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HIGHLIGHTS GRAPHICAL ABSTRACT

e B. subtilis biofilm sequesters rhizo-
spheric arsenic within biofilm (74%
increase).

e Sublancin selectively suppresses 12
Gram-positive pathogens by 74-86%.

e Bio-amendment reduces horizontal gene
transfer frequency by 74.7%
(p < 0.001).

o Temperature-dependent dual function
peaks between 30-35°C under warming
scenarios.

o Field trials validate biofilm-sublancin g )
approach for As-contaminated paddy y - : x
soils. 12072mor 74.7%
ARTICLE INFO ABSTRACT
Keywords: Climate change-induced warming and arsenic soil contamination synergistically threaten agricultural sustain-
Sublancin ability by restructuring microbial communities and accelerating antimicrobial resistance dissemination. Here,

Antibiotic resistance genes
Horizontal gene transfer

Biofilm and arsenic sequestration
Climate change

through integrated greenhouse and field trials, we demonstrate that Bacillus subtilis 168-derived biofilm and
sublancin, a glycosylated antimicrobial peptide, simultaneously immobilise rhizospheric arsenic and suppress
horizontal transfer of antibiotic resistance genes (ARGs). Temperature-dependent biofilm formation (25-35°C)
enhanced arsenic sequestration within the extracellular polymeric substance matrix, with SEM-EDX revealing a
74% increase in arsenic weight percentage at 35°C and ToF-SIMS confirming ~14-fold and ~9-fold increases in
root-associated arsenic on biofilm-colonised surfaces in greenhouse and field trials, respectively. Sublancin
production peaked at 30°C (129.72mgL™), selectively suppressing all 12 tested pathogenic Gram-positive
species by 74-86% while preserving Gram-negative communities. Bio-amendment reduced horizontal gene
transfer frequency by 74.7% (p < 0.001) across all temperature regimes. Transcriptomic profiling revealed co-
ordinated upregulation of exopolysaccharide biosynthesis (FDR ~1.0 x 107%*") and sublancin machinery (sunA:
+3.510g2), alongside downregulation of conventional ARGs (vanA, blaTEM: —2.5 to —4.0logz). These findings
establish sublancin as a dual-function, climate-adaptive soil bio-amendment simultaneously addressing arsenic
bioaccumulation and antibiotic resistance gene dissemination under warming scenarios.
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1. Introduction

Climate change-induced warming, advancing at 1.1°C since
1850-1900 with projections reaching 1.5°C within decades [1], funda-
mentally threatens agricultural soil systems through interconnected
mechanisms. Warming accelerates soil organic matter decomposition,
triggering nutrient loss and reduced soil quality, whilst simultaneously
restructuring soil microbial communities, bacterial and fungal diversity
declining by 16.0% and 19.7% respectively under warming conditions
[2,3]. Temperature-dependent effects extend to bacterial mutation
rates, driving adaptive evolution [4]. Concurrent with climatic pres-
sures, arsenic contamination affects nearly one-fifth of global agricul-
tural land, with concentrations ranging from background levels of
5mg/kg to extremes exceeding 4000 mg/kg, imperilling 1.4 billion
people and compromising food security [5,6]. Bacterial biofilms repre-
sent critical adaptive responses to this contamination, with
arsenic-resistant bacteria forming enhanced biofilms that sequester
extracellular arsenic at concentrations up to 11 times higher than
intracellular levels [7,8]. Biofilm formation intensity varies with arsenic
speciation, with As(V) generally promoting greater biofilm development
than As(III) [9].

Sublancin 168, a glycosylated antimicrobial peptide produced by
Bacillus subtilis 168, exhibits temperature-dependent production peaking
at 30.8°C and declining significantly above 33°C, achieving optimal
concentrations of 129.72 mg/L [10]. Beyond direct bactericidal activity
against Gram-positive pathogens, including methicillin-resistant Staph-
ylococcus aureus, sublancin disrupts bacterial cell integrity [11]. The
phosphoenolpyruvate:sugar phosphotransferase (PTS) system functions
as a central regulatory nexus linking sublancin sensitivity to bacterial
metabolism and antibiotic resistance (Gorke & Stiilke, 2008). Phos-
phorylation of His15 in the histidine-containing phosphocarrier protein
appears essential for sublancin's bactericidal activity, whilst PTS pro-
moter regulation modulates antibiotic resistance through
proton-motive-force and reactive-oxygen-species pathways [12,13].
These systems converge catastrophically: rising temperatures simulta-
neously enhance arsenic bioavailability, restructure microbial commu-
nities, optimise sublancin production, and accelerate
antibiotic-resistance mutations. Temperature-dependent sublancin pro-
duction, combined with arsenic-induced biofilm stress and altered
PTS-mediated regulation, creates selective conditions favouring resis-
tant bacterial persistence in contaminated agricultural soils [4]. Un-
derstanding these feedback loops is essential for developing
management strategies to preserve soil health and agricultural produc-
tivity under climate change.

Current understanding of soil microbial responses to climate change
and arsenic contamination remains fragmented across disconnected
research domains, specifically, soil biogeochemistry, environmental
microbiology, and antimicrobial resistance ecology have each examined
individual stressors in isolation but have not been integrated to examine
synergistic effects on microbial community function, contaminant fate,
and resistance gene dissemination in agricultural soils. This study ad-
dresses two knowledge gaps to elucidate integrated mechanisms gov-
erning agricultural soil resilience. First, a combination of biofilm and
sublancin 168 as a potential bioapplication tool for the mitigation of
arsenic and antibiotic-harbouring bacteria in the natural soil system.
Second, the mobility of antimicrobial resistance (ABR) genes under
combined thermal and sublancin stress has not been systematically
evaluated, despite its critical importance for predicting the persistence
of resistance in agricultural ecosystems. This study's hypothesis was that
optimal temperature can maximise microbial arsenic sequestration
within biofilm layers, whilst sublancin 168 simultaneously suppresses
ABR gene horizontal transfer through reduced bacterial conjugation
rates. The specific objectives of this study were: (i) to quantify
temperature-dependent (25-35°C) Bacillus subtilis 168 biofilm devel-
opment on rice rhizosphere surfaces and characterise arsenic seques-
tration within the extracellular polymeric substance matrix using SEM-
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EDX elemental mapping and ToF-SIMS depth profiling across integrated
greenhouse microcosm and field trial systems; (ii) to evaluate the se-
lective antimicrobial efficacy of sublancin 168 against pathogenic Gram-
positive bacteria in arsenic-contaminated soil, determining dose-
dependent suppression, soil microbial biomass impacts, and
community-level selectivity towards Gram-positive versus Gram-
negative populations; (iii) to elucidate the molecular interconnections
among sublancin biosynthesis, the phosphoenolpyruvate:sugar phos-
photransferase (PTS) system, and antibiotic resistance gene regulation
through transcriptomic profiling, Gene Ontology and KEGG pathway
enrichment analyses, and protein-protein interaction network model-
ling; and (iv) to determine the capacity of the biofilm-sublancin bio-
amendment to suppress horizontal transfer of antibiotic resistance
genes by quantifying conjugation frequencies under combined thermal
and antimicrobial peptide stress in both sterilised and natural soil
systems.

2. Materials and methods
2.1. Study design and experimental setup

The experiment was designed to understand the effects of tempera-
ture rise on bacterial biofilm production and sublancin activity, and to
do so, three temperatures were set- 25 °C, 30 °C and 35 °C. This tem-
perature rise can mimic the elevated temperature range during the
summer, when antibiotic resistance peaks. A schematic of a controlled
soil setup covered with a glass box is shown in the Supplementary Fig. 1.
This whole experiment was conducted for five months, considering the
full growth phase of a rice plant. For each of the temperatures, five such
microcosm boxes were set. Arsenic spiking with a 100 mg/kg dose was
performed at the beginning of the experiment [14]. A water sprinkler
was used twice a week to keep the soil moist (>70% soil moisture
content), similar to a natural paddy field. The bacterium was supple-
mented once a week (ODsoo = 0.8, corresponding to ~1 x 108 CFU mL™).
In this greenhouse experiment, two different soils were used- sterilised
soil to see the direct effects on the inoculated bacterium and a natural
soil to see the viability of the inoculum over natural microbiota. A
parallel field trial was conducted to compare the results under a
controlled environment with those in a natural field (Supplementary
details). During this five-month period of summertime (May-Sep-
tember), the field temperature changed from 22°C to 38°C, similar to the
greenhouse temperature range.

2.2. Bacterial culture and biofilm quantification

Bacillus subtilis 168 was cultured in Luria-Bertani (LB) broth at 25 °C,
30 °C, and 35 °C with shaking at 200 rpm, and growth was monitored by
measuring optical density at 600 nm. For biofilm formation, overnight
cultures were diluted to an ODeoo of 0.1 in LB broth supplemented with
arsenic (25-300 mg kg™!) and incubated statically in 96-well microtiter
plates at the respective temperatures for 24 h. Sterile LB served as a
negative control. Biofilms were washed with phosphate-buffered saline,
stained with 0.1% crystal violet, and quantified by measuring absor-
bance at 590 nm. All experiments were conducted in five replicates. Log-
phase cultures were used for soil inoculation in greenhouse and field
experiments to assess bacterial viability and biofilm formation. Biofilm
presence was evaluated on rice roots to visualise bulk biofilm develop-
ment, with untreated plants maintained as controls for comparison.

2.3. Arsenic bioavailability and fractionation

Total arsenic concentrations in soil and plant samples were quanti-
fied using inductively coupled plasma mass spectrometry (ICP-MS) to
assess arsenic accumulation in rice [7], accounting for partial seques-
tration within biofilms. Arsenic bioavailability was evaluated using the
Physiologically Based Extraction Test (PBET), simulating gastric (pH
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1.5, 37 °C, 1 h) and intestinal (pH 7.0, 37 °C, 4 h) digestion of < 250 pm
soil fractions. Bioaccessible arsenic in both phases was measured by
ICP-MS, with quality assurance using certified reference material (NIST
SRM 2711a) [15,16]. Arsenic fractionation was determined via a
five-step sequential extraction protocol, targeting sorbed, oxide-bound,
and residual fractions, with extracts analysed by ICP-MS. Arsenic
speciation was performed using anion-exchange HPLC coupled to
ICP-MS following phosphoric acid extraction [17]. Arsenite, arsenate,
monomethylarsonic acid, and dimethylarsinic acid were quantified,
with method validation demonstrating acceptable recoveries and low
detection limits.

2.4. Sublancin 168 production, extraction and characterisation

B. subtilis 168 was cultivated in LB broth at 37 °C with shaking
(200 rpm) for 24 h. Cell-free supernatants were obtained by centrifu-
gation and filtration, acidified to pH 4.0, and subjected to SP-Sepharose
cation-exchange chromatography [18]. Sublancin was further purified
by reverse-phase HPLC, yielding > 95% purity and a molecular mass of
~3.25kDa, consistent with its glycosylated form. Antimicrobial activity
against Staphylococcus aureus ATCC 25923 was assessed using agar well
diffusion and broth microdilution assays [19,20]. Inhibition zones were
measured after 18-24h incubation, and minimum inhibitory concen-
tration (MIC) was defined as the lowest concentration producing ODeoo
< 0.05. For enhanced production, B. subtilis 168 was grown in an opti-
mised fermentation medium containing corn powder, soybean meal,
KH2POa, and (NH4)2SO4 (pH 7.0) [21]. Shake-flask fermentation was
conducted at 30.8 °C for 48 h, followed by cell removal and filtration
[22]. Sublancin was purified using cation-exchange chromatography
and reverse-phase HPLC with a propanol gradient [23]. Purified frac-
tions were lyophilised and analysed by "H NMR spectroscopy (600 MHz)
to confirm the characteristic S-linked glycopeptide structure and high
chemical purity.

2.5. Arsenic detection within biofilms

Biofilms were cultivated on indium tin oxide-coated glass slides or
polycarbonate membranes for 48-96h, then rinsed with PBS. The
48-96-hour incubation was required to allow full biofilm maturation
and development of a structurally complex EPS matrix with sufficient
depth (0.5-20um) and metalloid-binding capacity for SEM-EDX
elemental mapping and ToF-SIMS depth profiling. Samples were fixed
with 2.5% glutaraldehyde, dehydrated through graded ethanol
(10-100%), and sputter-coated with gold for scanning electron micro-
scopy with energy-dispersive X-ray spectroscopy (SEM-EDX) analysis at
15-20 kV acceleration voltage [24]. Arsenic was detected at 1.282keV
(As La) and 10.543 keV (As Ka), with quantitative elemental mapping
across 50-500 pm? areas. Time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS) analysis employed a bismuth cluster ion beam (Bis*,
25 keV) for surface analysis and caesium (Cs*, 1 keV) sputter beams for
depth profiling. Arsenic species (As™, AsO~, AsOz", AsOs”) were moni-
tored in negative ion mode with < 5 nm depth resolution over 0.5-20 pm
biofilm depth. Three-dimensional reconstruction was achieved by
combining sequential 2D images acquired during sputter cycles [25].

2.6. Gene expression analysis

Total RNA was extracted using a modified RNeasy Mini Kit protocol
[26]. Bacterial pellets (1 x 10° CFU) were lysed by lysozyme treatment
followed by bead-beating. RNA integrity was confirmed by agarose gel
electrophoresis and purity by NanoDrop spectrophotometry. cDNA
synthesis was performed using random hexamer primers. Gene-specific
primers were designed for arsenic-resistance (arsR, arsB, arsC, arsA),
biofilm formation (epsA, tapA, tasA, bslA), sublancin biosynthesis
(sunA, sunT, sunS), and phosphotransferase system genes (ptsH, ptsI).
Quantitative PCR was conducted using SYBR Green chemistry on
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LightCycler 96 or CFX96 platforms. Reference gene stability was eval-
uated using geNorm, NormFinder, and BestKeeper, validating rpoB and
16S rRNA as internal controls. Relative gene expression was calculated
using the 2"AACt method with three biological and three technical
replicates (Goswami et al., 2018). For soil samples, pooled replicates
from each temperature treatment were processed using the RNeasy
PowerSoil Total RNA Kit [27].

2.7. Protein-protein interaction networks

Protein-protein interaction networks were constructed using the
STRING database (v12.0) for with a medium confidence score (0.400)
(Wu et al., 2020). Gene sets related to arsenic response, biofilm forma-
tion, sublancin biosynthesis, and the phosphotransferase system were
analysed to identify hub and bottleneck proteins based on network to-
pology and to detect functional modules using k-means clustering.
Networks were exported and visualised in Cytoscape v3.10.0 using the
stringApp plugin. Functional enrichment analysis of differentially
expressed genes (|logz fold-change| > 2.0, adjusted P < 0.05) was per-
formed using STRING and ShinyGO [28]. Gene Ontology enrichment
(Biological Process, Molecular Function, Cellular Component) and
KEGG pathway analyses were conducted with multiple-testing correc-
tion (FDR < 0.05). Enrichment results were visualised as clustered
networks and pathway diagrams, with redundant GO terms reduced
using semantic similarity clustering (REVIGO).

2.8. Conjugation assay for horizontal gene transfer

Horizontal gene transfer was quantified using soil microcosms con-
taining engineered donor (B. subtilis 168 harbouring the pUB110
plasmid encoding ampicillin and kanamycin resistance) and recipient
(Asunl B. subtilis 168 RifR, rifampicin-resistant and plasmid-free)
strains. Sterilised soil, adjusted to 60% maximum water-holding ca-
pacity and verified for sterility, was amended with 100 nM sublancin or
left unamended as a control. Donor and recipient cultures in late
exponential phase (ODsoo =~ 0.8) were mixed at a 1:1 ratio to achieve 107
CFU g dry soil and incubated at 25 °C for 96 h. Bacterial cells were
recovered by suspending soil samples in sterile pyrophosphate buffer
containing glass beads and vortexing [29], followed by serial dilution
and selective plating. Rifampicin plates were used to enumerate total
recipients, while rifampicin combined with ampicillin and kanamycin
quantified transconjugants. Donors were selectively enumerated using
ampicillin, kanamycin, and sublancin, and non-transconjugant re-
cipients were quantified using rifampicin and sublancin. Plates were
incubated for 24 hr and 48 hr, and conjugation frequencies were sub-
sequently calculated.

3. Results and discussion
3.1. Bacterial biofilm development and arsenic response

Crystal violet assays revealed clear temperature-dependent patterns
of Bacillus subtilis biofilm formation under arsenic exposure (Fig. la;
Supplementary Fig. 2). At 25 °C, biofilm biomass increased twofold from
control (0.37) to high arsenic treatment (0.75), consistent with reported
optimal biofilm-forming temperatures [30,31]. The strongest
arsenic-responsive biofilm was observed at 30 °C, with absorbance
peaking at 1.05 under moderate arsenic levels before stabilising,
reflecting near-optimal growth conditions. At 35 °C, biofilm formation
reached a maximum at intermediate arsenic concentrations but declined
at higher levels, indicating thermoregulation of extracellular polymeric
substance production and a toxicity threshold beyond which arsenic
stress overrides biofilm-mediated protection [8]. Soil-plant-biofilm
arsenic SEM-EDX analyses and ToF-SIMS confirmed that biofilms
significantly adsorbed arsenic, reducing its accumulation in plant roots
compared to controls. Total As analysis in both pot and field soil clearly
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Fig. 1. Temperature-dependent and sublancin-mediated effects on biofilm formation, arsenic mobilisation, and pathogenic microbial inhibition. (a) Temperature-
dependent biofilm formation in LB broth across increasing arsenic concentrations (As25-As300 mg/L) at 25, 30, and 35°C, measured by absorbance at ODeco.
Biofilm intensity increases with temperature and peaks at 30°C before plateauing at 35°C. (b) Sequentially extracted arsenic (F1-F5 fractions) in soil at different
temperatures, showing progressive As release with temperature elevation and varying bioavailability. Field temperatures were not fixed, but rather varied within a
close range of the selected temperature range. (c) Soil microbial biomass carbon (MBC) quantification demonstrates a significant reduction following sublancin
treatment at 25, 30, and 35°C, with maximum suppression at higher temperatures (p < 0.001). (d) Dose-dependent inhibition of Staphylococcus aureus growth by
sublancin (10 and 30 uL), showing selective antimicrobial activity against Gram-positive pathogens (p < 0.05). Error bars represent the standard deviation of

five replicates.

shows that the mass-balance content of As in soil-to-plant is lower when
biofilm is applied (Supplementary Fig. 3 and 4). The observed biphasic
response, characterised by maximal biofilm formation at intermediate
arsenic concentrations, suggests an optimal range for biofilm-mediated
arsenic resistance [32]. These findings highlight an adaptive strategy
in which biofilms sequester toxicants, with implications for climate
change scenarios where elevated temperatures may enhance both
arsenic bioavailability and microbial persistence in contaminated
agroecosystems.

3.2. Temperature-dependent arsenic fractionation

The high-resolution HPLC-ICP-MS spectra (Supplementary Fig. 5)
were obtained to determine arsenic speciation in soil samples incubated
at different temperatures (25 °C, 30 °C, and 35 °C), along with a
sequential extraction analysis (Fig. 1b). At elevated temperatures, As(V)
is reduced to As(II) mainly because warming promotes reductive
dissolution of Fe/Mn oxyhydroxides and enhances microbial respira-
tion, including arsC-mediated arsenate reduction, which our tran-
scriptomic data show is upregulated at 35°C. This shift is important
because As(IIl) is far more toxic and mobile than As(V), owing to its
stronger binding to protein thiols and weaker adsorption to iron oxides

[33]. In contrast, the B. subtilis 168 biofilm EPS effectively immobilizes
both As(II) and As(V), as shown by ToF-SIMS detection of multiple
arsenic ions within the biofilm matrix; its anionic functional groups bind
As(III) through ligand exchange and As(V) through electrostatic in-
teractions. Although sublancin does not directly affect arsenic redox
chemistry, it may indirectly limit As(V)-to-As(III) reduction by sup-
pressing Gram-positive arsenic-resistant bacteria, including potential
arsenate reducers, thereby helping retain arsenic in the less mobile As
w) form. Sequential extraction revealed distinct
temperature-dependent arsenic fractionation across five fractions
(F1-F5). Bioavailable fractions (F1 +F2) showed temperature-sensitive
behaviour [34]: at 25°C and 30°C, concentrations remained relatively
stable (F1: ~2.1 mg kg™!; F2: ~2.4 mg kg™"), but at 35°C decreased (F1:
1.2 mg kg™'; F2: 1.8 mg kg™), indicating redistribution between mobile
pools. Iron-manganese-bound arsenic (F3) peaked at 30°C (4.1 mg kg™),
suggesting optimal conditions for Fe-Mn oxide association. Organic
matter-bound fraction (F4) showed exponential temperature increases:
9.4 mg kg™! (25°C) to 19.8 mg kg™ (35°C), representing a 110% in-
crease. Residual fraction (F5) exhibited the highest concentrations with
clear positive temperature correlation (12.4-19.8 mg kg™). The dra-
matic F4 increase at 35°C indicates enhanced organo-metallic complex
formation or increased binding site accessibility through
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temperature-induced conformational changes in soil organic matter.
The reduction in bioavailable arsenic at elevated temperatures, coupled
with increased sequestration in organic and residual pools, suggests
natural attenuation mechanisms under climate change. However,
overall increases across most fractions indicate enhanced arsenic
mobilisation from primary mineral sources, warranting investigation
into long-term environmental implications.

3.3. Sublancin extraction and soil microbial biomass effects

HPLC analysis confirmed successful sublancin 168 extraction
(Supplementary Fig. 6), with growth media exhibiting superior recovery
(sharp peaks at characteristic retention times) compared to soil
matrices, which showed elevated baseline absorbance and broader
peaks reflecting humic substance interference [35,36]. The 'H NMR
spectrum of purified sublancin 168 (600 MHz, D-0, 25°C) confirmed the
characteristic structure of the 37-residue S-linked glycopeptide [37].
Analysis revealed 36 distinct backbone amide NH signals
(7.85-8.58 ppm), consistent with the expected number of residues
minus proline. A single anomeric proton doublet at 4.58 ppm (J =
9.2 Hz) confirmed f-glycosidic linkage of glucose to Cys-22
(Supplementary Fig. 7). Aromatic protons from phenylalanine residues
appeared at 7.15-7.32 ppm, while aliphatic signals (0.78-3.02 ppm)
corresponded to amino acid side chains. Integration analysis and
absence of extraneous signals indicated > 95% purity, confirming suc-
cessful production and purification of sublancin 168 from optimised
B. subtilis 168 fermentation. The box plot analysis reveals significant
differential effects of sublancin treatment and temperature on soil mi-
crobial biomass carbon (MBC), providing crucial insights into antimi-
crobial peptide-soil microbiome interactions under varying thermal
conditions (Fig. 1¢). MBC analysis revealed differential sublancin effects
across temperatures. Control soils maintained ~450 mg C kg™ [38].
Sublancin at 25°C reduced MBC to ~350 mg kg™ (22% decrease,
p <0.001), consistent with broad-spectrum activity against
Gram-positive bacteria [39]. Maximum reduction occurred at 30°C
(~300 mg kg™!, 33% decrease, p < 0.001), corresponding with sub-
lancin's optimal production temperature (30.8°C) [10]. Partial MBC
recovery at 35°C (~390 mgkg™) may reflect enhanced microbial
metabolic rates enabling stress recovery [40] or declining sublancin
thermal stability above 35°C [41]. These temperature-dependent mod-
ulations have significant climate change implications. Moderate warm-
ing (30°C) enhances antimicrobial activity, potentially disrupting soil
carbon sequestration and nutrient cycling [42]. The results underscore
that climate warming may fundamentally alter antimicrobial peptide
ecological impacts in agricultural soils.

3.4. Dose-dependent sublancin effects on s. aureus

Box plot analysis demonstrated clear dose-dependent growth inhi-
bition over 48 h (Fig. 1d and Supplementary Fig. 8). Control cultures
achieved ODeco ~1.15 [11]. Treatment with 10 pL sublancin reduced
growth to ODeco ~0.65 (44% reduction, p < 0.01), approximating
sub-lethal to bacteriostatic concentration ranges consistent with pub-
lished MIC values of 15 pM to 2-10 pg mL™* [11,39]. The 30 pL treat-
ment produced maximum inhibition (ODeco ~0.40, 65% reduction,
p < 0.01), approaching minimum bactericidal concentration where
sublancin transitions from growth inhibition to active killing [12]. The
mechanism involves multi-target disruption of DNA replication, tran-
scription, and protein synthesis without compromising cell wall integ-
rity [43], explaining the steep dose-response curve. Sublancin requires
the phosphoenolpyruvate:sugar phosphotransferase system (PTS) for
bacterial sensitivity, with reduced efficacy in the presence of PTS sugar
[12]. Sustained 48-hour inhibition indicates stable antimicrobial activ-
ity without significant degradation [44], supporting therapeutic poten-
tial against antibiotic-resistant S. aureus.
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3.5. Arsenic entrapment within biofilms

SEM-EDX analysis demonstrated temperature-dependent biofilm
architecture and arsenic accumulation within bacterial biofilm matrix
(Fig. 2a-c). At 25 °C, sparse cells and limited extracellular polymeric
substance (EPS) production corresponded to the lowest arsenic retention
(8.37 wt%, 2.65 at%). At 30 °C, increased cell aggregation and matrix
development were associated with higher arsenic sequestration (9.89 wt
%, 5.77 at%). The 35 °C treatment showed maximal biofilm formation
and the greatest arsenic accumulation (14.55 wt%, 8.10 at%), repre-
senting a ~74% increase relative to 30 °C [45,46]. SEM also revealed
distinct differences in biofilm architecture on plant root surfaces across
the temperature treatments under both greenhouse and field conditions
(Fig. 3). The control roots (Fig. 3a, i) displayed relatively smooth and
exposed root epidermal surfaces with minimal bacterial colonisation. In
contrast, B. subtilis-inoculated roots under elevated temperature regimes
(Fig. 3b-d, j-1) exhibited progressively dense and architecturally com-
plex biofilm matrices, characterised by globular and confluent extra-
cellular polymeric substance (EPS) layers enveloping the root cortical
surface. The most robust biofilm development was observed in Fig. 3d
(greenhouse) and Fig. 31 (field trial), where tightly packed bacterial
microcolonies were embedded within a well-defined EPS matrix,
consistent with mature B. subtilis biofilm phenotypes [47,48]. The
relationship between biofilm-mediated arsenic sequestration and
sublancin-mediated ARG suppression is synergistic within a 30-35°C
thermal window: EPS production peaks at 35°C (74% increase in As
weight percentage by SEM-EDX) while sublancin output and antibac-
terial activity peak at 30°C (129.72 mgL™), creating overlapping
functional optima that coincide with projected agricultural warming.
Above 35°C, both sublancin stability and biofilm formation decline,
indicating an antagonistic shift at higher temperatures. ToF-SIMS pro-
vided high-resolution mapping of arsenic distribution in extracted bio-
films (Fig. 2d-f). Arsenic signals increased progressively with
temperature, from limited hotspots at 25 °C (MC = 7; TC=3.4 x 10 ) to
pronounced arsenic-rich domains at 30 °C (MC = 19; TC = 4.5 x 10%),
and extensive enrichment at 35 °C (MC = 24; TC = 4.7 x 10%) [49-51].
Soil biofilm analyses further showed a rise from control levels (MC = 2;
TC = 3.2 x 10 3) to MC = 47 and TC = 4.5 x 10* at 35 °C, indicating
~2250% higher arsenic adsorption. Collectively, these results demon-
strate thermal optimisation of EPS-mediated arsenic binding, with im-
plications for biofilm-driven bioremediation under warming climates
[52,53]. Elemental mapping corroborated the SEM observations,
demonstrating a clear positive correlation between biofilm density and
arsenic (As) entrapment capacity on pot and field-grown plant root
surfaces (Fig. 3e-h, m-p). Control roots showed minimal and scattered
As signal with low maximum count (MC: 2) and total count (TC: 3.249 x
10 %) in the greenhouse (Fig. 3e) and MC: 7, TC: 3.931 x 10 * in the field
trial (Fig. 3m). Conversely, temperature-treated, biofilm-colonized roots
displayed progressively higher As signal intensities, reaching MC: 47
and TC: 4.517 x 10* in the greenhouse (Fig. 3h) and MC: 20, TC:
3.347 x 10 in the field trial (Fig. 3p), representing approximately a
14-fold and 9-fold increase in total As counts relative to their respective
controls. The spatial distribution of As hotspots in the ToF-SIMS maps
closely mirrored the biofilm-covered regions, indicating that rhizo-
spheric As was preferentially sequestered within the biofilm EPS layers
rather than being adsorbed on bare root surfaces. These findings are
consistent with the documented role of bacterial EPS in heavy metal
biosorption, whereby anionic functional groups (carboxyl, hydroxyl,
and phosphoryl moieties) within the EPS matrix provide binding sites
for metalloid species [54,55]. The enhanced As entrapment in
field-grown plants validates the translational potential of B. subtilis
biofilm-based remediation from controlled greenhouse settings to real
agricultural conditions. The long-term stability of biofilm-mediated
arsenic sequestration is shaped by three key processes. Under alter-
nate wetting-drying (AWD) conditions mimicking paddy field manage-
ment [7,24], mass-balance data (Supplementary Figs. 3 and 4) show
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Fig. 2. Temperature-dependent biofilm formation in B. subtilis 168 and arsenic entrapment within the biofilm matrix. (a-c) Field emission scanning electron mi-
croscopy (FESEM) showing progressive biofilm intensification with increasing temperature, from sparse planktonic cells at 25°C (a) to intermediate microcolony
formation at 30°C (b) to dense, mature biofilm architecture at 35°C (c). Scale bars = 3 um. Energy dispersive X-ray (EDX) analysis reveals elemental composition (wt
%, at%), indicating consistent O, K, Fe, Si, and As enrichment across temperatures. (d-f) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) elemental
mapping of arsenic (As) distribution within biofilms at 25, 30, and 35°C, demonstrating progressive As accumulation (colour scale = ion counts, MC = mass
calibration, TC = total counts). Yellow/orange intensity denotes high As concentrations localised within the extracellular polymeric substance matrix.

arsenic remains largely conserved across the five-month experiment,
indicating EPS sequestration is robust enough to prevent net plant up-
take; however, prolonged flooding could trigger biofilm degradation
and release sequestered As(III), underscoring why AWD is now widely
adopted in paddy agriculture. Indigenous soil hydrolases may degrade
the EPS matrix, with elevated activity at > 35°C risking arsenic
re-release; notably, the rise in organic matter-bound arsenic (F4: 9.4 —
19.8 mg kg™!) at 35°C suggests partial transformation into stable
organo-metallic complexes that may resist remobilisation even after EPS
turnover.

3.6. Gene expression and metabolic networks

Gene Ontology enrichment analysis revealed significant functional
patterns across treatment conditions (Fig. 4a-b). Exopolysaccharide
synthesis emerged most prominent (FDR ~1.0 x107%", ~20 genes),
indicating biofilm matrix upregulation [56]. Signal transduction path-
ways showed enrichment (FDR ~1.0 x107'?), particularly anti-repressor
SinI and histidine kinases, indicating two-component regulatory system
activation [57]. Heavy metal resistance pathways, including arsenical
resistance and cadmium response, demonstrated coordinated metalloid

detoxification (FDR ~1.0 x1077 to 1.0 x107%) [33]. Gene expression
heatmap analysis revealed temperature-dependent patterns across
25-35°C (Fig. 4c-d). Arsenic resistance genes showed distinct regula-
tion: arsR peaked at 25°C and 35°C (~2.5-2.9), arsB maximised at 30°C
(~2.8), and arsC increased to 35°C (~2.5). Sublancin genes demon-
strated complex regulation: sunA peaked at 25°C (~2.8) with reductions
at higher temperatures [10], while sunl immunity gene maximised at
35°C (~2.7), suggesting temperature-dependent protection. Biofilm
genes varied: epsA peaked at 30°C (~2.2), tasA at 25°C (~2.5), and bslA
showed dual peaks at 25°C and 35°C (~2.0-2.3). STRING network
analysis revealed distinct modules (Fig. 4e): biofilm genes (tasA, epsA,
bslA) clustered with regulatory hubs (spoOA, sinR, sinl), while arsenic
resistance and sublancin genes formed isolated peripheral modules [58],
indicating independent regulation from biofilm networks [41,59].
STRING PPI network analysis (Fig. 4e) identified SpoOA and SinR as the
top hub proteins, with SinR acting as a bottleneck node linking the core
biofilm cluster (tasA, epsA, bslA) to the arsenic resistance module (arsR,
arsB, arsC)—consistent with its established role as a master EPS and
stress-response regulator in B. subtilis. KEGG enrichment at 35°C high-
lighted the two-component system (ko02020), PTS (ko02060), and
bacterial secretion system (ko03070) pathways, with the eps, sin, and ars
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Fig. 3. Biofilm development on plant root surface and arsenic entrapment in greenhouse and field-grown plants. SEM images of the developed biofilm on control and
three temperature-grown plant roots under greenhouse (a-d) and field trial (i-1) were further analysed for the As entrapment measured by the ToF-SIMS (e-h,
greenhouse and m-p, field trial). These comparative analyses suggest that the B. subtilis biofilm can be deployed to efficiently capture rhizospheric As within its layers.

operons mechanistically co-regulated through the SpoOA master regu-
lator, which integrates environmental stress signals to simultaneously
activate biofilm formation and arsenic detoxification. Three
temperature-dependent molecular mechanisms underpin this optimal
range. First, SpoOA phosphorelay signalling is enhanced at 30-35°C,
driving transcription of the eps and tapA-sipW-tasA operons for EPS and
fibre matrix biosynthesis, while simultaneously suppressing AbrB to
de-repress sublancin (sun locus) production. Second, Sinl accumulates
and titrates away the biofilm repressor SinR, permitting epsA-O and tapA
transcription—corroborated by SinR downregulation and Sinl enrich-
ment in our STRING network (Fig. 4e) and gene expression heatmaps
(Fig. 4c—d). Third, arsR upregulation at both 25°C and 35°C reflects
constitutive arsenic stress sensing, and its indirect interaction with
SpoOA-dependent pathways explains the co-upregulation of arsenic
resistance and EPS biosynthesis genes at 35°C seen in GO enrichment
(FDR 10722-107%7), consistent with a coordinated
Spo0A/SinR/Sinl-mediated stress-biofilm adaptive response.

3.7. Interconnections between sublancin, PTS, and antibiotic resistance

Volcano plot analysis at 30°C revealed coordinated upregulation of
PTS and sublancin systems (Fig. 5a-c and Supplementary Fig. 9-11). PTS

genes (ptsl, ptsH, crh) showed fold changes + 2.0 to + 2.5log>
(p < 0.001), reflecting activated sugar metabolism and cellular regula-
tion [60]. Sublancin genes exhibited even more dramatic changes: sunA
demonstrated the highest fold change (~+3.5logz, p < 0.001), with
sunl, sunT, and sunS clustering at + 2.5 to + 3.0 logz, indicating coor-
dinated biosynthesis machinery activation [61]. Simultaneous PTS and
sublancin upregulation provides molecular evidence for functional
interconnection, as sublancin sensitivity requires active PTS compo-
nents [12]. Critically, antibiotic resistance genes (vanA, aacA, blaTEM)
demonstrated significant downregulation (fold changes —2.5 to
—4.0 logz, p < 0.001), suggesting conditions favouring sublancin pro-
duction simultaneously suppress classical antibiotic resistance mecha-
nisms. This inverse relationship may reflect competing cellular resource
allocation or regulatory crosstalk [35]. This pattern suggests enhanced
biofilm formation capacity as an adaptive response to environmental
stressors. The volcano plot architecture demonstrates a clear biological
response where environmental conditions favour both enhanced sugar
transport/metabolism (via PTS upregulation) and antimicrobial peptide
production (via sublancin system activation). This coordinated response
may represent an adaptive strategy where increased metabolic capacity
supports the energy-intensive process of antimicrobial peptide biosyn-
thesis while simultaneously preparing cellular machinery necessary for
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Fig. 4. Gene ontology enrichment and protein interaction networks linking arsenic metabolism, sublancin activity, and biofilm production. (a-b) Bubble plots
showing enriched molecular functions associated with arsenic metabolism (a) and sublancin-responsive pathways (b), with bubble size representing gene count and
colour intensity (FDR scale) indicating statistical significance. Prominent pathways include exopolysaccharide synthesis, anti-repressor signalling, and signal
transduction cascades implicated in biofilm formation. (c~d) Heatmaps displaying temperature-dependent (25, 30, 35°C) expression patterns of arsenic resistance
genes (arsRBC, yqaD, yhaH), sublancin-associated genes (sunA, sunl, sunT, bdhA/B), and biofilm-producing genes (eps, sin, tas, bsl). Colour intensity represents logz
fold-change (red = upregulation, green = downregulation, black = baseline). (e) STRING protein-protein interaction network demonstrating direct and indirect
associations between arsenic-metabolising proteins (red nodes), sublancin biosynthesis enzymes (pink), and biofilm matrix proteins (green). Edge thickness indicates
confidence scores. Network analysis reveals coordinated regulation of stress response, secondary metabolism, and extracellular matrix formation systems.

sublancin's unique mechanism of action that depends on functional PTS
components for target cell killing. Additionally, PTS enrichment impli-
cates HPr (ptsH)-mediated phosphorylation in modulating sublancin
efficacy, and the co-upregulation of ptsI, ptsH, and sunA in volcano plots
(Fig. 5b) provides transcriptomic, though not yet genetic, evidence of
functional coupling between sugar metabolism and sublancin activity.
Sublancin's selectivity for Gram-positive bacteria depends on the PTS: it
requires phosphorylated HPr (P~His15-HPr, encoded by ptsH) for
cellular entry and activation, as shown by the loss of activity in ptsH
deletion mutants or upon competitive glucose addition [18]. The
S-linked glucose moiety on sublancin (confirmed by 'H NMR, Supple-
mentary Fig. 7) likely facilitates entry via PTS sugar transporters (PtsG,
MalT), while Gram-negative bacteria are intrinsically resistant due to
outer membrane exclusion and fundamentally different PTS
organisation.

Two non-mutually exclusive mechanisms link PTS upregulation to
vanA/blaTEM downregulation. First, the high biosynthetic cost of sub-
lancin production, requiring S-glycosylation, disulfide bond formation,
and SunT-mediated export, diverts ATP and precursor metabolites away
from energetically demanding resistance determinants; GO enrichment
(Fig. 5d) confirms coordinated PTS and carbohydrate transporter
upregulation (FDR 6.0 x1077-107®), consistent with resource competi-
tion suppressing vanA and blaTEM transcription at peak sublancin
output (30°C). Second, PTS activation drives carbon catabolite repres-
sion (CCR) through HPrK/P-mediated CcpA activation, which represses
secondary metabolic genes, including certain resistance determinants,
when preferred carbon sources are abundant, suggesting a CcpA-
mediated regulatory state that prioritises primary carbohydrate meta-
bolism and antimicrobial peptide production over constitutive ARG

maintenance, consistent with the Gorke & Stiilke (2008) CCR network.
The inverse relationship between sublancin and antibiotic resistance
gene expression may reflect competing cellular resource allocation or
regulatory crosstalk between antimicrobial production and resistance
systems. Previous studies have shown that sublancin production re-
quires significant metabolic investment for post-translational modifi-
cations, including S-glycosylation and disulfide bond formation [12,35].
The simultaneous suppression of antibiotic resistance genes could
represent metabolic prioritisation toward antimicrobial peptide
biosynthesis under conditions that favour competitive antimicrobial
production over defensive resistance mechanisms. Gene Ontology
analysis (Fig. 5d) confirmed phosphotransferase enrichment ("protein-N
(PD)-phosphohistidine-sugar ~ phosphotransferase  activity,” FDR
~6.0 x 107®) and transmembrane transport activities ("carbohydrate
transmembrane transporter activity," FDR ~6.0 x1077), indicating co-
ordinated cellular reprogramming emphasising carbohydrate meta-
bolism and phosphoryl transfer systems [62]. The overall enrichment
pattern suggests coordinated cellular reprogramming emphasizing car-
bohydrate transport and metabolism, phosphoryl transfer systems, and
energy-dependent transport processes. Enrichment plots of biological
processes and UniProt keywords are supportive towards these findings
(Supplementary Figs. 12 and 13).

3.8. Sublancin effects on soil microbial communities

Box plot analysis (Fig. 6a) confirmed selective sublancin activity:
Gram-positive bacteria showed significant abundance reduction with
sublancin treatment (median ~1.0 vs. ~2.5 untreated, consistent with
MIC 2-10 pg mL™") [11]. This reduction in Gram-positive bacterial
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Fig. 5. Volcano plots depicting gene expression patterns and functional annotations in response to sublancin 168 exposure. (a) Combined regulatory response of
arsenic-responsive (red), sublancin-responsive (brown), biofilm-associated (teal), reference (black), and background genes (grey) showing log: fold-change versus
—log1o (p-value). Vertical dashed lines demarcate +1 logz fold-change threshold; horizontal dashed line indicates p = 0.05 significance level. (b) Phosphotransferase
system (PTS) gene regulation under PTS system treatment (blue), sublancin exposure (orange), reference condition (green), and background (grey). (c) Antibiotic
resistance gene (ARG) expression comparing sublancin-responsive genes (red) versus antibiotic-resistant genes (teal), identifying co-regulated resistance mecha-
nisms. (d) Gene ontology (GO) enrichment analysis revealing functional categories linked to fold-change magnitude and gene abundance (bubble size represents
number of genes per functional category). Enriched molecular functions include phosphotransferase activity, carbohydrate/phosphate transport, and kinase activity.
FDR-adjusted p-values (color intensity, right scale) indicate statistical significance of functional enrichment.

abundance reflects sublancin's well-characterised bactericidal activity
against various Gram-positive species, including Staphylococcus,
Streptococcus, and Bacillus species, with reported minimum inhibitory
concentrations ranging from 2 to 10 pg/mL [61,63]. Gram-negative
bacteria demonstrated resistance, maintaining similar abundance
regardless of treatment (median ~2.0-3.0), confirming sublancin lacks
activity against Gram-negative bacteria due to outer membrane barriers
and different PTS organisation [23]. Supplementary Fig. 14 shows the
Pearson correlation and regression analysis of both the Gram (+) and
Gram (-) bacterial communities towards the sublancin application, with
their presence and prevalence. Chord diagram analysis (Fig. 6b-c)
revealed dramatic Gram-positive community restructuring following
sublancin treatment, with substantial reductions in Bacillus, Strepto-
myces, Clostridium, and Staphylococcus, while Gram-negative taxa
(Escherichia, Pseudomonas, Acinetobacter) maintained stability. This se-
lective elimination may fundamentally alter microbial ecosystem bal-
ance, removing key Gram-positive functional groups while preserving
Gram-negative metabolic capabilities. This selective reduction of sus-
ceptible Gram-positive bacteria in soil creates a nutrient pulse through
microbial necromass release [64]. Sublancin-driven suppression of
Gram-positive communities—evidenced by chord diagram restructuring
(Fig. 6b—c), could over time reduce arsenic immobilisation capacity if
arsenic-sequestering taxa are replaced; yet B. subtilis 168 persists via its
intrinsic Sunl immunity to sublancin, sustaining biofilm production. The
four-fold increase in ARG abundance at 35°C under sublancin treatment
(10-40 reads; Fig. 6d—e) reflects three converging mechanisms. First,
sub-lethal sublancin concentrations—further reduced by thermal

instability = above  35°C—selectively enrich PTS-mutant or
efflux-upregulated Gram-positive survivors that disproportionately
co-harbour multiple resistance determinants. Second, temperature
independently drives ARG accumulation (15-30 reads without sub-
lancin across 25-35°C), so thermal and sublancin-mediated selective
pressures act additively at 35°C. Third, sub-bactericidal sublancin con-
centrations may induce SOS responses in tolerant bacteria, activating
error-prone polymerases and transposases that facilitate ARG mobi-
lisation and de novo resistance evolution. This controlled microbial
population reduction further promotes soil health by: (1) eliminating
pathogenic Gram-positive competitors, reducing disease pressure [65];
(2) liberating intracellular amino acids, nucleotides, and minerals,
enriching soil nutrient pools [66]; (3) accumulating recalcitrant mi-
crobial biomass (amino sugars, peptidoglycans) as stable soil organic
matter, improving soil structure and carbon sequestration [67]. Conse-
quently, the application of sublancin supports sustainable soil fertility
and crop productivity while minimising chemical inputs. Antibiotic
resistance gene (ARG) abundance (Fig. 6d-e) showed complex
temperature-sublancin interactions. Without sublancin, ARG abundance
increased progressively with temperature (15 reads at 25°C to 30 reads
at 35°C), reflecting enhanced horizontal gene transfer rates under
thermal stress [68]. Sublancin treatment dramatically altered patterns,
with ARG abundance increasing from ~10 reads at 25-30°C to ~40
reads at 35°C (four-fold enhancement), suggesting sublancin-induced
selective pressure favouring bacteria carrying multiple resistance
mechanisms [69]. This temperature-dependent ARG enrichment reflects
multiple interconnected mechanisms, including enhanced horizontal
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gene transfer rates, increased bacterial metabolic activity, and selective
pressure favouring thermotolerant, resistance-carrying bacterial pop-
ulations [70,71]. Sublancin treatment (right panel) dramatically altered
ARG abundance patterns, with substantially higher overall resistance
gene levels. Principal component analysis (PCA) (Fig. 6f-g) demon-
strated distinct ARG clustering patterns. Without sublancin, PC1
explained 41.56% variance with moderate temperature-dependent
clustering. Sublancin treatment enhanced separation (PC1l: 73.39%),
creating highly distinct, non-overlapping temperature clusters, sug-
gesting antimicrobial peptide pressure amplifies temperature-specific
ARG responses through coordinated stress response networks [72].
These findings underscore that climate warming may fundamentally
alter antimicrobial peptide efficacy and ecological consequences, with
different ARG responses expected under varying thermal conditions.
Sublancin's selective suppression of Gram-positive bacteria may tran-
siently reduce nitrogen mineralisation, as reflected in the 22-33% MBC
reduction at 25-30°C, given that Actinobacteria and Firmicutes
contribute disproportionately to protease-driven N cycling. However,
this is ecologically offset by the preservation of Gram-negative diazo-
trophs and phosphate-solubilising PGPR (Bradyrhizobium, Rhizobium,
Azotobacter; Fig. 6¢), which are inherently resistant to sublancin; phos-
phorus cycling, dependent on both Gram-positive and Gram-negative
phosphatase producers, may be partially affected and is flagged as a
priority for future study. Regarding organic matter dynamics, cell lysis
of susceptible Gram-positive bacteria releases peptidoglycan-rich nec-
romass that may net-positively contribute to recalcitrant soil carbon,
and the partial MBC recovery at 35°C (390 vs. 300 mg C kg™ at 30°C)
suggests temperature-enhanced metabolic compensation over time.
Finally, B. subtilis 168 is itself a well-documented PGPR producing IAA
and solubilising phosphate, and its establishment as the dominant
rhizosphere biofilm former (confirmed by SEM root colonisation, Fig. 3)
effectively replaces pathogenic Gram-positive taxa with a beneficial
organism, a net ecological advantage, though multi-season field studies
tracking N/P cycling, enzyme activity, and PGPR community resilience

10

remain necessary before large-scale deployment.

3.9. Pathogenic bacterial reduction

Regarding broader resistance risks, sublancin-resistance mutations
(e.g., ptsH/ptsI loss-of-function) impose a significant fitness cost by
impairing sugar transport, partially constraining resistance spread under
nutrient-limited field conditions; however, indirect cross-resistance to
conventional antibiotics via shared regulatory networks (e.g., CcpA-
mediated CCR) cannot be excluded. More critically, sublancin's Gram-
positive selectivity preserves the entire Gram-negative community,
including E. coli, Pseudomonas, and Acinetobacter, which could expand as
Gram-positive competitors are suppressed, potentially increasing con-
jugative ARG flux among Gram-negative recipients over multiple sea-
sons despite the 74.7% HGT reduction demonstrated in our conjugation
assay. The application of sublancin to natural field soil elicited a highly
selective reduction in pathogenic Gram-positive bacterial populations
while preserving Gram-negative and beneficial Gram-positive commu-
nities (Supplementary Fig. 15). Among the 12 pathogenic Gram-positive
species tested, all exhibited substantial CFU reductions relative to un-
treated controls. The most pronounced suppression was observed for
Clostridium tetani (—85.5%), Streptomyces scabies (—82.3%), and Clos-
tridium perfringens (—81.3%), followed by Nocardia asteroides (—80.5%),
Staphylococcus aureus (—78.9%), Bacillus cereus (—79.0%), and Strepto-
coccus pyogenes (—79.0%). Plant-pathogenic species including Clav-
ibacter michiganensis (—77.9%) and Rhodococcus fascians (—78.3%) were
similarly suppressed, while Enterococcus faecalis (—76.2%), Enterococcus
faecium (—74.7%), and Listeria monocytogenes (—74.3%) exhibited sig-
nificant yet comparatively lower reductions. The selectivity of sublancin
towards Gram-positive bacteria is attributed to its dependence on an
active phosphoenolpyruvate:sugar phosphotransferase system (PTS) for
its bactericidal activity, which is ubiquitous in Gram-positive organisms
[18,61]. Mechanistically, sublancin disrupts DNA replication, tran-
scription, and protein biosynthesis through a deleterious
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gain-of-function imposed on the glucose PTS, ultimately leading to cell
death [43]. These findings collectively demonstrate that sublancin
bio-amendment functions as a precision antimicrobial intervention in
soil, selectively suppressing pathogenic Gram-positive bacteria,
including both human opportunistic pathogens (S. aureus,
L. monocytogenes, E. faecium) and phytopathogenic species
(C. michiganensis, S. scabies, R. fascians).

3.10. Bio-amendment effect on antibiotic resistance gene mobility

Conjugation assays quantifying HGT frequency of the ABR genes
revealed substantial suppression of plasmid mobilisation following soil
amendment (Fig. 7a-d). In 24 hr (Fig. 7a), Control microcosms (un-
amended) achieved a mean HGT frequency of 6.64 + 0.68 x 1073 (logto:
—2.18 + 0.05), with absolute transconjugant abundance reaching 5.4
+ 0.4 x 10* CFU g' soil across three independent replicates. This fre-
quency aligns with published conjugation rates in soil systems, where
HGT typically operates at 10~ to 107° frequency ranges [73].

Bio-amendment treatment (5% w/w) produced a dramatic reduction
in plasmid transfer efficiency, decreasing HGT frequency to 1.68
+0.16 x 107 (logyo: —2.77 + 0.04) with corresponding transconjugant
abundance of 1.3 £ 0.2 x 10* CFU g™ soil. This represented a statisti-
cally significant 74.7% reduction in HGT frequency (t=8.42,
p < 0.001), equivalent to a 0.59 log+o unit decrease [74]. The difference
in absolute transconjugant numbers was even more pronounced (75.9%
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reduction), indicating that bio-amendment simultaneously reduced both
recipient population density and conjugation efficiency [75]. A com-
parable trend was observed at 48 h (Fig. 7b), where the treatment group
maintained suppressed conjugation relative to controls, confirming
sustained inhibitory activity. The reduction in HGT frequency is attrib-
utable to the dual mechanism of sublancin action: selective bactericidal
suppression of Gram-positive donor viability and impairment of conju-
gation machinery function [43,76]. Under greenhouse condition
(Fig. 7c), donor strain (B. subtilis 168) survival differed substantially
between conditions: control microcosms maintained 42.0% donor re-
covery (4.2 x 10° CFU g™), while bio-amended soil reduced donor
survival to 28.0% (2.8 x 10° CFU g™'), suggesting the amendment's
antimicrobial activity selectively targeted the Gram-positive donor
strain [77]. Recipient strain (E. coli MG1655, Gram-negative) demon-
strated comparable survival between conditions (control: 82.0%, treat-
ment: 79.0%), confirming the amendment's specificity for Gram-positive
bacteria without affecting Gram-negative recipient populations. In field
soils (Fig. 7d), bio-amended treatments at 35°C showed significantly
lower HGT frequency than controls (p < 0.05), reinforcing the appli-
cability of this approach under warming climate scenarios. The 74.7%
HGT reduction reflects a hierarchical multi-mechanism process. The
primary contributor (~50% of effect) is donor cell depletion: sublancin
reduced viable B. subtilis 168 recovery from 4.2 x 107 to 2.8 x 10" CFU

-1 (33% reduction; Fig. 7¢), directly suppressing HGT frequency given
its approximate linear scaling with donor abundance, while E. coli
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Fig. 7. Effect of sublancin on bacterial HGT frequency in media and soil systems. (a-b) Effect of bio-amendment on HGT frequency and microbial abundance in liquid

culture at 24 hr and 48 hr. White, light grey, and dark grey bars represent total recipient CFU g~

!, transconjugant CFU g™, and HGT frequency (right Y-axis),

respectively. Control microcosms achieved HGT frequency of 6.64 + 0.68 x 1073 with 5.4 x 10* transconjugants per gram. Bio-amendment (5% w/w) treatment
reduced HGT frequency to 1.68 + 0.16 x 10~ (74.7% reduction, p < 0.001) and transconjugants to 1.3 x 10* g™ . Different lowercase letters (a, b, aa) indicate
statistically significant differences between conditions (ANOVA, Tukey's post-hoc test). (c-d) Temperature-dependent HGT frequency in greenhouse pot soil and field
soil with and without bio-amendment. Box plots show soil HGT frequency across temperatures (25, 30, 35°C) for control and bio-amended treatments. Bio-
amendment suppressed HGT frequency at all temperatures, with maximal reduction at 30°C. Different letters denote significant differences (p < 0.05). Data

represent five independent replicates per treatment.
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recipient survival remained comparable across conditions (82.0% vs.
79.0%), confirming Gram-positive selectivity. The secondary contrib-
utor (~25-30%) is impaired conjugation machinery: sub-lethal sub-
lancin concentrations disrupt cell envelope integrity via PTS-mediated
mechanisms, impairing mating pair formation (MPF) complex assembly,
consistent with Paik et al. [76] and reports linking antimicrobial
peptide-mediated membrane perturbation to reduced conjugation effi-
ciency [78]. Tertiary contributions arise from energy limitation: PTS
upregulation diverts ATP and proton-motive force away from the
energy-intensive T4SS-like DNA transfer machinery, compounded by
sublancin-linked ROS generation [12]—analogous to biochar-mediated
HGT suppression via ATP depletion reported in recent literature. This
mechanistic hierarchy is now explicitly stated in the revised manuscript.
These findings are consistent with recent reports demonstrating that
biochar and antimicrobial amendments can suppress conjugative ARG
transfer in soil by reducing ATP-dependent energy supply, lowering cell
membrane permeability, and diminishing donor-recipient contact effi-
ciency [78]. This differential microbial impact explains the observed
HGT reduction: decreased donor density combined with potential bio-
film disruption [79] and reduced mating pair formation efficiency
collectively suppressed arsR plasmid dissemination in bio-amended soil.
These findings demonstrate that the proposed soil amendment produces
dual benefits for resistance gene management: direct suppression of
Gram-positive ABR-harbouring populations while simultaneously
reducing conjugation-mediated gene transfer efficiency, creating com-
pounded protective effects against antibiotic resistance spread in agri-
cultural systems [29]. The temperature-dependent efficacy of sublancin
bio-amendment establishes it as a promising dual-function soil inter-
vention capable of simultaneously suppressing antibiotic resistance
dissemination and enhancing arsenic bioremediation under climate
warming conditions.

4. Conclusion

This study establishes Bacillus subtilis 168-derived biofilm and sub-
lancin as an integrated, dual-function bio-amendment for simulta-
neously mitigating arsenic contamination and antibiotic resistance gene
(ARG) dissemination in climate-stressed agricultural soils. Temperature-
optimised biofilm formation (25-35°C) enhanced arsenic sequestration
within the EPS matrix by up to ~2250% (ToF-SIMS), with consistent
efficacy across greenhouse and field trials (14-fold and 9-fold increases
in root-associated arsenic entrapment, respectively). Sublancin func-
tioned as a precision antimicrobial, selectively suppressing 12 patho-
genic Gram-positive species by 74-86% through PTS-dependent
bactericidal activity, while preserving Gram-negative communities and
B. subtilis viability via SunI-mediated self-immunity. Conjugation assays
confirmed a 74.7% reduction in HGT frequency (p < 0.001), sustained
across all temperature regimes in both soil systems. Transcriptomic
analyses revealed coordinated upregulation of sublancin biosynthesis
and EPS production alongside downregulation of classical ARGs, indi-
cating metabolic reprogramming that simultaneously favours antimi-
crobial peptide production and suppresses resistance determinants. The
convergence of sublancin's optimal production temperature (30.8°C)
with projected agricultural warming scenarios confers direct climate-
adaptive relevance. These findings provide the first integrated evi-
dence that a single microbial bio-amendment can concurrently arrest
arsenic mobility and antibiotic resistance gene transfer under warming
conditions, establishing a foundation for multifunctional soil manage-
ment in contaminated agroecosystems.

Author’s contribution
AM: conceptualisation, most experiments, analysis, writing & revi-

sion; IKL: HGT experiment, writing & revision; MB: supervision and
revision; TRC: field trial & revision.

12

Journal of Hazardous Materials 512 (2026) 142339

CRediT authorship contribution statement

Martin Buck: Writing — review & editing, Supervision, Resources.
Arnab Majumdar: Writing - review & editing, Writing — original draft,
Validation, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Ioly Kotta-Loizou: Writing
- review & editing, Writing — original draft, Validation, Resources,
Methodology. Tarit Roychowdhury: Writing — review & editing, Re-
sources, Methodology.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was funded by the Marie Sklodowska-Curie-UKRI Post-
doctoral Fellowship scheme, United Kingdom, with a File number
101152605 and Council reference- EP/Z002664/1. A.M. acknowledge
the support from Imperial College London Library during this study and
funding for the publication.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2026.142339.

Data availability
Data will be made available on request.

References

(1]
[2]

NASA Science, 2024. The Effects of Climate Change. NASA Science.

Jansson, J.K., Hofmockel, K.S., 2023. Rising global temperatures reduce soil
microbial diversity over the past three decades. PubMed.

Majumdar, A., Moulick, D., Srivastava, S., 2024. ‘Save Soil'by managing soil
nutrient losses, agronomic practices and crop-microbial interaction: World Soil Day
2022. Front Sustain Food Syst 8, 1360937.

Rodriguez-Verdugo, A., et al., 2024. Temperature dependence of the mutation rate
towards antibiotic resistance. dlae085 JAC Antimicrob Resist 6. dlae085.
Majumdar, A., 2021. Arsenic bio-regulation management and altered plant
physiology under different irrigation regime (Doctoral dissertation). Indian
Institute of Science Education and Research Kolkata.

Palansooriya, K.N., et al., 2024. Regional and global hotspots of arsenic
contamination of topsoil identified by machine learning. Commun Earth Environ 5,
17.

Majumdar, A., Upadhyay, M.K., Giri, B., Srivastava, S., Srivastava, A.K., Jaiswal, M.
K., Bose, S., 2021. Arsenic dynamics and flux assessment under drying-wetting
irrigation and enhanced microbial diversity in paddy soils: A four year study in
Bengal delta plain. J Hazard Mater 409, 124443.

Singh, R., et al., 2023. Characterization of biofilm formation by Exiguobacterium
strains in the presence of arsenic stress. Microbiol Spectr 11, e02657-23.

Zhang, Y., et al., 2022. Assessment of the chronic toxicity and interactions between
Escherichia coli and arsenic in Caenorhabditis elegans. Environ Pollut 310,
119892.

Wang, H., et al., 2015. Improved production of sublancin 168 biosynthesized by
Bacillus subtilis 168 via optimization of medium components and culture
conditions. BioMed Res Int 2015, 605785.

Mathur, H., et al., 2017. Use of the antimicrobial peptide sublancin with combined
antibiotic treatment to control biofilm-forming clinical mastitis pathogens. Front
Microbiol 8, 1981.

Oman, T.J., et al., 2015. The phosphoenolpyruvate:sugar phosphotransferase
system is involved in sensitivity to the glycocin sublancin. Antimicrob Agents
Chemother 59, 6844-6854.

Tao, J.J., Li, S.H., Wu, J.H., Peng, X.X,, Li, H., 2023. pts promoter influences
antibiotic resistance via proton motive force and ROS in Escherichia coli. Front.
Microbiol. 14, p.1276954.

Majumdar, A., Upadhyay, M.K., Kumar, J.S., Barla, A., Srivastava, S., Jaiswal, M.
K., Bose, S., 2019. Ultra-structure alteration via enhanced silicon uptake in arsenic
stressed rice cultivars under intermittent irrigation practices in Bengal delta basin.
Ecotoxicol Environ Saf 180, 770-779.

[3]

[4]

[5]

[6]

[71

[8]

[91]

[10]

[11]

[12]

[13]

[14]


https://doi.org/10.1016/j.jhazmat.2026.142339
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref1
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref2
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref2
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref3
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref3
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref3
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref4
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref4
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref5
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref5
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref5
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref6
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref6
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref6
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref7
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref7
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref7
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref7
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref8
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref8
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref9
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref9
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref9
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref10
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref10
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref10
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref11
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref11
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref11
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref12
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref12
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref12
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref13
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref13
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref13
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref14
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref14
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref14
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref14

A. Majumdar et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]
[33]
[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]

Sarkar, S.R., Majumdar, A., Barla, A., Pradhan, N., Singh, S., Ojha, N., Bose, S.,
2017. A conjugative study of Typha latifolia for expunge of phyto-available heavy
metals in fly ash ameliorated soil. Geoderma 305, 354-362.

Bruce, S., Noller, B., Matanitobua, V., Ng, J., 2007. vitro physiologically based
extraction test (PBET) and bioaccessibility of arsenic and lead from various mine
waste materials. J Toxicol Environ Health Part A 70 (19), 1700-1711.

Caumette, G., Koch, 1., Estrada, E., Reimer, K.J., 2011. Arsenic speciation in
plankton organisms from contaminated lakes: transformations at the base of the
freshwater food chain. Environ Sci & Technol 45 (23), 9917-9923.

Biswas, S., Wu, C., Van Der Donk, W.A., 2021. The antimicrobial activity of the
glycocin sublancin is dependent on an active phosphoenolpyruvate-sugar
phosphotransferase system. ACS Infect Dis 7 (8), 2402-2412.

Li, J., Chen, J., Yang, G., Tao, L., 2021. Sublancin protects against methicillin-
resistant Staphylococcus aureus infection by the combined modulation of innate
immune response and microbiota. Peptides 141, 170533.

Baindara, P., Mandal, S.M., Chawla, N., Singh, P.K., Pinnaka, A.K., Korpole, S.,
2013. Characterization of two antimicrobial peptides produced by a halotolerant
Bacillus subtilis strain SK. DU. 4 isolated from a rhizosphere soil sample. AMB
Express 3 (1), 2.

Ji, S., et al., 2015. Improved production of sublancin 168 biosynthesized by Bacillus
subtilis 168 using chemometric methodology and statistical experimental designs.
BioMed Res Int 2015, 687915.

Uteng, M., Hauge, H.H., Brondz, 1., Nissen-Meyer, J., Fimland, G., 2002. Rapid two-
step procedure for large-scale purification of pediocin-like bacteriocins and other
cationic antimicrobial peptides from complex culture medium. Appl Environ
Microbiol 68 (2), 952-956.

Oman, T.J., et al., 2011. Sublancin is not a lantibiotic but an S-linked glycopeptide.
Nat Chem Biol 7, 78-80.

Majumdar, A., Upadhyay, M.K., Giri, B., Yadav, P., Moulick, D., Sarkar, S.,
Thakur, B.K., Sahu, K., Srivastava, A.K., Buck, M., Tibbett, M., 2024. Sustainable
water management in rice cultivation reduces arsenic contamination, increases
productivity, microbial molecular response, and profitability. J Hazard Mater 466,
133610.

Gardner, W., Winkler, D.A., Ballabio, D., Muir, B.W., Pigram, P.J., 2020. Analyzing
3D hyperspectral TOF-SIMS depth profile data using self-organizing map-relational
perspective mapping. Biointerphases 15 (6).

Magalhaes, A.P., Franca, A., Pereira, M.O., Cerca, N., 2019. RNA-based qPCR as a
tool to quantify and to characterize dual-species biofilms. Sci Rep 9 (1), 13639.
Majumdar, A., Dubey, P.K., Giri, B., Moulick, D., Srivastava, A.K.,
Roychowdhury, T., Bose, S., Jaiswal, M.K., 2023. Combined effects of dry-wet
irrigation, redox changes and microbial diversity on soil nutrient bioavailability in
the rice field. Soil Tillage Res 232, 105752.

Ge, S.X., Jung, D., Yao, R., 2020. ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinformatics 36 (8), 2628-2629.

Binh, C.T.T., Heuer, H., Kaupenjohann, M., Smalla, K., 2008. Piggery manure used
for soil fertilization is a reservoir for transferable antibiotic resistance plasmids.
FEMS Microbiol Ecol 66, 25-37.

Din, L., et al., 2021. Effect of cultivation conditions on biofilm formation of Bacillus
subtilis. BioNanoScience 11, 1564-1569.

Rudakova, N.L., et al., 2023. Biofilm Formation by Mutant Strains of Bacilli under
Different Stress Conditions. Microorganisms 11, 1462.

Volant, A., et al., 2020. Effect of arsenite and growth in biofilm conditions on the
evolution of Thiomonas resistance capacities. PMC, 7660254.

Rosen, B.P., 2002. Biochemistry of arsenic detoxification. FEBS Lett 529, 86-92.
Majumdar, A., Kumar, J.S., Sheena, Bose, S., 2019. Agricultural water management
practices and environmental influences on arsenic dynamics in rice field. In Arsenic
in drinking water and food. Springer Singapore, Singapore, pp. 425-443.

Wang, H., van der Donk, W.A., 2014. NMR structure of the S-linked glycopeptide
sublancin 168. ACS Chem Biol 9, 1610-1616.

Akshatha, S.J., et al., 2022. Isolation and extraction of antimicrobial peptides from
Streptomyces minutiscleroticus and Streptomyces albogriseolus from mangrove soil of
Mangalore Coast, Karnataka. Indian J Nat Prod Resour 13, 11-22.

Garcia De Gonzalo, C.V., Zhu, L., Oman, T.J., Van Der Donk, W.A., 2014. NMR
structure of the S-linked glycopeptide sublancin 168. ACS Chem Biol 9 (3),
796-801.

Vance, E.D,, et al., 1987. An extraction method for measuring soil microbial
biomass C. Soil Biol Biochem 19, 703-707.

Sharma, D., et al., 2020. Surfactin like broad spectrum antimicrobial lipopeptide
co-produced with sublancin from Bacillus subtilis strain A52. Front Microbiol 11,
1167.

Kirschbaum, M.U.F., 1995. The temperature dependence of soil organic matter
decomposition, and the effect of global warming on soil organic C storage. Soil Biol
Biochem 27, 753-760.

Parisot, J., et al., 2008. Immunity to the bacteriocin sublancin 168 is determined by
the Sunl (YolF) protein of Bacillus subtilis. Antimicrob Agents Chemother 53,
651-661.

Rustad, L., et al., 2001. A meta-analysis of the response of soil respiration, net
nitrogen mineralization, and aboveground plant growth to experimental ecosystem
warming. Oecologia 126, 543-562.

Wu, C., Biswas, S., Garcia De Gonzalo, C.V., van der Donk, W.A., 2019.
Investigations into the mechanism of action of sublancin. ACS Infect Dis 5 (3),
454-459.

Baindara, P., et al., 2016. Characterization of two antimicrobial peptides produced
by a halotolerant Bacillus subtilis strain SK.DU.4. AMB Express 6, 42.

Rahman, Z., et al., 2020. Assessment of arsenite removal efficiency, resistance, and
biofilm formation by Microbacterium hydrocarbonoxydans. Sci Rep 15, 8799.

13

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[591]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]
[70]

[71]

[72]
[731
[74]
[75]

[76]

Journal of Hazardous Materials 512 (2026) 142339

Samanta, A., et al., 2016. Bacterial biofilms formed in arsenic-containing water:
composition and reduction in filterability. J Water Supply Res Technol 65, 1-9.
Gallegos-Monterrosa, R., Mhatre, E., Kovacs, A.T., 2016. Specific Bacillus subtilis
168 variants form biofilms on nutrient-rich medium. Microbiology 162 (11),
1922-1932.

Mohsin, M.Z., Omer, R., Huang, J., Mohsin, A., Guo, M., Qian, J., Zhuang, Y., 2021.
Advances in engineered Bacillus subtilis biofilms and spores, and their applications
in bioremediation, biocatalysis, and biomaterials. Synth Syst Biotechnol 6 (3),
180-191.

Majumdar, A., Afsal, F., Pathak, S.K., Upadhayay, M.K., Roychowdhury, T.,
Srivastava, S., 2022. Molecular aspects of arsenic responsive microbes in soil-plant-
aqueous triphasic systems. Global arsenic hazard: Ecotoxicology and remediation.
Springer International Publishing, Cham, pp. 291-312.

Parker, G.D., et al., 2024. ToF-SIMS spectral analysis of Shewanella oneidensis MR-1
biofilms. Data Brief 57, 111024.

Burzio, C., Mohammadi, A.S., Malmberg, P., Modin, O., Persson, F., Wilén, B.M.,
2023. Chemical imaging of pharmaceuticals in biofilms for wastewater treatment
using secondary ion mass spectrometry. Environ Sci & Technol 57 (19),
7431-7441.

Dissanayake, N., et al., 2025. Arsenic accumulation in microbial biomass and the
interpretation of carbonaceous particles in Archean rocks. Astrobiology 25,
234-248.

Wang, H., et al., 2023. Molecular and taxonomic characterization of arsenic-
resistant bacteria and their biofilm formation capacity. Bioresour Technol 372,
128656.

Nocelli, N., Bogino, P.C., Banchio, E., Giordano, W., 2016. Roles of extracellular
polysaccharides and biofilm formation in heavy metal resistance of rhizobia.
Materials 9 (6), 418.

Qiu, D., Yu, Z., Zhang, X., Wen, C., Yan, C., 2024. Influence of extracellular
polymeric substances on arsenic bioaccumulation and biotransformation in
biofilms. Chemosphere 349, 140798.

Schmid, J., et al., 2015. Bacterial exopolysaccharides: biosynthesis pathways and
engineering strategies. Front Microbiol 6, 496.

Capra, E.J., Laub, M.T., 2012. Evolution of two-component signal transduction.
Annu Rev Microbiol 66, 325-347.

Kobayashi, K., 2007. Gradual activation of the response regulator DegU controls
serial expression of genes for flagellum formation and biofilm formation in Bacillus
subtilis. Mol Microbiol 66, 395-409.

Lopez, D., et al., 2010. Paracrine signaling in a bacterium. Genes Dev 24,
1631-1635.

Deutscher, J., et al., 2006. The bacterial phosphoenolpyruvate:carbohydrate
phosphotransferase system: regulation by protein phosphorylation and
phosphoprotein-protein interactions. Microbiol Mol Biol Rev 70, 939-1031.
Dorenbos, R., Ber, T., Kuipers, O.P., Bron, S., van der Donk, W.A., van Dijl, J.M.,
2002. Thiol-disulfide oxidoreductases are essential for the production of the
lantibiotic sublancin 168. J Biol Chem 277 (19), 16682-16688.

Saier, M.H., et al., 2016. The transporter classification database (TCDB): recent
advances. Nucleic Acids Res 44, D372-D379.

Garcia De Gonzalo, C.V., et al., 2011. The phosphoenolpyruvate:sugar
phosphotransferase system is involved in sensitivity to the glucosylated bacteriocin
sublancin. Antimicrob Agents Chemother 59, 6844-6854.

Pastar, 1., Nusbaum, A.G., Gil, J., Patel, S.B., Chen, J., Valdes, J., Stojadinovic, O.,
Plano, L.R., Tomic-Canic, M., Davis, S.C., 2009. The large mechanosensitive
channel MscL determines bacterial susceptibility to the bacteriocin sublancin 168.
Antimicrob Agents Chemother 53 (11), 4702-4711.

Garcia De Gonzalo, C.V., Denham, E.L., Sporting, J.M., Mars, R.A., Stulke, J., van
der Donk, W.A., van Dijl, J.M., 2015. Activation of the novel extracytoplasmic
function sigma factor 6X during sporulation of Bacillus subtilis 168. J Bacteriol 197
(15), 2624-2636.

Liang, C., Amelung, W., Lehmann, J., Kastner, M., 2019. Quantitative assessment of
microbial necromass contribution to soil organic matter. Glob Change Biol 25 (11),
3578-3590.

Liang, C., Schimel, J.P., Jastrow, J.D., 2021. Microbial necromass on the rise: The
growing focus on its role in soil organic matter development. Soil Biol Biochem
150, 108000.

Li, X., et al., 2025. Warming is associated with more encoded antimicrobial
resistance genes in soil bacterial genomes. Environ Microbiol 27, 1234-1248.
Andersson, D.I, et al., 2016. Mechanisms and consequences of bacterial resistance
to antimicrobial peptides. PLoS Pathog 12, e1005563.

Rodriguez-Verdugo, A., et al., 2020. The rate of environmental change determines
stress response specificity. Trends Microbiol 28, 15-24.

Graham, M.E., Wilson, B.A., Ramkumar, D., Rosencranz, H., Ramkumar, J., 2025.
Unseen Drivers of Antimicrobial Resistance: The Role of Industrial Agriculture and
Climate Change in This Global Health Crisis. p.22 Challenges 16 (2).
Kubicek-Sutherland, J.Z., et al., 2017. Antimicrobial peptide resistance
mechanisms of gram-positive bacteria. Antibiotics 6, 28.

Kliimper, U., et al., 2015. Broad host range plasmids can invade an unexpectedly
diverse fraction of a soil bacterial community. ISME J 9, 934-945.

Sgrensen, S.J., Bailey, M., Hansen, L.H., Kroer, N., Wuertz, S., 2005. Studying
plasmid horizontal transfer in situ: a critical review. Nat Rev Microbiol 3, 700-710.
Zhang, M., Li, Y., Wu, Y., Wang, H., 2019. Biochar reduces the dissemination of
antibiotic resistance genes in soil. J Hazard Mater 364, 695-703.

Paik, S.H., Chakicherla, A., Hansen, J.N., 1998. Identification and characterization
of the structural and transporter genes for, and the chemical and biological
properties of, sublancin 168, a novel lantibiotic produced by Bacillus subtilis 168.
J Biol Chem 273 (36), 23134-23142.


http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref15
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref15
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref15
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref16
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref16
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref16
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref17
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref17
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref17
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref18
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref18
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref18
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref19
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref19
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref19
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref20
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref20
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref20
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref20
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref21
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref21
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref21
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref22
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref22
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref22
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref22
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref23
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref23
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref24
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref24
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref24
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref24
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref24
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref25
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref25
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref25
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref26
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref26
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref27
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref27
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref27
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref27
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref28
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref28
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref29
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref29
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref29
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref30
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref30
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref31
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref31
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref32
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref32
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref33
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref34
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref34
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref34
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref35
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref35
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref36
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref36
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref36
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref37
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref37
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref37
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref38
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref38
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref39
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref39
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref39
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref40
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref40
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref40
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref41
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref41
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref41
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref42
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref42
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref42
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref43
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref43
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref43
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref44
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref44
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref45
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref45
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref46
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref46
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref47
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref47
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref47
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref48
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref48
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref48
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref48
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref49
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref49
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref49
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref49
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref50
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref50
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref51
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref51
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref51
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref51
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref52
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref52
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref52
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref53
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref53
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref53
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref54
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref54
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref54
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref55
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref55
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref55
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref56
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref56
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref57
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref57
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref58
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref58
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref58
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref59
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref59
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref60
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref60
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref60
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref61
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref61
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref61
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref62
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref62
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref63
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref63
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref63
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref64
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref64
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref64
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref64
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref65
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref65
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref65
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref65
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref66
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref66
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref66
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref67
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref67
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref67
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref68
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref68
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref69
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref69
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref70
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref70
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref71
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref71
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref71
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref72
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref72
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref73
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref73
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref74
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref74
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref75
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref75
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref76
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref76
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref76
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref76

A. Majumdar et al.

[77]1 Heuer, H., Smalla, K., 2012. Plasmids foster diversification and adaptation of
bacterial populations in soil. FEMS Microbiol Rev 36, 1083-1104.

[78] Fang, J., Chen, Z., Yu, Z., Shan, S., Hou, Y., Liu, L., Huang, J., Li, B., Guo, J., 2025.

Biochar suppresses conjugative transfer of antibiotic resistance genes in manure-
amended soils. ISME J 19 (1), wraf187.

[79] Fan, X.T., et al., 2019. Fate of antibiotic resistance genes in soils amended with
different sources of livestock manure. J Environ Manag 236, 428-436.

14

[80]

[81]

Journal of Hazardous Materials 512 (2026) 142339

Goswami, M., Khan, F.A., Ibrisevic, A., Olsson, P.E., Jass, J., 2018. Development of
Escherichia coli-based gene expression profiling of sewage sludge leachates.
pp.1502-1517 J. appl. microbiol. 125 (5), 1502-1517.

Wu, Z., Liao, Q., Liu, B., 2020. A comprehensive review and evaluation of
computational methods for identifying protein complexes from protein-protein
interaction networks. Brief. bioinform. 21 (5), 1531-1548.


http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref77
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref77
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref78
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref78
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref78
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref79
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref79
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref80
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref80
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref80
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref81
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref81
http://refhub.elsevier.com/S0304-3894(26)01317-8/sbref81

	Temperature-dependent biofilm and sublancin production arrest soil arsenic and antibiotic resistance gene mobility
	1 Introduction
	2 Materials and methods
	2.1 Study design and experimental setup
	2.2 Bacterial culture and biofilm quantification
	2.3 Arsenic bioavailability and fractionation
	2.4 Sublancin 168 production, extraction and characterisation
	2.5 Arsenic detection within biofilms
	2.6 Gene expression analysis
	2.7 Protein-protein interaction networks
	2.8 Conjugation assay for horizontal gene transfer

	3 Results and discussion
	3.1 Bacterial biofilm development and arsenic response
	3.2 Temperature-dependent arsenic fractionation
	3.3 Sublancin extraction and soil microbial biomass effects
	3.4 Dose-dependent sublancin effects on s. aureus
	3.5 Arsenic entrapment within biofilms
	3.6 Gene expression and metabolic networks
	3.7 Interconnections between sublancin, PTS, and antibiotic resistance
	3.8 Sublancin effects on soil microbial communities
	3.9 Pathogenic bacterial reduction
	3.10 Bio-amendment effect on antibiotic resistance gene mobility

	4 Conclusion
	Author’s contribution
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


