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Aerobic bioremediation of perchlorate contamination via a
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Perchlorate (Cl047) is a harmful chemical commonly found in arid and semi-arid regions worldwide. While it
occurs naturally, perchlorate concentrations have increased drastically due to anthropogenic activities. This
presents a major challenge to agriculture in arid regions and risks contaminating drinking water. Even at con-
centrations in the microgram range, perchlorate is toxic—for example, when present in soil, it interferes with
plant growth by competitively inhibiting nutrient uptake. Current treatments are often expensive and ineffec-
tive, and potential bioremediation strategies rely on anaerobic pathways that are unachievable in nature. There-
fore, this paper aims to engineer a three-step degradation pathway in Pseudomonas chloritidismutans (P. chlori-
tidismutans), a bacterium capable of withstanding harsh, arid environments. Enzymes expressed from a plasmid
operon will first reduce perchlorate, after which the resulting intermediates will be processed by the chassis’
endogenous chlorate reduction and dismutation pathways to finally produce chloride and oxygen. A Flavodiiron
protein module will also be introduced to prevent intracellular oxygen accumulation, ensuring that perchlorate
is not outcompeted as the terminal electron acceptor and thereby allowing the system to function under aer-
obic conditions. If successful, this chassis could be deployed directly to contaminated soil and water sources,
providing a cost-effective approach to perchlorate pollution without the need for additional infrastructure.
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ERCHLORATE (Cl047) is a naturally occurring anion
P composed of one chlorine atom bonded to four
oxygen atoms. It is commonly found in arid and semi-
arid regions, where it accumulates in soil and ground-
water. Perchlorate forms stable salts with cations such
as potassium, ammonium, and sodium (Perchlorates,
2014). Perchlorate originates from both natural depo-
sition and anthropogenic sources, as illustrated in Fig-
ure 1, and it has been detected in soil and water sys-
tems worldwide. Its prevalence in water supplies is
particularly concerning because perchlorates can per-
sist for decades unless remediation occurs (Fang &
Naidu, 2023).

Due to its high solubility, perchlorate can migrate
with groundwater if it enters the water table, creat-
ing a water-quality problem that extends beyond a
localized area. This is especially concerning in arid
climates, where water resources are already limited
(EPA, 2008).

In humans, the primary risk is to the endocrine
system. Perchlorate inhibits the sodium-iodide sym-
porter, reducing iodide uptake into the thyroid and
thereby decreasing the availability of thyroid hor-
mones (De Groef et al, 2006). This is particularly
harmful during pregnancy and childhood, as thyroid
hormones play a critical role in supporting healthy
development during these stages. (Perchlorate Maxi-
mum Contaminant Level (MCL) Review; “Perchlorate
in Drinking Water | California State Water Quality Con-
trol Board”).

Beyond human health, perchlorate also poses signif-
icant challenges to revegetation and agriculture. Stud-
ies have shown that it negatively affects plants to vary-
ing degrees. For example, potting soil containing just 1
percent perchlorate by weight exhibited restricted ger-
mination and growth, reduced leaf area, and reduced
biomass. Although perchlorate occurs naturally world-
wide, its widespread use in munitions, fireworks, and

129


http://creativecommons.org/licenses/by-nc/4.0/

BioTreks

Figure 1. Anthropogenic sources and environmental transport of perchlorate. Major human-made sources of per-
chlorate contamination include munitions, fireworks, and Chilean nitrate fertilizer. Perchlorate released from these
sources can enter the environment through industrial waste, atmospheric fallout, or agricultural application. Once
deposited, perchlorate can leach into soil and groundwater. Plants growing in affected soil can absorb perchlorate
through their roots; once accumulated, it may reduce plant growth and potentially enter the food chain. [Created
in BioRender. Barger, A. (2026) https://BioRender. com/ud8s1qs]

fertilizer has driven a global increase in environmen-
tal concentrations in recent years (EPA, 2013, p. 190).
Even at the microgram level, these compounds prove
detrimental to plant health (Bardiya & Bae, 2011).
Since perchlorate ions are similar in size and charge to
essential minerals, they can enter root membranes and
compete with nitrate, sulfate, and chloride, ultimately
disrupting normal nutrient uptake (Yu et al., 2004). In
addition to this, perchlorate’s chaotropic properties in-
terfere with interactions between water and macro-
molecules, causing their denaturation (Diaz-Rullo et
al,, 2021). Over time, perchlorate accumulates in plant
tissues, leading to yellowing (chlorosis), tissue death
(necrosis), and leaftip burn, as shown in Figure 2 (Sahu
& Kumari, 2024).

Despite the negative effects described above, the
Environmental Protection Agency does not currently
regulate perchlorate as a drinking water contaminant
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(EPA, 2026; Fang & Naidu, 2023). However, legisla-
tion proposed for 2026 aims to limit perchlorate con-
centrations to 20 pg/L, 40 pug/L, or 80 ug/L depend-
ing on the regulatory threshold adopted (EPA, 2026).
Current approaches for treating perchlorate contam-
ination exist but are generally limited in their effec-
tiveness. lon exchange, a common method that uses
resin beads to capture perchlorate ions and replace
them with non-toxic alternatives, is expensive and gen-
erates secondary waste (Office of Pollution Prevention
and Technology Development, 2003). Selective mem-
brane filtration methods such as reverse osmosis have
also been applied, yet they are energy-intensive to im-
plement (Office of Pollution Prevention and Technol-
ogy Development, 2003). Chemical reductants such as
Zero Valent Iron and Titanium (III) often require UV
light and elevated temperatures to drive the reaction,
making them costly, hazardous, and difficult to scale
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Figure 2. Impact of perchlorate on plant growth. Perchlorate competes with nutrient ions, ultimately leading to
chlorosis and necrosis as exposure levels vary. [Created in BioRender. Yoon, J. (2026) https://BioRender. com/

1y6dv4 1]

(Office of Pollution Prevention and Technology Devel-
opment, 2003).

Among these approaches, bioremediation through
reduction processes is a promising alternative. How-
ever, traditional biological perchlorate treatments
have shown limited effectiveness across many envi-
ronments (ITRC (Interstate Technology & Regulatory
Council), 2007). Perchlorate-reducing bacteria tend
to preferentially use other ions, such as nitrate and
sulfate, as terminal electron acceptors, and identifying
cost-effective electron donors for the breakdown pro-
cess remains a barrier to large-scale implementation
(Ma et al., 2025). Most critically, these pathways op-
erate almost exclusively under anaerobic conditions,
restricting their potential for in situ bioremediation
(Wolterink et al., 2002).

Our project aims to engineer P. chloritidismutans
AW-1—a bacterium first isolated from the biomass
of an anaerobic chlorate-reducing bioreactor—as a
perchlorate remediator (Wolterink et al, 2002). By
constructing a recombinant plasmid for transforma-

tion into this organism, we will develop a geneti-
cally enhanced construct capable of breaking down
perchlorate through three sequential steps: two re-
duction pathways followed by dismutation. P. chlori-
tidismutans already has the capability to reduce chlo-
rate to chlorite, and chlorite to chloride and oxygen
(Wolterink et al., 2002). On top of this, we will in-
troduce perchlorate reductase via plasmid to complete
the pathway for perchlorate reduction. Since P. chlo-
ritidismutans AW-1 is a facultative anaerobe, oxygen
would otherwise outcompete perchlorate as the ter-
minal electron acceptor (Mehboob et al., 2015); there-
fore, we will introduce genes encoding an oxygen-
consuming module to scavenge intracellular O, and
maintain electron flux through the perchlorate reduc-
tion pathway. Compared to current solutions, this ap-
proach will not require energy-intensive infrastructure
or high maintenance; instead, its targeted pathway will
optimize the efficiency of perchlorate degradation.
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Figure 3. Perchlorate reduction pathway. From top to
bottom: perchlorate reductase, chlorate reductase, and
chlorite dismutase. [Created in BioRender. Barger, A.
(2026) https://BioRender. com/dc8derk]

Systems level

This project aims to construct a bacterium capable of
performing perchlorate remediation for deploymentin
arid regions and their groundwater. Remediation oc-
curs through three sequential biochemical reactions:
reduction, in which the perchlorate reductase enzyme
catalyzes the reductive deoxygenation of perchlorate
(C10,7) to chlorate (Cl037); a second reduction, in
which chlorate reductase enzyme reduces chlorate to
chlorite (Cl0;7); and dismutation, in which chlorite is
simultaneously reduced and oxidized to form chloride
ions (Cl7) and molecular oxygen, as shown in Figure 3
(Rectanus et al,, 2015; ITRC (Interstate Technology &
Regulatory Council), 2007).

The chassis, P chloritidismutans AW-1, is selected
because of the species’ ability to perform both aerobic
and anaerobic respiration, its habitation in soil and wa-
ter, and the AW-1 strain’s built-in chlorate-degrading
pathway genes (Gomila et al., 2022; Wolterink et al,,
2002). The bacterium possesses a single circular chro-
mosome of approximately 5.1 Mb (Genome Assembly,
2026). To ensure optimal growth for P. chloritidismu-
tans, it will be cultured anaerobically in 120 mL flasks
containing 40 mL of liquid DSMZ Medium 944 and
incubated at 30°C. This recipe is obtained from Bac-
Dive (Stutzerimonas Chloritidismutans, 2019). Chlo-
ramphenicol (25 pg/mL) and kanamycin (25 pg/mL)
will be added to the medium as selectable markers
(Mehboob et al., 2009). To enable P. chloritidismu-
tans’ remediation capabilities, the pcrABCD operon en-
coding perchlorate reductase will be introduced into
the bacterium via electroporation. This enzyme cat-
alyzes the initial reduction of perchlorate to chlorate.
Afterwards, its byproducts will be continuously broken
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down by the enzymes already present in the chassis.

A second recombinant plasmid encoding an oxygen-
consuming enzyme module will also be introduced via
electroporation into P, chloritidismutans to ensure the
pathway’s effectiveness. This module expresses a Class
C Flavodiiron protein (FDP), which is used by many
bacteria and archaea to support anaerobic or micro-
oxic metabolism (Flavodiiron Proteins, 2026). Oxy-
gen is ubiquitously present in arid soils and ground-
water; modeling predicts that its higher reduction po-
tential relative to perchlorate makes it a more favor-
able final electron acceptor, potentially diverting elec-
trons away from the perchlorate reductase and thereby
inhibiting the enzyme’s activity (Farhan & Hatzinger,
2009; Chaux et al., 2017). Specifically, under mildly ba-
sic conditions similar to those of the cell cytosol, oxy-
gen has a reduction potential of E° = 0.401 V, which is
greater than that of perchlorate (E° = 0.17 V) (Harvey,
n.d.). The FDP module addresses oxygen competition
by serving as an electron sink, thereby reducing oxy-
gen to water. In addition to removing environmental
oxygen, this device also reduces cellular oxygen gener-
ated as a byproduct of the chlorite dismutation path-
way, preventing feedback inhibition of the reduction
pathway.

Electron donors for both perchlorate reduction and
oxygen consumption will be supplied via the host’s na-
tive metabolic pathways, using organic carbon sources
such as acetate, which is commonly present in soil and
groundwater.

Device level

Two recombinant plasmids necessary for pathway
functioning will be assembled through restriction en-
zyme digestion and ligation. We plan to express the
pcrABCD operon sourced from Dechloromonas agitata,
which encodes the perchlorate reduction complex re-
sponsible for reducing perchlorate (Cl04") to chlorate
(C1037); due to its large size (5555 bp), it will be cloned
using the pGLDV_17 [RK2] broad host range plasmid
backbone (Bender et al., 2005; Gilbert et al., 2023). Ex-
pression for the perchlorate reductase enables P. chlo-
ritidismutans to initiate perchlorate reduction, from
which the intermediates are passed into the chlorate
reduction and dismutation pathways within the chas-
sis.

The pcrABCD operon will be cloned into plasmid
pGLDV_17 downstream of the strong, constitutive cat
promoter. The cat promoter was selected to ensure
continuous, reliable expression of perchlorate reduc-
tase, enabling consistent perchlorate reduction in var-
ious environments where inducible regulation may be
unreliable or inefficient. Since the pcrABCD operon
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Figure 4. Structure and the electron transport mech-
anism for the Class C-Type 1 (Flv3) Flavodiiron Pro-
tein. The C-terminal NAD(P)H-dependent flavin reduc-
tase domain (Class C only) initiates the oxygen scaveng-
ing process by directly accepting electrons from NADH
or NADPH (NAD(P)H + FAD — NAD(P)+ + FADH,). These
electrons are then transferred to the flavodoxin-like do-
main that reduces FMN to FMNH, (FADH, + FMN —
FAD + FMNH,). Finally, electrons are delivered to the N-
terminal metallo--lactamase-like domain with a diiron
center, where molecular oxygen is reduced to water (0,
+ 4e- + 4H+ — 2H,0) that completes the process with-
out generating harmful species. [Created in BioRender.
Yoon, . (2026) https://BioRender. com/9zgbdkd]

has four enzyme subunits, separate ribosome-binding
sites (RBS) will be designed using the Salis Lab RBS
calculator and inserted before each gene. To prevent
readthroughs and metabolic burden, the lambda t0
terminator built into the CmR (cat promoter) system
will be used. Codon optimization will be performed
on the exogenous genes for P, chloritidismutans to im-
prove translation efficiency by aligning codon usage
with host tRNA abundance, thereby minimizing ribo-
some stalling at non-canonical codons.

The second plasmid encodes an oxygen-consuming
module based on the Class C Flavodiiron protein (FDP)
system. The core structure of the FDP protein is
composed of two domains: the N-terminal metallo-f3-
lactamases (enzymes using a metal ion to break down
antibiotics) domain containing a diiron center, and
a C-terminal flavodoxin-like (acidic, soluble, electron-
transfer proteins) domain containing flavin mononu-
cleotide (FMN), a coenzyme essential for cellular elec-
tron transport, as shown in Figure 4 (Flavodiiron Pro-
teins, 2026; Merriam-Webster, n.d.). Class C FDPs are
chosen in this design for their extra C-terminal com-
posed of a flavin reductase-like domain that directly ac-
cepts electrons from NAD(P)H, which streamlines the
electron transport chain (Borges et al, 2019, p. 93).
Specifically, Class C-Type 1 (Flv3) from Synechocystis
will be used, as it is the only Class C FDP that has been
biochemically studied; notably, in 2002, the recombi-
nant Synechocystis Flv3 protein was capable of reduc-
ing O, to water in vitro without generating reactive
oxygen species (Borges et al,, 2019, p. 94).

The sll0550 gene encoding the above-specified type
of FDP will be introduced into the pBBR1MCS-2 vec-

tor backbone, grown, and selected for kanamycin re-
sistance at 25 pg/mL (Borges et al,, 2019; Kovach et
al, 1995). To avoid unnecessary metabolic burdens,
the FDP oxygen-scavenging system will be under the
control of an endogenous, OxyR-regulated katB pro-
moter inserted upstream of the FDP operon (Zhang et
al,, n.d.). Within plant cells and soil, elevated oxygen
levels and metabolic activities lead to the formation
of reactive oxygen species such as hydrogen peroxide
(Alam etal., 2025; Mansoor etal., 2022). During oxida-
tive stress, the OxyR transcription regulator undergoes
a conformational change and binds to the katB pro-
moter, initiating transcription of genes downstream of
the promoter (Ochsner et al, 2000). Although FDP
cannot directly break down reactive oxygen species, it
lowers oxygen levels, resolving the root cause of their
formation; additionally, by reducing oxygen to water
in a single reaction, it prevents the formation of toxic
intermediates (Folgosa et al,, 2018). The FDP protein
is expected to function in the cytosol, where it can ac-
cess both intracellular and diffuse environmental oxy-
gen and perform reduction, enabling efficient oxygen
reduction without requiring membrane localization.

Overall, this design allows the system to dynami-
cally respond to intracellular and environmental oxy-
gen levels by producing FDP only when needed, effec-
tively reducing oxygen into water and establishing a
favorable environment for perchlorate reduction (Mil-
lard et al., 2023).

Parts level

Plasmids

Plasmid pGLDV_17 is a broad-host-range cloning vec-
tor that replicates across a broad range of Gram-
negative bacteria, including the Pseudomonas species,
via the RK2 origin (oriV) (Gilbert et al., 2023; Thomas
et al, 1982). This makes it particularly suitable for
stable maintenance of P. chloritidismutans under harsh
conditions. pGLDV_17 contains the chloramphenicol
resistance gene (for selection at 25 pug/mL), the cat
promoter, the pcrABCD operon genes, the lambda t0
terminator, and the M13 reverse primer site, enabling
efficient amplification and sequencing of the inserted
constructs.

Plasmid vector pBBR1MCS-2 contains the
kanamycin resistance gene (selection at 25 pg/mlL,
depending on host sensitivity) (Kovach et al,, 1995).
The katB promoter sequence, along with the OxyR
binding site, will be PCR-amplified from the genomic
DNA of P. chloritidismutans. The amplified promoter
sequence will be purified and digested with the spec-
ified restriction enzymes and ligated upstream of the
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sll0550 gene of the Class C-Type 1 (Flv3) FDP protein,
as illustrated in Figure 5.

Perchlorate reductase operon

The pcrABCD operon encodes a multi-subunit enzyme
complex responsible for the reduction of perchlorate
to chlorate, originally isolated from the gram-negative
bacterium Dechloromonas agitata CKB. The pcrA gene
(NCBI Accession number: AY180108) encodes the 105
kDa catalytic a-subunit of perchlorate reductase (Ben-
der et al, 2005). pcrA contains a molybdopterin-
binding domain and an N-terminal twin-arginine sig-
nal peptide that directs the folded enzyme to the
periplasm via the Tat export pathway. It reduces per-
chlorate to chlorate at the molybdopterin active site.
The pcrB gene (NCBI Accession number: AY953269)
encodes the 37 kDa electron-transfer $-subunit. pcrB
contains four cysteine-rich clusters that bind one 3Fe-
4S and three 4Fe-4S centers, forming the electron relay
from the membrane-facing side of the complex to pcrA.
It lacks its own signal peptide and is co-translocated
with pcrA through the Tat export pathway. The pcrC
gene (NCBI Accession number: AY953270) encodes
a 25 kDa tetraheme c-type cytochrome. pcrC con-
nects the pcrAB catalytic unit to the upstream electron
donor. It holds four heme groups in place via CXXCH
motifs and requires the host ccm pathway. pcrC is not
membrane-bound. In the native organism, a separate
NirT-type cytochrome links the pcrABC complex to the
membrane quinol pool. The pcrD gene (NCBI Acces-
sion number: AY953271) encodes a 25 kDa molyb-
denum chaperone protein. pcrD assists insertion of
the Mo cofactor into pcrd in the cytoplasm prior to
Tat export and is not believed to be part of the active
enzyme. It is homologous to Nar] and other system-
specific chaperone proteins in the type Il DMSO reduc-
tase family.

FASTA sequences of pcrABCD genes will be sub-
mitted to commercial gene synthesis companies such
as GenScript and TwistBioscience for assembly into a
single operon with EcoRV and Spel restriction sites.
Given that anti-Shine-Dalgarno sequences are located
at the 3’ end of the 16S rRNA in most bacteria, a syn-
thetic Shine-Dalgarno-like ribosome binding site will
be placed upstream of each gene and short spacer
sequences will be inserted in between the RBS and
the start codon to maintain safe distances for accu-
rate translation (Jha et al.,, 2020). The resulting syn-
thesized genetic fragment will later be inserted into
the pGLDV_17 vector backbone downstream of the cat
promoter and upstream of the lambda t0 terminator
via restriction digest.
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Class C-Type 1 (Flv3) flavodiiron protein
system

The sll0550 gene from Synechocystis sp. PCC 6803 en-
codes a 63.5 kDa (573 amino acid) flavoprotein that
mediates electron transfer from NADH to oxygen, re-
ducing it to water. This reaction proceeds via a four-
electron reduction pathway, minimizing the forma-
tion of harmful reactive oxygen species. This Class
C Flavodiiron protein is composed of three redox co-
factors (diiron center, FAD, and FMN) integrated into
a polypeptide chain, enabling efficient intramolecu-
lar electron transport (Lala et al, 2018). Such a
streamlined combination is advantageous compared
to oxygen-reducing systems in other organisms, which
often require separate proteins and multiple pathways
to perform the same function.

The sll0550 coding sequence will be obtained from
the database and synthesized as a linearized DNA frag-
ment with EcoRI and Xbal restriction sites by a com-
mercial gene synthesis company. Before synthesis, the
sequence will be codon-optimized for expression in
P. chloritidismutans AW-1 to improve translation effi-
ciency and protein yield. The gene will be inserted into
the pBBR1MCS-2 vector via restriction digestion and
ligation. The construct will be placed under the control
of the OxyR-regulated katB promoter to enable oxygen-
responsive expression.

Endogenous chlorate reductase genes

The reduction of chlorate (Cl037) to chlorite (Cl0;7)
within P, chloritidismutans is catalyzed by the endoge-
nous chlorate reductase enzyme complex, encoded by
the clrABCD operon (Wolterink et al,, 2003). Since P
chloritidismutans chlorate reductase operon genes are
not well documented, the general protein functions are
assumed to be similar to those of the clrABCD operon
from Ideonella dechloratans (Ideonella dechloratans),
whose gene sequences will be used in this design due
to their more comprehensive characterization and se-
quencing.

The 2,745-bp cIrA gene encodes the catalytic a-
subunit, which contains a molybdopterin cofactor that
forms the active site responsible for catalysis. The
987-bp clrB gene encodes a $-subunit containing iron-
sulfur clusters that facilitate electrons from donors to
the catalytic clrA subunit. The 582-bp clrD gene en-
codes a chaperone protein that aids the folding and in-
tegration of the molybdenum cofactor. The 720-bp cirC
gene encodes a cytochrome c-type protein that con-
tains a heme, which connects the reductase complex
to the cellular electron transport chain (Thorell et al.,
2003).
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Figure 5. Plasmids with Vectors pGLDV_17 and pBBRIMCS-2. pGLDV_17 carries the perchlorate-reducing genes,
while pBBR1 carries the oxygen-reducing genes. [Created in BioRender. Q, S. (2026) https://BioRender. com/t3

sbyzi]

Endogenous chlorite dismutase genes

The cld gene (UniProt Accession number: B1AAM3)
encodes the 110 kDa chlorite dismutase, a heme en-
zyme that catalyzes the conversion of chlorite into
chloride and molecular oxygen, completing the final
step of the perchlorate detoxification pathway (Meta-
Cyc Metabolic, 2010; Mlynek et al,, 2011).

Safety

Environmental containment

Potential risks may arise from the deployment of ge-
netically engineered organisms (GEOs). Although sim-
ulation testing in soil and water environments will
be conducted in varying conditions—such as temper-
ature, pH, and salinity—the released GEOs may per-
sist, spread, or disrupt native microbial ecosystems
(Gilbert et al.,, 2023). If our design proves successful
in bioremediating perchlorates, we will have proof-of-
concept and look into redesigning it with environmen-
tal containment safety features such as a passcode kill
switch. The passcode kill switch employs engineered
Lacl/GalR-family transcription factors in a two-layer
repression structure, where unauthorized growth of
strains without the “passcode” molecules will induce
cell death (Chan et al,, 2015). Environmental signals
(a, b, and c) are converted to regulatory states through
ligand-responsive transcription factors. Functioning
like a logic gate, the bacteria only survives in the pres-
ence of both inputs A and B and the absence of input
C, as illustrated in Figure 6. Inputs A and B could be

Input Circuit

AND

Cell
Survival

@ —NOT >0

Figure 6. Logic-gated passcode kill switch mechanism.
The passcode kill functions as a biological gate, restrict-
ing the survival of the engineered strain to the intended
environment. Inputs A and B represent required per-
missive environmental signals, while input C represents
a signal associated with an unauthorized environment.
The circuit allows cell survival only when A and B are
present and C is absent, following the logic expression
A AND B AND NOT C. If either condition is not satisfied,
the circuit will trigger the production of toxic molecules,
leading to cell lysis. [Created in BioRender. Yoon, J.
(2026) https://BioRender. com/3ng8kw9]

derived from common molecules in the environment
deployed, while input C may function as an exclusion
signal, coming from molecules with low likelihood of
existing in the arid soil, indicating a non-authorized en-
vironment. Specific molecules are to be investigated.
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Horizontal gene transfer

While the broad-host-range plasmids used in this de-
sign are favorable for their size, which allows incorpo-
ration of an operon and enables hosts to adapt to the
environment, they also pose a higher risk of horizontal
gene transfer (HGT) (Takahashi et al., 2026). HGT hap-
pens when bacteria transfer genes, most commonly
plasmids, between them as a form of evolution (Lerner
et al, 2024). The engineered genes, the pcrABCD
operon, and the FDP module, may in this case become
transferred to native soil micro-organisms and disrupt
the natural balance. Antibiotic resistance genes car-
ried within the GEOs, initially used for colony selection,
also face the risk of HGT, potentially creating a public
health threat by turning harmless bacteria into danger-
ous, untreatable “superbugs” (Lerminiaux & Cameron,
2019). Therefore, we will remove antibiotic resistance
genes for real on-site deployment.

There are 3 major paths for HGT to occur: conju-
gation, transformation, and transduction. Given that
both pBBR1 and pGLDV_17 are non-conjugative plas-
mid vectors, they will not contribute to cell-to-cell
gene transfer (conjugation). However, uptake of free
environmental DNA (transformation) by other bacte-
ria may happen after lysis of a bacteriophage-infected
cell; as bacteriophages are common in arid soil trans-
duction is commonly performed by native bacteria
(Burmeister, 2015; Zablocki et al., 2016). To address
this issue, when revising our design, we will consider
applying chromosomal integration of plasmids via ho-
mologous or site-specific recombination to increase
stability and, in turn, minimize the likelihood of HGT
(Gu etal., 2015).

Biochemical safety

Chlorite (Cl0;"), the substrate for the third step of the
three-step perchlorate breakdown pathway, is toxic
and very reactive (Agency for Toxic Substances and
Disease Registry, 2011). Chlorite is harmful to the
cells as it oxidizes protein-bound methionine (Met)
residues and ultimately leads to protein degradation.
Accumulation of such toxic intermediates within the
host cell risks cell malfunction and even cell lysis (Vin-
cent et al, 2023). With proof-of-concept, this design
may be further refined to adjust the breakdown ef-
ficiencies of the consecutive pathways. Specifically,
expression of chlorate reductase can be downregu-
lated using CRISPR interference to repress transcrip-
tion, while expression of the downstream chlorite dis-
mutase can be increased by elevating plasmid copy
number or strengthening its cat promoter.
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Competition

Introduction of GEOs may also pose ecological risks
if engineered strains compete with native organisms
for nutrients and resources. Although P. chloritidis-
mutans uses acetate as an electron donor, which is
also a common carbon source for many native soil
heterotrophs, P. chloritidismutans in this design is ex-
pected to mainly rely on chlorate as a terminal elec-
tron acceptor for anaerobic respiration, which greatly
minimizes the risks of competition (Wolterink et al,,
2002; Millard et al., 2023). In addition, the population
level will also be monitored so they would not outcom-
pete native microbes and shift local community com-
position. Future kill switch integration in this design
will limit long-term persistence once perchlorate is de-
pleted.

Handling safety

P. chloritidismutans AW-1 is classified as Biosafety
Level 1, indicating that it is non-pathogenic and can be
handled under standard microbiological practices in a
minimally restricted laboratory (“Pseudomonas Chlo-
ritidismutans,” n.d.). Before testing the engineered
construct in soil and water samples or testing fields,
the bacterial remediation performance will first be
assessed in perchlorate-supplemented medium. Per-
chlorate will be purchased as a 1000 mg/L water solu-
tion from Sigma Aldrich.

Although the bacterial strain is low risk, perchlo-
rate is a hazardous chemical due to its severe health
impacts. To avoid risks associated with its handling,
chemical containers will be sealed and labeled clearly
with hazard information. Experiments involving per-
chlorate will be performed in a fume hood when neces-
sary. Lab researchers will receive training in chemical
handling, sterilization, spill response, waste disposal,
and emergency procedures, including the proper use
of eyewash and safety shower stations. Appropri-
ate personal protective equipment, including lab coats,
gloves, and safety goggles, will be worn all times. In
the event of a spill or leak, the area will be isolated and
cleaned in accordance with institutional hazardous
materials protocols. Perchlorate-contaminated wastes
will be collected, labeled as hazardous chemical waste,
and disposed of through designated hazardous waste
drop-off locations following federal regulations.

Discussions

This construct offers a promising alternative to per-
chlorate remediation, as conventional approaches
such as ion exchange, reverse osmosis, and chemi-
cal reduction with zero-valent iron or titanium are of-
ten limited by high cost, secondary waste generation,
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and poor scalability (Office of Pollution Prevention and
Technology Development, 2003). Existing biological
treatment, on the other hand, is largely restricted to
anaerobic conditions that can not be reliably main-
tained in natural soil or groundwater environments
(Lalucat et al., 2006). Therefore, by pairing the aer-
obic perchlorate reduction pathway with an oxygen-
scavening module in a soil-dwelling chassis, the design
introduces a more comprehensive approach to per-
chlorate remediation.

A key advantage of this design is that, unlike chem-
ical reduction methods that require inputs such as UV
light or heat, each of the reduction and dismutation
processes in this engineered circuit releases energy
when coupled with the oxidation of electron donors
such as acetate. The high reduction potentials of per-
chlorate (E° =~1.28 V) and chlorate (E° = 1.03 V) make
them thermodynamically ideal electron acceptors for
microbial reduction (Bardiya & Bae, 2011). Chlorite is
then converted to chloride and oxygen in a single ex-
ergonic reaction (Ettwig et al., 2012). These thermo-
dynamically favorable characteristics support the con-
struct’s use as a low-energy, passive bioremediation
strategy that does not require external energy inputs.

If successfully deployed, this system is expected to
decrease soil perchlorate levels while increasing chlo-
ride concentration. This shift in soil composition could
help revitalize arid regions and create opportunities
to reintroduce crops that previously could not toler-
ate perchlorate-contaminated soils (Srinivasan & Vi-
raraghavan, 2009). Thus, beyond contaminant re-
moval, the construct has potential agricultural and eco-
logical benefits in affected environments.

Despite these advantages, several challenges must
be addressed before environmental deployment. One
major concern is plasmid stability, as the pcrABCD and
FDP constructs may undergo segregational loss over
many generations since antibiotic selection, which
cannot be applied at contaminated sites. To address
this, plasmid retention should be monitored during re-
peated subculturing and soil-microcosm experiments,
and chromosomal integration should be considered
if plasmid loss significantly impacts pathway perfor-
mance.

Beyond plasmid stability, the long-term persistence
and environmental stability of the bacteria in arid soils
also present major challenges. Arid environments
are characterized by low water activity, high ultravi-
olet (UV) radiation exposure, wide diurnal tempera-
ture fluctuations, and other stressors (Fang & Naidu,
2023). While P chloritidismutans was isolated from
the biomass of a bioreactor, its classification within
the Pseudomonas genus suggests broad environmental
tolerance; however, its sustained viability and reme-

diation activity should still be monitored. Encapsula-
tion in carrier systems such as alginate beads, biochar,
or clay granules could be used to protect the cells
against desiccation and UV damage (Carpena-Istan et
al,, 2025). Periodic re-inoculation of the contaminated
site might also be considered if a rapid decrease in the
bacterial population is observed.

Before field application, the construct should
progress through a validation framework that grad-
ually transitions from controlled conditions to real
soil environments. Initial validation in liquid culture
should confirm that the pcrABCD operon expresses a
functional perchlorate reductase complex and that the
FDP module maintains low intracellular oxygen under
ambient atmospheric conditions. These outcomes
could be assessed using dissolved-oxygen electrodes
and perchlorate depletion over time. Following the
approach used by Wolterink et al. (2002), growth will
be quantified using optical density measurements
and plating dilution series for viable cell counts.
In parallel, the kill switch mechanism described in
the Safety section should be tested to ensure that it
remains functional over extended deployment periods
and under prolonged environmental stress. The
second validation stage should move the engineered
strain into contained soil microcosms, where ion
chromatography can track substrates, intermediates,
and products to confirm that pathway flux is balanced
and that toxic chlorite does not accumulate between
enzymatic steps. The final validation stage should
involve small, contained field plots using perchlorate-
spiked or naturally contaminated soil, paired with
16S rRNA sequencing of the surrounding microbial
community to detect any unintended ecological shifts
(Nnadi et al,, 2023).

Finally, since CO; is produced during cellular res-
piration and released as a byproduct of perchlorate
reduction, a carbon fixation strategy could be in-
corporated to improve stability. =~We envision co-
culturing the P. chloritidismutans strain with a CO-
fixing cyanobacterium, such as Synechocystis sp. or uti-
lizing polyhydroxyalkanoate biosynthesis pathways.
Since a single bacterial chassis has limited capacity to
accommodate additional genetic circuits without in-
curring an excessive metabolic burden, this co-culture
strategy provides a molecular and scalable approach
to improving environmental sustainability and system
efficiency (Mehboob et al., 2009). However, since dif-
ferent bacterial types rely on different energy sources
and have different growth rates, future co-culturing de-
signs should test growth compatibility, metabolite ex-
change, pH stability, and competition between the two
organisms before environmental application.
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Next steps

Target gene sequences will be retrieved from source
organisms and codons optimized for expression in P.
chloritidismutans. Recombinant plasmids pGLDV_17
with perchlorate reduction genes and pBBR1MCS-2
with oxygen- reducing genes will be designed in silico
and synthesized commercially (Wolterink et al., 2002).
We will prioritize inserting the oxygen-reducing plas-
mid. Successful transformation will be confirmed
through antibiotic selection and colony PCR.

Functional validation of the FDP system will be per-
formed by measuring oxygen consumption and water
production under aerobic conditions, confirming its
role as an effective oxygen sink. Oxygen could be added
either at the start or during the activation of the FDP
module to determine whether the module allows re-
ductive pathway activity to continue under oxygen ex-
posure.

Once the oxygen-scavenging module is successfully
functioning, the second plasmid containing the per-
chlorate reduction genes will be introduced. Success-
ful transformation will be confirmed through antibi-
otic selection and molecular verification. Perchlorate
reduction effectiveness will be evaluated by measur-
ing the perchlorate and its reduction products (chlo-
rate, chlorite, and chloride) using ion chromatography
or mass spectrometry. Host stability, growth rate, and
overall cellular health will also be monitored to eval-
uate metabolic burden. Growth should be monitored
across multiple electron donors and environmental
conditions, including pH, temperature, and salinity.

The research done by Wolterink et al. used chlorate
and acetate as model electron acceptor and donor sub-
strates under controlled anaerobic conditions. In their
methods, strain AW-1 was cultivated in a strictly anaer-
obic medium, with dissolved oxygen removed by boil-
ing and cooling under nitrogen. This provides a use-
ful methodological framework for testing whether the
engineered strain can maintain the low-oxygen condi-
tions needed for remediation metabolism (Wolterink
etal, 2002).

Chlorate reductase and chlorite dismutase enzyme
activities can be determined with cell-free extracts.
Chlorate reductase activity can be determined spec-
trophotometrically by monitoring the oxidation of re-
duced methyl viologen at 578 nm and 30°C; Chlorite
dismutase activity can be determined by measuring
oxygen production with a Clark-type oxygen electrode
(Wolterink et al.,, 2002). One unit of enzyme activity
is defined as the amount of enzyme required to con-
vert 1 umol of chlorate per minute. Protein concentra-
tion will be measured via Bradford Assay, with bovine
serum albumin as the standard (Wolterink et al., 2003).
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Oxygen & CO, will be analyzed via gas chromatogra-
phy & thermal conductivity detector (Mehboob et al.,
2009).

If endogenous expression from clr and cld genes
is insufficient to sustain the necessary pathway flux,
additional copies of these genes may be introduced
onto the pBBR1IMCS-2 plasmid to enhance the path-
way. If Chlorite ion toxicity is observed, pathway flux
may be rebalanced by increasing chlorite dismutase
expression and downregulating chlorate reductase en-
zymes to minimize intracellular chlorite accumulation.
Additional controls should include a non-transformed
P. chloritidismutans strain, a strain carrying only the
oxygen-scavenging plasmid, and a strain carrying only
the perchlorate-reduction plasmid. These controls
would help clarify the results of perchlorate remedia-
tion.
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