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The fate of plastic waste and a sustainable use of synthetic polymers is one of the major
challenges of the twenty first century. Waste valorization strategies can contribute to
the solution of this problem. Besides chemical recycling, biological degradation could
be a promising tool. Among the high diversity of synthetic polymers, polyurethanes
are widely used as foams and insulation materials. In order to examine bacterial
biodegradability of polyurethanes, a soil bacterium was isolated from a site rich in
brittle plastic waste. The strain, identified as Pseudomonas sp. by 16S rRNA gene
sequencing and membrane fatty acid profile, was able to grow on a PU-diol solution, a
polyurethane oligomer, as the sole source of carbon and energy. In addition, the strain
was able to use 2,4-diaminotoluene, a common precursor and putative degradation
intermediate of polyurethanes, respectively, as sole source of energy, carbon, and
nitrogen. Whole genome sequencing of the strain revealed the presence of numerus
catabolic genes for aromatic compounds. Growth on potential intermediates of 2,4-
diaminotoluene degradation, other aromatic growth substrates and a comparison with
a protein data base of oxygenases present in the genome, led to the proposal of a
degradation pathway.

Keywords: plastic, biorecycling, Pseudomonas, polyurethane, diaminotoluene, aromatics degradation, aromatic
diamines

INTRODUCTION

Plastics are heavily used in our modern society and the global production rates increase
since decades. With about 3.5 million tons polyurethanes were the fifth most demanded
synthetic polymers in Europe in 2015 (Plasticseurope, 2016). The uses of polyurethanes are
manifold with the major field of application being insulation materials. Common precursors
used to synthesize polyurethanes are polyisocyanates and polyols together with additives such
as catalysts, cross linkers and chain extenders, among others. Despite forming urethane bonds
with the polyisocyanates, polyols additionally can contain ether or ester bonds, resulting
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in polyether or polyester polyurethanes, respectively. On the
other hand, the polyisocyanate compounds can have an aliphatic,
polycyclic or aromatic nature. Two of the most widely used
diisocyanates for PU synthesis are 4,4′-methylene diphenyl
diisocyanate (MDI) and toluene-2,4-diisocyanate (TDI) and
their precursors 4,4′-diaminodiphenylmethane (MDA) and 2,4-
diaminotoluene (2,4-TDA), respectively. Next to an alcohol and
carbon dioxide, primary amines are also formed after chemical
hydrolysis of the urethane bond (Marchant et al., 1987).

Post-consumer plastics are already a major challenge for the
environment and will be an even bigger one in the future. The
biodegradation is often hampered by the durability, crystallinity
and macroscopic structure of the polymers. For polyurethanes,
the diverse chemical composition increases the obstacles for both,
biological and chemical recycling. Reports on the degradation
of polyurethanes mostly focus on polyester-based ones, fungal
as well bacterial and enzymatic hydrolysis were reported (Wang
et al., 1997; Russell et al., 2011; Krasowska et al., 2012; Shah et al.,
2013; Magnin et al., 2019). The biodegradation of polyether-based
PU is far less documented and was usually achieved by fungal
activity (Matsumiya et al., 2010; Álvarez-Barragán et al., 2016).

The biodegradation of synthetic polymers in general is
a two-step process. It involves the attack by extracellular
enzymes overcoming the macromolecular structure of the
polymers and providing monomers and oligomers for the
second step, which is the mineralization of the latter inside
the cell. The two steps can be carried out by a single species,
or more likely by at least two. Regularly, aromatic monomers
are released by the activity of extracellular enzymes. During
microbial degradation of aromatic compounds typically mono-
and dioxygenases are involved in ring hydroxylation and
cleavage. The hydroxylation of the aromatic ring results in
catecholic compounds (with at least two adjacent hydroxyl
groups) reducing the aromatic character of the compound
and facilitating the oxygenolytic cleavage of the ring. The
latter can be intradiolic (ortho-cleavage) or extradiolic
(meta-cleavage).

Studies that identified the products of PU hydrolysis found
the diamines TDA and MDA (Matsumiya et al., 2010; Cregut
et al., 2013; Magnin et al., 2019). Both amines have been
proposed in the European Chemicals Agency to be identified
as “Substances of Very High Concern,” specifically in the
category of “Carcinogenic, Mutagenic or toxic to Reproduction”
(European Chemicals Agency, 2019). The carcinogenicity of
TDA compounds was demonstrated with experimental studies
in animals (Baua, 2008). To understand the fate of the
diamines released from PU degradation and in order to
investigate the monomer and oligomer metabolism in plastics
degradation in general, we screened for bacteria capable
to degrade both, 2,4-TDA and PU oligomer (Polyurethane
diol solution, Sigma-Aldrich). From a site rich in brittle
plastic waste, a Pseudomonas species was isolated on 2,4-
TDA and positively tested for growth on the PU oligomer
as the sole source of carbon and energy. Genome sequencing
and the screening for potential carbon substrates led to a
hypothetic degradation pathway of 2,4-TDA in the isolated
Pseudomonas strain.

MATERIALS AND METHODS

Growth Conditions
The bacteria were grown in mineral media, as reported before
(Hartmans et al., 1989), containing the following compounds (per
liter demineralized water): 7 g Na2HPO4× 2 H2O; 2.8 g KH2PO4;
0.5 g NaCl; 0.1 g NH4Cl; 0.1 g MgSO4 × 7 H2O; 10 mg FeSO4;
5 mg MnSO4; 6.4 mg ZnCl2; 1 mg CaCl2 × 6 H2O; 0.6 mg BaCl2;
0.36 mg CoSO4 × 7 H2O; 0.36 mg CuSO4 × 5 H2O; 6.5 mg
H3BO3; 10 mg EDTA; 146 µl HCl (37%). The nitrogen-deficient
mineral media did not contain NH4Cl. As sole source of carbon
and energy either 4 g/l disodium succinate (Sigma-Aldrich),
2 mM 2,4-TDA (Sigma-Aldrich) or 3 g/l PU oligomer (Sigma-
Aldrich, dihydroxy-functional oligomer, aliphatic urethane of
proprietary composition) was added. For growth on solid media
3.5% of agar was added. Cells were cultivated in 50 ml shaking
cultures at 30◦C at 150 rpm. All chemicals used were reagent
grade and obtained from commercial sources. Optical density
was measured at a wavelength of 560 nm (Perkin Elmer,
Lambda 2S). Toluene, benzene, aniline, 2,4-dihydroxytoluene
(4-methylresorcinol), methylsuccinate, sodium benzoate, 2-
aminobenzoate (anthranilate), phenol, o-xylene, catechol, 4-
methylcatechol and benzene-1,2,4-triol (hydroxyhydroquinone)
were tested if they serve as sole source of carbon and energy for
the isolated bacteria in 100, 200, and 300 mg/l concentrations and
OD at 560 nm was measured to evaluate growth.

Bacterial Strain Isolation and
Identification
For the isolation of bacteria from soil, three samples from a site
rich in brittle plastic waste (Paunsdorf, Leipzig, Germany) were
used. 1 g of each sample was dissolved in 9 mL of NaCl 0.9%
m/V, diluted 1:10 and stored at 4◦C. Afterward, dilution series
of 10−1, 10−2, and 10−3 were prepared. 150 µL of the diluted soil
solutions were added to agar plates containing mineral medium
and different concentrations of 2,4-TDA (2, 5, and 10 mM) as sole
carbon and energy source. The plates were stored at 30◦C. After
5 days of incubation bacteria were transferred to fresh plates, agar
plates without carbon source were used as control. The complete
16S rRNA gene sequence was obtained from the TDA1 genome
and used for an alignment with other known Pseudomonas
species by making use of the RDP data base (Wang et al., 1997).

Toxicity Test for 2,4-TDA
In order to test the toxic effect of 2,4-TDA on the isolated
strain during growth with the readily metabolizable carbon
source disodium succinate (4 g/L), 2,4-TDA was added at
different concentrations to exponentially growing cultures as
described earlier (Heipieper et al., 1995). The control was a
culture growing with succinate as the carbon source without the
addition of 2 4-TDA.

Membrane Lipid Fatty Acid Composition
The membrane fatty acid profile for selected strains was obtained.
For the phospholipid fatty acids (PLFA) extraction, bacterial cells
were harvested from an overnight culture and then centrifuged
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for 7 min at 13000 rpm. The pellet was washed with 1.5 mL
of 10 mM KNO3, centrifuged and PLFA extraction was done
as reported before (Bligh and Dyer, 1959), methylation was
achieved by addition of 0.6 mL of 20% boron trifluoride in
methanol (Morrison and Smith, 1964). The identification and
quantification of the fatty acid methyl esters (FAME) was done
using gas chromatography with flame ionization detector (GC-
FID, Agilent Technologies, 6890N Network GC System, 7683B
Series Injector). A CP-Sil 88 column (Varian CP7488) was used
as stationary phase and helium as carrier gas. The temperature
ramp programmed was: 2 min 40◦C isotherm, a gradient increase
to 220◦C (8◦C×min−1) and 10 min 220◦C isotherm.

Genome Sequencing of Selected Strain
Genomic DNA was extracted (DNeasy R© Blood & Tissue Kit,
QIAGEN) according to the manufacture’s protocol for Gram-
negative strains. The quantity of extracted DNA was checked by
nanodrop followed by the library preparation with the Nextera
XT DNA library kit (Illumina, San Diego, CA, United States).
The library was checked with an Agilent technology Bioanalyzer
2100. Paired-end libraries were sequenced using Illumina v3
chemistry on a Illumina MiSeq sequencer with a 250-bp paired-
end protocol according to the manufacturer’s instructions. The
sequencing reads were demultiplexed by MiSeq reporter software
(Illumina). The draft genome sequences were assembled using the
Velvet assembly program (Zerbino and Birney, 2008). The RAST
queue (Aziz et al., 2008) was used to annotate by using P. putida
KT2440 as reference strain. For the annotation of dioxygenases
the AROMADEG data base was used in addition (Duarte
et al., 2014). To reveal similarities to known enzymes (mono-
and dioxygenases, enzymes involved in aromatics degradation)
amino acid sequences of genes present in the genome of TDA1
were compared to UniprotKB database or by using the basic local
alignment search tool (BLAST) data base in NCBI as reported
before (Altschul et al., 1997). The suggestion of genes possibly
involved in the degradation was based on significant amino acid
sequence similarities, i.e., a high coverage (at least 80%) and
similarity (at least 30%) as well as a low E value (1 × 10−8

or lower) given by BLAST when compared to the sequences to
known and described enzymes. Dioxygenases or enzymes with
an aromatic substrate were analyzed mainly by deploying the
AROMADEG data base.

HPLC Measurements

2,4-TDA degradation was monitored by measuring the decrease
in concentration. The experiment was performed in triplicates.
50 mL of 2 mM 2,4-TDA media were inoculated with the
isolated bacterial strain. 1 mL of the culture was collected
and mixed with an equal amount of methanol. A calibration
curve for the concentrations between 0.1 mM and 3 mM of
2,4-TDA was prepared. All the samples were centrifuged (7 min,
13000 rpm) at room temperature and filtered through a 0.45 µm
polyethersulfone membrane syringe filter (WhatmanTM-
GE Healthcare). 75 µl of the sample was analyzed by high
performance liquid chromatography (HPLC; LC- 20AB,

Shimadzu). All the samples and standards were measured using
a C18 column (LiChroCART R© 125-4, RP-18e, 5 µm, Merck
KGaA). Isocratic elution of 2,4-TDA was conducted with 39.5%
methanol, 59.5% distilled water and 1.0% triethylamine at a flow
rate of 0.65 ml min−1 (Freedman et al., 1996). The temperature
of the column was kept constant at 25◦C. Detection was done
with a photodiode array detector, using a deuterium lamp as light
source, at 278 nm (SPD-M20A, Shimadzu).

RESULTS

The screening performed with soil samples taken from a site rich
in brittle plastic waste led to the isolation of two bacterial strains
that grew on agar plates containing mineral medium with 2,4-
TDA as sole carbon and energy source and showed growth in
liquid media containing 2 mM 2,4-TDA. Any isolated bacteria
that did grow on agar plates without any carbon source were
discarded to exclude autotrophic growth on 2,4-TDA agar plates.
One strain, named TDA1, was chosen for further investigations.
Figure 1 shows the growth of the TDA1 isolate on 2 mM 2,4-TDA
as sole carbon and energy source. The growth rate was 0.04 h−1

corresponding to a generation time of 14 h−1 during exponential
growth phase. The degradation of 2,4-TDA was quantified using
HPLC. The 2,4-TDA was consumed by the bacterial strain
whereas the sterile control only shows a minor decrease in 2,4-
TDA concentrations (Figure 1). 2,4-TDA at a concentration of
2 mM was shown to be the optimal concentration, because lower
and higher concentrations yielded lower optical densities (data
not shown). This was also verified in toxicity tests where 2,4-TDA
was added to cells growing exponentially with succinate as carbon
and energy source (Figure 2). The growth rate with succinate in
the presence of 2 mM 2,4-TDA was reduced by 55% compared
to the untreated control whereas higher concentrations caused
significantly higher growth inhibition.

Remarkably, strain TDA1 was also able to grow in a
nitrogen-deficient mineral media containing only 2,4-TDA

FIGURE 1 | Growth of Pseudomonas sp. TDA1 on 2,4-TDA. Circles: Growth
of Pseudomonas sp. TDA1 on 2 mM 2,4-TDA as sole source of carbon and
energy in mineral medium containing an additional nitrogen source (filled
circles) and in nitrogen deficient mineral media (empty circles). Squares:
Consumption of 2,4-TDA measured via HPLC during the course of cultivation
of Pseudomonas sp. TDA1 on 1.5 mM 2,4-TDA as sole source of carbon and
energy in mineral medium (filled squares) or in a sterile control containing
1.8 mM 2,4-TDA (empty squares) n = 3.
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FIGURE 2 | Effect of 2,4-TDA on P. putida KT2440. Filled circles: Effect of
2,4-TDA on growth of P. putida KT2440. The growth rate after the addition of
2,4-TDA to exponentially growing cells is given relative to a control without
2,4-TDA. Empty circles: Effect of different 2,4-TDA concentrations on the
trans/cis ratio of unsaturated fatty acids of P. putida KT2440.

as sole carbon and nitrogen source. Optical densities were
similar to those obtained with ammonium chloride as nitrogen
source (Figure 1). Next to 2,4-TDA also other (aromatic)
compounds were tested if they serve as sole source of carbon
and energy for the isolated strain. Toluene, benzene, aniline,
2,4-dihydroxytoluene and methylsuccinate did not support
growth of the TDA1 strain, whereas benzoate, 2-aminobenzoate
(anthranilate), phenol, o-xylene, catechol, 4-methylcatechol and
benzene-1,2,4-triol served as a growth substrate (Table 1). In
addition, the strain grew on an aliphatic oligomeric PU substrate
of proprietary composition (PU diol solution, Sigma-Aldrich).
Optical densities of about 0.8 were obtained with a concentration
of 3 g/l (about 9 mM) of the oligomeric PU as sole carbon and
energy source (data not shown).

The whole genome sequence has been deposited at
DDBJ/ENA/GenBank under the accession WOVH00000000. The
version described in this paper is version WOVH01000000. The

TABLE 1 | Growth spectrum for Pseudomonas sp. TDA1.

Carbon source Growth

Toluene −

Benzene −

Aniline −

2,4-Dihydroxytoluene (4-Methylresorcinol) −

Methylsuccinate −

Sodium benzoate +

2-Aminobenzoate (Anthranilate) +

Phenol +

o-Xylene +

Catechol +

4-Methylcatechol +

Benzene-1,2,4-triol (Hydroxyhydroquinone) +

Aromatic substrates that were tested as sole source of carbon and energy for strain
TDA1. Plus, growth. Minus, no growth.

gene locus tag is GNP06_XXXXX, the corresponding five-digit
number is given in the text for each gene mentioned. Using the
complete 16S rRNA gene sequence (gene 02555), the strain was
identified as Pseudomonas sp. strain that shows high similarity
with P. oryzihabitans and various P. putida strains. The strain
TDA1 will be referred to as Pseudomonas sp. TDA1 in this paper.
In addition, the phospholipid fatty acid profile of the strain TDA1
showed the presence of the following fatty acids: C14:0, C16:0,
C16:1trans, C16:1cis, 17cyclo, C18:0, C18:1trans, C18:1cis, and
19cyclo (data not shown) comprising more than 95% of the total
fatty acids of the strain. The fatty acid composition and pattern
of TDA1 was the same as the one of strain P. putida KT2440
which was used as a control and benchmark. In addition, the
gene for the cis-trans isomerase of unsaturated fatty acids (CTI),
an important marker gene for the genus Pseudomonas (Palleroni,
2015; Eberlein et al., 2018), is present in the TDA1 genome (gene
13840) revealing more than 90% amino acid sequence identity
with several Pseudomonas CTIs already present in the protein
BLAST database (for example: Accession numbers Q8RJN7,
A0A059V043, and F8FYU0). Also, the CTI phenotype, regularly
given as solvent stress-depending increase in the trans/cis ratio of
unsaturated fatty acids, was detected in the presence of 2,4-TDA
in P. putida KT2440 (Figure 2).

Among pathways for degradation of central catecholic
intermediates, genes encoding enzymes of the catechol branch of
the 3-oxoadipate pathway (catechol 1,2-dioxygenase, muconate
cycloisomerase and muconolactone isomerase, genes 25335,
25340, 25345) as well as those encoding the protocatechuate
branch (α- and β-subunit of protocatechuate 3,4-dioxygenase, 3-
carboxymuconate cycloisomerase and 4-carboxymuconolactone
decarboxylase; genes 17435, 17430, 07520, and 07510) and
the respective 3-oxoadipate enol-lactone hydrolases (genes
20490 and 07515, respectively) were identified. In addition,
genes encoding enzymes for the formation of homogentisate
(4-hydroxyphenylpyruvate dioxygenases, genes 05520 and
05730) and a homogentisate 1,2-dioxygenase pathway (genes
17645, 17650, and 17655) as well as a homoprotocatechuate
pathway including a LigB type 3,4-dihydroxyphenylacetate 2,3-
dioxygenase (gene 05110) were observed. Genes encoding
enzymes of the corresponding meta-cleavage pathway
for homoprotocatechuate were found: 5-carboxymethyl-2-
hydroxymuconate semialdehyde dehydrogenase (gene 05115),
5-carboxymethyl-2-hydroxymuconate isomerase (gene 05105),
5-carboxymethyl-2-oxo-hex-3-ene-1,7-dioate decarboxylase
(genes 05120 or 05125), and 2-oxo-hepta-3-ene-1,7-dioic acid
hydratase (gene 05095). An additional dioxygenase was identified
(gene 06545) which according to AROMADEG (Duarte et al.,
2014) belongs to a family of extradiol dioxygenases of the
vicinal oxygen chelate superfamily of extradiol dioxygenases
comprising, among others, enzymes using miscellaneous
substrates such as 2,3-dihydroxybenzoate and clustered with
proteobacterial extradiol dioxygenases of unknown function
(comprising among others YP_046462, an extradiol dioxygenase
of Acinetobacter baylyi ADP1).

Genes coding for archetype catechol 2,3-dioxygenases such
as xylE, catE, or nahA, extradiol dioxygenases belonging to
family I.2 of the vicinal oxygen chelate superfamily, showing a
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preference for monocyclic substrates and specifically cluster in
XXII according to the revised phylogeny of AROMADEG (Eltis
and Bolin, 1996; Vaillancourt et al., 2004; Pérez-Pantoja et al.,
2009), are not present in the genome of TDA1. Neither ring
cleaving dioxygenases involved in aminoaromatic degradation
like 5-aminosalicylate 1,2 dioxygenase (Stolz and Knackmuss,
1993), 2-aminophenol 1,6-dioxygenase (Takenaka et al., 1997;
Wu et al., 2005) nor hydroxybenzoquinol 1,2-dioxygenase
(Travkin et al., 1997; Kitagawa et al., 2004; Wang et al., 2007;
Pérez-Pantoja et al., 2009) are encoded in the TDA1 genome.

At least seven genes encoding putative α-subunits of Rieske
non-heme iron dioxygenases are present in the genome
of TDA1. They were analyzed using AROMADEG (Duarte
et al., 2014): it was shown, that genes 26235, 17905, and
06615 are distantly related to enzymes of the phthalate
family of Rieske dioxygenases. Gene 26235 probably encodes
a vanillate O-demethylase with 76.2% amino acid sequence
similarity to P12609 from Pseudomonas strain ATCC 19151. The
product of gene 06615 shows significant amino acid sequence
similarity of 47% with toluene 4-sulfonate monooxygenase
TsaM1 (accession P94679) from Comamonas testosteroni T-
2 (Locher et al., 1991a,b). Among enzymes of documented
function, also the product of gene 17905 shows similarity
to toluene 4-sulfonate monooxygenase TsaM1, however, only
to a low extent of 33%. The gene product of 06600 clearly
is a member of the phthalate family of Rieske oxygenases.
According to AROMADEG, it belongs to a cluster comprising
putative phthalate 4,5-dioxygenase from Ralstonia eutropha
JMP134 (accession YP298987). Gene 19420 encodes a protein
with 73.8% similarity with CntA carnitine monooxygenase
(accession D0C9N6) of Acinetobacter baumannii ATCC 19606
and thus may be responsible for carnitine transformation to
form trimethylamine and malic semialdehyde. The protein
encoded by gene 25270 belongs to cluster I of the benzoate
family of Rieske dioxygenases (enzymes involved in indole
acetic acid degradation and related enzymes). Gene 08315
encodes a benzoate 1,2-dioxygenase (cluster XI, benzoate and
2-chlorobenzoate dioxygenases of the benzoate family of Rieske
dioxygenases) with 97.1% identity with BenA of P. putida GJ31
(accession AAX47023).

Neither gene clusters encoding proteins involved in the
side-chain oxidation of methyl-substituted aromatics, namely
the two-component xylene/p-cymene monooxygenase, which
consist of a hydroxylase related to AlkB alkane hydroxylase
and a reductase (Worsey and Williams, 1975; Eaton, 1996)
were observed in the genome, nor are multicomponent
soluble diiron benzene/toluene or phenol/methylphenol
monooxygenases encoded. However, five genes coding
for flavin depending monooxygenases were detected
(genes 05080, 17225, 06905, 06505, 06585). Gene products
of 05080 and 06585 show high amino acid sequence
similarity to 4-hydroxyphenylacetate 3-hydroxylase from
Acinetobacter baumannii (accession Q6Q272) of 72.1%
and 72.6%, respectively (Thotsaporn et al., 2004). The
product of gene 17225 exhibits high sequence identity to
documented 4-hydroxybenzoate 3-monooxygenases such
as the enzymes P00438 from P. fluorescens (74.9%) or

P20586 from P. aeruginosa (74.6%). In contrast to that,
the function of flavin monooxygenases 06505 and 06905
remains unknown.

The release of nitrogen from aromatic amines can occur before
ring cleavage in form of ammonia (Aoki et al., 1983; Chang
et al., 2003; Takenaka et al., 2003), but also after ring opening
(Takenaka et al., 2000). The latter is done by 2-aminomuconate
deaminase during 2-aminophenol degradation by Pseudomonas
sp. AP-3. This enzyme belongs to the YjgF/YER057c/UK114
family (also known as the Rid family). Five members of this
family were observed to be encoded in the genome of the strain
TDA1 (genes 01225, 03255, 14860, 17920, 05035). For two of
these gene products significant similarities to 2-aminomuconate
deaminase of Pseudomonas sp. AP–3 (accession Q9KWS2) could
be documented: 36% for the gene product of 14860 and 32% for
the gene product of 05035.

DISCUSSION

A bacterial strain capable of degrading both, an oligomeric
PU and a PU building block was obtained from soil samples.
According to our knowledge, this is the first report on the
isolation of a bacterial pure culture for the polyurethane
precursor 2,4-TDA. A powerful metabolic potential of the
strain is given because of the ability to use both as sole
source of carbon and energy, a monomer and an oligomer
of PU. 2,4-TDA was used not only as the carbon and
but also as a nitrogen source. That concentrations higher
than 2 mM 2,4-TDA did not increase the optical densities
further, might be due to toxic effect. Also for P. putida
KT2440 it was shown, that concentrations above 2 mM
2,4-TDA diminished growth. The isolate was identified
as Pseudomonas sp. strain by 16S rRNA gene sequence
analysis and by comparing the fatty acid profile to the one
of P. putida KT2440. The isolation of a Pseudomonas strain
from the same oligomeric PU material was reported before
(Mukherjee et al., 2011). Moreover, microbial attack on
polyurethanes by species of the genus Pseudomonas was
documented earlier (Howard and Blake, 1998; Howard,
2002; Gautam et al., 2007; Peng et al., 2014; Hung et al.,
2016). The fact that PU polymers or components do not
only meet the carbon but also the nitrogen demand was
confirmed in this study. Earlier reports also had shown that
polyisocyanates may serve as nitrogen source (Darby and
Kaplan, 1968; Crabbe et al., 1994; Nakajima-Kambe et al., 1995;
Kloss et al., 2009).

Considering the genomic potential and the substrate spectrum
a degradation pathway for 2,4-TDA with candidate genes
encoding the enzymes involved can be suggested (Figure 3).
Although also a monooxygenation of an aromatic ring lacking
hydroxyl groups has been reported in the case of styrene
(Beltrametti et al., 1997), an initiation of the degradation
of not yet activated aromatics by flavin monooxygenases is
rather unlikely (Van Berkel et al., 2006). In contrast to that,
hydroxylation of substituents at the aromatic ring, like the
methyl group of toluene, is common (Assinder and Williams,
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FIGURE 3 | Proposed degradation pathway including extradiol cleavage of
4-aminocatechol for 2,4-TDA in the putative Pseudomonas sp. TDA1. 1:
Toluene 4-sulfonate monooxygenase (candidate gene GNP06_06615) with
toluene-4-sulfonate monooxygenase reductase (candidate gene
GNP06_06620) and subsequent alcohol dehydrogenase (2) and aldehyde
dehydrogenase (3) activity (encoded elsewhere in the genome). 4: Benzoate
1,2-dioxygenase with anthranilate dioxygenase activity (candidate genes for α-
and β-subunit as well as a ferredoxin reductase component GNP06_08305,
GNP06_08310 and GNP06_08315). 5: Extradiol 2,3-dioxygenase (candidate
gene GNP06_06545 or GNP06_05110). 6, 8 and 9: Enzymes for the
homoprotocatechuate meta-cleavage pathway (candidate genes
GNP06_05115, GNP06_05105 and GNP06_05120/25). 7:
4-amino-2-hydroxymuconate deaminase (candidate genes GNP06_14860 or
GNP06_05035).

1990). However, strain TDA1 does not grow on toluene
(Table 1) and the only putative methyl group oxidizing
enzymes encoded are those with similarity to toluene 4-sulfonate
monooxygenase TsaM1 (accession P94679) from Comamonas
testosteroni T-2 (Locher et al., 1991a,b). Therefore, it can be
assumed that the methyl group is hydroxylated to a primary
alcohol (candidate gene 06615) with the help of an electron
transferring unit. For the latter, a gene encoding for a protein
sharing 48.1% sequence similarity with toluene-4-sulfonate
monooxygenase reductase subunit TsaB1 (accession P94680) in
Comamonas testosteroni is located adjacent to 06615. Obviously,
the methyl oxidizing enzyme present needs a substituent in
para position on the aromatic ring to function as the strain
cannot grow on toluene. The following steps yielding 2,4-
diaminobenzoate (4-aminoanthranilate) would be catalyzed by
an alcohol dehydrogenase and subsequently by an aldehyde
dehydrogenase encoded elsewhere in the genome. Strain TDA1
uses anthranilate as the sole source of carbon and energy
which typically is catalyzed by an anthranilate 1,2-dioxygenase
(Cain, 1968; Eby et al., 2001; Schühle et al., 2001; Chang
et al., 2003; Liu et al., 2010; Costaglioli et al., 2012; Kim
et al., 2015). No such enzyme is encoded in the genome of
TDA1. However, some benzoate dioxygenases are reported to
transform anthranilate to catechol (Yamaguchi and Fujisawa,
1980; Haddad et al., 2001) and a gene cluster encoding
a benzoate 1,2-dioxygenase α- and β-subunit as well as a
ferredoxin reductase component (genes 08305, 08310, 08315) is
conserved in the genome. It is therefore conceivable that 2,4-
diaminobenzoate is transformed by benzoate 1,2-dioxygenase
yielding 4-aminocatechol as central intermediate.

Studies showed that aromatic compounds with electron-
donating substituents, such as amino groups, are preferably
degraded via the meta-cleavage pathway (Ribbons, 1965;
Seidman et al., 1969; Bugg and Ramaswamy, 2008; Shukla
et al., 2016). It can therefore be speculated that the putative
intermediate 4-aminocatechol is transformed by an extradiol
dioxygenase; and a respective extradiol dioxygenase of the
vicinal chelate superfamily is actually encoded in the genome
(candidate gene 06545). A second extradiol dioxygenase, a
homoprotocatechuate 2,3-dioxygenase of the LigB superfamily
(Roper and Cooper, 1990), is encoded by gene 05110 located
within a gene cluster encoding enzymes for the further
metabolism of the homoprotocatechuate ring-cleavage product
via the meta-cleavage pathway. Several publications state
that homoprotocatechuate 2,3-dioxygenase is promiscuous
and may accept 4-nitrocatechol as a substrate (Groce et al.,
2004; Henderson et al., 2012; Kovaleva and Lipscomb, 2012;
Mbughuni et al., 2012). If the 06545 extradiol dioxygenase or
a promiscuous homoprotocatechuate dioxygenase is involved
in 2,4-TDA degradation by strain TDA1 remains to be
elucidated. Further degradation of the putative ring-cleavage
product 4-amino-2-hydroxymuconate semialdehyde may
then be performed by homoprotocatechuate meta-cleavage
pathway enzymes with 5-carboxymethyl-2-hydroxymuconic
semialdehyde dehydrogenase encoded by gene 05115 forming
4-amino-2-hydroxymuconate. As the next step, the formed
4-amino-2-hydroxymuconate could be deaminated by an
aminomuconate deaminase (candidate genes 14860 or 05035)
similar to the deamination after ring cleavage in the degradation
pathway of aminophenol in Pseudomonas sp. AP-3 (Takenaka
et al., 2000) or in nitrobenzene degradation in Pseudomonas
pseudoalcaligenes JS4 (He and Spain, 1997). For the latter,
the enzyme 2-aminomuconate deaminase does not depend
on cofactors and deamination of its substrate even happens
spontaneously in acidic environments (Ichiyama et al., 1965).
In the metabolization of 4-amino-3-hydroxybenzoic acid in
Bordetella sp. 10d the amino group is cleaved off already
from the muconic semialdehyde intermediate by a 2-amino-
5-carboxymuconicsemialdehyde deaminase (Orii et al., 2006).
The resulting intermediate 2,5-dihydroxy-muconate probably
undergoes tautomerization (gene 05105) and could be further
subjected to a decarboxylation step (gene 05120 or 05125).
Following the meta-cleavage pathway, a hydroxylation would
take place after the decarboxylation and the corresponding
hydratase is also present in the genome of TDA1 (gene
05095). However, how exactly the degradation pathway is
continued to lead to central metabolites of the citric acid
cycle or amino acid metabolism needs to be elucidated in
further studies.

To sum up, a preliminary degradation pathway of
2,4-TDA is proposed. In the peripheral pathway 4-
aminocatechol is formed after oxidation of the methyl
group of diaminotoluene and subsequent dioxygenation
with concomitant decarboxylation and deamination.
Ring cleavage of 4-aminocatechol in TDA1 would be
possible in an extradiol manner (candidate gene 06545)
and further employment of the homoprotocatechuate

Frontiers in Microbiology | www.frontiersin.org 6 March 2020 | Volume 11 | Article 404

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00404 March 9, 2020 Time: 18:16 # 7

Cárdenas Espinosa et al. Bacterial Polyurethane Monomer Degradation

meta-pathway (genes 05115, 05105, 05120/25) with the second
deamination potentially taking place after the formation of 5-
amino 2-hydroxymuconate (candidate genes 14860 or 05035).

The majority of the enzymes involved in the proposed pathway
must be promiscuous regarding their substrate specificity, i.e.,
they need to accept especially amino substituted analogs. Due
to the low steric hindrance of an additional amino group
substrate promiscuity might be favored. Enzymes involved
in aromatics degradation exhibiting significant activity with
substituted substrate analogs were reported before (Pascal
and Huang, 1986; Smith et al., 1990; He and Spain, 1997;
Eby et al., 2001; Chang et al., 2003; Guzik et al., 2011).
However, the proposed degradation pathway of 2,4-TDA in the
putative Pseudomonas strain TDA1 needs further confirmation
via proteomic, transcriptomic analysis or in vitro assays with
potential intermediates of the proposed pathway. Identifying the
key enzymes for the degradation of both, 2,4-TDA as putative
degradation product as well as precursor of PUs (Matsumiya
et al., 2010; Magnin et al., 2019) and for the oligomeric PU could
help to equip well known and biotechnological used lab strains
like P. putida KT2440 for monomer degradation in two-step
biorecycling processes.
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