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The past 50 years have witnessed a massive expansion in the demand and application of pesticides. However,
pesticides are difficult to be completely degraded without intervention hence the pesticide residue could pose a
persistent threat to non-target organisms in many aspects. To aim at the problem of the abuse of pesticide
products and excessive pesticide residues in the environment, chemical and biological degradation methods are
widely developed but are scaled and insufficient to solve such a pollution. In recent years, bio-degradative tools
instructed by synthetic biological principles have been further studied and have paved a way for pesticide
degradation. Combining the customized design strategy and standardized assembly mode, the engineering
bacteria for multi-dimensional degradation has become an effective tool for pesticide residue degradation. This
review introduces the mechanisms and hazards of different pesticides, summarizes the methods applied in the
degradation of pesticide residues, and discusses the advantages, applications, and prospects of synthetic biology
in degrading pesticide residues.

1. Introduction

Since the middle of the 20th century, the global production in the
traditional forms of agriculture has been inadequate to satisfy the
escalation of the human population on the earth, which resulted in the
issue that pesticides are widely used to achieve higher output and meet
the growing food demand. According to the Food and Agriculture Or-
ganization of the United Nations (FAO), pesticide use increased by 36%
from 2000 to 2019 [1]. However, in most situations, the main in-
gredients of pesticides are toxic to the fragile ecology [2-4], and the
half-life of pesticide residue can be as long as a few years [5]. The
pesticides enter into the ecosystem through water and air [6-9] and
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concentrate along the food chain and eventually creates a potentially
severe threat to biodiversity and human health [10]. Unfortunately,
pesticides have become an indispensable part of modern agriculture,
thus making the development of pesticide residue degradation tech-
nology necessary and emergent to provide a guarantee for both agri-
cultural harvest and ecological civilization [11]. In this sense,
comparing to restrict the pesticide utilization, the more sensible option
is to develop robust degradation strategies of pesticide residue in a way
that not only enhancing environmental restoration but also maintaining
sustainable development of the survival environment [12,13].
According to the different targets, pesticides include, but are not
limited to, insecticides, herbicides, fungicides, and nematicides [14].
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They vary in target, efficiency, and chemical component, thus different
degradation methods are required in different pesticide degradation
situations. So, relevant research has been carried out to develop several
methods for environmental remediation, including chemical degrada-
tion and biological degradation [15]. However, these methods still face
dilemmas such as strict conditions, low degradation efficiency, and poor
substrate sensitivity, which limit the degradation efficiency [16]. The
rapid development of synthetic biology provides a powerful tool for
pesticide degradation because of its advantage in diverse combination,
precise control mode, and variable design strategy [17]. More and more
scientists have devoted themselves to employing synthetic biology to
degrade pesticide residues [18-22]. These works provide not only a

A Insectides

organochlorines [}
pyrethroids

® o Ach
neonicotinoids © e @

—) ATP formation
® @ -

Mitochondria

chlorfenapyr

AchR tolfenpyrad

diacylhydrazine
l+

molt process

o benzamide .

HO%ELOH L i o 0+
H NH - : N

o;< chitin synthesis 02<

C Fungicides
Cell wall synthesis

.\
(o

g

f— dimethomorph

Biosynthesis

Mitochondria

Amines
ATP formation
i _‘,—)

sterol strobilurins
meptyldinocap
OH fluopyran...
NH,
NG N hydroxypyrimidines Polymerization of tubulin
k\N ‘ N\> L methy benzimidazole carbamates
; adenosine QD S )
HO o \ﬁbbg)wugv/\) St
! 90000000
., ~OH QO000000 g ipuin
HO © B-tubulin

Synthetic and Systems Biotechnology 8 (2023) 302-313

variety of technical support for the degradation of pesticide residues
beyond the limitations of original technology but also the insurance for
environment and food safety.

This paper firstly introduces the properties, inhibition mechanisms,
and environmental hazards of various pesticides, then summarizes
available techniques for the degradation of pesticides, including chem-
ical and biological routes; lastly, the design, application, and prospect of
synthetic biology in pesticide residue degradation are detailed
described, in hopes of offering some suggestions for researchers in a
similar field.
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2. Mechanisms and hazards of pesticides
2.1. Mechanisms of pesticides

Pesticides can be classified as insecticides, herbicides, fungicides,
and nematicides according to the target and sharing diverse mechanisms
(Fig. 1). As for the insecticidal mechanism, insecticides often intervene
in the normal physiological activities of pests, resulting the death. A
wide range of insecticides kills pests by inhibiting acetylcholinesterase
and exciting the nervous system constantly, such as organophosphates
and carbamates [23]. By contrast, neonicotinoids can combine with
acetylcholine receptors as nicotinic acetylcholine receptor agonists [24].
Organochlorines and pyrethroids mainly prevent the closing process of
the voltage-gated sodium channel (VGSC) in nerve cells [25]. Those
pesticides targeting the nervous system often lead to muscle paralysis or
rigidity and, then, a quick death. Without a specific target system, a
series of insecticides focus on inhibiting electron transfer and/or
oxidative phosphorylation to interfere with mitochondrial respiration,
such as chlorfenapyr and tolfenpyrad [26]. Some insect growth regula-
tors, like benzamide (a chitin synthesis inhibitor) and diacylhydrazine (a
molt-accelerating compound) don’t produce an instant effect [27].

The mode of action of herbicide includes but is not limited to the
following four different ways. (1) Disrupting photosynthesis, for
example, phenylureas (including diuron and monouron) and S-triazines
(including atrazine and simazine) [28]. (2) Affecting the ETC, for
example, dinoseb and 2,6-dichlorobenzamide [29]. (3) Inhibiting crit-
ical biosynthesis such as cytochromes (e.g., pyrazlynate), amino acids
(e.g., glyphosate and sulfonylureas), fatty acids (e.g., aryloxyphenox-
ypropionates) [30,31] (4) Preventing cell division (e.g., asulam). and
growth (e.g., benzoylprop-ethyl) [32,33].

As respiratory inhibiting is a widely used mechanism among all kinds
of pesticides, various fungicides possess the function of inhibiting res-
piratory function and disturbing ATP synthesis, such as strobilurins (an
outer quinone inhibitor [34]), meptyldinocap (an uncoupler of oxidative
phosphorylation) and fluopyram (a succinate dehydrogenase inhibitors
[35]). Others are focusing on inhibiting biosynthesis. Dimethomorph
can disrupt fungal cell wall formation. Amines (or morpholines) can
inhibit sterol synthesis, while hydroxypyrimidines block inosine and
adenosine nucleotide synthesis [36]. Methyl benzimidazole carbamates
have a clear mode of action that is to combine with p-tubulin subunits
and interfere with polymerization [35]. But there is a number of fun-
gicides like aryl-phenyl ketones and cyflufenamids whose mechanisms
remained unexplored.

Plant-parasitic nematodes cause significant damage to crops by
direct or indirect damage to crops. Nematicides are pesticides that kill
parasitic worms such as roundworms and threadworms and can be
classified as fumigant and non-fumigant. Due to potential environmental
hazards, fumigants are going out of focus, while biocontrol agents (e.g.,
abamectin) are gaining lots of attention [37]. Abamectin can release
chloride ions into muscle cells, restrain muscle contraction, and paralyze
and kill nematodes eventually. Some nematicides, such as oxamyl [38],
fluopyram, and fluensulfone [39] can inhibit acetylcholinesterase,
similar to some insecticides. Besides, aryl formamides can combine with
enzymes or ETC to interfere with cell metabolism.

Pesticides mentioned above are all facing a similar dilemma of
increasingly enhanced resistance owing to gene variation of the target
protein. More resistance is coming with overdosed and broad-spectrum
pesticide usage, leading to larger dosages of pesticides to realize the
same effect compared with the past [40,41]. It is to say that the eco-
nomic benefit brought by pesticides is decreasing while the environ-
mental burden is increasing. Under this situation, degradation cannot be
cast a veil, and synthetic biology methods are blooming to offer solu-
tions. The application can be seen in biotic pesticides [42,43], and
degradation in particular.
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2.2. Hagzards of pesticides

After spraying, numerous residual particles of pesticides are sus-
pended in the environment through multiple approaches (Fig. 2). It can
react with nitrogen oxides in the atmosphere to produce ozone and
affect air quality [9]. Besides, a wide range of pesticides is detected in
potable water, surface water, and groundwater [2,7]. Many water
samples contain pesticides that far exceed the standard specified for
drinking water [6]. Pesticide remaining in the soil is beyond the
degradation ability of most microorganisms, resulting in their metabolic
disturbance and stunted growth.

Ordinarily, most trace pesticide residue shows no significant effects
on non-target organisms due to their high selectivity. However, toxi-
cological studies from vitro to vivo demonstrated that pesticides target-
ing different systems (such as nervous system, endocrine, reproduction,
etc.) pose a persistent threat to non-target organisms in many aspects
after long-term accumulation [44]. Results from epidemiology research,
reappearance in model animals (e.g., zebrafish, rats, mice), and
multi-omics data analysis demonstrated how pesticide residue affects
each physiological system.

As to the nervous system, pesticides (e.g., glyphosate and chlor-
phoxim) interfere nerve cells via oxidative stress and mitochondrial
damage, leading to DNA damage [45]. In the most serious situations,
pesticides, especially organophosphorus pesticides, are related to Par-
kinson’s disease and autism [46]. In particular, maneb, a widely used
fungicide, can also cause Parkinson’s disease by disturbing neurotrans-
mitter biosynthesis and neurotransmitter signaling [47]. Most pesticides
(e.g., pyrethroids) have low acute mammalian toxicity. However,
long-term exposure can lead to nerve dysfunction, according to epide-
miology research, especially for liposoluble pesticides, which can be
accumulated in tissue with high-fat content [4].

As a large part of Endocrine Disruptor Chemicals (EDCs), pesticides
can disturb endocrine homeostasis through various approaches. DDE
(1,1-dichloro-2,2-bis(p-chlorophenyl) ethane) is an antagonist to the
androgen receptor [48], and DDT (2Dichlorodiphenyltrichloroethane)
can separate the thyrotropin receptor from lipid raft anchored in the cell
membrane to inhibit downstream stimulation and internalization of
thyroid hormone, causing thyroid dysfunction in rodents, birds, am-
phibians and fish [3]. Both can act as estrogen receptor agonists and
promote estrogen receptor production. Besides, strong evidence proves
that pyrethroid is also a thyroid hormone disruptor and has the
hormone-like activity to interfere with reproduction [49]. Except for the
endocrine way, pyrethroids can modify the expression of ovarian miR-
NAs to interfere with ovarian development and maturation more
directly [50]. Moreover, the impact on reproduction can’t be ignored in
aquatic animals caused by water-soluble pesticides. Atrazine has a sig-
nificant impact on aquatic animals and amphibians, which not only af-
fects the reproductive capacity of frogs but also increases the risk of
myocardial fibrosis in Xenopus laevis [51,52]. As a common EDC in
water, triclosan fungicide can disrupt the intermediate steroidogenic
cascade and induce antiandrogenic activity in fish [53].

To sum up, most pesticides lack solid epidemiological evidence to
support their impact on human health [45]. But the possibility cannot be
ruled out. Through long-term accumulation, pesticides banned long ago
(DDT), are still existed, harming the environment and organisms as
persistent organic pollutants (POPs) [3]. Long-term application of pes-
ticides also accumulates in crops, affecting imports, exports, and trade.
Degradation methods are indispensable to being developed. Based on
the principle and mode of pesticide degradation, the degradation
methods can be simply classified as chemical degradation, biological
degradation, and synthetic biological degradation methods, which will
be detailed discussed in the following content in this paper.

3. Chemical degradation methods

Generally, pesticides are mostly organic molecules with specific
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Fig. 2. Harm of pesticide residue to ecology and environment.

functional groups, which can be degraded through a chemical route.
Incineration is a simple and crude approach for disposing pesticide
residue in pesticide wastewater. With a high temperature (about
1000 °C) and sufficient oxygen, non-volatile pesticides like methomyl
can be degraded, whereas volatile pesticides incineration could emit
organic compounds and carbon dioxide [54,55]. Thus, incineration is
not a suitable method for pesticide degradation, which would lead to
severe environmental containment. Nevertheless, it can still be a
cost-effective way to treat wastewater from pesticide manufacturers
instead of field or water.

Similar to incineration, hydrolysis is another traditional and easily-
obtained chemical degradation method. Organophosphorus, organo-
chlorine pesticides, and organonitrogen pesticides usually contain het-
eroatoms, which can be hydrolyzed in alkali conditions, in which metal
compounds act as heterogeneous catalysts [56]. However, harmful
compounds would be produced during the organophosphorus pesticides
hydrolysis process [57]. Moreover, the alkaline condition and metal
compounds were a requirement for pesticide residue degradation, which
make it a limitation for the application in soil, food, and plant sample.

Diverse oxidants have been explored to degrade pesticide residues,
such as §-MnO2 [58], H2O,, and ozone. In the case of ozone, it is a
widely available oxidant that can effectively oxidize pesticides by
different technologies, such as enhanced ozonation processes (EOPs),
advanced oxidation processes (AOPs), and the non-thermal plasma
(NTP) technology. Hydroxyl radicals in AOPs can react with pesticides
unselectively, while EOPs offer an advantage by producing highly
oxidizing radicals to damage pesticides molecule [59,60]. The NTP
technology can yield NTP by introducing an electric field to the gas, and
then the field energy can drive the generated reactive species and free
electrons to degrade pesticides [61]. Except for oxidation, ultrasonic
treatment [62] and pH adjustment can degrade pesticides to a certain
extent, but they also suffer from the disadvantage of limited efficiency
and extent in degradation like oxidation.

In the last few years, photochemical degradation has become a new
technology used for agricultural pollutants treatment. After being
excited by ultraviolet light, pesticide molecules undergo the process of
photoionization and homolytic fission, being converted into small,
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environmental-friendly molecules eventually [63]. Also, some photo-
catalysts, represented by TiO,, can generate positive holes after expo-
sure to light, which have a high oxidation potential to oxidize pesticide
pollutants, significantly accelerating the mineralization process of
pesticide pollutants [64]. P-O and P-S bonds, the most common
chemical bonds in pesticides, are easily oxidized by the semiconductor
catalyst of TiOs. Taking pyrethroids as an example (Fig. 3), photo-
chemical degradation usually contains a series of reactions, including
isomerization, 3,3-dimethacrylate formation, ester bond cleavage (C-C,
C-O bond cleavage), decarboxylation, and reductive dehalogenation
[65-67]. Furthermore, beyond TiO,, many composite materials, such as
BioMoOg, ZnInyS4, CdS/BiOBr/Bi;0,C03, and Fe-TiO,, also exhibit
excellent performance in pesticides degradation (e.g., atrazine) [68].

Soil biology electrochemistry system (SBES) is a frontier concept in
chemical biology, which was first proposed in 2015 [70]. In this system,
cytochromes on the surface of microorganisms undergo extracellular
electron transfer (EET), losing their electrons and converted to an
oxidation state, through which the microorganism with high efficiency
can oxidize pesticide pollutants. Electrodes are generally used as ter-
minal electron acceptors for microorganisms, through which they can
induce pollutants oxidation and generate electricity. However, this
method is not suitable for compounds with a complete oxidation state.
SBES was successful in the pentachlorophenol (PCP) oxidation, which
owned a high reduction potential and could be easily oxidized. In 2020,
Zhou’s group developed a method using biochar (prepared by heating
biomass) as an electrode, which not only increased the functional radius
of the electrodes but also significantly sped up the degradation rate of
PCP [71]. These successes were achieved on a laboratory scale, while it
is still a long way to using this green technique to deal with pesticide
residue degradation in a more effective and economical way.

These chemical degradation processes mentioned above all undergo
violent chemical reactions, which not only exert a negative influence on
the environment but also cause secondary pollution. Compared with
chemical methods, biodegradation is considered to be a mild, cost-
effective, and eco-friendly approach to degrading pesticide residue.
Furthermore, pesticide residue can be degraded more thoroughly via
microbial metabolism, which will be assimilation and become a part of
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the cell (Fig. 4).

4. Biological degradation methods

In contaminated soil, some microbes have evolved special pathways
to assimilate several pesticides that share similar functional groups,
which can be used as carbon, nitrogen, or phosphorus sources at last
[72]. Thus, the critical enzyme related to pesticide degradation in these
pathways was fundamental for biological degradation. This method

A Chemical Degradation

generally aimed to degrade pesticides with reconstructed catalytic
pathways in microorganisms. The basic flow of the methods contains the
following processes: First, seek out the functional microbes through
screening methods such as single carbon source selection [73]; second,
identify the enzymes that catalyzed the distinctive steps in pesticide
degradation; third, discover and screen out the genes that encode these
enzymes; last, express heterologous enzyme and optimize expression
systems in engineered bacteria for effective pesticide degradation [74,
75].
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X =
e

pesticides Cell

Hydrolysis  Oxidation

Incineration Photoionization

© O
©

harmless molecules

SBES

Environment

> @

®

enzyme A

harmless molecules

Fig. 4. Chemical degradation and biological degradation. Pesticides can be degraded into harmless molecules through multiple chemical degradation methods
mentioned above while enzymes can degrade pesticides transported into the cell step by step. When pesticides can’t be degraded completely by chemical methods,
intermediates still can be transported into the cell and end up with harmless molecules.
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Most organophosphorus pesticides in the soil can be completely
mineralized into phosphorus and carbon sources for the growth of mi-
croorganisms [76]. Carbamate pesticide is a broad-spectrum benz-
imidazole fungicide with the properties of high solvency, strong toxicity,
and thermal instability. It can be hydrolyzed, photolyzed, and oxidized
easily to various decomposition products and derivatives [77]. Research
showed that a variety of microorganisms could absorb and degrade
carbamate for growth, such as Pseudomonas, Flavobacterium,
non-pigmented bacteria, Neosphingomyces, Sphingomonas, nematodes,
and Arthrobacter, etc. [78]. To a certain extent, chemical degradation
methods can be integrated into biological, resulting in higher efficiency
(Fig. 4). For instance, imidacloprid degradation efficiency reaches up to
94.6% by combining the TiO5 photocatalysis with the biodegradation
method [68]. Sometimes, the degradation process can be achieved in a
cell-free environment. As long as the pH and temperature are appro-
priate, biocatalysts like His6-OPH can be fixed to various carrier mate-
rials and degrade multiple water pollutants containing pesticides [79].

As for a mixture of multiple pesticides, constructing genetically
engineered microorganisms was a preferred strategy. Diverse ap-
proaches can be employed to integrate multiple degradation abilities
into one engineered bacterium, such as protoplast fusion, horizontal
gene transfer, and homologous recombination. Some studies used the
protoplast fusion technique for the biological degradation of various
chlorophenols. Researchers employed a protoplast fusion technique to
recombine the genome of Psathyrella candolleana and Pseudomonas
putida, by which to construct a versatile degraded strain [80]. Eventu-
ally, it was tested and confirmed that the fusing strain has a strong
degradation capability to the utmost 78.98% PCP degradation efficiency
in polluted water [80]. At the same time, lots of efforts were made to
turn research into practice. It is reported that the engineered bacteria
were successfully assembled as a micro bioreactor and immobilized in
the chamber as the stationary phase to degrade the pesticide residue in
the contaminated water [81]. Meanwhile, microbial cell-immobilized
biochar (MCB) is a cost-effective and environmentally friendly way to
degrade pesticides in soil [82]. These methods can reduce the risk of
engineered bacteria escaping and lay a fundamental for large-scale
production in the industry.

Despite the genetic reconstruction in one strain, the co-culture of
different degradative microbes with distinct functions also has been
developed as a biological degradation strategy. For example, various
microorganisms have been found to degrade imidacloprid, a represen-
tative one in organic nitrogen pesticides. As shown in Fig. 5 [83], most
microorganisms can only perform one or two steps in the degrading
process, leaving potentially toxic intermediate metabolites [84].
Although multi-bacterial cooperation is a possible option, a more sys-
tematic study was still needed to promote its application in imidacloprid
degradation. The unstable cooperation relationship and inconsistent

Synthetic and Systems Biotechnology 8 (2023) 302-313

growth rates of different microorganisms are main limiting factors.

To sum up, biological degradation methods are limited by complex
compounds and incomplete decomposition, as well as the in-
compatibility of various biological degradation modules. Notwith-
standing, the previous research has paved the way for the development
of synthetic biological methods, which can reduce the limitations of
cultivating difficult, low abundance, and single function.

5. Synthetic biology in pesticide degradation

With the development of the toolbox of chemistry and biology,
synthetic biology is not only the synonym of bioengineering but pro-
vides higher possibilities for further expansion of cell function.
Compared to traditional methods, it significantly improves the appli-
cation scope and applicability in the contaminated environment. Using
synthetic biology methods, many shortcomings of biology and chemistry
are overcome, which gives possibilities to realize the long-term and
environmental adaptive bioremediation in the environment. The
development of synthetic biology methods may lead it to a new level
that can break the border of the species and even exceed the field of
biology.

5.1. Surface display

The cell membrane separates the interior from the outside environ-
ment. It plays a more or less selective role for the substances while
protecting the cell. Nevertheless, sometimes, the selectivity of the cell
membrane of the engineered bacteria cannot support them to play their
due role. Therefore, many surface display systems are designed for
pesticide degradation [85]. Different anchoring motifs such as
ice-nucleation protein (INP) [86], glycosylphosphatidylinositol (GPI)
[87], and Lpp-OmpA [88] are used in these systems. One possible form is
shown in Fig. 6. E. coli is usually used as engineering bacteria to
construct a surface display system to display different functional en-
zymes so that various pesticides like carbaryl [89], A-cyhalothrin [90],
and paraoxon [91] can be degraded. By functionally displaying degra-
dation enzymes on the surface of cells, the activity and stability will be
promoted. Other than E. coli, pesticide degradation enzymes can also
play their role in yeast surface display system with the glyco-
sylphosphatidylinositol (GPI) and show a higher potential in pesticide
degradation [87]. The whole cell activity of S. cerevisiae MT8-1 contains
GPI-OPH system reaches 5-fold higher than E. coli XL1-Blue displaying
OPH, and no obvious difference in growth can be observed between
S. cerevisiae MT8-1 with and without GPI-OPH system [87].

The application of lab-born strains is facing challenges of the
complexity of composition and the survival competition in the envi-
ronment. As for the application in the environment, more modifications
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should be done to enhance the adaptability of engineered strains. Ba-
cillus endospores can resist most physical assaults and survive in the soil
environment for a long time. By displaying AtzA, an atrazine chlor-
ohydrolase on the surface of B. thuringiensis spore with mCherry (an
anchoring motif), the atrazine degradation rate in the soil is much
higher than recombinant AtzA protein, and the AtzA-bearing spores
show outstanding stability as the degradation rate decreased only 18%
after 45 months [92]. Thus, the viability and stress resistance of the
bacteria or fungi should be improved to survive and cope with the
complicated environment before application.

As mentioned, there are many limitations in applying lab-born bac-
teria in a contaminated environment. Many pesticides are used in a
mixture with other ones in the environment, which may result in
potentiated toxicity. It not only threatens the viability of engineered
bacteria but also imposes new requirements on their functions [93].
With the surface display systems, we can expand the function of some
pesticide-degrading microorganisms to cope with multiple pesticide
residues. As chlorpyrifos and other organophosphorus pesticides are
usually more difficult to pass through the membrane, the common
method is displaying an enzyme that can degrade organophosphorus on
the surface of y-HCH degrading strains like Sphingobium japonicum UT26
[94-96] while constructing a multi-function bacteria. With the appli-
cation of fusion protein, engineered bacteria can expand other functions
to improve their practicability. By combining OPH with ECy to form a
fusion protein that was displayed on the Sphingobium japonicum UT26,
its degradation rate in the environment with cadmium recovers a lot
though still lower than without cadmium [95]. OPH and green fluo-
rescent protein (GFP) fusion provides a possibility that monitors the
activity of engineered bacteria in the process of bioremediation at some
specific expression level [18]. As a good tool, this combined structure
can hlep with proving work in the study of the bioremediation process.

5.2. Degradation part development

Some pesticide-degrading enzymes, like OPH, are able to degrade a
wide range of pesticides with the same characteristics, but their effi-
ciency differs by the specific kind [97]. Many mutants with higher
performance can be developed through DNA mutation and screening.
Surface display systems can also assist the screening with the substrate
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transfer so that the authenticity won’t be affected during the measure-
ment of degradation activity. A mutant is screened out by directed
evolution using the INPNC surface display system, whose activity is
about 25-fold higher than that of the wild type in degrading parathion
[97], and its activity in degrading paraoxon and coumaphos is also
increased at different degrees [98].

Compared to the random mutagenesis strategy, the site-specific
mutations possess a higher probability of success in getting positive
ones. However, the selection of sites is also limited by the existing
knowledge of the structure and catalytical mechanisms [98]. The anal-
ysis of the structure of mutants obtained by random mutagenesis may
pay the way for successful site-specific mutations [98]. Applying satu-
ration mutagenesis at position 283 of BphAEs, researchers obtained
some effective dioxygenases which can metabolize a wide range of PCBs.
Among them, Ser283Met mutation showed enhanced catalytic activity
toward some biphenyl and highly chlorinated biphenyl [99]. As position
283 has been known as the entrance of the catalytic pocket, such studies
often have a clearer purpose and estimate [99]. In addition to the
expansion of degradation substrates, directed evolution is also employed
to improve the catalytic activity in pesticide degradation [100], which
will develop various degradation parts with stronger abilities for syn-
thetic biology.

5.3. Multi-module integration strategy

Though some strains can degrade various pesticides, it is essential to
make improvements for many strains to obtain excellent performance.
Exogenous gene circuits provide a possibility to endow natural micro-
organisms with extrinsic degradation abilities. In some degradation
pathways, pesticides would not be degraded into innoxious compounds
but into intermediates that are even more harmful than the pesticide
itself. Thus, it is possible to avoid producing these intermediates and
further degrade them into innocuous compounds by multiple degrada-
tion modules integrated together. This process may need the participa-
tion of many enzymes and regulatory parts to realize the cascade
reaction, which could be integrated into a complete system. At last,
either by introducing this genetic circuit in the plasmid or assembling
them into the chromosome, an engineered strain can be developed with
stronger degradation ability and efficiency based on synthetic biology
[19].

The MP and y-HCH mineralization device can be integrated into the
chromosome of the chassis (Pseudomonas putida KT2440) by scarless
integration. Thus, an engineered strain has been developed with the
potential for bioremediation (Fig. 7). This engineered strain exhibits
excellent performance in hereditary stability and still retained the
mineralization capability for MP and y-HCH after 50 generations [101].
Moreover, this efficient construction strategy was also used to construct
a y-HCH and TCP (the main degradation products of herbicide triclopyr
and insecticide chlorpyrifos) mineralization strain by Pseudomonas
putidaKT2440 [102].

In the past, many teams in a synthetic biology competition, inter-
national genetically engineered machine competition (iGEM) have
made different attempts in the degradation of pesticides by multi-
module integration strategy, and their works are listed in Table 1.
Here, we would describe some representative work based on a multi-
module integration strategy.

Team: British_Columbia also choose CYG6GI: They add two other
genes from the same cytochrome P450 family, CYP2D6 and CYP6CM1.
The signal peptide pelB can target the protein in the periplasm of E. coli.
Besides, 6-chloronicotinic acid (6-CNA), one of the metabolites of imi-
dacloprid is also toxic to bees. They further introduce Cch2, a chlorine
hydrolase of BradyrhizobiaceaeSG-6C, to convert 6-CNA into a harmless
intermediate 6-hydroxynicotinic acid (harmless intermediate). Thus, the
bees with engineered bacteria can be resistant to both imidacloprid and
6-CNA at the same time [109].

We (Team: XMU-China, 2020) also constructed an engineered
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Fig. 7. The engineered Pseudomonas putida KT2440 with MP and y-HCH mineralization pathways.

Table 1
Summary of different methods of iGEM teams of pesticides degradation.
Team (year) Chassis Gene (source) Function
Team: METU_Turkey (2013) B. subtilis CYG6G1 (Drosophila melanogaster) degrade imidacloprid into 4, 5-hydroxyimidacloprid
[103] sacB secretion label secrete protein into bee intestines
Team: British_Columbia (2015) E. coli CYG6G1, CYP2D6, CYP6CM1 (Drosophila metabolize imidacloprid
[104] melanogaster)
Cch2 (Bradyrhizobiaceae SG-6C) convert 6-CNA into harmless intermediate harmless intermediate
Team: Goettingen (2018) [105] B. subtilis GAT (Bacillus licheniformis) glyphosateN-acetyltransferase, degrading glyphosate
aroA (Salmonella typhimurium) ESPS enzyme, having tolerance to glyphosate
Team: UIUC Illinois (2019) E. coli glpA (Pseudomonas Pseudomallei) phosphorylate glyphosate to reduce its toxicity to cells.
[106] glpB (Pseudomonas Pseudomallei) glyphosate oxidoreductase, decomposing glyphosate into AMPA by C-N bond
cleavage
Team: CSL_Pittsburgh (2019) E. coli CYP6AY1 (brown plant hopper) metabolize imidacloprid
[107] signal peptide pelB target the protein to the periplasm of Escherichia coli
Team: Waterloo (2019) [108] B. LibA (Variovorax sp. Strain SRS16) converse linuron to 3,4-DCA
diazoefficiens Nat1 (Mesorhizobium loti) converse 3,4-DCA to N-acetyl-3,4-DCA
Team: XMU-China (2020) [109] E. coli phnE1, phnE2 (Sinorhizobium meliloti) phosphonate acid transporter, transporting organophosphorus across the

phnO (Salmonella typhimurium)

phnJ (Enterobacter cloacae)

Team: USP-Brazil (2021) [110] micro-tomato
PLAT52 promoter

Team: Concordia-Montreal

(2022) [111]

Cyanobacteria

opdB (Burkholderia sp. FDS-1)

CYG6G1 (Drosophila melanogaster)

oph (Pseudomonas putida strain HMO01)

membrane

aminoalkylphosphonate N-acetyl-transferase, derivatizing AMPA into
glyphosate analog

C-P lyase, degrading organophosphorus to small molecule

degrade imidacloprid into 4, 5-hydroxyimidacloprid

ensure CYG6GI only can be expressed in pollen tissue

hydrolyzes organophosphorus compounds, phosphonic and phosphinic acids
using divalent cations as cofactors

organophosphorus hydrolase which can degrade multiple pesticides, especially
fenitrothion

bacteria to degrade glyphosate effectively. The gene circuits combined
with different gene modules can realize cooperative control of the
glyphosate degradation system [109]. At first, we found that E. coli has
an endogenous glyphosate degradation system, but the frame-shift
mutation in the phnE gene restricted glyphosate transportation effi-
ciency. In addition, phnF inhibits the expression of the C-P lyase gene
phnGHIKJ through promoter regulation. Therefore, glyphosate degra-
dation ability in E. coli is relatively weak. Thus, we introduce a series of
exogenous C-P lyases, namely phnJ, phnO, phnE1, and phnE2, and also
design an RNAi system targeted to endogenous phnF and phnJ. The
engineered bacteria show a certain ability of glyphosate degradation
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[109].

Some novel ideas about imidacloprid degradation were proposed by
Team: USP-Brazil in 2021 iGEM. They constructed a transgenic plant to
protect bees from pesticides. Gene CYG6G1, an imidacloprid degrada-
tion enzyme, was introduced into micro-tomato but the pLAT52 pro-
moter which controlled its expression only opened in pollen. Thus, a
win-win situation is realized as the bees can collect imidacloprid-free
pollen from fields which are applied imidacloprid to avoid pests [110].
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5.4. Develop collaboration in microorganisms

For some recalcitrant organic chemicals, multiple steps were essen-
tial for complete degradation to avoid producing some toxic in-
termediates. However, an enormous genetic circuit will be a burden for a
single microorganism to degrade these pesticides completely. By
contrast, it is a better strategy to use a microbial consortium, in which
each microorganism can take responsibility for degradation in corre-
sponding steps [112]. Different kinds of microorganisms can play a
complementary or synergistic role in the constructed microbial con-
sortium, boosting the degradation process.

The constructed microbial consortium plays its role as a system, and
every coorperation process should be taken into consideration apart
from the individual function of each microorganism when constructing a
microbial consortium. The transport efficiency of different microor-
ganisms for different intermediates is such a crucial factor because
improper microbial collocation may lead to the accumulation of inter-
mediate products and cause a reduction of efficiency in the whole con-
sortium [113]. In addition, differing from each kind of microorganism,
the influence of environmental factors for the whole consortium will be
different from that for a single kind of microorganism. So the preferred
conditions of constructed microbial consortium and the influence of the
original community in the environment also need to be considered in the
design [20]. A successful microbiome design should balance a blend of
top-down and bottom-up strategies, which means individual function
should fit with the overall effect [114,115].

As an example, p-nitrophenol, a toxic intermediate produced in the
degradation process of parathion, can be successfully degraded by a co-
culture system. The system consists of engineered Escherichia coli SD2
and Pseudomonas putida KT2440. The former contains plasmids encod-
ing genes of parathion hydrolase enzyme and green fluorescent protein,
while the latter contains plasmid encoding genes for p-nitrophenol
mineralization. P-nitrophenol can inhibit the growth of microorganisms,
however, Pseudomonas putida KT2440 could reduce the accumulation of
p-nitrophenol to an extremely low level [112]. The constructed degra-
dation system can also be seen in the co-culture of E. coli DH5a and
Sphingobium chlorophenolicum ATCC 39723 and exhibits excellent per-
formance for hexachlorobenzene degradation [113].

Building a mutually-beneficial symbiosis among microorganisms can
support the degradation of pesticides in different environments. For
example, the microalgal can be used as an oxygen provider for bacterial
consortium when working in polluted water to degrade glyphosate, and
the carbon dioxide produced by bacterial consortium can be used by
microalgal as well. These synergies resulted in a relatively stable state of
mutually-beneficial symbiosis and an effective glyphosate degradation
rate [116]. Beyond that, the application of materials shows the potential
for improving the stability and effect of the consortium, which can
protect the consortium against enduring adverse external environments
[117].

6. Conclusions and prospects

The degradation of pesticide residue has been brought to insights for
a long time. Techniques and methods in this field emerge one after
another. From chemical degradation and biodegradation to synthetic
biology degradation, to be more multi-dimensional and harmless
degradation has become the general trend of pesticide residue research.
As a powerful tool, synthetic biology shows integrated characteristics of
multiple disciplines to construct diverse solutions towards pesticides
residue degradation. An increasing number of microorganisms have
been discovered with the ability to degrade pesticide residue, which
broad our vision on more natural parts with regulatory and catalytic
functions and chassis cells for synthetic biology. On these bases, syn-
thetic biologists can build the modules, design a multi-module integra-
tion genetic circuit that merges the degradation ability of different kinds
of pesticides and create multiple degradation systems, to provide
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effective tools and techniques for pesticide treatment. In addition to a
higher degradation efficiency, synthetic biology shows strong custom-
izability for specific problems. For different application scenarios, re-
searchers can also choose different tools to construct various engineered
bacteria to achieve the goal of degradation of pesticides with the highest
efficiency in the safest range.

Many synthetic biology degradation methods have achieved success
in the laboratory stage, while barriers still exist in application process-
ing. On the one hand, biosafety is a limitation for practical applications,
in which drug resistance genes in engineered bacteria may escape to the
natural environment with the transfer of plasmids, leading to the gen-
eration of super-weed and super-bacteria. On the other hand, insuffi-
cient attention is paid to the problems of pesticide residue in vast
farmland. The broad field and microbial communities may not be suit-
able for the reproduction and growth of engineering bacteria, which
could not reach a working density within a short time. Nevertheless,
biobricks that are essential for constructing gene circuits in engineering
bacteria to deal with new and complex pesticide residues are always
inefficient and incomplete. Moreover, the size of the plasmid used for
genetic transformation is limited, which would restrict the number of
parts and make the degradation inadequate. All these questions have
challenged the application of synthetic biology in pesticide residue
degradation.

Nevertheless, various strategies can also to developed to overcome
these problems. For biosafety, many iGEM teams have provided
different Kill Switches to limit the escaping probability of engineered
bacteria and prevent the horizontal gene transfer. To enhance public
awareness of pesticide residue, the government is supposed to dissemi-
nate the hazard of pesticide residue to the environment, human health,
and sustainable development. Researcher teams also should boost the
synthetic biology strategies in an actual environment, for example, soil.
In addition, the process from the laboratory to the market also depends
on the continuous improvement of supporting policies for the degra-
dation of pesticide residue in the future. What’s more, in order to co-
degrade varieties of pesticide residue, we can design more than one
type of engineered bacteria in a cooperation way, which needs to
consider the survival competition among different strains. If the number
of genes required for complete degradation is too large to be put into a
single kind of engineered bacteria, synthetic biological microbial con-
sortium is a wise choice.

For versatile function and stability, the consortium may show better
potential than a single kind of microorganism, and there are many
synthetic biology tools to engineer microbial communities. With these
tools, the complex network can be constructed on the basis of intercel-
lular signaling, syntrophic interactions, and exogenous molecules [22].
The existing applications include the expansion of orthogonality of
quorum sensing systems [118], construction of co-auxotrophies com-
munity [119], and enhanced bioproduction [120]. Different tools and
processes should be designed for the purpose of the consortium [22,
114]. In addition, the appropriate method design needs to be based on
sufficient data support; the simulation and analysis of environmental
conditions will provide a basis for the expansion of synthetic biology
application in pesticide degradation [121,122]. All in all, synthetic
biological methods will head in a more multi-dimensional direction,
combining chemical and biological degradation methods, breaking
technical barriers and species restrictions to achieve a more integrated
system. We believe synthetic biology methods will become the main
force of pesticide bioremediation in the future.
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