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 19 

ABSTRACT 20 

This study aimed to isolate a novel antimony-mineralizing bacterium and elucidate 21 

its molecular response mechanisms during Sb(III) biomineralization via integrated 22 

multi-omics. 23 

The isolate Serratia marcescens (MIC > 250 mM) achieved 96.18% Sb(III) re-24 

moval under Box-Behnken-optimized conditions (27.7 ℃, pH 4.67, 205.6 rpm). 25 

Time-series Raman and SEM-EDS revealed a non-classical crystallization pathway 26 

proceeding through an amorphous precursor to crystalline Sb2O3 (confirmed by 27 

XRD/XPS) within 36 h. Integrated transcriptomic and proteomic profiling showed that 28 

Sb(III) stress significantly upregulated TCA cycle enzymes (mqo, mdh, fumC), fatty 29 

acid β-oxidation (FadL/D/E/A), siderophore/iron uptake (entB/C/E, fepB/A), Fe-S clus-30 

ter assembly (sufABCS), molybdenum cofactor biosynthesis (moaABCDE), and gluta-31 

thione-mediated antioxidant systems (katCEG, gshAB), while concurrently downregu-32 

lating flagellar assembly (flgBCDEFGKL) and chemotaxis (cheR) to conserve proton 33 

motive force for ArsB-driven Sb(III) efflux. 34 

S. marcescens orchestrates a coordinated metabolic reprogramming that enhances 35 

energy generation, metal sequestration, and oxidative defence while suppressing motil-36 

ity, effectively transforming toxic aqueous Sb(III) into valuable crystalline Sb2O3. 37 

These findings provide a mechanistic blueprint for engineering microbial-based biore-38 

mediation and resource recovery from antimony-polluted environments. 39 
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 42 

Impact Statement 43 

Antimony contamination of water resources poses a global health risk, yet conven-44 

tional remediation is costly and environmentally burdensome. This study demonstrates 45 

that Serratia marcescens efficiently biomineralizes Sb(III) into Sb2O3 crystals, and its 46 

multi-omics characterization reveals a coordinated metabolic reprogramming that cou-47 

ples energy conservation with metal detoxification. These insights establish a mecha-48 

nistic basis for developing bio-engineered systems that recover critical metals from pol-49 

luted environments, advancing a circular economy approach to environmental remedi-50 

ation. 51 

 52 

1. Introduction 53 

Antimony (Sb) is a toxic metalloid prevalent in terrestrial ecosystems.1-3 Excessive 54 

Sb exposure can lead to organ failure, respiratory diseases, and may be carcinogenic.4 55 

Due to rapid urbanization and industrialization, Sb concentrations in water and soil have 56 

risen significantly.5, 6 Sb is listed as a priority pollutant by both the U.S. Environmental 57 

Protection Agency (EPA) and the European Union (EU) Council.4 Global Sb reserves 58 

are estimated at 1.8 million tons, with China (54%), Russia (18%), and Tajikistan (15%) 59 

accounting for 87% of world production.7 As of 2021, China remained the leading 60 

global Sb producer, contributing 55% of mined output.8 Stibnite (Sb2S3), the predomi-61 

nant Sb ore,9 undergoes oxidation and leaching driven by oxygen, microbes, and water, 62 

generating acidic wastewater rich in Sb and sulfate, which contaminates surrounding 63 

environments.10 For instance, surface water Sb concentrations near the Xikuangshan 64 

mining area in Hunan surged from 0.03 mg/L in pristine areas to 2.09 mg/L post-mining, 65 

far exceeding the drinking water Sb concentration limit (20 μg/L) set by the World 66 

Health Organization (2017).  67 
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Sb primarily exists in the -III, 0, III, and V oxidation states, with Sb(III) and Sb(V) 68 

being the most common environmental forms.1 Toxicity depends on chemical form and 69 

oxidation state, generally following the order: elemental Sb > inorganic Sb salts > or-70 

ganic Sb species, and Sb(III) > Sb(V).11 The main valence states of Sb in the environ-71 

ment are Sb(III) and Sb(V).3 Microorganisms play crucial roles in Sb geochemical cy-72 

cling, reducing its toxicity through bioreduction, biooxidation, and speciation 73 

changes,12 thereby facilitating Sb complexation, mineralization, and biotransfor-74 

mation.13 Microbial biomineralization of Sb, observed across diverse taxa, serves as a 75 

key tolerance mechanism within this biogeochemical cycle.14 Lai et al.15
 reported auto-76 

trophic bacteria using hydrogen (H₂) as an electron donor to reduce Sb(V) to Sb2O3 in 77 

flooded mine soils. Yamamura et al.16
 identified the autotroph Geobacter sp. SVR, 78 

which transforms Sb(V) into Sb2O3, forming senarmontite or valentinite depending on 79 

pH. The fungus Rhodotorula mucilaginosa converts Sb(III) to less soluble crystalline 80 

Sb2O3 via extracellular polymeric substances (EPS).17 Sulfate-reducing bacteria (SRB) 81 

contribute to Sb mineralization by adsorbing antimonate/antimonite onto cell surfaces 82 

and precipitating Sb2S₃ or Sb2S5, often co-precipitating with phosphorus-containing 83 

groups.18 Although significant progress has been made in understanding microbial 84 

Sb(III) or Sb(V) biomineralization, the vast diversity and functional heterogeneity of 85 

bacteria necessitates further mechanistic studies, the discovery of novel functional 86 

strains, and deeper insights into their roles in Sb biogeochemical cycling. Such 87 

knowledge is essential for elucidating the mechanisms of microbial Sb biomineraliza-88 

tion and developing bioremediation technologies. 89 

Nevertheless, the molecular and physiological mechanisms underlying microbially 90 

driven mineralization of aqueous Sb(III) into crystalline Sb2O3 remain largely unclear. 91 

A thorough elucidation of this pathway is essential for advancing our fundamental un-92 

derstanding of microbial contributions to antimony biogeochemistry and the formation 93 

of Sb2O3 biominerals. In this study, we aimed to systematically uncover the bacterial 94 

mechanisms responsible for the conversion of dissolved Sb(III) into crystalline Sb2O3 95 

using an integrated multi-level approach. The specific objectives were to: (1) identify 96 

the optimal conditions for Sb(III) mineralization and clarify the influence of 97 
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environmental variables on this process; (2) characterize the evolution of mineral 98 

phases and changes in antimony coordination during biomineralization through multi-99 

technique structural analysis; and (3) dissect the underlying regulatory network and 100 

functional pathways via integrated genomic, transcriptomic, and proteomic mining. 101 

 102 

2. Materials and Methods 103 

2.1. Strain source 104 

In January 2024, c omposite samples were collected from the outlet of the Banpo 105 

Dongfeng Sb mine. The samples were kept at 4℃ and processed within 24 h. A chem-106 

ically defined medium (CDM) was prepared for bacterial enrichment.19 All reagents 107 

were of analytical grade. 108 

The enriched bacterial culture was inoculated into CDM supplemented with 2% 109 

(w/v) agar to isolate single colonies based on morphological characteristics. Individual 110 

colonies were then transferred to CDM containing potassium antimony tartrate 111 

(C8H4K2O12Sb2·3H2O, analytical reagent) as the Sb(III) source to enrich for Sb-tolerant 112 

strains. The Sb(III) concentration was progressively increased in each enrichment cycle 113 

to select bacteria capable of transforming antimony. 114 

2.2. Sb(III) tolerance assay 115 

To assess Sb(III) resistance, a chemically defined medium (CDM) was prepared 116 

with varying Sb(III) concentrations (0, 10, 50, 100, 150, 200, 250 mM; pH 7.2), along 117 

with uninoculated controls. The purified bacterial isolate was inoculated (1%, v/v) into 118 

100 mL of CDM and incubated at 28 ℃ with shaking at 150 rpm. Optical density at 119 

600 nm (OD600)20 was measured at 4, 8, 12, 16, 20, and 24 h using a T6 UV-Vis spec-120 

trophotometer (Beijing General Instrument Co., China).14 The minimum inhibitory con-121 

centration (MIC) was determined based on the OD600 measurements. All experiments 122 

were performed in triplicate. 123 

2.3. Sb removal validation 124 

Strains were cultured in CDM at 28 ℃ and 150 rpm with either 0 mM or 8.15 mM 125 

Sb(III) to observe precipitate formation. The precipitate-forming bacteria were then 126 
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inoculated (1%, v/v) into CDM containing initial Sb(III) concentrations of 0.41, 0.82, 127 

4.1, or 8.2 mM and incubated for 5 days. Total Sb concentrations in the medium before 128 

and after incubation were determined by atomic fluorescence spectrometry (AFS).21 129 

2.4. Response surface analysis 130 

Single-factor experiments were conducted to investigate the effects of temperature 131 

(15, 25, 30 ℃), initial pH (4.0, 6.0, 7.0, 8.0), initial concentration of Sb(III) (8.14, 16.9, 132 

24.43 mM; initial values, unadjusted), and shaking speed (100, 150, 200 rpm). The level 133 

for each factor corresponding to maximum Sb removal in the single-factor experiments 134 

were used to design a Box‑Behnken design in Design-Expert 13, aiming to optimize 135 

the four factors for Sb(III) removal efficiency. Sb concentrations were measured by 136 

AFS. 137 

2.5. Mineralized product characterization 138 

The bacteria were cultured under the optimal mineralization conditions determined 139 

by response surface analysis. Precipitates were collected at 9, 12, 15, 18, 21, 24, 27, 30, 140 

33, and 36 h, washed with sterile water, and then subjected to Raman spectroscopy. 141 

Raman spectra were collected using a WITec alpha300R spectrometer (Wealtec) at 142 

room temperature with 532 nm laser excitation. To minimize possible photo-induced 143 

changes, the laser power was limited using optical density filters and did not exceed 144 

3 mW. 145 

The precipitate obtained after 36 h was washed with sterile water, centrifuged (4 °C, 146 

12,000 × g, 5 min), dried, and collected. X-ray photoelectron spectroscopy (XPS) and 147 

X-ray diffraction (XRD) measurements were performed by Hangzhou Yanqu Infor-148 

mation Technology Co., Ltd. 149 

2.6. Whole-genome and transcriptome sequencing analysis 150 

For genomic analysis, purified S. marcescens colonies were harvested and sub-151 

jected to Illumina (short-read) and PacBio (long-read) sequencing. Hybrid assembly 152 

was performed using Unicycler, and the complete genome was annotated with Prodigal, 153 

tRNAscan-SE, and Barrnap. Functional annotation was achieved using BLAST against 154 

the GO, KEGG, and COG databases. Strain identification was confirmed via 16S rRNA 155 

sequencing and phylogenetic analysis using MEGA 6.0.22 For transcriptomic analysis, 156 
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cells grown under control conditions and Sb(III) stress (19.47 mM) were harvested at 157 

the logarithmic phase. Total RNA was extracted, rRNA-depleted, and sequenced on the 158 

Illumina NovaSeq 6000 platform. Clean reads were aligned to the reference genome 159 

using Bowtie2, and gene expression was quantified with RSEM. Differentially ex-160 

pressed genes (|log2 fold change| ≥ 1, adjusted p-value < 0.05) were identified using 161 

DESeq2 and then subjected to GO and KEGG enrichment analyses.23 162 

2.7. Proteomic analysis 163 

Cells from the control and Sb(III)-treated groups were harvested at the logarithmic 164 

phase. Proteins were extracted using lysis buffer (8 M urea, 1% SDS) supplemented 165 

with protease inhibitors. After reduction, alkylation, and trypsin digestion, the resulting 166 

peptides were analyzed by LC‑MS/MS on an Orbitrap Astral mass spectrometer oper-167 

ated in data-independent acquisition (DIA) mode. Raw data were processed with Spec-168 

tronaut 19 for protein identification and quantification. Differentially expressed pro-169 

teins (|log₂ fold change| ≥ 0.263, p < 0.05) were subjected to GO, KEGG, and protein-170 

protein interaction (PPI) network analyses using DAVID, STRING, and Cytoscape 171 

(version 3.10.3).24 172 

2.8. PPI network construction and data mining 173 

Protein-protein interaction (PPI) network analysis of the annotated genes was per-174 

formed using the STRING database (Search Tool for the Retrieval of Interacting Genes). 175 

Data sources were set to text mining, experiments, and databases. For the transcrip-176 

tome-based PPI network, a minimum interaction score of 0.900 was used; for the pro-177 

teome-based PPI network, a minimum score of 0.4 was applied. Key sub-network (clus-178 

ter) analysis was carried out using the MCODE plugin in Cytoscape. 179 

3. Results 180 

3.1. Verification of Bacterial Functional Characteristics and Optimization of 181 

Efficiency 182 

A Gram-negative bacterium forming smooth, bright red colonies was isolated and 183 

identified as Serratia marcescens via 16S rRNA sequencing. When cultured in chemi-184 

cally defined medium (CDM) containing 8.15 mM Sb(III), the strain induced visible 185 
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precipitate formation, whereas no precipitate was observed in Sb(III)-free medium, in-186 

dicating its ability to transform aqueous Sb(III) into insoluble products. Atomic fluo-187 

rescence spectrometry (AFS) quantification confirmed significant antimony removal, 188 

with removal efficiency increasing at higher initial Sb(III) concentrations (Figure 1a). 189 

The strain exhibited exceptional Sb(III) tolerance, with a minimum inhibitory concen-190 

tration (MIC) exceeding 250 mM (Figure 1b). 191 

Single-factor experiments showed that a temperature of 30 ℃, pH 4.0, Sb(III) con-192 

centration of 24.6 mM, and shaking speed of 200 rpm each enhanced Sb(III) removal 193 

(Appendix Figure S2). Subsequent Box-Behnken response surface methodology (RSM) 194 

optimization identified pH as the most influential factor (Appendix Figure S3). Variance 195 

analysis of the response surface model reveals a significant model regression and an 196 

insignificant lack-of-fit, which collectively substantiate the model's high predictive fi-197 

delity and justify its applicability in subsequent design exploration (Appendix Table 198 

S1). The optimal conditions were predicted to be 27.7 ℃, pH 4.67, shaking speed of 199 

25.6 rpm, and an initial Sb(III) concentration of 19.47 mM, yielding a predicted re-200 

moval rate of 97.3%. Validation experiments achieved 96.18% removal after 5 days, 201 

demonstrating high consistency with the model and confirming the robustness of the 202 

optimized conditions (Appendix Figure S4).  203 

3.2 Phase structure and elemental composition of precipitate 204 

To determine the composition of the precipitates generated under Serratia mar-205 

cescens mediation, the obtained precipitates were processed and characterized by XRD 206 

and XPS; the results are shown in Figure 2a. Figure 2a shows the XRD pattern. The 207 

diffraction peaks of the mineralization product closely matched the reference pattern 208 

for Sb2O3 (PDF#05-0534), indicating that its crystalline phase is consistent with that of 209 

Sb2O3. Sharp diffraction peaks indicate that the sample is highly crystalline,25 and no 210 

additional Sb-containing impurity peaks were detected. Figures 2b, 2c and 2d show the 211 

full scan XPS, C 1s and Sb 3d spectra, respectively. The full scan results indicate that 212 

the precipitate surface mainly contains Sb (antimony), O (oxygen) and C (carbon), and 213 

no other metal or impurity elements (e.g., Cl, S, etc.) were detected, which is consistent 214 

with the XRD results. The binding energy peak located at 284.8 eV was attributed to 215 
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C-C and this peak was used for binding energy calibration;26 the binding energy peaks 216 

located at 286.32 eV and 287.95 eV may correspond to hydroxyl/ether bonds (C-OH/C-217 

O-C) and carbonyl/carboxylic acid groups (C=O/O-C=O), respectively.27 In the fine 218 

scan of Sb 3d, Sb 3d₃/₂ was used as the basis for peak splitting because the O 1s peak 219 

overlaps with that of Sb 3d₅/₂.28 The binding energies of Sb 3d₃/₂ and Sb 3d₅/₂ were 220 

539.08 eV and 529.68 eV, respectively, with a 9.4 eV peak spacing, which is consistent 221 

with the chemical state of Sb(III);28 the spectral peaks of O 1s are located at 529.98 eV 222 

and 531.68 eV, respectively, where 529.98 eV is attributed to lattice oxygen (O²⁻), cor-223 

responding to the metal-oxygen bonding in Sb2O3 (Sb-O),28, 29 and 531.68 eV to surface 224 

adsorbed oxygen (e.g. hydroxy-OH or adsorbed water).30, 31 Taken together, the miner-225 

alization product produced under Serratia marcescens mediation is identified as Sb2O3. 226 

Raman spectra were collected over time (Figure 2e). Characteristic peaks for Sb2O3 227 

began to appear at 27 h, with their intensity increasing thereafter. No Raman signals 228 

corresponding to antimony species were detected in samples collected prior to 27 h. 229 

Figures 2f-h show scanning electron microscopy with energy dispersive spectros-230 

copy (SEM-EDS) images of bacterial cultures at 12, 24, and 36 hours. Serratia mar-231 

cescens is rod-shaped. No obvious precipitate products were observed at 12 hours. At 232 

24 hours, certain granular substances appeared on the cell surface. By the 36th hour, 233 

distinct crystalline minerals had formed, exhibiting irregular flaky or lamellar aggre-234 

gates arranged in a characteristic overlapping or book-like stacking pattern.32 The ag-235 

gregates exhibited distinct edges, though their overall margins appeared somewhat ir-236 

regular due to the layered stacking of constituent crystals. 237 

3.3. Genomic Analysis of Serratia marcescens 238 

3.3.1. Strain analysis 239 

Based on comparative analysis of 16S rRNA gene sequences, the screened bacte-240 

rium exhibited 99.7% similarity to Serratia marcescens, indicating a high degree of 241 

homology between the two organisms. The phylogenetic tree is presented in Appendix 242 

Figure S1. The phylogenetic tree is divided into four major clades, with the screened 243 

bacterium clustering with Serratia marcescens. This further indicates that the screened 244 

bacterium and Serratia marcescens are either the same species or very closely related. 245 
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In contrast, the screened bacterium shows distant phylogenetic relationships with spe-246 

cies from other genera (such as Enterobacter, Klebsiella, etc.), demonstrating their early 247 

evolutionary divergence.  248 

Bacterial genome-wide profile information is shown in Appendix Table S2. Serratia 249 

marcescens harbors one chromosome and four plasmids. Its GC content was 58.93%, 250 

which is within the typical range of the close relatives of the genus, and its nucleotide 251 

composition is conserved and evolutionarily stable, which is in agreement with the re-252 

ported results of the study of Serratia marcescens;33 however, it is worth noting that 253 

many studies report that the number of plasmids in Serratia marcescens ranges from 0 254 

to 1,34 while the number of plasmids in Serratia marcescens (n=4) exceeds this range, 255 

which may contribute to adaptation to complex environments, such as tolerance to toxic 256 

substances (e.g., antimony). A total of 5224 coding sequences (CDSs) were annotated, 257 

indicating a very complex functional repertoire. In addition, 90 tRNAs and 22 rRNAs 258 

were identified, also reflecting efficient translation machinery and transcriptional activ-259 

ity. 260 

3.3.2. GO, KEGG, and COG annotation  261 

The results of the GO classification histogram are shown in Figure 3a. In total, 262 

2,673 genes (51.17%) were assigned GO annotations. Genes marked with pink asterisks 263 

were prioritized for subsequent protein-protein interaction (PPI) mapping. The same 264 

labeling approach was applied to the KEGG and COG annotations. 265 

KEGG functional annotations and pathway enrichment are presented in Figure 3b. 266 

In total, 4,097 genes (78.42%) were annotated in KEGG and mapped to 45 pathways 267 

across six categories: cellular processes, environmental information processing, genetic 268 

information processing, human diseases, metabolism, and organismal systems. 269 

The COG functional annotations of Serratia marcescens genes were categorized 270 

and counted, and the results are shown in Figure 3c. In total, 4,327 protein-coding genes 271 

(82.83%) were assigned to 24 COG categories.  272 

3.3.3. Interaction of Serratia marcescens with antimony 273 

Guided by genome and GO/KEGG/COG annotations, we screened literature-sup-274 

ported genes potentially involved in Sb resistance and transformation. The candidate 275 
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genes are listed in Table 1, which includes numerous Sb(III) efflux and antioxidant 276 

genes, as well as Sb(V) efflux genes and Sb redox genes. 277 

3.4. Transcriptomics 278 

3.4.1 Transcriptomic validation of Sb resistance and mineralization mechanisms 279 

The transcriptome differential expression volcano plot is shown in Figure 4a. In 280 

total, 663 genes were significantly up‑regulated and 395 were down‑regulated, indicat-281 

ing substantial changes in the transcriptional profile of Serratia marcescens under anti-282 

mony stress. A clustering heatmap of transcriptome expression is presented in Figure 283 

4b, revealing marked differential expression between groups. Figures 4c and 4d show 284 

GO enrichment analyses for significantly up‑regulated and down‑regulated genes, re-285 

spectively. Similarly, Figures 4e and 4f present the corresponding KEGG enrichment 286 

analyses. A clustered heatmap showing up‑regulated expression is provided in Appen-287 

dix Figure S5, down‑regulated expression in Appendix Figure S6, and details of differ-288 

entially expressed genes are included in Appendix Table S3. 289 

The results showed that key functional genes listed in Table 1 were significantly 290 

affected by antimony stress. Specifically, Sb(III) efflux genes (arsA, arsB), Sb(III) che-291 

lation gene (gshA), anti‑oxidative stress genes (gshA, gst, soxR), and Sb(III) oxidation 292 

gene (iscR) were all significantly up‑regulated. In contrast, genes related to Sb(V) up-293 

take (pstABC) and catalase genes (katG, katE) were significantly down‑regulated. Ad-294 

ditionally, sugar transporters (malTKXZ, glpQK) were significantly up‑regulated. In the 295 

metabolic module, amino acid metabolism genes (ilvB, leuABCD, argBCDGHR) were 296 

significantly down‑regulated, while tricarboxylic acid (TCA) cycle genes (fumC, mdh) 297 

were significantly up‑regulated. Fatty acid metabolism genes (fabAG) and nucleotide 298 

metabolism gene (nrdD) were significantly down‑regulated. Some outer membrane 299 

channel porin genes (ompCW) were also significantly down‑regulated. The DNA repair 300 

module genes (recANX, dnaN) were significantly up‑regulated, and capsular polysac-301 

charide synthesis genes (rcsA/rcsB) were significantly up‑regulated. 302 

3.3.5. Data mining of functional genes 303 
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The protein interaction network is shown in Figure 5. Figure 5A, B are key subsets 304 

drawn from the upregulated and downregulated genes, respectively. The key infor-305 

mation in Figure 5 is summarized in Appendix Table S4. 306 

3.5. Proteomics 307 

3.5.1. Differentially expressed proteins (DEPs) 308 

Quantitative proteomic analysis was performed on the same bacterial samples used 309 

for transcriptomics (control vs. 19.47 mM Sb(III)). A total of 3,736 proteins were iden-310 

tified, of which 245 showed significant differential expression, including 143 up-regu-311 

lated and 102 down-regulated proteins (Figure 6a). Figure 6b presents a proteomic clus-312 

tering heatmap, revealing marked differences in protein expression among the groups. 313 

3.5.2. GO and KEGG enrichment of DEPs  314 

To elucidate the functional implications of the proteomic changes, GO enrichment 315 

analysis was conducted on the 245 differentially expressed proteins (DEPs). The results 316 

showed that the DEPs were significantly enriched in categories associated with catalytic 317 

activity, transmembrane transport, oxidation-reduction processes, and response to stress 318 

(Figure 7a). KEGG pathway enrichment analysis further indicated that the DEPs were 319 

significantly enriched in pathways related to siderophore group nonribosomal peptide 320 

biosynthesis, the sulfur relay system, and ABC transporters (Figure 7b). 321 

A more detailed examination of the GO annotations revealed that among the DEPs 322 

classified under catalytic activity (Figure 7c), the up‑regulated proteins were predomi-323 

nantly associated with small molecule binding, hydrolase activity, and oxidoreductase 324 

activity, whereas the down‑regulated proteins were primarily involved in metabolic pro-325 

cesses and organic cyclic compound binding. Regarding transport activity (Figure 7e), 326 

the up‑regulated DEPs were significantly associated with transmembrane transporter 327 

activity and ATPase‑coupled transmembrane transport, suggesting an enhanced capac-328 

ity for substrate translocation and detoxification. For binding activity (Figure 7g), the 329 

up‑regulated DEPs were enriched in organic cyclic compound binding and small mol-330 

ecule binding, which is consistent with the requirement for enhanced metabolic and 331 

regulatory functions under Sb(III) stress. 332 
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KEGG enrichment analysis of the up‑regulated DEPs (Figure 7d) revealed signifi-333 

cant enrichment in pathways crucial for adaptation to Sb(III) stress, including sidero-334 

phore group nonribosomal peptide biosynthesis, the sulfur relay system, and the bacte-335 

rial secretion system. In contrast, the down‑regulated DEPs (Figure 7f) were signifi-336 

cantly enriched in pathways related to bacterial chemotaxis and flagellar assembly, in-337 

dicating a suppression of motility that may conserve energy for stress defense. Collec-338 

tively, these proteomic findings align with the transcriptomic results and suggest a co-339 

ordinated metabolic reprogramming in which cellular resources are redirected toward 340 

metal detoxification and defense mechanisms. 341 

3.5.3. Data mining of differential proteins 342 

The key protein-protein interaction (PPI) subnetwork of differentially expressed 343 

proteins (DEPs) under Sb(III) stress (Figure 8) reveals that these DEPs form distinct 344 

functional clusters, with the upregulated and downregulated proteins exhibiting signif-345 

icantly different interaction patterns. 346 

The upregulated DEP analysis revealed a highly interconnected sub-network cen-347 

tered around the biosynthesis of Fe-S clusters (SufABCF, IcsA). Iron uptake proteins 348 

(FeoA, EfeO, EfeB) and FhuD (a ferric carrier binding protein located in the cytoplas-349 

mic ring) 35, this protein is coupled with FbpA (located in the periplasmic space and 350 

binding Fe3+)36 as well as ExbD (forming a complex with ExbB and TonB, using proton 351 

motive force to drive the outer membrane receptor) 37. The key resistance functions 352 

provided by ArsB, ArsC, and ArsR are involved. Among them, ArsR is considered to be 353 

a key regulatory gene that will activate the expression of the Ars series in the Sb(III) 354 

environment. At the same time, it can also affect the TCA cycle and metal homeostasis-355 

related proteins (such as those regulating iron uptake) 38, 39. Class Ib ribonucleotide re-356 

ductase nrdH, nrdF, and nrdI work together to synthesize deoxyribonucleotides 357 

(dNTPs), providing raw materials for bacterial DNA replication and repair 40. 358 

In contrast, downregulated DEPs assembled into a distinct subnetwork primarily 359 

associated with bacterial motility and chemotaxis (Figure 8b). The inhibition of the ex-360 

pression of glycerol-related proteins (GlpB, GlpC and GlpF) indicates that the bacteria' 361 

uptake of glycerol and some alcohols is restricted 41. Among them, GlpF has been 362 
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shown to be able to actively transport Sb(III), which further reduces the pathway for 363 

Sb(III) to enter the bacteria 42. The interaction of fumarate reductase iron-sulfur subunit 364 

(FrdB) and nitrite reductase (NirD) within the glycerol-related protein subunits indi-365 

cates that the three interrelated pathways of anaerobic glycerol decomposition, fumarate 366 

respiration, and nitrite reduction are closed 43, 44. This is a global “anaerobic metabolic 367 

shock”, aiming to reduce the generation of ROS during the electron transfer process 368 

and save the consumption of iron-sulfur clusters. Key components within this subnet-369 

work included the chemotaxis signaling cascade proteins CheZ (phosphatase), and fla-370 

gellar structural elements such as FliL, FliE, (flagellin) 45, 46. The expression of citrate 371 

metabolism protein (citDEX) and purine ribonucleoside monophosphate biosynthesis 372 

(PurDMK) was significantly inhibited 47, 48. MiaB and RlmN are two free radical en-373 

zymes that function by relying on iron-sulfur clusters. Among them, MiaB (methyl-374 

transferase) is responsible for modifying tRNA (transfer RNA), while RlmN (methyl-375 

transferase) is responsible for modifying rRNA (ribosomal RNA) 49. Their downregu-376 

lated expression indicates that the bacteria reduce transcription, thereby lowering en-377 

ergy consumption to cope with external stress. 378 

Collectively, PPI network analysis of DEPs corroborates the transcriptomic and 379 

GO/KEGG enrichment findings, revealing a coordinated cellular adaptive response to 380 

Sb(III) stress characterized by the activation of iron acquisition and cofactor biosynthe-381 

sis pathways, coupled with the repression of motility and anaerobic metabolism. 382 

4. Discussion 383 

4.1. Energy re-regulation during the mineralization process 384 

One of the most significant metabolic findings of this study is the synergistic up-385 

regulation of key enzymes in the tricarboxylic acid (TCA) cycle (Mqo, Mdh, FumC, 386 

IcdA) and long-chain fatty acid degradation proteins (FadL, FadD, FadE). However, 387 

this upregulation is not solely for ATP production. In-depth analysis indicates that under 388 

Sb(III) stress, the bacteria face a severe reduction potential (NADH/NADPH) crisis. 389 

On the one hand, once Sb(III) enters the cell, it causes oxidative damage to Fe-S 390 

clusters, disrupts the electron transport chain, leads to electron leakage, and induces 391 
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ROS; on the other hand, the excretion of Sb(III) by the antimony resistance system 392 

(ArsAB) is a proton motive force (PMF)-driven active transport process.50, 51 393 

To maintain the efficiency of the ArsB pump, bacteria must continuously supply 394 

NADPH and NADH to the respiratory chain by accelerating fatty acid β-oxidation and 395 

the TCA cycle. However, we observed that enzymes associated with anaerobic respira-396 

tion (such as FrdB and NirD) were significantly inhibited. This suggests that the bacte-397 

ria have adopted a strategy that prioritizes aerobic respiration, as aerobic respiration has 398 

a higher proton pumping efficiency compared to nitrate or fumarate respiration, ena-399 

bling the generation of a stronger PFM per unit of substrate consumption.52 By shutting 400 

down inefficient anaerobic energy-generating pathways and fully prioritizing aerobic 401 

phosphorylation, the bacteria ensure sufficient energy for Sb(III) efflux and DNA repair. 402 

4.2. Fe-S cluster synthesis and the buffering mechanism against Sb(III) tox-403 

icity 404 

Sb(III) exhibits extremely high affinity for thiol groups (-SH) and iron-sulfur clus-405 

ters in proteins.53 In this study, the synergistic upregulation of the Fe-S cluster assembly 406 

protein (SufABCS) and the iron uptake system (FepA, FeoA, EfeO) revealed a metal 407 

salvage strategy. 408 

It is worth noting that the Suf system is typically activated during iron deficiency 409 

or oxidative stress. In the presence of Sb(III), bacteria perceive not only oxidative stress 410 

but also the physical disintegration of iron-sulfur clusters. To repair the dehydrogenases 411 

and respiratory chain complexes damaged by Sb(III), bacteria must accelerate the de 412 

novo synthesis of new Fe-S clusters. The prerequisite for synthesizing iron-sulfur clus-413 

ters is an adequate supply of Fe2+ and sulfur donors. Therefore, bacteria upregulate iron 414 

transporters to seize iron ions from the external environment, while simultaneously sig-415 

nificantly upregulating the molybdenum cofactor (MoaABCDE). Although Moco is 416 

typically associated with nitrogen metabolism and sulfite oxidation, its synthesis in-417 

volves complex sulfur transfer reactions that consume large amounts of reducing sulfur. 418 

This further intensifies the bacteria`s demand for cysteine and sulfides, which explains 419 

why sulfur transport systems are highly enriched in proteomic studies—sulfur serves 420 
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not only as a raw material for synthesizing glutathione (GSH) but also as a structural 421 

element for rebuilding Fe-S clusters and molybdenum cofactors. 422 

It is worth noting that the Suf system is typically activated during iron deficiency 423 

or oxidative stress.54 In the presence of Sb(III), bacteria perceive not only oxidative 424 

stress but also the physical disintegration of iron-sulfur clusters. To repair the dehydro-425 

genases and respiratory chain complexes damaged by Sb(III), bacteria must accelerate 426 

the de novo synthesis of new Fe-S clusters. The prerequisite for synthesizing iron-sulfur 427 

clusters is an adequate supply of Fe²⁺ and sulfur donors. Therefore, bacteria upregulate 428 

iron transporters to seize iron ions from the external environment, while simultaneously 429 

significantly upregulating the molybdenum cofactor (MoaABCDE). Although the mo-430 

lybdenum cofactor is typically associated with nitrogen metabolism and sulfite oxida-431 

tion, its synthesis involves complex sulfur transfer reactions that consume large 432 

amounts of reducing sulfur. This further increases the bacteria demand for cysteine and 433 

sulfides, which explains why sulfur transport systems are highly enriched in proteomics 434 

studies: sulfur is not only a precursor for the synthesis of glutathione (GSH), but also a 435 

structural component in the regeneration of iron-sulfur clusters and molybdenum co-436 

factors. 437 

4.3. The non-classical nucleation pathway of mineralized products: from 438 

amorphous precursors to crystalline Sb2O3 439 

Time-series analysis using SEM-EDS and Raman spectroscopy (no products at 12 440 

h, particle adhesion at 24 h, appearance of characteristic peaks at 27 h, and complete 441 

crystallization at 36 h) provides strong evidence for “non-classical crystallization.” 442 

Free Sb(III) in solution does not directly overcome the energy barrier to form crystals, 443 

but rather undergoes an amorphous precursor stage. 444 

Under acidic conditions (pH 4.67), Sb(III) exists primarily as Sb(OH)3 or as the posi-445 

tively charged SbO+ ion.55 The carboxyl (-COOH) and phosphate (-PO4) groups on the bacte-446 

rial cell wall provide a high density of negatively charged nucleation sites.56 Initially, these 447 

sites rapidly captured Sb(III) through electrostatic adsorption, forming a highly hydrated, 448 

structurally disordered gel-like film (the particles observed after 24 hours). Over time, 449 
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extracellular polymers (EPS) released through bacterial metabolism, along with changes in 450 

the local pH microenvironment, induced dehydration and structural rearrangement of the pre-451 

cursors. Only when the local concentration became supersaturated and the nucleation energy 452 

barrier was overcome did the crystalline phase grow from the amorphous matrix. This path-453 

way results in a unique, irregular lamellar (book-like) stacking of Sb2O3, which is distinctly 454 

different from the isotropic cubic or octahedral Sb2O3 morphologies typically observed in 455 

purely chemically synthesized samples, thereby providing indirect evidence of the templating 456 

role of the bio-organic matrix in regulating crystal orientation and morphology. 457 

4.4. The Underlying Logic of Movement-Induced Inhibition: Energy Conser-458 

vation and Metal Tolerance 459 

Significant downregulation of flagellar synthesis (flg gene cluster) and chemotaxis (cheR) 460 

suggests that bacteria conserve energy under Sb(III) stress. In-depth metabolic flux analysis 461 

reveals that this downregulation serves a dual purpose: 462 

High-Energy-Consuming Function Disabled: A complete rotation of a flagellar motor re-463 

quires 2.3 × 105 ATP molecules per beat for a flagellum.57 Halting flagellar synthesis not only 464 

conserves amino acid building blocks but, more critically, blocks this channel of massive proton 465 

consumption, allowing all protons pumped by the respiratory chain to be directed toward ArsB-466 

mediated Sb(III) efflux, thereby raising the antimony resistance threshold (MIC > 250 mM). 467 

Prioritization of LPS/capsule synthesis: We observed upregulation of the capsule polysac-468 

charide synthesis genes (rcsA/rcsB). After losing motility, the bacteria remodeled their outer 469 

membrane structure; the thickened capsule not only served as a physical barrier against anti-470 

mony ion penetration but also provided a larger specific surface area for the attachment of 471 

amorphous minerals, thereby promoting subsequent Sb2O3 deposition. 472 

5. Conclusion 473 

This study reports the isolation and characterization of a novel antimony(III)-mineralizing 474 

bacterium, Serratia marcescens, from antimony-contaminated slag. This strain exhibits ex-475 

tremely high tolerance to Sb(III) (minimum inhibitory concentration, MIC > 250 mM), achiev-476 

ing 96.18% Sb(III) removal efficiency under conditions optimized by response surface meth-477 

odology (RSM: 27.7 °C, pH 4.67, 205.6 rpm). Multiple characterization techniques revealed 478 
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that the mineralization proceeds via the bacterial formation of amorphous or poorly crystalline 479 

minerals, which gradually accumulate on the cell surface and eventually crystallize into Sb2O3. 480 

Integrated multi-omics analyses (whole-genome sequencing, transcriptomics, and prote-481 

omics) elucidated the molecular response mechanisms underlying this mineralization process: 482 

(1) Accelerated TCA cycle regulates energy metabolism: An energy acquisition mecha-483 

nism coupling fatty acid uptake and degradation with the TCA cycle is established, while an-484 

aerobic respiration and sulfur assimilation pathways are suppressed, thereby enabling more ef-485 

ficient energy production. 486 

(2) Iron uptake and cofactor synergy construct a metal–protein defense line: An iron ac-487 

quisition pathway coupling siderophore production and iron uptake is established, providing 488 

raw materials for molybdenum cofactor synthesis, Fe–S cluster assembly, and glutathione bio-489 

synthesis. 490 

(3) Multi-level reactive oxygen species (ROS) scavenging orchestrates antioxidant defense: 491 

A comprehensive antioxidant network is assembled, involving catalase, alkyl hydroperoxide 492 

reductase, glutathione enzymes, and the SoxR sensor protein. 493 

(4) Suppressive regulation shuts down non-essential energy-consuming pathways: Genes 494 

encoding flagellar structural proteins, flagellar motor proteins, chemotaxis proteins, and various 495 

high-energy-cost amino acid biosynthesis pathways are downregulated. 496 
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Table 1. Summary of Serratia marcescens functional genes associated with anti-749 

mony resistance/transformation 750 

Category Gene Function 

Sb(III) 

transport 

arsA58, 59, arsB58, 59, antB60, mrp61 

Efflux of Sb(III) from 

cells 

not found Uptake of Sb(III) 

Sb(V) 

transport 

not found 

Exclusion of Sb(V) from 

cells 

pstS62, pstA62, pstB62, pstC62 

Uptake of Sb(V) from 

outside 

anti-oxidative 

stress 

katG63, katE63, ahpC63, tpx64, gshA65, gshB65, gst66, 

soxR67, soxS67, oxyR67, gor68, sod69 

Degradation of excessive 

ROS 

redox of anti-

mony 

arsC59 

Reduction of Sb(V) to 

Sb(III) 

iscR70, arsH70 

Oxidation of Sb(III) to 

Sb(V) 

  751 
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 752 

Figure 1. (a) 5-day removal of antimony by Serratia marcescens at different Sb 753 

concentrations; (b) the minimum inhibitory concentration (MIC) of Sb(III) for the 754 

strain 755 

  756 
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 757 

Figure 2. (a) The XRD spectral peaks of the precipitated products; (b) The full 758 

spectrum of the precipitate product XPS; (c) The fine spectrum of the C1s orbital of 759 

the precipitated product XPS; (d) The fine spectrum of the Sb3d orbital of the precipi-760 

tated product XPS; (e) Time-dependent Raman characterization results; (f), (g), and 761 

(h) are the SEM-EDS characterization results of bacteria at 12, 24, and 36 hours, re-762 

spectively. 763 

  764 
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 765 

Figure 3. (a) GO Classification Statistics, (b) Pathway classification statistics, (c) 766 

COG annotation classification statistics 767 

  768 
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 769 

Figure 4. (a) Expression difference volcano plot, Red indicates up-regulated ex-770 

pression, blue indicates down-regulated expression, (b) cluster analysis chart, (c) and 771 

(d) GO enrichment analyses of significantly up-expressed and significantly down-ex-772 

pressed genes, respectively, (e) and (f) KEGG enrichment analyses of significantly 773 

up-regulated and significantly down-regulated expressed genes, respectively, P-774 

value<0.001 is labelled as ***, P-value<0.01 is labelled as **, P-value<0.05 is la-775 

belled as * . 776 

777 
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 778 

Figure 5. Protein interaction network based on a subset of key genes 779 

  780 



 32 / 34 

 781 

Figure 6. (a) Volcano plot of differentially expressed proteins, (b) proteome clustering 782 

heatmap 783 

  784 
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 785 

Figure 7. (a)GO functional annotation of differentially expressed proteins in S. mar-786 

cescens ZG after Sb（III） stress, (b) KEGG functional annotation of differentially ex-787 

pressed proteins in S. marcescens ZG after Sb(III) stress, (c) Statistical analysis of the third-788 

level GO annotations of DEPs with catalytic activity, (e) Statistical analysis of the third-level 789 

GO annotations of DEPs with transport activity, (g) Statistical analysis of the third-level GO 790 

annotations of DEPs with bonding activity, KEGG enrichment analysis of the up-regulated (d) 791 

and down-regulated (f) proteins of S. marcescens ZG after Sb(III) stress. The color of the col-792 

umns in the figure becomes more blue, indicating a more significant enrichment of the path-793 

way. The abscissa represents the KEGG pathway name, and the ordinate represents the en-794 

richment rate, which is the ratio of the number of proteins enriched to the total annotated pro-795 

teins of the pathway. The larger the value, the higher the enrichment degree. Those with P < 796 

0.001 are marked with ***, those with P < 0.01 are marked with **, and those with P < 0.05 797 

are marked with *. 798 
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 799 

Figure 8. (a) and down-regulated (b) DEPs. The darker the color and the larger the 800 

shape, the closer the interaction between the proteins is. In the key subgraphs, the proteins 801 

with the prefix "CDG" are the names in the STRING database, but there is no experimental 802 

data indicating the predicted functions of these proteins. 803 

 804 

 805 
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