 2017). For Vibrio, the R-body synthesis has 

not been described yet, thus the role in DSM 21264 can only be assumed. Since BHET seems 

to trigger stress responses, it is likely that DSM 21264 tries to use R-body synthesis as a 

protection mechanism.  

 

5.6 BHET interferes with main regulatory circuits 

For the deeper understanding of the role of PET and as well its degradation products towards 

the gene regulation of DSM 21264, main regulatory circuits influencing the metabolism and 

lifestyle, such as Quorum sensing (QS), cyclic-di-GMP synthesis and cAMP-CRP regulation, 

were analyzed in detail. QS and its associated regulatory pathways have been widely studied 

among several Vibrio sp., especially, the species involved in pathogenesis (Ng & Bassler, 

2009, Seok et al., 2024, Simpson et al., 2024, Li et al., 2025, Morot et al., 2025). Using QS, 

bacteria are capable to adapt to their environment, regulating the gene expression depending 

on the cell density (Ng & Bassler, 2009). QS relies on the production of autoinducer molecules 

by the respective synthase, which are released in the surroundings. Accumulating 

autoinducers are detected by specific receptors located in the membrane or cytoplasm of the 

cells. At a certain threshold, gene expression is regulated in regard for community behavior 

(Figure 10, Rutherford & Bassler, 2012).  

The regulation of QS relies under the control of the master QS regulators AphA, the low cell 

density regulator, initializing individual behavior, and HapR/LuxR, the high cell density 

regulator, initiating group behavior (Ball et al., 2017). On a molecular level, the AI binds to the 

respective receptor, activating the corresponding histidine kinase, which then acts as a 

phosphatase dephosphorylating LuxO, repressing the transcription of Qrr sRNAs, activating 

HapR (Figure 10, Rutherford & Bassler, 2012). In 2002 Miller et al. identified a novel QS system 

in Vibrio cholerae, which is exclusively encoded in the genomes of representatives of the genus 

Vibrio, the cholera autoinducer system (CAI), respectively (Miller et al., 2002). Regulatory 

pathways controlled by QS are involved in biofilm formation, secretion systems, proteases and 

virulence factors (Simpson et al., 2024). 
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Figure 10: Cellular model of regulation of global regulatory circuits including cyclic-di-GMP, 

cAMP-CRP and QS in DSM 21264. DSM 21264 harbors three QS-systems, which initiate group 

behavior. The model shows gene regulation at high cell density. HapR, the master quorum sensing 

regulator, is upregulated at high density, and Apha, the master quorum sensing regulator at low cell 

density, is inhibited. CqsA, LuxS and LuxM are the autoinducer synthases, synthesizing CAI-1, AI-1 and 

AI-2. The autoinducers are bound by their corresponding response regulators CqsS, LuxN and LuxPQ, 

respectively. They thereupon dephosphorylate LuxU, inhibiting LuxO and therefore activate HapR. 

HapR, inter alia, induces the expression of T6SS and vibriolysin. HapR can additionally be activated by 

CRP-cAMP complex. The complex is formed by AC, synthesizing cAMP which binds to CRP. QS also 

regulates the c-di-GMP level in the cells by the induction of PDEs and DCGs. PDEs degrade c-di-GMP 

while DGCs synthesize the molecule. The c-di-GMP level inside the cell controls flagellar synthesis, 

EPS production or oxidative stress response, for example (Created with Biorender). 

DSM 21264 harbors three QS systems, AI-1, including acyl-homoserine-lactone synthase 

LuxM and the corresponding histidine sensor kinase LuxN, LuxS, encodes autoinducer 

synthase responsible for AI-2 production. LuxQ, encodes the sensor kinase and along with the 

periplasmatic protein LuxP, detects AI-2. The Cholera autoinducer system (CAI) composes of 

the cholera autoinducer synthase (CqsA) and the response regulator (CqsS). The results of 

Chapter 1 have shown that biofilm formation is already altered at concentration of 0.5 mM 

BHET in the medium (Figure 9, Preuss et al., 2025). Regarding the RNAseq data of the 

different approaches in planktonic lifestyles as well as in biofilm status, we detect a highly 

distinct regulation of the QS systems. Autoinducer system 1 is strongly regulated in biofilm 

conditions and also in the presence of 30 mM BHET in planktonic cells. For lower 

concentrations of BHET and DSM 21264 grown in medium, supplemented with natural 

substrates, no particular changes in expression of the AI-1 system were observed. Regarding 

AI-2 system, strongest upregulation in DSM 21264 was observable in the presence of 5 mM 
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BHET, followed by 30 mM. Interestingly, in biofilm the AI-2 system was rather downregulated. 

The CAI system on the other hand was highly regulated under biofilm conditions, but no 

particular regulation was observed in the presence of BHET. The most intruding finding was 

detectable in the presence of 1 mM TPA, since the cholera autoinducer synthase (CqsA) was 

strongly downregulated (Preuss et al., 2025, FIGURE 5). Those findings indicate that DSM 

21264 highly distinguishes between its surroundings and the organism adapts towards the 

environment, using different regulatory pathways, induced by the varying Quorum sensing 

systems. It is also assumable that DSM 21264 recognizes PET-degradation products as signal 

molecules influencing the transcription of the QS-systems. Research in V. furnissii have shown 

that AI-2 directly regulates the c-di-GMP level in the cells by the induction of 

phosphodiesterase activity, degrading c-di-GMP. The c-di-GMP level in the cell regulates the 

transcription of genes involved in stress response, enhancing oxidative stress tolerance and 

protection from DNA damage. Those genes include the universal stress proteins, namely 

UspA1, UspA2 and UspE (Zhang et al., 2025). The presence of 5 mM BHET induced the 

strongest upregulation of AI-2 in DSM 21264 and also UspB and UspE were upregulated by 

log2-foldchanges of 1 and 3, indicating that this regulatory circuit is equally induced in DSM 

21264 (Preuss et al., 2025). 

For the further understanding of the regulatory networks induced in the presence of BHET, 

genes associated with c-di-GMP were analyzed in detail. The ubiquitous bacterial second 

messenger controls a wide range of biological processes and is regulated by QS (Figure 10, 

Ball et al., 2017). Inter alia stress adaption, biofilm formation, virulence, motility or cell cycle 

progression are regulated by c-di-GMP (Jenal et al., 2017). The c-di-GMP synthesis is initiated 

from two guanosine-5’-triphosphate (GTP) molecules by diguanylate cyclases (DGCs) 

harboring a GGDEF domain. Phosphodiesterases (PDEs) containing an EAL or HD-GYP 

domain, which are c-di-GMP specific, thereupon degrade the c-di-GMP into GMP or 5’-

phosphoguanylyl-(3’, 5’)-guanosine (pGpG) (Zhang et al., 2025). The level of cellular c-di-GMP 

is controlled by the expression of DGCs and PDEs synthesizing or degrading c-di-GMP, due 

to the response to internal or external signals. C-di-GMP concentration is an important 

regulator for the transition from motility to biofilm formation (Figure 10, Isenberg et al., 2024). 

DSM 21264 codes for 14 DGCs and 10 PDEs in its genome, and many of them were 

differentially regulated either in biofilm status or in planktonic lifestyle supplemented with 

varying BHET concentrations (Preuss et al., 2025, FIGURE 4). For several pathogenic and 

few non-pathogenic Vibrio strains, the role of the individual c-di-GMP proteins are 

characterized in detail, revealing their role in biofilm matrix and extracellular polysaccharide 

production (EPS), and regulation of flagellar synthesis genes (Gong et al., 2023 Chen et al., 

2024). For strains from the Gazogenes-clade, research within this field has not been yet 

conducted, so gene regulation in the presence of BHET remains unclear. Most of the flagellar-
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associated genes were downregulated in DSM 21264 grown in medium supplemented with 30 

mM BHET (Preuss et al., 2025, FIGURE 6). Downregulation of flagellar associated genes was 

also observed for V. alginolyticus with overexpressed VA4033, a diguanylate cyclase (Gong 

et al., 2023). Those finding indicates that homologues of this respective genes may as well be 

upregulated in DSM 21264, thus leading to similar phenotypes. Unfortunately, due to high 

sequence similarities between genes coding for DGCs, BLAST result showed high similarity 

to several DGCs. In our dataset, we were able to observe log2-foldchanges of 3.5 and 5 for 

cdgG and acgB, hypothesizing that they have a similar mode of action in DSM 21264 as 

VA4033 in V. alginolyticus. 

Another important regulator for the switch from sessile to motile lifestyle is the cAMP receptor 

protein (CRP) (Manneh-Roussel et al., 2018). CRP binds to cAMP a second messenger which 

is synthesized by adenylate cyclases (ACs), forming the cAMP-CRP complex (Regmi et al., 

2023). This conformational change enables the complex to bind to specific sequences, 

inducing or repressing the gene transcription of more than 100 promoters (Busby & Ebright, 

1999). In E. coli, the mechanism of cAMP-CRP has originally been described to play a key role 

in utilization of non-preferred carbon sources. When glucose is absent in the medium, 

adenylate cyclase is upregulated producing cAMP (Figure 10, Saier et al., 1976). To date, six 

classes of ACs have been identified. E. coli, Vibrio sp and other Proteobacteria encode one 

AC gene belonging to the class AC-I (Linder, 2008). In the genome of DSM 21264, we only 

detected one gene (AAC977_15045), that can be assigned to class I adenylate cyclases. In 

the presence of 30 mM BHET, it was downregulated (log2-foldchange of -2) and slightly 

upregulated in the presence of 5 mM BHET (log2-foldchange of 0.8) Notably, in V. 

parahaemolyticus ∆cyA mutant strain an additional AC was identified, which is capable of 

cAMP synthesis. (Regmi et al., 2023). Therefore, transcriptional analysis of cyA in DSM 21264 

may not be sufficient to determine intracellular cAMP concentrations, as the strain may express 

additional, yet unidentified, ACs. Further results revealed that deletion mutant ∆crp in V. 

parahaemolyticus formed significantly less biofilm than the wild-type strain, proving the 

relevance of CRP in biofilm formation (Regmi et al., 2023). This is in line with the finding that 

the regulation of master QS regulator HapR can further be controlled by cAMP receptor protein 

(CRP) (Silva & Benitez, 2004). Our RNAseq data revealed a strong downregulation of CRP 

and HapR in the presence of 30 mM BHET in DSM 21264 (log2-foldchange -2.8 and -1.8) and 

a reduced transcription in medium supplemented with 5 mM of BHET (log2-foldchange -1.2), 

respectively. Also, a slight decrease in transcription of crp was determined in the 0.5 mM BHET 

samples (log2-foldchange -0.3). This could indicate that BHET interferes with the transcription 

of crp explaining the decreased biofilm formation of DSM 21264, when it is present in the 

medium (Figure 9, Preuss et al., 2025, FIGURE 6).  
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Since those second messengers also have been determined to be essential for the formation 

of the plastisphere (Dey et al., 2022) the changes in transcription influenced by BHET might 

decrease bacterial attachment on PET surfaces in nature.  

 

5.7 BHET induces oxidative stress in the DSM 21264 

When exposed to 30 mM of BHET, DSM 21264 induced significantly differential expression of 

20% of all its genes, indicating that the organism was highly challenged, and regulatory 

networks towards stress response were expressed. Differential gene response under varying 

stress environments have been documented for starvation, osmotic stress, phage induction, 

pH stress, DNA damage and also oxidative stress in bacteria (Durfee et al., 2007, Gunasekera 

et al., 2008, Wang et al., 2012). Those changes in expression patterns underly highly distinct 

regulatory networks, inducing up to hundreds of differentially expressed genes, resulting in 

varying phenotypes (Bhatia et al., 2022). OxyR has been identified as a major transcriptional 

regulator in response to oxidative stress in various bacterial species (Wang et al., 2012, 

Choudhary et al., 2024). The gene belongs to the LysR family, and is highly conserved among 

Gram-negative as well as Gram-positive bacteria. Besides oxidative stress, it also influences 

biofilm formation or virulence (Antelmann & Helmann, 2010). Interestingly, we detected a slight 

upregulation of OxyR in the presence of 5 mM BHET, but the gene was strongly upregulated 

at log2-foldchange above 3 in the presence of 30 mM BHET. Those regulation patterns indicate 

that increasing concentrations of this PET-degradation intermediate induce oxidative stress 

responses (Preuss et al., 2025, FIGURE 6). Oxidative stress can be caused by reactive oxygen 

species (ROS), a challenge for all living organisms, since it is responsible for major damage 

towards DNA, proteins and membranes (Wang et al., 2012). For PET nanoparticles, it has 

already been observed that the exposure towards Chlorella vulgaris resulted in reduced growth 

and also a significantly higher intracellular level of ROS (Vijayan et al., 2024). In V. cholerae, 

OxyR regulates the transcription of alkyl hydroxide peroxidases ahpC and ahpF (Wang et al., 

2017). In DSM 21264, these genes have not only been upregulated in the presence of BHET, 

but interestingly they were also among the four significantly differentially expressed genes 

regarding the surface dependent RNAseq on PET compared to PE foil (Preuss et al., FIGURE 

6, TABLE S2). Since we also detected BHET in the medium when DSM 21264 is incubated 

with PET, the gene regulation might also be induced by the degradation product BHET rather 

than the polymer itself. Additionally, Dps family protein and glutathione peroxidase were 

significantly upregulated during incubation on PET surface and supplemented with 30 mM 

BHET, which also have been characterized to be involved in oxidative stress response (Xia et 

al., 2017, Loterio et al., 2023).  
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Other regulatory pathways that were highly induced in the presence of BHET might also be 

related to oxidative stress, such as the increased transcription of all three prophages, encoded 

on the genome of DSM 21264. Medium supplemented with higher BHET concentrations 

increased transcription of VGPH01 and VGPH02 (Preuss et al., FIGURE 6, TABLE S3). 

Prophage induction is determined to be a reaction towards oxidative stress in the presence of 

ROS in other Gram-negative bacteria such as Salmonella enterica or E. coli (Filipiak et al., 

2020, Uppalapati et al., 2024). Until now the information about prophages in Vibrio from the 

Gazogenes-clade is rare, thus deeper research has to be conducted to understand the 

regulatory pathways of prophage induction. 

Overall, these findings indicate that not only PET, but also its intermediate BHET are highly 

toxic for the microplastic-associated community. Since DSM 21264 rapidly converts BHET into 

MEHT, it is likely that MHET also contributes to the observed toxicity towards the attached 

organisms. Furthermore, the oxidative stress due to ROS induced by PET and its 

intermediates, can negatively impact the aquaculture and its inhabitants and might be involved 

in the finding that PET is less colonized than other plastic polymers (Cai et al., 2019). 

 

5.8 Prevention of biofouling due to surface adaption 

Relevant aspects for surface attachment with focus on the plastisphere have already been 

discussed in detail. Not only plastic waste is colonized rapidly by the surrounding material, but 

also plastic surfaces, which are used in daily life, when they are exposed to biotic environment. 

Bacterial biofilms are considered a serious threat in processing facilities such as industrial 

sectors, food packaging or hospital settings, since bacteria also attach to medical devices or 

within the marine industry. This process is referred to as biofouling (Dobretsov et al., 2006, 

Muhammad et al., 2020). Especially, in water desalination for the supply of fresh water 

biofouling plays a threatening role. To obtain fresh-water from salt-water or other wastewater 

sources, reverse osmosis is predominantly used, filtering the water through thin-film composite 

polyamide membranes, which have a risk of microbiological fouling (Zamora et al., 2023, Wu 

et al., 2025). Discussing the plastisphere, the strong potential of bacteria to adapt to new 

ecological niches, and colonizing all kinds of surfaces with highly distinct biofilms, has already 

been clarified. Since the membrane bioreactors also comprise of plastic polymers, it can be 

assumed that comparable biofilms are formed on those polymers, harming the surface. For 

the prevention of biofouling, several studies focused on the adaption of the surface to decrease 

bacterial attachment (Kim et al., 2021, Burmeister et al., 20232, Burmeister et al., 20231 

(Chapter 3), Zamora et al., 2023, Wu et al., 2025). Within Chapter 3, PE, the most produced 

plastic polymer, was used as a base material, and polymeric N-oxides were grafted on the 

substrate. Three different polymeric N-oxides were grafted on the PE surface, namely PE-poly-
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(VBNOx), PE-poly-(MAANOx) and PE-poly-(MANOx) (Burmeister et al., 20231). To evaluate 

the changes in bacterial adhesion, marine Vibrio campelli was incubated on treated compared 

to untreated PE, and observed at the Laser Scanning Microscope. The images revealed a 

significant decrease of attaching cells (Burmeister et al., 20231, FIGURE 4). V. campbelli is 

ubiquitously occurring in marine systems, and has also been reported to be abundant in the 

plastisphere. Additionally, it is classified as an emerging pathogen towards the aquaculture, 

and harbors numerous antibiotic resistant genes (Defoirdt et al., 2006, Lacerda et al., 2024, 

Zhang et al., 2024).  

Recently, poly (amine oxide) (PAO) was introduced as an alternative to polyethylene glycol 

(PEG), which is widely used in stealth material in numerous medical products, but is often 

affected by biofouling. PAO is also based on grafting zwitterionic N-oxides on the surface. 

Modified surfaces also led to decreased bacterial attachment (Luc et al., 2023). The prevention 

of attachment and biofouling due to zwitterions has already been studied in recent years. They 

contain an equal number of oppositely charged ions, zwitterions, which are characterized as 

hydrophilic biomaterials binding water molecules via electrostatically induced hydration (Li et 

al., 2019). Within Chapter 3, poly N-oxides were used as zwitterions, which have to that time 

not been described for their antibacterial activity. The expected antimicrobial mechanism of 

the poly N-oxide grafted surfaces relies on the release of ROS in the presence of 

microorganisms, which has been determined by paramagnetic resonance (EPR)-spectroscopy 

for all three grafted surfaces (Burmeister et al., 20231). The release of ROS triggers oxidative 

stress within the bacterial cell, leading to the damage of DNA, membranes and proteins. 

Bacteria possess several oxidative defense related genes, which were already detailed 

characterized (Wang et al., 2012). Nevertheless, if ROS concentration is too high, bacterial 

defense mechanisms are not sufficient to maintain survival of the cells, as described in Chapter 

3 on adapted PE-surfaces (Burmeister et al., 20231). Other studies also generated surface 

coatings, using different chemical compounds, which showed antibiofouling due to the release 

of ROS (Natarajan et al., 2016, Ma et al., 2020) Despite the advantages of low-fouling, induced 

by ROS, it also presents risks by harming the aquaculture (Braz-Mota et al., 2018). Since the 

release of ROS by poly N-oxides is only triggered in the presence of bacteria, no toxic effects 

originating from the surface can be assumed. Yet, to confirm this assumption further research 

needs to be conducted. 

Interestingly, our study revealed an equal effect of BHET like the adapted surfaces, where no 

bacterial attachment was observed. Since studies have shown that PET is less colonized than 

other plastic polymers it is likely that this observation is due to BHET release in the surface 

and thereupon the release of ROS decreasing potential biodegradation. 
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The mechanism of grafting different poly N-oxides can be used for other plastics than PE as a 

base material, offering novel possibilities to prevent biofouling (Burmeister et al., 20231). 

Additional advantages of the reduction of biofouling is an exceeding durability of the plastics 

used in varying industries, since they don’t have to be exchanged due to occurring 

biodegradation or contamination with potential pathogens. Extending the durability might 

decreases plastic waste, and thereupon contributes to less environmental pollution by the 

polymers. 

Regarding the emerging plastic pollution, the question, if the adapted or coated materials 

change bacterial colonization in the marine ecosystem on the respective polymer, occurs 

inevitably. It might be assumed that those polymers are less colonized in the aquatic system. 

This might further reduce the capabilities of biodegradation by the attaching microorganisms, 

but it can also be classified as an advantage, since the risk of accumulating pathogens and 

also of alien species, invading new environments, is significantly reduced. Further this might 

protect the aquaculture and eventually also human well-being. 
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6 Conclusion & Outlook 

The present study addresses major concerns occurring with the increasing plastic production 

and the accompanying global plastic pollution. Within this framework three target problems 

were addressed, contributing to a better understanding of the bacterial gene expression in the 

plastisphere and also the influence of PET breakdown products (I), degradation of PET 

polymer under laboratory conditions and in the native host (II). Further the prevention of 

biofouling was investigated (III).  

(I) The first part of this study focused on a more detailed understanding of the gene 

regulation during initial attachment, using model organism DSM 21264 with respect 

to the expression of the PET esterase, PET6. The results revealed that potential 

PET-degrading DSM 21264 does not distinguish significantly between PET and PE 

surface during initial attachment. However, transcriptome analyses identified 

genes, which are important for the initial attachment, and might also play a role in 

the plastisphere, respectively. Among those genes were ompU, secY, hapR and 

other relevant virulence factors. 

While PET-film does not appear to have a major impact on the gene transcription 

of DSM 21264 during first attachment, the PET degradation products BHET and 

TPA lead to strong changes in several metabolic pathways, including cyclic-di-GMP 

production, Quroum-sensing and cAMP-CRP circuit. RNAseq further revealed 

upregulation of oxyR, transcriptional regulator towards oxidative stress response, 

indicating for the first time that PET breakdown products induce oxidative stress 

maybe due to ROS in bacteria, identifying a possible threat for bacteria in the 

plastisphere. 

 

(II) Within in the second Chapter, the first PET degrading enzymes from the phylum 

Bacteroidetes were identified, which is among the most abundant phyla within the 

plastisphere. Characterization of those enzymes gives a more detailed 

understanding of the molecular mechanism, and contributes to the finding of novel 

PETases. Additionally, biofilm analysis has shown that K. jeonii attaches to PET 

surface and along with the identified signal peptides of PET27 and PET30, it is very 

likely that species from the phylum Bacteroidetes also contribute to the degradation 

of PET in nature. 

 

(III) The third Chapter of the study aimed to prevent attachment to plastic surfaces, 

using model organism from Vibrio sp., determining the decrease in colonization. 

The process of preventing biofouling was forwarded by adapting PE surface by 

grafting the polymer with zwitterionic poly-N-oxides. Results have shown that less 
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bacteria are able to form biofilms on the adapted surfaces. Since the surface 

adaption can be integrated also on other plastic polymers as base material, 

biofouling can be prevented, enhancing the durability of these plastics, and 

therefore plastic waste might further be reduced to a respective level. Additionally, 

if those adapted polymers end up in the environment, the risk of the accumulation 

of pathogenic bacteria might decrease.  

 

Overall, this study provides valuable insights into plastic colonization and forwards its better 

understanding. Additionally, potential degradation as well as strategies for the prevention of 

biofouling were analyzed. This contributes to improved recycling and may also reduce plastic 

waste, by expanding the lifetime duration of the materials. Approaches targeting different 

points accompanying with the emerging threat due to plastic pollution were made, outlining 

perspectives for an improved management towards plastic waste. Notably, this study 

identified, for the first time, PET-degradation products as risk factors for bacterial systems, 

highlighting their potential, negative, impact on both, microbial communities and the marine 

environment. The obtained results provide a promising basis for future investigations and offer 

new perspectives for the scientific research in the field of plastic colonization and 

biodegradation. 

 

.
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8 Appendix 

8.1 Polyethylene terephthalate (PET) primary degradation products affect c-

di-GMP-, cAMP-signaling and quorum sensing (QS) in Vibrio gazogenes 

DSM 21264 

The transcriptomic data can be accessed online via under accession PRJEB80907 at 

European Nucleotide Archive (ENA). Additional supplementary material is temporary available 

at: Polyethylene terephthalate (PET) primary degradation products affect c-di-GMP-, cAMP-

signaling and quorum sensing (QS) in Vibrio gazogenes DSM 21264 | bioRxiv 

 

TABLE S2: V. gazogenes DSM 241264 transcriptomes established and analyzed in this 
study.  

Lifestyle Average 
read 

number 
(mio. reads) 

Reads 
mapped 

 
(%) 

Reads 
mapped to 

rpoD 
(# reads) 

Reads mapped to 
pet6 

 
(# reads) (% of 

rpoD) 

      

Biofilm      

 PET foil  11.0 96.3 11.879 50.0 (0.4) 

 PE foil 10.1 95.9 11.772 50.0 (0.4) 

 PET foil plasma  11.0 95.9 14.107 48.0 (0.3) 

 PE foil plasma 10.9 96.1 17.522 39.0 (0.2) 

      

Planktonic 

 CMC (1% w/v)  64.4 99.6 3.998 64 (1.6) 

 Alginate (1% w/v)  15.3 75.6 2.450 32 (1.3) 

 Chitin (1% w/v) 138.4 99.59 5.276 52 (1.0) 

 PET powder (1% 
w/v) 

153.4 99.8 5.159 69 (1.3) 

 BHET (30 mM) 20.6 94.6 3.396 140 (4.1) 

 BHET (5.0 mM) 14.6 875 7.680 1.289 (16.8) 

 BHET (0.5 mM) 15.9 90.2        11.850 69.0 (0.6) 

 TPA (1mM) 16.4 91.2        10.968 110.0 (1.0) 

 DMSO 17.1 86.8         8.434 44.0 (0.5) 

 No additional carbon 
source added 

127.9 99.9 6.017 44.0 (0.8) 

      

 
Cells were grown in artificial sweater medium (ASWM) and in part supplemented with various listed 

carbon sources. Biofilm cultures were grown in ASWM and planktonic cultures in 1:10 diluted ASWM. 

PE and PET plasma indicate plasma-treated foil. Data are mean values of three independent biological 

experiments. Transcriptome data analysis results are available in the supplementary table S1.  

https://www.biorxiv.org/content/10.1101/2025.01.28.635239v1.supplementary-material
https://www.biorxiv.org/content/10.1101/2025.01.28.635239v1.supplementary-material
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TABLE S3: Significantly differentially expressed genes in PET vs. PE grown biofilms 

of DSM 21264 

Locus tag Predicted Function Log2- 
foldchange 

AAC977_01250 predicted glutathione peroxidase, gene  2.73 

AAC977_19780 alkyl hydroperoxide reductase subunit F, aphF 2.41 

AAC977_19785 alkyl hydroperoxide reductase subunit C, aphC 2.33 

AAC977_14955 Dps family protein 2.02 

 

 

 

 

TABLE S4: Log2-foldchanges of known prophage genes in the genome of DSM 21264 
grown in the presence of BHET (30, 5.0 and 0.5 mM) in planktonic cultures. 

Locus tag Predicted function 0.5 
mM 

BHET 

5  
mM 

BHET 

30  
mM 

BHET 

VGPH01    

AAC977_19445 hypothetical protein 0.25 0.29 -2.12 

AAC977_19450 hypothetical protein 0.16 0.46 -2.07 

AAC977_19455 putative phage tail protein 0.33 0.44 1.02 

AAC977_19460 baseplate J/gp47 family protein 1.12 1.11 2.78 

AAC977_19465 phage GP46 family protein -0.21 0.93 3.85 

AAC977_19470 phage baseplate assembly protein V 0.36 0.40 2.85 

AAC977_19475 phage baseplate assembly protein 0.18 0.50 3.03 

AAC977_19480 DNA circularization N-terminal domain-
containing protein 

0.33 1.60 3.65 

AAC977_19485 phage tail tape measure protein 0.29 0.85 2.56 

AAC977_19490 phage tail assembly protein 0.69 1.67 4.09 

AAC977_19495 phage tail tube protein 1.40 1.99 2.49 

AAC977_19500 phage tail sheath subtilisin-like domain-
containing protein 

0.72 0.09 2.33 

AAC977_19505 DUF2635 domain-containing protein -0.11 0.60 2.85 

AAC977_19510 hypothetical protein -0.27 1.07 2.61 

AAC977_19515 phage virion morphogenesis protein 1.73 0.79 4.90 

AAC977_19520 DUF1320 domain-containing protein -0.17 -1.28 0.31 

AAC977_19525 hypothetical protein -0.12 0.28 2.41 

AAC977_19530 hypothetical protein -0.02 0.19 3.48 

AAC977_19535 hypothetical protein 2.93 3.36 4.36 

AAC977_19540 Mu-like prophage major head subunit gpT 
family protein 

0.47 1.88 3.29 

AAC977_19545 phage protease -0.17 1.86 5.22 

AAC977_19550 phage minor head protein -0.04 0.06 2.75 

AAC977_19555 DUF935 domain-containing protein 0.25 1.18 3.72 

AAC977_19560 terminase family protein 0.95 1.91 3.93 

AAC977_19565 hypothetical protein -2.21 -1.45 4.18 

AAC977_19570 DUF3486 family protein 3.54 3.48 3.71 
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AAC977_19575 ArsR family transcriptional regulator NA NA 5.10 

AAC977_19580 DUF2730 family protein -0.73 -0.14 6.07 

AAC977_19585 TraR/DksA C4-type zinc finger protein 0.00 2.48 0.00 

AAC977_19590 hypothetical protein 1.14 1.62 4.14 

AAC977_19595 hypothetical protein 0.00 3.81 7.56 

AAC977_19600 DUF5675 family protein 2.22 -0.34 6.02 

AAC977_19605 hypothetical protein -0.17 -0.37 0.80 

AAC977_19610 Mor transcription activator family protein -2.49 -1.25 3.43 

AAC977_19615 hypothetical protein -0.72 -0.64 -0.44 

AAC977_19620 regulatory protein GemA 0.07 0.26 -1.08 

AAC977_19625 hypothetical protein -2.40 0.82 2.18 

AAC977_19630 hypothetical protein -0.35 1.25 1.05 

AAC977_19635  NA NA NA 

AAC977_19640 hypothetical protein -0.09 -1.14 1.88 

AAC977_19645 DUF2786 domain-containing protein 0.08 1.04 2.32 

AAC977_19650 hypothetical protein 1.86 1.45 3.22 

AAC977_19655 DUF3164 family protein -1.35 1.14 2.46 

AAC977_19660 hypothetical protein 0.00 3.01 3.73 

AAC977_19665 hypothetical protein -1.95 -1.19 2.18 

AAC977_19670 hypothetical protein 0.82 2.51 4.09 

AAC977_19675 hypothetical protein -0.14 2.83 4.26 

AAC977_19680 hypothetical protein -2.75 -2.00 4.73 

AAC977_19685 AAA family ATPase -0.26 0.45 3.30 

AAC977_19690 transposase domain-containing protein 0.39 1.68 3.43 

AAC977_19695 helix-turn-helix domain-containing protein 0.00 3.38 3.60 

AAC977_19700 S24 family peptidase -0.04 -0.42 -0.46 

VGPH02 

AAC977_20360 hypothetical protein 0.43 1.99 1.15 

AAC977_20365 helix-turn-helix transcriptional regulator -0.18 1.31 4.03 

AAC977_20370 hypothetical protein -0.90 0.45 3.77 

AAC977_20375 hypothetical protein -0.28 0.95 5.06 

AAC977_20380 DNA-binding protein -0.24 0.53 5.25 

AAC977_20385 hypothetical protein 0.40 1.35 6.31 

AAC977_20390 hypothetical protein 0.38 1.55 4.96 

AAC977_20395 phage tail protein 0.27 1.34 4.52 

AAC977_20400 hypothetical protein 0.09 0.53 5.79 

AAC977_20405 phage tail protein 0.31 1.14 5.43 

AAC977_20410 phage tail protein -0.83 1.21 5.85 

AAC977_20415 baseplate J/gp47 family protein 0.20 1.21 6.81 

AAC977_20420 DUF2590 family protein -4.26 -1.30 6.56 

AAC977_20425 hypothetical protein 0.46 1.52 4.07 

AAC977_20430 hypothetical protein 0.82 3.02 8.18 

AAC977_20435 putative phage tail assembly chaperone -0.88 2.98 6.89 

AAC977_20440 phage protein 0.18 2.67 6.02 

AAC977_20445 DUF2586 domain-containing protein 0.84 3.03 5.93 

AAC977_20450 phage tail protein 1.48 2.07 3.70 
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AAC977_20455 ogr/Delta-like zinc finger family protein 0.03 -0.20 -0.25 

AAC977_20460 hypothetical protein 3.47 3.83 5.85 

AAC977_20465 hypothetical protein 0.46 -0.64 4.16 

AAC977_20470 lysozyme -0.61 -0.43 2.82 

AAC977_20475 hypothetical protein 2.47 2.32 1.43 

AAC977_20480 hypothetical protein 0.16 0.82 4.24 

AAC977_20485 S24 family peptidase -0.29 -1.19 0.23 

AAC977_20490 anaerobic C4-dicarboxylate transporter 0.29 0.73 4.42 

 
VGPH03 

 

AAC977_09080 contractile injection system protein%2C 
VgrG/Pvc8 family 

0.21 0.57 0.29 

AAC977_09085 tail protein X 0.94 1.01 0.91 

AAC977_09090 phage tail protein 0.92 1.23 0.35 

AAC977_09095 phage tail tape measure protein 0.16 -0.14 0.39 

AAC977_09100 phage tail assembly protein 0.47 -0.98  0.81 

AAC977_09105 phage major tail tube protein 0.15 1.36 -2.13 

AAC977_09110 phage tail protein 0.28 -0.37 -1.41 

AAC977_09115 hypothetical protein -0.04 -0.56 -0.57 

AAC977_09120 hypothetical protein 0.57 0.24 -0.20 

AAC977_09125 phage tail protein -0.14 -0.52 0.34 

AAC977_09130 hypothetical protein -0.14 -0.71 2.20 

AAC977_09135 hypothetical protein 0.35 -0.10 2.04 

AAC977_09140 tail fiber assembly protein 0.29 0.18 -0.44 

AAC977_09145 hypothetical protein 0.16 -0.18 0.35 

AAC977_09150 hypothetical protein -0.04 -0.21 0.40 

AAC977_09155 hypothetical protein 0.49 0.04 0.05 

AAC977_09160 hypothetical protein -0.07 0.21 1.09 

AAC977_09165 SUMF1/EgtB/PvdO family nonheme iron 
enzyme 

0.37 1.54 0.75 

AAC977_09170 phage tail protein 0.15 1.60 0.00 

AAC977_09175 phage tail protein I 0.55 0.12 1.12 

AAC977_09180 baseplate J/gp47 family protein 0.45 0.09 -0.34 

AAC977_09185 phage baseplate protein 0.15 -0.64 0.72 

AAC977_09190 hypothetical protein 1.47 2.24 2.86 

AAC977_09195 phage baseplate assembly protein V 0.80 0.51 0.92 

AAC977_09200 hypothetical protein -0.26 -0.29 2.01 

AAC977_09205 hypothetical protein -0.08 -0.50 3.44 

AAC977_09210 S24 family peptidase -0.43 0.02 1.04 
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Table S5:  Confocal microscope settings. 

Physical parameter Settings 

  
Propidium 

iodide 
SYTO 9 

Gamma value 1.0 

Pinhole 46 µm 

Detector digital 1.0 

Laser intensity 0.2% 

Laser wavelength 561 nm 488 nm 

Detection wavelength 560-700 nm 410-560 nm 

Detector gain 663 V 685 V 

   

 

 

 

 
 

FIGURE S1: Confocal laser scanning microscope (CLSM) images of V. gazogenes DSM 

21246 grown on PET and PE. CLSM images show DSM 21246 grown on PET A), C) and PE 

B), D) in ASW salt solution with additional trace elements after 10 days A); B) and 180 days 

C); D) of incubation at 22 °C. Figures A1)-D1) show PE and PET foil previously plasma 

activated. A1) and B1) show PE foil, biofilm is evaluated using CLSM and SEM, while C1) and 

D1) is DSM 21264 incubated on PET foil. 
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FIGURE S2: Volcano plots of V. gazogenes DSM 21264 transcriptomes and cells grown under 

different conditions and surfaces. X-axis show log2-foldchange, y-axis show false discovery 

rate, meaning the significance of the transcripts. Blue dots indicate significantly downregulated 

genes and red dots significantly upregulated genes. Grey dots indicate not significantly 

differentially expressed genes. A)-D) cells grown in biofilm on plastic surfaces A) PET foil vs. 

PE foil, B) PETplasma_PET, C) PETplasma_PEplasma, D) PEplasma_PE; E)-L) 

transcriptomes of liquid cultures grown with different carbon sources grown in batch cultures 

in artificial seawater medium at 28°C und under constant shaking at 130 rpM. Biofilms cultures 

were cultivated as described in 9 tested E) alginate, F) chitin, G) CMC and H) PET powder; I), 

30 mM BHET; J), 5 mM BHET; K), 0.5 mM BHET and L) 1mM TPA. The mRNAs were 

extracted after 8 hours of growth. The data represent mean values of three individual biological 

replicates for each carbon source or surface.   

Locus/ORF tags of most strongly differentiated genes are indicated in the various plots. 
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FIGURE S3: BHET degradation assay of recombinant and purified UlaG and PET6. 

Samples were measured using UHPLC ad as outlined in the Materials and Methods section. 

For detection of degradation products MHET and TPA. BHET was added at 300 µM. Bars 

indicate production of MHET. Data are mean values of three measurements and the simple 

SD is given. Data were recorded after 24 hours of incubation. 

 

 

 

FIGURE S4: DSM 21264 incubated with 5 mM BHET in artificial seawater salt solution and 

incubated with 5 mM of glucose for 6 days at 28 °C at 130 rpm shaking. Graphic shows BHET 

degradation and its degradation products over time. The red box indicated the timepoint when 

RNAseq samples were taken. After 3 days BHET is completely degraded into MHET and TPA 

concentration is increasing. N.c., negative control was E. coli DH5⍺ grown at the same OD 

and under the same conditions.   
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Data are mean values of five independent measurements and error bars indicate the simple 

standard deviation. 

 

 

 

 

 

 

FIGURE S5: Incubation of DSM 21264 carrying pBBR1-MCS-1_adhE_amcyan in M9 medium 

(30 g/L NaCl) with 5 mM glucose for 24 h shaking. The promoter fusion of the alcohol 

dehydrogenase gene adhE was induced with 5 mM ethylene glycol. As controls wild type with 

and without ethylene glycol as well as the promoter fusion without ethylene glycol were used. 

The promoter fusion constructs induced with ethylene glycol had significantly higher 

fluorescence values than all used controls at P<0.01 and are marked with an asterisk.   

Data are mean values of four independent measurements and error bars indicate the simple 

standard deviation. 
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FIGURE S6: Phenotypical changes of DSM 21264 influenced by BHET and TPA Confocal 

laser scanning microscope (CLSM) images (A-J) of V. gazogenes DSM 21246 biofilms grown 

in the presence of increasing concentrations of BHET (B-E) and TPA (G-J) for 24 h of 

incubation at 28 °C. BHET concentrations ranged from 0.5 mM B), 5 mM C), 10 mM D), 30 

mM E). Used TPA concentrations were 1 mM(G), 5 mM H), 10 mM I) and 20 mM J). As controls 

DSM 21264 was inoculated with DMSO F) and also without any added substrates A). Cells 

were stained using LIVE/DEAD stain.   

K) Changing colony morphology of DSM 21246 in the presence of increasing BHET 

concentrations in LB agar plates at 28 °C after 24h of incubation. 

 



Appendix 

XV 

 

FIGURE S7: VENN diagrams of differentially transcribed genes with log2-foldchange above 2. 

A) shows upregulated genes and B) downregulated genes regarding the respective condition. 

Files were evaluated using https://bioinformatics.psb.ugent.be/webtools/Venn/ website 
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FIGURE S8: Optical density of DSM 21264 incubated for 24 h in Artificial Seawater with 

reduced carbon source (see Material and Methods) and supplemented with natural substrates, 

PET, TPA and varying concentrations of BHET. OD measurements were performed before 

harvesting cells of respective samples for RNAseq analysis. Results show that supplementing 

DSM 21264 with additional carbon sources doesn’t affect the growth of the strain significantly. 
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8.2 The Bacteroidetes Aequorivita sp. and Kaistella jeonii produce 

promiscuous esterases with PET-hydrolyzing activity 

 

All Supplementary Material is available online at: 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.803896/full#supplementary-material 

 

 

Supplementary Figure 1 | Further biochemical characterization of PET27 and PET30 

using pNP-substrates. Cofactor requirements were tested for PET27 with pNP-C8 at 40°C and 

for PET30 with pNP-C6 at 30°C (A). For PET30, all other tests were carried out with pNP-C6 

and all assays except (B) were conducted at 30°C. Thermostability of PET30 was assessed 

at 50 and 60°C over 3 h with pNP-C6 (B). Inhibitors (C) and detergents (D) generally decrease 

the activity of PET30, particularly with higher concentrations. Activity of PET30 and 

PET30ΔPorC were compared under the same conditions using pNP-C6 (E). Data represent 

mean values of at least three independent measurements. 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.803896/full#supplementary-material
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Supplementary Figure 2 | Zoom into the active site of PET30ΔPorC. Overlaid are the 

structures of PET30ΔPorC (blue) with the PETase from I. sakaiensis (light yellow, black 

labeling) in complex with HEMT (purple; PDB code 5XH3). The residues involved in binding 

are highlighted and numbered according to their structure. *The structure 5XH3 is a mutant 

where the catalytic Serine was mutated to an Alanine. 
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Supplementary Figure 3 | Structure prediction models of verified and predicted PETases 

affiliated with the phylum of the Bacteroidetes. (A) 3D structures were modeled using the 

Robetta server using the IsPETase crystal structure (light yellow, 6EQE) as a backbone. For 

PET30, the crystal structure was shown. (B) Surface hydrophobicity around the tunnel leading 

to the active site of putative bacteroidetal PETases and functionally verified PET-degrading 

enzymes. Hydrophilic regions are displayed in turquoise and hydrophobic in gold. 
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Supplementary Figure 4 | Amino acid alignment of 9 potential PETases affiliated with the 

Bacteroidetes phylum. The original sequences were used for the structural alignment and the 

alignment was constructed with T-Coffee. Alignment was visualized with Bioedit version 7.0.5. 

The IsPETase was included for reasons of benchmarking. Blue arrows indicate the start and 

the end of the active PET27 and PET30 clones. We introduced a methionine as the first aa of 

the protein sequences. The signal peptide deleted version of the enzymes was functionally 

verified. The red arrow labeled with CS indicates the predicted cleavage site of C-terminal 

PorC domain (Lasica et al., 2017). The gray arrow indicates the C-terminus of the truncated 

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.803896/full#B35
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version of PET30 (PET30Δ300-366), number indicates the position of amino acid). 

PET30Δ300-366 was active on PCL and BHET. 

 

 

 

Supplementary Figure 5 | Confocal microscopic pictures of K. jeonii colonizing PET foil. The 

pictures were taken after 5–7 days of incubation of K. jeonii in R2A medium. Cells are dyed 

with LIVE/DEAD™ stain. Green fluorescence shows living cells, red fluorescence indicates 

dead cells. 2D front pictures were taken with Axio Observer Z1/7, LSM 800 (Carl Zeiss, Jena, 

Germany) of a 3D Z-stack image. 
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8.3 Surface Grafted N-Oxides have Low-Fouling and Antibacterial Properties 

 

All Supplementary Material is available online at: downloadSupplement 

 

 

 

https://advanced.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadmi.202300505&file=admi925-sup-0001-SuppMat.pdf
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