
Research Article

Engineering the mangrove soil microbiome
for selection of polyethylene
terephthalate-transforming bacterial consortia

Engineering microbiomes to effectively transform plastics is an exciting research theme in microbiology and biotechnology.

Here, we developed and implemented an approach to artificially select polyethylene terephthalate (PET)-transforming bacte-

rial consortia using mangrove soils. Our results enhanced the ecological understanding of PET transformation and described

putative novel PET-degrading enzymes obtained via genome-resolved metagenomics.
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Highlights
Flooding with seawater and intrusion of
polyethylene terephthalate (PET) parti-
cles have reshaped the mangrove soil
microbiome.

We developed and implemented an
approach to select bacterial consortia
involved in PET transformation.

The obtained consortia mainly comprised
Pseudoxanthomonas winnipegensis,
Brevibacillus spp., andMangrovimarina
plasticivorans gen. nov. sp. nov.

Putative novel PET-degrading enzymes
were detected via genome-resolved
metagenomics.

Evidence suggested that the catabolism
of PET-derived monomers occurs via
co-metabolism across distinct taxa in
the consortia.
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Technology readiness
Engineering microbiomes to transform
plastics is a daunting task. Here,
we reported the development and
implementation of a strategy to select
polyethylene terephthalate (PET)-
transforming microbial consortia from
mangrove soils. The approach can
be broadly applicable using microbial
inocula from divergent terrestrial and
aquatic systems. Details on the
concepts and fundamentals explored
in this study are reported in previous
studies. However, our work reports
laboratory-scale findings, which require
optimization and scalability for potential
use at industrial settings. Thus, most
Mangroves are impacted by multiple environmental stressors, including sea level
rise, erosion, and plastic pollution. Thus, mangrove soil may be an excellent source
of as yet unknown plastic-transforming microorganisms. Here, we assess the
impact of polyethylene terephthalate (PET) particles and seawater intrusion on the
mangrove soil microbiome and report an enrichment culture experiment to artifi-
cially select PET-transforming microbial consortia. The analysis of metagenome-
assembled genomes of two bacterial consortia revealed that PET catabolism can
be performed by multiple taxa, of which particular species harbored putative
novel PET-active hydrolases. A key member of these consortia (Mangrovimarina
plasticivorans gen. nov., sp. nov.) was found to contain two genes encoding
monohydroxyethyl terephthalate hydrolases. This study provides insights into the
development of strategies for harnessing soil microbiomes, thereby advancing
our understanding of the ecology and enzymology involved in microbial-mediated
PET transformations in marine-associated systems.
of these results and findings must be
translated into future research and de-
velopment. In addition, we advocate
the use of techniques able to provide
fine-scale resolution and quantification
of PET degradation in experimental
assays. Finally, advances in microbial
culturing techniques targeting the isola-
tion of members of PET-transforming
consortia can allow the design of mini-
mal synthetic consortia for production
and implementation in biotechnological
processes. Within NASA’s Technology
Readiness Level (TRL) system, we pro-
pose that our strategy has reachedTRL2.
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Introduction
Mangrove ecosystems are biodiversity hotspots that support several ecosystem services, such
as erosion control, protection against storms, and intertidal zone buffering. Mangrove soils
serve as reservoirs of sequestered atmospheric carbon, and their associated microbiomes are
essential for the biochemical cycling of nutrients [1–3]. These dynamic habitats harbor myriad
life forms and are subject to a near-constant input of microbial communities, nutrients, and
plastics from the ocean, which directly can affect their functionality [4]. Despite their importance,
mangroves are threatened worldwide by multiple anthropogenic stressors and global change
factors, including pollution (e.g., oil and plastics), deforestation, land-use change, erosion, nutrient
runoff, sea-level rises, and shifts in temperature and salinity [3,5,6]. Mangrove soils in tropical and
subtropical areas also act as sinks of various fossil fuel-based microplastics (e.g., polyolefins and
polyesters) [7–9]. These plastic particles influence the ecological properties of mangrove soils
by increasing carbon availability, affecting water evaporation, altering the physical structure of
the soil environment, releasing toxic compounds, and serving as vectors for microbial dispersal
[10–12]. Given that mangroves are constantly exposed to human activities, plant-derived poly-
mers, and plastic pollution, mangrove soils have been highlighted as a potential source of alpha/
beta-fold hydrolases and plastic-active microorganisms [13–16]. However, the effects of
microplastic pollution on microbial diversity and metabolic activities in mangrove soils remain
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underexplored [17]. Considering the inherent complexity of these ecosystems and challenges of
in situ experimental studies, controllable and reproducible systems (e.g., microcosms) could be
used to investigate the effects ofmultiple environmental factors (e.g., flooding, drought, and salinity)
on the mangrove soil plastisphere (defined as the soil microbiota under the direct influence of
plastic particles). This may enable a better understanding of how microbes deal with microplastic
pollution in a dynamic and changing ecosystem [18–21].

PET is one of the most abundant thermoplastic polyesters found in mangrove soils and surface sea-
water [9]. Recent evidence revealed that specific microbes decompose PET through a series of cat-
abolic reactions despite being highly recalcitrant, with an estimated half-life of ~2.3 years in a marine
environment [22]. This is a two-step process involving: (i) depolymerization, which is catalyzed by
PET hydrolase (PETase) and monohydroxyethyl terephthalate (MHET) hydrolase (MHETase); and
(ii) intracellular assimilation of PET-derivedmonomers [i.e., terephthalic acid (TPA) and ethylene glycol
(EG)]; this process has been well described in the bacterium Ideonella sakaiensis [23]. Recent efforts
to identify and mine PET- depolymerizing enzymes in natural environments have yielded novel
PETases derived from bacterial phyla, such as Pseudomonadota, Actinomycetota, Bacteroidota,
andBacillota [24–26]. Although specific PET-degrading enzymes have been characterized and sub-
sequently engineered to enhance their catalytic activity in bio-upcycling processes [27–29], informa-
tion regarding the eco-enzymology (i.e., the study of enzymes and their role in microbial interactions
and the modification of surrounding environments) and catabolism of PET by soil-derived microbial
communities remains limited. Therefore, simplified synthetic bacterial consortia have been designed
to improve the transformation of PET and its derived chemical compounds in experimental
settings [30–33]. Unfortunately, these studies did not fully capture the complexity and func-
tional diversity of microorganisms commonly found in soil; however, this can be achieved via
soil microbiome engineering by using top-down strategies to artificially select PET-
transforming microbial consortia [34].

A recent study combined soil microcosms amended with plastics, followed by subsequent liquid
enrichment culture to improve the selection of polyethylene (PE)-degrading microbial consortia
[35]. Furthermore, a long-term enrichment system (~2 years) was required to effectively isolate
PET-degrading bacteria from deep sea sediments [36]. In general, top-down strategies comprise
three interlinked processes: (i) enrichment; (ii) artificial selection; and (iii) directed evolution [37].
During the enrichment process, natural communities are forced to survive under specific culture
conditions (e.g., using a sole carbon source), allowing the progressive selection of the fittest
species. In this process, a rational modification of culture conditions may optimize the selection
of communities with the desired functions [38,39]. This enrichment process is common for the
selection of plant biomass-degrading microbial communities [40,41]. Next, during artificial se-
lection and directed evolution processes, the best-performing microbial communities are used
as seeds to start a new growth cycle that generates offspring consortia with enhanced perfor-
mance [34,37,42].

This study combined a microcosm experiment with a top-down strategy to evaluate the impact
of PET particles on the mangrove soil microbiome in the presence or absence of seawater and
to select PET-transforming microbial consortia using an enrichment culture experiment. Our
findings provide new insights for an improved understanding of the mangrove soil plastisphere
under distinct environmental scenarios. Additionally, we report the development of PET-
transforming bacterial consortia using an artificial selection approach, which resulted in the
identification of putative novel PET-depolymerizing enzymes and two novel bacterial taxa. Finally,
we provide genomic evidence for a cooperative/labor division strategy of taxa enriched in the
bacterial consortia, which has direct implications for PET transformations.
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Results and discussion
Effects of multiple factors on the mangrove soil microbiome
A microcosm experiment was performed to evaluate the effects of amorphous PET copolyester
particles (<5 mm in size) on the mangrove soil microbiome along with two environmental factors.
First, the inclusion of seawater was used to mimic the sea-level rise, a factor that directly affects
the input of external nutrients and the dispersal of microbial taxa. Second, the time of incubation
(i.e., 30 and 90 days) at 30°C was used to generate a gradient of soil desiccation that may be
expected with shifting flooding events and precipitation regimes under projected climate change
scenarios (Figure 1A).

Our results showed that seawater input had a major impact on the mangrove soil microbiome
structure, resulting in a distinct microbial community after 90 days of incubation (Figure 2A).
This occurred due to the shift in abiotic conditions combined with the input of taxa via dispersal
Barú, Colombia
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Figure 1. Schematic of the experimental approaches in this study. (A) A mangrove soil microcosm experiment was set up to assess the effects of polyethylene
terephthalate (PET) particles and seawater (SW) intrusion on the soil microbiome after 30 and 90 days of incubation at 30°C. Soil desiccation was evident after
90 days. (B) A top-down selection strategy was used to develop PET-transforming bacterial consortia from a perturbed mangrove soil microbiome. T1–T6 refer to the
transfer number in the dilution-to-stimulation approach. T3R3 refers to replicate 3 in transfer 3. Microbial transformation of PET was evaluated after T6 using Fourier-
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). Abbreviations: MSM, mineral salt medium; TE,
trace elements solution; VS, vitamin solution.
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Figure 2. Bacterial and fungal community analysis in the soil microcosm experiment. (A) Canonical analysis of principal coordinates (CAP) of Bray–Curtis
distances of bacterial and fungal communities. Circles indicate samples with seawater input; triangles indicate samples without seawater input; red and yellow circles
and triangles indicate microcosm samples with the inclusion of polyethylene terephthalate (PET) microparticles; blue and green circles and triangles indicate samples
with no PET particles. (B) Heat-map of normalized relative abundance (z-score) of selected amplicon sequence variants (ASVs; columns) that explained variations
between PET and non-PET-added soil microcosms (rows). ASVs belonged to other taxa are unlabeled. A significantly differentially abundant taxon, namely ASV422, is
indicated by an arrow. (C) Log-fold change values of the significantly differentially abundant fungal ASVs in the PET-added microcosms. Fungal ASVs without confident
taxonomic assignment are indicated in gray. (D) Co-occurring bacterial and fungal networks comparing all soil microcosms after 90 days of incubation against the
in situ mangrove soil communities. The numbers inside the boxes correspond to the number of edges (a proxy value of complexity). (E) Comparison of log2-fold
change values of the significantly differentially abundant bacterial ASVs in the microcosms between 90 and 30 days of incubation. Abbreviations: DFA, differentially
abundant; NSW, non-seawater; SW, seawater.
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(i.e., ‘community coalescence’), a phenomenon that remains overlooked in mangrove soils
ecosystems but may have a pivotal role in buffering microbial diversity and restoring key functions
after an environmental perturbation [43–46]. Although the input of PET particles did not lead to
large shifts in bacterial community structure, there were significant differences (P = 0.003, R2 =
0.042) between the control and PET treatments. These differences were more pronounced for
fungal communities (P = 0.0003, R2 = 0.063). Owing to the short timeframe of our experiment
and recalcitrance of PET, the changes observed were likely associated with the physical modifi-
cation of soil structure rather than to the presence of PET as an external carbon source [47].
4 Trends in Biotechnology, Month 2024, Vol. xx, No. xx
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Differential abundance analysis revealed 32 bacterial amplicon sequence variants (ASVs), which
explained the differences between the negative controls and PET treatments. Most ASVs were
affiliated to the orders Actinomarinales, Mycobacteriales, Flavobacteriales, and Rhizobiales. Of
these, only one ASV (belonging to the Methyloligellaceae) was significantly enriched in the PET-
added microcosms (DESeq2; P <0.0001) (Figure 2B). Notably, members of this family are colo-
nizers of various types of plastic in marine environments [48–50]. We also observed a significant
enrichment of fungal ASVs in PET-added microcosms, most of which were assigned to unknown
taxa (Figure 2C). Furthermore, a co-occurrence network analysis suggested that, compared with
in situ soil communities, the complexity of bacterial communities (defined herein as the number of
edges and nodes) was reduced in the microcosms after 90 days of incubation; this decrease in
complexity was most evident in treatments without seawater. By contrast, the complexity of
fungal communities increased in the microcosms containing seawater after 90 days of incubation
(Figure 2D and Table S1 in the supplemental information online). Interestingly, seven ASVs,mostly
belonging to halophilic bacterial genera (e.g., Halobacillus and Thalassobacillus), were signifi-
cantly enriched (DESeq2; P <0.00001) across all treatments after 90 days of incubation
compared with those after 30 days of incubation (Figure 2E). This suggested that drought condi-
tions intensified over time in our soil microcosms, resulting in a greater effect of salinity as
a variable imposing selection on specific salt-adapted bacterial taxa. That is, soil desiccation in-
creased salinization in the microcosms, which imposed an environmental filtering effect on
bacterial and fungal taxa and their interactions [20], thereby potentially changing the landscape
of the co-occurrence network. However, it is plausible that seawater intrusion exerts an effect
on fungal interactions, which may be caused by the dispersal of taxa into the system [51].

Artificial selection of microbial consortia involved in PET transformation
To artificially select microbial communities capable of PET degradation, the microbiota from the
microcosm incubated for 90 days with PET particles and seawater was used as the inoculum
source for subsequent enrichment liquid cultures containing PET as the sole carbon source.
This microbial inoculum was selected based on its longer exposure time to PET particles and
higher bacterial complexity compared with other treatments (Figure 2D). This reshapedmangrove
soil microbiota was subjected to individual-level selection using sequential growth cycles
[34,38,40] over six transfers (T1–T6), with specific shifts in culture conditions (Figures 1B
and 3A; see STAR★METHODS).

During T1, no significant cell growth [based on optical density at 600 nm (OD600)] was observed
compared with the negative controls (Figure 3A). Therefore, we added peptone (a protein
hydrolysate) to T2 to favor microbial growth in the presence of PET particles. The addition of
protein hydrolysate to culture media was originally reported for the selection of poly(butylene
adipate-co-terephthalate)-degrading microbial consortia [52]. Compared with the microbial inoculum
from the soil microcosm (i.e., SW_PET 90 days), bacterial alpha diversity was reduced after T2
(Figure 4A). The inclusion of peptone increased the cell density and relative abundance ofPseudomo-
nas and Sphingobium spp. within the selected community after 27 days of incubation at 30°C
(Figures 3A and 4B). Peptone was not added during T3, and the microbial populations showed re-
duced growth compared with that during T2 but higher growth compared with that during T1.
After T3, peptone was depleted due to its consumption and subsequent dilutions along the transfers.

Subsequently, the biological replicate with the highest growth (i.e., replicate 3, R3) was used as a
microbial seed for subsequent growth cycles at 40°C. This increase of 10°C aimed to enhance
microbial activity and PET flexibility, thereby favoring plastic degradation and growth [53]. Eight
biological replicates were set up at T4, and similar absorbance values were observed compared
with those at T3 after 14 days of incubation (Figure 3A). Then, the community structure trajectories of
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Figure 3. Analyses during the artificial selection of polyethylene terephthalate (PET)-transforming bacterial consortia. (A) Values of the growth [optical density
at 600 nm (OD600)] of microbial communities within each transfer during the top-down selection strategy. From T1 to T3, three biological replicates (in blue) were present
compared with the negative control (flask without microbial source indicated by a black line). Replicate R3 is shaded with red dots. From T4 to T6, eight biological replicates
(in red) derived from replicate 3 (R3) after T3. Microbial consortia R4T6 and R8T6 are shaded with yellow dots. Black arrows on the y-axis indicate the scale increase up to
0.4. (B) Profiles of Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). Red and blue broken lines
represent data from PET particles obtained in T6 after 27 days of incubation with R4T6 and R8T6 bacterial consortia, respectively. PET_0 and PET_C refer to negative controls.
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replicate R4 (the best-performing consortium based on OD600) were compared with those of other
replicates communities. The bacterial community structure drastically changed after T4 (Figure 4C),
with increases in the relative abundance of Alcanivorax, Paenibacillus, and Pseudoxanthomonas
spp. (Figure 4B). Alcanivorax spp. are some of the most studied oil-degrading microorganisms
and can potentially biodegrade PE, polypropylene (PP), and PET [36,54,55].

During T5, the incubation period was prolonged to 56 days to enhance microbial growth rates,
thereby favoring slow-growing bacterial species. However, there was no significant increase in
the absorbance values after 35 days of incubation (Figure 3A). This prolonged incubation period
favored an increased relative abundance of Brevibacillus sp., Cellulosimicrobium sp., and
members of the Rhizobiaceae, especially in R4 (Figure 4B). A relatively longer incubation time
often favors the growth of oligotrophic and slow-growing bacterial taxa [56,57] that are potential
PET degraders. However, excessively long incubation timesmay enhance the growth of microbial
6 Trends in Biotechnology, Month 2024, Vol. xx, No. xx
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Figure 4. Bacterial diversity analysis from the resulting polyethylene terephthalate (PET)-transforming consortia. (A) Bacterial alpha diversity [number of
amplicon sequence variants (ASVs) and Shannon index] during the successive transfers of the top-down selection strategy. Each bar represents biological replicates of
the initial inoculum in the microcosm (SW_PET 90 days) and the sequential transfer (T1–T6). (B) Genus-level relative abundance of the taxa in the sequential transfers
during the artificial selection strategy. Colored arrows (right) indicate the most abundant taxa after T6. (C) Principal coordinate analysis (PCoA) plot based on weighted
UniFrac distances showing the bacterial community similarity between soil inoculum (SW_PET 90 days) and the selected bacterial consortia along the transfers (T1–T6).
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species that are not directly associated with PET transformations, such as those related to the
consumption of byproducts (e.g., dead cells) generated in the system [34]. Beta-diversity analysis
(Figure 4C) revealed that the enriched bacterial communities from T5 and T6 were similar, sug-
gesting that the consortia had reached an equilibrium state. However, subsequent transfers
can likely reshape the community structure due to stochastic process (e.g., priority effects and
ecological drift of low abundant taxa).

During T6, the absorbance values were >0.24 for R4 and R8 after 14 days (Figure 3A), indi-
cating increased growth over the incubation period. After T6, 28 and 35 bacterial ASVs were
obtained from R4 and R8, respectively. Based on the relative abundance of 16S rRNA genes,
these two bacterial consortia (referred to hereafter as R4T6 and R8T6) comprised primarily
Pseudoxanthomonas sp. (average, 60%) and Brevibacillus sp. (average, 20%) (Figure 4A,B).
Although Pseudoxanthomonas has not yet been described as a PET-depolymerizing microor-
ganism, recent evidence indicated its ability to grow in consortia on chemically deconstructed
Trends in Biotechnology, Month 2024, Vol. xx, No. xx 7
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PET [58,59]. Furthermore, according to a previous study, a consortium mostly comprising
Brevibacillus spp. transformed PE and PP [60].

Evidence of PET biotransformation
After the growth of the R4T6 and R8T6 consortia, the remaining PET particles were collected to
evaluate structural changes in the polymer via Fourier-transform infrared spectroscopy (FTIR), ther-
mogravimetric analysis (TGA), and differential scanning calorimetry (DSC) (see STAR★METHODS).
FTIR has been used previously to evaluate PET degradation mechanisms in marine systems [61].
When using FTIR, an increase in the carbonyl-index is interpreted as a signal associated with PET
biodegradation [62]. In addition, changes in temperature associated with weight loses (as detected
by TGA) also indicate plastics transformation [63], whereas variation in the glass transition
temperature (detected by DSC) can indicate deconstruction in polymeric chains [62].

In our study, the FTIR spectrum showed distinctive peaks of PET, and the ratio of the absorbance
peak in the 1715 cm−1 band to the peak at 1505 cm−1 (i.e., carbonyl-index) was increased in
R8T6 (8.0) compared with that in the control containing PET in a cell-free culture medium
(PET_C; 6.1) and the control containing untreated PET (PET_0; 6.5) (Figure 3B), suggesting struc-
tural modification of the polymer. As expected, TGA showed that all PET samples exhibited a
large weight loss at ~430°C, corresponding to the thermal decomposition of PET [64]. Compared
with the negative controls, this temperature was slightly reduced for PET from R4T6 (426.7°C).
DSC analysis showed a reduction in glass transition temperatures in R4T6 (79.7°C) and R8T6
(81.6°C) compared with those in PET_0 (83°C) and PET_C (82.1°C).

Collectively, our results indicated the increased mobility of PET chain segments and slight trans-
formation of PET due to microbial activity of the consortia (Figure 3B). However, this evidence is
indirect and not enough to support the complete PET biodegradation (i.e., polymer deconstruc-
tion and assimilation of monomers). Recently, several methods have been used to explore PET
biotransformation (e.g., microscopy, microbial growth, thermal analysis, weight losses, and
detection of monomers). Each of these approaches have pros and cons that must be considered
carefully [65]. Unfortunately, there is still not a golden standard protocol to investigate plastics
transformation [11]. However, to obtain direct evidence of complete PET biodegradation the
use of isotopic labeling (e.g., stable isotope 13C-labeled PET) is recommended [65,66].

Analysis of metagenome-assembled genomes from the PET-transforming bacterial consortia
Metagenome sequencing of R4T6 and R8T6 microbial consortia yielded a total of 11.71 and
12.76 Gbp, respectively. Taxonomic classification using themetagenome classifier Kaiju revealed
that ~85% of the sequences were associated with Xanthomonadales, while the remaining reads
were affiliated with Bacillales, Rhizobiales, Mycobacteriales, and other bacterial orders. These
two bacterial consortia were also subjected to a genome-centric metagenomic analysis, resulting
in the recovery of three and seven high-quality metagenome-assembled genomes (MAGs)
(i.e., completeness ≥90% and contamination ≤5%) from R4T6 and R8T6, respectively. Approxi-
mately 97% of R4T6 and R8T6 raw sequences were mapped to these ten MAGs, indicating the
reconstruction of an important fraction of the entire bacterial consortia. The DNA G+C content,
number of protein coding genes, and other genomic features are summarized in Table 1.

Taxonomic assignment based on average nucleotide identity (ANI) values revealed that most
MAGs belonged to known species (Table 1), with three MAGs representing novel species of the
genera Kaistia and Mesorhizobium [Mesorhizobium_H in Genome Taxonomy Database (GTDB)].
Based on read counts per kilobase (of genome) per million (bases of recruited sequences)
(RPKM median values), the most abundant member in R4T6 was Pseudoxanthomonas
8 Trends in Biotechnology, Month 2024, Vol. xx, No. xx
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Table 1. Features of high-quality MAGs derived from R4T6 and R8T6 bacterial consortiaa

MAG ID RPKM Completeness Contamination No. of
contigs

Genome size
(Mbp)

No. of
proteins

GC Taxonomy classificationb CP genome CP
ANI

R4T6

MAG_4_P4 206.7 95 1.7 93 4.993252 4951 0.52 Brevibacillus borstelensis GCF_003710865.1 99.51

MAG_5_ P4 222.6 99.66 0.43 39 4.435419 3764 0.69 Pseudoxanthomonas
winnipegensis

GCF_004284195.1 97.56

MAG_9_P4 191.1 99.55 0.55 30 4.586290 4393 0.63 Mesorhizobium sp. GCF_009749525.1 83.37

R8T6

MAG_001_P8 222.6 99.66 0.43 66 4.428494 3763 0.69 P. winnipegensis GCF_004284195.1 97.54

MAG_11_P8 115.8 96.64 0.95 278 4.551535 4444 0.68 Kaistia sp. GCA_017307955.1 93.51

MAG_0_P8 185.4 99.73 1.84 63 5.544610 5302 0.54 Brevibacillus agri GCF_004117055.1 99.2

MAG_004_P8 144 99.81 0.63 98 6.269040 6084 0.66 Mycolicibacterium fortuitum GCF_000295855.1 98.64

MAG_005_P8 142.9 99.83 1.79 166 5.803327 5304 0.65 Rhodopseudomonas
pseudopalustris

GCF_003591005.1 97.37

MAG_14_P8 172.3 100 0.67 384 4.334234 4055 0.75 Cellulosimicrobium funkei GCF_004519295.1 97.26

MAG_11A_P8 203.5 99.55 0.55 29 4.603441 4404 0.63 Mesorhizobium sp. GCF_009749525.1 83.39

aAbbreviations: ANI, average nucleotide identity; CP, closest placement; RPKM, read counts per kilobase (of genome million (bases of recruited sequences).
bTaxonomic classification performed via ANI using the GTDB database.
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winnipegensis, whereas in R8T6,P.winnipegensis, Brevibacillus agri, andMesorhizobium sp.were
the most dominant (Table 1). Interestingly, MAGs belonging to P. winnipegensis (MAG5_P4 and
MAG001_P8) and Mesorhizobium sp. (MAG9_P4 and MAG11A_P8) were found in both
biological replicates, suggesting these organisms as key players in PET catabolism. In fact, ASVs
classified as Mesorhizobium were reported as enriched in a terephthalate-consuming consortium
[58]. Additionally, MAGs belonging to Cellulosimicrobium funkei, Kaistia sp., Mycolicibacterium
fortuitum, and Rhodopseudomonas pseudopalustris were detected in R8T6 (Table 1).
Rhodopseudomonas sp. has been reported to have the enzymatic potential to break down
polyesters and to colonize and degrade PE films [67,68].

As mentioned earlier, MAGs affiliated with Kaistia sp. andMesorhizobium sp. showed ANI values
<95% against the closest representative genomes in GTDB (Table 1), thus representing novel
bacterial species. The average amino acid identity (AAI) scores revealed a distant relationship of
MAG9_P4 and MAG11A_P8 with Mesorhizobium oceanicum (GCF_001889605.1, 64.38%)
and Nitratireductor arenosus (GCF_009742725.1, 63.26%), suggesting that these taxa
belonged to a novel genus within the order Rhizobiales [P = 0.0018, highest taxonomic rank
withP≤0.01 based on theMicrobial Genomes Atlas (MiGA)]. This was supported by theGTDB clas-
sification, which placedMAG9_P4 andMAG11A_P8 alongwith ‘Mesorhizobium xinjiangense’ into a
distinct genus,Mesorhizobium_H (Table 1). In addition, a low digital DNA–DNA hybridization (dDDH)
value (25.5%) was obtained against ‘M. xinjiangense’ lm94T. According to the phylogenomic trees
based on Genome BLAST Distance Phylogeny (GBDP) distances (Figure S1 in the supplemental in-
formation online) and 120 concatenated single-copy protein genes (Figure 5A), MAG9_P4
and MAG11A_P8 were closely related to Nitratireductor mangrovi SY7 (Nitratireductor_D
sp007922615 in GTDB) and formed a well-supported cluster with ‘M. xinjiangense’ lm94T
(Figure 5A). ‘M. xinjiangense’ lm94T was isolated from the rhizosphere soil of Alhagi sparsifolia
[69], a shrub species that thrives in saline and desert soils in China [70]. Moreover, Nitratireductor
species have been frequently found in mangroves or polluted saline soils [71–73]. These previous
reports support the hypothesis that the proposed novel genus is adapted to saline soils, such as
those in our microcosm experiment. Furthermore, phylogenomic trees supported the affiliation of
another novel species found in this study, represented by MAG11_P8, with the Kaistia genus
(Figure 5B and Figure S1). Thus, based on the genomic characteristics and phylogenetic analyses,
MAG11_P8 and MAG pair MAG9_P4/MAG11A_P8 are likely to represent novel species, for which
the following names are proposed: Kaistia cartagenensis sp. nov. (typematerial genome sequence
GCA_963966455 deposited in GenBank) and Mangrovimarina plasticivorans gen. nov., sp. nov.
(type material is a genome sequence GCA_963966365 deposited in GenBank), respectively.

All species and genus names proposed in this study have been submitted to the SeqCode
registry [74] under register list https://seqco.de/r:ayug-nu6; and their etymology is as follows:
(i) K. cartagenensis (car.ta.ge.nen’sis. N.L. fem. adj. cartagenensis, pertaining to Cartagena
de Indias, the city close to Barú peninsula, where the mangrove soil samples were taken to build
up the microcosms experiment); (ii) Mangrovimarina (Man.gro.vi.ma.ri’na. N.L. neut. n. mangovum,
a mangrove; L. fem. adj. marina, marine; N.L. fem. n. Mangrovimarina, referring to an organism
found in mangrove soils with seawater impact); and (iii) M. plasticivorans (plas.ti.ci.vo'rans. N.L.
neut. n. plasticum, plastic; L. pres. part. vorans, devouring, destroying; N.L. part. adj. plasticivorans,
plastic devouring, referring to ability of an organism to catabolize plastic).

Interactive bacterial catabolism of PET-derived monomers
To elucidate the functional role of each species within the R4T6 and R8T6 bacterial consortia, we
searched for genes involved in PET catabolism for each MAG (Figure 6A and Table S2 in the sup-
plemental information online). None of the MAGs harbored close gene homologs to K21104
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Figure 5. Phylogenetic position of novel metagenome-assembled genomes (MAGs). (A) MAG9_P4 and
MAG_11A_P4. (B) MAG_11_P8. The maximum-likelihood trees were inferred using the concatenated alignment of 120
single-copy proteins among the closely related members of the Rhizobiaceae (A) and Kaistiaceae (B), using IQ-TREE and
genomic sequences from Genome Taxonomy Database (GTDB) RS-R214. Trees were rooted with outgroups (not shown)
and visualized using iTOL.

Trends in Biotechnology
OPEN ACCESS
(PETase from I. sakaiensis) and K18075 (terephthalate 1,2-dioxygenase oxygenase; gene
tphA3). However, MAG9_P4 and MAG11A_P8 (from novel species M. plasticivorans) contained
two proteins homologous to K21105 (MHETase from I. sakaiensis) (Figure 5A). These two puta-
tive MHETases were compared via BLASTwith the National Center for Biotechnology Information
(NCBI) database, and the best matches corresponded to a tannase/feruloyl esterase family
alpha/beta hydrolase (64% and 82% identity against WP_157015687, respectively). Based on
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) assignments,M. plasticivorans
and R. pseudopalustris have the genomic potential to catabolize TPA into protocatechuic acid
(Figure 6A,B and Table S2) because they harbor tphA (K18074 and K18077) and tphB (K18076)
[75].Rhodopseudomonas sp. andMesorhizobium sp. have been reported to be significantly enriched
in consortia that grow on PET-derived substrates [76]. Interestingly, only M. fortuitum contained
homologous proteins (propanediol dehydratases; K13919 and K13920) involved in the conversion
of EG into acetaldehyde (Figure 6A, and Table S2), suggesting its importance as a specialist in
the R8T6 consortium. In addition, P. winnipegensis, M. plasticivorans, R. pseudopalustris, and
K. cartagenensis contained homologous proteins involved in the conversion of EG into glycolaldehyde.
Furthermore, in the MAGs associated with Brevibacillus spp. (i.e., MAG4_P4 and MAG0_P8), we
found homologous proteins involved in the conversion of TPA-cis-1,2-dihydrodiol and glycolaldehyde
(Figure 6A,B and Table S2). Collectively, these findings suggest that the catabolism of PET-derived
monomers in R4T6 and R8T6 occurs via interactive metabolic processes across distinct taxa. Similar
Trends in Biotechnology, Month 2024, Vol. xx, No. xx 11
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MAG ID Taxa MHET TPA EG ACD GAD
MAG_4_P4 Brevibacillus borstelensis 0 1 0 1 16
MAG_5_ P4 Pseudoxanthomonas winnipegensis 0 2 5 7 10
MAG_9_P4 Mangrovimarina plasticivorans 2 3 1 4 32

MAG_001_P8 Pseudoxanthomonas winnipegensis 0 2 5 7 10
MAG_11_P8 Kaistia cartagenensis 0 1 3 4 24
MAG_0_P8 Brevibacillus agri 0 0 0 0 21

MAG_004_P8 Mycolicibacterium fortuitum 0 1 6 7 38
MAG_005_P8 Rhodopseudomonas pseudopalustris 0 3 4 7 23
MAG_14_P8 Cellulosimicrobium funkei 0 0 0 0 12

MAG_11A_P8 Mangrovimarina plasticivorans 2 3 1 4 32
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Figure 6. Analysis of polyethylene terephthalate (PET)-transforming enzymes obtained from the bacterial consortia. (A) Number of genes involved in PET
catabolism within metagenome-assembled genomes (MAGs) retrieved from R4T6 and R8T6 bacterial consortia. Genes were detected via KofamKOALA functional annotation
using Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) identifiers and a cutoff of 100 in the Hidden Markov Model scores. (B) Schematic of PET catabolism
within the R4T6 and R8T6 consortia and the species involved in each step. This figure was constructed using the KEGG functional annotation [displayed in (A)] and the
annotation obtained using the Plastic-Active Enzymes (PAZy) database. Each color represents a genus that matches with the colors in (A) (i.e., blue, Pseudoxanthomonas;
green,Mesorhizobium; pink, Brevibacillus; orange,Mycolicibacterium; yellow, Rhodopseudomonas; black, Kaistia; brown, Cellulosimicrobium). Circle sizes represent the relative
abundance of each MAG within the R4T6 and R8T6 consortia. (C) Phylogenetic tree of the predicted PET hydrolases (PETases) found in the MAGs from the R4T6 and R8T6
consortia. Colors represent the bacterial origin of the enzyme (as mentioned earlier). The bootstrap consensus tree was inferred from 1000 replicates. Branches corresponding
to partitions reproduced in <50% bootstrap replicates were collapsed. (D) Sequence similarity network (SSN) of experimentally confirmed PET-active hydrolases found by
Erickson and colleagues [25], including IsMHETase [23], GlacPETase [26], and putative active PETases and monohydroxyethyl terephthalate (MHET) hydrolase (MHETase)
identified in this study. Edges represent pairwise BLAST similarity with an E-valueof <1e−10. The SSN clusters are consistent with the phylogenetic groups in (C).
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evidence was recently reported from sediment-derived microbial consortia, where the catabolism of
PET-derived substrates depended on the coexistence of specialists and generalists [58,59]. However,
these conclusions are based on the genomic potential of bacterial species, and further experiments
(e.g., metatranscriptomic or metaproteomic analysis) would be useful to confirm these results.

Detection of putative novel PET-degrading enzymes
Putative PETases were searched within the MAGs using the Plastic-Active Enzymes (PAZy) da-
tabase [77]. MAGs from P. winnipegensis (MAG5_P4 and MAG001_P8) contained five putative
12 Trends in Biotechnology, Month 2024, Vol. xx, No. xx
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Outstanding questions
Does the process of PET depoly-
merization and mineralization require
the activities of different microbial
groups (e.g., fungi or bacteria) in natural
ecosystems?

What are the potential co-metabolisms
between microbial taxa associated
with PET transformation in natural
ecosystems?

Can the stable isotope probe technique
be a suitable approach to identify
microbial taxa involved on catabolism
of PET and its monomers?

What other engineering strategies
can be combined with our selective
enrichment for optimizing microbial
consortia for PET transformation?

Can long-term evolutionary assays
enhance the efficiency of a preselected
microbial consortium for PET
transformation?

What proteins are expressed and
secreted during the selection of PET-
transforming microbial consortia in
enrichment cultures?

Does the level of microbial diversity in a
consortium affect the efficiency of PET
degradation?

How can we use engineering
microbiomes to enhance PET bioreme-
diation in natural ecosystems?

How can we isolate novel PET-
degrading microorganisms using infor-
mation retrieved from their genomes?
PETases with Hidden Markov Model (HMM) scores of 71.9–82.3. These enzymes were com-
pared against the NCBI database, and the best matches corresponded to alpha/beta-fold hydro-
lases, carboxylesterases, and S9 family peptidases (Table S3 in the supplemental information
online). Additionally, four putative PETases, with HMM scores between 74.7 and 76.4, were de-
tected in MAGs from K. cartagenensis, B. agri, and M. fortuitum. These nine putative PETases
(Table S4 in the supplemental information online) did not show the large motif M5 that is present
in the PETase of I. sakaiensis [78]. Signal peptides were found in PETases 1–8, suggesting that
they are secreted by the bacteria. Although the HMM scores were low compared with the reported
PET-active enzymes, it has been demonstrated that alpha/beta-fold hydrolases
(e.g., carboxylesterases and peptidases) with HMM scores <55 had catalytic activity on PET [25].
The nine putative PETases and the two MHETases detected in the MAGs from R4T6 and R8T6
(Table S4) were compared with 42 enzymes with confirmed catalytic activity on PET using phyloge-
netic analysis (Figure 6C). PETase 5 (derived from P. winnipegensis) and PETases 8 and 9 (derived
from M. fortuitum) clustered together with PETases 101 and 102, which belong to a new family of
PET-active enzymes derived from thermophilic environments [25]. This result was consistent with
our sequence similarity network (SSN) analysis (Figure 6D). Specifically, PETase 5 showed 53%
identity (88% coverage) with PETase 102, and PETase 8 showed 44% identity with PETase 101
(78% coverage). As expected, MHETases 1 and 2 (from M. plasticivorans) clustered together
with MHETase from I. sakaiensis (IsMHETase). Both proteins showed ~40% identity (83% cover-
age) with IsMHETase. Based on the SSN analysis (Figure 6D), PETase 7 (fromB. agri) shared a sim-
ilarity of >35% to protein 211, another active PETase detected by Erickson and colleagues [25].
Although PETases 1, 2, 3, and 4 (from P. winnipegensis) did not cluster with any PET-active en-
zymes (Figure 6D), PETase 1 showed a similarity of 28% (with 41% coverage) to a GlacPETase de-
rived from Pseudomonas sp. from a glacier microbiome [26]. These results provide initial evidence
for the discovery of novel bacterial PET-transforming enzymes from mangrove soil microbiomes.
Further studies and experiments, such as chemical synthesis, gene cloning and expression, pro-
tein purification and determination of enzymatic activities, will be needed to validate these findings
[79].

Concluding remarks
The results obtained from the soil microcosm experiment supported four main conclusions. First, the
input of seawater significantly affected themangrove soil microbiome due to shifts in abiotic and biotic
properties in our system; this was associated with the input of nutrients and organisms via dispersal.
Second, the desiccation of mangrove soils affected nonhalotolerant bacterial species. Third, the in-
clusion of PET particles only caused small changes in the soil microbiome structure, although this
may have been due to the short timeframe of our experiment. Fourth, at the end of the microcosm
experiment, novel restructured microbial communities were obtained. These findings provide
new insights toward a better understanding of the mangrove soil microbiota under the direct influ-
ence of plastics particles along other environmental conditions.

Moreover, our strategy of combining mangrove soil microcosms with enrichment cultures was
successful in selecting PET-transforming bacterial communities. Our top-down strategy and the
modification of culture conditions along six growth cycles enhanced the growth of mangrove-
derived bacterial taxa in a culture medium containing PET as the sole carbon source. This led to
the artificial selection of novel PET-transforming consortia, mostly comprising Pseudoxanthomonas
winnipegensis, Brevibacillus spp., and a novel bacterial taxon (Mangrovimarina plasticivorans
gen. nov. sp. nov.). These PET-transforming species will be targeted for upcoming isolation
tests. We foresee that information obtained from MAGs on nutritional needs and functional
traits could assist the design of strategies to obtained pure cultures of functional taxa from
the consortia. Moreover, MAG analyses supported PET catabolism as an interactive effort,
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wherein some species may deconstruct PET and others could participate in the catabolism of
PET-derived substrates.

Even though microplastics bioremediation in nature remains challenging (due to low ef-
fectiveness, problems with scalability, implementation, evaluation, etc.; see Outstanding
questions), our study provides new information for the design of microbial inoculants and/or
enzyme cocktails able to enhance or accelerate PET degradation in marine ecosystems. Our
selective strategy can be expanded to other ecosystems (e.g., freshwater, saltmarsh soils, or
forest soils), which could result in the discovery of new plastic-degrading microbes. The
broad use of this approach will help research developments toward designing efficient minimal
microbial communities targeting plastics transformation in both the laboratory and large-scale
industrial settings. In summary, our study provides a valuable approach for harnessing
soil microbiomes, leading to the development of strategies for the selection of PET-
degrading microbial communities with the potential to discover new enzymes useful for
PET transformation.

STAR★METHODS
Detailed methods are provided in the online version of this paper and include the following:

• KEY RESOURCES TABLE
• METHOD DETAILS

○ Setup of soil microcosm experiments
○ Microbial diversity analyses from the microcosms
○ Artificial selection strategy
○ Bacterial diversity during enrichment cultures
○ Assessments of PET structural changes
○ Assembly of metagenomes
○ Taxonomic and phylogenetic analysis of MAGs
○ Detection of putative plastic-active enzymes
○ Analysis of putative plastic-active enzymes

• QUANTIFICATION AND STATISTICAL ANALYSIS

RESOURCE AVAILABILITY
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KEY RESOURCES TABLE
1

Reagent or resource
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Source
 Identifier
Chemicals, peptides, and recombinant proteins
Dibasicsodium phosphate [Na2HPO4]
 Sigma-Aldrich
 Cat# 7558-79-4
Dibasic potassium phosphate [K2HPO4]
 Sigma-Aldrich
 Cat# 7758-11-4
Ammonium sulfate [(NH4)2SO4]
 Sigma-Aldrich
 Cat# 7783-20-2
Calcium nitrate hydrate [Ca(NO3)2]
 Sigma-Aldrich
 Cat# 35054-52-5
Magnesium chloride [MgCl2]
 Sigma-Aldrich
 Cat# 7786-30-3
Critical commercial assays
DNeasy PowerSoil Kit
 Qiagen
 Cat# 47014
DNeasy UltraClean microbial kit
 Qiagen
 Cat# 12224-50
Deposited data
Raw data files for DNA sequencing
 This paper
 European Nucleotide Archive (ENA) (BioProject ID PRJEB72453)
Oligonucleotides
Primers for 16S rRNA amplification
(primers Bakt_341F and Bakt_805R)
Macrogen, Inc.
 N/A
Primers for ITS2 amplification (primers ITS3 and ITS4)
 Macrogen, Inc.
 N/A
Software and algorithms
DADA2
 Open source
 https://benjjneb.github.io/dada2/tutorial.html
Phyloseq
 Open source
 https://joey711.github.io/phyloseq/
QIIME2
 Open source
 https://qiime2.org
DESeq2
 Open source
 https://bioconductor.org/packages/release/bioc/html/DESeq2.html
Boruta
 Open source
 https://gitlab.com/mbq/Boruta/
SparCC
 Open source
 https://github.com/bio-developer/sparcc
MEGAHIT
 Open source
 https://github.com/voutcn/megahit
CheckM
 Open source
 https://github.com/Ecogenomics/CheckM
GTDBTk
 Open source
 https://github.com/Ecogenomics/GTDBTk
MiGA
 Open source
 https://github.com/bio-miga/miga
HMMER
 Open source
 https://github.com/EddyRivasLab/hmmer
KofamKOALA
 Open source
 https://github.com/takaram/kofam_scan
Enzyme Similarity Tool
 Open source
 https://efi.igb.illinois.edu/efi-est/
Other
PET particles
 Eastar TM
Copolyester GN071
https://www.eastman.com/en/products/product-detail/71015643/
eastar-gn071-copolyester-natural
Nicolet iS50 FTIR Spectrometer
 Thermo Scientific
 N/A
SDT Q600 Thermal Analyzer
 TA Instruments
 N/A
Q2000 differential scanning calorimeter
 TA Instruments
 N/A
METHOD DETAILS
Setup of soil microcosm experiments

We used a laboratory-based microcosm approach to evaluate the effects of PET particle input on the mangrove soil microbiome in
the presence or absence of seawater. First, 25 soil samples (~500 g each) were collected from Barú peninsula (Cartagena de Indias,
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https://github.com/voutcn/megahit
https://github.com/Ecogenomics/CheckM
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Colombia; 10°15′48.5′′N, 75°35′29.8′′W). Soil sampling was performed under Autoridad Nacional de Licencias Ambientales (ANLA)
permit number 2021123746-1-000. At the time of sampling, macroplastic items were observed on the mangrove soil surface. Fresh
soil samples were homogenized and passed through a 2-mm metal sieve. The obtained soil was then used to set up individual
microcosms in 100-mL Erlenmeyer flasks. The experimental design consisted of four treatments (soil, soil + seawater, soil + PET
particles (dimension < 5 mm), and soil + seawater + PET particles), with four replicates sampled at two timepoints (see Figure 1A
in the main text). Depending on the treatment, the microcosms contained 15 g of soil, 15 mL of seawater, and 1.5 g of semicrystalline
PET particles (final concentration: 10% w/w). PET particles (Eastar TM Copolyester GN071) were obtained from MiniPack SAS
(Bogotá, Colombia) (https://www.minipak.com.co/). The soil microcosms were incubated at 30°C for 30 or 90 days (two sampling
points). During the experiment, a desiccation gradient was observed due to the status of seawater inclusion and time of incubation
(Figure 1A). After 30 and 90 days of incubation, plastic particles were manually removed from the microcosm, and the remaining soil
was collected for DNA extraction using DNeasy PowerSoil Kit (Qiagen, Maryland, USA), as per the manufacturer’s instructions.
Microbial diversity analyses from the microcosms

High-quality microbial DNA from soils was sent to Macrogen, Inc. (Seoul, Korea) for bacterial 16S rRNA gene amplicon sequencing of
the V3–V4 region (primers Bakt_341F and Bakt_805R) and internal transcribed spacer (ITS) 2 region (primers ITS3 and ITS4) using the
Illumina MiSeq platform (300bp paired-end reads). Raw sequences were processed using DADA2 pipeline [80]. Briefly, the primers
were removed using Cutdadapt [81]. Then, sequences were filtered and trimmed, errors were identified and corrected, and paired
sequences were merged and dereplicated before assigning taxonomy to bacteria and fungi using SILVA rRNA gene database
(v.138) and UNITE database (v.10.5.2021), respectively. The processed reads were then imported to phyloseq, and nonfungal and
nonbacterial reads were removed based on their taxonomic assignments. ASV tables were rarefied to 10 000 or 5000 reads in the
16S rRNA gene and ITS2 region, respectively, for downstream analysis including comparisons of diversity metrics (alpha and beta)
and statistical analysis (e.g., PERMANOVA). The Boruta algorithm [82] and DESeq2 [83] were also used to analyze these sequencing
data (see quantification and statistical analysis section). Nonrandom co-occurrence analyses were performed using SparCC [84].
For this purpose, we selected the ASVs with a minimum of 30 sequences, accounting for >90% of the sequences. For each network,
p-values were obtained based on 99 permutations of random selections of the data table. SparCC correlations with a magnitude >0.7
or <−0.7 and statistical significance (p < 0.01) were included in network analyses. Nodes within the reconstructed networks repre-
sented ASVs, whereas edges represented strong and significant correlations between nodes. Network topology was assessed
using various metrics, including node and edge counts, modularity, community numbers, average path length, network diameter,
averaged degree, and clustering coefficient. Network visualization and properties were constructed using Gephi v0.1 software [85].
Artificial selection strategy

We used the top–down strategy of dilution-to-stimulation to select PET-transformingmicrobial consortia from amangrove soil micro-
cosm. For this, a randomly selectedmicrocosm containing soil, PET particles, and seawater (after 90 days of incubation) was used as
a microbial source. The microbial inoculumwas prepared by adding 10 g of sampled mangrove soil and 10 g of sterile glass beads to
90ml of mineral salt medium (MSM) (7 g/liter Na2HPO4, 2 g/liter K2HPO4, 1 g/liter (NH4)2SO4, 0.1 g/liter Ca(NO3)2, 0.2 g/liter
MgCl2, pH 7.5) in an Erlenmeyer flask. The flask was shaken for 20min at 250 rpm [86]. Then, 250μL of the soil suspension was
added to 100-mL Erlenmeyer flasks in triplicate. Each flask comprised 25mL of mineral salt medium (MSM) containing 1% PET par-
ticles supplemented with 25μL of a trace element solution (2.5 g/liter EDTA, 1.5 g/liter FeSO4, 0.025 g/liter CoCl2, 0.025 g/liter
ZnSO4, 0.015 g/liter MnCl2, 0.015 g/liter NaMoO4, 0.01 g/liter NiCl2, 0.02 g/liter H3BO3, 0.005 g/liter CuCl2) and 25μL of a vitamin
solution (0.1 g/liter Ca-panthothenate, 0.1 g/liter cyanocobalamine, 0.1 g/liter nicotinic acid, 0.1 g/liter pyridoxal, 0.1 g/liter riboflavin,
0.1 g/liter thiamin, 0.01 g/liter biotin, 0.1 g/liter folic acid) [41] (see Figure 1B in the main text). PET beads were washed twice with
distilled water and 70% (v/v) ethanol and then air–dried in an oven at 50°C for 12 h. Subsequently, the plastic beads were knife-
milled through a 1-mm screen under aseptic conditions. For transfer 1 (T1), the Erlenmeyer flask cultures were incubated under
aerobic conditions (130 rpm) at 30°C for 27 days (see Figure 1B in the main text). Then, culture conditions were modified. For T2,
we added 2.5 mg of peptone to MSM, whereas no peptone was added for T3. From T3 to T6, 250-μL aliquots of the microbial sus-
pension were used as the inoculum for the next transfer. From T4, the microbial seed for subsequent growth cycles was obtained
from replicate 3 (R3) after T3, and eight biological replicates were set up and incubated at 40°C for 14 days. For T5, the incubation
time was increased to 56 days. Two controls (i.e., without substrate or microbial source) were also set up and subjected to the same
conditions. At the end of each batch culture, the flasks were gently shaken, PET particles were allowed to settle, and the liquid frac-
tion was removed by pipetting to determine OD600.
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Bacterial diversity during enrichment cultures

As microbial growth was extremely limited during the enrichment process, the total volume of each replicate flask (25 mL) was cen-
trifuged, and the cell pellet was resuspended in 2 mL of MSM. Then, DNA was extracted using DNeasy UltraClean microbial kit
(Qiagen, Maryland, USA) according tomanufacturer’s instructions. The V3–V4 region of the bacterial 16S rRNA genewas sequenced
using the Illumina MiSeq platform (300bp paired-end reads) at Macrogen Inc. (Seoul, Korea) using the same primers as mentioned
previously. Then, the raw sequencing data were processed using QIIME2 software [87] and DADA2 pipeline [80]. ASV taxonomic
assignment was performed using the pipeline q2-feature-classifier in QIIME2 and SILVA rRNA v.138 database [87,88]. QIIME2
was also used to determine the relative abundances of ASVs, alpha and beta diversity metrics (including Shannon index), observed
ASVs, and weighted UniFrac distances.
Assessments of PET structural changes

Three experimental techniques were used to gain insight into the effects of microbial growth on PET structure. In particular, we
assessed the best-performing consortia (based on OD600) obtained in T6 (R4T6 and R8T6). As a control, untreated PET (PET_0)
and PET included in a cell-free culture medium (PET_C) were used. First, FTIR (Nicolet iS50 FTIR Spectrometer, Thermo Scientific)
was performed to detect possible variations in the functional groups along the polymeric chain [61] by analyzing the absorbance
spectra data between 4000 and 400 cm−1 using a total of 64 scans per sample at a resolution of 4 cm−1. The ratio of the absorbance
peak in the 1715 cm−1 band to the peak at 1505 cm−1 (taken as the reference peak) was calculated to determine the carbonyl index
[89]. Then, two thermal analysis techniques, namely TGA and DSC, were performed to characterize the thermal transitions
and thermal stability of the samples. TGA detects temperature variations associated with weight changes to provide insights
into the occurrence of polymeric chain transformation, while DSC detects shifts in glass transition temperatures [63,64]. The
TGA experiments were run in an SDT Q600 Thermal Analyzer (TA Instruments) using alumina pans and a heating ramp of
10oC/min between 30°C and 450°C under a nitrogen environment. DSC was performed in a Q2000 differential scanning
calorimeter (TA Instruments) using standard aluminum pans and a heating ramp of 10°C/min between 25°C and 300°C
under a nitrogen environment.
Assembly of metagenomes

Total genomic DNA extracted from the R4T6 and R8T6 bacterial consortia was used for whole-metagenome sequencing on an
Illumina MiSeq platform (300bp paired-end reads). To determine a general taxonomy profile, the raw FastQ files were uploaded to
the Kaiju server [90]. For the assembly, the raw sequence data (FastQ files) were initially trimmed using Sickle tool v1.33 with default
parameters (accessible at https://github.com/najoshi/sickle). To avoid misleading results from the subsequent binning analysis, carp
artifacts were detected by filtering trimmed sequences against adapter and nonauthentic primer sequences originating from the
Illumina library preparation. Metagenome assembly was performed using MEGAHIT v1.2.9 [91] with default parameters. For
binning, Concoct v1.1.0 [92], MetaBAT v2.12.1 [93], and MaxBin v2.2.6 [94] were used with default parameters. The binned contigs
were subsequently analyzed using DAS Tool v1.1.6 [95]. To assess the completeness and contamination of the resulting bins,
CheckM v1.2.2 was used with the lineage_wf option [96]. The resulting MAGs were structurally annotated and curated based on
rRNAs (e.g., 5S, 16S, and 23S) and rpoB using DFAST v1.2.18 [97]. The percentage of mapped reads from each MAG against
raw sequencing data was calculated using Bowtie v2.3.5 [98] and summarized using SAMtools v1.9 [99].
Taxonomic and phylogenetic analysis of MAGs

Taxonomic assignment of MAGs was performed using GTDB-Tk v2.3.2. [100] and GTDB database release 08-RSR214. MiGA
v1.2.60 [101] was used to determine genome distance metrics based on AAI and ANI against the NCBI Prok and TypeMat data-
bases. Other genomic features, including length, G+C content, protein counts, coding density, and 16S rRNA genes, were obtained
by MiGA. The high-quality (i.e., completeness ≥90% and contamination ≤5%) MAGs were uploaded to the Type (Strain) Genome
Server (TYGS) [102] to determine dDDH values. Phylogenomic analysis based on genome sequences were carried out using
GBDPmethod via the TYGS [103]. Additionally, phylogenetic trees, including representative genomes from the type strains, nontype
strains and MAGs of the members of the Rhizobiaceae and Kaistiaceae families as defined in GTDB release 08-RSR214, were
inferred using 120 single-copy protein markers via GTDB-Tk v2.3.2 and IQ-TREE v.2.1.2 [104]. Briefly, the starting trees were initially
calculated using FastTree v.2.1.10 and then used to infer final trees with the mixture models as ‘-m LG+C10+F+G’ in IQ-TREE
v.2.1.2. The trees were rooted with outgroups, pruned, and beautified for illustration purposes using the Interactive Tree of Life
(iTOL) online tool [105].
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Detection of putative plastic-active enzymes

Putative PETases over MAGs were searched using the PAZy database [77], according to published protocols [24,40]. Briefly, the
HMMwas built by clustering sequences of previously published PETases from PAZy using CD-HIT [106] at a sequence identity cutoff
of 90%, and the searches were performed using HMMER v3.3.2 software (http://hmmer.org) at an e-value cutoff of 1e-10 for putative
PETases. The aligned HMM hits were subsequently blasted against the nonredundant NCBI protein database using DIAMOND v0.9
[107]. Proteins with HMM scores >70 were selected, and BLASTp was used for comparison against the PETase from I. sakaiensis to
identify the large M5 motif [78]. We also performed functional annotation based on the KEGG ortholog assignment using the
KofamKOALAWeb server (https://www.genome.jp/tools/kofamkoala/) [108]. For this, fasta files containing the predicted proteomes
per MAGwere obtained fromMiGA and then uploaded to the KofamKOALAWeb server using default parameters. Genes with HMM
bit scores >100were retained and analyzed. To explore the metabolic potential to transform PET, we selected two KOs (K21104 and
K21105) that are affiliated with enzymes involved in PET depolymerization, as well as 2 and 11 KOs related to enzymes involved in
TPA and EG catabolism, respectively.
Analysis of putative plastic-active enzymes

For phylogeny reconstruction, we used 37 active PETases obtained by Erickson and colleagues [25] and five other confirmed plastic-
active enzymes, namely GlacPETase [26], LCC (leaf-branch compost cutinase) [109], TfuscaCut2 [110], IsPETase, and IsMHETase
[23]. Phylogenetic analysis was performed using MEGA v.11 software, according to the parameters described by Ericksson and
colleagues [25]. Briefly, protein sequences were aligned using ClustalW, and the evolutionary history was inferred using the
minimum evolution (ME) method. Distances (in units of the number of amino acid substitutions per site) were computed using
the Jones–Taylor–Thornton matrix-based model. The ME tree was searched using the close-neighbor-interchange algorithm at
a search level of 1. The neighbor-joining algorithm was used to generate the initial tree. All ambiguous positions were removed
for each sequence pair using pairwise deletion. The phylogenetic trees were visualized using iTOL online tool [105]. The Enzyme
Function Initiative-Enzyme Similarity Tool [111] was used to perform a BLASTall pairwise search of the amino acid sequences of
PETases 1–9, MHETases 1 and 2, and 42 identified PET-active hydrolases, and the SSNwas constructed with an E-value threshold of
1e−10 and identity of 35% (i.e., nodes representing sequences that share >35% sequence identity were connected by edges, defining
SSN clusters). The SSN was visualized using Cytoscape [112].
QUANTIFICATION AND STATISTICAL ANALYSIS

The normality of residual error for alpha diversity analysis was confirmed following ANOVA. Prior to PERMANOVA testing, we assessed
multivariate homogeneity using the betadispr function in the vegan package (https://CRAN.R-project.org/package=vegan). Although
we found statistically significant deviations for homogenous variance, our balanced sampling design promotes statistically robust re-
sults [113]. For statistical analyses, bacterial and fungal amplicon datasets each contained 36 independent soil samples. We report sta-
tistical significance for amplicon sequence analysis at a = 0.05. Next, the Boruta algorithm [82] was used to detect the features
(i.e., ASVs) that explained variations between the treatment groups. Briefly, bacterial ASVs indicative of treatment groupsweremodeled
independently using random forest analysis with 1,000 trees followed by feature selection using the Boruta algorithm. The abundance
of significant ASVs (e.g., importance > 2) was z-score transformed and visualized with heat maps built using ggplot2 [114]. Finally, a
differential abundance analysis was performed using DESeq2 [83] to identify differentially abundant ASVs across the treatment groups.
Here, differential abundance analysis was performed parametrically using theWald test. The statistical significance of differentially abun-
dant taxa was determined at a = 0.05 after FDR multiple comparisons corrections.
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