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Abstract

The polyethylene terephthalate (PET) is one of the major plastics with a huge annual production. Alongside with its mass
production and wide applications, PET pollution is threatening and damaging the environment and human health. Although
mechanical or chemical methods can deal with PET, the process suffers from high cost and the hydrolyzed monomers will
cause secondary pollution. Discovery of plastic-degrading microbes and the corresponding enzymes emerges new hope
to cope with this issue. Combined with synthetic biology and metabolic engineering, microbial cell factories not only
provide a promising approach to degrade PET, but also enable the conversion of its monomers, ethylene glycol (EG) and
terephthalic acid (TPA), into value-added compounds. In this way, PET wastes can be handled in environment-friendly
and more potentially cost-effective processes. While PET hydrolases have been extensively reviewed, this review focuses
on the microbes and metabolic pathways for the degradation of PET monomers. In addition, recent advances in the bio-
transformation of TPA and EG into value-added compounds are discussed in detail.

Keywords Biotransformation and valorization - Ethylene glycol - Metabolic pathways - Poly(ethylene terephthalate) -
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Introduction with wide applications in manufacturing bottles, packaging,

and textile industries. Due to its durability and stability, PET

With the development of material science and chemical
industry, polyesters have been widely used in almost every
aspect of our lives, due to their perfect properties such as
light weight, low maintenance requirements, weathering
resistance, low toxicity, transparency, and low production
costs (Geyer et al. 2017). Polyethylene terephthalate (PET),
with ethylene glycol (EG) and terephthalic acid (TPA) as
monomers, is one of the most-consumed synthetic polymers,
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degradation is extremely slow in the natural environment,
resulting in accumulation and pollution. PET materials are
firstly activated by ultraviolet light, followed by the incorpo-
ration of oxygen molecules in the polymer (Venkatachalam
et al. 2012), and then cracked into smaller debris includ-
ing microplastics (<5 mm in diameter) and nanoplastics
(<1 pm). These debris will exist in nature for decades, even
hundreds of years (Sang et al. 2020), which can enter tissues
and cells to adversely affect the physiological functions,
such as provoking immune and stress responses and induc-
ing reproductive and developmental toxicity (Blackburn
and Green 2022). What’s more, additives or pollutants, such
as di(2-ethyl-hexyl) phthalate (DEHP), can be released from
the debris continuously, which has been found to be poten-
tially carcinogenic and estrogenic in the long term (Li et al.
2021). Considering enormous PET waste leads to serious
environmental pollution and has become a threat to global
ecosystem and human health (Sinha et al. 2008; Rochman et
al. 2013; Koelmans et al. 2014; Jambeck et al. 2015), there
is an increasing demand for dealing with PET wastes.

@ Springer


http://orcid.org/0000-0001-9784-9876
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-022-03270-z&domain=pdf&date_stamp=2022-4-13

89 Page 2 of 14

World Journal of Microbiology and Biotechnology (2022) 38:89

Nowadays, PET wastes can be recycled by thermo-
chemical or mechanical processes to generate recycled PET
(rPET). Thermochemical process cleaves the ester linkage of
PET to release a mixture of bis-(2-hydroxyethyl) terephthal-
ate (BHET), monohydroxyethyl terephthalate (MHET), EG,
and TPA at high temperature (=450 °C) and high pressure
(=15 MPa) (Kim et al. 2021). Although monomers can be
recycled theoretically, the cost for purification and down-
stream operations is rather high. Thus, its wide applications
are hindered by the high processing cost (Sinha et al. 2008;
Damayanti and Wu 2021). At the same time, toxic byprod-
ucts are generated during the process and result in second-
ary pollution (Webb et al. 2013; Dzi¢ciot and Trzeszczynski
2015). Mechanical process is another commonly employed
recycling method (Khalid et al. 2022). Unfortunately, the
plastic properties are significantly deteriorated after a num-
ber of processing cycles, leading to decreased commercial
values and limited rPET applications (Sinha et al. 2008;
Koelmans et al. 2014). Moreover, the temperatures used for
both processes are often higher than 200°C, indicating high
energy input and inhibitory cost. The relatively low cost of
virgin PET stimulates the demand of PET production capac-
ity and makes the recycling processes not economically
competitive (Kubowicz and Booth 2017).

Although PET is rather stable and generally regarded as
non-biodegradable, the accumulation of PET in the environ-
ment provides a unique niche for the evolution of microor-
ganisms for the degradation of PET polymer and subsequent
utilization of PET monomers for cell growth (Kawai et al.
2019; Perrin et al. 2020; Gambarini et al. 2021). In recent
years, many PET-degrading microbes and enzymes have
been isolated and studied in depth, bringing new hopes for
dealing with PET accumulation (Roth et al. 2014; Wei et
al. 2014; Yoshida et al. 2016). Miiller et al. (2005) firstly
reported a lipase, TfH from Thermobifida fusca, with the
capacity to hydrolyze PET films, which opens a new era
for PET biodegradation. In 2016, Yoshida et al. (2016) iso-
lated a PET-degrading bacterial strain, /deonella sakaiensis
201-F6, and characterized the corresponding PET. The PET
hydrolases mainly act on the ester bond of PET, hydrolyzing
it into BHET, MHET, TPA, and EG (Fig. 1). As incomplete
hydrolyzation products, BHET can be further degraded
by PET hydrolases, while MHET is hydrolyzed by MHE-
Tase to release TPA and EG. Compared with the traditional
chemical and mechanical processes, biodegradation can
be performed under mild and environment-friendly condi-
tions with limited energy input, representing a promising
approach for the complete degradation and even up-recy-
cling of post-consumer PET materials in near future (Webb
etal. 2013).

Different with PET degrading enzymes that have been
studied in detail (Sulaiman et al. 2012; Roth et al. 2014; Liu
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Fig. 1 Schematic diagram for the degradation and biotransformation
of PET. PET hydrolase catalyzes the hydrolytic cleavage of PET to
produce BHET, MHET, and monomers (TPA and EG). The monomers
could be used to produce high-value compounds, including GA (gallic
acid), VA (vanillic acid), and PCA (protocatechuate)

et al. 2019; Bollinger et al. 2020; Tournier et al. 2020), the
utilization or degradation of EG and TPA is largely over-
looked. As TPA and EG are not natural carbon and energy
sources, they cannot be efficiently degraded and/or utilized
by microorganisms. In other words, the degradation of PET
polymer will result in the accumulation of TPA and EG,
representing a secondary pollution to the environment. In
recent years, metabolic engineering and directed evolution
strategies have been performed to engineer strains for com-
plete degradation of TPA and EG into harmless compounds,
i.e. CO, or CH, (Lykidis et al. 2011; Miickschel et al. 2012;
Wu et al. 2013; Nobu et al. 2015; Clarkson et al. 2017; Li et
al. 2019; Pardo et al. 2020). While complete degradation is
preferred for dealing with environmental PET wastes (par-
ticularly those micro-plastics in soil and ocean), there is a
growing interest in converting PET monomers into value-
added compounds using synthetic biology approaches. The
idea of “turn trash to cash”, rather than complete degrada-
tion, is not only helpful to offset the processing cost, but also
beneficial for the development of green economy (Wang et
al. 2021).

While there have been plenty of reviews summarizing the
discovery, characterization, and molecular engineering of
PET hydrolases, this manuscript focuses on recent progress
in the metabolism (including complete degradation and val-
orization) of PET monomers (Kawai et al. 2019; Mohanan
et al. 2020; Urbanek et al. 2020; Amobonye et al. 2021; Gao
et al. 2021). This review starts with the introduction of TPA
and EG degrading microbes, followed by detailed discus-
sion of the degradation pathways of PET monomers. Recent
advances in the biotransformation of PET monomers into
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value-added compounds are also summarized. This review

is concluded with future perspectives in PET biodegrada-

tion and valorization.

Table 1 List of microbes for the degradation

of TPA and EG

TPA-degrading microbes

Microbes for the degradation of TPA and EG

As early as 1970s, sludge has been employed to treat TPA-
containing wastewater (Kleerebezem et al. 1997; Lykidis et
al. 2011). Although the degradation rate is far from satis-
factory, sludge becomes an important source for the isola-
tion of microbes or microbial populations responsible for
the degradation of phthalate isomers, including TPA. Wu

Monomer  Organism Aerobic /anaerobic  Biodegradation Source Reference
process and
utilization
TPA o-Proteobacterial anaerobic TPA to acetate ~ Granu- Wuetal.
group and hydrogen lar (2001)
sludge
Desulfotomacu-  anaerobic TPA to acetate ~ Anaero- Qiu et al.
lum lineage 1 and methane bic (2004)
strain JT sludge
Bacillus species  aerobic or faculta-  Sole carbon Soil Karegoudar
tive anaerobic source and Pujar
(1985)
Comamonas aerobic TPA to PCA Sludge Schlafli et
testosteroni T-2 al. (1994)
C. strain E6 aerobic Sole carbon Soil Sasoh et al.
source (2006)
Rhodococcus aerobic TPA to Soil Hara et al.
Strain RHA1 acetyl-COA and (2007)
succinate
Pseudomonas aerobic TPA to PHA Soil Kenny et
putida GO19 al. (2008)
P, putida GO16 aerobic Grow on TPA  Soil Kenny et
alone al. (2012)
Arthrobacter sp.  aerobic Grow aerobi- Sludge Zhang et
0574 cally on TPA al. (2013)
Delftia WL-3 aerobic TPA to PCA Sludge Liuetal.
(2018)
EG Clostridium gly-  anaerobic EG as carbon Mud Gaston and
colicum, sp. N and energy Stadtman
source (1963)
Acetobacterium  anaerobic PEG to acetate  Enrich- Schink
woodii ment and Stieb
cultures (1983)
Acetobacterium  anaerobic EG to acetate Mud Bache and
woodii Pfennig
(1981)
Pichia naganishii  aerobic EG to glycolate Stock  Kataoka et
AKU 4267 culture al. (2001)
Rhodotorula sp.  aerobic EG as carbon Soil
3Pr-126 source
Pseudomonas aerobic EG as sole Soil Miick-
putida KT2440 source of carbon schel et al.
and energy (2012)
P. putida IM37 aerobic EG to biomass  Soil
Burkholderia sp.  aerobic EG to glycolate Soil Gao et al.
EG13 (2014)
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et al. (2001) analyzed the microbial composition in a TPA-
degrading granular sludge system and characterized novel
o-Proteobacterial group to be responsible for degrading
terephthalate to acetate and hydrogen, which were finally
degraded into methane via cooperation with the members of
Methanobacteriaceae. A TPA-degrading bacterium was iso-
lated from the enriched culture and designated as strain JT,
belonging to Desulfotomaculum lineage 1. Unfortunately, as
a syntrophic bacterium depending strictly on the presence of
hydrogen (and/or formate)-consuming partner organisms,
strain JT could not work alone and should be cocultured
with a hydrogenotrophic methanogen (e.g. Methanospiril-
lum hungatei) to utilize TPA as well as other aromatic com-
pounds (Qiu et al. 2004). Chen et al. (2004) also reported
the similar TPA-degrading methanogenic consortium in an
anaerobic hybrid reactor.

Although microbial community is capable of TPA degra-
dation, the reaction rate is rather low and the corresponding
mechanism is not clear. Thus, scientists have been devoted
to isolating TPA-degrading strains from the TPA contami-
nated wastewater and polluted soil (Table 1). Karegoudar
and Pujar (1985) reported a gram-positive bacterium with
the ability to utilize terephthalic acid as sole carbon source.
Comamonas testosteroni T-2 was reported to degrade TPA
into  1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylic
acid (DCD) and subsequently to protocatechuate (PCA)
(Schlafli et al. 1994). Afterwards, Comamonas sp. strain E6
was found to be able to utilize TPA as the sole carbon source
(Sasoh et al. 2000).

Hara et al. (2007) confirmed that Rhodococcus sp. strain
RHAT1 degraded TPA via the PCA pathway and catechol
pathway. Kenny et al. (2008) isolated three strains of the
Pseudomonas genus that could utilize TPA to accumulate
polyhydroxyalkanoate (PHA). Zhang et al. (2013) found
that Arthrobacter sp. 0574, a gram-positive strain, was
capable of growing aerobically on TPA as the sole carbon
and energy source. Recently, Liu et al. (2018) isolated a
strain WL-3, belonging to the Delftia genus, with the ability
to hydrolyze diethyl terephthalate (DET) and subsequently
degrade Narancic et al. (2021) sequenced and analyzed the
genome of Pseudomonas umsongensis GO16, which could
degrade PET-derived TPA into PCA and subsequently to
medium and short chain length PHA.

EG-degrading microbes

Sludge is also a good source to isolate functional microbes
for the degradation of EG (Table 1). As early as 1963, Gaston
and Stadtman (1963) isolated an anaerobic organism, Clos-
tridium glycolicum sp. N, from mud, which could utilize EG
as the energy and carbon source. Dwyer and Tiedje reported
the methanogenic enrichments, capable of converting EG
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to acetate, ethanol, and methane (Dwyer and Tiedje 1983).
Another EG-fermenting anaerobe was isolated and identi-
fied as Acetobacterium woodii (strain Gra EG 12) (Schink
and Stieb 1983), which was subsequently demonstrated to
dehydrate EG to acetaldehyde and further disproportionated
to ethanol and acetyl-CoA (Trifunovi¢ et al. 2016). Kataoka
et al. (2001) screened microorganisms capable of oxidizing
EG to glycolate, and obtained several yeasts and acetic acid
bacteria with high efficiency. Among these isolates, Pichia
naganishii AKU 4267 showed the accumulation of the high-
est concentration of glycolate (Kataoka et al. 2001). Another
soil strain, Burkholderia sp. EG13 was also found to possess
high EG-oxidizing activity to produce glycolate (Gao et al.
2014). Miickschel et al. (2012) investigated the metabolism
of EG in Pseudomonas and found that P. putida IM37 grew
rapidly with EG as a sole source of carbon and energy, while
P. putida KT2440 could not grow within 2 days of incuba-
tion under the same conditions.

Degradation pathways of PET monomers

With the isolation of microbes for the degradation of TPA
and EG, the corresponding degradation pathways have been
gradually elucidated afterwards. Similar to the oxygen sen-
sitivity of the PET monomer degradation microbes, aerobic
and anaerobic degradation pathways are discovered for both
TPA and EG,

TPA degradation pathways

As for the degradation of TPA under aerobic conditions,
pathways in Comamonas have been studied in depth. Sasoh
et al. (2006) isolated a gram-negative bacterium Comamo-
nas sp. strain E6 with the capacity to utilize TPA as the sole
carbon source and described the TPA degradation gene clus-
ters. The pathway encoded by the #ph genes converted TPA
into PCA, a key metabolic intermediate for central metab-
olism. Two hydroxyl groups are added on positions 4 and
5 by TPA dioxygenase TphA1A2A3 to produce 1,2-dihy-
droxy-3,5-cyclohexadiene-1,4-dicarboxylate (DCD). Sub-
sequently, the DCD dehydrogenase TphB removes the
carboxyl group in position 6 (Fig. 2). In addition to these iph
genes, TphR (transcriptional factor regulating the induction
of TPA degradation pathway genes) and TphC (TPA binding
protein) are also involved in TPA metabolism (Kasai et al.
2010; Hosaka et al. 2013). Subsequent studies showed that
there are three characterized pathways for degrading PCA,
including 4,5-cleavage pathway, 2,3-cleavage pathway and
3,4-cleavage pathway (Harwood et al. 1996; Masai et al.
2007; Kasai et al. 2009). Clarkson et al. (2017) constructed
and optimized a heterologous 3,4-cleavage pathway for
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Fig. 2 Metabolic pathways for TPA degradation under anaerobic and aerobic conditions. Aerobic degradation begins with the conversion of TPA
to protocatechuic acid (PCA). Blue gridline presents aerobic TPA degrading pathway in Rhodococcus sp. Strain RHA1 and Comamonas sp.
strain E6. The orange gridline presents anaerobic degradation pathway in Syntrophorhabdus aromaticivorans strain Ul and Pelotomaculum spp.
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dehydrogenase

PCA catabolism in E. coli via rational and evolutionary
approaches. The optimized strain showed significantly
increased growth rate with PCA as the sole carbon source,
serving as a platform for further reconstruction of catabolic
pathways for aromatic compounds. A similar TPA degrada-
tion pathway as that of Comamonas has been described in
the gram-positive bacteria Rhodococcus genus, with PCA
as the key intermediate. Hara et al. (2007) performed tran-
scriptomic analysis of Rhodococcus sp. Strain RHA1 and
found that not only PCA pathway genes were induced by
TPA, but also the catechol pathway. These results indicated
that the catechol branch of 3-oxoadipate pathway is another
route for the degradation of TPA (Fig. 2), which have been
described in several other bacteria as well (Choi et al. 2005;
Martinkova et al. 2009). Recently, Pardo et al. (2020) intro-
duced tphCA243BA1 and tpiBA from Comamonas sp. E6 to
the PCA-utilization bacterium Acinetobacter baylyi ADP1,
and finally obtained strains with the capability to utilize TPA
as sole carbon source by combining with adaptive labora-
tory evolution.

In addition to TPA degradation enzymes, TPA transporta-
tion also attracts increasing attention. As the first key step,
cellular uptake of TPA is vital for TPA degradation (Rosa et
al. 2018). Though TPA could enter the cells by passive dif-
fusion at high concentration, active transport is essential to
improve the rate and efficiency (Sasoh et al. 2006; Hosaka et
al. 2013). TphC, a TPA binding protein, plays an important
role TPA uptake and metabolism (Kasai et al. 2010; Hosaka
et al. 2013). It is predicted to be a solute-binding protein

(SBP), which belongs to the tripartite tricarboxylate trans-
porters (TTT) class of transporters (Sasoh et al. 2006; Rosa
et al. 2018). Hosaka et al. (2013) demonstrated that TpiA-
TpiB membrane transporter encoded by #piBA together with
TphC were essential for the uptake of TPA. Most recently,
Gautom et al. (2021) carried out biochemical and structural
characterization of TphC, demonstrating the narrow ligand
specificity of TphC towards aromatic para-substituted
dicarboxylates. In another work, the endogenous muconate
transporter MucK rather than heterologous proteins from
Comamonas sp. E6 mediated TPA transportation, indicating
the TPA uptake system as a key point of metabolic engineer-
ing on TPA utilization (Pardo et al. 2020). P. putida KT2440
also possesses relevant uptake systems to utilize aromatic
substrates. Wada et al. (2021) demonstrated that three trans-
porters, PP_1376 (PcaK), PP_3349 (HenK) and VanK, were
aromatic acid/H* symporter family transporters categorized
into major facilitator superfamily, which have ability to take
up aromatic substrates. PcaK, HenK, and VanK were con-
firmed with ability to take up PCA, ferulate/4-coumarate,
and vanillate/PCA, respectively.

On the other hand, TPA could also be metabolized
through anaerobic methanogenic processes. Completely
different with the aerobic pathways, the anaerobic pathway
converted TPA to CH, and/or CO, as the final products
(Kleerebezem and Lettinga 2000). In Syntrophorhabdus
aromaticivorans Ul, TPA is degraded via the benzoyl-
CoA degradation pathway (Fig. 2) (Wu et al. 2013; Nobu
et al. 2015). A series of genes encoding decarboxylases,
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hydratase, dehydrogenase, hydrolase, and acetyltransferase
are involved in this process to achieve TPA complete bio-
degradation (Wu et al. 2013). In addition, microbial syn-
trophy could also degrade TPA under moderate condition.
Jer-Horng Wu et al. (2001) proved that J-Proteobacteria
was presumed to be the primary population responsible
for degrading TPA to acetate and hydrogen, and associated
with different methanogenic populations to convert acetate,
hydrogen, and carbon dioxide into methane. In 2013, Wu et
al. (2013) reported that Pelotomaculum, Methanosaeta, and
Methanolinea were predominant in TPA-degrading biofilms.
Among three bacteria, Pelotomaculum spp. degraded TPA
and intermediate by-products could support other microbial
populations to grow. The intermediate by-products, includ-
ing acetate, H,/CO,, and butyrate, were produced during the
process, which could support the growth of methanogens
and be used as substrates to produce CH,.

EG degradation pathways

Although EG has broad applications, its production and
accumulation have caused huge problems for environment
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Fig. 3 Metabolic pathways for EG degradation under anaerobic and
aerobic conditions. The red pathway presents the aerobic degrada-
tion pathway, while the blue for anaerobic pathway. The gray gridline
presents the possible routes of glyoxylate metabolism. PedE and PedF,
PQQ-dependent methanol/ethanol family dehydrogenase; Pedl and
PP_0545, cytoplasmic aldehyde dehydrogenases; GIcDEF, glycolate
dehydrogenase; MS, malate synthase; Gcl, glyoxylate carboligase;
GIxR, tartronate semialdehyde reductase; Hyi, hydroxypyruvate isom-
erase; PAuCDE, diol dehydratase; PduP, propionaldehyde dehydroge-
nase; ALDH, alcohol dehydrogenase
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and health. On the other hand, EG is a potential carbon
source to support the growth of microorganisms. Therefore,
there is a growing interest in studying the degradation and
utilization of EG as a carbon source.

In aerobic bacterial species, EG is degraded with the for-
mation of glycolate as an important intermediate, which is
subsequently incorporated into the TCA cycle for complete
degradation. In the glycolate utilization microorganisms,
such Pseudomonas and E. coli, glycolate is converted into
intermediates of the central metabolism through different
pathways. Miickschel et al. (2012) reported that P. putida
strain JM37 could grow with EG rapidly to enable biomass
formation, while another strain, P. putida KT2440, could
only utilize EG very slowly. Currently, P. putida KT2440
has been considered as a good platform for EG degradation,
and its genes involved in EG metabolism are also identified
by genome analysis (Narancic et al. 2021). Two periplas-
mic quinoproteins PedE (PP_2674) and PedH (PP_2679)
oxidize EG to glycolaldehyde, followed by cytoplasmic
aldehyde dehydrogenases Pedl (PP_2680) and PP_0545 to
catalyze glycolaldehyde into glycolate (Vallon et al. 2015).
Subsequently, membrane anchored oxidase GIcDEF oxi-
dizes glycolate to glyoxylate, which flows into the cata-
bolic pathways for complete degradation (Wehrmann et
al. 2017; Narancic et al. 2021). In the conversion process,
pyrroloquinoline quinone (PQQ) coupling with the electron
transport chains is necessary (Duine and Jongejan 1989).
Glyoxylate could be further metabolized by flowing into
the TCA cycle (Fig. 3) (Franden et al. 2018). Blank et al.
(2008) reported that aceA (isocitrate lyase) or glcB (malate
synthase) of the glyoxylate shunt is responsible for further
utilization of glyoxylate. In this shunt, C2 substrates flow
into carbon conservation pathway to be metabolized at the
level of acetyl-CoA. Alternatively, the glyoxylate carboli-
gase (Gcl) enzyme of P. putida KT2440 could condense two
molecules of glyoxylate into tartronate semialdehyde, fol-
lowed by the conversion to glycerate and 2-phosphoglyc-
erate, important glycolysis intermediates (Franden et al.
2018). Although P. putida possesses all the genes required
for EG conversion, the carbon conservation pathway is
not efficient enough for the utilization of glyoxylate as a
sole carbon source. Therefore, Li et al. (2019) isolated P.
putida KT2440 mutants which used EG as a sole source of
carbon and energy through adaptive laboratory evolution.
The authors revealed a central role of the transcriptional
regulator, GelR, which represses the glyoxylate carboligase
pathway, in EG and glyoxylate utilization. In addition, the
growth ability of the evolved strains was further improved
through the introduction of secondary mutations in a tran-
scriptional regulator encoded by PP 2046 and a porin
encoded by PP _2662. Finally, an efficient EG utilization
strain was constructed by reverse engineering.
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As E. coli is considered as preferred chassis for both fun-
damental studies and biotechnological applications, there is
a growing interest in engineering E. coli for EG utilization.
Unfortunately, wild-type E. coli strains could not utilize EG
directly. Boronat et al. (1983) obtained strains of E. coli
K-12 with capacity to grow on EG as a sole source of car-
bon and energy via adaptive evolution. The evolved strains
converted EG to glycolaldehyde and glycolate via increas-
ing activities of propanediol oxidoreductase and glycolalde-
hyde dehydrogenase. Afterwards, glycolate was catalyzed
by glycolate oxidase to generate glyoxylate, which is further
catalyzed by malate synthase or glyoxylate carboligase for
complete degradation (Fig. 3) (Barkulis and Krakow 1956).
On the other hand, although EG is not a natural substrate
for E. coli, 1,2-propanediol oxidoreductase mutant (fucO)
could catalyze the oxidation of EG. An engineered E. coli

with fucO mutant (I7L/L8V) and aldA can utilize EG to pro-
duce glycolate (Pandit et al. 2021).

The anaerobic acetogenic bacteria are another class of
important microorganisms to use EG as carbon source,
whose metabolic pathway is different from those mentioned
above (Schink and Stieb 1983). However, the metabolism
of EG in acetogens has not been well studied until recently
(Eichler and Schink 1984,1985). Trifunovi¢ et al. (2016)
elucidated the pathway for EG utilization in 4. woodii.
EG is initially dehydrated to acetaldehyde, and then is dis-
proportionated to ethanol and acetyl coenzyme A (acetyl-
CoA), respectively. Ethanol is in part further oxidized and
the reducing equivalents are recycled by reducing CO,
to acetate in the Wood-Ljungdahl pathway. The pdu gene
cluster (Awo_c25780 to Awo ¢25910) expresses propane-
diol dehydratase (PduCDE) and CoA-dependent propional-
dehyde dehydrogenase (PduP) during growth on EG. The
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PduC subunit of PduCDE is the only dehydratase produced
in EG-growing cells (Schuchmann et al. 2015). PduP, a
CoA-dependent aldehyde dehydrogenase, probably oxi-
dizes acetaldehyde to acetyl-CoA for complete degradation
(Bertsch et al. 2016). Moreover, genes encoding bacterial
microcompartments as part of the pdu gene cluster are also
expressed during growth on EG, indicating a dual function
(degradation of both propanediol and EG) of the Pdu micro-
compartment system (Trifunovi¢ et al. 2016).

Biotransformation and valorization of PET
monomers

Due to the low cost in PET production, there is a lack of moti-
vation in PET recycling (Lopez et al. 2014). The discovery
and engineering of PET hydrolases bring new approaches
and new hope to initiate PET biotransformation and valo-
rization. Combined with synthetic biology and metabolic
engineering, the hydrolyzed PET monomers can be con-
verted to high-value compounds to offset the high cost in the
treatment of PET. The PET monomers derived compounds
could be used as important components for perfumes, phar-
maceuticals, cosmetics, and animal feeds (Fig. 4).

Biotransformation and valorization of TPA

Although TPA is often treated with anaerobic methanogenic
processes to produce CH, and CO,, this process is consid-
ered as time-consuming and low value-added (Wu et al.
2001; Lykidis et al. 2011). Even worse, both CH, and CO,
are greenhouse gases, bringing in secondary environmental
concerns. Through metabolically engineered microbes, TPA
could be biotransformed into other added-value products,
by various enzymes or pathways (Furtwengler and Avérous
2018; Salvador et al. 2019). Kenny et al. (2008) isolated
three strains of the Pseudomonas genus, which could utilize
TPA for growth and meanwhile accumulate large amount of
PHA, a class of renewable and biodegradable polymer. After
subsequent treatment, these Pseudomonas species were
found to convert the TPA fraction to PHA with a maximal
production rate at approximately 8.4 mg-L™!-h~!. In fol-
lowing studies, the authors supplied TPA and glycerol waste
to P. putida GO16 and the production rate of PHA reached
approximately 108.8 mg-L™!-h~! (Kenny et al. 2012).

Kim et al. (2019) engineered E. coli to express neces-
sary metabolic enzymes for converting TPA to PCA, the key
precursor metabolite of various high-value aromatic prod-
ucts. Then, by additionally introducing PobAMut and LpdC
or AroY and PhKLMNOPQ, pyrogallol, an antioxidant in
the oil industry, was biosynthesized via gallic acid (GA) or
catechol from TPA with a molar yield of ~40% or ~20%,
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respectively. GA is also an important chemical intermedi-
ate, which can be further processed into propyl gallate, an
antioxidant and anticancer agent (Ng et al. 1994; Saxena et
al. 2008; Badhani et al. 2015; Reverodn et al. 2017; Briickner
et al. 2018). In addition, muconic acid (MA), the precursor
of adipic acid and vanillin, was produced from catechol by
CatA or from PCA by HsOMT! respectively (Fig. 4) (Kim
et al. 2019). Sadler and Wallace (2021) designed a 5-step
enzymatic pathway in E. coli MG1665 RARE to convert
TPA into value-added vanillin (VA). In order to improve
TPA uptake, n-butanol was used to increase E. coli cell mem-
brane permeability towards small molecules. Then process
optimization was performed to achieve 79% conversion of
TPA to VA, representing a 157-fold improvement over ini-
tial conditions. Werner et al. (2021) engineered P. putida
KT2440 for BHET catabolism and the TPA monomer was
converted into PCA. The deletion of pcalJ resulted in the
production of B-ketoadipic acid (BKA) with a titer of 15.1 g/
Land a molar yield of 76% from BHET. BKA can react with
hexamethyl diamine to produce a polyamide with increased
melting temperature and crystallinity while decreased water
uptake than nylon 6.6 (Sudarsan et al. 2016; Dissanayake
and Jayakody 2021). Tiso et al. 2021) modified P. umson-
gensis GO16 for the conversion of TPA and EG into the
extracellular building block hydroxyalkanoyloxy-alkanoate
(HAA) and native intracellular polymer PHA. HAA was
used as platform molecule to further produce a novel bio-
based poly(amide urethane). Liu et al. (2021) designed a
co-cultivation system with PET-degrading and TPA-utili-
zation microorganisms, and then introduced a recombinant
plasmid containing the phbCAB operon to achieve polyhy-
droxybutyrate (PHB) production. Up to now, the conversion
of TPA to value-added compounds is still limited to a few
examples and there is an urgent need to construct and opti-
mize efficient cell factories for TPA valorization.

Biotransformation and valorization of EG

EG is the second component of PET and used widely in
many fields (Pereira et al. 2015). EG released from hydro-
lysis could be oxidized to glycolaldehyde firstly, and then
converted into glycolate or glyoxylate, both of which are
important 0-C2 carboxylic acids with broad applications
(Yue et al. 2012).

Glycolate is an industrial valuable compound, which
could be used in chemical industry, food processing, and
cosmetics, and its demand has been increasing continu-
ously. Some microbes have been reported to oxidize EG to
glycolate, such as P. naganishii and G. oxydans (Kataoka
et al. 2001; Wei et al. 2009). Meanwhile, although glyco-
late is a potential carbon and energy source for microbes,
it is not an easy-to-use substrate and only a few microbes
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could grow on glycolate directly (Hansen and Hayashi
1962; Kornberg and Morris 1965). On the other hand, it
is beneficial for its accumulation during EG metabolism.
The oxidase-producing strain Burkholderia sp. EG13 could
convert EG to glycolate with high efficiency (98.8% yield),
which was potential for further investigation and industrial
application (Gao et al. 2014). As a model and preferred host
for industrial applications, E. coli strains could not grow on
glycolate without adaptation (Krakow et al. 1961; Hansen
and Hayashi 1962), indicating the potential of E. coli for
the production and accumulation of glycolate (Kataoka et
al. 2001; Wei et al. 2009; Gao et al. 2014; Deng et al. 2018;
Hua et al. 2018). Recently, an engineered E. coli MG1655
can consume EG and produce glycolate by overexpressing
endogenous genes fucO and ald4 (Pandit et al. 2021). They
obtained a yield of 0.8 g/g from EG and productivity of
0.1 g'L"-h! during the production stage. The strain, Glu-
conobacter oxydans, without glycolate downstream path-
ways, was employed as a whole-cell biocatalyst to produce
glycolate from EG (Hua et al. 2018, 2019; Kim et al. 2019).
In addition to glycolate, other intermediates in TCA are
the target compounds to shunt EG metabolism. Succinate
is a valuable and multipurpose platform chemical, which
could be produced by microorganisms from renewable car-
bon sources (Thakker et al. 2012). It has been listed as one
of the twelve platform chemicals from biomass by the US
Department of Energy (DOE) (McKinlay et al. 2007). Suc-
cinate production from EG is a novel approach to deal with
and more importantly valorize the PET monomer. E. coli,
an ideal microbial cell factory, has been engineered to pro-
duce succinate from different carbon sources (Unden and
Bongaerts 1997; Dharmadi et al. 2006; Blankschien et al.
2010; Thakker et al. 2012; Soellner et al. 2013; Kim et al.
2018; Chiang et al. 2021; Zhou et al. 2021). In addition,
L-malate with broad applications in beverage, chemical,
agricultural, food, and pharmaceutical industries, is also
one of the most promising platform chemicals (Rosenberg
et al. 1999; Bressler et al. 2002). Similar with succinate,
some microorganisms have been developed and engineered
to produce L-malate with the fermentation and genetic strat-
egies (Sauer et al. 2008; Zhang et al. 2011; Dong et al. 2017;
Gao et al. 2018; Martinez et al. 2018; Jiang et al. 2020).

Summaries and perspectives

Huge PET waste accumulation and inefficient recycling
methods result in extensive and global crisis. The discov-
ery of PET hydrolysis and degradation microbes is a great
event and brings in new hope to deal with PET waste. As a
growing number of PET-degrading enzymes and microor-
ganisms have been isolated, biodegradation not only would

contribute to creating a path beyond current recycling meth-
ods, but also provide a suitable measure for environment-
friendly applications.

Although PET could be degraded and biotransformed by
enzymes and microbes, there are still grand challenges to be
addressed before practical applications. As for PET biodeg-
radation, low hydrolysis activity results in partial hydroly-
zation and oligomer accumulation (Sang et al. 2020). The
high crystallinity and surface hydrophobicity of PET ham-
per enzyme accessibility, leading to preferential degradation
of the amorphous regions. In addition, due to the unsatis-
factory thermal stability, PET hydrolases perform poorly at
glassy transition temperature (~ 72°C). Meanwhile, the deg-
radation and valorization of PET monomers suffer from low
rate and efficiency, concerning the issues with TPA uptake
and enzymatic cofactor regeneration (Kasai et al. 2010;
Hosaka et al. 2013). While there have been a few reports
on the conversion of PET monomers to value-added com-
pounds, the successful examples are still rather limited and
economic analysis and life cycle analysis on PET waste
valorization have not been performed yet. Nevertheless,
synthesis biology and metabolic engineering are expected
to play increasingly important roles in addressing bottle-
necks in microbial degradation and valorization of PET
wastes (Keasling 2012). For example, protein engineering
combined with computer science will provide strong sup-
port to obtain ideal properties of PET hydrolases, monomer
transporters, and key biotransformation enzymes to meet
industrial expectations. Well-characterized genetic compo-
nents together with engineered enzymes and transcription
factors can be employed to design genetic circuits to con-
struct customized and highly efficient microbial cell facto-
ries (Xu et al. 2021; Yu et al. 2021). Moreover, considering
the dominance of microbial consortia to perform complex
tasks in nature, artificial microbial consortium is another
challenging yet promising metabolic engineering strategy
for complete degradation of PET and its monomers (Qi et
al. 2021; Su et al. 2021).

With deeper understanding of polymer hydrolases, meta-
bolic pathways, and microbial strains, the established sys-
tem can also be broadened to degrade polymers with similar
structures to create revenue while also reducing its release
into the environment. In other words, the biodegradation
and valorization strategies are not only restricted to PET,
but also other polymers. With the development of metabolic
engineering and synthetic biology tools, it is expected to
observe more successful examples on microbial degradation
and valorization of PET and other polymers.

Supplementary information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11274-
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