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Highlights 

· BHET- and DMT-degradation successfully took place under anaerobic condition. 

· BHET- and DMT-degrading enzymes were predicted from members of Spirochaeota. 

· BHET-derived byproducts were utilized by putative acetogens of the class Negativicutes. 

· Methanol produced from DMT degradation was utilized by methanol-utilizing 

methanogens. 

 

Abstract 

With the globally rising usage of plastics, including polyethylene terephthalate (PET), 

the environmental risk that disposal of waste plastics to landfills and discharge of 

microplastics to the marine environment pose have also increased. For example, observation 

of animal ingestion of fragmented waste plastics (micro- and nano-plastics) has driven 



awareness for the need of proper environmental risk assessment. In evaluating the 

biodegradability of PET-derived byproducts and their precursors, most work has focused on 

hydrolytic enzymes and aerobic organisms that possess such genes, but only few reports on 

biodegradation in the absence of oxygen (i.e., anaerobic) are available. Here, to elucidate the 

fate of PET-derived materials under anaerobic environments, a sludge-derived microbial 

community was cultured with bis(2-hydroxyethyl) terephthalate (BHET) as a model substrate 

for byproducts of PET degradation and dimethyl terephthalate (DMT) as a potential 

environmental pollutant discharged from the PET manufacturing process. Metagenome- and 

metabolome-informed microbiome analyses identified anaerobic BHET and DMT 

degradation pathways, uncultured organisms affiliated with Spirochaetota and Negativicutes 

predominant in the BHET-fed cultures, and Methanomethylovorans and Treponema_G 

predominant in the DMT-fed cultures. Metagenomic analyses newly identified three BHET-

degrading and two DMT-degrading enzymes from the genomes of Spirochaeota. In addition, 

the Negativicutes in the BHET enrichment cultures possessed genes for acetogenically 

metabolizing EG and/or ethanol. Overall, this study successfully established anaerobic 

BHET- and DMT-degrading microbial consortia and newly proposed these degradation 

mechanisms under anaerobic conditions. This study indicated that the cultivation, 

microbiome, and metabolome analyses can be powerful tools for elucidating consortia 

capable of degrading plastics-associated waste compounds and the relevant metabolic 

mechanisms. 
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List of abbreviations 

BHET: bis(2-hydroxyethyl) terephthalate 

DMT: dimethyl terephthalate 

PET: polyethylene terephthalate 

PTA: purified terephthalic acid 

EG: ethylene glycol 

WWTPs: wastewater treatment plants 

TA: terephthalic acid 

MHET: mono-(2-hydroxyethyl) terephthalate 

UASB: upflow anaerobic sludge blanket 

MMT: monomethyl terephthalate 

COD: chemical oxygen demand 

BES: 2-bromoethanesulfonic acid 

BCA: autoclaved BHET medium 

BCU: unautoclaved BHET medium 

BCU-BES: unautoclaved BHET medium with BES 

DCA: autoclaved DMT medium 

DCU: unautoclaved DMT medium 

DCA-BES: autoclaved DMT medium with BES 

TSP: 3-(trimethylsilyl)propionic acid-d 4 sodium salt 

OTU: operational taxonomic unit 

AhdE: bifunctional acetaldehyde/ethanol dehydrogenase 

AldH: aldehyde dehydrogenase 

Adh: alcohol dehydrogenase 

Pta: phosphotransacetylase 



AckA: Acetate kinase 

BMC: bacterial microcompartments 



1. Introduction 

Polyethylene terephthalate (PET) was developed approximately 80 years ago and is 

now widely used worldwide, especially in production of PET bottles [1,2]. PET accounts for 

approximately 10% of total plastic production, with 33 million tons manufactured in 2015 

[3–5]. PET is produced by polymerizing ethylene glycol (EG) with purified terephthalic acid 

(PTA) or dimethyl terephthalate (DMT) derived from petroleum resources [2]. In recent 

years, the release and accumulation of plastics waste on Earth has attracted global concern 

[2,5]. Plastics released into the environment can be fragmented to micro- and nano-plastics 

through abiotic/biotic transformation (e.g., UV radiation and microbial degradation) [6], 

leading to ingestion by and harm towards aquatic and terrestrial animals. Therefore, the better 

understanding of the fate of released plastics is needed to prevent natural environments. With 

the recent attention of anaerobic digestion process treating wasted activated sludge 

discharged from wastewater treatment plants (WWTPs) as a major source of microplastic 

pollution [7], the fate of micro-plastics in various waste-treating processes is being studied 

[7,8]; however, little information is available on the organisms and metabolisms behind 

anaerobic digestion of micro-plastics.  

Biodegradation of PET, its trimers, dimers, monomers, and their feedstock, such as 

terephthalic acid (TA) and DMT have been extensively studied to assess the environmental 

impact and biotoxicity of PET production processes, PET waste, and their degradation 

byproducts [1,9]. PET hydrolases have been reported from thermophilic bacterial strains of 

the genera Thermobifida, Saccharomonospora, and Streptomyces and the mesophilic 

bacterial genus Ideonella [10,11]. It has been reported that thermophilic PET hydrolases 

show excellent degradation rates of PET from an engineering perspective [11]. Although PET 

is considered to be stable and safe, synthesis precursors (e.g., phthalate esters and DMT) and 



degradation byproducts (e.g., PET trimers) are biotoxic [1,9,12,13]. Therefore, it is essential 

to clarify the fate of these precursors and byproducts in the environment. 

Hydrolytic organisms and enzymes have been reported for degrading PET to bis(2-

hydroxyethyl) terephthalate (BHET) and mono-(2-hydroxyethyl) terephthalate (MHET) via 

PETases/cutinates, BHET and MHET to TA and EG via MHETases, and DMT to TA via 

esterase DmtH [9,14–16]; however, these studies are limited to aerobic organisms. Hotspots 

of waste microplastics include habitats that can contain anoxic zones, such as landfills [4] and 

coastal and deep-sea sediments at high concentrations [5,17]. Organisms and enzymes 

involved in hydrolyzing PET and DMT under anaerobic conditions and, thus, the fate of such 

material in natural and engineered environments remain largely unknown. Until now, 

information on the biodegradation of PET-related materials under anaerobic conditions has 

been limited to detection of DMT degradation [18], phthalate isomer-degrading syntrophic 

degraders (i.e., Pelotomaculum [19] and Syntrophorhabdus [20]), and an anaerobe, 

Clostridium thermocellum, synthetically equipped with a known PET-degrading cutinase 

[21]. Understanding of the biodegradation of PET-related materials under anaerobic 

condition would be useful for elucidation of the fate of those materials in the environments 

and development cost-effective anaerobic treatment biotechnology (e.g., energy recovery as 

methane gas and no requirement of oxygen supply). 

Here, to obtain insight into the anaerobic biodegradation of PET hydrolysis 

byproducts and precursors, BHET- and DMT-degrading microbial consortia were activated 

and enriched by feeding sludge derived from an anaerobic bioreactor treating synthetic TA 

and DMT manufacturing wastewater [22] with BHET and DMT, respectively. Microbiome 

analyses employing 16S rRNA gene amplicon and shotgun sequence-based metagenomics 

and 1H NMR-based metabolomics were performed to identify the anaerobic microorganisms 

driving BHET and DMT degradation.  



 

2. Materials and Methods 

2.1 Enrichment culture 

Granular sludge samples taken from a lab-scale UASB reactor treating purified TA 

and DMT manufacturing synthetic wastewater under 81% chemical oxygen demand (COD) 

removal efficiency (organic loading rate: 1.0 kgCOD m-3 day-1) [22] were used as seed sludge 

for the enrichment cultures. The basal medium was prepared according to a previous study 

[23]. All enrichment cultures were performed at 37 °C in 50-mL serum vials sealed with tight 

fitting butyl rubber stopper and aluminum crimp containing 20 mL of medium. The medium 

and atmosphere were flushed with N2/CO2 (80:20, v/v) gas at 0.1 MPa for 5 min. For transfer 

and sampling from the medium, 1 mL sterile plastic syringe was used. The BHET and DMT 

concentrations used for the enrichment cultures were 3.6 g·L-1. BHET enrichment cultures 

were prepared by the following three conditions: 1) autoclaved BHET medium prior to 

inoculation (BCA); 2) unautoclaved BHET medium (BCU); and 3) unautoclaved BHET 

medium with 5 mM 2-bromoethanesulfonic acid (BES) as a methanogenesis inhibitor (BCU-

BES) (transferred from the 10th enrichment culture in BCU (BCU10)). DMT enrichment 

cultures were prepared by three conditions as follows: 1) autoclaved DMT medium prior to 

inoculation (DCA); 2) unautoclaved DMT medium (DCU) (transferred from the 8th A-DMT 

enrichment culture); and 3) autoclaved DMT medium with 5 mM BES (DCA-BES) (transferred 

from the 8th enrichment culture in DCA (DC8A)). BCA and DCA media were autoclaved at 

121 °C for 20 min. The transfer volume of enrichment cultures into fresh medium was 10% 

(v/v). The enrichment cultures were routinely examined by a microscope equipped with a 

phase-contrast apparatus (BX-53, Olympus, Japan). The 1st, 2nd,7th, and 20th BCU (BC1U, 

BC2U, BC7U, and BC20U), the BC1A and BC7A , and the BC12U-BES , the 1st and 7–9th A-DMT 

(DC1A, DC7A, DC8A, and DC9A), DC1U and DC4U , and the DC1A-BES and DC3A-BES were 



collected for DNA extraction. Two milliliters of the media of BC20U , the BC12U-BES , the 9th 

DC9A , the DC1U , and the DC1A-BES  were used for 1H NMR analysis. In addition, autoclaved 

or unautoclaved basal media were prepared with 3.6 g·L-1 BHET, 3.6 g·L-1 DMT, 3.6 g·L-1 

MMT, 5 mM BES, or 0.1–10 mM TA for standard 1H NMR analysis. Sampling days for each 

experiment were summarized in Table S1. 

 

2.2 Analytical methods 

Gas production volumes from the enrichment culture were determined using a 10–50 

mL glass syringe at 37 °C. Before gas sampling, the butyl rubber stopper of the serum vial 

containing the medium was sterilized by 70% ethanol (v/v) and flame. The biogas 

components (CH4, CO2, N2, and H2) were determined by gas chromatography (Shimadzu, 

GC-8A, Japan) with a thermal conductivity detector fitted with a SHINCARBON-ST 50/80 

stainless steel column 4.0 m × 3.0 mm (ID). The temperatures of the injection port/detector 

and the column were 150 and 130 °C, respectively. 

Substrate degradation and intermediate production were analyzed by 1H NMR spectra 

with a Bruker 600 MHz AVANCE III spectrometer (Bruker, Rheinstetten, Germany) 

operating at a proton frequency of 600.13 MHz and TopSpin 3.0 software (Bruker, 

Rheinstetten, Germany). Some of the cultures and liquid media were cryopreserved in 1.5-ml 

microtubes at -20 °C. On the day of the measurement, they were thawed at room temperature 

and centrifuged at 15,000 rpm (20,600 × g) at 2 °C for 1 min. Five hundred and forty µL of 

each supernatant and 60 µL phosphate-buffer stock solution were mixed to obtain NMR 

samples containing 50 mM NaP, 0.5 mM 3-(trimethylsilyl)propionic acid-d 4 sodium salt 

(TSP), 0.004% NaN3 and 10% D2O. They were centrifuged in 1.5-mL microtubes at 15,000 

rpm (20,600 × g) at 2 °C for 1 min again, and 550 µL of the supernatants was transferred to a 

5-mm NMR tube (Shigemi, Hachioji, Japan). 1H NMR spectra were recorded at a sample 



temperature of 298 K. All NMR spectral measurements were accumulated for 128 scans of 

32,768 data points with 12 ppm spectral width and 2.27 s acquisition time. To delete the 

water peak and maximize the receiver gain, a noesy1d presaturation pulse sequence was 

employed with a low-power selective pulse at the water frequency. The recycle delay [D1 

(Bruker notated)] was 2.7 s, and the mixing time [D8 (Bruker notated)] was 0.1 s. A 90° 

pulse length was automatically calculated at each sample analysis. All raw spectra were 

manually corrected for phase and baseline distortions and referenced to the TSP resonance at 

δ=0.0 ppm using TopSpin 4.1 software (Bruker, Rheinstetten, Germany). By referring to the 

peak area value of TSP as an internal standard, the spectra were normalized, and the relative 

integrated intensities of peaks due to the substrates and intermediates were calculated. Their 

concentrations were semiquantified by considering TSP concentration in the sample tube (0.5 

mM), proton number of the object materials and TSP (H=9), and 90% dilution of original 

samples by the phosphate buffer. 

 

2.3 DNA extraction, PCR amplification, and 16S rRNA gene sequence 

analysis 

DNA extraction was performed using a FastDNA Spin Kit for Soil (MP Biomedicals, 

Santa Ana, California, USA) according to the manufacturer’s protocol. The quality of 

extracted DNA was checked by electrophoresis (135 V, 20 min). DNA concentration was 

measured using Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) assay with Qubit 

dsDNA BR assay kit (Invitrogen). The prokaryotic 16S rRNA genes were amplified using 

Univ515F–Univ909R [24] according to previous studies [22, 25]. The PCR reaction (20 µL) 

was carried out using a thermal cycler (TP600, Takara Bio, Shiga, Japan) with 1 ng template 

DNA, 0.5 µM forward and reverse primers, and 10 µL of Premix Ex Taq Hot Start Version 

(Takara Bio). The PCR cycle numbers were 25. The PCR products were purified using a 



QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). The sequence analysis of the 

purified 16S rRNA genes was performed by the MiSeq Reagent kit v3 and MiSeq system 

(Illumina, San Diego, CA, USA). Raw 16S rRNA gene sequences were treated by QIIME 2 

ver. 2021.4 [26]. Quality trimming, primer sequence removal, paired-end assembly, and 

chimera checks were performed using DADA2 [27]. The observed high-quality 16S rRNA 

gene sequences were clustered by ≥97% similarity to operational taxonomic units (OTUs) 

using vsearch software [28]. Taxonomies of the OTUs were classified using classify-sklearn 

retained on the SILVA database version 138 [29]. 

 

2.4 Shotgun metagenomic sequence analysis 

The DNA samples extracted from the 1st, 2nd, and 7th BHET enrichment cultures and 

the 7th DMT enrichment cultures were prepared with the ThruPLEX DNA-Seq Kit 

(Clontech, USA) with a library 200 length ranging between 273–418 bp. The prepared 

libraries were sequenced on a NovaSeq6000 (Illumina). The generated raw reads were 

trimmed using Trimmomatic 0.39 (SLIDINGWINDOW: 6:30 MINLEN: 100) [30]. De novo 

assembly was performed using Megahit v1.2.9 (--k-min 27 --k-max 141 --k-step 12) [31]. 

Coassembly of the BC1U, BC2U, and BC7U enrichment cultures was performed to obtain good 

coverage of the contigs. The assembled contigs of short length (< 2,500 bp) were removed 

before binning treatment. Binning was performed using Metabat2 version 2.2.7 [32], 

MaxBin2 version 2.15 (-markerset 40) [33], MyCC (MyCC_2017.ova) [34], and Vamb 

version 3.0.3 [35] with default parameters. To obtain the high-quality metagenomic bins, 

obtained bins from the multiple binning results were refined using Das Tool version 1.1.2 (--

score_threshold 0.5 --duplicate_penalty 0.6 --megabin_penalty 0.5) [36]. In the final step, the 

dereplication and genomic quality were checked by dRep version 3.2.0 (-comp 70 -con 10) 

[37]. 



The relative abundance rate of the metagenomic bins was calculated based on the 

median coverage produced from Metabat2 pipelines (jgi_summarize_bam_contig_depths, 

default parameters). All bins were annotated through a combination of Prokka v1.14.6 [38] 

and manual annotation. For the annotation of BHET and DMT esterase, metagenomic bins 

were assigned using blastp version 2.6.0 to known PET and MHET hydrolases (NCBI 

sequence IDs: 4OYY_A, AAZ54920, AAZ54921, AB728484, ACY95991, ACY96861, 

ADH43200, ADM47605, ADV92525, ADV92526, ADV92527, ADV92528, AEV21261, 

AFA45122, CAH17554, BAI99230, BAK48590, CBY05529, GAP38373, 6QZ2_A, 

JN129499, JN129500, MK681857, and QDD67397) [11] and esterase DmtH (AZI71502) [9] 

at the thresholds of ≥25% amino acid identity, ≤1e-10 e-value, and ≥70% query cover per 

subject (qcovs). Methanogenesis metabolisms of metagenomic bins were assigned to 

Methanobacterium (taxon_oid: 2630968343, 2645727909, 2681813006, 2684622658, 

2791355014, and 2913397459), Methanolinea (2507262043, 2775507284, and 2913416594), 

Methanomassiliicoccus (GCF_000308215.1 and GCF_000404225.1), Methanomethylovorans 

(2509601008), Methanoregula (2508501105), Methanospirillum (2606217615), and 

Methanothrix (2724679722) at the thresholds of ≥60% identity, ≤1e-20, and ≥70% qcovs. For 

the annotation of EG, ethanol and methanol degradation through acetogenic metabolism, 

predominant metagenomic bins were assigned to the genome of Acetobacterium woodii 

DSM1030 (GCA_000247605.1) at the threshold of < 1e-5 evalue. Furthermore, core genes of 

acetogenesis were automatically annotated using BlastKOALA [39] and DRAM software (--

use_uniref option with default setting) [40]. Reference genomes with taxon_oid were 

obtained from the Joint Genome Institute (JGI) genome portal [41]. Putative BHET- and 

DMT-degrading proteins were aligned with known BHET/MHET-degrading enzymes [11] 

and reference esterase with DMT-degrading enzymes obtained from Cheng et al. [9], 

respectively. The alignment software mafft-linsi v7.480 (default parameters) was used [42]. 



Phylogenetic trees of BHET/MHET- and DMT-degrading proteins were constructed using 

iqtree2 version 2.1.2 (-B 1000) with automatically optimized substitution models of 

Blosum62+F+I+G4 and WAG+F+R4, respectively [43]. The taxonomic classification of the 

bins was estimated using GTDBtk v1.5.1 (GTDB release202; default parameters) [44]. 

 

2.5 Molecular modeling and docking simulation 

Structural models were predicted using AlphaFold2, which is a newly developed neural 

network-based model [45]. The resulting predicted local distance difference test (pLDDT) 

value is above 89, indicating that the predictions can be considered highly accurate. For 

docking simulation between enzymes and ligands, hydrogen atoms and charges were added 

using the Docking prep tool in Chimera software version 1.15 [46]. Finally, molecular 

docking was performed using AutoDock Vina ver. 1.2.0 [47]. 2D docked poses were 

generated using the Maestro software ver. 13.0.137 (Schrödinger, LLC, NY). 

 

2.6 Deposition of DNA sequence data 

The raw sequence and binned metagenome data were deposited into the DDBJ 

Sequence Read Archive database (DRA013833). 

 

3. Results and Discussion 

3.1 Enrichment of BHET- and DMT-degrading consortia 

For the enrichment of BHET- and DMT-hydrolyzing microorganisms, the cultures 

were sequentially transferred into fresh medium at 1–2-week intervals, and gas production 

and composition were monitored. In addition, to confirm the influence of abiotic hydrolysis 

and hydrogenotrophic methanogens, the enrichment cultures of BHET and DMT were 

transferred into fresh media with nonautoclaving/autoclaving treatments or addition of BES 



as a methanogenesis inhibitor, respectively. Regarding the BHET enrichment cultures, 

hydrogen and methane gas production could not be confirmed from the enrichment culture in 

autoclaved BHET medium prior to inoculation (BCA) throughout the culture period, while 

gas production was confirmed from the enrichment cultures using unautoclaved BHET 

cultures (BCU) (Table 1). Hydrogen gas production was confirmed only from BC17U (Table 

1). In the BCU-BES transferred from the BC10U, methane gas production was completely 

inhibited, and only hydrogen production occurred. The 1H NMR analysis showed that 8.5 

mM MHET and 0.5 mM TA or 6.4 mM MHET and 0.3 mM TA in BC20U and BC12U-BES were 

produced from 11.0 or 10.6 mM BHET originally in basal medium (BCU and BCU-BES), 

respectively (Fig. 1A and Table 2). Despite MHET and TA being produced at similar 

amounts, a major difference in the byproducts of these cultures was accumulation of EG (8.2 

mM), rather than acetate, in the absence of BES (Fig. 1B and Table 2), suggesting that 

methanogenesis heavily influence downstream degradation of BHET (i.e., post-hydrolysis) in 

this microbial community. It has been reported that short-chain fatty acids accumulation 

occurred by shortened retention time for fermentation of waste activated sludge [48], so 

acetate production in the BC12U-BES may be related to the short incubation times 

(approximately 6.2 days for each cultivation). The reason for the lack of production of 

methane and hydrogen gases in BCA was that BHET was mostly converted to MHET, EG, 

and TA in the original medium of BCA (Fig. 1C and Table 2); therefore, the relatively short 

transfer period (1–2 weeks) may have prevented the growth of slow-growing syntrophs such 

as Syntrophorhabdus and Pelotomaculum (e.g., 20 days as doubling time of S. 

aromaticivorans) [19,20,49], which can degrade TA and EG.  

To identify which microorganisms were enriched in the BHET- and DMT-fed 

cultures, 16S rRNA-based microbial community structure analysis was performed (Fig. 2A 

and Table S2). The obtained results showed that the microbial communities significantly 



differed between the enrichment cultures using BCA and BCU. For example, members of 

Ralstonia (BHET003, 37%), Rhodococcus (BHET005, 33%), and Spirochaetaceae 

(BHET002, 24%) predominated in BC7A, while unclassified Negativicutes (BHET001, 85%), 

Methanospirillum (BHET013, 6.5%), unclassified Spirochaetaceae (BHET015, 3.2%), and 

unclassified Sporomusaceae (BHET004, 1.9%) were detected in BC7U. Microscopic 

observation showed rod-shaped cells attached to the BHET crystals in the BC7U  (Fig. 3A), 

while almost no BHET-like crystals or microbial cells were observed in the BC7A  (data not 

shown). Furthermore, unclassified Negativicutes (BHET001) and unclassified 

Sporomusaceae (BHET004) accounted for 97% in the BC20U (Fig. 2A). In the BC20U and 

BC12U-BES, there were no hydrogenotrophic and aceticlastic methanogens in the BHET 

enrichment cultures. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Gas production volumes from the bis(2-hydroxyethyl) terephthalate (BHET) and 

dimethyl terephthalate (DMT) enrichment cultures 

  
  Gas production volume (NmL) 

  1sth 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 19th 20th 
BCUa  Daysg 8.1 11.9 8.1 7.9 8.0 10.0 6.9 9.0 6.9 8.0 6.8 8.9 6.8 6.9 6.9 4.0 8.0 3.9 8.9 7.0 

Total 11.0 4.4 4.8 5.7 5.3 1.0 4.0 7.1 4.0 5.1 2.2 5.5 6.0 2.8 1.9 3.5 3.9 1.9 1.8 2.3 

CH4 2.6 0.9 0.5 0.2 0.3 0.7 0.6 0.8 0.6 0.7 0.3 0.4 N.D.i 0.3 0.5 N.D. 0.0 0.0 0.0 0.0 

H2 0.0 0.0 0.5 0.5 0.7 0.0 0.0 0.0 0.0 0.0 0.1 0.0 N.D. 0.3 0.0 N.D. 0.9 0.5 0.8 0.5 
BCAb  Days 8.0 11.9 8.0 7.9 8.0 6.9 9.0 -j - - - - - - - - - - - - 

Total 8.4 5.7 2.6 4.0 3.1 1.3 2.2 - - - - - - - - - - - - - 

CH4 1.6 0.1 0.0 0.0 0.0 0.0 0.0 - - - - - - - - - - - - - 

H2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - - - - - - - - - - - - 
BCU-

BESc   
Days 5.8 8.9 6.8 6.9 7.0 4.0 8.0 7.0 5.0 8.9 8.0 6.9 - - - - - - - - 

Total 2.3 5.5 4.4 1.9 2.3 2.3 4.8 2.6 3.7 3.0 3.7 3.4 - - - - - - - - 

CH4 0.0 0.0 N.D. 0.0 0.0 N.D. 0.0 0.0 N.D. 0.0 0.0 0.0 - - - - - - - - 

H2 0.0 0.7 N.D. 0.7 0.7 N.D. 0.9 0.5 N.D. 0.8 0.5 1.6 - - - - - - - - 
DCAd 
  

Days 8.0 12.5 8.0 7.8 8.0 9.9 6.9 8.9 6.8 - - - - - - - - - - - 

Total 12.8 11.0 7.5 7.1 7.1 4.4 5.3 11.9 4.8 - - - - - - - - - - - 

CH4 9.2 7.7 6.4 3.6 4.6 3.0 3.7 6.0 4.6 - - - - - - - - - - - 

H2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - - - - - - - - - - 
DCUe   Days 11.9 12.9 10.9 17.0 - - - - - - - - - - - - - - - - 

Total 4.1 3.4 4.9 3.2 - - - - - - - - - - - - - - - - 

CH4 0.4 0.0 N.D. N.D. - - - - - - - - - - - - - - - - 

H2 0.0 0.0 N.D. N.D. - - - - - - - - - - - - - - - - 
DCA-

BESf  
Days 11.7 12.9 10.9 - - - - - - - - - - - - - - - - - 

Total 4.2 4.2 5.8 - - - - - - - - - - - - - - - - - 

CH4 0.0 0.0 N.D. - - - - - - - - - - - - - - - - - 

H2 0.0 0.0 N.D. - - - - - - - - - - - - - - - - - 
aUnautoclaved bis(2-hydroxyethyl) terephthalate (BHET)-amended medium 
bAutoclaved BHET-amended medium 
cUnautoclaved BHET-amended medium with 2-bromoethanesulfonic acid (BES) 
dAutoclaved dimethyl terephthalate (DMT) medium 
eUnautoclaved DMT medium 
fAutoclaved DMT medium with BES 
gCultivation and transferring days 
hCultivation times 

iNot determined 
jNo data 

 

 

 

 

 

 

 

 



Table 2. Substrate and intermediate concentrations of enrichment cultures and basal media 

based on 1H NMR analysis 

  Substrates and intermediates concentration (mM) 
  BHET MHETg DMT MMTh Terephthalate Ethylene glycol Methanol Acetate Formate 
BC20U

a 7.9 8.5 0.0 0.0 0.5 8.2 0.0 0.0 0.0 
BC12U-BES

b 7.6 6.4 0.0 0.0 0.3 0.0 0.2 4.9 0.2 
BCU

c 11.0 0.4 0.0 0.0 0.0 0.2 0.0 0.0 0.0 
BCU-BES 10.6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BCA

d 1.9 11.5 0.0 0.0 2.2 13.7 0.0 0.0 0.0 
DC9A

e 0.0 0.0 0.2 12.0 2.6 0.0 11.0 0.0 0.0 
DC1U

f 0.0 0.0 0.1 1.9 0.5 0.0 0.0 0.0 0.0 
DC1A-BES 0.0 0.0 0.1 12.1 2.6 0.0 11.1 0.0 0.0 
DCA 0.0 0.0 0.1 8.0 0.9 0.0 6.8 0.0 0.0 
DCA-BES 0.0 0.0 0.1 6.7 0.8 0.0 5.6 0.0 0.0 
DCU 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
aEnrichment culture in unautoclaved bis(2-hydroxyethyl) terephthalate (BHET)-amended medium after 20 transfers 
bEnrichment culture in unautoclaved BHET-amended medium with 2-bromoethanesulfonic acid after 12 transfers 
cBasal medium of unautoclaved BHET-amended medium 
dBasal medium of autoclaved BHET-amended medium 
eEnrichment culture in autoclaved dimethyl terephthalate (DMT)-amended medium after 9 transfers 
fEnrichment culture in unautoclaved DMT-amended medium after 1 transfer 
gMono(2-hydroxyethyl) terephthalate 
hMonomethyl terephthalate 

 

 

 



Fig. 1 1H NMR spectrum from (A) and (B) enrichment culture in unautoclaved bis(2-

hydroxyethyl) terephthalate-amended medium after 20 transfers (BC20U), BC12U with 2-

bromoethanesulfonic acid (BES) (BC12U-BES), basal medium of unautoclaved BHET cultures 

(BCU), (C) BCU and autoclaved basal medium amended with BHET (BCA), and (D) 

enrichment culture in autoclaved dimethyl terephthalate-amended medium after 9 transfers 

(DC9A), DC1U, DCA, and DCU; (A) and (C) spectra of BHET, mono(2-hydroxyethyl) 

terephthalate (MHET), and terephthalate (TA); (B) spectra of ethylene glycol, methanol, and 

acetate; (D) spectra of DMT, monomethyl terephthalate (MMT), and TA. 

 

 

Fig. 2 Abundance of predominant operational taxonomic units (OTUs) in (A) the enrichment 

cultures of autoclaved/unautoclaved bis(2-hydroxyethyl) terephthalate (BHET) media and the 

(B) enrichment cultures of autoclaved/unautoclaved dimethyl terephthalate (DMT) media 

using bubble plots. Circle size corresponds to abundance rate, as shown at the bottom of the 

figure. 

 



 

Fig. 3 Phase-contrast micrographs of (A) enrichment culture in unautoclaved bis(2-

hydroxyethyl) terephthalate-amended medium after 7 transfers (BC7U) and (B)–(F) 

enrichment culture in autoclaved dimethyl terephthalate-amended medium (DC7A) on 

cultivation days 11. Yellow arrows indicate attached microbial cells on the BHET crystals. 

Yellow squares indicate high-magnification parts of (C) and (E). White arrows indicate 

Spirochaeota-like cells attached to Methanomethylovorans-like cells. 

 

In the DMT enrichment cultures, methane gas production was observed in the cultures 

of DCA throughout the period, and no hydrogen gas was detected (Table 1). For the DC2U–

DC4U, the methane and hydrogen gas volumes were below the detection limit of the gas 

chromatography. Methane production was completely inhibited in the enrichment cultures of 

DCA-BES. NMR analysis showed that 12.0 mM, 1.9 mM, and 12.1 mM MMT, 2.6 mM, 0.5 

mM, and 2.6 mM TA, and 11.0 mM, 0 mM, and 11.1 mM methanol were detected in the 

DC9A, DC1U, and DC1A-BES after cultivation, respectively. The concentration of DMT did not 

change before and after cultivation (0.09-0.14 mM) because of its low solubility (19 mg·L-1) 

and the addition of DMT at an amount two orders higher than this solubility (Fig. 1D and 

Table 2). In the basal medium of DCA, 8.0 mM MMT, 0.9 mM TA, and 6.8 mM methanol 

were produced by autoclaving treatment, which is the reason for the high concentrations of 



MMT and methanol after cultivation. In the basal DCU, MMT and TA were only detected 

after cultivation (Fig. 1D and Table 2), indicating biological degradation of DMT. Methanol 

was not detected after cultivation in the DC1U because methanol produced by hydrolysis of 

DMT was likely rapidly utilized by microorganisms in the culture. Furthermore, there was no 

significant change in the concentration of metabolites in the presence or absence of BES, 

suggesting that BES had little effect on the degradation of DMT.  

Amplicon sequencing using the 16S rRNA gene as a target showed that these DMT 

enrichment cultures were dominated by a methanol-utilizing methanogen 

Methanomethylovorans (DMT001, 73%), Treponema (DMT004, 18%), and uncultured 

Synergistaceae JGI-0000079-D21 (DMT012, 6.9%) (Fig. 2B and Table S3). Microscopic 

observations revealed that Spirochaeota-like cells were attached to the DMT-like crystals, 

and flocs of Methanomethylovorans-like coccoid cells were abundant in the enrichment 

cultures (Figs. 3B-3E), suggesting that Treponema (DMT004) may degrade DMT and the 

byproduct methanol can be converted to methane gas by Methanomethylovorans (DMT001). 

Subsequently, the abundance of JGI-0000079-D21 (DMT012) decreased, and that of 

Cloacimonadales (DMT006) increased in the enrichment cultures after 8 and 9 transfers 

(DC8A and DC9A) (Fig. 2B and Table S3). In the DC1A-BES, the abundance of 

Methanomethylovorans (DMT001) decreased to 40% (1st transfer) and 7.4% (3rd), and 

unclassified Negativicutes (DMT005) and Spirochaetaceae OTUs (DMT002, DMT004, and 

DMT020) increased. In addition, the predominant OTUs of DCU and DCA were 

Methanomethylovorans (DMT001) and Spirochaetaceae OTUs (DMT002 and DMT004) 

regardless of the autoclaving treatment. 

 

 

 



3.2 BHET degradation metabolism 

Shotgun metagenomic analysis of the BC1U, BC2U, and BC7U was performed to 

elucidate the metabolic functions of microorganisms involved in BHET degradation. The 

uncultured phylogenetic groups, such as Patescibacteria (BHET40.001) and WOR-3 

(BHET_531 and BHET40.002), were predominant in the early enrichment cultures, whereas 

in after the 7 transfers, metagenomic bins of the  Firmicutes_C (BHET.Bin.209 and 

BHET40.249), Halobacteriota (BHET.Bin.162), and Spirochaetota (Cluster.64, 

BHET.Bin.69, BHET40.136, and BHET_244_sub) were enriched (Fig. 4A). In particular, 

BHET.Bin.209 belonging to the uncultured group UBA11029 of the class Negativicutes 

accounted for 88% of the community and was the most abundant metagenomic bin in the 

BC7U. The results of 16S rRNA gene analysis were similar to those obtained by metagenomic 

analysis (Fig. 2A), indicating that the genomes of the predominant microorganisms in the 

BC7U were correctly recovered in this study. 

 

 

Fig. 4 Proportions of observed metagenomic bins from (A) the enrichment culture in 

unautoclaved bis(2-hydroxyethyl) terephthalate (BHET)-amended medium (BC7U) and the 

(B) enrichment culture in autoclaved dimethyl terephthalate (DMT)-amended medium 

(DC7A). 

 



To identify the BHET degradation pathway, a blastp-based homology search with 

known PET degradation-related genes was performed for metagenomic bins collected from 

the BC7U. The obtained results showed that Treponematales (Cluster.64 and BHET40.136) 

and Treponema_G (BHET_244) belonging to the phylum Spirochaeota possess genes that 

showed 36% (Cluster.64_00965, 6.9e-64), 34% (BHET40.136_00755, 7.1e-59) and 29% 

(BHET_244_sub_02548, 3.4e-49) homology with p-nitrobenzylesterase of Bacillus subtilis 

4P3-11(BsEstB, ADH43200.1) [50], respectively (Table S7). These genes conserved the 

active sites, including the GxSxG motif and catalytic triad (Ser, His, and Glu), as in known 

PET-degrading enzymes (Table S8). The three identified putative BHET-degrading enzymes 

were phylogenetically analyzed together with the known PET- and MHET-degrading 

enzymes (Fig. 5A). As a result, these genes were placed with BsEstB (ADH43200.1) in B. 

subtilis and cutinase (4OYY_tr) in Humicola, which were different clades from PETase and 

cutinase in Thermobifida, Thermomonospora, and Ideonella. To further investigate the 

interaction of these enzymes with BHET and MHET, the molecular modeling of 

Cluster.64_00965, BHET40.136_00755, and BHET_244_sub_02548 was performed, which 

showed ≥28% homology (<1e-48 as e-value) to BsEstB, and the docking simulation of these 

predicted structures with substrates. The obtained results showed that these enzymes have the 

binding pocket to bind BHET, which could be bound to the substrate with hydrogen bonding, 

π-π stacking interactions, and hydrophobic interactions. Furthermore, the three amino acid 

residues comprising the catalytic triad (Ser-217, His-432, Glu-353 for Cluster.64_00965, Ser-

232, His-451, Glu-367 for BHET40.136_00755, Ser-200, His-411, Glu-323 for 

BHET_244_sub_02548) are close to each other in the predicted three-dimensional structures, 

and the active Ser in these is located on the surface of the binding pocket (Fig. 6A). Thus, 

these three enzymes are capable of degrading BHET. Interestingly, even during MHET 

binding, the active Ser is located near the ester bond of MHET (Fig. 6A). B. subtilis-derived 



BsEstB, which has a catalytic triad as well as Spirochaeota-derived enzymes, is known to 

degrade both BHET and MHET [50]. Therefore, these enzymes may degrade not only BHET 

but also MHET. 

 

 

Fig. 5 Phylogenetic tree calculated by the maximum likelihood method showing the 

affiliations of (A) PET hydrolase, including cutinase, PETase, MHETase, lipase, and BHET 

hydrolases, and (B) DMT hydrolase (DmtH) with other esterases and lipases. Highlighted 

pink colors indicate the putative BHET hydrolases and DMT hydrolase. The black, gray, and 

white circles indicate the ultrafast bootstrap (1000 replicates)-supported probabilities at 

>90%, >70%, and >50%, respectively. 

 



 

Fig. 6 3D docking models and 2D interaction diagrams between the predicted structures of 

enzymes and substrates. (A) PET hydrolase docked with BHET or MHET. (B) DMT 

hydrolase docked with DMT or MMT. The catalytic triad (Ser, His, Glu/Asp) and substrates 

in the docking model are highlighted in magenta and blue, respectively. 

 

Given the results of enrichment cultures and 1H NMR analysis, it is predicted that 

MHET and EG were formed after hydrolysis of BHET and further degradation of these 



compounds yielded TA and ethanol. Furthermore, ethanol could be converted to acetate by 

acetogen (Table 2 and Fig. 1A). To further clarify the microorganisms relevant to BHET 

metabolism and their roles in the BHET enrichment cultures, metabolic reconstruction was 

performed for the predominant metagenomic bins. Anaerobic degradation of EG is known to 

proceed through syntrophic degradation [51] or acetogenesis [52]. As BHET degradation 

occurred when BES was added as a methanogenesis inhibitor (Table 2) and methanogens 

were not detected in BC20U (Fig. 2B), it was assumed that EG was degraded acetogenically. 

Therefore, a blastp amino acid sequence homology search was performed against the genome 

sequence of an acetogenic EG degrader, A. woodii. The obtained results showed that while 

predominant populations predicted to possess BHET-hydrolyzes enzymes (i.e., 

Treponematales Cluster.64, BHET40.136, and BHET_244_sub) lacked genes involved in EG 

degradation (specifically pduCDE and pduP), one Sporomusales population (BHET40.249) 

possessed genes homologous to those for EG degradation in A. woodii (Fig. 7 and Table S11) 

[53], indicating that this organism may be responsible for EG utilization.  

Acetaldehyde and ethanol produced via EG degradation are known to be further 

decomposed by a bifunctional acetaldehyde/ethanol dehydrogenase (AdhE) or a combination 

of aldehyde dehydrogenase (AldH) and alcohol dehydrogenase (Adh). Then, the produced 

acetyl-CoA is converted to acetate via phosphotransacetylase (Pta) and acetate kinase (AckA) 

[52, 54]. The most abundant metagenomic bin, Negativicutes (BHET.Bin.209), possesses 11 

homologs of AhdE and Adh (Table S13) and most of the core genes of the Wood-Ljungdahl 

pathway (Table 3). This suggests that the microorganism obtains energy from ethanol via 

acetogenesis. Sporomusales (BHET40.249) also possessed core genes other than MetV, acsE, 

and CODH/ACS, suggesting that BHET40.249 may grow by ethanol-mediated acetogenesis. 

Therefore, although the detailed mechanisms remain unknown, it is suggested that acetate 

detected in the BC12U-BES was produced from Negativicutes (BHET.Bin.209) and 



Sporomusales (BHET40.249). Further investigation is required to be clarified whether the 

lack of some core genes of acetogenesis is due to genomic incompleteness by reconstructing 

the complete genome. Treponematales (Cluster.64), Treponematales (BHET40.136), and 

Treponema_G (BHET_244_sub), which possess putative BHET-degrading enzymes, have 

homologs of AdhE, Adh, AldH, Phosphotransacetylase (Pta) and Acetate kinase (AckA) 

(Table S13), but lack most of the core genes for acetogenesis (Table 3). On the other hand, 

these bins have multiple glycoside hydrolases, peptides, and amino acid transporters, such as 

branched-chain amino acid transport systems, oligopeptide transport systems, and sugar 

transport systems (Tables S15 and S16). Although further investigation is necessary, it is 

possible that the Spirochaeota lineages likely obtain nutrients by acquiring substrates such as 

metabolites of predominant microorganisms such as Negativicutes lineages that metabolize 

BHET degradation products. 

 

 

Fig. 7 Gene clusters involved in ethylene glycol (EG) degradation in Acetobacterium woodii 

DSM 1030 and Sporomusales (BHET40.249). Numbers in gene boxes indicate the amino 

acid sequence identity (%) and the corresponding gene of A. woodii DSM 1030. 

Abbreviations: A, pduA; E, pduE; H, pduH; K, pduK; M, pduM; N, pduN; T, pduT; U, 

pduU; V, pduV; V2, pduV2; V3, pduV3; and HP: hypothetical protein. Gene labels of the 

gene clusters follow Chowdhury et al., 2020 [53]. pduA, pduB, pduK, pduN, and pduT are 

bacterial microcompartments (BMC). pduCDE and pduG are the propanediol dehydratase 

and dehydratase activation proteins, respectively. pduL, pduO, pduP, and pduS are phosphate 



propanoyltransferase, ATP-cobalamin adenosyltransferase, CoA-dependent aldehyde-

dehydrogenase, and cobalamin reductase, respectively. The pduCDE and pduP proteins are 

putative EG dehydration enzymes (from EG to acetaldehyde) according to Trifunović et al., 

2016 [52]. 

 

Table 3. Locus tags of predominant Negativicutes and Spirochaeota bins for genes encoding 

the methyl and carbonyl branches in the Wood-Ljungdahl pathway and aldehyde:ferredoxin 

oxidoreductase. 

Gene name abbr. Negativicutes 
BHET.Bin.209 

Sporomusales 
BHET40.249 

Treponematales 
Cluster.64 

Treponematales 
BHET40.136 

Treponema_G 
BHET_244_sub 

Treponema_G 
DMT40.002 

formate 
dehydrogenase 

(FDH) 

fdhF BHET.Bin.209_00948 

BHET40.249_01626 
BHET40.249_01627 
BHET40.249_03267 
BHET40.249_03268 

        

fdhD BHET.Bin.209_02432           

formyl- 
tetrahydrofolate  

synthase 
(FHS) 

fhs BHET.Bin.209_00240 
BHET40.249_01056 
BHET40.249_01130 
BHET40.249_01606 

        

formyl- 
cyclohydrolase 

(FCH) 
fchA   

BHET40.249_01057 
BHET40.249_01129 
BHET40.249_03966 

        

methylene-THF  
dehydrogenase  

(MDH) 
folD BHET.Bin.209_00241 BHET40.249_01607 Cluster.64_00474 BHET40.136_01630 BHET_244_sub_02185 DMT40.002_00487 

methylene-THF  
reductase 

(MR) 

metV             

metF BHET.Bin.209_00304 
BHET.Bin.209_02278 BHET40.249_03495         

methyltransferase 
(MT) acsE             

carbon monoxide  
dehydrogenase/ 

acetyl-CoA 
synthase 

(ACS/CODH) 

acsA BHET.Bin.209_01373 
BHET.Bin.209_01391           

acsB BHET.Bin.209_02751           

acsC             

acsD             

acsF             

cooC BHET.Bin.209_02750           

phosphotrans- 
acetylase 

(PTA) 
pta BHET.Bin.209_00235 

BHET40.249_00150 
BHET40.249_00617 
BHET40.249_02416 
BHET40.249_02511 

Cluster.64_00248 BHET40.136_00055 
BHET40.136_01578     

acetate kinase 
(ACK) ack BHET.Bin.209_00267 

BHET.Bin.209_00268 BHET40.249_00320 Cluster.64_01463 BHET40.136_01673 BHET_244_sub_00298 
BHET_244_sub_02281 

DMT40.002_00745 
DMT40.002_01913 

aldehyde:ferredoxin  
oxidoreductase 

(AOR) 
aor 

BHET.Bin.209_00509 
BHET.Bin.209_01414 
BHET.Bin.209_01417 
BHET.Bin.209_01640 
BHET.Bin.209_02613 
BHET.Bin.209_02635 
BHET.Bin.209_02884 

BHET40.249_01625 
BHET40.249_02244 

Cluster.64_01157 
Cluster.64_01185 
Cluster.64_01404 

BHET40.136_01727     

 



3.3 DMT degradation metabolism 

For DMT enrichment cultures, metagenomic analysis of the DC7A culture was 

performed. Four metagenomic bins were recovered, which belong to Methanomethylovorans 

(DMT6_6, 93.9%), Treponema_G (DMT40.002, 4.2%), Synergistales (DMT40.003, 1.7%), 

and Treponemataceae_B (DMT.Bin.7, 0.2%) (Fig. 4B). The phylogeny and abundance of the 

recovered metagenomic bins reflect the results of 16S rRNA gene analysis and microscopic 

observations (Figs. 2B, 3B, and 3C and Table S3). The genus Treponema_G (DMT40.002) 

showed 98.9% ANI with BHET_244_sub recovered from the BHET enrichment cultures 

(Table S6), suggesting that the genomes may be from closely related species/strains. 

To identify novel DMT-degrading enzymes, a blastp-based homology search was 

performed against the known esterase DmtH [9]. The obtained results showed that the 

metagenomic bin DMT40.002 belonging to Treponema_G possessed esterases with 31.6% 

(DMT40.002_02674, 8.5e-39) and 26.6% (DMT40.002_00288, 5.7e-12) homology (Table 

S7). These genes also conserved their active sites (Ser, Glu, and His) and the GxSxG motif 

(Table S10). Furthermore, phylogenetic analysis of these identified genes showed that the 

esterase DMT40.002_02674 formed a monophyletic group with DmtH, which is a known 

DMT-degrading enzyme (Fig. 5B). Therefore, molecular modeling and docking simulations 

were performed to evaluate the interaction of DMT40.002_02674, the most closely related to 

DmtH, and DMT40.002_0288 with the substrate. It has been reported that DmtH has a 

catalytic triad and degrades DMT [9]. The modeling and simulations showed that 

DMT40.002_02674 and DMT40.002_0288 have a binding pocket for DMT and MMT 

supported by hydrogen bonding, π-π stacking interactions, and hydrophobic interactions (Fig. 

6B). The ester linkage of MMT allows binding near the active Ser (Ser-108 for 

DMT40.002_02674, Ser-58 for DMT 40.002_0288), suggesting that these enzymes can 

degrade MMT. 



From the results of enrichment cultures and 1H NMR analysis, it is clear that MMT, 

TA, and methanol are produced after DMT degradation, and methanol is finally converted to 

methane gas (Fig. 1 and Table 1). In addition, microscopic observations showed that 

Spirochaetota-like cells were attached to the DMT crystals (Figs. 3B and 3C), further 

supporting the possibility that Treponema_G (DMT40.002) may hydrolyze DMT and MMT. 

The most abundant microorganism, Methanomethylovorans (DMT6_6), possesses MtaABC 

and Mcr required for methanogenesis from methanol (Table S9), indicating that 

Methanomethylovorans DMT6_6 is a methanol-utilizing methanogenic archaea, as 

previously reported [55]. Anaerobic methanol utilization by bacteria has been confirmed in 

several acetogens (e.g., A. woodii, Butyribacterium methylotrphicum, and Moorella 

thermoacetica), and recently, methanol metabolism and its electron transfer via the mta 

operon have been revealed using A. woodii as a model organism [56]. A comparative analysis 

of the genome of Treponema_G (DMT40.002) with A. woodii based on blastp was performed 

to evaluate the presence of the mta operon, but no homologs were found, suggesting that 

Treponema_G (DMT40.002) does not have any known methanol utilization-related genes. In 

addition, Treponema_G (DMT40.002) is unlikely to be an acetogen because the core genes 

for acetogenesis were missing (Table 3). Based on microscopic observation, Spirochaetota-

like cells frequently associated with the flocs of Methanomethylovorans-like coccoid cells 

(Figs. 3E and 3F). Because Treponema_G (DMT40.002) has genes related to amino acid and 

sugar metabolism (Tables S15 and S16), it grows by acquiring nutrients such as amino acids 

from Methanomethylovorans. 

 

3.4 Summary of DMT and BHET degradation 

In this study, previously unexplored anaerobic BHET and DMT-degrading 

microorganisms were revealed by enrichment cultures and microbiome analyses. 



Interestingly, the enriched putative BHET- and DMT-degrading metagenomic bins all 

belonged to the phylum Spirochaeota (Cluster.64, BHET.Bin.69, BHET_244_sub, and 

DMT40.002). Phylum Spirochaeota is frequently found in several anaerobic bioreactors 

treating PTA (a raw material for PET production) manufacturing wastewater [25,57] and has 

been predicted to participate in dead cell-derived amino acid metabolism in the reactors [58]. 

To our knowledge, there are no reports that Spirochaeota can degrade PET or PET-related 

materials. A recent large-scale homology search using known plastic degradation genes as a 

reference has reported that 11 genes in the phylum Spirochaeota related to a 

polyhydroxyalkanoate depolymerase; however, those functions are still unknown due to the 

lack of biochemical experiments [59]. Although gene expression or enzymatic activity 

remain unexplored, this study accomplishes the observation of BHET and DMT degradation 

in enrichment cultures supported by combining NMR-based identification of metabolites, 

metagenomic analysis, and enzyme modeling and identification of uncultured Spirochaetota 

likely capable of hydrolyzing BHET and DMT. Further research is necessary to evaluate the 

activity of the identified hydrolytic enzymes. 

Comparing the degradation rates of BHET and DMT with previous studies, DMT 

conversion rates of this study (0.096–0.27 mM-MMT-production/day, Table 2) were much 

higher than Sphingobium sp. C3 (0.03 mM/day), which possesses DmtH [9]. Furthermore, 

0.025–0.091 mM-TA-production/day was observed from the DMT enrichment cultures, 

suggesting that the predicted DMT-degrading enzymes may also convert MMT to TA (Fig. 

6), a property that DmtH lacks [9]. For BHET degradation, 0.31–0.41 mM-MHET-

production/day and 0.015–0.025 mM-TA-production/day were obtained from BHET 

enrichment cultures of this study. A previous study reported that p-nitrobenzylesterase-

related enzyme BsEstB from B. subtilis 4P3-11 showed faster bioconversion rate for MHET 

than those for TA [50]. Further investigations on the enzymatic activity of Spirochaetota-



derived enzymes are required to properly compare the degradation behavior between aerobic 

and anaerobic condition. 

In the BHET enrichment cultures, two metagenomic bins belonging to the class 

Negativicutes were highly enriched, and the 16S rRNA gene analysis showed that the relative 

abundance of these two phylotypes (BHET001 and BHET004) accounted for 87-97% of the 

total prokaryotic population (Fig. 2A and Table S2) and 91% of all metagenomic bins by 

metagenomic analysis (BC7U, Fig. 4A and Table S4). Although no 16S rRNA gene sequences 

were recovered from these bins (BHET.Bin.209 and BHET40.249), the closest relatives of 

OTUs BHET001 and BHET004 obtained by amplicon sequencing are Methylomusa 

anaerophila MMFC1 (340/378 bp, 90%, NR_163640.1) [60] and Dendrosporobacter 

quercicolus DSM 1736 (352/375 bp, 94%, NR_041949.1) [61], respectively, which are not 

acetogens. On the other hand, there are lineages of acetogens, such as the genera Sporomusa 

[62] and Acetonema [63], in the class Negativicutes; therefore, the enriched BHET.Bin.209 

(BHET001) and BHET40.249 (BHET004) in this study may belong to a novel phylogenetic 

clade capable of acetogenesis. Furthermore, these phylotypes were respectively placed in 

uncultured order-level (UBA11029) and family-level (UBA7701) lineages (Table S4, 

referred from the GTDBtk, r202 database) and provide new physiological and genomic 

information these uncultured lineages. In the future, use of EG and ethanol as energy sources 

may allow cultivation/isolation of these putative acetogens. 

Considering that most plastics, including PET, are disposed of in landfills, it is 

necessary to evaluate their degradability and byproducts in anaerobic as well as aerobic 

environments. In addition, the removal efficiency of microplastics in sewage treatment 

plants, which are considered to be one of the major sources of microplastic contamination in 

the aquatic environment, and optimal operation/infrastructure to prevent the outflow of 

microplastics have also been studied [64], but effective solutions have yet to be innovated.  



 

4. Conclusions 

In conclusion, this study succeeded in enrichment of BHET- and DMT-degrading 

microbial consortia under anaerobic conditions and showed that microorganisms belonging to 

the phylum Spirochaetota are capable of hydrolyzing BHET and DMT and their byproducts 

are utilized by Negativicutes and by Methanomethylovorans, respectively, through the 

cultivation, microbiome, and metabolome analyses. These observations can be useful for the 

development of anaerobic plastics-degrading bioprocess and in situ bioremediation strategy. 

Future detailed studies on the isolation of Spirochaetota and/or evaluation of hydrolytic 

capacities by in vitro expression of enzymes associated with the degradation of PET and 

PET-related chemicals are critical for the development of novel PET removal biotechnology. 
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