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SUMMARY

Multiple bacteria encoding plastic-degrading enzymes have been isolated from the environment. Given the

widespread use of plastic in healthcare, we hypothesized that bacterial clinical isolates may also degrade

plastic. This could render plastic-containing medical devices susceptible to degradation and failure and

potentially offer these pathogens a growth-sustaining substrate, enabling them to persist in the hospital-built

environment. Here, we mined the genomes of prevalent pathogens and identified several species encoding

enzymes with homology to known plastic-degrading enzymes. We identify a clinical isolate of Pseudomonas

aeruginosa that encodes an enzyme that enables it to degrade a medically relevant plastic, polycaprolactone

(PCL), by 78% in 7 days. Furthermore, this degradation enables the bacterium to utilize PCL as its sole carbon

source. We also demonstrate that encoding plastic-degrading enzymes can enhance biofilm formation and

pathogenicity. Given the central role of plastic in healthcare, screening nosocomial bacteria for plastic-de-

grading capacity should be an important future consideration.

INTRODUCTION

In healthcare settings, plastic is widely used in furniture, single-

use medical equipment, and medical implants.1,2 Plastic medical

implantable devices include catheters and ventilator endotra-

cheal tubing, which are commonly made from polyvinyl chloride

(PVC), and pacemakers, which contain polyurethane (PU);

various vascular implants can be made from polyethylene tere-

phthalate (PET); and surgical mesh and sutures are commonly

made from polypropylene (PP) and biodegradable polycaprolac-

tone (PCL).2–5 All these plastic medical implants are at risk of be-

ing an infection site.6–11 These tend to result from contamination

during implantation, followed by the formation of bacterial bio-

films on the plastic, leading to difficult-to-treat infections.

Among the plastics used in direct medical applications, the

synthetic polyester PCL is becoming increasingly prevalent as

it is biodegradable, biocompatible, and bioresorbable. It has

had a well-established and important role in medicine since the

1950s, with a variety of medical uses, such as in sutures,12–15

as a composite for dental fillings,16,17 and as a collagen-stimu-

lator dermal filler.18–20 It is generally preferred to other plastic

polymers because it has better viscoelastic properties, a low

melting temperature, high biocompatibility, and can be mixed

with copolymers or three-dimensional (3D) printed.21–23 For

these reasons, it is also used extensively in wound dressings

and healing applications, as it can be loaded with therapeutic

drugs, such as antimicrobials or healing-promoting com-

pounds.24–26 This has led to its successful implementation as a

substrate for drug delivery applications.27–30 Furthermore, part

of the growing popularity of this plastic is attributed to its use

in tissue engineering applications, including bone scaffolds,

highlighting its increasingly prominent role at the forefront of

innovative medical interventions.23,31–34

It is widely recognized that some environmental bacteria have

developed the capacity to degrade different types of plastic,

including the aforementioned PET and PCL, by utilizing existing

enzymes capable of breaking down structurally similar natural

polymers, such as cutin.35 However, this enzymatic potential

for plastic degradation has not been explored in clinically rele-

vant bacteria. Bacterial colonization of catheters, ventilators,

and implants and the associated infections are already a major

concern in hospitals. However, degradation of a medical implant

by a pathogen would compromise the integrity of these implants

or create deeper niches for colonization, significantly compli-

cating the treatment of the potential infection. Furthermore, there

would also be the possibility that a plastic-degrading pathogen
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could use the plastic as a carbon source to facilitate its growth,

thus potentially worsening the colonization and infection of the

host. This could also mean that pathogens with the capacity to

degrade plastic could persist on plastic surfaces in the hospital

for prolonged periods using the plastic as a carbon source. A

further concern is that many plastics also contain harmful chem-

icals, which may cause complications if leached into the host.36

Here, we performed a genomic screening of human pathogens

to search for potential homologs to known plastic-degrading

genes. We identified a novel PCL-degrading enzyme in a wound

isolate of Pseudomonas aeruginosa and found that the presence

of PCL drives a significant increase in biofilm formation, an

important virulence factor linked to the routine failure of frontline

therapeutics, and can increase in vivo virulence.

RESULTS

Genome mining identifies polyesterase homologs in

human pathogen clinical isolates

To screen clinical isolates for potential plastic-degrading en-

zymes, we searched pathogenic species (Table S1) for homo-

logs to 23 functional and previously characterized polyester-

degrading enzymes derived from PAZY.eu (Table S2). We

found 871 total hits through Protein BLAST for the 23 known

enzymes. From these hits, those with a clinically relevant

isolation source (blood, wound, etc.) were selected as true

clinical hits (a total of 94 unique proteins across 15 pathogenic

species). A condensed hit table including the 40 proteins with

both query cover and percent identity above 35% is shown in

Table S3 (an expanded hit table can be seen in Table S4).

These proteins, which come from a variety of pathogens

(e.g., Streptococcus pneumoniae, P. aeruginosa, Enterobacter

ludwigii, Leclercia adecarboxylata [Enterobacteriaceae], Kleb-

siella pneumoniae, Enterobacter cloacae, Acinetobacter bau-

mannii, and Mycobacterium tuberculosis), are more likely to

share function with known polyester-degrading enzymes

based on active site conservation. Among them, two carbox-

ylesterase type B proteins (GenBank: CJS43715.1 and

COC83087.1) from S. pneumoniae strains isolated from naso-

pharynx samples in Thailand showed an identity >60% (100%

query cover and 98.57% identity and 98% query cover

and 63.71% identity to the known functional polyesterase

BsEstB, respectively). An alpha/beta hydrolase (GenBank:

RPM52859.1) from a P. aeruginosa wound isolate from the

United Kingdom also had a sequence identity above the

60% threshold.37 This enzyme had 87% query cover and

61.76% identity to the previously characterized polyester-de-

grading enzyme PET5.38 A phylogenetic tree of all the hits and

known polyester-degrading enzymes shows their close evolu-

tionary relationships (Figure 1). Overall, this analysis suggests

that the enzymatic potential to degrade plastic is encoded

within the genomes of a diverse array of clinically relevant

pathogens.

Among the hits with a sequence identity greater than 60%, we

selected the alpha/beta hydrolase RPM52859.1, which is evolu-

tionarily related to many of the known functional plastic-degrad-

ing enzymes, to be expressed in an Escherichia coli host and test

it for plastic-degrading activity. Critically, we were also able to

obtain the source clinical isolate, P. aeruginosa PA-W23, allow-

ing further characterization of the impact of plastic-degrading

properties on this pathogen’s behavior.

Due to the clinical origin of RPM52859.1 (P. aeruginosa PA-

W23, isolated from a wound), we named this protein Pap1, for

pathogen-associated polyesterase 1. Pap1 did not show a pre-

dicted conventional signal peptide (SP) according to SignalP

(probability: 0.018). However, SecretomeP, an algorithm to

detect non-conventional secreted proteins, indicated that

Pap1 was secreted (score: 0.933978; a score of >0.5 indicates

possible secretion). The closest BLASTp match, PET5, does

contain a traditional SEC (general secretion pathway) SP detect-

able with SignalP (probability: 0.603), so we compared Pap1 to

PET5, removing the SP of the latter. The N termini still had a

low identity, but overall, an alignment using EMBOSS Needle

showed that the two proteins had 58.4% identity and 73.7% sim-

ilarity (Figure 2A). Pap1 is classified as a type IIa PETase-like

enzyme, with the exception that one residue of sub-site I (tyro-

sine-172) does not meet the consensus of the known types,

which harbor a tryptophan.39 Additionally, it has a dienelactone

hydrolase domain (residues 58–224), which is found in several

other polyester-degrading enzymes.40–42 Although PET5 was

the best genomic match for Pap1, the structure of PET5 has

not been solved. A Phyre2 prediction of Pap1 (Figure 2B) had a

top structural match to PET2 (PDB: 7EC8).43 Except for the

N-terminal regions, the superposition of the Pap1 and PET2 pro-

tein structures yielded a good alignment, including with the cat-

alytic triad (Figure 2C), quantified with a root-mean-square devi-

ation (RMSD) of 0.179 Å (where an RMSD of <2 Å is considered a

good alignment). Additionally, alignment with the commonly

studied and well-characterized IsPETase (PDB: 5XJH), another

polyester-degrading enzyme, gave an RMSD of 1.21 Å

(Figure S1).39 A BLASTp search of Pap1 restricted to

P. aeruginosa species provided one high-similarity match,

WP_201266253.1 (99.58% identity and 84% query cover to

Pap1) from an unknown isolation source. Without species re-

striction, Protein BLAST finds more high similarity matches in

Stutzerimonas stutzeri (previously Pseudomonas stutzeri;

100% query cover and 91.1%–98.9% identity). This species is

widely distributed in the environment but is considered an

opportunistic pathogen.44 The top 100 BLASTp hits to Pap1,

which include PET5 and PET2, are shown in the phylogenetic

tree included in Figure S2. Pap1’s structural similarity to the

known functional polyesterases and conservation of polyester-

degrading sites were promising indicators of the functionality

of Pap1.

Pap1 is a functional PCL-degrading enzyme

Several species of Pseudomonas are known to encode promis-

cuous lipases and esterases that can act on PCL,45 but thus far,

no clinical isolate of P. aeruginosa has been identified with this

activity. A pathogen encoding enzymes with putative plastic-de-

grading activity does not necessarily mean these enzymes are

functional or have PCL-degrading activity. To assess if Pap1

was functional and capable of degrading PCL, we synthesized

and cloned the pap1 gene from P. aeruginosa PA-W23 into the

expression vector pET20b in frame with the vector-encoded

pelB SEC secretion SP and subsequently transformed it into
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an E. coli BL21 Star (DE3) pLysS host strain. To test the Pap1

functionality, the E. coli host carrying pET20b-pap1_SP was

spotted on PCL-agar plates. PCL was chosen because of its

medical relevance, its use as a model polyester-degrading sub-

strate for microbiological analysis, and its amenability to a range

of qualitative and quantitative assays to determine polyesterase

activity.42 Inducing pap1 expression with 0.5 mM IPTG resulted

in a clear zone of PCL degradation, confirming it is indeed a func-

tional polyesterase (Figures 2D and 2F). As expected, a control

E. coli host carrying the empty pET20b plasmid resulted in no

PCL degradation (Figures 2E and 2F).

Pap1 is classified as a type IIa PETase-like enzyme except for

a change in the sub-site I conserved tryptophan to tyrosine

(Y172). To assess the relevance of this amino acid substitution

for the enzymatic activity, we tested its effect by producing a

Pap1 variant with a Y172W residue change in the aforemen-

tioned E. coli host and comparing it to the original Pap1 in a

PCL degradation assay. This sequence change resulted in a

significantly decreased PCL degradation, highlighting the impor-

tance of this non-consensus amino acid for the activity of Pap1

(Figure 2F). Altogether, these results confirm the activity of

Pap1 as a functional PCL-degrading enzyme.

The Pap1 native clinical isolate degrades PCL and can

use it as a carbon source

At this point, we demonstrated that Pap1 is functional when heter-

ologously expressed in an E. coli host. However, we wanted to

elucidate the functionality of this enzyme in its native pathogenic

host. To assess this, we obtained the original pap1-encoding clin-

ical isolate, P. aeruginosa PA-W23, and tested its PCL-degrading

activity. We initially confirmed its PCL-degrading activity on PCL

agar (Figure 3A), with the zone appearing clearer than when

pap1 is expressed in E. coli (Figure 2D). This revealed that the

P. aeruginosa PA-W23 clinical isolate is capable of PCL degrada-

tion. To obtain a greater resolution of the PCL degradation by this

clinical strain, we subsequently quantified PCL weight loss by PA-

W23 in rich media (LB, Luria-Bertani), obtaining 78.4% PCL weight

loss in 7 days (Figure 3B). As a control, the non-PCL-degrading

P. aeruginosa strain PA14 did not produce any notable PCL weight

loss in the same conditions. Scanning electron microscopy (SEM)

Figure 1. Phylogenetic tree analysis of clinically relevant BLAST protein hits

A neighbor-joining tree was constructed using the p distance of the protein sequences. Hits are color coded by bacteria. Pap1 is indicated by a star.
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analysis of the PCL beads exposed to PA-W23 showed deep pits

and cavities in the surface, as well as an overall reduced size of the

bead (Figure 3C). This level of PCL degradation by a clinical isolate

highlights how the structural integrity of any PCL-containing med-

ical device, such as sutures or implants, could be severely

compromised by a pathogen with the capacity to degrade it.

Next, we wanted to assess whether PA-W23 could not only

degrade PCL but also metabolize it. For this, we performed a

growth curve assay in M9 minimal media with PCL beads as the

only possible carbon source, using M9 minimal media with no car-

bon source as a control. The results confirmed that PA-W23 can

indeed use PCL as a sole carbon source (Figure 3D). We also as-

sessed PCL weight loss in M9 minimal media over 14 days and

demonstrated a 36.73% reduction in PCL weight, whereas there

was negligible weight loss in a control inoculated with PA14

(Figure 3E). Being able to utilize plastic as a carbon source may

Figure 3. PCL degradation and use as sole carbon source by P. aeruginosa PA-W23

(A) P. aeruginosa PA-W23 spotted onto PCL agar plates, representative photograph of day 4; scale bar: 1 cm.

(B) Weight loss assay of PCL in LB after a 7-day incubation with PA-W23 and PA14. Weight loss is normalized to an uninoculated control. Mean and SD of 3

repeats; statistical analysis using a parametric t test with Welch’s correction; ****p < 0.0001.

(C) Representative SEM images of 3 PCL beads each from 7-day weight loss assays in LB, control LB (left), and PA-W23 incubation (middle and right). First row:

40× magnification (scale bar: 400 μm); second row: 100× magnification (scale bar: 200 μm); third row: 500× magnification (scale bar: 40 μm); and fourth row:

1,000× magnification (scale bar: 20 μm).

(D) Growth curve in M9 minimal media over 14 days with PCL as the sole carbon source; mean and SD of 3 repeats.

(E) Weight loss of PCL beads after 14-day incubation in M9 minimal media with PA-W23 and PA14. Weight loss is normalized to an uninoculated control. Mean

and SD of 3 repeats; statistical analysis using a parametric t test with Welch’s correction; ***p < 0.001.

Figure 2. P. aeruginosa clinical isolate PA-W23 possesses a polyesterase homolog

(A) Protein sequence alignment of Pap1 and PET5, percent identity colored in Jalview set to 30% conservation. Annotation: the red box is the Gly-x1-Ser-x2-Gly

motif, orange triangles demarcate sub-site I, blue triangles demarcate sub-site II, and green stars demarcate the catalytic triad. The signal peptide was removed

from PET5.

(B) Phyre2-predicted structure of Pap1, surface shown, 95% of residues modeled with >90% confidence, catalytic triad colored in green.

(C) Phyre2-predicted structure of Pap1 aligned with PET2 (PDB: 7EC8) using PyMOL command cealign, resulting in RMSD of 0.179 (Å) over 256 residues. The

PET2 structure is shown in blue, the Pap1-predicted structure is shown in magenta.

(D) E. coli BL21 Star (DE3) pLysS expressing Pap1_SP spotted onto PCL agar plates, representative photograph of day 4 out of 3 biological replicates; scale bar:

1 cm. Agar plates contain 1% PCL and 0.5 mM IPTG for enzyme induction.

(E) BL21 Star (DE3) pLysS carrying empty pET20b spotted onto PCL agar plates, representative photograph of day 4 out of 3 biological replicates; scale bar: 1 cm.

(F) PCL clear zone assay after 4 days testing empty vector (EV), Pap1_SP and Pap1_SP_Y172W expressed in E. coli BL21 Star (DE3) pLysS; mean and standard

deviation (SD) of 3 repeats. Statistical analysis was performed by two-way ANOVA with Tukey’s correction ****p < 0.0001.

Please cite this article in press as: Howard et al., Pseudomonas aeruginosa clinical isolates can encode plastic-degrading enzymes that allow survival

on plastic and augment biofilm formation, Cell Reports (2025), https://doi.org/10.1016/j.celrep.2025.115650

Cell Reports ▪▪, 115650, ▪▪, 2025 5

Article
ll

OPEN ACCESS



enable pathogens to persist within the host or the hospital-built

environment for prolonged periods under nutrient-limiting condi-

tions. Interestingly, the rate of degradation was more than double

in rich media as compared to minimal media, which suggests that

even in optimal growth and carbon non-limiting conditions, pap1 is

still expressed.

Pap1 is secreted via the type II secretion system

To conclusively assign the polyester-degrading activity of PA-W23

to Pap1, we constructed a Δpap1 deletion mutant. This mutation

did not produce a growth defect (Figure S3). A PCL degradation

assay comparing the Δpap1 mutant to the parental strain resulted

in the almost complete loss of the PCL-degrading activity in the

absence of this enzyme and its recovery after chromosomal

complementation (Figure 4A). We also overexpressed pap1 in

the wild-type (WT) PA-W23 background, and although a significant

increase in PCL degradation was observed, the increase was rela-

tively small (Figure S5), suggesting that pap1 was already being ex-

pressed at high levels within the cell and Pap1 secretion is the

bottleneck for its activity. In comparison, introducing pap1 into a

neutral site in the chromosome of the non-plastic-degrading clin-

ical isolate P. aeruginosa PA14 and the lab strain P. aeruginosa

PAO1 conferred significant levels of PCL-degrading activity

(Figure 4B).46 This confirmed that the PCL-degrading activity pro-

vided by Pap1 can be transferred to other hosts.

As a next step, we wanted to confirm that Pap1 was secreted to

the media, as was suggested by our previous results. To do this,

we grew cultures of PA-W23, its Δpap1 derivative, and the

non-degrading strain PA14 expressing pap1 from a neutral-site

miniTn7 transposon insertion, as well as their respective empty

vector controls. Cell-free supernatant of these cultures was

spotted on PCL agar, showing that supernatant from the strains

expressing pap1 produced a clear degradation zone after only 6

h, as opposed to the control strains lacking pap1 (Figure S5).

Figure 4. P. aeruginosa PA-W23 degrades PCL using Pap1

(A) PCL clear zone assay after 4 days testing P. aeruginosa PA-W23, its derivative Δpap1 mutant, and the complemented mutant (Δpap1 with pap1_noSP

expressed from miniTn7 transposon); mean and SD of 3 repeats are represented; ****p < 0.0001. Empty vector (EV) controls can be seen in Figure S4.

(B) PCL clear zone assay after 4 days testing PA14 WT, WT with EV, and overexpressor (WT with Pap1_noSP) and PAO1 WT, WT with EV, and overexpressor

(WT with Pap1_noSP); mean and SD of 3 biological replicates are represented. Statistical analysis was done by two-way ANOVA with Tukey’s correction.

****p < 0.0001; ns, non-significant.

(C) SDS-PAGE gel image of secreted protein fractions from P. aeruginosa PA14, PA-W23, and the complemented Δpap1 mutant, all carrying a miniTn7 insertion

to induce the expression of pap1 with the lacIq-Ptac system. The secreted protein fractions were obtained from cell-free culture supernatants of these strains after

growing in the presence or absence of 1 mM IPTG for 18 h (as detailed in the STAR Methods). The red arrow indicates the band corresponding to Pap1 (theoretical

molecular weight of 30.7 kDa). One representative image out of 3 biological replicates is shown.

(D) SDS-PAGE gel image of secreted protein fractions from P. aeruginosa PAO1 and its mutant derivative ΔxcpA (T2SS defective), both carrying a miniTn7

insertion to induce the expression of pap1 with the lacIq-Ptac system. The secreted protein fractions were obtained from cell-free culture supernatants of these

strains after growing in the presence or absence of IPTG 1 mM for 18 h (as detailed in the STAR Methods). The red arrow indicates the band corresponding to

Pap1. One representative image out of 3 biological replicates is shown.
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This clearly indicates that the Pap1 enzyme is secreted to the me-

dia. To further confirm this, we harvested, precipitated, and resus-

pended the protein content of supernatants from PA14, PA-W23,

and its Δpap1 derivative bearing the pap1-expressing miniTn7

insertion, in which IPTG was added to induce pap1 expression

along with the respective non-induced controls. SDS-PAGE of

these secreted protein fractions demonstrated that a band corre-

sponding to Pap1 (theoretical molecular weight: 30.7 kDa) ap-

peared in the PA-W23 samples but not in the non-induced com-

plemented Δpap1 mutant sample, with the band reappearing in

the complemented mutant upon IPTG induction (Figure 4C).

This conclusively shows that Pap1 is a secreted PCL-degrading

enzyme. In the case of PA14, an abundant protein band of similar

size to Pap1 and specific to this strain made it difficult to distin-

guish the Pap1 band, although it is clear that the intensity of the

band increases in the IPTG-induced PA14 sample.

To obtain further insights into the mechanism through which

Pap1 is translocated to the extracellular milieu, we decided to

identify the secretion system involved in this process. In

P. aeruginosa, proteins are typically secreted via four general

systems: type 1 secretion system (T1SS), T2SS, T3SS, and

T5SS. Taking advantage of the conserved secretion mecha-

nism of Pap1, we decided to test this in strain PAO1, for which

mutant derivatives in key genes of each secretion system were

available (except for T1SS). We selected mutants in essential

genes of each secretion system, including ΔxcpA (T2SS),

ΔpscN (T3SS), and ΔtpsB4 (T5SS),46 and introduced the

pap1-encoding miniTn7 transposon in them as well as in the

WT PAO1, along with an empty vector control. As explained

above, we tested the PCL-degrading activity of cell-free super-

natants obtained after growing those strains in the presence of

IPTG. This experiment revealed that only the ΔxcpA mutant

(T2SS defective) could not produce a degradation zone,

whereas the ΔpscN and ΔtpsB4 mutants produced degradation

zones similar to that of the WT PAO1 (Figure S6). Further super-

natant protein precipitation and SDS-PAGE assays demon-

strated that Pap1 cannot be recovered from the secreted frac-

tion when expressed in the ΔxcpA mutant background

(Figure 4D). Altogether, these results demonstrate that Pap1

secretion is mediated by the T2SS.

P. aeruginosa PA-W23 uses PCL via fatty acid

metabolism

To better understand how PA-W23 responds to the presence of

PCL, we performed a differential RNA sequencing (dRNA-seq)

analysis in the presence and absence of PCL. PA-W23 cultures

were grown in starvation media (10% LB ± PCL) until the mid-

exponential phase. This medium was selected to maximize the

effect of degrading PCL on global transcription while sustaining

a certain level of growth in the absence of PCL and preventing

any derived transcriptional noise due to stress. Within the re-

sulting transcriptional dataset, there were 101 differentially

regulated genes (|log fold change| [|logFC|] > 1) (Figure 5A;

Table S5). Several of the genes that were significantly upregu-

lated were associated with fatty acid metabolism. The fatty acid

6OH-hexanoic acid (6OH-HA) is the degradation product of

PCL. This suggests that the accumulation of this fatty acid

via PCL depolymerization would facilitate growth in nutrient-

limiting conditions by supplying metabolites that can eventually

be fed into the Krebs cycle, as demonstrated in our results

above, which show that PA-W23 can use PCL as a sole carbon

source. Interestingly, pap1 was not among the significantly

differentially expressed genes. This prompted us to investigate

the pap1 absolute levels of expression in both conditions

tested in the dRNA-seq experiment. Strikingly, pap1 was

one of the highest expressed genes in both conditions

(Figure 5B), suggesting that pap1 is constitutively expressed

to high levels within PA-W23. This is consistent with our previ-

ous observation that PA-W23 is able to degrade PCL even

when grown in rich media such as LB.

Figure 5. Transcriptional response to PCL exposure

(A) Volcano plot representing dRNA-seq results from comparing global transcription in the presence of PCL in starvation media (10% LB). According to the dRNA-

seq results, 65 genes were upregulated (red) and 36 were downregulated (blue) more than 1 logFC in the presence of PCL. Genes linked to fatty acid metabolism

are highlighted in green.

(B) Expression of pap1 in the presence and absence of PCL. Comparison of constitutively expressed housekeeping gene rpoB also shown. ns, non-significant.
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PCL induces higher biofilm formation and virulence in a

PCL-degrading clinical isolate

The capacity to degrade PCL and use it as a carbon source could

indirectly boost virulence, expanding the metabolic repertoire of

a pathogen and weakening the integrity of PCL-containing med-

ical devices. To explore whether the presence of PCL could

directly impact any virulence phenotypes, we measured a key

virulence factor in P. aeruginosa: biofilm formation. Biofilms are

communities of bacteria that are attached to each other or an

abiotic/biotic surface. In doing so, they are better protected

from the effects of antibiotics and the rigors of the immune sys-

tem.47–49 To test the effect of PCL on the biofilm formation of PA-

W23, we conducted a 96-well plate-based biofilm assay on

strains grown with and without PCL beads (assay setup summa-

rized in Figure S7). This showed that biofilm formation on the sur-

face of the well was significantly higher for PA-W23 when a PCL

bead was present (Figure 6A). We chose to measure biofilm on

the surface of the well in the 96-well plate rather than on the

PCL bead itself since, based on previous data (Figure 3C), the

morphology and, as a result, the surface area of the bead are

dramatically altered by the PCL-degrading activity of PA-W23.

Planktonic PA-W23 colony-forming unit (CFU) counts were not

significantly different when grown with and without PCL in the

nutrient-rich LB, indicating that this is exclusively a biofilm effect

(Figure S8A). To confirm that this increased biofilm was specif-

ically due to the capacity to degrade PCL and not a non-specific

Figure 6. Impact of PCL on P. aeruginosa PA-W23 biofilm and virulence

(A) PA14 and PA-W23 biofilm formation via crystal violet staining with and without PCL bead added to culture. Mean and SD of 3 repeats; statistical analysis using

one-way ANOVA with multiple comparisons; *p < 0.05. Normalized to strain without PCL as 100%.

(B) P. aeruginosa PA-W23 biofilm assay with PCL beads in each well. P. aeruginosa PA-W23 Δpap1, Δpap1 with EV, and Δpap1 complemented with Pap1_noSP;

mean and SD of three technical replicates and two biological replicates; statistical analysis using one-way ANOVA with multiple comparisons; **p < 0.01;

****p < 0.0001. Normalized to WT as 100%.

(C) P. aeruginosa PA-W23 biofilm assay without PCL beads. P. aeruginosa PA-W23 Δpap1, Δpap1 with EV, and Δpap1 complemented with Pap1_noSP; mean

and SD of three technical replicates and two biological replicates; statistical analysis using one-way ANOVA with multiple comparisons resulting in no significant

differences. Normalized to WT as 100%.

(D) Survival of G. mellonella with and without a PCL implant, injected with either phosphate-buffered saline (PBS) as a control or P. aeruginosa PA-W23. Three

biological replicates were performed with a minimum of 10 larvae per condition per biological replicate (n = 30). Kaplan-Meier survival curves were used to

visualize data, and statistical analysis was performed with a log rank test. *p < 0.05.
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response to the presence of a plastic bead in the well, we used

the non-PCL-degrading strain P. aeruginosa PA14 as a control.

The presence of PCL had no impact on P. aeruginosa PA14 bio-

film levels (Figure 6A). To further challenge this hypothesis and

rule out that the increased biofilm seen by PA-W23 was a phys-

ical response to a bead in each well, we repeated the assay using

a non-biodegradable glass bead of similar size. In this assay, the

glass bead did not have a significant effect on PA14 biofilm for-

mation and actually resulted in less PA-W23 biofilm formation

(Figure S8B), further supporting PCL degradation as the cause

of this increase in biofilm formation.

To explore the role of Pap1 in this augmented biofilm pheno-

type, we assessed the biofilm formation of the P. aeruginosa

PA-W23 Δpap1 mutant and the complemented mutant in the

presence of a PCL bead. The loss of pap1 led to a >85%

decrease in biofilm levels, whereas biofilm levels were restored

to WT levels upon complementation (Figure 6B). Strikingly, in

the absence of the PCL bead, the deletion of pap1 had no impact

on biofilm levels (Figure 6C). This confirms the involvement of

Pap1 in the biofilm formation capability of this strain in a plas-

tic-dependent manner and, for the first time, directly links a plas-

tic-degrading enzyme to biofilm levels in its native strain.

Biofilm is intrinsically linked to virulence, so we hypothesized

that the impact of PCL on biofilm formation by PA-W23 may

impact the overall pathogenic potential of PA-W23. To assess

this, we used a previously established in vivo implant model in

Galleria mellonella larvae (Figure S8C).50 PA-W23 showed an

increased virulence in the presence of a PCL implant

(Figure 6D) in this assay, therefore suggesting that the ability to

degrade and colonize a host-implanted plastic implant by a

pathogen would negatively impact the course of an infection.

This is further supported by a complementary experiment in

which P. aeruginosa PA14, which does not degrade PCL, pro-

duced similar G. mellonella mortality levels regardless of the

presence of the implant (Figure S5D). However, the Δpap1

mutant did not show significant differences in virulence when

comparing the presence and absence of implant (Figure S8E).

Pap1 degrades PCL into monomers that are directly

incorporated into biofilms

To drive such an increase in biofilm formation, it would be ex-

pected that the cell would have to upregulate the expression of

genes linked to this behavior, such as exopolysaccharide syn-

thesis. However, there were no genes that were directly linked

to biofilm formation within the 101 differentially regulated by

the presence of PCL. We, thus, hypothesized that there may

be a physical interaction between PCL breakdown products

and the biofilm matrix, leading to higher biofilm levels. To chal-

lenge this hypothesis, we developed a targeted and quantitative

liquid chromatography-mass spectrometry (LC-MS) method to

measure 6OH-HA, the degradation product of PCL. The biofilm

biomass was isolated from 96-well plate wells inoculated with

PA-W23, PA-W23 Δpap1, or the complemented mutant, which

were subsequently incubated with a PCL bead. Analysis of

these biofilms revealed that 6OH-HA was present in the

extracellular matrix at an increased concentration in the case

of PA-W23 (46.9 ± 23.3 ng/mL), whereas the 6OH-HA concentra-

tion in the biofilm matrix produced by the Δpap1 mutant dropped

to 1.2 ± 1.6 ng/mL (∼98% reduction from the WT) (Figures 7A

and 7B). The average concentration of the monomer increased

to 29.9 ng/mL in the complemented Δpap1 mutant. These mea-

surements agreed with the overall trends produced by PCL in our

previous experiments (Figures 6A–6C). The same trend was

observed in the analysis of the cell-free supernatant after growth,

where 6OH-HA concentrations were reduced by 91% in the su-

pernatant of Δpap1 compared to that of the PA-W23 WT. Impor-

tantly, 6OH-HA was measured in the control treatment, which

contained only a PCL bead and uninoculated LB broth, at an

average concentration of 16,591 ng/mL (Figure 7C). The pres-

ence of the monomer in the control was assumed to be the innate

leaching of the monomer from the PCL bead. The observed

trends in monomer concentrations measured in both the biofilm

and supernatant, alongside the increase in biofilm formation,

suggest that 6OH-HA is directly incorporated into the biofilm,

increasing overall biofilm levels. To further test this hypothesis,

we reasoned that the exogenous addition of the 6OH-HA mono-

mer to the media should increase PA-W23 biofilm levels. When

assessed, we could observe a significant increase in the PA-

W23 biofilm levels (Figure 7D), confirming that the presence of

the monomer and its incorporation into the biofilm matrix were

sufficient to drive increased levels of biofilm formation in this clin-

ical isolate.

Enhanced biofilm formation by PCL is conserved in

other plastic-degrading P. aeruginosa clinical isolates

Up to this point, our screening for plastic-degrading pathogens

was entirely in silico. To explore if other non-sequenced

clinical isolates of P. aeruginosa had the capacity to degrade

plastic, we screened a clinical isolate collection sourced from

the British Society for Antimicrobial Chemotherapy Bacteraemia

Resistance Surveillance Programme. Among the different

P. aeruginosa isolates with varying PCL-degrading properties,

we identified one hit that had reproducibly high levels of PCL-de-

grading activity (Figure S9A). We next sought to explore if this

strain had increased biofilm levels similar to what was seen

with PA-W23. Strikingly, this strain demonstrated augmented

levels of biofilm formation in the presence of a PCL bead as

compared to the strain grown without the bead (Figure S9B).

This suggests that this mechanism of augmented biofilm forma-

tion is conserved among plastic-degrading P. aeruginosa clinical

isolates. Future work will now focus on sequencing this plastic-

degrading clinical isolate and identifying the enzymes respon-

sible for this activity.

DISCUSSION

In this work, we have identified a wound clinical isolate of

P. aeruginosa that can extensively degrade PCL using the novel

polyester-degrading enzyme Pap1. We subsequently demon-

strate that this capacity to degrade PCL can influence pathoge-

nicity, driving biofilm formation and increasing virulence in the

G. mellonella model of infection. This poses several clinical chal-

lenges with respect to infection. PCL is widely used in medical

care and is one of the materials at the forefront of biotechnolog-

ical innovation due to its favorable biocompatibility profile.21–23

From a host perspective, the capacity for a pathogen to be
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able to compromise the structural integrity of any medical device

or implant that contains PCL is likely to cause the failure of the

medical intervention. From a pathogen perspective, the capacity

to degrade this substrate could enable the pathogen to create

pits or niches within these devices, shielding the pathogen

from the full rigors of the immune system, disinfectants, or anti-

biotics. The ability of pathogens to use plastic as a carbon

source is also a significant concern and could facilitate the

persistence of the pathogen within the hospital-built environ-

ment or within the host in nutrient-limited conditions.

Biofilms are the dominant mode of growth for bacteria, and

adopting this mode of growth can make pathogens particularly

recalcitrant to treatment.48,49 Biofilm formation is linked to

increased tolerance to antimicrobials and immune evasion and

is key for chronic infections.51–57 Furthermore, our previous

work linked this behavior to plastic degradation, as we found

that increasing biofilm formation in bacteria boosts plastic

degradation and hypothesized that the enzymes are localized

Figure 7. The role of 6OH-HA in PA-W23

biofilm formation

(A) Extracted ion chromatogram of 6OH-HA

(quantifier ion) in biofilms isolated from PA-W23

(blue), PA-W23 Δpap1 (green), and com-

plemented strain (orange), magnified peak of in-

terest: 1.82 min (inset).

(B) Quantification of 6OH-HA in biofilms isolated

from PA-W23, PA-W23 Δpap1, and com-

plemented strain. Mean and SD of four biological

replicates are represented. Statistical analysis

was performed using one-way ANOVA with mul-

tiple comparisons; *p < 0.05.

(C) Quantification of 6OH-HA in supernatant iso-

lated from cultures of PA-W23, PA-W23 Δpap1,

and complemented strain and uninoculated LB

that was incubated with a PCL bead. Mean

and SD of three biological replicates are repre-

sented. Statistical analysis was performed using

one-way ANOVA with multiple

comparisons; ****p < 0.0001.

(D) Exogenous supplementation of media with

2.17 mg/mL 6OH-HA enhanced PA-W23 biofilm

formation. Mean and SD of six biological repli-

cates are represented; **p < 0.01 with Student’s

t test.

to the plastic surface and trapped in the

biofilm matrix.42 Additionally, high biofilm

formation on waste plastics has been

linked with better biodegradation in the

environment, suggesting this character-

istic may also be shared by clinical bacte-

ria that have the capacity to degrade

plastic.58–61 Indeed, our findings linking

the biofilm formation capabilities of a clin-

ical isolate to its plastic-degrading prop-

erties support this hypothesis. To explore

the link between biofilm formation and

plastic degradation, we assessed the

impact of a Δpap1 deletion mutant on

the increased biofilm levels seen when PA-W23 is co-incubated

with a PCL bead. In this assay, we saw an 85% reduction in bio-

film levels compared to the WT strain (Figure 6B). We also

confirmed that the addition of PCL as a potential additional car-

bon source did not impact planktonic cell growth (Figure S3).

This indicates that Pap1 is essential in mediating the increased

biofilm phenotype. Interestingly, we saw that the Δpap1 mutant

had comparable levels of biofilm formation to the WT in the

absence of the bead (Figure 6C). This highlights the specificity

of this response and suggests that the cell is capable of sensing

and responding to the presence of PCL within its immediate

environment. Transcriptomic analysis uncovered several genes

linked to fatty acid metabolism that were upregulated in the pres-

ence of PCL, which aligns with the growth assays using PCL as a

sole carbon source (Figure 5A). Within the RNA-seq data, how-

ever, it was striking that there were no genes directly linked to

biofilm formation, as such a dramatic increase in biofilm levels

can usually be explained at the transcriptional level by the
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upregulation of genes associated with biofilm formation, such as

polysaccharide biosynthesis machinery and adhesion elements.

This prompted us to explore if the increase in biofilm was poten-

tially due to a physical interaction of the biofilm matrix with PCL

breakdown products, which would support and enhance the bio-

film structure. This theory aligned with a previous report that

demonstrated that biofilms can trap plastic nanoparticles within

the (exopolysaccharide) EPS matrix.62 When we assessed the

levels of the PCL breakdown product, 6OH-HA,63 in the isolated

biofilms, we confirmed that both the PA-W23 WT and the pap1

complemented strain had high levels of 6OH-HA in their biofilms,

whereas the pap1 biofilm had a 98% reduction in the levels of

6OH-HA (Figures 7A–7C). This indicates that at least part of

the increased biofilm phenotype observed for PA-W23 is attrib-

utable to the embedding of the PCL breakdown products in the

biofilm matrix. There may also be other mechanisms at play, and

future work will focus on how the cell senses and responds to the

presence of a target plastic substrate and if the integration of the

monomer into the biofilm is passive or through direct interactions

with the EPS.

Nosocomial pathogens are notorious for their capacity to

persist in the hospital-built environment, often surviving on plas-

tic surfaces. This work suggests that pathogens that encode en-

zymes with the capacity to degrade plastic are better equipped

to survive on these hospital plastic surfaces, potentially using the

plastic itself as a source for growth or degrading the plastic to

form pits, in which the pathogen can shield from traditional sur-

face decontamination procedures.64 Given the propensity for

certain pathogens, such as P. aeruginosa, A. baumannii,

and Staphylococcus aureus, to cause persistent outbreaks in

hospitals, future infection control strategies may want to

consider and determine if outbreak-associated isolates encode

plastic-degrading enzymes, augmenting the pathogens’ capac-

ity for persistence in the hospital-built environment.

The presence of plastic-degrading bacteria in healthcare is not

unexpected. Vast amounts of plastic are present in hospitals,

and in the environment, the abundance of plastic-degrading

genes is directly linked to the prevalence of plastic pollution.

This suggests that exposure to plastic in the hospital setting is

driving the adaptation and spread of these enzymes.2,65 Indeed,

we identified several species of clinically relevant bacteria

that encode enzymes with the potential to degrade plastic

(Table S3). Like antibiotic resistance, if encoding plastic-degrad-

ing enzymes confers an advantage to bacterial pathogens, their

selection and spread will increase over time. This could be

through enzyme evolution, as many plastic-degrading enzymes

are similar to lipases and cutinases with other functions that

may exhibit substrate promiscuity or through horizontal gene

transfer (HGT).45,66,67 Enzyme evolution and adaptation have

been suggested as sources for plastic-degrading enzymes pre-

viously, with plastic pollution acting as a recent robust selection

pressure.65 However, HGT likely explains why, for example, we

identified a clinical isolate of S. pneumoniae in the genome min-

ing with an almost identical gene to the known functional poly-

ester-degrading enzyme BsEstB. Indeed, we demonstrated

that the acquisition of a single pathogen-associated polyester-

ase was sufficient to confer plastic-degrading activity to

P. aeruginosa PA14 and PAO1 (Figure 4B). There is also the

threat that some species of environmental bacteria can also be

considered opportunistic pathogens, such as S. stutzeri (previ-

ously P. stutzeri).44 In these instances, it is possible that the bac-

teria could evolve the capacity to degrade plastic in the environ-

ment and then exploit this enzymatic activity to augment

virulence in a clinical setting.

Plastic-associated infections, such as catheter-associated

urinary tract infections (CA-UTIs) or ventilator-associated pneu-

monia, are already well known in healthcare, both of which are

commonly caused by P. aeruginosa.68–70 CA-UTIs are respon-

sible for the majority of nosocomial UTIs and represent a signif-

icant proportion of healthcare-associated infections, especially

bloodstream infections (BSIs).6,7 A particular case study in

Quebec found that 21% of healthcare-associated BSIs derived

from UTIs, and 71% of these were catheter associated.71 Pa-

tients with CA-UTIs or other device-related infections can expe-

rience lengthened the hospital stays, increased risk of re-admis-

sion, and increased risk of bacteremia or mortality.7,9,10,72 Due to

the significant impact that device-related infections already pose

in healthcare, if the causative bacteria were also able to degrade

the device and survive off the breakdown products, this could be

a previously unrecognized factor significantly impacting patient

outcomes.

The genome mining for polyester-degrading homologs in clin-

ical strains found a large number of candidates. However, we

discarded many high-similarity hits in pathogenic species that

did not provide a detailed isolation source, meaning they may

also represent pathogen-associated plastic-degrading en-

zymes. Future studies will focus on the functional characteriza-

tion of the lower percentage hits and assessing homologs to all

known plastic-degrading enzymes, although most of those

currently known are for polyesters, primarily PET.73 Indeed,

despite Pap1 being the only enzyme encoded within the PA-

W23 genome with any similarity to a known plastic-degrading

enzyme, a very faint zone of degradation was still observed in

a Δpap1 mutant, suggesting that some other secondary novel

enzyme may also be able to act on PCL, although very weakly.

However, secretion assays confirmed that the supernatant of

the Δpap1 mutant did not have any PCL-degrading activity,

conclusively linking the degradation of this polyester to the ac-

tion of Pap1. We also confirm that Pap1 is secreted in a T2SS-

dependent manner using a predicted non-canonical SP

(Figure 4D). Pap1 is classified as a type IIa PETase-like enzyme

except for a change in the sub-site I conserved tryptophan to

tyrosine (Y172). We hypothesized that the Y172W variant would

have increased activity, given this would revert the Pap1 sub-site

I to the classical residue combination for type IIa PETase-like en-

zymes; however, when tested, it had less activity (Figure 2F),

indicating that the PA-W23 WT variant may have evolved to

have maximal PCL-degrading activity or potentially be more sta-

ble. It is also worth noting that PAO1 produced a residual zone

around the colony after 4 days, suggesting some residual PCL-

degrading activity (Figure 4B). This could be a promiscuous

lipase capable of acting weakly on PCL or a previously unchar-

acterized PCL-degrading enzyme. Indeed, novel enzymes are

constantly being discovered and functionally characterized,

which will enlarge the databases for future mining approaches.

Even some of the known enzymes are evolutionarily distant
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from each other, representing different clades on our phyloge-

netic tree. Together, this would place human pathogens and clin-

ical isolates as a previously unrecognized reservoir of potential

novel plastic-degrading enzymes that could be exploited to

create enzyme-based solutions to tackle the plastic waste crisis.

Indeed, by screening a clinical isolate collection, we identified an

additional strain of P. aeruginosa that was capable of degrading

plastic and had a similar biofilm response in the presence of PCL.

While the biodegradability of PCL is one of its main advantages

for use in healthcare, this could also be its downfall. As it can be

degraded by the causative agent of an infection, the potential for

increased infection risk and even accelerated degradation of im-

plants or sutures should be considered in device design and

treatment planning. Antimicrobial components could be added

to PCL medical devices to reduce the risk of infection and biodeg-

radation. Some work on this has already been started, such as

composites with silver or copper oxide nanoparticles or electro-

spinning PCL with halloysite nanotubes impregnated with eryth-

romycin.74–76 Therefore, implementing this into proposed PCL

implanted medical devices should be a priority when considering

medical approval and manufacture. While here we only focused

on PCL degradation due to its widespread and expanding clinical

use, there should also be a consideration for medical devices and

implants made from other plastic materials, as many types of

plastics have been shown to be degraded by microbes, so these

strains could also be present in clinical settings.35

Limitations of the study

In this work, we focused on demonstrating that Pap1 can

degrade the biodegradable plastic PCL. However, it is recog-

nized that some polyesterases can also act on more recalcitrant

plastics, such as PET. Indeed, Pap1 has a high level of structural

homology to known PET-degrading enzymes such as PET5,

suggesting that Pap1 may also be able to degrade PET. Future

work will look to explore the spectrum of Pap1 substrate

specificity and its regulation. We also did not explore predicted

plastic-degrading polyesterases in pathogens other than

P. aeruginosa. However, this will be the focus of future investiga-

tion. There is also a strong likelihood that Pap1 has other func-

tional roles within the cell beyond the degradation of plastic,

and we will investigate this in follow-up studies.

We show robust evidence that the capacity for a pathogen to

degrade plastic can compromise plastic structural integrity,

facilitate pathogen growth and biofilm formation, and increase

virulence. Then, it may be necessary to routinely screen patho-

gens for this ability, particularly in situations where a patient

has an infection associated with an implanted plastic device.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

E. coli strain BL21 StarTM (DE3) pLysS Invitrogen Cat number: C602003

P. aeruginosa strain PA-W23 Dr Stephan Heeb’s collection, University of

Nottingham

GCF_003833705.1

P. aeruginosa strain PA14 Laboratory collection GCF_000014625.1

P. aeruginosa strain PAO1 Prof A. Filloux’s collection, Imperial College

London

GCF_000001405.40

P. aeruginosa strain PAO1 ΔxcpA Durand et al.77 N/A

P. aeruginosa strain PAO1 ΔpscN Soscia et al.78 N/A

P. aeruginosa strain PAO1

ΔpilAΔfliCΔtpsB4

Garnett et al.79 N/A

P. aeruginosa strain PA-W23 Δpap1 This work N/A

P. aeruginosa strain PA14/miniTn7-Gm-

lacIq-Ptac-Pap1_noSP

This work N/A

P. aeruginosa strain PA14/miniTn7-Gm-

lacIq-Ptac

This work N/A

P. aeruginosa strain PA-W23/miniTn7-Gm-

lacIq-Ptac-Pap1_noSP

This work N/A

P. aeruginosa strain PA-W23/miniTn7-Gm-

lacIq-Ptac

This work N/A

P. aeruginosa strain PA-W23 Δpap1/

miniTn7-Gm-lacIq-Ptac-Pap1_noSP

This work N/A

P. aeruginosa strain PA-W23 Δpap1/

miniTn7-Gm-lacIq-Ptac

This work N/A

Chemicals, peptides, and recombinant proteins

LB broth Miller (Luria-Bertani) Difco, Fisher Cat number: BD 244620

Agar-agar Sigma-Aldrich Cat number: 05039

Polycaprolactone Mn 80,000 Sigma-Aldrich Cat number: 440744

M9 minimal medium salts MP Biomedicals Cat number: 3037032

Pseudomonas isolation agar Merck Cat Number: 17208-500G

PageRuler Plus Prestained Protein Lader Fisher Scientific Cat Number: 26619

EZBlue Coomassie Brilliant Blue Merck Cet Number: G1041-500ML

Deposited data

P. aeruginosa PA-W23 RNA-Seq data Gene Expression Omnibus GSE275972

Oligonucleotides

pap1 fw PstI Integrated DNA Technologies N/A

pap1 rv HindIII Integrated DNA Technologies N/A

pap1 up fw Integrated DNA Technologies N/A

pap1 up rv Integrated DNA Technologies N/A

pap1 down fw Integrated DNA Technologies N/A

pap1 down rv Integrated DNA Technologies N/A

Recombinant DNA

pET-20b(+)-pap1_SP GenScript Gene accession RPM52859.1

pET-20b(+)-pap1_noSP GenScript, His Tag added N/A

pET-20b(+)-pap1_SP_Y172W GenScript N/A

pUC18T-miniTn7T-Gm-lacIq-Ptac

(pJM101)

AddGene #110558

pJM101-pap1_noSP This work, His Tag added. N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Microbe strains

Bacterial strains (E. coli strain BL21 StarTM (DE3) pLysS, P. aeruginosa strain PA-W23, P. aeruginosa strain PA14, P. aeruginosa strain

PAO1, P. aeruginosa strain PAO1 ΔxcpA, P. aeruginosa strain PAO1 ΔpscN, P. aeruginosa strain PAO1 ΔpilAΔfliCΔtpsB4, P. aeruginosa

strain PA-W23 Δpap1, P. aeruginosa strain PA14/miniTn7-Gm-lacIq-Ptac-Pap1_noSP, P. aeruginosa strain PA14/miniTn7-Gm-lacIq-

Ptac, P. aeruginosa strain PA-W23/miniTn7-Gm-lacIq-Ptac-Pap1_noSP, P. aeruginosa strain PA-W23/miniTn7-Gm-lacIq-Ptac, P. aer-

uginosa strain PA-W23 Δpap1/miniTn7-Gm-lacIq-Ptac-Pap1_noSP, P. aeruginosa strain PA-W23 Δpap1/miniTn7-Gm-lacIq-Ptac) were

grown at 37◦C throughout (unless otherwise indicated), liquid cultures were grown with agitation at 180 rpm. Growth of strains was per-

formed in lysogeny broth (LB) (Miller formulation) unless otherwise stated.

METHOD DETAILS

Genomic mining

A list of 19 pathogenic bacterial species were generated (Table S1) from the WHO’s Priority Pathogen list and common healthcare-

associated pathogens81,82 and 23 known polyester-degrading enzymes (Table S2) were collated.73,83 The known polyester-degrad-

ing enzyme protein sequences were used to search for novel potentially polyester-degrading enzymes using NCBI Protein Blast of

the non-redundant protein sequences database, the organism selection was limited to those species listed in Table S1. BLAST hits

were then investigated for isolation sources that are linked to pathogenesis or clinical isolates, such as isolation from wounds or hu-

man anatomical site.

Protein bioinformatic analysis

InterPro84 was used to analyze Pap1 protein sequence for known domains and families. Signal peptides were predicted with

SignalP - 6.0 and SecretomeP 2.0.85,86 EMBOSS Needle pairwise alignment87 was used to align Pap1 and PET5, Jalview

2.11.2.788 was used to color the alignment by conservation. Phyre289 was used to predict the Pap1 protein structure and PyMOL

was used for visualisation and alignment using command ‘cealign’. MEGA (version 11.0.11) was used for phylogenetic tree construc-

tion; alignment was performed using the MUSCLE algorithm, distance was measured using pairwise p-distance with standard set-

tings, a neighbour-joining tree was constructed using p-distance with standard settings. iTOL (version 6.8.1) was used to color code

the trees.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pEMGT de Dios et al. (2022)80 N/A

pEMGT-pap1 This work N/A

pRK2013 Laboratory collection N/A

pTNS2 Laboratory collection N/A

Software and algorithms

Protein BLAST NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi?

PAGE=Proteins

InterPro EMBL-EBI https://www.ebi.ac.uk/interpro/

SignalP (version 6) DTU Health Tech https://services.healthtech.dtu.dk/

services/SignalP-6.0/

SecretomeP (version 2) DTU Health Tech https://services.healthtech.dtu.dk/

services/SecretomeP-2.0/

EMBOSS Needle EMBL-EBI https://www.ebi.ac.uk/Tools/psa/emboss_

needle/

Jalview The Barton Group, University of Dundee https://www.jalview.org/download/

Phyre2 Genome 3D http://www.sbg.bio.ic.ac.uk/∼phyre2/html/

page.cgi?id=index

PyMOL Schrödinger, LLC https://pymol.org sales@schrodinger.com

MEGA (version 11.0.11) MEGA https://www.megasoftware.net

iTOL (version 6.8.1) iTOL https://itol.embl.de

Graphpad Prism (version 10.0.3) GraphPad Software https://www.graphpad.com

Please cite this article in press as: Howard et al., Pseudomonas aeruginosa clinical isolates can encode plastic-degrading enzymes that allow survival

on plastic and augment biofilm formation, Cell Reports (2025), https://doi.org/10.1016/j.celrep.2025.115650

Cell Reports ▪▪, 115650, ▪▪, 2025 17

Article
ll

OPEN ACCESS

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://www.ebi.ac.uk/interpro/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SecretomeP-2.0/
https://services.healthtech.dtu.dk/services/SecretomeP-2.0/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.jalview.org/download/
http://www.sbg.bio.ic.ac.uk/%7Ephyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/%7Ephyre2/html/page.cgi?id=index
https://pymol.org
mailto:sales@schrodinger.com
https://www.megasoftware.net
https://itol.embl.de
https://www.graphpad.com


Generation of constructs and plasmid construction

The different versions of the Pap1 coding gene were generated and cloned into pET20b by GenScript (Oxford, UK). The sequences

were codon-optimised for expression in E. coli. Pap1 was cloned using EcoRV to use the pET20b pelB leader sequence to generate

Pap1_SP since no traditional signal peptide was present. A Pap1 version without pelB signal peptide and bearing a 6xHis tag in the

N terminus was cloned in pET20b using the NdeI and XhoI restriction sites, yielding the Pap1_noSP construct. A Pap1 version

(including pelB signal peptide) with the tyrosine in position 172 changed to tryptophan was cloned into pET20b using the EcoRV

and XhoI restriction sites, generating the Pap1_SP_Y172W construct. E. coli BL21 Star (DE3) pLysS was used for expression with

ampicillin 100 μg/mL for pET20b plasmid selection and maintenance.

To express pap1 in P. aeruginosa, the Pap1_noSP construct was subcloned into pUC18T-miniTn7T-Gm-lacIq-Ptac (pJM101),90

which was used to generate a stable miniTn7 chromosomal insertion in the neutral attTn7 site. The Pap1_noSP construct was ampli-

fied from pET20b-Pap1_noSP using the oligonucleotides pap1 fw PstI (TTTTTCTGCAGAGACCACAACGGTTTCCCTC) and pap1 rv

HindIII (TTTTTAAGCTTTGTTAGCAGCCGGATCTCAG). The PCR product was digested with PstI and HindIII and the resulting frag-

ment was cloned into pJM101 cut with the same enzymes, generating pJM101- Pap1_noSP.

To delete pap1 from P. aeruginosa PA-W23, the pap1 upstream and downstream homologous regions (approx. 1 kb each) were

amplified using the primer pairs pap1 up fw/pap1 up rv (CCTTGCAGGCATAGGTCTTG/GCAAAGTATGCGCTCCATAG) and pap1

down fw/pap1 down rv (CTATGGAGCGCATACTTTGCGAAAACTGCGACTACTGACC/AAGTCGTCCTTGGTGATCAG), respectively.

Both homologous regions were joined by sewing PCR and cloned into pEMGT80 cut with SmaI to generate pEMGT-pap1. All in-house

generated constructs were validated by Sanger sequencing.

Strain construction

To construct a P. aeruginosa PA-W23 Δpap1 mutant, we followed the SceI-mediated genome editing protocol established by de Dios

et al. (2022)80 with modifications. Briefly, pEMGT-pap1 was introduced in PA-W23 via triparental mating using pRK201391 as helper

plasmid and recombinant transconjugants were selected on Pseudomonas isolation agar supplemented with kanamycin 2000 μg/mL

incubated at 30◦C overnight. An isolated transconjugant was used in a second triparental conjugation to introduce pSW-Apr (carrying

the endonuclease SceI coding gene under a 3-methylbenzoate-inducible promoter) and trigger a second recombination that would

result in the deletion of pap1. The transconjugants were plated on Pseudomonas isolation agar supplemented with apramycin

200 μg/mL (for selection of transconjugants) and 3-methylbenzoate 15 mM (to induce the expression of SceI and trigger the second

recombination) and incubated at 30◦C overnight. The resulting PA-W23 Δpap1 mutant was validated by PCR and Sanger

sequencing. After this validation, the pSW-Apr plasmid was cured by serial passaging in LB broth in the absence of antibiotics.

To introduce pJM101 (empty vector control) and pJM101-Pap1_noSP into P. aeruginosa PA14, wild type PA-W23 and the PA-W23

Δpap1 mutant and generate miniTn7-derivative insertions, we followed the four-parental mating protocol established by Choi et al.

(2005),92 using pRK2013 (conjugation helper) and pTNS2 (transposition helper) as helper plasmids. Transconjugants carrying the

miniTn7-derivative insertions were selected on Pseudomonas isolation agar supplemented with gentamycin 20 μg/mL or

100 μg/mL for PA14 or PA-W23, respectively, and incubated at 30◦C overnight. The miniTn7 insertions were validated by PCR.

PCL clear zone assay

PCL (Sigma-Aldrich, Mn 80,000) was dissolved in acetone with agitation at 50◦C then mixed with LB agar solution (distilled water,

1.5% w/v agar-agar, 2% w/v LB medium) to a concentration of 1% w/v PCL after acetone evaporatio.93,94 After autoclaving, the

agar was cooled slightly (but not solidified to keep PCL in solution), Ampicillin 100 μg/mL and 0.5 mM Isopropyl β-D-1-thiogalacto-

pyranoside (IPTG) were added where appropriate for E. coli BL21 Star (DE3) pLysS clear zone assays, and poured into plates, result-

ing in cloudy agar plates. Overnight cultures of bacteria grown in LB were OD corrected to OD600 3.0, 20 μL of this was spotted onto

the 1% PCL LBA plates and grown at 37◦C, with measurements of the diameter of the bacterial colony and zone of clearance (trans-

parent agar surrounding colony) taken over four days.94

To assay the PCL degradation activity of cell-free P. aeruginosa supernatants, 5 mL of LB broth (supplemented with IPTG 1 mM

when necessary) were inoculated with the strain of interest. The cultures were incubated at 37◦C, 180 rpm for 18 h. After this incu-

bation, 1 mL of culture was centrifuged 3 min, 8,000 g, and the cleared supernatant was flushed through a 0.22 μm syringe filter. 30 μL

of each tested cell-free supernatant were spotted on a plain PCL LB agar plate, left to air-dry and incubated at 37◦C. The clear degra-

dation zones were photographed after 6 h of incubation.

PCL weight loss and growth curves

For PCL weight loss assays in LB, overnight cultures grown in LB broth at 37◦C were used to inoculate 10 mL fresh LB at OD600 0.1

containing 10 sterilised (using 70% industrial methylated spirit (IMS)) and weighed PCL beads (∼0.19 g). For PCL weight loss assays

in M9 minimal media with no carbon source (1x M9 salts, 2mM MgSO4, 0.1mM CaCl2), overnight cultures grown in LB broth at 37◦C

were centrifuged, supernatant removed and resuspended in PBS three times to remove residual LB media. The final pellet was then

resuspended in M9 minimal media and used to inoculate 10 mL fresh M9 minimal media at OD600 0.5 for PA-W23 and 0.1 for PA14,

containing 10 sterilised and weighed PCL beads, and grown at 37◦C with agitation. The PA-W23 M9 minimal media cultures were also

used for growth curves, with OD600 readings taken at day 0 (after inoculation), day 5, 10 and 14. At the end of the assay, the PCL

beads were collected using a fine mesh sieve (63 μm), rinsed with distilled water, washed on a room temperature rocker in 2% sodium
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dodecyl sulfate overnight to remove biofilm, rinsed with distilled water and dried before being weighed. Control weight loss flasks

with uninoculated media and PCL were used to correct the weight loss measurements to account for instrument error so that the

control had 0% weight loss.

To test any potential growth defect of the PA-W23 Δpap1 mutant with respect to the wild type parental strain, we performed growth

curve assays in 20 mL of LB in the presence and absence of PCL (1 PCL bead per mL of media). Overnight cultures of each strain were

diluted to OD600 0.1 and the cultures were incubated at 37◦C, 180 rpm. The OD600 of the cultures was monitored every hour during 8 h

and 24 h after starting the growth.

Secreted protein fraction precipitation and SDS-PAGE analysis

To test the secretion of Pap1, and hence its presence in the culture supernatant after cell growth, we aimed to isolate the secreted

protein fraction and directly visualise it through SDS-PAGE. For this, we followed a pipeline based on the protocol described in Flaug-

natti and Jouret (2017)95 that included growing the P. aeruginosa strains of interest, harvesting cell-free supernatant from those

cultures, concentrating the protein content of the cell-free supernatant through protein precipitation and direct visualisation of the

secreted protein content by SDS-PAGE and Coomassie stain. The P. aeruginosa strains of interest were grown in 5 mL LB (supple-

mented or not with IPTG 1 mM) during 18 h (37◦C, 180 rpm). Once grown, the supernatant of the cultures was harvested by centri-

fugation (3 min, 10,000 g; a second centrifugation was performed to further clear the supernatants) and cell-free supernatants were

obtained by passing them through a 0.22 μm syringe filter. The protein content of the resulting cell-free supernatants (secreted pro-

tein fraction) was precipitated by mixing them with trichloroacetic acid (TCA) at a final concentration of 20% and incubating them on

ice at 4◦C overnight. The precipitated secreted protein fractions were centrifuged (4◦C, 30 min, 21,000 g) and the protein pellets were

washed twice with 500 μL of ice-cold acetone, centrifuged (4◦C, 15 min, 21,000 g) and air-dried in a laminar flow cabinet. For normal-

isation of the protein content, the secreted protein pellets were resuspended in 2 μL of protein loading buffer 1X [Tris-HCl 80 mM pH

8.0, glycerol 10% (v/v), SDS 2% (w/v), bromophenol blue 0.05% (w/v), β-mercaptoethanol 5% (v/v)] per original OD600 unit of the cul-

ture used for precipitation (i.e., volume of supernatant used for TCA precipitation multiplied by the original OD600 of the culture). Once

fully resuspended, the samples were processed for SDS-PAGE by incubating at 100◦C during 5 min and centrifuged 3 min, 15,000 g.

5 μL of each sample were run through an SDS-PAGE 12.5% acrylamide gel and stained with Coomassie blue (EZBlue) according to

the manufacturer’s instructions. The resulting protein gels were imaged with a G:Box F3 imager (Syngene).

Scanning electron microscopy

PCL beads from the PA-W23 7-day LB weight loss assay were analyzed using SEM. PCL beads were gold coated for 135 s and

imaged with EHT of 5 kV, magnifications of 40, 100, 500 and 1000 were used.

RNA sequencing and differential gene expression analysis

Cells were grown to mid-exponential phase (OD600 0.6–0.7) in 20 mL Starvation media (10% LB + 90% M9 Minimal Media) supple-

mented with 0.5 g of PCL beads in the treated samples in biological triplicate. Cells were spun down and washed in RNAlater to pre-

serve RNA integrity. RNA was isolated using the RNAeasy Kit with on-column DNAase digestion (Qiagen). RNA integrity was deter-

mined using a Bioanalyzer. Samples were further processed for RNA sequencing on an Illumina MiSeq with 12 million reads per

sample. Sequencing and downstream analyses were performed at Microbial Genome Sequencing Center (Pittsburgh, Pennsylvania,

U.S.A). Quality control and adapter trimming was performed with bcl2fastq. Read mapping were performed with HISAT. Differential

expression analysis was performed using the edgeR’s exact test for differences between two groups of negative-binomial counts

with an estimated dispersion value of 0.1. and using the P. aeruginosa PA-W23 genome annotation as reference

(GCA_003833705.1). Genes were defined as differentially expressed if Log2(fold change) ≥ 1 or ≤ − 1 and p value <0.05.

Biofilm assay

A pipeline for this assay is summarised in Figure S4. Overnight cultures grown in LB broth at 37◦C were OD600 corrected to OD600 0.1

in 1 mL fresh LB, 150 μL of this was added to each of six wells of a 96-well flat-bottomed plate, with three of the wells containing a

sterile PCL or glass bead. The 96-well plate was incubated with agitation at 37◦C for 24 h. The cultures and PCL beads were removed,

and plate washed 3 times with distilled water, 200 μL 0.1% crystal violet was added to each well for 12 min then removed, and the

plate was washed 5 times with distilled water. The plates were fully air dried at room temperature then 200 μL 99% ethanol added to

each well to dissolve the crystal violet for 4 h at room temperature. The plate was then read on a plate reader at 570 nm. For 6OH-HA

supplementation assays the above procedure was followed with the exception that 200 μL was used and 2.17 mg/mL of 6OH-HA

added at the beginning of the assay. For CFU analysis, after 24 h growth with and without a PCL bead in a 96-well plate, serial di-

lutions were made in PBS from the culture and spotted in triplicate on LBA plates, grown overnight at 37◦C then counted.

Animal acquisition and preparation

Galleria mellonella larvae were sourced from UK Waxworms Ltd (Dinnington, Sheffield). The animals were at a stage in their life cycle

(6th instar) where they do not need to be fed. Prior to use the larvae were kept in plastic containers with wood shavings and were
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stored at +4◦C to minimise the larval movement during procedure. The larvae were sorted into Petri dishes lined with filter paper

(Whatman) ensuring all larvae are above 200 mg in weight, which is consistent with them reaching full adulthood and show no signs

of melanization. 10 larvae were allowed per Petri dish.

PCL implant preparation

The implants were created from melting PCL (Sigma-Aldrich, Mn 80,000) into a sheet using a heat block at 85◦C. Pieces weighing

between 5 mg and 7 mg were measured and cut out of the sheet of PCL. Each piece was laid between two sheets of aluminum

foil and heated to 85◦C on a heat block to soften the plastic. Once mouldable, the piece was rolled into a 11 mm rod by hand and

left to cool and solidify. The cooled rod implants were then sterilised in 70% IMS for 5 min, the IMS was then aspirated and the im-

plants dried for 1 h in the sterile laminar flow hood. Prior to the procedure, the number of sewing pins equal to the number of larvae

used for the experiment was placed in a Petri dish and soaked in 70% IMS at least for 30 min to sterilise.

In vivo implant infection assay

P. aeruginosa PA14 and P. aeruginosa PA-W23 were grown at 37◦C overnight. The cultures were standardised to OD600 = 1 and

washed 3 times in PBS. The cultures were then serially diluted to 10− 6. The larvae were taken out of the 4◦C incubator and sprayed

with 70% IMS to sterilise their surface. A puncture was made in the 1st left proleg of the larvae using the sterilised sewing pin and

immediately after the PCL implant was inserted using sterilised tweezers. The larvae were placed into filter paper lined Petri dishes

post insertion procedure and observed for 20 min. Larvae that showed excessive haemolymph loss or a protruding implant were eu-

thanised by placing them into the − 20◦C incubator for 20 min. After that, the larvae that tolerated the procedure well were placed into

new filter paper lined Petri dishes allowing 10 larvae per plate. An injection of 10 μL of 10− 6 dilution of the bacterial culture and 10 μL of

sterile PBS in the control groups was then injected into the top right proleg of the larvae. Post injection, the larvae were placed at 37◦C

and the mortality was observed for 24 h. The mortality was recorded upon the complete loss of larval movement.

Liquid chromatography-mass spectrometry (LC-MS/MS) analysis of biofilm

A quantitative and targeted tandem mass spectrometry method was developed for 6-hydroxyhexanoic acid (6OH-HA). The 6OH-HA

(∼90% purity as a monomer) was purchased from Fisher Scientific (Loughborough, UK) and infused on a Sciex API5000 triple quad-

rupole mass analyser (Sciex, Framingham, MA, USA) coupled to an Agilent 1260 HPLC (Agilent, Loughborough, UK). Multiple

reaction monitoring included three transitions at m/z 131.2 > 84.9 (quantifier), 131.2 > 87.0 (qualifier) and 131.2 > 113.0 (qualifier).

Ionisation was achieved via electrospray ionisation (ESI) operated in negative polarity. The injection volume was 10 μL and MeOH

was used as a wash solvent between injections. A flow rate of 0.2 mL min− 1 was used for all analysis. Mobile phases A (0.1% acetic

acid in H2O (v/v)) and B (0.1% acetic acid in MeCN(v/v)) were used for separation. The stationary phase was a Raptor biphenyl col-

umn, 100 × 2.1 mm, 2.7 μm particle size (Thames Restek, Saunderton, UK). All solvents used were of HPLC or LC-MS grade. The

gradient profile was as follows: starting 10% mobile phase B; a linear ramp from 10 to 100% from 0.0 to 8.0 min; and holding at 100%

B for a further 2.0 min before returning to the initial conditions, with a re-equilibration time of 5.0 min. There was a further needle wash

and sample injection cycle time of 30 s, leading to a total run time of 15.5 min per sample.

Samples were prepared as described in the biofilm assay section except at the point of staining with crystal violet, the wells were

instead filled with 200 μL dH2O and the plate subsequently sonicated for 3 min to removed attached biofilms. For supernatant sam-

ples, the media was taken from the wells after incubation as part of the Biofilm Assay. Samples were filtered through a 0.2 μM PVDF

microcentrifuge filter (Fisher Scientific) centrifuged at 8,000 RPM for 2 min. The supernatant was transferred to a SureSTART amber

glass Level 3 vial (Fisher Scientific) and subsequently injected onto the LC-MS/MS system. Quantifications were performed using

calibration curves prepared in either ultra-pure water (specific resistance of 18.2 MΩ cm) or LB broth (i.e., matrix matched) with

the 6OH-HA standard spiked at concentrations of 10, 25, 50, 100, 500 and 1000 ng/mL. Quantifications were conducted when line-

arity was acceptable, defined as R2 ≥ 0.99.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and graph construction was performed in Prism (version 10.0.3) throughout. Specific details of each test per-

formed can be found in the relevant figure legend. Normality of data was assessed with a Shapiro-Wilk test in Prism. An alpha of

0.05 was used throughout, * is p < 0.05, ** is p < 0.01, *** is p < 0.001, **** is p < 0.0001. Multiple comparisons were corrected

with Dunnett’s test, and adjusted p value presented. No data was excluded.
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 S1: Structural alignment of Pap1 and known polyester-degrading enzyme IsPETase. Phyre2 
predicted structure of Pap1, shown in magenta, aligned with PyMOL command ‘cealign’ to IsPETase 
(PDB 5XJH), shown in blue, resulting in RMSD of 1.21 Å, over 256 residues. Catalytic triad residues 
coloured in green and Y/W172 coloured in orange.



Figure S2: Phylogenetic tree of 
Protein BLAST hits to Pap1. A 
neighbour-joining tree was 
constructed using the p-distance 
of the protein sequences. Hits 
colour coded by bacteria. Pap1 
annotated with a red star. PET2 
and PET5 annotated with blue 
stars.



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure S3: Deletion of pap1 does not impact growth: Deletion of pap1 does not impact growth in 
presence of absence of PCL in LB broth. Each data point represents the mean and SD of three biological 
replicates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 
 
 
 
 
Figure S4: P. aeruginosa PA-W23 degrades PCL using Pap1. PCL clear zone assay after 4 days 

testing PA-W23 wild type (WT), WT with EV, overexpressor (WT with Pap1_noSP); ∆pap1 with EV, 

complemented (∆pap1 with Pap1_noSP); mean and SD of 3 repeats are represented, * p-value <0.05, 

**** p-value <0.0001, ns not significant. Data were analysed by two-way ANOVA with Tukey’s 

correction. 

 

 

 

 

 

 

 

 



 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5: P. aeruginosa PA-W23 and recombinant PA14 expressing pap1 supernatant degrades 
PCL. Cell-free supernatant from PA-W23, ∆pap1 and PA14 (along with the respective empty miniTn7 
or miniTn7 encoding pap1) grown for 18 h (supplemented with IPTG 1 mM in the case of the miniTn7-
carrying strains) was spotted onto PCL containing agar plates and zone of clearance photographed. 
Imaged after 6 hours incubated at 37 oC. Representative image out of 3 repeats.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6: P. aeruginosa PAO1 WT, ∆xcpA (T2SS), ∆pscN (T3SS) and ∆tpsB4 (T5SS) expressing 
pap1. Cell-free supernatant from PAO1, ∆xcpA (T2SS), ∆pscN (T3SS) and ∆tpsB4 (T5SS) each with 
either the empty miniTn7 or miniTn7 encoding pap1 and grown for 18 h in the presence of IPTG 1 mM 
was spotted onto PCL containing agar plates and zone of clearance photographed. Imaged after 6 hours 
incubated at 37 oC. Representative image out of 3 repeats.  
 



 
 
 
 
Figure S7: PCL Biofilm Assay: Schematic outlining the PCL biofilm assay demonstrating how biofilm 

formation was quantified on the surface of the well in which the bead was incubated with strain of 

interest. 
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Figure S8: (A) CFU counts of PA-W23 grown with and without PCL bead. Mean and SD of 3 repeats, 

statistical analysis using a parametric t-test with Welch’s correction resulted non-significant. (B) P. 

aeruginosa biofilm assay with glass beads. PA14 and PA-W23 biofilm formation via crystal violet 

staining with and without PCL bead added to culture. Mean and SD of 3 repeats, statistical analysis 

using one-way ANOVA with multiple comparisons; *** p-value <0.001. Normalised to strain without 

glass bead as 100%. (C) Galleria mellonella and PCL implant. (D) Survival of G. mellonella with and 

without a PCL implant, injected with either phosphate buffered saline (PBS) as a control, or P. 

aeruginosa PA14 (D) or PA-W23Δpap1 (E). Three biological replicates were performed with a 

minimum of 10 larvae per condition per biological replicate (n=30). Kaplan–Meier survival curves were 

used to visualize data and a Log Rank test performed with p < 0.05 considered significant (*). 

 

 
 
  



 

Figure S9: (A) PCL clear zone assay over 3 days for PAE30, mean and standard deviation (SD) of 3 

repeats. (B)  PAE30 wild type biofilm formation with and without PCL added to culture. Mean and 

StEM of 3 repeats, statistical analysis using nonparametric t test with Welchs correction. **p<0.01 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table S1: Clinically relevant bacterial species, related to Figure 1. 
 

Bacterial species NCBI TaxID 
Acinetobacter baumannii 470 
Pseudomonas aeruginosa 287 
Enterobacteriaceae 543 
Enterococcus faecium 1352 
Staphylococcus aureus 1280 
Helicobacter pylori 210 
Campylobacter jejuni  197 
Salmonella enterica 28901 
Salmonella bongori 54736 
Neisseria gonorrhoeae 485 
Streptococcus pneumoniae 1313 
Haemophilus influenzae 727 
Shigella sonnei 624 
Shigella flexneri 623 
Shigella boydii 621 
Clostridium difficile 1496 
Klebsiella pneumoniae 573 
Escherichia coli  562 
Mycobacterium tuberculosis 1773 

  



Table S2: Known polyester-degrading enzymes, related to Figure 1. 
 

Enzyme name Bacterial source Accession 
Thh_Est Thermobifida halotolerans AFA45122 
Thc_Cut1 Thermobifida cellulosilytica ADV92526 
Thf42_Cut1 Thermobifida fusca ADV92528 
IsPETase Ideonella sakaiensis GAP38373 
IsMHETase Ideonella sakaiensis A0A0K8P8E7 
Tcur_1278 Thermomonospora curvata ACY96861 
Tcur0390 Thermomonospora curvata ACY95991 
LCC Leaf compost metagenome AEV21261 
PET12  Caldimonas brevitalea AKJ29164 
TfH Thermobifida fusca AAZ54921 
Cut190 Saccharomonospora viridis BAO42836 
PET2  Metagenome-derived (unassigned) ACC95208 
PET5 Oleispira antarctica CCK74972 
PE-H  Pseudomonas aestusnigri  OWL88088 
TfCut1 Thermobifida fusca CBY05529 
Cut_1 Thermobifida fusca AET05798 
SM14est Streptomyces sp. SM14 DAC80635 
Ple628 Marinobacter sp. UUT36764.1 
Ple629 Marinobacter sp. UUT36763.1 
MtCut Marinactinospora thermotolerans WP_078759821.1 
BsEstB Bacillus subtilis ADH43200.1 
FsC Fusarium solani AAA33334.1 
HiC Humicola insolens QAY29138.1 

 
 
 
 
 

 

 

 

 

 

 

 

 

 



Table S3: Enzymes with homology to known functional plastic degrading enzymes identified in 

bacterial clinical isolates. Protein BLAST results of genome mining for homologous proteins to known 

polyester-degrading enzymes in pathogenic species with at least 35% percent identity and query cover. 

The hits were filtered to those with a clinically relevant isolation source and ordered by percent identity. 

Some hits matched multiple known polyester-degrading enzymes, so only the best BLAST match 

(lowest E-score) is shown. 

Description Species Qu
ery 
Co
ver 

E 
value 

Perc
ent 
Ide
ntit
y 

A
cc
. 
L
en 

Accessio
n 

Isolatio
n 
source 

Best BLAST 
match 

Carboxylesterase 
type B  

Streptococcus 
pneumoniae 

100
% 

0 98.5
7% 

48
9 

CJS4371
5.1 

Nasoph
arynx 

BsEstB 

Carboxylesterase 
type B  

Streptococcus 
pneumoniae 

98
% 

0 63.7
1% 

48
2 

COC830
87.1 

Nasoph
arynx 

BsEstB 

alpha/beta 
hydrolase  

Pseudomonas 
aeruginosa 

87
% 

2.00E-
120 

61.7
6% 

28
1 

RPM528
59.1 

Wound PET5 

TPA: 
carboxylesterase/l
ipase family 
protein 

Enterobacter 
ludwigii 

94
% 

9.00E-
71 

36.7
6% 

50
1 

HDR227
9919.1 

Clinical 
urine 

BsEstB 

carboxylesterase/l
ipase family 
protein  

Leclercia 
adecarboxylata 
(Enterobacteriace
ae) 

94
% 

7.00E-
70 

36.7
6% 

50
2 

QCZ2953
2.1 

Stool BsEstB 

carboxylesterase/l
ipase family 
protein 

Pseudomonas 
aeruginosa 

97
% 

3.00E-
95 

36.6
4% 

54
1 

MCT074
7816.1 

Oropha
rynx, 
sputum
, or 
bronch
oalveol
ar 
lavage 

BsEstB 

carboxylesterase/l
ipase family 
protein  

Pseudomonas 
aeruginosa 

97
% 

2.00E-
95 

36.6
4% 

52
9 

MBH450
8319.1 

Urine BsEstB 

TPA: 
carboxylesterase 
family protein 

Klebsiella 
pneumoniae 

94
% 

3.00E-
71 

36.6
3% 

53
4 

HBR478
5309.1 

Blood BsEstB 

carboxylesterase  Enterobacter 
cloacae 

94
% 

9.00E-
71 

36.6
1% 

50
1 

PAN7966
9.1 

Rectal BsEstB 

carboxylesterase  Enterobacter 
cloacae 

94
% 

3.00E-
70 

36.6
1% 

50
1 

PAO0676
7.1 

Rectal BsEstB 

TPA: 
carboxylesterase/l
ipase family 
protein 

Enterobacter 
ludwigii 

94
% 

5.00E-
70 

36.5
5% 

50
1 

HDR254
5276.1 

Clinical BsEstB 



TPA: 
carboxylesterase/l
ipase family 
protein  

Enterobacter 
ludwigii 

94
% 

8.00E-
70 

36.5
5% 

50
1 

HDR258
7668.1 

Clinical 
respirat
ory 

BsEstB 

hypothetical 
protein 
CJU07_23520  

Pseudomonas 
aeruginosa 

97
% 

3.00E-
94 

36.4
5% 

58
7 

PBW541
60.1 

Hospita
l sink 
drain 

BsEstB 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

97
% 

1.00E-
106 

36.2
0% 

58
3 

MDC432
8653.1 

Human IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

7.00E-
107 

36.1
1% 

58
3 

MDC442
8955.1 

Respira
tory 
tract 

IsMHETase 

esterase  Klebsiella 
pneumoniae 

95
% 

3.00E-
76 

36.0
8% 

48
1 

SAU9594
0.1 

Blood BsEstB 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

99
% 

5.00E-
106 

36.0
3% 

58
3 

MDN822
1929.1 

Rectal IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

8.00E-
106 

35.9
5% 

58
3 

MDC446
6614.1 

Respira
tory 
tract 

IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

3.00E-
107 

35.8
8% 

58
3 

MDC443
7876.1 

Abdom
inal 
cavity 

IsMHETase 

TPA: 
tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

7.00E-
106 

35.8
8% 

58
3 

HAV502
6093.1 

Clinical IsMHETase 

TPA: 
tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

6.00E-
107 

35.8
8% 

58
3 

HAV538
0704.1 

Human IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

8.00E-
107 

35.8
8% 

58
3 

MDC436
6815.1 

Human IsMHETase 

tannase and 
feruloyl esterase 
family protein  

Acinetobacter 
baumannii 
1437282 

98
% 

3.00E-
107 

35.8
8% 

58
3 

EXB2642
0.1 

Perirect
al 

IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

9.00E-
106 

35.7
1% 

58
3 

MDN822
9191.1 

Rectal IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

1.00E-
106 

35.7
1% 

58
3 

MCT921
0129.1 

Urinary 
tract 

IsMHETase 



TPA: 
tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

6.00E-
106 

35.7
1% 

58
3 

HCT5553
065.1 

Urine IsMHETase 

tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

4.00E-
107 

35.6
1% 

58
3 

EKX899
2010.1 

Blood IsMHETase 

TPA: 
tannase/feruloyl 
esterase family 
alpha/beta 
hydrolase  

Acinetobacter 
baumannii 

98
% 

2.00E-
106 

35.4
5% 

58
3 

HAV549
9459.1 

Human IsMHETase 

carboxylesterase  Mycobacterium 
tuberculosis 

96
% 

1.00E-
84 

35.3
8% 

51
1 

AIH2488
9.1 

Clinic  BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
M1008 

96
% 

1.00E-
84 

35.3
8% 

51
1 

KAX398
91.1 

Sputum BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
variant africanum 
MAL010120 

96
% 

7.00E-
85 

35.3
8% 

51
1 

KBH012
81.1 

Bodily 
fluid 

BsEstB 

carboxylesterase  Mycobacterium 
tuberculosis 

96
% 

3.00E-
84 

35.1
7% 

51
1 

AIH7819
4.1 

Clinic BsEstB 

carboxylesterase 
family protein 

Mycobacterium 
tuberculosis 

96
% 

3.00E-
84 

35.1
7% 

51
1 

MXI6188
0.1 

Sputum BsEstB 

carboxylesterase  Mycobacterium 
tuberculosis 

96
% 

5.00E-
84 

35.1
7% 

51
1 

OWG257
39.1 

Sputum BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
BTB11-027 

96
% 

3.00E-
84 

35.1
7% 

51
1 

KCQ256
57.1 

Sputum BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
MAL010103 

96
% 

3.00E-
84 

35.1
7% 

51
1 

KBG677
35.1 

Bodily 
fluid 

BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis TKK-
01-0027 

96
% 

2.00E-
84 

35.1
7% 

51
1 

KBY760
57.1 

Bodily 
fluid 

BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
UT0052 

96
% 

2.00E-
84 

35.1
7% 

51
1 

KBK703
33.1 

Sputum BsEstB 

carboxylesterase 
LipT 

Mycobacterium 
tuberculosis 
variant africanum 
MAL020107 

96
% 

5.00E-
84 

35.1
7% 

51
1 

KBH412
09.1 

Bodily 
fluid 

BsEstB 

carboxylesterase 
LipT  

Mycobacterium 
tuberculosis 
XTB13-089 

96
% 

5.00E-
84 

35.1
7% 

51
1 

KCS2721
8.1 

Excrete
d 
bodily 
substan
ce 

BsEstB 
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