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Abstract: Geothermal springs are unique environments that harbor diverse populations of 17 

microorganisms. As a result of their environmental and geochemical variability, different springs 18 

can support distinct heterogeneous communities of organisms with unique functional adaptations 19 

and metabolic capabilities. A recent molecular survey of Aotearoa-New Zealand hot springs 20 

indicated that these springs may support thermophilic microorganisms be able to degrade 21 

plastics. To test this, we applied a cultivation-centered approach via an in situ enrichment of 22 

putative plastic-degraders using high surface are polyethylene terephthalate (PET), polylactic 23 

acid (PLA), and polyhydroxybutyrate (PHB) substrates in a diversity of New Zealand hot 24 

springs. The plastic associated microbial communities were characterized via marker gene and 25 

analyses. Finally, plastic-associated biofilms were used as inoculum to isolate thermophilic 26 

plastic degraders. Via this process, we confirm that there are plastic degrading bacteria are 27 

present in springs across Aotearoa-New Zealand. Moreover, we isolated two PHB degrading 28 

strains (Cuprividus sp. and Rubrobacter sp.) and demonstrated their capability to metabolize 29 

plastic under thermophilic conditions in vitro. While the pathways identified in our plastic 30 

degrading isolates suggest they may be able to metabolize plastics for carbon, the primary use of 31 

plastics by geothermal microbial communities does not appear to be as an energy source. Instead, 32 

they appear to mainly serve as surfaces for microbial attachment, composed primarily of non-33 

plastic degrading taxa.  34 
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Introduction 35 

Plastic pollution remains a major global crisis, with roughly 80% of plastic waste 36 

landfilled, incinerated, or entering the natural environment (1),  where it persists for decades to 37 

centuries and accumulates across terrestrial and aquatic ecosystems, causing long�term 38 

ecological harm (1–3).Microorganisms and their enzymes have been proposed as a potential tool 39 

for breaking down plastics (4), offering a way to improve recycling efficiency and limit 40 

microplastic release. Although several hundred putative plastic-degrading microbes have been 41 

identified to date (5), none have yet produced an effective, scalable biodegradation method (6). 42 

These systems are typically vulnerable to contamination, and most plastic degrading organisms 43 

break down polymers far too slowly for industrial use (6). In theory, thermophilic plastic-44 

degrading, microorganisms that remain active at temperatures above 50�°C, should offer 45 

significant advantages (7–9). Firstly, plastics become more molecularly mobile at elevated 46 

temperatures (above their glass transition temperature (10)), which should enhance enzymatic 47 

access, increase degradation rates, and improve substrate breakdown (7, 8, 11). Secondly, high 48 

temperature microbial systems should also be more thermodynamically efficient (12, 13), and 49 

finally, thermophilic microbial communities should be far less susceptible to contamination by 50 

mesophilic organisms (7, 11). Indeed, recent work has suggested that geothermal spring 51 

microorganisms may be a valuable source of thermostable enzymes for plastic degradation (14). 52 

However, despite the isolation of several thermophilic plastic-degrading microbes (5, 8), we still 53 

know remarkably little about how thermophiles interact with plastics in their natural 54 

environments. Many fundamental questions remain unanswered, and substantial work is still 55 

needed before we can design effective high-temperature microbial plastic-recycling systems 56 

based on the activity of thermophilic microorganisms. 57 
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Aotearoa-New Zealand (ANZ) is the ideal location to investigate whether 58 

microorganisms are capable of investigating thermophilic plastic-degradation. ANZ contains a 59 

variety of geothermal zones – most notably the Taupō Volcanic Zone (TVZ) which spans 8000 60 

km2 across New Zealand’s North Island and has thousands of geothermal springs formed by 61 

oceanic crust melting and dewatering associated with the subduction at the Pacific-Australian 62 

tectonic plate boundary (15). As a result of variations in subsurface deposit structure, high heat 63 

flux, and deep convection of groundwater, surface features of the TVZ are highly variable and 64 

span wide range of physiochemical conditions (16). Extensive biological characterization across 65 

these springs has revealed heterogeneous microbial communities, novel diversity, and unique 66 

functions (16–19). Moreover, cultivation-independent-based evidence from a limited number of 67 

springs from Kuirau Park, Rotorua has suggested that the TVZ’s geothermal springs may contain 68 

a large number of putative plastic degrading taxa (14). Based on this evidence, and due to the 69 

environmental stress faced by organisms living in these surface features (i.e. nutrient stress, 70 

temperature stress), we proposed that we may be able to show that at least some of the organisms 71 

found across the heterogeneous microbiomes of these springs are capable of degrading plastic. 72 

 To evaluate the potential of Aotearoa-New Zealand’s geothermal springs to harbor 73 

thermophilic plastic degraders, and to address how microorganisms interact with plastic 74 

introduced into hot springs, we incubated three plastics (polyethylene terephthalate (PET), 75 

polylactic acid (PLA), and polyhydroxybutyrate (PHB)  in four TVZ springs and one hot spring 76 

feature in the South Island of ANZ that spanned a range of physiochemical conditions (pH 5.2 – 77 

8.2, temp 45.0 – 83.8 ºC) and geographic distance (<5 km  - 550 km). After an up to six month in 78 

situ incubation, we assessed the sessile microbial communities associated with our plastic 79 

substrates via a cultivation-independent marker gene sequencing to evaluate how the 80 
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introduction of plastic may influence microbial community composition. Using these data we 81 

then undertook targeted microbial culturing and whole genome sequencing to evaluate whether 82 

any organisms isolated from geothermal springs are capable of degrading plastic at >50 °C in 83 

vitro. Finally, we used predictive modeling, based on previous extensive characterization of 84 

geothermal spring microbial communities and environmental conditions (16), to identify springs 85 

with the high potential to contain thermophilic plastic degraders that could be explored in the 86 

future. 87 

 88 

Methods 89 

3D printed plastic substrates: 3D printed substrates were used to as a substrate for organisms to 90 

colonize. Triply Periodic Minimal Surface (TPMS) gyroids- a complex mathematically defined 91 

shapes that repeats in three dimensions – were designed using TPMS studio ((20); see Figure S1 92 

for the TPMS gyroid design).  Three different polymers were used to print the gyroids, 93 

polyhydroxyalkanoates, poly lactic acid and polyethylene terephthalate glycol (Figure 2). TPMS 94 

gyroids were manufactured using 3D printing with BambooLabs 3D printer using the products: 95 

“All PHA Natural” (colorFabb, USA), “PLA+” (eSun industries ltd, China) and “PETG-lite” 96 

filaments (eSun industries ltd, China). PETG is an amorphous thermoplastic copolymer resulting 97 

from addition of glycol to PET making it more suitable for 3D printing.  98 

 The 3d printing stocks contained several additives, though the quantities and composition 99 

were challenging to ascertain. According to the producers and material safety data sheets 100 

(MSDS): “All PHA Natural” filament are 100% biodegradable, though the details of the mixture 101 

of PHAs is not disclosed;  the “PETG-lite” filament are 100% PETG with color pigments added; 102 

“PLA+” filaments have ~1.8-2.9% calcium carbonate and 5% of a an additive described in 103 
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MSDS as: Graft polymer of allylmethacrylate / butylacrylate / decamethylcyclopentasiloxane / 3-104 

[dimethoxy(methyl)silyl]propylmethacrylate / hexamethylcyclotrisiloxane/ methylmethacrylate / 105 

octamethylcyclotetrasiloxane. 106 

 107 

Field incubations: Five hot springs across a range of physicochemical conditions and 108 

geographic distances were chosen to host our plastic enrichments. Additional information about 109 

the incubation experiment and the geochemical properties of each spring can be found in Figure 110 

1 and Dataset S1.  Sterilized glass anaerobic culturing tubes with butyl stoppers (Belco Glass, 111 

NJ, USA) were used as incubation chambers for the 3D printed substrates (Figure 2, Figure S2). 112 

Experimental tubes (with contents exposed to spring water) had holes cut through the seal to 113 

allow microbial colonization of substrates from the surrounding spring water. Control tubes were 114 

sealed with intact rubber bung caps and injected with 0.2 μm filtered spring water prior to 115 

incubation as a control for degradation resulting from the geochemical properties of the water. 116 

 For the time series incubation experiment, six paired experimental/control tubes each 117 

containing one PHB gyroid were suspended in one geothermal spring (Maruia). The incubation 118 

experiment lasted for six months (April 2023 – November 2023), with one pair of tubes removed 119 

each month.  120 

For the multi-substrate incubation experiment, two tubes containing three PHB gyroids 121 

each (12 tubes), two tubes containing three PET gyroids each, two tubes containing three PLA 122 

gyroids each, and two control tubes each containing one gyroid of each polymer were suspended 123 

in four different geothermal springs within the TVZ (32 tubes total). We also incubated one PHB 124 

tube (three gyroids), one PET tube (three gyroids), one PLA tube (three gyroids), and one control 125 
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tube with one gyroid of each polymer (4 tubes total) in Maruia spring in the Southern Alps. 126 

Tubes were left to incubate for up to three months (May 2023 – Sep 2023) before removal.  127 

 128 

Post incubation processing: The incubation chambers were removed from the springs, sealed 129 

with sterile parafilm, and transported on ice to the University of Canterbury for processing. In 130 

the laboratory, the spring water decanted and replaced with sterile PBS buffer (per L H2O: 8 g 131 

NaCl, 1.44 g Na2HPO4, 0.2 g KCl, 0.22 g KH2PO4). 5 ml PBS buffer was added to tubes with a 132 

single substrate (time series incubation), and 15 ml was added for tubes with multiple substrates 133 

(multi-polymer incubation). The re-filled tubes were then sonicated in a 37 kHz ultrasonic water 134 

bath (Elma Schmidbauer GmbH, Singen, DE) for an hour to remove the biomass from the 135 

substrates. After sonication, the substrates were removed from the PBS buffer, the tubes were 136 

centrifuged at 15,000 rpm for 5 min to concentrate the shaken biomass, the supernatant decanted, 137 

and the biomass was re-suspended in a new 2 ml aliquot of PBS buffer. The biomass-free 138 

substrates were then left to dry in a 55 °C oven for 48 h and were then re-massed to determine 139 

any loss (Dataset S1). 140 

 141 

DNA Extractions of biofilm: DNA was extracted from a 1 ml subsample of the resuspended 142 

biofilm from the 27 experimental incubation chambers from the multi-substrate incubation using 143 

the Qiagen DNeasy® Powersoil® Pro Kit (Qiagen, Germantown, MD, USA) following the 144 

manufacturer's recommendations. Extraction blanks were included to test for any possible 145 

contamination introduced during the DNA extraction. Extractions were performed in a Class II 146 

biohazard hood to prevent contamination during the extraction process. 147 

 148 
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Microbial analyses via marker gene sequencing: Sequencing was performed following the 149 

methods described in Dragone et al. (21). The DNA aliquots extracted from each of the 27 150 

samples and their associated four extraction blanks were PCR-amplified using a primer set that 151 

targets the hypervariable V4 region of the archaeal and bacterial 16S rRNA gene (515F: 5’- 152 

GTGCCAGCMGCCGCGGTAA-3’ and 806-R: 5′-GGACTACHVGGGTWTCTAAT-3′) (22, 153 

23) following the methods described in (24, 25). These primers included the appropriate Illumina 154 

adapters and unique 12 - bp barcode sequences to permit multiplexed sequencing (26). Nine no-155 

template PCR blanks were included with each set of PCR amplifications to control for 156 

contamination. Amplifications were performed in duplicate on a SimpliAmp Thermal Cycler 157 

(Thermofisher Scientific, Waltham, MA, USA) using PlatinumTM II Hot-Start PCR Master Mix 158 

(2X) (Invitrogen, Carlsbad, CA, USA) in 25 µL reaction volumes with 4 µL template. Cycling 159 

parameters consisted of an initial denaturation step at 94 °C for 3 min, followed by 35 cycles of 160 

denaturation at 94 °C (45 s), annealing at 50 °C (60 s), extension at 70 °C (90 s), and a final 161 

extension step at 72 °C for 10 min. Duplicated amplified products were combined, cleaned, and 162 

normalized to equimolar concentrations using Sera-Mag SpeedBeads (27) and were sequenced 163 

on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) using the V2 2 × 150 bp 164 

paired-end Illumina sequencing kit at the University of Colorado Boulder. The sequencing data 165 

was demultiplexed using idemp (https://github.com/yhwu/idemp). 166 

The 16S rRNA gene sequences were processed using the DADA2 pipeline v.1.16 (28) 167 

with samples pooled at the inference step. More details of the specific parameters used can be 168 

found at https://github.com/fiererlab/dada2_fiererlab. Sequences were quality filtered and 169 

clustered into exact sequence variants (ASVs), with taxonomy determined using a naïve 170 

Bayesian classifier method (29) trained against the SILVA v.138.2 reference database (30, 31). 171 
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A minimum bootstrapping threshold required to return a taxonomic classification of 50 % 172 

similarity was used for analysis. Prior to downstream analyses, ASVs associated with 173 

chloroplast, mitochondria, eukaryotes (24 ASVs total), those unassigned to the phylum level (45 174 

ASVs), and singletons and doubletons (7 ASVs) were removed. Filtered ASV tables can be 175 

found in Dataset S2. 176 

Additional community analyses were performed in R v.4.3.3 (32) using the packages 177 

‘mctoolsr’ (https://github.com/leffj/mctoolsr/), ‘vegan’ (https://github.com/vegandevs/vegan), 178 

and phyloseq (33). Richness, the number of distinct prokaryotic ASVs, was calculated from the 179 

filtered 16S rRNA gene ASV tables using the ‘specnumber’ function.  180 

 181 

Preparation of powdered plastics for culturing: Powdered PET and PLA were prepared using a 182 

kitchen blender; injection moulding grade PET pellets (TechSoft Ltd, Wellington, NZ) and PLA 183 

pieces recycled from 3D printing support material (PLA+ 3D printing filament, eSun ltd, CH) 184 

were blended in bursts of 30 s to avoid overheating until a fine powder was obtained. PHB 185 

polymer was purchased in powder form (PHI003, NaturePlast, Mondeville, FR) and was used 186 

unmodified. All polymer powders were sieved to 100 – 300 µm. 187 

 188 

Cultivation: Putative plastic degrading microorganisms were selected through the production of 189 

a clearing zone in a plastic- amended thin overlayer on top of modified DSMZ Media 150a (see 190 

supplemental methods) prepared with noble agar (Thermo Fisher Scientific, Waltham, MA, 191 

USA) (34–36). Briefly, the medium was prepared by adjusting the pH of the DSMZ Media 150a 192 

to reflect the pH of the source spring (Figure 1, Dataset S1, S3 for details). The overlayer was 193 

then prepared by adding 10 g of one of the powdered plastic polymers (PET, PHB, PLA or a no-194 
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additional control) to a 250 ml aliquot of pH adjusted base medium. All media was sterilized by 195 

autoclaving (121 °C; 15 PSI, 20 min) after which filter-sterilized chelated iron solution (3 ml/l), 196 

methanotroph trace element solution (3 ml/l), and methanogen trace element solutions (1 ml/l) 197 

was added to each medium aliquot. The base medium was then poured into 58 cm2 Petri dishes. 198 

After the base medium had solidified, 10 ml of the plastic-infused overlay was aseptically added 199 

on top of each base to create a thin, opaque layer of suspended plastic powder. 200 

 A 50 µl aliquot of the resuspended biofilm from gyroids from each growth tube from 201 

each hot spring was pipetted on five grow plates of each polymer type prepared for that spring. 202 

Plates were then incubated at either 45 °C, 55 °C, 65 °C, 70 °C, or 80 °C depending on which 203 

was closest in temperature to the incubation spring (see Figure 1, Dataset S1, S3). Three 204 

uninoculated “blank” plates per plastic type per spring were incubated with the growth plates as 205 

controls for contamination. Plates were incubated for eight weeks under aerobic conditions and 206 

were checked weekly. Axenic cultures of all colonies that created clearing zones in the plastic 207 

overlayer (see Figure 4 for an example) were generated via three passages of single colonies on 208 

plastic-overlay solid media. Additional culturing information can be found in Dataset S3. 209 

 210 

Whole genome sequencing and identification of plastic degrading isolates: DNA from the two 211 

isolated colonies that formed clearing zones was extracted using a DNeasy PowerSoil Pro Kit 212 

(Qiagen, Hilden, Germany) with partial automation on a QIAcube Connect (Qiagen) following 213 

the manufacturer's instructions.  214 

 Whole genome sequencing of gDNA extracted from the two isolates was performed by 215 

SeqCenter (Pittsburgh, PA, US) following the sequencing provider’s standard protocol. Briefly, 216 

Illumina sequencing libraries were prepared with the Nextera DNA Flex library preparation kit 217 
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for a target insert size of 280 bp (Illumina, San Diego, CA, US). DNA was sequenced on an 218 

Illumina NovaSeq X Plus sequencer in multiplexed runs with a 2 × 151 bp paired end-read 219 

chemistry. Demultiplexing was performed with bcl-convert v. 4.2.4 (Illumina, San Diego, CA, 220 

US). 221 

 The raw paired-end sequencing reads were assessed for quality with FastQC v.0.12.0 222 

(https://github.com/s-andrews/FastQC). Illumina adapters were removed, and quality filtering 223 

was performed with Trimmomatic v.0.39 (37). Genome assembly was performed with Unicycler 224 

v.0.5.1 (38) and completeness and contamination was assessed with CheckM v.1.1.6 (39). Once 225 

a high-quality genome was assembled (defined as >95 % complete, <5 % contamination), open 226 

reading frames (ORFs) were predicted with Prodigal v.2.6.3 (40), and taxonomy was assigned 227 

using the classify workflow of GTDBtk v.2.4.0 (41) and confirmed with the de novo workflow 228 

of GTDBtk, which used FastTree (42) to place our genomes within the GTDB-tk reference 229 

bac120 tree (43) based on multiple sequence alignments (MSA) of  amino acid sequences.  To 230 

further confirm the taxonomic identifications of the two plastic degraders provided by GTDBtk, 231 

we used phyloFlash v.3.4.2 (44) to extract the 16S rRNA SSU genes from the genome sequences 232 

and assign taxonomy based on the SILVA database v.138 (30, 31, 45). Trees were visualized and 233 

annotated using iTOL v.7.2 (46). 234 

 Identification of PHA metabolism genes in the two genomes was performed by 235 

comparing the translated amino acid sequences against references sequences from seven 236 

different databases related to PHA/PHB degradation and/or synthesis with the blastp function of 237 

DIAMOND v.2.0.11 following parameters described in (24, 47) (query coverage: 80 %, e-value 238 

threshold: 10-10). Databases include: PlasticDB (56 reference sequences) (5), PMBD (16 239 

reference sequences) (48), PAZY (13 reference sequences) (49), COG (503 reference sequences) 240 
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(50), KEGG (542 reference sequences) (51), the Gene Ontology Resource (7 reference 241 

sequences) (52, 53), and Uniprot (36 reference sequences of PHA/PHB depolymerase restricted 242 

to Swiss-Prot reviewed entries) (54). As described in Dragone et al. (47), we used a lower 243 

percent identity (>60 %) to match our genomes to the reference due to of the small number of 244 

reference sequences available for plastic degrading genes and the limited phylogenetic diversity 245 

from which they were collected (5). Matches above this identity threshold were considered 246 

positive identifications. Whole genome sequencing data can be found in Dataset S3. 247 

 248 

Predictive modeling of thermophilic plastic degraders: Details regarding the sampling process 249 

and characterization of the geothermal spring samples used for the biogeography analysis can be 250 

found in Power et al. (16). To summarize, they collected samples from >900 geothermal springs 251 

across New Zealand (http:// 1000Springs.org.nz), measured 46 physicochemical parameters of 252 

the samples, and sequenced extracted DNA with an Ion PGM System using the Earth 253 

Microbiome primer pair F515/R806, described previously. We accessed the raw 16S rRNA gene 254 

sequences from the European Nucleotide Archive under accession number PRJEB24353. The 255 

16S rRNA gene sequences were processed using the DADA2 pipeline v.1.16 (28), described 256 

previously, but with the recommended parameters for processing Ion Torrent Data. Prior to 257 

downstream analyses, ASVs associated with chloroplast, mitochondria, eukaryotes (939 ASVs 258 

total), those unassigned to the phylum level (2303 ASVs), and singletons and doubletons (2720 259 

ASVs) were removed. Samples were only used for downstream analysis if >1000 reads were 260 

recovered from them (899 samples). 261 

To add to the two 16S rRNA gene sequences recovered from our thermophilic plastic-262 

degraders, we searched in PlasticDB v.01-27-2025 for all bacterial taxa previously reported in 263 
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literature to degrade plastic polymers at temperatures >50 °C (5). We then used the PlasticDB 264 

record for each hit to search for the 16S rRNA gene sequences of the specific culture listed in the 265 

entry (Dataset S3). If the specific 16S rRNA gene sequence of a culture could not be found, but 266 

the taxonomic classification listed a species and strain, we used the 16S rRNA gene sequence of 267 

the associated type strain. If a PlasticDB entry was not classified to a unique species (i.e. 268 

“Streptomyces sp.”) and we could not find a 16S rRNA sequence associated with that specific 269 

culture, it was excluded. The 16S rRNA gene sequences recovered from thermophilic plastic 270 

degraders (56 from PlasticDB, 2 from our isolates) were matched against the 16S rRNA gene 271 

sequences associated with each ASV recovered from the 1000 Springs Project dataset (described 272 

previously, Dataset S4) using VSEARCH v2.22.1 (--strand both --notrunclabels --iddef 0 --id 273 

0.97 --maxrejects 100 -- maxaccepts 100) (55). Putative thermophilic plastic-degraders were 274 

considered as present in a sample if any ASV that matched to our references sequences above 275 

our stated threshold was present and the proportion of thermophilic plastic-degraders was based 276 

on the sum of reads from these matched ASVs (Dataset S4). 277 

To determine what environmental and geochemical variables might best predict which of 278 

the 899 geothermal springs would have thermophilic plastic degraders, we used the R package 279 

‘rfPermute’ and performed a random forest analysis with 100 trees and 3 variables tried at each 280 

split to identify the most important predictors. The factors used in our models were chosen from 281 

a total of 29 different measurements taken from the 46 reported by Power et al. (16). Variables 282 

that were not measured in at least 75 % of the samples were not included in the analysis. 283 

Variables were considered predictors of the presence of thermophilic plastic degraders so long as 284 

that variable increased the MSE by at least 4 % (p < 0.05). To further explain these relationships, 285 

the abundance of the sum reads of all matched ASVs were plotted against the respective 286 
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predictive variable and generalized additive models (GAMs) were used to predict under what 287 

conditions abundance was maximized. We used the gam.check function of the r package ‘mgcv’ 288 

(56) to calculate diagnostics for each model. Parameters, including k’, effective degrees of 289 

freedom, and k-index can be found in Dataset S4. 290 

 291 

Additional plotting and analyses: Statistical tests were performed using base R functions 292 

‘wilcox.test’ and the packages ‘rstatix’ (https://github.com/kassambara/rstatix).  Plotting was 293 

performed using the R packages ‘ggplot2,’ ‘cowplot’, and ‘mctoolsr’. The map in Figure 1 was 294 

created in QGIS v.3.44 (57) with the "QuickMapServices" plugin using the Carto Positron 295 

basemap (58). 296 

 297 

Results 298 

Time series incubation: Average pH measured at Maruia spring across the six-month incubation 299 

was 7.97 (range: pH 7.77 – 8.30), average temperature was 57.0 °C (52.5 – 61.2 °C), and average 300 

conductivity was 1116 mS (range: 910 – 1340 mS). The average mass lost by our experimental 301 

PHB gyroid setup after a six-month incubation in Maruia spring was 8.5 % (w/w; mass loss × g). 302 

The control PHB gyroid lost 5.4 % (w/w; mass loss × g) of mass during the same incubation.  303 

Approximate rates of plastic degradation across the experiment for the experimental gyroid was 304 

0.036 % ⋅ day-1 and 0.026 % ⋅ day-1 for the control gyroid (Figure 3). 305 

 306 

Multi-substrate incubation: The measured temperature, pH, and conductivity of each spring at 307 

the start and end of the incubation experiment can be found in Dataset S1. After the three-month 308 

incubation, average % loss (w/w; mass loss × g) of PHB gyroids was 23.1 % (2.7 – 67.7 %), was 309 
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0.71 % (0 – 3.3 %) for PETG gyroids, and 62.4 % (3.7 – 94.8 %) for PLA gyroids (Figure 3). 310 

Control gyroids lost on average (% w/w; mass loss × g) 21.8 (0.66 – 38.8 %) for PHB, 0.83 (0 – 311 

2.9 %) for PETG, and 56.8 (3.5 – 95.0 %) for PLA.  Gyroid mass before and after incubation and 312 

fold change from control gyroids can be found in Dataset S1.  313 

 314 

Cultivation-independent substrate comparisons: After the three-month incubation, visible 315 

biomass could be observed in all experimental gyroids exposed to the spring but not on the 316 

sealed control gyroids (see Figure S2 as an example). DNA was extracted from biomass removed 317 

from the gyroids in each of the 27 experimental chambers used in our multi-substrate incubation. 318 

  The sequences recovered from the blank did not suggest signs of contamination. Just 319 

35 reads from nine ASVs were recovered from the extraction blanks while 37 reads from nine 320 

ASVs were recovered from the no template controls. In total, the ASVs assigned to these 321 

samples were neither the most abundant (average <0.1 % of total reads assigned to samples), nor 322 

are they typical laboratory contaminants (59). 323 

 All 27 of the biofilm samples yielded enough PCR amplifiable DNA to characterize the 324 

microbial communities using marker gene sequencing (Dataset S2). 16S rRNA gene reads 325 

averaged 5406.5 reads sample-1 (12 – 30579 reads) with an average richness of 75.2 ASVs 326 

sample-1 (5 – 345 ASVs) (Figure S3). Of the 594 unique ASVs identified, 538 ASVs were 327 

bacterial and 56 ASV archaeal.  A total of 59 bacterial phyla were detected with the five most 328 

abundant being Pseudomonadota (24.3 % of total reads), Thermoproteota (16.3 %), 329 

Thermoplasmatota (8.3 %), Bacillota (8.3 %), Methanobacteriota (4.5 %) (Figure 4). The ten 330 

most abundant ASVs are presented in Table S1 and include the families 331 

Methanothermobacteriaceae (2 ASVs), Spirochaetaceae (2 ASVs), Thermodesulfovibrionaceae, 332 
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Methanosaetaceae, Syntrophomonadaceae, and unidentified families of the orders Veillonellales-333 

Selenomonadales, Thermoanaerobacterales, and Acetothermiia; KB1 group. The complete ASV 334 

table can be found in Dataset S2. 335 

 The spring in which the gyroid was incubated was the strongest predictor of observed 336 

variation in prokaryotic community dissimilarity across the 27 samples (PERMANOVA, r2 = 337 

0.39, p = 0.001, Figure 4). All springs varied significantly in their community composition (p < 338 

0.05). Of the physicochemical parameters measured at each spring, pH was the only variable 339 

identified as a significant driver of this dissimilarity (MRM, p = 0.02; bioenv: r2 = 0.52). 340 

Biofilms from springs with low pH (<7, Whakarewarewa and Tikitere) had an average richness 341 

of 14.4 ASVs (5 – 32) and were dominated by Pseudomonadota (33.6 %), Thermoproteota (20.0 342 

%), and Thermoplasmatota (17.8 %) with all other phyla making up <3 % of the total reads. Six 343 

of the top 10 ASVs in the more acidic springs were Archaea (Table S1), which made up 75.8 % 344 

of the reads recovered from these samples. Springs with neutral to moderately alkaline pHs (>7) 345 

had an average richness of 123.8 ASVs (28 – 345 ASVs) with the most abundant phyla in these 346 

springs being Pseudomonadota (16.9 %), Thermoproteota (13.6 %), Bacillota (12.1 %), 347 

Methanobacteriota (7.7 %) and Aquificota (5.1 %). Just three of the top 10 most abundant ASVs 348 

were Archaea (Table S1), with Archaea making up just under a quarter (23.1 %) of reads on 349 

average. 350 

Substrate type also explained some of the variation in microbial community composition 351 

(PERMANOVA, r2 = 0.07, p = 0.027). Most (370) ASVs were identified on at least two of the 352 

different substrate types. Sixty ASVs were only found in PET biofilms, 23 were only found in 353 

PLA biofilms, and 141 were only found in PHB biofilms (Figure S4). 63 ASVs were identified 354 

as being significant drivers of the dissimilarity between the three substrates (SIMPER, p < 0.05, 355 
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Figure 4). Of these, the most abundant genera that were consistently enriched in biofilms on PET 356 

included Methanothermobacter (6.1 % of reads from PET samples on average), Fervidicoccus 357 

(5.0 %), Caldimicrobium (4.3 %), Methanothrix (11.8 %) and an unidentified Bathyarchaeia (1.6 358 

%) (Figure 4). The most abundant genera associated with PHB biofilms include Herminiimonas 359 

(2.2 % of reads from PHB samples on average), Chloroflexus (1.6 %), Chlorogloeopsis (0.73 %), 360 

Thermus (0.59 %), and Fervidicoccus (0.54 %) (Figure 3). The most abundant genera associated 361 

with PLA biofilms included Citrobacter (14.4 % of reads from PLA samples on average), Afipia 362 

(1.8 %), Chloroflexus (0.93 %), Candidatus Nicrosocaldus (0.90 %), and Lysinibacillus (0.69 %) 363 

(Figure 4). Indicator taxa analysis (multipatt) identified ASV 24 (Archaea; Thermoproteota; 364 

Nitrososphaeria; SCGC AB-179-E04; NA; NA) as indicative of PET biofilms and ASV 181 365 

(Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; 366 

Citrobacter) as indicative of PLA biofilms. No PHB indicator taxa were identified. Taxa 367 

previously been reported to be plastic-degraders are listed in Table S2 368 

 369 

Enrichment, isolation, and characterization plastic-degrading taxa: No growth was observed 370 

on any of the control plates after eight weeks, nor did any colonies grow on plates inoculated 371 

from gyroids incubated in Whakarewarewa and Tikitere springs. No clearing zones were noted 372 

on any PET or PLA screening plates from any spring, nor from any PHB plates from Waikite 373 

Valley after eight weeks’ incubation. 374 

 PHB-degrading colonies (i.e. colonies that formed clearing zones on the PHB screening 375 

plates) were identified on two solid medium plates within three and 14 days of initial inoculation 376 

(Dataset S3). The single colony morphotype recovered from the PHB biofilm from the Maruia 377 

Spring incubations (PHB tube 1) degraded PHB at 55 °C, while the other colony morphotype 378 
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was from Waikite Restoration PHB biofilm (PHB tube 5) and degraded PHB at 45 °C. High 379 

quality genomes were assembled from both isolates (Dataset S3). The Maruia PHB-degrading 380 

isolate was identified as a Rubrobacter sp. [Maruia] (phylum Actinomycetota; 99.26 % ANI, 95 381 

% AF to GTDB accession GCF_028617085.1, Figure S5) and the Waikite Restoration PHB 382 

degrading isolate was identified as a Cupriavidus sp. [WR] (phylum Pseudomonadota; 98.7 % 383 

ANI, 90 % AF to GTDB accession GCF_008632125.1, Figure S6). Taxonomic identification 384 

was confirmed through 16S rRNA gene sequence similarity and average nucleotide identity. 385 

 Both genomes were found to contain genes that matched references sequences of 386 

previously described PHA metabolism pathways (Figure 4, Figure S7, Dataset S3). Cupriavidus 387 

sp. [WR] matched to references sequences from the COG database (1 match), Uniprot (1), 388 

PlasticDB (3 matches), and PAZY (4). These included an extracellular PHA depolymerase 389 

(PhaZ6), intracellular PHA depolymerases (PhaZ1, PhaZ2), 3-hydroxybutyrate-oligomer 390 

hydrolase genes (PhaY1, PhaY2), and a class I poly(R)-hydroxyalkanoic acid synthase gene 391 

(PhaC1). Rubrobacter sp. [Maruia] only matched to one reference sequence, a class III poly(R)-392 

hydroxyalkanoic acid synthase (PhaC3) from the COG database.   393 

 394 

Predictive modeling of thermophilic plastic-degraders. We recovered 56 16S rRNA gene 395 

sequences from the 193 entries associated with thermophilic plastic degraders in PlasticDB (5). 396 

These sequences, plus the two 16S rRNA gene sequences recovered from our isolates, matched 397 

to 246 ASVs recovered from the reprocessed sequence data from Power et al. (16). Reads 398 

assigned to these ASVs were identified in 429 of the 898 samples (47.4 % of samples). The 399 

average abundance of database-matched ASVs was 13.5 % of total reads per sample (0 – 41.1 % 400 

of reads).  401 
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 One variable, spring pH (% IncMSE = 6.97, p = 0.01) was identified as an important 402 

predictor of the abundance of thermophilic plastic degraders in a spring. Aluminum 403 

concentration was also identified as a significant driver (p = 0.04) but did not increase the mean 404 

standard error by at least 5 % (Table S3). Matched ASVs were identified in samples ranging in 405 

pH from 1.34 – 9.7 and with an aluminum concentration from 0.18 – 198.7 mg/L. Predicted 406 

maximum abundance of matched ASVs was between pH 1- 2.3 (Fig. 4) and at an aluminum 407 

concentration of 6.5 – 65 mg/L (Figure S8). 408 

 409 

Discussion 410 

 To meet our objectives, we incubated 120 plastic substrates (87 experimental gyroids, 411 

33 control gyroids) of three different polymers (PET, PLA, PHB) in five springs across New 412 

Zealand (four in the TVZ, and one in the Southern Alps) for up to 6 months to observe any 413 

relationships between geothermal spring microorganisms and plastic degradation. These springs 414 

varied in temperature from <45 – 85 °C and in pH from <5 – 9. Using a combination of 415 

cultivation-independent marker gene sequencing, targeted cultivation paired with whole genome 416 

sequencing, and predictive modeling, we were able to show how introduced plastic changes the 417 

microbial communities in geothermal springs, identify and grow thermophilic microorganisms 418 

capable of degrading certain plastic polymers, and predict which springs may contain more 419 

thermophilic plastic-degraders. 420 

 421 

PHB degrades in geothermal springs at rates above that of the associated sterile controls. The 422 

majority of our gyroids, including the controls, reduced in mass over the course of the 423 

incubations. In the time series incubation, the PHB control gyroids lost mass at an approximate 424 
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rate of 0.52 % (w/w) per month (Figure 3) and was most likely the result of chemical and 425 

physical degradation of polymers and/or fillers induced by spring water. We expect that the 426 

experimental gyroids experienced a similar mass loss due to physical/chemical degradation, but 427 

that the increased degradation rate compared to the control was the result of microbial activity. 428 

For this reason, we focused on the magnitude of change from the mass lost from the control (i.e. 429 

fold change) rather than the absolute loss. However, what we describe below represents inferred, 430 

rather than directly demonstrated, microbially mediated plastic degradation. 431 

  Both of our incubation experiments suggests that microorganisms in geothermal 432 

springs contribute to the degradation of introduced PHB: In the time series incubation, the 433 

experimental gyroids lost mass at a rate 1.5 × faster than the controls (Figure 3) and for the 434 

multi-substrate incubations, potential microbial degradation (fold change from control >1) of 435 

PHB was detected in three of our springs with the largest mass loss compared to control 436 

measured in Maruia spring (temp: 55 °C; avg fold change: 4.5, Figure 3).  437 

 PHB is the most common form of polyhydroxyalkanoate (PHA) – a class of polyester 438 

produced through the activity of microorganisms (60) that consist of chains of hydroxyalkanoate 439 

groups linked together by ester functional groups (61).  Microbially produced plastics like PHB 440 

have historically been associated with carbon storage (62) and produced intracellularly as water -441 

insoluble inclusions, or granules when carbon is in excess (as described in refs (63–65)). If 442 

carbon becomes limited, these reserves can be broken down and used for energy (66). Given that 443 

PHB is known to be readily degraded by mesophilic and extremophilic organisms in a variety of 444 

copiotrophic and oligotrophic systems, this finding is not surprising (5, 66–68). However, we 445 

note that PHB degradation in our springs (~8 % loss after 6 months) was much less than what 446 
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has been measured in other aquatic systems (over 25 % loss in sea water in as little as one 447 

month) (69, 70). 448 

 449 

Microbial degradation of PET and PLA could be a result of metabolism of fillers/additives: Of 450 

our three polymers, PET gyroids were the most resistant to microbial degradation (Figure 3). 451 

This is not a surprise; while some PET-degrading microorganisms have been isolated (see refs 452 

(5, 71) for examples), PET breakdown is energy intensive and not typically favorable if 453 

alternative energy sources are available (72, 73). At higher temperatures (>65 °C) and more 454 

acidic pH, PET becomes more flexible and therefore more biodegradable if capable organisms 455 

are present (73, 74). This may explain why the only signs of mass loss by PET that could be 456 

attributed to microbial activity occurred in one of our highest temperature springs (Tikitere, 457 

Figure 3).  458 

 PLA gyroids did appear to lose mass as a result of microbial activity in three springs 459 

(Maruia, Waikite Restoration, and Whakarewarewa). PLA, a bioplastic produced by organic 460 

sources, has been touted as a “green” plastic alternative to petroleum-based polymers. However, 461 

PLA is still resistant to biodegradation and can take several years to break down outside of 462 

industrial compost facilities (75, 76). Our results suggest that geothermal springs may be a 463 

source environment to isolate more effective PLA degrading organisms, especially since 464 

microbial degradation of PLA has been shown to increase under thermophilic conditions (>50 465 

°C) where polymer chains are more flexible and susceptible to enzymatic attack (76, 77). 466 

However, we saw no evidence of microbial plastic degradation at temperatures >70 °C, which 467 

might suggest an upper temperature limit on microbial PLA degradation under thermophilic 468 

conditions. 469 
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 While our incubation results support (14) hypothesis that Aotearoa New Zealand’s hot 470 

springs contain microorganisms capable of degrading plastics, we cannot say whether the mass 471 

loss by our PET and PLA gyroids are a result of microbial degradation of the polymer or of 472 

plastic additives. The 3D-printing stock used to make our PETG and PLA gyroids contained 473 

plasticizers, stabilizers, and colorants (see methods for specifics) (78). The mass lost attributed to 474 

microbial activity could be the result of microbial breakdown of these accessory compounds 475 

instead of the polymers (as described in (79, 80)). For example, the PLA filaments contained 476 

calcium carbonate, which could either act as a source of carbon and/or potentially dissolve in 477 

highly acidic pools. Future work should account for this possibility and use raw polymers for the 478 

collection of the biofilms. However, we also saw evidence that additives may be released from 479 

introduced plastics just through exposure to the in situ abiotic conditions experienced in our 480 

springs. For example, sterile PLA gyroids in our highest temperature springs not only lost 481 

significant mass (>85 % w/w mass, Figure 3) but also lost color to the surrounding water of the 482 

chamber (Figure S2). Future work should determine whether the release of these chemicals at 483 

high temperatures has any impact on the chemical properties of these fragile environments and 484 

their associated biological communities. 485 

 486 

Introduced plastics can influence microbial community composition: Observed differences in 487 

the composition of biofilm communities on our incubated substrates were largely explained by 488 

the physicochemical conditions of the spring in which the substrate was incubated in (Figure 4), 489 

with difference in pH identified as the variable contributing the most to this dissimilarity. More 490 

specifically, biofilms from substrates incubated in more alkaline pH springs (>7) had more 491 

diverse communities dominated by Bacteria (Figure 4, Table S1). Biofilms from substrates 492 
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incubated more acidic springs (<7) were less diverse and were dominated by Archaea (Figure 4, 493 

Table S1). Previous work identified similar drivers of microbial communities within the TVZ 494 

across a greater number of springs (16) 495 

A smaller proportion of biofilm community dissimilarity was explained by the polymer 496 

type. While the majority of the ASVs identified across our study were shared across two or more 497 

polymers, ASVs assigned to ~50 genera were identified as significant drivers of dissimilarity 498 

between biofilm microbial communities across polymer types. The most abundant genera 499 

associated with each polymer are known biofilm formers (i.e. Methanothermobacter – PET, 500 

Caldimicrobium – PET, Herminiimonas – PHB, Citrobacter – PLA, Chloroflexus – PHB) (81–501 

85). However, just four genera (Citrobacter, Lysinibacillus, Corynebacterium, and 502 

Pseudomonas) has previously been reported to degrade any plastic polymer, with just 503 

Pseudomonas reported to degrade any of the three polymers used in this study (Table S2) (5). 504 

These results suggest that plastics introduced into geothermal systems do not enrich for 505 

organisms capable of using the polymer as an energy source (as has been described in other 506 

systems (86)). Instead, introduced plastic mainly appears to act as a surface for biofilm formers 507 

to adhere to, similar to what has been described in marine systems (87). However, we have yet to 508 

fully understand the plastic-degrading capability of the microbial world and do not know the full 509 

diversity of organisms that degrade plastic (4, 88). It is likely that some of these organisms 510 

associated with communities on each polymer have undescribed plastic degradation capabilities. 511 

 512 

The role of PHB degradation by thermophiles: Two of our isolates formed clearing zones in the 513 

PHB screening medium, confirming plastic-degrading capabilities. One isolate, Rubrobacter sp. 514 

[Maruia], was confirmed to be a thermophilic plastic degrader that degraded plastic at 55 °C 515 
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(Figure 5). The other isolate, Cupriavidus sp. [WR], degraded plastic at 45 °C. Cupriavidus has 516 

previously been identified as a plastic-degrading organism (based on the PlasticDB database (5)). 517 

To our knowledge, no reports exist of Rubrobacter degrading plastic (5).   518 

 We were able to reconstruct near-complete high quality draft genomes from our two 519 

PHB degraders (>97 % complete, <2.5 % contamination).The genes identified in the 520 

reconstructed genomes of our Cupriavidus sp. [WR] isolate supports the hypothesis that certain 521 

microbes are scavenging extracellular PHB to use as source of carbon and energy, a strategy 522 

which has been described in other geothermal environments (11, 68). Our Cupriavidus sp. [WR] 523 

isolate encoded an extracellular PHA/PHB depolymerase gene (PhaZ6, Figure 5) which 524 

putatively would enable the organism to break down scavenged PHB into oligomers and 525 

monomers (49, 89). Moreover, we also identified PhaY1 and PhaY2 genes, used by organisms to 526 

further metabolize these oligomers (49, 90).  527 

 While no genes associated with any PHB degradation pathway were identified in the 528 

genome of Rubrobacter sp. [Maruia], we expect it contains a similar extracellular PHB 529 

degradation pathway, given the completeness of the genome and that we observed clear 530 

extracellular PHB degradation on our screening medium (Figure 5). Most plastic degradation 531 

genes have not been well characterized in more than one organism (Chow et al. 2023, Buchholz 532 

et al. 2022). While it is possible that our Rubrobacter sp. is utilizing a previously undescribed 533 

PHB degradation pathway, it is more likely that no genes have been described in closely related 534 

organisms (unlike our Cupriavidus isolate encodes PHB- degrading gene with high homology to 535 

previously characterized PHB degradation genes within the genera (91)).  536 

 While we were not able to grow any organisms that would directly degrade PET or 537 

PLA in our assays, further testing and isolation campaigns may reveal this capability in other 538 
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organisms and springs. Our cultivation methods were narrow, relying on just one base medium 539 

type, one set of laboratory conditions, all under aerobic conditions. We expect that a larger 540 

cultivation campaign, targeting a larger number of springs, and using a wider variety of media 541 

types, plastic polymers, and growth conditions may successfully capture organisms capable of 542 

degrading PET, PLA, or other polymer types. 543 

 544 

New Zealand’s hot springs are a potential source of novel microbially produced plastics: 545 

Although we did not directly test this capability, genomic evidence indicates that both isolates 546 

may be able to synthesize and degrade intracellular PHB. Each genome contained high-identity 547 

matches (>80 %) to intracellular PHA synthase genes (PhaC)—Type I in Cupriavidus sp. [WR] 548 

and Type III in Rubrobacter sp. [Maruia] (Figure 5). In addition, Cupriavidus sp. [WR] encoded 549 

the intracellular PHB depolymerases PhaZ1 and PhaZ2 (Figure 5). These findings suggest that 550 

both organisms may produce PHB as an intracellular carbon reserve that can be mobilized during 551 

nutrient limitation, consistent with observations in other systems (65, 68, 90) 552 

 Thermophilic PHB--producing organisms offer many of the same advantages as 553 

thermophilic plastic degraders, including faster production, greater efficiency, and reduced risk 554 

of contamination (92, 93). Notably, our results suggest that geothermal organisms from New 555 

Zealand—such as the two isolates described here—may be capable of generating more 556 

thermostable PHBs. Such materials could facilitate broader adoption of PHB as a sustainable 557 

alternative to petroleum-derived- plastics like polyethylene and polypropylene (60). 558 

 559 

New Zealand hot springs support a range of putative plastic degraders. We leveraged the 560 

extensive geochemical, environmental, and microbial analysis performed by Powers et al. (2018) 561 
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to identify springs with a high potential for harboring additional plastic degrading taxa beyond 562 

the five springs investigated in this study. By comparing the 16S rRNA gene sequences 563 

recovered from known thermophilic plastic degraders (including our two isolates) against the 564 

marker gene sequencing data created by the ‘1000 Springs Project dataset,’ we were able to 565 

identify pH as the most important predictor of thermophilic plastic degraders, with the greatest 566 

abundances of thermophilic plastic degraders predicted in springs with acidic pH (from 1 – 2.3, 567 

Figure S8) (See Dataset S4 for more details). 568 

 Acidic conditions have previously been linked to degradation of plastic. Ariza-Tarzona 569 

et al. (2020) found that low pH environments promoted polymer breakdown of polyethylene 570 

(94), which could then make the polyethylene easier for microorganisms to degrade (73). In fact, 571 

early work into plastic degradation by extremophilic organisms focused on acidophilic taxa 572 

specifically because of the ‘softening’ effect of acids on plastics (9) – an effect that is likely 573 

compounded at high temperatures (7, 8, 11).  However, we note that predicted thermophilic 574 

plastic-degraders were identified across the pH range encompassed within the TVZ. Given the 575 

limited taxonomy of known organisms that can degrade plastic at temperatures >50 °C (9, 11), 576 

we believe that future studies should focus on springs across the full pH range, not just within 577 

our predicted maximum range. For example, (14) identified springs with moderate thermophilic 578 

conditions (30-40 °C) as containing higher relative abundances of putative plastic-degrading 579 

taxa. 580 

 581 

Conclusions:  582 

 Thermophilic plastic-degrading microorganisms are present in the geothermal springs 583 

of Aotearoa New Zealand. Moreover, these organisms appear capable of degrading certain 584 
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plastics introduced into these environments. Microbially produced polymers and biopolymers 585 

appear to be the most susceptible to microbial degradation by geothermal spring organisms, 586 

while petroleum-based polymers are not degraded easily. While the pathways identified in our 587 

plastic-degrading isolates suggest they may be able to metabolize and even produce plastics for 588 

carbon, the primary use of plastics by geothermal microbial communities does not appear to be 589 

as an energy source. Instead, they appear to mainly serve as surfaces for biofilm formation, 590 

composed primarily of non-plastic-degrading taxa. Not only do our findings support previous 591 

suggestions that New Zealand’s geothermal springs may be a source of novel plastic degraders, 592 

but they also suggest that they could be a reservoir of organisms capable of producing more 593 

thermostable, microbially derived plastics with improved performance characteristics. 594 
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Figure Captions 914 

 915 

Figure 1: Spring locations. Geothermal spring locations are presented as colored circles across 916 

all three images (Maruia; black, Tikitere; blue, Whakarewarewa Village; yellow, Waikite; green, 917 

Waikite Restoration area; teal) A) Map of Aotearoa New Zealand showing the location of 918 

Maruia spring (South Island) and inset indicating the region of the North Island where the other 919 

four springs were located. (B) Map of Rotorua and surrounding areas detailing indicating the 920 

location of the four Taupō Volcanic Zone springs. C) Primary conditions of the five springs used 921 

for the in-situ incubations. Spring temperature and pH reported here are from the start of the 922 

multi-polymer incubation, additional measurements can be found in Dataset S1. 923 
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 924 

Figure 2: A) Polyethylene terephthalate (PET), Polylactic acid (PLA), and Polyhydroxybutyrate 925 

(PHB) gyroids used for the time series and multi-polymer incubations. B) Experimental 926 

chambers for the multi-polymer incubation. Onsite, holes were cut in the top of the chambers and 927 

target hot spring water added to displace the air headspace. The chambers were then suspended 928 

in place in via cable ties and heavy gauge nylon fishing line.   929 
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 930 

Figure 3: Mass loss experimental results. A) The results of the time series incubation of our 931 

three polymers: Polyethylene terephthalate (PET), Polylactic acid (PLA), and 932 

Polyhydroxybutyrate (PHB). Mass loss for the control and experimental gyroid are displayed 933 

over the 6-month incubation. A line of best fit, predicted using a generalized linear model 934 

method is included for each treatment, with equations listed at the bottom left. B) Difference 935 

between the experimental gyroid (left) compared to the control gyroid (right) after incubation 936 

and sonication to remove biofilm. C) The results of the multi substrate incubation. Box plot 937 

displays fold change from average mass loss across control gyroids (n = 2) for each experimental 938 

gyroid (n = 6) after three months. For the Maruia incubation only, a single experimental chamber 939 

was collected at the three-month time point (n = 1 control gyroid, n = 3 experimental gyroids). 940 

Results are grouped by spring and colored by polymer type. Springs/polymers from which plastic 941 

degrading organisms were isolated are indicated with a star (*). For more information on how 942 

plastic degradation was determined, see Methods. D) Evidence of microbial plastic degradation 943 

on PHB-H straws (circled in green) incubated for three months in Maruia spring concurrently 944 

with the multi-substrate incubation.   945 
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 946 

Figure 4: Biofilm comparisons across site and polymer.  A) Stacked bar chart of the 12 most 947 

abundant bacterial and archaeal phyla across the multi substrate incubation. Relative abundance 948 

displayed the combined relative abundance from the two replicates for each polymer type at each 949 

spring. B) Principal Coordinates Analysis (PCoA) displaying the Bray Curtis dissimilarity across 950 

the different springs. Shape designates the polymer type while the color displays the spring that 951 

the sample was incubated in. C) Percent of ASVs associated with genera identified through 952 

indicator taxa analysis (Multipatt and SIMPER) to be driving the differences in microbial 953 

communities between the three polymer types across all springs. Genera are colored based on the 954 

phyla displayed in A.   955 
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 956 

Figure 5: Summary of the PHA/PHB metabolism genes identified in the assembled 957 

genomes of our two isolates. Genes are grouped into “degradation” and “synthesis.” Heatmap 958 

intensity displays the percent identity match of the gene found in our isolate to the reference gene 959 

sequence. Photos of the clearing zones formed by each isolate in the screening media are 960 

displayed above the heat map. 961 
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