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Polyethylene terephthalate (PET) is an important synthetic polymer accumulating in nature 1 

and recent studies have identified microorganisms capable of degrading PET. While the majority of 2 

known PET hydrolases originate from the Actinobacteria and Proteobacteria, here we describe the 3 

first functional PET-active enzymes from the Bacteroidetes phylum. Using a PETase-specific 4 

Hidden-Markov-Model (HMM)-based search algorithm we identified two promiscuous and cold-5 

active esterases derived from Aequorivita sp. (PET27) and Chryseobacterium jeonii (PET30) acting 6 

on PET foil and powder. Notably, one of the enzymes (PET30) was able to hydrolyze PET at 7 

temperatures between 4° - 30°C with a similar turnover rate compared to the well-known Ideonella 8 

sakaiensis enzyme (IsPETase).  9 

PET27 and PET30 homologues were detected in metagenomes encompassing a wide range 10 

of different global climate zones. Additional transcript abundance mapping of marine samples imply 11 

that these promiscuous enzymes and source organisms may play a role in the long-term 12 

degradation of microplastic particles and fibers. 13 

 14 

IMPORTANCE  15 

Polyethylene terephthalate (PET) has accumulated in our environment throughout the last six 16 

decades, presumably with no major degradation paths identified. While several PET hydrolases have been 17 

described, their abundance and activity in nature remains unconstrained. In this study, homology-based 18 

mining of metagenomic datasets demonstrated for the first time that functional PET hydrolases are affiliated 19 

with the Bacteroidetes phylum. We prove that these enzymes have significant capability to hydrolyze PET 20 

at temperatures ranging from 4 °C - 30°. Moreover, they are distributed globally and, in several instances, 21 

expressed at high levels. While these enzymes have relatively low turnover rates, they may significantly 22 

contribute to PET removal because of their global distribution and expression. This work provides a greater 23 

understanding of the phylogenetic diversity, biochemical and structural traits of PET hydrolases and sheds 24 

new light on their potential impact on plastics degradation in the environment. 25 

 26 

INTRODUCTION 27 

PET is one of the most common plastics used in many consumer products. The worldwide PET 28 

resin production amounted to 27.8 million tons in 2015 1,2. However, only a small fraction of PET is recycled, 29 
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and it is estimated that 58 % ends up in the landfills and in the ocean 3,4. Our knowledge of microbial 30 

degradation of most plastics is rather limited. Degradation is, however, initiated by UV light and or 31 

mechanical grinding through waves and other movements generating microplastics (< 5mm) 5. Thereby, it 32 

can be assumed that the microparticles allow better microbial attachment 6,7. In the case of PET, recent 33 

research has demonstrated that some bacteria are able to degrade the polymer. Although it is unclear the 34 

larger crystalline fibers are degraded by bacteria, it is well known that cutinases (EC 3.1.1.74), lipases (EC 35 

3.1.1.3) and carboxylesterases (EC 3.1.1.1) can act on amorphous and low crystalline PET. These enzymes 36 

break the ester bond in the polymer to either produce bis-hydroxyethyl terephthalate (BHET), mono-37 

hydroxyethyl terephthalate (MHET) or terephthalic acid (TPA) and ethylene glycol (EG). MHET can 38 

subsequently be cleaved with a specific MHETase and the TPA monomers degraded via cleavage of the 39 

aromatic ring structure using known aryl pathways 8,9. 40 

To date, only a limited number of bacterial and fungal species have been identified that are capable 41 

of breaking down PET to oligomers or even monomers. Most bacterial isolates with verified enzymatic PET 42 

degradation are affiliated with the Gram-positive phylum Actinobacteria 10. The best characterized examples 43 

belong to the genera Thermobifida or Thermomonospora 10-15. Further, the leaf compost-derived cutinase 44 

LCC is closely related to the Actinobacterial enzymes and is currently one of the best described and most 45 

active PETases 16,17. 46 

More recently, the complete degradation of amorphous PET materials was described for the Gram-47 

negative Betaproteobacterium Ideonella sakaiensis 201-F6, which is capable of using PET as a major 48 

energy and carbon source 18. I. sakaiensis’ genome also encodes a tannase that appears to be unique, and 49 

which is designated MHETase as it is capable to degrade MHET. Besides these, a number of other PETases 50 

affiliated with the Proteobacterial phylum have been identified 19-22.  51 

In a previous study, we identified potential PET esterases affiliated with the Bacteroidetes phylum 52 

using HMM profile database searches 9,19. These enzymes were mainly recovered from marine 53 

environments and annotated solely on the basis of homology. However, we had not verified the enzymatic 54 

function, the environmental distributions and expression of the predicted enzymes within that framework, 55 

and because of their global occurrence, we now sought to determine, if the predicted enzymes are indeed 56 

acting on the PET polymer. Bacteroidetes representatives can be found in nearly all ecological niches 57 

including soils, oceans and fresh water and are part of the microbiome of many animals, especially as 58 
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inhabitants of the intestinal tract 23-26. The Bacteroidetes phylum, however, is highly heterogenous and 59 

contains at least four classes of bacteria (e.g. Bacteroidia, Flavobacteria, Sphingobacteria, and Cytophagia) 60 

with each class having several thousand described species. The phylum contains non-spore forming and 61 

rod shaped aerobic but often anerobic microorganisms with an enormous metabolic diversity 24. The global 62 

distribution of Bacteroidetes representatives is probably due to their ability to decompose a very wide variety 63 

of bio-based polymers such as cellulose, chitin or algal cell walls. In particular, the decomposition of 64 

polysaccharides (cellulose and hemicellulose) by Bacteroidetes inhabiting the intestinal tract of humans and 65 

animals has been a well-studied property of the gut microbiome 27. 66 

Here, we provide the first experimental evidence that different Bacteroidetes representatives have 67 

evolved promiscuous esterases that degrade the PET polymer. We show that at least the two Bacteroidetes 68 

genera, Aequorivita and Chryseobacterium (recently renamed to Kaistella), harbor PET-active enzymes and 69 

that these enzymes are widespread, expressed and likely distributed through horizontal gene transfer. Given 70 

their abundance and diversity we speculate that the described PETases have considerable potential to 71 

impact long-term removal of PET from the marine environment.  72 

.  73 

RESULTS 74 

 75 

Profile Hidden Markov Model (HMM) searches identify potential bacteroidetal PETases 76 

Previously, we identified PET-active genes and enzyme candidates affiliated with phylum 77 

Bacteroidetes 19. In this study, we initiated work to enrich the diversity of these genes encoding PET-active 78 

enzymes and to validate their catalytic function using experimental approaches. To achieve these goals, we 79 

performed global database searches using publicly available data from single bacterial genomes and 80 

different metagenomes available through NCBI GenBank. In addition, we searched several private datasets 81 

harboring human- and environmental-affiliated Bacteroidetes sequences (TABLE 1).  Searches were done 82 

from January until March 2019. This global search initially resulted in the identification of nine novel potential 83 

PETases affiliated with Bacteroidetes including candidates sourced from either Seaweed 28, an Antarctic 84 

moss 28, river sediment 29, an aquaculture (unpublished data from our lab) and the human gut microbiome 85 

30,31 (TABLE 1). Most of these candidates were affiliated with the Flavobacteriaceae genus Aequorivita sp. 86 

(PET27-29, PET31 and PET53). PET29 and PET31 were highly similar (< 98% identity on amino acid level) 87 
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but differed in the length of their sequence by 10 amino acids (aa). PET30, annotated as a potential lipase 88 

was derived from the published genome sequence of Chryseobacterium jeonii NCTC 13459. The predicted 89 

PETases PET57-59 were derived from bacteria affiliated with the genus Porphyromonas sp. 90 

(Porphyromonadaceae), while the predicted enzyme PET38 was derived from the species Fluviicola 91 

taffensis (Cryomorphaceae). 92 

 93 

Amino acid sequence and structural analyses identify unique traits of bacteroidetal PETases. 94 

To further resolve candidate enzymes properties, all predicted PETases were subject to more 95 

detailed bioinformatic inspection. The predicted molecular weights ranged from 36 to 48 kDa with an 96 

average of 330 aa. Remarkably, the predicted PETases PET27- PET38 showed a type IX secretion system 97 

(T9SS)/PorC type sorting domain-containing part at the C-terminus. This C-terminal domain had been 98 

described earlier by a profile HMM from the TIGRFAM database (TIGR04183). T9SS sorting domains are 99 

involved in protein transport across the bacterial outer membrane and have so far been described as a 100 

bacteroidetal-specific secretion system 32-34. The predicted domain encompassed 62-64 aa in the cases of 101 

PET27-38. PET57-58 carried truncated sorting domains ranging from 42-55 aa in length. This observation 102 

implies that these enzymes are most likely exoenzymes (TABLE 2, and FIGUREs 1&S1). 103 

In line with these observations, each candidate contained N-terminal signal domains for protein 104 

transport to the periplasm as predicted with SignalP 5.0 35, further supporting the notion that these are 105 

secreted proteins (TABLE 2). Further analyses of the amino acid sequences identified a G-x-S-x-G motif 106 

which is typical for α/β serine hydrolases 36 (FIGUREs 1&S1). The catalytic triad consists of the residues 107 

Asp-His-Ser and a potential substrate binding site was identified containing the aa Phe-Met-(Trp/Tyr/Ala). 108 

The latter differed from the known IsPETase, the LCC and PET2 binding sites in which a Tyr was reported 109 

in the first position and position 3 was occupied by a Trp (TABLE 2). PET57 is the only exception with a Trp-110 

Met-Tyr binding site. 111 

For a more detailed structural inspection, we modeled the structures of all predicted PETases using 112 

the IsPETase (PDB code 6QGC) as backbone. These modeling experiments suggested that catalytic parts 113 

of the predicted PETases have minor differences in their 3D structures (FIGURE 1 and FIGURE S2). 114 

However, the C-terminal part affiliated with the T9SS domain differed largely. It is not present in the 115 



Zhang et al., 2021; PET hydrolases affiliated with the phylum Bacteroidetes  

 6 

IsPETase and was in some cases 100 aa in length (TABLE 2) and consisted of up to seven predicted β-116 

sheets and, occasionally, a few α-helices.  117 

 118 

FIGURE 1: The model structures of two PETases affiliated with the Bacteroidetes phylum resemble the crystal structure of 119 
the IsPETase - with unique features. a Next to an N-terminal Signal Peptide (SP; 1x α-helix) and the core PETase domain containing 120 
the Active Site (AS), PET27 and PET30 (orange and purple, respectively) present a C-terminal PorC domain (7x β-strands) for protein 121 
secretion via the Bacteroidetes-specific Type IX Secretion System (T9SS) that is not present in the IsPETase (light yellow). b All three 122 
enzymes present the typical residues of Ser-hydrolases at the catalytically active positions (Ser, His and Asp), but PET27 and PET30 123 
differ in some of the amino acids associated with PET binding. The residues of IsPETase are indicated in black. They also lack a 124 
disulfide bridge in the proximity of a catalytic loop. 3D structures were modeled using the Robetta server 37 using the IsPETase crystal 125 
structure (6QGC) as a backbone. Figure S1 provides the position of these residues in details on the amino acids level. 126 
 127 

Recombinant PET27 and PET30 hydrolyze PET foil. 128 

To expand on our bioinformatic analysis, we cloned and expressed the predicted PETases in 129 

Escherichia coli for functional testing. The nine candidate genes were synthesized and cloned into the 130 

expression vector pET21a(+) (Biomatik, Wilmington, DA, USA) and expressed in E. coli BL21 and T7-131 

SHuffle (TABLE S1). The resulting clones were verified by PCR for carrying the respective insert using the 132 

primers indicated in TABLE S2. Finally, all obtained clones were sequenced using commercial services to 133 

verify the correctness of the inserts (data not shown). Initial tests using recombinant purified proteins and 134 

tributyrin (TBT)-containing agar plates indicated that the genes PET27-30 coded for active esterases. The 135 

remaining enzymes PET38, PET53, PET57 and PET58 were inactive and were either produced as insoluble 136 

proteins and/or only at very low amounts (TABLE 1). Because of these obvious difficulties affiliated with 137 

their expression, these four predicted enzymes were not further characterized.  138 
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 139 

           140 

FIGURE 2: Hydrolytic activities of PET27 and PET30 on BHET, PCL and PET foil. a Activities of PET27-30 on PCL and BHET 141 
using agar plates. 10 μl containing 10-100 μg of purified enzyme were applied to agar plates containing 500 mg/l of either PCL or 5 142 
mM of BHET. Clearing zones were observed after 12 hours. Control indicates plates without enzymes but treated with 10 μl buffer; b 143 
UHPLC profiles of PET30 after incubation on PET foil for 120 hours. 1 mg/ml of recombinant and purified enzymes were applied to 144 
amorphous foil and incubated over 120 hours at 30 °C. Graphs shown are representative graphs and were repeated at least three 145 
times; c UHPLC profiles of PET27 after incubation on PET foil for 120 hours. 1 mg/ml of recombinant and purified enzymes were 146 
applied to amorphous foil and incubated over 120 hours at 30 °C. The IsPETase was included for reasons of benchmarking in B at 1 147 
mg/ assay (upper right corner). 148 
 149 

Additional tests with PET27 and PET30 indicated that these enzymes hydrolyzed the esters para-150 

nitrophenol- (pNP) hexanoate (C6) and, pNP-decanoate (C10, TABLE 1). All four enzymes were able to 151 

hydrolyze bis-hydroxyethyl terephthalate (BHET) and polycaprolactone (PCL) (TABLE 1, FIGURE 2a). PCL 152 

was used as a model substrate as hydrolysis of this compound indicates possible activities on the more 153 

complex PET. The recombinant enzymes produced clear halos on agar plates containing PCL or BHET 154 

after overnight incubation (FIGURE 2a, TABLE 1).  Further UHPLC analyses confirmed the above findings 155 

for the enzymes PET27 and PET30 and with respect to activities on amorphous PET foil as substrate in a 156 

200 µl reaction volume. In these tests, 1 mg ml-1 PET27 released 871.8 ± 200.4 µM of TPA in 120 h at 30°C 157 

(FIGURE 2c, TABLE 3). Surprisingly, under the same conditions, PET30 released only 15.9 ± 9.5 µM TPA 158 

(FIGURE 2b, TABLE 3). When we benchmarked these data with self-produced recombinant IsPETase, 1 159 

mg ml-1 of IsPETase released under the same conditions 4055.7 ± 516.9 µM of TPA. Thus, the IsPETase 160 

is 4.7-fold more active compared to PET27 and approximately 253-fold more active compared to PET30. 161 
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While these data clearly demonstrate the capability of both enzymes to act on amorphous PET, the 162 

observed differences may be related to a single amino acid substitution in the predicted substrate binding 163 

pocket of PET27 and PET30 (TABLE 2). Notably, the IsPETase carries a Tyr-Met-Trp motif in the known 164 

and experimentally verified PET binding site. PET27, however, has the Tyr replaced with a Phe in its 165 

predicted binding site and PET 30 has in addition the Trp in position 3 replaced with a Tyr (TABLE 2).  166 

 167 

Biochemical characterization and activity on esterase substrates 168 

Because of the relatively low turnover rates observed for PET27 and PET30 on PET foil, we 169 

speculated that PET is not the preferred substrate of both enzymes and especially not for PET30. Therefore, 170 

and to further characterize and identify preferred substrates of the bacteroidetal enzymes, we characterized 171 

both enzymes in more detail. A substrate spectrum was recorded with pNP-esters, which had an acyl chain 172 

length of 4 to 18 C-atoms. Remarkably, PET30 revealed a relatively narrow spectrum of substrates it could 173 

degrade. The highest activities were observed with pNP- hexanoate (C6, FIGURE 3). Significantly lower 174 

activities were measured with short (C4) and long (C8-12) acyl chain lengths. Only very low activities were 175 

observed with pNP-esters with a chain length of C14-18.  176 

The kinetic parameters for PET30 were determined with pNP-C6 at 30 °C and pH 8 according to 177 

Michaelis-Menten. Thereby, we observed a vmax of 2.3 nmol min-1, a kcat of 8.9 s-1, a Km of 0.3 mM and a 178 

kcat/Km value of 26,136.11 M-1 s-1. Altogether, these findings imply that PET30 prefers short chain fatty acid-179 

substrates rather than larger PET polymers.  180 

Using 1 mM pNP- hexanoate as substrate, the recombinant enzyme PET30 revealed a remarkably 181 

broad temperature spectrum. The highest activity was observed at 30°C, but 80% of activity was observed 182 

at 20 °C and between 40 and 50 °C. Surprisingly, at 10 °C, the enzyme still showed a relative activity of 65 183 

%. It remained active at a temperature of 4°C showing a relative activity of 42% on pNP- hexanoate 184 

(FIGURE 3). 185 
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 186 

FIGURE 3:  Biochemical characterization of PET30 using various pNP-substrates. Data represent mean values of at least three 187 
independent samples. Data obtained with a pNP-assay are shown in net diagrams. Substrate preferences, temperature optimum and 188 
pH optimum were tested. All tests besides substrate preferences were carried out with pNP-hexanoate. 189 
 190 

To assess thermostability, the enzyme was incubated at 50 and 60 °C for 3 hours, after which the 191 

enzyme retained only 23 and 5 % of its original activity, respectively (supplementary FIGURE S3b). 192 

PET30 was most active at pH 8.0 when tested in 0.1 M PBS and with 1 mM pNP- hexanoate as 193 

substrate at its temperature optimum of 30 °C. However, it also retained relatively high activities at pH 6 and 194 

10 °C, when more than 50% residual activity was observed. To further characterize the effects of metal ions, 195 

different ions (Ca2+, Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Ni2+ and Zn2+) were added to the assays at 1 and 10 mM 196 

final concentrations. Activity was measured with pNP- hexanoate and compared with a metal-free control. 197 

The activity of PET30 decreased in the presence of most of these ions. However, addition of Co2+, Zn2+ and 198 

Ni2+ resulted in an increase of the activity. Up to a threefold increase in activity was recorded in the presence 199 

of these metal ions (FIGURE 3). 200 

Further, EDTA, DTT and PMSF were applied in final concentrations of 1 and 10 mM (FIGURE 3). 201 

The presence of DTT and PMSF (1 and 10 mM) inactivated PET30 almost completely.  Whereas EDTA at 202 

1 and 10 mM had no large impact on the enzyme’s activity. Finally, we tested the sensitivity of PET30 203 

towards detergents. A concentration of 1 and 5 % of the detergents Triton X-100, Tween 80 and SDS 204 

strongly affected the enzyme activities (FIGURE 3). 205 
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Finally, we asked if the C-terminal sorting domain is of importance for its catalytic activities. To 206 

answer this question, we constructed a deletion mutant designated PET30_Δ300-366 that lacked the sorting 207 

sequence. Biochemical tests implied that it was not affected in its activities using pNP-hexanoate or PET 208 

foil (TABLEs 2 & 3). The enzyme released similar amounts of TPA as it was observed for the wildtype 209 

enzyme (TABLE 3).  210 

In summary, these data imply that PET30 is a promiscuous mesophilic esterase with highest 211 

activities on carboxylic esters with C6-acyl chains, which get increased in the presence Co2+, Zn2+ and Ni2+. 212 

While PET30 is a mesophilic enzyme with a temperature optimum at 30 °C, it revealed a high residual 213 

activity of 42% at 4 °C (FIGURE 3). 214 

Additionally, a biochemical analysis was performed for PET27 (FIGURE S3a). Recombinant and 215 

purified PET27 was active on pNP-ester substrates with a chain length ranging from C4-C18. It preferred 216 

pNP-octanoate (C8) (TABLE 1; Supplementary FIGURE S3a).  Using the same conditions as outlined 217 

above, PET27 revealed a vmax of 4.9 nmol min-1, a kcat of 19.08 s-1, a Km of 1.37 mM and a kcat/Km value of 218 

13,859.27 M-1 s-1. The enzyme was active at a broad pH spectrum ranging from 4-10. Similarly, the enzyme 219 

was active over a wide range of different temperatures. It appeared to be relatively active at lower 220 

temperatures but was also active at a temperature of 90°C. It retained 73 % of its activity at 10° compared 221 

to the optimum temperature at 40°C.  Interestingly, at 90° C it still retained 45% of its activity at 40°C. The 222 

activity of PET27 increased in the presence of metal ions. Addition of Ca2+ resulted in a 1.5-fold increase of 223 

the activity (FIGURE S3).  224 

The observation here that both enzymes were still active at lower temperatures raised the question 225 

whether they would also turn over PET foil at these low temperatures. Therefore, TPA release on foil was 226 

assayed at 4 °C over a time of 30 days in a 200 µl reaction volume. Under these conditions, 1 mg ml-1 of 227 

PET30 released an average of 6.1 µM of TPA.  Interestingly, IsPETase released under the same conditions 228 

a similar amount of TPA (5.9 µM TPA). Notably, under these conditions PET27 released no detectable 229 

amounts of TPA within 30 days.  230 

 231 

Bacteroidetal PET esterases forming two phylogenetic subclusters are globally occurring enzymes 232 

Using the amino acid sequences of published and functionally verified PETases and  employing the 233 

RAxML-NG autoMRE algorithm via TreeSAPP38 we observed that they formed multiple phylogenetic 234 
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clusters roughly corresponding to Actinobacteria, Proteobacteria, Firmicutes and Ascomycota (FIGURE 4).   235 

Thereby our phylogenetic analysis using most of the currently known PETases suggests that the putative 236 

and now confirmed PETases from the phylum of the Bacteroidetes form a fifth and distinct cluster. All 237 

putative and confirmed enzyme candidates are grouped within this bacteroidetal but polyphyletic cluster. 238 

Interestingly, the PET-active enzyme from Bacillus subtilis was most closely related to the Bacteroidetes 239 

enzymes possibly indicating a horizontal gene transfer (FIGURE 4). Furthermore, the predicted but 240 

functionally not verified enzymes from the genus Porphyromonas (PET57-PET59) formed a subcluster 241 

within the Bacteroidetes cluster. Similarly, the two enzymes PET27 and PET30, shown to be active on PET 242 

foil, were part of a subcluster that consisted of predicted and functional enzymes affiliated with the genus 243 

Aequorivita and Chryseobacterium.  Interestingly, this subcluster harbored only sequences of aquatic and 244 

environmental origin, while the cluster formed by the enzymes PET57-PET59 contained gut-affiliated 245 

sequences. Since we were only able to verify activities for the environmental cluster, it is likely that related 246 

enzymes can degrade PET-based microplastics in the environment.  247 

 248 

FIGURE 4:  Phylogenetic tree of previously validated PETases including PETases affiliated with the Bacteroidetes phylum . 249 
The tree was constructed using the RAxML-NG autoMRE algorithm 39 with the treesapp create command implemented in TreeSAPP 250 
38 with maximum bootstraps set at 1000 (see methods section for more details). GenBank entries of the putative and verified PETases 251 
affiliated with the Bacteroidetes phylum are listed in TABLE 1. GenBank entries and identifiers of all other PETases included in the 252 
tree are indicated in (TABLE S1). 253 
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The diversity of Bacteroidetal PETases raised the question to what extent these enzymes could 254 

impact plastic degradation in the environment. To address this question in part, we analyzed the global 255 

distribution of PET27 and PET30 and their homologues. For this purpose, we used the protein sequences 256 

of PET27 and PET30 and analyzed their occurrence and frequency in global databases available in IMG/M 257 

ER 29,40. Using both enzymes for a BLASTp-based search (cutoffs 50% identity; 80% coverage), we were 258 

initially able to identify very few (<10) possible homologs in the global databases analyzed and affiliated 259 

with the genera Aequorivita and Chryseobacterium (FIGURE 5a). Interestingly, when we extended our 260 

search to the Flavobacterium-Cytophaga-Bacteroidetes (FCB), we were able to identify 98 possible 261 

homologs in our global searches including single cell amplified genomes (SAGs) from the Baltic Sea (TABLE 262 

S4). 47 hits were affiliated with the genus of the Marinimicrobia, indicating a potential role for these 263 

ubiquitous and abundant marine microorganisms in PET degradation while others were more closely 264 

associated with Bacteroidetes 41. As expected, the majority of these homologs were associated with marine 265 

and aquatic samples (FIGURE 5b).   266 

 267 

FIGURE 5: Global distribution of PET27 and PET30 homologues. a PET27 and PET30 homologues containing metagenomes were 268 
visualized on a world map containing circles for the different metagenomes. The cut off in the similarity searches was set to 50%.  Data 269 
depicted include only hits to bacteria affiliated with the Flavobacteria-Cytophaga-Bacteroidetes (FCB) group. The metagenomes 270 
searched and included in this figure are listed in TABLE S2 in the supplementary material. Red and orange triangles indicate the 271 
sample sites used for metagenomic and transcriptomic analysis in the Baltic Sea and Saanich Inlet (NESAP) in FIGURE 7, respectively; 272 
b Number of hits observed in the same global metagenomes. Color code indicates the type of habitat:  air, aquatic, terrestrial host-273 
associated and/or engineered. 274 
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Notably, Marinimicrobia has also been named Marinisomatota in GTDB. Interestingly, many of the 275 

Saanich Inlet metagenome-assembled genomes (MAG) sequences (see FIGURE S4) at the root of the 276 

Aequorivita cluster were attributed to Marinisomatota (Marinimicrobia), suggesting that Marinisomatotal and 277 

Bacteroidetal enzymes may be interdispersed phylogenetically. Also, many of the sequences from the 278 

environmental metagenomes that originally mapped within the PET27/30 subcluster actually mapped to the 279 

same cluster, also suggesting they are very closely related, and it is difficult to resolve Bacteroidetal from 280 

Marinimicrobial sequences/enzymes.  281 

To further evaluate the phylogenetic placement of identified PETase homologues, metagenome 282 

assembled genomes (MAGs) derived from Saanich Inlet water column contigs were mapped to the tree 283 

(FIGURE S5), and it was confirmed that hits mapping to the Bacteroidetes subclusters were primarily 284 

affiliated with Bacteroidetes MAGs (FIGURE S4, TABLE S5). Moreover, many of the sequences assigned 285 

to the B. subtilis PETase and a few that were mapped near the fungal sequences were also affiliated with 286 

Bacteroidetes, Actinobacterial and Proteobacterial MAGs. Additional sequences mapping to these 287 

subclusters were affiliated with Verrucomicrobiota, Marinisomatota (also known as candidate phylum 288 

Marinimicrobia), Planctomycetota, Gemmitamonidota, and Chloroflexota MAGS (FIGURE S5, TABLE S5), 289 

providing further evidence of widespread horizontal gene transfer of PETases within the marine 290 

environment. 291 

 292 

Bacteroidetal PETases are possibly transcribed in nature  293 

Based on these observations, we asked if expression of PET27 and PET30 homologous could be 294 

detected in metatranscriptomic data sets. Because one of our database hits was associated with a  295 

Bacteroidetes SAG from the Baltic Sea, we  started searching in the Baltic Sea by mapping a selection of 296 

the recently established Baltic Sea Reference Metagenome (BARM) metagenomic sequence assemblies, 297 

or contigs, from discrete depths over the redoxcline from October 2014 42,43. While the majority of hits were 298 

not affiliated with the PET27-30 subcluster, one hit was recovered with high sequence similarity to the 299 

Bacteroidetes SAG (FIGURE S5a). Based on this observation we expanded our HMM search to the entire 300 

BARM data set 43 (TABLE S3). Thereby, we identified at least 9 hits of potential bacteroidetal PETase genes 301 

with a bit score of above 200 and an e-value smaller than 1.5E-63, which also showed expression in several 302 

water depths in a separate Baltic Sea metatranscriptome data set from July 2015. For one gene (gene id: 303 
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k99_34994859_1, TABLE S4) which showed high expression values at several stations and water depths, 304 

an example of the expression profile is shown in FIGURE 6a.  At the time of sampling, the area was still 305 

affected by a major Baltic inflow event from end of 2014 which transported water with higher salinity and 306 

oxygen concentration into the deep anoxic basins 44. This resulted in elevated oxygen concentrations in the 307 

bottom water of the Gotland basin (FIGURE 6a). Remarkably, PETase expression peaked in the water 308 

depths where oxygen concentration increased, both above and below the anoxic, sulfidic zone, reaching up 309 

to 3-14 x 105 transcripts L-1 (FIGURE 6a).  310 

 311 

FIGURE 6: Abundance and expression of PET27 and PET30 homologues along defined redox gradients in marine samples. 312 
a Water column profile (showing the 50 m above the sea floor) of oxygen, sulfide and transcripts of PETase homologue 313 
k99_34994859_1 at station Trkl04 (57°6.01'N, 19°36.64'E) on 22 July 2015 in the central Gotland basin (Baltic Sea) and using  samples 314 
collected during the cruise EMB107 of the German R/V “Elisabeth Mann Borgese”;  b Sequences from metagenomic sequence 315 
assemblies and metatranscriptomic read abundances at seven depths spanning the redoxcline of Saanich Inlet during Cruise 72 316 
(SI072) on 12 August 2012 at station SI03 (latitude: 48.59166667°, longitude: -123.505°) mapped to the phylogenetic tree of 29 known 317 
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and predicted PETase sequences shown in FIGURE 4. Light red circles represent the phylogenetic position and relative number of 318 
sequence hits from the concatenated set of SI072 metagenomic contigs; blue bars indicate the relative abundance (TPM) of 319 
metatranscriptomic reads matching metagenomic sequence hits from contigs at the cognate depth. Tree construction, sequence 320 
assignment, and abundance calculations performed using TreeSAPP and visualized with iTOL.  321 
 322 

We went on to expand our gene-centric exploration using both the BARM data set and previously 323 

published metagenomic and metatranscriptomic data sets from Saanich Inlet, a seasonally anoxic fjord off 324 

the East Coast of Vancouver Island, British Columbia in the Northeast Subarctic Pacific (NESAP) ocean 325 

45,46 using TreeSAPP 38 (FIGURE 6b). Mirroring the methods for the BARM redoxcline, metagenomic 326 

assemblies from discrete depths spanning the redoxcline of Saanich Inlet from August 2012 were also 327 

mapped to PETase tree (FIGURE 4), and then both metagenomic (FIGURE S5b) and metatranscriptomic 328 

read abundance (FIGURE 6b) was calculated for at each corresponding depth. Again, numerous PETase 329 

homologues were identified with the majority of sequences mapping to the known PETase from Bacillus 330 

subtilis and several fungal enzymes (FIGURE S5b, FIGURE 6b). Notably however, ten hits mapped to 331 

Bacteroidetes subclusters, with two placed within the PET27-PET30 subcluster (FIGURE S5b, FIGURE 6b). 332 

Transcripts corresponding to PET27 and PET30 homologues were detected at five of seven depths peaking 333 

at 150 m, though at a relatively low frequency (FIGURE S5b, FIGURE 6b). Similar to what was found in the 334 

Baltic Sea e.g. lack of expression of PET27 and PET30 homologues at 200 m corresponded to increased 335 

sulfide concentration at this depth 46,47. In contrast, transcripts affiliated with the B. subtilis and fungal 336 

PETases, especially that for Candida antarctica, were identified at 200 m pointing to potential activity under 337 

anaerobic conditions (FIGURE 6b). 338 

 339 

DISCUSSION 340 

Today’s global plastic pollution problem makes the study of plastic degrading microorganisms and 341 

enzymes integral to the development of biotechnological solutions. Currently, there are only a handful of 342 

known bacterial phyla encoding active PET esterases (FIGURE 4, and references TABLE S3).  343 

Here, we have identified and partially characterized two novel functional PETases affiliated with 344 

Chryseobacterium and Aequorivita genera within the Bacteroidetes phylum. Bacteria affiliated with the 345 

genus Chryseobacterium are globally occurring aerobic organisms colonizing a wide range of different 346 

habitats including plants, soil, fish, human gut and sea water. Within the genus Chryseobacterium, over one 347 

hundred species have been described of which few are pathogens, but many are beneficial and host-348 
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associated 48,49. Only a few species have been identified within the genus Aequorivita, mainly belonging to 349 

marine or fresh-water organisms that are mostly psychrotolerant and aerobic 50. Notably, Bacteroidetes 350 

have been described as very potent degraders of polymers and they harbor a multitude of hydrolases and 351 

binding modules 27,51,52.  352 

The two enzymes, which we have characterized, are both typical esterases (i.e. serine hydrolases) 353 

belonging to the EC 3.1. Both appear to be secreted enzymes as they carry an N-terminal secretion signal 354 

and one secretion PorC-like motif. The N-terminal secretion signal is linked to the transport into the 355 

periplasm 53 and the PorC-like domain is part of the type IX secretion system (T9SS) 33,34. The T9SS is 356 

composed of several outer membrane, periplasmic and inner membrane proteins, whereby it is affiliated 357 

with the secretion of pathogenicity factors, hydrolases but also with gliding motility in the Bacteroidetes 358 

phylum 33,34.  359 

PET27 and PET30 were active on PET foil but differed strongly in their overall activities. We 360 

speculate that these different activities are the result of the exchange of one amino acid residue in the 361 

substrate binding sites (TABLE 2). Notably, PET27 reveals a Phe-Met-Trp motif and PET30 a Phe-Met-Tyr. 362 

The most active enzymes such as LCC and IsPETase both carry a Tyr-Met-Trp consensus binding motif. 363 

Thus, these marked changes may in part explain the different overall activities. The non-active enzymes 364 

PET38, PET53, PET57 PET58 and PET59 revealed either a Phe-Met-Ala, a Phe-Met-Trp or Trp-Met-Tyr 365 

substrate binding motif possibly explain their lack of activities.  366 

Benchmarking activities of polymer active enzymes with literature values is not trivial since most 367 

studies use different types of foils with different degrees of crystallinity and distinct assay conditions. To 368 

partially overcome this challenge, we produced our own recombinant wildtype enzymes of the IsPETase 369 

and compared its activities with PET27 and PET30. As expected, IsPETase was 4.7-fold more active at 370 

30°C than PET27 and up to 253-fold more active than PET30. With respect to the overall activity of the 371 

IsPETase, however, our data are in line with published data for this enzyme 54. The observation here that 372 

the activities of the PET27 and PET30 enzymes are relatively low compared to the IsPETase and certainly 373 

with respect to the published values of the even more active LCC may imply that PET27 and PET30 are no 374 

PET esterases in sensu strictu. However, our data imply that both are short-chain fatty acid acting esterases 375 

revealing some promiscuity in their substrate profile (TABLE 2, and FIGURE 3). Notably, esterases are well 376 

known to be promiscuous enzymes that can convert many different substrates. The substrates not fitting 377 
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well into the active site or the binding site are turned over at lower rates compared to the substrates that fit 378 

best 55-57. 379 

Intriguingly, the observations that both enzymes were catalytically active on PET foil implies 380 

perhaps a wider role in the degradation of PET and especially PET nanoparticles. Because of the significant 381 

activities even at 4 °C, these enzymes may in fact play a heretofore unknown role in PET microparticle 382 

degradation, also in cold environments. This hypothesis is supported by our observation that homologs of 383 

both enzymes can be found on a global level covering a wide range of climate zones (FIGURE 5) and the 384 

observation of transcripts in a cold climate marine environment such as the Baltic Sea and Saanich Inlet 385 

(FIGURE 6). The transcripts of these genes are likely derived from diverse phylogenetic groups that have 386 

not been previously linked to PET degradation. This observation indicates that water column PET 387 

degradation is possible and likely occurring throughout the global ocean on spatiotemporal scales that 388 

remain to be determined. In addition to these data, we provided first evidence that that few of the PET27 389 

and PET30 homologs were actively expressed in nature. This observation may indicate that PET 390 

degradation in the marine environment is possible and occurring. It, however, does not yet allow us to 391 

estimate the global turnover rate.  392 

In summary, our biochemical results significantly extend the knowledge of PETase enzymes and 393 

provides promising candidates for biotechnological applications at low temperatures. Furthermore, the data 394 

presented here will help to advance our knowledge on the ecological role of the Bacteroidetes in the 395 

decomposition of marine PET litter and enable the development of an expanded phylogenetic framework 396 

for identifying the diversity of putative PETases in diverse marine microbial groups throughout the global 397 

ocean.  398 

 399 

MATERIALS AND METHODS 400 

 401 

Bacterial strains, plasmids and primers 402 

Bacterial strains, plasmids and primers used in this study are listed in TABLE S1 and TABLE S2. If 403 

not mentioned otherwise, Escherichia coli clones were grown in LB medium (1 % tryptone/peptone, 0.5 % 404 

yeast extract, 1 % NaCl) supplemented with appropriate antibiotics (25 µg/ml kanamycin, or 100 µg/ml 405 

ampicillin) at 37 °C for 18 hours. 406 
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 407 

Databases used in this study and bioinformatic analysis 408 

Nucleotide and amino acid sequences of putative and confirmed PETases were acquired from 409 

databases integrated into the NCBI (https://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/) and 410 

IMG (JGI, http://jgi.doe.gov/) servers 58-60. Human gut sequences were retrieved from the Unified Human 411 

Gastrointestinal Protein (UHGP) catalog (PMID:32690973). Sequences were compared to others deposited 412 

in the NCBI databases using BLAST alignment tools 61. Amino acid sequence HMM search was carried out 413 

using the HMMER (http://hmmer.org) webpage or a local version of the software (v3.1b2) 62 with 414 

downloaded datasets. Structural information on the enzymes was retrieved from the RCSB-PDB 63 415 

database. 416 

Sequence data were processed and analyzed using ChromasPro 2.1.8 (Technelysium, Brisbaine 417 

Australia) or SnapGene (GSL Biotech LLC, San Diego CA, USA). Amino acid alignment was constructed 418 

using structural alignments with T-Coffee 64 and was further visualized with Bioedit 65. The model structures 419 

of bacteroidetal PETases were modeled with the Robetta server 37 using the IsPETase crystal structure 420 

(6QGC) as a backbone. A phylogenetic tree was constructed using the RAxML-NG autoMRE algorithm 39 421 

with the treesapp create command implemented in TreeSAPP 38 with maximum bootstraps set at 1000. 422 

RAxML-NG has recently to return the best scoring tree for highest number of datasets when compared 423 

against other fast maximum likelihood (ML) methods 39, allowing a large number of maximum bootstraps to 424 

be used to produce as conservative a tree as possible. Sequences were assigned NCBI lineages according 425 

to source organisms listed in TABLE 1 and TABLE S1, and colors were assigned to the tree at the phylum 426 

level using the treesapp colour command. This reference tree was also built for and used with TreeSAPP-427 

based to analyses of marine metagenomic and metatranscriptomic data sets to gain an understanding of 428 

Bacteriodetal PETase potential role in the environment. The UHPLC profiles were plotted and edited using 429 

MATLAB version R2020b. Scanning IMG/M was done on 19/November/2020 for PET30 and on 430 

14/January/2021 for PET27. Geo locations were used as provided whenever available. In case no Geo 431 

location was available, whenever possible, information about isolation source/location/city/country were 432 

used to look up Geo coordinates on GeoHack (https://geohack.toolforge.org). The map representing the 433 

frequency and geographical distribution of PET hydrolases in metagenomes (FIGURE 5) was constructed 434 

using QGis Desktop 2.18.5 (http://www.qgis.org). 435 

http://www.qgis.org/
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BARM Redoxcline metagenomic sequence assemblies from samples collected on October 26, 2014 436 

at TF0271 sampling station were downloaded from EMBL-EBI under the study accession number 437 

PRJEB34883 42. The corresponding metagenomic reads were obtained from EMBL-EBI under the study 438 

accession number PRJEB22997 43. Four of eight samples from depths of 100 m, 120 m, 140 m, and 200 m 439 

(samples P2236_102, P2236_104, P2236_106, and P2236_108) were chosen from the BARM Redoxcline 440 

dataset as they most closely mirrored the Saanich Inlet data also used for environmental analysis described 441 

below. For the transcriptome analyses of the Baltic Sea, water samples from the central Baltic Sea were 442 

taken during cruise EMB107 of the German R/V “Elisabeth Mann Borgese” in July 2015 with an automatic 443 

flow injection sampler (AFIS) attached to a conductivity-temperature-depth (CTD)-rosette. The in-situ 444 

fixation by the AFIS system has been shown to provide relatively unbiased gene expression data from 445 

oxygen-deficient water layers 66. RNA extraction and further processing were described previously 67. For 446 

downstream absolute quantification of RNA transcripts, standards were added before the start of RNA 447 

extraction 68. Bioinformatic analyses followed previously published protocols 67 except that 448 

metatranscriptome reads were mapped onto the BARM metagenome 43 with very sensitive settings. The 449 

recovery rate of the internal standard molecules in the sequencing data reads was used to calculate the 450 

absolute number of transcripts that were in the respective water samples 68,69. The above described HMM 451 

search was used to identify potential bacteroidetal PETase genes in the BARM metagenome and compared 452 

to those which showed expression in the Baltic Sea metatranscriptome data set. 453 

Water samples were collected from seven discrete depths spanning the redoxcline of Saanich Inlet 454 

from sampling station S3 (SI03;  latitude: 48.59166667°, longitude: -123.505°) during Cruise 72 (SI072) on 455 

August 12, 2012 as part of an ongoing oceanographic time series program. DNA and RNA was extracted 456 

from the 0.22 µm Sterivex filters with the biomass from each depth and Illumina metagenomic and 457 

metatranscriptomic shotgun libraries were generated and paired end sequenced at the Joint Genome 458 

Institute as described previously 70.  459 

The resulting forward and reverse reads were processed, quality controlled and filtered with 460 

Trimmomatic (v.0.35) 71. Trimmomatic evoked using the trimmomatic command applied to each of the seven 461 

depths with -phred33 flag and the following parameters: ILLUMINACLIP:…/Trimmomatic-462 

0.35/adapters/TruSeq3-PE.fa:2:3:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. The 463 

resulting trimmed FASTQ files were used in contig assembly and to calculate read abundance with 464 
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TreeSAPP. MEGAHIT (v.1.1.3) 72 was used to assemble the filtered metagenomic reads into contigs. 465 

MEGAHIT used via the megahit command applied with the following parameters: -m 0.5 –k-min 27 –k-step 466 

10 –min-contig-len 500.  467 

MetaWRAP (v1.2.4) 73 was used to generate metagenome-assembled genomes (MAGs) from the 468 

assemblies and filtered reads. MetaWRAP leverages multiple binning software (we chose to use MetaBAT2 469 

(v2.12.1) 74 and MaxBin (v2.2.7) 75) to create a non-redundant set of MAGs that are better quality than those 470 

from any single software. The quality of the resulting bins – assessed by their completeness, contamination, 471 

and strain-heterogeneity – was calculated with MetaWRAP’s implementation of CheckM (v1.0.12) 76. The 472 

metawrap binning command was used to invoke MetaWRAP on the assembled contigs with the following 473 

parameters: -m 64 -l 1500 --metabat2 --maxbin2. The resulting MAGs were then passed through GTDB-474 

Tk(v1.4.0) classify workflow with the reference data version r95 77 via the gtdbtk classify_wf command. After 475 

updating the headers for resulting 219 bins with the sample IDs, the medium plus quality (completeness 476 

>50%, contamination <10%) bins were concatenated together into one FASTA file to use with TreeSAPP 477 

38.  478 

For metagenomic and metatranscriptomic analyses of the BARM and Saanich redoxcline data sets, 479 

TreeSAPP (v11.0) 38 was used to create a PETase reference package (FIGURE 4) from 29 PETase protein 480 

sequences (TABLE 1, TABLE S1) in FASTA format. The reference package includes a profile HMM, a 481 

multiple sequence alignment, a phylogenetic tree (described above) and a taxonomy table. For validation, 482 

the original 29 sequences were assigned back to the tree to visualize reference package construction in 483 

iTOL 78 with treesapp assign using the –trim_align option. To phylogenetically place PETase homologs 484 

recovered from the entire SI072 metagenome and the selected BARM redoxcline metagenome, the 485 

concatenated FASTA of contig assemblies from all depths for each data set was mapped to the reference 486 

tree using TreeSAPP (v11.0) 38  using the treesapp assign command with the –trim_align flag. Metagenomic 487 

contigs were then assigned separately by depth alongside their corresponding metagenomic and/or 488 

transcriptomic reads in FASTQ format using treesapp assign with the –abundance option to calculate 489 

corresponding transcript abundance (transcripts per million, TPM) for metagenomic hits at each depth. 490 

SI072 medium plus quality MAG sequences were placed in the reference tree using the same methodology 491 

as for the contigs described above to better understand and interpret phylogenetic placements from Saanich 492 

Inlet. All trees were then visualized in iTOL 78. It is important to note TreeSAPP abundance calculations as 493 
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visualized in iTOL maps read abundance at the tips of the reference tree. If a sequence maps closer to the 494 

root, that abundance gets split evenly among the children in that cluster, and abundances shown represent 495 

a combination of reads that mapped to all nodes feeding into that particular leaf. Multiple sequences can 496 

also be placed at the same location in the tree, and reads mapping to all sequences will contribute to the 497 

abundance calculation.  498 

 499 

Heterologous expression of putative PET esterase genes in Escherichia coli BL21 (DE3)  500 

The putative PETases were extracted from metagenomic datasets (Table 1), therefore the gene 501 

sequences were optimized for expression in E. coli and synthesized into pET21a(+) vector at Biomatik 502 

(Wilmington, USA). The obtained constructs were sequenced at Eurofins (Ebersberg, Germeny) and 503 

checked for correctness by comparing to the original sequences. Chemical competent E. coli T7-Shuffle or 504 

E. coli BL21(DE3) were used for heterologous expression of possible PETases. IsPETase gene in pMAL-505 

p4x was provided by Sebastian Weigert (University of Bayreuth, Germany) and purified by maltose-binding 506 

Tag. The cultures were grown aerobically in auto-induction medium (ZYM-5052) 79 containing 100 µg/ml 507 

ampicillin for pET21a(+) at 37 °C until they reached an OD600 of 1.0. The proteins were expressed afterwards 508 

at 22 °C for 16-20 h harboring an N-terminal histidine tag. The cells were harvested and lysed with pressure 509 

using a French press. Afterwards, the proteins were purified with nickel-ion affinity chromatography using 510 

Ni-NTA agarose (Qiagen, Hilden, Germany) and analyzed by SDS-PAGE. The elution buffer was 511 

exchanged against 0.1 mM potassium phosphate buffer pH 8.0 in a 10 kDa Amicon Tube (GE Health Care, 512 

Solingen, Germany). 513 

 514 

Biochemical characterization of PET27 and PET30 515 

For activity tests, both enzymes were assayed using purified recombinant protein. Unless otherwise 516 

indicated, a total amount of 0.1 µg to 1 µg of the enzymes were added to a substrate solution containing 517 

190 µl of either 0.2 M sodium phosphate buffer or 0.1 M potassium phosphate with a defined pH between 518 

7 and 8 and 10 µl of 0.1 mM pNP-substrate dissolved in isopropanol. After incubating the samples for 10 519 

min, the assay was stopped by adding 200 mM of Na2CO3. Afterwards, the samples were centrifuged at 4 520 

°C, 13,000 rpm for 3 min. As substrates, we tested pNP-esters with chain lengths of C4, C6, C8, C10, C12, 521 

C14, C16 and C18. After incubation at defined temperatures, the color change from colorless to yellow was 522 
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measured at 405 nm in a plate reader (Biotek, Winooski, USA). All samples were measured in triplicate. To 523 

determine the optimal temperature, samples were incubated between 10 °C and 90 °C for 10 min. The 524 

influence of pH conditions on the activity of each enzyme was measured in citrate phosphate (pH 3.0, 4.0 525 

and 5.0), potassium phosphate (pH 6.0, 7.0 and 8.0) and carbonate bicarbonate buffer (pH 9.2 and 10.2). 526 

The impact of cofactors, solvents, detergents, and inhibitors was assayed at different concentration levels. 527 

The possible cofactors Ca2+, Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Rb2+ and Zn2+ with a final concentration of 1 and 528 

10 mM were used. Detergent stability was assayed with SDS, Triton X-100 and Tween 80 at 1 % and 5 % 529 

(w/v, v/v) concentration. The inhibitory effect of EDTA, DTT and PMSF was tested at 1 and 10 mM 530 

concentration. After 1 h incubation in the presence of these substances, the residual activity was determined 531 

after 10 min incubation at the optimal temperature with pNP-hexanoate and at the optimal pH.  532 

For the verification of enzymatic PET hydrolysis, a 7 mg platelet of low-crystallinity PET film 533 

(Goodfellow GmbH, Bad Nauheim, Germany) was folded in half and used as substrate together with 200 534 

µg of enzyme in 200 µl of 100 mM potassium phosphate buffer at pH 8.0. Incubation was carried out under 535 

continuous shaking at 400 rpm in 1.5 ml microcentrifuge tubes at 30°C if not stated otherwise. 536 

Analysis of breakdown products was performed with an UltiMate™ 3000 UHPLC system from 537 

Thermo Scientific (Waltham, MA, USA) using a Triart C18 column (YMC Europe GmbH, Dinslaken, 538 

Germany) with a dimension of 100 × 2.0 mm containing particles with 1.9 μm diameter. Isocratic elution was 539 

performed using a mobile phase consisting of 20:80 (v/v) acetonitrile and water (acidified with 0.1% vol 540 

trifluoroacetic acid) at a flowrate of 0.4 ml min-1. UHPLC samples were prepared by mixing 50 µl of 541 

incubation supernatant with 200 µl acetonitrile (acidified with 1% vol trifluoroacetic acid), followed by 542 

centrifugation at 10,000 × g for 3 minutes and transferring 200 µl of the supernatant into 600 µl water. 15 µl 543 

of sample were injected per measurement and detection was performed at 254 nm with a VWD-3400 544 

detector from Thermo Scientific (Waltham, MA, USA). Quantification of peak areas was performed using 545 

data analysis software supplied with the Compass HyStar software package from Bruker (Billerica, MA, 546 

USA). 547 

 548 

Data availability 549 

 550 
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DNA sequences of the identified and in part functionally verified Bacteroidetes affiliated esterases (TABLE 551 

1) are all available at GenBank or MGnify: WP_111881932 WP_073216622 WP_052671284 552 

WP_039353427 WP_083800582.1/ GCA_000194605.1, k99_709705_13, GUT_GENOME137663_00143, 553 

GUT_GENOME065712_01381 GUT_GENOME243617_00165. BARM Redoxcline metagenomic 554 

sequence assemblies are available from EMBL-EBI under the study accession number PRJEB34883 42 and 555 

metagenomic reads under the study accession number PRJEB22997 43. Saanich Inlet metagenomic and 556 

metatranscriptomic data sets are available via the JGI IMG/M portal (https://img.jgi.doe.gov/cgi-557 

bin/m/main.cgi) under the study name “Marine microbial communities from expanding oxygen minimum 558 

zones in the northeastern subarctic Pacific Ocean” 45,46. 559 
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TABLES 586 

TABLE 1: Key traits of predicted bacteroidetal PET esterases. TBT, tributyrin; BHET, bis-hydroxyethyl terephthalate; PCL, polycaprolactonate; pNP-587 
C6/C10, para-nitrophenyl esters with chain length C6 or C10; aa, amino acids; MW, molecular weight. N.C. not determined. +, active; -, not active. 588 
PET57-59 were extracted from the gut genomes available at: https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-01059 (PET57); 589 
https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-01060 (PET58) and https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-590 
00764 (PET59). 591 

Predicted 
PETase 

GenBank entry / 
MGY identifier 

Phylogenetic 
Affiliation 

aa / 
MW 

Derived from 
Expression 
level / 
solubility 

Active on 

TBT pNP-
C6 

pNP-C10 PCL BHET PET-
foil 

PET 
particles 

PET27 WP_111881932 Aequorivita sp. 
CIP111184 

364 / 
37.8 

Antarctic source (28) High / majority 
in inclusion 

bodies 

+ + + + + + + 

PET28 WP_073216622 Aequorivita viscosa 365 / 
38.3 

Seaweed 
(28) 

High / majority 
in inclusion 

bodies 

+ + + + + - - 

PET29 WP_052671284 Aequorivita 
vladivostokensis 

365 / 
39.3 

Troitsa bay, Sea of Japan 
(28) 

High / majority 
in inclusion 

bodies 

+ + + + + - - 

PET30 WP_039353427 Chryseobacterium 
(Kaistella) jeonii 

366 / 
37.4 

Antarctic moss 
(28) 

High / majority 
soluble 

+ + + + + + + 

PET38 WP_083800582.1/ 
GCA_000194605.1 

Fluviicola taffensis 447 / 
40.4 

River, UK (29) Low - - - - - - - 

PET53 k99_709705_13 Aequorivita sp. 294 / 
37.8 

Marine aquaculture 
fish tank 

metagenome/unpublished 
data University of Hamburg 

Low - - - - N.D. N.D. N.D. 

PET57 GUT_GENOME137663_00143 
 

Porphyromonas sp. 323 / 
36.3 

Human gut (30, 31) High / majority 
soluble 

- - - + N.D. N.D. N.D. 

PET58 GUT_GENOME065712_01381 
 

Porphyromonas 
bennonis 

338 / 
37.6 

Human gut (30, 31) High / majority 
in inclusion 

bodies 

- - - - N.D. N.D. N.D. 

PET59 GUT_GENOME243617_00165 
 

Porphyromonas sp. 345/ 
38.4 

Human gut (30, 31) High / majority 
soluble 

- - - - N.D. N.D. N.D. 

592 

https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-00764
https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-00764
https://www.ncbi.nlm.nih.gov/assembly/GCA_000194605.1
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TABLE 2: Conserved motifs and structural features identified in the predicted bacteroidetal PET 593 

esterases. The Ideonella sakaiensis PETase (IsPETase, PDB: 6EQE; 18,41), the LCC (4EB0; 17) and PET2 594 

19) were included for benchmarking purposes. SP: Signal Peptide; α, α -helix; ß, ß-sheet; N/A, not identified; 595 

*, verified and predicted disulfide bonds; PorC, Por secretion system C-terminal sorting domain. 596 

 597 

Predicted 
PETase 

N-terminus 

Catalytic 
triad 

Substrate 
binding site 

Disulfide 
bonds* 

C-terminus 

Alignment   
1st aa 

Length 
[N] 

SP cleavage 
site 

Alignment  
last aa 

Length 
[N] 

Secondary 
structure 

Conserved 
domain 

 
IsPETase T39 39 27-28 Asp-His-Ser Tyr-Met-Trp 2x A273 17 N/A N/A 

LCC D53 53 21-22 Asp-His-Ser Tyr-Met-Trp 1x C275 18 N/A N/A 
PET2 S60 60 27-28 Asp-His-Ser Tyr-Met-Trp 2x C289 19 N/A N/A 

PET27 T29 29 23-24 Asp-His-Ser Phe-Met-Trp N/A T266 98 7xβ PorC 
PET28 T29 29 23-24 Asp-His-Ser Phe-Met-Trp N/A T266 99 6xβ PorC 
PET29 T29 29 23-24 Asp-His-Ser Phe-Met-Trp N/A T266 99 α, 4xβ, α, 2xβ PorC 
PET30 T29 29 23-24 Asp-His-Ser Phe-Met-Tyr N/A T267 99 7xβ PorC 
PET38 S7 7 19-20 Asp-His-Ser Phe-Met-Ala 1x T292 167 loops, 5xβ, α, 2xβ PorC 
PET53 T29 29 22-23 Asp-His-Ser Phe-Met-Trp 1x L269 85 4xβ N/A 
PET57 E27 27 25-26 Asp-His-Ser Trp-Met-Tyr N/A K290 33 α + loops N/A 
PET58 E26 26 24-25 Asp-His-Ser Phe-Met-Tyr N/A V294 44 loops + α N/A 
PET59 D41 41 24-25 Asp-His-Ser Phe-Met-Tyr N/A F295 50 α + semi-α N/A 

 
 598 

TABLE 3: TPA (µM) released by different PET active enzymes.  The different recombinant and purified 599 

enzymes were incubated at a concentration of 1mg x ml-1 for a time period of 120 h at 30°C. For the tests 600 

a circular piece of PET foil (  5mm, and as specified in material and methods) was employed and folded 601 

once in the middle. Incubations were carried out in a reaction volume of 200 µl. Data are mean values with 602 

standard deviations of a minimum of 3 and up to 6 measurements per sample. 603 

 604 

Enzyme Released TPA [µM] 

PET30 15.9 ± 9.48 

PET27 871.8 ± 200.4 

IsPETase 4,055.7 ± 516.9 
PET30_Δ300-366 23.3 ± 9.2 

 605 

 606 

 607 

 608 

 609 

 610 
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