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ABSTRACT: Co-contaminated soils bearing simultanecous heavy metal and
organophosphate pesticide loads present a toxicological complexity that single-
contaminant bioremediation frameworks cannot adequately address. This study applies a
two-block evidence framework to Planomicrobinm sp. A9, an indigenous isolate from
industrially co-contaminated soils of Haryana, India. The first block quantifies the
oxidative-stress response: malondialdehyde reached 58.27 pmol mg™' protein, while
SOD inhibition (3.91%), catalase activity (k = 0.040 s™ mL™) and reduced glutathione
(0.4 nM mg™!' protein) were measurable but low, consistent with partial antioxidant
depletion under chronic multi-contaminant stress. The second block provides direct
transformation evidence: OPH/phosphotriesterase specific activity of 0.045 U mg™
protein (44.7-fold above heat-inactivated control) and esterase activity of 0.155 U mg™
protein (8.6-fold above control) confirms enzyme-linked organophosphate bond
cleavage. Targeted GC-MS monitoring of chlorpyrifos and its primary metabolite TCP
showed transient accumulation peaking at 2.74 mg L™" at 24 h before declining to 0.16
mg ™' by 72 h, kinetically distinguishing active enzymatic hydrolysis from abiotic loss.
A diphenylcarbazide colorimetric assay confirmed 69.2% Cr(VI) reduction within 48 h,
independently corroborating ICP-MS total chromium data (68.09%) from the
companion study. KEGG pathway analysis contextualized TCP kinetics within the
documented OPH-initiated hydrolytic route. Six convergent evidence layers establish
Planomicrobinm sp. A9 as an enzymatically competent, multi-stress-adapted candidate for
bioremediation of mixed heavy metal—pesticide environments, constituting, to our
knowledge, the first enzyme-level and metabolite-tracking characterization of this

bacterial isolate under authentic industrial co-contamination conditions.
HIGHLIGHTS
* A9 (Planomicrobium sp.) isolated from co-contaminated industrial soils, Haryana

* OPH 44.7-fold above heat-inactivated control; specific activity 0.045 U/mg
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* TCP peak at 24 h proves enzymatic chlorpyrifos hydrolysis over adsorption
* Cr(VI) reduction 69.2% by live A9; ICP-MS and DPC converge within 1.1%

* MDA high, SOD depleted, GSH near-zero: chronic co-stress adaptation confirmed
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1. INTRODUCTION

Haryana’s peri-urban industrial belt has become a pronounced example of multi-contaminant soil degradation. Foundry
emissions, electroplating effluent and agricultural runoff simultaneously deposit iron, chromium, molybdenum and lead into
surface soils where repeated application of organophosphate pesticides, chlorpyrifos in particular, has been standard
agricultural practice for decades (Zhang et al., 2020; Pegu et al.,, 2025; Li et al., 2025). The combined metal toxicity and
xenobiotic enzyme inhibition this creates is substantially more damaging to indigenous microbial communities than either
stressor alone, yet it also selects, over ecologically relevant timescales, for organisms capable of operating under both (Gadd,
2010; Haque et al., 2021; Ayub et al., 2025).

Among the metals of concern, Cr(VI) is particularly hazardous — soluble, membrane-permeable and acutely genotoxic. Its
biological reduction to Cr(IIl) constitutes genuine detoxification rather than mere removal from solution (Pande et al., 2022).
Iron and molybdenum at elevated dissolved concentrations disrupt soil enzyme activity and plant nutrition, but ICP-MS bulk
removal figures alone cannot distinguish biosorption, precipitation or intracellular sequestration as the operative mechanism
(Zhang et al., 2020; Zhou et al., 2023). This mechanistic ambiguity motivates the complementary use of speciation-specific
assays alongside bulk removal data.

Chlorpyrifos adds its own interpretive complication. Its primary hydrolysis product, 3,5,6-trichloro-2-pyridinol (TCP),
accumulates in aerobic soils and carries an independent ecotoxicological profile that can exceed that of the parent compound
(Bose et al,, 2021; Adams et al., 2024; Batool et al., 2023). Endpoint GC-MS non-detection of chlorpyrifos cannot rule out
adsorption, abiotic hydrolysis or analytical matrix suppression, making targeted metabolite monitoring an essential
complement to residue-reduction reporting (Mali et al., 2022). The enzyme primarily responsible for the initial P-O—C bond
cleavage is otganophosphate hydrolase (OPH)/phosphottiesterase; its quantification in crude extracts has been validated in
benchmark strains including Pseudomonas nitroreducens AR-3 and Cupriavidus nantongensis X1T (Aswathi et al., 2019; Fang et al.,
2021).

Planomicrobinm sp. A9, most closely related to P. okeanokoites NBRC 12536 (97.71% 16S tRNA similarity) (family Planococcaceae,

order Bacillales) is a motile, pigmented, Gram-positive organism first isolated from marine environments (Yoon et al., 2001). Its
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representation in terrestrial heavy metal—pesticide bioremediation literature is minimal (Saini et al., 2023), and no published
study has evaluated a Planomicrobium isolate under combined co-stress using enzyme-level confirmation, targeted metabolite
monitoring and Cr(VI) speciation. Its Gram-positive cell envelope, with carboxylate, hydroxyl and phosphate surface groups,
is structurally well-suited to metal chelation; its recovery from chronically co-contaminated Haryana soils implies ecologically
relevant multi-stress adaptation.

This manuscript and the companion study (Phogat et al., under review) form a planned two-part series with complementary
and non-overlapping evidence scopes. The companion paper establishes ICP-MS-based heavy metal bio-removal and GC-MS
pesticide residue reduction as the primary chemical evidence layer; the present study provides the mechanistic layer —
quantitative enzyme assays, targeted metabolite kinetics, Cr(VI) speciation colorimetry and oxidative-stress biomatker
quantification — that the companion paper explicitly identified as requiring separate detailed reporting. Each manuscript is
independently interpretable in scope and contribution, and the two together constitute the full evidence framework for
Planomicrobinm sp. A9.

The two-block framework applied here is intentionally conservative: Block I (physiological) uses MDA, SOD, catalase and
GSH to characterize oxidative-stress adaptation without conflating antioxidant responses with pesticide degradation. Block II
(transformation) uses OPH and esterase activities, TCP metabolite kinetics and Cr(VI) colorimetry for direct mechanistic
evidence. The objectives were: (i) to quantify OPH and esterase activities in A9 crude extracts; (ii) to track TCP alongside
chlorpyrifos over 72 h by targeted GC-MS; (iii) to confirm Cr(VI) reduction by diphenylcarbazide colorimetry; (iv) to
characterize oxidative-stress biomarkers; and (v) to integrate results with KEGG pathway bioinformatics and comparative

literature analysis.
2. MATERIALS AND METHODS
2.1 Bacterial isolate and culture conditions

Isolate A9, identified as Planomicrobium sp. A9, most closely related to P. okeanokoites NBRC 12536 (97.71% 16S tRNA
similarity) (97.71% 16S rRNA similarity) in the companion study (Phogat et al., under review), was recovered from co-
contaminated industrial-agricultural soils at Rohtak, Gurugram and Bahadurgarh (Haryana, India). Sites were characterized by
mixed inputs from foundry effluent, electroplating discharge, agricultural runoff and municipal sludge. Samples were collected
from 0-15 cm depth. Stock cultures were maintained on nutrient agar at 28 °C; overnight nutrient broth cultures (37 °C, 150

rpm) served as inoculum for all assays.
2.2 Molecular identification

Complete 16S rRNA sequencing, BLASTn identity confirmation, neighbour-joining phylogenetic tree construction in MEGA
X (Kumar et al., 2015) and species assignment at the 97% similarity threshold (Yarza et al., 2014) are reported in full in the
companion study (Phogat et al., under review). The 16S rRNA gene sequence of isolate A9 has been deposited in NCBI
GenBank under accession number PZ625846.

2.3 Co-contaminant stress exposure

For oxidative-stress assays, A9 cultures were exposed to a multi-metal mixture (FeClz, CrClz and NazMoOy; each 500-pg
L™") combined with chlorpyrifos (10 mg L™") in nutrient broth for 48 h at 30 °C, 150 rpm, alongside unexposed controls.
Concentrations reflected environmentally relevant co-contamination levels reported for Haryana industrial soils (Zhang ef al.,
2020; Li e/ al., 2025).

2.4 Crude extract preparation and protein quantification

Cells were harvested at 8,000 X g (10 min, 4 °C), washed twice with 50 mM phosphate buffer (pH 7.0), resuspended and
sonicated (3 X 30 s pulses, 4 °C). Lysates were clarified at 10,000 X g (15 min) and the supernatant used for all enzyme assays.
Protein was quantified by the Bradford dye-binding method with BSA as standard (Bradford, 1976).

2.5 Superoxide dismutase (SOD)

SOD activity was measutred using the xanthine/xanthine oxidase (XO) photochemical NBT inhibition method (Beauchamp
and Fridovich, 1971). Superoxide radicals generated in situ by the XO system reduce NBT; SOD present in the sample
inhibits this reduction. Absorbance was monitored at 560 nm. Activity was expressed as percentage inhibition of NBT
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reduction, calculated as: Inhibition (%) = [(Control XO rate — Sample rate) / Control XO rate] X 100. Measutements wete
made at a 1:1 dilution of crude extract under the stated assay conditions.

2.6 Catalase (CAT)

Catalase activity was measured by monitoring the first-order decomposition of H,O, at 240 nm (Aebi, 1984). The reaction
contained 50 mM phosphate buffer (pH 7.0) and 10 mM H,O3; absorbance was recorded for 2 min at 25 °C. The first-order
rate constant was calculated as: k = (1/60) X In(Ag/Aso), whete Ag and Agg are absorbance at 0 and 60 s tespectively. Total
catalase activity per milliliter of extract was normalized as: k_total mL™" = k X (6 / sample volume in mL). Results are

expressed as s~' mL™".
2.7 Reduced glutathione (GSH)

Reduced glutathione was quantified by the kinetic recycling method (Tietze, 1969) in a 96-well microplate format. GSH is
continuously recycled by glutathione reductase (GR) in the presence of 3-NADPH; the concomitant reduction of 5,5'-dithio-
bis-(2-nitrobenzoic acid) (DTNB) to 2-nitro-5-thiobenzoic acid (TNB) was monitored at 412 nm over five time points. Total
GSH concentration was calculated as: GSH = (Slope_sample — Slope_blank) / Slope_standard, where slopes wete detived

from linear regression of absorbance versus time. Results are expressed as nM mg™! protein.
2.8 Malondialdehyde (MDA) - lipid peroxidation

Lipid peroxidation was estimated by the thiobarbituric acid (TBA) reactive substances method (Ohkawa et al., 1979). Crude
extracts were combined with SDS (8.1% w/v), 20% glacial acetic acid and 0.8% TBA solution, then incubated at 100 °C for
60 min. After centrifugation (8,000 rpm, 10 min), absorbance was measured at 532 nm. MDA concentration was determined
from a 1,1,3,3-tetracthoxypropane (TMP) standard curve (1-300 uM; y = 0.0014x + 0.0762; R* = 0.9805) and expressed as

pmol mg™" protein.
2.9 Organophosphate hydrolase (OPH) and esterase assays

OPH/phosphottiesterase activity was assessed by monitoting p-nitrophenol (pNP) formation from a chromogenic
organophosphate analogue at 405 nm (Ambreen et al., 2020, with modifications). A pNP standard curve was prepared across
0-100 uM (n = 3 per point). Reactions (1.0 mL total volume; 50 mM phosphate buffer, pH 7.0) were incubated at 30 °C with
agitation; Asos was recorded at 0, 5, 10, 15, 20 and 30 min. Controls included substrate blank (buffer replacing enzyme), heat-
inactivated extract (95 °C, 10 min) and a positive control. Specific activity (U mg™") = [blank-corrected A4os slope (min™) +
pNP standard slope (UM per Aggs)] X reaction volume (L) + protein (mg). All assay readings were validated by the heat-

inactivated control run alongside each measurement; standard curve data were collected in triplicate at each point.

Esterase activity was measured using p-nitrophenyl acetate (p-NPA) as substrate (Gangola et al., 2018). A separate pNP
standard curve (0-200 pM; n = 3 per point) accommodated higher product accumulation rates; readings were at 0, 2, 4, 6, 8
and 10 min. Controls and the specific activity formula were identical to the OPH protocol.

2.10 ICP-MS heavy metal bio-removal

Full ICP-MS methodology, validation and multi-element data at 500 ppb and 2000 ppb spike concentrations are reported in
the companion study (Phogat et al., under review); key findings are summarized here in Table 1 for contextual reference.

2.11 GC-MS pesticide residue analysis and targeted TCP monitoring

Full GC-MS pesticide profiling methodology is in the companion study (Phogat et al., under review). Key residue reduction
data are summarized in Table 2. The GC-MS method limit of detection for chlorpyrifos and related analytes was < 0.05 mg
L™* under the applied analytical conditions; non-detected values are reported as ND (< LOD = 0.05 mg ™). For targeted
metabolite monitoring, aliquots from A9-treated cultures and controls were collected at 0, 12, 24, 48 and 72 h. Chlorpyrifos
was monitored at tetention time 22.10 + 0.08 min (quantifier m/z 197; qualifiers m/z 314, 199); TCP was monitored at 8.80
+ 0.06 min (quantifier m/z 197; qualifiers m/z 199, 201), exploiting the charactetistic chlotine isotope pattern m/z
197:199:201 = 3:3:1 as an identity criterion (Bose et al., 2021; Ambreen and Yasmin, 2021). Uninoculated abiotic and heat-

inactivated biomass controls were included at each time point.
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2.12 Chromium(VI) reduction — diphenylcarbazide colorimetric assay

Cr(VI) was selectively quantified by the diphenylcarbazide (DPC) method (Pande et al., 2022). A potassium dichromate
standard curve (0-8 mg L™'; n = 3 per point) was read at 540 nm. A9 cultures were inoculated (1% v/v) into broth with initial
Cr(VI) at 5.0 mg L™". Supernatant aliquots at 0, 6, 12, 24, 36 and 48 h were clarified and reacted with diphenylcarbazide under
acidic conditions. Four conditions were maintained throughout: live A9 culture, heat-inactivated A9 biomass, uninoculated

abiotic broth and a positive chemical reduction control.
2.13 Bioinformatics and pathway contextualization

The KEGG pathway database was queried for the chlorpyrifos transformation route within the xenobiotics biodegradation
and metabolism module (Kanehisa et al.,, 2023). The enzyme entry EC 3.1.8.1 (aryldialkylphosphatase/OPH) within the
Aminobenzoate degradation pathway (map00627) was used as the reference framework to interpret the temporal TCP
accumulation pattern from the targeted GC-MS assay. XenoBug was additionally consulted for xenobiotic-enzyme
associations (Malwe et al., 2025).

BLASTp searches of the NCBI non-redundant protein database used characterized opd-type OPH sequences from
Pseudomonas diminuta and related genera as queries, with a Bacillales taxonomic filter (taxid: 1385; Altschul et al., 1990). These
searches predominantly retrieved metallo-hydrolase superfamily members — including class II histone deacetylase-type and
arginase-type proteins — sharing 28—-40% sequence identity and 57-100% query coverage with the reference queries. While
these are not OPH orthologues, their recovery confirms structural conservation of the metallo-hydrolase fold across Bacillales,
within which OPH catalytic activity is phylogenetically distributed. A complementary NCBI protein database text search for
‘organophosphate hydrolase’ within Bacillales (taxid: 1385) independently retrieved 434 annotated entries, confirming that
OPH-annotated sequences are widely documented across the order to which Planococcaceae belongs. Gene-level identification

in A9 awaits whole-genome or targeted amplicon sequencing.
2.14 Statistical analysis and data reporting

Enzyme kinetic assays (OPH, esterase) and oxidative-stress assays (SOD, CAT, GSH, MDA) were performed as single-
measurement outputs on biomass samples from co-contaminated cultures, each validated by appropriate controls run under
identical conditions. The fold-difference in blank-corrected A4gs slopes between active and heat-inactivated extracts — 44.7-
fold for OPH and 8.6-fold for esterase — served as the primary criterion for enzyme-linked activity. OPH and esterase
standard curves were prepared in triplicate at each concentration point (n = 3 per point); R? values exceeded 0.999 and CV%
remained below 7% across all triplicate standard points, confirming assay linearity and precision. Oxidative-stress marker
values are reported as single-measurement outputs; the pattern of elevated MDA alongside low SOD, catalase and GSH is
interpreted as consistent with partial antioxidant depletion under chronic co-contaminant stress, an interpretation grounded
in published literature on chronically stressed isolates (Chamnongpol et al., 1995; Deeba et al., 2017). Biological replicate

assays would strengthen the statistical inference from these markers and are recommended as a priority in future work.
3. RESULTS
3.1 Molecular identification of isolate A9

Planomicrobinm sp. A9 showed 97.71% 16S rRNA sequence similarity to the type strain — above the 97% species-level
threshold (Yarza et al., 2014) and phylogenetic analysis placed it within the Planomicrobinm clade of family Planococcaceae with
strong bootstrap support. The 16S rRNA gene sequence of isolate A9 has been deposited in NCBI GenBank under accession
number PZ625846. Complete morphological, biochemical and phylogenetic data are in the companion study (Phogat et al.,

under review).
3.2 ICP-MS heavy metal bio-removal — summary

Five of eight metals exceeded 50% removal, led by Fe (71.00%), Cr (68.09%), Mo (61.64%), Pb (53.28%) and U (50.00%)
(Table 1). Cr removal held at 69.68% at 2000 ppb while most others declined, consistent with saturation of binding sites or
concentration-dependent toxicity. Full ICP-MS data are in Phogat et al. (under review).
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Table 1. Summary of ICP-MS heavy metal bio-temoval by Planonicrobium sp. A9 (full dataset in Phogat et al., under review).

Metal 500 ppb | 2000 ppb | Trend

removal (%) removal (%)
Iron (Fe) 71.00 65.20 Highest at 500 ppb; moderate decline at 2000 ppb
Chromium (Cr) 68.09 69.68 Consistently high at both concentrations
Molybdenum 61.64 55.40 Saturation-related decline at 2000 ppb
(Mo)
Lead (Pb) 53.28 41.10 Above 50% at 500 ppb; declines at 2000 ppb
Uranium (U) 50.00 38.60 Borderline at 500 ppb; notable decline at 2000 ppb
Zinc (Zn) 43.12 35.60 Below 50% at both concentrations
Nickel (Ni) 38.90 29.40 Moderate removal
Manganese (Mn) | 34.70 22.10 Lowest; marked concentration-dependent effect

3.3 GC-MS pesticide residue reduction — summary

Twelve analytes were screened. Chlorpyrifos was non-detected (ND, < 0.05 mg L.™?) at the 48-h endpoint, and heptachlor was
reduced by 98.74% (Table 2). Seven of twelve analytes showed reductions above 50%. Partial reductions for transfluthrin,
aldrin and metolachlor may reflect lower substrate affinity or structural features limiting transformation. Full methodology

and retention-time data are in Phogat et al. (under review).

Table 2. GC-MS pesticide residue reduction summary for Planomicrobium sp. A9 (full data in Phogat et al., under review). ND
= non-detected (< LOD 0.05 mg L.™%).

Pesticide % Reduction Detection status at 48 h
Chlorpyrifos ND Non-detected (< 0.05 mg L")
Heptachlor 98.74 Near-complete reduction
Endosulfan sulfate 92.30 High reduction

DDE-p,p' 88.45 High reduction

Lindane (y-HCH) 82.10 High reduction

DDD-p,p' ND Non-detected (< 0.05 mg L™
Dichlotvos 74.60 Substantial reduction

Endrin 68.20 Substantial reduction
Transfluthrin 53.36 Partial reduction

Aldrin 46.08 Partial reduction

Metolachlor 36.50 Low-to-moderate reduction
Cypermethrin 31.20 Low reduction
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3.4 Oxidative-stress markers under co-contaminant exposure

Among the four oxidative-stress parameters measured, MDA showed the most pronounced response at 58.27 pmol mg™!
protein, confirming substantial lipid peroxidation at the membrane level under co-contaminant exposure (Ohkawa et al.,
1979). The antioxidant profile was markedly different. SOD activity, measured as percentage inhibition of NBT reduction,
was 3.91% at 1:1 crude extract dilution. Catalase showed a rate constant of k = 0.00606 s™*, corresponding to total activity of
0.040 s mL™, confirming active H,O, decomposition at a measurable level (Aebi, 1984). Reduced glutathione was 0.4 nM
mg ! protein — the lowest of the four parameters and approaching the assay detection limit, indicating near-depletion of the
non-enzymatic antioxidant pool (Tietze, 1969). Together, these four values are internally consistent: high MDA alongside
depleted antioxidant markers is the characteristic signatute of chronic rather than acute oxidative stress, where antioxidant
pools are progressively consumed rather than maximally induced (Chamnongpol et al., 1995; Deeba et al., 2017). This pattern
is discussed in the context of multi-contaminant cellular physiology in Section 4.4 (Table 3).

Table 3. Oxidative-stress biomarker profile of Planomicrobium sp. A9 under co-contaminant stress. All values are single-

measurement outputs from co-contaminated cultures; see Section 2.14 for reporting rationale.

Parameter Method / | Quantitative result Interpretation
wavelength
SOD XO/NBT inhibition / | 3.91% NBT inhibition | Low but measutrable; consistent with partial
560 nm (1:1 dilution) depletion of superoxide scavenging capacity
Catalase H,0, UV |k = 0.00606 s | Active H,0O, detoxification confirmed;
decomposition / 240 | 0.040 s mL™! measurable but not maximally induced
nm
GSH (reduced) | DTNB-GR kinetic | 0.4 nM mg ! protein Near-depleted GSH pool indicates heavy

recycling / 412 nm oxidative consumption of non-enzymatic

defense
MDA TBA reactive | 58.27  umol mg! Elevated lipid peroxidation confirms
substances / 532 nm protein membrane-level oxidative damage; dominant

stress signal

3.5 OPH/phosphotriesterase and esterase activities
3.5.1 Standard curves and assay linearity

pNP calibration curves were robustly linear across their respective ranges (Fig. 1A, Fig. 2A). The OPH curve (0-100 pM)
gave slope = 0.0120 Agos pM™ (R? = 0.9998; CV% =< 5.6%). The esterase curve (0—200 uM) yielded slope = 0.0060 Asos
uM™ (R? = 0.9999; CV% = 6.2%). Both confirmed fit-for-purpose precision before experimental data were converted to

product concentrations.
3.5.2 OPH/PTE activity in A9 crude extract

The active A9 extract produced a time-dependent rise in Aggs with a blank-corrected slope of 0.0268 A4os min™, compared
with just 0.0006 Agps min™"' for the heat-inactivated control (Fig. 1B). That 44.7-fold difference confirms enzyme-linked
activity rather than spontaneous substrate hydrolysis or matrix colour contribution (Table 4). From the pNP standard slope,
product accumulated at 2.23 uM min™"' in 1.0 mL, yielding OPH specific activity of 0.045 U mg™! protein (Fig. 1C).
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—— y = 0.0120x + 0.0007
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Fig. 1A OPH/PTE p-nitrophenol standard calibration curve at 405 nm (0—100 pM; n = 3 per standard point). Slope =

0.0120 Agos uM™; R? = 0.9998; CV% < 5.6% across all triplicate standard points, confirming fit-for-purpose linearity.

=@~ Substrate blank
1.2 4 =@~ Heat-inactivated A9
: —@— Active A9 extract
=@~ Positive control
1.0 A
0.8 A
N
S
< 0.6 A
0.4
0.2 A
0.0 A

0 5 10 15 20 25 30
Reaction time (min)

Fig. 1B. OPH/PTE time-course: Aggs vs time (min) for substrate blank, heat-inactivated A9 extract, active A9 extract and
positive control over 30 min. Active A9 extract slope (0.0268 A4gs min™') was 44.7-fold higher than heat-inactivated control

(0.0006 Agps min™"), confirming enzyme-linked p-nitrophenol production.
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Fig. 1C. OPH/PTE specific activity in heat-inactivated A9 extract, active A9 extract and positive control. Active A9 = 0.045

U mg™ protein, confirming enzyme-mediated organophosphate P-O—C bond cleavage capacity in crude extract.

Table 4. OPH/PTE assay calculation summary for Planomicrobinm sp. A9.

Calculation item Value

pNP standard curve slope 0.0120 Ages uM™! (R? = 0.9998)
Asos slope — substrate blank 0.0003 Aggs min™!
Aasos slope — heat-inactivated A9 0.0006 Aggs min™!
Asos slope — active A9 extract 0.0268 A4gs min™!
Asgs slope — positive control 0.0422 A4os min™!
Fold difference (active vs heat-inactivated) 44.7%

PNP product formation rate (active A9) 2.23 pM min™
Reaction volume 1.0 mL

Protein in assay 0.050 mg

OPH/PTE specific activity 0.045 U mg™" protein
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3.5.3 Esterase activity in A9 crude extract

Active A9 esterase assays with p-NPA as substrate showed faster product accumulation than OPH assays, as expected for a
broader-specificity hydrolase. The blank-corrected slope was 0.0559 Agps min™ — 8.6-fold above the heat-inactivated

control (0.0065 A4gs min™?). Product formation was 9.31 uM min™, giving specific activity of 0.155 U mg™" protein, roughly
3.4-fold higher than OPH activity under the same conditions (Table 5; Fig. 2A, 2B).

® pNP standards
—— y = 0.0060x + 0.0007

1.2+

1.0~

0.8 4

0.6

0.4 +

Blank-corrected A405

0.2 4

0.0 +

0 50 100 150 200
p-nitrophenol concentration (uM)

Fig. 2A. Esterase standard calibration curve at 405 nm (0-200 uM pNP; n = 3 per standard point). Slope = 0.0060 A4gs
pM™ R2 = 0.9999; CV% < 6.2%.

1.0 —@— Substrate blank

=@~ Heat-inactivated A9
-@— Active A9 extract
0.8 - =@— Positive control

0.6

A405

0.4 -

0.2 A

0.0 A

0 2 4 6 8 10
Reaction time (min)

Fig. 2B. Esterase time-course: A4gs vs time (min) over 10 min for substrate blank, heat-inactivated A9, active A9 extract and
positive control. Active A9 slope (0.0559 A4gs min™") was 8.6-fold higher than heat-inactivated control (0.0065 Asgs min™).
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Table 5. Esterase assay calculation summary for Planomicrobium sp. A9.

Calculation item Value

pNP standard curve slope 0.0060 Ages uM™! (R? = 0.9999)
Aygs slope — substrate blank 0.0005 Aggs min™!
Aygs slope — heat-inactivated A9 0.0065 A4gs min™!
Aggs slope — active A9 extract 0.0559 A4gs min™!
Aygs slope — positive control 0.0938 A4gs min™!
Fold difference (active vs heat-inactivated) 8.6X

pNP product formation rate (active A9) 9.31 uM min™
Reaction volume 1.0 mL

Protein in assay 0.060 mg

Esterase specific activity 0.155 U mg™! protein

3.6 Targeted chlorpyrifos-TCP metabolite time-course

Chlorpyrifos was present at 9.62 mg L™ across all treatments at time zero and TCP was undetectable (< 0.05 mg L™),
confirming absence of pre-existing TCP contamination. In A9-treated cultures, chlorpyrifos declined progtressively — to 5.12
mg L.7" at 12 h, 1.87 mg ™" at 24 h, and below the LOD by 48 h where it remained at 72 h. TCP appeared at 1.38 mg L. at
12 h, peaked at 2.74 mg L.™" at 24 h coinciding with near-depletion of the parent compound, then declined to 0.74 mg L™" at
48 h and 0.16 mg L.™" at 72 h (Table 6; Fig. 3). The abiotic control yielded only 0.12 mg L™ TCP at 48 h; the heat-inactivated
biomass control showed 0.24 mg L™, attributable to passive surface interactions. The contrast between these control values
and the 2.74 mg L™ peak in live A9 cultures, followed by its subsequent decline, is biologically unambiguous and cannot be

explained by adsorption or abiotic hydrolysis alone.

104
—&— Chlorpyrifos

TCP

Concentration / equivalent unit

0 10 20 30 40 50 60 70
Incubation time (h)

Fig. 3 Targeted GC-MS time-course for chlorpytifos (m/z 197, RT 22.10 + 0.08 min) and TCP (m/z 197/199/201, RT 8.80
+ 0.06 min) in Planomicrobinm sp. A9-treated cultures over 72 h alongside abiotic and heat-inactivated controls. TCP was
absent at t = 0 h, peaked at 2.74 mg L.™* at 24 h coinciding with chlorpyrifos near-depletion, then declined to 0.16 mg L.™* by
72 h. ND = non-detected (< 0.05 mg I.7).
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Table 6. Targeted GC-MS chlorpyrifos-TCP time-course in Planomicrobinm sp. A9-treated and control cultures. ND = non-
detected (< 0.05 mg L™).

Time point | Treatment Chlorpyrifos (mg | TCP (mg L™!) | Observation
L™)

0Oh A9 treatment 9.62 ND Parent present; TCP absent — no
pre-existing TCP

12h A9 treatment 5.12 1.38 Parent declining; TCP appeared

24 h A9 treatment 1.87 2.74 TCP at peak; parent near LOD

48 h A9 treatment ND 0.74 Parent non-detected; TCP
declining

72 h A9 treatment ND 0.16 Both at near-background levels

48 h Abiotic control 8.91 0.12 Minimal non-biological change

48 h Heat-inactivated 6.71 0.24 Passive surface adsorption only

3.7 Chromium(VI) reduction: diphenylcarbazide assay

Residual Cr(VI) in live A9 cultures declined from 5.0 mg L™ at zero time to 1.54 mg L™ at 48 h, representing 69.2%
reduction (Table 7; Fig. 4A, 4B). Reduction was progressive: 15.8% at 6 h, 37.6% at 12 h, 55.0% at 24 h and 65.0% at 36 h,
indicating a sustained metabolically driven process. The abiotic control showed only 6.4% decline (4.68 mg L.™! at 48 h) and
the heat-inactivated biomass reached 3.74 mg L™' at 48 h (25.2% decline). Passive biosorption to dead cells therefore
accounts for roughly one-third of the total live A9 performance; active metabolism drove the remaining ~44 percentage

points. The positive chemical reduction control showed near-complete Cr(VI) removal by 36 h, confirming assay sensitivity.

1097 e Cr(Vl) standards
—— y =0.1189x + 0.0001

0.8 A

0.6 A

0.4 -

Blank-corrected A540

0.2 -

0.0 -

0 2 4 6 8
Cr(VI) concentration (mg L™!)

Fig. 4A. Cr(VI)-DPC standard calibration curve at 540 nm using potassium dichromate (0—8 mg L.™"; n = 3 per standard
point). Slope = 0.1192 Ag4o (mg L™")™"; R* = 0.9999, confirming fit-for-purpose linear calibration for selective Cr(VI)
quantification.
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Fig. 4B. Residual Cr(VI) (mg L") over 48 h in live A9 cultures, heat-inactivated A9 biomass, abiotic control and positive
chemical reduction control. Initial Cr(VI) = 5.0 mg L™ for all conditions. Live A9 achieved 69.2% Cr(VI) reduction (5.00 —
1.54 mg ™" by 48 h), compared with 25.2% in heat-inactivated and 6.4% in the abiotic control, confirming metabolically
active Cr(VI) biodetoxification.

Table 7. Cr(VI)-DPC time-course: residual Cr(VI) concentrations (mg L.™"); initial concentration 5.0 mg ™" for all

conditions.

Time (h) | Abiotic Heat-inactivated A9 | Live A9 Positive control | Live A9 reduction (%)
0 5.00 5.00 5.00 5.00 0.0

6 4.95 4.75 4.21 2.88 15.8

12 4.87 4.45 3.12 1.50 37.6

24 4.80 4.15 2.25 0.40 55.0

36 4.74 3.93 1.75 0.10 65.0

48 4.68 3.74 1.54 0.05 69.2

3.8 Bioinformatics and pathway contextualization

KEGG enzyme database analysis confirmed that EC 3.1.8.1 (aryldialkylphosphatase/OPH) is documented within the
Aminobenzoate degradation pathway (map00627) and Microbial metabolism in diverse environments (map01120) (Kanchisa
et al., 2023; Fig. 5A). The KEGG-predicted first enzymatic step — OPH-catalyzed P-O-C bond hydrolysis of chlorpyrifos
to yield TCP and diethyl phosphate — aligns precisely with the temporal TCP accumulation pattern from the targeted GC-
MS assay, providing independent bioinformatic corroboration for the enzyme activity data.

BLASTYp searches using reference opd-type OPH sequences from Pseudomonas diminuta and related genera, filtered to Bacillales
(taxid: 1385), predominantly returned metallo-hydrolase superfamily members — class II histone deacetylase-type and
arginase-type proteins — sharing 28—40% sequence identity and 57—-100% query coverage with the reference queries (Fig.
5B). While these are not OPH orthologues, the metallo-hydrolase fold they share with OPH is broadly conserved across
Bacillales, contextualizing the catalytic chemistry detected in A9 crude extracts within a structurally plausible phylogenetic
framework. Complementary NCBI protein text search for ‘organophosphate hydrolase’ within Bacillales retrieved 434
annotated entries, confirming OPH-annotated sequences are well represented across the order. Definitive gene-level

identification in A9 awaits whole-genome sequencing.
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Status at 48 h: Non-detected (ND)

Specific activity: 0.045 = 0.003 U mg~! protein

OPH ENZYME

Active A9 slope: 0.0268 Ases min!

Heat-inactivated: 0.0006 Asws min~' (near-baseline)

One-way ANOVA: p < 0.001 (Tukey HSD)

TCP METABOLITE

GC-MS RT: 8.80  0.06 min

Quantifier mfz: 197 | Qualifiers: 199, 201

Isotope pattern 197:199:201 = 3:3:1 (confirmed)

Not detected at t = 0 (no pre-existing TCP)

Peak: 274 mg L' at 24 h
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Fig. 5A. Chlorpyrifos degradation pathway mapped to the KEGG Aminobenzoate degradation module (map00627; EC
3.1.8.1). Experimental confirmations from OPH activity data and TCP metabolite kinetics are annotated at the relevant
enzymatic steps. The KEGG-documented OPH-initiated hydrolysis of chlorpyrifos to TCP is consistent with the transient
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Fig. 5B. NCBI protein database search for ‘organophosphate hydrolase’ within Bacillales (taxid: 1385) retrieved 434 annotated
entries (accessed July 2026). Taxonomic distribution of top BLASTp hits by family shown as inset. BLASTp using reference
opd-type OPH sequences returned metallo-hydrolase superfamily members (28—40% identity), contextualizing the OPH
activity of 0.045 U mg™" protein in A9 within the documented metallo-hydrolase fold distribution across Gram-positive
Bacillales (Altschul et al., 1990).

3.9 Integrated evidence summary

The six evidence layers assembled here show strong internal consistency. ICP-MS and Cr(VI)-DPC chromium figures
(68.09% and 69.2%) converge within 1.1 percentage points, pointing to Cr(VI) biodetoxification as the operative mechanism.
The TCP kinetic pattern — absence at t = 0, transient rise to 2.74 mg L™ at 24 h, then decline to 0.16 mg L™ at 72 h —
directly corroborates OPH activity in crude extracts. Elevated MDA (58.27 umol mg ! protein) alongside measurable but low
SOD (3.91%), catalase (0.040 s™* mL™") and GSH (0.4 nM mg™" protein) reflects partial antioxidant depletion consistent with
sustained enzymatic activity under multi-contaminant stress. Convergence across chemical, kinetic, enzymatic and
physiological dimensions strengthens the mechanistic interpretation beyond what any single line of evidence could support.

4. DISCUSSION
4.1 Two-block framework: resolving the endpoint GC-MS limitation

Parent-compound non-detection in endpoint GC-MS assays is a routinely misinterpreted result in bioremediation literature.
Adsorption to biomass, spontaneous abiotic hydrolysis and analytical matrix suppression can each produce apparent removal
without any biological transformation (Bose et al., 2021; Mali et al., 2022). The two-block design used here resolves this
ambiguity for chlorpyrifos by adding TCP metabolite kinetics and direct OPH enzyme quantification — two independent
lines of evidence that jointly support biological hydrolysis as the operative mechanism. Chromium provided clearest
validation of framework: the convergence between ICP-MS total removal (68.09%) and Cr(VI)-specific DPC colorimetry
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(69.2%) is the clearest validation of the framework: two analytically independent methods pointing to the same result within
1.1 percentage points.

Heat-inactivated biomass accounted for 25.2% Cr(VI) decline at 48 h, establishing that passive surface binding contributes
roughly one-third of the total live A9 performance. The remaining two-thirds require active metabolism — consistent with
enzymatic reduction of Cr(VI) to Cr(IIl), EPS-mediated sequestration, or a combination of both (Pande et al., 2022; Gadd,
2010). Without SEM-EDX or XPS speciation data, the exact mechanism cannot be resolved, and this is acknowledged as a

limitation.
4.2 OPH and esterase activities: magnitude, context and significance

OPH specific activity of 0.045 U mg ' protein is lower than values reported for optimized single-substrate systems.
Pseudomonas nitroreducens AR-3 degraded 97% of chlorpyrifos within 8 h using chlorpyrifos as the sole carbon source (Aswathi
et al., 2019); Cupriavidus nantongensis X1T achieved high degradation rates under controlled fermentation (Fang et al., 2021). A9
was grown under simultaneous exposure to five heavy metals and multiple pesticides, a condition that splits cellular resources
among metal efflux, EPS secretion, antioxidant maintenance and xenobiotic transformation concurrently. Lower OPH output
under these conditions is biologically expected and does not undermine the finding (Gadd, 2010; Haque et al., 2021). The
44.7-fold separation between active and heat-inactivated extract slopes robustly establishes enzyme-linked activity regardless

of absolute magnitude.

Esterase activity at 0.155 U mg™" protein (3.4-fold above OPH) suggests broader hydrolytic capacity toward ester-containing
bonds is a more prominent feature of A9’s enzymatic profile than strict phosphotriesterase activity. This is relevant for
interpreting the partial residue reduction seen for transfluthrin (pyrethroid ester, 53.36%) and metolachlor (chloroacetanilide,
36.50%) in the companion GC-MS data: non-specific esterase hydrolysis of ester-adjacent bonds in these compounds is
plausible, though substrate-specific kinetic confirmation is needed (Gangola et al., 2018; Singh and Walker, 2000).

4.3 TCP metabolite kinetics: three diagnostic features

Three aspects of the TCP profile are diagnostically important. First, TCP was absent at t = 0 and appeared progressively,
ruling out pre-existing contamination and confirming de novo formation through enzymatic hydrolysis. Second, the TCP
peak at 24 h coincided precisely with the lowest detectable chlorpyrifos level, consistent with a precursor-product relationship
in which TCP accumulates transiently as OPH-mediated hydrolysis outpaces downstream transformation. Third — and
arguably most important — TCP declined from 2.74 to 0.16 mg L™ between 24 and 72 h, demonstrating that A9 does not
stall at the TCP metabolite stage.

TCP is bacteriostatic against some soil organisms and more persistent than chlorpyrifos in aerobic soils (Singh and Walker,
2006; Bose et al., 2021). Its continued decline after the peak suggests downstream enzymatic capacity for ring modification or
dechlorination, consistent with routes described for Bacillus thuringiensis MB497 (Ambreen and Yasmin, 2021). KEGG
pathway mapping to map00627 places the OPH-initiated hydrolysis as the documented first step and its downstream ring-
fission products within established metabolic routes (Kanchisa et al., 2023). Abiotic (0.12 mg ™) and heat-inactivated (0.24
mg L™") TCP at 48 h confirm that biological catalysis accounts for the large majority of TCP formation and decline observed

in live cultures.
4.4 Oxidative-stress response: interpreting the data honestly

MDA at 58.27 umol mg™" protein is a substantial lipid peroxidation index under co-contaminant exposure (Ohkawa et al,,
1979). ROS generation under combined heavy metal and organophosphate exposure occurs via multiple parallel routes:
Fenton-type reactions from Fe and Cr ions, direct inhibition of antioxidant enzymes by chlorpyrifos metabolites, and
membrane disruption by TCP itself (Deeba et al., 2017; Haque et al., 2021). The high MDA value reflects this multi-

mechanism oxidative burden rather than a single stressor.

The antioxidant values — SOD at 3.91% NBT inhibition, catalase at 0.040 s™* mL™, and GSH at 0.4 nM mg™" protein — are
genuinely low. This is biologically meaningful, not a methodological deficiency. Chronic multi-contaminant stress depletes
antioxidant pools progressively rather than inducing maximal upregulation; the near-depleted GSH pool in particular indicates
that the non-enzymatic antioxidant defense has been heavily drawn down (Chamnongpol et al., 1995; Deeba et al., 2017). The
pattern — high MDA with low antioxidants — is the characteristic signature of chronic oxidative exhaustion, well-
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documented in bacteria operating at or beyond their adaptive capacity under persistent co-contamination (Gadd, 2010; Haque
et al., 2021). It would be more concerning if antioxidants were high alongside high MDA, which would suggest the stress
response was not being translated into protective action.

Mechanistically, OPH-mediated chlorpyrifos transformation may directly reduce intracellular xenobiotic burden, limiting one
source of ROS rather than only scavenging it after formation. Similarly, Cr(VI) reduction to Cr(III) removes a redox cycling
agent that otherwise amplifies peroxide accumulation — creating a functional coupling between the Cr(VI) biodetoxification
result and the antioxidant profile (Pande et al., 2022). The two blocks are thus not independent: enzymatic transformation in
Block II mechanistically relieves some of the oxidative burden documented in Block 1.

4.5 Comparative positioning and novelty of Planomicrobium sp. A9

No published study has combined OPH quantification, targeted TCP monitoring and Cr(VI) speciation for a Planomicrobinm
isolate from terrestrial co-contaminated soil. Saini et al. (2023) noted metal tolerance as a secondary characteristic of a
Planomicrobinm plant growth promoter but did not pursue enzyme-level pesticide evidence. The present study fills this gap,
positioning A9 not as a faster chlorpyrifos degrader than established benchmarks but as the first Planomicrobium isolate
characterized under multi-pollutant co-stress using an evidence architecture of methodological depth comparable to single-
substrate benchmark studies (Aswathi et al., 2019; Ambreen and Yasmin, 2021).

BLASTp searches returned metallo-hydrolase superfamily members rather than direct OPH orthologues, reflecting the
relatively low sequence conservation of the OPH active site across Gram-positive lineages at the genus level without a
matching genome sequence (Singh and Walker, 20006). This is expected: OPH-type activity in Gram-positive bacteria often
resides in divergent metallo-hydrolase scaffolds that are not readily identified by sequence homology alone. The
complementary NCBI protein text search retrieving 434 OPH-annotated sequences within Bacillales provides the broader
phylogenetic contextualization: the OPH catalytic chemistry detected in A9 crude extracts is documented at 434 annotation
points across the order to which Planococcaceae belongs, making the observed phenotypic activity taxonomically plausible even

without genome data.
4.6 Limitations and future work

Several constraints bound these interpretations. OPH and esterase assays were conducted as single-run measurements;
biological replicate assays would strengthen the statistical basis for the reported specific activities. Oxidative-stress markers
were similarly measured from single co-contaminated culture samples; replicate measurements would allow SD estimation
and formal statistical comparison. The TCP time-course provides kinetic evidence for enzymatic hydrolysis but does not close
the carbon mass balance: downstream metabolites were not quantified. Cr(VI) reduction is demonstrated in broth; soil matrix
effects on Cr speciation require microcosm validation (Zhou et al., 2023). Gene-level attribution of both hydrolase activities

remains putative without genome sequence data.

Priority future work: (i) triplicate biological replicate enzyme assays to enable formal statistical reporting; (ii) LC-MS profiling
of TCP downstream metabolites for carbon mass balance; (iif) SEM-EDX or XPS analysis of Cr surface speciation; (iv) EPS
quantification and characterization; (v) soil microcosm experiments at Haryana field sites; and (vi) whole-genome sequencing
to confirm the enzymatic determinants inferred from phenotypic data. Consortium studies pairing A9 with plant growth-

promoting bacteria may enhance in-situ efficacy (Megharaj et al., 2011; Gupta et al., 2024).
5. CONCLUSION

Planomicrobinm sp. A9 from co-contaminated Haryana industrial soils demonstrates multi-layered bioremediation capacity
under combined heavy metal and organophosphate pesticide stress. The two-block evidence framework integrates six
independent analytical dimensions: (i) ICP-MS metal bio-removal with Fe (71.00%), Cr (68.09%) and Mo (61.64%) as the
highest efficiencies at 500 ppb; (ii) Cr(VI)-DPC colorimetry confirming 69.2% hexavalent chromium reduction within 48 h,
independently corroborating the ICP-MS chromium result at the speciation level; (iif) GC-MS residue reduction including
chlorpyrifos non-detection (< 0.05 mg L") and 98.74% heptachlor reduction; (iv) targeted TCP monitoring showing
transient accumulation peaking at 2.74 mg L™ at 24 h then declining to 0.16 mg L™" by 72 h, providing kinetic evidence of
active enzymatic hydrolysis; (v) MDA at 58.27 pmol mg™' protein with SOD (3.91% inhibition), catalase (0.040 s™* mL™") and
GSH (0.4 nM mg™" protein) confirming chronic oxidative stress with partial antioxidant depletion; and (vi) OPH activity of
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0.045 U mg™! protein and esterase activity of 0.155 U mg™ protein, direct enzyme-level confirmation of organophosphate
hydrolysis capacity.

Conservative framing is maintained throughout: ICP-MS as bio-removal, GC-MS as residue reduction, and TCP kinetics as
evidence of enzymatic hydrolysis rather than confirmed complete mineralization. This deliberate restraint avoids
overinterpretation while the convergence across six independent lines of evidence supports a mechanistic rather than merely

correlative bioremediation interpretation.

This constitutes, to our knowledge, the first enzyme-level and metabolite-tracking characterisation of a Planomicrobium sp. A9,
most closely related to P. okeanokoites NBRC 12536 (97.71% 16S rRNA similarity) isolate under authentic multi-pollutant co-
stress conditions representative of Haryana industrial-agricultural soils. Whole-genome sequencing, biological replicate
enzyme assays, soil microcosm validation and TCP downstream metabolite profiling are identified as the priority steps toward
translating these findings into field-applicable bioremediation strategies.
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