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Abstract

Phthalic acid esters (PAEs) are synthetic diesters derived from o-phthalic
acid, commonly used as plasticizers. These compounds pose significant
environmental and health risks due to their ability to leach into the environment
and act as endocrine disruptors, carcinogens, and mutagens. Consequently,
PAEs are now considered major emerging contaminants and priority
pollutants. Microbial degradation, primarily by bacteria and fungi, offers a
promising method for PAEs bioremediation. This article highlights the current
state of microbial PAEs degradation, focusing on the major bottlenecks and
associated challenges. These include the identification of novel and more
efficient PAE hydrolases to address the complexity of PAE mixtures in the
environment, understanding PAEs uptake mechanisms, characterizing novel
o-phthalate degradation pathways, and studying the regulatory network that
controls the expression of PAE degradation genes. Future research directions
include mitigating the impact of PAEs on health and ecosystems, developing
biosensors for monitoring and measuring bioavailable PAEs concentrations,
and valorizing these residues into other products of industrial interest, among

others.

Phthalic acid esters (PAEs) are a group of syn-
thetic diesters derived from o-phthalic acid
(1,2-benzenedicarboxylic acid, PA). They are widely
utilized in various industrial and consumer applications,
including paints, adhesives, cosmetics, fragrances, and
toiletries, where they function as solvents, fixatives,
and fragrance carriers (Qiao et al., 2024). The primary
use of PAEs, however, is as plasticizers which enhance
the plasticity, flexibility, and mechanical strength of
plastics. PAEs can constitute 10%—60% of the plastic
weight, such as up to 50% in flexible polyvinyl acetates
(Gémez-Hens & Aguilar-Caballos, 2003). Annually,
more than 8 million tons of plasticizers are utilized,
with PAEs comprising approximately 70% of this total
(Giulianietal., 2020; Ren et al., 2018). To date, over sixty
varieties of PAEs have been produced and consumed

in plastic manufacturing (Wang et al., 2021). PAEs are
characterized by their diverse side chains, which range
from simple and short, e.g., dimethyl phthalate (DMP),
diethyl phthalate (DEP) or dibutyl phthalate (DBP), to
longer and more complex ones, e.g., di-(2-ethylhexyl)
phthalate (DEHP) (Ren et al., 2018; Wang et al., 2021).

Since PAEs are linked to plastics through non-
covalent bonds, they can be easily released into the
environment, including drinking water, marine water,
soil, air, where they become ubiquitous pollutants and
pose a potential threat to animal and human health
(Li et al., 2016). It is well known that PAEs act as en-
docrine disruptors, i.e., they interfere with hormonal
signalling pathways causing adverse reproductive out-
comes. They are also recognized as carcinogens and
mutagens. Moreover, PAEs have been linked to other
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serious health issues, such as abnormal lipid metabo-
lism, childhood obesity, immune response interference,
and neuropsychological disorders (Gao et al., 2018;
Tian et al., 2022). The contamination levels of PAEs in
soil have gradually increased to several milligrams per
kilogram due to their rising production and extensive
use in agricultural activities, such as plastic coating and
insecticide application (Gao et al., 2018; Lu et al., 2018).
Crops like rice, wheat and sorghum can uptake and ac-
cumulate PAEs from polluted water and soil, making di-
etary intake a major route of human exposure to PAEs
(Dong, Guo, et al., 2019; Giuliani et al., 2020). Recent
studies have also examined the effects of PAEs on mi-
crobial community structure. Exposure to high levels
(i.e., 20—40mg/L) of DMP significantly inhibited plank-
tonic bacterial activity by disrupting cell permeability,
inducing the production of intracellular reactive oxygen
species (Wang, Wang, You, Xu, Lv, Liu, Chen, Shi, &
Wang, 2019). Furthermore, environmentally relevant
levels of PAEs can promote microbial biofilm forma-
tion, complicating traditional antibiotic treatments and
increasing their cost (Wang et al., 2022). Due to these
concerns, the United States Environmental Protection
Agency has listed six types of PAEs, including DMP,
DEP, DBP, benzyl butyl phthalate (BBP), dioctyl phthal-
ate (DOP) and DEHP, as emerging contaminants
and priority pollutants (Hu et al., 2021; Kashyap &
Agarwal, 2018; Qiao et al., 2024).

Given the serious pollution and environmental risks
posed by PAEs, it is urgent to develop effective strate-
gies for their removal. The high hydrophobicity of PAEs
makes them stable and recalcitrant to efficient degrada-
tion through abiotic treatments such as: (i) coagulation/
flocculation (Dong, Huang, et al., 2019); (ii) advanced
oxidation processes, including photocatalysis (Chan
et al., 2007; Lertsirisopon et al., 2009), ultraviolet irra-
diation (Xu et al., 2007), and electro-Fenton process
(Yang et al., 2020); and (iii) adsorption onto activated
carbon or other porous materials such as active coke,
carbon molecular sieves, carbon fabrics, ion exchange
resins, alumina, or biochar (Gan et al., 2019). However,
microorganisms, primarily bacteria and fungi, can ef-
fectively degrade PAEs and provide environmentally
friendly, cheap, and more efficient remediation options
(Das et al., 2021; Ren et al., 2018; Xu et al., 2020).

MICROBIAL DEGRADATION
OF PAEs

Since the first report on microbial metabolism of PAEs
(Engelhardt et al., 1975), over 80 PAE-degrading
bacterial strains from 36 genera, predominantly
Pseudomonas, Comamonas, Sphingomonas,
Gordonia, Rhodococcus, and Bacillus, have been
isolated from various ecosystems like soil, water,
sediments, plant tissues, and animal gastrointestinal

tracts (Qiao et al., 2024). Some of these strains can
tolerate PAEs concentrations of up to 500-2000mg/L.
Although Gram-negative bacteria tend to degrade
low molecular weight PAEs (with side chains of C1-
C4), Gram-positive bacteria have a broader substrate
spectrum and they are capable of degrading both low
and high molecular weight PAEs (with side chains of
C5 or more) (Huang et al., 2019; Qiao et al., 2024).
Additionally, Gram-positive and Gram-negative strains
may form natural consortia for remediation of PAEs
contamination (He et al., 2013; Lu et al., 2020). Some
fungi, e.g., Fusarium culmorum or Pleurotus ostreatus,
as well as marine algae like Dunaliella salina, have also
been reported to mineralize PAEs (Ahuactzin-Pérez
et al., 2016, 2018; Chi et al., 2019).

Since alkyl side chains of PAEs contribute significantly
to their toxicity and hydrophobicity, removing these side
chains is a critical step for PAEs detoxification. This can
occur through at least four mechanisms: (i) -oxidation,
(i) transesterification; (iii) demethylation, and (iv) ester
bond hydrolysis. Although p-oxidation, transesterification
and demethylation reactions aim to shorten the alkyl side
chains, thereby reducing steric hindrance in subsequent
enzymatic steps, ester bond hydrolysis is the most com-
mon and efficient method for removing these side chains
(Jianlong et al., 2000; Ren et al., 2018). Common en-
zymes capable of ester bond hydrolysis include lipases,
esterases, cutinases and o/f hydrolases (Lai et al.2023;
Ren et al., 2018). However, these enzymes exhibit differ-
ent substrate specificities and cannot hydrolyse all kinds
of side chain ester bonds of PAEs. In general, PAEs with
longer alkyl side chains and complex structures are more
challenging to degrade. The two ester bonds of PAEs
are typically hydrolysed stepwise with the combination
of type | enzymes (diesterases that hydrolyse only one
ester bond of PAEs) and type Il enzymes (monoesterases
that hydrolyse the remaining ester bond of the phthalate
mono-ester). Type lll enzymes, however, possess both
activities and can hydrolyse both ester bonds of PAEs
(Bhattacharyya et al., 2022; Chen et al., 2023; Huang
et al., 2019; Lai et al., 2023; Ren et al., 2018). Several
genes encoding PAE hydrolases have been identified and
cloned from bacteria through (meta)genomic library min-
ing or genome sequence analyses (Chen et al., 2021; Xu
etal., 2020; Yan et al., 2021; Zhao et al., 2023). Structural
and functional studies based on molecular modelling,
docking assays and site-directed mutagenesis have
identified key catalytic residues in PAE hydrolases (Chen
et al., 2023; Fan, Guo, et al., 2023; Huang et al., 2023;
Qiu et al.,, 2021; Ren et al., 2019). So far, most reported
PAE hydrolases belong to hydrolases family IV, sharing
significant amino acid sequence identity with mamma-
lian hormone-sensitive lipases. These hydrolases are
characterized by conserved motifs such as the oxygen
anion hole (HGGG), the catalytic triad (Ser-His-Asp),
and the GDSAG motif where the catalytic Ser is located
(Bhattacharyya et al., 2022; Lai et al., 2023). A distinctive

85U8017 SUOWIWOD BA1TE81D) 8]qeot(dde 8y} Aq peuIsnob ae sl O 85N JO S9N 1oy Akeld18UIIUO AB]1M UO (SUONIPUCO-PUE-SUIBY/WIOY A8 | 1M Aled U Uo//:Sciy) SUORIPUOD pue WIS | 81 89S *[5202/50/9T] Lo Akeiqi8uliuo A8|Im ‘eLiebingaueiyooD Aq 12002 'ST6L-TSLT/TTTT OT/I0P/W0 A8 | Akeiq Ul |uo’s [uino -0 1o iAus//Sciy Woly pepeojumoq ‘0T ‘%202 ‘ST6LTSLT



BACTERIAL DEGRADATION OF PAEs

MICROBIAL BIOTECHNOLOGY

catalytic mechanism involving Thr-Ser residues has also
been proposed (Du et al., 2021). Other PAE hydrolases
that cluster into hydrolase families Il, V, VI, VIl and VIII
have been less studied (Fan, Li, et al., 2023; Sarkar
et al., 2020; Xu et al., 2020, 2021).

After the action of PAE hydrolases, the alkyl side
chains are removed as corresponding alcohols, leaving
o-phthalic acid (PA) as the aromatic moiety (Figure 1A).
PA mineralization can follow several degradation path-
ways. Typically, PA degradation involves oxidation and
decarboxylation steps catalysed by phthalate 4,5- or
3,4-dioxygenases (pht genes), forming of the central
intermediate protocatechuic acid, which can then be
further metabolized via either extradiol (lig and pra
genes) or intradiol (pca genes) ring cleavage pathways

(Bhattacharyya et al., 2022; Hu et al.,, 2021; Ren
et al., 2018; Zhao et al., 2023) (Figure 1A). However, in
some organisms, PA degradation involves the forma-
tion of 2,3-dihydroxybenzoate by the action of a phthal-
ate 2,3-dioxygenase (Kasai et al., 2019). Additionally,
an oxygen-independent PA decarboxylation mecha-
nism has been described, generating benzoyl-CoA
that can be further mineralized through either aerobic
(box pathway) or anaerobic (bzd pathway) mechanisms
(Boll et al., 2020) (Figure 1A). Other PA degradation
mechanisms, such as decarboxylation to benzoate
or salicylate, have been suggested, although the en-
zymes involved have not yet been characterized (Chen
et al., 2021; Hu et al., 2022; Wright et al., 2020; Xu
et al., 2020) (Figure 1A). Interestingly, in most bacterial
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genomes there is no physical association between the
genes involved in PA degradation and those encoding
PAE hydrolases (Ren et al., 2018), hence suggesting
different evolutionary paths for these two enzymatic
modules.

As excellent reviews on the molecular bases of
PAEs degradation are already available (Benjamin
et al., 2015; Bhattacharyya et al., 2022; Boll et al., 2020;
Hu et al., 2021; Ren et al., 2018), we will focus on sum-
marizing the major bottlenecks and challenges in bac-
terial PAEs removal.

BOTTLENECKS AND CHALLENGES
IN PAEs DEGRADATION

Several factors hinder the efficiency of microbial-based
PAEs decontamination strategies. These include the
complexity of PAE mixtures in environmental samples,
the limited understanding on microbial degradation
pathways and the uptake processes, and the lack
of knowledge on the regulatory mechanisms that
govern the expression of the genes involved in PAEs
degradation. Addressing these issues is crucial for
improving the efficiency and feasibility of bioremediation
approaches.

PAEs catabolism

The removal of the alkyl side chains by PAE hydrolases
is critical for the detoxification and degradation of
PAEs. In the natural environment, PAEs often exist as
complex mixtures of esters with varying chain lengths,
which makes their complete removal challenging for
microbial activities that tend to be highly specific rather
than broad-spectrum (Hu et al., 2021). Moreover, the
catalytic activity of certain native PAE hydrolases is low,
creating a bottleneck in the development of efficient
biodegradation processes. Therefore, identifying novel
and more efficient PAE hydrolases, and/or improving
the de-esterification efficiency of currently known
hydrolases, is a major challenge in bacterial PAEs
degradation (Huang et al., 2020; Lai et al., 2023)
(Figure 1A).

Regarding further metabolic steps, the identification
and characterization of unknown pathways that convert
PA into intermediates other than protocatechuate, such
as benzoate or salicylate, present additional challenges
in microbial PAEs metabolism (Figure 1A).

PAEs bioavailability and uptake

Water solubility and bioavailability of PAEs constitute
significant bottlenecks in PAEs biodegradation. Thus,
PAEs with longer alkyl side-chains typically exhibit

longer half-lives in the environment due to their low water
solubility, which leads to low PAEs concentrations that
cannot sustain cell growth or induce the expression of
catabolic enzymes (Gu et al., 2005; Liang et al., 2008).
Hence, enhancing the biological mechanisms that could
increase PAEs solubility becomes a major challenge.

The uptake of PAEs into bacterial cells is critical for
their degradation; however, it remains poorly under-
stood (Qiao et al., 2024). Therefore, addressing this
knowledge gap constitutes another major challenge in
PAEs biodegradation (Figure 1B). PAEs tend to adsorb
to the cell envelope of Gram-negative bacteria, mainly
due to hydrophobic interactions with outer membrane
lipids and proteins, which increases the ratio of unsat-
urated fatty acids and fluidity in the outer membrane
(Lu et al., 2016; Luo et al., 2017). Scanning electron mi-
croscopy (SEM) has revealed morphological changes
and damage to cell walls and membranes upon PAEs
treatment of bacterial cells (Sun et al., 2022). In this
sense, Gram-positive bacteria, which lack an outer
membrane, seem to be more robust against PAEs com-
pared to Gram-negative bacteria, possibly explaining
why Gram-positive bacteria are more predominant in
the degradation of PAEs, especially those with long
side chains (Qiao et al., 2024). In addition to altering
cell surface permeability, PAEs exposure induces the
expression of genes involved in energy metabolism
and ATP-binding cassette (ABC) transporters, sug-
gesting that membrane proteins probably participate in
bacterial PAEs uptake (Wang, Wang, You, Xu, Lv, Liu,
Chen, & Shi, 2019). Although direct transport of PAEs
by outer membrane proteins has not been reported, re-
search on the transporters of hydrophilic PAEs analo-
gous, such as long-chain fatty acid transport proteins
(FadLs), TonB-dependent transporters (TBDTs), and
OmpW-like outer membrane proteins, suggests that
similar mechanisms could be involved in PAEs trans-
port (Qiao et al., 2024). Regarding transport through
the cytoplasmic membrane, only one ABC transport
system of monoalkyl PAEs, i.e., the PatDABC multi-
component transport system from Rhodococcus jostii
RHAT1 (Figure 1B), has been reported, and it is encoded
next to the patE gene encoding a monoalkyl PAE mon-
oesterase (Hara et al., 2010). The identification and
characterization of efficient PAE membrane transport-
ers could provide alternative strategies to improve in-
tracellular PAEs catabolism.

In contrast to PAEs uptake, there are several re-
ports on PA uptake by bacterial cells. Thus, the OphP
porin from Burkholderia sp. transports PA through the
outer membrane (Chang et al., 2009). Several transport
systems for the uptake of PA through the cytoplasmic
membrane have been reported, and they span from
monocomponent inner membrane MFS transporters,
e.g., OphD and MopB (Chang et al.,, 2009; Saint &
Romas, 1996) to multi-component ABC-type transport-
ers, e.g., OphFGH and PatDABC (Chang et al., 2009;
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Hara et al., 2010), and TAXI-TRAP transporters, e.g.,
PhtTaTb (Sanz et al., 2020) (Figure 1B). These PA
uptake systems may play a crucial role in PAEs me-
tabolism by bacteria that secrete hydrolases to the peri-
plasm and/or extracellular medium (Wei et al., 2021;
Wright et al., 2020), and they should be taken into
account when designing biocatalysts for extracellular
PAEs degradation (Figure 1B).

PAEs regulatory circuits

There is a complete lack of knowledge on the
regulatory mechanisms controlling the expression of
PAE hydrolases-encoding genes (Figure 1C). On the
other hand, only a few regulatory genes controlling PA
degradation pathways have been characterized, e.g.,
the OphR regulator that controls the pht genes for
PA degradation (Choi et al., 2015). Characterizing the
regulatory circuits that control gene expression could
enable the development of new strategies to enhance
gene expression, optimize degradation pathways,
and engineer the first PAE biosensors. Therefore,
identifying transcriptional regulators that recognize and
respond to PAEs is a critical challenge that should be
addressed in the coming years (Figure 1C).

FUTURE PERSPECTIVES

Current PAE hydrolases often suffer poor
thermostability and low stability in the presence of
organic solvents, and may not meet the demands for
environmental (activity atlow substrate concentrations)
or industrial (high catalytic efficiency) applications.
Consequently, mining of novel PAE hydrolases
becomes crucial. Isolating new bacterial strains with
enhanced abilities to tolerate high PAEs concentration
and degrade a broader range of these pollutants than
reported strains is essential for discovering both
novel cellular biocatalysts and new enzymes for PAEs
bioremediation. Genomic approaches, together with
functional metagenomics and metaproteomics, offer
promising strategies for discovering novel enzymes
of environmental and industrial interest, which can
expand the current portfolio of PAE hydrolases (Qiu
et al.,, 2020; Zhu et al., 2022). On the other hand,
protein engineering approaches can also be used
to improve existing PAE hydrolases. The rational
design of highly active mutants relies on a deep
understanding of functional—structural relationships,
which can be significantly enhanced by advances
in computer-assisted modelling, molecular docking,
molecular dynamics simulations, and machine
learning methods (Xu et al., 2023). Future research
should also focus on the detailed characterization of
the catalytic mechanism of PAE hydrolases that have

MICROBIAL BIOTECHNOLOGY

been poorly studied, i.e., hydrolases that belong to
families I1, V, VI, VII, and VIII. Conversely, error-prone
PCR combined with adaptive laboratory evolution
(ALE) experiments are successful strategies for
evolving non-targeted mutant PAE hydrolases with
novel biochemical properties, e.g., broader substrate
range, higher catalytic efficiency with selected PAEs,
enhance tolerance to wide range of temperature, pH,
solvents, etc. (Lai et al., 2023). On the other hand,
only a limited number of fungal PAE hydrolases,
which belong to the lipase and cutinase families,
have been characterized to date, and the majority
lack a known primary structure and are glycosylated
(Bhattacharyya et al.,, 2022). This suggests that
fungal enzymes may possess biochemical properties
distinct from bacterial hydrolases, e.g., higher stability,
warranting further investigation in future research.

For industrial applications, engineering cascade re-
actions by combining type | (diesterases) and type Il
(monoesterases) hydrolases for the complete transfor-
mation of PAEs into PA, and exploring the effects of
strain or enzyme immobilization on PAEs removal effi-
ciency (Feng et al., 2021), should be further exploited.
However, type Il hydrolases, which can hydrolyse
both phthalate diesters and monoesters, offer a more
cost-effective solution with lower operational complex-
ity compared to the combination of type | and type Il
enzymes, which may require distinct operational con-
ditions. Despite this advantage, the catalytic mecha-
nisms of type Il enzymes are not yet well understood,
and only a few have been characterized to date (Lai
et al., 2023). Elucidating the key structural features of
type lll PAE hydrolases could be instrumental in im-
proving their relatively low catalytic efficiency and/or
engineering them into more efficient enzymes that can
act on a broader substrate spectrum and over a wide
range of temperature and pH.

To tackle the challenge posed by the considerable
heterogeneity of PAEs in certain environments, de-
signing synthetic bacterial consortia emerges as a
promising strategy. Such microbial consortia could
combine specialized strains that target both short-
chain and long-chain PAEs, along with strains ca-
pable of efficiently degrading PA and the resulting
alcohols. These consortia can be artificially con-
structed and optimized over time (Gu et al., 2005;
Liu et al., 2023; Staples et al., 1997). With the aid
of metabolic modelling-based analysis, e.g., FLYCOP
(Garcia-Jiménez et al., 2018), and by iterative design-
build-test-learn cycles, synthetic PAE-degrading
bacterial consortia can be optimized to enhance
bioremediation strategies, such as strain selection for
bioaugmentation and the choice of energy sources or
electron acceptors for biostimulation (Hu et al., 2021).
Although the exogenous addition of PAE-degrading
bacteria into contaminated environments (Zhao
et al.,, 2018) or in wastewater treatment reactors
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(Zhang et al., 2018) represents a promising biore-
mediation strategy (bioaugmentation), this approach
requires further optimization, particularly to enhance
the long-term efficacy of the introduced bacteria,
which may struggle to compete with native microor-
ganisms in the environment.

The initial hydrolysis of PAEs may require either the
uptake of these molecules into bacterial cells or the se-
cretion of hydrolase enzymes outside of the bacterial
cytoplasm. A comprehensive understanding of the mo-
lecular mechanisms involved in these processes is cru-
cial for designing more efficient biocatalysts for PAEs
degradation in bioreactors/waste treatment plants
(Figure 1B). Currently, the membrane proteins respon-
sible for PAEs uptake remain unidentified, highlighting
the need for research to discover and engineer PAE
transporters to enhance the intracellular metabolism of
these contaminants. Alternatively, secreting PAE hydro-
lases to the bacterial surface or into the culture medium
can facilitate de-esterification by enabling substrate-
enzyme co-localization outside the cell. In this context,
studies on the secretion and cellular localization of PAE
hydrolases, particularly those with potential N-terminal
signal peptides (Wei et al., 2021; Wright et al., 2020),
are necessary. Engineering artificial secretion signals
into cytoplasmic PAE hydrolases has been reported as
a viable approach (Ding et al., 2020), and could fur-
ther enhance PAEs degradation when combined with
known PA transport systems (Chang et al., 2009; Sanz
et al., 2020).

Given that the regulatory circuits controlling the ex-
pression of genes encoding PAE hydrolases remain
unknown, it is crucial to urgently identify and character-
ize regulators capable of recognizing PAEs, as well as
elucidate the mechanisms by which they govern their
corresponding transcriptional promoters (Figure 1C).
These studies will enable the optimization of synthetic
DNA modules for high gene expression levels, and pave
the way for developing the first generation of whole-cell
biosensors capable of monitoring and measuring bio-
available PAEs concentrations in environmental sam-
ples (Figure 1C).

Engineering efficient PAEs degradation pathways
into microbial biocatalysts of industrial relevance, such
as Pseudomonas putida, Cupriavidus necator, and
Corynebacterium glutamicum, could facilitate the con-
version and upcycling of these toxic compounds into
valuable products like bioplastics (Figure 1A) (Sanz
et al., 2020). However, to create robust biocatalysts for
PAEs removal and valorization, it is crucial to determine
and integrate the global responses of these bacterial
cells to PAEs using omic techniques. This information
should be incorporated into genome-scale metabolic
models to identify and mitigate the adverse physiologi-
cal effects of PAEs on the host cells.

Although microbial degradation and upcycling of
PAEs are promising green and environmentally friendly

approaches, assessing the upscaling and economic
feasibility of these technologies is needed and it should
be subject of future research (Tran et al., 2022).

In summary, addressing the challenges posed by
PAEs requires a concerted interdisciplinary effort in-
volving scientists, engineers, and policymakers. By
fostering collaboration across these fields, we can ef-
fectively tackle the issues associated with these emerg-
ing pollutants and protect public health and ecological
well-being for current and future generations.
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