
Mechanisms of Polyethylene Terephthalate Pellet Fragmentation
into Nanoplastics and Assimilable Carbons by Wastewater
Comamonas
Rebecca A. Wilkes, Nanqing Zhou, Austin L. Carroll, Ojaswi Aryal, Kelly P. Teitel, Rebecca S. Wilson,
Lichun Zhang, Arushi Kapoor, Edgar Castaneda, Adam M. Guss, Jacob R. Waldbauer,
and Ludmilla Aristilde*

Cite This: https://doi.org/10.1021/acs.est.4c06645 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Comamonadaceae bacteria are enriched on poly-
(ethylene terephthalate) (PET) microplastics in wastewaters and
urban rivers, but the PET-degrading mechanisms remain unclear.
Here, we investigated these mechanisms with Comamonas
testosteroniKF-1, a wastewater isolate, by combining microscopy,
spectroscopy, proteomics, protein modeling, and genetic engineer-
ing. Compared to minor dents on PET films, scanning electron
microscopy revealed significant fragmentation of PET pellets,
resulting in a 3.5-fold increase in the abundance of small
nanoparticles (<100 nm) during 30-day cultivation. Infrared
spectroscopy captured primarily hydrolytic cleavage in the
fragmented pellet particles. Solution analysis further demonstrated
double hydrolysis of a PET oligomer, bis(2-hydroxyethyl)
terephthalate, to the bioavailable monomer terephthalate. Supplementation with acetate, a common wastewater co-substrate,
promoted cell growth and PET fragmentation. Of the multiple hydrolases encoded in the genome, intracellular proteomics detected
only one, which was found in both acetate-only and PET-only conditions. Homology modeling of this hydrolase structure illustrated
substrate binding analogous to reported PET hydrolases, despite dissimilar sequences. Mutants lacking this hydrolase gene were
incapable of PET oligomer hydrolysis and had a 21% decrease in PET fragmentation; re-insertion of the gene restored both
functions. Thus, we have identified constitutive production of a key PET-degrading hydrolase in wastewater Comamonas, which
could be exploited for plastic bioconversion.
KEYWORDS: plastic wastes, wastewater, biodegradation, microscopy, proteomics, PET hydrolase

1. INTRODUCTION
Ubiquitous and extensive usage of plastic materials has led to
the accumulation of plastic wastes, which are projected to
reach ∼33 billion tons by the year 2050.1 Plastic wastes have
been reported in various environments including marine
water2,3 and freshwater,4,5 sediments,6,7 and soils.8,9 Micro-
plastics (MPs) and nanoplastics (NPs), defined operationally
as plastic fragments with sizes smaller than 5 mm and 1 μm,
respectively, are considered to be a threat to both aquatic and
terrestrial ecosystems, as organisms can easily ingest these
small particles.9−11 Since plastic wastes are entirely anthro-
pogenic, wastewater treatment plants (WWTP) represent
important repositories for plastics,12−17 contributing to their
release into natural systems and serving as a source of MPs and
NPs.18,19 Wastewater effluents contain various types of MPs,
among which polyethylene terephthalate (PET) MPs are the
most abundant, constituting approximately 50% of MPs in the
effluents.12 In fact, as an extensively used polymer in disposable

plastic containers, PET accounts for 12% of global solid
waste.20 Thus, there is increased research interest focusing on
the fate of PET, especially within the context of the
biodeterioration and biodegradation of PET plastic materials
by WWTP-associated microorganisms.
It is well documented that microorganisms can generate

enzymes to deteriorate and modify the surface of PET plastics,
facilitating the release of PET MPs and carbon derivatives to
be used as carbon sources to support microbial growth.21,22

Most previous research has focused on microbial consor-
tia23−27 or a few fungal and bacterial isolates with PET
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hydrolases, also termed PETases (e.g., IsPETase, FsC, and
LCC).28−34 Of particular interest are the mechanisms through
which microorganisms enriched in wastewater sludge can
achieve biofragmentation of PET plastics to release MPs, NPs,
and eventually the monomer compounds of PET.
Bacteria belonging to the family Comamonadaceae have been

found to be predominant on MPs that are present in WWTP
effluents and urban rivers.35 −37 Furthermore, colonization of
seven different MPs, including PET MPs, with WWTP effluent
water consistently led to enriched abundance of the family
Comamonadaceae compared to the relative distribution of these
bacteria in the effluent water.38 Importantly, as one of the most
enriched genera in wastewater sludge,39,40 the genus
Comamonas of the family Comamonadaceae contains several
species with the ability to catabolize a wide spectrum of
aromatic compounds,41−44 including a monomer derivative of
PET.45,46 However, it is not yet known whether wastewater
Comamonas species possess PET-degrading enzymes that
facilitate the depolymerization of PET plastics.

Comamonas testosteroni KF-1, which was isolated from a
sewage sludge enrichment as a bacterium that can degrade
laundry surfactants,47 was recently shown to metabolize
terephthalate (TPA), a monomer of the PET polymer.46

Wilkes et al.46 elucidated the assimilation route of TPA in C.
testosteroni KF-1 through the 4,5-meta cleavage pathway to
yield oxaloacetate and pyruvate, two intermediates in the
central carbon metabolism. In addition, the genome of C.
testosteroni KF-1 encodes for multiple hydrolases,47 which
could participate potentially in plastic depolymerization, as
demonstrated previously in other microorganisms.48−52 Yet, it
has not yet been demonstrated that C. testosteroni and related
wastewater Comamonas species produce enzymes with PET

hydrolase activity to facilitate the biofragmentation of PET
materials.53

Given prior evidence of colonization of PET plastics by
bacteria of the Comamonadacae family,35−37 we hypothesize
that the genome-encoded hydrolases in C. testosteroni KF-1 are
capable of deteriorating and fragmenting PET plastics,
generating bioavailable breakdown products to support
bacterial growth (Figure 1A). We tested this hypothesis with
PET films and PET pellets incubated with C. testosteroni KF-1
by investigating PET biodegradation mechanisms with a suite
of orthogonal techniques. First, we monitored the bacterial cell
growth and formation of MPs by optical density. Second, we
visualized the surface deconstruction and particle morphology
of the PET films and pellets by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Third,
we tracked the concentration and sizes of the NPs by
nanoparticle tracking analysis. Fourth, we examined the
mechanisms of plastic surface modification by attenuated
total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy and confirmed this mechanism by monitoring
degradation products of PET pellets and a PET-related
oligomer using ultra high-performance liquid chromatography
(UHPLC). Fifth, we obtained proteomics data to identify
specific hydrolase enzymes produced in response to PET
exposure, followed by molecular docking simulations to
explore enzyme binding mechanisms informed by previous
studies with known PETase structures. Sixth, we deleted the
gene that encodes the identified hydrolase from the
chromosome of C. testosteroni Kf-1 followed by reimplementa-
tion of the gene and subsequently determined the hydrolytic
activity of the constructed mutants toward PET oligomer and
polymer. Additionally, we inserted the Comamonas gene into
Pseudomonas putida KT2440, a widely studied bacterial

Figure 1. Extent of biofragmentation of PET films and pellets byC. testosteroni KF-1. (A) Schematic overview of the investigated steps in PET
plastics biodeterioration, biofragmentation, and bioassimilation (B) Cell growth and MP release with (top) PET films as the sole carbon source,
(middle) with 5 mM acetate as a co-substrate, or (bottom) with 20 mM acetate as a co-substrate. Control represents cells grown on the two
respective acetate concentrations without the PET film. (C) Cell growth and MP release with (top) PET pellets as the sole carbon source, (middle)
with 5 mM acetate as a cosubstrate, or (bottom) with 20 mM acetate as a cosubstrate. Control represents cells grown on the two respective acetate
concentrations without the PET pellet. (D) Shown are SEM images of washed PET films from the following incubation conditions: with the
growth medium with no cells (top), with cells in the growth medium (middle), and with cells in the growth medium supplemented with 5 mM
acetate (bottom). (E) Shown are SEM images of washed PET pellets from the following incubation conditions: with the growth medium with no
cells (top), with cells in the growth medium (middle), and with cells in the growth medium supplemented with 5 mM acetate (bottom). For (B)
and (C), error bars represent the standard deviation of the mean of three biological replicates, and two-tailed t-test was performed on the last data
points: *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant (ns).
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platform for waste carbon conversion that lacks PET-degrading
capability.94 The findings presented herein shed light on the
mechanisms that afford the growth of wastewater Comamonas
on PET MPs and advance the consideration of C. testosteroni
KF-1 as a promising biocatalytic platform for plastic conversion
in engineered waste carbon recycling.

2. MATERIALS AND METHODS
2.1. Description of PET Pellets and PET Films. The

PET pellets (granular), which were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA), had a diameter of 2.5 mm.
The PET films, which were purchased from Goodfellow
Corporation (Pittsburgh, Pennsylvania, USA), had a thickness
of 0.25 mm and were cut in pieces of approximately 2.5 × 1 cm
that weigh each about 100 mg. Prior to utilization, the PET
pellets and PET film pieces were sterilized with 70% ethanol
and air-dried under sterile conditions.
2.2. Bacterial Incubations with PET. The C. testosteroni

strain KF-1 (DSMZ 14576) (GenBank GCA_000168855.1)
was obtained from Deutsche Sammlung für Mikroorganismen
and Zellkulturen (Braunschweig, Germany). Stocks of C.
testosteroni KF-1 cells were stored at −80 °C in Lysogeny broth
(Miller) nutrient-rich medium and 25% glycerol. Prior to
incubating with the PET materials, the bacterial cells from the
stocks were first grown in 5 mL of nutrient-rich Lysogeny
broth medium in culture tubes for 12 to 13 h until late
exponential phase. Subsequently, the cells were harvested and
washed once with a minimal-nutrient medium containing 5.0
mM NaH2PO4, 20 mM K2HPO4, 37 mM NH4Cl, 17 mM
NaCl, 0.81 mM MgSO4·7H2O, and 34 μM CaCl2·H2O (pH
7.0). In 125 mL baffled flasks containing 25 mL of the minimal
medium, the washed cells were resuspended and inoculated to
reach a starting optical density of about 0.05 at 600 nm. Trace
metal nutrients and iron were added to the minimal media
prior to inoculation, as previously reported.54 The carbon
sources in the minimal media were provided as follows in
different experiments: only PET films (1 g per 25 mL of
media), PET films supplemented with 5 or 20 mM acetate,
PET pellets (1 g per 25 mL of media), PET pellets
supplemented with 5 or 20 mM acetate, 2.5 mM of a PET-
related oligomer [bis(2-hydroxyethyl) terephthalate, BHET], 3
mM of a PET breakdown product [mono-(2-hydroxyethyl)-
terephthalate, MHET], and 3.75 mM of the PET-derived
monomer (TPA). The addition of acetate (as sodium acetate)
was to test the effects of the presence of a co-substrate typical
in WWTP sludge on the PET degradation. Both 5 and 20 mM
acetate are within the range (3.8 to 20 mM) used in previous
studies with synthetic wastewater.55−58 Since 5 mM acetate can
be carbon-limited for bacterial growth, we also used 20 mM
acetate to determine whether higher biomass production
would benefit PET degradation. All growth experiments were
conducted in three biological replicates in an incubator (New
Brunswick Scientific) maintained at 30 °C while being shaken
at 220 rpm. Cell growth and the release of MPs were
monitored by measuring the optical density at 600 nm
(OD600) using an Agilent Cary UV−visible spectrophotometer.
2.3. Monitoring Concentration of PET-Related Com-

pounds. To track the concentration of PET breakdown
products at selected time points throughout the incubation
period, cell suspensions were pelleted at 10,000g and 4 °C for
5 min, and the supernatants were collected and filtered through
a spin-filter unit (Costar Spin-X, 0.22 μm-pore-size filter)
followed by storage at −20 °C prior to further analysis.

Concentrations of BHET, MHET, and TPA were determined
using UHPLC with an Agilent ZORBAX Eclipse Plus C18
column (4.6 × 100 mm with 5 μm particle size) and an
ultraviolet detector at 240 nm. The mobile phase was
composed of 0.1% formic acid (eluent A) and acetonitrile
(eluent B) at a flow rate of 0.8 mL min−1. The following
fraction of eluent B was applied: 0−5 min, 15−50%; 5−5.5
min, 50−55%; 5.5−5.6 min, 55−15%; 5.6−6 min, 15%. The
injection volume was 6 μL, and the column temperature was
maintained at 25 °C.
2.4. Microscopic Analysis via SEM and TEM. For these

analyses, the PET pellets and films were washed times with
sterile 70% ethanol and Milli-Q water to remove bacterial cells.
The washed and dried PET materials were fixed onto SEM
aluminum sample stubs by using double-sided carbon tapes.
Then, the samples were coated with gold platinum or osmium
tetroxide and imaged using a Hitachi S-3400N SEM system
with an acceleration voltage at 5.0 kV at the Northwestern
University Atomic and Nanoscale Characterization Exper-
imental Center (NUANCE).
For TEM imaging, 10 μL of culture suspension was dropped

onto glow discharged 200 mesh copper grids with carbon film
coating, followed by negative staining with UranyLess EM
Stain solution purchased from Electron Microscopy Sciences
(Hatfield, Pennsylvania, USA). Then, the grids were washed
three times with water and air-dried before imaging. TEM
imaging was performed on a JEOL 1400Flash system coupled
to a Gatan OneView camera with an acceleration voltage at
120 kV at NUANCE.
2.5. Plastic Surface Analysis by X-ray Diffraction and

ATR-FTIR Spectroscopy. With the starting PET films and
PET pellets, we obtained X-ray diffraction patterns using a
Bruker D8 Advance powder X-ray diffractometer, operated
over a 10−40° 2θ Cu Kα angular range (λ = 1.5418 Å) with a
0.02° step size at 3 s per step. We performed ATR-FTIR
analysis of PET pellets and films before and after incubation on
a Bruker Vertex 70 FTIR spectrophotometer (Billerica,
Massachusetts, USA) equipped with a mid-infrared light
source, room-temperature DLaTGS detector, KBr beamsplit-
ter, and optic windows. Spectra were collected in a range of
4000 to 600 cm−1 at a resolution of 2 cm−1 and 64 coadded
scans using the MIRacle ATR stage (PIKE) with a single-
reflection ZnSe crystal and a pressure clamp. The background
was subtracted using OPUS software version 7.2 (Bruker
Optics Inc.).
2.6. Nanoparticle Tracking Analysis. Samples for

nanoparticle tracking analysis were prepared from 1 mL of
cell suspension collected from C. testosteroni KF-1 grown on
PET pellets with 5 mM acetate as a co-substrate at day 1, day
15, and day 30 of incubation. The cell suspension was pelleted
and resuspended in 1 mL of filtered 1× phosphate-buffered
saline (PBS) to reach a particle concentration between 106 and
108 particles/mL. Particle analysis of the independent samples
(in five technical replicates) was conducted on a temperature-
controlled NanoSight NS300 system (Malvern Panalytical,
UK) equipped with a 638 nm laser with a 650 nm long-pass
filter and a low flow-cell top-plate in the Analytical
bioNanoTechnology Equipment Core Facility of the Simpson
Querrey Institute for BioNanotechnology at Northwestern
University. The limit for the analysis of PET particle size using
nanoparticle tracking analysis is 10 nm.
2.7. Proteomics. Intracellular proteomics were performed

on C. testosteroni KF-1 cells cultured on PET pellets +5 mM
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acetate, PET pellets alone, and 5 mM acetate alone. Cultures
(15 mL) were collected at the end of incubation (42 days) and
centrifuged at 5000g for 10 min at 4 °C to spin down the cells.
The pellets were stored at −80 °C until extraction. The
proteins in cell pellets were extracted by vortexing in a lysing
and denaturing buffer containing SDS (1%), Tris (200 mM,
pH 8.0), and dithiothreitol (DTT; 10 mM) for 20 min at 95
°C, followed by incubating the samples in 40 mM
iodoacetamide to alkylate the cysteine thiols. Extracellular
proteomics were performed on C. testosteroni KF-1 cells fed
with 2.5 mM BHET alone, 20 mM acetate alone, 2.5 mM
BHET with 5 mM acetate, and 3.75 mM TPA alone. Cultures
(25 mL) were collected at the late exponential phase and
centrifuged at 5000g for 10 min at 4 °C to pellet cells. Then,
the supernatant was filtered through a 0.22 μm poly(ether
sulfone) membrane to remove planktonic cells. The filtrates
were collected and stored at −80 °C until protein extraction.
Filtrates were first concentrated in a centrifugal filter device
(Amicon Ultra, 10 kDa cutoff), and then 4× concentrated
denaturing and lysis buffer was added (1× final concentration)
to denature and solubilize proteins. To purify proteins away
from the abundant polymers in the culture media, the
extracellular samples were precipitated in glass centrifuge
tubes with four volumes of acetone (−20 °C, overnight) and
centrifuged (7197g, 1 h), and protein pellets were redissolved
in 8 M urea/0.2% deoxycholate/1 M ammonium bicarbonate.
The redissolved protein samples were then extracted three
times with ethyl acetate to further reduce polymer contami-
nants.
Protein samples were purified and digested using a modified

enhanced filter-aided sample preparation protocol59 using
Sartorius Vivacon 500 concentrators (30 kDa cutoff). The
purified proteins were then digested with trypsin at 37 °C
overnight. Peptides eluted from the concentrator were dried in
a vacuum concentrator and isotopically labeled at both C and
N termini using the diDO-IPTL method for downstream
quantitative analysis.60 In brief, C termini were labeled with
either 16O or 18O, while the N termini were labeled with either
un- or dideuterated formaldehyde (CH2O or CD2O).60 An
internal standard was prepared from pooled peptide aliquots
labeled with CH2O/18O. 16O-labeled peptide samples were
mixed 1:1 (v/v) with 18O-labeled internal standard for
quantification.
For liquid chromatography−mass spectrometry (LC-MS)

analysis, peptides were separated through a monolithic
capillary C18 column (GL Sciences MonoCap Ultra, 100 μm
inside diameter ×200 cm length) using a water−acetonitrile
and 0.1% formic acid gradient (2 to 50% acetonitrile over 180
min) at a flow rate of 360 nL/min on a Dionex UltiMate 3000
LC system with nanoelectrospray ionization (Proxeon Nano-
spray Flex). High-resolution mass spectra of MS1 parental ion
full scan (120,000 m/Δm) with fragment ion scans of selected
precursors were collected on an Orbitrap Elite mass
spectrometer (Thermo Fisher) operating in a data-dependent
acquisition (DDA) mode. The analysis of mass spectra was
performed using MorpheusFromAnotherPlace (MFAP)60 with
annotated protein sequences of C. testosteroni KF-1 obtained
from the National Center for Biotechnology Information
(NCBI) a s a s ea r ch da t aba se (acce s s i on no .
GCF_000168855.1). The mass tolerances of precursor and
product ions on MFAP were set at 20 ppm and 0.6 Da,
respectively. Modifications were made to include static cysteine
carbamidomethylation and variable methionine oxidation, N-

terminal (d4)-dimethylation, and C-terminal 18O2. The false
discovery rate for peptide spectrum matches was controlled to
<0.5% using target-decoy searching. The relative abundance
and standard errors of proteins were calculated in R using the
Arm postprocessing scripts for diDO-IPTL data60 (github.
com/waldbauerlab). Proteomic mass spectral data are available
via proteomeXchange under accession number PXD055638
and the MassIVE repository (massive.ucsd.edu) under
accession number MSV000095794.
2.8. Protein Homology Modeling and Molecular

Docking Simulation. Using the UniProt Align tool for
protein sequence alignment analysis, we compared the percent
identity of the CtesDRAFT_PD1902 sequence with the
sequences of 81 PET-degrading enzymes acquired from the
database PlasticDB (sequences and alignment results are
provided in the Supplemental Data Set).61,62 Subsequently, the
Advanced Search function in the Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RSCB PDB) was
used to find an enzyme with reported X-ray crystallography
data with the highest sequence similarity to the esterase-type
hydrolase (CtesDRAFT_PD1902) identified to be expressed
in C. testosteroni KF-1 from proteomics. From this exercise, we
identified an alkaline esterase Est8 (PDB: 4YPV), which was
found in a metagenomic library of a microbial consortium with
the capability of degrading diesel oil.63 Using the Basic Local
Alignment Search Tool (BLAST), it was determined that
CtesDRAFT_PD1902 and Est8 had 48% sequence similarity.
For the homology modeling, the sequences of the two
esterases were aligned using the “Align Sequence Templates”
tool in Discovery Studio software. A structural model was
developed using the “Build Homology Models” tool to align
the sequence of amino acids in CtesDRAFT_PD1902 with
those of Est8. This protocol identified sequence motifs in the
resulting model of CtesDRAFT_PD1902 that were either
identical, strongly similar, or weakly similar to the template
sequences of Est8 [Supporting Information (SI), Figure S1].
As discussed in Section 3, several binding motifs reported to be
conserved in esterases with PET hydrolase activity were also
found in CtesDRAFT_PD1902. An initial structure of BHET,
a PET oligomer, was obtained in Discovery Studio using a
canonical SMILES string. To simulate binding of the BHET
substrate to the CtesDRAFT_PD1902 binding site, both
structures were prepared following methods outlined in Koska
et al.,64 with the addition of two Full Minimization steps
executed on the BHET model and the assignment of
protonation states using the Calculate Protein Ionization and
Residue pK tool at neutral pH. We then utilized the Flexible
Docking protocol to simulate BHET in the binding site of the
model enzyme structure, as outlined previously to consider the
flexibility of the active site.64,65

2.9. Mutant Construction and Examination on BHET
Hydrolysis. AG13996 was constructed by deleting Ctest-
DRAFT_PD1902 in the C. testosteroni wild-type strain using
homologous recombination, as described previously.46 The
1000 bp regions upstream and downstream of the
CtestDRAFT_PD1902 coding sequence were synthesized
flanking a NotI restriction site and cloned into a pK18mobsacB
vector by GenScript USA, resulting in pALC1026. Wild-type
C. testosteroni was transformed with this plasmid, and a single
crossover mutant was selected using LB agar plates with 50 mg
L−1 kanamycin. To counterselect for a second crossover,
kanamycin-resistant colonies were streaked on LB agar plates
supplemented with 100 g L−1 sucrose. Deletion of
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CtestDRAFT_PD1902 was confirmed by genomic DNA
isolation and whole genome sequencing performed by
Plasmidsaurus (https://www.plasmidsaurus.com).
In order to re-introduce CtesDRAFT_PD1902 into

AG13996, the CtesDRAFT_PD1902 gene sequence was
codon- and RBS- sequence optimized for expression in
Pseudomonas putida KT2440 using the De Novo DNA Operon
Calculator66−68 (https://salislab.net). The optimized sequence
was synthesized and cloned into a vector backbone by
GenScript USA, forming pALC1022. CtesDRAFT_PD1902
was placed downstream of a Ptac promoter with a lacO
operator, and the plasmid also contains kanR and a Bxb1 attP
sequence for genome integration. Plasmid pALC1022 was
introduced into C. testosteroni strain AG13996 (genotype:
-CtesDRAFT_PD1902), using serine recombinase−assisted
genome engineering (SAGE),69,70 and the previously described
transformation protocol for C. testosteroni.46 AG13996 does
not contain a Bxb1 attB sequence for SAGE, so the integration
of pALC1022 occurred semirandomly at a pseudo attB
sequence in the genome of AG13996.71 Genomic DNA
isolation and whole genome sequencing of the resulting strain,
AG14097, was performed by Plasmidsaurus, and it was
determined that the CtesDRAFT_PD1902 gene and Ptac
promoter were inserted 17 bases before the start codon of
CtesDRAFT_PD5308, which is annotated as an uncharac-
terized ABC transporter. Plasmid sequences are provided in
the Supplemental Data Set.
Heterologous expression of CtesDRAFT_PD1902 in

Pseudomonas putida KT2440 was performed by introducing
plasmid pALC1022 into P. putida strain AG5475 (genotype: P.
putida KT2440 PP_4740-PP_4741::Ptac:tphII operon from
Comamonas sp. E6 and PP_4217-PP_4218::Ptac:tpaK from
Rhodococcus jostii RHA1), which was engineered to catabolize
TPA, using serine recombinase−assisted genome engineering
(SAGE).69,70 Strain AG5475 does not contain a Bxb1 attB
sequence for SAGE, so the integration of pALC1022 occurred
semirandomly at a pseudo attB sequence in the genome of
AG5475.71 Genomic DNA isolation and whole genome
sequencing of the resulting strain, AG13412, was performed
by Plasmidsaurus (https://www.plasmidsaurus.com), and it
was determined that two tandem copies of the Ctes-
DRAFT_PD1902 gene and Ptac promoter were inserted into
the PP_3646 locus, which encodes an uncharacterized putative
aldehyde dehydrogenase.
We evaluated the hydrolytic activity of C. testosteroni

mutants toward the PET oligomer, BHET, and PET pellets.
The wild-type and mutant strains of C. testosteroni were revived
from frozen glycerol stocks overnight in LB medium followed
by a first transfer to culture tubes containing 5 mL of nutrient
minimal media described in Section 2.2 with 5 mM acetate
alone or 2.5 mM BHET and 5 mM acetate as the substrates.
After reaching the late exponential phase, cells from the first
transfer were harvested, washed, and inoculated into 125 mL
baffled flasks in triplicate containing 25 mL of the minimal
media with 5 mM acetate and 2.5 mM BHET or 1 g PET
pellets as a cosubstrate. The growth experiment was conducted
under the same conditions as described in Section 2.2.
Throughout the incubation, cell growth was monitored by
measuring OD600, and the PET oligomers and monomers were
quantified using the UHPLC method described in Section 2.3.
The same examination of BHET hydrolysis was also performed
on the wild-type and mutant strains of P. putida.

2.10. Statistical Analysis. The unpaired two-tailed t-test
was used to evaluate the significance of differences between the
two groups. For differences between the three conditions, we
applied one-way analysis of variance (ANOVA) combined with
Tukey’s honestly significant difference (HSD) post hoc test.
The P-value threshold for statistical significance was 0.05.

3. RESULTS AND DISCUSSION
3.1. Bacterial Growth and Release of MPs from PET

Plastics. To assess the surface characterization of the starting
PET plastics, we probed the overall crystallinity by X-ray
diffraction (XRD), the morphology by SEM, and surface
chemistry by FTIR (SI, Figure S2 and S3). The X-ray
diffraction patterns captured amorphous features at 12−30° 2θ
for the PET pellets and 20−30° 2θ for the PET films, with the
PET film displaying relatively higher amorphicity (SI, Figure
S2). Interestingly, while the SEM images captured smooth
surfaces of the PET films, the surfaces of the PET pellets were
irregular with noticeable indents (SI Figure S3). Despite the
different surface morphologies, both the PET films and pellets
exhibited similar surface chemistry as determined by the
vibrational bands of functional groups captured by ATR-FTIR
spectroscopy (SI Figure S3). We hypothesized that the
morphological differences would affect cell surface attachment
and thus influence the extent of the plastics degradation.52 We
monitored the optical density (OD600) as a function of the
exposure time of the C. testosteroni cells to the PET films and
pellets (Figure 1B,C). We obtained 8-fold to 16-fold higher
optical density values (P < 0.001) when the PET films or
pellets were exposed to the C. testosteroni KF-1 cells compared
to the control experiment in the absence of cells (Figure
1B,C). Therefore, despite the amorphous characteristics of the
PET films from nanoscale and subnanoscale features
determined by XRD, the microscale features of structural
defects captured by SEM were more predictive of the relatively
higher extent biofragmentation of the PET pellets than the
PET films.
We also conducted experiments with the PET materials co-

incubated with acetate, a common volatile fatty acid widely
found in WWTP.72−75 When acetate was present as a co-
substrate with the PET materials, we obtained up to 25-fold
higher OD600 values than with cells grown on acetate alone (P
< 0.001), either initially in the case of the PET films or
throughout the entire experiments in the case of the PET
pellets (Figure 1B,C). Therefore, the presence of an additional
carbon source, as would be expected in wastewaters, would
lead to enhanced biofragmentation of PET plastics, promoting
the release of MPs. Due to some increase of OD600 intensity
caused by minor deterioration of the PET pellets and films to
MPs by the nutrient media in the absence of cells, as illustrated
in Figure 1B,C, we attributed the increase in OD600 values in
the presence of cells to both cell growth and, to a relatively
minor extent, the fragmentation and release of MPs. We
confirmed growth by accounting for colony-forming units on
PET pellets alone and PET pellets with acetate, both of which
had quantifiable cell numbers (SI Figure S4). Notably, we
obtained the highest cell number in the presence of both PET
pellets and acetate, which was higher than the sum of cell
numbers observed with PET pellets alone and acetate alone,
thus implying that acetate promoted the utilization of PET
pellets as a carbon source (SI Figure S4). Moreover, plastic
weight loss measurements were consistent with the different
magnitudes of the OD600 values, whereby up to 25-fold higher
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weight loss with the PET pellets compared to the PET films
correlated positively with the up to one order of magnitude
higher OD600 values when the PET pellets were exposed to the
bacterial cells compared to when the PET films were with the
cells (SI Figure S5). Next, using SEM and TEM, we probed
changes in the polymer surface morphology that would be a
consequence of the observed degradation of the PET plastics.
3.2. PET Plastic Surface Modification due to Bio-

deterioration and Biofragmentation. The deterioration
and fragmentation of PET plastics following microbial
colonization are expected to alter the morphology of the
plastic surface.26,76 To visualize this morphological alteration at
the end of incubation, washed (and dried) PET pellets and
PET films were subjected to SEM and FTIR analyses. The
surface of the PET films only exhibited very minor changes
characterized by some indents on the film surface when acetate
was present as a co-substrate; in the absence of acetate in the
medium, there were minimal to no alterations of PET film
surface, with or without the bacterial cells (Figure 1D). In
contrast, the incubation of the PET pellets with the bacterial
cells led to an irregular rough surface of the PET pellets with
several etched areas; the addition of acetate as an exogenous
carbon source enhanced these morphological changes
accompanied by deep etches and pitting throughout the
surface of the PET pellets (Figure 1E). The PET pellets
exposed to the nutrient medium without bacterial cells,
however, maintained a relatively smooth-like surface, confirm-
ing that the bacterial cells were responsible for the observed
changes in the surface morphology of the PET pellets (Figure
1E). Thus, the extent of surface modification illustrated by the
SEM images of the PET films and PET pellets was consistent
with the different extent of biofragmentation implied by the
OD600 and plastic weight loss measurements (Figure 1B,C and
SI Figure S5).
Due to the elevated OD600 values indicating MP release and

the SEM images illustrating extensive biodeterioration of the

surface of the PET pellets in the presence of C. testosteroni KF-
1 cells and acetate (Figure 1D,E), we probed for the possible
production of both large NPs (100−500 nm) and small NPs
(less than 100 nm) from the PET pellets (Figure 2). The TEM
images illustrated the evolution of large-sized to small-sized
nanoparticles from 1 to 30 days after incubation of the PET
pellets (Figure 2A). For quantitative corroboration of the TEM
images, we conducted nanoparticle tracking analysis to
quantify the distribution of the particles (Figure 2B,C and SI
Figure S6). The data revealed that the majority of nano-
particles (79%) were larger than 100 nm after 1 day of
incubation, but the particle size was subsequently decreased as
a function of incubation time with the bacterial cells (Figure
2B). Specifically, the proportion of the particles smaller than
100 nm increased from 21% on day 1 to 49% on day 15 and to
74% on day 30 (Figure 2C and SI Figure S6). To explore the
mechanisms underlying the PET biofragmentation, we
performed spectroscopic analysis via ATR-FTIR to reveal the
surface chemistry of the PET pellets and subsequently analyzed
the products generated from a PET oligomer via UHPLC.
3.3. Production of Assimilable Carbon Products via

Hydrolytic Biofragmentation. Both oxidative and hydro-
lytic reactions are proposed to mediate enzymatic degradation
of plastics.77,78 We investigated which reaction mechanism may
be responsible for the PET biofragmentation by C. testosteroni
KF-1 by monitoring changes in specific functional groups on
the surface of the PET films and pellets (Figure 3A,B). We
monitored the following functional groups by ATR-FTIR
spectroscopy: a broad O−H stretching band at 3263 cm−1 in
the hydroxyl group,79 aliphatic C−H stretching vibration
bands at 2918 and 2851 cm−1,80 a stretching band of carbonyl
group at 1710 cm−1,81 and two C−O stretching bands in the
ester group at 1245 and 1097 cm−182 (SI Figure S7). To
compare the change in these characteristic vibrational bands
across the different conditions, we normalized the data by the
intensity of the CH2 bending band at 1410 cm−1, as previously

Figure 2. Production of nanoplastic particles from PET pellet fragmentation byC. testosteroni. (A) TEM images of suspensions after incubations of
C. testosteroni with PET pellets and 5 mM acetate (Ac) as a co-substrate for (top) 1 d and (bottom) 30 d. (B) Nanoparticle size concentration and
(C) violin plot with inserted box plot of particle size distribution following 1, 15, and 30 days of PET pellets incubated with cells and 5 mM Ac. In
(A), white arrows indicate NPs. In (B), the solid lines represent the mean value of the particle concentration, and the shades represent the 95%
confidential intervals. In (C), the top and bottom parts of the box plot represent the first and third quartiles, respectively; the line inside represents
the median value, and the whiskers represent the upper and lower extremes in the data. The width of the violin plot illustrates the concentration of
different particle sizes. In (C), Welch’s t-test was performed for pairwise comparison due to the unequal sample sizes and variances in different
conditions (*P < 0.05, **P < 0.01, ***P < 0.001). Data from an independent duplicate measurement for (B) and (C) are shown in SI, Figure S6.
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described.83,84 With the PET films, we observed a small
increase (5%, P < 0.01) in the intensity of carbonyl and ester
groups, but no significant change in the intensity of hydroxyl or
aliphatic groups (Figure 3A). The FTIR data with the PET
films thus highlighted minor occurrences of oxidative changes
on the film surface. Conversely, with the PET pellets, there was
a pronounced increase in the intensities of both hydroxyl
group (13-fold increase, P < 0.001) and aliphatic group (69%
increase, P < 0.01) compared to the abiotic control (Figure
3B). The significant emergence of the hydroxyl signature on
the PET pellets implied that the substantial fragmentation of
these pellets was due to hydrolytic cleavage. In sum, the
measurable increase in both the carbonyl and hydroxyl indexes
implied occurrences of both oxidation and hydrolysis reactions,

respectively, with a clear predominance of hydrolysis reactions
(Figure 3A,B).
To corroborate further our conclusion from the ATR-FTIR

data, we used UHPLC to monitor the hydrolysis of BHET, a
PET oligomer analogue, into MHET, a breakdown hydrolytic
product of PET, and TPA, a PET monomer from double
hydrolysis of BHET (Figure 4A). During a 7-day incubation of
the cells with BHET (2.5 mM) as the sole carbon source, we
obtained the hydrolytic conversion of 32% of the BHET
concentration to MHET, which stayed constant after reaching
a plateau (Figure 4B). This latter finding along with growth
experiments with the C. testosteroni cells led us to conclude that
MHET was unlikely to undergo subsequent hydrolysis to TPA
or to support cell growth (SI Figure S8). However, direct
BHET hydrolysis to TPA via cleavage of the two ester bonds,
which has been reported previously with Candida antarctica,85

could not be confirmed here with C. testosteroni due to the
absence of measurable TPA; we attributed this lack of TPA in
solution to rapid assimilation of this bioavailable carbon source
by the cells46 (Figure 4B). In fact, we obtained a near 2-fold or
4.5-fold increase in biomass on BHET alone (P < 0.001) or
BHET supplemented with acetate (P < 0.001), respectively;
the cell growth was 37% less on acetate alone than on both
BHET and acetate (P < 0.001), thus indicating that the
hydrolysis of BHET produced bioavailable carbons (Figure
4C). Moreover, in a separate experiment with TPA as a sole
carbon source, the bacterial cells fully depleted TPA and grew
rapidly on this PET monomer with a doubling time of 19.3 ±
0.1 min−1 (Figure 4D); by contrast, we found that ethylene
glycol, the other product of BHET hydrolysis, was not able to
support the growth of C. testosteroni KF-1 as a sole carbon
source (SI Figure S8). Therefore, we concluded that the C.
testosteroni KF-1 cells performed double hydrolysis of BHET to
generate bioavailable TPA, which was immediately consumed
by the cells to support biomass growth (Figure 4E).
3.4. Enzymes Involved in the Biofragmentation of

PET Plastics. To identify the potential hydrolase(s) generated
by C. testosteroni, KF-1 that would be responsible for PET
hydrolysis, both extracellular and intracellular proteomics data
were obtained in the presence or absence of PET, with or
without acetate (SI Figure S9). Only the intracellular
proteomics data sets were used for comprehensive analysis
across the different conditions due to the low coverage of the
extracellular proteomics data sets, which represented only 10%
of the intracellular ones (P < 0.001) (SI Figure S9). Compared
to growth on PET alone, we obtained up to 4-fold more (P <
0.05) identified protein spectral counts with cells grown on
both PET and acetate or on acetate alone (Figure 5A). Most
proteins identified (>95%) in cells grown on PET alone were
also present in the acetate-only condition (Figure 5B), but we
observed some notable relative abundances of select proteins.
First, comparing when PET was the sole substrate to the

acetate-only condition, there was 2.2-fold to 4-fold lower
abundance of enzymes (citrate synthase, aconitate hydratase,
and succinate dehydrogenase) involved in the tricarboxylic
acid (TCA) cycle in the central carbon metabolism (P < 0.01)
(Figure 5C). In contrast to the routing of PET-derived
aromatic carbons first through a cleavage pathway prior to
entry into the TCA cycle, there would be direct influx of
acetate-derived carbons into the TCA cycle, thus explaining
the need for relatively higher abundance of enzymes in the
TCA cycle for the acetate-only condition, especially when
regulation for initial aromatic carbon catabolism has been

Figure 3. Modifications of the surface chemistry of PET films and
pellets after biofragmentation byC. testosteroni. Changes in normalized
FTIR intensity for different functional groups in (A) PET films (N =
5) after 27-d incubation and (B) PET pellets (N = 6) after 42-d
incubation in the following conditions: with the nutrient medium with
no cells (control), with cells in the nutrient medium (+cells), with
cells in the nutrient medium supplemented with 5 mM acetate (+cells
+Ac). In (A) and (B), one-way ANOVA analysis with post hoc
Tukey’s test was performed: *P < 0.05, **P < 0.01, ***P < 0.001, ns:
not significant.
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reported to be via transcriptional regulation of the cleavage
pathway.46 Second, we also identified 2.1-fold to 4.2-fold
higher abundance of a flagellin protein (FliC, P < 0.05), a
copper-resistant protein (CopC, P < 0.001), and an organic
hydroperoxide resistance protein (CtesDRAFT_PD0278, P <
0.01) in the presence of PET (Figure 5C), all of which would
facilitate higher cell mobility and stress tolerance during the
biodeterioration activity observed on the solid plastic surface.
The enzymes that were uniquely found in cells incubated with
PET alone or with acetate were associated primarily with
ribosomal protein, transcriptional regulators, and flagellin
synthesis (SI Table S1, S2).
Of the 39 hydrolases annotated in the C. testosteroni KF-1

genome, the only one identified in our intracellular proteomics
data was CtesDRAFT_PD1902, an esterase/lipase-type hydro-
lase that was present in the cells grown on PET alone, PET
with acetate, and acetate alone (Figure 5C). There was no
significant difference in the abundance of the identified
esterase-type hydrolase cells grown on PET alone versus
those grown on acetate alone (P = 0.35), or PET with acetate
versus acetate alone (P = 0.25), implying that C. testosteroni
constitutively produced this enzyme, irrespective of its
exposure to PET specifically.
Analysis of the percent identity of the CtesDRAFT_PD1902

sequence with 81 known sequences of PET-degrading
enzymes61,62 revealed that it was not a homologue (<20%
identity) of any known cutinase/lipase, PETase, BHETase, or
MHETase reported in other microbes (Supplemental Data
Set). Based on sequence similarity, a homology model
structure of CtesDRAFT_PD1902 was constructed with
Est8, a structurally characterized esterase cloned from a
microbial consortium that exhibited diesel oil-degrading

capability63 (Figure 5D). Interestingly, in the model structure
of our identified esterase-type hydrolase in C. testosteroni, there
were several binding motifs previously found to be conserved
in esterases with reported PET hydrolase activity:65,86−90 the
residues in the catalytic triad (Ser158, Asp253, and His283),
the 85HGGG88 motif that constitutes the oxyanion hole, and
two esterase catalytic motifs (156GXSXG160 and 253DPXXD257)
(Figure 5D).
Importantly, optimized binding of BHET in the predicted

binding site of the structural model of the enzyme revealed key
distances between BHET atoms and catalytic residues in the
enzyme that were consistent with previous reports from
PETase enzymes (Figure 5E).63,90 Specifically, the distance
between EO2 of Asp253 and EN2 of His283 was 2.888 Å
(compared to 2.633 Å63), the distance between EN1 of His283
and EO1 of Ser158 was 3.244 Å (compared to 2.664 Å63), and
the distance between EO1 of Ser158 and the carbonyl carbon
BC7 of BHET was 4.770 Å (Figure 5E). The latter distance
was within 4% of the analogous distance between the catalytic
serine and the carbonyl carbon of nP-hexanoate (4.6 Å) in a
crystal structure of another alkaline esterase (E53; PDB:
6KEU),90 which has been compared previously with Est8 and
PETase.63,91 This distance was reported to be catalytically
important due to the requirement of the serine residue to
perform a nucleophilic attack on the carbonyl carbon of the
ester moiety in the bound substrate. Our modeling
investigations thus revealed that the esterase-type hydrolase
CtesDRAFT_PD1902 produced in both the presence and
absence of PET by C. testosteroni exhibited the required
binding conformation to catalyze the hydrolysis of BHET, a
PET oligomer. Therefore, we hypothesized that C. testosteroni

Figure 4. Production of bioavailable monomer from hydrolysis of PET oligomer by C. testosteroni. (A) UHPLC spectrum of the quantification of
BHET, a PET-related oligomer, and its ester hydrolysis products, MHET and TPA. (B) Tracking the depletion of 2.5 mM BHET and
corresponding production of MHET and TPA in (top) the absence and (bottom) the presence of C. testosteroni KF-1 cells. (C) Fold change in
biomass growth from starting cell abundance after 24 h of growth on 2.5 mM BHET alone, a mixture of 2.5 mM BHET and 5 mM acetate (Ac), or
5 mM Ac. (D) (Top) Depletion of TPA and (bottom) associated biomass growth with C. testosteroni KF-1 grown on 3.75 mM TPA as the only
carbon source. (E) Schematic illustration of biotransformation of PET-related oligomer to an assimilable PET monomer by C. testosteroni KF-1. In
(C), two-tailed t-test was performed: *P < 0.05, **P < 0.01, ***P < 0.001.
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constitutively produced this PET-degrading enzyme, which
does not require the presence of PET to induce its production.
3.5. Confirmation of Hydrolase Function for PET

Breakdown by C. testosteroni. To test this hypothesis, we
investigated the fragmentation activity of the secretions of the
acetate-fed C. testosteroni KF-1 toward the PET films and
pellets (SI Figure S10A). The release of MPs was observed
after incubating PET films or pellets with the cell-free
secretions (SI Figure S10A), thus indicating that C. testosteroni
KF-1 secreted enzymes to catalyze the hydrolysis of PET
polymer despite the absence of PET in the growth medium.
Furthermore, we incubated cell-free secretions from acetate-
grown cells at pH 7 with BHET (2.1 mM) and obtained a 56%
depletion in the BHET concentration accompanied by the
production and accumulation of both MHET and TPA, the
two subsequent breakdown products from single and double

hydrolysis reactions of BHET (SI Figure S10B). The
accumulation of MHET and TPA accounted for 44 and 13%
of the starting BHET molar concentration, respectively,
correlating with the 56% loss of BHET (SI Figure S10B).
The notable presence of TPA in the cell-free reaction
contrasted with the previously discussed immediate con-
sumption of TPA when the C. testosteroni cells were present
(Figure 4B), which was consistent with the proposed rapid
assimilation of TPA by C. testosteroni.
To verify that the identified hydrolase (Ctes-

DRAFT_PD1902) was involved in conferring hydrolytic
activity in C. testosteroni KF-1, we constructed a mutant strain
(AG13996) that lacked this hydrolase gene; we also prepared
another strain (AG14097) in which the gene was re-inserted
(Figure 6A). Without CtesDRAFT_PD1902, strain AG13996
lost the ability to degrade the PET oligomer, BHET (Figure

Figure 5. Proteomics analysis and protein homology modeling of candidate hydrolases inC. testosteroni. (A) Total spectral count identified from
intracellular proteomics of C. testosteroni KF-1 grown on acetate (Ac) alone, both PET and Ac, and PET alone. (B) Venn diagrams of the proteins
identified from the intracellular proteomics data with each condition. (C) Volcano plots of adjusted P value for significance (y axis) versus log2 fold
change (x axis) in the abundance of proteins in (top) cells fed on PET relative to cells fed on Ac alone or (bottom) cells fed on both PET and
acetate relative to cells on acetate alone. (D) Proteomics profiling of hydrolases encoded in the genome of C. testosteroni KF-1. (E) Homology
modeling of the identified hydrolase (CtesDRAFT_PD1902) and shown in color are several binding site motifs conserved in esterase-type
hydrolases with reported PET activity: catalytic residues (Ser158, Asp253, and His283; red); the 85HGGG88 motif (blue), two esterase catalytic
motifs, 156GXSXG160 in orange, and 253DPXXD257 in yellow. (F) Optimized binding of BHET in the predicted binding site of the modeled
hydrolase structure. In (A), (B), and (D), data were obtained from four biological replicates. In (A), two-tailed t test was performed: *P < 0.05,
**P < 0.01, ***P < 0.001. In (C), significant difference in protein abundances (|log2 fold change| > 1 and P < 0.05) are indicated in red (higher
abundance) and blue (lower abundance); gray dots represent genes without significant changes (NS) in protein levels. In (C), selected proteins are
labeled: aconitate hydratase (Acn); citrate synthase (GltA); succinate dehydrogenase (Sdh); flagellin protein (FliC); copper resistance protein
(CopC); a gene encoding an organic hydroperoxide resistance protein (CtesDRAFT_PD0278). In (F), amino acid residues are labeled with their
three-letter codes and sequence numbers; key atoms are noted in purple. Important distances between BHET and catalytic residues are shown in
green.
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6B). Following re-insertion of the hydrolase gene in the
deletion mutant, the resulting strain AG14097 recovered the
function of BHET degradation, remarkably at 69% higher than
the wild-type C. testosteroni KF-1 (Figure 6B). Additionally, we
tested the possibility that both mutant strains could degrade
PET pellets. The final optical density with strain AG13996 was
21% lower compared to the wild-type C. testosteroni strain (P <
0.05), but still 2.4-fold higher than the abiotic control (P <
0.001) (Figure 6C). With strain AG14097 with the re-inserted
gene, the final optical density was not significantly different
from the wild-type culture (Figure 6C). These data thus
indicated that the identified hydrolase contributed to a
significant extent to the biofragmentation of PET polymer,
but was involved likely in concert with other enzymes because

the ability to degrade the PET polymer was not lost completely
when the gene was removed (Figure 6C). For instance, in our
extracelluar proteomics data obtained with secretions from C.
testosteroni KF-1 grown on acetate only, we had identified a
hydrolase encoded by CtesDRAFT_PD3135, which was
previously characterized as a steroid esterase involved in a
steroid cleavage pathway.92 It is possible that this additional
hydrolase (CtesDRAFT_PD3135) identified in the Comomo-
nas secretions could participate along with Ctes-
DRAFT_PD1902 to enhance PET breakdown, but this
remains to be confirmed.
We further tested the function of CtesDRAFT_PD1902 in a

biotechnologically relevant microbial host, Pseudomonas putida
KT2440,93 which does not possess either TPA utilization or
BHET-degrading capabilities. We genetically modified a
previously engineered P. putida KT2440 strain (AG5475),
which contains a TPA utilization pathway adopted from
Comamonas sp. E6,94 to express the CtesDRAFT_PD1902
gene identified here from C. testosteroni KF-1, resulting in
strain AG13412 (Figure 6D). After growing all three P. putida
strains (KT2440, AG5475, and AG13412) on BHET and
acetate as a co-substrate, we did not obtain BHET conversion
to TPA by the wild-type strain (P = 0.16) nor the AG5475
strain (P = 0.08) relative to the abiotic control (Figure 6E).
However, endowed with the CtesDRAFT_PD1902 gene,
AG13412 was able to achieve nearly 3-fold more BHET
conversion to TPA than the wild-type and AG5475 strains
(Figure 6E) (P < 0.001). Extensive biochemical studies of the
identified hydrolases are beyond the scope of our investigation.
It would be worthwhile for future studies to evaluate the
reactivity kinetics of our PET-degrading enzyme relative to
other previously reported PETases and related enzymes.
Collectively, our data with the engineered strains demonstrated
that the identified hydrolase from the intracellular proteomics
was responsible for the observed hydrolysis of PET oligomer
by C. testosteroni KF-1, and it also contributed in part to the
biofragmentation of the PET polymer.
3.6. Implications for the Fate of PET Plastics in

WWTPs and Biotechnology. Wastewater treatment plants
represent an important repository of MPs materials, including
notably PET. Wastewater-residing bacteria with plastic-
degrading capabilities play an important role in the fate of
these materials. Here, we combined microscopic and
spectroscopic techniques with proteomics, structural modeling,
and genetic engineering to investigate the mechanisms that
facilitate reported enrichment of Comamonas-related species
on PET MPs in WWTPs and rivers.35−37 In summary, we
demonstrated that C. testosteroni constitutively produced a
hydrolase that can facilitate fragmentation of PET plastics to
generate NPs and breakdown products available for bacterial
assimilation. Although C. testosteroni KF-1 was initially
classified as a human pathogen,101,102 its low virulence led to
it being assigned the same biosafety level as Escherichia coli
strain K12. This suggests the potential for broader applications
of C. testosteroni KF-1.
We revealed systematically several steps in the bioconversion

of PET by C. testosteroni KF-1, including biodeterioration and
biofragmentation to promote the generation of enzyme
binding sites with the release of MPs and NPs, the hydrolysis
of the PET oligomer, and the assimilation of the PET
monomer for bacterial biomass growth. Our data thus
suggested the possible in situ production of PET NPs in
WWTPs by wastewater Comamonas, which can potentially be

Figure 6. Confirming functions of the identified hydrolase fromC.
testosteroni. (A) Schematic illustration of genetic engineering to delete
CtesDRAFT_PD1902 and reintroduce the gene back to C. testosteroni
after the deletion. (B) Percentage of BHET conversion when
incubated with C. testosteroni wild-type and mutant strains in the
presence of 5 mM acetate as a co-substrate for 48 h. (C) Final optical
density (OD600) from PET pellets when incubated with C. testosteroni
wild-type and mutant strains in the presence of 5 mM acetate as a co-
substrate for 19 days. (D) Schematic illustration of heterologous
expression of TPA utilization and CtesDRAFT_PD1902 genes in P.
putida KT2440. (E) Percentage of BHET hydrolysis to TPA when
incubated with the different strains in the presence of 5 mM acetate as
a co-substrate for 48 h. One-way ANOVA with post hoc Tukey’s test
was performed. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not
significant.
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harmful to biota in receiving waters.95,96 However, evidence of
complete degradation of the PET materials to support bacterial
growth implied that C. testosteroni cells exhibit attractive traits
that can be exploited for the engineered bioconversion of
plastics. Based on bioinformatics query of the genome, it was
previously concluded that Comamonas sp. E6 does not possess
homologues of known PETases,53 similar to our conclusion
here with C. testosteroni KF-1. Importantly, we identified a
hydrolase in C. testosteroni KF-1 with confirmed catalytic
activity for the hydrolysis of a PET oligomer. Despite dissimilar
sequence identity with reported PETases, our homology
protein modeling revealed that the model structure of the
identified hydrolase possessed the catalytic triad of the
conserved binding motifs in esterases with previously reported
PET hydrolase activity.65,86−90 Protein purification and
characterization are needed to evaluate the kinetics of this
enzyme.
Moreover, despite similar surface chemistry, we found that

the rough-like surface of the PET pellets was more amendable
to biofragmentation than the smooth-like surface of the PET
films, indicating a dependence of biofragmentation on the
plastics morphology. The purpose of this study was not to
determine in detail how the physical characteristics of PET
films versus PET pellets influenced the extent of biodeteriora-
tion. To determine this relationship, further investigation is
warranted.
As confirmation of the function of the newly identified

hydrolase from C. testosteroni, we demonstrated impaired and
recovered degradation of BHET and PET in knockout and re-
implementation strains, respectively. Implementation of this
Comamonas hydrolase gene in Pseudomonas putida KT2440,93

a biotechnologically relevant bacterium that natively lacks
PET-degrading capability, enabled hydrolysis of a PET
oligomer. It is worthwhile to note that C. testosteroni naturally
produces polyhydroxyalkanoate, a polymer widely considered
an important precursor to biodegradable plastics.97−100

Therefore, in addition to the depolymerization and assim-
ilation steps, further conversion of the PET-derived carbons to
value-added products could be achieved in C. testosteroni as a
microbial platform. Despite being initially classified as a human
pathogen,101,102 Comamonas species are considered important
environmental bacteria widely detected in soils and wastewater
sludge.102 To leverage C. testosteroni as a microbial platform for
plastic upcycling,103 future research needs to evaluate and
optimize the channeling of the PET-derived compounds to
high yields of polyhydroxyalkanoate or other value-added
products in this species.
It is well known that C. testosteroni and related bacteria have

a preference for gluconeogenic organic substrates, which
include short-chain organic acids also termed volatile fatty
acids such as acetate and succinate.54,104 The expression of the
newly identified hydrolase in C. testosteroni KF-1 was observed
during growth on either only PET or only acetate, a common
volatile fatty acid found in WWTP solutions,72−75 as the sole
carbon source. Therefore, we posit that organic acids widely
found in WWTPs can promote the secretion of hydrolases to
initiate the biotransformation of PET plastics by wastewater
Comamonas.
Based on the complex composition of plastic wastes in

WWTPs,12,13 the degradation capability of C. testosteroni and
related species toward other plastics materials is worthy of
consideration. For instance, C. testosteroni has been shown to
grow on dicarboxylates of various carbon lengths (from six

carbons to 10 carbons),101 all of which are potential
breakdown products of polypropylene and polyethylene
plastics.105,106 Whether the multiple hydrolases in C.
testosteroni and other wastewater Comamonas spp. are capable
of degrading different plastic polymers has not yet been
explored. Given the diversity of microbial communities in
WWTPs,107 future investigations also need to consider the
effect of interspecies interactions alongside Comamonas on the
fate of PET and other plastics in wastewaters. Beyond
Comamonas species, our study presents a technical roadmap
demonstrating the application of a suite of orthogonal
techniques to interrogate the underlying mechanisms in the
natural bioconversion of plastic waste by environmental
microbes.
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