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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 pM 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 UlagG, 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
(Q8), 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.
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Importance: This study provides first evidence that Vibrio gazogenes DSM 2126/ 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.

Corresponding author: Wolfgang R. Streit, wolfgang.streit@uni-hamburg.de

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
annually2213]I41(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@l[Z], These particles and the additives contained in them are believed to
have negative impact on all ecological niches and their biodiversity!81l2). Ultimately, they will also

affect human health and wellbeing{12l.

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(2],
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)l12l. 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.-[21113114] 1 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’[25)26J17]118] 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

microbiotal121[16],
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Notably, the simple colonization does not imply any biodegradation[ﬁl. The microbial communities
observed are highly diverse in their phylogeny and bacteria affiliated with the genus Vibrio are often
observed on plastic particlesw@@mm“. Vibrio species are ubiquitously occurring gram-
negative bacteria that are mainly found in marine environments where they are considered to be key
players in carbon and nitrogen cyclingQM. 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)y[271(281[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 genomel321(31l psm
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[ﬁl. 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!32l3l 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 Lccl3t While much information
was gathered on the enzyme structure and biochemical function of PET6, 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.
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Results

DSM 2126/, forms patchy biofilms on PE and PET independent from the surface and

releases uM amounts of MHET and TPA

Since we had earlier shown that DSM 21264 produces a PET-active hydrolase, designated PET6[3LI30]
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). 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 ym

equaling one cell layer (Figure 1).
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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 (C & D) show first attachment of cells after 8 hours of incubation in ASW medium at 22 °C of
incubation on PET foil (A & C) and PE foil (B & D). CLSM images (E & F) show biofilm formation of DSM
21264 on PET foil (E) and PE foil (F) after 24 hours of incubation. Cells were stained using LIVE/DEAD

stain.

SEM images showed that the cells on PET and PE were interconnected by fiber- and net-like
structures with a length of 4-10 um. However, the net-like structures were more prominent on PE
surfaces (Figure 1). Additional tests with air plasma-treated PET and PE foil were conducted331, 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 fibers341,
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 pM amounts of

MHET and TPA in the biofilm and culture supernatants already after 24 hours (Figure 2).
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Figure 2. PET degradation products observed in supernatants of DSM 21264 biofilms grown on PET foil
(non-treated), UV-treated foil and PET powder. 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. Data were normalized and
corrected to E. coli DH5a 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
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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.
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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. 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 transcriptomes. Each data set represents the mean data from three independent biological

replicates. Ribosomal, rRNA and tRNA genes were not included in the analyses.

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 and as described above (Figure 2). In addition, we noticed, that in all
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biofilm experiments the transcription of ompU was among the highest transcribed genes 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 scavengingl33l 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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Strain or plasmid Relevant trait(s)a Source or reference

Strains

F~ ¢80dlacZAM15 A(argF-lacZYA) U169 endA1 hsdR17
E. coli DH50

(rK™. mK") supE44 thi-1recA1gyrAg6 relA1

W. Metcalf, University of
thrB1oo4pro thi rpsLhsdS lacZAM15 RP4—1360
E. coliWM3064

Ilinois, Urbana-Champaign,
A(araBAD)567 AdapA1341::[erm pir(wt)]

USA

huA2 lacZ::T7 genei [lon] ompT ahpCgal iatt::pNEB3- r1-

¢DsbC (SpecR. laclq) AtrxB sulA11 R(mcr- 73:miniTnio--

NEB, Frankfurt am Main,
E. coli SHuffle® Ty

TetS)2 [dcm] R(zgb-210::Tn1o --TetS) Germany

endA1 AgorA(mcrC-mrr)114:1S10

Novagen/Merck,
E. coli BL21 (DE3) F-. ompT.hsdS B (rB-m B-) gal.dcm. /DE3

Darmstadt, Germany

V. gazogenes

DSMZ, Braunschweig,
Wild-type strain

DSM 21264 Germany
Plasmids
pBBR1IMCS-1 Broad host range vector. low copy no.; Cm* (37)
pBBR1-MCS- PBBR1MCS-5 carraing the amcyan gene in the MCS
This work
1::amcyan between Xbal and BamHI restriction site
pBBR1-MCS- Ppet6::amcyan reporter fusion in pBBR1MCS-5 between
This work
1::adhE::amcyan Sacl and Xbal restriction site in front of amcyan
Expression vector.lacl. AmpR T7-lac-promoter. C- Novagen/Merck
pET21a(+)

terminal His-tag coding sequence (Darmstadt, Germany)

pET21a(+)::ulaG 1056 bp insert in pET21a(+) codingfor UlaG

This work
Expression vector. lacl. KanaR T7-lac-promoter. C- Novagen/Merck
pET28a(+)
terminal His-tag coding sequence (Darmstadt, Germany)
pET28a(+)::pet6 894 bp insert in pET28a(+) codingfor PET6 [31]
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Table 1. Bacterial strains and plasmids used in this study.

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 Si, FigureS 4-6 & Figure S2). Still, a
remarkably number of reads was mapped to the pet6 gene under all tested conditions (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 and compared to 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 hydrolyzed 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 growth experiments in liquid media were performed challenging DSM 21264 with
BHET at concentrations of 0.5, 5.0 and 30 mM and analyzing the overall gene expression profile using
RNAseq. As controls we grew 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 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
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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-3-
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 2126/ was
not able to grow on TPA and EG as sole carbon and energy source. It does not encode any mono- and

dioxygenases involved in aromatic ring cleavage.

BHET and TPA daffect 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).

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 and DSM 21264 harbors at
least 16 possible c-di-GMP cyclases in its genome. The majority of the diguanylate cyclases were

strongly downregulated in their transcription in the presence of high concentrations of BHET, while
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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, ] 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 circle 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 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.

geios.com doi.org/10.32388/WZKVIP

12


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

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 S1and Figure 5).
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Figure 5. Relative transcription level of essential quorum sensing (QS)-related and differentially regulated
genes in DSM 21264. The circle 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
according to the mapped reads. luxS, luxM and cqsA code for autoinducer synthases, LuxP is annotated as
periplasmatic binding protein and LuxQ, LuxN and CgsS 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.

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

LuxP, and the sensor kinase LuxQ were significantly affected in their transcription levels at 30 mM

BHET (Figure 5).

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).
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Figure 6. Relative transcription level and changes of differentially regulated major genes and gene clusters
in DSM 21264. The circle 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
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, pfIB 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).

DSM 21264 codes for three prophages (Phage 1, designated VGPHo1, AAC977_19445 -

AAC977_19700; Phage 2, designated VGPHO02, AAC977_20360 — AAC977_20490 and Phage 3,
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designated VGPH03, AAC977_09080 — AAC977_09210) which can be grouped into the class of
Caudoviricetes. VGPH01 and VGPHO02 are encoded on the smaller chromosome CP151641 whereas
VGPHO3 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

VGPHoO2 (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 113 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.- [1211131[14]
[61 However, only very few studies have analyzed growth of bacteria on PET foil using global RNAseq
approaches3813211401 pespite 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 Vibrio gazogenes 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 proteinl4ll. Based 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.
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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 pfIB, acetyltransferase AAC977_06195
4 rpoA, RNA polymerase AAC977_01600 rpoA, RNA polymerase AAC977_01600

5 dehydrogenase AAC977_05600 elongation factor AACO77_11845
6 fusA, elongation factor AACO77_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
1 >kmetallopeptidase AAC977_18400 aspA, ammonia-lyase AAC977_00985
12 cold-shock protein AAC977_16695 methyltransferase AAC977_01345
13 methyltransferase AACO77_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 AAC9Q77_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
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8-hour biofilms
PET foil PE foil
#
Predicted Function Locus tag Predicted Function Locus tag
24 aldolase AAC977_13010 ACP synthase AAC977_10200
25 pyruvate dehydrogenase AAC977_02520 nucleotidyltransferase AAC977_02820

Table 2. The 25 genes with the highest normalized counts in DSM 21264 grown in biofilms on PET and PE

vibriolysin

For natural polymers like cellulose, starch and chitin it is well known that the dimers or monomers as
primary degradation products are involved in activation of the pathways and transporters essential to
metabolize the respective polymers[42ll431[44] The activation of the genes involved in the catabolism
of the respective monomers is subject to regulation by cAMP-CRP and in part c-di-GMP signalingL‘*il
[46][47] Thereby, especially chitin degradation is well studied in Vibrio spp.{261l481 In contrast little is
known about PET or any other synthetic polymer. Recent work implied that the transcriptional
regulator MRP (MHETase gene-regulating protein) positively controls the expression of the gram-
negative Idonella sakaiensis MHETase and the genes involved in TPA metabolism. This first study
suggested that MRP possibly mediates the PET-dependent induction of the MHETase and the mono-
and dioxygenases genes involved in TPA degradation42l. These findings are supported by the earlier
observation made for Commamonas thioxidans strains E6 and 823591. In C. thiooxidans the tphC-A
operon is involved in binding to TPA in the periplasm and its transcription is regulated in the presence
of TPA at nM levelst52l[52153] Notably, both strains do not carry active PETase genes. However, they
are both able to import TPA and grow on it as a single carbon and energy sourcel541[51]

The data from our study suggests that BHET and TPA are nutritional signals affecting QS, c-di-GMP
and cAMP signaling at mM concentrations (Figure 4-7). This hypothesis is based on 42 transcriptome

datasets of DSM 21264 that have given us a very deep insight into the metabolic activities of this

bacterium in response to PET, other polymers, BHET and TPA. Because of the important role of Vibrio

spp. in pathogenicity regulatory networks have been well studied in this genusﬁﬂﬁﬂlﬂ. Only a few
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Vibrio species harbor PET6 homologues but all of them share a very conserved core genome and have

common regulatory networkst3l571(58]

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. Based on
our transcriptome and experimental data we present strong evidence that both BHET and TPA are
nutritional signals interfering with the three main regulatory and interconnected circuits involved in
QS, cAMP-CRP and c-di-GMP signaling (Table S1 and FigureS 4-6). These regulatory networks are
known to be involved in surface attachment, biofilm formation, infection, toxin and secondary
metabolite production, phage assembly and others in Vibrio spp.. Biofilm formation in Vibrio spp. is
controlled by an integrated and highly complex network of multiple transcriptional activators (e.g.
VpsR, VpsT, and AphA) and transcriptional repressors (HapR, H-NS); but also, regulatory small RNAs
and alternative RNA polymerase sigma factors are involved in the regulation of this process. The c-di-
GMP signaling influences the planktonic-to-biofilm transition as it positively regulates biofilm
formation and negatively regulates motility. In addition, cAMP-CRP-signaling represses biofilm

formation in Vibrio sppL321[561[60]

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 (FiguresS 4-
6). For instance, AphA and the transcriptional repressor HapR which are both essential components of
the QS signaling were strongly affected by high concentrations of BHET. Like AphA and HapR, the
autoinducer-I and 2 synthase genes, the cognate sensor genes and the transcription of the periplasmic
binding protein were also significantly affected in their transcription levels by 30 mM BHET (Figure

5).

The major signal c-di-GMP is produced by diguanylate cyclases and degraded by specific
phosphodiesterasest®ll60l  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 attenuated by the higher concentrations of BHET (Table S1 and Figure 4). This observation
is in line with the failure to form biofilms at higher BHET concentrations (Figure S6). 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.

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
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related to infection and biofilm formation. Thereby, a specific adenylate cyclase catalyzes the
formation of cAMP from ATP, whereas cAMP phosphodiesterases catalyze its breakdown[621[631(561
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).

Besides these observations our study has further revealed that UlaG is involved in BHET metabolism.
This novel function of UlaG has previously not been described and while we initially observed a
strongly increased transcription of ulaG in the presence of high BHET concentrations, we provided
experimental data to confirm this novel functional role of UlaG (Figure S3). Previous work has already
demonstrated that UlaG is a promiscuous metallo-beta-lactamase with a wide range of functions in
bacteria and archaeal®41l63] In addition, our data support the notion that adhE is involved in the
metabolism of EG. This was confirmed 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.

Based on the above made observations we were able to establish a putative first model outlining the
main genes and enzymes involved in PET uptake 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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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

pathways affected by BHET and /or TPA in DSM 21264. Red and blue arrows inside the cell model indicate

up- and downregulated pathways.

Data Availability

Sequence data reported in this publication have been submitted to NCBI/ENA. The raw reads of the 42

sequencing runs are publicly available under accession PRJEB80907 at European Nucleotide Archive

(ENA). The newly established genome sequence of Vibrio gazogenes DSM 2126/ is available under

accession numbers CP151640 and CP1516/41 at NCBI/GenBank.
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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 CaCl, x
2H,0, 4.8 g/L MgCl, x 6 H,0, 0.11 g/L NaHCO; 3.5 g/L MgSO, x 7 H,0, 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 added (0.5, 5 and 30
mM). Additional growth experiments were implemented in M9 medium (Na,HPO 4 33.7 mM, KH,PO,
22 mM, NaCl 51.3 mM, NHACI 9.35 mM, MgSO,, 1 mM, biotin 1 pg, thiamin 1 pg, EDTA 0.134 mM, FeCl3—
6H,0 0.031 mM, ZnCl, 0.0062 mM, CuCl, 2H,0 0.76 pM, CoCl, 2 H,0 0.42 pM, H3B0; 1.62 pM, MnCl,

4H,0 0.081 pM).

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 jl of DSM 21264 OD¢ nm = 1 Were added

and incubated 24 h at 28 °C.

For observation of biofilm formation of DSM 21264 on plastics surfaces cells were inoculated at ODgq
am = 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 p-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).

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

geios.com doi.org/10.32388/WZKVIP 22


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

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 CO, 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 ODgg nm = 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 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 ODgy nm = 0.05 in diluted artificial seawater. Respective C-
source (CMC, PET powder (particle size 300 pm 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.
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Harvested cells were re-suspended in 8ooul RLT buffer (RNeasy Mini Kit, Qiagen) with p-
mercaptoethanol (10ul ml™') and cell lysis was performed using a laboratory ball mill. Subsequently,
4ooul RLT buffer (RNeasy Mini Kit Qjagen) with p-mercaptoethanol (10ul ml™?) and 1200 pul 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
Ilumina 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 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 21264 was performed with Salmon (v 1.10.2)[061 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)Iﬁ7-1 using the tximport package (v 1.28.0)@1. DeSeq2 (v 1.40.1) was used for
normalization of the reads and fold change shrinkages were also calculated with DeSeq2t92l and the
apeglm package (v 1.22.0)L72l, Genes with a log2-foldchange of +2/-2 and ap-adjust value <0.05 were

considered differentially expressed.
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Fastpl7Ll was used to remove sequences originating from sequencing adapters and sequences of low-
quality sequences. Reads were then aligned to the V. gazogenes DSM 2126/ reference
assemblyf-u1 using BWA mem. Differential expression analysis was carried out with DESeq2[021 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.

Cloning and expression of V. gazogenes UlaG

UlaG (NCBI Ref. Seq. WP__072962133.1) was cloned into pET21a(+) vector (Novagen/Merck) using
restriction sites Ndel and Xhol 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 nl DNA (=30 ng/ul) were mixed with 1 pl of T4 Ligase
Buffer (10x), 1 pl of T4 Ligase (400 U/ul) and 1 pl of purified pET21a(+) plasmid and incubated over
night at 6 °C. Ligation construct was transformed into competent E. coli T7 Shuffle cells and positive

clones were identified were via DNA sequencing (Microsynth seglab).

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 ODggonm = 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 NaH,PO,,, 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).
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Measurement of PET and BHET degradation

Precultures of DSM 21264 were inoculated at ODggq np = 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 negative
control medium was incubated under same conditions with E. coli Dh5a 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

1M of BHET for 24 h and samples were prepared for UHPLC.

Respective supernatants were prepared and measured at the UHPLC following protocols described

previouslyLBl[ﬂl_

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). The region 365 bp downstream from the respective gene
was chosen and cloned into pBBR1-MCS-1 vectorl3Zl carrying amCyan in the multiple cloning site

using restriction enzymes Sacl and Xbal.

Primer design, PCR, ligation and transformation into competent E. coli DH5a 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 pl of LB medium and spot was given onto LB agar plate supplemented
with 300 pM 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 ng
chloramphenicol and 25 pg kanamycin. Colonies were detectable after 2 to 3 days of incubation and

inoculated in liquid medium.
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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 pBBR1IMCS-1::adhE::amcyan as well as wild type strain were
inoculated at ODggg nm = 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.

Statements and Declarations

Acknowledgements

This work was funded in part by the University Hamburg and in supported by the European
Commission (Horizon2020 project FuturEnzyme; grant agreement ID 101000327).

Contribution

L. Preuf3, C. Vollstedt and W.R. Streit conceived the study. L. Preuf3, A. Dumnitch, Ly Trinh, C. Vollstedt
and W.R. Streit generated the data. W.R. Streit acquired funding. M. Alawi, A. Poehlein and R. Daniel
carried out the bioinformatic analyses. N. Burmeister and W. Maison provided the plasma-treated

surfaces.

geios.com doi.org/10.32388/WZKVIP

27


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

Conflicts of interest

The authors declare no conflict of interest.

References

[uny

10.

11.

12.

13.

14.

geios.com doi.org/10.32388/WZKVIP 28

. Xpilapitiya NT, Ratnayake AS. The world of plastic waste: A review. Cleaner Materials. 2024; 11.
.20ECD. Global Plastics Outlook. 2022.

.%Jambeck J, et al. Plastic waste inputs from land into the ocean. 2015.

AEriksen M, et al. Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic Pieces Weighing o

ver 250,000 Tons Afloat at Sea. Plos One. 2014; 9(12).

. AWilcox C, Van Sebille E, Hardesty BD. Threat of plastic pollution to seabirds is global, pervasive, and inc

reasing. Proceedings of the National Academy of Sciences. 2015; 112(38): 11899—11904.

.235,CChow J, et al. Microbial enzymes will offer limited solutions to the global plastic pollution crisis. Mi

crobial Biotechnology. 2022.

.2Kaandorp MLA, et al. Global mass of buoyant marine plastics dominated by large long-lived debris. N

ature Geoscience. 2023; 16(8): 689-694.

.AWright RJ, et al. Plasticizer Degradation by Marine Bacterial Isolates: A Proteogenomic and Metabolo

mic Characterization. Environmental Science & Technology. 2020; 54(4): 2244-2256.

.20sman Al, et al. Microplastic sources, formation, toxicity and remediation: a review. Environ Chem Let

t.2023: 1-41.

ALiY, et al. Potential Health Impact of Microplastics: A Review of Environmental Distribution, Human E
xposure, and Toxic Effects. Environ Health (Wash). 2023; 1(4): 249-257.

3% ¢panso D, Chow ], Streit WR. Plastics: Microbial Degradation, Environmental and Biotechnological
Perspectives. Appl Environ Microbiol. 2019.

2 bBuchholz PCF, et al. Plastics degradation by hydrolytic enzymes: The plastics-active enzymes databa
se-PAZy. Proteins. 2022; 90(7): 1443—1456.

2, i R, Zimmermann W. Microbial enzymes for the recycling of recalcitrant petroleum-based plastic
s: how far are we? Microbial Biotechnology. 2017; 10(6): 1308-1322.

2 bTournier V, et al. Enzymes’ Power for Plastics Degradation. Chemical Reviews. 2023; 123(9): 5612—5

701.


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

AAmaral-Zettler LA, Zettler ER, Mincer TJ. Ecology of the plastisphere. Nature Reviews Microbiology. 20
20; 18(3): 139-151.

2 1—’Yang Y, et al. Microplastics provide new microbial niches in aquatic environments. Applied Microbiol
ogy and Biotechnology. 2020; 104(15): 6501—6511.

AZettler ER, Mincer TJ, Amaral-Zettler LA. Life in the “plastisphere”: microbial communities on plastic
marine debris. Environmental Science & Technology. 2013; 47(13): 7137—-7146.

a bKirstein IV, et al. The Plastisphere — Uncovering tightly attached plastic “specific” microorganisms. P
LOS ONE. 2019; 14(4): €0215859.

AWright RJ, et al. Marine Plastic Debris: A New Surface for Microbial Colonization. Environmental Scien
ce & Technology. 2020; 54(19): 11657-11672.

AKirstein IV, et al. Dangerous hitchhikers? Evidence for potentially pathogenic Vibrio spp. on microplasti
¢ particles. Marine Environmental Research. 2016; 120: 1-8.

2Du Y, et al. A review on marine plastisphere: biodiversity, formation, and role in degradation. Comput
Struct Biotechnol J. 2022; 20: 975—-988.

AKimura Y, et al. A lesson from polybutylene succinate plastisphere to the discovery of novel plastic degr
ading enzyme genes in marine vibrios. Environ Microbiol. 2023; 25(12): 2834—-2850.

ADey s, et al. Plastisphere community assemblage of aquatic environment: plastic-microbe interaction,
role in degradation and characterization technologies. Environ Microbiome. 2022; 17(1): 32.

AZhai X, Zhang XH, Yu M. Microbial colonization and degradation of marine microplastics in the plastis
phere: A review. Front Microbiol. 2023; 14: 1127308.

2Zhang X, et al. Significance of Vibrio species in the marine organic carbon cycle—A review. Science Chi
na Earth Sciences. 2018; 61(10): 1357—1368.

AGrimes DJ. The Vibrios: Scavengers, Symbionts, and Pathogens from the Sea. Microb Ecol. 2020; 80(3):
501—-506.

2, bpaker-Austin C, et al. Vibrio spp. infections. Nat Rev Dis Primers. 2018; 4(1): 8.

ASampaio A, et al. Vibrio spp.: Life Strategies, Ecology, and Risks in a Changing Environment. Diversity.
2022;14(2).

AMarques PH, et al. Insights into the Vibrio Genus: A One Health Perspective from Host Adaptability and

Antibiotic Resistance to In Silico Identification of Drug Targets. Antibiotics (Basel). 2022; 11(10).

geios.com doi.org/10.32388/WZKVIP 29


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

43.

44

3 b ¢panso D, et al. New Insights into the Function and Global Distribution of Polyethylene Terephthala
te (PET)-Degrading Bacteria and Enzymes in Marine and Terrestrial Metagenomes. Appl Environ Micr
obiol. 2018; 84(8).

abgde fWeigert S, et al. Investigation of the halophilic PET hydrolase PET6 from Vibrio gazogenes. P
rotein Science. 2022; 31(12): e4500.

2Harwood CS. Beneckea gazogenes sp. nov., a Red, Facultatively Anaerobic, Marine Bacterium. Current
Microbiology. 1978; 1: 233—-238.

ABurmeister N, et al. Surface Grafted N-Oxides have Low-Fouling and Antibacterial Properties. Advanc
ed Materials Interfaces. 2023; 10(35): 2300505.

AMaliszewska I, et al. On the Effect of Non-Thermal Atmospheric Pressure Plasma Treatment on the Pro
perties of PET Film. Polymers (Basel). 2023; 15(21).

ASeaver LC, Imlay JA. Alkyl hydroperoxide reductase is the primary scavenger of endogenous hydrogen
peroxide in Escherichia coli. ] Bacteriol. 2001; 183(24): 7173—81.

AHanahan D. Studies on transformation of Escherichia coli with plasmids. ] Mol Biol. 1983; 166(4): 557—
8o.

2, bkovach ME, et al. Four new derivatives of the broad-host-range cloning vector pBBR1MCS, carrying
different antibiotic-resistance cassettes. Gene. 1995; 166(1): 175-6.

AKumari A, et al. Transcriptome-Guided Insights Into Plastic Degradation by the Marine Bacterium. Fro
nt Microbiol. 2021; 12: 751571.

AWright RJ, et al. A multi-OMIC characterisation of biodegradation and microbial community successio
n within the PET plastisphere. Microbiome. 2021; 9(1): 141.

AGuo W, et al. Biodegradation of PET by the membrane-anchored PET esterase from the marine bacteri
um Rhodococcus pyridinivorans P23. Commun Biol. 2023; 6(1): 1090.

Apotapova A, et al. Outer membrane vesicles and the outer membrane protein OmpU govern Vibrio chol
erae biofilm matrix assembly. mBio. 2024; 15(2): €0330423.

ALynd LR, et al. Microbial Cellulose Utilization: Fundamentals and Biotechnology. Microbiology and Mo
lecular Biology Reviews. 2002; 66(4): 739—739.

AFoley MH, Cockburn DW, Koropatkin NM. The Sus operon: a model system for starch uptake by the hu
man gut Bacteroidetes. Cellular and Molecular Life Sciences. 2016; 73(14): 2603-2617.

ABeier S, Bertilsson S. Bacterial chitin degradation-mechanisms and ecophysiological strategies. Front

Microbiol. 2013; 4: 149.

geios.com doi.org/10.32388/WZKVIP 30


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

ARaut MP, et al. Deciphering the unique cellulose degradation mechanism of the ruminal bacterium Fib
robacter succinogenes S85. Sci Rep. 2019; 9(1): 16542.

2,5Green VE, et al. The molecular mechanism for carbon catabolite repression of the chitin response in V
ibrio cholerae. PLoS Genet. 2023; 19(5): €1010767.

ADeutscher J. The mechanisms of carbon catabolite repression in bacteria. Curr Opin Microbiol. 2008; 11
(2): 87-93.

2Hayes CA, Dalia TN, Dalia AB. Systematic genetic dissection of chitin degradation and uptake in Vibrio
cholerae. Environ Microbiol. 2017; 19(10): 4154—4163.

ATanaka Y, Hiraga K, Inui M. Requlation of the expression of MHETase and TPA degradation genes invo
lved in the degradation of PET in Ideonella sakaiensis. FEBS J. 2024; 291(20): 4489—-4500.

ASasoh M, et al. Characterization of the terephthalate degradation genes of Comamonas sp. strain E6. A
ppl Environ Microbiol. 2006; 72(3): 1825-32.

3 b, Cpjerkes Robert F, et al. An Ultra-Sensitive Comamonas thiooxidans Biosensor for the Rapid Detecti
on of Enzymatic Polyethylene Terephthalate (PET) Degradation. Applied and Environmental Microbiol
0gy. 2022; 89(1): €01603-22.

AFukuhara Y, et al. Characterization of the isophthalate degradation genes of Comamonas sp. strain E6.
Appl Environ Microbiol. 2010; 76(2): 519-27.

AKasai D, et al. Transcriptional Regulation of the Terephthalate Catabolism Operon in Comamonas sp. S
train E6. Applied and Environmental Microbiology. 2010; 76(18): 6047—6055.

2Hosaka M, et al. Novel tripartite aromatic acid transporter essential for terephthalate uptake in Coma
monas sp. strain E6. Applied and environmental microbiology. 2013; 79(19): 6148-6155.

AButler SM, Camilli A. Going against the grain: chemotaxis and infection in Vibrio cholerae. Nat Rev Mic
robiol. 2005; 3(8): 611—20.

3,b £Teschler JK, et al. Living in the matrix: assembly and control of Vibrio cholerae biofilms. Nat Rev M
icrobiol. 2015; 13(5): 255-68.

ANathamuni S, et al. Insights on genomic diversity of Vibrio spp. through Pan-genome analysis. Annals
of Microbiology. 2019; 69(13): 1547-1555.

ABosi E, et al. Pan-Genome Provides Insights into Vibrio Evolution and Adaptation to Deep-Sea Hydrot
hermal Vents. Genome Biol Evol. 2024; 16(7).

ALiuJ, et al. Biodegradation and up-cycling of polyurethanes: Progress, challenges, and prospects. Biote

chnol Adv. 2021, 48: 107730.

geios.com doi.org/10.32388/WZKVIP

31


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

60.2 2Conner JG, et al. The ins and outs of cyclic di-GMP signaling in Vibrio cholerae. Curr Opin Microbiol.
2017; 36: 20-29.

61. 2Liu J, Hu Y. Discovery and evolution of [4 + 2] cyclases. Curr Opin Chem Biol. 2024;81:102504.

62. 2Botsford JL, Harman JG. Cyclic AMP in Prokaryotes. Microbiological Reviews. 1992;56:100~122.

63. 2Matange N. Revisiting bacterial cyclic nucleotide phosphodiesterases: cyclic AMP hydrolysis and beyon
d. FEMS Microbiol Lett. 2015;362(22).

64. “Fernandez FJ, et al. The UlaG protein family defines novel structural and functional motifs grafted on a
n ancient RNase fold. BMC Evol Biol. 2011;11:273.

65. 2Perez-Garcia P, et al. A promiscuous ancestral enzymé s structure unveils protein variable regions of th
e highly diverse metallo-p-lactamase family. Communications biology. 2021;4(1):1—12.

66.2Patro R, et al. Salmon provides fast and bias-aware quantification of transcript expression. Nat Metho
ds. 2017;14(4):417-419.

67. 2Team RC. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Com
puting, Vienna, Austria, 202o0: p. http://www.r-project.org/.

68.2Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq: transcript-level estimates impro
ve gene-level inferences. F1000Res. 2015;4:1521.

69.2 BLove MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15(12):550.

70.2Zhu A, Ibrahim JG, Love ML Heavy-tailed prior distributions for sequence count data: removing the no
ise and preserving large differences. Bioinformatics. 2019;35(12):2084—-2092.

71.2Chen S, et al. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. 2018;34(17):1884—-i8
90.

72.2Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat
ics. 2009;25(14):1754—60.

73.27hang H, Dierkes RF, Streit WR. Microbial Degradation of Plastics, in Characterization and Failure Ana

lysis of Plastics J. Menna, Editor. 2022, ASM International: ASM Handbooks online.

Supplementary data: available at https://doi.org/10.32388/WZKVIP

geios.com doi.org/10.32388/WZKVIP 32


https://doi.org/10.32388/WZKVIP
https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

Declarations

Funding: This work was funded in part by the University Hamburg and in supported by the European
Commission (Horizon2020 project FuturEnzyme; grant agreement ID 101000327).

Potential competing interests: No potential competing interests to declare.

geios.com doi.org/10.32388/WZKVIP

33


https://www.qeios.com/
https://doi.org/10.32388/WZKVIP

