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for breakdown of hydrocarbons
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ABSTRACT Crude oil, primarily consisting of alkanes, and plastic derivatives are
integral to modern society, yet their widespread use has led to persistent pollution
that devastates ecosystems worldwide. Enzymatic and microbial biodegradation are
highly desirable to become alternatives to conventional methods for the control of
these pollutants in terrestrial and aquatic environments. Consequently, investigating
the enzymatic machinery of specialized microbes that thrive in contaminated areas
and possess the catabolic potential to degrade alkanes and plastics is of considerable
interest. In this study, we present a genomic and proteomic analysis of Acinetobacter
towneri RMS-02 that was isolated from sludge obtained from mixed food waste and
sewage. Consistent with its ability to grow and persist in this environment, the genome
of A. towneri RMS-02 encodes enzymes to catabolize different types of polyphenols
and aromatic compounds, including trans-cinnamic acid, o-cresol, toluene, benzene, and
benzoate. In addition, it encodes serine proteases, metallopeptidase, and transporters
facilitating the uptake of amino acids and possibly small peptides, as well as enzymes
potentially involved in the depolymerization of alkanes and 2-ketones. Proteomics
analysis of A. towneri RMS-02 revealed an extensive repertoire of enzymes involved in
terminal and subterminal oxidation of medium- and long-chain alkanes and ketones,
which were specifically more abundant during growth on a product that consists of
a mixture of these compounds and an oxidized low-molecular-weight polyethylene
(LMWPE). Substrate characterization following bacterial growth confirmed the selective
utilization of alkanes with chain lengths of C10-C25 and 2-ketones of C13-C26, while the
polymeric fraction of the substrate remained unaltered.
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IMPORTANCE Crude oil and plastic pollution threaten ecosystems worldwide, creat-
ing an urgent need for sustainable remediation strategies. Microbial and enzymatic
degradation provides a sustainable alternative to physical, chemical, and thermal
treatments by biologically breaking down hydrocarbons into harmless products or
recyclable monomers. Here, we describe a detailed genomic characterization of A.
towneri RMS-02, identifying core metabolic functions underlying its potential to utilize
phenols, aromatic compounds, proteins, and small-chain hydrocarbons. Using proteo-
mics, we show that a diverse enzymatic arsenal is deployed when growing on an
oxidized LMWPE product that includes a mixture of alkanes and 2-ketones. Remarkably, See the funding table on p. 14
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L ong-chain alkanes, defined as hydrocarbons with more than 16 carbon atoms (1),
pose environmental concerns as well as complicate crude oil handling by clogging
pipelines and hindering recovery, transport, and processing (2). These alkanes and their
oxidized derivatives, such as 2-ketones, can also be released through chemical, thermal,
and photo-oxidation of polyethylene, one of the most widely produced and environmen-
tally persistent synthetic polymers (3-5). Microbes capable of degrading hydrocarbons
might offer a reservoir of enzymes, which can transform these pollutants into more
valuable or manageable products. In this context, environments contaminated with
alkanes or crude-oil-derived plastics can represent a reservoir of microorganisms that
have adapted or evolved to exploit these compounds. To date, the genus Acinetobacter
has emerged as a versatile degrader, with several strains reported to effectively break
down diverse pollutants, such as alkanes, pesticides, plasticizers, and possibly plastics,
highlighting the genus’s broad potential for bioremediation (6, 7). Specifically, Acineto-
bacter sp. strain DSM 17,874 and strain M-1, both isolated from oil-contaminated soils,
can utilize C10-C44 alkanes (8, 9). Acinetobacter vivianii KJ-1, from a diesel-contamina-
ted environment, degrades C10-C12 alkanes (10). Acinetobacter spp. RAG-1, BT1A, and
AR-46, also from oil-contaminated soils, target long-chain alkanes, while Acinetobacter sp.
GJ70 degrades various aliphatic and halogenated alkanes (11-13). Acinetobacter baylyi
ADP1, isolated from soil, has been shown to metabolize C12-C36 alkanes (11).

Over the past several decades, studies on alkane degradation have primarily focused
on identifying and characterizing enzymes that catalyze the initial steps of aerobic
bacterial catabolism. Two different pathways have been described. In the terminal
oxidation pathway, alkanes are oxidized to their corresponding primary alcohols by
substrate-specific terminal monooxygenases or hydroxylases, such as AlkM, AlkB, and
cytochrome P450, including CYP153 (14). The resulting primary alcohol is further
sequentially oxidized by an alcohol dehydrogenase and an aldehyde dehydrogenase
to form the corresponding aldehyde and carboxylic acid, respectively. The carboxylic acid
then serves as a substrate for acyl-CoA synthetase, resulting in acyl-CoA, which enters
the B-oxidation pathway. Additionally, a subterminal oxidation pathway has also been
described, not only for long-chain alkanes but also for medium-chain alkanes (C10-C16).
Here, the subterminal carbon of the alkane is hydroxylated by monooxygenases, such
as LadA or AImA, forming a secondary alcohol, which is subsequently converted into
a ketone by alcohol dehydrogenases and further processed by Baeyer-Villiger monooxy-
genases and esterases to generate acetate and a primary alcohol (15).

Among the Acinetobacter species, Acinetobacter towneri was first isolated from
activated sludge in Bendigo, Australia, and has since been characterized for its envi-
ronmental and clinical significance (16). Different strains have been studied for their
potential in bioremediation, particularly in degrading phenolic compounds. As an
example, the strain A. towneri CFII-87, isolated from a bioreactor treating landfill leachate,
was shown to grow on and metabolize phenol up to 1,000 mg/L concentration, with
maximum growth at 300 mg/L. In bioaugmentation experiments, A. towneri CFII-87
achieved over 98% phenol removal within 16 h in phenol-rich synthetic wastewater (17).
Despite the promise of A. towneri for bioremediation in contaminated environments,
A. townerii strains capable of metabolizing alkanes or polyethylene-containing plastics
remain scarce, and their enzymatic machinery is poorly characterized. Notably, to date,
no functional studies, with either transcriptomics or proteomics, have investigated if and
how A. townerii strains respond to alkanes and oxidized variants thereof.

In this study, a novel strain of A. townerii, RMS-02, was isolated from waste sludge.
We conducted a genomic and proteomic analysis to determine the ability of RMS-02
to metabolize key components in its source environment, including phenols, proteins,
and small-chain hydrocarbons, enabling its growth and persistence. Additionally, we
investigate the molecular principles of alkanes and 2-ketone utilization and suggest
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enzyme candidates for bioremediation of these compounds. Our results significantly
widen the recognized metabolic capacity of the species, highlighting A. towneri as a
previously underrecognized participant in the microbial transformation of environmental
contaminants.

MATERIALS AND METHODS
Sample collection

Samples were collected in September 2023 from a 2,200 m? thermophilic biogas plant
(FrBGR) in Fredrikstad, Norway. This plant has been operating stably for a decade at 60°C,
mainly using food waste and sewage sludge as the substrate for producing biogas. Here,
grounded food waste and homogenized sewage sludge are combined, pasteurized at
70°C, and then pumped into three series-connected rotting tanks for anaerobic decay. A
sample was collected from the sludge released from the last rotting tank, frozen in 20%
(vol/vol) glycerol, and stored at —80°C until further processing.

Enrichment and isolation of Acinetobacter towneri RMS-02

Enrichment cultures were set using a minimal salts medium (MM) supplemented with
10 mg/mL of an oxidized low-molecular-weight PE (LMWPE, Sigma-Aldrich, 427772), a
substrate known to consist of alkanes and 2-ketones (chain length of 10-34 carbons),
as well as an oxidized polymeric component (chain average carbon chain length of 279)
(18). Each liter of MM (pH 7.2) contained 10% 10x M9 medium (0.56 M Na;HPO,, 0.29
M KH,POy4, 85.56 mM NaCl, and 93.47 mM NH4Cl), 1% (vol/vol) 100x trace elements
solution (17.11 mM, pH 7.5, 3.07 mM FeCl3x 6H50, 0.62 mM ZnCl,, 76.26 uM CuClyx
2H50, 42.03 uM CoClyx 6H,0, 0.16 mM H3BO3, and 8.08 pM MnCl, x 4H50), 0.1% (vol/
vol) 1T M MgSQg,, 0.03% (vol/vol), 1 M CaCly, 0.1% (vol/vol), T mg/mL biotin, and 0.1%
(vol/vol) 1T mg/mL thiamin. A flask with 20 mL of MM supplemented with LMWPE was
inoculated with 200 pL of glycerol stock from the biogas facility and incubated for 48 h at
30°C and 200 rpm to obtain a primary culture. Two additional passages were performed
by sequentially transferring 50 pL of the primary and secondary cultures into fresh 5 mL
MM supplemented with oxidized LMWPE and incubating under the same conditions as
above. After that, the enrichment culture (designated as tertiary culture) was plated onto
LB agar plates that were incubated for 72 h at 30°C. Individual colonies were transferred
back to MM containing 10 mg/mL LMWPE and grown overnight. Positive cultures were
then plated onto LB agar plates and incubated for 2 days at 30°C. Single colonies (n
= 8) were dissolved in 20 pL dH,0, and 2 pL was used as template DNA with 2.5 pL
10 uM forward primer ([27F] 5-AGAGTTTGATCMTGGCTCAG-3’), 2.5 uL 10 uM reverse
primer ([1492R] 5-GGTTACCTTGTTACGACTT-3’), 25 uL Q5 High-Fidelity 2X Master Mix
(New England Biolabs, cat. number: M0492S), and 18 pL dH>0. The 16S rRNA gene was
amplified using the following program: initial denaturation at 98°C for 2 min, 35 cycles
of amplification (98°C for 10 s, 55°C for 30 s, 72°C for 50 s), and a final elongation at
72°C for 10 min. The PCR products were cleaned using the Nucleospin Gel and PCR
Clean-up kit (Machery-Nagel, Germany), following the manufacturer’s protocol. DNA
concentration and purity were evaluated using a NanoDrop One Microvolume UV-Vis
spectrophotometer (ThermoFisher Scientific, CAT: ND-ONE-W). The amplicons were sent
to Eurofins Genomics (Moss, Norway) and sequenced using Sanger sequencing. Based
on the results, all the colonies were taxonomically assigned to the species Acinetobacter
towneri. A single isolate was randomly selected for further study and designated A.
towneri RMS-02.

Whole-genome sequencing, assembly, and annotation

A. towneri RMS-02 was cultured in BHI at 30°C overnight, and genomic DNA
was extracted using the DNeasy PowerSoil Pro Kit (QIAGEN) following the manu-
facturer’s instructions. DNA concentration was measured using a NanoDrop One

April 2026 Volume 14 Issue 4

Microbiology Spectrum

10.1128/spectrum.00054-26 3


https://doi.org/10.1128/spectrum.00054-26

Research Article

spectrophotometer and a Qubit 3.0 fluorometer with the dsDNA High Sensitivity Assay
Kit (Thermo Fisher Scientific). DNA quality was assessed by gel electrophoresis on
a Bio-Rad Gel Doc EZ Imager. A sequencing library was prepared using the Native
Barcoding kit SQK-NBD114.24 following the manufacturer’s protocols. The library was
loaded onto a FLO-MIN114 R10.4 flow cell and sequenced for 48 h on a MinlON device
using MinKNOW v4.0.5. POD5 files were basecalled and demultiplexed with Dorado
v0.5.0 using the super-accurate model (dna_r10.4.1_e8.2_400bps_sup@v4.3.0). Raw
reads were quality-filtered with FiltLong v0.2.1 (https://github.com/rrwick/Filtlong) using
the parameters --min_length 3000, --keep_percent 90 and assembled using Flye v2.9.2
(--nano_hg, --min-overlap 1500, default settings) (19). Contigs were initially polished with
two consecutive rounds using Medaka v2.0.1 (https://github.com/nanoporetech/med-
aka) with standard parameters, followed by mapping raw reads to the consensus
sequence using minimap2 v2.28-r1209 (20). The alignment was polished using Racon
v1.5.0 (-m 8 -x -6 -g -8 -w 500) (https://github.com/isovic/racon). Assembly completeness
was evaluated with BUSCO v6.0 (21) (-m geno, --auto-lineage-prok) and CheckM2 v1.1.0
(22). GTDB-Tk v 2.4.1 (23) with GTDB release 220 was used to determine the taxonomic
assignment. Functional annotations were obtained with DRAM v1.5.0 (24). Carbohydrate-
active enzymes and enzymes involved in the utilization of polyphenols were predicted
using CAZyLingua (25) and CAMPER (26), respectively. To assess the genome for the
presence of genes encoding enzymes involved in protein and peptide degradation, as
well as transporters for uptake of amino acids and peptides, an in-house database of
genes and associated EC numbers was blasted against the A. towneri RMS-02’s genome.
The genome was considered positive for a given function if its genes exhibited >75%
nucleotide identity and >=80% coverage relative to the reference sequence. To predict
the subcellular localization of the detected predicted proteins, we used SignalP (version
6.0; default settings for Gram-negative bacteria) to identify signal peptides and their
predicted cleavage by signal peptidase | (Spl) or signal peptidase Il (Spll). Proteins were
classified as secreted if such signal peptides were detected.

Phylogomic tree

For the phylogenomic analysis of A. towneri RMS-02, a list of 58 Acinetobacter species
was compiled using their GTDB species representatives and NCBI type material (Table
S1a). The publicly available genome sequences of the bacteria were downloaded from
NCBI. Taxonomic classification of all genomes was conducted using GTDB-Tk v2.4.0 (23)
with the GTDB release 224. Phylogenetic relationships were inferred from a concatenated
alignment of 120 conserved single-copy proteins identified using GTDB-Tk. Maximum-
likelihood tree construction was performed on the alignment using IQ-TREE (27) with the
following settings -m MFP -bb 1000 -nt 16" The resulting tree was rooted with Moraxella
catarrhalis CCRI-195ME (GCF_002080125.1) as the outgroup and visualized in R v4.3.3
(28) with the packages tidyverse v2.0.0 (29), ggtree v3.10.0 (30), tidytree v0.4.6 (31), and
ape v5.8.1(32).

For A. towneri RMS-02 and A. towneri DSM14962, ANI values were calculated using
FastANI v1.34 (33). AAl values were determined using FastAAI v0.1.20 (34).

Genomic potential for the degradation of fossil-fuel-based and renewable
polymers

The genome of A. towneri RMS-02 was screened for 593 unique number gene products
associated with the degradation of diverse synthetic and renewable polymers, as well
as aliphatic hydrocarbons. The list of these genes was compiled from the PlasticDB
database (35), the Plastics-Active Enzymes Database (PAZy) (36), and the Hydrocarbon
Aerobic Degradation Enzymes and Genes (HADEG) database (37). The target polymers
considered in this search included PE, oxidized derivatives of PE (alkanes and 2-ketones),
polyethylene terephthalate (PET) and polyurethane (PU), polyamide (PA), polystyrene
(PS), polylactic acid (PLA), polyhydroxyalkanoates (PHA), polyhydroxybutyrate (PHB),
polybutylene adipate terephthalate (PBAT), polybutylene succinate (PBS), and natural
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rubber (NR). The protein sequences of the 593 plastic- and hydrocarbon-degradation
genes were used as a query to search the subject database using Protein-Protein BLAST
v2.16.0+ (38) with settings “-max_target_seqs 593" (number of sequences in the query
data set). BlastP hits were filtered for >50% identity (pident), >75% query coverage
(gcovhsp), and e-value of <1.0e-5. For each protein, the best hit was retained. The
annotated genome was also searched for enzymes known to be involved in alkane and
fatty acid degradation, based on KEGG annotations (39).

Growth experiments

Growth experiments were carried out in MM supplemented with 30 mg/mL of either an
oxidized low-molecular-weight PE (LMWPE, Sigma-Aldrich, 427772) or sodium succinate
(Sigma-Aldrich, S2378). A 200 pL aliquot of overnight culture was used to inoculate 20
mL of MM plus the substrate to be tested. These precultures were sub-cultured at least
three times on the same medium to allow cells to adapt to the specific single carbon
source before inoculating the final cultures used for growth profiling and proteomic
analysis. Growth was assessed by measuring the optical density (absorbance) at 600
nm (ODgqp) at regular intervals for 7 days. Growth curves represent the mean of two
biological replicates, each with three technical replicates.

Proteomic analysis

A. towneri RMS-02 was grown in triplicate on MM supplemented with either 30 mg/mL
sodium succinate or LMWPE, respectively, as the sole carbon source. Samples (20 mL)
were harvested at the mid-exponential growth phase. LMWPE particles were collected
from the liquid culture by filtration using Whatman 20 um cellulose filters (Cytiva, USA;
Cat. No: WHA10331554). Biofilm material was detached from the collected particles
by ultrasonication in a lysis buffer (20 mM Tris-HCl, pH 7.5; 100 mM NaCl; 1% SDS;
1 mM EDTA). After centrifugation at 4,500 x g for 10 min at 4°C to remove debris,
the clarified supernatant was up-concentrated using 3 kDa Vivaspin 20 filters (3-kDa
molecular weight cutoff, Sartorius Stedim Biotech GmbH, Germany) to obtain biofilm-
derived proteins for further analysis. Planktonic cells were recovered from the resulting
LMWPE-free liquid cultures by centrifugation (4,500 x g, 10 min, 4°C), resuspended in 50
mM Tris-HCl, pH 7.5, 100 mM Nadl, 0.1% (vol/vol) Triton X-100, 1 mM dithiothreitol (DTT),
and disrupted by bead-beating (three 60 s cycles) with a FastPrep24 (MP Biomedicals, CA)
at 6.5 m/s. Biofilm- and planktonic cell-derived proteins were precipitated with 10% (vol/
vol) ice-cold trichloroacetic acid (TCA), incubated overnight on ice, centrifuged (15,000
x g, 15 min, 4°C) to pellet the precipitated proteins, and washed with 300 pL ice-cold
0.01 M HCl in 90% acetone. After removal of the supernatant, the protein pellets were
air-dried and resuspended in 46 pL 1x SDS lysis buffer (5% SDS and 50 mM triethy-
lammonium bicarbonate, pH 8.5). Protein digestion was performed using S-Trap Mini
Columns (Protifi, Fairport, NY, USA), according to the manufacturer’s instructions, with 20
mM DTT for reduction and 40 mM iodoacetamide for alkylation. Peptides were analyzed
on a nanoLC-MS/MS system consisting of a nano UHPLC (nanoElute 2, Bruker Daltonics
Inc., Bremen, Germany) coupled to a trapped ion mobility spectrometry-quadrupole
time-of-flight mass spectrometer (timsTOF Pro, Bruker Daltonics Inc., Bremen, Germany).
Separation was achieved on an Aurora C18 reverse-phase (1.6 um, 120 A 25 cm x 75
pum analytical column with an integrated emitter (lonOpticks, Melbourne, Australia). Mass
spectral data were acquired using DataAnalysis v6.1.

MS raw files were processed using the FragPipe v21.1 (with MSFragger v4.0, lonQuant
v1.10.12, Philosopher v5.1.0, DIA-NN v1.8.2 beta 8) (40) for protein identification and
label-free quantification (LFQ). MS and MS/MS spectra were searched against the
complete proteome of Acinetobacter towneri RMS-02 (2,602 proteins), supplemented
with common contaminants (e.g., keratins, trypsin, and bovine serum albumin) using
a decoy database consisting of reversed sequences of all protein entries for false
discovery rates (FDRs) estimation. The resulting protein library consisted of 5,440
proteins. Trypsin was set as the proteolytic enzyme, with one missed cleavage allowed.
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Variable modifications included methionine oxidation and pyro-glutamate formation
at N-terminal glutamines, while carbamidomethylation of cysteines was set as a fixed
modification. Protein identifications were filtered to achieve a 1% FDR. A protein was
considered “present” if detected in at least two of the three biological replicates for at
least one substrate. Missing values were imputed from a normal distribution (width: 0.3;
downshift: 1.8 standard deviations from the original distribution) using the “total matrix
mode!" Differential abundance analysis was conducted with Rstatix v0.7.2 (41) using a
paired Student’s t-test with a permutation-based FDR threshold set at 0.05. Figures were
generated using R v4.3.3 (28) with the packages ggplot2 v3.5.1 (42) and cowplot v1.1.3
(43).

Assessment of LMWPE degradation

Two analytical techniques were employed to characterize structural and compositional
changes in LMWPE resulting from the growth of A. towneri RMS-02 (AtLMWPE). As a
control, untreated LMWPE (uLMWPE) and LMWPE incubated in a cell-free MM (cfLMWPE)
were included. To determine changes in the size of the polymer chains, Size Exclusion
Chromatography (SEC) was performed using a GPC-IR5 system (Polymer Char, Valencia,
Spain). About 4 mg of each sample was dissolved in 8 mL of 1,2,4-trichlorobenzene at
160°C for 3 h. A 200 pL aliquot was injected into the SEC system equipped with four
PLgel 20 um MIXED-A columns (Agilent Technologies, Santa Clara, CA, USA). Analyses
were performed at 150°C with 1,2,4-trichlorobenzene as the mobile phase (flow rate:
1 mL/min) and a high-sensitivity infrared detector. Calibration was performed using
narrow-distribution polystyrene standards with peak molecular weights (Mpeax) from
1,140 to 7,500,000 g/mol. The weight-average molecular mass (M,,), number-average
molecular mass (M), and molecular weight distribution were determined. Gas Chroma-
tography-Mass Spectrometry (GC-MS) was used to quantify changes in the amounts of
low-molecular-weight compounds using an Agilent 6890N GC with a 5973 MS detec-
tor and a GERSTEL MPS2 autosampler. Approximately 100 mg of each polyethylene
sample and 3 mL of ethyl acetate were transferred into 4 mL glass vials, sealed, and the
extractable components were extracted at 65°C for 1.5 h. Extracts were filtered (0.45 um
Teflon syringe filter) before injection. Separation was achieved on a Zebron ZB-5MSPlus
column (30 m x 250 pm, 0.25 ym film) with oven programming from 60°C to 300°C at
10°C/min (total 45 min). Helium (grade 6.0, 3 mL/min) served as a carrier gas. Injections
were splitless at 250°C; ion source temperature was 230°C; and electron ionization was
performed at 70 eV. Spectra were collected over m/z 33-720. Each sample was analyzed
in triplicate (n = 3), and compounds were identified against the Wiley 11th/(NIST 2017)
library.

RESULTS AND DISCUSSION
Whole-genome sequencing and annotation of A. towneri RMS-02

In an effort to identify microorganisms and their enzymes capable of depolymerizing
environmental contaminants, such as long-chain alkanes and plastics, A. towneri RMS-02
was isolated from the rotting tank of a biogas facility in Norway using an enrichment
culture strategy based on the ability of microbes to grow on a substrate consisting of
a mixture of alkanes, 2-ketones, and oxidized LMWPE. The isolation strategy included
three sequential passages of the culture in minimal medium supplemented with this
substrate as the sole carbon source. Following this, the tertiary culture was plated on LB
agar, and growth of eight selected colonies was verified in minimal medium containing
the same initial substrate mixture. Colonies were taxonomically identified via 16S rRNA
gene amplification, and a single isolate, designated RMS-02, was randomly selected
for subsequent genomic and proteomics studies. The A. towneri RMS-02's genome was
sequenced using long-read sequencing with Oxford Nanopore technology, generating a
total of 2.06 Gb of raw DNA sequences. The data were assembled into 2 contigs, with an
N50 of 2,669,569 bp. The total genome length was 2,722,863 bp, with the longest contig
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measuring 2,669,568 bp and a plasmid of 53,296 bp, both predicted to be circular. The
overall G+C content was 41.39%. The chromosome achieved a coverage of 167x%, while
the plasmid achieved a coverage of 162x. Genome quality assessments with CheckM2
(22) and BUSCO (21) indicated 100% completeness and 1.9% contamination. In total,
2,548 genes, 77 tRNAs, and 21 rRNAs (including 7 16S rRNA, 7 23S rRNA, and 7 5S
rRNA) were predicted. A phylogenomic tree was constructed based on the alignment of
120 genes from GTDB positioned A. towneri RMS-02 as the closest relative of A. towneri
DSM14962 (Fig. 1), an isolate sourced from activated sludge (16). Of note, A. towneri
RMS-02's genome is smaller compared to that of A. towneri DSM14962, being 2.7 Mb
and 3 Mb, respectively. The ANI and AAl value between A. towneri RMS-02 and A. towneri
DSM14962 are 97.65% and 99.19%, respectively. While the AAl and ANI values are within
the species cutoff, the ANI value indicates the status of novel strain (44).

Genome insights into the predicted machinery of A. towneri RMS-02 to
metabolize glycans, polyphenols, and short hydrocarbons

The organic fraction of wastewater and sewage primarily consists of plant-derived
materials (cellulose, hemicellulose, and lignin), phenolic compounds, proteins, and lipids
derived from food residues and human waste. In addition, microplastics, small plastic
particles less than 5 mm in size, can persist throughout treatment processes (45, 46).
We examined the predicted ability of A. towneri RMS-02 to use these components
to support its growth. First, the genome was annotated with dbCAN3 (within DRAM
[24]) and CAZyLingua (25) to investigate carbohydrate-active enzyme family repertoires,
specifically the presence of glycoside hydrolases (GH), carbohydrate esterases (CE),
polysaccharide lyases (PL), and auxiliary activities (AA) (Table S1b and c). No families
potentially enabling the utilization of cellulose and hemicelluloses were detected.
Instead, the only identified GHs were predicted to be peptidoglycan-lytic B-1,4-murami-
nidase, belonging to the families GH19, GH23, GH25, GH103, GH153 as well as 3-N-ace-
tylhexosaminidase GH3, all of which are known to be implicated in cell-wall turnover.
The genome also encodes a laccase/p-diphenol:oxygen oxidoreductase AAT1, a vanillyl-
alcohol oxidase AA4, and two P-benzoquinone reductase AA6, potentially involved in
metabolism of lignin-derived monomers or oxidized derivatives.

Polyphenols are bioactive compounds naturally found in plants, including polymers
(such as tannins), monomers (e.g., flavonoids), and simple phenols (e.g., phenolic acids)
(47). To identify genes encoding enzymes involved in the utilization of diverse poly-
phenols, we employed the software CAMPER (see Materials and Methods). CAMPER
assigns genes to 30 established polyphenol classes and organizes them into 100
metabolic transformation pathways based on biochemically characterized homologs
(26). A. towneri RMS-02's genome included a complete set of genes for trans-cin-
namate degradation (Table S1d), such as hcaD, hcaE, hcaF, hcaC, and hcaB, which
encode components of the 3-phenylpropionate/trans-cinnamate dioxygenase complex
(EC:1.14.12.19 and EC:1.18.1.3), as well as downstream enzymes like mhpA, mhpB, mhpC,
mhpD, and mhpE involved in hydroxylation, ring cleavage, and conversion to metabolites
feeding the tricarboxylic acid (TCA) cycle. Similarly, the phenylpropionate pathway was
represented by homologous genes (hpaD, hpaE, hpaF, hpaC) and associated dehydro-
genases and hydratases (Table S1d), enabling oxidation and cleavage of 3-phenylpro-
pionic acid into acetyl-CoA and succinyl-CoA, which can then enter the TCA cycle for
energy generation. For catechol metabolism, the A. towneri RMS-02 genome contains
genes for enzymes catalyzing the ortho-cleavage route, commonly referred to as
the B-ketoadipate pathway. This pathway includes catA (catechol 1,2-dioxygenase,
EC:1.13.11.1), catB (muconate cycloisomerase), catC (muconolactone isomerase), and
pcaD (3-oxoadipate enol-lactonase) (Table S1d), ultimately converting catechol into
acetyl-CoA and succinyl-CoA, which feed into the TCA cycle. In addition, we detected a
gene encoding the quercetin-2,3-dioxygenase (QueD; Table S1d) for oxidative cleav-
age of quercetin, a plant-derived flavonoid (48). Pathways for metabolism of aromatic
compounds, including toluene, o-cresol, m-methylbenzoic acid, benzoate, and benzene,
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Genome Quality [l completeness (%) | Contamination (%) || Genome Size (Mb)

FIG 1 Phylogenetic tree inferred from a concatenated alignment of 120 conserved single-copy gene sequences, including A. towneri RMS-02 alongside 58 type
strains of Acinetobacter spp. Moraxella catarrhalis CCRI-195ME served as the outgroup. Green and yellow bars indicate genome completeness and contamination
(%), respectively. The gray bars indicate the genome size (in Mb). The scale bar at the bottom of the phylogenetic tree indicates the expected number of
substitutions per amino acid site.

were also present. For toluene, we detected the genes dmpL, dmpM, dmpN, dmpO, dmpP,
and dmpK, which encode components of the phenol hydroxylase complex for hydroxyla-
tion of toluene to o-cresol. O-cresol is further oxidized to 2,3-dihydroxytoluene before
ring cleavage (Table S1d), yielding intermediates such as acetyl-CoA and succinyl-CoA
that enter the TCA cycle. For m-methylbenzoic acid and benzoate, we detected the genes
benA, benB, and benC, which encode the benzoate/toluate 1,2-dioxygenase complex
that catalyzes the initial dihydroxylation of the aromatic ring to form cis-dihydrodiol
intermediates (Table S1d). These intermediates are subsequently oxidized by benD
(dihydroxycyclohexadiene carboxylate dehydrogenase) to yield 3-methylcatechol from
m-methylbenzoate and catechol from benzoate. Both catechol and methylcatechol then
enter ring-cleavage pathways (catechol via the B-ketoadipate pathway involving catA,
catB, catC, and pcaD, and methylcatechol through the meta-cleavage route), ultimately
producing acetyl-CoA and succinyl-CoA for entry into the TCA cycle. Finally, for benzene,
we detected the dmp phenol hydroxylase gene cluster (dmpL, dmpM, dmpN, dmpO,
dmpP, and dmpK; Table S1d), which yields enzymes involved in the sequential hydroxyla-
tion of benzene to phenol and then to catechol. Catechol is subsequently processed
as described above, ultimately yielding acetyl-CoA and succinyl-CoA that enter the
tricarboxylic acid cycle. The phenols and aromatic compounds can be produced through
a variety of industrial processes, including petroleum refining, herbicide manufacturing,
coke production, olive oil processing, and petrochemical operations. The results suggest
that A. towneri RMS-02 has potential for treating wastewater containing phenolics and
aromatics.

The genome of Acinetobacter towneri RMS-02 harbors genes encoding secreted
proteases and exopeptidases for the degradation of proteins and short peptide chains,
suggesting some levels of protein breakdown in the waste sludge environment.
Specifically, secreted serine aminopeptidases belonging to the MEROPS family S33 and
metalloproteases from families M28 and M23 were detected (Table Sie). Identified
transporters included a putative amino acid transporter, an amino acid permease, a
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serine/threonine transporter, a branched-chain amino acid:cation transporter of the
LIVCS family, and a glycine transporter (Table S1f). For lipid metabolism, genes encoding
predicted lipases, phospholipases, triacylglycerol lipases, and carboxylesterases, as well
as transporters for long-chain fatty acids, were detected (Table S1g and h).

Next, we screened the A. towneri RMS-02 genome with an in-house-built database to
identify genes encoding enzymes potentially involved in the degradation of biopolymers
or chemical structures related to hydrocarbon-based synthetic polymers (e.g., alkanes).
This led to the identification of several genes involved in alkane degradation, particu-
larly those involved in the initial step of terminal hydroxylation (Table STi). Relevant
genes included alkB, coding for a membrane-associated alkane monooxygenase AlkB,
previously reported to typically oxidize C10-C16 n-alkanes, although some versions can
hydroxylate up to C32 n-alkanes (49, 50). A gene encoding AlkM, which can hydroxylate
long-chain (C16-C22) and very long-chain alkanes (>C22), was also detected (51). The
third type of alkane hydroxylase identified in the genome of A. towneri RMS-02 is the
flavoprotein AImA. This enzyme is thought to be involved in the terminal hydroxylation
of alkanes with >C22 (52, 53), and it has also been linked to subterminal oxidation of
alkanes (54). The presence of the different alkane hydroxylases in the genome of A.
towneri RMS-02 indicates that the strain has a broad alkane degradation capacity. There
was only one BlastP hit for a plastic-degrading enzyme: an arylesterase (Table S1i). Such
enzymes have been implicated in the degradation of the biodegradable copolyester
PBAT (55).

Overall, the results show the biodegradative potential of Acinetobacter towneri
RMS-02 toward phenolic and aromatic compounds, as well as short hydrocarbons, which
are likely abundant in the waste sludge environment from which the strain was sourced.

A. towneri RMS-02 produces enzymes enabling utilization of alkanes and
ketones derived from an oxidized polyethylene substrate

To identify enzymes responsible for the degradation of short hydrocarbons, we
performed a proteomic analysis of planktonic and biofilm-associated proteins produced
by A. towneri during growth on sodium succinate or on a substrate that resembles an
abiotically oxidized form of PE (referred to as LMWPE, Sigma-Aldrich, product number
427772). This substrate has previously been shown to include a polymeric LMWPE
fraction, as well as medium- to long-chain alkanes and their oxidized variants (18). To
compare the proteomes under two different growth conditions, A. towneri RMS-02 cells
were collected at mid-exponential phase from cultures grown on LMWPE and sodium
succinate (Fig. 2A). Principal component analysis (PCA) of the LMWPE, LMWPE biofilm
(bfLMWPE), and sodium succinate proteome indicated that samples from each condition
exhibited distinct clustering patterns, indicating consistent proteomic profiles within
conditions and clear separation between clusters, reflecting substantial differences in
overall protein expression patterns between substrates (Fig. 2B).

To gain insight into the enzymes and pathways used by A. towneri RMS-02 during
growth on LMWPE, we compared its proteomic profile under this condition to that
observed during growth on sodium succinate. Most enzymes involved in both alkane
degradation and (-oxidation were found to be differentially abundant in the LMWPE
proteome (Fig. 2C and D). These include AIkR, a transcriptional regulator of alkane
hydroxylase (56), AImA, and the alcohol dehydrogenase YiaY (KO ID: K13954). AlkB was
not detected in the sodium succinate proteome, but it was exclusively found in the
LMWPE and bfLMWPE proteome (Fig. 2E). Other detected enzymes known to be involved
in the alkane degradation pathway that were more abundant in the LMWPE-derived
proteome include a rubredoxin-NAD(+) reductase (RubB), an alcohol dehydrogenase
(ADH), and three aldehyde dehydrogenases (ALDH) (Fig. 2E).

A putative Baeyer-Villiger monooxygenase (BVYMO; BVMO_1576), a carboxylesterase
(CES_1259), and an acetyl-CoA synthetase (ACS_306) were significantly more abundant
in the LMWPE-derived proteomes (Fig. 2C through E). BVMOs are a class of flavin
monooxygenases that catalyze the insertion of an oxygen between carbons in carboxyl
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groups (57). BVMOs are involved in the subterminal oxidation of alkanes (58), where
they oxidize carbonyl groups into an ester (14). Because LMWPE contains 2-ketones (18),
a BVMO is necessary for conversion into an ester. An esterase, such as CES_1259, can
then hydrolyze the ester into a primary alcohol and an acetate, which can enter into the
terminal alkane degradation pathway and the tricarboxylic acid (TCA) cycle, respectively
(59). The detection of the BMVO_1576, CES_1259, and ACS_306 at higher levels in the
LMWPE proteomes suggests their involvement in the oxidation of 2-ketones present
in the substrate. After terminal and subterminal oxidation of alkanes or 2-ketones, the
resulting compounds enter the B-oxidation pathway. Most of the enzymes involved
in the -oxidation pathway were also significantly differentially abundant in both the
LMWPE and the bfLMWPE proteomes (Fig. 2E), including long-chain fatty-acyl-CoA ligase
(ACSL_2528), acyl-CoA dehydrogenase (ACADS_1234), enoyl-CoA hydratase/3-hydrox-
yacyl-CoA dehydrogenase (FadJ_2190), 3-hydroxyacyl-CoA dehydrogenase (FadB_2433),
B-ketothiolase (FadA_2434), and acetyl-CoA C-acetyltransferase (ACAT_1205).

Depending on the alkane hydroxylase, alkanes are either transported into the cell
during hydroxylation (via AlkB) or need to be transported independently into the cell
prior to degradation (via AImA). In the LMWPE proteome, there are several transporters
of hydrophobic compounds (FadlL) which are not detected in the sodium succinate
proteome (Fig. 2E). FadL is known to facilitate the transport of fatty acid across the outer
membrane of Gram-negative bacteria, and these transport proteins might be involved
in the uptake of other hydrophobic substances and xenobiotics (60). As LMWPE contains
both 2-ketones and alkanes, this suggests that FadL transporter could be involved in the
uptake of these molecules into the bacterial cell prior to depolymerization.

Both LMWPE and bfLMWPE proteomes showed differentially abundant proteins
associated with transport of fatty acids and alkanes, the degradation of alkanes
and 2-ketones, and -oxidation (Fig. 2C through E). There are, however, some differ-
ences in these proteomes, such as significantly differentially abundant proteins in
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FIG 2 Substrate-dependent growth of A. towneri RMS-02 and differentially abundant proteins detected in the LMWPE proteomes derived from planktonic cells
and biofilm. (A) Growth profiles for A. towneri RMS-02 on LMWPE or sodium succinate as the sole carbon source. (B) PCA analysis of A. towneri RMS-02s proteomes
obtained from both planktonic cells (LMWPE) and biofilm forming cells (bfLMWPE) during growth on LMWPE, as well as from cell growth on sodium succinate.
PCA demonstrates clear separation between groups with tight clustering of biological replicates. (C) Volcano plot comparing proteomes of planktonic cells
derived from cultures on LMWPE and sodium succinate. (D) Volcano plot comparing proteomes of biofilm-derived cells (ofLMWPE) to planktonic cells (LMWPE)
from LMWPE cultures. In both panels C and D, the dashed horizontal line denotes the P-value cutoff (P < 0.05), while the dashed vertical lines denote the
log,-fold change cutoff (< —1 and > 1). (E) Heatmap of selected proteins involved or hypothesized to be involved in the transport of fatty acids/2-ketones, alkane
degradation, 2-ketone degradation, and fatty acid metabolism. Stars indicate proteins that are significantly differentially abundant (P < 0.05, -1 > log,-fold
change > 1) when comparing LMWPE or bfLMWPE to sodium succinate. Source data can be found in Table S2.
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the bfLMWPE proteome associated with biofilm formation. These include phospholi-
pid-binding lipoprotein (MlaA; AtRMS-02_contig_1_738), biofilm PGA synthesis protein
(PgaA; AtRMS-02_contig_1_2022), and polysaccharide biosynthesis/export protein
(AtRMS-02_contig_1_89) (Table S2).

Overall, analysis of the differentially abundant proteins in the LMWPE-derived
proteomes indicates that A. towneri RMS-02 harnesses its complement of alkane- and
2-ketone-degrading enzymes, channeling these substrates through the {-oxidation
pathway. This underscores the isolate’s metabolic versatility and its potential to thrive
on hydrocarbon contaminants commonly found in waste sludge environments.
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FIG 3 Characterization of LMWPE post-degradation with A. towneri RSM-02 and compositional profiles of abiotic controls. The isolate was grown with 30 mg/mL
LMWPE in MM (AtLMWPE). Controls included LMWPE in cell-free MM (cfLMWPE) and untreated LMWPE (ULMWPE). (A) SEC chromatograms of the samples
UuLMWPE, cfLMWPE, and AtLMWPE. The chromatograms are superimposing, both for samples and replicates, in the high-molar-mass region, indicating no

polymer degradation has occurred. Lines in the legend for each condition represent biological triplicates. (B) GC-MS results show levels of 2-ketones (left panel)

and alkanes (right panel) in LMWPE extracts. Data are means + standard deviation of three biological replicates. Significance was determined using a pairwise
t-tests: not significant (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). Source data for SEC and GC-MS are available in Table S3.
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A. towneri RMS-02 metabolizes alkanes and 2-ketones but does not degrade
high molecular weight PE

We conducted a detailed analysis of the LMWPE substrate before and after bacterial
growth to identify the constituents supporting the growth of A. towneri RMS-02.
Members of the genus Acinetobacter have previously been reported to degrade
hydrocarbons, from alkanes to PE (9, 61, 62), and enzymes involved in the alkane
degradation pathway have also been linked to the degradation of PE (63). Of note, while
previous literature has concluded that Acinetobacter spp. can depolymerize PE, these
investigations used the same LMWPE as the substrate for growth (64, 65). Nevertheless,
the substrate was not characterized in a way that would clarify whether the high M,,
component itself was utilized, or if the observed growth was limited to the utilization of
PE-derived constituents, including alkanes and ketones, from possible abiotic oxidation.
To assess whether A. towneri RMS-02 could depolymerize the high M,, PE fraction of
LMWPE, SEC was conducted on the substrate after bacterial growth. When comparing
chromatograms of LMWPE incubated with the isolate (A(LMWPE) to LMWPE incubated
in cell-free MM (cfLMWPE) and untreated LMWPE (ULMWPE), the profiles for all samples
were virtually superimposing, indicating no alteration of the polymeric fraction (Fig.
3A). There was no reduction in molar mass distribution in the AtLMWPE samples, which
would have occurred if the strain was able to degrade PE. Although the PE component
remained unchanged, A. towneri RMS-02 effectively depleted the alkanes and 2-ketones
found in LMWPE (Fig. 3B). Specifically, the isolate was able to degrade n-alkanes ranging
from C13 to C25 as well as 2-ketones of C10-C26. This is in accordance with the
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FIG 4 Schematic overview of selected metabolic pathways detected in A. towneri RMS-02 based on genomic predictions and proteomics evidence. Abbrevi-

ations: almA, long-chain alkane monooxygenase; CYP450, cytochrome P450 monooxygenase; Fd(ox), oxidized ferredoxin; Fd(red), reduced ferredoxin; alkB,

alkane hydroxylase B; Rd(ox), oxidized rubredoxin; Rd(red), reduced rubredoxin (electrons provided from NADH); sub-terminal Ox, pathway for sub-terminal

oxidation of alkanes; terminal Ox, pathway for terminal oxidation of alkanes; sad, secondary alcohol dehydrogenase; bmvo, Baeyer-Villiger monooxygenase;

adh, alcohol dehydrogenase; alkH, aldehyde dehydrogenase; alkK, acyl-CoA synthetase; enzymes in fatty acid 3-oxidation of fatty acids are 1, acyl-CoA oxidase

or acyl-CoA dehydrogenase; 2, enoyl-CoA dehydratase; 3, 3-hydroxyacyl-CoA dehydrogenase; 4, 3-ketoacyl-CoA thiolase; TCA, tricarboxylic acid cycle, QueD,

quercetin-2,3-dioxygenase; FadL, long-chain fatty acid transporter. A * or a # indicates a transporter or a porin, respectively.

April 2026 Volume 14 Issue 4

10.1128/spectrum.00054-26 12


https://doi.org/10.1128/spectrum.00054-26

Research Article

differentially abundant proteins found in the LMWPE proteome, including AlkB, AImA,
and a putative BVMO (Fig. 2C through E).

Conclusion

In this study, we reveal the previously unrecognized metabolic potential of A. towneri
RMS-02 for the degradation of diverse compounds and contaminants found in wastewa-
ter sludge. Genomic analysis identified a broad repertoire of genes encoding enzymes
for the utilization of polyphenols and aromatic compounds. Genes coding for enzymes
enabling degradation of proteins and peptides, as well as transporters for fatty acids,
were also detected, suggesting that this isolate can access multiple nutrient sources
commonly found in wastewater. Integrating genomic and proteomic analyses with
comprehensive characterization of the LMWPE substrate before and after bacterial
growth, we demonstrate that the isolate is capable of degrading both medium- and
long-chain alkanes (C13-C25), as well as 2-ketones of C10-C26. This finding reveals
a metabolic capability that, to our knowledge, has not been previously documented
for A. towneri, a species so far known only to degrade phenols (17). Although A.
towneri RMS-02 successfully degraded LMWPE derivatives, it does not possess enzymes
to break down the high M,, component of the substrate. However, in wastewater
sludge (66), microplastics can persist and undergo abiotic oxidation through exposure
to oxygen, elevated temperatures, and chemical oxidants, generating smaller oxidized
fragments such as ketones and alcohols (67). The capacity of A. towneri RMS-02 to utilize
the oxidized LMWPE derivatives, as well as its genomic potential for polyphenol and
aromatic degradation (Fig. 4), highlights the possible use of this isolate or its enzymes in
bioremediation of wastewater sludge. Further research should focus on the biochemical
characterization of the enzymes involved in the degradation of PE derivatives, which
could be used to develop enzymatic cocktails tailored to the removal of alkanes and
ketones derived from crude oil or oxidized plastics in contaminated environments.

ACKNOWLEDGMENTS

This work was supported by the Research Council of Norway under grant agreement
number 326975 (Enzyclic project) and the Norwegian University of Life Sciences through
the Sustainability Arena “SmartPlast” Mass spectrometry-based proteomic analyses were
performed at the MS and Proteomics Core Facility, Norwegian University of Life Sciences.
This facility is part of the National Network of Advanced Proteomics Infrastructure (NAPI),
supported by the Research Council of Norway’s INFRASTRUKTUR program (project
number 295910).

The authors thank FREVAR KF for granting access to their facility and Emilio Alvarenga
Castellanos for facilitating sampling. We gratefully acknowledge Sara Rund Herum and
Steffen Annfinsen at Norner AS for their valuable analytical support.

AUTHOR AFFILIATIONS

'Faculty of Chemistry, Biotechnology and Food Science, Norwegian University of Life
Sciences, As, Norway
*Norner Research AS, Porsgrunn, Norway

AUTHOR ORCIDs

Ronja Marlonsdotter Sandholm @ http://orcid.org/0009-0009-5228-2162
Dave Rojas Calderon @ http://orcid.org/0009-0003-7371-5912

Ravindra Reddy Chowreddy © http://orcid.org/0000-0001-9164-5530
Gustav Vaaje-Kolstad  https://orcid.org/0000-0002-3077-8003

Sabina Leanti La Rosa 2 http://orcid.org/0000-0003-3527-8101

April 2026 Volume 14 Issue 4

Microbiology Spectrum

10.1128/spectrum.00054-26 13


http://orcid.org/0009-0009-5228-2162
http://orcid.org/0009-0003-7371-5912
http://orcid.org/0000-0001-9164-5530
https://orcid.org/0000-0002-3077-8003
http://orcid.org/0000-0003-3527-8101
https://doi.org/10.1128/spectrum.00054-26

Research Article

Microbiology Spectrum

FUNDING

Funder Grant(s) Author(s)

Norges Forskningsrad 295910 Sabina Leanti La Rosa
Norges Forskningsrad 326975 Gustav Vaaje-Kolstad

DATA AVAILABILITY

Long-read DNA sequences have been deposited in the European Nucleotide Archive
under the project accession number PRJEB103840. The genome sequence, gene
annotations, and predicted proteins have been made publicly available via FigShare
(https://doi.org/10.6084/m9.figshare.30427936). The mass spectrometry proteomics data
has been deposited to the ProteomeXchange Consortium via the PRIDE (Proteomics
Identification Database) partner repository with the data set identifier PXD069492.
Scripts used to generate the phylogenomic tree, can be found at githubGitHub (https://
github.com/ronjasan/AtRMS-02). All data are publicly available and comply with the data
reuse guidelines presented in Hug et al. (68).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Table S1 (Spectrum00054-26-S0001.xlsx). Genes encoding CAZymes, enzymes for
metabolism of polyphenols and aromatics, proteolytic enzymes, amino acid transporters,
lipases, fatty acid transporters, and alkane degrading enzymes detected in the genome
of A. towneri RMS-02.
Table S2 (Spectrum00054-26-S0002.xIsx). Source data for proteomics.
Table S3 (Spectrum00054-26-S0003.xlsx). SEC and GC-MS data for LMWPE post-incuba-
tion with A. towneri RMS-02.

REFERENCES

1.

April 2026 Volume 14

van Beilen JB, Funhoff EG. 2007. Alkane hydroxylases involved in
microbial alkane degradation. Appl Microbiol Biotechnol 74:13-21. https
://doi.org/10.1007/500253-006-0748-0

Elkatory MR, Soliman EA, El Nemr A, Hassaan MA, Ragab S, EI-Nemr MA,
Pantaleo A. 2022. Mitigation and remediation technologies of waxy
crude oils’ deposition within transportation pipelines: a review. Polymers
(Basel) 14:3231. https://doi.org/10.3390/polym 14163231

Suresh B, Maruthamuthu S, Khare A, Palanisamy N, Muralidharan VS,
Ragunathan R, Kannan M, Pandiyaraj KN. 2011. Influence of thermal
oxidation on surface and thermo-mechanical properties of polyethy-
lene. J Polym Res 18:2175-2184. https://doi.org/10.1007/s10965-011-96
28-0

Therias S, Rapp G, Masson C, Gardette J-L. 2021. Limits of UV-light
acceleration on the photooxidation of low-density polyethylene. Polym
Degrad Stab 183:109443. https://doi.org/10.1016/j.polymdegradstab.20
20.109443

Oiffer T, Leipold F, Stss P, Breite D, Griebel J, Khurram M, Branson Y, de
Vries E, Schulze A, Helm CA, Wei R, Bornscheuer UT. 2024. Chemo -
enzymatic depolymerization of functionalized low - molecular - weight
polyethylene. Angew Chem Int Ed 63:€202415012. https://doi.org/10.10
02/anie.202415012

Dahal U, Paul K, Gupta S. 2023. The multifaceted genus Acinetobacter:
from infection to bioremediation. J Appl Microbiol 134:Ixad145. https://d
0i.0rg/10.1093/jambio/Ixad 145

Sharma K, Nayarisseri A, Singh SK. 2024. Biodegradation of plasticizers
by novel strains of bacteria isolated from plastic waste near Juhu Beach,
Mumbai, India. Sci Rep 14:30824. https://doi.org/10.1038/541598-024-81
239-8

Issue 4

10.

11.

12.

13.

14.

15.

Throne-Holst M, Wentzel A, Ellingsen TE, Kotlar H-K, Zotchev SB. 2007.
Identification of novel genes involved in long-chain n-alkane degrada-
tion by Acinetobacter sp. strain DSM 17874. Appl Environ Microbiol
73:3327-3332. https://doi.org/10.1128/AEM.00064-07

Sakai Y, Maeng JH, Tani Y, Kato N. 1994. Use of long-chain n-alkanes
(C13-C44) by an isolate, Acinetobacter sp M-1. Biosci Biotechnol
Biochem 58:2128-2130. https://doi.org/10.1271/bbb.58.2128

Cui Q, Zhang Y, Wang J, Wang J, Zhao Q, Song F, Wang L, Zhang W,
Huang Y. 2025. Comparative genomics, transcriptome, and prokaryotic
expression analysis of alkB1_1 in Acinetobacter vivianii KJ-1: revealing
the mechanism of petroleum hydrocarbon degradation. IJMS 26:4083. h
ttps://doi.org/10.3390/ijms26094083

Wentzel A, Ellingsen TE, Kotlar H-K, Zotchev SB, Throne-Holst M. 2007.
Bacterial metabolism of long-chain n-alkanes. Appl Microbiol Biotechnol
76:1209-1221. https://doi.org/10.1007/s00253-007-1119-1

Bihari Z, Pettkd-Szandtner A, Csanadi G, Balazs M, Bartos P, Kesseru P,
Kiss I, Mécs I. 2007. Isolation and characterization of a novel n-alkane-
degrading strain, Acinetobacter haemolyticus AR-46. Z Naturforsch C J
Biosci 62:285-295. https://doi.org/10.1515/znc-2007-3-420

Acer O, Gliven K, Bekler FM, Giil-Giiven R. 2016. Isolation and characteri-
zation of long-chain alkane-degrading Acinetobacter sp. BT1A from oil-
contaminated soil in Diyarbakir, in the Southeast of Turkey. Bioremediat
J20:80-87. https://doi.org/10.1080/10889868.2015.1096898

Ji'Y, Mao G, Wang Y, Bartlam M. 2013. Structural insights into diversity
and n-alkane biodegradation mechanisms of alkane hydroxylases. Front
Microbiol 4:58. https://doi.org/10.3389/fmicb.2013.00058

Yin CF, Xu Y, Li T, Zhou NY. 2022. Wide distribution of the sad gene
cluster for sub-terminal oxidation in alkane utilizers. Environ Microbiol
24:6307-6319. https://doi.org/10.1111/1462-2920.16124

10.1128/spectrum.00054-26 14


http://dx.doi.org/10.13039/501100005416
http://dx.doi.org/10.13039/501100005416
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB103840/
https://doi.org/10.6084/m9.figshare.30427936
https://www.ebi.ac.uk/pride/archive/projects/PXD069492
https://github.com/ronjasan/AtRMS-02
https://doi.org/10.1128/spectrum.00054-26
https://doi.org/10.1007/s00253-006-0748-0
https://doi.org/10.3390/polym14163231
https://doi.org/10.1007/s10965-011-9628-0
https://doi.org/10.1016/j.polymdegradstab.2020.109443
https://doi.org/10.1002/anie.202415012
https://doi.org/10.1093/jambio/lxad145
https://doi.org/10.1038/s41598-024-81239-8
https://doi.org/10.1128/AEM.00064-07
https://doi.org/10.1271/bbb.58.2128
https://doi.org/10.3390/ijms26094083
https://doi.org/10.1007/s00253-007-1119-1
https://doi.org/10.1515/znc-2007-3-420
https://doi.org/10.1080/10889868.2015.1096898
https://doi.org/10.3389/fmicb.2013.00058
https://doi.org/10.1111/1462-2920.16124
https://doi.org/10.1128/spectrum.00054-26

Research Article

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

April 2026 Volume 14

Carr EL, Kdampfer P, Patel BKC, Gurtler V, Seviour RJ. 2003. Seven novel
species of Acinetobacter isolated from activated sludge. Int J Syst Evol
Microbiol 53:953-963. https://doi.org/10.1099/ijs.0.02486-0

Fiké6 D-R, Raduly B, Mathé |, Felfdldi T, Lanyi S, Szilveszter S. 2023.
Bioaugmentation potential investigation using a phenol affinity analysis
of three Acinetobacter strains in a multi-carbon-source condition. Water
(Basel) 15:2815. https://doi.org/10.3390/w15152815

Sandholm RM, Boehlich GJ, Dahl @, Chowreddy RR, Stepnov AA, Vaaje-
Kolstad G, La Rosa SL. 2025. Microbial degradation of a widely used
model polyethylene is restricted to medium- and long-chain alkanes
and their oxidized derivatives. ISME J 19:wraf276. https://doi.org/%2010.
1093/ismejo/wraf276

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 37:540-546. https://doi.
org/10.1038/541587-019-0072-8

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34:3094-3100. https://doi.org/10.1093/bioinformatics/bt
y191

Manni M, Berkeley MR, Seppey M, Zdobnov EM. 2021. BUSCO: assessing
genomic data quality and beyond. Curr Protoc 1:e323. https://doi.org/10
.1002/cpz1.323

Chklovski A, Parks DH, Woodcroft BJ, Tyson GW. 2023. CheckM2: a rapid,
scalable and accurate tool for assessing microbial genome quality using
machine learning. Nat Methods 20:1203-1212. https://doi.org/10.1038/s
41592-023-01940-w

Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. 2022. GTDB-Tk v2:
memory friendly classification with the genome taxonomy database.
Bioinformatics 38:5315-5316. https://doi.org/10.1093/bioinformatics/bt
ac672

Shaffer M, Borton MA, McGivern BB, Zayed AA, La Rosa SL, Solden LM,
Liu P, Narrowe AB, Rodriguez-Ramos J, Bolduc B, Gazitua MC, Daly RA,
Smith GJ, Vik DR, Pope PB, Sullivan MB, Roux S, Wrighton KC. 2020.
DRAM for distilling microbial metabolism to automate the curation of
microbiome function. Nucleic Acids Res 48:8883-8900. https://doi.org/1
0.1093/nar/gkaa621

Thurimella K, Mohamed AMT, Li C, Vatanen T, Graham DB, Owens RM, La
Rosa SL, Plichta DR, Bacallado S, Xavier RJ. 2025. Protein language
models uncover carbohydrate-active enzyme function in metagenom-
ics. BMC Bioinformatics 26:285. https://doi.org/10.1186/512859-025-062
86-y

McGivern BB, Woyda R, Flynn RM, Wrighton KC. 2023. CAMPER: curated
annotations for profiling microbial polyphenol metabolic potential.
bioRxiv. https://doi.org/10.1101/2023.09.24.559193

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von
Haeseler A, Lanfear R. 2020. IQ-TREE 2: new models and efficient
methods for phylogenetic inference in the genomic era. Mol Biol Evol
37:1530-1534. https://doi.org/10.1093/molbev/msaa015

2024. R: A Language and environment for statistical computing. Vienna,
Austria. Available from: https://www.R-project.org

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R,
Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen T, Miller E,
Bache S, Miiller K, Ooms J, Robinson D, Seidel D, Spinu V, Takahashi K,
Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the Tidyverse.
JOSS 4:1686. https://doi.org/10.21105/j0ss.01686

Yu G, Smith DK, Zhu H, Guan Y, Lam TTY. 2017. Ggtree: an R package for
visualization and annotation of phylogenetic trees with their covariates
and other associated data. Methods Ecol Evol 8:28-36. https://doi.org/10
.1111/2041-210X.12628

Yu G, Jones B, Adrendsee Z. 2023. Tidytree: a tidy tool for phylogenetic
tree data manipulation. Available from: https://CRAN.R-project.org/pack
age=tidytree

Paradis E, Schliep K. 2019. Ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics 35:526-
528. https://doi.org/10.1093/bioinformatics/bty633

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. 2018.
High throughput ANI analysis of 90K prokaryotic genomes reveals clear
species boundaries. Nat Commun 9:5114. https://doi.org/10.1038/54146
7-018-07641-9

Gerhardt K, Ruiz-Perez CA, Rodriguez-R LM, Jain C, Tiedje JM, Cole JR,
Konstantinidis KT. 2025. FastAAl: efficient estimation of genome average
amino acid identity and phylum-level relationships using tetramers of
universal proteins. Nucleic Acids Res 53:gkaf348. https://doi.org/10.1093
/nar/gkaf348

Issue 4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Microbiology Spectrum

Gambarini V, Pantos O, Kingsbury JM, Weaver L, Handley KM, Lear G.
2022. PlasticDB: a database of microorganisms and proteins linked to
plastic biodegradation. Database (Oxford) 2022:baac008. https://doi.org
/10.1093/database/baac008

Buchholz PCF, Feuerriegel G, Zhang H, Perez-Garcia P, Nover L-L, Chow J,
Streit WR, Pleiss J. 2022. Plastics degradation by hydrolytic enzymes: the
plastics-active enzymes database-PAZy. Proteins 90:1443-1456. https://d
0i.org/10.1002/prot.26325

Rojas-Vargas J, Casteldn-Sanchez HG, Pardo-Lépez L. 2023. HADEG: a
curated hydrocarbon aerobic degradation enzymes and genes database.
Comput Biol Chem 107:107966. https://doi.org/10.1016/j.compbiolchem
.2023.107966

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403-410. https://doi.org/10.1016/S
0022-2836(05)80360-2

Kanehisa M, Goto S. 2000. KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res 28:27-30. https://doi.org/10.1093/nar/28.1.2
7

Yu F, Teo GC, Kong AT, Frohlich K, Li GX, Demichev V, Nesvizhskii Al.
2023. Analysis of DIA proteomics data using MSFragger-DIA and
FragPipe computational platform. Nat Commun 14:4154. https://doi.org/
10.1038/541467-023-39869-5

Kassambra A. 2023. Rstatix: pipe-friendly framework for basic statistical
tests. Available from: https://rpkgs.datanovia.com/rstatix

Wickham H. 2016. Ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York.

Wilke CO. 2024 cowplot: streamlined plot theme and plot annotations
for 'ggplot2' https://CRAN.R-project.org/package=cowplot.
Konstantinidis KT, Rossello-Méra R, Amann R. 2017. Uncultivated
microbes in need of their own taxonomy. ISME J 11:2399-2406. https://d
0i.org/10.1038/isme;j.2017.113

Cristaldi A, Fiore M, Zuccarello P, Oliveri Conti G, Grasso A, Nicolosi |,
Copat C, Ferrante M. 2020. Efficiency of Wastewater Treatment Plants
(WWTPs) for microplastic removal: a systematic review. IJERPH 17:8014.
https://doi.org/10.3390/ijerph17218014

Jarde E, Mansuy L, Faure P. 2003. Characterization of the macromolecu-
lar organic content of sewage sludges by thermally assisted hydrolysis
and methylation-gas chromatography-mass spectrometer (THM-GC/
MS). J Anal Appl Pyrolysis 68-69:331-350. https://doi.org/10.1016/50165
-2370(03)00053-6

Alara OR, Abdurahman NH, Ukaegbu Cl. 2021. Extraction of phenolic
compounds: A review. Curr Res Food Sci 4:200-214. https://doi.org/10.1
016/j.crfs.2021.03.011

Costa SL, Silva VDA, Dos Santos Souza C, Santos CC, Paris |, Mufoz P,
Segura-Aguilar J. 2016. Impact of plant-derived flavonoids on
neurodegenerative diseases. Neurotox Res 30:41-52. https://doi.org/10.
1007/512640-016-9600-1

Nie Y, Chi C-Q, Fang H, Liang J-L, Lu S-L, Lai G-L, Tang Y-Q, Wu X-L. 2014.
Diverse alkane hydroxylase genes in microorganisms and environments.
Sci Rep 4:4968. https://doi.org/10.1038/srep04968

Guo X, Zhang J, Han L, Lee J, Williams SC, Forsberg A, Xu Y, Austin RN,
Feng L. 2023. Structure and mechanism of the alkane-oxidizing enzyme
AlkB. Nat Commun 14:2180. https://doi.org/10.1038/s41467-023-37869-
z

Tani A, Ishige T, Sakai Y, Kato N. 2001. Gene structures and regulation of
the alkane hydroxylase complex in Acinetobacter sp. strain M-1. J
Bacteriol 183:1819-1823. https://doi.org/10.1128/JB.183.5.1819-1823.20
01

Feng L, Wang W, Cheng J, Ren Y, Zhao G, Gao C, Tang Y, Liu X, Han W,
Peng X, Liu R, Wang L. 2007. Genome and proteome of long-chain
alkane degrading Geobacillus thermodenitrificans NG80-2 isolated from a
deep-subsurface oil reservoir. Proc Natl Acad Sci USA 104:5602-5607. htt
ps://doi.org/10.1073/pnas.0609650104

Wang W, Shao Z. 2012. Diversity of flavin-binding monooxygenase
genes (almA) in marine bacteria capable of degradation long-chain
alkanes. FEMS Microbiol Ecol 80:523-533. https://doi.org/10.1111/j.1574
-6941.2012.01322.x

Yin C-F, Nie Y, Li T, Zhou N-Y. 2024. AlImA involved in the long-chain n-
alkane degradation pathway in Acinetobacter baylyi ADP1 is a Baeyer-
Villiger monooxygenase. Appl Environ Microbiol 90:e0162523. https://do
i.org/10.1128/aem.01625-23

Wallace PW, Haernvall K, Ribitsch D, Zitzenbacher S, Schittmayer M,
Steinkellner G, Gruber K, Guebitz GM, Birner-Gruenberger R. 2017. PpEst
is a novel PBAT degrading polyesterase identified by proteomic

10.1128/spectrum.00054-26 15


https://doi.org/10.1099/ijs.0.02486-0
https://doi.org/10.3390/w15152815
https://doi.org/%2010.1093/ismejo/wraf276
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1002/cpz1.323
https://doi.org/10.1038/s41592-023-01940-w
https://doi.org/10.1093/bioinformatics/btac672
https://doi.org/10.1093/nar/gkaa621
https://doi.org/10.1186/s12859-025-06286-y
https://doi.org/10.1101/2023.09.24.559193
https://doi.org/10.1093/molbev/msaa015
https://www.R-project.org
https://doi.org/10.21105/joss.01686
https://doi.org/10.1111/2041-210X.12628
https://CRAN.R-project.org/package=tidytree
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1093/nar/gkaf348
https://doi.org/10.1093/database/baac008
https://doi.org/10.1002/prot.26325
https://doi.org/10.1016/j.compbiolchem.2023.107966
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1038/s41467-023-39869-5
https://rpkgs.datanovia.com/rstatix
https://CRAN.R-project.org/package=cowplot
https://doi.org/10.1038/ismej.2017.113
https://doi.org/10.3390/ijerph17218014
https://doi.org/10.1016/S0165-2370(03)00053-6
https://doi.org/10.1016/j.crfs.2021.03.011
https://doi.org/10.1007/s12640-016-9600-1
https://doi.org/10.1038/srep04968
https://doi.org/10.1038/s41467-023-37869-z
https://doi.org/10.1128/JB.183.5.1819-1823.2001
https://doi.org/10.1073/pnas.0609650104
https://doi.org/10.1111/j.1574-6941.2012.01322.x
https://doi.org/10.1128/aem.01625-23
https://doi.org/10.1128/spectrum.00054-26

Research Article

56.

57.

58.

59.

60.

61.

62.

April 2026 Volume 14

screening of Pseudomonas pseudoalcaligenes. Appl Microbiol Biotechnol
101:2291-2303. https://doi.org/10.1007/s00253-016-7992-8

Ratajczak A, Geissdorfer W, Hillen W. 1998. Expression of alkane
hydroxylase from Acinetobacter sp. strain ADP1 is induced by a broad
range of n-alkanes and requires the transcriptional activator AlkR. J
Bacteriol 180:5822-5827. https://doi.org/10.1128/JB.180.22.5822-5827.1
998

Mascotti ML, Lapadula WJ, Juri Ayub M. 2015. The origin and evolution
of Baeyer-Villiger Monooxygenases (BVMOs): an ancestral family of flavin
monooxygenases. PLoS One 10:e0132689. https://doi.org/10.1371/journ
al.pone.0132689

Ceccoli RD, Bianchi DA, Fink MJ, Mihovilovic MD, Rial DV. 2017. Cloning
and characterization of the Type | Baeyer-Villiger monooxygenase from
Leptospira biflexa. AMB Express 7:87. https://doi.org/10.1186/s13568-017
-0390-5

Rojo F. 2009. Degradation of alkanes by bacteria. Environ Microbiol
11:2477-2490. https://doi.org/10.1111/j.1462-2920.2009.01948.x

van den Berg B. 2005. The FadL family: unusual transporters for unusual
substrates. Curr Opin Struct Biol 15:401-407. https://doi.org/10.1016/j.sb
i.2005.06.003

Koma D, Hasumi F, Yamamoto E, Ohta T, Chung S-Y, Kubo M. 2001.
Biodegradation of long-chain n-paraffins from waste oil of car engine by
Acinetobacter sp. ) Biosci Bioeng 91:94-96. https://doi.org/10.1263/jbb.9
1.94

Lyu L, Fang K, Huang X, Tian X, Zhang S. 2024. Polyethylene is degraded
by the deep-sea Acinetobacter venetianus bacterium. Environ Chem Lett
22:1591-1597. https://doi.org/10.1007/s10311-024-01708-4

Issue 4

63.

64.

65.

66.

67.

68.

Microbiology Spectrum

Jeon HJ, Kim MN. 2015. Functional analysis of alkane hydroxylase system
derived from Pseudomonas aeruginosa E7 for low molecular weight
polyethylene biodegradation. International Biodeterioration &
Biodegradation 103:141-146. https://doi.org/10.1016/j.ibiod.2015.04.02
4

Kim Y-J, Lee J-S, Park J-A, Kim H-O, Lim KS, Ha S-J. 2024. Biodegradation
of low-density polyethylene by Acinetobacter guillouiae PL211 isolated
from the waste treatment facility. Microbiol Biotechnol Lett 52:189-194.
https://doi.org/10.48022/mbl.2404.04005

Kim HR, Lee C, Shin H, Kim J, Jeong M, Choi D. 2023. Isolation of a
polyethylene-degrading bacterium, Acinetobacter guillouiae, using a
novel screening method based on a redox indicator. Heliyon 9:e15731. h
ttps://doi.org/10.1016/j.heliyon.2023.e15731

lyare PU, Ouki SK, Bond T. 2020. Microplastics removal in wastewater
treatment plants: a critical review. Environ Sci: Water Res Technol
6:2664-2675. https://doi.org/10.1039/DOEW00397B

Tantawi O, Joo W, Martin EE, Av-Ron SHM, Bannister KYR, Prather KLJ,
Olsen BD, Plata DL. 2025. Designing for degradation: the importance of
considering biotic and abiotic polymer degradation. Environ Sci Process
Impacts 27:1303-1316. https://doi.org/10.1039/d5em00079c

Hug LA, Hatzenpichler R, Moraru C, Soares AR, Meyer F, Heyder A, Probst
AJ, Data Reuse Consortium. 2025. A roadmap for equitable reuse of
public microbiome data. Nat Microbiol 10:2384-2395. https://doi.org/10.
1038/541564-025-02116-2

10.1128/spectrum.00054-26 16


https://doi.org/10.1007/s00253-016-7992-8
https://doi.org/10.1128/JB.180.22.5822-5827.1998
https://doi.org/10.1371/journal.pone.0132689
https://doi.org/10.1186/s13568-017-0390-5
https://doi.org/10.1111/j.1462-2920.2009.01948.x
https://doi.org/10.1016/j.sbi.2005.06.003
https://doi.org/10.1263/jbb.91.94
https://doi.org/10.1007/s10311-024-01708-4
https://doi.org/10.1016/j.ibiod.2015.04.024
https://doi.org/10.48022/mbl.2404.04005
https://doi.org/10.1016/j.heliyon.2023.e15731
https://doi.org/10.1039/D0EW00397B
https://doi.org/10.1039/d5em00079c
https://doi.org/10.1038/s41564-025-02116-2
https://doi.org/10.1128/spectrum.00054-26

	Paired genomic and proteomic analysis of Acinetobacter towneri from waste sludge reveals an extensive repertoire of enzymes for breakdown of hydrocarbons
	MATERIALS AND METHODS
	Sample collection
	Enrichment and isolation of Acinetobacter towneri RMS-02
	Whole-genome sequencing, assembly, and annotation
	Phylogomic tree
	Genomic potential for the degradation of fossil-fuel-based and renewable polymers
	Growth experiments
	Proteomic analysis
	Assessment of LMWPE degradation

	RESULTS AND DISCUSSION
	Whole-genome sequencing and annotation of A. towneri RMS-02
	Genome insights into the predicted machinery of A. towneri RMS-02 to metabolize glycans, polyphenols, and short hydrocarbons
	A. towneri RMS-02 produces enzymes enabling utilization of alkanes and ketones derived from an oxidized polyethylene substrate
	A. towneri RMS-02 metabolizes alkanes and 2-ketones but does not degrade high molecular weight PE
	Conclusion



