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Abstract
Recently, there has been increased attention to hydrocarbonoclastic bacte-
ria in the plastisphere. One particular genus, Alcanivorax, is reported in the
biodegradation of several polymers in the literature. In this study, we further
explored the role of Alcanivorax in the early colonization of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH), nylon 6/69, and a
novel plastic B4PF01. Starting from enrichments of a one-year experiment
with a maximum relative abundance of 58.8% of Alcanivorax, two parallel
experiments were set up. One experiment followed growth and activity dur-
ing the first 21 days of plastic incubations, and the other followed the same
parameters on the different material fractions of the plastics, such as leach-
ables and pure polymer. For all plastic types, the highest microbial growth
was associated with the total plastics compared to the other material frac-
tions. A relative abundance of 62.7% of Alcanivorax in the nylon
6/69-enriched community was observed. This, combined with data on activ-
ity, suggests that nylon 6/69 is potentially degraded by this genus. Two iso-
lates were obtained, closely related to A. borkumensis SK2 and Alcanivorax
sp. DG881. The activity and growth of the isolates as axenic cultures resem-
ble their abundance in the community. In conclusion, this study contributes
to the knowledge of the role of Alcanivorax in plastic-enriched communities.

INTRODUCTION

Marine plastic pollution is a worldwide problem, affect-
ing organisms living in aqueous environments as well
as (indirectly) terrestrial life. As their presence implies
interactions between microorganisms and polymer sur-
faces, much research is devoted to plastic colonization
and biodegradation by microorganisms. It is well-
reported that microorganisms in aqueous environments
form biofilms on a variety of solid surfaces, including
plastics. In the case of plastic, this is referred to as
plastisphere (Bryant et al., 2016; De Tender
et al., 2015; De Tender et al., 2017; Dussud

et al., 2018; Jacquin et al., 2019; Kirstein et al., 2019;
Schlundt et al., 2020; Zettler et al., 2013). While it is
clear that microorganisms attached to particulate
organic matter degrade these organic compounds
(Datta et al., 2016; Ebrahimi et al., 2019), the exact role
of microorganisms attached to plastics is not yet eluci-
dated or has even been considered negligible
(Oberbeckmann & Labrenz, 2020). They can be pre-
sent in the plastisphere for (1) attached lifestyle on a
(hydrophobic) physical growth support, (2) chemoattrac-
tion towards leached dissolved organic matter (includ-
ing hydrocarbons), (3) utilization of absorbed organic
matter adsorbed on the surface, (4) metabolic incen-
tives as cheater species or (5) active plastic-
degradation function (Bos et al., 2023; DelacuvellerieValérie Mattelin and Astrid Rombouts contributed equally to this study.
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et al., 2022). Their presence could cover multiple incen-
tives and vary over time as the formation of plasti-
sphere on plastic surfaces occurs in different phases
and microbial successions have been observed (Bos
et al., 2023; Dussud, Hudec, et al., 2018; Schefer
et al., 2023; Wallbank et al., 2022). However, detailed
research on the early stages of microbial colonization
on plastics and the growth dynamics is still missing
(Sun et al., 2023).

Hydrocarbonoclastic bacteria are often reported in
plastic biodegradation studies (Wright, Langille, &
Walker, 2021). Plastics can leach additives or readily
available monomers and oligomers, that can act as an
energy source and as a chemoattractant for some
microorganisms. When these leachables are short
alkanes, there will likely be a selective advantage for
hydrocarbonoclastic bacteria and as such, the marine
microbial community will restructure (Dey et al., 2022;
Focardi et al., 2022; Romera-Castillo et al., 2018).
However, due to the often lipophilic character of some
of the leached compounds, they can also inhibit micro-
bial activity (Costa et al., 2023; Focardi et al., 2022).
Furthermore, it has been suggested that this effect is
only present at earlier stages during microbial coloniza-
tion (Erni-Cassola et al., 2020; Wright, Langille, &
Walker, 2021).

It has been reported that obligate hydrocarbono-
clastic bacteria (OHCB) possess a less restricted meta-
bolic versatility than only hydrocarbon compounds
(Radwan et al., 2019; Yakimov et al., 2022). Alcani-
vorax, as well as other OHCBs such as Oleispira and
Cycloclasticus spp., have numerous enzymes that are
reported to be active on different types of polyesters
and encode other enzymes that potentially can be
active on aliphatic polyesters (Roager &
Sonnenschein, 2019; Yakimov et al., 2022). More spe-
cifically, an Alcanivorax isolate from the North Atlantic
Ocean was capable of degrading polyhydroxybutyrate
(PHB) by PHB depolymerase (PhaZ) (Cao et al., 2022),
and also PHAs in general (Zhang et al., 2024). A differ-
ent species from this genus, Alcanivorax borkumensis,
has been suggested as the primary plastic degrader for
low-density polyethylene (LDPE) in a microbial commu-
nity, utilizing both the leachables and the polymer
(Delacuvellerie et al., 2019; Zadjelovic et al., 2022).
However, the recurring presence of Alcanivorax and
other hydrocarbonoclastic bacteria on different types of
plastic indicates that the full metabolic versatility has
not yet been explored.

Driven by the observation of high relative abun-
dances of Alcanivorax in our enrichments on different
types of plastic (and in controls without plastic) and its
reported active role in the biodegradation of several
other polymers, more effort was put into elucidating its
role in the early colonization of plastics. Additionally, a
distinction was made between the different carbon frac-
tions that are present in plastic, namely, leachables

and pure polymer, to discover the utilization of all frac-
tions as carbon sources.

In short, this research investigates to what extent
the high abundance of the genus Alcanivorax corre-
lates with early colonization (21 days) of different plas-
tic types in both axenic cultures (isolated from the
enriched communities) and as members of an enriched
community (schematic representation is given in
Figure 1). Three types of plastic and associated plastic-
enriched communities were used, namely, (1) B4PF01,
a novel plastic, (2) nylon 6/69, considered a non-
biodegradable plastic (Tokiwa et al., 2009) and
(3) Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBH), a biodegradable plastic (KANEKA Biodegrad-
able Polymer Green Planet™ j KANEKA, n.d.). Next to
growth, four complementary methods were used for
analysing the community composition characteristics,
(1) BONCAT, indicating the proportion of the microbial
community that is actively synthesizing proteins,
(2) FISH, indicating the Alcanivorax population with
high ribosomal content, (3) BONCAT-FACS (fluores-
cent activated cell sorting) combined with 16S rRNA
gene amplicon sequencing of the protein synthesizing
population and (4) 16S rRNA gene amplicon sequenc-
ing of the total community. In addition to the total plas-
tics, a biodegradation experiment, analysing dissolved
organic carbon (DOC) concentration, was set up in
which it was investigated whether the colonization and
biodegradation capability of the enriched microbiome
differs when exposed to leachables versus the pure
polymer, and what role Alcanivorax plays in utilizing
the different carbon sources. Leachables are defined
as the residual monomeric and oligomeric compounds
as the plastics in this study do not contain additives,
the pure polymer is material without leachable com-
pounds in the matrix, and total plastics are the original
material, containing leachable and pure polymer. Last,
the two newly isolated Alcanivorax strains from the
enriched communities were compared to each other
and the original enriched community in terms of
growth rates and metabolic activity. Additionally, it
was verified whether the isolated Alcanivorax strains
were conclusively linked to the original plastisphere,
as confirmed by placing their 16S rRNA gene ampli-
con sequences and the 16S rRNA gene amplicon
sequencing data of the original enrichments in a
phylogenetic tree.

EXPERIMENTAL PROCEDURES

Media preparation and plastic supply

The media used in the setup were mineral salts
medium without carbon, adapted from Stanier et al.
(1966), by elimination of all carbon, ONR7a and marine
broth (MB 2216, Difco). For the mineral salts medium,
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10 mL of a 1 M stock solution of Na2HP04 and KH2P04
was mixed with 3 mL of a 100 g/L stock solution of
(NH4)2S04, 5 mL of a 19.7 g/L stock solution of MgSO4,
5 mL of a 1.150 g/L stock solution CaCl2�2H2O and
5 mL of a trace elements solution (containing 0.640 g/L
ETDA, 0.230 g/L ZnSO4�7H2O, 0.550 g/L FeSO4�7H2O,
0.340 g/L MnSO4�H2O, 0.075 CuSO4�5H2O and
0.025 g/L (NH4)6Mo7O24�4H2O) and diluted in to a total
volume of 1 L in 35 g/L artificial seawater (Instant
Ocean®, Aquarium Systems, Mentor, OH, USA).
ONR7a was prepared following the protocol from
DSMZ (2007). The three different solutions were pre-
pared and sterilized separately, and mixed afterwards.
The pH of solution 1 was adjusted to 7.6 with NaOH.
Solutions 1 and 2 were autoclaved, while solution
3 was sterilized by filtering (0.22 μm).

Model plastic types were chosen to represent three
different categories: (A) novel plastic polymers (received

from B4plastics), (B) non to hard-to-biodegrade plastic
and (C) biodegradable plastic. The polymers used in
this study are a polymer supplied by the company
B4Plastics (Belgium) in category A, Polyamide 6/69
(PA 6/69, trivial name nylon 6/69) for category B and
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) PHBH
(Green Planet™ X331N, Kaneka biopolymers, USA) for
category C. The chemical structure of the former poly-
mer (referred to as B4PF01) is confidential. To increase
biodegradability, it contains 0% ester bonds and 33%
amide bonds.

Plastic enrichments

The enrichment procedure is described in Appendix A.
Samples from these enrichments were taken as inocu-
lum for the experiment described in this article.

F I GURE 1 Experimental plan of this research. (A) Prior to this research, enrichment experiments were conducted with different types of
plastics. By 16S rRNA gene amplicon sequencing, the high relative abundance of the genus Alcanivorax was remarked. (B) The enriched
Alcanivorax species were isolated from the different enrichments and their growth and activity on total plastics was investigated. (C) The
enriched communities were inoculated with total plastics, pure polymer or leachables material fractions. Growth, activity and community
composition were investigated for the plastic-enriched microbial communities and the isolates on total plastics. Growth, activity and
biodegradation by DOC were additionally investigated for the pure polymer and leachable fractions. FC, flow cytometry; FISH: fluorescent in situ
hybridisation; BONCAT: biorthogonal non-canonical amino acid tagging; NGS: next-generation sequencing; DOC: dissolved organic carbon.
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Isolation campaign

Dilution to extinction was performed on the trickling fil-
ter enrichments with B4PF01, and flask enrichments
with nylon 6/69 that showed a high relative abundance
of Alcanivorax (Figure A1). After a total cell count of the
communities stained with SG using Attune™ Nxt flow
cytometer (Fisher Scientific™, Germany), the cells
were diluted in series of 10-, 5- and 2-folds, up to 1 cell/
mL. This was done in autoclaved glass test tubes filled
with 4 mL ONR7a and 1% (vol/vol) C12. To define the
uniformity of the cells, the samples were examined
under the light microscope (Axioscope Zeiss,
Germany). Once two dilution steps were performed in
liquid media, the cells were also inoculated on solid
plates of MB or ONR7a with 10 μL C16 on top. All dilu-
tion steps (four in liquid medium, four on solid ONR7a
and six on solid MB) were performed in a sterile envi-
ronment and all media were autoclaved or 0.22 μm fil-
tered sterilized. In the case of liquid medium, a
negative control was included in every dilution step to
verify whether no contamination was induced. The
incubation took place in the dark for 7 up to 10 days, at
20�C for both solid and liquid media and at 125 rpm for
the liquids. The final classification of the pure cultures
was performed with Sanger sequencing (full 16S, using
universal bacterial primers 27F 50 GAGTTT-
GATCMTGGCTCAG 30 and 1492R 50 GGY-
TACCTTGTTACGACTT 30), after DNA extraction with
phenol/chloroform or colony PCR.

Experimental setup

To obtain different fractions of the plastic, the plastic
was incubated in an instant ocean® medium (salt mix-
ture without phosphates and nitrates mimicking seawa-
ter) for 11 days at 20�C and 125 rpm. We assumed that
the leaching reached a plateau after 11 days, as
reported in other studies (Klaeger et al., 2019; Romera-
Castillo et al., 2018). The polymer was separated from
the building blocks by 0.22 μm filtration and subse-
quently rinsed 3� with instant ocean.

Flasks containing 20 mL mineral medium and 1 g/L
of material fraction (i.e., total plastics, pure polymer or
leachates)were inoculated with 105 cells/mL of the cor-
responding enrichment or isolate. Control flasks con-
tained either only mineral medium, only the carbon
fraction (abiotic control), or only microorganisms (con-
trol without carbon). The flasks were incubated at 20�C
and 125 rpm. For each sampling time point, three repli-
cates were prepared. Samples were vortexed for 30 s
prior to sampling. Samples were taken on specific
days, based on the acquired growth curves, and split in
aliquots for fixation with 0.1% glutaraldehyde, fixation
with 4% paraformaldehyde (PFA 4%) in ratio 1:3
sample:PFA, DNA extraction, dissolved organic carbon

measurements if applicable and for bio-orthogonal non-
canonical amino acid tagging (BONCAT) (Table 1).
Control samples were taken less frequently as they
represented undisturbed control conditions.

Microbial community analyses

Flow cytometry

Flow cytometry analysis of the glutaraldehyde fixed
samples was performed by diluting the samples in
0.22 μm-filtered phosphate-buffered saline (PBS) buffer
and staining with 1 vol% SYBR® Green I (SG, 100�
concentrate in 0.22 μm-filtered DMSO, Invitrogen) for
total cell analysis and staining with 1 vol% SYBR®

Green I (SG, 100� concentrate in 0.22 μm-filtered
DMSO, Invitrogen) mixed with 1 vol% propidium iodide
(PI, 20 mM concentrate in 0.22 μm-filtered DMSO, Invi-
trogen) for intact/damaged cell analysis in three techni-
cal replicates.

Staining was performed with an incubation period of
20 min at 37�C in the dark. Samples were analysed
immediately after incubation on an Attune™ Nxt flow
cytometer (Fisher Scientific™, Germany) equipped with
a blue (488 nm) and a red (637 nm) laser, with Attune
focusing fluid (Fisher Scientific™, Germany) as sheath
fluid. The instrument performance was verified daily
using Attune performance tracking beads (Fisher
Scientific™, Germany).

Bio-orthogonal non-canonical amino acid
tagging (BONCAT)

Samples were incubated with 50 μM L-homopropargyl-
glycine (HPG, 30 mM in Milli-Q™, 0.22 μm filter steril-
ized, Jena Bioscience) as amino acid analogue 3 h
prior to sampling. Up to 200 μL of PFA fixed sample
was vacuum filtered per well in a 96-well filter plate
(MultiScreenHTS GV Filter Plate, 0.22 μm, opaque,
non-sterile, Merck, Belgium), re-suspended in 200 μL
80% ethanol (0.22 μm filter sterilized) and incubated for
5 min at room temperature for dehydration. The ethanol
was then removed through vacuum filtration. The same
steps were repeated with 90% ethanol (0.22 μm filter
sterilized). The cell pellets were re-suspended in
110.5 μL PBS, after which 6.25 μL 100 mM fresh ami-
noguanidine hydrochloride solution, 6.25 μL 100 mM
fresh sodium ascorbate solution and 2.025 μL Click-it
dye mix (Table 2) were added. This cell mixture was
then incubated in a 96-well plate shaker (MB100-4A
Thermo Shaker Allsheng, China) in the dark (25�C,
100 rpm) for 30 min. After incubation, all reagents were
vacuum filtered and the cell pellet was washed three
times with PBS (re-suspended in PBS, vacuum filtered;
3�). Depending on the cell concentration, the cell pellet
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was diluted in up to 200 μL PBS. After this step, flow
cytometric measurements were performed.

Bio-orthogonal non-canonical amino acid
tagging (BONCAT)-sorting

The fixed sample was centrifuged for 5 min at maximal
speed (20,238 rcf), after which the supernatant was
removed. The cell pellet was re-suspended in 200 μL
80% ethanol and incubated for 3 min at room tempera-
ture for dehydration. The sample was centrifuged for
5 min at maximal speed and the supernatant was
removed. The same steps were repeated with 90%
ethanol, but in this case, 1 mL was added to the cell
pellet. The cell pellet was re-suspended in 221 μL
PBS, after which 12.5 μL 100 mM fresh aminoguani-
dine hydrochloride solution, 12.5 μL 100 mM fresh
sodium ascorbate solution and 4.05 Click-it dye mix
(Table 2) were added. This cell mixture was then incu-
bated in a 96-well plate shaker (MB100-4A Thermo
Shaker Allsheng, China) in the dark (25�C, 100 rpm)
for 30 min up to 1.5 h. After incubation, the sample
was centrifuged for 5 min at maximal speed and all
supernatans were removed. The cell pellet was
washed three times with PBS (re-suspended in PBS,
centrifuged; removed supernatant; 3�). Depending on
the cell concentration, the cell pellet was re-suspended
in up to 200 μL of PBS. Counterstaining was performed
with 1 vol% propidium iodide (PI, 20 mM concentrate
in 0.22 μm-filtered DMSO, Invitrogen), 20 min in the
dark. After this step, cell sorting was performed with a
FACS Melody (BD, Erembodegem, Belgium) equipped
with two lasers (488 nm blue and 562 nm yellow/
green), with FACS Sheath (BD, Erembodegem,
Belgium) as sheath fluid. The instrument performance
was verified daily using CS&T RUO beads (BD, Erem-
bodegem, Belgium).

Fluorescent in situ hybridization

Up to 200 μL of fixed sample was vacuum filtered, re-
suspended in 100 μL 100% ethanol and incubated for
5 min at room temperature for dehydration. The ethanol
was subsequently removed through vacuum filtration
after which the cell pellet was air dried. 100 μL of
hybridization buffer at 20% (vol/vol) formamide strin-
gency (Table 3) was added onto the cell pellet together
with 1 μL of the Alcanivorax probe (50 CGA CGC GAC
CTC ATC CAT CA 30, Eurogentec, Belgium). After-
wards, the entire mixture was incubated in the hybridi-
zation oven at 46�C for 3 h. In the meantime, the
washing buffer of the corresponding 20% formamide
stringency (Table 3) was preheated to 48�C. After
hybridization, the mixture was vacuum filtered and the
cell pellet was re-suspended in 100 μL of the preheated

washing buffer. This was incubated for 15 min at 48�C,
followed by vacuum filtration. The cell pellet was re-
suspended in up to 200 μL of PBS. Finally, flow cyto-
metry was performed.

DNA extraction and Illumina sequencing

DNA extraction was performed with the DNeasy Power-
Soil Pro Kit (Qiagen, Germany).

Successful DNA extraction was confirmed by PCR.
The PCR product and the DNA extract were visualized
on a 2% agarose gel. The genomic DNA of the enrich-
ment samples was sent out to LGC Genomics GmbH
(Berlin, Germany) for 16S rRNA gene V3–V4 hypervari-
able regions amplification by PCR using primers 341F
(50-CCT ACG GGN GGC WGC AG-30) and 785Rmod
(50-GAC TAC HVG GGT ATC TAA KCC-30) (Klindworth
et al., 2013), for library preparation and sequencing on
an Illumina Miseq platform with v3 chemistry.

Analytical techniques

Dissolved organic carbon

Samples for dissolved organic carbon were diluted in
Milli-Q water (Merck, Belgium) and filtered over
0.22 μm in AOC-free vials, prepared according to
Hammes and Egli (2005). Samples were analysed in a
Sievers 900 Series Total Organic Carbon Analyser
(GE Analytical instruments, PMT Benelux, Kampenh-
out, Belgium). The oxidizer flow rate was adjusted to
the organic load of the sample. Samples were mea-
sured in four technical replicates.

Data analysis

Amplicon sequencing data

All data analysis was performed in R (version 4.0.3).
The DADA2 R package was used to process the ampli-
con sequence data according to the pipeline tutorial
(Callahan et al., 2016). In the first quality control step,
the primer sequences were removed and reads were
truncated at a quality score cut-off (truncQ = 2).
Besides trimming, additional filtering was performed to
eliminate reads containing any ambiguous base calls
or reads with high expected errors (maxEE = 2.2). After
dereplication, unique reads were further denoised using
the Divisive Amplicon Denoising Algorithm (DADA)
error estimation algorithm and the selfConsist sample
inference algorithm (with the option pooling = TRUE).
The obtained error rates were inspected and after
approval, the denoised reads were merged. Finally, the
ASV table obtained after chimaera removal was used
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for taxonomy assignment using the Naive Bayesian
Classifier and the DADA2 formatted Silva v138.1
(Quast et al., 2013).

Phylogenetic tree construction and
evolutionary placement algorithm

To have a more in-depth characterization of the ASVs
classified as Alcanivorax by Silva v138, the short reads
were inserted into the best full-length reference tree
using the RAxML evolutionary placement algorithm
(EPA) (v 8.2.12) (Stamatakis, 2014) and the epa-ng
algorithm (v0.2.1-beta) (Barbera et al., 2019), analo-
gous to Mariën et al. (2022) and Prévoteau et al.
(2021). The reference tree was built with the best hits
of EZBioCloud (Yoon et al., 2017). A BLAST search of
the ASVs, full 16S, with Pseudomonas abietaniphila as
outgroup. The tree was visualized in iTOL (Letunic &
Bork, 2019).

Statistical data analysis

Further data analysis was performed (R Core Team,
2020) using statistical packages. Phyloseq (v1.22.3)
(McMurdie & Holmes, 2013) was used for amplicon
sequencing data, Phenoflow (v1.1.2) (Props
et al., 2016) for flow cytometry data, growthcurver
(v 0.3.1) (Sprouffske & Wagner, 2016) for growth
parameters and vegan (v2.5.6) (Dixon, 2003) for diver-
sity analysis. The growth model used was the logistic
equation, describing the population size N(t) as a func-
tion of time by Equation (1), using the population size at
the beginning (N0), the carrying capacity (K) and the
growth rate (μ):

N tð Þ¼ K

1þ K�N0
N0

� �
e�μt

: ð1Þ

To assess significant changes due to the imposed
environmental conditions, a t-test was used if assump-
tions were met and Wilcoxon rank sum tests were used
when data was not normally distributed, using a cut-off
of (adjusted) p-value >0.05.

RESULTS

Enriching for plastic-degrading
microorganisms in the marine
environment

Prior to this study, an enrichment experiment was set
up to select for plastic-degrading microorganisms in
the marine environment. Therefore, the indigenous

microbiome of the North Sea (at the coast in Ostend,
Belgium (51�10031.100 N; 3�14000.600 E)) was incu-
bated with different types of plastics as the only car-
bon source in a batch flask experiment. After 1 year
of flask enrichment, some of the mixed cultures (cul-
tures grown on PHBH and B4PF01 plastics) were
transferred to trickling filter bioreactor systems to pro-
mote biofilm growth for 5 months. The community
composition was investigated in both types of enrich-
ments (flasks and trickling filter). A remarkable domi-
nance of the genus Alcanivorax was observed with
58.8% for B4PF01 trickling filter enrichments
(Figure A1B) and 32.9% for nylon 6/69, flask enrich-
ments (Figure A1A).

Microbial growth and activity on different
types of plastic

To obtain insight into the growth of the total microbial
communities on the three plastics (B4PF01, nylon 6/69
and PHBH), the enriched communities (trickling filter
for B4PF01, flask for nylon 6/69 and PHBH) were re-
inoculated in fresh medium at starting concentrations of
1 � 105 cells/mL and monitored using flow cytometry
over an incubation period of 21 days. As carbon
source, three material fractions of these three plastics
were added, to investigate whether the enriched micro-
biome was able to use solely leached compounds, pure
polymer or total plastics.

For the three plastics, growth is observed in all con-
ditions, with the highest cell numbers for the total plas-
tics fraction (4.9 � 106 ± 2.3 � 106 cells/mL for
B4PF01, 1.6 � 107 ± 5.9 � 106 cells/mL for nylon 6/69
and 3.0 � 107 ± 1.1 � 107 cells/mL for PHBH)
(Figure 2). For all plastics, the mean cell concentration
at 21 days is significantly higher for the total plastics
fraction than the other conditions (Wilcoxon test,
p = 0.003 and 0.002, for total plastics fraction of
B4PF01 versus leachables and pure polymer fraction
respectively, and p < 0.001 for total nylon 6/69 and
PHBH versus corresponding leachables fraction, pure
polymer fraction and no carbon), and higher, but not
significantly higher, for B4PF01 versus no carbon con-
trol (Wilcoxon test, p = 0.05). Comparing the microbial
growth on the three types of plastics, PHBH has the
highest carrying capacity (i.e., the maximum microbial
concentration that the medium including carbon source
can carry and sustain), followed by nylon 6/69 and
B4PF01, as determined by the four-parametric logistic
growth model (Table 4). The cell concentrations on
nylon 6/69 at Day 21 are higher for the control without a
carbon source added (no carbon) compared to incuba-
tions with the leachable and the pure polymer fraction.
Controls without microorganisms added confirmed no
to low growth (Figure A2), except for nylon 6/69 pure
polymer incubation (Figure 2).
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When the cell concentrations obtained from the
leachable and the pure polymer fractions are summed,
they add up to the cell concentration in the total plastic

fractions for B4PF01 and PHBH, but not for nylon 6/69
(Figure 3). This is confirmed statistically (Wilcoxon test,
B4PF01: p = 1; nylon 6/69: p < 0.001; PHBH:
p = 0.1694).

To investigate the substrate-dependency of the
microbial communities further, the activity of the cells
was analysed using bioorthogonal non-canonical amino
acid tagging (BONCAT). The incorporation of
amino acid analogues using BONCAT in combination
with flow cytometry can distinguish the individual cells
that actively synthesize proteins from the non-
active ones.

The relative abundance of cells actively synthesiz-
ing proteins of the plastic communities peaks at 90.6%
± 3.1%, 90.8% ± 4.9% and 90.2% ± 6.1% for the total
plastics fraction of respectively B4PF01, nylon 6/69
and PHBH after 4 days of growth (Figure 4). At Day
21, around 50% of the cells are still synthesizing pro-
teins, for all material fractions and types of plastics,
except for leachables (15.1% ± 8.6%) and pure poly-
mer (18.4% ± 17.6%) of nylon 6/69.

F I GURE 2 Cell growth of plastic-enriched communities on different types (B4PF01, nylon 6/69 and PHBH) and material fractions
(leachables, pure polymer and total plastics (i.e., leachables + polymer)) of plastics during 21 days (n = 3, three technical replicates per
biological triplicate as mean value, including standard deviation). ‘Pure polymer control’ indicates the incubation without microorganisms (only
depicted for nylon 6/69, as concentration >105), and ‘no carbon’ indicates incubation of the microbial community without an added (plastic)
carbon source. The gating strategy is shown in Figure A5.

TAB LE 1 Maximum growth rate and carrying capacity of plastic communities on different types of plastics determined by the four-parametric
logistic growth model.

Growth rate (day�1) Carrying capacity (cells/mL)

B4PF01 Nylon 6/69 PHBH B4PF01 Nylon 6/69 PHBH

Total plastics 1.622 0.321 0.181 3.3 � 106 1.5 � 107 3.2 � 107

No carbon 0.301 0.601 0.505 2.5 � 106 3.0 � 106 4.0 � 106

F I GURE 3 Cell concentrations at day 21 of fractions leachable
and pure polymer summed and compared to the fraction of the total
plastic (n = 3, standard deviation is shown).
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F I GURE 4 The average percentage of BONCAT+ cells within the community, indicating protein synthesis, on different types (B4PF01,
nylon 6/69 and PHBH) and material fractions (leachables, pure polymer and plastic (i.e., leachables + polymer)) of plastics during 21 days
(n = 3, three technical replicates per biological triplicate as mean value, including standard deviation). The gating strategy is shown in Figure A7.

F I GURE 5 (A) The average percentage of cells, labelled with the Alcanivorax - FISH probe, compared to the total amount of cells, on
different types (B4PF01, nylon 6/69 and PHBH) and material fractions (leachables, pure polymer and total plastics (i.e., leachables + polymer))
of plastics during 21 days (n = 3, three technical replicates per biological triplicate as mean value, including standard deviation). The gating
strategy is shown in Figure A6. (B) The average relative abundance of the genus Alcanivorax (based on ASVs) present in the whole community
and the protein synthesizing (based on BONCAT-FACS) population determined by 16S rRNA gene amplicon sequencing (n = 3) of the
incubations with the total plastics fraction of different types (B4PF01, nylon 6/69 and PHBH) of plastics.
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Activity of Alcanivorax species in a
plastic-enriched community

To assess the relative abundance of Alcanivorax in the
communities growing on different plastic types and
material fractions, three complementary techniques,
fluorescent in situ hybridisation in combination with flow
cytometry (FISH), bioorthogonal non-canonical amino
acid tagging in combination with cell sorting
(BONCAT-FACS) followed by 16S rRNA gene ampli-
con sequencing and standard 16S rRNA gene
amplicon sequencing, were used.

The Alcanivorax-FISH probe labelled cells signifi-
cantly increased in abundance between Day 0 and Day
21 (from 4.6% ± 4.8% to 13.2% ± 6.3% for B4PF01
(Wilcoxon test, p = 0.005), from 9.5% ± 10.4% to
51.4% ± 8.4% for nylon 6/69 (Wilcoxon test, p < 0.001)
and from 4.5% ± 6.2% to 14.8% ± 5.2% for PHBH
(Wilcoxon test, p = 0.002)) in the incubation with the
total plastics, as well as for leachable (Wilcoxon test,
p < 0.001 for B4PF01, nylon 6/9 and PHBH) and pure
polymer fractions (Wilcoxon test, p < 0.001 for B4PF01,
nylon 6/9 and PHBH) (Figure 5A).

The relative abundance of Alcanivorax-FISH data
on Day 21 is similar to the results from 16S rRNA gene
amplicon sequencing data. The whole community has
a relative abundance of Alcanivorax of 17.9% ± 7.7%
for B4PF01, 62.7% ± 5.5% for nylon 6/69 and 16.0%
± 4.0% for PHBH, whereas the relative abundance of
Alcanivorax in the protein synthesizing fraction of the
population, using BONCAT-FACS is 14.8% ± 7.3% for
B4PF01, 42.96 ± 5.43% for nylon 6/69 and 16.3%
± 3.0% for PHBH (Figure 5B).

The phenotypic diversity of the communities includ-
ing the Alcanivorax-probe labelled cells on the different
types and material fractions of plastics was investi-
gated. The principal coordinate analysis (PCoA) of the
beta-diversity of the FISH data shows phenotypic uni-
formity for the leachable and pure polymer fraction of
all plastic types at the start of the experiment compared
to the total plastics (Figure 6). After 21 days of incuba-
tion, the phenotypic fingerprint changed and less vari-
ance is explained by the first two axes. Within each
material fraction, the beta diversity differentiates
strongly, except for the B4PF01 leachables. On the
other hand, permutational multivariate analysis of vari-
ance using distance matrices resulted in significant dif-
ferences (p < 0.001) between each material fraction
per plastic type.

Alcanivorax ASV behaviour in the
plastic-enriched community

The different amplicon sequencing variants (ASV),
classified as Alcanivorax, were investigated separately,

as they indicate variation within the short sequences,
which might be related to different Alcanivorax species.
The most abundant ASVs present in the communities
growing on the total plastics are ASV4, ASV5 and
ASV6 (Figure 7). By placing the short sequences in a
reference tree with type strains from EZBioCloud, they
show the closest relatedness to Alloalcanivorax mobilis
MT13131 (ASV4), Alcanivorax DS989915_s DG881
(ASV5) and Alcanivorax borkumensis SK2 (ASV6)
(Figure A3). While ASV4 is mainly present in the
B4PF01 and PHBH enrichment, ASV5 emerges in
the nylon 6/69 and, to a much lesser extent, the PHBH
enrichment. ASV6 is mainly present in B4PF01 and
nylon 6/69 enrichment. The abundance and ratio of the
ASVs are dynamic over time. While the relative abun-
dance of the ASVs generally increases for B4PF01 and

F I GURE 6 PCoA of the Bray–Curtis dissimilarity matrix of the
FISH-data, showing beta-diversity of material fractions of
(A) B4PF01, (B) nylon 6/69 and (C) PHBH (n = 3, three technical
replicates per biological triplicate as mean value, including standard
deviation). Minimal cell count cut-off = 500 cells (day 0); minimal cell
count cut-off = 2000 cells (day 21).

ALCANIVORAX’ ROLE IN PLASTIC COLONIZATION 9 of 24ENVIRONMENTAL MICROBIOLOGY

 14622920, 2024, 10, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16698, W
iley O

nline L
ibrary on [21/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



nylon 6/69, it decreases in relative abundance in the
PHBH enrichment over time, especially ASV4. Com-
pared to the control without carbon, B4PF01 has a simi-
lar relative abundance (9.4% vs. 5.2% for ASV4 and
5.4% vs. 7.2% for ASV6, sample and controls, respec-
tively). Nylon 6/69 has a much higher relative abun-
dance of ASV5 and ASV6 compared to the control
(30.4% vs. 2.7% for ASV5 and 29.6% vs. 11.2% for
ASV6, sample and controls, respectively), and PHBH
even has a different ASV composition. Comparing the
BONCAT+ and BONCAT� populations (i.e., cells that
actively synthesize proteins and cells that do not) at
Day 21, the ASVs are more or less evenly distributed in
the BONCAT� and BONCAT+ populations for all plas-
tic types, except ASV6 in the nylon 6/69 community that
has a twice higher BONCAT� relative abundance
(Figure 7B).

Isolation of Alcanivorax species from
plastic-enriched communities

An isolation campaign of the plastic-enriched communi-
ties was set up to obtain pure Alcanivorax strains.
BLAST classification by EZBioCloud resulted in two dif-
ferent species: Alcanivorax sp. DG881 and Alcanivorax
borkumensis (Table 5). The two Alcanivorax species
closest related to Alcanivorax sp. DG881 and
A. borkumensis originated from, respectively, plastics
enrichments with a trickling filter with B4PF01 as carrier
material and a flask enrichment with nylon 6/69
(Figure A1). This result correlates with the ASVs found
in the corresponding incubations (Figure 7 and
Figure A4).

Growth and activity of axenic Alcanivorax
species on plastic

The two Alcanivorax species were grown as axenic cul-
tures on the total plastics fraction, in a similar setup to
the enriched communities. The carrying capacity is dif-
ferent for the different plastic types, with the lowest car-
rying capacity for the A. DG881-like isolate on B4PF01
and the A. borkumensis-like isolate on nylon 6/69
(Table 6). Remarkably, the condition without carbon
reaches similar cell concentrations as the condition with
the biodegradable PHBH, confirmed by a similar carry-
ing capacity (A. borkumensis-like isolate). The maxi-
mum growth rate is the highest for nylon 6/69 (A.
DG881-like isolate) and PHBH (A. borkumensis-like
isolate) (Figure 8).

Dissolved organic carbon (DOC) measures
biodegradation

To give insight into the biodegradation of the total plas-
tic, pure polymer and leachable fraction, DOC was

F I GURE 7 Relative abundance of the 10 most abundant ASVs classified as Alcanivorax within the microbial community during 21 days of
incubation with the total plastics. The whole community (A), BONCAT+ and BONCAT-FACS sorted population (B) are shown. The complete
community composition is given in Figure A4. ‘start’ is the inoculum, and ‘control’ is the incubation without plastics.

TAB L E 2 Isolated strains closest to the EZBioCloud database
and corresponding seawater plastic enrichment.

Closest hit (%
similarity) Enrichment

Name used in
this study

Alcanivorax sp. DG881
(100%)

Trickling Filter A. DG881-like
isolate

Alcanivorax
borkumensis (98.93%)

Nylon 6/69
enrichment

A. borkumensis-
like isolate
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measured. The concentration of leachables measured
at the start was 434 μg/L ppb, 416 μg/L and 467 μg/L
for B4PF01, nylon 6/69 and PHBH, respectively. After
subtracting the DOC from the medium, it was calcu-
lated that the plastics B4PF01, nylon 6/69 and PHBH
leached 273, 308 and 328 μg/L DOC, respectively, over
11 days of sterile incubation. For both B4PF01 and
nylon 6/69, the DOC concentrations over the microbial

incubation period of 21 days decreased, with a concen-
tration of 186 μg/L for B4PF01 and 933 μg/L for nylon
6/69. Similarly, the DOC in the pure polymer incuba-
tions decreased during the 21 days in total 308 μg/L
and 807 μg/L for B4PF01 and nylon 6/69, respectively.
For PHBH, the opposite was noted, namely an increase
in DOC for both leachables and pure polymer towards
450 and 1080 μg/L, respectively (Figure 9).

TAB LE 3 Maximum growth rate and carrying capacity of isolates determined by the four-parametric logistic growth model.

Growth rate (day�1) Carrying capacity (cells/mL)

B4PF01 Nylon 6/69 PHBH Control B4PF01 Nylon 6/69 PHBH Control

A. DG881-like isolate 0.229 1.473 0.185 NAa 1.9 � 106 3.3 � 106 9.6 � 106 NAa

A. borkumensis-like isolate 0.138 0.304 0.583 0.304 2.9 � 106 2.6 � 106 5.1 � 106 5.3 � 106

aErroneous value was acquired for these data points (Sprouffske, 2020).

F I GURE 8 Cell growth of A. DG881-like isolate (A) and A. borkumensis-like isolate (B) on the total plastics fraction of different types of
plastic (n = 3, three technical replicates per biological triplicate, including standard deviation). Control indicates the condition without (plastic)
carbon source. (C, D) Percentage of BONCAT+ cells within the monoculture of A. DG881-like isolate and A. borkumensis-like isolate, indicating
protein synthesis, grown on different types of plastics, measured with BONCAT (n = 3, three technical replicates per biological triplicate,
standard deviation). The smoothing method used was loess, with a standard error given at the 0.95 confidence level. The gating strategy is
shown in Figures A5 and A7.
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DISCUSSION

Quantifying the abundance of Alcanivorax
in plastic communities using three
methods

The average relative abundance of Alcanivorax grow-
ing in plastic communities was calculated using three
complementary methods: fluorescent in situ hybridisa-
tion (FISH), bioorthogonal non-canonical amino acid
tagging in combination with cell sorting followed by 16S
rRNA gene amplicon sequencing (BONCAT-FACS)
and standard 16S rRNA gene amplicon sequencing
(Figure 5). Combining these three techniques allows us
to obtain more insight into the role of Alcanivorax in
terms of relative abundance in plastic-enriched commu-
nities (Table 7). Comparing the percentages of Alcani-
vorax at the start of the experiment on B4PF01 and
nylon 6/69, FISH served as a representative alternative
for standard 16S rRNA gene amplicon sequencing,
indicating mainly active bacteria are present. However,
for PHBH, a relative abundance difference of 23%
using both techniques was observed, which could be
caused by a high abundance of inactive (Karner &
Fuhrman, 1997) or dead Alcanivorax (Li et al., 2017).
When focussing on the percentages of Alcanivorax
after 21 days of growth on B4PF01 and PHBH, FISH
served as a representative alternative for both
BONCAT-FACS+ and BONCAT-FACS� in combina-
tion with 16S rRNA gene amplicon sequencing and
standard 16S rRNA gene amplicon sequencing. Zoom-
ing in on the BONCAT-FACS results, similar percent-
ages of protein synthesizing and non-synthesizing
Alcanivorax were observed, suggesting this genus was
stagnantly present in plastic communities around 15%
(B4PF01 and PHBH). On the other hand, the percent-
age of Alcanivorax on nylon 6/69 tends to decrease at
21 days. More specifically, the fraction of protein syn-
thesizing, i.e., BONCAT-FACS+, Alcanivorax was

around 17% lower than BONCAT-FACS� Alcanivorax.
Additionally, the relative abundance by 16S rRNA gene
amplicon sequencing of Alcanivorax on nylon 6/69 is
11% higher than the FISH result at day 21, whereas
this difference was not observed at day 0. Using these
different measurements enables us to quantify how the
population is divided into protein synthesizing and
non-synthesizing cells and cells with high and low RNA
content, and hint towards functionality.

Material fractions give insights into early
biofilm formation by Alcanivorax

Early biofilm formation (10 days) on plastics is reported
to be dominated by Gammaproteobacteria such as
Alcanivoracaceae (Odobel et al., 2021). Alcanivorax is
furthermore known for biofilm formation in the context
of oil dispersion and biodegradation (Omarova
et al., 2019) and utilizes different morphologies (thick
biofilm phenotype versus a thin dendritic phenotype) to
optimize oil consumption (Prasad et al., 2022). This
suggests that the biofilm has a dual functionality. On
the one hand, it is produced to optimize oil degradation
(through adsorption to the oil–water interface), and on
the other hand for attachment (increasing growth rate).
For the three different plastics, B4PF01, nylon 6/69 and
PHBH, the highest cell concentrations were observed
for the total plastics (Figure 2). This could indicate sub-
optimal conditions when microbial populations grow on
leachable or pure polymer, suggesting the attachment
of the cells on total plastics leads to the utilization of the
easily available carbon source (leaching compounds).
It might be probable that certain degradative enzymes
are only induced upon biofilm formation, leading to
enhanced biodegradation when the cells are attached
(Pete, 2022). The effect of attachment could be easily
investigated by adding non-plastic particles to the
leachable incubation and observing the microbial

F I GURE 9 Dissolved Organic Carbon (DOC) present during incubation of both leachables and pure polymer as carbon source with the
B4PF01-, nylon 6/69- and PHBH-enriched community. Values were subtracted from the values from the control samples (n = 3, four technical
replicates per biological triplicate, standard deviation shown).
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growth and degradation, as has been performed simi-
larly for hexadecane degradation (Pete, 2022). The
plastics in this study, and thus also the leachables, did
not contain additives. However, the lower cell concen-
trations on the leachable fraction could be explained by
its toxicity to the cells.

The differences in growth and activity on the mate-
rial fractions are somewhat reflected in the PCoA ordi-
nation of the diversity of the phenotypic fingerprints
using the FISH data (Figure 6). On the other hand, the
permutational multivariate analysis of variance resulted
in significant differences between each material fraction
per plastic type. Communities tend to evolve from the
initially inoculated planktonic culture to adapt to a ses-
sile or planktonic lifestyle in media with plastics
(Rummel et al., 2021). Sessile lifestyles include small
bacterial aggregates as well as biofilms, and both have
been reported to have similar phenotypes (Sauer
et al., 2022). Incubations without additional carbon
sources or growing on leachables would therefore be
expected to be phenotypically differentiated from the
incubations with pure polymer or total plastics fractions
(Kragh et al., 2023). Nevertheless, the incomplete
removal of biofilm on total plastics or pure polymer
could still cause some bias in the obtained data (Rose
et al., 2020), possibly explaining why the ordination did
not pick up material fractions as an explanation for vari-
ation. Moreover, shifts in relative abundances due to
the different material fractions can cause phenotypic
fingerprints to change (Focardi et al., 2022; Props
et al., 2016).

The differences in Alcanivorax abundances on the
different types of (total) plastics might be linked to
the difference in substrate hydrophobicity during early
colonization (Ogonowski et al., 2018; Wright, Bosch,
et al., 2021). However, substrate specificity is debat-
able and might vary over time, as early biofilm forma-
tion has also been reported to be non-substrate
specific and the surface properties of polymer materials
can change through weathering (Schefer et al., 2023).

Dissolved organic carbon as an indication
for leachable biodegradation

The plastics B4PF01, nylon 6/69 and PHBH leached
0.0273%, 0.0308% and 0.0328% of the total plastic
weight (in sterile conditions). This is only originating
from residual monomeric and oligomeric compounds as
no plastic additives were present. The leached DOC
consists of building block molecules that failed to poly-
merize and remain as oligomers and monomers in the
plastic matrix. For nylon 6/69, the building blocks
ε-caprolactam and hexamethylenediamine have been
reported as biodegradable (Klaeger et al., 2019; Tiso
et al., 2022). The building blocks of PHBH, a known
biopolymer that is biodegradable in seawater, are alsoT
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biodegradable (Eraslan et al., 2022; Wang et al., 2018).
Namely, its major unit (89%–99%), 3-hydroxybutyric
acid, is an intermediate in fatty acid metabolism and its
minor unit (1%–11%), 3-hydroxyhexanoic acid, a pri-
mary metabolite (Human Metabolome Database:
Showing metabocard for ®-3-Hydroxyhexanoic acid
(HMDB0010718), Human Metabolome
Database, 2008; EFSA Panel on Food Contact Mate-
rials, Enzymes, Flavourings and Processing Aids
(CEF), 2016). No biodegradability data is available for
the novel B4PF01 plastic. For every plastic type, the

cell concentrations increased in the leachable incuba-
tions. The cell concentration at Day 21 was significantly
lower than for the total plastics incubations, suggesting
that leachables impair growth as reported in other

TAB LE 5 Overview of sampling time points of the communities regarding different molecular techniques, accompanying sampling time
points for Figures 2, 4 and 5.

Day

Flow cytometry BONCAT FISH

16S rRNA sequencingL PP TP L PP TP L PP TP

B4PF01 0 x x x x x x x x x C

1 x x x x x x C, B+

4 x x x x x x

10 C, B+

14

21 x x x x x x x x x C, B+, B�
Nylon 6/69 0 x x x x x x x x x C

1 x x x x x x x C, B+

4 x

10 C, B+

14 x x x x x x x x

21 x x x x x x x x x C, B+, B�
PHBH 0 x x x x x x x x x C

1 x x x x x x C, B+

4 x

10 C, B+

14 x x x x x x

21 x x x x x x x x x C, B+, B�
Controls 0 LC, PPC (only PA 6/69)

21 NC, LC, PPC, TPC NC NC

Note: Both the enriched communities with different material fractions (leachables (L), pure polymer (PP), total plastics (TP)) and controls (abiotic fraction containing
leachables (LC), pure polymer (PPC) or total plastics (TPC) and biotic fraction without carbon (NC)) are indicated per day. The 16S rRNA gene amplicon sequencing
was performed on the whole community (C) and after cell sorting of the BONCAT� (B�) and BONCAT+ cells (B+). Sampling time points and analyses were based
on the growth phases (starting point, exponential phase and stationary phase) of the original plastic enrichments.

TAB LE 6 Composition of 2.025 μL click-it dye mix for bio-
orthogonal non-canonical amino acid tagging (BONCAT).

Click-it dye mix (2.025 μL)

20 mM CuSO4 (in Milli-Q™, 0.22 μm filter sterilized) 0.625 μL

50 mM THTPA (in Milli-Q™, 0.22 μm filter sterilized,
Click Chemistry Tools, USA)

1.250 μL

Azide dye 0.150 μL

Alexa Fluor™ 647 Azide (AF647) (0.5 mM or 1 mM,
in 0.22 μm-filtered dimethyl sulfoxide, Invitrogen,
USA)

TAB L E 7 Composition of hybridization and washing buffer for
fluorescence in situ hybridization (FISH), for both 20% stringency
and 10 mL.

Hybridization buffer
(10 mL) 20% Washing buffer (10 mL) 20%

5 M NaCl
(autoclaved)

1800 μL 5 M NaCl
(autoclaved)

430 μL

0.5 M Tris/HCl,
pH 8 (autoclaved)

400 μL 0.5 M Tris/HCl, pH 8
(autoclaved)

400 μL

Formamide
(Sigma-Aldrich™,
USA)

2000 μL 0.5 M EDTA
(di-sodium salt)

pH 8.0 (autoclaved) 100 μL

10% (wt/vol) SDS
(0.22 μm filter
sterilized)

20 μL 10% (wt/vol) SDS
(0.22 μm filter
sterilized)

10 μL

Milli-Q™ (0.22 μm
filter sterilized)

5800 μL Milli-Q™ (0.22 μm
filter sterilized)

9060 μL
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studies (Costa et al., 2023; Focardi et al., 2022; Tetu
et al., 2019) and/or the importance of a growth sub-
strate and bacterial attachment for biodegradation.

Combining the cell growth data with the results from
the DOC measurements of the leachables, it is
observed that the DOC decreases during the incuba-
tion for B4PF01 and nylon 6/69 (Figure 9). However,
the decrease in DOC for the leachables is smaller or of
similar magnitude as in the pure polymer incubations.
The decrease could indicate that the labile part of the
DOC from the medium (403 μg/L) is additionally used
as a carbon source. Our results confirm heterotrophic
growth in the pure medium when no carbon source was
added for both the microbial communities and the iso-
lates (Figures 2 and 8). More information on microbial
growth in lower carbon concentrations is found in the
Appendix B. Furthermore, the initial concentration of
leachable DOC alone does not contain sufficient car-
bon to sustain the observed growth of 2.6 � 106 cells/
mL for B4PF01, 1.6 � 106 cells/mL for nylon 6/69
leachables, assuming that the carbon requirement for
microbial growth can be estimated as 1 mg/L DOC per
106 cells/mL and only 60% of the leached DOC is avail-
able for microbial utilization (Romera-Castillo
et al., 2022). Part of the decrease in DOC can also be
attributed to the pure polymer that re-adsorbs DOC
from the medium (Romera-Castillo et al., 2018),
explaining why the DOC decreased to a greater extent
in the pure polymer incubations compared to the leach-
ables. Remarkably, the DOC of the PHBH leachables
increases during the incubation period. As this opposes
the conservation of mass, we assume the DOC mea-
surement is erroneous.

Nylon, a biodegradable plastic or not?

The degradability of nylon is debated, which can be
partially attributed to the different grades of nylon that
exist. For example, nylon 11 is reported as a non-
biodegradable polymer, while nylon 4 is biodegradable
(Tokiwa et al., 2009). This is most probably due to the
difference in hydrophobicity (Min et al., 2020). Further-
more, the degradation test conditions are important. It
has been reported that nylon 6 is used as a carbon and
nitrogen source by landfill isolates (Oulidi et al., 2022;
Tiwari et al., 2024) and marine bacteria in seawater at
35�C (Sudhakar et al., 2007), while in seawater at
25�C, nylon 6 was not biodegraded unless a UV pre-
treatment was used (An et al., 2023). A different issue
of nylon 6 biodegradation has been addressed by Klae-
ger et al. (2019). They describe the misinterpretation of
the biodegradation of nylon 6 by measuring the biodeg-
radation of dissolved organic carbon from leached
residual monomeric and oligomeric content instead of
plastic. Nylon 6 differs from nylon 6/69 in monomer
composition as nylon 6 is a homopolymer of

caprolactam and nylon 6/69 is a copolymer made from
caprolactam and hexamethylenediamine. However, it
was observed that microbial growth on the total plastics
fraction is higher compared to the other fractions com-
bined (Figure 3). Interestingly, the nylon-enriched
community control without carbon has a higher cell
density at Day 21 compared to the leachables and the
pure polymer (Figure 2). Both results challenge the
assumption that nylon biodegradation might be wrongly
concluded from leachate biodegradation (Klaeger
et al., 2019). This statement is strengthened by the
DOC concentration of the nylon 6/69 leachables that
decreases a similar amount for the samples as the abi-
otic controls (Figure 9).

When zooming in on Alcanivorax, this genus has a
very high abundance of around 60% in both the FISH
and the BONCAT-FACS 16S rRNA gene amplicon
sequencing data, compared to its abundance in the
other plastic incubations. Following the degradation
mechanisms of nylon 6,6 (a copolymer made from hex-
amethylenediamine and adipic acid) proposed by
Tiwari et al. (2022, 2024), the release of hydrocarbons
in the degradation process could explain the prolifera-
tion of Alcanivorax sp. (Péquin et al., 2022). The suc-
cess of Alcanivorax to increase in abundance from
undetectable in pristine water to 60%–70% of the
microbial community in oil-polluted seawater (with most
efficient degradation of branched, saturated alkanes)
compared to other hydrocarbonoclastic genera has
been reported before (Cafaro et al., 2013; Hara
et al., 2003). The extracellular enzymes for nylon 6,6
degradation, laccases and peroxidases are encoded in
different Alcanivorax species, amongst others,
A. borkumensis and A. sp. DG881 encodes for peroxi-
dases (GSHPx - Glutathione peroxidase - Alcanivorax
borkumensis (strain ATCC 700651 / DSM 11573 /
NCIMB 13689 / SK2) j UniProtKB j UniProt, GSHPx, n.
d.; (taxonomy_id:236097) peroxidase in UniProtKB
search (15) j UniProt), (Taxonomy ID 236097, n.d.).
Furthermore, some Alcanivorax sp. are capable of
degrading caprolactam (alk1 gene); amongst others,
A. borkumensis. In conclusion, this study strengthens
the assumption that nylon 6/69 can be biodegraded in
an enriched seawater community, favouring Alcani-
vorax and sustaining the growth of Alcanivorax in axe-
nic cultures.

Alcanivorax on plastics, as both axenic
culture and part of the community

The isolates used in our study were closest related to
Alcanivorax sp. DG881 (A. DG881-like isolate) and
Alcanivorax borkumensis SK2 (A. borkumensis-like iso-
late) according to EZBioCloud. Using the same data-
base, the three most abundant ASVs were identified as
Alloalcanivorax mobilis MT13131 (ASV4), Alcanivorax
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sp. DG881 (ASV5) and Alcanivorax borkumensis SK2
(ASV6). By the evolutionary placement algorithm, the
ASVs were placed in a phylogenetic tree, and identi-
cally classified (Figure A3). The ASVs, only consisting
of the V3-V4 region of the 16S rRNA, however, were
differently placed in the phylogenetic tree compared to
the BLAST identification. These short sequences might
not be optimal for correctly classifying the closely
related Alcanivorax sp. DG881 and Alcanivorax borku-
mensis SK2 (Bukin et al., 2019; Dede et al., 2023;
Heather & Chain, 2016). By making a multiple
sequence alignment, the short reads were mapped on
the full 16S sequences. It was indicated that most of
the sequence differences were located outside the V3–
V4 region (4 vs 25 nt difference).

The three plastics used in this study have different
profiles of Alcanivorax ASVs. The incubation with
PHBH is mainly comprised by ASV4 (Alloalcanivorax
mobilis MT13131), while B4PF01 has both ASV4
(A. mobilis MT13131) and ASV6 (Alcanivorax borku-
mensis SK2) and nylon 6/69 has both ASV5 (Alcani-
vorax sp. DG881) and ASV6 (A. borkumensis SK2)
(Figure 7). This can be linked to the properties of the
plastic, such as the presence of ester bonds in PHBH
and amide bonds in B4PF01 and nylon 6/69. Conse-
quently, the performance of A. DG881-like isolate on
nylon 6/69 and A. borkumensis-like isolate on B4PF01
are reflected in the community composition. A.
DG881-like isolate has a higher protein synthesis,
growth rate and carrying capacity on nylon 6/69 com-
pared to A. borkumensis-like isolate (Figure 8). This
can be related to the relative abundance of ASV
5 (Alcanivorax sp. DG881) that increases in abun-
dance to 30% ± 8% (whole community) and 22.8%
± 8% (BONCAT+) at Day 21 (Figure 7A). Further-
more, the population of BONCAT+ cells has a higher
relative abundance of ASV5 than ASV6 (Figure 7B).
Similarly, A. borkumensis-like isolate has a higher pro-
tein synthesis and carrying capacity on B4PF01,
which is reflected in the relative abundance by 16S
rRNA gene amplicon sequencing (Figure 8). In conclu-
sion, the Alcanivorax isolates that were found in the
plastic-enriched communities can grow and actively
synthesize proteins when they are part of a community
and as axenic culture, on plastic. Furthermore, the
results suggest a plastic-specific differentiation and
distribution of the Alcanivorax species that could be
linked to a substrate-specific functional diversity (Miao
et al., 2021).

CONCLUSION

This study aimed to contribute to the understanding of
plastic-enriched communities’ behaviour by investigat-
ing three distinct fractions (leachables, pure polymer
and total plastics) and three different types of plastics

(novel plastics B4PF01, nylon 6/69 and PHBH). Herein,
we focussed on the genus Alcanivorax as part of the
community as well as two axenic cultures, originally
isolated from these communities. From our study, it can
be concluded that Alcanivorax exhibits a preference for
the (total) plastic over leachables and pure polymer
fraction alone when growing in a community setting.
Remarkably, Alcanivorax maintains detectable relative
abundances when no carbon source is present.
Enriched Alcanivorax communities and axenic cultures
grow to comparable cell concentrations in the absence
of a carbon source, suggesting an efficient use of lim-
ited resources. Furthermore, Alcanivorax species
seems to have adapted to chemically different poly-
mers and a different spectrum of ASVs was noted for
different types of plastics. The species specialization is
confirmed by Alcanivorax’s high cell concentrations
and protein synthesis in axenic cultures. Additionally,
our results suggest that nylon 6/69 may be biode-
graded by the community, particularly favouring Alcani-
vorax borkumensis, as evidenced by its dominant
relative abundance in the community and decreasing
DOC concentration. This collective evidence
strengthens the hypothesis that Alcanivorax plays a
main role in the biodegradation of certain plastic types
within enriched communities.
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APPENDIX: METHODS FOR PLASTIC-
ENRICHED MICROBIAL COMMUNITIES A

To enrich microorganisms with the capability to
degrade plastics, the indigenous microbiome of the
North Sea was incubated with plastics as the sole car-
bon source. Seawater was collected at the coast in Ost-
end, Belgium (51�10031.100 N; 3�14000.600 E) on the
22nd of January 2020. The seawater was incubated
with 1 g/L of plastic (PHBH, PA 6/69 and B4PF01) and
every 4 weeks, 10% of the microbial community was
transferred to a new flask containing 22.5 mL of either
mineral salts medium or 10� diluted ONR7a medium
and 1 g/L plastic. The flasks were incubated at 20�C.

DNA samples from both the plastisphere bacteria and
the planktonic cells were taken after 7 transfers
(31 weeks).

To promote biofilm growth, trickling filter bioreactor
systems were used. Trickling filters are very commonly
used bioreactor systems that allow dense biofilm
growth due to the great void space, high porosity (thus
aeration) and higher hydraulic loading (Parker et al.,
1997; Wik, 2003; Buchanan, 2014). The trickling filter
was designed with in-house made, small, PVC cylindri-
cal reactors (diameter 5 cm and height 8 cm). The reac-
tors were filled for 80% with plastic granules (two
replicates with B4PF01 polymer, referred to as F1 and
F2 reactors), with the remaining volume left open for air

F I GURE A 2 Cell growth of plastic-enriched communities on different types (B4PF01, nylon 6/69 and PHBH) and material fractions
(leachables, pure polymer and plastic (i.e., leachables + polymer)) of plastics during 21 days (n = 3, three technical replicates per biological
triplicate as mean value, including standard deviation). Leachables/polymer/plastic control indicates the incubation without microorganisms, and
‘no carbon’ indicates the incubation of the microbial community without an added (plastic) carbon source.

F I GURE A 1 16S rRNA gene amplicon sequencing. The relative abundance of the top 12 genera, based on ASVs of the nylon 6/69, PHBH
and B4PF01 incubations of the plastic-enriched communities (A) flask enrichment and (B) trickling filter enrichment, used as inoculum in this
follow-up experiment. More information on experimental procedures of enrichment is in Appendix A.
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F I GURE A 3 Phylogenetic tree placing the short 16S rRNA gene amplicon sequencing reads in a reference tree, consisting of long 16S type
strain sequences.

F I GURE A 4 16S rRNA gene amplicon sequencing. Relative abundance of the top 15 genera based on ASVs. Samples include the whole
community, the BONCAT+ and BONCAT� FACS-sorted populations.
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F I GURE A 5 Gating strategy of flow cytometry data stained by either Sybr Green I (distinguishes cells from background) or Sybr Green I
+ propidium iodide (distinguished damaged cells and background from intact cells). BL1-H indicates the blue laser (488 nm) and first detector
(530/30 nm) (height value) and measures green fluorescence. BL3-H indicates the blue laser (488 nm) and the third detector (695/40) (height
value) and measures red fluorescence.

F I GURE A 6 Gating strategy for FISH stained cells. Left: PBS control sample included in the full protocol; middle: discrimination between
SG stained cells (all cells) and the background; right: discrimination between the FISH stained (filtered) cells and the non-FISH labelled. FSC-H
indicates the forward scatter (height value). BL1-H indicates the blue laser (488 nm) and first detector (530/30 nm) (height value) and measures
green fluorescence. RL1-H indicates the red laser (647 nm) and the first detector (670/14 nm) (height) and measures red fluorescence.

F I GURE A 7 Gating strategy for BONCAT stained cells. Left: PBS control sample included in the full protocol; middle: discrimination between
SG stained cells (all cells) and the background; right: discrimination between the BONCAT stained (filtered) cells and the non-BONCAT labelled.
SSC-H indicates the sideward scatter (height value). BL1-H indicates the blue laser (488 nm) and first detector (530/30 nm) (height value) and
measures green fluorescence. RL1-H indicates the red laser (647 nm) and the first detector (670/14 nm) (height) and measures red fluorescence.
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supply. A schematic overview is shown below. Mineral
salt medium was trickled over the plastics at a rate of
6 mL/min which resembled a dripping speed. The trick-
ling filter system was set up in a controlled temperature
room at 15�C. The media was initially inoculated with a
mixed culture obtained in previous enrichments, in an
amount of 106 cells/mL. The reactors were run in batch
mode, and every 2 or 1 week(s), fresh mineral salt
media was supplied and inoculated with 10% of the
previous batch. Plastisphere and effluent samples for
amplicon sequencing were taken at the end of each
batch. The reactors were run for 5 batches, with corre-
sponding sampling points at 0, 14, 28, 35, 42 and
56 days for DNA sequencing.

APPENDIX: MICROBIAL GROWTH IN VERY
LOW CARBON CONCENTRATIONS B

Marine microorganisms are used to oligotrophic condi-
tions and are described to grow on limited carbon sup-
ply at high growth rates (Silva et al., 2019). In addition,
copiotroph bacteria are present, that can thrive at high
carbon concentrations (Lauro et al., 2009). When work-
ing with recalcitrant carbon sources such as plastic,
unwanted carbon contamination can influence (selec-
tive) microbial growth and give misleading results.
Practically, working completely carbon-free is very diffi-
cult, as many manipulations, such as autoclaving, gen-
erally add unwanted low concentrations of carbon to
the medium (Andersson et al., 2018). It is reported that,

in drinking water, only a small fraction (0.1%–9%) of
the total organic carbon (TOC) is assimilable organic
carbon, although still a very important factor governing
heterotrophic growth (Hammes & Egli, 2005). The
medium used in this study had a measured 403 μg/L
DOC. Assuming the carbon requirement for microbial
growth can be estimated as 1 ppm DOC per 106 cells/
mL, it could be estimated that this would result in micro-
bial growth of 1.8 � 103 to 1.6 � 105 cells from the
medium alone in this study. This is supported by
the decrease in DOC for the pure polymer incubations
of B4PF01 and nylon 6/69 (Figure 9). Our results fur-
thermore confirm heterotrophic growth in the pure
medium when no carbon source was added for both

the microbial communities and the isolates (Figures 2
and 8). The carrying capacity for the A. borkumensis-
like isolate was calculated to be lower for B4PF01 and
nylon 6/69 compared to the control (Table 3). Although
the fluorescence indicates that PHBH is biodegraded,
with the highest degradation by the community, fol-
lowed by A. DG881-like isolate and A. borkumensis-like
isolate, at the end of the PHBH plastic incubation, the
growth parameters are similar for the plastic and con-
trol, confirming very low rates of plastic biodegradation
by the isolates. For the microbial communities, the car-
rying capacity is higher compared to the control without
carbon (Table 1). The lower carrying capacity for the
isolates on nylon 6/69 and PHBH could confirm the
complexity of plastic biodegradation.
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