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Abstract: Background: Heavy metal contamination by lead (Pb) and zinc (Zn) poses a critical threat to environmental
and public health. This study aimed to isolate and characterize indigenous metal-resistant bacteria from contaminated
agricultural soil in Wasit Governorate, Iraq, and to establish a quantitative link between peroxidase enzyme induction
and metal removal capacity. Methods: Eighteen bacterial isolates were recovered from Pb- and Zn-contaminated soil
and screened for metal tolerance, peroxidase induction, and metal removal. The two superior isolates were identified
by 16S rRNA gene sequencing. Peroxidase specific activity and Michaelis—-Menten kinetics were determined
spectrophotometrically under graded metal stress. Resting-cell biosorption was modelled using pseudo-first-order,
pseudo-second-order, and Langmuir/Freundlich isotherm models. FTIR and SEM-EDX characterized surface
interactions, and transcriptional responses of peroxidase-related genes (katE, ahpC, bcp) were screened by RT-qPCR.
Results: Two isolates — Bacillus sp. PB-07 and Pseudomonas sp. ZN-12 — exhibited minimum inhibitory concentrations
(MICs) of 18 mM Pb?" and 8 mM Zn?", respectively. Peroxidase-specific activity increased dose-dependently, reaching
38.7 = 2.8 U/mg protein (212% induction; p < 0.001) in PB-07 and 35.2 + 2.1 U/mg protein (133% induction) in ZN-12.
Resting cells removed 78.4 = 3.2% Pb?* and 65.2 + 2.9% Zn?* within 48 h, best described by pseudo-second-order kinetics
(R?>0.994) and Langmuir isotherms (gmax = 89.3 and 71.6 mg/g). A strong positive correlation (r > 0.94; p < 0.001) was
observed between peroxidase activity and metal removal efficiency. RT-qPCR revealed significant upregulation of ahpC
(up to 6.2-fold), katE (up to 4.8-fold), and bcp (up to 3.4-fold) under metal stress. Conclusion: These findings establish
a coherent enzymatic framework linking peroxidase induction to metal detoxification and position these indigenous
isolates as strong candidates for field bioremediation applications.
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1. Introduction

The accelerating pace of industrialization, urbanization, and intensive agricultural practices has resulted in
the widespread release of toxic heavy metals into terrestrial and aquatic ecosystems (Nriagu & Pacyna, 1988).
Lead (Pb) and zinc (Zn) are among the most prevalent contaminants globally, originating from mining, smelt-
ing, battery manufacturing, galvanization, and application of metal-enriched phosphate fertilizers (Alloway,
2013). Unlike organic pollutants, heavy metals are non-biodegradable, persist indefinitely in environmental
matrices, and bioaccumulate through food chains, posing chronic toxicological risks to flora, fauna, and hu-
mans (Tchounwou et al., 2012). Lead exposure at sub-clinical levels disrupts neurological development in
children, impairs renal tubular function, and induces hematopoietic toxicity, while chronic zinc excess sup-
presses soil microbial diversity and retards crop growth (Alloway, 2013; Fu & Wang, 2011).

Conventional physicochemical remediation strategies — chemical precipitation, ion exchange, coagulation-
flocculation, membrane filtration, and electrochemical deposition — are hampered by prohibitive operational
costs, poor efficiency at low metal concentrations (< 100 mg/L), and generation of secondary toxic sludge (Fu
& Wang, 2011; Igiri et al., 2018). These constraints have stimulated intensive research into biological alterna-
tives, particularly the exploitation of metal-resistant microorganisms that have evolved sophisticated biochem-
ical mechanisms for surviving and detoxifying heavy metal stress (Gadd, 2010).

The principal mechanistic axes of microbial metal resistance include: (i) active efflux via membrane
ATPase pumps; (ii) intracellular sequestration by metallothioneins or polyphosphate bodies; (iii) extracellular
precipitation through enzymatic reduction/oxidation; and (iv) biosorption via charged surface functional
groups (Gadd, 2010; Igiri et al., 2018). A unifying upstream consequence of metal toxicity is the induction of
oxidative stress, wherein redox-active metal ions generate reactive oxygen species (ROS) including superoxide
(O27), hydrogen peroxide (H,O»), and hydroxyl radicals (OH¢), disrupting cellular redox homeostasis (Storz
& Imlay, 1999; Valko et al., 2005).
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Peroxidases (EC 1.11.1.x) are heme-containing oxidoreductases that catalyze the reduction of H>O- to water
using diverse electron donors (Nobrega & Pauleta, 2019). In bacteria, three functionally distinct systems
— alkyl hydroperoxide reductase (AhpC/AhpF), bacterioferritin comigratory protein (Bcp), and catalase-pe-
roxidase (KatG) — cooperate to maintain sub-micromolar intracellular H,O, concentrations (Nobrega & Pau-
leta, 2019). Beyond their canonical antioxidant role, bacterial peroxidases have been proposed to facilitate
metal detoxification through: (i) oxidation of Pb** to insoluble PbO,-like precipitates; (ii) cross-linking of
metal ions with cell-wall exopolymer phenolics; and (iii) indirect stabilization of efflux and sequestration sys-
tems by alleviating oxidative inactivation of their structural proteins (Koua et al., 2009; Twala et al., 2020).
However, quantitative evidence directly linking peroxidase induction kinetics to bulk metal removal efficiency
— particularly with transcriptomic validation — remains scarce.

Indigenous microbial isolates offer a compelling advantage: they are pre-adapted to the specific geochem-
ical matrix and co-contaminant profile of the target site, obviating the ecological and regulatory hurdles of
introducing non-native strains (Kumar et al., 2015). Iraq’s Wasit Governorate harbors extensive zones of heavy
metal contamination, yet the bioremediation potential of its indigenous microbial communities remains poorly
characterized. Recent surveys of metal-resistant indigenous strains confirm that site-adapted isolates remain
the most practical starting point for field bioremediation (Firinca et al., 2024; Patil et al., 2025).

This study therefore aimed to: (i) isolate and molecularly characterize metal-resistant bacteria from con-
taminated soil in Wasit, Iraq; (ii) quantify peroxidase enzyme induction and determine kinetic parameters
(Km and Vmax) under graded metal stress; (iii) evaluate metal biosorption efficiency and model sorption kinetics
and equilibrium isotherms; (iv) establish the quantitative correlation between peroxidase activity and metal
removal; and (v) characterize peroxidase-related gene expression using RT-qPCR to provide mechanistic tran-
scriptional evidence.

2. Materials and Methods
2.1. Study Site, Soil Analysis, and Sample Collection

Soil samples were collected from four locations within a historically contaminated agricultural zone in
Wasit Governorate, Iraq (32°N, 45°E), including areas receiving runoff from a battery recycling facility and
fields irrigated with industrial wastewater. Sampling was carried out between March 2024 and June 2024, each
of the four locations being sampled once during this period. Composite samples were prepared from six sub-
samples collected at 0—15 cm depth using a pre-sterilized stainless-steel auger. Total metal concentrations in
bulk soil were determined by ICP-OES (PerkinElmer Optima 8300) following acid digestion (HNOs/HCI,
3:1 v/v; 95°C, 4 h): Pb = 1,240 + 87 mg/kg and Zn = 680 + 54 mg/kg dry weight, exceeding WHO threshold
limits (Pb: 300 mg/kg; Zn: 150 mg/kg) 4.1- and 4.5-fold respectively. Soil pH (6.8 = 0.2) and organic matter
content (2.1 £ 0.3%) were determined by standard methods (Alloway, 2013). Samples were transported at 4°C
and processed within 24 h.

2.2. Bacterial Isolation and Culture Maintenance

Serial dilutions of 1 g soil (in 0.85% NaCl) were plated on Luria-Bertani (LB) agar supplemented with
50 mg/L. each of Pb(NOs3), and ZnSO, (Sigma-Aldrich, > 99%), following established enrichment protocols
for metal-resistant bacteria (Kumar et al., 2015). Plates were incubated at 30°C for 48 h. Eighteen morpholog-
ically distinct colonies were purified by four successive transfers on selective LB agar and preserved at —80°C
in 20% (v/v) glycerol.

2.3. Minimum Inhibitory Concentration (MIC) Determination

MICs were determined by the agar dilution method using LB agar containing Pb(NOs3), (0-25 mM) or
ZnSO4 (0—15 mM) (Andrews, 2001). Plates were inoculated with 10 pL overnight culture (ODggo = 0.5) and
incubated at 30°C for 48 h. MIC was defined as the lowest metal concentration yielding no visible growth.
Each determination was performed in triplicate.

2.4. Molecular Identification and Phylogenetic Analysis

Genomic DNA was extracted using the CTAB-NaCl method. The 16S rRNA gene was PCR-amplified with
the universal primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5-TACGGYTACCTT-
GTTACGACTT-3") (Lane, 1991; Weisburg et al., 1991) (Table 1); the degenerate variants used here are
among those evaluated by Frank et al. (2008). Amplicons were sequenced by the Sanger method (Macrogen,
Korea). Sequences were compared using BLASTn against the NCBI GenBank database and deposited under



Peroxidase-Mediated Bioremediation of Lead and Zinc... 799

accession numbers cited in the Data Availability Statement. Phylogenetic trees were constructed using Maxi-
mum Likelihood in MEGA11 (1,000 bootstrap replicates) (Tamura et al., 2011).

2.5. Peroxidase Enzyme Assay and Kinetic Characterization

Peroxidase (POD) activity was assayed spectrophotometrically using guaiacol as electron donor (Piitter,
1974). Bacteria were grown in LB broth at 0, 50, 100, and 200 mg/L metal for 24 h (30°C; 150 rpm). Cell-free
extracts were prepared by centrifugation (10,000 x g, 10 min, 4°C) and sonication. The reaction mixture (1 mL)
contained 50 mM phosphate buffer (pH 6.0), 20 mM guaiacol, 10 mM H,O,, and 100 pL extract. Absorbance
at 470 nm was monitored for 3 min. Specific activity was expressed as U/mg protein (Bradford, 1976), where
1 U = AA470 0f 0.01/min. For Michaelis-Menten kinetics, H,O, was varied from 0.1 to 20 mM at fixed guaiacol
(20 mM); Ky and Vmax were estimated by nonlinear regression in GraphPad Prism 9.

2.6. Metal Removal Assay and Sorption Modelling

Resting-cell biosorption assays were conducted as described previously (Volesky, 2007). Cell suspensions
(ODgoo = 1.0) were incubated with 100 mg/L metal in 50 mM phosphate buffer (pH 6.5; 30°C; 120 rpm).
Aliquots withdrawn at 0, 6, 12, 24, 36, and 48 h were analyzed by flame AAS (PerkinElmer A Analyst 200).
Removal (%) = [(Co — Cy)/Co] % 100. Pseudo-first-order, pseudo-second-order, and intraparticle diffusion ki-
netic models were fitted to time-course data. Langmuir and Freundlich isotherm models were applied to equi-
librium data from initial metal concentrations of 25-500 mg/L (Volesky, 2007).

2.7. FTIR Spectroscopy

Freeze-dried metal-exposed and control biomass was analyzed using a Bruker ALPHA II FTIR spectrom-
eter (4000400 cm™'; 64 scans; 4 cm ! resolution) in ATR mode (Das et al., 2007). Band shifts > 5 cm™ and
intensity changes > 15% were considered significant.

2.8. SEM-EDX Analysis

Metal-exposed cells (24 h) were fixed in 2.5% glutaraldehyde (4°C, 2 h), post-fixed in 1% osmium tetrox-
ide, critical-point dried, and sputter-coated with gold-palladium. Images were acquired at 15 kV using a JEOL
JSM-6510LV SEM with an Oxford INCA 250 EDX spectrometer (Banerjee et al., 2015). Elemental quantifi-
cation was performed on > 5 randomly selected cells per sample.

2.9. RT-qPCR Gene Expression Analysis

Total RNA was extracted from mid-log-phase cultures exposed to 0 or 100 mg/L metal (4 h) using TRIzol,
followed by DNase I treatment (Thermo Fisher Scientific). cDNA was synthesized using SuperScript [V VILO
Master Mix. RT-qPCR (Bio-Rad CFX96) targeted peroxidase-related genes: katE (catalase-peroxidase), ahpC
(alkyl hydroperoxide reductase C), and bcp (bacterioferritin comigratory protein), with gyrB as the housekeep-
ing reference gene. Gene-specific primers were designed with Primer3 against the corresponding reference
genome sequences and validated by melt-curve analysis and agarose-gel electrophoresis of the amplicons.
Primer sequences, amplicon sizes, annealing temperatures and amplification efficiencies are given in Table 1.
Relative expression was calculated by the 2—AACt method (Livak & Schmittgen, 2001).

Table 1. Oligonucleotide primers used in this study. Amplification efficiencies were determined from standard curves of
serial cDNA dilutions

Amplicon Annealing

Target Forward primer (5'—3") Reverse primer (5'—3’) (bp) °C) Source
katE TGCTBGAAGACTTCATCATGC GGCATRTTGTTGCCSACC 301 55 This study
ahpC TTCGTGATCAACCCKGAAGG GATCTTGCCKACSAGGTCC 195 55 This study

bep WCSCACGAGAACTTCAAG TGTCGATCAGGAASGTGC 154 55 This study
gyrB (reference) [GAACGACAGCTTCAACGA] CATCGGTCATGATGATGATGT 722 53 This study

2.10. Statistical Analysis

All experiments were performed in biological triplicate (n = 3). Data are expressed as mean = SD. Differ-
ences were evaluated by one-way ANOVA with Tukey’s HSD post-hoc test (p < 0.05). Pearson’s r and R?
were calculated for the peroxidase activity—metal removal relationship. Kinetic and isotherm parameters were
estimated by nonlinear regression (GraphPad Prism 9). All analyses were performed in SPSS 26.0 (IBM

Corp.).
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3. Results
3.1. Bacterial Isolation, Identification, and Metal Tolerance

Eighteen isolates were recovered from selective metal-supplemented media; 12 (66.7%) tolerated Pb**
at MIC > 2 mM and 10 (55.6%) tolerated Zn** at MIC > 1 mM. Isolates PB-07 (Pb MIC: 18 mM) and ZN-12
(Zn MIC: 8 mM) showed the highest tolerance and were selected for detailed study. BLASTn analysis assigned
PB-07 to Bacillus cereus (99.2% identity; ATCC 14579") and ZN-12 to Pseudomonas putida (98.8% identity;
KT2440"). Maximum Likelihood phylogenetic placement was confirmed with bootstrap support of 96-99%.
Both isolates displayed cross-tolerance to multiple metals, consistent with patterns reported for metal-resistant
Ochrobactrum and Bacillus strains (Pandey et al., 2013) (Table 2).

Table 2. Minimum inhibitory concentrations (MICs; mM) of Pb*", Zn**, and additional metals for selected isolates.
Data: mean + SD (n = 3)

Isolate Closest relative (% identity) Pb** Zn** Cu** Cd** Ni Cr**
PB-07 Bacillus cereus (99.2%) 18 4 3 2 2 1
ZN-12 Pseudomonas putida (98.8%) 6 8 2 1 3 2
PA-03 Enterobacter cloacae (97.5%) 12 3 2 1 1 1
ZN-05 Ochrobactrum anthropi (98.1%) 8 6 3 2 3 2

3.2. Peroxidase Induction and Enzyme Kinetics

Both isolates displayed dose-dependent peroxidase induction, with a decline at concentrations approaching
MIC, consistent with a transition from adaptive induction to cytotoxic inhibition (Table 3; Figure 1). In Bacil-
lus sp. PB-07, specific activity increased from 12.4 + 1.2 U/mg protein (control) to 38.7 + 2.8 U/mg protein
at 200 mg/L Pb** (212.1% induction; F35 = 47.3; p < 0.001). In Pseudomonas sp. ZN-12, activity increased
from 15.1 + 1.5 to 35.2 £ 2.1 U/mg protein (133.1%; F33 = 38.6; p <0.001).

Table 3. Peroxidase specific activity (U/mg protein) under graded metal stress. Different superscript letters within each
isolate column indicate significant differences (Tukey’s HSD, p < 0.05; n = 3)

Metal conc. (mg/L) Bacillus sp. PB-07 (Pb*) Pseudomonas sp. ZN-12 (Zn*") % Induction vs. control

0 (Control) 124 +1.22 15.1+1.52 -
50 24,6 +2.1° 23.8+1.9° +98.4/+57.6
100 33.5+£2.5¢ 31.4£2.3° +170.2 /+108.0
200 38.7+2.8¢ 352+2.14 +212.1/+133.1

Enzyme kinetic analysis under 100 mg/L metal stress revealed markedly enhanced substrate affinity relative
to non-stressed controls (Table 4). K, values decreased to 2.14 and 3.87 mM H,O, for PB-07 and ZN-12,
respectively (versus 5.20 mM in controls), while Vi increased to 52.6 and 44.1 pmol/min/mg (versus
28.4 pmol/min/mg), indicating both higher affinity and greater catalytic capacity under metal stress.

Table 4. Michaelis-Menten kinetic parameters of peroxidase from Bacillus sp. PB-07 (Pb stress) and Pseudomonas sp.
ZN-12 (Zn stress) at 100 mg/L metal. Values estimated by nonlinear regression (95% CI in parentheses)

Parameter Bacillus sp. PB-07 Pseudomonas sp. ZN-12 Non-stressed control
K (mM H20») 2.14 (1.87-2.41) 3.87 (3.52-4.22) 520+0.38
Vinax (Lmol/min/mg) 52.6 (49.1-56.1) 44.1 (41.3-46.9) 284+2.1
Keat (s71) 31.6 26.5 17.1

R? (model fit) 0.993 0.989 N/A
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3.3. Metal Removal Efficiency and Sorption Modelling

Resting cells of Bacillus sp. PB-07 removed 78.4 + 3.2% Pb** from 100 mg/L within 48 h, with 52.6%
removed in the first 12 h. Pseudomonas sp. ZN-12 removed 65.2 + 2.9% Zn** (41.3% in 12 h). Metal concen-
trations in abiotic controls decreased by < 2%, confirming biological mediation. A significant increase oc-
curred between 12 and 24 h (p < 0.01) with no significant additional removal between 36 and 48 h, indicating

approach to equilibrium. Sorption kinetics and equilibrium isotherm parameters are summarized in Tables 5
and 6.

Table 5. Sorption kinetic parameters for Pb*" (Bacillus sp. PB-07) and Zn*" (Pseudomonas sp. ZN-12) at 100 mg/L,
pH 6.5, 30 °C. Best-fit model indicated by highest R?

Model / Parameter Bacillus sp. PB-07 (Pb) Pseudomonas sp. ZN-12 (Zn) Unit
Pseudo-1st-order k; 0.083 0.071 h!
e (calc.) 67.4 54.8 mg/g
R? 0.941 0.927 -
Pseudo-2nd-order k; * 0.0024 0.0019 g/mg-h
qe (calc.) * 82.6 69.4 mg/g
R? * 0.997 0.994 -
Intraparticle diff. k; 3.42 2.87 mg/g-h%3
R? 0.876 0.862 -

* Best-fit model (highest R?).

Table 6. Langmuir and Freundlich isotherm parameters (pH 6.5, 30°C, 48 h; initial concentration range 25-500 mg/L)

Model / Parameter Bacillus sp. PB-07 (Pb) Pseudomonas sp. ZN-12 (Zn) Unit
Langmuir gmax * 89.3 71.6 mg/g
Langmuir K * 0.082 0.064 L/mg

Ry (separation factor) * 0.11 (favorable)

0.14 (favorable)

R? * 0.992 0.988 —
Freundlich K 14.7 11.2 (mg/g)(L/mg)'"
Freundlich 1/n 0.31 0.38 -
R? 0.961 0.953 -

* Best-fit isotherm model.
3.4. Correlation Between Peroxidase Activity and Metal Removal

Pearson’s correlation analysis demonstrated a strong positive linear relationship between peroxidase specific
activity (24 h) and metal removal efficiency (48 h): r = 0.96 (R? = 0.92; 95% CI: 0.89-0.99; p < 0.001) for
Bacillus sp. PB-07 and Pb*"; r = 0.94 (R? = 0.88; 95% CI: 0.85-0.97; p < 0.001) for Pseudomonas sp. ZN-12 and
Zn**. Regression equations: Removal (Pb) = 1.72 x [POD] + 14.8; Removal (Zn) = 1.53 x [POD] + 12.6.

3.5. FTIR Analysis of Metal-Biomass Interactions

FTIR spectra of metal-loaded biomass showed characteristic shifts relative to controls, confirming multi-site
surface complexation. In Bacillus sp. PB-07 (Pb*" exposure): O—H/N-H stretch (3418 — 3394 cm™), amide I
(1652 — 1639 cm™), amide II (1544 — 1531 cm™), carboxylate symmetric stretch (1402 — 1384 cm™), and
P-O stretch (1080 — 1063 cm™). In Pseudomonas sp. ZN-12, analogous shifts were observed with additional
sulfate group displacement (1240 — 1226 cm™). These findings are consistent with multidentate metal coor-
dination by bacterial exopolymers (Das et al., 2007; Zafar et al., 2025).
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3.6. SEM-EDX Analysis

SEM micrographs of metal-exposed cells showed surface roughening, cell aggregation, and discrete elec-
tron-dense surface precipitates relative to controls. EDX spectra confirmed Pb La (10.55 keV) and Zn Ka
(8.63 keV) peaks on metal-treated cells. Quantitative EDX of > 5 randomly selected cells yielded surface ac-
cumulations of 8.4 £ 0.9% Pb and 6.7 = 0.8% Zn by dry weight in Bacillus sp. PB-07 and Pseudomonas
sp. ZN-12, respectively; no detectable metal was observed in control cells (Banerjee et al., 2015).

3.7. Peroxidase Gene Expression Under Metal Stress

RT-qPCR screening revealed significant transcriptional upregulation of all three peroxidase-related genes
in both isolates under 100 mg/L metal stress (Table 7). In Bacillus sp. PB-07, ahpC showed the highest induc-
tion (6.2 £ 0.8-fold), followed by katE (4.8 £ 0.6-fold) and bcp (3.4 = 0.4-fold). In Pseudomonas sp. ZN-12,
induction ratios were 5.1 £ 0.7-fold (ahpC), 3.6 = 0.5-fold (katE), and 2.9 £ 0.3-fold (bcp). Fold-change values
for all three genes are given in Table 7.

Table 7. Relative fold-change (2-AACt method) in peroxidase-related gene expression in both isolates exposed to 100 mg/L
metal for 4 h vs. control. Reference gene: gyrB. Mean + SD (n = 3). ** p <0.01 vs. control (Student t-test)

Bacillus sp. PB-07 Pseudomonas sp. ZN-12

Gene Encoded function (Pb) (Zn) Significance
katE Catalase-peroxidase (KatG) 48+0.6 3.6+£0.5 ok
ahpC Alkyl hydroperoxide reductase C 62+0.8 5.1+0.7 woE

bep Bacterioferritin comigratory protein 34404 204023 sk

(thiol-peroxidase)

4. Discussion

This study provides a multi-level mechanistic account of peroxidase-mediated heavy metal detoxification
by two indigenous bacterial isolates from heavily contaminated Iraqi soil. The exceptional MIC values rec-
orded for Bacillus sp. PB-07 (Pb: 18 mM) and Pseudomonas sp. ZN-12 (Zn: 8 mM) rank among the highest
reported for environmental isolates; for comparison, a Pb MIC of 20 mM was recorded for K. pneumoniae
PbS3A2 (Zafar et al., 2025), while Zn tolerance up to 3 mM was reported in P. putida KNUS (Hussein & Joo,
2013). The elevated tolerance of our strains likely reflects multi-generational selective pressure from the ex-
ceptionally high soil metal burden at the study site (Pb: 1,240 mg/kg; Zn: 680 mg/kg), exceeding WHO guide-
line values by 4.1- and 4.5-fold, respectively. Comparable multi-metal tolerance has recently been reported for
indigenous soil Pseudomonas strains (De Santis et al., 2025).

The concentration-dependent peroxidase induction, 212.1% in Bacillus sp. PB-07 and 133.1% in Pseudomo-
nas sp. ZN-12, is consistent with PerR- and OxyR-mediated transcriptional activation of peroxide-defense genes
(Storz & Imlay, 1999). The lower Km values observed under metal stress (2.14 and 3.87 mM vs. 5.20 mM
in non-stressed controls) indicate that metal exposure enhances H>O, substrate affinity, possibly through in-
duction of a higher-affinity peroxidase isoform, analogous to the metal-induced ascorbate peroxidase isoforms
reported previously (Hussein & Joo, 2013). The higher Vmax values under stress (52.6 and 44.1 vs. 28.4
pmol/min/mg) reflect increased enzyme abundance consistent with the RT-qPCR upregulation of ahpC and
katE identified in this study. The dominant AhpC induction is particularly significant, as AhpC has the highest
catalytic efficiency for sub-micromolar H,O; of any bacterial peroxidase (Nobrega & Pauleta, 2019), position-
ing it as the primary first responder to metal-induced oxidative bursts. The dominant a4pC induction recorded
here suggests that the AhpC/AhpF two-component reductase system is the primary enzymatic response to
metal-induced H,O» accumulation, consistent with published data for B. subtilis and P. aeruginosa (Nobrega
& Pauleta, 2019; Storz & Imlay, 1999) and with the metal-responsive behaviour of the PerR regulon described
recently (Kandari & Joshi, 2025). A comparable multimodal regulatory response to metal stress has been char-
acterised in Pseudomonas aeruginosa strain CD3 (Chatterjee et al., 2024).

The pseudo-second-order kinetic model (R2 > 0.994) best described the biosorption time-course, indicating
that chemisorption, involving electron sharing between metal ions and surface ligands, governs the rate-limit-
ing step rather than simple film diffusion (Volesky, 2007). The favorable RL values (0.11-0.14) from Lang-
muir fitting confirm energetically favorable monolayer deposition of the metal. The maximum sorption capac-
ities (gmax: 89.3 mg/g Pb; 71.6 mg/g Zn) exceed those of many published biosorbents, including raw algal
biomass (47-68 mg/g) and agricultural residue-based materials (30—60 mg/g) (Fu & Wang, 2011; Volesky,
2007), underscoring the practical potential of these isolates. The capacities reported here are also competitive
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with those of recent bacterial biosorbents evaluated for Pb(Il) and Zn(II) under comparable conditions (Ah-
mady-Asbchin et al., 2024; Kumari et al., 2023).

The very strong Pearson’s correlation between peroxidase activity and metal removal (r = 0.94-0.96;
R?=0.88-0.92; p < 0.001) provides the most compelling quantitative evidence to date that peroxidase induc-
tion is mechanistically coupled to metal removal capacity. These highly significant correlations implicate pe-
roxidase activity as a functional determinant of metal detoxification capacity (Koua et al., 2009; Patil et al.,
2025). We propose that peroxidase contributes to metal removal through three synergistic pathways: (i) direct
oxidation of Pb*" by KatG compound I/II cycling to form insoluble PbO,-type surface precipitates (Koua et al.,
2009); (ii) peroxidase-catalyzed phenolic cross-linking of exopolysaccharide that sterically immobilizes metal
ions at the cell envelope; and (iii) H,O» detoxification by AhpC that preserves the functional integrity of Pb/Zn
efflux ATPases and metallothionein biosynthesis, amplifying parallel resistance mechanisms (Twala et al., 2020).
Taken together, the concordance among gene upregulation, elevated enzyme-specific activity, and high metal
removal efficiency establishes a coherent enzymatic framework for peroxidase-mediated bioremediation.

FTIR evidence for carboxylate, phosphate, amide, and hydroxyl group involvement in metal coordination,
combined with SEM-EDX quantification of surface-deposited metal (8.4% Pb; 6.7% Zn by weight), confirms
that the cell surface is the primary accumulation site in resting-cell assays. The multiple functional group
displacements observed indicate multidentate coordination, which confers thermodynamically favorable Lang-
muir isotherms and high gmax values. Notably, the additional sulfate group shift (1240 — 1226 cm™) observed
in Pseudomonas sp. ZN-12 under Zn** exposure has not been previously reported for this species and warrants
further investigation using X-ray photoelectron spectroscopy.

Several limitations of the present study warrant acknowledgement. Resting-cell assays may underrepresent
the full detoxification capacity of actively growing cultures where metabolically active efflux and sequestra-
tion pathways are operative. Monocontaminant assay conditions do not reflect the competitive binding dynam-
ics of real contaminated matrices. The RT-qPCR gene expression data represent a candidate-gene screen and
should be validated by whole-transcriptome RNA-seq and nano-LC-MS/MS proteomics. Finally, pilot-scale
in situ trials using actual contaminated soil from Wasit Governorate — including multi-metal and organic co-
contaminant matrices — are necessary to translate laboratory findings to field-applicable bioremediation or
bioaugmentation strategies (Kumar et al., 2015). Future work should also explore immobilization of purified
peroxidase on inert supports for continuous-flow treatment systems (Twala et al., 2020).

5. Conclusions

This study provides the first integrated enzymatic, kinetic, and transcriptomic account of peroxidase-medi-
ated heavy metal bioremediation by indigenous bacteria from contaminated Iraqi soil. Bacillus sp. PB-07 and
Pseudomonas sp. ZN-12 demonstrated outstanding MIC values (18 mM Pb; 8 mM Zn), robust peroxidase
induction (up to 212%), and superior metal sorption capacities (gmax up to 89.3 mg/g) following pseudo-sec-
ond-order kinetics and Langmuir equilibria. The strong correlation between peroxidase activity and metal re-
moval (r>0.94; p <0.001), supported by concordant upregulation of aipC, katE, and bcp at the transcriptional
level, provides compelling evidence for a direct enzymatic mechanism linking oxidative stress responses to
metal detoxification. These findings contribute foundational mechanistic knowledge for the rational engineer-
ing of enzyme-augmented bioremediation systems for Pb- and Zn-contaminated environments.
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